
DOT/FAA/TC-22/11 
 
Federal Aviation Administration 
William J. Hughes Technical Center 
Aviation Research Division 
Atlantic City International Airport 
New Jersey 08405 
 

 
 
 
 
 
 
 
 

 

  

 

 

 

 

 

 

 

 

 

 

 

November 2022 

Final report 

 
 
Lightning Protection of Aircraft 
Handbook 



 
 
 

NOTICE 

This document is disseminated under the sponsorship of the U.S. Department of 
Transportation in the interest of information exchange. The U.S. Government as-
sumes no liability for the contents or use thereof. The U.S. Government does not 
endorse products or manufacturers. Trade or manufacturers’ names appear herein 
solely because they are considered essential to the objective of this report.  The 
findings and conclusions in this report are those of the author(s) and do not neces-
sarily represent the views of the funding agency. This document does not consti-
tute FAA policy. Consult the FAA sponsoring organization listed on the Tech-
nical Documentation page as to its use. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This report is available at the Federal Aviation Administration William J. Hughes 
Technical Center’s Full-Text Technical Reports page: actlibrary.tc.faa.gov in 
Adobe Acrobat portable document format (PDF). 

  



 
 
 

Technical Report Documentation Page 
 
Form DOT F 1700.7  (8-72)                              Reproduction of completed page authorized 

1.  Report No. 

DOT/FAA/TC-22/11 
2. Government Accession No. 
 

3.  Recipient's Catalog No. 
 

4.  Title and Subtitle 
 
LIGHTNING PROTECTION OF AIRCRAFT HANDBOOK 
 

5.  Report Date 

November 2022 

6.  Performing Organization Code 

 
 

7.  Author(s) 
 

Franklin A. Fisher and J. Anderson Plumer 

8.  Performing Organization Report No. 
 

   DOT/FAA/TC-22/11 
9.  Performing Organization Name and Address 
 

Lightning Technologies, an NTS Company 
10 Downing Industrial Parkway 
Pittsfield, MA 01201 USA 

10.  Work Unit No. (TRAIS) 
 

11.  Contract or Grant No. 
 

692M15-20-C-00009 
12.  Sponsoring Agency Name and Address 
 

Policy & Innovation Division AIR-600 Aviation Safety,  
FAA Seattle Headquarters 
2200 S 216th St 
Des Moines, WA 98198 

13.  Type of Report and Period Covered 

 
 
14.  Sponsoring Agency Code 

AIR-600 
     

15.  Supplementary Notes 
 

The Federal Aviation Administration William J. Hughes Technical Center Research Division, COR was Lynn Pham. 
16.  Abstract 
This handbook edition is an update of the DOT/FAA/CT-89/22 Aircraft Lightning Protection Handbook to include major advances 
and updates of standards and other criteria used for protection design and verification testing of airframes and systems. The hand-
book will assist aircraft design, manufacturing, and certification organizations in understanding the effects of lightning strikes on 
aircraft, and in protecting aircraft against the physical and induced effects that lightning may cause on aircraft structures and sys-
tems.  
The edition keeps the original 18 chapters with the first half dealing with the lightning environment, and the physical (‘direct’) 
effects of lightning, and the second half dealing with induced (‘indirect’) effects of lightning. Chapter 1 deals with the nature of 
high voltage electrical sparks and arcs and with related processes of electric charge formation, ionization, and spark propagation in 
air.  Chapter 2 provides an elementary description of cloud electrification and lightning strike formation and follows with statistics 
of cloud-to-earth lightning parameters from which the aircraft lightning design and test standards have been derived. Chapter 3 and 
Chapter 4 introduce the reader to the basic mechanisms of naturally occurring and aircraft initiated lightning strikes. Chapter 5 
reviews the history of aircraft lightning protection regulations and standards and introduces the latest versions of them. Chapter 6 
and Chapter 7 contain the basic elements of protection design for the airframe, fuel tanks, and fuel system components. Chapters 8 
through 17 focus on protection of electrical and avionic systems against induced effects. Chapter 18 presents an overview of test 
methods used to verify the ability of equipment to tolerate lightning-induced transients and the ability of complete systems to 
tolerate those transients, particularly when applied in the multiple stroke and multiple burst waveform sets.  
 
17.  Key Words 
 

Lightning protection, lightning safety, carbon fiber composite, 
physical effects, induced effects, fuel vapor ignition, fuel sys-
tem protection, simulation, aircraft certification, electromag-
netic field, induced current, induced voltages, electromagnetic 
shielding 
 

18.  Distribution Statement 
 

This document is available to the U.S. public through the Na-
tional Technical Information Service (NTIS), Springfield, Vir-
ginia 22161. This document is also available from the Federal 
Aviation Administration William J. Hughes Technical Center at 
actlibrary.tc.faa.gov. 

19.  Security Classif. (of this report) 
 

     Unclassified  

20.  Security Classif. (of this page) 
 

     Unclassified 

21.  No. of Pages 

517 

22.  Price 
 

http://actlibrary.tc.faa.gov/


i 
 

CONTENTS 

INTRODUCTION 
 
ACKNOWLEDGEMENTS 
 
ACRONYMS AND ABBREVIATIONS 
 

Chapter 1  
AN INTRODUCTION TO HIGH VOLTAGE PHENOMENA 1 
1.1 Introduction 1 
1.2 Initial Ionization Effects 1 
1.3 Streamer Effects 3 
1.4 Corona 3 

1.4.1 Negative Corona Processes 3 
1.4.2 Positive Corona Processes 5 

1.5 Breakdown Processes in Air Gaps 7 
1.5.1 Types of Surge Voltage 7 
1.5.2 Waveform Definitions 7 
1.5.3 Volt-Time Curves 9 
1.5.4 Streamer Development 10 
1.5.5 Effects of Gas Density and Humidity 15 

1.6 Gases Other Than Air 16 
1.7 Properties of Arc 16 

REFERENCES 18 

Chapter 2 
 

THE LIGHTNING ENVIRONMENT 19 
2.1 Introduction 19 
2.2 Generation of the Lightning Flash 20 

2.2.1 Generator of the Charge 21 
2.2.2 Electric Fields Produced by Change 21 
2.2.3 Development of the Leader 23 
2.2.4 Transition from Leader to Stroke 24 
2.2.5 Further Development of the First Stroke 26 
2.2.6 Further Development of the Lightning Flash 29 
2.2.7 Subsequent Strokes 30 
2.2.8 Lightning Polarity and Direction 31 

2.3 Intracloud Flashes 31 
2.4 Superstrokes 33 
2.5 Statistical Information on Earth Flashes 33 

2.5.1 The Anderson and Ericksson Data 33 
2.5.2 The Cianos and Pierce Data 35 

2.6 Summary Data by Aircraft Lightning Standards Committees 38 



ii 
 

2.7 Engineering Models of Lightning Flashes 41 
2.8 Lightning Frequency of Occurrence 41 

REFERENCES 44 

Chapter 3  
AIRCRAFT LIGHTNING ATTACHMENT PHENOMENA 46 
3.1 Introduction 46 
3.2 Lightning Attachment Point Definitions 47 
3.3 Circumstances Under Which Aircraft are Struck 47 

3.3.1 Altitude and Flight Path 47 
3.3.2 Synoptic Metrological Conditions 49 
3.3.3 Immediate Environment at Time of Strike 50 
3.3.4 Thunderstorm Avoidance 51 
3.3.5 Frequency of Occurrence 55 

3.4 Aircraft Lightning Strike Mechanisms 56 
3.4.1 Electric Field Effects 56 
3.4.2 Charge Stored on Aircraft 57 
3.4.3 Aircraft-Triggered Lightning 59 

3.5 Swept Channel Phenomena 61 
3.6 Lightning Attachment Zones 62 

3.6.1 Zone Definitions 62 
3.7 Mechanism of Aircraft Triggered Lightning 62 

3.7.1 Triggered Lightning Environment 64 
3.7.2 The Response of Aircraft to Triggered Lightning 65 

REFERENCES 70 

Chapter 4  
THE EFFECTS OF LIGHTNING ON AIRCRAFT 73 
4.1 Introductions 73 
4.2 Physical Effects on Metal Structures 75 

4.2.1 Pitting and Melt-through 78 
4.2.2 Magnetic Force 78 
4.2.3 Pitting at Structural Interfaces 78 
4.2.4 Resistive Heating 79 
4.2.5 Shock Wave and Overpressure 82 
4.2.6 Effects on Other Systems 82 

4.3 Physical Effects on Highly Resistive Structures 83 
4.4 Effects on Fuel Systems 87 
4.5 Direct Strike Effects on Electrical Systems 87 
4.6 Effects on Propulsion Systems 91 
4.7 Induced Effects 94 

REFERENCES 99 

Chapter 5  



iii 
 

THE CERTIFICATION PROCESS 
100 

5.1 Introduction 100 
5.2 FAA Lightning Protection Regulations 100 

5.2.1 Protecting the Airframe 102 
5.2.2 Protecting the Fuel System 103 
5.2.3 Protecting Other Systems 104 
5.2.4 Protecting Electrical and Avionics Systems 104 

5.3 Other Aircraft Lightning Protection Requirements 104 
5.4 Summary of US FAA Lightning Protection Requirements 105 
5.5 The Lightning Environment for Design and Verification 105 

5.5.1 Early Lightning Standards 105 
5.5.2 Experience with Early Aircraft Standards 106 
5.5.3 SAE/EUROCAE Lightning Committees 107 
5.5.4 The Standardized Environment 109 
5.5.5 Zoning and Application of the Current Components 114 

5.6 Steps in Design and Certification 122 

REFERENCES 125 

Chapter 6  
PROTECTION AGAINST PHYSICAL DAMAGE 

126 

6.1 Lightning Physical Effects on Metal Skins and Structures 126 
6.1.1 Protection Against Resistive Heating 133 
6.1.2 Protection Against Magnetic Force Effects 138 
6.1.3 Protection Against Acoustic Shock 142 
6.1.4 Arcing across Bonds, Hinges, and Joints 144 
6.1.5 Joint and Bonding Resistance 147 

6.2 Nonconductive Composites 148 
6.2.1 Lightning Effects on Nonconductive Composites 149 
6.2.2 Mechanisms of Damage to Nonconductive Composites 149 
6.2.3 Protection with Diverters 152 
6.2.4 Protection with Conductive Coatings 157 

6.3 Windshields, Canopies and Windows 161 
6.4 Electrically Conductive Composites 164 

6.4.1 Electrical Properties of CFC 164 
6.4.2 Electrical Properties of Resins and Adhesives 166 
6.4.3 Damage Mechanisms of CFC 166 
6.4.4 Protection of CFC Skins 168 
6.4.5 Application Considerations 174 

6.5 Physical Effects on Propulsion Systems 179 
6.5.1 Propellers 179 
6.5.2 Helicopter Rotor Blades 180 
6.5.3 Gear Boxes 181 



iv 
 

6.5.4 Turbines Engines 181 

REFERENCES 182 

Chapter 7  
FUEL SYSTEM PROTECTION 

184 

7.1 Introduction 184 
7.2 Ignition Sources and Fuel Flammability 184 
7.3 Protection Design 189 

7.3.1 Fuel System Vent System Protection 189 
7.3.2 Fuel Jettison and Drain Pipes 197 
7.3.3 Integral Fuel Tank Skins 198 
7.3.4 Protection Against Effects of Current in Tank Structures 210 
7.3.5 Containment of Arc Products 217 
7.3.6 Structural Joints 220 
7.3.7 Eliminating Ignition Sources in Tank Structures 223 
7.3.8 Protection of Equipment Installed in Fuel Tanks 224 

7.4 Design of Tank Structures to Minimize Potential Ignition Sources 233 
7.5 Considerations Regarding Lightning Current Densities in Structural Fasteners 237 

REFERENCES 240 

Chapter 8  
INTRODUCTION TO INDUCED EFFECTS 

243 

8.1 Introduction 243 
8.2 Background 243 
8.3 Steps in a Lightning Inducted Effects Protection Design Program 245 
8.4 Lightning 246 
8.5 Basic Coupling Mechanisms 247 

8.5.1 Structural Resistive Voltage 247 
8.5.2 Magnetically Induced Voltages 249 
8.5.3 Capacitively Generated Currents 250 

8.6 Approaches to Determining the Responses of Circuits 251 
8.7 Examples of Inducted Transients Measured on Aircraft Wiring 252 

8.7.1 Electrical Circuits in an Aircraft Wing 252 
8.7.2 Digital Fly-By-Wire Circuits 256 
8.7.3 Carbon Fiber Composite Aircraft 262 

REFERENCES 265 

Chapter 9  
THE PHYSICS OF INDUCED EFFECTS 

265 

9.1 Introductions 265 
9.2 Symbols and Units 265 
9.3 Characteristics of Materials 265 



v 
 

9.3.1 Permittivity and Permeability 265 
9.3.2 Electromagnetic Properties and Other Materials 266 
9.3.3 Resistivity of Materials 266 
9.3.4 Good vs. Bad Conductors 267 
9.3.5 Skin Depth 267 

9.4 Voltage and Current Concepts 267 
9.4.1 Lumped Constant Elements 267 
9.4.2 Voltage as the Lin Integral of Potential 267 
9.4.3 Importance of the Path of Integration 268 
9.4.4 Internal vs. External Impedances 269 
9.4.5 Transfer Impedance 270 

9.5 Magnetic Field Effects 270 
9.5.1 Field External to a Conductor 270 
9.5.2 Magnetic Fields Within Hollow Conductors 271 
9.5.3 Inductance 271 
9.5.4 Magnetic Induction of Voltage and Current 275 

9.6 Electric Field Effects 276 
9.6.1 Evaluation of Capacitance 276 
9.6.2 Displacement Currents 278 

9.7 Analytical Descriptions of Waveforms 279 

REFERENCES 281 

Chapter 10  
THE EXTERNAL ELECTROMAGNETIC FIELD ENVIRONMENT 

282 

10.1 Introduction 282 
10.2 Elementary Effects Governing Magnetic Fields 282 
10.3 Elementary Effects Governing Electric Fields 286 
10.4 Combined Magnetic and Electric Fields 287 
10.5 Evaluating Electromagnetic Fields 288 

10.5.1 Numerical Solution of Laplace’s Equation 288 
10.5.2 Hand Plotting of Fields 290 
10.5.3 Calculation Using Wire Filaments 290 
10.5.4 Examples of Magnetic Fields 293 

10.6 Maxwell’s Equations 298 
10.7 Aircraft Resonances 300 
10.8 Composite Aircraft 303 

REFERNECES 304 

Chapter 11  
THE INTERNAL FIELDS COUPLED BY DIFFUSION AND REDISTRUBITION 

305 

11.1 Introduction 305 
11.2 Internal vs. External Fields 305 



vi 
 

11.2.1 Impinging Electromagnetic Field 306 
11.2.2 Injected Current 307 

11.3 Diffusion Effects 307 
11.3.1 DC Voltage on Circular Cylinders 307 
11.3.2 External Voltage on the Cylinders 308 
11.3.3 Internal Voltage on Circular Cylinders 309 
11.3.4 Surface and Transfer Impedances 310 
11.3.5 Characteristic Diffusion Response 312 

11.4 Redistribution 315 
11.4.1 Elliptical Cylinders 316 
11.4.2 Eddy Currents and Internal Magnetic Field 318 
11.4.3 Internal Loop Voltages 318 
11.4.4 Redistribution with Both Metal and Composite Materials 320 

11.5 Diffusion and Redistribution on CFC Structures 320 
11.6 Fields Within Cavities 321 

REFERENCES 322 

Chapter 12  
PENETRATION OF EXTERNAL FIELDS THROUGH APERTURES 

323 

12.1 Introduction 323 
12.2 Basic Concepts 323 
12.3 Treatment of Surface Containing the Aperture 325 
12.4 Fields Produced by the Dipoles 326 
12.5 Reflecting Surfaces 327 
12.6 Exposure of a Wire to Electric and Magnetic Fields 328 

REFERENCES 330 

Chapter 13  
AIRCRAFT FULL VEHICLE TESTS 

331 

13.1 Introduction 331 
13.2 Basic Assumptions 332 

13.2.1 Defined Environment 332 
13.2.2 Linearity 332 

13.3 Time Domain Pulse Tests 333 
13.3.1 Basic Test Circuit 333 
13.3.2 Traveling Wave Effects 335 
13.3.3 Extrapolation of Measured Transients 341 
13.3.4 Typical Test Arrangements 341 
13.3.5 Typical Test Currents 343 
13.3.6 Other Test Approaches 345 

13.4 Measurements 347 
13.4.1 Objectives 347 



vii 
 

13.4.2 Measurement Transducers 351 
13.5 Low-Level, Swept, Continuous Wave 354 
13.6 Safety 355 

13.6.1 Personnel Safety 355 
13.6.2 Fuel System Safety 356 

REFERENCES 357 

Chapter 14  
THE RESPONSE OF AIRCRAFT WIRING 

358 

14.1 Introduction 358 
14.2 Impedances of Wires 358 
14.3 Response Mechanisms – Short Wires 359 

14.3.1 Response to Resistive Voltage Rises 359 
14.3.2 Response to Magnetic Fields 362 
14.3.3 Response to Electric Fields 364 

14.4 Transmission Line Effects 369 
14.5 Analyses Using First Principles 370 

14.5.1 Predicting Magnetically Induced Voltage and Current 372 
14.6 Calculating Circuit Responses 372 

14.6.1 Steps in the Modeling Process 372 
14.6.2 Example of Computation 372 
14.6.3 Extensions and Limitations of Modeling 377 

REFERENCES 378 

Chapter 15  
SHIELDING 

379 

15.1 Introduction 379 
15.2 Shielding Effectiveness 379 
15.3 Cable Grounding Effects 380 
15.4 Multiple Conductors in Cable Shields 384 
15.5 Multiple Shields on Cables 385 
15.6 Transfer Impedance of Cable Shields 386 

15.6.1 Tubular Shields  387 
15.6.2 Braided Shields 388 
15.6.3 Tape Wound Shields 391 
15.6.4 Cables Trays 392 

15.7 Transfer Impedance Characteristics of Actual Cables 392 
15.8 Connectors 392 
15.9 Ground Connections for Shields 393 
15.10 Shielding of Enclosures 395 

REFERENCES 407 

Chapter 16  



viii 
 

DESIGN AND COORDINATION OF PROTECTION FROM INDUCED EFFECTS 
405 

16.1 Introduction 405 
16.2 Requirements and Goals 405 
16.3 Importance of the Airframe 406 

16.3.1 Aluminum Airframes 406 
16.3.2 CFC Airframes 407 

16.4 Location of Electronic Equipment 408 
16.5 Location of Wiring 409 
16.6 Basic Wiring and Grounding Practices 411 

16.6.1 Shielding of Interconnecting Wirings 414 
16.6.2 Grounding of Shields 415 
16.6.3 Ground Connections for Shields 417 

16.7 Transients and Standards 418 
16.7.1 Evolution of Transient Standards for Aircraft 419 

REFERENCES 428 

Chapter 17  
CIRCUIT DESIGN AND PROTECTION 

428 

17.1 Introduction 428 
17.2 Signal Transmission 428 
17.3 Circuit Bandwidth 431 
17.4 Protective Devices 432 

17.4.1 Spark Gaps 433 
17.4.2 Non-Linear Resistors 436 
17.4.3 Zener-Type Diodes 444 
17.4.4 Forward-Conducting Diodes 447 
17.4.5 Reverse-Biased Diodes 448 
17.4.6 Hybrid Protection 448 
17.4.7 Surge Protecting Connectors 449 

17.5 Damage Analysis – Semiconductors 449 
17.5.1 Theoretical Models 450 
17.5.2 Limitations 450 
17.5.3 Failure Mechanisms-Semiconductors 450 
17.5.4 Damage Constants 451 
17.5.5 Experimental Determination of K Factor 454 
17.5.6 Theoretical F Factors, as Determined from Junction Area 455 
17.5.7 K Factor as Determined from Junction Capacitance 456 
17.5.8 K Factor as Determined from Thermal Resistance 456 
17.5.9 Oscillatory Waveforms 456 

17.6 Failure Mechanisms-Capacitors 459 
17.7 Failure Mechanisms-Other Components 459 
17.8 Examples of Use of Damage Constants 460 



ix 
 

REFERENCES 463 

Chapter 18  
TEST TECHNIQUES FOR EVALUATING INDUCED EFFECTS 

465 

18.1 Introduction 465 
18.2 Equipment Damage Tolerance Tests 465 
18.3 System Testing 470 

18.3.1 System Test Approaches 471 
18.3.2 Lightning-Induced Transient Waveforms and Levels 474 
18.3.3 Test Current and Voltage Waveform and Amplitude Tolerances 478 
18.3.4 Cables with Intermediate Connectors 478 
18.3.5 Notes About Simultaneous Injections 479 
18.3.6 Experience with System Tests 484 
18.3.7 Configurations of Systems for System Tests 484 

18.4 Tests on Circuit Elements 485 
18.5 Transient Generators 486 

18.5.1 Capacitor Discharge Generators 486 
18.5.2 Switches for Generators 487 
18.5.3 Generators Using Power Amplifiers 488 
18.5.4 Multiple Pulse Generators 489 

18.6 Injection Transformers 489 
18.6.1 Basic Principles of Magnetic Circuits 490 
18.6.2 Equivalent Circuits of Injection Transformers 494 

18.7 Measurements 495 
18.8 Precautions Regarding Support Equipment 497 
18.9 Safety 497 

REFERENCES 498 

 

 



x 
 

INTRODUCTION  
 
     This book will assist design engineers in understanding 
the effects of lightning strikes on aircraft, and in protecting 
aircraft against the physical and induced effects that light-
ning may cause on aircraft structures and systems. It will 
also be of use by those engaged in reviews of designs, test, 
and analysis data for the purpose of finding compliance with 
applicable airworthiness regulations. This book is also in-
tended for use by those involved in design of aircraft en-
gines, avionics and other aircraft systems and equipment, 
aircraft operations, and investigation of possible lightning 
related incidents and accidents. 

     This is the third edition of Lightning Protection of Air-
craft, which was first written at the request of the US Fed-
eral Aviation Administration (FAA) and published in 1989. 
The first edition was originally intended to be an update of 
a reference book of the same title by F. A. Fisher and J. A. 
Plumer, which was published in 1976 by the US National 
Aeronautics and Space Administration as NASA RP-1008.  
Expanded, hardbound versions of the first edition were pub-
lished in 1990 and 2004 by Lightning Technologies, Inc. 
(LTI). The 1990 and 2004 editions have been used for many 
years as an FAA handbook and both editions have been the 
textbook for classes on lightning protection of aircraft and 
avionics offered by LTI. 

     This third edition is an update of the 2004 edition, keep-
ing the original eighteen chapters and much of the original 
text since much of the classic work in the science of light-
ning protection of aircraft was accomplished in the pre-2000 
period. Much of this original work, which was supported by 
various government agencies concerned with the safety of 
aircraft, has been referenced throughout this book. Refer-
ences to and results of additional work that has been con-
ducted since 2004 have been added, where appropriate, to 
several chapters, but no attempt has been made to provide 
an exhaustive review of all of the work accomplished since 
2004.  

     Since 2004, major advances and updates of standards 
and other criteria used as the bases for protection design and 
verification testing of airframes and systems have occurred, 
and these are described and referenced throughout this edi-
tion. These advances and updates have been made by SAE 
Committee AE2 and European Organization for Civil Avi-
ation Equipment (EUROCAE) Working Group 31, who are 
the technical committees responsible for keeping abreast of 
advancements in the science of lightning phenomenology 
and effects on aircraft, and the methods of simulation of the 
physical and induced effects on aircraft through testing and 
analysis. These committees provide technical inputs to the 

 

airworthiness certification requirements, and related advi-
sory material published by the aircraft certifying authorities 
in the United States, Europe, and other countries. These re-
quirements and advisory material are updated periodically 
by the authorities as advancements are made in the under-
standing of the aircraft lightning environment, and the ways 
this environment interacts with new aircraft structural ma-
terials and systems. Since the late 1980's, the SAE and EU-
ROCAE committees have worked closely together so that 
the airworthiness requirements, standards, and certification 
test methods are the same for aircraft being designed and 
certified in the US and Europe. This book makes frequent 
reference to documents published by the SAE and EU-
ROCAE committees but does not duplicate the material in 
them. The user of this book is encouraged to obtain and have 
ready access to those documents. 

This handbook is organized along the same general lines 
as the last edition, with the first half dealing with the light-
ning environment, and the physical (‘direct’) effects of 
lightning, and the second half dealing with induced (‘indi-
rect’) effects of lightning. More specifically: 

     Chapter 1 - An Introduction to High Voltage Phenomena 
deals with the nature of high voltage electrical sparks and 
arcs and with related processes of electric charge formation, 
ionization, and spark propagation in air. All of these are fac-
tors that affect the way that lightning leaders attach to an 
aircraft and the way that the hot return stroke arc affects the 
surface to which it attaches. The material introduces prac-
tices and terms used for many years in the electric power 
industry, but which are not commonly studied by those deal-
ing with aircraft. These terms and practices have, however, 
affected the tests and practices used to evaluate the effects 
of lightning on aircraft. 

     Chapter 2 - The Lightning Environment provides an ele-
mentary description of cloud electrification and lightning 
strike formation and follows with statistics of cloud-to-earth 
lightning parameters from which the aircraft lightning de-
sign and test standards have been derived. The user of this 
book is urged to study these two introductory chapters be-
fore proceeding with later sections of the book. The treat-
ment of these topics is on an elementary level and is aided 
by simple illustrations, which should enable those with only 
a limited background in electricity to proceed to an adequate 
understanding of important principles. 

     Chapter 3 - Aircraft Lightning Attachment Phenomena 
and Chapter 4 - Lightning Effects on Aircraft introduce the 
reader to the basic mechanisms of naturally occurring and 
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aircraft initiated lightning strikes. The flight conditions 
when strikes have most frequently occurred, and the types 
of effects these strikes may have on the aircraft. The distinc-
tion between the physical effects (traditionally referred to as 
“direct effects’) and the induced effects that appear in air-
craft wiring and impact electronic equipment (traditionally 
referred to as ‘indirect effects’) is made here and these new 
terms continue to be used throughout the text since they are 
more descriptive of these two categories.    

     Chapter 5 - The Certification Process reviews the history 
of aircraft lightning protection regulations and standards 
and introduces the latest versions of these; most notably, the 
standards for the lightning environment, zoning and testing 
that have been published and updated by SAE and EU-
ROCAE since 1999. Since further updates of these criteria 
are expected the user of this book should always obtain the 
most recently published versions of each of the require-
ments and standards documents referenced in this book. The 
regulations related to protection against lightning are pre-
sented and the supporting advisory circulars and other guid-
ance documents are cited as to purpose but not repeated 
here. It is not the purpose of this book to repeat material that 
is published in other documents that are readily available to 
the reader. 

     Chapter 6 – Protection Against Physical Effects, and 
Chapter 7 - Fuel System Protection contain the basic ele-
ments of protection design for the airframe, fuel tanks, and 
fuel system components. The methods presented here are 
basic approaches, and many variations on these, too numer-
ous to describe in this book, have been successfully used. 
The reader is cautioned that all candidate designs should be 
tested, especially those that do not have a successful history 
of prior use. Fuel vapor ignition remains one of the most 
serious lightning hazards and should be given careful atten-
tion in any design and certification program. It is not possi-
ble to verify adequacy of fuel system protection without 
lightning testing of fuel tanks and systems. 

     Chapters 8 through 17 focus on protection of electrical 
and avionic systems against induced effects. As with all as-
pects of electromagnetic interference and control, the pre-
vention of damage and interference from lightning becomes 
more and more critical as aircraft evolve. Most of the navi-
gation and control functions aboard modern aircraft place a 
computer between the pilot and the control surfaces or en-
gines, often without mechanical backup. This makes it es-
sential that the computer and control equipment be designed 
to prevent damage or upsets by lightning. Control of these 
induced effects requires coordination between those who 
design the airframe and its interconnecting wiring, those 
who design avionic systems, and those who oversee the cer-

tification process. Part of the overall control process re-
quires the selection of transient design levels and applica-
tion of suitable test standards and practices. 

     Chapter 8 - Introduction to Induced Effects introduces 
the subject of induced effects and briefly summarizes the 
subjects covered in more detail in later chapters. 

     Chapter 9 - Elementary Aspects of Induced Effects covers 
the basic physics common to the subsequent chapters. 

     Chapter 10 - The External Electromagnetic Field Envi-
ronment covers the external electromagnetic field environ-
ment. 

     Chapter 11 - The Internal Fields Coupled by Diffusion 
and Redistribution and Chapter 12 - The Internal Fields 
Coupled Through Apertures describe how electromagnetic 
fields appear inside the airframe, and ways to estimate the 
magnitudes of these internal fields. These four chapters 9, 
10, 11 and 12 are the most analytically oriented of the book. 

     Chapter 13 - Full Vehicle Testing describes the methods 
available for measuring the transient voltages and currents 
induced by lightning in aircraft electrical wiring. These are 
known as "full vehicle" tests and are usually applied at re-
duced amplitudes so as not to damage the tested airplane. 

Chapter 14 - Response of Aircraft Wiring discusses some of 
the practical problems of calculating the response of aircraft 
wiring to electromagnetic fields and provides some exam-
ples of how basic principles can be used to estimate the 
magnitudes of induced transients in simple circuits. 

     Chapter - 15 Shielding reviews the physics of shielding 
effectiveness and discusses this important protection ap-
proach of shielding of aircraft wiring. This chapter also em-
phasizes the features that must be included in shield designs 
that are necessary to realize maximum effectiveness from 
shields. 

     Chapter 16 - Design to Minimize Induced Effects dis-
cusses some of the policy matters relating to control of in-
duced effects, tasks that must be undertaken by those re-
sponsible for setting overall design practices. Principally 
these relate to shielding and grounding practices to be fol-
lowed, and to transient design level specifications to be im-
posed on vendors. 

    Chapter 17 - Circuit Design discusses some aspects of 
circuit design, principally those relating to surge protective 
devices and methods of analyzing the damage effects of 
surge voltages and components on electronic devices. 
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    Control of lightning induced effects by analysis can only 
be carried so far; proof of tolerance of induced effects is 
most likely to come about by performing tests on individual 
items of equipment and on interconnected systems. Chapter 
18 - Test Techniques for Evaluation of Induced Effects pre-
sents an overview of test methods used to verify the ability 
of equipment to tolerate lightning-induced transients and the 
ability of complete systems to tolerate those transients, par-
ticularly when applied in the multiple stroke and multiple 
burst waveform sets. These test methods have recently been 
incorporated in new or updated lightning test standards. A 
few comments on personnel safety are also included, since 
lightning tests involve the generating and applying very 
high voltages and currents - far exceeding the levels em-
ployed in most electrical test laboratories. They also far ex-
ceed lethal levels and have proven fatal to inexperienced op-
erators. Lightning tests to evaluate or verify either physical 
or induced effects should be performed only by personnel 
experienced in this technology. 

     Note that for numbers in thousands or more, spaces are 
used instead of commas or periods to separate groups of 
three numbers (e.g., 1 000). The intention is for a cleaner 
look and to avoid the possible confusion internationally be-
tween meanings of periods and commas used in these num-
bers.  

     Finally, this edition includes corrections of some errors 
that were found in earlier editions. It is hoped that all have 
been found and corrected, but we offer apologies for any 
that may remain. 

Andy Plumer  
Lightning Technologies, an NTS Company 
23 February 2022
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Chapter 1 
 

AN INTRODUCTION TO HIGH VOLTAGE PHENOMENA 
 

1.1 Introduction 
 

Lightning is a high voltage and high current phe-
nomenon and those who would deal in protection 
against its effects should have some basic understand-
ing of the physics involved. This chapter is intended to 
introduce the reader to the general physical nature of 
electrical sparks and arcs, and to provide some data on 
the voltages necessary to initiate sparks. Partly, the ma-
terial is provided to introduce the subject of lightning 
phenomena and partly to illustrate some of the factors 
that must be considered during tests to simulate the ef-
fects of lightning. An understanding of high voltage 
phenomena is also important when discussing when and 
where aircraft are struck by lightning and an under-
standing of high current arc phenomena is important 
when designing aircraft surfaces to withstand the ef-
fects of lightning. 

The literature on high voltage phenomena is vast and 
no attempt will be made to give a comprehensive re-
view. Most of the works are to be found in publications 
aimed at the electric power industry. Some specific 
works that deal with the subject will be cited, but since 
the following material is only a review, no attempt will 
be made to cite references for each point discussed. 

1.2 Initial Ionization Effects 

In the study of gas discharges, it is customary to di-
vide the phenomena into two general types: those that 
are, and those that are not self-sustaining. Complete 
breakdown of a gas, or the formation of a spark between 
two electrodes, is a transition from a non-self-sustain-
ing discharge to one of several types of self-sustaining 
discharge. Usually, this transition occurs with explosive 
suddenness. To illustrate some of the phenomena in-
volved, consider Fig. 1.1, which shows how the current 
between two electrodes immersed in a gas depends on 
the voltage between the electrodes. In the space be-
tween the electrodes, there is an electric field, E, whose 
magnitude is proportional to the applied voltage, and in-
versely proportional to the distance between the elec-
trodes. 

 

Under the influence of light and other radiation, such 
as X-rays, cosmic rays or radioactive decay, electrons 
are emitted from the negative electrode (or cathode). 
Electrons may also be released in the gas by the radia-
tion. At low levels of voltage, or electric field, all the 
electrons drift towards the positive electrode, or anode, 
and are collected. For a considerable range of voltages 
(region 2 of Fig. 1.1 (b)) the current remains constant, 
but the discharge is not yet self-sustaining, since the cur-
rent would cease if the ionizing illumination of the cath-
ode were removed. 

 

 

Fig. 1.1 Current-voltage relations in pre-spark  
regions. 
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If the voltage is increased into region 3 of Fig. 1.1(b), 
some of the electrons emitted from the cathode begin to 
collide with gas molecules with sufficient force to knock 
electrons free. Where there was one electron, there are now 
two electrons free. Where there was one electron, there are 
now two electrons, plus one, positively charged ion. Both 
electrons then move, under the influence of the field, and 
strike more gas molecules, liberating more electrons. This 
chain reaction generates an electron avalanche. This dis-
charge is still not self-sustaining; however, since if the 
source of ionization were removed, the current would 
cease. The total number of electrons produced by the ac-
celeration of a group of electrons is 

N-=n0
- eαd  (1.1) 

where N- is the final number of electrons, n0
- is the number 

of initial electrons and d is the distance traversed. 

The quantity α is called Thompson’s first ionization co-
efficient and indicates the number of electrons produced by 
a single electron traveling a distance of 1 cm. α depends on 
the density of the gas and on the strength of the electric 
field. The electric field determines how much the electrons 
are accelerated, and the gas density determines how far an 
electron can move before it collides with a gas molecule 
and liberates another electron. It follows that an electron 
avalanche proceeds faster in dense than in rarified gas. The 
molecules from which electrons are liberated are left with 
a positive charge and are thus accelerated in a direction, but 
the mass of the ions is much more than the mass of the 
electrons, so they move much more slowly. If the voltage 
is increased into region 3 of Fig. 1.1 (b), the current begins 
to depart from the simple exponential law of Eq. 1.1. 
Thompson ascribed the increased current to ionization re-
sulting from the motion of the positively charged mole-
cules, and considered the total current to have two compo-
nents, one due to the motion of electrons, Eq. 1.1, and one 
due to the motion of the positively charged particles and 
governed by a similar relationship. 

N+=n0
+eβd  (1.2) 

Where N+ is the final number of positively charged par-
ticles, n0

+ is the initial number and d is the distance trav-
ersed.  

The quantity β was designated Thompson’s second ion-
ization coefficient. It is now known that ionization by pos-
itive ions is insufficient to account for the increased current 
in region 3 of Fig. 1.1 (b). Instead, the number of electrons 
is regarded as 

N= n0eαd

1-Teαd-1   (1.3) 

where the coefficient, T, is the generalized secondary ioni-
zation coefficient, which includes the process considered 
by Thompson, but also other processes, such as the action 
of positive ions, photons, and metastable atoms at the cath-
ode. Finally, at the sparking voltage, Vs, the gap breaks 
down and the voltage collapses. A criterion for breakdown 
(or the achievement of a self-sustaining discharge) is that 

T�eαd-1� ≥ 0   (1.4) 

If Eq. 1.4 is true and if the initial source of ionization is 
removed, then the current continues to increase to a value 
limited only by the impedance of the external circuit. 

Eqs. 1.3 and 1.4 include the effect of an attachment co-
efficient, ɳ, since there are factors that act to capture elec-
trons. The ionization and attachment coefficients are 
shown in Fig. 1.2. Below 25 kV/cm, the attachment coeffi-
cient is greater than the ionization coefficient, hence  

 

Fig. 1.2 Ionization and attachment  
coefficient. 
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an avalanche cannot develop in a field less than 25 kV/cm. 
(This curve relates to standard sea-level atmospheric con-
ditions. Effects of non-standard conditions are discussed in 
§1.5.5). 

1.3 Streamer Effects 

Eq. 1.4 is seldom used as a practical criterion for gas 
breakdown conditions since the actual process of gas 
breakdown is much more complex and random that this 
simple equation implies. Actual breakdown is, instead, as-
cribed to the growth of a streamer that leads to ionization 
in the gas. The development of this streamer is separate 
from any processes taking place at the electrode. Whether 
the streamer leads to a complete breakdown between two 
electrodes or is confined to the localized discharges called 
corona depends to a considerable extent on how the electric 
field is distributed across the entire gap. The localized co-
rona discharge will be considered first. It occurs when only 
the region around the electrode is highly stressed; that is to 
a sufficiently high electric field (25-30 kV/cm). 

1.4 Corona 

Corona (Fig. 1.3) is a glow discharge that forms around 
conductors when the surface voltage gradient (rate of 
change of voltage with distance normal to the surface) at 
the electrode exceeds a critical level, about 30 kV/cm in air 
at sea level atmospheric pressure. Corona can also form on 
objects electrically bonded to the earth that are exposed to 
a high electric field from a remote source such as a high 
voltage power line or a charged thunderstorm cloud. 

 

 

Fig. 1.3 Corona 

Corona also forms on the masts of ships and on the ex-
tremities of aircraft. Then the phenomenon is commonly 
called St. Elmo’s fire. Corona is a localized discharge, but 
can be the precursor to complete breakdown, and can be a 
prolific source of interference in radio receivers. 

1.4.1 Negative Corona Processes 
 

The negative corona process occurs when the electrode 
upon which the corona forms is subjected to a sufficiently 
large negative electric field (a negative field being defined 
as one in which an electron in the space around the elec-
trode is forced away from the electrode, Fig. 1.4). A com-
mon situation involves the electrode being connected to the 
negative terminal of a power supply while the positive ter-
minal is grounded. The negative electrode need not be di-
rectly connected to a power source; however, the electric 
field may be created by induction from other charged elec-
trodes. Consideration of where the other electrodes are lo-
cated is rather academic, since the important matter is that 
an electric field exists in the immediate vicinity of the con-
ductor upon which corona forms. 

 

 

   Fig. 1.4 Motion of an electron in a negative field. 

Because of some initial ionization process, an electron 
is liberated in the gap. Under the influence of the electric 
field the electron is repelled away from the electrode. As it 
is repelled, it collides with the gas molecules and a flood of 
other electrons is triggered by the avalanche process de-
scribed in §1.1. This leaves a cloud of mixed positive and 
negative charge, Fig. 1.5 (a). The electric field forces the 
electrons away from the space where the avalanche is 
formed and so the slower and more immobile positive ions 
are left behind, as shown in Fig. 1.5 (b). The electrons im-
mediately attach to neutral ions, usually oxygen, and form 
negative ions. 



4 
 

 

Fig. 1.5 Motion of Ions for negative corona. 

The electric field in the gas depends on all the charge 
that is on the electrode and the charge that is in the space 
around the electrode. In the space beyond the positive ions, 
the electric field is in the sum of that produced by the neg-
ative charge on the electrode and the positive charge in the 
space adjacent to the electrode. The result is that the elec-
tric field in the space beyond the positive ions is reduced 
and the ionization process stops until the positive ions have 
been swept into the cathode and the negative ions have 
been moved away from the cathode and into the surround-
ing space, possibly being collected by the anode if it is 
nearby. 

After the charges have been swept away, 1.5 (c), the pro-
cess may repeat, by if the electric field at the tip of the cloud 
of positive ions is not sufficient to cause further ionizing 
collisions, the streamers will not extend further into the 
gap. This condition exists in divergent fields, those in 
which the stress is localized, such as surrounding the sharp 
pointed electrode shown in Fig. 1.6 (a). 

In a uniform field, such as that between the two flat elec-
trodes shown in Fig. 1.6 (b), whenever the electric field at 
the electrode reaches a critical gradient, the same critical 
gradient is present all the way across the gap.      

 

 

Fig. 1.6 Divergent and uniform electric fields. 

As a result, the corona does not remain localized, but 
invariably grows and leads to complete breakdown. 

 The critical gradient at which corona is initiated is      
about 30 kV/cm at sea level conditions although this gradi-
ent does depend somewhat on the physical size and shape 
of the electrodes. In a more rarified gas, the critical gradient 
would be lower than 30 kV/cm, the governing factor being 
the density of the gas. Reference data relating density 
(pressure and temperature) to altitude is available in stand-
ard handbooks [1.1]. At an altitude of 3 048 m (10 000 ft.), 
the critical gradient would be about 22 kV/cm. Corona is 
visible because light is emitted at the tip of the discharge 
as ions are bombarded and the collisions raise the impacted 
atoms to a high energy state. Later, the excited atoms may 
revert to their normal lower energy state and, as they do, 
the excess energy is radiated as electromagnetic waves, 
some of the radiation occurring in the visible band and ap-
pearing as light. The light ceases as soon as the bombard-
ment stops, and the charged ions are swept away. The 
charge itself is not visible. The visible light that is emitted 
is predominantly blue. It is also rich in ultraviolet and can 
be photographed much more readily through a quartz lens 
than a conventional glass lens. 

(a) 

(b) 

(c) 

(a) 

(b) 
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Fig. 1.7 Negative Corona.

 

The negative corona process may manifest itself as a 
train of individual pulses, called Trichel pulses after an 
early investigator of the phenomenon. It may also manifest 
itself as a pulseless glow or as a negative streamer. Trichel 
streamers extend about 1 cm away from the electrode and 
each one produces a current pulse of amplitude varying 
from 1 x 10-8 A at point electrodes to 2 x 10-2 A at large 
electrodes. Examples of the physical and electrical nature 
of negative corona pulses are shown in Fig. 1.7. 

The discharge propagates for up to 20 ns (20 x 10-9 s), 
before being choked off by the space charge. Current rise 
times are between 25 and 50 ns, and half-values are at-
tained in about twice that time. Because the pulses are 
short, they can lead to radio frequency (RF) interference 
over a very wide band of frequencies. If the field strength 
increases, the rate at which the Trichel pulses are formed 
also increases. The maximum frequency of the pulses has 
been reported as 2 kHz for an 8-mm sphere and 3 MHz for 
a 30-degree conical point. After the Trichel pulses reach 
their maximum frequency, a pulseless glow forms around 
the electrode. Under these conditions, the discharge current 
becomes essentially direct current (DC) and ceases to emit 
RF interference. As the electric field is increased even fur-
ther, negative streamers appear and extend out from the 
electrode several centimeters. The current consists of 
pulses superimposed on a quasi-state current. The rise 
times of the pulses are on the order of 0.5 µs (0.5 x 10-6 s). 

1.4.2 Positive Corona Processes 

Positive corona occurs when the electric field at the sur-
face of the electrode is positive, either because the elec-
trode is energized with positive voltage or because it is 
grounded and in the electric field produced by an electrode 
energized with negative voltage. Positive corona has many 
of the same characteristics as negative corona, but the elec-
trons and positive ions are accelerated in the opposite di-
rection. The mechanism is illustrated on Fig. 1.8. The am-
plitude of the current pulses is generally much larger than 
with negative corona, but the pulses do not occur with as 
high a repetition rate. The initial electron is drawn 

 

Fig. 1.8 Motion of ions for positive corona. 
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towards the positive electrode and the positive ions formed 
by collision are repelled away from the positive electrode. 
The field strength at the surface of the electrode diminishes 
and the discharge stops until the charged particles are 
swept from the space around the electrode. The electric 
field beyond the cloud of positive ions is enhanced because 
it responds both the positive space charge acts to lower the 
intensity of the field produced by the negative charge on 
the electrode. This enhanced field helps a positive streamer 
to propagate farther than a negative streamer would. 

Positive corona takes three distinct forms: onset pulses, 
Hermstein’s glow, and positive streamers. Onset pulses ap-
pear as streamers in a stem with some branching, and a high 
repetition rate gives the corona a brush like appearance. 
From an 8-mm sphere, current amplitudes have been meas-
ured at 0.25 A. Mean rise time is 30 ns and mean decay 
time is about 100 ns. 

 The maximum repetition rate is about 200 Hz for large 
electrodes and 2 000 Hz for point electrodes. The some-
what longer rise and decay times might imply that the 
pulses produce less radio interference than negative corona 
pulses, but the higher amplitude of the current pulses 
makes the absolute interference levels higher.

 As the voltage increases, the corona glow forms an ion-
izing layer (Hermstein’s glow) and the discharge current 
consists of small ripples at a frequency of up to 2 x 106 Hz, 
super-imposed on a quasi-DC current. As the voltage is in-
creased still further, the streamers extend still further, prop-
agating at velocities ranging from 20 to 2 000 m/µs. 

 Sketches of positive corona and its current waveforms 
are shown in Fig. 1.9. 

1.5 Breakdown Processes in Air Gaps 

It is a common misconception that the breakdown 
strength of air is about 30 kV/cm or 3 MV/m. That figure 
is indeed about the electric field gradient at which corona 
begins to form and it is the intrinsic breakdown strength of 
short air gaps contained between electrodes carefully con-
toured to eliminate any regions where the local electric 
field strength is greater than 30 kV/cm. Such electrodes are 
usually found only in laboratories. With practical gap ge-
ometries, and particularly with gap geometries greater than 
a few centimeters in extent, it is much more realistic to as-
sume the average breakdown strength of air under lightning 
conditions to be about 5 kV/cm or 500 kV/m. With longer 
duration waveforms, the average breakdown strength may 
be more on the order of 3 kV/cm.  

 

Fig. 1.9 Positive Corona. 
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With short duration pulses, the breakdown strength may 
be much more than 5 kV/cm, but such a condition usually 
means only that a developing breakdown has not had suf-
ficient time to progress to final breakdown. With a large 
gap, such as found around an aircraft in flight, any place 
the macroscopic electric field has a gradient greater than 
400-500 kV/m is a place where one can assume that a 
breakdown is in process or is about to be. 

The following material illustrates why the breakdown 
strength of air has this surprisingly low value (to some). 
This section will discuss the conditions under which co-
rona streamers can continue to grow until a gap is com-
pletely bridged. It will discuss the mechanism by which 
the streamers develop in a gap to which voltage is sud-
denly applied and will show how that process differs if the 
voltage is increased more gradually. It will also discuss the 
effect of variations in the rise and decay (or ‘front’) times 
of the applied voltage on the rate at which the breakdown 
progresses. This discussion concludes with an explanation 
of the volt-time or time-lag effect. 

The basic aim of this section will be to provide tutorial 
material with an emphasis on physical understanding of 
electrical sparks used in testing, of lightning phenomena, 
and how lightning interacts with aircraft. It will deal only 
with air at near sea level atmospheric pressure and mainly 
with electrodes spaced so far apart that the field between 
them is far from uniform, and in which the metal of the 
electrodes and the vapor from them can play no significant 
part in the breakdown process. 

Also, the section will focus on two general types of 
electrical discharge phenomena. The first is that which oc-
curs when the electrodes are directly connected to a volt-
age source that supplies the energy necessary for the de-
velopment of the spark and the electric field through which 
that spark propagates. The second is that in which the dis-
charge originates from the exterior surface of an aircraft, 
and the energy necessary for the development of the spark 
must be extracted from a pre-existing electrical field. 
There are some differences between these two processes, 
which will be discussed in Chapter 3. 

1.5.1 Types of Surge Voltage 

   When discussing the breakdown strength of air, it is 
common practice to refer to lightning voltage surges, 
switching voltage surges, and power frequency voltages. 
Breakdown strength of air gaps have their origin in the 
electric power field, to which most studies have been 

directed. For continuity, the terms will be retained here, 
although they are not particularly apt in relationship to air-
craft. 

Surges having front times measured in a few microsec-
onds and decay times measured in a few tens of microsec-
onds are commonly called lightning surges, since surges 
induced on power lines by lightning have such waveforms. 
Other mechanisms can, of course, also produce surges of 
such waveforms. 

Switching surges, as their name implies, arise on power 
lines through the operation of switches and circuit break-
ers. They are characterized by front times measured in tens 
and hundreds of microseconds and decay times measured 
in hundreds and thousands of microseconds. Such times 
are also characteristic of the propagation of a lightning 
flash toward or away from an aircraft. 

Power frequency voltages primarily relate to 50 or 60 
Hz energization of transmission lines and will be given 
only passing consideration in the following material. 

Nuclear effects, nuclear electromagnetic pulse 
(NEMP), may lead to surges measured in tens of nanosec-
onds, but they are beyond the scope of the following ma-
terial. 

A distinction must be made between the terms surge 
and impulse. Accepted practice uses surge to refer to a 
voltage produced at random by nature and impulse to refer 
to a voltage or current produced under controlled condi-
tions in a laboratory. For even more precision, the terms 
lightning impulse and switching impulse are used. 

1.5.2 Waveform Definitions 

Voltages and currents tend to have different waveforms, 
both because of the nature of physical processes and be-
cause of the intrinsic behavior of testing machinery. 

Voltage impulses 

Voltage impulses used in high voltage testing and re-
search most commonly have double exponential wave-
forms, as illustrated in Fig. 1.10(a). They are described ap-
proximately by an equation of the form 

𝐸𝐸 =  𝐸𝐸0(𝑒𝑒−𝛼𝛼𝛼𝛼 − 𝑒𝑒1𝛽𝛽𝛼𝛼)  (1.5)
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Double exponential waveforms are used because they 
have the general characteristics of natural surges (fast front 
times and slower decay times) and can be produced by 
simple capacitor and resistor networks. Double exponen-
tial waveforms are characterized by their peak amplitude, 
front time and decay time, definitions of front and tail time 
being given by industry standards [1.2]. The virtual front 
time is taken to be 1.67 times the time interval between the 
30% and 90% points. For many purposes, this virtual front 
time is a better characterization of the effects of the im-
pulse than the time to actual peak because it also defines 
the effective rate-of-rise of the impulse. It is defined by the 
30% and 90% points rather than the 10% and 90% used in 
electronic practice, because the initial turn-on of the im-
pulse is often distorted by the characteristics of the impulse 
generator. This distortion is of little importance as regards 
the effect of the impulse, but it can lead to controversy as 
to when the impulse reaches its 10% point. Decay time is 
usually taken to be the time to decay to 50% of the peak 
amplitude. It is seldom characterized by the time to decay 
to 37% (e-folding time), both because the 50% point is 
easier to determine and because the shape of the impulse 
below 50% is seldom of importance in studies of break-
down characteristics. 

A waveform commonly used in the electrical industry 
is 1.2 x 50 µs, for which α = 1.46 x 104 and  
β = 2.475 x 106, where α and β are measured in seconds. 
The constants yield a wave with a 1.2 µs front, as defined 
by industry standards, not the time to absolute peak volt-
age.  

A true double exponential waveform can only be pro-
duced by an ideal surge generator, that stores its energy 
either purely inductance or purely capacitance. For real 
generators, with both inductance and capacitance, a double 
exponential output is, at best, only an approximation of the 
actual output waveform. Capacitive surge generators opti-
mized for high voltages usually have inductances suffi-
ciently low that their outputs can be described quite well 
by double exponential equations. 

Current Impulses: 

Current impulses used for evaluating low impedance 
surge protective devices often have waveforms that cannot 
be described by double exponentials, mostly because the 
inductances of the generators used to produce the surges 

 

 

     Fig. 1.10 Current waveforms for use in testing. 

is not negligible. A common waveform is shown in Fig. 
1.10(b) and is described approximately as 

𝐼𝐼 = 𝐼𝐼0𝑒𝑒−𝛼𝛼𝛼𝛼 sin(𝜔𝜔𝜔𝜔)  (1.6) 

Frequently, the nature of the device under test is such 
that only the first half cycle of the current is produced. A 
wave- form commonly used has an 8 µs front and a 20 µs 
tail. A wave having that ratio of front to tail time is not one 
that can be produced by a double exponential surge gener-
ator, though it is routinely produced by discharging an en-
ergy storage capacitor through an inductive circuit. 

No special attempt should be made to relate the shape 
of surges used for testing insulation to the shape of the 
surges used for testing surge protective devices. The rela-
tionship has very little to do with the physical characteris-
tics of lightning or of naturally occurring surges; it is 
mostly a historical matter reflecting the early development 
of the high voltage testing art and the incorporation of 
common practices into standards. 

Also, one should not consider that these waveforms 
necessarily represent the shapes of natural lightning cur- 
rents or the voltages produced by lightning.                                     
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They are intended to have the same general characteris-
tics (fast fronts and longer tails) and have time scales typ-
ical of those produced by natural lightning, but they are 
only standardized waveforms used for testing. 

1.5.3 Volt-Time Curves 

Repeated applications of voltage do not always produce 
the same pattern of flashover and if the voltage is barely 
sufficient to cause breakdown of an air gap, some applica-
tions of voltage will cause breakdown and others will not. 
Breakdown is thus a statistical matter; if the voltage is low 
the probability of breakdown is low and if the voltage is 
high the probability is greater. 

The breakdown voltage also depends strongly on wave-
form. In general, long duration voltage impulses cause 
breakdown of a gap at lower levels than short duration im-
pulses. Short duration voltage impulses may be sufficient 
to initiate the breakdown process and to produce intense 
ionization (and in the process draw large currents from the 
voltage source) but may not last long enough to cause a 
complete breakdown. Also, the current drawn by the de-
veloping breakdown may be so large that a considerable 
amount of the voltage initially applied to the gap is lost in 
the impedance of the test circuit external to the gap. This 
loss of voltage may be sufficient to prevent the gap from 
breaking down. 

Typical waveforms that could be observed during 
breakdown testing with lightning impulse waves are 
shown in Fig. 1.11. The shape of the voltage actually de-
veloped across the gap is shown by the heavy line, while 
the shape that the voltage would have had if it were not 
interrupted by the breakdown is shown dotted. This latter 
waveform is called the prospective voltage. Accepted ter-
minology defines full waves as those that do not lead to 
breakdown, chopped waves or tail chopped waves as those 
causing breakdown after the voltage has begun to decay 
and steep front or front chopped waves as those that cause 
breakdown before the wave reaches its peak prospective 
voltage. 

    If repeated voltage impulses are applied at gradually de-
creasing amplitudes, there can be found an impulse ampli-
tude below which no breakdowns occur. This amplitude is 
known as the withstand WS level. At amplitudes only 

 
(a) full wave 

2  

 
(b) tail-chopped wave 

3  

 
(c) front-chopped or steep-front wave 

Fig. 1.11 Voltage waveforms. 

slightly higher than the withstand WS level breakdowns 
sometimes (but not always) occur. If the voltage impulse 
amplitude is raised still further, a level is found where 50 
percent of the impulses cause breakdown. This amplitude 
is known as the critical flashover CFO level. The critical 
flashover CFO level is sometimes designated U50, from 
the German Überspannung or overvoltage. 

With short gaps, up to about 10 - 20 cm, breakdowns 
occur at the peak of the voltage waveform, but with a 
sufficiently long gap the breakdowns tend to occur after 
the voltage has reached its peak and started to decay. As 
voltages are increased, breakdowns occur at earlier 
times, sometimes well before the voltage has reached its 
peak prospective voltage. Plotting breakdown voltages 
as a function of time produces a volt-time or time-lag 
curve (Fig. 1.12). For breakdowns that occur after the 
voltage has begun to decay, the point plotted is the max-
imum voltage and the time at which breakdown occurs. 
Fig. 1.13 shows volt-time curves measured on various 
lengths of transmission line insulators. Note that the crit-
ical flashover voltage is about 550 kV/m and that much 
higher voltages are required to produce breakdown at 
short times. This suggests that breakdown is a process 
that does not take place instantaneously. Research indi-
cates that this is so. 
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Fig. 1.12 Development of a volt-time or time-lag 
curve. 

 

Fig. 1.13 Volt-time curves for transmission line 
 insulators. 

1.5.4 Streamer Development 

The study of long air gaps with lengths greater than 
about 0.5m using streak cameras (or similar devices) has 
revealed that there are several distinct stages in the pro-
cess. These are the formation of an initial corona, growth 
of a streamer and leader, and a final jump, which culmi-
nates in the development of a highly conducting channel 
across an air gap. 

Initial corona 

The initial burst of corona emerges from an energized 
electrode as soon as the electric field at some point on the 
electrode reaches about 30 kV/cm.  

This usually takes place before the applied voltage has 
reached its maximum value. The corona forms in a small 
fraction of a microsecond and propagates away from the 
electrode very rapidly, at a velocity of several meters per 
microsecond (m/µs). This corona, however, does not go 
across the entire gap between the electrodes unless the 
electrodes are close together (perhaps 25 cm). If the volt-
age were removed, the corona would stop and there 
would be no breakdown. 

Streamer 

If the voltage is of sufficient magnitude and is main-
tained, a more intense and more localized discharge, called 
a streamer, develops out of this initial corona, and works 
its way towards the grounded electrode in a manner very 
similar to that of lightning, as described in Chapter 2. Ini-
tially, this streamer propagates at several centimeters per 
microsecond (cm/µs), much slower than the initial corona, 
and carries a current of about 100 A. 

Leader 

If the voltage is sufficient the streamer progresses fur-
ther into the air gap and is fed charge via a spark that is 
called the leader. The voltage drop along a leader is rather 
small, about 2 kV/cm, making its resistance on the order 
of 20 ohms per cm. The leader is thus sufficiently conduc-
tive that it acts as an extension of the electrode and the 
result is that most of the applied voltage is impressed 
across the unbridged portion of the gap. As the leader pro-
gresses, the gradient across the unbridged portion of the 
gap increases and the leader progresses faster and carries 
more current. 

Final Jump 

When the corona ahead of the leader contacts the op-
posing electrode or a streamer that has originated from 
there, a more conductive channel begins to grow through 
the leader and eventually bridges the entire gap. This is 
called the final jump. At this stage, the entire gap is 
bridged by a highly conducting channel. As the channel 
carries more current it becomes hotter and more conduc-
tive, which allows it to carry more current and become hot-
ter still. Eventually, the current becomes limited by the ex-
ternal laboratory generator circuit and the voltage across 
the gap collapses. This same situation exists in natural 
lightning. The air gap is much longer than any laboratory 
gap, but the corona-streamer-leader process is the same. 
That is why laboratory sparks can be used to simulate 
lightning attachments, for example, to aircraft nose ra-
domes, or to models of airplanes to determine possible in-
itial lightning attachment locations. 
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Electrode configurations 

The characteristics of a breakdown are influenced by 
the type of electrode. Some common laboratory electrode 
configurations are shown in Fig. 1.14. The most easily 
studied geometries consist of an energized sphere or rod 
placed above a grounded plane, a sphere-plane, or rod-
plane configuration. Another common geometry consists 
of two rods, one energized, and the other grounded. The 
breakdown process in such a rod-rod gap is more compli-
cated than in a rod-plane gap, because the breakdown de-
velops simultaneously from each rod, one of which is en-
ergized positive and other negative. Sphere-sphere elec-
trodes are used in studies of uniform fields and can be used 
as standard electrodes for measurement of voltage. When 
high voltage tests are made to determine the points at 
which lightning might attach to an aircraft, the geometry 
approximates that of a rod to plane configuration. 

Methods of Observation: 

Early studies of breakdown phenomena focused on the 
behavior of gaps exposed to lightning impulse voltages. 
One of the techniques used for the studies is shown in Fig. 
1.15. The figure shows a test setup in which a positive po-
larity, 3 MV (megavolt or 3 x 106 volt) impulse was ap-
plied to a rod gap. A parallel rod-rod gap, outside the field 

 

 

Fig. 1.14 Electrode configurations. 

of view of the camera, was used to remove the voltage be-
fore the breakdown in the gap under study had progressed 
to completion. By adjusting the length of the parallel gap, 
the phenomena in the gap under study could be observed 
at different stages in the development of the breakdown.

 

Fig. 1.15 Study of rod-rod breakdown.
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A photograph of the early stages of breakdown (Fig. 
1.16) shows a very extensive and diffuse set of tentacles 
extending from the impulse electrode. This is the first co-
rona. The photograph was taken through a quartz lens, 
which passes more of the ultraviolet spectrum than a con-
ventional glass lens. A photograph taken with a glass lens 
would show very little of the diffuse corona. 

 

Fig. 1.16 Initial corona and streamers 

 

Fig. 1.17 Growth of a streamer. 

When the parallel gap was made longer and the dis- 
charge allowed to progress to a later stage (Fig. 1.17), one 
portion of this corona bridged the entire gap, and a brighter 
and more conducting channel began to form around the 
lower (negative) electrode and progressed into the space 
bridged by the corona. This is called a streamer. Similar 
streamers develop at the upper (positive) electrode, but 
they are difficult to see through the corona. When the 
breakdown process was allowed to progress to completion, 
the breakdown channel was as shown of Fig. 1.18.   

 

 

At the center of the gap can be seen the region where 
the downward and upward leaders joined. The direction of 
propagation of the leaders can be seen by the faint 
branches extending to the side of the main channel. 

Streak camera 

The technique of using a parallel gap to interrupt the 
developing breakdown is now seldom used; modern tech-
niques make use of streak cameras. The basic principle of 
a streak camera is shown in Fig. 1.19. It essentially con-
sists of moving the lens (mechanically or electronically) 
while the breakdown is in progress. The result is that the 
image recorded on the film is spread out and displayed as 
a function of time. If the lens is moved in discrete steps 
(framing mode), Fig. 1.19(a), a developing breakdown can 
be photographed as a series of instantaneous snapshots. 
More commonly, the lens is moved continuously (streak 
mode), Fig. 1.19(b), and the image is blurred. The lumi-
nous head of the leader appears on the photograph as a 
bright band gradually bridging the gap while other lumi-
nous processes show as a band behind the leader 

 

Fig. 1.18 Completed breakdown. 

 

Fig. 1.19 Streak and framing cameras. 

 

(a) 

(b) 
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Boys camera: 

An early camera, called the Boys camera, after the in-
ventor, moved the lens mechanically and has been widely 
used to study the breakdown processes in lightning. Mod-
ern devices achieve the same effect electronically. An op-
tical image is formed on an electron-emitting surface and 
the electrons from that surface are focused with an electron 
lens (magnetic or electrical) onto a phosphorescent screen, 
producing an image which can then be photographed with 
a conventional camera. Generally, an image intensifier 
section is used to amplify the image and make it possible 
to display phenomena that are only faintly luminous.  The 
focused beam can be moved by deflection plates similar to 
those used in a cathode ray tube. 

Switching impulses 

Studies from about 1965 have mostly focused on the 
mechanism of breakdown that occurs when electrodes 
are exposed to switching impulses, since it has been 
found that such impulses cause flashovers at much lower 
voltages than lightning impulses do. Positive impulses 
produce breakdown at lower voltage than negative im-
pulses and have been the most studied. Also, the studies 
have focused on the behavior with voltages just sufficient 
to cause breakdown and have not dealt with the break-
down process when the gap is subjected to over voltages. 
In this respect, the studies have differed from early stud-
ies of breakdown with lightning voltages, where the in-
fluence of excess voltage on the speed of breakdown has 
been important to design of insulation. 

 

 

 

 

 

Fig. 1.20 Influence of wavefront on the development of the leader. 
Adapted from [1.3] and [1.4]. 

Voltage collapses when leader 
contacts ground plane and de-
velops into an arc. 

Corona propagates from the 
leader toward the ground plane. 
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Fig. 1.20, adapted from Fig. 10 of [1.3] and from [1.4], 
shows sketches of what would be revealed when viewing, 
with a streak camera, the breakdown of a rod-plane gap 
when the rod is energized with positive polarity surges of 
the indicated waveform. Photographs showing the phe-
nomena in more detail appear in [1.3]. For some rates of 
rise of voltage, the discharge proceeds smoothly toward 
the ground electrode. If the rate-of-rise is lower, the dis-
charge becomes more discontinuous. In general, the co-
rona propagates from the developing leader towards the 
ground plane, as evidenced by the slope of the image pro-
duced by the developing corona. 

With negative polarities, the discharge is even more dis-
continuous. Discharges frequently take place in the air be-
yond the head of the leader and propagate both forwards, 
toward the grounded electrode, and backwards, toward the 
advancing leader. The sketch of Fig. 1.21 (adapted from 
Fig. 17 of [1.3] and from [1.5]) illustrates the phenomenon. 
Note that the curvature of the image due to the corona is 
opposite to that of Fig. 1.20. With this geometry, a leader, 
often called the ‘junction leader’ also grows from the 
grounded rod towards the leader from the rod to which 
voltage is applied 

Studies also show that, with switching impulse wave-
forms, the critical breakdown voltage depends on the rise 
time of the voltage waveform, and that there is a specific 
front time that produces the minimum average breakdown 
voltage. This front time is in the range from 200 to 600 
microseconds, but it depends on the length of the gap, be-
ing longer for longer gaps. 

 

Fig. 1.21 Negative polarity sparkover of 3-meter, 
rod-to-rod gap with lower rod mounted on a ground 
plane. 1.5/1 000 microsecond wave adapted from 
[1.3] and [1.5]. 

The above is still a rather superficial description of the 
breakdown process and some more discussion is in order. 
Consider, first, the initial corona. As has been noted ear-
lier, the initial corona forms as soon as the electric field at 
the energized electrode reaches a critical gradient of 30-33 
kV/cm, and continues to propagate as long as the electric 
field is greater than about 25 kV/cm. If the gap is short, or 
if the field in the gap is uniform, the corona bridges the 
gap, leading to complete breakdown. 

More commonly, the corona bridges only a portion of 
the gap, the extent of the corona depending on the distri-
bution of electric field across the gap, as illustrated in Fig. 
1.22. With a rod or pointed electrode, the critical gradient 
is reached at a lower voltage than if a more rounded elec-
trode were used, but the highly stressed region around the 
electrode is smaller with a rod electrode than with a 
rounded electrode. The result is that, with a rod electrode, 
the initial corona forms at a relatively low voltage, does 
not extend very far into the gap, and the initial velocity of 
the leader is relatively low. 

Around a larger electrode with a more rounded tip, the 
initial corona forms at a higher voltage, extends further 
into the gap and the initial velocity of the leader is greater. 
If the electrodes are sufficiently rounded, as with closely 
spaced spherical electrodes, the initial corona, when it 
forms, extends all the way to the other electrode and break-
down takes place in a fraction of a microsecond. 

Streamer gradient 

The rate at which the streamers extend themselves de-
pends on the average gradient across the unbridged portion 
of the gap. As the leader works its way across the gap, 
placing more voltage on the unbridged portion of the gap, 
the average gradient across the unbridged portion in-
creases with time and the velocity of the streamer in-
creases. In general, the streamers continue to propagate as 
long as the average gradient in the unbridged portion is 
about 5 kV/cm or greater. If the gradient is greater than 5 
kV/cm, the streamers propagate faster, but this requires in-
jecting charge into the gap at a higher rate and, hence, 
more current must be drawn from the source feeding the 
breakdown. Frequently, the available current is limited, 
and the streamers propagate at a velocity that limits the 
gradient to about 5 kV/cm (500 kV/m). This critical gradi-
ent is essentially what determines the minimum break-
down voltage of large air gaps, since the leader velocity 
determines how long the voltage must be maintained
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Fig. 1.22 Factors influencing initial corona. 

 

to cause breakdown. An average leader velocity of 10 
cm/µs implies that a 50 cm gap would require voltage to 
be maintained for 5 µs before the flashover would be com-
plete. If a higher voltage were applied to the gap, the leader 
velocity would increase, and the breakdown would grow 
to completion in a shorter time. 

1.5.5 Effects of Gas Density and Humidity 

The flashover voltage of air gaps depends on atmos-
pheric conditions. Usually, it is raised by an increase in air 
density or by an increase in humidity. An increase in air 
density (pressure and temperature both affect air density) 
decreases the mean free path of electrons and, conse-
quently, decreases the likelihood that they will be acceler-
ated to a sufficient velocity to produce secondary emis-
sion. Water molecules tend to absorb electrons and thus 
decrease their chance of participating in the formation of 
electron avalanches. 

For uniform field conditions and gap distances of a few 
centimeters, the variation of breakdown voltage with pres-
sure is governed by Paschen’s Law, which states that the 
breakdown voltage depends on the product of gas pressure 
and gap length, according to the curve plotted in Fig. 1.23. 
For most conditions, breakdown strength decreases as 
pressure decreases, but there is a minimum pressure below 
which breakdown voltage begins to increase again. 

The effect of pressure on breakdown voltage in large and 
non-uniform gaps is not easy to calculate and is best deter-
mined experimentally. 

 

Fig. 1.23 Gap breakdown voltage [1.6] 

Generally, published values for flashover voltage are 
corrected to standard conditions. In both Europe and the 
US these are 

air pressure = 1 013 mb air 
temperature = 0°C 
moisture content = 11 gm/cubic meter. 
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In older US practice, these standard conditions were air 
pressure = 760 mm Hg, air temperature = 25°C and hu-
midity = 15.5%. Correction factors have been developed 
for both air density and humidity. A discussion of those 
correction factors is beyond the scope of this chapter and 
not important to aircraft lightning interactions, but they 
can be found in the literature [1.7 - 1.8]. 

1.6 Gases Other Than Air 

The common lifting gas helium used in lighter than air 
vehicles, has a nominal air breakdown voltage of 200 
kV/m which is about 40% of that of air (500 kV/m under 
long rise voltages (Switching Impulse) or DC voltages, 
which are expected to standard conditions. This means that 
it is more likely for ionization to develop within a helium-
filled envelope than in the air outside – an important con-
sideration for lightning protection design of these air vehi-
cles. 

1.7 Properties of Arc 

An electrical arc is a self-sustaining discharge that ex-
ists after has a low voltage rise and can conduct large cur-
rents. Its characteristics depend on the materials of the 
electrodes from which the arc forms and the composition 
of the gas in which the arc burns. This discussion will deal 
only with arcs in air at atmospheric pressure. 

In the context of aircraft and lightning protection, arcs 
form most commonly in response to an initial breakdown 
brought about by excessive voltage applied to the gap be-
tween two electrodes. In other situations, such as electrical 
switches and circuit breakers, they may also form between 
current carrying electrodes that are initially in contact and 
then separated. 

In the context of arcs as an ignition source within an 
aircraft fuel tank (Chapter 7) an electrical arc is what hap-
pens when current is transferred between electrodes (struc-
tural elements) in contact but without sufficient conduct-
ing cross-section to conduct the current without excessive 
heating, melting and outgassing of electrode products and 
arc plasma. This contrasts with electrical sparks, which 
have been described in this chapter in the context of long 
air gaps. In fuel tanks, sparks may also develop between 
parts that are separated, such as between fuel quantity 
probes and nearby structure elements. 

If the arc is initiated by air breakdown of a gap, prior to 
that breakdown, the voltage between the electrodes is high 
and the current through the gap is very low. Once the 
breakdown occurs, an ionized region is formed in the gas 
between the electrodes and current flows through that ion-
ized region. Fig. 1.24 is a plot of the distribution of poten-
tial between two electrodes. Note that most of the voltage 
drop (or rise – it is a matter of prospective) concentrated 
at the cathode and at the anode, while the voltage drop in 
the intervening air space is much more gradual. The en-
ergy released in the three regions is the product of the cur-
rent and the voltage across that region. 

 

Fig. 1.24 Distribution of potential between spark-
electrodes. 

Arc temperature 

The energy released in the ionized region of a freely 
burning arc is, under most conditions, sufficient to raise 
the temperature of the conducting path to between 5 000° 
K to 6 000° K. At these temperatures, the arc becomes such 
a good conductor that its current is limited only by the im-
pedance of the external circuit. If a very high current is 
built up very rapidly, temperatures on the order of 20 000° 
K can be reached. This is what happens in the conductive 
channel of a lightning flash. 

Arc voltage 

As the arc attains these temperatures, the voltage along 
its axis collapses from an initial value of about 5 kV/cm to 
a value on the order of 10 V/cm. The increase of tempera-
ture, and the collapse of voltage, are not instantaneous, but 
can take place in a fraction of a microsecond. Develop-
ment of a completely stable arc, however, may take many 
seconds or even minutes, because the conditions at the 
electrodes also influence the development of the arc. 
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Of the electrodes at the ends of an arc, the cathode (or 
negative electrode) is the one that most affects the proper-
ties of the arc, since it is at the cathode that the electrons, 
transported through the arc, are released. Before the arc 
forms, the cathode is cold, and electrons are pulled from 
the cathode when the voltage gradient at its surface ap-
proaches 30 kV/cm. After the arc forms, the cathode be-
comes heated, in places, to its boiling temperature and the 
electrons are pulled from the cathode by the electric field 
between the surface of the cathode and the adjacent col-
umn of ionized gas. For a freely burning arc, this voltage 
drop is approximately 10 volts and occurs over a very short 
distance between the cathode and the arc channel (proba-
bly on the order of 5 x 10-5 cm). Before steady state con-
ditions are reached, this voltage may increase to several 
times this value. 

The energy released at the surface of the cathode is 
given by the product of gap current and cathode voltage 
drop and, since the cathode drop region is very short, the 
energy released is readily transferred to the material from 
which the cathode is formed. Localized temperatures at the 
points from which the current emanates are always high 
enough to cause local boiling at the surface of the elec-
trode, (approximately 3 400°K. for aluminum). This local-
ized heating of an electrode arises from the cathode volt-
age drop; it has little to do with the temperature of the col-
umn of gas adjacent to the electrode. 

Current density 

On average, cathode current density is on the order of  
5 000 A/cm2 for iron or copper electrodes, at least for arc 
currents a few tens of amperes in amplitude. The current 
density may be higher for higher arc currents. The elec-
trons are not emitted uniformly over the whole surface of 
the cathode; however, they are emitted from localized 
cathode spots. The current from any particular spot tends 
to be constant, and if the total current in the arc becomes 
too large to be supplied by one cathode spot, others form. 
The cathode spots rapidly move about and, if the arc is free 
to move, there is little damage to the surface of the cath-
ode. Localized melting and boiling may occur, but the 
cathode spots move before the surface at any particular 
point becomes noticeably damaged.  

 Lightning flashes sweeping across bare, exterior alu-
minum surfaces of aircraft frequently produce only mott-
led blemishes on those surfaces. However, if the arc is con-
strained to stay in one point as when it has attached to a 
painted surface, then the heating continues in that area and 
more intense melting of metal or damage to carbon fiber 
reinforced composite surfaces may occur. Surface coat-
ings, even a thin film of paint, may be enough to prevent 

the arc from moving freely and thus more damage may re-
sult from longer duration lightning channel attachments. 
These effects are discussed further in Chapters 4, 6 and 7. 

Arc resistance 

Care should be taken in discussing the “resistance'' of 
an arc; since it is a quantity that really only applies for a 
particular current and for steady state conditions. Arc volt-
age as a function of current is the more useful quantity. As 
regards aircraft, arc voltage is important in three main con-
texts; the amount of damage done to a surface contacted 
by an arc, the length of arc which may be swept across an 
insulating surface before the voltage becomes sufficient to 
puncture the insulation (paint) and establish a new attach-
ment location, and in the design of laboratory equipment 
with which to simulate lightning effects. All of these are 
discussed in more detail in later chapters. 

An example of a voltage measurement taken across an 
arc burning in air is shown in Fig. 1.25. In this example, 
the voltage fluctuated with time as the high temperature 
carried the arc into the air and the arc length changed. Sim-
ilar variations are noted if the conditions at the electrodes 
change, as during tests where the arc burns away the sur-
face of the object under test. 

 

 

Fig. 1.25 Voltage and current of a 7-inch gap burning in 
air. 
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Chapter 2 
 

THE LIGHTNING ENVIRONMENT 
 

2.1 Introduction 

The lightning flash originates with the formation of 
electrical charge in clouds in the air. The most common 
producer of lightning is the cumulonimbus cloud, often 
called the “thundercloud”. Other types of clouds, includ-
ing smaller cumulus clouds and non-convective, stratiform 
clouds, can produce electric charges and lightning as well. 
Lightning has also occurred during sandstorms, snow-
storms, and in the clouds over erupting volcanos. On rare 
occasions, lightning has even been reported to occur in 
clear air, although this phenomenon is most likely caused 
by conventional clouds beyond the observer’s field of vi-
sion. Lightning originating in sandstorms and volcanic 
eruptions is usually not of serious concern to aircraft, but 
lightning associated with other non-thunderstorm cloud 
conditions may present problems because it is apt to occur 
when it is unexpected. Pilot’s reports of lightning strikes 
to aircraft often state that they were struck under condi-
tions far from known thunderstorms, where a lightning 
strike would not be expected. 

The most common types of lightning are those involv-
ing a cloud and the earth, called cloud-to-earth lightning, 
and lightning between charge centers within the same 
cloud, called intracloud lightning. This latter is sometimes 
erroneously called intercloud or cloud-to-cloud lightning. 
True cloud-to-cloud lightning between isolated cloud cen-
ters is possible; however, what appears to be cloud-to-
cloud lightning is often a spectacular manifestation of in-
tracloud discharges. While aircraft may be involved with 
any of the three types of lightning, cloud-to-earth and in-
tracloud lightning flashes are the most common types. 

Much of the data presented in this chapter is related to 
lightning flashes to earth, since there is less data available 
on the electrical characteristics of intracloud flashes or 
flashes to aircraft (which may include both intracloud and 
cloud-to-earth flashes.) There are several reasons for this, 
the major one being that most research on lightning has 
centered on cloud-to-earth lightning and most of our 

 

understanding of lightning comes from the study of cloud-
to-earth lightning. 

There have been several studies involving aircraft flown 
into storms in order to better study intracloud lightning. 
These studies have shed considerable light on the nature 
of intracloud lightning and have shown that aircraft can 
trigger a lightning flash and that these aircraft-triggered 
flashes originate from the aircraft. The triggering mecha-
nism and the nature of lightning flashes triggered by and 
originated at an aircraft are discussed in Chapter 3. 

Despite its importance to aircraft operation, there is 
simply much less information on the characteristics of in-
tracloud lightning than on those of cloud-to-earth light-
ning. Intracloud lightning, unlike cloud-to-earth light-
ning, is largely hidden from direct observation and so is 
much more difficult to study. Conducting research on the 
characteristics of lightning is often a labor of love, requir-
ing both extensive apparatus and extreme patience. Ob-
serving lightning from a fixed, ground-based station is 
much easier and cheaper than observing lightning from a 
moving aircraft. Also, most of the funding for research on 
lightning has come, directly or indirectly, from those who 
are concerned with the effects of lightning on electric 
power transmission and distribution lines, which are af-
fected only by cloud-to-earth strikes. 

Cloud-to-earth strikes are, nevertheless, important for 
aircraft as well, since aircraft are struck by cloud-to-earth 
lightning and there is considerable evidence that currents 
in cloud-to-earth flashes are more severe than intracloud 
flashes. Most of the test specifications and test practices 
relating to aircraft and lightning have been derived, di-
rectly or indirectly, from studies of cloud-to-earth light-
ning. Finally, the ground facilities that support aircraft are 
only exposed to cloud-to-earth lightning. This book does 
not specifically deal with ground support facilities, but 
such facilities obviously must be protected from lightning 
to fulfill their support role for flying aircraft. 
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Fig. 2.1 Generalized nature of negative,  
cloud-to-earth lightning. 

To introduce the terms that will be discussed in the fol-
lowing sections, consider Fig. 2.1, which is a sketch of a 
typical cloud-to-earth lightning flash using a camera with 
a continuously moving film (a Boys camera, as discussed 
in §1.5.4). The image on the film would appear as shown 
on Fig. 2.1(b) and the current measured at ground level 
would appear as shown in Fig. 2.1(c). A leader starts at the 
cloud and works its way, in steps, toward the earth. When 
it nears the earth’s surface, a streamer forms upwards, 
from the earth, toward the descending leader. Streamers 
are not very luminous and can seldom be seen by the naked 
eye. 

Eventually, the two join and there occurs a very bright  

flash, due to the very rapid flow, or discharge, of charge 
from the leader into the earth. This is commonly known as 
the first return stroke. 

The term return stroke was assigned because of the 
rapid propagation of the bright flash up the leader, rec-
orded by the fast streak camera. The term is a misnomer 
because in fact the charge moves downward, not upward 
in the stroke process. Since return stroke is used frequently 
in the literature, it will be retained occasionally in this 
book. However, it will be replaced with simply stroke in 
most applications.   

Thus, the term return stroke is, perhaps, unfortunate. 
Return strokes will be referred to, from here on, simply as 
first strokes, or strokes. After the leader is discharged by 
the first stroke, the remaining charge in the cloud flows to 
earth in the remaining electric arc, referred to now as the 
lightning channel. This continued discharge is referred to 
as the intermediate and continuing current. After all the 
charge in the original charge cloud region has been con-
ducted to earth, the upper ends of the original lightning 
channel may extend into other nearby regions, which pro- 
duce a dart leader to recharge the original channel. This 
charge then immediately discharges to the earth in a sub- 
sequent stroke. The pattern of dart leader - subsequent 
stroke - continuing current - may repeat several times. 

The first strokes are characterized by four time inter-
vals; a current rise time (or front) lasting for a few micro-
seconds or less, a decay time (or tail), lasting for tens of 
microseconds, an intermediate current, lasting for a few 
milliseconds and a continuing current, that may have a to-
tal duration of a second or more. The intermediate current 
and continuing currents may not always occur and some-
times there may only be one stroke. 

Each of these aspects of the flash is discussed in the fol-
lowing sections. For a more complete discussion of the 
mechanism of the lightning discharge, the reader is re-
ferred to the literature, of which [2.1 - 2.4] are probably 
the most complete. Each of them contains extensive bibli-
ographies which this chapter will not attempt to review. 

2.2 Generation of the Lightning Flash 

The lightning flash originates with the generation of 
charge, after which the lightning flash develops by the 
streamer mechanism discussed in Chapter 1. 
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2.2.1 Generation of the Charge 

The exact mechanism(s) by which electrical charge de-
velops in clouds is still unknown, but there is little doubt 
that the energy that produces lightning in the traditional 
cumulonimbus cloud is provided by warm air rising up-
wards into a developing cloud (Fig. 2.2). As the air rises it 
becomes cooler and, at the dew point, the excess water va-
por condenses into water droplets, forming a cloud. By the 
time the air has risen high enough for the temperature to 
drop to -40° C, the water vapor it contains has frozen to 
ice. At lower elevations, there may still be many super 
cooled water drops that are not frozen, even though the 
temperature is lower than the freezing point. In this super 
cooled region, ice crystals and hailstones form. 

According to one theory [2.5], the cloud becomes elec-
trically charged by the following process: 

Some of the ice crystals which have formed coalesce 
into hailstones. These hailstones fall through the cloud 
gathering additional supercooled water droplets. As drop-
lets freeze onto a hailstone, small splinters of ice chip off. 
Apparently, these splinters carry away a positive electrical 
charge, leaving the hailstone with a net negative charge. 
The vertical wind currents in the cloud carry the ice splin-
ters into the upper part of the cloud, while the hailstone, 
being heavier, falls until it reaches warmer air, where some 
portion of it melts and the remainder continues to earth. 
Thus, the upper part of the cloud takes on a charge that is 
predominantly positive while the lower regions take on a 
charge that is predominantly negative. 

 

Fig. 2.2 Generalized diagram showing distribution of 
air currents and electrical charge in a typical cumulo-
nimbus cloud [2.12]. 

 

 

Other theories [2.5 - 2.11] have been proposed to ac-
count for the electrification of the cloud. All of them are 
based on experimentally observed evidence that the charge 
in the top of the cloud is positive, while the lower portion 
of the cloud contains negative charge. Most of the early 
work on the distribution of charge in clouds was based on 
indirect evidence from the changes in the electric field at 
ground level as lightning flashes take place. Such meas-
urements can give ambiguous results, particularly if the 
electric field changes are observed at only one location, a 
matter discussed further in [2.3]. Direct measurement of 
charges by aircraft or instrumented balloons are more reli-
able. These airborne observations indicate that the top of 
the cloud does have a positive charge, that the middle re-
gions of the cloud have negative charge, and that there are 
also pockets of positive charge near the base of the cloud. 
Some observations [2.12] suggest that the negative charge 
is distributed in a layer approximately 1 000 ft. thick, ra-
ther than being more or less evenly distributed through the 
lower portions of the cloud. Fig. 2.2 shows how the charge 
in a typical cloud might be distributed. 

The air currents and the electrical charges tend to be 
contained in localized cells and the cloud as a whole is 
composed of several cells. A typical cloud might have the 
cell structure shown in Fig. 2.3 [2.13]. The electrical 
charge contained within a cell might appear as shown in 
Fig. 2.4 [2.11]. The temperature at the main negative 
charge center is about -5 °C and at the auxiliary pocket of 
positive charge below it, about 0 °C. The main positive 
charge center in the upper cloud is about 15 °C colder than 
its negative counterpart. 

The lifetime of a typical cell is about 30 minutes. In its 
mature state, the cell as a whole has a potential, with re-
spect to the earth, of 108 to 109 volts. It has a total stored 
charge of several hundred coulombs, with potential differ-
ences between positive and negative charge pockets, 
again, on the order of 108 to 109 volts. 

2.2.2 Electric Fields Produced by Change 

As a charged cloud passes over a given point on the 
earth, an electric charge is induced on the surface of the 
earth, under the cloud, and the average electric field at the 
earth’s surface changes from its fair weather value of about 
300 volts per meter, positive, to as high as several  



22 
 

 

Fig. 2.3 An idealized cross section through a thunder-
storm cell in its mature stage [2.13]. 

 

Fig. 2.4 Estimated charge distribution in a mature 
thundercloud [2.11]. 

thousand volts per meter, negative. These polarity conven-
tions are illustrated in Fig. 2.5. Generally, when a cloud is 
overhead, the field at ground level is negative, but when a 
localized positive region is overhead, the field may be pos-
itive. The potential gradient is concentrated around sharp 
protruding points on the earth’s surface and can exceed the 
breakdown strength of the air, which has a nominal value 
of 30kV/cm at sea level conditions, and less at higher alti-
tudes. 

When the breakdown strength of the air is exceeded, 
current into the air increases sharply and a bluish electrical 
discharge called corona forms around sharp, conductive 
objects electrically bonded to the earth. This discharge is 
the St. Elmo's fire discussed in Chapter 1. The magnitude 
of the current from a single discharge point may range 
from 1 or 2 microamperes (µA) to as high as 400 µA. This 
field-induced corona is generally less intense than the co-
rona observed on energized conductors and discussed in 
Chapter 1. The presence of St. Elmo's fire should be taken 
as signifying a dangerous condition to an exposed observer 
on the ground, such as a mountain climber on an exposed 
ridge. It is not necessarily an indicator that lightning is im-
minent, however, since it only reflects the state of the elec-
tric field at the earth’s surface, not at the base of the clouds 
where lightning usually originates. 

The emanation of corona from objects on the earth’s 
surface is only possible when the electric field is highly 
localized and does not extend over a sufficient distance for 
streamers to propagate. An important reason for this is that 
the shapes of conductive objects from which corona ema-
nates are such that the electric field is locally enhanced. In 
addition, the charges injected into the air by the corona ac-
cumulate, forming a space charge. 

 

Fig. 2.5 Polarity considerations. 
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Theoretically, this space charge may reduce the result-
ant electric field at the earth’s surface, so that a developing 
breakdown in the air ‘sees’ a more uniform electric field 
than would a microscopic observer at the earth’s surface. 

2.2.3 Development of the Leader 

At some stage in the electrification of the cloud, a dis- 
charge towards the earth takes place. It starts as a slow-
moving column of ionized air called the pilot streamer. Af-
ter the pilot streamer has moved perhaps 30 to 50 m, a 
more intense discharge, called the stepped leader, takes 
place. This discharge lowers additional negative charge 
into the region around the pilot streamer, ‘recharges’ it and 
allows it to continue for another 30 to 50 meters, after 
which the cycle repeats. A discharge propagating in this 
manner is called a streamer discharge; its development 
was discussed in Chapter 1 and is illustrated further in Fig. 
2.6. 

Since the initial development of the leader takes place 
in the charged cloud, the developing streamer branches 
and begins to collect charge from its surroundings in the 
cloud. Because it collects charge in this way, the streamer 
may be viewed as connected to the cloud and at the same 

 

 

 

Fig. 2.6 Stages in the development of a lightning leader. 

potential as the cloud. As the head of the leader moves far-
ther into the un-ionized air, charge flows down from the 
charged regions of the cloud, along the partially conduct-
ing filament and toward the head of the leader, thus tend-
ing to keep all parts of the leader at a very high potential. 
The amount of charge lowered into the leader ranges from 
about 2 x 10-4 to 20 x 10-4 coulombs per meter of length. 
Therefore, a leader 5 km long would have stored within it 
a charge of 1 to 10 coulombs. 

The leader, as postulated by Wagner [2.14], is illus-
trated in Fig. 2.7. The head of the leader may have a larger 
diameter than the rest of the leader, although this is diffi-
cult to prove by photographs. The head of the leader is 
usually visible because of the optical radiation associated 
with the extension of the electron avalanches, but once the 
growth ceases, the radiation stops; consequently, the co-
rona sheath surrounding the central conducting filament 
ceases to be visible. Since the potential of the leader is very 
high, there is a high radial electric field throughout the 
leader’s length; high enough to exceed the breakdown 
strength of the air. Thus, secondary streamers branch out 
radially away from the central filament, until the field 
strength at their tips falls to about 30 kV/cm. 

 

Fig. 2.7 The lightning leader as postulated by Wagner 
[2.14].
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Diameter of the leader 

It can be shown that the electric field strength at the 
edge of a cylinder containing a charge, qo, per unit length 
is 

𝐸𝐸𝑟𝑟 =  1.8 𝑥𝑥 1010𝑞𝑞0
𝑟𝑟

  (2.1) 

From this and the above breakdown strength of air, it 
can be deduced that the radius of the leader ranges from 
1.2 to 12 meters. At higher elevations, the breakdown 
strength of air is less; hence the leader radius may be 
larger. 

Photographs of actual lightning leaders have been taken 
with a Boys camera, a specialized camera in which the film 
moves relative to the camera lens. Fig. 2.1 illustrates the 
principle of operation of a Boy’s camera and Fig. 2.8 
[2.15] is an actual Boys camera photograph. The leader 
originates at the top, left-hand corner of the picture and 
lengthens as time increases. The bright line at the right- 
hand end of the picture is produced by the first stroke, dis- 
cussed in §2.2.5. 

 

 

Fig. 2.8 Boys camera photograph of a lightning leader. 

Leader velocity and current 

 From photographs such as Fig. 2.8, it has been learned 
that the leader advances at about 1 x 105 to 2 x 105 m/s, or 
0.03% to 0.06% of the speed of light [2.16]. In order for a 
charge of 2 to 20 x 10-4 coulombs to be deposited by a 
leader advancing at the rate of 1 x 105 m/s, the average 
current in the leader, il, must be 20 to 200 A. A current of 
this magnitude could be carried only in a highly conduct-
ing arc, assumed to be the central conducting filament of 

 

the leader. Such an arc would have a diameter on the order 
of a few millimeters and an axial voltage gradient, g l, of 
about 5 x 103 V/m. A leader 4 km long must therefore have 
a voltage drop along its length of 2 x 107 V. The longitu-
dinal resistance, Rl, of the conducting filament would then 
be in the range of 40 to 400 ohms per meter (Ω/m). 

It should be noted that leaders sometimes start from 
something on the earth. If an airplane were to be flying 
over a tower it may be susceptible to a strike in such con-
ditions, with the leader continuing to progress toward the 
sky. This happens most frequently from tall buildings or 
towers, or from buildings or towers located atop hills. Gen-
erally, one can tell from the direction of the branching of 
the lightning flash whether the leader started at the cloud 
or at the ground: if the branching is downward (Fig. 2.9(a)) 
the leader originated at the cloud; if the branching is up-
ward, (Fig. 2.9(b)), the leader originated from the earth. 

 

Fig. 2.9 Leader direction as determined from direction 
of branching. 

2.2.4 Transition from Leader to Stroke 

As the negatively charged stepped leader approaches 
the earth, positive charge accumulates in the earth under-
neath it or, more accurately, negative charge is repelled 
away from the region under the leader. Eventually, the 
electric field strength around objects on the earth becomes 
sufficiently high that a streamer starts at the earth’s surface 
and works its way toward the downward approaching 
leader. 

(a) Boys camera photograph (b)Conventional 
Photograph 
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This seems to occur when the average voltage gradient 
between the leader and the earth’s surface reaches about 
5.5 kV/cm (550 kV/m). When the leaders from the cloud 
and from the earth meet, the conducting filament in the 
center of each streamer provides a low impedance path so 
that the charge stored in the head of the lightning leader 
can flow easily to earth. As the current in the central fila-
ment increases from its initial amplitude of a few tens of 
amperes to much higher values, the filament gets hotter, 
its diameter expands and its longitudinal voltage gradient 
decreases. In other words, it becomes an even better con-
ductor, which, in turn, allows even more current to flow in 
the arc. As the charge in the lower part of the leader flows 
rapidly to earth, the heavily conducting arc reaches higher 
into the charged leader channel as it conducts charge to 
earth. The upper extremity of the region in which the 
leader discharge is taking place moves upwards, toward 
the cloud, at a rate of roughly 108 m/s (or one third the 
velocity of light) until it reaches the cloud. This heavily 
conducting region, called the first stroke, produces the in-
tense flash normally associated with the lightning stroke. 

Some stages in the development of the first stroke are 
shown in Fig. 2.10 [2.14]. Fig. 2.11 shows an oscillogram 
of an actual lightning current as measured at the earth’s 
surface. The figure also shows two subsequent stroke cur-
rent waveforms, which are discussed in §2.2.7. 

The point at which the downward and upward-going 
leaders meet (sometimes called the junction or switch 
point) can be recognized on photographs as a point where 
the channel seems to split. Fig. 2.12 shows an example in 
a photograph of an actual lightning flash and Fig. 1.18 
showed an example observed during laboratory testing. 

 

 

Fig. 2.10 States in the development of the first stroke 
[2.14] 

 

 

 

Fig. 2.11 Example of multiple stroke (MS) lightning 
current waveshapes [2.25]. 

 

Fig. 2.12 Junction of downward and upward stream-
ers in a simulated lightning flash. 
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The branch of a downward leader which first induces a 
junction leader from the earth effectively determines 
where, on the earth, the flash will ultimately terminate. 
The distance between the lightning leader and the ground 
(or grounded object) at the instant when the upward leader 
from earth is first initiated is called the striking distance. 
Analysis of the striking distance is important in the protec-
tion of objects on the earth’s surface [2.17 - 2.19]. 

2.2.5 Further Development of the First Stroke 

The high currents associated with lightning (~10 kA to 
~250 kA) are produced as the first stroke drains the charge 
in the leader channel. The amplitude of the current is de-
termined by the velocity with which this first stroke prop-
agates, together with the amount of charge in the leader 
channel. The rate of charge flow from the leader channel 
to the earth is given by the current, I, in Eq. 2.2. 

𝐼𝐼 = 𝑑𝑑𝑞𝑞
𝑑𝑑𝛼𝛼

  (2.2) 

     Let v be the velocity of the first stroke and q be the 
amount of charge deposited per unit length, dl, along the 
leader channel. Since 

𝑉𝑉 = 𝑑𝑑𝑑𝑑
𝑑𝑑𝛼𝛼

  (2.3) 

it follows that 

𝑖𝑖 = 𝑞𝑞𝑞𝑞  (2.4) 

As a numerical example let 

𝑞𝑞 =
108𝑚𝑚

𝑠𝑠
 and 𝑞𝑞 = 10𝑥𝑥10−4C/m 

Then 

  I = 10 x 10-4 x 108 

    =10 x 104 

    =100 000 A 

The velocity of the first stroke is not constant from one 
stroke to the next but, rather, it seems to vary with the peak 
amplitude of the current in the stroke. The relationship be-
tween current amplitude and velocity may be deduced ei-
ther from theoretical concepts or from experiments. The 
relationship derived by Wagner [2.21] is shown in Fig. 
2.13. Considerations of the first stroke velocity are primar-
ily of importance in studying the time history of the elec-
tric field produced by the lightning flash. Measurements of 
electric field produced by remote lightning flashes have 
been used to estimate the amplitudes of those flashes. 

There is evidence that the velocity of the first stroke de-
creases as it propagates up the channel. This suggests that, 
for a given flash, the peak current at altitude is less than 
the peak amplitude measured at the earth’s surface. Also, 
since the stroke current represents the discharge of charge 
stored in the leader, the time duration of the stroke current 
should be less at finite altitudes, through which only a por-
tion of the leader change passes, than at the earth’s surface, 
through which all of the leader charge passes. The velocity 
may also affect the surge impedance of the lightning chan-
nel, and thus the way that the stroke current interacts with 
a conductor, such as an aircraft. 

Factors affecting first stroke velocity 

The velocity of propagation of the first stroke is less 
than the speed of light for two basic reasons. The first in-
volves the longitudinal resistance of the first stroke chan-
nel. Some of the factors associated with this longitudinal 
resistance are shown in Fig. 2.14. Central to the phenome-
non is the fact that the current in the lightning channel must 
increase rapidly from the ~200 ampere current associated 
with the initial development of the leader to a current of 
perhaps ~10 kA to ~250 kA, as the first stroke becomes 
fully developed. It is a characteristic of an arc channel that 
the current density remains nearly constant. If the current 
through the arc is increased, the arc channel expands in 
diameter. The channel cannot expand instantaneously 
however, since energy must be put into the channel to 
cause it to heat up sufficiently to force it to expand. Ac-
cordingly, if the current through the arc channel is sud-
denly increased, as in Fig. 2.14(a), the longitudinal voltage 
gradient of the channel must similarly increase. 
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Fig. 2.13 Relation between stroke current and stroke 

velocity [2.21]. 

 

 

 

 

 
Fig. 2.14 Phenomena associated with the passage of 

the stroke. 

Since the rate at which energy is injected into the chan-
nel is the product of the current and the longitudinal volt-
age gradient, the increased longitudinal voltage gradient 
may be taken as the mechanism forcing the arc channel to 
get hot enough to expand to the diameter required to carry 
the high currents. 

It is not known what the maximum longitudinal volt- 
age gradient would be in a lightning channel, but it is 
known from studies of arcs in laboratories that the gradient 
can fall to values as low as 100 kV/m in a fraction of a 
microsecond. Presumably, therefore, the channel should 
expand to its final diameter in a few microseconds and the 
longitudinal voltage gradient should simultaneously decay 
to between 5 and 10 kV/m. The longitudinal resistance of 
the channel should, therefore, fall from an initial value of 
about 40 Ω/m to a small fraction of an ohm per meter dur-
ing the same time period. Note that this collapse of the lon-
gitudinal resistance of the lightning channel is not instan-
taneous. The initial resistance of the leader is high enough 
to retard the development of the leader discharge (the up-
ward-propagating stroke) and hence reduce its velocity of 
propagation below that of the speed of light. 

There is little data available to substantiate the esti-
mates given above. This is unfortunate, since a knowledge 
of the voltage along a lightning channel would be a key 
element in determining the behavior of a lightning channel 
attachment on the surfaces of aircraft in flight (a subject 
discussed in Chapter 3). Some estimates of channel volt-
ages have been made based on an assumed inductance of 
1 µH/m, a value estimated from a conductor over a ground 
plane. 

Another factor that contributes to the reduction of return 
stroke velocity below the speed of light is illustrated in Fig. 
2.15 (a). A growing streamer leaves a column of electrical 
charge, several meters in diameter, in its wake. At the cen-
ter of that column is a highly conductive core, only a few 
millimeters in diameter, which ultimately becomes the 
leader. This conductive core expands to a few centimeters’ 
diameter during the return stroke. The inductance of the 
lightning channel during the first stroke is determined by 
the diameter of this highly conductive central core, while 
the capacitance of the channel is determined by the diam-
eter of the column of electrical charge. The lightning 
leader may then be modeled as shown in Fig. 2.15(b), in 
which a highly conductive central conductor is fastened 
onto a series of radiating sparks. (The figure shows the 
leader in a horizontal position, whereas a vertical presen-
tation would be more realistic).     
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Fig. 2.15 Effect of corona cloud on the propagation 
velocity of a lightning leader. 

A better analogy might be to view the lightning flash as 
a piece of tinsel rope for decorating a Christmas tree: a 
central piece of string is surrounded by a tube of fine fila-
ments projecting radially away from the central core. In 
either case, the radial filaments can carry a radial current, 
ir, but cannot carry an axial current, ia. Accordingly, the 
lightning first stroke has both a high capacitance and a 
high inductance per unit of length. In this respect it differs 
from a solid conductor of large diameter which, while pos-
sessing a high capacitance per unit length, simultaneously 
possesses a low inductance per unit length. It follows that 
the surge impedance (also known as characteristic imped-
ance) is governed by the ratio of inductance to capacitance, 
is high while the velocity of propagation, governed by the 
product of inductance and capacitance, is less than that of 
the speed of light. 

Impedance of the Channel 

Wagner [2.21] concludes that the surge impedance of 
the lightning channel is of the order of 3 000 ohms for re-
turn strokes of large amplitude (~100 kA). This large im-
pedance is probably due to the resistance associated with 
the collection of charge at the upper end of the lightning 
channel. This current-limiting effect is probably most 
prevalent during the rise of the first stroke current. 

After the charge has been collected and the current in 
the channel has attained its final value, the longitudinal re-
sistance becomes quite small, and the impedance is deter-
mined primarily by the inductance and capacitance of the 
lightning channel at that time. The surge impedance of the 
lightning channel is, then, essentially the same as if it were 
a hypothetical conductor suspended in air, remote from 
any returning current path. Such an impedance might be 
on the order of 500 ohms. 

Current Waveforms 

Since the 1920s, large numbers of natural lightning cur-
rent waveforms have been recorded at the earth’s surface. 
Thus, the characteristic waveforms of natural lightning 
currents are well-known to science. These revelations can 
be attributed principally to the work of Berger [2.15 - 
2.16]. Typical waveforms detailing the front of the initial 
first stroke are shown in Figs. 2.16 and 2.17 [2.22 - 2.23]. 
Fig. 2.17 shows the currents on two different time scales, 
one to indicate the shape of the front of the stroke current 
and one to indicate the shape of the stroke current decay, 
known as the tail. In all cases, the current is seen to have a 
concave front, the current initially rising slowly, but then 
increasing to a maximum current rate of change just before 
peak amplitude is reached. 

It has been speculated that the initial, slowly changing 
portion of these current oscillograms represents the growth 
of an upward going leader from the instrumented tower 
within which the measurements were taken. The attain-
ment of maximum di/dt, just prior to the peak of the cur-
rent pulse, is typical of a natural lightning stroke. These 
waveforms also support the notion that subsequent strokes 
in a lightning flash, even measured at the earth’s surface, 
exhibit front times considerably faster than the rise time of 
the initial stroke in the flash. (Subsequent strokes are dis-
cussed in §2.2.7.) 

The true front time of the stroke, as it passes a point 
remote from the earth’s surface, has probably never been 
measured. However, one can assume that it is similar to 
front times measured at the earth’s surface. Measurements 
recorded onboard instrumented aircraft have included the 
front times of lightning currents, but many of these pertain 
to flashes that were triggered by the presence of the air-
craft. In addition, many of those flashes seem to have been 
more representative of intracloud flashes, than of cloud to 
earth flashes.
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Fig. 2.16 Wavefronts of lightning stroke currents as 
measured by Berger [2.16]. 

2.2.6 Further Development of the Lightning 
Flash 

The decay of the first stroke current, after the charge has 
been drained from the leader, happens at a lower rate than 
the rise to peak. Oscillograms showing typical decay times 
are shown in Fig. 2.17. This figure displays the current on  

 

Fig. 2.17 Current oscillograms from single strokes of 
first downward flashes [2.16]. 

t1 Fast time scale 0 – 50 µs 
t2 Slow time scale 0 – 500 µs 

 

two different time scales, emphasizing the front and the 
tail. Some of the oscillograms showing the front are the 
same as those shown in Fig. 2.16. 

As the first stroke propagates toward the cloud, it may 
encounter other branches of the leader, as shown in Fig. 
2.18. As it passes these branches, the charge stored in them 
feed into the developing lightning stroke and momentarily 
increase the current. Therefore, one cannot assume that the 
amount of charge (and therefore the current) in the first 
stroke decreases linearly with distance up the channel from 
earth. 
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Fig. 2.18 Further development of the flash. 

 

By the time the stroke reaches the cloud, all the leader 
charge has been conducted to earth in the first stroke. Our 
understanding of what takes place within a thundercloud 
has been hampered by our inability to see into the interiors 
of clouds. Nevertheless, some of the phenomena can be 
inferred from measurements of electrical radiation pro-
duced by the developing flash and from the usual behavior 
of the flash after the initial stroke has passed. As the stroke 
reaches into the cloud, it appears to encounter a much more 
heavily branched leader than it did in the air below the 
cloud. The stroke can thus tap the charge diffused through 
a large volume of the cloud, rather than only the charge in 
the more localized leader. It must be during this period that 
the intermediate current is developed. 

As the discharge continues to spread through the cloud, 
over a period measured in large fractions of a second, cur-
rents of several hundred amperes continue to flow in the 
lightning flash. These are referred to as continuing cur-
rents. As one may expect, there is no clear-cut demarcation 
between the tail of the stroke and the intermediate current, 
or between the end of the intermediate current and the start 
of the continuing current. In fact, intermediate currents can 
occur at a variety of different times during a lightning flash  

. 

2.2.7 Subsequent Strokes 

The growing discharged region within the cloud even-
tually reaches into a different cell of the cloud or, at least, 
into a region where there is another localized body of elec-
trical charge. This ‘recharges’ the lightning channel, pro-
ducing subsequent strokes, as are shown in Fig. 2.11 (b, c). 
These subsequent strokes follow the first stroke too rapidly 
to allow for any significant diffusion of the ionized gas 
comprising the channel. Thus, the recharging process oc-
curs smoothly, not through the step-by-step process by 
which the initial leader forms in non-ionized air. Accord-
ingly, the recharged leader is called a dart leader instead 
of a stepped leader, and follows the same path taken by 
the initial leader and channel. Unlike the initial stepped 
leader, the dart leader is seldom branched. When the dart 
leader reaches the earth’s surface, another stroke occurs, 
as the dart leader discharges. This is called a subsequent 
stroke. The amplitude of this stroke is again high since the 
current comes from an intensely ionized channel close to 
the earth. While the amplitude is usually not as high as that 
of the first stroke, the current rises to peak more rapidly 
than that of the first stroke, presumably because the up-
ward leader from the earth does not have to propagate into 
virgin air. 

Two oscillograms of actual subsequent strokes are 
shown in Fig. 2.11 (b and c). Anderson and Eriksson [2.24] 
averaged the results of many different recordings and de-
rived the composite picture of the front of first and subse-
quent strokes shown in Fig. 2.19. 

 

Fig. 2.19 Drawings of first and subsequent strokes. 
Adapted from [2.24]. 
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2.2.8 Lightning Polarity and Direction 

The direction of current flow in a lightning flash is 
sometimes a source of confusion. While the first stroke 
process, which produces the high currents, thunder, and 
the highest intensity light, does, in fact, start near the earth 
and grow upward into the ionized channel, that process 
usually lowers negative charge from the thundercloud 
down to the earth (except in the rarer cases of positive 
flashes). With the intent of clarifying matters, the state-
ment is sometimes made that lightning strikes upward and 
not downward. This is at least partially true; the first stroke 
process that produces the high peak currents, thunder, and 
the highest intensity light, in fact does start near the earth 
and grows upward into the ionized channel previously es-
tablished by the stepped leader, thus tapping the charge in 
the stepped leader. The stepped leader, nevertheless, orig-
inates at the cloud and lowers electrons into the leader 
channel, from whence they ultimately flow into the earth. 
The source of charge is, after all, in the cloud. 

A pedagogical analogy can be made between a lightning 
stroke and a line of cars waiting at a traffic light. The junc-
tion of the upward and downward leaders is when the light 
turns green. At this instant, the car in front of the line be-
gins to move, then the second car, then the third, and grad-
ually the motion propagates backward, up the line of traf-
fic until the entire traffic stream is in motion. Since the 
motion of the electric charges in the stroke produces light 
(because the accelerating charges heat the surrounding air 
and excite electrons in gas molecules with which they col-
lide), the traffic analogy might be made more visually ef-
fective if one imagines that it is night-time and that the 
drivers of the cars are instructed to switch their headlights 
on as they start to move. Although, when viewed from a 
veranda of a tall building nearby, the illumination on the 
street below appears to propagate backward as the cars 
begin to move, each individual car moves forward. Simi-
larly, a lightning stroke lowers charge to the earth, but the 
light it produces moves upward from the earth, because it 
is near the earth that the charges first begin to move. 

Flashes originating at the earth’s surface 

When tall buildings or mountain tops are involved in a 
lightning flash, the growth of the lightning channel often 
originates at the earth’s surface, that is, the stepped leader 
starts at a point on the tall structure and propagates up-
ward, into the cloud. Such flashes seem to be triggered by 
the high electric field concentrated around the top of the 

 

building or mountain. They may be recognized by the up-
ward direction of branching, as mentioned earlier, and 
shown in Fig. 2.9(b). Most commonly, this type of flash is 
induced by a negatively charged cloud, or at least by a 
cloud having an excess of negative charge in its lower re-
gions so that the step leader carries positive charge up-
wards into the cloud. This type of flash starts off with a 
relatively low continuing current and lacks the original 
high current stroke typical of flashes in which the leader 
originates at the cloud. Subsequent strokes, if they occur, 
are like those found in flashes that originate at the cloud. 
Flashes of this type can also be triggered artificially by 
launching, from the earth, a small rocket trailing a wire at-
tached to the earth. 

Positive flashes 

Roughly 10% of all lightning flashes lower positive 
charge to the earth (or, more accurately, transport electrons 
from the earth to the cloud) and are accordingly called pos-
itive flashes. As with negative flashes, they may either in-
volve a leader that initially propagates from the cloud to-
wards the earth or a leader that initially propagates from 
the earth towards the cloud. Positive flashes are responsi-
ble for the highest peak currents and charge contents ever 
recorded. Examples of current waveforms from some of 
these strong positive flashes are shown in Fig. 2.20 [2.23]. 
They usually consist of only one, high current stroke and 
lack the restrike phase typical of flashes of negative polar-
ity. It has been found that lightning flashes that occur in 
the winter because of charge in low altitude clouds, some-
times accompanied by snow, are of positive polarity and 
of exceptional severity. There is also some evidence that 
these very high amplitude, positive flashes occur when 
positive charge from the top of a thundercloud is trans-
ported close to the earth before the charge has had a chance 
to flow off into the ionosphere. Aircraft operating in these 
regions, such as for example along the west coast of Japan, 
have experienced unusually extensive physical damage 
from positive flashes in that region. 

2.3 Intracloud Flashes 

Intracloud flashes occur between discreet charge cen-
ters within the same cloud. A distinguishing characteristic 
of intracloud flashes is that they seem to lack the intense 
first stroke phase typical of flashes to the earth, or at least
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the electromagnetic radiation they produce suggests that 
this is so. Discreet charge centers may be involved in 
cloud-to-earth flashes as well, however, making it difficult 
for an airborne observer to tell whether an intracloud or 
cloud-to-earth flash has occurred. 

In temperate regions, about two-thirds of all lightning 
flashes are intracloud flashes. In tropical regions, where 
cloud bases are generally higher above the earth, this ratio 
is higher. 

Aircraft may be able to trigger lightning by flying 
through a heavily charged region of a cloud. In these in-
stances, the lightning flash originates at the aircraft, and 
leaders propagate away from the aircraft in opposite direc-
tions. These are called bi-directional leaders, and they are 
propelled by electric fields that exist between regions of 
positive and negative charge in the cloud(s). There is no 
consensus as to whether this takes place routinely with 
commercial aircraft, but aircraft initiated flashes have def-
initely been observed with research aircraft that are flown 
into thunderstorms seeking to intercept lightning and 
measure its characteristics. The flashes that have been ini-
tiated seem to have more of the characteristics associated 
with intracloud lightning than with those associated with 
cloud-to-earth lightning.  

 

 

Fig. 2.20 Examples of strong, positive strokes [2.23] 
t1 Fast time scale 0 – 100 µs 
t2 Slow time scale 0 – 200 µs 

Qs = electric charge (in coulombs) within 2 µs of the origin. 
Qk = electric charge (in coulombs) in the continuing current after 200 µs. 
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In particular, the flashes that have been initiated by the 
aircraft have lacked a high amplitude strokes. These 
strikes more often have been populated by short-duration 
pulses of current whose amplitudes have usually been less 
than 50 kA and time durations of less than 20 µs. The ques-
tion of aircraft-initiated lightning is discussed further in 
Chapter 3. 

2.4 Superstrokes 

From time to time, lightning flashes occur that seem to 
be far more powerful than normal. Some of the evidence 
of these so-called superstrokes is anecdotal, and derived 
merely by the examination of damage, such as conductors 
twisted by magnetic forces or glass shattered over wide ar-
eas. Other evidence comes from the observations of orbit-
ing satellites, deployed to watch for evidence of nuclear 
explosions in the earth’s atmosphere. All that is known of 
these superstrokes is that they exist and that they are rare. 
The satellite observations seem to indicate that super-
strokes involve the upper portions of clouds. It has been 
observed that winter storms in parts of Japan, or other ar-
eas near seacoasts in the northern latitudes, sometimes 
produce lightning flashes of exceptional severity. This can 
probably be attributed to cold air masses flowing from land 
over warmer ocean areas, since these flashes are usually 
observed near seacoasts. They are especially prevalent 
over western seacoasts that experience cold, easterly air 
flows over warmer ocean areas. Superstrokes occur most 
frequently during the winter, when the freezing level in the 
clouds occurs at relatively low altitudes. Statistical data on 
these superstrokes is sparse, but efforts are underway to 
collect effects data for superstrokes that could be com-
pared with experimentally generated lightning effects, to 
ascertain their amplitudes and charge transfers. Data from 
ground-based lightning detection and warning systems, 
operated by national weather reporting services in coun-
tries were these events are most frequently reported, are 
also being reviewed to determine statistics of the high am-
plitude events. There is no evidence that these super-
strokes have interacted with aircraft or caused exceptional 
damage. 

2.5 Statistical Information on Earth Flashes 

Lightning flashes are quite variable from one to another. 
Peak currents, total duration, waveforms, number of 
strokes in the flash, charge transferred, etc., may all vary 
over wide limits, and only in general terms can one find a 
correlation between different parameters.  

 

Data on the characteristics of lightning are best pre-
sented in statistical terms, the mode that will be used in the 
following sections. 

    One point that needs to be emphasized is that virtually 
all the data on lightning comes from measurements made 
at the earth’s surface. These measurements are probably 
influenced by the growth of an upward leader from the 
measurement location, which is usually a tall tower, some-
times positioned atop a mountain or tall building. Some 
measurements have been made of the amplitude and wave-
forms of lightning currents passing through aircraft. Most 
of these are of leader currents and other current pulses 
(which might be termed strokes) having lower peak cur- 
rents and longer times to crest than those observed at the 
earth’s surface. Mostly, these differences can be explained 
by the fact that most of the flashes were initiated by the 
aircraft and were more characteristic of intracloud flashes 
than of cloud-to-earth flashes. In fact, very few of the 
flashes recorded by instrumented aircraft are believed to 
have been cloud-to-earth flashes. As noted earlier, intra- 
cloud flashes often lack the well-defined high-amplitude 
return stroke of cloud-to-earth flashes. 

There exist two pre-eminent sets of statistical data on 
the characteristics of cloud-to-earth lightning; one made 
by Anderson and Erickson [2.24 - 2.25] and one by Cianos 
and Pierce [2.26]. Another summary was prepared in 2013 
by the technical committees responsible for defining the 
lightning environments applicable to aircraft [2.27]. This 
summary included work of other researchers who studied 
downward and upward lightning flashes measured on tow-
ers and rocket triggered lightning. 

2.5.1 The Anderson and Ericksson Data 

Anderson and Ericksson [2.24 - 2.25] took measured 
waveform data from several measured lightning strikes 
(principally those recorded by Berger on Mt. San Salva-
tore) and derived several sets of statistical data. Fig. 2.21 
gives the key to the data presented in Figs. 2.22 through 
2.29. These figures show data for both initial and subse-
quent strokes. As speculated in §2.2.5, the data on rates of 
change of current (di/dt) may best represent the theoretical 
rate of change of current that should be applied in the for-
mulation of aircraft protection and design certification 
standards. The data represents only negative cloud-to-
earth flashes. Therefore, it should be noted that data in the 
<1% or >99% categories are not included, since the avail-
able data in these ranges was not statistically significant. 
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Fig. 2.21 Definition of waveform parameters.                     

Adapted from [2.24]. 

Several important conclusions can be drawn from these 
sets of data: 

1. First strokes statistically have a higher amplitude 
than subsequent strokes, but this is not true for all 
lightning flashes. 

2. The second peak in the first stroke generally has 
the highest amplitude. This is probably due to 
charge from leader branches discharging into the 
main leader channel. 

3. The rates of rise (‘steepness’) of subsequent 
strokes are statistically higher than those associ-
ated with first strokes. 

4. On average, subsequent strokes reach 50% of the 
amplitudes of first strokes. 

 

Fig 2.22 Amplitude of first current peak. 
Adapted from [2.24]. 

 
 

 

 

 

 

Fig 2.23 Amplitude of maximum current peak.                   
Adapted from [2.24]. 

Fig 2.24 Maximum rate-of-rise. Adapted from [2.24]. 

Fig 2.25 Average steepness at 30% - 90%.                       
Adapted from [2.24]. 
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Fig 2.26 Average steepness at 10 - 90%.                                            
Adapted from [2.24]. 

 

Fig 2.27 Average steepness at 10%. 
Adapted from [2.24]. 

2.5.2 The Cianos and Pierce Data 

Cianos and Pierce [2.26] observed that many of the sta-
tistical characteristics of lightning are nearly linear when 
plotted as log-normal distributions. They used this ap-
proach to present their own data, choosing the straight line 
that fit best. The following figures, summarizing their 
data, are reproduced from their report. These data were ob-
tained from both positive and negative flashes, although, 
like the data from Anderson and Erickson, most of it per-
tains to negative flashes.

 

Fig 2.28 Front duration 10 - 90%.  Adapted from [2.24]. 

 

 

Fig 2.29 Front duration 30 - 90%. Adapted from [2.24]. 

Peak Currents 

Fig. 2.30 presents statistics on the peak current ampli-
tudes of lightning strokes. This is the parameter that deter-
mines the explosive, or shock wave effects of a lightning 
stroke. It is also related to the voltage developed across air-
craft structural resistances and, hence, to the magnitudes of 
lightning-induced transients in aircraft electrical wiring  
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referenced to an airframe. It is also related to the maxi- 
mum voltage developed across bonding resistances and, 
hence, to the possibility of arcing at structural interfaces. 

 

Fig. 2.30 Distribution of peak currents for first and subse-
quent strokes [2.26] 

Parameters of lightning flashes summarized by Cianos 
and Pierce are found in Figs. 2.31 through 2.40. Key pa-
rameters are tabulated in Table 2.1.   

The peak current amplitude of a lightning strokes is the 
parameter that determines the explosive, or shock wave ef-
fects of a lightning stroke. It is also related to the voltage 
developed across aircraft structural resistances and, hence, 
to the magnitudes of lightning-induced transients in air-
craft electrical wiring installed in an airframe. It is also re-
lated to the maximum voltage developed across bonding 
resistances and, hence, to the possibility of arcing at struc-
tural interfaces. 

Rates of change of current 

The rate of change of a stroke current is subject to con-
siderable interpretation since it is seldom practical to de-
fine the precise time at which the stroke starts or the pre-
cise time at which the peak amplitude is attained. Light-
ning strokes typically have a concave front, starting out 
slowly and then rising faster as the current gets higher. 
Thus, the effective rate-of-rise of a lightning stroke’s cur-
rent is not directly obtained by dividing the peak current 

by the front time. The rate-of-rise of lightning current is 
what determines how much voltage is magnetically in-
duced in wire harnesses by the changing magnetic flux as-
sociated with the lightning stroke current. 

Durations 

The duration of a lightning stroke affects the severity 
with which metal structures may be deformed by magnetic 
forces. The duration of a stroke, which is measured in tens 
of microseconds, should not be confused with the duration 
of an entire lightning flash. A flash typically lasts for hun-
dreds of milliseconds, or a large portion of a second. 

There appears to be a connection between a flash’s du-
ration and the number of return strokes in the flash. Flash 
duration is also related to the time interval between 
strokes. 

Charge transfer 

Most of the charge is transferred by the continuing cur-
rents that flow between the strokes in the flash, rather than 
by the strokes themselves. In positive flashes, a much 
larger percentage of the charge is transferred in the stroke, 
as there is only one stroke in a positive flash. Both the time 
durations and the amplitudes of most positive flashes are 
larger than the corresponding measurements of negative 
strokes. Thus, it is primarily the amplitude and duration of 
the continuing currents that determine the thermal effects 
of a lightning flash. 

 

Fig 2.31 Time to first stroke current peak [2.26]. 
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Fig 2.32 Rates of first stroke current rise [2.26]. 
 

 

Fig. 2.33 First Stroke current, time to half value 

 

 

Fig 2.34 Duration of flashes to Earth [2.26]. 

 

 

Fig 2.35 Number of strokes per flash [2.26]. 

 

 
Fig 2.36 Time interval between strokes [2.26]. 

 

 
Fig 2.37 Charge per flash [2.26]. 
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Fig 2.38 Charge in continuing current [2.26]. 

 

 
Fig 2.39 Amplitude of continuing current [2.26]. 

 
Fig 2.40 Duration of continuing current [2.26]. 

2.6 Summary of Data by Aircraft Lightning 
Standards Committees  

A more recent summary of negative and positive light-
ning flash characteristics has been compiled by the tech-
nical committees responsible for formulating the lightning 
environment parameters applicable for aircraft lightning 
protection design and certification [2.27]. Tables 2.1 and 
2.2 show the range of parameters from 95% probability (of 
that parameter being exceeded) to 5% probability, for neg-
ative and positive flashes. These tables are reproduced 
from [2.27]. Further details of each of the lightning param-
eters that are summarized in Tables 2.1 and 2.2 are pro-
vided in the appendix of [2.27].   
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Table 2.1 - Parameters for Negative Lightning Flashes Measured at Ground [2.27] 

Parameters Unit 
Lightning 

Parameters 
95% 

Lightning 
Parameters 

50% 

Lightning 
Parameters 

5% 
Negative Flashes:     
   Number of strokes  1 - 2 3 - 4 12 
   Time intervals between strokes ms 12 47 180 
   Flash duration ms 37 240 910 
   Charge in flash C 1.4 16 98 
     
Negative First Stroke:     
   Peak current kA 14 30 80 
   Peak rate-of-rise kA/µs 5.5 12 32 
   Front duration1 µs 1.8 5.5 18 
   Stroke duration2 µs 30 75 200 
   Total charge3 C 1.1 5.2 24 
   Impulse charge C 1.1 4.5 20 
   Action integral A2s 6 x 103 5.5 x 104 5.5 x 105 
     
Negative Subsequent Strokes:     
   Peak Current kA 4.6 11 30 
   Peak rate-of-rise kA/µs 20 37 200 
   Front duration1 µs 0.20 0.90 3.2 
   Stroke duration2 µs 8.3 31 110 
   Total charge3 C 0.30 1.6 12 
   Impulse charge C 0.23 0.73 3.6 
   Action integral A2s 4.8 x 102 3.1 x 103 3.5 x 104 
     
Continuing Current4:     
   Amplitude A 48 140 427 
   Duration s 0.077 0.16 0.344 
   Charge C 8 26 85 
 
NOTE 1:  The above lightning parameters do not necessarily occur together in one flash. 
 
NOTE 2:  The percentage figures represent percentiles, that is, the percentage of events having a greater 
amplitude than those given. 

1 2 kA to Peak 
2 2 kA to half peak (50%) value on tail 
3 Includes continuing current 
NOTE 3: The values for 5% and 95% are interpolated from data in [2.26] 
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Table 2.2 - Parameters for Positive Lightning Flashes Measured at Ground [2.27] 

Parameters Unit 
Lightning 

Parameters 
95% 

Lightning 
Parameters 

50% 

Lightning 
Parameters 

5% 
Positive Flashes:     
   Flash duration ms 14 85 500 
   Total charge3 C 20 80 350 
     
Positive Stroke:     
   Peak current kA 4.6 35 250 
   Peak rate-of-rise kA/µs 0.2 2.4 32 
   Front duration1 µs 3.5 22 200 
   Stroke Duration2 µs 25 230 2000 
   Impulse charge C 2 16 150 
   Action integral A2s 2.5 x 104 6.5 x 105 1.5 x 107 
     
NOTE 1: The above lightning parameters listed above do not necessarily occur together in one flash. 
 
NOTE 2: The percentage figures represent percentiles, that is, the percentage of events having a 
greater amplitude than those given. 

1 2 kA to Peak 
2 2 kA to half peak (50%) value on tail 
3 Includes continuing current 
NOTE 3: The values for 5% and 95% are interpolated from data in [2.26] 
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2.7 Engineering Models of Lightning Flashes 

Pierce [2.26] gives several models of the current flow-
ing in both typical and severe lightning flashes. These 
formed part of the basis for the lightning protection design 
for the space shuttle (Fig. 2.41, [2.28]). These models also 
influenced the lightning environment models presently 
used for the certification of aircraft. They are discussed in 
subsequent chapters. All of these are idealized models for 
purposes of design and analysis.  

As such, they duplicate the effects of lightning, but the 
chance that any real lightning flash producing currents or 
combinations of currents of this exact shape is practically 
zero. The models shown in [2.26] are presented only for 
historical reference and should not be used as specifica-
tions for purposes of testing, since it may be very difficult 
and expensive for them to be produced in a testing labora-
tory. The external lightning environment applicable to pro-
tection design and certification of aircraft is discussed in 
Chapter 5. 

2.8 Lightning Frequency of Occurrence 

Thunderstorm days 

For many years, weather bureau stations have recorded 
thunderstorm days (the number of days per year on which 
thunder is heard). This index, called the isokeraunic level, is 
shown for the continental United States (US) in Fig. 2.42. 
Similar data for the world is shown in Fig. 2.43 [2.29]. This 
information is of limited value, however, since no distinction 
is made between cloud-to-cloud discharges and cloud-to-
earth and because there are no allowances made for variations 
in the durations of storms (A storm lasting an hour would be 
counted as heavily as one lasting several hours).            

A better indicator of lightning frequency would be 
thunderstorm hours per year. Some weather bureau rec-
ords are now being compiled from thunderstorm hours, 
rather than thunderstorm days, but not much of this data 
has yet been accumulated.   

Despite its limitations, isokeraunic data is useful in as-
sessing the likelihood of lightning strikes to earth-based 
objects. Pierce [2.26] has summarized some of the availa-
ble data and concludes that if there were 25 thunderstorm 
days per year, there would be about 4 flashes to earth per 
year per km2. The earth flash rate is not directly propor-
tional to the isokeraunic level; it varies more as the square 
of the isokeraunic level. Anderson and Ericksson [2.24]

 
 
 

also discuss the relationship between earth flash density 
and thunderstorm days. 

 
It is important to note that thunderstorm days include 

both flashes among clouds and flashes to earth. There is 
some evidence that the proportion of flashes that go to 
earth is related to geographical latitude. It is believed that 
this relationship arises from variations in the average al-
titudes of clouds, which, in turn, have a bearing on the 
types of storms that form most frequently in each region. 
Pierce takes this factor into account in his discussion of 
the relationship between earth flash density and thunder-
storm days. In general, the clouds in colder, higher lati-
tudes are closer to earth than clouds in more temperate 
regions. 

Flash counters 

 
It would be better to measure the frequency of occur-

rence of lightning on counts of actual lightning flashes, ra-
ther than on counts of thunderstorms. Instruments are 
available to make such counts. One relatively simple type 
[2.30] detects the electric field changes produced by light-
ning and records, on an electromechanical counter, the 
number of times the field change exceeds a threshold 
value. By tuning the resonant frequency of the sensor, this 
device can be made to respond only to flashes within a cer-
tain geographical radius (usually about 30 km). These in-
struments can also be made to respond primarily to cloud-
to-earth flashes and to reject field changes associated with 
intracloud flashes. Networks of such instruments have been 
deployed throughout the US, Europe, and South Africa. 
 

The frequency with which lightning flashes strike a par-
ticular object on the earth depends strongly on the climac-
tic and geographical conditions where the object is located 
and upon its height with respect to other objects nearby. 
Objects on the peaks of hills are more prone to being struck 
than objects in valleys. The probability that a given object 
will be struck also depends upon the ‘lightning strike at-
traction area’ covered by that object. For flat structures 
upon the earth, the strike attraction area is directly propor-
tional to the area covered by the structure. If there is a pro-
truding object on the earth, the strike attraction area de-
pends upon the height of the object. With reasonable accu-
racy, it can be assumed that a structure of height h will 
intercept all flashes that would ordinarily strike the earth 
over a circle of radius 2h (see Fig. 2.44). 
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Fig. 2.41 The lightning model to which the space shuttle was designed [2. 28]. 

 

 
Fig. 2.42 Thunderstorm days (Isokeraunic Levels) within the continental United States. 
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                  Fig. 2.43 Isokeraunic map of the world [2.29]. 
 
 
 
 

 

 
Fig. 2.44 Protected Areas 

 
 

It is more difficult to predict how often a given air- 
craft will be struck in flight. Field experience seems to 
be the only reliable guide. Commercial aircraft in reg-
ularly scheduled service in the US are struck about once 
per year, frequently while in climb out to cruise alti-
tudes, descent to landing, or holding patterns, and usu-
ally while flying at less than 20 000 ft. altitude. Tran-

 
 
sport aircraft are seldom struck while at cruising alti-
tudes and cruising speeds. This is partly because thun-
derstorm areas and other electrified cloud regions can 
usually be avoided. Statistically, aircraft that are con-
strained to operate at low altitudes and along fixed cor-
ridors tend to be struck most often. Military aircraft tend 
to be struck less often than commercial aircraft, primar-
ily because training flights are usually scheduled during 
good weather. 

Lightning location 

Another type of instrument [2.31 - 2.33] uses anten-
nas to respond to both the electric and magnetic field 
changes produced by lightning, since by doing so one 
can determine the location of lightning flash producing 
the fields. 
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Chapter 3 

AIRCRAFT LIGHTNING ATTACHMENT PHENOMENA 

3.1 Introduction 

This chapter discusses the circumstances under which 
aircraft are struck by lightning and considers the question 
of whether aircraft trigger lightning or whether they just 
happen to be in the path of a naturally occurring flash. It 
also deals with how the lightning flash interacts with air- 
craft surfaces and defines lightning strike zones within 
which these surfaces fall. Methods for locating the zones 
on specific aircraft are discussed in Chapter 5. 

Statistics on lightning strikes reported by aircraft oper-
ators seem to indicate that no aircraft is likely to receive 
more than one or two lightning strikes in a year, but that 
the geographical regions where aircraft operate, as well as 
the flight altitudes and operational restrictions regarding 
routes and traffic patterns, do influence the frequency of 
strike occurrences. The question also arises: “If lightning 
strikes do in fact occur infrequently, can they be avoided 
altogether?” Because some aircraft seem to experience 
more than their ‘fair share’ of lightning strikes, a related 
question also arises: “Why are some aircraft (apparently) 
more likely to be struck than others?” 

To answer these questions, a considerable amount of re-
search into the effects of such factors as aircraft size, flight 
altitude, weather conditions, air speed, engine exhaust, and 
even microwave radar emissions, on lightning strike for-
mation have been undertaken over the years. Much of this 
research has been aimed at answering the question of 
whether or not an aircraft can, in fact, somehow, acquire 
enough electric charge to produce its own lightning strike 
or if it can trigger an impending flash from charge within a 
nearby cloud. While some of the findings are inconclusive, 
others have provided definite answers to some of these 
questions. This chapter summarizes what has been learned 
about the aircraft's influence on lightning strike occurrence 
and dispels some misconceptions about this phenomenon. 
It also examines how other factors, such as flight and 
weather conditions, effect the probability of lightning 
strikes to aircraft. In conclusion, this chapter emphasizes 
that lightning strikes to airplanes cannot be entirely 
avoided and that it is therefore important to incorporate 
lightning protection into all new aircraft designs. 

 

The prevailing atmospheric and flight conditions at the 
times when aircraft have been struck by lightning have 
been of interest since the beginning of powered flight be-
cause lightning and other thunderstorm effects, such as tur-
bulence and icing, are to be avoided if possible. To learn 
more about these conditions, several aircraft lightning 
strike incident reporting projects have been implemented. 
Beginning in 1938, the Subcommittee on Meteorological 
Problems of the National Advisory Committee for Aero-
nautics (NACA) prepared and distributed a sixteen-page 
questionnaire to airlines and the Armed Forces [3.1]. Pilots 
filled out these questionnaires after lightning strike inci-
dents and forwarded them to the NACA subcommittee for 
analysis. The questionnaire was evidently too lengthy for 
widespread use and was discontinued by 1950. Neverthe-
less, the program provided important data for the first time 
on the prevailing meteorological conditions when strikes 
occurred and the resulting effects on the aircraft. 

Following that, programs were conducted by the Light-
ning and Transients Research Institute (LTRI) [3.2], the 
Federal Aviation Administration (FAA) [3.3] and Plumer 
and Hourihan of General Electric, together with five 
United States (US) commercial airlines [3.4]. This latter 
project is known as the Airlines Lightning Strike Report-
ing Project. Anderson and Kroninger of South Africa 
[3.5], Perry of the British Civil Aviation Authority [3.6], 
and Trunov of the USSR National Research Institute for 
Civil Aviation [3.7] have also conducted studies. More re-
cent data from the Airlines Lightning Strike Reporting 
Project has been reported by Lightning Technologies Inc. 
(LTI) [3.8]. 

Strike incidence data, based largely on turbojet or tur-
boprop aircraft, is usually summarized according to the 
following categories: 

1. Altitude. 
2. Flight path; that is, climbing, level flight, or de-

scent. 
3. Meteorological conditions. 
4. Outside air temperature 
5. Lightning strike effects on the aircraft 
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Altitude, flight path, meteorological conditions, and 
air temperature are topics discussed in this chapter. 
Lightning strike effects on aircraft are discussed in 
Chapter 4. 

3.2 Lightning Attachment Point Definitions 

The lightning flash initially attaches to, or enters, 
the aircraft at one location and exits from another. 
Usually these attachment locations are extremities of 
the aircraft, such as the nose or a wing tip. For the pur-
poses of this text, they will be called the initial entry 
and initial exit po in t s . In the initial attachment pro-
cess, ‘junction leaders’ originate from the aircraft 
and propagate into the air at a distance of perhaps 50 
meters or more until they intercept the approaching 
lightning leader of a naturally-occurring flash. If the 
lightning event is ‘triggered’ by the presence of the 
airplane in the electric field produced by cloud elec-
trification, then leaders originate from (more or less) 
opposite extremities of the airplane and propagate 
away from the airplane in opposite directions, toward 
the regions of opposite- polarity charge. 

During the leader attachment process, and for the 
duration of the lightning channel’s attachment to the 
airplane, current flows into one point on the aircraft 
and out of another. The ‘entry’ point may be either an 
anode or a cathode (that is, a spot where electrons are 
either entering or exiting the aircraft.) It is usually not 
possible to tell, from the visual evidence after the 
strike, whether a given attachment point was an anode 
or a cathode and usually this information would be of 
little practical importance. Instead, by convention, 
the marks left on aircraft skins by lightning attach-
ment at forward or upper locations have usually been 
called entry points and those at aft or lower locations 
on the aircraft have been termed exit points. 

Since most aircraft fly further than their own 
lengths within the lifetime of most flashes, the loca-
tion of the entry point must change as the flash reat-
taches to other points aft of the initial entry point. 

The location of the exit points may also change, 

particularly if the initial exit point is at a forward por-
tion on the aircraft. Thus, for any one flash, there may 
be many entry or exit points. The following definitions are 
used: 

lightning attachment point: Any point where the light-
ning flash attaches to the aircraft. 

initial entry point: The point where the lightning leader 
first enters the aircraft (usually an extremity). 

final entry point: The point where the lightning channel 
last enters the aircraft (usually a trailing edge). 

initial exit point: The point where the lightning leader first 
`exits' from the aircraft (usually an extremity). 

final exit point: The point where the lightning channel last 
exits from the aircraft (usually a trailing edge). 

swept “flash” (or channel) points: points where the flash 
channel reattaches between the initial and final points, 
usually associated with the entry part of the flash channel. 

3.3 Circumstances Under Which Aircraft are 
Struck 

The following paragraphs summarize the important 
findings from the transport aircraft data gathering projects 
noted previously and describe the flight and weather con-
ditions under which lightning strikes are most common. 
Knowledge of these conditions may help pilots and mini-
mize future lightning strike incidents, but such incidents 
can never be entirely avoided, except by operating entirely 
in clear, “blue sky” conditions, far from clouds. 

3.3.1 Altitude and Flight Path 

Fig. 3.1 shows the altitudes at which aircraft are typically 
struck, according to the reporting projects discussed above. 
In the figure, these altitudes are juxtaposed with a side-ele-
vation view of a typical cumulonimbus (thunder) cloud. The 
turbojet and turboprop data from the four summaries are in 
close agreement. For comparison, the data from the earlier 
piston aircraft survey of Newman [3.2] are also presented. 
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Fig. 3.1 Aircraft lightning strike incidents vs. altitude. 

 

Cruise altitudes of 10 000 - 13 000 m (33 000 - 41 000 
ft.) for turbo-jet powered aircraft are considerably higher 
(10 000 m) than those of earlier piston-powered aircraft, 
which flew at about 3 000 - 6 000 m (10 000 - 20 000 ft.); 
yet Fig. 3.1 shows the altitude distribution of lightning 
strike incidents to be nearly the same. This fact indicates 
(1) that there are more lightning flashes to be intercepted 
below about 6 096 m (20 000 ft.) than above this altitude, 
and (2) that jet aircraft are being struck at lower than cruise 
altitudes, that is: during climb, descent, or hold operations. 
Flight regime data obtained from the aircraft lightning 
strike reporting projects shown in Fig. 3.2 [3.8] confirm 
this. 

If the strike altitudes shown in Fig. 3.1 are compared 
with the electrical charge distribution in the typical thunder- 
cloud, shown in this figure, it is evident that strikes occur- 
ring above about 3 048 m (10 000 ft.) are associated with 
intracloud flashes between positive and negative charge cen-
ters in the cloud (or between adjacent clouds), whereas 

 

Fig. 3.2 Flight regime when struck. 
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some of the lightning strikes below about 3 048 m (10 000 
ft.) probably result from cloud-to-ground flashes. Strike in-
cidents occurring above 6 096 m (20 000 ft.) occur less 
frequently, because aircraft at these altitudes can more eas-
ily divert around thunderclouds and other cloud regions 
than can aircraft at lower altitudes. 

3.3.2 Synoptic Meteorological Conditions 

The data discussed thus far seems to imply that an air-
craft must be within or beneath a cloud to receive a strike 
and, (since cloud electrification is often accompanied by, 
and possibly due to, some form of precipitation) that most 
strikes would occur when the aircraft is within a cloud, or 
in or near regions of precipitation. Strike incident reports 
show that precipitation (usually rain) is present when most 
lightning strikes occur, but other lightning strikes occur to 
aircraft in or beneath a cloud when there is no precipitation 
nearby, and even (much more rarely) to aircraft flying in 
clear air at a supposedly safe distance from a thunder- 
cloud. Commercial and military pilot training and estab-
lished procedures instruct pilots to circumvent thunder- 
clouds or regions of precipitation evident either visibly or 
on radar, but strikes to aircraft flying 25 miles from the 
nearest radar returns or precipitation have, nevertheless, 
been reported. Flight lore aside, there have been no con-
firmed reports of aircraft receiving the so-called “bolt from 
the blue” when operating in clear air a long distance from 
clouds. Significant amounts of atmospheric electric charge 
are always associated, if not with precipitation, at least 
with some form of cloud. Positive ions and electrons are 
associated with cloud particles, such as raindrops, snow-
flakes, ice crystals, and dust. There appears to be minimal 
charge in free air. 

The weather conditions that prevailed during the time 
of reported strikes would, perhaps, be of the most interest 
to aircraft operators. Unfortunately, there is no universal 
data bank for this type of data, but several surveys have 
been conducted, including those of [3.2] through [3.8]. 

When turbojet-powered aircraft were introduced into 
widespread commercial service in the 1960s, a consider- 
able amount of curiosity arose regarding the possible influ-
ences of jet exhaust, higher flight altitudes and (especially) 
higher airspeeds on lightning strike occurrences and the ef-
fects of strikes on these new airplanes. An important study, 
involving a more limited number of strikes, but containing 
more weather information than the broad-based surveys 
referenced above, is that of H.T. Harrison [3.9] of the syn-
optic meteorological conditions prevailing for 99 light-
ning-strike incidents occurring between July 1963 and June 
1964.  

Table 3.1 lists the synoptic weather-type and the per-
centage of strike incidents occurring in each weather type. 
Examples of the most predominant synoptic conditions are 
presented in Fig. 3.3(a) through 3.3(d). 

 

Fig. 3.3 Examples of most recent synoptic meteoro-
logical conditions when aircraft have been struck. 

Tips of arrows indication positions of aircraft when 
struck. 

Harrison has drawn the conclusion that any condition 
that causes precipitation may also be expected to produce 
electrical discharges (lightning), although he adds that no 
strikes were reported in the middle of warm front winter 
storms. Data from the Airlines Lightning Strike Reporting 
Project, reported by Rasch et al [3.4] shows that lightning 
strikes to aircraft in the US and Europe occur most often 
during the spring and summer months, when frontal 
weather conditions that produce thunderstorms and other 
regions of convective activity are most prevalent.
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Table 3.1 
Synoptic Types Involved with 

99 Electrical Discharges 
July 1963 to June 1964 

 
Synoptic Type Percentage 
Airmass instability 27 

Stationary front 18 
Cold front 17 
Warm front 9 

Squall line or instability line 9 
Orographic 6 
Cold LOW or filling LOW 5 

Warm sector apex 3 
Complex or intense LOW 3 
Occluded front 1 

Pacific surge 1 
  

3.3.3 Immediate Environment at Time of Strike 

Cloud electrification is generally believed to be associ-
ated with precipitation in freezing conditions, and to hap-
pen within or above the altitudes where freezing occurs 
within clouds. Such conditions occur where cold air-
masses collide with warm air-masses that contain moist 
air. 

It is also important to note that many strike incidents 
have been reported where no bona fide thunderstorms have 
been visually observed or displayed on ground-based or air- 
craft weather radars. Harrison [3.9], for example, reports 
that United Air Lines flight crews reported 99 cases of static 
discharges or lightning strikes in flight during the period of 
his survey. Correlation of these incidents with weather con-
ditions prevailing in the vicinity and in the general area at 
the time of strike gave the results shown in Table 3.2. 

 

Table 3.2 
Percentage of Strike Incidents vs Reported Thunder-

storms 
 

Thunderstorms reported in vicinity 33% 
Thunderstorms reported in general area 24% 
No thunderstorms reported 43% 

 
   
  

   

     Figs. 3.4, 3.5, and 3.6 show the immediate environment 
of the aircraft at the times of the 881 strikes reported in 
[3.8]. In over 80% of the strikes reported, each aircraft was 
with in a cloud and was experiencing precipitation and 
some amount of turbulence. The reports of turbulence in-
dicate convective activity. 

 

Fig. 3.4 Location with Respect to clouds Comparison 
(Combined 1971-1987 and 1991-1999). 

 

Fig. 3.5 Precipitation at time of aircraft lightning 
strikes. 

 

Fig. 3.6 Turbulence experienced when lightning 
strikes have occurred. 
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The incident reports above also show that most aircraft 
strikes have occurred when the aircraft is within ±10 de-
grees of the freezing point of water (0 °C). Fig. 3.7 [3.8] 
shows the distribution of lightning strikes to aircraft as a 
function of outside air temperature. Freezing temperatures 
(and below) are thought to be associated with the electrical 
charge separation process. Of course, strikes to aircraft at 
temperatures higher than +10 °C have occurred when the 
aircraft was beneath a cloud that was close to the ground, 
or when the aircraft was parked on the ground, where the 
temperature has been as high as +30 °C. 

3.3.4 Thunderstorm Avoidance 

Clearly, whenever it is possible to avoid the severe en-
vironments that thunderstorms present, it is desirable to do 
so, for, even if the aircraft is adequately protected against 
lightning effects, the turbulence caused by wind and pre-
cipitation in or near thunderstorms presents a serious haz-
ard to safe flight. Consequently, the operating procedures 
of commercial airlines and other air carriers advise 
strongly against penetrating known thunderstorm condi-
tions, or areas of heavy precipitation, icing, turbulence, and 
wind shear. Lightning flashes are associated with all of 
these conditions. 

Thunderstorm indication 

In attempts to avoid thunderstorm regions, pilots use 
several indicators: 

1. Visual sighting of thunderclouds (cumulonimbus) in 
daytime and of lightning at night 

2. Airborne radar patterns of heavy precipitation areas 

3. Airborne lightning strike indicators, which sense   
electromagnetic radiation from distant flashes and 
present their range and bearing on cockpit displays. 

4. Weather advisories, relayed by Air Traffic Control 
(ATC) or other weather services to aircrews, combined 
with specific guidance for thunderstorm avoidance. 

 

 

Fig. 3.7 Distribution of lightning strikes. 

Methods of avoidance 

Methods of thunderstorm avoidance in common use are, 
in order of preference: 

1. Circumnavigation of visible thunderstorm condi-
tions, as indicated by visual observations and/or air-
borne weather radar displays. Ideally, these condi-
tions should be kept at a distance of 25 miles or more, 
but traffic constraints often limit this distance. 

2. Circumnavigation of areas of heavy precipitation in-
dicated on airborne weather radar displays. 

3. Flying over the tops of thunderclouds and other cloud 
formations. 

The degree to which any of these measures is successful 
depends on the accuracy of the information received by the 
pilots and upon air route traffic control and flight schedule 
constraints. 
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Weather radar 

Aside from visual observation, which has obvious limi-
tations, the most common method of detecting thunder- 
storms is using airborne weather radar. Radar, however, 
cannot detect clouds themselves; it usually detects only liq-
uid droplets. Unfortunately, aircraft radars do not see fro-
zen precipitation as well as they see wet precipitation. So 
thunderstorm tops, which are composed of mostly low-re-
flectivity precipitation particles, are not seen well by air-
craft radar. Thus, only the presence of wet precipitation in 
the cloud produces a radar echo. This limitation allows air-
craft to experience occasional encounters with hail, and 
with lightning. A typical C-band airborne weather radar 
presentation of a thunderstorm (cumulonimbus) cloud with 
active precipitation and frequent lightning is shown in Fig. 
3.8 [3.10]. The pictures were taken during an early re-
search project carried out by Beckwith of United Air Lines 
to determine the weather detection capability of airborne 
radar. The photographs shown were taken during a United 
Air Lines flight from Chicago to Denver on August 3, 
1960. Fig. 3.8 shows the northern end of a line of severe 
thunderstorms, developed from a cold front in Illinois. A 
detour to the North was planned and successfully executed 
with the aid of this radar presentation. The flight remained 
in clear and generally smooth air while making the detour. 
The strong echoes were easily detected with a slight up-
ward tilt of the radar antenna, to eliminate ground clutter. 

Considering the variable nature of the cloud conditions 
that produce electric charge and lightning strikes to air-
planes, and the limited information available to pilots on 
their locations and severities, it is not surprising that there 
are varying opinions as to what detour distance is adequate 
to avoid turbulence and lightning. Primarily, a pilot is ad-
vised to use distances commensurate with the specific ca-
pability of the radar available. 

Weather radar, however, is not a foolproof means of de-
tecting and avoiding thunderstorms or other lightning 
strike conditions, because situations exist in which radar is 
not capable of distinguishing thunderstorm returns from 
the ground returns or ground clutter. 

In this case, returns from the ground (ground clutter) 
obscured the return from the storm. However, if ground 
clutter does obscure a storm return at low flight altitudes 
and an aircraft is successful in avoiding all thunderstorms 
by the recommended distances of up to 25 miles, the se-
vere turbulence associated with thunderstorms is usually 
also avoided. Nevertheless, lightning flashes may extend 
farther outward from the storm center than turbulence and, 
for this reason, lightning is not as easily avoided. 

 

 

(a) Radar presentation 

 

(b) Visual appearance of storm 

Fig. 3.8 Radar presentation and subsequent pho-
tograph of a thunderstorm. 
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 Color radar 

Many airborne weather displays use colors to distin-
guish between different intensities of precipitation, which 
are defined in terms of dBz. The boundaries between bands 
of different color are the colors mentioned above. A typi-
cal color-weather radar display is shown in Fig. 3.9 [3.11]. 

 

 

Some decaying thunderstorms, or other electrified cloud 
regions, may not present distinctive radar echoes. Such 
conditions sometimes become embedded in expanding an-
vils, stratiform or cirrus clouds, so as to render them invis-
ible. 

 

Fig. 3.9 Reflectivity contours at the time of a strike near to the F-106B. Flash 4, 20:54:21.9 GMT, July 22, 1980. 
Taken by NASA -Wallops SPANDAR radar at 20:56:51.5 GMT 

with a radar tilt angle = 0 °C. 
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In-flight measurements conducted by the Air Force and 
the US FAA and reported by Fitzgerald [3.12], indicate 
that thunderstorms in their early stages of dissipation have 
sufficient charge to cause some lightning discharges, if a 
means of streamer initiation becomes available. An air-
craft entering such a region could constitute that means of 
initiation. Thus, in normal, instrument flight rules (IFR) 
operations in regions where an active thundercloud is 
merged with decaying thunderclouds and other cloudy ar-
eas, diverting from the normal course to avoid the active 
cloud may take the flight through a decaying area, where 
there is sufficient residual charge to produce a lightning 
strike after all. 

Lightning warning instruments 

From time to time, attempts have been made to develop 
an airborne instrument capable of warning pilots impend-
ing lightning strikes to their aircraft and providing infor-
mation to the pilot for use in avoidance. Most of these at-
tempts have involved installing a device, on an airplane, 
that senses when the ambient electric field around the air-
plane approaches the intensity at which a lightning strike 
is imminent [3.13]. Some of these sensors have been in-
stalled in research airplanes, and have been used to obtain 
data on electric field intensities prior to lightning strikes, 
but none of them have been developed sufficiently to pro-
vide practical advisories to pilots for strike avoidance. Be-
cause of the apparent wide variation in electric field inten-
sities and orientations that may precede lightning strikes to 
aircraft, the development of a useful lightning strike avoid-
ance system seems remote. The objective is thwarted by 
the difficulty of translating electric field data into advi-
sory information in a short enough time to aid the pilot in 
an avoidance maneuver. 

There are instruments that locate and plot the locations 
of lightning flashes as they occur, but that is a different 
story. 

Perhaps the most effective warning of imminent strikes 
presently available to flight crews is electrostatic dis-
charge (also known as corona or St. Elmo’s Fire). This 
discharge is visible at night as a bluish glow at the air- 
craft’s extremities. Static discharging also causes interfer-
ence (instability) in low frequency automatic direction 
finding (ADF) indicators, and audible “hash” in high fre-
quency (HF) communications receivers. 

Pilot responses to lightning strikes (which may also be 
called static discharges or electrical discharges) vary. Typ-
ical answers by pilots of one airline [3.9] to the question 
“Do you have any recommendations for avoiding electrical 
discharges?” were as follows: 

“From cruise speed, a reduction of 25% to 30% in air-
speed will often allow the static buildup to stabilize at a 
lower maximum and dissipate rather than discharge. 
These build-ups are generally accompanied by a buzz-
type static on VHF (very high frequency) and ADF (au-
tomatic direction finding) and a random swinging of the 
ADF needles though I have observed the ADF needles to 
hold a steady error of up to 90 o as the static level stabi-
lized at or near its peak, generally just prior to the dis-
charge or beginning of dissipation.” 

“Climb or descend through the freezing level as 
quickly as possible.” 

“Avoid all precipitation. I know of no way to predict 
accurately where a discharge will occur.” 

“Slow down to minimum safe speed, change altitude to 
avoid temperature of -7 oC (20oF) to 2 oC (35 oF).” 

“Not without excessive detour, both route and alti-
tude.” 

“The static discharges I have encountered have built 
up at a rate which would preclude any avoidance tac - 
tics (3 to 15 seconds).” 

“No, I have never known when to expect this until just 
prior to the discharge.” 

“No, not in the modern jets. Once the static begins the 
discharge follows very quickly.” 

“All information received at the ... training center ap-
plicable to static discharges and their avoidance has 
been completely accurate and helpful.” 

“No, hang on!'” 

“Lead a clean life.” 
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Thus, there is a wide divergence of pilot opinion regard-
ing the best way to avoid lightning strikes. However, from 
this and many other sources, it is possible to list the condi-
tions most often present just prior to experiencing a light-
ning strike, and the actions (if any) that most pilots take to 
reduce the possibility of receiving a strike. 

A lightning strike is imminent when a combination of 
some of the symptoms which follow is present. 

Conditions: 

1. Flight through or in the vicinity of the following: 

• Unstable air. 
• Stationary front. 
• Cold front. 
• Warm front. 
• Squall line. 

 
2. Within a cloud. 

3. Icy types of precipitation. 

4. Air temperature near 0ºC. 

5. Progressive buildup of radio static. 

6. St. Elmo’s fire (when dark). 

7. Experiencing turbulence. 

8. Flying at altitudes between 1 500 m and 4 500 m 
(5 000 ft. and 15 000 ft.); most prevalent: 3 350 m 
(11 000 ft.) 

9. Climbing or descending. 

Actions: 

1. Avoid areas of heavy precipitation. 

2. Change altitude to avoid temperature near 0 °C. 

3. Turn up cockpit lights. 

4. Have one pilot keep eyes downward. 

Since air traffic congestion often precludes circumven-
tion of precipitation and since diversion often poses 

hazards, avoidance, while desirable, is neither a dependa-
ble nor an adequate means of protecting the aircraft against 
lightning strikes. The aircraft, therefore, must be designed 
to safely withstand lightning strike effects. 

3.3.5 Frequency of Occurrence 

Commercial Transport Aircraft 

The numbers of lightning strikes actually experienced 
(as related to flight hours) by piston, turboprop, and pure 
jet aircraft from the 1950’s through the mid 1970’s are tab-
ulated in Table 3.3. These numbers are based on the data 
reported by Newman [3.2] and Perry [3.6]. From this data, 
it follows that an average of one strike can be expected for 
each 3 000 hours of flight for any type of commercial 
transport aircraft. Experience since that time period, 
though not published, confirms the experience of Table 
3.3. 

Table 3.3 Incidence of Reported Lightning Strikes to 
Commercial Aircraft 

 

 

Table 3.4 Incidence of Reported Lightning Strikes to 
US Air Force Aircraft 

 

 

More recent experience seems to indicate that commer-
cial aircraft operating in Europe receive more lightning 
strikes per year than similar airplanes operating in the con-
tinental US. This would be due to shorter average flight 
distances and times, which necessitate more flight time at 
intermediate altitudes, in contrast to the average flight dis-
tances and times in the US. 
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Military and general aviation aircraft 

Unlike commercial airlines, military and general avia-
tion aircraft are not usually constrained by regular flight 
schedules or congested traffic patterns around metropoli-
tan airports. This distinction may contribute to the fact that 
these aircraft do not seem to experience as many lightning 
strikes as do commercial aircraft. This is evident in Table 
3.4, which presents statistics from United States Air Force 
(USAF) experience for the years 1965 to 1969. However, 
USAF regulations do not require that lightning strike inci-
dents be formally documented by flight crews unless a sub-
stantial amount of damage is done to the aircraft. Thus, 
many strikes to USAF aircraft undoubtedly go unreported. 

Statistics such as those of Table 3.3, which apply to a 
broad category of aircraft and include data from a variety 
of different operators in varying geographic locations, may 
be misleading. For example, whereas Table 3.4 shows that 
there is an average of 99 000 flying hours between reporta-
ble lightning strikes to USAF fighter-type aircraft, the strike 
experience in Europe is known to be more frequent than 
strike experience in the US and in most other parts of the 
world. Weinstock and Shaeffer [3.14] reported 10.5 strikes 
per 10 000 hours for certain F-4 models flying in Europe. 
This rate is about 5 times greater than the world-wide expo-
sure rate for these aircraft. A similar situation pertains to 
commercial aircraft operating in Europe, as indicated by 
Perry's summary of United Kingdom and European strike 
data [3.6], for example. This unusually high lightning-strike 
exposure seems to result both from a higher percentage of 
flights in cloud conditions, in comparison to flights in the 
US and, perhaps, more restricted flight patterns necessitated 
by higher traffic congestion in Europe. 

Trends affecting strike rates 

There are several trends in commercial and general avi-
ation that are likely to increase the exposure of aircraft 
everywhere to lightning strikes in the future: 

1. Increases in the use of ‘hub and spoke’ arrangement 
of commercial routes in the US, resulting in more time 
in descent, hold and climb patterns at intermediate al-
titudes. 

2. Increases in numbers of small aircraft and rotorcraft 
equipped for IFR flight. 

3.4 Aircraft Lightning Strike Mechanisms 

In the following paragraphs, the electrical conditions 
that produce lightning are described, together with the 
mechanisms of lightning strike attachment to an aircraft. 
While it is not possible to anticipate or avoid these condi-
tions all the time, it is important to understand the strike 
attachment process in order to properly assess the effects 
of lightning strikes on the aircraft. 

3.4.1 Electric Field Effects 

In a naturally occurring lightning strike situation, a 
stepped leader propagates outward from a cloud charge 
center. At that time, the ultimate destination of the flash, at 
an opposite charge center in the cloud or on the ground, is 
not yet determined. The difference of potential that exists 
between the stepped leader and the opposite charge(s) es-
tablishes an electrostatic force field between them, which 
can be graphically represented by imaginary lines of elec-
trostatic force and equipotential surfaces, as shown in Fig. 
3.10. The electric field intensity, commonly expressed in 
kilovolts per meter, is greatest where equipotential sur-
faces are closest together. This electric field is what ionizes 
the air to form the conductive path that becomes the light-
ning leader. Because the direction of electrostatic force is 
normal to the equipotential surfaces, and strongest where 
they are closest together, the leader is most likely to pro-
gress toward the most intense opposite polarity field re-
gions. 

 

Fig. 3.10 Stepped leader approaching an aircraft. 
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If an aircraft happens to be in the vicinity, the aircraft 
will assume the electrical potential of its location. Since 
the aircraft is an electrical conductor, all of its surface 
is at the same potential and it, therefore, diverts and com-
presses adjacent equipotentials. This increases the electric 
field intensity at the aircraft’s extremities and, especially, 
between the aircraft and other charged objects, particularly 
the advancing leader. If the aircraft is far away from the 
leader, its effect on the field near the leader is negligible; 
however, if the aircraft is within several tens or hundreds 
of meters from the leader, the electric field surrounding the 
aircraft intensifies and junction leaders originate at ex-
tremities of the aircraft and propagate in the direction of 
the original lightning leader. As this happens, the interven-
ing field becomes even more intense, and the lightning and 
junction leaders continue to approach each other until they 
join. The junction usually occurs 50 (or so) meters from 
the aircraft extremity. At the same time, one or more lead-
ers propagate(s) from an approximate opposite extremity 
of the aircraft, in the general direction of regions of oppo-
site polarity charge (which could be at the earth or else-
where in the cloud). 

The highest electric fields around the aircraft occur at 
extremities, where the field’s equipotential surfaces are 
compressed closest together, as shown in Fig. 3.11. Typi-
cally, these extremities are the nose, wing and empennage 
tips, propeller blades, or helicopter rotor blades. When the 
leader advances to the point where the field adjacent to an 
aircraft extremity is increased to about 30 kV/cm (at sea 
level pressure), the air ionizes and streamers form at these 
extremities, extending in the direction of the oncoming 
lightning leader. 

 

Fig. 3.11 Intensification of electric field around an 
aircraft. 

3.4.2 Charge Stored on Aircraft 

When the aircraft is attached to the leader, some charge 
(free electrons) flows onto the aircraft, but the amount of 
charge that can be taken on is very small compared to what 
is available from the lightning leader. The charge raises the 
aircraft to a high voltage and excessive charge causes the 
electric field around the aircraft to become so high that in-
tense corona forms, which carries away the excess charge. 
If additional charge flows onto the aircraft, corona spreads 
to extremities of slightly larger curvature radius. A typical 
leader contains about 1 to 10 coulombs of electric charge. 
The capacitance of an aircraft (with respect to its surround-
ings) amount of charge that can be stored on an aircraft is 
limited by the corona inception voltage at the aircraft’s ex-
tremities, which is about 50kV, resulting in electric field 
intensities at extremities with small radii of curvatures of 
around 20 – 30 kV/cm which is the corona inception field.  
Thus, the amount of charge that can be stored on an aircraft 
is: 

𝑄𝑄 = 𝐶𝐶𝑉𝑉   (3.1) 

Or, for an aircraft whose capacitance is 500 pF, 

𝑄𝑄 = (500 𝑥𝑥 10−12𝐹𝐹)(50 𝑥𝑥 103𝑉𝑉) (3.2) 
= 25 x 10-6 coulombs 

 
So there is no room for any significant portion of the 

leader’s charge to be stored on an aircraft. Thus, the leader 
charge extends into the leader branch(es), exiting from the 
aircraft, which becomes merely an extension of the light-
ning channel on its way to an ultimate destination at a re-
gion of opposite polarity charge. 
 

Once an oncoming lightning leader has attached to an 
aircraft, exit leader branches may continue to propagate 
from more than one opposite extremity of the aircraft at the 
same time. This constitutes a splitting of the developing 
lightning leader. The branches continue to propagate away 
from the aircraft, independently of one another, until one (or 
more) of them reaches its ‘destination’. This process of at-
tachment and continued propagation beyond an aircraft is 
illustrated in Fig. 3.12. 

When the leader has reached its destination, and a con-
tinuous ionized channel between charge centers has been 
formed, the charge in the leaders discharges very rapidly 
to earth resulting in the stroke as described in Chapter 2. 
The stroke current resulting from discharging of the leader 
above the aircraft (the leader charge below the aircraft does  
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not discharge through the aircraft) and any subsequent 
stroke or continuing current components, must flow 
through the aircraft, which is now part of the conducting 
path between charge centers, as shown in Fig. 3.12(a). In 
the text that follows, this is called the lightning channel. 
 

If another branch of the original leader reaches the 
ground before the branch that has involved the aircraft, the 
return stroke discharges the former branch, and all other 
branches, including the one involving the aircraft. This re- 

sults in less stroke current going through the aircraft than 
would be the case in Fig. 3.12(a). 

 
After the leader branches have discharged the branches 

that did not contact the earth die out as shown in Fig. 3.12(b). 
No continuing currents or subsequent strokes flow through 
the aircraft in such a case, and any damage to the aircraft is 
slight. A still photograph of a downward-branching flash af-
ter completion of the main channel is shown in Fig. 3.13. 
Several dying branches are evident in the photograph. 

 
 

 
 
 
 
 

 
Fig. 3.12 Stepped leader attachment to aircraft. 

 
 
 
 
 

 
 

Fig. 3.13 Stroke current paths. 
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3.4.3 Aircraft-Triggered Lightning 

A question often asked is, “If an aircraft cannot produce 
a lightning flash from its own stored charge, can it trigger 
(i.e., initiate) a natural one?” In other words, “Would the 
lightning flash have occurred if the aircraft were not pre-
sent?” A secondary question would be, “If aircraft do trig-
ger lightning, does this influence the criteria to which air-
craft must be designed?” The mechanism of aircraft trig-
gered lightning is discussed in depth in §3.7 and the subject 
of design criteria is discussed in Chapter 5, but some pre-
liminary discussion is in order. 

There is clear evidence that lightning flashes have been 
triggered by research aircraft that were intentionally flown 
into clouds to observe lightning phenomena. These light-
ning strikes have originated at the aircraft, but it is not clear 
how often aircraft in normal service trigger lightning strikes. 
Studies have shown that a large percentage of lightning 
strikes to aircraft have evidently been triggered by and initi-
ated at the aircraft. 

 

Fig. 3.14 Downward branching lightning flash. 

Some of the lightning strikes to research aircraft have 
been observed by Doppler radar originating at the aircraft, 
with leaders propagating away from the aircraft in gener-
ally opposite directions. The triggered lightning currents 
measured on research aircraft have generally been of lower 
amplitude than typical cloud-to-ground lightning currents. 

 

Nevertheless, these lower current amplitudes do not 
seem high enough to account for some of the physical 
damage observed on aircraft. Thus, some percentage of the 
reported strikes to aircraft must be of the cloud-to-earth va-
riety. 

There is ample evidence that aircraft and helicopters of 
all sizes trigger lightning strikes, but that evidence also 
suggests that larger aircraft trigger lightning more fre-
quently than small airplanes [3.15]. This is because larger 
airplanes perturb a proportionately larger region of the am-
bient electric field. 

The motion of an aircraft has little influence on the 
propagating leader because the aircraft’s velocity (about 
102 m/s) is much slower than that of the leader, which ad-
vances at a rate of 105 to 106 m/s. Thus, the aircraft appears 
stationary to the leader during the leader formation process. 

Several other stimuli have been mentioned as possible 
causes of aircraft lightning strikes. These include engine 
exhaust and radiated electromagnetic energy, such as radar 
transmission. 

Effect of engine exhaust on lightning attachment 

There has been speculation that the hot exhaust gases 
from jet engines may contain enough ionized particles to 
attract or trigger a lightning flash to a jet aircraft. This 
speculation was heightened by the widely publicized 
launch of Apollo 12, which apparently triggered a light-
ning flash (or flashes) that twice struck the top of the vehi-
cle, once when it had reached 1950 m (6 400 ft.) and again 
at 4 270 m (14 000 ft.). The flash(es) exited in the vehicle 
exhaust plume. 

Studies by Nanevicz, Pierce, and Whitson [3.16] of in-
cidents in which a rocket was rapidly introduced into an 
intense electric field, indicate that the exhaust plume is rel-
atively electrically conductive in comparison to the sur-
rounding air, making the effective, electrical length of the 
rocket longer than the rocket’s actual physical length. 

An empirical study by Pierce [3.15] of documented 
strikes to tall, grounded, and airborne conductors con-
cluded that there must also be a potential discontinuity be-
tween an air vehicle and the adjacent atmosphere of up to  
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106 V before the lightning leader can be initiated from the 
vehicle. The study also concluded that the rapid discharge 
of hot ionized gas from a rocket engine may remove 
enough charge from the vehicle to increase its potential to 
106 V or more with respect to its surroundings. 

Shaeffer and Weinstock [3.14] have studied the conduc-
tivity of an aircraft jet-engine exhaust. In this case, ionized 
particles and free electrons in a jet exhaust originate in the 
combustion chamber as a result of chemical reactions tak-
ing place between the intake air and jet fuel. The ion con-
centration in a jet-engine’s exhaust has been measured by 
Fowler [3.17] to be between 5 x 106 and 3 x 107 particles 
per cubic centimeter (p/cm3). The free electron density that 
can be deduced from this is between 5 x 103 to 3 x 105 
(p/cm3). The electron density in luminous rocket exhaust 
has been calculated by Pierce [3.18] to be 1012 p/cm3. This 
is comparable to the electron density in the tip of an ad-
vancing leader. Conversely, the free electron density in 
ambient air ranges from 102 to 103 p/cm3. Evidently, jet-
engine exhaust is only slightly more ionized than the am-
bient air, and much less so than rocket exhaust. Therefore, 
jet exhaust is not sufficiently conductive to initiate or at-
tract a lightning leader. This conclusion is supported by 
aircraft lightning strike incident reports, which indicate 
that engine exhaust pipes are not often lightning attach-
ment points unless they are already located at an aircraft 
extremity where the electric field would be intense from 
geometrical conditions alone. 

There is also no evidence to suggest that jet aircraft are 
struck more frequently (i.e., per flight hour) than piston-
engined aircraft. Overall, the ability of the jet aircraft to 
operate at higher altitudes and spend less time climbing 
and descending to airports has probably rendered the jet 
less susceptible than its piston-engined predecessor to 
lightning strikes, which occur predominantly at low or in-
termediate altitudes. 

Some records do exist of strikes to jet engines, and, in 
some cases, these strikes have terminated inside the engine 
exhaust pipes, as illustrated in Fig. 3.15. These strikes are 
evidenced by spots of melted metal within 0.5 m (18 in) of 
the aft end of the exhaust pipe. Electronic engine instru-
ments with sensors mounted on the engine have experi-
enced damage from lightning induced effects associated 
with strikes to the nacelles or exhaust pipes. Apparently, 
there is either sufficient ionization in the exhaust (or the 
dielectric strength of the exhaust is sufficiently weakened) 
that a propagating leader may become diverted into the 

exhaust channel, or streamers may propagate outward from 
the exhaust pipe once the aircraft has been struck else-
where by a leader. 

 

Fig. 3.15 Lightning flash terminating inside a jet en-
gine exhaust tail pipe. 

While the engine exhaust may divert or encourage an 
existing leader, it seems improbable that it could trigger a 
flash by itself, as a rocket plume can. Other strikes have 
terminated on the nacelles of wing and fuselage mounted 
engines, in the same manner as with other aircraft extrem-
ities. Viewed another way, if a jet engine did leave a trail 
of ionized exhaust behind it, then this must eventually 
cause an imbalance of electric charge between the aircraft 
and its surroundings, even in clear weather. As with P- 
static charging, such a condition would produce static dis- 
charges and corona from sharp extremities and cause inter-
ference in radio equipment. It is well established that this 
does not happen. 

Effects of electromagnetic radiation 

It has been suggested that an aircraft's radar may trigger 
aircraft initiated strikes or divert naturally occurring light-
ning strikes to an aircraft. This question was also investi-
gated by Schaeffer and Weinstock [3.14], who showed that 
the transmitted power level of microwave radiation neces-
sary to produce an electric field capable of ionizing air is 
about 6.7 x 106 watts, which is far greater than that avail- 
able from aircraft radars. 
 

Aircraft lightning strike incident reports also show no 
evidence of radar or other electromagnetic radiators hav-
ing been involved in the lightning strike formation. There 
have been many strike incidents that resulted in radomes 
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being punctured, but these were clearly the result of the 
electric field associated with coronal and streamer activity 
originating inside the radome causing dielectric break-
down of the nonconductive radome wall. These punctures 
have occurred whether or not the radar was operating. The 
addition of diverter strips to the outside of the radome usu-
ally prevents these punctures, by enabling streamers and 
leaders to originate on the exterior of the radome. 

 

3.5 Swept Channel Phenomena 

After the aircraft has become part of a completed flash 
channel, the ensuing stroke and continuing currents that 
flow through the channel may persist for up to a second or 
more. Essentially, the channel remains in its original loca-
tion, but the aircraft moves forward a significant distance 
during the life of the flash. Thus, whereas the initial entry 
and exit points are determined by the mechanisms     

previously described, there may be other lightning attach-
ment points on the airframe that are determined by the mo-
tion of the aircraft through the relatively stationary flash 
channel. For example, when a forward extremity on a 
fighter aircraft, such as the pitot boom, becomes an initial 
attachment point, the aircraft’s surface moves through the 
lightning channel and, thus, the channel appears to sweep 
back over the surface, as illustrated in Fig. 3.16. This oc-
currence is known as the swept flash (or ‘swept stroke’) 
phenomenon. The sweeping action can cause the lightning 
channel to attach and dwell for short periods at various sur-
face locations along the line of flight, aft of initial leader 
attachment locations. The durations of these reattachments 
(known as the ‘dwell times’) depend on the type and thick-
ness of surface finish. This sweeping mechanism usually 
prevents all the current in the lightning flash from being 
delivered to one spot on the aircraft surface, a phenomenon 
of particular importance in relation to the design and pro-
tection of fuel tanks. 

 

 

Fig. 3.16 Typical path of swept channel attachment points. 

If part of the surface, such as the radome, is nonconduc-
tive, the flash may continue to dwell at the aft-most conduc-
tive attachment point (e.g., the aft end of the pitot boom) 
until another exposed, conductive surface (e.g., the fuse-
lage) passes by; or the channel may puncture the noncon-
ductive surface and reattach to a conductive object beneath 
it (e.g., the radar dish). Whether puncture or surface flash-
over occurs depends on the amplitude and rate-of-rise of the 
voltage stress created along the channel, as well as the volt-
age withstand strength of the nonconductive surface and 
any air gap separating it from the enclosed conductive ob-
jects. When the lightning arc has been swept back to one   

of the trailing edges, it may remain attached at that point 
for the remaining duration of the lightning flash. An initial 
attachment point at a trailing edge, of course, would not be 
subjected to any swept channel action. Instead, the lightning 
channel would be extended horizontally aft of the aircraft. 

An aircraft’s forward motion does not usually permit 
the aircraft to escape from the lightning channel once that 
channel has attached. This is because the potential differ-
ence between charge centers (cloud and earth or another 
cloud) is sufficient to maintain a very long channel, until 
the charges have neutralized each other and the flash dies. 
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3.6 Lightning Attachment Zones 

Since there are some regions on an aircraft where light-
ning is unlikely to attach and others that are susceptible to 
attachment for only a small portion of the total flash dura-
tion, it is common practice to divide the surface of an air-
craft into zones, according to expected components of the 
lightning flash and severity of effects. 

3.6.1 Zone Definitions 

As the mechanisms of aircraft lightning interaction have 
become better understood, definitions of lightning strike 
zones have evolved. For a long period of time, the zone 
definitions and location guidelines in Federal Aviation Ad-
ministration (FAA) Advisory Circular AC 20-53A [3.19] 
were used. Then, in 1999, SAE published Aerospace Rec-
ommended Practice (ARP) 5414 [3.20], containing the 
following updated definitions of the lightning strike zones 
and methods of locating them: 

Zone 1A: First stroke zone. 

Zone 1B: First stroke zone with long hang-on. 

Zone 1C: Transition zone for first return stroke. 

Zone 2A: Swept-channel zone. 

Zone 2B: Swept-channel zone with long hang-on. 

Zone 3: Those surfaces not in Zones 1A, 1B, 1C, 2A, or 
2B, where attachment of the lightning channel is un-
likely. Also, those portions of the aircraft that lie un-
derneath or between the other zones and/or conduct 
substantial amounts of electrical current between direct 
or swept attachment points. 

Zones are the means by which the external environment 
is applied to the aircraft. The locations of these zones on 
any aircraft are dependent on the aircraft's geometry and 
operational factors, and often vary from one aircraft to an-
other. Therefore, a determination must be made for each 
aircraft configuration. Further discussion of the zone defi-
nitions and methods of locating the zones (with typical ex-
amples) are provided in Chapter 5. 

3.7 Mechanism of Aircraft Triggered  
Lightning 

Aircraft triggered lightning is defined as lightning that 
occurs because of the presence of an aircraft but that would 
not otherwise occur. A frequent theme in pilots' reports of 
lightning strikes to aircraft is that the aircraft was struck 
before there was any evidence of lightning activity in the 
area, and a belief commonly expressed is that the aircraft 
triggered the lightning flash, rather than the aircraft just 
being an inadvertent bystander through which a naturally 
occurring lightning flash chose to pass. 

Evidence has accumulated that aircraft can indeed trigger 
lightning, and theories have been developed to explain the 
mechanism. It is well established that research aircraft inten-
tionally flown into charged clouds have triggered flashes and 
that these flashes have originated at the aircraft. It is not as 
evident that aircraft flown under normal conditions and seek-
ing to avoid lightning often trigger lightning flashes. Possi-
bly, those aircraft are more often struck by a naturally prop-
agating leader, as discussed in §3.4.3. To some extent, the 
matter may be academic. The important point is that aircraft 
are struck by lightning and that measures must be taken to 
protect them, whether or not the lightning is triggered by the 
aircraft. 

The subject of aircraft triggered lightning first began to be 
seriously studied in the 1960's [3.21 - 3.25]. It was during this 
period that it was shown that lightning could be deliberately 
triggered by rockets with trailing wires [3.26]. Toward the 
end of the 1960's, Apollo 12 was struck by what was deemed 
to be a triggered lightning flash and studies [3.27 - 3.28] were 
undertaken to understand the conditions that could result in 
lightning being triggered by an aerospace vehicle. 

In 1972, it was suggested [3.29] that in order for an air-
borne vehicle to trigger lightning, there must be an ambient 
electric field of at least 10 kV/m and the vehicle must span a 
potential difference, in that field, of about one million volts. 
Also in 1972, an interesting study was published which con-
cluded that aircraft could trigger lightning and that static 
charge on the aircraft was an important factor [3.30]. 
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A good review of this subject and bibliography was 
published in 1982 [3.31]. Even up to this date, however, 
there was some uncertainty and debate regarding the pos-
sibility of aircraft triggered lightning. This was due to a 
lack of definitive measurements of aircraft triggered light-
ning and the absence of any known physical models to ex-
plain it. 

F-106B research aircraft 

In 1981, a F-106B aircraft operated by the National 
Aeronautics and Space Administration (NASA) Langley 
Research Center, as part of the Storm Hazards Research 
Program, was outfitted as a research vehicle to be flown 
into clouds to collect data on the characteristics of lightning 
intercepted by aircraft. Starting in 1982 the ultra-high fre-
quency (UHF)-band radar at the Wallops Flight Facility of 
the NASA Goddard Space Flight Center, was used to guide 
the F-106B through the upper regions of thunderstorms to 
increase the probability of the aircraft being struck by 
lightning [3.32]. 

Analysis of the radar echoes showed that nearly every 
echo from a lightning strike to the F-106B started directly 
above the aircraft’s echo and propagated away from the 
aircraft. This certainly suggested that the lightning flashes 
were triggered by the F-106B and were not naturally oc-
curring flashes. If they had been naturally occurring 
flashes, intercepted by the F-106B, an observer would 
have seen the echoes start some distance from the aircraft 
and propagate toward it, finally blending with the aircraft’s 
echo at the same instant the strike was recorded by the air-
craft. None of the lightning flashes showed this pattern. 
Many echoes were seen from naturally occurring intra- 
cloud flashes, but none of them ever struck the F-106B. 

In addition to the radar echoes, analyses by Rudolph 
and Perala [3.33 - 3.35] using three-dimensional (3D) nu-
merical models have predicted currents to arise from trig-
gering that are very similar to those actually recorded by 
instruments on the vehicle. All of this evidence rather con-
clusively proves that the F-106B research aircraft has trig-
gered lightning flashes. 

There also has been other significant research into the 
mechanisms of triggered lightning. Work by Bicknell and 
Shelton [3.36 - 3.38], has been done on energy considera-
tions, the role of positive corona streamers and precipita-
tion particles electrode velocity by Nagai, Koide and Ki-
noshita [3.39], and other topics [3.40 - 3.42]. Experimental 
studies by Kasemir and Perkins [3.43] have included a 
scale model Space Shuttle Orbiter vehicle and an electri-
cally floating cylinder by Labaune et al [3.44]. 

Mechanism of triggering 

Triggered lightning occurs because the local electric 
field induces charge on the extremities of the aircraft. This 
charge then produces an electric field sufficient to cause 
air breakdown at places on the aircraft, corona (as dis-
cussed in Chapter 1) or St. Elmo's Fire (as discussed in 
Chapter 2). If the ambient electric field is sufficiently high, 
streamers then develop and propagate away from the air-
craft, becoming bi-directional leaders. 

The basic mechanism of propagation is similar to that 
described in Chapter 1 with one major difference. During 
breakdown of a gap subjected to an externally applied im-
pulse, the energy required to establish the field into which 
the streamer propagates is produced by the externally ap-
plied impulse. The streamer may then continue to propa-
gate by conducting charge along its channel and establish-
ing a field at its tip sufficient to maintain propagation. The 
minimum electric field required, at the tip of a lightning 
leader, to maintain its propagation is approximately 500 
kV/m at sea level. 

The energy involved in aircraft triggered lightning is 
not stored on the aircraft but must come from a remote 
source. Electrical charge stored on the aircraft may cer-
tainly contribute to the initial breakdown, but it can never 
be enough, on its own, to sustain the propagation of light-
ning leaders. This is why, when streamers propagate away 
from the aircraft, they propagate in opposite directions; 
positive streamers in one direction and negative streamers 
in the other direction. 

Prerequisites for triggering 

For triggered lightning to form, the static electric field 
in which the aircraft is immersed must be large enough 
and oriented properly so that the locally enhanced fields 
somewhere on the aircraft exceed the local breakdown 
strength of the air. The largest enhancements of the field 
occur at sharp points or edges, particularly if those points 
and edges are oriented in the approximate direction of the 
ambient field. An aircraft in flight has many such sharp 
points and sharp edges, including propeller tips, wings and 
empennage tips. For distances of half a meter or so, these 
locally enhanced fields are likely to be higher than the am-
bient field by a factor of ten or more. Hence, it is consid-
erably more likely that initial air breakdown and for-
mation of a lightning channel will occur in the presence of 
an aircraft than in its absence. 

 The second requirement for triggered lightning is that 
the electric field be sufficiently high, and high over a suf-
ficient distance that a streamer can form and propagate. 
The electric field conditions that produce only corona are 
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not sufficient; during thunderstorms corona forms on 
grounded objects all the time, but the corona does not de-
velop into streamers or leaders because the electric field 
into which the corona grows is not sufficiently high. The 
research discussed in Chapter 1, on streamer development 
from electrodes subjected to externally applied impulses, 
shows that the streamers continue to propagate and de-
velop into full-fledged lightning leaders if the average 
electric field in the gap exceeds about 500 kV/m, at sea 
level. At flight altitudes, the ambient field sufficient to 
support continued streamer propagation is somewhat less, 
due to lower air densities. 

That research also showed that an average voltage gra-
dient of 500 kV/m applied to an electrode gap always leads 
to breakdown if the voltage is maintained long enough. 500 
kV/m is the value at sea level; 250 kV/m could be expected 
to cause breakdown at 6 000 m (20 000 ft.) altitude. There-
fore, an electric field of several hundred kV/m represents 
conditions that are just on the edge of breakdown. Another 
is that breakdown is almost certain to occur whenever the 
field achieves the requisite minimum level since in time 
there will be a local break-down that will then be able to 
propagate. As a consequence, all triggered lightning flash 
situations should show similar properties. 

3.7.1 Triggered Lightning Environment 

The key factor in aircraft triggered lightning is the static 
electric field produced by thunderstorms. Such fields have 
been measured by several researchers using aircraft, rock-
ets, balloons, and parachuted sondes (see Table 3.5). These 
measurements show that the requisite fields of 250 - 500 
kV/m do occur in clouds. Higher values have also been 
reported [3.45]. Additional observations [3.46 - 3.47] re-
port values also consistent with Table 3.5. 

Table 3.5 
Thunderstorm Electric Fields Measured  

in Airborne Experiments 
 

Investigator Typical 

(V/m) 

High Values  

Occasionally Observed 

Measure-

ment Type 

Winn et al. (1974) 5- 8 x 104 2 x 105 Rockets 

Winn et al. (1981) — 1.4 x 105 Balloons 

Rust, Kasemir 1.5 x 105 3.0 x 105 Aircraft 

Kasemir and Per-

kins (1978) 
1 x 105 2.8 x 105 Aircraft 

Imyanitov et al. (1972) 1 x 105 2.5 x 105 Aircraft 

Evans (1969) — 2 x 105 Parachuted 

Sonde 

Fitzgerald (1976) 2- 4 x 105 8 x 105 Aircraft 

 
 
 

The simplified thunderstorm cell model [3.48] shown in 
Fig. 3.17 is used here to illustrate the conditions under 
which electric fields like those in Table 3.5 may be pro-
duced by a thundercloud. The illustration is based on data 
obtained by NASA using an F-106B research aircraft.  
The cell has a +40 Coulomb charge centered at 10 km (32 
800 ft.) above ground, a -40 Coulomb charge centered at 
5 km (16 400 ft.), and a +10 Coulomb charge centered at 
2 km (6 000 ft.). 

 
Calculation of the electric fields can be simplified by 

assuming point charges located in a vertical line with im-
age charges in the ground. Contours of constant electric 
field from such an assemblage of charges are shown in 
Figs. 3.18 - 3.20. Because the calculations are based on 
point charges, the figures show an upper bound on the field 
but, in reality, the actual charges are distributed. The field 
outside the charged region may be calculated correctly by 
assuming point charges, but for points inside the charged 
region, the actual field would be smaller than indicated on 
the figures. 

 

Fig. 3.18 is the most interesting for the purposes of in-
vestigating triggered lightning on the F-106B. If the air- 
craft is in essentially level flight, the horizontal field is the 
one most enhanced. 

 

 
 

Fig. 3.17 Thunderstorm Charge Separation model. 
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Fig. 3.18 Radical component of electric field [3.48]. 

 
Lightning can be triggered at any point in space at 

which the enhanced field around the aircraft exceeds the 
minimum breakdown strength of the air. Since this break- 
down strength depends on altitude or, more exactly, on air 
density, a field that causes triggered lightning at a high al-
titude (10 km) may not do so at lower altitudes. Taking 
these factors into account, the dashed lines in Figs. 3.18 
and 3.19 show the points in space at which an electric field 
of breakdown strength can be reached on the aircraft, as-
suming proper orientation. The calculations assume that 
the net aircraft charge is zero. If the aircraft were charged, 
the dashed lines could extend further away from the 
charge centers. Fig. 3.20 shows the total magnitude of the 
field.  

 
The dashed lines thus indicate the regions inside which 

the F-106B, in level flight, could trigger lightning. At high 
altitudes, where the breakdown strength of air is low, trig-
gering can occur up to two kilometers from the charge 
center. At the very low altitudes (2 km) where the break-
down strength of air is greater, the trigger region is only a 
few hundred meters across. In fact, because the charges 
are really distributed, and are not point sources, triggering 
at these low altitudes may not be possible. 

 

3.7.2 The Response of Aircraft to Triggered 
Lightning 

The basic electromagnetic response of an aircraft to a 
triggered lightning strike is illustrated in Fig. 3.21. This 

figure approximates a situation in which an F-106B air-
craft flies directly toward a positive charge center. The air-
craft becomes polarized in response to the ambient field. 
That is, electrons are pulled from the aft end, toward the 
nose. 

 

 

Fig. 3.19 Vertical component of electric field [3.48]. 

 

 
Fig. 3.20 Magnitude of total electric field [3.48]. 

Thus, the F-106B accumulates a negative charge (sur-
plus of electrons) at its nose and a positive charge (defi-
ciency of the electrons) at its tail, although the net charge 
on the aircraft remains unchanged. The field strength at all 
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points on the surface of the aircraft is the sum of the inci-
dent electric field and the field components produced by 
the induced charges. Thus, the field is enhanced by the 
presence of the aircraft. The electric field at the nose points 
toward the fuselage and the field at the tail points away 
from the fuselage. The polarities of the fields are as de-
fined in §2.2.2. For the orientation shown, the enhanced 
field is largest at the nose of the aircraft. 

    As the aircraft flies towards the atmospheric charge re-
gions, the electric fields at the surface of the aircraft slowly 
increase (that is, become more negative at one end and 
more positive at the other end). Eventually, the enhanced 
field at the nose becomes great enough to initiate a burst 
of corona; electrons at the nose flowing off into the air 
ahead of the nose. This tends to reduce the electric field at 
the nose (making it less negative) and may even prevent a 
discharge from occurring. 

    The flow of electrons from the nose can also be 
viewed as a flow of positive charge from the air onto the 
aircraft that leaves the aircraft with a net positive charge. 
This additional positive charge enhances the field at the 
aircraft’s tail end, eventually producing another streamer 
there. That streamer may be viewed either as transferring 
positive charge into the air aft of the aircraft or as transfer- 
ring negative charge from the air into the aircraft. Not 
every streamer at the nose is accompanied by a simultane-
ous streamer at the tail, but, ultimately, all the negative 
charge transferred into the air at the nose must be balanced 
by charge transferred into the aircraft from a discharge at 
the opposite extremity. The net result is either a single 
pulse of current flowing through the aircraft or, more com-
monly, two pulses of current, separated by several tens or 
hundreds of nanoseconds, one charging the aircraft and an-
other discharging it. The differences between the shapes 
of these two pulses reflect differences in the mechanisms 
that produce them. One pulse resembles the negative dis- 
charges discussed in Chapter 1, while the other has the 
characteristics of a positive discharge. 

As the discharges extend into the air, they continue to 
enhance the electric field at their tips and, provided the 
ambient field is sufficient, they continue to grow. The two 
oppositely directed streamers thus transfer electrical charge 
out of one portion of the air, through the aircraft and into 
another portion of the air. Fig. 3.18 illustrates the condi-
tions under which a discharge would start at the nose and 

exit at the tail. Other discharge paths are also possible, de-
pending on the orientation of the aircraft relative to the 
electric field. On the F-106B, most but not all of the dis- 
charges involved the nose boom. Exit points on the wing 
tips and tail were also common. On a larger aircraft, one 
might expect streamers to start at points other than the nose. 

Current Waveforms 

Lightning current flowing through an aircraft produces 
electromagnetic fields that can be measured by appropriate 
sensors. Sensors located as indicated in Fig. 3.21 would 
pick up the electric and magnetic fields (and their deriva-
tives) with waveforms similar to those shown in the figure. 

 

 

Fig. 3.21 Expected behavior of triggered lightning for 
nose-to-tail oriented electric field. 
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On the F-106B, only the D-dot and B-dot sensors had 
bandwidths wide enough to record the phenomena shown 
in Fig. 3.22. (D-dot corresponds to the rate of change of 
electric field and B-dot corresponds to the rate of change 
of magnetic field.) The plots in Fig. 3.22 are simplified so 
that they ignore the resonant response of the aircraft. 

The actual data, of which Figs. 3.23 through 3.25 are 
examples, resembled Fig. 3.22 in their general features. 
Note that both single and double pulses were measured on 
the aircraft. Fig. 3.22 shows examples [3.33]. The initial 
air breakdown takes place in a fraction of a microsecond 
and has a high frequency content sufficient to excite trav-
eling wave currents that propagate back and forth between 
the extremities of the aircraft. These traveling wave cur-
rents are important in that they may enhance the coupling 
of electric and magnetic fields to the wires in the aircraft. 

 

Fig. 3.22 In-flight D-dot and B-dot strike data. 

There are other components of a triggered lightning 
flash to an airplane that can last as long as a second. For 
example, Fig. 3.23 shows the currents from three different 
flashes flowing in the tip of the F-106B vertical fin.  Each 

of the flashes produced a continuing current of 80 am-
peres average amplitude, each lasting for about 0.3 sec-
onds. Such amplitudes and durations are typical of the con-
tinuing current phases of flashes measured at ground level. 
The current was not steady but included many higher am-
plitude pulses superimposed on an underlying current. The 
recording channel with which the current of Fig. 3.23 was 
measured had a direct current (DC) response that allowed 
the continuing current to be recorded faithfully, but the fre-
quency response extended only to 400 Hz, insufficient to 
resolve the amplitudes and waveforms of the individual 
pulses. 

Fig. 3.24 shows the characteristics of another typical 
lightning flash. It displays the outputs from a number of 
different sensors as measured on a recorder with a band- 
width from 400 Hz to 100 kHz. It also shows the fin cur- 
rent recorded with a DC to 400 Hz bandwidth. Each pulse 
of current is associated with a change of the electric field 
(D-dot) and a burst of light from the channel of the flash. 

The fin current of Fig. 3.24 was also recorded with a 
digital transient recorder that took samples every 40 na-
noseconds. Fig. 3.25 shows details of the first pulse of cur-
rent measured on the fin. The time of triggering is indi-
cated in Fig. 3.25. Pulses of current occurred about every 
50 µs, on average. The highest amplitude pulse was 18 kA. 
Lightning currents of this nature have not been measured 
at ground level. 

The measured current waveform shown in Fig. 3.25 is 
important because it prompted the establishment of a mul-
tiple burst (MB) current test requirement for induced ef-
fects. This development is discussed further in Chapters 5 
and 18. 

Rates of Change 

The rates of change of current and rates of change of 
electric field are both important parameters of a lightning 
flash. The standardized lightning environment, discussed 
in Chapter 5, is largely based on measurements taken at 
ground level of cloud-to-ground lightning, but the meas-
urements taken on the F-106B [3.48], provide some exam-
ples of responses of aircraft subjected to triggered light-
ning flashes. 
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Fig. 3.23 Vertical fin currents [3.48]. 

 

 

Fig. 3.24 Recordings made during the flash [3.48]. 
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Fig. 3.25 Vertical fin current. A typical burst of pulses [3.48]. 
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Chapter 4 
 

THE EFFECTS OF LIGHTNING ON AIRCRAFT 

 

4.1 Introduction 

We had just taken off from Presque Isle, Maine, and 
had been in cruise power for 50 minutes, when a large 
thunderhead cumulus was observed directly on 
course. Lightning could be seen around the edges and 
inside the thunder head. All cockpit lights were on, and 
the instrument spotlight was full on, with the door 
open. I had just finished setting the power and fuel 
flows for each engine. As the ship approached the 
thunderhead, there was a noticeable drop in horse-
power and the airplane lost from 180 MPH airspeed 
to 168 MPH, and continued to lose air speed due to 
power loss as we approached the thunderhead.  A few 
seconds before the lightning bolt hit the airplane, all 
four engines were silent and the propellers were wind-
milling. Simultaneous with the flash of lightning, the 
engines surged with the original power. The lightning 
flash blinded the Captain and me so severely that we 
were unable to see for approximately eight minutes. I 
tried several times, during this interval, to read cock-
pit instruments but it was impossible. The First Officer 
was called from the rear to watch the cockpit. Of 
course, turbulent air currents inside the cumulus 
tossed the ship around to such an extent that, had the 
airplane not been on autopilot when the flash occurred 
and during the interval of blindness suffered by the 
cockpit occupants, the ship could have easily gone 
completely out of control. The Captain and I discussed 
the reason for all four engines cutting simultaneously 
prior to the lightning flash and could not explain it, 
except for the possibility of a magnetic potential 
around the cumulus affecting the primary or second-
ary circuit of all eight magnetos at the same time. 

~ First Officer N.A. Pierson's experience on a flight 
from Presque Isle, Maine, to the Santa Maria Islands 
on July 9, 1945. 

 
 

It was not long after the beginning of powered flight that 
aircraft began being struck by lightning, sometimes with 
catastrophic results. Early wooden aircraft with metal con-
trol cables and guy wires were not capable of conducting 
lightning stroke currents of tens of thousands of amperes 
or more. Wooden structural members, and even the steel 
control cables, exploded or caught fire. Even if severe 
structural damage did not occur, pilots were frequently 
shocked or burned by lightning currents entering their 
hands or feet via control pedals or the stick. Sometimes fuel 
tanks caught fire or exploded. These effects, coupled with 
the air turbulence and precipitation also associated with 
thunderstorms, quickly taught pilots to stay clear of stormy 
weather. 

 
Early Research 

With the advent of all-metal aircraft, lightning strikes 
became more tolerable, but thunderstorms continued to be 
treated with respect. Nonetheless, because a few accidents 
attributed to in-flight lightning strikes continued to hap- 
pen, the Subcommittee of Aircraft Safety, Weather and 
Lightning Experts was formed by the National Advisory 
Committee for Aeronautics (NACA) in 1938 to study 
lightning effects on aircraft and determine what additional 
protective measures were needed. Dr. Karl B. McEachron, 
Director of Research at the General Electric High Voltage 
Laboratory, was a key member of this committee, and dur-
ing its twelve-year existence he performed the first simu-
lated lightning tests on aircraft parts. During and subse-
quent to this period, other organizations, such as the 
United Stated (US) National Bureau of Standards, the 
University of Minnesota, and the Lightning and Transi-
ents Research Institute (LTRI), and the aircraft manufac-
turing industry also began to conduct research into light-
ning effects on aircraft. 

 
  



74 
 

A major purpose of this chapter is to draw attention of 
aircraft designers to the many potential effects that light-
ning may cause to an aircraft, and so enable the lightning 
safety assessment to be conducted in a manner that will 
enable all potential safety hazards to be identified. 

 
The chapter is organized to explain the physical effects 

(also known as direct effects) of lightning, and then the in-
duced effects (also known as indirect effects) of lightning 
strikes to an airplane; the intent being to alert designers to 
possible hazards so that they can be avoided by design. 
Together these categories are intended to include all the 
effects of lightning on the aircraft. Examples of these ef-
fects from in-flight or laboratory test experience are pre-
sented. Lessons learned regarding each effect are also 
given.   
 

Later chapters will address protection against each ef-
fect, and in so doing provide further explanations of the 
mechanisms responsible for each.   

Physical effects 

For a long time, the physical damage effects at the 
points of lightning attachment to the aircraft were the main 
concern of protection design. These included holes burned 
in metal skins, puncturing, or splintering of nonconductive 
structures, welding or roughening of moveable hinges and 
bearings, and rupture of bond straps, control cables and 
rods that conduct lightning currents during a strike. If the 
lightning attachment point was a wing tip light or antenna, 
the possibility that some of the lightning current might be 
conducted directly into the aircraft's electrical circuits was 
also of concern. Today, these and other physical damage 
effects are often called the direct effects of lightning. Since 
present day military and commercial aircraft fly Instru-
ment Flight Rules (IFR) in many kinds of weather, protec-
tive measures against physical effects have been designed 
and incorporated into these aircraft so that hazardous con-
sequences of lightning strikes are rare. Ignition of fuel va-
pors due to arcs and sparks inside fuel tanks are also 
known as physical (direct) effects. 

Induced effects 

Since the installation of electronic equipment (espe-
cially solid-state electronics) in aircraft, it has become ap-
parent that lightning strikes may cause other effects to this 
equipment. For example, the operation of cockpit instru-
ments and navigation equipment has been interfered with, 
and circuit breakers have opened in electric power distri-
bution systems when aircraft have been struck by light-
ning. The causes of these effects are the electromagnetic 
fields, and the structural voltage rises associated with light-
ning currents flowing in the airframe. Even though metal 

skins provide a high degree of electromagnetic shielding, 
some of these fields penetrate directly through windows or 
seams and induce transient voltage surges in the aircraft's 
electrical wiring. The resistances of structural joints and of 
non-metallic (composite) structures permit voltages to oc-
cur between equipment locations in the aircraft. These 
surge voltages, in turn, may damage or upset electrical or 
electronic equipment. 

In some cases, it is unclear which category a particular 
effect falls within. An example is a current in a hydraulic 
tube that causes arcing at anodized pipe fittings that results 
in a fluid leak, loss of pressure and loss of flight control. 
One might call this a direct effect, but the physics that re-
sults in current in the tube is the same as that which in-
duces current in interconnecting wire harnesses. To avoid 
the risk of missing some effect of unknown origin, it is best 
not to put effects into broad categories, but instead to con-
sider them by type of effect. This is the approach that we 
will follow in describing the typical lightning effects that 
are shown in this chapter. 

In short, the recommendation is to consider all of them 
as lightning effects. If broad categories are desirable, it 
may be more appropriate to call them physical effects and 
induced effects, as we will do in this book. 

Some of the lightning effects that we will describe in 
this chapter are usually benign and little needs to be done 
to eliminate them (indeed, it is nearly impossible to get rid 
of all of the effects of lightning – a very severe environment 
due to its extremely high temperatures and strong over-
pressures, not to mention the very high electric currents 
and specific energies). 

A point to be remembered is that benign effects can also 
cause catastrophic consequences if they happen where and 
when the ‘right’ combination of other conditions are pre-
sent. 

Trends that can increase potential lightning hazards 

Lightning-related accidents involving commercial air-
craft are rare as compared with other causes, but there are 
two trends in aircraft design that threaten to aggravate the 
problem unless specific protective methods are incorpo-
rated in system equipment designs. The first of these is 
the increasing use of electronic systems to navigate and 
control the aircraft. 

The second trend is the increasing use of glass or car-
bon-reinforced plastics in place of aluminum structures, 
a practice that reduces the electromagnetic shielding 
previously furnished by the highly conductive alumi-
num skin. This reduced shielding may greatly increase 
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the level of surges induced in interconnecting wiring not 
protected by other means. Because electronic systems 
were becoming increasingly depended upon for safety 
of flight, the National Aeronautics and Space Admin-
istration (NASA), the Federal Aviation Administration 
(FAA), and the Department of Defense (DoD) initiated 
research programs, beginning in 1967, to learn how to 
measure or predict the levels of lightning induced volt-
ages and how to protect against them. A considerable 
amount of research has been conducted since then by 
government and industry organizations. This research 
has resulted in the development of techniques for quan-
tifying lightning induced effects, for protecting equip-
ment and systems from them and for verifying the ade-
quacy of protection. Much of this work was focused on 
protection of electrical and avionic systems, but it ap-
plies equally to protection of hydraulics, mechanical 
flight and landing gear controls, air conditioning, and 
other aircraft systems. 

Since the induced effects originate in the aircraft's 
electrical wiring, their consequences may show up any-
where within the aircraft, such as at equipment locations 
remote from the lightning flash attachments. The physi-
cal effects, on the other hand, occur most often at or near 
the points of lightning attachment, or within structures 
or fuel tanks that lie within lightning current paths be-
tween strike entry or exit points. This comparison is il-
lustrated in Fig. 4.1. It should be expected that lightning 
currents engulf the entire airframe and much of the elec-
trically conductive items installed within. 

4.2 Physical Effects on Metal Structures 

Metal structures include the outer skins of the aircraft, 
together with internal metal framework, such as spars, 
ribs, and bulkheads. The aluminum of which most of these 
structures are made provides excellent electrical conduc-
tivity and, because lightning currents spread out and flow 
through the entire airframe between lightning entry and 
exit points, the current density at most places in the air- 
frame is rarely sufficient to cause physical damage. Only 
if there is poor electrical bonding (contact) between struc-
tural elements in the current path is there likely to be some 
physical damage due to arcing between structural ele-
ments. On the other hand, where the current paths con-
verge to the immediate vicinity of an entry or exit point, 
there may be a sufficient concentration of magnetic force 
and resistive heating to cause damage. Damage at these 
points is further compounded by intense heat and blast 
forces from the lightning channel. Individual discussions 
of these effects follow. 

 

 

 

 

Fig. 4.1 Areas of physical and Induced Effects 

 

 

4.2.1 Pitting and Melt-through 

If a lightning channel touches a metal surface for a suf-
ficient time, the surface melts at the point of contact, called 
the arc root. Common evidence of this are the successive 
pit marks often seen along a fuselage or empennage, as 
shown in Fig. 4.2, or the holes burned in the trailing edges 
of wings or empennage tips, as shown in Fig. 4.3. Holes 
are typically melted in skins of 1 mm (0.046") thickness 
or less, except at trailing edges, where the lightning chan-
nel may hang on for a longer   time and melt holes through 
much thicker skins. Since a melt-through does not happen 
instantaneously, the continuing currents are the lightning 
flash components most responsible for pitting and melt-
through. The melt-through of skins is usually not a safety-
of-flight problem unless the skins enclose an area contain-
ing a flammable material, such as some thermal blanket 
materials or the vapor in an integral fuel tank. Small holes 
of the sort melted by lightning do not allow enough air loss 
to reduce cabin pressure to dangerous levels.
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Fig. 4.2 Successive pit marks extending aft from pitot 
boom. Initial leader attachment was at tip of nose 

boom of this USAF T-38 trainer operated by NASA 
(NASA Photo) 

 

Fig. 4.3 Hole melted in trailing edge corner of ventral fin. 
(Andy Plumer photo) 

Whether melt-through happens or not depends on the 
degree to which the lightning channel attaches to the metal 
surface in a concentrated or diffused (spread-out) manner. 
If the surface is an anode as in Fig. 4.4 there are not as 
many arc roots and the depth of melting is greater than if 
the attachment location is a cathode where there are many 
more arc roots and the energy dissipated at any one is

much less, as shown in Fig. 4.5. Electrons are emitted from 
a cathode and received at an anode. These differences are 
apparent on unpainted metal surfaces. If the surface is 
painted, the paint will concentrate the current regardless of 
whether the surface is an anode or a cathode so that all the 
current enters (or exits) at one spot. Examples are shown 
in Figs. 4.6 and 4.7. 

 

 

Fig. 4.4 Anode spot on unpainted aluminum surface. 
(Laboratory test result, Dimension in inches) 

(Lightning Technologies, Inc. photo) 

 

 

Fig. 4.5 Cathode spots on unpainted aluminum surface. 
(Laboratory test result. Dimensions in inches) 

(Lightning Technologies, Inc. photo) 
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Fig. 4.6 Typical lightning attachments to rivet and fas-
tener. Note the thermal “halo” in the surrounding paint 
and discoloration of paint aft (Left) of the strike point. 

(Andy Plumer photo) 

 
A painted, flush mounted rivet will attract lightning re-

attachment as shown in Fig. 4.7. This is because there is a 
small intensification of the electric field at the rivet edge 
when a sweeping channel passes nearby. 

 

Fig. 4.7 Lightning channel reattachment to painted flush 
rivet.  Note the thermal “halo” in the surrounding pain 

and darkening of paint aft (left) of the strike point. 
(Andy Plumer photo) 

Holes melted in aluminum skins that enclose fuel have 
allowed ignition and explosion of fuel vapors, and holes 
melted in other aluminum skins have allowed ignition of 
other flammable materials such as thermal blankets. Some 
strikes produce many melt spots, often but not always, at 
edges of rivets or fasteners. Examples are shown in Fig. 
4.8. When the lightning channel happens to reattach to a 
rivet, the thermal mass of the rivet usually prevents a hole 
from being melted through the entire thickness of the skin.   

 

Fig. 4.8 Cluster of melted spots in painted aluminum fu-
selage skin.  All are due to multiple reattachments in one 
strike.  This cluster covers a region ~1 m in length along 

the lower fuselage of regional jet airplane. 
(Andy Plumer photo) 

Hagenguth [4.1] found that the size of hole melted in an 
aluminum sheet of a given thickness could be approximated 
by the following two empirical expressions: 

A = 0.93Q t −.09 for 0 < t < 0.8 mm 
 
A = 0.81Q t −1.54 for 0.8 < t < 4 mm 
 

where, 
 

A = area of hole melted (square millimeters) 
Q = charge (coulombs) delivered to the point by the arc 
t = thickness of metal sheets (centimeters). 

The rate of charge delivery for the above experiments 
was 200 A. This is similar to the amplitudes of the contin-
uing currents in a lightning flash. 

Further discussion of and design of protection against 
melt-throughs is discussed in Chapters 6 and 7. 

1. The amount of electric charge delivered to a spot and 
the rate at which this is delivered are the important 
lightning characteristics that influence melting of 
holes.   

2. Holes into integral fuel tanks or other fuel vapor areas 
can lead to explosion of vapors. Holes elsewhere may 
not be of immediate concern unless there are flamma-
ble materials nearby, or other vulnerable systems.   

3. If left unrepaired for extended periods, holes may be 
the source of crack initiation.   

   So does the usual presence of a sub-structural element 
to which the skin is fastened. But if the channel happens 
to re-attach at a spot where there is skin only, a hole is 
more likely. Some of each are shown in Fig. 4.8. 
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4.2.2 Magnetic Forces 

Metal skins or structures may be deformed because of 
the intense magnetic fields that accompany concentrated 
lightning currents near lightning attachment points. It is 
well known that when electric currents flow in the same di-
rection through two or more parallel wires, mutual attrac-
tive forces act on the wires. If the structure near an attach-
ment point is viewed, electrically, as being made up of 
many parallel conductors converging to the lightning at-
tachment point, then as lightning current flows from the 
point, forces occur which tend to draw these conductors 
closer together. If a structure is not sufficiently rigid, 
pinching or crimping may occur, as shown in Fig. 4.9. The 
amount of damage produced is proportional to the square 
of the amplitude of the lightning stroke and is more or less 
proportional to the time duration of the stroke. Thus, the 
stroke currents, because of their high amplitudes, are the 
components of a lightning flash primarily responsible for 
magnetic force damage. 

 
Fig. 4.9 Example of magnetic pinch effect at              

lightning attachment points. 
(NASA Photo) 

In addition to light-weight control surfaces, other items 
that may be damaged by magnetic forces include electrical 
bond straps in concentrated current paths, lightning di-
verter strips on non-metallic structures, antennas, air data 
probes, or any other object that may conduct concentrated 
lightning stroke currents. Magnetic force damage is usu-
ally not significant enough, by itself, to require abortion of 
flight, and may not even be detected until the aircraft is 
inspected following a strike. Bond straps that must con-
duct significant amounts of lightning current, such as 
across stabilizer trim actuators have been exposed to mag-
netic forces that have broken the straps or pulled them out 
of their attachment lugs. Guidelines for controlling mag-
netic force effects are contained in Chapter 6.

Lessons learned regarding magnetic forces include, 

1. The possibility of magnetic forces is often overlooked. 
Examples are a bond strap that is designed with adequate 
cross-section which may break if the strap is installed 
with a bend, or two aluminum hydraulic tubes installed 
in parallel that may slam together and break if exposed 
to lightning currents. A hollow push rod to an elevator 
may be crushed if it must carry excessive current.   

2. Some lightning test standards and test plans do not re-
quire that the test specimens be tested in a configuration 
with nearby conducting objects that represents the air-
craft installation. 

4.2.3 Pitting at Structural Interfaces 

Wherever inadequate electrical contact exists between 
two mating surfaces, such as at control surface hinges, 
wheel bearings or door stops that must conduct lightning 
currents, melting and pitting of these surfaces may occur. 
Examples are at access door stops shown in Fig. 4.10. Cur-
rent was transferred from the door to the fuselage via the 
door stops. 

Other examples are the nose wheel axle and bearing shown 
in Fig. 4.11.   

 

 

 
 

Fig. 4.10 Evidence of arcing at crew escape door stops 
during strike to door [4.2] 
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Fig. 4.11 Nose wheel axle and bearing after arcing due 

to lightning strike to nose wheel [4.2] 
 

4.2.4 Resistive Heating 

Another physical effect is the resistive heating of con-
ductors exposed to lightning currents. When the resistivity 
of a conductor is too high, or its cross-sectional area too 
low for adequate current conduction, lightning currents 
may deposit appreciable energy in the conductor, raising 
its temperature excessively. Since the resistivity of most 
metals increases with temperature rise, a given current in 
a heated conductor deposits more energy than it would in 
an unheated, less resistant conductor. Most metal struc-
tural elements can tolerate lightning current with little 
change in temperature. The methodology for determining 
temperature rises in conductors of specific material or 
cross-sectional size is described in Chapter 6. 

Resistive energy deposition is proportional to the inte-
gral of the square of the lightning stroke current whose 
time duration (usually less than 500 µs) is short enough 
that most of the energy is deposited in the conductor before 
it can be conducted or radiated away. This is called the 
action integral (also specific energy) of the current and is 
discussed more fully in Chapter 5. For any conductor, 
there is a lightning stroke current action integral value at 
which the conductor will melt and vaporize (see Fig. 4.12). 
Small diameter copper wires of the sizes commonly used 
to interconnect avionic equipment or supply power to 
small loads (AWG 20 and 22), often melt or vaporize when 
subjected to significant amounts of lightning current. 

 

Fig 4.12 Action integral (A2s) vs temperature rise in a 
metal conductor. 

Examples of the damage produced by explosive vapor-
ization of small-diameter conductors are shown in Figs. 
4.13 and 4.14. The damage is usually most severe when 
the exploding conductor is within an enclosed area, such 
as the composite wing tips shown in Fig. 4.14. When the 
energy of an explosion is contained within an enclosure 
such as this, the pressure builds up until it is sufficient to 
rupture the enclosure. The chemical energy from the com-
bustion of the wire is added to the energy deposited by the 
lightning current, increasing the total damage. 

For carbon fiber reinforced plastic (CFRP) structures, 
the temperature rise is very significant due to the higher 
resistance of carbon as compared with most metals. How-
ever, this high temperature will melt and ignite resins be-
fore the carbon is vaporized so the carbon reinforced com-
posite material is damaged in other ways as described in § 
4.2.3.   

Exposure of the wiring 

Most aircraft electrical wiring is installed within conduc-
tive airframes, and thus is not exposed to significant 
amounts of the lightning current. There are some excep-
tions, however. For example, a wiring harness feeding a 
wingtip navigation (NAV) light might be installed on an 
unprotected, fiberglass wingtip. A lightning strike to the 
navigation light would vaporize the wire harness, causing 
an explosion as the lightning current path formed as a 
plasma inside the wingtip. Such an explosion can do ex-
tensive damage to the enclosing wingtip and surrounding 
structures. Fig. 4.13 is an example of this type of explosive 
damage to a radome that enclosed a small diameter wiring 
harness feeding a pitot heater. The shock-wave damage to 
the aluminum wings of a small airplane (shown in Fig. 
4.14) occurred when the NAV light wire harness exploded 
inside the fiberglass wingtips. This strike entered one wing 
tip and exited from the other, so the effects at each tip were 
the same. 
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Fig. 4.13 Lightning damage to radome, probably 
caused by an exploding pitot tube ground wire.  

(USAF photo) 
 

Fig. 4.14 illustrates the fact that effects of lightning cur-
rents at “entry” and “exit” locations are the same if the sur-
face or structure materials at these locations are the same. 
It makes no difference whether the lightning has “entered” 
or “exited” at locations of similar design. The physical ef-
fects are the same.   
 

The small single engine airplane of Fig. 4.14 experi-
enced a severe cloud-to-earth strike that attached to both 
wing tip NAV lights. Since the wing tips were of fiber

glass without lightning protection, the only path to the air-
plane was via the NAV light wire harnesses. These ex-
ploded, the fiberglass tips were blown away, and the phys-
ical damage to the aluminum outboard wing tips was due 
to the overpressure, momentarily contained within the fi-
berglass wing tips, from the exploding wire harness. Some 
of the lightning current commuted to the airframe via the 
tip ribs, but enough current was conducted into the aircraft 
electrical system via the remaining light harnesses to burn 
out all the electrically operated cockpit instruments and ra-
dios. The strike happened in daylight and the pilot man-
aged to land safely at a nearby airport. 

 
Exploding wire harnesses are one of the most common 

and damaging lightning effects. They have not, as far as is 
known, had catastrophic consequences because these har-
nesses are usually found in secondary structures that are 
not flight critical. There is no reason, however, to allow 
these situations to persist, because protection is easily ap-
plied, as will be described in Chapter 6. Such protection 
can also minimize the possibility of conducting lightning 
current surges into power distribution or avionic systems, 
or into control cables that might be damaged with cata-
strophic consequences. 

 
 
 
 
 
 
 



81 
 

 

 
  

 
 

 
Close-up view of damaged right wing tip 

Fig. 4.14 Damaged wingtip structures due to exploding navigation light wire harnesses.  
Flash entered at one wing tip and exited from the other. Both fiberglass wingtips  

were blown off the wingtips in flight.  
(National Transportation Safety Board photo) 

 

 

 

Left wing tip, showing overpressure damage to               
aluminum outer wing. 

Right wing tip, showing overpressure damage to alu-
minum outer wing. 
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4.2.5 Shock Wave and Overpressure 

 When a lightning stroke current flows in an ionized leader 
channel, a large amount of energy is delivered to the chan-
nel in several hundred microseconds. This causes the 
channel to expand with supersonic speed. Its temperature 
has been measured by spectroscope techniques to be 30 
000 °K and the channel pressure (during expansion) is 
about 10 to 15 atmospheres [4.3]. When the supersonic ex-
pansion is complete, the channel diameter is several centi-
meters, and the channel pressure is in equilibrium with the 
surrounding air. An example of the pressure wave from a 
stroke current of moderate amplitude is shown in Fig. 4.15. 
Later, the channel continues to expand more slowly to the 
equilibrium situation of a stable arc. The cylindrical shock 
wave propagates radially outward from the center of the 
channel and, if a hard surface intervenes, the kinetic en-
ergy in the shock wave is transformed into a pressure rise 
several times that of the shock wave. The overpressure 
close to the channel is very high. 
 
 

 
 
Fig. 4.15 Pressure vs. radius at four times dues to a  

30 kA arc [2.14]. 
 
 

Depending on the distance of the channel from the air- 
craft surface, overpressures at that surface can be as high 
as several hundred atmospheres. The lightning channel 
does not have to contact a surface to inflict damage upon 
it but may simply be “swept” into close proximity to the 
surface a s  t h e  aircraft flies through the lightning chan-
nel. A common example of this effect is a shattered 
cockpit windscreen, as illustrated in Fig. 4.16. 

 
In some instances, the effects of the shock wave are suf-

ficient to fracture the windscreen and allow lightning cur-
rents to enter the anti-ice heating element as discussed fur-
ther in Chapter 6. 
 
 
 
 

 
 
 

 
Fig. 4.16 Shattered exterior ply of cockpit  

windscreen [4.2]. 
 

 
Examples of shock wave implosion damage include 

cracked or shattered windshields and navigation light 
globes. Modern windshields, especially those aboard 
transport aircraft, are of laminated construction and of suf-
ficient strength to withstand these shock waves without be-
ing completely broken. However, broken windshields re-
sulting from a lightning strike are considered a possible 
cause of the crash of at least one propeller-driven aircraft 
[4.4]. 

4.2.6 Effects on Other Systems 

All systems within an aircraft potentially experi-
ence lightning effects. Several of the more common 
examples are as follows. 

Hydraulics 

Hydraulic tubes share the lightning currents that are 
conducted through an airframe between lightning entry 
and exit locations. Where hydraulics are routed be-
tween the fuselage and one of the stabilizers, these cur-
rents may be in the 10s of kiloamperes because the 
tubes are often exposed to strong magnetic fields from 
lightning currents flowing in nearby torque tubes or 
other control mechanisms. In other words, the hydrau-
lic tubes comprise a major current path between stabi-
lizers and fuselage. 
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The tubes themselves are exposed to magnetic force 
effects which can cause mechanical failures, and the 
couplings are potentially exposed to electrical arcing, 
especially if they include nonconductive corrosion re-
sistant surface finishes in the coupling interfaces. If 
arcing happens in the couplings, it is likely that fluid 
leaks develop, possibly resulting in loss of pressure and 
control function. Similarly, hydraulic power cylinders 
have lost pressure due to arcing between piston and 
cylinder. There have been several incidents of transport 
aircraft having lost elevator control function. 

Guidance for protection of hydraulic systems is pre-
sented in Chapter 6. 

Landing Gear 

Landing gear are exposed to direct lightning strikes 
when extended, and when parked on the ground. Light-
ning strikes to nose gear seem to be the most common, 
but main gear have also been struck. The nose and main 
gear are in lightning strike Zones 1B and 3, so must 
conduct all the currents in the lightning flash. Typical 
effects of these currents are: 

1. Arcing between axle and bearing as was shown in 
Fig. 4.11. 

2. Arcing among ball bearings, races, and surfaces. 

3. Arcing damage to brake shoes. 

4. Damage to tires. If tires are metal reinforced the 
stroke currents may go into the reinforcing strands 
and damage tire material in the process. Otherwise, 
the lightning currents flash harmlessly across the 
outside surfaces of the tires. The higher pressure 
inside the tires makes it more likely for ionization 
and flashover to happen on the outside surface of a 
tire than for this to occur on the inside. 

5. Damage to electronic control systems due to high 
amplitude lightning currents in the wire harnesses 
from wheel-mounted sensors and actuators. 

Cabin Interiors 

When aircraft skins are struck by lightning there is a 
likelihood of melting of aluminum skins and cracking, 
of CFRP skins, so that items on the interior of these 
skins may be exposed to some of the effects of 
lightning. 

Examples that have occurred are ignition of cabin 
insulation material and current entry into nearby wire 
harnesses. Other possibilities would appear to be: 

1. Any effects of high temperatures (at or above the 
melting temperature of aluminum (660 °C) or the 
temperature of an electric arc (up to 20 000 °C) in 
the event that a hole is melted in the skin and items 
inside the skin are exposed to the lightning channel 
(arc). 

2. The effects of composite resin burning due to 
contact of lightning with an unprotected composite 
skin. The lightning channel is capable of igniting 
resin in most composite skins. 

3. Contact of deformed metal skins or cracked or 
broken fibers of a CFRP skin with nearby 
electrically conductive components or materials 
that would be damaged by electrical arcing. Such 
arcing can be an ignition source for flammable 
materials. 

4. Lightning current conducted into the airplane due 
to a strike to an externally mounted electrical 
device, such as an antenna, air data probe, or light. 
(This effect is also to be addressed when designing 
the installations of externally-mounted items.) 

5. Shock wave damage or dielectric breakdown and 
puncture or cabin windows, access panels, or doors 
that could expose personnel to safety hazards. 

6. Strikes to drain tubes fabricated of electrically 
conductive materials that comprise a pathway for 
lightning currents to reach the interior of the 
aircraft. Such tubes may provide a path to devices 
or systems that are not considered susceptible to 
lightning effects. 

4.3 Physical Effects on Highly Resistive 
Structures 

Early aircraft of wood and fabric construction would 
probably have suffered more catastrophic damage from 
lightning strikes had it not been for the fact that these air- 
craft were rarely flown in weather conducive to lightning. 
The all-aluminum aircraft that followed, were able to fly 
in or near adverse weather and receive strikes but, because 
aluminum is an excellent electrical conductor, severe or 
catastrophic damage from lightning was rare. The use of 
separate (non-integral) fuel tanks may have aided this sit-
uation. Electronic systems (mostly radio transmitters) and 
receivers utilized vacuum tubes that are inherently more 
robust than the solid-state electronics used today, and 
many other functions now routinely performed by elec-
tronics were operated mechanically “by hand”. 

However, today there is a trend, toward use of non- me-
tallic materials in aircraft construction. These materials, 
which include glass fiber reinforced plastic (GFRP) and 
CFRP are being used because they offer cost and weight 
reductions. 
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Nonconductive Composites 

Nonconductive composites include (GFRP) and some 
other reinforced plastics. Some of these materials have be-
gun to replace aluminum in secondary structures, such as 
nose, wing and empennage tips, tail cones, wing-body 
fairings, and control surfaces and, in several instances, 
entire aircraft have been fabricated of nonconductive com-
posites.   

When nonconductive, composite material encloses a 
metal object, such as a radar antenna, the electric fields that 
exist during the strike attachment process can penetrate the 
composite surfaces and initiate streamers from the metal ob-
jects inside. Unless some conductive layer or other device 
is applied to stop the electric field penetration, these 
streamers may puncture the composite as they propagate 
outward to establish a lightning attachment. This puncture 
begins as a pinhole but if the stroke currents and their ac-
companying blast and shock waves soon follow, they in-
flict much more extensive damage. The process begins 
with streamer formation inside the composite, as shown in 
Fig. 4.17. If the field is present for a sufficient time, some 
of the field concentrates at the composite wall, producing 
a puncture. 

 

Fig. 4.17 Mechanism of puncture of a radome 
 

An example of puncture damage on a fiberglass honey-
comb radome is shown in Fig. 4.18. In this example, a 
streamer evidently propagated from the radar antenna, 
puncturing the fiberglass-honeycomb wall and rubber-ero-
sion protection boot on its way to establish a lightning 
leader as part of the aircraft lightning strike process de-
scribed in Chapter 3. The stroke current must have been 
responsible for most of this damage. If only a streamer 
punctures a radome, the result is less noticeable pinholes 
on the exterior surface and often a disbond of the inner 
surface of the composite sandwich. Examples of these ef-
fects are shown on Figs. 4.19 and 4.20. 

 

 
Fig. 4.18 Puncture of a fiberglass- 

honeycomb radome. 

 
Fig. 4.19 Pinholes in radome due to streamers. 

 
Fig. 4.20 Dis-bond of fiberglass sandwich inner sur-

face due to streamer puncture. 

The reason for the difference in responses of the exte-
rior (Fig. 4.18) and interior (Fig. 4.20) surfaces is likely 
the difference in pressure between exterior and interior of 
the radome. 

Means to protect radomes and other nonconductive 
composite structures are described in Chapter 6. 
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Conductive composites 

Composites reinforced with carbon fibers do have elec-
trical conductivity and, because of this, their behavior with 
respect to lightning is considerably different from that of 
nonconductive composites. CFRP are employed exten-
sively both in secondary and primary structural applica-
tions. The resins include epoxy and polyester which are 
non-electrically conductive. Carbon Fiber Composite 
(CFC) laminates are also employed in many propellers and 
helicopter rotor blades, either as skins, reinforcing spars, 
or both. Sometimes an entire airframe has been fabricated 
of CFRP.   

The electrical conductivity of CFRP laminates is in the 
reinforcing carbon fibers, so CFRP is not isotropic, but de-
pends on the directions of these fibers in the laminates.   

Most composites are comprised of multiple layers 
(plies) of either aligned fibers in one direction, or woven 
fabrics where fibers are in two directions. There are many 
configurations in use, tailored to mechanical loads and 
other structural requirements.   

In a unidirectional (UD) laminate, the highest electrical 
conductivity is in the direction of the fibers. The conduc-
tivity perpendicular to the fiber direction is usually much 
less than the in-line conductivity. The electrical conduc-
tivity normal to the plane of the laminate (i.e., among sep-
arate plies) may vary from zero to a value much lower than 
the in-plane conductivities. This is due to the (usual) resin-
rich areas between plies. Attempts to add conductivity by 
formulating an electrically conductive resin while main-
taining necessary adhesive and mechanical properties have 
not been successful for aircraft applications. 

There are also other forms of composites, employing 
chopped fibers in a random array throughout the volume 
of a structural item. These are found less often in aircraft 
applications. 

The main lightning effects on CFRP materials are: 

1. Overheating due to current in the carbon fibers. This 
is often called “ohmic heating”. 

2. Cracking or fracturing of plies due to the shock wave 
radiating from the stroke currents. 

 

 

3. Delamination of plies from one another as a result of 
either the overheating outgassing of resin within the 
composite, or the shock wave applying mechanical 
bending force to the laminate.   

If the carbon fibers get very hot, this will melt, vaporize, 
and ignite the surrounding resin. Being stiffer than alumi-
num skins of equivalent thickness, CFRP skins may crack 
or fracture in response to impinging shock waves from 
lightning stroke currents, while most aluminum skins are 
sufficiently ductile that they can absorb this energy by de-
forming, but not usually rupturing. All these effects are 
due to the stroke currents in the lightning flash. 

The volume resistivity of CFRP varies with density and 
direction of fibers as noted above, but may average about 
6 x 10-3 ohm-cm in the plane of the fibers, whereas that of 
aluminum is about 3 x 10-6 ohm-cm. Thus, CFRP lami-
nates must dissipate up to 2 000 times as much energy as 
aluminum skins when conducting the same amount of 
lightning current. 

The intermediate and continuing currents amplitudes 
are much lower than the stroke currents do not have suffi-
cient amplitude, nor do they emit overpressures that would 
produce effects similar to the stroke currents. These cur-
rents do cause burning away of the resin in CFRP surfaces, 
leaving the fibers in disarray. 

The voltage rise due to current flow through the re-
sistance of the CFRP contributes to the voltages and cur-
rents that are induced into the interconnecting wiring 
within the aircraft. This voltage also drives some of the 
lightning current into interior structural elements and sys-
tems, which would not otherwise experience such high 
current were they part of an all-aluminum aircraft. This ef-
fect and the means to protect against hazards associated 
with it are addressed in subsequent chapters. 

Fig. 4.21 shows the back sides of two test panels, one 
of aluminum and one of unprotected CFRP, both of which 
had been subjected to the same simulated lightning test. 
The aluminum panel was only dented, but the CFC panel 
was broken. 
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Fig. 4.21 Lightning effects to interior surfaces of alumi-
num and CFRP skins 1 mm (40 mils) thick 

(a) Aluminum, showing deformation and a small  
   melt-through  

(b) CFRP, showing cracked and broken piles 

Other plastics 

Transparent acrylics or polycarbonate resins are often 
utilized for cabin windows, canopies, and lamp enclosures. 
These materials are usually found in locations where light-
ning may initially contact the airplane, or where lightning 
channels containing stroke currents may attach or “sweep” 
by. Most of the polycarbonates isotropic, are very good 
electrical insulators and do not experience puncture as readily 
as fiberglass reinforced plastics do. The electric field does 
penetrate these enclosures, inducing streamers from con-
ducting objects inside, but the streamers are not usually 
able to puncture a polycarbonate, which have higher die-
lectric strengths. 

Fighter pilots beneath polycarbonate canopies have of-
ten reported electric shocks indicative of streamering off 
their helmets. Fortunately, the streamer current levels (a 
few amperes) have not caused injuries because the stream-
ers have not become part of the lightning leader (100’s –  
1 000’s of amperes). Leaders originating outside of a can-
opy from a conductive frame may flash along its surface. 
This sometimes leaves scorched paths on the outer sur-
faces of canopies, as shown in Fig. 4.22. Scorches like this 
can sometimes be polished away, but, in other cases, it has 
been necessary to replace the canopy. 

 
Fig. 4.22 Evidence of lightning attachment to canopy 

fastener and scorching of canopy. (USAF Photo) 

Effects on Personnel 

The bright flashes from nearby lightning channels have 
been known to temporarily disorient pilots. When a strike 
occurs at night, a pilot may become blinded for up to 30 
seconds by the bright flash. This is not as severe in day-
light when the eye is not as sensitive. 

The electric fields associated with the lightning strike 
attachment process or with the charge in a nearby lightning 
channel have induced currents in personnel exposed to 
such fields penetrating windows or GFRP surfaces of suf-
ficient magnitude to cause electric shock. In at least one 
case, either electric shock or blindness caused a fighter pi-
lot to lose control of his aircraft at low altitude, resulting 
in a fatal accident. When two pilots are available, usually 
only one of them is assigned to look through the wind-
shield during flight conditions where lightning strikes are 
likely. The other pilot focuses on cockpit instruments so 
that the aircraft can continue to be flown safely. 

Electric shock may also result from differences in po-
tential among control handles and pedals that may happen 
if these items are not electrically bonded to an airframe 
that provides an equipotential reference during a lightning 
strike. A metal airframe does this quite naturally, but one 
fabricated largely of composites may require additional 
measures to control potential differences to safe levels.  
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 The potential differences described above are due to 
structural voltages and electromagnetic fields that arise as 
lightning current flow through the airframe. These effects 
are described more fully in Chapters 8 through 12. 

In addition to the physical effects described in the pre-
ceding paragraphs, replacement of metal skins with non-
metal materials removes the inherent protection against 
electromagnetic field penetration that is an important by-
product of aluminum skins. Unless specific protective 
measures are taken, electrical wiring and electronic com- 
ponents inside nonconductive skins are much more sus-
ceptible to the induced effects of lightning than are those 
inside metal skins. 

4.4 Effects on Fuel Systems 

Lightning interactions with aircraft fuel systems repre-
sent one of the most catastrophic potential hazards to flight 
safety. An electric arc conducting only one ampere of cur-
rent is sufficient to ignite flammable hydrocarbon fuel va-
por, yet lightning flashes may inject thousands of amperes 
of current into an aircraft and through structures containing 
flammable fuel vapors. Ignition or explosion of fuel va-
pors has usually resulted in a catastrophic failure condition 
from which the aircraft cannot recover. 

There are several dozen civil and military aircraft acci-
dents on record that have been attributed to lightning- re-
lated ignition of fuel vapors. Two examples are discussed 
in [4.5] and [4.6]. Although the exact source of ignition in 
each case remains obscure, the most likely possibility is 
that electrical arcing or sparking occurred at some struc-
tural joint or plumbing interface that was not intentionally 
designed to conduct electric currents. Some accidents have 
been attributed to lightning ignition of fuel vapors exiting 
from vent outlets, but this possibility has never been con-
firmed. The airstream flowing past a vent outlet dilutes the 
vapor so that it is no longer flammable.   

Several other fuel tank explosions were the result of the 
melting of holes through metal skins. In two cases, aircraft 
experienced strikes to condensate drains, causing arcing at 
the interfaces between the drains and the tank skins. In ad-
dition to the physical effects described above, there are 
several instances in which induced effects have been re-
sponsible for the ignition of fuel [4.7]. Lightning induced 
voltages in aircraft electrical wiring are believed to have 
produced sparks at capacitance-type fuel probes inside the 
fuel tanks of several military aircraft, causing the fuel va-
por to explode, in some cases leading to the loss of the air-
craft. Capacitance-type fuel probe installations are usually 
designed to tolerate hundreds of volts without sparking, 
and laboratory tests have shown that the voltage required

 to spark a typical capacitance-type probe is many times 
greater than that induced in most fuel quantity indicating 
system (FQIS) circuits by lightning. However, several in-
stallations have had FQIS wiring installed within fixed 
leading or trailing edge regions that are not well shielded 
from lightning electromagnetic fields.   

These fields have induced voltages much higher than 
those found in wire harnesses completely enclosed by an 
airframe. 

The availability of improved test and instrumentation 
techniques along with numerical simulation codes has led 
to greater understanding of the processes of lightning cur-
rent flow in fuel tank structures and into systems installed 
within the tanks. This has enabled more complete identifi-
cation of potential ignition sources, allowing more effec-
tive protection designs to be made. This topic is discussed 
more fully in Chapter 7. 

4.5 Direct Strike Effects on Electrical  
Systems 

If an externally mounted electrical device, such as a 
navigation lamp or antenna, happens to be located where 
lightning attachments may occur, protective globes or fair-
ings may shatter and permit some of the lightning current 
to be conducted directly into associated electrical wiring. 

In the case of a wing tip navigation light, for example, 
lightning may shatter the protective globe and light 
bulb(s), allowing the lightning channel to attach to the 
lamp elements so that some of the lightning current enters 
the wire harness running from the lamp to the power 
source. Even if only a fraction of the total current enters 
these wires, they may be too small to conduct the current 
and may be melted or vaporized, as described in §4.2.4. 

The accompanying voltage surge may cause breakdown 
of insulation or damage to other electrical equipment pow-
ered from the same source. At best, the struck circuit is 
disabled, and, at worst, other equipment powered from the 
same source is also disabled, perhaps impairing flight 
safety. There have been many examples of this effect, in-
volving both military and civilian aircraft. The externally 
mounted hardware most frequently involved includes nav-
igation lights, antennas, windshield heaters, and air data 
probe heaters and, in earlier days, the trailing long-wire 
antennas that were deployed in flight for high frequency 
radio communications. The latter were quite susceptible to 
lightning strikes and, since the antenna wires were too 
small to conduct the lightning currents, they were fre-
quently burned away. The high frequency radio sets feed-
ing these antennas were often damaged, and cockpit fires 
were not uncommon. 
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Example of damage 

When the lightning channel attaches to an external elec-
trical device (such as a wingtip light) mounted on a non-
conductive portion of an airframe, the lightning current is 
forced to flow through the device’s wire harness to get to 
the airframe. The damage from such an incident can be ex-
tensive. An example of this type of damage occurred to a 
small aircraft as shown in Fig. 4.23. This aircraft had fi-
berglass wingtips which were not protected from light-
ning. Each tip contained a fuel tank. The details of this in-
cident, described below, will be used to illustrate several 
possible lightning effects. 

The aircraft was flying at about 900 m (3 000 ft.) in light 
rain and moderate turbulence when it was struck by light-
ning. The pilots had seen other lightning flashes in the vi-
cinity before their aircraft was struck, and embedded thun-
derstorms had been forecast enroute, but there had been no 
storm cells visible on the air traffic control (ATC) radar 
being used to vector the aircraft (which had no weather ra-
dar of its own). 

 

Fig. 4.23 Small aircraft with fiberglass wing tips. 

The lightning strike entered one wing tip and exited 
from the other. It sounded to the pilot like a rifle going off 
in the cabin, and the cabin immediately filled with smoke. 
The full list of effects from this strike is given below. 

1. The No.1 very high frequency (VHF) communication 
set was burned out. 

 
 

2. Seventy-five percent of the circuit breakers were 
tripped, of which only 50% could be reset later. 

3. The left wing tip tank-fuel quantity indicator was dis-
abled. 

4. The right main tank-fuel quantity indicator was badly 
damaged. 

5. Several instrument lights were burned out. 
6. The navigation light switch and all the external lights 

were burned out. 
 

Despite these effects the pilot was able to land the air-
craft at a nearby airport. Subsequent inspection showed 
extensive damage to the right- and left-wing tips and to 
their electrical wiring. The lightning attachment points, 
and physical effects are pictured in Fig. 4.24(a) through (f) 
and are represented by a diagram in Fig. 4.25. 

Sequence of events 

The physical evidence suggests that the flash included 
two or more strokes, separated by a few milliseconds of 
continuing current. Assuming, for purposes of explana-
tion, that the original lightning flash “entered” the right 
wing tip and “exited” from the left wing tip, the probable 
sequence of events was as follows: 

The initial point of lightning entry was the right wing 
tip navigation light housing, Fig. 4.24(a). Current from this 
stroke entered the housing ground wire and exploded both 
sections of it on the way to the right outboard aluminum 
rib. (This is evidenced by the absence of these wires and 
the blackened interior shown in Fig. 4.24(b)). Current was 
conducted through the airframe to the left outboard rib and 
out the tank-sender unit ground wire to the sender unit, the 
base of which is shown in Fig. 4.24(c). From there, the 
current followed the filler gap ground braid and exited the 
aircraft at the filler cap, Fig. 4.24(d). The current exploded 
the sender-unit ground wire but not the heavier filler-cap 
ground braid, which was only frayed. Sparks undoubtedly 
occurred inside the fuel tank along the ground braid and 
between the filler cap and its receptacle, but the aviation-
gasoline fuel vapor in the ullage of the half-full tanks was 
probably too rich to support ignition. 
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Fig. 4.24 Attachment points and direct 
effects on GFRP wing tips

Blast forces from stroke No.1, at the right navigation 
light housing, also shattered the lamp globe and bulb, as 
shown in Fig. 4.24(a). This shattering allowed a portion of 
the first stroke current to enter the right navigation light 
power wire, exploding it between the lamp and the outer 
rib, where the current jumped to the rib and continued 
through the rest of the airframe to the left sender unit 
ground wire. 

Lightning current flowing in the navigation-lamp power 
wire elevated its voltage to several thousand volts with re-
spect to the airframe, a voltage high enough to break down 
the insulation at the outer rib feed through point, as shown 

in Fig. 4.25. Until breakdown occurred here, a few micro-
seconds after the first stroke began, the wire was at a suf-
ficiently high voltage to break down the insulation be-
tween itself and the neighboring sender wire. This break-
down occurred along the full length of the wire, inside the 
right wing. The portion of the current that arced into the 
sender wire caused a large voltage to build up across the 
inductance of the right wing tip fuel-gauge magnet, to 
which this wire was connected. This voltage, in turn, 
sparked over the gap between the gauge terminal and the 
nearest grounded housing wall, the arcing badly damaging 
the gauge unit. While the navigation light power wire was 
also exploded, it is probable that this did not occur until 
the second stroke. 

(a) Right wing tip NAV lamp housing. (b) Interior of right wing tip. 

(c) Left wing tip fuel tank sender unit. (d) Left wing tip fuel filler cap. 

(e) Right wing tip and puncture at trailing edge. (f) Left wing tip lamp housing. 
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Since the aircraft was moving forward, the entry and 
exit points of the second stroke were farther aft on both 
wing tips than those of the first stroke. Since no other 
metal components were present aft of the first stroke entry 
point on the right wing tip, the second stroke punctured a 
hole in the fiberglass trailing edge and contacted the metal 
outboard rib, as shown in Fig. 4.24(e). As shown in Fig. 
4.25, current from this stroke proceeded through the air-
frame to the left wing tip, where, by this time, the stroke 
had swept aft, adjacent to the navigation lamp (Fig. 
4.24(f)). From this point, the stroke current exited. Current 
from stroke No.2 thus probably arced between the left 
outer rib to the navigation lamp power wire (the ground 
wire having been vaporized by the first stroke) and fol-
lowed the lamp power wire to the lamp housing. The 
power wire was vaporized by the current from the second 
stroke. 

Both left and right navigation lamp power wires were 
connected in the cabin and to both the 12 VDC bus and the 
tail light. The voltage and current surges which entered the 
lamp power wires inboard of the outer rib feedthrough 
were also conducted to the tail light (burning it out) and to 
the 12 VDC bus. The surge voltage on the bus was, of 
course, immediately imposed on all the electrical equip-
ment powered from this bus. This included all of the elec-
trical equipment in this aircraft. Arcing undoubtedly oc-
curred in several components, creating short circuits on 
power systems that tripped multiple circuit breakers. Be-
cause circuit breakers react much too slowly to prevent   
passage of a lightning surge, at least one piece of equip-
ment (the No.1 VHF communication set) and several in-
strument lamps were burned out before the circuits were 
interrupted.

 The absence of explosive damage to the GFRP wing 
tips that contained the wire harnesses meant that the inten-
sities of the stroke currents in this flash were considerably 
lower than the currents that produced the extensive dam-
age seen on the aircraft in Fig. 4.14. Nevertheless, this 
strike produced considerable damage of another sort 
throughout this airplane. 

Similar incidents 

There have been many incidents similar to that de-
scribed above in [4.8 - 4.9] and, together, these have stim-
ulated the development of design and verification methods 
[4.10] for general aviation aircraft with fiberglass compo-
nents. 

The incident described above is an example of how a 
change in materials can increase the vulnerability not only 
of the airframe but also of other systems that, in years past, 
had the inherent protection of conventional aluminum 
skins. The lightweight lamp and sender unit electrical 
wires would have been quite adequate for an installation 
in which a metal skin was available to carry away lightning 
currents, but they were woefully inadequate when used un-
modified inside a plastic wing tip, where they became the 
only available conducting path for lightning currents try-
ing to enter the airframe. 

A lesson to be learned from this incident is that omis-
sion of lightning protection for seemingly non-critical sys-
tems such as external lights can allow lightning to play 
havoc throughout much more critical systems in an air-
craft. 

Guidance for protection of lights and other exterior-
mounted devices is provided in Chapter 6. 
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Fig. 4.25 Diagram of Lightning paths and effects in small aircraft of Fig. 4.24.

 
 

4.6 Effects on Propulsion Systems 

Reciprocating engines 

The effects of lightning upon reciprocating engines as 
used for small airplanes seem to have been limited to pit-
ting metal parts in bearings and gearboxes and of metal 
blades or burning of small holes in metal spinners, as 
shown in Figs. 4.26 and 4.27. When a lightning channel 
attaches to a propeller blade, the current must flow through 
the blade and through engine shaft bearings, into the en-
gine block and from there to the engine mounts and the 
airframe. These are usually massive enough to carry these    

 

 

 

 

 

 
currents with no harmful effects. The exception would be 
the front bearings. No reports of lightning-related damage 
to aft engine bearings or internal parts are known. Engine 
manufacturers usually stipulate that the bearings be in-
spected and replaced (if necessary) within a specified 
number of flight hours following the strike. Propeller pitch 
controls do not seem to have been adversely affected by 
lightning strikes to blades, but these are also inspected to-
gether with bearings following a strike.   
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Fig. 4.26 Lightning strike damage to a metal propeller 
blade. This blade “cut through” the lightning channel af-
ter first being struck on its tip. The channel reattached to 
the inboard surface of the blade before the channel re-
attached further aft on the airplane. (NASA photo) 

 

 
Fig. 4.27 Holes in aluminum spinner due to lightning at-

tachments. (NASA photo). 

 

 

Turboprop engines 

There have been no reports of power loss in turboprop 
engines because of lightning strikes. Possible damage to 
gearbox and bearings is a concern like reciprocating en-
gines. 

Propellers and prop pitch controls 

Effects of strikes to metal blades are usually limited to 
small pits. Wooden propellers, especially those lacking 
metal leading edges, would probably suffer more damage, 
but such propellers are seldom used on aircraft that fly in 
weather conditions where lightning strikes are likely to oc-
cur. 

The spinner of Fig. 4.27 is on the same airplane as the 
blade of Fig. 4.26. The holes indicate intermediate or con-
tinuing current effects but not stroke current. The initial 
lightning attachment to this aircraft was probably at one of 
the metal blade tips, and the stroke current may have en-
tered one of the blades. Effects of stroke currents on metal 
surfaces are not always evident. 

Turbojet engines 

Anecdotal lightning strike incident reports indicate that 
lightning effects on turbojet engines are limited to (mostly) 
temporary disruptions of engine operation. Flameouts, 
compressor stalls, and rollbacks (reduction in turbine 
speed) have been reported after lightning strikes to aircraft 
with fuselage mounted turbojet engines. This type includes 
both military aircraft with internally mounted engines and 
fuselage air intakes, and aircraft with engines externally 
mounted to the fuselage. These are exposed to sweeping 
lightning channels that appear momentarily in front of en-
gine inlets.   

There have been no recorded attempts to duplicate en-
gine flameouts or stalls with simulated lightning in a 
ground test, however, it is generally believed that these 
events result from disruption of the inlet air by the high 
temperature and/or shock wave associated with the light-
ning channel sweeping aft along a fuselage and passing 
close in front of an engine inlet. Heavy rain that is frequent 
in thunderstorms may also be a factor. 

A stroke current and the accompanying shock wave is 
considered sufficient to disrupt engine operation. The 
steep temperature gradient surrounding the lightning chan-
nel is also important since it would be detected by the pres-
sure and temperature sensor in the engine inlet and would 
influence control system operation. These effects have 
been reported as occurring more often on smaller military 
or business jet aircraft than on larger transport aircraft, 
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probably due to a greater disruption by the lightning chan-
nel to a smaller volume of inlet air. Thus, smaller diameter 
engines are probably more susceptible to disrupted inlet 
air than are larger diameter engines. 

Wing mounted turbofan engines 

There have been only a few anecdotal reports of light-
ning effects on wing-mounted turbojet engines, since these 
are usually large engines, whose inlet air flow is unlikely 
to be noticeably disrupted by the shock wave from a light-
ning flash. If a lightning channel sweeping along a fuse-
lage surface appears in front of a wing-mounted engine it 
is likely that it would reattach to the inlet lip and “sweep” 
aft along the fan cowl exterior surface and not enter the 
engine inlet. 

There has been no evidence of a lightning channel hav-
ing been ‘sucked into’ a wing mounted engine inlet or at-
taching to fan blades although this possibility has been 
considered by engine manufacturers who have occasion-
ally conducted lightning tests of fan blades, and incorpo-
rated protective measures where necessary. 

Operational aspects 

Lightning strikes have been known to produce several 
different effects upon jet engines, ranging from stalls or 
rollbacks to complete flameouts, as noted above. In one 
recorded instance, it was not possible for the flight crew to 
re-start either engine. The plane crashed and there were no 
survivors. 

Operators of aircraft with engines or inlets close to the 
fuselage should anticipate possible loss of power in the 
event of a lightning strike and should be prepared to take 
quick corrective action. Usual guidelines are to keep en-
gine igniters on during flights through areas of precipita-
tion. Flight through areas of heavy precipitation should be 
avoided. 

Turbine stalls 

Collected lightning strike incident reports indicate that 
lightning effects on turbojet engines are limited to tempo-
rary disruptions of engine operation. Flameouts, compres-
sor stalls, and rollbacks (reduction in turbine rpm) have 
been reported after lightning strikes to aircraft with fuse-
lage mounted engines. (This type includes both aircraft 
with internally mounted engines and fuselage air intakes, 
and aircraft with engines externally mounted on the fuse-
lage.) 

There have been no attempts to duplicate engine flame-
outs or stalls with simulated lightning in a ground test, and 
there has been no other qualitative analysis of the interfer-
ence mechanism; however, it is generally believed that 

these events result from disruption of the inlet air by the 
shock wave associated with the lightning channel sweep-
ing aft along a fuselage. This channel may indeed pass 
close in front of an engine intake, and if a restrike occurs, 
the accompanying shock wave is considered sufficient to 
disrupt engine operation. The steep temperature gradient 
surrounding the lightning channel may also be important. 
These effects have been reported as occurring more often 
on smaller military or business jet aircraft than on larger 
transport aircraft. Thus, smaller engines are probably more 
susceptible to disrupted inlet air than are their larger coun-
terparts. 

Operational aspects 

Lightning strikes have been known to produce several 
different effects upon jet engines, ranging from stalls or 
roll- backs to complete flameouts. However, in most cases 
it has been possible to restart or recover the engine to full 
power while still in flight. Perhaps because of this, to-
gether with the impracticality of a laboratory simulation, 
there has been no published research into the problem. 
Nevertheless, operators of aircraft with engines or inlets 
close to the fuselage should anticipate possible loss of 
power in the event of a lightning strike and should be pre-
pared to take quick corrective action. 

There have been only a few reports of lightning effects 
on wing-mounted turbojet engines, since these are usually 
large engines, whose inlet air flow is unlikely to be notice-
ably disrupted by the shock wave from a lightning flash. 

Helicopter Rotor Blades 

Main and tail rotor blades of helicopters are the most 
frequent lightning strike locations and often experience 
physical damage. Since the blades are usually fabricated 
of combinations of materials, usually including a spar 
made of metal or CFRP, a trailing edge comprised of 
GFRP or CFRP skins stiffened with paper honeycomb, 
and a leading-edge erosion surface often made of titanium 
or nickel. The composite skins usually enclose the spar and 
may extend beneath the erosion strip. 

For lightning protection, the composite skins are usu-
ally covered with a metal mesh. A typical arrangement is 
shown in Fig. 4.28. 

 

Fig. 4.28 Cross-section of typical helicopter rotor 
blade. 
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A problem with designs like this is that when lightning 
strikes the tip of the blade, all the electrically conductive   
elements want to share in conducting the current to the 
hub, not just the designated lightning protection metal 
mesh. For this to happen safely, all the metal parts need to 
be electrically bonded together. If this is not done, the po-
tential differences (voltages) that arise between the parts 
will cause dielectric breakdown and arcing among the 
parts. Unfortunately, the arcing may cause effects that can 
lead to cracking of the spar, or other effects than may result 
in catastrophic failure of the blade, as happened in one ac-
cident involving a helicopter in flight. One of the rotor 
blades separated due to a spar crack caused by a lightning 
strike to the same blade several years before. This crack 
had progressed to failure of the spar and the blade [4.10]. 
The accident investigation found that the crack had origi-
nated from effects of an electric arc through an insulating 
material at the interface between the blade leading edge 
and the spar. Superficial effects of the lightning strike had 
been repaired years before, but evidence of this internal 
acing had not been discovered. 

Lessons learned from this accident include: 

1. Lightning effects may potentially occur anywhere 
throughout the aircraft between possible lightning 
entry and exit locations. The safety assessments 
conducted during the aircraft design and certification 
phases are depended on to identify all possible effects 
and their locations throughout the aircraft. Results of 
these safety assessments should be used to establish 
continued airworthiness requirements and 
inspections, especially following lightning strikes. It 
is never sufficient to deal only with superficially 
visible lightning effects. 

2. Electrical insulation, as well as electrical bonding, are 
important features of aircraft lightning protection. It is 
fundamentally easier to maintain bonding than it is to 
maintain effectiveness of insulation. Dielectric 
breakdown the size of a pinhole destroys the 
effectiveness of an entire insulation layer, as does a 
pinprick to a child’s balloon. An imperfection in 
electrical bonding is usually tolerable as long as the 
remainder of the bond remains effective. This is not 
so regarding insulation. 

3. Unless a complex, flight-critical structure, like a 
helicopter rotor blade, can be fully inspected 
following a lightning strike, it should be removed 
from service and replaced with a new blade. 

4. Some effects of lightning currents, such as marks left 
by electric arcing at interior locations in the current 
path, are often not recognizable by personnel at 
remote service shops or inspection stations. Unless 
such persons have received specific instruction as to 
where to look and what to look for, the evidence may 

not be noticed. Non-destructive inspection or non-
destructive testing methods may be ineffective in 
detecting effects like arc marks or dielectric punctures 
caused by lightning 

Physical effects of a strike to a tail rotor are shown in 
Fig. 4.29. 

 

Fig. 4.29 Effects of lightning strike to a tail rotor 
(US Coast Guard Photo) 

The composite shell of this blade was destroyed by a 
strike apparently entering the trailing edge of this blade 
near the tip. The metal spar remained intact. Details of 
these effects are not available but inadequate protection 
was provided to the composite shell. This incident was sur-
vivable, and the helicopter made a successful landing. 

Lessons learned 

A possible lesson learned from this incident is that the 
effects on any blade depend on where the lightning current 
is introduced to the blade. Lightning certification tests 
should consider all possible lightning attachment loca-
tions, and, if it is not abundantly clear that a possible loca-
tion on the blade and the current paths from it are well pro-
tected, it should be included in the test procedure. Unfor-
tunately, this often means that more than one test specimen 
has to be provided, adding considerable cost to the process, 
but avoiding the greater costs of repair or of an accident in 
the future.   

4.7 Induced Effects 

Even if a lightning flash does not make direct contact 
with an aircraft's electrical wiring, strikes to the airframe 
are capable of inducing voltage and current transients in 
internal wiring. 

Upset or damage of electrical equipment by these in-
duced transients has been considered an indirect effect, 
however it is perhaps more correct to call them induced  



95 

 

effects since they are described by first principles of elec-
tromagnetics which include the process of induction by 
changing magnetic fields associated with the lightning 
currents. 

Induced effects must be considered along with physical 
effects in assessing the total susceptibility of aircraft to 
lightning. Flight critical systems, such as the full authority 
digital engine control (FADEC) system illustrated in Fig. 
4.30, are potentially susceptible to induced effects, and 
careful attention must be given to protection design and 
verification. Fig. 4.30 shows in fundamental terms the 
origin of induced effects in interconnecting wiring. 

Magnetically induced voltages 

The mechanism whereby lightning currents magneti-
cally induce voltages in aircraft electrical circuits is illus-
trated in Fig. 4.30. As lightning current flows through an 
aircraft, strong magnetic fields are produced, which sur-
round the conductive airframe and change rapidly with the 
fast- changing lightning stroke currents. Some of this mag-
netic flux may leak inside the aircraft through apertures, 
such as windows, composite fairings, seams, or joints. 

Other fields may arise inside the aircraft, when light-
ning current diffuses to the inside surfaces of skins. In ei-
ther case, these internal fields pass through aircraft electri-
cal circuits and induce voltages in them proportional to the 
Sikorsky.

Structural voltage rises 

Lightning currents in structures comprised of metal or 
CFRP will produce voltages due to Ohm’s law that are 
proportional to the material resistances and the magnitudes 
of lightning currents in them. In low-resistance materials 
such as aluminum these voltages are low, but in CFRP 
structures whose resistivities are much higher, these IR 
voltages can be significant. The resistances of joints in ei-
ther kind of structures may also be significant.   

Magnetically induced and structural IR voltages occur 
simultaneously in nearly all wiring within an aircraft dur-
ing a lightning strike, so the potential exists for multiple 
effects on avionic systems. For example, four channels of 
quad-redundant digital flight control system might all be 
damaged at the same time, if protection against induced 
effects is not incorporated. Safe operations of such sys-
tems in the lightning environment cannot be achieved by 
relying only on redundant systems. 

Systems of concern 

Systems of greatest concern regarding lightning-in-
duced effects include the following. 

1. FADEC systems. 

2. Full authority electronic flight control (i.e., Fly-by-
wire) systems. 

3. Supervisory control systems capable of initiating con-
trol inputs that could endanger flight safety. 
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Fig. 4.30 Origins of induced effects in aircraft electrical/electronic systems.
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Aircraft experience 

Until the advent of solid-state electronics in aircraft, in-
duced effects from external environments, such as light-
ning and precipitation static electricity, were not a serious 
problem, and received relatively little attention. Vacuum 
tube electronics are inherently more tolerant of induced 
voltages since they operate at high voltages themselves, 
and readily recover after a surge voltage causes a flashover 
among electrodes enclosed in a vacuum. Also, their appli-
cations were mostly limited to communication and navi-
gation functions, and not flight controls. 

In contrast, solid state electronic circuit elements oper-
ate at low voltages, and when exposed to induced voltages 
originating in interconnecting wiring, they often cause 
breakdown of solid-state junctions which do not recover 
when the overvoltage is removed. This is most likely in 
large scale integrated circuit devices, in which there is very 
little mass in which to dissipate energy. 

When solid-state digital electronics became widespread 
in the 1980s they were employed in equipment performing 
the more critical functions, including flight and engine 
controls. At first these were supervisory roles where the 
control function remained manual, and the electronics 
were employed to optimize performance. Later the elec-
tronics were made responsible for the entire control func-
tion. These “full authority” systems have no mechanical 
backup. An example of an accident caused by induced ef-
fects and another example of an incident where the aircraft 
was recoverable are summarized below. 

On February 8, 1988, a SA 227-AC Metro III was on a 
scheduled flight from Hanover to Dusseldorf with 19 pas-
sengers and two crewmembers on board. During initial ap-
proach, approximately seven nautical miles from the 
threshold, the aircraft entered a thunderstorm region. First, 
the electrical power supply failed. Then, two minutes later, 
the aircraft was thrown into an uncontrolled descent 
whereupon it disintegrated in the air and all the occupants 
were killed. In the concluding investigation report, the in-
vestigation commission established that an electrical fail-
ure, caused by lightning, had rendered the landing flaps 
and horizontal stabilizer trim inoperable, and that this had 
been the primary contributor to the accident. An especially  

 

dramatic factor in this incident was the fact that damage to 
the electrical system’s diodes had thwarted all attempts by 
the crew to restore the power supply. 

Although both the manufacturer of the airplane and the 
certification authority assessed total electrical failure of 
the power supply because of a lightning strike to be im-
probable, a subsequent case has nevertheless occurred. 

In this second incident, the exemplary behavior of the 
crew (as well as their observance of a safety recommenda-
tion that had been issued by the investigation commission 
after the previous accident) prevented another fatal acci-
dent. During the climb of an SA 227 Metro III from 14 000 
ft., under IFR conditions, the airplane was struck by light-
ning. According to the report of the crew, suddenly, the 
entire electric power system failed. The pilot-in-command 
immediately took over the controls, as recommended in 
the airline’s flight operating manual in such cases. Since 
the switches for operating the power supply were located 
directly in front of the left seat, the pilot-in-command im-
mediately had to return control of the aircraft to the co-
pilot again. They managed to maintain safe flight, using 
the built-in, third artificial horizon. The pilot-in-command, 
in the left seat, was thus free to focus his attention on the 
restoration of the electrical system, which required strict 
observance of a procedure involving the manipulation of 
battery and generator switches in a particular order. The 
“crew coordination” in the cockpit worked out well and 
the aircraft and its occupants were saved. 

It is worth noting that the pilot-in-command was famil-
iar with the procedure for restoring the electric power sys-
tem and knew that an accident could be prevented if that 
procedure were precisely followed. The pilot’s awareness 
of the procedure can be attributed, in part, to a safety rec-
ommendation (inspired by the previous lightning-at-
tributed power failure) that resulted in “Total Electrical 
Failure” (described above) being incorporated into the SA 
227 Metro III’s flight manual. 

Since these incidents, the diodes that had interfered with 
the restoration of the power system were removed from all 
SA 227 Metro IIIs, in accordance with a safety recommen-
dation issued by the Accident Investigation Bureau. 
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Trends 

While, historically, induced effects have not been a ma-
jor safety hazard, there are four trends in aircraft design 
and operations which could increase the vulnerability of 
aircraft to these effects. These trends include the follow-
ing: 

1. Increasing use of composite structures in place of alu-
minum. 

2. Further miniaturization of solid-state electronics. 

3. Greater dependence on electronics to perform flight 
critical functions. 

4. Greater congestion in terminal airways, requiring 
more frequent flight through adverse weather condi-
tions at altitudes where lightning strikes frequently 
occur. 

5. Fully or highly integrated cockpit instruments and dis-
plays. 

6. Electronic flight instrumentation systems. 

7. Aircraft electric power control and distribution sys-
tems. 

8. Electrical/avionic systems that include externally 
mounted apparatus, such as air data probes, heaters, 
actuators, and antennas. 

Consequences 

One of the consequences of these trends is that protec-
tive measures, which in older generation, metal aircraft 
largely ‘come for free’, must in the future be explicitly pro-
vided. Such provisions can have an adverse effect on air-
craft weight and program cost.

Nearby lightning effects 

What if a lightning flash passed close to but did not con-
tact the aircraft? The changing electromagnetic field pro-
duced by that flash might upset electronic systems in the 
aircraft. 

However, there are no scenarios that can be imagined in 
which the effects of a nearby lightning flash on systems 
within an aircraft would be more severe than would the 
effects produced by a flash that directly contacts and is 
conducted through the aircraft. One can imagine that the 
nearby flash might be a very severe one, with higher am-
plitude stroke currents and other characteristics than are 
included in the standards (see Chapter 5) for design and 
certification of the aircraft. But if this were the case, the 
electric charge contained in the nearby lightning leader 
would have to be large and so produce an electric field that 
would have this nearby flash attaching to the aircraft in the 
first place. The higher the charge that is brought towards 
an aircraft by a lightning leader, the longer the striking dis-
tance between the aircraft and the leader. Thus, the in-
duced effects that are of concern and that must be ad-
dressed for protection design and certification are those 
that arise from direct contact of the aircraft with the light-
ning flash and conduction of the lightning flash currents. 

Relation to electromagnetic interference (EMI) and 
electromagnetic compatibility (EMC) 

Induced effects of lightning are part of the broad subject 
of EMI and EMC. However, the EMI and EMC standards 
in industry-wide use do not deal with the effects of light-
ning. A major difference is that lightning induced transi-
ents are best characterized as a time domain phenomenon, 
while classical EMI/EMC are defined in the frequency do-
main. Susceptibility to excessive voltages or currents and 
susceptibility to narrow band interference or emission are 
not the same thing, and protection against one usually does 
not imply protection against the other. The standards that 
deal with lightning effects on aircraft are described in 
Chapter 5. 
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Chapter 5 

THE CERTIFICATION PROCESS 

 

5.1 Introduction 

The purpose of this chapter is to describe the aircraft 
lightning protection requirements set forth by the United 
States (US) Federal Aviation Administration (FAA) and 
similar certifying authorities in other countries, and to dis-
cuss the several steps that can be taken by applicants to 
comply with these requirements. In most cases, the FAA 
regulations will be cited as examples, since FAA regula-
tions are similar to those in effect in most other countries, 
especially as regards lightning protection. The material in 
this chapter includes descriptions of performance require-
ments, standards, specifications, and procedural steps. It 
does not include design data or methodology, which are 
the subject of the succeeding chapters. It is recommended 
that those responsible for design and certification be famil-
iar with the material in this chapter before proceeding with 
a lightning design program, as the success and efficiency 
of an overall design depends considerably on the steps that 
are followed to achieve the design. 

Aircraft lightning protection requirements and related 
standards have evolved, over the years, to keep pace with 
increases in knowledge of lightning and its effects on air-
craft, as well as changing aircraft structural materials and 
systems. Before this, the aircraft protection requirements 
focused on one or two potential hazards, such as fuel tanks 
and antennas and other external “points of entry”, while 
largely ignoring other hazards, such as internal arc and 
spark sources or induced effects on electrical and avionic 
systems which had not become evident at the time. 

The requirements and standards are being updated oc-
casionally to reflect improved understanding of the natural 
lightning environment and its effects on aircraft and the 
emergence of new aircraft design technologies, such as 
electronic control systems and advanced composite air-
frames. This progress appears well positioned to adapt to 
future trends as well, via on-going technology review and 
standards-writing activities among industry and regulatory 
agency groups. The lightning protection design and certi-
fication process has been aided by a proliferation of tech-
nical literature on aircraft  lightning interaction  mecha-

 

nisms, protection techniques and verification methods. 
Some of this material is summarized in this chapter, with 
references. 

5.2 FAA Lightning Protection Regulations 

Since lightning represents a possible safety hazard 
whose consequences may extend to loss of the aircraft and 
the lives of those aboard, the fundamental goal of aircraft 
lightning protection is to prevent catastrophic accidents 
and to enable the aircraft to continue flying safely after a 
lightning strike and be able to land at a suitable airport. It 
is not required that the aircraft survive a strike without 
damage which requires repairs, although this is often an 
additional goal of lightning protection since the costs of 
repair and downtime can be substantial.   

Regulations and Advisory Circulars (ACs)  

Lightning protection requirements have been in-
cluded in the collection of Federal Aviation Regula-
tions (FARs) published in Title 14 (Aeronautics and 
Space) of the US Code of Federal Regulations (CFRs). 
Suggested means of showing compliance with these reg-
ulations are published by the FAA in Advisory Circulars 
(ACs). These FAA CFRs deal with the aircraft as a whole 
and, more specifically, with the fuel system and other 
systems performing what have historically been re-
garded as ‘critical’ and ‘essential’ functions. ‘Critical’ 
functions are those that are necessary for continued safe 
flight and landing of an aircraft or helicopter. ‘Essential’ 
functions are others, like communication or navigation, 
which, if lost, place the aircraft in greater danger but do 
not immediately result in a plane crash. Specific light-
ning protection regulations for each category of aircraft 
and rotorcraft are listed in Table 5.1. The intent of these 
regulations is highlighted in this chapter. The full texts 
of each regulation are available from the FAA website. 
Corresponding regulations of other certifying authorities are 
available from their websites. 
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Table 5.1 – Federal Aviation Regulations (FARs) Pertaining 
to Lightning Protection as of April 2020 

 Vehicle Type and Regulations 

Aircraft Rotorcraft 

Normal Category Transport Category Normal Category Transport Category 

Airframe 

Subpart D – Design and 
Construction 

 
§23.2335                    

Amdt. 23-64 
(2017) 

Subpart C -  
Structure 

 
§25.581 

Amdt. 25-23 
(1970) 

Subpart D – Design 
and Construction 

 
§27.610 

Amdt. 27-46 
(2011) 

Subpart D – Design 
and Construction 

 
§29.610 

Amdt. 29-53 
(2011) 

Fuel System 

Subpart E – Powerplant 
 

§23.2430(a)(2)      
Amdt. 23-64 

(2017) 

Subpart E –  
Powerplant 

 
§25.954 

Amdt. 25-146 
(2018) 

Subpart E –  
Powerplant 

 
§27.954 

Amdt. 27-23 
(1988) 

Subpart E –  
Powerplant 

 
§29.954 

Amdt. 29-26 
(1988) 

Electrical 
and Avionic 

Systems 

Subpart F – Equipment 
 

§23.2515                   
Amdt. 23-64 

(2017) 

Subpart F –  
Equipment 

 
§25.1316 

Amdt. 25-134 
(2011) 

Subpart F –  
Equipment 

 
§27.1316 

Amdt. 27-46 
(2011) 

Subpart F –  
Equipment 

 
§29.1316 

Amdt. 29-53 
(2011) 

Engine  
Control  
Systems 

Subpart B – Design and Construction; General 
§33.28 

Amdt. 33-26 
(2008) 

Propellers 

Subpart C – Tests and Inspections 
§35.38 

Amdt. 35-8 
(2008) 

These regulations state a performance requirement but 
include neither guidelines for achieving compliance nor 
specific technical design requirements. In this manner, the 
CFRs allow the designer a maximum amount of flexibility. 
The FAA requires verification that the design for a new air-
craft complies with the CFRs and that the design does, in 
fact, provide the necessary protection. This verification is 
usually achieved by laboratory tests, but can sometimes be 
accomplished through analysis, demonstrations of similar-
ity of the candidate design(s) with designs that have been 
incorporated in previously certified airplanes, or some 
combination of these methods.  

Lightning protection requirements are included in the 
CFRs for Transport Category Aircraft (Part 25), Normal

Category Aircraft (Part 23, which are hereinafter referred 
to as “General Aviation'' aircraft) and for both categories 
of Rotorcraft (Parts 27 and 29). These are functional re-
quirements and are therefore comparatively brief. They do 
not attempt to define the intensity of the lightning environ-
ment, the frequency of expected lightning strike occur-
rences or the locations where strikes are likely to enter or 
exit an aircraft, neither do they specify lightning test 
pass/fail criteria, such as acceptable amounts of physical 
damage to structures or acceptable levels of interference 
with electronic systems. These details are to be proposed 
by the applicant (using published guidance for certification 
of a new aircraft or modification of a previously certified 
aircraft) and reviewed and approved (or modified) by the 
certifying authority as complying with the regulation.  
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Descriptions of the lightning environment for design 
and certification purposes, and of the way this environ-
ment should be applied to an aircraft, are presented in sev-
eral documents published by SAE and Radio Technical 
Commission for Aeronautics (RTCA), in the US, and by 
European Organization for Civil Aviation Equipment 
(EUROCAE), in Europe. This topic is also discussed in 
Chapter 5, § 5.5 of this handbook. The CFR Part 25 regu-
lations are cited as examples in the following discussion.  

5.2.1 Protecting the Airframe 

The basic lightning protection regulation for airframes 
and all aircraft systems except those specifically addressed 
by another regulation is the same for all categories of air-
craft and appears in the CFRs, using transport (Part 25) 
category airplanes as an example is as follows: 

 FAA 14 CFR § 25.581 Lightning Protection 

(a) The airplane must be protected against catas- 
trophic effects from lightning. 

(b) For metallic components, compliance with par-
agraph (a) of this section may be shown by— 

(1) Bonding the components properly to the air- 
frame: or 

(2) Designing the components so that a strike will 
not damage the airplane 

(c) For nonmetallic components, compliance with 
paragraph (a) of this section may be shown 
by— 

Designing the components to minimize the effect 
of a strike; or 

(1) Incorporating acceptable means of diverting 
the resulting electrical current so as not to en-
danger the airplane. 

Amdt. 25-23 (1970) 

This is usually considered the ‘top level’ regulation. 
Similar ‘top level’ regulations are found in the CFRs deal-
ing with Normal Category (Part 23) and Rotorcraft (Parts 
27 and 29). These regulations state that compliance can be 
shown either by bonding components to the airframe or by 
designing components so that a strike will not endanger 
the airframe. In this context, the term “bonding” means 
electrical continuity between components that is adequate 
for conducting lightning currents. 

At the time this basic regulation was adopted (1970) it 
was widely believed that hazardous lightning effects were 
limited to the external structure or to components directly 
exposed to lightning strikes. It was believed that protection 
from these effects could be achieved by ensuring that com-
ponents and structures directly exposed to lightning strikes 
were adequately bonded to the main airframe. Examples 
of these components and structures were flight control sur-
faces, air data probes, empennage tips and other compo-
nents located at extremities of the aircraft where lightning 
strikes most frequently occur. Adequate bonding would 
prevent damage to the hinges, fasteners and other means of 
attaching these components to the airframe. 

Bonding resistance 

Unfortunately, this emphasis on bonding has led some 
designers to conclude that bonding, by itself, provides ade- 
quate lightning protection for an aircraft and that little else 
needs to be done. To them, a lightning-protected aircraft 
means a ‘bonded’ aircraft. Verification of this ‘bonded’ 
status has, in turn, been signified by attainment of a spec- 
ified electrical resistance among the ‘bonded’ compo-
nents. The industry has adapted various bonding resistance 
limits for this purpose, among them the US military speci-
fication US MIL-B-5087B [5.1], which requires that com-
ponents that could be subjected to lightning currents be in-
terconnected with a ‘bonding’ resistance not exceeding 2.5 
milliohms. This is supposed to be achieved by ensuring 
metal-to-metal contact between parts and is intended to be 
verified by a direct current (DC) resistance measurement. 

Criteria like the 2.5 milliohm bonding specification 
have taken on an importance all of their own, occasionally to 
the neglect of the real purpose of lightning protection de-
sign, which is to prevent hazardous lightning effects. 
While electrical continuity among the metal parts of an air-
craft is important, there are many other features of a suc-
cessful protection design that are of equal importance. 

Effects within the aircraft 

The focus of 14 CFR 25.581 on the bonding and exter-
nally mounted components has, perhaps, led designers to 
give inadequate attention to lightning effects occurring 
within the airframe. These internal effects, which will be 
referred to henceforth as induced effects, arise either di-
rectly, from current flow between internal structural mem-
bers, or indirectly, from changing magnetic and electric 
fields interacting with electrical systems. Induced effects 
have been the cause of several catastrophic accidents, 
brought about by electrical arcing among essential elec-
tronic components. More detailed discussions of these ef-
fects, and related protection methods, are found in the fol-
lowing chapters. 
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The emphasis of 14 CFR 25.581 on the external aspects 
of lightning protection does not, of course, excuse the de-
signer from actively identifying and addressing all poten-
tially hazardous lightning effects. The first sentence of 14 
CFR 25.581 is the important overall requirement: 

The airframe must be protected against catastrophic 
effects of lightning. 

Methods of protection design into the aircraft are de-
scribed in Chapter 6 and methods of compliance are pro-
vided in SAE Aerospace Recommended Practice (ARP) 
5577 [5.2]. Compliance in accordance with an SAE ARP 
is authorized by FAA AC 20-155A [5.3] which authorizes 
guidance in several ARPs for lightning protection compli-
ance purposes.   

5.2.2 Protecting the Fuel System 

The emphasis of CFR 25.581 on the external aspects of 
lightning protection, and the fact that several catastrophic 
accidents were directly attributed to lightning-related igni-
tion sources within fuel tanks, led to the addition of 14 
CFR 25.954, which focuses specific attention on aircraft 
fuel systems, as follows: 

§ 25.954 Lightning Protection 

(a) For purposes of this section— 

(1) A critical lightning strike is a lightning strike 
that attaches to the airplane in a location that, 
when combined with the failure of any design fea-
ture or structure, could create an ignition source. 

(2) A fuel system includes any component within 
either the fuel tank structure or the fuel tank sys-
tems, and any airplane structure or system com-
ponents that penetrate, connect to, or are located 
within a fuel tank. 

(b) The design and installation of a fuel system 
must prevent catastrophic fuel vapor ignition due 
to lightning and its effects, including: 

(1) Direct lightning strikes to areas having a high 
probability of stroke attachment

(2) Swept lightning strokes to areas where swept 
strokes are highly probable; and 

(3) Lightning-induced or conducted electrical 
transients. 

(c) To comply with paragraph (b) of this section, 
catastrophic fuel vapor ignition must be ex-
tremely improbable, taking into account flamma-
bility, critical lightning strikes, and failures 
within the fuel system. 

(d) To protect design features that prevent cata-
strophic fuel vapor ignition caused by lightning, 
the type design must include critical design con-
figuration control limitations (CDCCLs) identify-
ing those features and providing information to 
protect them. To ensure the continued effective-
ness of those design features, the type design must 
also include inspection and test procedures, inter-
vals between repetitive inspections and tests, and 
mandatory replacement times for those design 
features used in demonstrating compliance to 
paragraph (b) of this section. The applicant must 
include the information required by this para-
graph in the Airworthiness Limitations section of 
the Instructions for Continued Airworthiness re-
quired by §25.1529. 

[Doc. No. FAA-2014-1027, Amdt. 25-146, 83 FR 
47556, Sept. 20, 2018] 

It will be noted that this regulation addresses the fuel 
tanks and the components located within the tank and re-
quires no catastrophic fuel vapor ignition from direct or 
swept lightning strikes or the electrical transients induced 
by lightning strikes. Also, in subparagraph c, catastrophic 
ignition of fuel vapors is to be extremely improbable, con-
sidering flammability, critical lightning strikes, and fail-
ures within the fuel system. This extends the regulation to 
consider anticipated failures that may occur in the fuel sys-
tem during manufacture and in subsequent service. It also 
requires that inspection and test procedures be developed 
and included in the instructions for continued airworthi-
ness so that the effectiveness of lightning protection 
measures is assured throughout the life of the airplane. 
Methods of protection design are provided in Chapter 7. 
Means of compliance are provided in FAA AC 25.954-1 
[5.4]. 
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The lightning protection regulations for Fuel Systems 
for General Aviation Aircraft (Part 23) and Rotorcraft 
(Parts 27 and 29), are also shown in Table 5.1. Here, the 
emphasis is on eliminating fuel-vapor ignition sources due 
to the lightning strike attachment to exterior surfaces of the 
aircraft, and there is no focus on ignition sources due to 
current inside the fuel tanks, but the first sentence states 
the important overall requirement: 

The fuel system must be designed and arranged to 
prevent the ignition of fuel vapor... 

 Acceptable means of compliance with these regula-
tions are described in AC 20-53C [5.5]. Compliance does 
not require that fault tolerance be demonstrated or that 
CDCCLs related to the fuel system lightning protection 
have to be provided. 

5.2.3 Protecting Other Systems 

Until the 1990’s, none of the CFRs dealt specifically 
with lightning protection of other systems, such as the 
flight control, propulsion, electrical and avionic systems. 
Instead, the general safety regulations for equipment, sys-
tems, and installations aboard the aircraft, stated in CFR 
25.1309 for transport aircraft, require that catastrophic 
hazards resulting from any foreseeable operating condi-
tion, be shown by probability analysis not to happen more 
than once in a billion flight hours. Demonstrating compli-
ance of protection designs with this was impractical since 
reliable probabilities of lightning strike frequencies, inten-
sities, strike locations, and effects do not exist. There were 
no accepted methodologies for calculating the probability 
of occurrence of a particular lightning hazard, or of the 
failure of a specific protection design to lightning. 

 
Although CFR 25.1309 makes no specific mention of 

lightning as a “foreseeable operating condition”, this reg-
ulation was often applied as applicable to lightning protec-
tion since it includes “critical environmental conditions.” 
Since the publication by FAA and other airworthiness au-
thorities of CFR 25.1316 (and similar prescriptive require-
ments for the other categories) lightning protection de-
signs have not been required to comply with CFR 25.1309 
for protection effectiveness. 

5.2.4 Protecting Electrical and Avionics Systems 

Recognizing the increasing role of electronic controls in 
the operation of the aircraft, the FAA initiated a rule-mak-
ing project to add a CFR dealing specifically with lightning 
protection of flight critical and flight essential electrical 
and avionics systems and equipment. This regulation, CFR 
25.1316 [5.6] requires that these systems and equipment 

continue to perform their intended functions or be recover-
able in a timely fashion (that is, remain functional) follow-
ing an in-flight lightning strike. The regulation applicable 
to Part 25 airplanes is reproduced here.   

§25.1316   Electrical and electronic system lightning 
protection. 

(a) Each electrical and electronic system that performs 
a function, for which failure would prevent the continued 
safe flight and landing of the airplane, must be designed 
and installed so that— 

(1) The function is not adversely affected during and af-
ter the time the airplane is exposed to lightning; and 

(2) The system automatically recovers normal operation 
of that function in a timely manner after the airplane is 
exposed to lightning. 

(b) Each electrical and electronic system that performs 
a function, for which failure would reduce the capability 
of the airplane or the ability of the flight crew to respond 
to an adverse operating condition, must be designed and 
installed so that the function recovers normal operation 
in a timely manner after the airplane is exposed to light-
ning. 

[Doc. No. FAA-2010-0224, Amdt. 25-134, 76 FR 33135, 
June 8, 2011] 

Similar regulations exist for the other three categories 
of airplanes.   

5.3 Other Aircraft Lightning Protection  
Requirements 

The US Department of Defense (DoD) has promulgated 
requirements for lightning protection of military aircraft and 
rotorcraft. The basic requirements document is US MIL 
STD 464C [5.7], which requires that the “system” shall 
meet its operational performance requirements the physi-
cal and induced effects of lightning. This standard also in-
cludes the lightning environment that is applicable to the 
systems. 

  In this context, “system” can be the aircraft, or certain 
onboard systems that perform operational functions. 

Generally, the DoD lightning protection requirements 
in [5.7] are the same as those in the regulations pertaining 
to civil aircraft and helicopters. Verification test standards 
are less well defined as they are in the SAE standards ap-
plicable to civil aircraft. The term “aerospace vehicle” re-
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fers to fixed wing aircraft, rotorcraft, and missile “sys-
tems”, as well as to major systems such as engines, exter-
nal fuel tanks, and weapons. 

Non-US aircraft 

Aircraft of non-US manufacture are usually certified by 
appropriate agencies of the country of origin, although these 
aircraft must also meet US CFRs if they are to be operated 
in the US. The converse is true for US manufactured air-
craft which are to operate in other countries. Compliance 
with the various requirements is facilitated by bi-lateral 
agreements among nations, and by use of foreign regula-
tions. For example, Certification Specifications are regu-
lations from the European Aviation Safety Agency 
(EASA), mutually agreed upon by participating nations. 
The certifying authority for the country to which application 
for certification has been made has the responsibility of ‘val-
idating’ the original certification data. That is; the first 
country to which application has been made ‘certifies’, and 
the other countries ‘validate’. 

The lightning protection requirements are similar in all 
sets of regulations, although the applicability and degree 
of enforcement has varied somewhat. There is a high de-
gree of cooperation among aircraft lightning protection 
specialists worldwide and further progress in international 
standardization of lightning protection requirements and 
standards is likely to occur. 

5.4 Summary of US FAA Lightning  
Protection Requirements 

The basic requirement is that 

the aircraft must be protected against catastrophic 
effects of lightning, 

as stated in CFR 25.581. This applies to the airframe, plus 
all of the systems and components necessary to allow the 
aircraft to continue safe flight and landing. 

The CFRs state only the functional requirements, and in 
the most general and broad terms. Translation of these 
terms to specific technical design goals is left to the man-
ufacturer of the aircraft or system, with review and ap-
proval authority vested in the US FAA and the certifying 
authorities in other nations. The lightning environment for 
protection design and certification purposes is described in 
§5.5, and the steps necessary to complete the lightning pro-
tection and certification tasks are described in §5.6. 

5.5 The Lightning Environment for Design 
and Verification 

Before describing the specified lightning environment 
for aircraft, some discussion is in order as to how it 
evolved. 

5.5.1 Early Lightning Standards 

The first industry to experience lightning problems, and 
to establish the need for standardization of a lightning en-
vironment for design and test purposes, was the electric 
utility industry. Shortly after overhead power transmission 
and distribution lines became widespread, it was apparent 
that lightning would be a severe problem. Power trans-
formers, generators, motors, and switching devices expe-
rienced damage from voltage and current surges due to 
lightning strikes to the power lines. Research programs to 
quantify natural lightning electrical characteristics were 
initiated by utility companies and equipment manufactur-
ers such as General Electric Company and Westinghouse 
Electric Company. 

Shortly thereafter, standards emerged that defined the 
lightning surge voltage and current levels that must be 
withstood by power system apparatus. Extensive labora- 
tory test facilities were constructed to verify the ability of 
equipment to tolerate these standards. As power transmis-
sion voltages increased and associated equipment became 
more sophisticated, improvements were necessary in light-
ning protection technology and the need for better infor-
mation on the natural lightning environment grew. As a re-
sult, an extensive amount of research into lightning phe-
nomenology and its effects on electric power systems and 
apparatus was carried out during the period 1920 to 1960. 

Insulation coordination 

This research led to a comprehensive philosophy, called 
insulation coordination, dealing with the lightning protec-
tion of electric power equipment. It incorporated standard-
ized voltage levels to which equipment should be de-
signed, standardized levels and procedures for proof tests 
on equipment and standards for the performance of protec-
tive equipment, such as lightning and surge arresters. All 
equipment associated with electric power transmission and 
distribution facilities is designed, tested, and protected in 
accordance with these industry wide lightning standards. 
The result is that, whereas thousands of lightning strikes 
occur daily to electric utility systems, very few power out-
ages are now attributable to lightning.  
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Early research on aircraft 

Lightning standards for aircraft emerged later. The 
Lovettsville, Virginia accident, described in Chapter 4, 
prompted research into the possible effects of lightning on 
aircraft and several of the utility laboratories were called 
upon to provide test facilities and lightning expertise. Dur-
ing the next 17 years, several other accidents, involving 
ignition of fuel vapors, were thought to have resulted from 
lightning strikes. Additional research and testing programs 
were prompted by these accidents. Most of this work was 
conducted at the General Electric Company High Voltage 
Laboratory in Pittsfield, Massachusetts and the National 
Bureau of Standards High Voltage Laboratory near 
Gaithersburg, Maryland, under sponsorship of aircraft 
manufacturers, the Civil Aeronautics Board, and the Na-
tional Advisory Committee for Aeronautics (NACA), the 
predecessor of US National Aeronautics and Space Ad-
ministration (NASA). 

Original airplane standards 

The first airplane lightning protection design and test 
standards were published by the US FAA in its AC 25-
136B [5.8] and by the US DoD in military standard US 
MIL-B-5087B [5.1]. Both documents appeared in the mid 
1950's. US FAA AC 25-136B [5.8], reprinted somewhat 
later as US FAA AC 20-53 [5.9], dealt exclusively with 
lightning protection of airplane fuel systems. US MIL-B-
5087B dealt exclusively with providing electrical bonding 
in airplane structures and apparatus. These were the areas 
of greatest concern at the time. 

Defined lightning threat 

AC 20-53 and MIL-B-5087B each defined the lightning 
threat as a 200 kiloampere peak current with a unipolar 
waveform, a rate-of-rise of 100 kA/µs and a decay time to 
50% of peak amplitude of about 50 µs. This represented a 
severe first stroke in a cloud-to-earth flash. US FAA AC 
20-53 also defined an intermediate and continuing current 
component, but US MIL-B-5087B included only the first 
stroke in its defined environment. 

Both documents required tests of critical components, 
such as fuel tank skins, access panels, filler caps, antenna 
installations, and other “points of entry” on the aircraft. 
Little attention was given to the effects of currents con-
ducted through interior structures or systems, or to induced 
effects of lightning on electrical and avionics systems. 
These latter effects were not well understood during this 
period.  

5.5.2 Experience with Early Aircraft  
Standards 

Most of the early aircraft lightning protection design ac-
tivities were focused on protection against the induced or 
physical damage effects of lightning, such as deformation 
of lightweight metal structures, melting of holes through 
fuel tank skins, puncture of dielectric surfaces, such as ra-
domes and canopies, and prevention of electrical arcing at 
structural interfaces in fuel tanks. The required testing was 
carried out by existing utility manufacturer laboratories, 
such as General Electric and Westinghouse, and by several 
small specialty organizations such as Lightning and Tran-
sients Research Institute (LTRI). The stroke currents re-
quired by the specifications were produced by charged ca-
pacitor banks discharged through wave shaping imped-
ances into the test specimens. 

Unipolar current waveforms 

However, it was not possible to obtain the unipolar 
wave- forms specified in US FAA AC 20-53 and US MIL-
B-5087B with the existing capacitor banks, even those 
available at the largest electrical equipment manufacturers 
laboratories. The reason for this was that the specified uni-
polar current required an over-damped test circuit includ-
ing an excessive amount of resistance. The resistance usu-
ally limited the peak current to amplitudes of 70 kA and 
below, and most of the energy originally stored in the ca-
pacitor bank was dissipated in test circuit resistance, in-
stead of in the test specimen. The performance of test 
equipment, and some of the tradeoffs between generator 
size and waveform, are discussed further in §18.4. 

Oscillatory current waveforms 

Since the specified over-damped waveform could not be 
readily produced, laboratories, instead, provided a damped 
sinusoid waveform. This made it possible to achieve the 
required 200 kA peak current amplitude with less re-
sistance. Unfortunately, the frequencies and time durations 
of the damped sinusoid currents used for aircraft testing 
varied from laboratory to laboratory, because their test 
equipment had been built for purposes other than testing 
aircraft equipment and because there was no standardized 
definition for a damped sinusoid test current. 

Three typical damped sinusoids, all with 200 kA peak 
amplitudes, are illustrated in Fig. 5.1. Note the significant 
difference in overall time duration and energy associated 
with each waveform. Clearly, the amount of damage that 
would be inflicted on a test specimen by a quickly damped  
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current waveform is much less than that inflicted by a 
slowly damped current waveform. This situation illus-
trates a significant shortcoming of the early lightning test 
standards. This shortcoming became especially apparent 
with the emergence of advanced composite structures, 
which are more sensitive to the effects of energy dissipa-
tion than conventional aluminum structures were. Stand-
ards now define the Action Integral (Specific Energy) of 
the current wave as well as the peak amplitude. Action In-
tegral is discussed further in §5.5.3. 

 

 

Fig. 5.1 Three typical damped sinusoid test currents 
prior to SAE standard. 

Lightning strike zones 

An additional shortcoming of the early airplane light-
ning standards was the complete absence, in US MIL-B-
5087B, and poor definition, in US FAA AC 20-53, of light-
ning strike zones. Strike zones are how the lightning envi-
ronment is applied to specific airplane surfaces and struc-
tures. The original zone definitions did  not distinguish be-
tween surfaces that were trailing edges and those that were 
leading edges (or frontal surfaces), even though the dura-
tions of lightning attachments to these types of surfaces 
are significantly different. 

It is well known, for example, that lightning currents 
commonly melt holes in trailing edges, where the flash 
may hang on for prolonged periods, whereas holes are in-
frequent in frontal or side surfaces of an aircraft. 

Test methods and induced effects 

Finally, the early standards failed to define acceptable 
test methods, and did not address induced effects on air-
craft electrical and electronic systems. Lightning related 
accidents continued to occur, even to aircraft protected in 
accordance with US FAA AC 20-53 and US MIL-B-
5087B. 

5.5.3 SAE/EUROCAE Lightning Committees 

Recognizing the above deficiencies, the US FAA and US 
DoD, in 1972, requested that the US SAE committee on 
electromagnetic compatibility (SAE AE-4) form a subcom-
mittee to develop improved aircraft lightning protection de-
sign and test standards. This new subcommittee included 
lightning phenomenologists and specialists in aircraft light-
ning protection design and testing. The committee was des-
ignated special task F of SAE AE-4 and was later given the 
permanent designations SAE AE-4L (lightning) and, fi-
nally, AE-2. This committee has functioned continuously 
since 1972 and has become the US focal point for develop-
ment and standardization of aircraft lightning protection re-
quirements. 

In 1988, a similar committee was organized in Europe 
under the EUROCAE, and designated EUROCAE Work-
ing Group 31 (Lightning). One of the purposes of this com-
mittee was to provide a venue for communicating concerns 
of European regulatory authorities and the air- craft indus-
try to the US committee, and (especially) for harmonizing 
future lightning-related airworthiness certification re-
quirements, environmental definitions and test standards. 
Since then, the SAE and EUROCAE lightning committees 
have worked closely together and have published US and 
European versions of documents pertaining to the light-
ning environment, aircraft lightning zoning, certification 
procedures for aircraft protection designs that address 
lightning physical and induced effects, aircraft-certifica-
tion test procedures and aircraft-equipment test proce-
dures. The two committees continue to work closely to-
gether to update the lightning-related requirements, advi-
sory and test standards documents. 

Current components A, B, C, and D 

The first task accomplished by the SAE lightning com-
mittee was to develop a standard lightning environment for 
design and test purposes, synthesized from the available nat-
ural lightning data. The result was first published, in 1975, 
as a committee report entitled, Lightning Test Waveforms 
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and Techniques for Aerospace Vehicles and Hardware 
[5.10]. This report included a standard severe lightning 
flash current waveform comprised of four current compo-
nents, designated A, B, C and D (illustrated in Fig. 5.2) and 
a set of test methods for utilizing the standardized cur-
rents.  

 One of the important sources of natural lightning data 
drawn upon by the SAE Committee in formulating this 
standard was the compendium of world-wide cloud-to- 
earth lightning data published by Cianos and Pierce [5.11]. 

Component A is a synthesis of both negative and posi-
tive cloud-to-earth stroke parameters. The 200 kA ampli-
tude is typical of a severe (but not the most severe) positive 
flash stroke (positive flashes typically have only one 
stroke, followed by continuing current). The peak rate-of-
rise of 140 kA/µs, is typical of a subsequent stroke in a neg-
ative flash, which usually contains more than one stroke. 
The subsequent strokes in the negative flashes have higher 
rates of change than the first strokes. The action integral 
(specific energy) of the 200 kA Component A, at 2 x 106 
A2s (or joules/ohm) is higher than recorded for negative 
first stokes but lower than recorded for severe positive 
strokes, which are believed to reach up to 15 x 106 A2s (or 
joules/ohm) on rare occasions. The aircraft lightning envi-
ronment standards do not take account of these high action 
integral strokes, which are believed to occur in less than 
5% of the positive cloud-to-earth flashes. Since positive 
flashes comprise only ~10% of the worldwide lightning 
strikes to earth, the stroke currents that exceed 2 x 106 A2s 
(or joules/ohm) might be expected to occur in only 1/2 of 
one percent of all cloud-to-earth lightning flashes. Com-

plete records of positive lightning currents are few, how-
ever, so the statistics noted above may not be representa-
tive of the real environment. 

The physical damage to aircraft structures, including 
arcing among structural joints in fuel tanks, was more de-
pendent upon peak current amplitude and overall time du-
ration than upon the actual waveform of stroke currents, 
and generation of a unidirectional (UD), 200 kA first 
stroke current was not likely to become practical (at least 
for laboratories conducting aircraft lightning development 
and certification tests). Thus updated lightning environ-
ment standards permitted the use of either UD or damped 
sinusoid currents, as long as their peak amplitudes, Action 
Integrals (specific energies), and overall time durations 
conformed to the specifications of the idealized, unipolar 
stroke current. Subsequent studies undertaken by the US 
SAE committee showed that physical damage, while not 
related to specific waveform, is indeed related to these pa-
rameters.  

Action integral (specific energy) 

The action integral (or specific energy) of a current 
pulse, is the time integral of the square of the current and 
represents the ability of the current to deposit energy in a 
resistive object. The units of the action integral are tradi-
tionally given in A2s (ampere-squared seconds), although 
it is more descriptive and equally correct to express the 
units of the action integral as J/Ω (joules per ohm). It is 
helpful to think of this as joules of damaging energy de-
posited per ohm of resistance of an article into which the 
current is injected. 
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Fig. 5.2 SAE Lightning flash current components. 

 

The action integral is derived from the definition of 
electric power as the product of voltage and current. (Eq. 
5.1) 

𝑃𝑃 = 𝑉𝑉𝐼𝐼    (5.1) 

By an Ohm’s law substitution of V = IR, one obtains Eq. 
5.2: 

𝑃𝑃 = (𝐼𝐼𝐼𝐼)𝐼𝐼 = 𝐼𝐼2𝐼𝐼  (5.2) 

Thus, P can represent the rate at which the electrical en-
ergy of a lightning stroke current, I, is converted to heat in 
the resistance, R, of a piece of aircraft structure. To express 
this as a thermal power dissipation per unit resistance, P is 
divided by R, yielding Eq. 5.3. 

 
 

𝑃𝑃
𝑅𝑅

= 𝐼𝐼2   (5.3) 

Finally, to obtain the total energy converted to heat per 
ohm of resistance by a lightning stroke whose waveform is 
given by the function I(t), one must take the integral, with 
respect to time, of the I 2 in Eq. 5.3, where I 2 = [I(t)]2. This 
yields Eq. 5.4, which is called the Action Integral (AI) or 
specific energy of the stroke. 

𝐴𝐴𝐼𝐼 = ∫ 𝑖𝑖2(𝜔𝜔)𝑑𝑑𝜔𝜔   𝐴𝐴2𝑠𝑠𝛼𝛼𝑓𝑓
𝛼𝛼0

           (5.4) 

For the interval of integration (to to tf ), one chooses a 
convenient time interval that includes the lightning stroke 
event in its entirety. Other details of the standard lightning 
environment are described in § 5.5.4.   

 
Research programs 

The advent of full authority control systems employing 
sensitive micro-electronics prompted a change in focus to-
ward aspects of the aircraft lightning environment related 
to the characteristics of intracloud lightning strikes fre-
quently encountered by aircraft. The amplitudes and action 
integrals (specific energies) of the currents in these strikes 
were believed to be less than those associated with C-G 
flashes. This belief was based upon the more limited extent 
of the physical damage experienced by aircraft receiving  
strikes at altitudes above 3 048 m (10 000 ft). Other aspects 
of intra-cloud lightning flashes, such as peak rates of 
change of current and multiplicity of current pulses, were 
of concern. There was also interest in obtaining a better 
understanding of the ways that lightning electric arcs 
(‘lightning channels’) interact with aircraft structural 
shapes and, thus, the application of the lightning environ-
ment to specific locations and surfaces of the aircraft.   

Several flight research programs were implemented, be-
ginning in 1980, to study the intracloud and cloud-to-cloud 
lightning environments. In these programs, which were 
sponsored by NASA, the USAF, US FAA, and the French 
research agency Office National d'Etudes et de Recherches 
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Aerospatiale (ONERA), aircraft were instrumented with 
devices capable of sensing and recording electrical param-
eters of in-flight lightning strikes. The results of these pro-
grams, which are briefly reviewed in Chapter 3, have 
been widely published and several aspects of the intracloud 
lightning environment such as the multiple burst (MB) 
waveform set have been incorporated in the aircraft light-
ning standards.    

5.5.4 The Standardized Environment 

The most recent standardized lightning environment is 
defined in SAE ARP 5412B [5.12] and EUROCAE 
ED 84 [5.13], has been in use since 1997 for aircraft de-
sign and certification purposes and has been recognized by 
the US FAA and European EASA for these purposes. FAA 
implements this and other SAE ARPs for certification pur-
poses via AC 20-155A [5.3]. This environment is a com-
bination of individual waveforms representing characteris-
tics of natural lightning flashes described in Chapter 2: 

• Electric fields (presented as test voltages) that ap-
pear at the surfaces of airplanes when lightning is 
about to strike, or after an initial strike has happened 
and the plane is flying through the lightning chan-
nel.  

• Currents, that represent the strokes, intermediate 
and continuing currents that exist in most cloud-to-
earth flashes of either polarity 

• Currents that represent the pulses that exist in intra-
cloud flashes   

Voltages (Electric Fields) 

There are three voltage waveforms (A, C, D) represent-
ing electric field environments at the exterior surfaces of 
airplanes and waveform (B) that is used for dielectric 
strength testing of internal components.   

Waveform A – Derivative Voltage Waveform 

Voltage Waveform A (Fig. 5.3) represents the voltage 
that may occur along a lightning channel when it is con-
ducting a fast-changing stroke current. This waveform is 
applicable for testing dielectric surfaces exposed to swept 
lightning leaders and channels. The voltage rises toward 
its peak at a rate of 1 000 kV/µs until flashover takes place 
in the air gap between a test electrode and a test specimen 
surface. 

 

Fig. 5.3 – Voltage Waveform A 

Voltage Waveform B – Impulse Dielectric Test  
Voltage 

Voltage Waveform B is not part of the standard external 
lightning environment but is a standard used for qualifying 
insulating materials. Its rise and decay times are as shown 
in Fig. 5.4. This is known in the electric power industry as 
the “Lightning Impulse” voltage, so called because it rep-
resents the voltage applied to power transmission line in-
sulation when a lightning stroke current enters the line. 

 

Fig. 5.4 – Voltage Waveform B 

Voltage Waveform C – Scale Model Test Voltage 

Voltage Waveform C (Fig. 5.5) rises to its peak in 2 µs 
and is often used for testing scale models of airplanes to 
locate initial lightning attachment regions. The flashover 
time is to be at two microseconds. This is equivalent to 60 
µs if the scale of the airplane model is 1/30.   
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Fig. 5.5 – Voltage Waveform C 
 

Voltage Waveform D – Initial Leader Attachment 
Voltage 

Voltage Waveform D (Fig. 5.6) rises to its peak in a 
longer time; between 50 and 250 µs, during which interval 
a flashover occurs to the test specimen. This waveform is 
believed to more closely represent the electric field that is 
present at an aircraft surface during initial lightning leader 
attachment. In the electric power industry, this is called the 
“Switching Impulse” voltage, so called since it appears 
across power transmission line insulation when a switch is 
opened while the line is conducting current. 

 

Fig. 5.6 – Voltage Waveform D 

Currents 

There are four standard current components (A, B, C, D) 
that are applied to represent the effects of cloud-to-ground 
lightning flashes, and another, Component H, that repre-
sents additional effects of intracloud flashes. These are ap-
plied, as appropriate, to the lightning strike zone(s) in 

which an aircraft surface, structure or given system is lo-
cated. Together, these components constitute the external 
lightning current environment. They are defined as fol-
lows: 

Component A – First Stroke Current 

Component A shown in Fig. 5.7 has a peak amplitude of 
200 kA, an action integral (specific energy) of 2 x 106 A2s 
and a quad-exponential waveform. This waveform repre-
sents a first stroke in a positive cloud-to-ground flash of 
200 000 amperes at a rate-of-rise of 1 x 1011 A/s at t = 0.5 
µs. It has a peak rat of rise of 1.4 x 1011 A/s at t = 0. Com-
ponent A is a synthesis of the of rise parameters of a nega-
tive first stroke and the high amplitude and action integral 
of a positive stroke. These parameters are not expected to 
be found together in nature, but by combining them in 
Component A one stroke current can be applied to repre-
sent the important aspects of severe (But not the most se-
vere) parameters of both positive and negative C-G 
flashes. The effects of Component A are shock wave and 
heating, together with generation of induced effects in air-
craft wiring that is installed within resistive structures that 
are exposed to this current. 

 

Fig. 5.7 – Component A, First Stroke Current 

It may be noted that neither the peak current amplitude 
nor the action integral of Component A is the maximum 
recorded in nature. Nevertheless, the combination of pa-
rameters included in Component A represents a suffi-
ciently severe environment for the safety of the aircraft to 
be assured. Historically, there has been no consistent cor-
relation between lightning related accidents and the (ap-
parent) intensity of the lightning flash that hit the aircraft. 
Most of the accidents have been due, instead, to design de-
ficiencies. 
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Transition Zone First Stroke 

The intensity of the first stroke in a cloud-to-earth flash 
at flight altitude may be less than that of the same stroke 
current at the earth’s surface, because some of the charge 
that is conveyed to earth in the stroke current at the bottom 
of the flash will have passed through an airplane at flight 
altitude as part of the leader, prior to initiation of the leader 
discharge by the first stroke. Therefore, a reduced ampli-
tude version of Component A, called Component AH, has 
been   defined for application to surfaces of an aircraft ex-
posed to a stroke current swept aft from potential initial 
leader attachment locations during the time the leader takes 
to reach the earth and initiate the first stroke. These sur-
faces are in Zone 1C. This current has a peak amplitude of 
150 kA and action integral of 0.8 x 106 A2s. Component 
AH is also defined in [5.12] and [5.13]. 

Component B – Intermediate Current 

Component B has an average amplitude of 2 kA and a 
charge transfer of 10 coulomb. For analysis, a quad expo-
nential current waveform should be used. This represents 
the transition phase between stroke and continuing cur-
rents in the lightning flash, and momentary increases in 
continuing current. The major effect of Component B is 
melting of metal surfaces and burning (pyrolysis) of com-
posite resins. The analysis version of Component B is 
shown in Fig. 5.8. 

 

Fig. 5.8 – Component B, intermediate current  

Component C – Continuing Current 

Component C is a DC waveform delivering 200 cou-
lombs of charge at a rate of between 200 A and 800 A, in 
a time period of between 0.25 s and 1 s. Rates of 200 A, 
400 A and 800 A are authorized, for corresponding time 
durations to yield 200 coulombs. For analysis purposes, a 
rectangular waveform of 400 A for a period of 0.5 second 
should be utilized. The primary effect of this waveform is 
melting of metal structures due to the high temperature of 
the lightning channel and the long time durations. The 400 
A version waveform is shown in Fig. 5.9.   

Similarly, other combinations of average current ampli-
tude and time duration are allowed to deliver the 200 Cou-
lomb charge transfer defined for Component C, as long as 
this charge is delivered within two seconds. 

 

 

Fig. 5.9 – Component C, Continuing current 

 

Component D - Subsequent Stroke Current 

Component D has a peak amplitude of 100 kA, an action 
integral (specific energy) of 0.25 x 106 A2s and a quad-
exponential waveform. It has a maximum rate-of-rise of 
1.4 x 1011 A/s at t = 0+ which is the same as that of Com-
ponent A. This waveform represents a severe subsequent 
stroke in a multiple stroke (MS) flash, which in fact may 
be the highest amplitude stroke in such a flash. Component 
D also represents the first negative stroke in the MS wave-
form set shown in Fig. 5.10, since the MS waveform set 
represents only negative C-G flashes, in which the first 
stroke should be 100 kA. Component D is shown in Fig. 
5.10. 

 

Fig. 5.10 – Component D, subsequent stroke 
 current 

For lightning physical effects testing purposes, damped 
sinusoid versions of Components A, AH and D are allowed 
as long as the test currents reach the same peak current, 
and deliver the same action integrals within the specified 
500 µs time intervals. 

Component H – Intracloud Lightning Pulse Current 

Component H represents one of the many pulses that 
appear in the intracloud flashes that strike airplanes at 
higher altitudes (10 000 ft. – 30 000 ft.) and which do not 
contact the ground. It is of interest because it has high rate 
of change at t = 0+

 of 200 kA/µs. Its amplitude is 10 kA 
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which represents a severe version. Component H is shown 
in Fig. 5.11. 

 

      Fig. 5.11 - Component H, Intracloud Current Pulse 

The effect of Component H is the potentially high volt-
age induced in interconnecting wiring of electrical and avi-
onic systems due to fast changing magnetic fields associ-
ated with Component H. The Component H pulses appear 
in bursts of similar pulses that are believed to be associated 
with leaders stepping away from an aircraft that has initi-
ated a lightning flash. In the standard MB environment 
there are three bursts of 20 Component H pulses in each 
burst. There are only minor physical effects from Compo-
nent H since the amplitude and time duration are small 
compared with the current components in the C-G flashes. 

Multiple Stroke (MS) Waveform Set 

The MS waveform set is applied to represent the pres-
ence of subsequent strokes in the same lightning channel 
that is in contact with the aircraft. These induce electrical 
transients in interconnecting wiring which can affect the 
performance of avionic systems. The standard MS wave-
form is defined as a Current Component D followed by 13 
randomly spaced subsequent strokes of peak amplitude of 
50 000 amperes each. These subsequent stroke wave-
forms, known as Component D/2, are simply a Component 
D at 1/2 its defined amplitude. Multiple, randomly spaced 
transient pulses have been known to cause upset of digital 
systems. 

The MS waveform set is illustrated in Fig. 5.12. The 13 
subsequent strokes occur randomly over a period of 1.5 
seconds according to the following constraints. 

 
Fig. 5.12 – MS Waveform Set 

 

- The minimum time between subsequent strokes is 10 
ms. 

- The maximum time between subsequent strokes is 
200 ms. 

- This range of times spans the intervals between 
strokes that have been recorded in negative C-G 
flashes. 

Whereas Component D has been defined as a severe 
subsequent stroke for evaluation of lightning effects, it is 
used in the MS environment to represent a severe first 
stroke in a negative cloud-to-earth flash. As discussed in 
Chapter 2, negative first strokes rarely exceed 100 kA, so 
Component D is appropriate.  

MB Waveform Set 

The standard waveform for simulating the MB environ-
ment consists of repetitive Component H waveforms in 3 
sets of 20 pulses each, as illustrated in Fig. 5.13. 

 

Fig. 5.13 – MB Waveform Set 

The minimum time between individual Component H 
pulses within a burst is 50 µs and the maximum is 1 000 
µs. This spans the range of intervals recorded between 
pulses in a typical burst.   

The timing of the individual bursts is subject to the fol-
lowing constraints:   

- The minimum time between bursts is 30 ms. 

- The maximum time between bursts is 300 ms. 

This range of times spans the intervals between strokes 
that have been recorded in intracloud strikes to instru-
mented aircraft. The MB waveform set is also applied to 
evaluate possibilities of avionic system upset. 
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For testing of avionic systems with the MS and MB 
waveform sets, the corresponding induced voltages and 
currents in interconnecting wiring are first determined and 
these are then applied as waveform sets to interconnected 
and operating systems to assess possibilities for system 
functional upset.  

Available test current waveforms that meet the im-
portant parameters (peak current, action integral, time du-
ration and charge transfer) are also described in SAE ARP 
5412B [5.12] and EUROCAE ED-84 [5.13]. Frequency 
spectra of current Components A, AH, D and H are also 
provided in for use by those who wish to translate the light-
ning environment into an equivalent Fourier frequency do-
main. 

Of course, the lightning currents are not continuous si-
nusoid signals and should not be visualized as such. 
Sometimes, continuous wave (CW) currents at frequencies 
within the equivalent spectra, instead of pulse currents at 
the defined waveforms, are injected into airplanes for the 
purpose of measuring induced transients in aircraft wiring. 
This requires inverse transformation of CW signals into 
the time domain to determine the responses of measured 
circuits to the defined time-domain current components. 
Some cursory comparisons of CW and time domain pulse 
current tests of airplanes have been published, but exhaus-
tive comparisons are not available. 

Test Waveforms 

The idealized lightning environment waveforms sum-
marized here and described in the standards [5.13 - 5.14] 
are appropriate for analysis, but they are sometimes diffi-
cult to apply to full-scale components or vehicles in a test 
program. This is because it may become prohibitively 
costly to develop and operate current generators that can 
deliver the severe environments, especially to large vehi-
cles such as a transport aircraft wing. Therefore, the ap-
proach for testing frequently involves the use of wave-
forms other than the idealized stroke current waveforms of 
Figs. 5.7 and 5.10. However, these alternate currents must 
yield physical effects or other test results that are the same 
as if caused by the idealized currents. For testing of sys-
tems exposed to induced effects, the test results must be 
readily extrapolated or scaled to those which would be ob-
tained if the vehicle were tested with the idealized wave-
forms. Additional discussion of test waveforms and meth-
ods is found in subsequent chapters. 

5.5.5 Zoning and Application of the Current 
Components 

Current Components A, B, C, D and H together com-
prise the important characteristics of a severe natural light-

ning flash current although not all the components may at-
tach everywhere on the aircraft. The process for assigning 
the current components is through zoning of the aircraft 
surfaces and structures and is discussed in the following 
paragraphs. 

Lightning Strike Zone Definitions 

The zone definitions are based on the following principles: 

1. There are surfaces likely to experience initial leader 
attachment and the first stroke in the flash. These are 
usually extremities with low radii of curvature where 
electric fields may be concentrated, such as the nose 
area, tail cone, wing, and empennage tips.  

2. There are other surfaces that are not likely to 
experience initial leader attachment and first strokes 
but are likely to experience subsequent strokes in 
negative C-G flashes. These include fuselage surfaces 
aft of initial leader attachment regions such as most of 
the fuselage in a traditional design.  

3. There are other surfaces that are not likely to 
experience any lightning attachment but are having to 
conduct lightning currents between possible entry and 
exit locations. These are often wing surfaces inboard 
of wing tip extremities. Unless the wings are steeply 
swept, leaders and channels will not sweep along 
wing surfaces inboard of wing tip areas.   

With these principles in mind, the following zones have 
been defined in [5.15 - 5.16]:  

Zone 1A – First stroke zone 

All the areas of the aircraft surfaces where a first 
stroke is likely during lightning channel attachment 
with a low expectation of flash hang-on. 

Zone 1C - Transition zone for first return stroke 

All the areas of the aircraft surfaces where a first 
stroke of reduced amplitude is likely during lightning 
channel attachment with a low expectation of flash 
hang-on. 

Zone 1C also includes the first stroke, but one that is 
assumed to strike an aircraft at flight altitudes between  
1 524 and 3 048 m (5 000 and 10 000 ft.), where the inten-
sity of a severe return stroke is expected to be lower than 
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at the earth by the amount of charge that has been con-
ducted through the aircraft during the leader phase. 
Whereas a lightning leader almost always attaches to the 
forward-most extremity of a nose, continued movement of 
the aircraft may sweep the leader channel alongside the fu-
selage (or an engine nacelle) for a certain distance prior to 
completion of the flash and arrival of the first stroke 
(which is represented in the Zone 1A and 1C environ-
ments). 

Zone 1B - First stroke zone with long hang-on 

All the areas of the aircraft surfaces where a first 
stroke is likely during lightning channel attachment with 
a high expectation of flash hang-on. 
 

Zone 2A - Swept stroke zone 

All the areas of the aircraft surfaces where subsequent 
stroke is likely to be swept with a low expectation of flash 
hang-on. 
 

Zone 3 
 

Those surfaces not in Zones 1A, 1B, 1C, 2A, or 2B, 
where any attachment of the lightning channel is unlikely, 
and those portions of the aircraft that lie beneath or be-
tween the other zones and/or conduct substantial amount 
of electrical current between direct or swept stroke attach-
ment points. 

The standard for locating lightning strike zones on an 
aircraft is SAE ARP 5414B and EUROCAE ED 91A [5.14 
and 5.15]. The contents of this standard are not repeated 
here so the reader should consult this standard when locat-
ing the lightning zones on a particular aircraft. Instead, 
some considerations that are not presented in the standard 
are discussed here. 

The process begins with location of places where a 
lightning leader can originate. These are the initial entry 
and exit locations for the current components. This is often 
accomplished by high voltage strike attachment testing of 
scale models of the aircraft, or by numerical simulation of 
electric field concentrations at the aircraft extremities. 
Sometimes the initial leader attachment points may be 
identified by inspection if the aircraft geometry is like pre-
viously zoned aircraft whose initial strike zones have been 
established by model test. The leader situation is as shown  

in Fig. 5.14. By re-orienting the model to expose it to elec-
tric fields from different directions, all the possible leader 
attachments can be located. 

 
Fig. 5.14 – Initial leader attachments at an aircraft 

[5.14]. 

The process continues by locating other surfaces that 
can be exposed to “sweeping” lightning leaders or chan-
nels. Since a fixed wing aircraft is moving forward while 
in flight it will fly through the lightning leader and then the 
channel so that the leader or channel will reattach to other 
surfaces further aft of the initial attach point. If, as is usual, 
one of the initial leader attachment points is at a trailing 
edge, then the leader and channel will simply extend itself 
so that it remains in contact with the aircraft. This situation 
is shown in Fig. 5.15. 

Fig. 
5.15 – Flight of the aircraft through the channel 

Thus, there are many places on aircraft surfaces that 
may be exposed to lightning strikes. They originate at ex-
tremities where the electric fields are strongest, but reat-
tach to flat surfaces aft of initial leader attach locations. 

Some of the questions have arisen concerning establish-
ment of zone locations and boundaries. For example, an 
aircraft nose and a wing-mounted engine inlet have always 
been considered to be in Zone 1A (surfaces that experience 
the first stroke but with a low probability of flash hang-
on). The possible rearward extent of this zone is estab-
lished as follows: 
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The situation is shown in Fig. 5.16. The leader sweep 
distance, d, depends on the aircraft velocity, 𝑞𝑞𝑎𝑎𝑎𝑎 , the leader 
velocity, 𝑞𝑞𝑑𝑑, and the altitude, h, above ground, since the 
first stroke is not discharged until the leader has reached 
its ultimate destination at the earth, as shown in Eq. 5.5. 

 
        Fig. 5.16 – Leader sweep prior to first stroke arrival 

[5.14]. 

𝑑𝑑 = ℎ 𝑣𝑣𝑎𝑎𝑎𝑎
𝑣𝑣𝑙𝑙

                        (5.5) 

 

Rearward extent of Zone 1A 

In the past, the rearward extent of Zone 1A has been of 
little interest because most fuselage and engine nacelle 
structures have had aluminum skins that easily withstood 
Zone 1A lightning currents. Replacement of aluminum 
skins with advanced composites, however, makes this as-
pect of lightning strike zone location take on much greater 
importance. Analysis and inspections of lightning strike 
evidence on the surfaces of aircraft struck in flight shows 
that first return strokes of cloud-to-earth flashes may arrive 
at an aircraft several meters aft of initial leader attach-
ments. The altitude and speed of the aircraft are important 
factors in establishing how far aft of initial leader attach-
ments (to forward extremities) the first stroke currents may 
arrive. These factors apply, of course, only to cloud-to-
earth flashes. The time at which the leader reaches the 
earth may be assumed to be the same as when the return 
stroke reaches the aircraft because, once initiated, the 
stroke (often called the ‘return stroke’) travels back up the 
channel almost instantaneously (at about one-third the 
speed of light). Thus, the leader speed is a significant pa-
rameter influencing leader sweep along an aircraft surface. 

Leader velocity 

The velocity of a typical cloud-to-ground lightning 
leader has been determined by high-speed photography 
and reported by many researchers as being between 1 and 
1.5 x 105 m/s, Schonland, Malan, and Collens [5.16]. For 
example, reported in 1935 that the average velocities of 24 
stepped leaders of negative polarity ranged from 1 x 105 to 
13 x 105 m/s. Orville and Berger [5.17] measured a mean 
velocity of 2.5 x 105 m/s for an upward-progressing posi-
tive leader from a tower on Monte San Salvatore in 1965. 
Uman [5.18] reports a typical average stepped leader ve-
locity as 1.5 x 105 m/s and more recently Fieux et al [5.19] 
have estimated leader velocities ranging from 0.2 x 105 
m/s to 1 x 105 m/s. Elsewhere in the literature, one finds 
the values of 1 x 105 m/s or 1.5 x 105 m/s quoted most 
widely. It is appropriate, therefore, to utilize velocities in 
this range for 𝑞𝑞𝑑𝑑 in Eq. 5.5. 

If a typical leader traveling at an average speed of  
1.5 x 105 meters per second were to strike the nose of an 
aircraft traveling 250 knots (134 m/s) at an altitude of 1 
500 meters (5 000 ft.), the aircraft would have moved 
about, 

 
𝑑𝑑 = (134𝑚𝑚 𝑠𝑠)(1 500 𝑚𝑚)⁄

1.5 𝑥𝑥 105 𝑚𝑚/𝑠𝑠
= 1.3 𝑚𝑚  (5.6) 

 
by the time the stroke current arrived at the aircraft. The 
assumption should be that the leader would have reat-
tached to a spot 1.3 m aft of its initial attachment location 
and at that moment the first stroke will arrive. 

In this way the aft extension of Zone 1A is determined. 
In fact, in the zoning standard it is assumed that the full 
amplitude of the first stroke Component A is only valid up 
to 5 000 ft. Above this altitude the assumption is that some 
of the leader charge that is discharged by the first stroke 
has already passed through the aircraft at the low rate of 
the leader current, by the time the leader reaches the earth, 
and the stroke happens. Between 1 524 and 3 048 m (5 000 
and 10 000 ft.) the amplitude of the first stroke is reduced 
to Component AH, a reduced amplitude version of Com-
ponent A. The amplitude of Component AH is 150 kA and 
its action integral is 0.8 x 106 A2.s. Such a current will in-
flict less than half of the thermal effects of Component A, 
whose action integral is 2 x 106 A2s. The surfaces where 
first stroke Component AH is found are in Zone 1C.   
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Above 1 524 m (5 000 ft.) and up to 3 048 m (10 000 
ft.) the applicable first stroke is Component AH. Since air-
craft must operate from the ground up to cruise altitude, 
Component A is applicable in the first 1.3 m aft of leader 
attachment, and Component AH is applicable 1.3 m further 
aft, by Eq. 5.5. The 1.3 m distances are due to the assumed 
airspeed of 250 knots, which is the maximum allowed up 
to 3 048 m (10 000 ft.) in many areas of the world. The 
result is shown in Fig. 5.17. 

Zone 2A, within which only subsequent strokes are ap-
plicable, follows Zone 1C.   

 

Fig. 5.17 – Zones 1A, 1C and part of 2A [5.14]. 

Note that the entire nose radome is shown as being the 
initial leader attachment region, since the electric field is 
intensified about the group of radome lightning diverters, 
and also the sharp edge of the forward bulkhead.   

The analyses above are based on a cloud-to-earth light-
ning flash situation. A similar mechanism would exist for 
cloud-to-cloud discharges, but less is known about them. 
Since cloud-to-earth flashes are generally believed to pre-
sent the most serious environment, the analyses in this sec-
tion will continue to represent the cloud-to-earth case. 

  This analysis is simplistic and assumes that the leader 
takes a straight path between the aircraft and the earth, at 
a dependable velocity, which certainly does not always 
happen. Most of the possible variations probably extend 
the transit times and possible leader sweep distances, but 

there is no practical way to account for these variations in 
a way suitable for inclusion in the standard for zoning of 
aircraft. The guidelines that follow cover most of the in-
flight lightning strike experience, but not all of it. 

Further extent of zones 

In order to account for tortuosity of the lightning chan-
nel as it “sweeps” along the aircraft surfaces, the zones are 
extended laterally a distance of 0.5 m onto adjoining wing 
and empennage surfaces. 

As previously discussed, the surfaces aft of Zones 1A 
and 1C are in Zone 2A. Trailing edges behind Zone 2A are 
in Zone 1B (if the trailing edge is a possible leader attach-
ment location) or Zone 2B (if the trailing edge is not an 
initial leader attachment location). 

Zone 3 includes surfaces not within the other zones. It 
also includes all of the structures between possible light-
ning strike entry and exit locations. This means that nearly 
all the airframe is in Zone 3 and must conduct the lightning 
current components. Fig. 5.18 shows the zones on a com-
plete aircraft. 

 

Fig. 5.18 – Lightning zones on a transport aircraft [5.14] 

Since an aircraft can travel its full length (~80 m) in the 
lifetime (i.e., 1 s) of a C-G flash its full fuselage and em-
pennage are exposed to reattachments of a lightning chan-
nel that originates at the nose (in 1 s it travels 130 m at 250 
kts). This is not shown in the example of Fig. 5.18. A more 
correct example would be that in Fig. 5.19. 
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Fig. 5.19 – Large transport aircraft with more realistic 

zoning of empennage surfaces 

More detailed illustrations of lightning strike zones on 
wing tips and winglets are shown in Fig. 5.20 [5.14].   

 
Fig. 5.20 – Lightning zones on winglets and wing tip 

The significance of either of the lightning strike zones 
is that skins, structures and other objects located in these 
zones must be designed to tolerate the effects of direct or 
swept lightning strike attachments. In Fig. 5.20, for exam-
ple, the integral fuel tank skins aft of the nacelles were 

 

required to be thick enough to withstand swept lightning 
strike currents, whereas skins in Zone 3 would perhaps not 
have to be this thick. 

Swept channel zones 

Over the years, the terms swept stroke and swept stroke 
zone have become synonymous with Zone 2A, and the 
terms direct strike and direct strike zone have meant Zone 
1A and 1B.    

The term ‘swept channel’ refers to the continued sweep-
ing of a lightning channel over the surface of the aircraft 
after the first stroke has occurred. Subsequent strokes may 
occur in the swept channel, and this is why the term ‘swept 
stroke’ has often been used.   

Strokes, however, are not lightning arcs, but rather 
pulses of current, which, being of very short duration, are 
not likely to reattach to points aft of where they first enter 
the aircraft’s surface. So, the term ‘swept stroke’, though 
historically popular, may be misinterpreted to imply that 
the stroke attachment spot is somehow being swept. It is 
the lightning channel that is “swept” by the motion of the 
aircraft through it.  

Currents applicable in each zone 

The lightning currents to be expected in each zone are 
found in Table 5.2. 

For conventional aluminum skins, the line of demarca-
tion between Zone 1A, 1C, and 2A is of little practical im-
portance, because most aluminum skins can withstand 
even the first return stroke (Current Component A) with 
little damage.  

  

When the area of interest includes more than one zone, 
the protection assessment shall be performed utilizing the 
zone or zones with the most severe environment. The 
zones determine the lightning environment applicable to 
the aircraft surfaces, and to structures and systems within 
the aircraft. Zoning is used to determine the lightning cur-
rent entry/exit path(s) through the aircraft and to locate the 
path(s) that represent(s) the most severe threat to the struc-
ture or system under investigation. The current compo-
nents listed in Table 5.2 are applied for evaluation of phys-
ical effects and to verify adequacy of protection designs. 

 
 



119 

Table 5.2 Current Components Applicable in Each 
Zone1 

 

Current  
Component: 

A AH D B C* C 

Zone:       
1A √   √ √  
1B √  √ √  √ 
1C  √  √ √  
2A   √ √ √  
2B   √ √  √ 
3 Conduction √  √ √  √ 
3 Arc entry2 A/5   √ √  

Note 1: Applicable via arc entry except for Zone 3 conduction 
Note 2: Applicable only to transport aircraft fuel tank surfaces in 
Zone 3 
 
 

The order of application of current components is to  
have the initial stroke current component (A, AH, D, A/5) 
applied first, followed by the intermediate (B) and contin-
uing currents (C*, C). Only surfaces in Zone 1B are to re-
ceive a second stroke, Component D.   

 
Composite structures 

If the skin or structure aft of a leading-edge attachment 
area is made of composites, or other poorly conducting 
materials, the rearward extent of Zone 1A and also of 1C 
becomes of more critical importance. Some carbon fiber 
composite skins can tolerate the effects produced by the 
Zone 2A currents, which include subsequent stroke Com-
ponent D, without requiring additional protection. How-
ever the first stroke (Component A) assigned to Zone 1A 
surfaces can deliver eight times more energy than the cur-
rent (Component D) included in Zone 2A, and the resulting 
damage can be extensive unless protective coatings or 
other methods have been applied. 

The significance of the ‘B’ designation can be seen in 
the currents specified for Zones 1A and 1B. Due to the 
short hang-on time for an initial strike to a Zone 1A sur-
face, only current components A, B and C* are applied, 
but all the current components are experienced by trailing 
edge surfaces in Zone 1B. 

Most protective measures add weight and increase cost. 
Thus, the decision as to whether to apply protection or not, 
(or even whether a composite skin should be utilized in the 
first place), may depend directly on the designation of the 
lightning strike zones, and especially on a realistic deter-
mination of the rearward extent of Zone 1A and Zone 1C. 

Further discussion of distance traveled vs. flight con-
ditions 

From Fig. 5.16 it is evident that the distance, d, that the 
aircraft travels between the time of leader attachment and 
return stroke arrival is dependent on the aircraft’s velocity 
and altitude, in addition to the leader velocity. Fig. 5.21 is 
a plot of Eq. 5.5 for three different values of vac. It shows 
the range of distances, d, that an aircraft flying at a given 
velocity may move with respect to the lightning leader 
channel (i.e., the leader sweep distance) prior to the arrival 
of the first stroke. This range of distances considers the full 
range of flight altitudes and velocities within which air-
craft are most likely to operate. 

From Fig. 5.21 (and Fig. 5.16) it may be seen that an 
aircraft cruising at 250 knots (288 mph, 130 m/s) airspeed, 
at an altitude of 3 048 m (10 000 ft.), would travel 2.6 me-
ters. During the time it would take a lightning leader trav-
eling 1.5 x 105 m/s to reach the earth and initiate the return 
stroke. This is a significant portion of the fuselage length 
of some small jet aircraft, or an entire engine nacelle on a 
large transport aircraft. This implies that all of these sur-
faces could be exposed to the first stoke of a lightning 
flash, represented by Component A (or Component AH). 
Since the first stroke is considered a part of the Zone 1A 
or Zone 1C environment, surfaces of the aircraft that are 
exposed to the swept leader channel are within these 
zones. 

On the other hand, a propeller driven aircraft whose 
flight envelope extends only to a speed of  170  knots  (87 
m/s, 196 mph) and an altitude of 1 829 m (6 000 ft. .) 
would travel only 1.06 m before the arrival of the first 
stroke. Aircraft surfaces aft of the leader channel sweep 
distance would experience only the subsequent strokes, 
represented by Component D, and the intermediate and 
continuing currents, Components B and C*, assigned to 
Zone 2A. 

High speed aircraft 

Since many of today's military aircraft are designed to 
operate at high speeds, a large portion of their surfaces aft 
of initial leader attachment points would, by the results of 
Figs. 5.21, might be considered within either Zone 1A or 
1C up to an altitude of 3 km (10 000 ft.). Whether or not 
extension of Zones 1A and 1C aft of the 1.3 m and 2.6 m 
distances illustrated previously is applicable depends on 
whether the aircraft may operate at speeds above 250 knots 
if higher speeds are to be operated. 
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This possibility was first recognized when the first ‘all 
composite’ aircraft was being designed and was described 
in [5.20]. The significance of this rearward extension of 
Zone 1A has been academic for conventional aluminum 
structures because most aluminum skins do not suffer cat-
astrophic damage from the lightning environment of 
Zones 1A and 1C. This is not the case for composites un-
less adequate protection is provided. 
 

 

Fig. 5.21 - Distance traveled prior to arrival of return 
stroke for leader velocity = 1.5 x 105 m/s. 

When considering Fig. 5.21 it should be remembered 
that most C-G flashes are expected to originate from 3 km 
(10 000 ft.) and below. Thus, the airplanes operating above 
this altitude would not normally encounter C-G flashes 
where Components A and Ah are applicable. Experience 
has shown effects of severe stroke currents on surfaces of 
commercial transport and general aviation aircraft well aft 
of the 2.6 m leader extension predicted by Eq. 5.6 and Figs. 
5.17 and 5.18. These airplanes were struck at altitudes of 
3 km (10 000 ft.) and below where the airplanes were trav-
eling at airspeeds of 250 knots or below. These must have 
been due to non-traditional flashes that took longer, more 
tortuous routes to ground. 

Skins and structures made of advanced composites are 
likely to suffer greater damage from the first return stroke 
(Component A or AH), defined for Zones 1A and 1C, than 
from the subsequent stroke (Component D), defined for 
Zone 2A. This can be attributed to the higher action inte-
grals involved (2.0 x 106 A2s for Component A or 0.8 x 
106 A2s for Component AH) versus 0.25 x 106 A2s for 
Component D. 

Several factors reduce the likelihood of experiencing 
the first strokes in cloud-to-earth flashes at the altitude and 

velocity limits of the aircraft’s flight envelope to accepta-
ble risk levels: 

Most strikes occur at lower altitudes. Experience shows 
that most lightning strikes occur when the aircraft is flying 
at altitudes between 1.5 km (5 000 ft.) and 6 km (20 000 
ft.), as discussed in Chapter 3. Most of the cloud-to-earth 
strikes are believed to occur when the aircraft is below 3 
km (10 000 ft). At these altitudes, an aircraft’s velocity is 
often less than at higher altitudes. Statutes in many coun-
tries require that aircraft operating below 3 km (10 000 ft.) 
not exceed 250 knots. 

Most severe strokes occur at lower altitudes.  Most 
strokes that have caused severe physical effects on aircraft 
have occurred at altitudes of 6 km or less, and many of 
these have been at altitudes below 1.5 km. In most of the 
cases of severe damage or loss of the aircraft, the strike 
occurred at 1.5 km (5 000 ft.) or below. These first strokes 
are more commonly represented by the Zone 1A environ-
ment. In a very few cases, evidence of a severe stroke has 
been reported occurred at cruise altitudes of between 10 
and 12 km. The nature of the lightning currents responsible 
for this damage is not known, but they may be associated 
with positive polarity charges which exist in the tops of 
cumulonimbus clouds at high altitudes. 

It is logical that most of the severe strokes occur closest 
to the earth, because these strokes result from discharges 
of a cloud-to-earth leader system that is above the aircraft 
and experiences more of the leader charge in the first 
stroke than would an aircraft in a leader that is mostly be-
tween the aircraft and the ground.   

Strikes at flight altitudes may not be cloud-to-earth.  
The preceding discussion addresses leader propagation be-
tween a cloud and the ground. It is probable that many of 
the strikes involving aircraft at cruise altitudes above 6 km 
do not involve the ground but propagate, instead, between 
upper-level charge centers in or among the clouds. Less is 
known about the formation of these intracloud flashes, but 
it is probable that their leader propagation times are shorter 
than those of the cloud-to-ground flashes that originate at 
high altitudes. These factors reduce the probability of sig-
nificant stroke currents appearing at aircraft in flight alti-
tudes above 3 km (10 000 ft.) but probably do not elimi-
nate this possibility. Flashes originating in the upper 
reaches of thunderstorm clouds have occasionally been 
observed propagating all the way to ground. Such flashes 
transfer large amounts of positive charge. 
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Methodology for zone location 

Guidance for location of lightning strike zones on an 
aircraft is provided in [5.14]. Based on the considera-
tions described above, the following procedures can be 
used to locate the lightning strike zones on a specific air-
craft. 
 
1. All aircraft extremities such as the nose, wing and em-

pennage tips, tail cone, wing-mounted engine nacelles 
and other significant projections, should be regarded 
as initial leader attachment locations. Forward ex-
tremities should be considered to be in Zone 1A and 
trailing edge extremities should be in Zone 1B, in ac-
cordance with the zone definitions. If there are uncer-
tainties regarding possible initial leader attachment 
locations, scale models may be tested with high volt-
ages to see where leaders may originate. The standard 
for the model test is SAE ARP 5416A [5.21].  

2. In-flight experience and laboratory tests of scale 
models of aircraft have shown that the leading edges 
of large, straight wings and the brow areas above 
cockpits of transport category aircraft may also 
receive initial leader attachments, but not as 
frequently as aircraft extremities. These attachments 
are thought to be more likely to result from a 
naturally occurring leader approaching the aircraft 
than from an aircraft-initiated leader, and they are 
akin to the lightning strikes known to attach, now and 
then, to the flat roofs of large buildings. There is 
reason to believe that the stroke currents following 
such attachments are lower in intensity than the 
strokes associated with Zones 1A, 1C or 2A. The 
electric field due to a smaller leader charge allows an 
advancing leader to meander closer to building 
rooftops before inducing junction leaders from more 
prominent locations. In such cases, the rearward 
extension of susceptibility to lightning attachment 
would continue aft. 

 If lightning effects to such surfaces could produce a 
catastrophic effect, a reduced intensity lightning environ-
ment has been defined for application to flat surfaces aft 
of fuel tank skins. This is comprised of: 

- A stroke current that is represented by Component 
A/5 (40 000 A at 0.08 x 106 A2s) 

- Followed by Component B 
 
 

 

- Followed by Component C*, if the surface is not sub-
ject to channel hang-on, or Component C if the surface 
is a trailing edge where lightning channel hang-on is 
likely. 

3. Since all aircraft spend some time flying at altitudes 
below 3 km (10 000 ft.), the minimum rearward ex-
tension of first stroke Zones 1A/1C on a particular air-
craft should be determined from Eq. 5.6 or Fig. 5.15. 

4. Since nearly all aircraft can travel more than their en-
tire length in the one or two  second lifetime of a light-
ning flash, the remainder of the surfaces aft of Zone 
1A/1C should be considered within  Zone 2A. Trail-
ing surfaces should be considered in Zone 1B or 2B, 
depending on whether they are also initial leader at-
tachment areas or not. Surfaces 0.5 m (18 in) to either 
side of Zone 1A/1C and 2A surfaces (located as de-
scribed above) should be included within that same 
lightning strike zone. This takes account of the small 
lateral movements of the sweeping channel that occur 
when the aircraft is turning, or when there is turbulent 
airflow alongside an aircraft surface. 

5. Surfaces of the vehicle for which there is a low possi-
bility of direct contact with the lightning arc channel, 
and that lie between the zones described above, 
should be designated Zone 3. Structures that lie be-
neath and between all the surface zones are also 
within Zone 3. Zone 3 areas may conduct all the light-
ning currents that enter or exit from Zones 1A or 1B.  

Small protrusions 

The zoning standard recommends that small protrusions 
from surfaces are also in the zone of those same surfaces 
and not exposed to more intense lightning strokes than is 
assigned to their zone unless their height above the surface 
is more than 10% of the distance between the protrusion 
and the nearest boundary with a strike zone where more 
intense strokes are expected. This arbitrary rule has 
seemed to be effective. A common example is a blade an-
tenna in Zone 2A. If this does not extend into the airstream 
more than 10% of its distance from the boundary with 
Zone 1C, it remains in Zone 2A, but if this antenna extends 
outward more than 10% of this distance, it is to be assigned 
Zone 1C. 
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Zoning of rotorcraft 

Due to the wide range of airspeeds associated with ro-
torcraft, and the fact that they have moving rotors, there is 
a correspondingly wide range of possibilities for initial 
swept leader attachments to helicopter main and tail rotor 
blades. Therefore, it is best to regard all of the upper sur-
faces and edges of main rotor blades, and all surfaces and 
edges of tail rotor blades, of a helicopter as belonging to 
Zone 1A, even though the zoning standard shows rotor 
blades as having more limited Zone 1A and 1B surfaces. 
It is usually the upper surfaces of blades that get struck but 
all surfaces should have the same protection. Lightning 
channels are known to be tortuous and can swirl around 
the edges of wing tips and blades, such that they can reat-
tach to opposite surfaces.  

Some operators have stated that their helicopters are 
more likely to be struck while parked on the ground. Thus, 
unless blades can be inspected prior to flight, it is prudent 
to consider the upper surfaces of blades as in Zone 1B. The 
zoning standard considers only the in-flight situation. 

If the helicopter does not have skids or fixed landing 
gear, most of the lower surfaces would be in Zone 1B, 
again since the helicopter may be in hover mode when 
struck. If skids or fixed, extended landing gear are present, 
those would be the items exposed to direct strikes and the 
lower surfaces would be protected from strikes by their 
presence. 

An example of a helicopter zoned without skids or fixed 
landing gear is shown in Fig. 5.22. 

 

Fig. 5.22 – Lightning Zones of helicopter without 
fixed landing gear or skids. 

 

Once the lightning strike zones have been established, 
they should be documented on a drawing of the aircraft or 
rotorcraft, with boundaries identified by appropriate sta-
tion numbers or another suitable notation. It is usually ap-
propriate for the applicant to review the zone drawings 
with cognizant certifying engineers to obtain concurrence, 
as the zones form the basis for certification of the designs 
that follow. 

Further guidance on zone location methodology is con-
tained in [5.15 - 5.16]. 

5.6 Steps in Design and Certification 

Experience has shown that the most successful lightning 
protection design and certification programs have been 
achieved when the work was conducted in a logical series 
of steps. 

 
In this context, ‘successful’ means achieving a satisfac-

tory protection design that complies with the regulations and 
has a minimum impact on overall weight and cost. 

The details and order of these steps may vary somewhat 
from one program to another, but most programs include 
the following basic steps: 

Step a – Locate the lightning strike zones on the aircraft 

Determine the aircraft surfaces, or zones, where light-
ning strike attachment to the aircraft is probable, and the 
portions of the airframe through which lightning currents 
must flow between these attachment points. 

Step b – Establish the lightning environment 

Identify the components of the lightning environment 
that are applicable to surfaces of the aircraft in each zone. 

Steps a and b have been discussed in § 5.5.5. 

Step c – Perform the Lightning Hazard Assessment 

Determine the aircraft structure, systems and compo-
nents safety classifications and make hazard assessments 
(safety assessments) to review the aircraft and its systems 
and components to identify lightning effects and potential 
hazards. 

Safety assessments are necessary for certification of an 
aircraft including all its systems and components. The pro-
cedures for conducting these assessments are provided in 
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the guidance documents applicable to the airframe as a 
whole and each major system of the aircraft. The aircraft 
parts and applicable guidance documents are as follows: 

Guidance Documents 

A number of documents published by the certifying 
agencies (FAA, EASA) are available to assist in the certi-
fication process. For example, FAA has published ACs 
that explain the process of lightning safety assessments 
and showing compliance with various regulations. Those 
pertaining to lightning protection are listed below.   

Airframe and all systems except those addressed by 
other standards: SAE ARP 5577 [5.2]. 

Fuel Tanks and System:  FAA AC 20-53C [5.5], FAA 
AC 25.954-1 [5.4], SAE ARP 6205 [5.22]. 

Electrical and Avionic Systems:  FAA AC 20-136B 
[5.8]. 

Engines:  FAA AC 33.28-1 [5.23]. 

The result of the safety assessments described for each 
area listed above is identification of the functions required 
for safe flight and the structures, systems and equipment 
that perform these functions. This categorizes systems into 
lightning criticality categories as follows:  Level A – Cat-
astrophic, Level B – Hazardous, Level C – Major, Level D 
– Minor, and level E – No safety affect. Somewhat similar 
categories are available for structures. These definitions 
are found in FAA’s system design and analysis regulations 
such as FAA AC 25.1309-1A [5.24]. 

Also, the locations of the structural elements, system 
component installations and interconnecting wiring asso-
ciated with these systems, will be identified, so that the in-
teractions of the lightning environment with these items 
can be addressed successfully. 

Important considerations 

The specific procedures for the assessments described 
in the above references should be referred to for the appli-
cable systems. These are not repeated here. Instead, we 
provide some important factors that should always be con-
sidered when conducting the safety assessments. Some-
times one or more of these have been overlooked, resulting 
in incomplete assessments and protection. 

1. Whole aircraft effects. Lightning currents flow 
throughout the entire aircraft so the potential effects 
are not limited to the immediate vicinity of lightning 
entry or exit points. Especially for fuel and 

electrical/avionic systems which occupy much of the 
volume of an aircraft, all parts of the system are 
exposed to lightning effects. For example, electrical 
arcing due to current flow among fastened lightning 
effects have been observed large distances from the 
strike entry or exit locations. This is due to the flow 
of current between these locations. For the same 
reason, induced voltages and currents should be 
assumed to be coupled to interconnecting wiring 
throughout the wiring installations of 
electrical/avionic systems.   

2. Multiple strikes in a flight. When considering the 
effects of lightning it should be remembered that 
aircraft may experience more than one strike in a 
single flight. Neither airworthiness regulations nor 
advisory material state how many strikes may be 
expected, or must be protected against, in the same 
flight. It is well known that aircraft frequently 
experience more than one strike during a flight. 
Protection designs such as “one-shot” voltage 
suppressors or diverter strips that tolerate only one 
strike and are intended to be replaced after a strike 
should be avoided. In principle, protection features 
and devices should be designed to perform their 
intended functions for the expected life of the aircraft. 
Doing so will minimize the need for periodic 
inspection and maintenance activities and the risk of 
failures if a protection device is not functional.  

3. MSs or bursts. Within each strike there are usually 
MSs or bursts of pulses as described in Chapter 2. 
Care needs to be taken to assure that these multiple 
effects are considered. Test standards for electrical 
and avionics systems include MS and burst tests, but 
standards for testing fuel tanks, systems and structures 
do not. The safety assessments should ask the 
question of whether a first strike might degrade 
protection features so that a second or third strike may 
overcome the remaining protection. 

4. Limitation of assessments to examples in guidance 
documents. The guidance documents listed above 
provide examples of areas to be reviewed. An 
example is the list in § 4.3 of SAE ARP 5577 [5.2]. 
This is not intended to be all-inclusive. There are 
usually additional structures, systems, or components 
whose potential for hazardous responses to lightning 
need to be evaluated. Certification managers or 
authorities should not accept assessments whose 
scope is limited to the lists in the guidance documents 
without challenging the assessors to look beyond 
those examples.  

5. Lightning strikes do not happen in fair weather. 
This means that the lightning assessments should 
consider the need for system functionalities at the 
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times and flight regimes when lightning is most likely. 
As noted in Chapter 3, strikes happen when the 
aircraft is in visual flight rules flight, during 
precipitation (often icing), in turbulence, and during 
climb and descent. Pilot workloads are likely to be 
high, and multiple systems are needed. The safety 
assessments need to consider these likelihoods. This 
broadens the scope of the assessments.   

6. The aircraft safety assessment should be consulted. 
Results of the aircraft safety assessment should be 
reviewed before beginning the lightning safety 
assessments. The aircraft assessment will show the 
structures and systems that are needed for safe flight. 
Do not be surprised if a system that may potentially 
fail due to a lightning effect has not been included on 
the list of systems whose failures may prove 
catastrophic to the aircraft. Those conducting the 
aircraft assessment may have not been aware of a 
potential lightning effect. 

Step d – Establish protection criteria 
 

Decide on the amounts of physical damage that will be 
acceptable for structures, and the degrees of upset and/or 
damage that will be acceptable for systems that perform 
the functions necessary for safe flight, as well as protection 
requirements for other systems, such as flight control and 
the fuel system. 

Step e – Design lightning protection 
 

Design lightning protection measures for each of the 
structures, systems, and/or equipment in need of protec-
tion. In some cases, the lightning protection is inherent in 
the design of the structure or system. In others the protec-
tion features must be added. Since the regulations require  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

protection against catastrophic events, there may be light-
ning damage or other effects that are in compliance with  
the regulations yet imply an economic burden on the air-
plane owner or operator. Decisions are then made regard-
ing how much additional protection to be applied to mini-
mize this damage. Methods of protection design are in-
cluded in Chapters 6 through 17 for various types of struc-
tures and systems.   

 
Step f – Verify protection adequacy 

Verify the adequacy of the protection designs by one of 
the following methods: 

a. Showing sufficient similarity of design details rele-
vant to lightning susceptibility with previously 
proven designs 

b. Performing simulated lightning tests 

c. Performing acceptable analyses. 

d. Some combination of the above methods.   

For electrical and avionic system certification, margins 
between system and equipment voltage and current tolerance 
levels and actual levels determined by analysis or test usually 
need to be shown. These margins account for experimental 
error and analytical uncertainty.  

More specific versions of the above set of steps are in 
use for design and certification of fuel systems, electrical 
and avionic systems, structures and other systems are 
presented in the aforementioned advisory documents. 
These are discussed further in the applicable chapters of 
this book. 
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Chapter 6 

PROTECTION AGAINST PHYSICAL DAMAGE 

 

It was not easy, however, to escape from Crete, since 
Minos kept all his ships under military guard, and now of-
fered a large reward for his apprehension. But Daedalus 
made a pair of wings for himself, and another for Icarus, 
the quill feathers of which were threaded together, but the 
smaller ones held in place by wax. Having tied on Icarus' 
pair for him, he said with tears in his eyes: “My son, be 
warned! Neither soar too high, lest the sun melt the wax; 
nor sweep too low, lest the feathers be wetted by the sea!” 
Then he slipped his arms into his own pair of wings and 
they flew off. “Follow me closely,” he cried, “do not set 
your own course.” 

As they sped away from the island in a northeasterly 
direction, flapping their wings, the fishermen, shepherds, 
and ploughmen who gazed upward mistook them for gods. 
They had left Naxos, Delos, and Paros behind them on the 
left hand, and were leaving Lebynthos and Colymne be-
hind on the right, when Icarus disobeyed his father’s in-
structions and began soaring towards the sun, rejoicing in 
the lift of his great sweeping wings. Presently, when Daed-
alus looked over his shoulder, he could no longer see Ica-
rus; but scattered feathers floated on the waves below. The 
heat of the sun had melted the wax, and Icarus had fallen 
into the sea and drowned. Daedalus circled around, until 
the corpse rose to the surface, and then carried it to the 
nearby island now called Icaria, where he buried it. 

Robert Graves, The Greek Myths I (Baltimore: Penguin 
Books, 1955):312-13. 

6.1 Lightning Physical Effects on Metal 
Skins and Structures 

The physical effects of lightning on metal structures 
were described in Chapter 4 and include the following: 

1. Melting or shock wave effects at lightning attachment 
points on metal surfaces. 

2. Temperature rises in metal conductors due to light-
ning currents. 

3. Magnetic force effects. 
4. Acoustic shock effects. 

 

 

5. Arcing at structural bonds, hinges, and joints. 
6. Ignition of flammable vapors within fuel tanks. 

Whether the melting of holes or the creation of a hot spot 
in a particular area constitutes a hazard or not depends on 
what is enclosed by the metal skin. In some places, ignition 
of flammable materials, such as thermal insulation blan-
kets that may be in contact or in close proximity to inner 
surfaces of airplane skins, is a concern. In other places, 
where no flammable materials or vapors are in direct con-
tact with the metal skins, the designer must be concerned 
only with preventing the formation of holes that could de-
grade structural strength and lead to eventual structural 
failure. Usually holes melted by lightning attachments are 
not large enough to allow noticeable loss of cabin pressure.  

Corrosion at a spot where lightning had attached is prob-
ably the most likely form of structural degradation. How-
ever, such corrosion sources do not appear instantaneously 
and are likely to be identified and repaired long before cor-
rosion and stress propagations set in.  

Important factors 

Lightning strikes usually produce very little damage 
where they attach to a metal surface, since relatively little 
energy is released at lightning attachment points. The en-
ergy that is released at an attachment point is the product 
of the lightning current and the cathode or anode voltage 
drop at the end of the lightning channel (known as the arc 
root). This drop is a few tens of volts. Thus, a 400-ampere 
continuing current releases power at the rate of 12 kW if 
the cathode (or anode) drop is 30 volts. The dwell time of 
the lightning attachment at any single spot is very short so 
the energy dissipation is minimal. The electrical resistance 
of aluminum is so small that temperature rises near strike 
points are not sufficient to cause melting.  

Since the lightning channel is an electrical arc, it can be 
very hot (30 000 °C), but only the root of the arc contacts the 
surface to which the channel attaches. Since the arc is sur-
rounded by air, any energy released in it is free to escape 
into the air. Contact of the lightning arc with a metal sur- 
face causes the metal to melt in the manner of an electric arc 
welder electrode momentarily attaching to a metal surface. 
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Lightning current can produce spectacular damage then 
it flows through an arc that is confined within a region where 
the pressure may exceed atmospheric pressure. This situa-
tion is encountered when a lightning arc forms within a nose 
radome or other nonconductive structural enclosure. Since 
the voltage necessary to sustain an electric arc increases 
with pressure, the power associated with such an arc (V x I) 
is higher than it would be in ambient air, and so is the en-
ergy it releases. The confinement of overpressure, which 
lasts until the enclosure ruptures, often inflicts substantial 
damage on the structure that encloses the arc. An exception 
to this general statement is covered in §6.1.2. 

Assuming that the lightning channel is not confined, the 
damage it produces at a particular attachment point on a 
metal skin is largely determined by how long the lightning 
channel remains attached to this spot. If the channel sweeps 
swiftly across an unpainted aluminum skin, for example, the 
damage might consist merely of minor pitting of the skin’s 
exterior surface. However, the channel attachment spot is 
not usually completely free to move. Conventional paints 
and primers on metal surfaces (and similar paints combined 
with resins and smoothing agents on the surfaces of com-
posite skins in Zones 1A or 2A) cause the lightning channel 
to dwell for longer periods at attachment points. This in-
creases the probability of melt-through at those points, on 
metal surfaces, and increases the probability of thermal 
damage to composite surfaces. Damage to composite sur-
faces caused by lightning continuing currents is usually 
minimal. 

The damage to metal and composite surfaces may be 
summarized as follows:

Damage to metal skins 

• Attachment of lightning stroke currents to metal skins 
rarely leads to melt-through, since the time durations 
of stroke currents are too short. 

• Attachment of lightning intermediate and continuing 
currents to metal surfaces produces melting, which 
may include complete melt-through. 

Fig. 6.1 shows an example of small pit marks left by a 
lightning flash on the nose of a research airplane. 

At trailing edges, in Zones 1B or 2B, the lightning channel 
may remain attached for longer periods, melting away 
(‘eroding’) larger amounts of metal. This is usually not haz-
ardous, and it is neither practical nor necessary to protect 
against erosion of metal or erosion of holes in trailing edges. 

Protection design should be focused on preventing 
metal skins from melting through or composite skins from 
being punctured in areas where such damage would endan-
ger safety of flight. Holes in aircraft skins that do not en-
danger safety of flight may be permitted. The conditions 
under which safety of flight might be endangered from 
hole formation are: 

1. When the hole is melted through the skin of a fuel tank 
or some other enclosure containing flammable 
materials, so that these materials are allowed to come 
into contact with the lightning channel. 

2. When the hole causes depressurization.  

3. When the hole sufficiently degrades the mechanical 
strength of a primary aircraft structure or other 
component (such as a helicopter rotor blade), to 
cause catastrophic failure of such structure or 
component, either immediately or at some future 
time. 
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Fig. 6.1 Melted spots left on painted metal surface by lightning strike to nose boom.  
Spots are approximately 300 mm (12 in) apart (NASA Photo).
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There have been reports of holes melted in pressurized 
fuselages by swept lightning channel reattachments, but the 
holes were far too small (less than 10 mm in diameter) to 
allow significant depressurization of a conventional airplane 
cockpit or cabin area. Since trailing edge areas are not 
pressurized, the larger holes melted by longer duration 
currents hanging on to trailing edges have not posed a 
depressurization problem. Nevertheless, the possibility of 
such an event should be considered in any design that 
involves pressurization of or containment of fuel within 
trailing edge sections. 

Melting and charge transfer 

Experiments to determine the relationship between 
lightning charge transfer and melt-through hole-size in sheet 
metals have shown that the volume of metal melted away at a 
lightning attachment point is closely related to the charge 
carried into the point by the lightning current, provided that the 
time duration of the lightning attachment is in the range from 
10 - 2 000 milliseconds and that the rate of charge delivery is 
within the range associated with lightning intermediate and 
continuing currents (200 - 2 000 A). Effects such as melt-
through are also dependent upon the type of metal involved 
and its thickness. 

Hole size vs charge transfer 

Quantitative relationships between electric arcs and 
typical aircraft skin metals were reported in 1949 by 
Hagenguth [6.1], who made laboratory measurements of the 
amount of continuing current and charge transfer necessary 
to melt holes of various sizes in typical metal skins. He 
found that a nearly linear relationship exists between the 
amount of charge (Q) delivered to an arc attachment point 
and the amount of metal melted away from it when the 
charge was delivered at the rates typical of lightning 
continuing currents (200 - 400 A).  

Results of his laboratory tests are presented in Fig. 6.2. 
These results have been used to estimate the amounts of 
charge transferred to spots on aircraft surfaces that have 
received natural lightning strikes. 

 

Melt-through thresholds 

Brick [6.2], Oh and Schneider [6.3] made tests to determine 
the minimum amounts of charge and current required to melt 
through aluminum and titanium skins of various thicknesses. 
This data can be used to project the minimum lightning 
conditions that might ignite flammable fuel vapors in contact 
with the inner surfaces of integral fuel tank skins. Brick and 
Schneider also showed that the melting effects depended on 
current amplitude as well as on the amount of charge 
transferred to the lightning arc attachment spot. Whereas 
Hagenguth had shown that over 22 coulombs, when delivered 
by a current of 200 A, were necessary to melt completely 
through 2 mm (0.080 in) aluminum skins, Brick, Oh, and 
Schneider showed that only about 10 C, when delivered by a 
higher amplitude current of about 500 A, was enough to melt 
completely through such a skin. In laboratory tests, as little as 
2 C, when delivered by about 130 A, melted a hole completely 
through a 1 mm (0.040 in) aluminum skin. 

Oh and Schneider's melt-through thresholds for these 
and other skin thicknesses are shown in Fig. 6.3. The   close 
proximity of their test electrode to the skins (2.4 to 4.8 
mm) might have restricted natural movement of the arc on 
the surface of the skin and been responsible for their low 
Coulomb ignition thresholds. However, this restriction 
resembles the conditions prevalent when the exterior sur- 
face of an aircraft skin is painted. 

Additional data 

Work by Kester, Gerstein, and Plumer [6.4] with an L-
shaped electrode spaced 6.4 mm (0.25 in) above the skin, 
permitting greater arc movement due to the horizontal 
electrode, showed that 20 coulombs or more, when 
delivered at 130 A, are required to melt through a 1 mm 
thick aluminum skin. Their data is presented in Fig. 6.4. 
However, the magnetic interactions associated with 
currents in the L-shaped electrode might have forced 
unnatural movement of the arc, resulting in an optimistic 
result. Since movement of a natural lightning arc is neither 
restricted nor forced by any electrode, it is probable that 
the aluminum melt-through threshold data shown in Fig. 
6.3 are conservative, while those shown in Fig. 6.4 might 
be optimistic. This is especially true when the surface of 
the metal is bare and movement of the lightning arc is not 
restricted by paint or other surface finishes. Other work 
[6.5] has generally corroborated the results of Figs. 6.2 and 
6.3.
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Fig. 6.2 Sizes of holes melted in metal sheets by continuing currents [6.1] 

  

 

 

 

 

 

 

 

 

Stainless steel - 0.254 mm (0.010 in) 

Galvanized iron - 0.381 mm (0.015 in) 

Copper - 0.508 mm (0.020 in) 

Stainless steel - 1.02 mm (0.040 in) 

Aluminum - 1.295 mm (0.051 in) 

Aluminum - 2.54 mm (0.100 in) 
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b. Titanium skins 

Fig. 6.3 Fuel Vapor Ignition Thresholds for Metal Skins [6.2 - 6.3] 

 
Fig. 6.4 Areas of holes melted through aluminum and titanium skins                                                                                                                                    

  

a. Aluminum skins - 2024 T3 
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Influence of paints 

Because the electrical insulating properties of most 
paints, they tend to make lightning channels remain 
attached to the surface of the aircraft at one spot by 
extending the distance that the channel has to stretch 
before sufficient voltage is developed along the channel 
from an existing attachment spot to the next one to 
puncture the paint and establish a subsequent attachment.  
Also, paint tends to concentrate the electric arc attachment 
to a small area of metal surface, increasing the thermal 
effects at that area. 

Influence of pressure 

All the data on melt-through of metal surfaces discussed 
above was taken from experiments on test panels in ambient 
conditions, that is, with equal pressure on both sides of the 
panels. However, some aircraft surfaces are pressurized, 
which has been shown to blow melted metal away from a 
hole and expose interior materials to the hot electric arc. 
Thus, when metal surfaces are pressurized during melt-
through tests, the minimum charge transfer at which a 
hole appears decreases as compared with an 
unpressurized surface.  

A lightning arc may heat the surface to its melting 
point, but if there is no pressure, surface tension prevents 
the molten metal from flowing away and leaving a hole. 
A very modest amount of pressure, however, suffices to 
push the molten metal away and leave a hole. Some tests 
have shown that if a gauge pressure of 34.5 kPa (5 psig) 
is applied to one side of a 2.3 mm (0.090 in) aluminum 
skin, holes can be melted in the skin by a 23 C discharge. 
With no pressure applied, 66 C is required to produce a 
hole of equivalent size. Skin metals should be tested under 
pressure if the skin encloses a hazardous substance that 
may lead to a catastrophic effect.   

Trailing edges 

The structural integrity of trailing edge closeout mem-
bers, or other load-bearing parts, may be degraded if a sig-
nificant portion of metal is melted away from them by 
lightning arcs hanging-on for prolonged periods of time. 
For design purposes, the charge transferred under the de-
fined lightning environment should be assumed to be 200 
C, in accordance with [6.6]. Figs. 6.2 and 6.4 estimate the 
amount of metal that would be melted away by 200 C of 
continuing current charge entering a lightning hang-on point 
in Zones 1B or 2B. 

Protection methods against melted holes 
 

Some of the considerations governing protection of 
metal surfaces are illustrated in Fig. 6.5. 
 
Protection by increasing skin thickness 
 

The most direct way to prevent melt-through is to pro-
vide skins of sufficient thickness to withstand the effects 
of lightning attachment without complete melt-through. 
The specific thickness required to achieve this depends on 
the expected lightning channel dwell time. For most 
painted metal skins the dwell time will be less than 50 ms.   

 

 
 

(a) Increasing skin thickness 

 
 

 
 

(b) Arc root dispersion 

 
 

 
 

(c) Laminated skins 
 

Fig. 6.5 Methods of protection against melt-through. 
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For unpainted aluminum skins (polished or anodized) in 
locations where the dwell times are not expected to exceed 
5 ms, only Current Component B needs to be withstood. 
Based on Fig. 6.3(a), this requires a skin at least 1.5 mm 
(0.060 in) thick. 

 
For painted skins in Zones 1A, 1C and 2A, channel dwell 

times should be assumed to be 20 ms for typical paint 
thicknesses not exceeding 0.25 mm (0.010 in). This re-
quires the skin to be between 2.0 and 3.0 mm (0.080 and 
0.120 in) thick. These are the most common criteria for 
preventing melt-through of aluminum skins. 

 
Protection by arc root dispersion 

 
Arc root dispersion is a protective benefit that arises 

from the treatment of an exterior surface with an electri-
cally ‘bumpy’ finish. The bumps create local intensifica-
tions of the electric field close to the surface, which cause 
the arc root to divide into multiple paths, rather than re-
maining concentrated in one place. Fine wire screens, ex-
panded metal foils (EMFs), and paint primers filled with 
chopped metal fibers have been effective in laboratory 
tests. Unfortunately, metal-filled paints require excessive 
maintenance and, therefore, are not presently in wide use. 
EMFs are the most common means of achieving arc root 
dispersion.  

 
 

If lightning can be divided into multiple current fila-
ments as it enters an aircraft’s skin, so that attachments 
(arc roots) occur at multiple points on the surface of the 
skin, the energy dissipated where each individual current 
filament attaches to the skin is reduced by 1/n2, where n is 
the number of current filaments. Thus, the total dissipated 
energy (and resulting damage) is reduced from what it 
would have been had all the current entered the surface at a 
single spot. The action integral associated with each fila-
ment of current would be 

 

∫ 𝐼𝐼2𝑑𝑑𝜔𝜔(𝑒𝑒𝑒𝑒𝑒𝑒ℎ 𝑓𝑓𝑖𝑖𝑓𝑓𝑒𝑒𝑚𝑚𝑒𝑒𝑓𝑓𝜔𝜔) =  ∫ 𝐼𝐼2𝑑𝑑𝛼𝛼(𝛼𝛼𝑡𝑡𝛼𝛼𝑎𝑎𝑑𝑑)
𝑛𝑛2  (6.1) 

 

This implies that the damage to an airplane skin can be 
minimized using surface treatments that encourage arc 
root dispersion. The 1/n2 damage reduction implied by Eq. 
6.1 is, of course, only true for damage effects that are pro-
portional to action integral. There are other energy transfer 
mechanisms associated with electric arc attachment to 
conductive surfaces that are not dependent on (or at least 
not directly related to) action integral. 

Laboratory tests have confirmed that thermal and shock 
wave damage to metal and carbon fiber composite (CFC) 
skins is greatly reduced when provisions are made to en-
courage arc root dispersion. 
 

Protection with multiple layers 

 
A third method for protecting metal skins is to laminate 

them with a protective layer of thin metal applied with a 
nonconductive adhesive (most structural adhesives are 
nonconductive). Laboratory testing has shown that the 
melting activity is usually limited to the exterior layer of 
metal, and that the inner layer remains undamaged. This 
principle is illustrated in Fig. 6.5(c). The outer layer melts 
away but, as it does so, the arc remains attached to the 
edges of the hole melted in the outer layer and does not 
reattach to the exposed inner layer. In effect, the outer layer 
of metal is sacrificed to protect the inner layer. 

 
For example, an exterior layer of 0.5 mm (0.020 in) alu-

minum bonded to an inner layer of 0.75 mm (0.030 in) alu-
minum can withstand the same lightning environment as a 
single sheet of 2 mm (0.080 in) aluminum. Since melting 
of holes in metal skins is of so much concern to protection 
of fuel systems, these studies are covered further in Chap-
ter 7. 

6.1.1 Protection against Resistive Heating 

As current passes through the resistance of a conductor, 
it generates heat within the conductor. This is sometimes 
called ohmic heating. Resistive heating of aluminum air-
craft skins and structural members by lightning current 
rarely produces temperatures high enough to be of concern 
because the lightning current is distributed widely 
throughout the skins and structures, the current densities 
are low, and the cross-sectional areas are nearly always 
more than sufficient to conduct the current without notice-
able heating. However, conductors with small cross-sec-
tions, such as wiring harnesses and steel control cables, 
can be damaged by resistive heating if significant amounts 
of the lightning current flow in them. A particularly im-
portant problem arises if a conductor is heated to its melt-
ing temperature, because then it can explode, causing very 
severe damage. 

 
Some of the factors that affect heating and melting of 

various metals are listed in Table 6.1. 
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Table 6.1 
Typical Physical and Electrical Properties of Common Metals 

 
Aluminum Copper Titanium Stainless  

Steel (304) Magnesium Silver 

Resistivity, ρ  
Ω-cm 2.8 x 10-6 1.72 x 10-6 42 x 10-6 72 x 10-6 4.45 x 10-6 1.59 x 10-6 

Temperature coefficient of 
resistance, λ 

(1/ °C) 
0.00429 0.00393 0.0035 0.001 0.0165 0.0041 

Thermal coefficient,  
(1/ °C) 0.254 x 10-4 0.164 x 10-4 0.085 x 10-4 0.120 x 10-4 0.025 x 10-4 0.019 x 10-4 

Specific heat, c 
cal/gm· °C 0.215 0.092 0.124 0.120 0.245 0.056 

Density, D (g/cm3) 2.70 8.89 4.51 7.90 1.74 10.49 

Melting point  
(°C) 660 1 084 1 670 1 150 650 962 

 

 

Calculating temperature rise 

The temperature rise in a current-carrying conductor is: 

∆𝑇𝑇 = 0.2389𝜌𝜌
𝑎𝑎𝑐𝑐𝐴𝐴2 ∫ 𝑖𝑖(𝜔𝜔)2𝑑𝑑𝜔𝜔  (6.2) 

where 

i = the current through the conductor in amperes 

t = time in seconds 

c = the specific heat of the conductor in cal/g·°C 

D = the density of the conductor in g/cm3 

ρ = the resistivity of the conductor in Ω-cm 

A = the cross-sectional area of the conductor in cm2. 

Temperature rise is directly proportional to the action 
integral (specific energy) of the lightning current and in-
versely proportional to the square of the cross-sectional 
area of the conductor. The equation is expressed in terms 
of unit length. Energy is deposited uniformly along the 
length of the conductor, producing a uniform temperature 
rise along its length. 

 
 

As it stands, however, Eq. 6.2 has two shortcomings: 

1. It assumes there is no heat loss from radiation. 

2. It assumes that resistance does not change with tem-
perature. 

Since little energy can be lost through radiation during 
the short duration of a lightning stroke current, shortcom-
ing number one has a negligible effect on the accuracy of 
the predicted temperature rise. Resistance does depend on 
temperature, however (shortcoming number two). Since 
resistance also affects the amount of electrical energy that 
can be deposited in the conductor, it is important to ac-
count for this dependency. This can be achieved by ex-
pressing resistivity as a function of temperature, 

𝜌𝜌 =  𝜌𝜌20[1 + 𝜆𝜆Δ𝑇𝑇]  (6.3) 

 
where, 

ρ20 = resistivity at 20 °C 

λ = temperature coefficient of resistivity. 
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Incorporating Eq. 6.3 into Eq. 6.2 gives: 

 

Δ𝑇𝑇 = 0.2389𝜌𝜌20[1+𝜆𝜆Δ𝑇𝑇]
𝑎𝑎𝑐𝑐𝐴𝐴2 ∫ 𝑖𝑖(𝜔𝜔)2𝑑𝑑𝜔𝜔  (6.4) 

 

Since everything but ∆T in Eq. 6.4 is a constant, the 
equation can be simplified by combining the conductor di-
mensions, material properties and specified action integral 
into a single constant, k, as in the following expression: 

Δ𝑇𝑇 = 𝑘𝑘[1 + 𝜆𝜆Δ𝑇𝑇]  (6.5) 

or, rearranged, 

Δ𝑇𝑇 = 𝑘𝑘/[1 − 𝑘𝑘𝜆𝜆]                    (6.6) 

Eq. 6.6 shows calculated temperature rises for various 
metals as functions of the action integral of the current. 

Physical and electrical properties needed in Eqs. 6.4 and 
6.6 for common structural metals and electrical conductors 
are provided in Table 6.1. This table also includes the 
melting points of the metals. 

Because of their high amplitudes, the stroke currents 
have the highest action integrals and will produce higher 
temperatures, when flowing through resistance, than do 
the other components of the lightning flash. For design 
purposes, the action integrals associated with current 
waveform Components A and D should be used for deter-
mining temperature rise in conductors exposed to these 
currents, depending on the lightning strike zone in which 
the particular conductor is located. In most cases the light-
ning stroke currents are shared among many structural el-
ements so temperature rises among primary structural ele-
ments are negligible. There are discrete locations, usually 
on secondary structures or externally-mounted apparatus, 
where significant portions of lightning currents have to be 
conducted on their way to primary structures. An example 
follows. 

Example: 

The choice of the standardized lightning current com-
ponent on which to base the protection design for a partic-
ular system depends upon the lightning strike zone(s) in 
which that system resides. Consider, for example, a navi-
gation light that is mounted on a plastic vertical fin cap and 
‘grounded’ to the airframe via two bond straps, as shown 
in Fig. 6.6. In this example, two parallel conductors are avail-
able to share the current, but since the action integral in each 
conductor will be reduced by the square of the number of 
conductors, the action integrals in each of the two conductors 

Fig. 6.6 Bond straps for navigation light 

will be one fourth of the total action integral of the lightning 
channel. 

If this light is located in Zone 1B, then its pair of bond 
straps must be able to conduct the total flash current. If it is 
assumed that the lightning channel will not touch the bond 
straps, the design criterion for these straps is that, together 
they must be able to safely carry Components A and D, 
which have a total action integral of 2.25 x 106A2s. Individ-
ually, however, each strap only needs to withstand one fourth 
of that total action integral, or about 0.56 x 106A2s in each 
strap. This assumes that the lightning stroke current would 
be shared equally by the two bond straps, a valid assumption 
if the physical characteristics and lengths of each strap are 
the same. 

If the straps were made of copper wires with cross- sec-
tional areas of 0.1 cm2 the temperature rise produced by 
0.56 x 106 A2s. in each strap would be determined from 
Eq. 6.6, using the physical and electrical properties for 
copper given in Table 6.1. Solving first for k, 

𝑘𝑘 =  0.2389 𝑥𝑥 1.72 𝑥𝑥 10−6𝑥𝑥 0.56 𝑥𝑥 106

(0.092 𝑥𝑥 8.89 𝑥𝑥 0.12)
= 28.13°C (6.7) 

This would be the temperature rise if the resistivity re-
mained constant, but the resistivity actually increases with 
temperature. Therefore, Eq. 6.6 must be used as follows to 
calculate the actual rise: 

ΔT = 28.1
1−0.00393 𝑥𝑥 28.1

= 31.6° C  (6.8) 

A conductor with a 0.1cm2 cross-sectional area is about 
the same size as an AWG No. 7 wire. Since a 32 °C tem-
perature rise would not damage the wire, Eq. 6.8 shows 
that two bonding straps or wires of this cross-sectional area 
would provide adequate protection for this navigation light 
and its wiring. If one of the wires were to work loose, how-
ever, all of the current would have to pass through only one 
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wire and the action integral would be 2.25 x 106 A2s. This 
would produce a temperature rise of over 200 ˚C. 

It is most important to consider resistive temperature rise in 
cases where all, or a large fraction, of the lightning stroke cur-
rent will be carried in a single conductor. Examples include 
radome diverter bars, bonding straps (or jumpers), conduits 
or cable shields, ground wires passing through plastic ra-
domes or wing tips, and certain hydraulic or control lines that 
might be exposed to lightning strike currents. 

Temperature rises calculated as described above must 
be added to the initial, ambient temperature of the conduc- 
tor to determine the final temperature. If Eqs. 6.5 – 6.8 are 

used to calculate final temperatures higher than several 
hundred ̊ C, errors will accrue due to certain physical prop-
erty changes at higher temperatures not considered by this 
equation. As a ‘rule of thumb’, it is best to optimize con-
ductor specifications to limit temperature rises to 40 ˚C. 
This minimizes distortion, elongation, and changes in tem-
per. 

Fig. 6.7 presents computed temperature rises for con-
ductors made of the metals described in Table 6.1, due to 
lightning stroke currents whose action integrals are those 
of stroke current Components A and D, as well as the com-
bination of A and D, and a higher action integral of 3 x 106 

A2s.

 

 

Fig. 6.7 Temperature rises due to stroke currents in conductors 
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Thermal elongation 

Most metals expand when their temperatures rise. This 
does not pose any problems for conductors such as flexible 
bond straps that can deflect when expanded, but if conduc-
tors expected to carry high currents are held rigidly in 
place, large thermal stresses may arise and the conductors 
may buckle, or become dislodged from their mounts. Ex-
amples of conductors prone to this type of damage include 
lightning diverter straps, ground conductors and the pitot 
probe air-tube shown in Fig. 6.8. 

By virtue of its location at the nose of the aircraft, the 
pitot probe is in Zone 1A and, thus, must be capable of 
conducting stroke currents of 2 x 106 A2s. to the airframe. 
The air tubes, if made of metal, would have to have a large 
enough cross-section to carry the lightning current and 
withstand the resulting resistive heating, thermal elon-
gation and magnetic force effects of the lightning current. 
This means they probably would be larger than needed just 
to transmit pitot air pressures to the flight instruments. It 
is best, therefore, to make these tubes out of a non-conduc-
tive plastic and provide a separate metal conductor to carry 
lightning current from the probe to the airframe. Based on 
the computation of Eq. 6.8, an AWG No. 7 or larger copper 
wire would suffice. A stranded wire would be better than 
a solid one because it can flex with temperature changes. 

 

 

 

Fig. 6.8 Examples of rigidly held lightning 
current conductors 

Example of thermal elongation calculation 

If the air tube in the radome shown in Fig. 6.8 were 
made of copper, had an outside diameter of 0.476 cm (3/16 
in) and a wall thickness of 0.124 cm (0.049 in), its cross-
sectional area would be 0.138 cm2 (0.021 in2). A stroke 
current with action integral of 2 x 106 A2s would raise the 
temperature of a conductor of these dimensions by 67 °C. 

The amount of thermal expansion to be expected along 
any dimension of a part is dependent on the temperature 
rise and the thermal coefficient of linear expansion of the 
metal, according to the following relationship: 

𝛥𝛥𝛥𝛥 = 𝛥𝛥𝐿𝐿𝛥𝛥𝑇𝑇  (6.9) 

where α is the coefficient of expansion and L is the length 
of concern. Of course, all dimensions of a homogeneous 
material elongate proportionately, and this may affect fit-
tings and clamps. The most significant expansion would 
probably be along the length of the conductor.  

 
Based on the coefficient of linear expansion for copper 

given in Table 6.1, 0.164 x 10-4 (1/°C), and on the assump-
tion that the tube has a length, L, of 2 meters when ‘cold’, 
a 67 °C temperature rise would cause an elongation of 

Δ𝛥𝛥 = 2 𝑥𝑥 0.164 𝑥𝑥 10−4𝑥𝑥 67 
   = 2.198 × 10 −3 m = 2.2 mm (6.10) 

This amount of expansion may be well within the limits 
established by normal environmental temperature cycling, 
but other situations might exist where the thermal expan-
sion caused by lightning current could be a concern. Any 
conductor that might carry lightning current should be ex-
amined to see whether thermal elongation might be a prob-
lem. 

Exploding wires 

Temperature rise is most likely to be excessive in cases 
where lightning current is carried by only a single, under- 
sized conductor, such as a bond strap or a steel control ca-
ble. In such cases, the action integral of the lightning cur-
rent and the resistance of the conductor may both be high 
enough to allow enough energy to be deposited in the 
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conductor to raise the conductor’s temperature to the melt-
ing or vaporization points. Since the resistance of most 
metal conductors increases with temperature, an even 
higher amount of energy is deposited in the conductor as 
its temperature rises, and this, in turn, increases the tem-
perature even further. If the action integral is high enough, 
the conductor may melt and perhaps even explode. The ex-
plosion of a wire can cause severe damage, since the chem-
ical energy associated with combustion of the vaporized 
wire is added to the electrical energy produced by passage 
of the lightning current. An example of damage to a ra-
dome that was probably the result of an exploding wire is 
shown in Fig. 4.13.   

If a wire explodes before all of a stroke current charge 
has been discharged, the balance of the charge continues 
in the form of an electric arc. If this arc exists in a confined 
space it can produce even more overpressure (shock wave) 
than it would were it in an unenclosed space because as the 
surrounding pressure increases more voltage is required to 
sustain the arc, meaning that power increases. The over-
pressure increases as the power dissipated by the arc in-
creases. All of this means that arcs within enclosed spaces 
may cause more than anticipated damage to surrounding 
structures. The implication is that care should be taken to 
prevent enclosed conductors from exploding, and prevent 
non-metallic skins from being punctured by a lightning 
strike.   

An example of damage from an exploding wire within 
an enclosure is the explosion of the unprotected, composite 
wing tip shown in Fig. 4.14. In that example, the naviga-
tion light harness was the only conductor available to carry 
lightning current from the lamp assembly to the airframe. 
It exploded, destroying the wing tip and deforming the up-
per and lower surfaces of the wing. This incident could 
have been prevented by providing an alternate, external 
path for the lightning current. 

6.1.2 Protection against Magnetic Force Effects 

When several conductors in parallel carry lightning cur-
rent each one is acted upon by a magnetic force due to the 
current in the other conductor(s). The basic situation is il-
lustrated in Fig. 6.9. Based on Ampere’s Law, the mutual 
force per unit length between the wires is 

𝑑𝑑𝑃𝑃1,2
𝑑𝑑𝑑𝑑𝑠𝑠

=  𝜇𝜇𝐼𝐼1𝐼𝐼2
𝑐𝑐

  (6.11) 

where 

µ = absolute permeability of air (4π x 10-7 H/m)  

                    

P1, 2 = force on conductors per unit length (N/m) 

D = distance between conductors (m) 

I1, 2 = current in conductors (A) 

These forces pull the conductors together when the 
currents in them are in the same direction and push the 
conductors apart when the currents are in opposite direc-
tions. 

 
 

 
Fig. 6.9 Magnetic forces between parallel 

current-carrying conductors. 

 

 

In either case, the magnetic forces are strongest where 
the conductors are closest together. An example of this sit-
uation on an airplane might be found in a military aircraft 
radome-mounted pitot system, in which two metal air 
pressure tubes are provided to convey both static and dy-
namic air pressure to the flight instruments. If these tubes 
were mounted 2 cm apart and half of the Zone 1 lightning 
current (200 kA) were carried in each, the peak magnetic 
force on each conductor would be, by Eq. 6.11, 

𝑑𝑑𝑃𝑃1,2
𝑑𝑑𝑑𝑑1,2

=  2 𝑥𝑥 10−7 𝑥𝑥 100 𝑥𝑥 103 𝑥𝑥 100 𝑥𝑥 103

2 𝑥𝑥 10−2  (6.12) 

= 100 000 N / m 

= 6 854 lb / ft of length 

This peak force, of course, would exist only at the in-
stant when the lightning current was at its peak, but it is 
sufficient to do extensive damage to arrangements of con-
ductors sharing lightning currents. If all the current is in a 
single tube, the magnetic force surrounding such a tube 
can be sufficient to crush the tube. It is usually much easier 
to determine magnetic force effects by tests of candidate 
installations than be calculations, and the test results are 
more likely to be realistic.  
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The foregoing discussion has assumed that the lightning 
stroke current as the important parameter. The continuing 
current phase of a lightning flash does not give rise to a high 
effective force because I2, and therefore the peak force, is 
too low.   

Studies of or tests on components likely to be damaged 
by magnetic forces should be performed with simulated 
lightning currents having amplitudes and action integrals 
similar to those of Components A or D, depending on the 
lightning zone in which the installation is located. 
 
Examples of magnetic force effects 
 

Secondary airframe structures and control surfaces 
sometimes become badly damaged by magnetic force ef-
fects. The wing tip trailing edge shown in Fig. 4.3 is an 
example. The upper and lower surfaces of this wing were 
made of 0.71 mm (0.028 in) and 0.80 mm (0.031 in) alumi-
num, respectively. These are thin metal skins that easily 
deform. In situations like this it is best to evaluate the ef-
fects by lightning test of the control surface, bond straps, 
or other arrangement of conductors that are exposed to 
large percentages of lightning stroke currents. 

 
Repulsive forces 

 
The preceding example illustrates a situation in which 

the magnetic forces are attractive; that is, when the parallel 
currents are in the same direction. There are situations in 
which lightning currents through adjacent conductors, or 
in adjacent legs of the same conductor, are in opposite di-
rections. This produces magnetic forces that act to separate 
the conductors. 
 

An example would be the force exerted on metal con-
ductors (such as pitot air tubes) mounted along the inside 
surface of a military aircraft radome wall, when a lightning 
channel sweeps along the outside surface of the wall (see 
Fig. 6.10(a)). Such a force can inflict severe damage on the 
air tubes and radome wall, as the tubes are ripped away 
from the wall. This problem might be reduced by installing 
segmented diverters to the outside of the radome. The di-
verters would allow the flash to reattach more frequently, 
as illustrated in Fig. 6.10(b), minimizing the length of  
 
 
 
 

   
 
 

 
 
 
 

reverse current flow and resulting magnetic force effects. 

Protection designs should be lightning tested to verify 
their adequacy since magnetic force effects are not readily 
determined by analysis. The test setup should be arranged 
to simulate the sweeping action of the lightning channel. 
This can be done by positioning the high current test elec-
trode parallel to the surface of the radome, as if it were a 
sweeping channel.  

Magnetic forces on bond straps 
 

Another common example of a situation in which light-
ning currents in opposite directions give rise to repulsive 
forces is the bent bond strap shown in Fig. 6.11(a). Even if 
the strap has a cross-sectional area sufficient to conduct 
the current, if it  forms  a  bend  of  more  than  about  45 
degrees (Fig. 6.11(b)) it may break if it is subjected to ma-
jor portions of the stroke current. Whenever possible, such 
straps should be installed with gentle bends, as shown in 
Fig. 6.11(a). It is not always possible to install a bond strap 
with gentle bends, since slack must usually be included in 
the strap to permit the bonded assemblies to be removed or 
for access or maintenance. In these situations, alternative 
means of providing electrical conductivity between assem-
blies should be considered. Bond straps are most fre-
quently used to provide paths for static charges that accu-
mulate on the aircraft and/or the bonded assembly during 
flight in precipitation. Frequently, the hinges or fasteners 
that join assemblies can provide adequate current paths for 
static charges, and for lightning currents, so that bond 
straps are not necessary. The reliability of such alternate 
paths should be confirmed by measurements of electrical 
continuity through the alternate path.  
 

When lightning stroke currents flow in bond straps, 
there is often sufficient inductive voltage developed along 
the bond strap to cause flashover(s) of air gaps or other in-
sulation between the bonded assemblies. When this hap-
pens, some of the lightning current flows across these 
gaps. This is also the case with hinge bearings lubricated 
with plastic bushings, which do not offer conductivity 
across the hinge. The bond strap will allow sufficient volt-
age to be built up across the bushing to cause flashover.   
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     (b)  
Fig. 6.10 Magnetic forces. 
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                                           Fig. 6.11 Example of magnetic forces on a bond strap 

       (b)   Practical to use but exposed to magnetic forces (a) Minimal magnetic forces but impractical for the function 

(b) Practical to implement but exposed to magnetic forces 
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Inductive voltages along bond straps can be minimized 
by keeping bond straps as straight and short as possible. 
Some other recommendations regarding the design of 
bond straps intended to carry lightning currents are pre-
sented in Fig. 6.12. The basic rules to follow are: 

 
1.  Use conductors with sufficient cross-sectional area to 

carry the intended lightning current action integral 
without excessive temperature rise (i.e., <40 ∘C). 

 
2.  Keep bond straps as short as possible, consistent with 

requirements for flexibility and strain relief. 
 

3 Avoid bends of more than 45 degrees, or other features 
that result in a reversal of the current direction. 

 
4. Avoid all sharp bends. 

5.  If two or more parallel straps are used, separate them 
sufficiently (usually by 30 cm or more) to minimize 
magnetic force effects due to parallel current flow. 

 

 

 

Fig. 6.12 Design of bonding straps (‘jumpers’). 

The rules above should be followed for all light-weight 
conductors, such as metal air tubes or hydraulic lines that 
must carry significant portions of the lightning current. In-
stallations should be tested to verify their adequacy. 

 
Consequences of magnetic damage 

 
Because of weight restrictions, the strength and rigidity 

of some metal components typically found at extremities of 
an airframe (such as wingtips, flaps, and ailerons) may not 
be sufficient to resist deformation by magnetic forces from 
the lightning currents concentrated in these locations. Such 
deformations do not normally impair safety of flight, but 
they may require expensive repairs or replacement. Nor-
mally, only severe lightning currents cause this deformation. 
Reinforcement of these components to prevent magnetic de-
formation must be justified on economic grounds. 

 
Since it often difficult to predict magnetic force effects 

by mathematical analysis for all but the most elemental 
geometries, laboratory tests are likely to provide the most 
straightforward and economical means of determining 
whether magnetic force effects are likely to damage a par-
ticular structure. 

6.1.3 Protection against Acoustic Shock  

A lightning stroke supplies energy to its channel almost 
instantaneously, after which a cylindrical pressure wave 
propagates away from the channel, initially at supersonic 
speeds. Calculations by Hill [6.7] and summarized by 
Uman [6.8] (Fig. 6.13 [6.9]) suggest that the initial over-
pressure produced by a 30 kA stroke is about 30 atmos-
pheres at a radial distance of 1 cm from the channel and 3 
atmospheres at a distance of 4 cm. A summary of work on 
overpressures compiled by Uman and shown in Fig. 6.14, 
suggests that at distances of a few tens of centimeters, the 
overpressure might be about 0.05 atmospheres. The sub-
ject of pressure waves from high current arcs is discussed 
in considerable detail by Uman in [6.8], which contains 
several additional references. 

 
The acoustic pressure wave associated with a return 

stroke in a channel sweeping across a windshield has been 
known to crack windshields and, in laboratory tests with 
simulated lightning arcs, has produced cracks in carbon 
fiber reinforced plastic (CFRP), also known as CFC up to 
6 mm (0.236 in) thick. Whether cracking occurs or not 
also depends upon the stiffness and degree of reinforce-
ment provided by frames and stiffeners in the airframe 
structure. 

(a) good (b) bad 

(c) good 
 (d) bad 
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Fig. 6.13 Pressure vs. radius at four times 

following development of a 30 kA arc  
[6.7- 6.8]. Double exponential waveshape  
with α = 3 x 104 sec-1 and β = 3 x 105 sec-1. 

 
Fig. 6.14 Shock wave overpressure as a function 

of distance from a 4-m laboratory spark [6.8]. 
 

Very stiff structures can be broken by the shock wave 
since they cannot bend to absorb the shock. More flexible, 
unreinforced materials can deform without cracking or break-
ing. The importance of lightning shock wave effects is some- 
times overlooked by designers and laboratory test specialists, 
who fail to account for or adequately evaluate these effects. 

Shock Waves in Lightning Testing  
 

One area where acoustic shock waves must be consid-
ered is during laboratory testing in which high currents are 
injected into a test sample from a metal electrode close to 
the item under test. Gap spacings between the electrode 
and the test surface are usually limited to between 20 and 
50 mm by the voltage limitations of the test generators. 
An acoustic wave could be partially confined by the elec-
trode as shown in Fig. 6.15(a) and cause unnatural damage 
to the surface under test. To ensure that this does not hap- 
pen, the end of the electrode can be encased in a sphere of 
insulating material, as in Fig. 6.15(b). This forces the 
origin of the arc on the electrode to be at right angles to 
the surface under test. Shock waves originating at the elec-
trode are not directed toward the test surface and, since the 
surface of the insulated electrode nearest the test surface 
is spherical, shock waves originating at the surface under 
test are dispersed and not reflected by the electrode. 

 

 

(a) Pressure waves confined by a metal electrode. 

 

(b) Insulating sphere so arc is not beneath electrode 

Fig. 6.15 Shock waves encountered during laboratory 
testing with high currents. 

The electrode arrangement of Fig. 6.15(b) is called an 
arc jet diverting electrode and is in wide use in laboratory 
testing of aircraft materials and components. This avoids 
excessive damage that is not typical of lightning effects.    
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6.1.4 Arcing across Bonds, Hinges, and Joints 
Riveted joints 

 
There is some incompatibility between the construction 

practices best for lightning protection and those best for 
control of corrosion. Ideally, for lightning protection, 
joints in metal structures should include some metal-to-
metal contact between the surfaces being joined. This 
requires that parts be joined before paints or sealers are 
applied. Corrosion control, on the other hand, generally 
requires that metal surfaces be coated with non-
conducting finishes or sealants before the rivets are 
installed. Usually it also requires that the rivets and the 
rivet holes be coated or sealed. Joints prepared in this way 
present an insulative barrier through which lightning 
current must arc as it passes through the joint. In general, 
arcing within joints is undesirable because it weakens the 
joint and may introduce corrosion or other long-term 
deleterious effects. 

In some applications, the insulating films associated 
with corrosion protective coatings have not resulted in 
major lightning arcing problems. Often, the insulating 
films are broken during installation, providing incidental 
conductive paths. The large number of fasteners required 
to meet mechanical requirements tends to ensure that 
many parallel conducting paths are established, thus 
greatly limiting the arc damage at any one fastener. 

However, there are some situations where lightning 
current through a riveted joint can present some hazards. 
One is when the space behind the riveted joint contains 
flammable fluids or flammable vapors. Any possibility of 
arcing in such a joint should be regarded as a hazard. Fuel 
tanks are the most common example of this situation on 
aircraft and, because of the potential hazards, this subject 
is given special attention in Chapter 7. 

Lightning channels frequently attach to individual riv-
ets or fasteners, like those shown in Fig. 6.16. In such 
cases, the struck fastener may carry a larger portion of the 
lightning current than its neighbors. If the skin is alumi-
num, the current in the struck fastener may be only 10% 
to 30% higher than the current in neighboring fasteners, 
but if the skin is CFC, the struck fastener experiences sig-
nificantly more current than the other fasteners in the same 
row. In this latter case, there is a significant possibility of 
arcing at the struck fastener. Therefore, nuts or nut plates 
of fasteners installed in CFC skins usually have to be pro-
vided with a sealant barrier or other means to prevent arc-
ing or arc products from contacting fuel vapors if the fas-
teners are in a fuel tank.  

 
 
 

 

 
Design guidelines 

 
Most airframe structural interfaces are located in Zone 3 

and are therefore expected to conduct some portion of the 
lightning current when the airplane experiences a lightning 
strike. Some fasteners are also installed in strike zones where 
individual fasteners may be struck, so they experience higher 
currents. Most riveted or fastened interfaces in an airplanes 
primary structure can be made to tolerate lightning current 
without significant damage to the fasteners or surrounding 
holes by ensuring that individual fasteners are not required to 
carry more than 5 kA of Component A stroke current. Current 
densities in most aircraft structures meet this guideline auto-
matically because of the large numbers of fasteners used in 
those structures. In some cases, rivets or fasteners must toler-
ate stroke currents higher than 5 kA, and this may be verified 
by test. Of course, current conduction capability depends upon 
fastener size so the capabilities of specific fastener types and 
sizes should be evaluated by lightning tests. 

 
 

 

 
 
Fig. 6.16 Three fasteners (a) and one rivet (b) after in-

flight lightning attachment. 
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Some structures whose rivets (or fasteners) are more 
likely to carry excessive lightning current are: 

1. Secondary structures, such as flight control surfaces, 
that are in lightning strike zones, wing tips, and tail 
cones that are attached to primary structure by small 
numbers of fasteners. 

 
2. The primary structures of very light aircraft (those of 

gross weight less than about 1 800 kg (4 000 lbs.) and 
employing comparatively few fasteners. This includes 
small, recreational, and utility aircraft. 

 
3. Primary structures that utilize adhesive bonds in place 

of rivets or fasteners. 

Secondary Structures 
 

Fig. 6.17 shows an example of typical lightning damage 
to a secondary aircraft structure. This figure shows dam-
age to the aluminum vertical stabilizer and cap of a small 
aircraft caused by an in-flight lightning strike, described 
by the pilots as “very loud.” The aluminum cap was joined 
to the fin with 16 removable fasteners. The dark soot on 
the upper end of the rudder is evidence of intense arcing. 
A combination of arc pressure and magnetic forces de-
formed the surrounding structure. This kind of damage is 
typical of what can be expected in a Zone 1B location. The 
amplitude of the flash is, of course, unknown. 

Often secondary structures, such as wing tips, tail 
cones, wheel well doors and flight control surfaces, do not 
have enough fasteners to transfer lightning currents with-
out significant damage to the fasteners and surrounding 
structural material. Sometimes twisting or bending from 
magnetic forces is added to the damage from arcing at the 
fasteners. In many cases, this damage does not present a 
hazard to safety of flight. In the long run, repairing these 
types of structures after a strike may be less trouble than 
trying to build protection into them. Some examples of 
secondary structures on small aircraft where lightning cur-
rents might be expected to flow through a small number 
of fasteners are shown in Fig. 6.18. The lightning safety 
assessment will show if (and how much) damage may re-
sult in a hazard to safe flight, in which cases protection to 
minimize the damage is necessary.   

 
Fig 6.17 Lightning damage to rudder of a small aircraft 
 

Adhesive bonds  
 

Structural adhesives are being used more commonly in 
addition to (or instead of) rivets in some aircraft structural 
joints. These adhesives reduce manufacturing costs and, 
when used in fuel tanks, are less prone to leaking. Adhe-
sive joints also distribute mechanical loads more uni-
formly than mechanically fastened joints. Unfortunately, 
nearly all these adhesives are electrical insulators and, by 
virtue of their uniform application throughout joints, ef-
fectively insulate one part from another. This forces light-
ning and other electrical currents to spark through the ad-
hesive at random locations within the joints or at the edges 
of the adhesive bonds. 
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Fig 6.18 Examples of secondary structures and control 
surfaces where lightning may cause damage. 

 

An example of where arcing may occur is illustrated in 
Fig. 6.19. This sparking may occur anywhere that the ad-
hesive is in a possible lightning current path, unless alter-
native paths are available via fasteners, or other means, 
such as fasteners. 

 

In order to ensure uniform coating, some adhesives are 
carried by thin fiberglass cloths, rather than being brushed 
or sprayed on to the joint surfaces. The carrier cloth forces 
a minimum separation of about 0.1 mm (0.005 in) between 
the parts, virtually guaranteeing that no electrical contact 
can exist between the bonded parts. When adhesives are 
brushed or flowed on, without carriers, the adhesive layer is 
typically between 0.05 and 0.1 mm (0.002 and 0.004 in) 
thick. This is still thick enough to act as an insulator, alt-
hough some incidental surface-to-surface contacts may 
exist. 

 

 
Fig 6.19 Arcing at adhesively bonded joints. 
 
Arcing may occur at these spots, and this arcing may be 

intense since the current densities in the arcs may be high. 
 
Adhesive bonds that interrupt the main lightning path 

through an aircraft’s structure are of greatest concern be-
cause they are almost certain to allow sparking. 

Adhesive bonds that fasten internal stiffeners or frames 
to electrically conductive skins are of less concern (except 
within fuel tanks) because these bonds do not interrupt the 
primary current path through the airframe. The intensity 
of the sparking in these bonds is typically much lower. Fig. 
6.19 shows examples of adhesive bonds at structural joints 
where current paths through rivets are not available. 

Hinges and bearings 

Hinges or bearings that are located where lightning cur-
rents might pass through them (such as at control surfaces 
in Zones 1B or 2B) must be able to safely conduct those 
currents without impairment of their function, such as by 
pitting or welding of hinge parts. Otherwise, suitable 
means must be provided to carry the lightning current 
around the hinge or bearing. Tests and field experience are 
the only real guides as to whether the hinge might be ex-
cessively damaged. 

 
Problems and considerations regarding the rotating 

bearings of propulsion systems are discussed in §6.7, but 
experience indicates that pitting and welding damage to 
slowly rotating joints is only likely to occur when a hinge 
or bearing has a single point of contact through which 
most of the lightning current must pass. In laboratory tests, 
welding of poorly joined metal surfaces has occurred, but 
the welding has seldom been so severe that the joint could 
not be broken apart by hand, or by normal control force. 
Hinges with multiple points of mechanical contact, such 
as the piano hinge illustrated in Fig. 6.20, can safely con-
duct lightning currents with pitting or erosion so minor 
that they present no real hazard. This is because they pro-
vide multiple points of contact.   

 

 
Fig 6.20 Piano type hinge provides multiple conduction 

paths 
 
The hinges and bearings used for aircraft control sur- 

faces are usually substantial enough that they require no 
special protection. Lightning current could, conceivably, 
weld movable parts together, but the weld-points would 
be small enough that the actuators could easily free the 
joint. 
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If tests indicate that excessive damage to a control-sur-
face hinge or bearing might occur, additional conductivity 
should be provided. The most effective way to achieve 
this is to provide additional areas of contact in the hinge 
itself, or else to consider hinges whose design provides 
more inherent conductivity. Fluid lubricants usually pro-
vide adequate electrical conductivity. Even though the 
lubricant itself is nonconductive, there are usually random 
points of contact in the bearing. 

 

Bonding jumpers on hinges 

 
Flexible bonding straps or ‘jumpers’, of the type shown 

in Fig. 6.11, are often installed across aircraft control-sur-
face hinges. In many cases, these jumpers do not really 
reduce the hinge current at all. The reason for this is that 
lightning current from the early portion of a stroke, during 
which the amplitude is changing rapidly, tends to follow 
the path of least inductance, rather than the path of least 
resistance. The paths provided by the jumpers are almost 
always longer and more inductive than paths directly 
through the hinges. 

 
This has been demonstrated by Stahmann [6.10], who 

found that bonding jumpers made little or no difference in 
the amount of superficial pitting that occurred on typical 
piano type hinges on control surfaces or landing gear 
doors, even when the direct current (DC) resistance 
through the hinge was as high as several ohms. No binding 
or other adverse consequences were found to result from 
the pitting that occurred in Stahmann's tests of piano-type 
hinges and ball joints. 

 
Bond straps across hinges are sometimes required to 

prevent the electromagnetic interference (EMI) that arises 
when precipitation static charges must be conducted 
through hinges with loose or resistive contact. The low 
currents associated with precipitation static are sometimes 
unable to follow the interrupted paths afforded by hinges 
without minute sparking. If bond straps are applied for this 
purpose, they should be installed according to the guide-
lines given in Fig. 6.12. 

 
To be sure of the ability of a particular hinge design to 

safely conduct lightning currents, tests in which simulated 
lightning currents are conducted through a prototype 
hinge, should be performed. The test currents applicable 
for the zone in which the hinge is located should be used. 
If excessive pitting, binding, or welding occurs, additional 
conductivity may be needed. 

 

6.1.5 Joint and Bonding Resistance 

Electrical bonding (in contrast to adhesive bonding) is 
the term used to describe the means by which electrical 
continuity is established between elements of a circuit or 
between two or more conductive objects. For example, in 
a lightning protection design for an airplane, bonding can 
refer to the electrical connections between adjacent struc-
tural members, between lightning diverters on a nose ra-
dome and the fuselage, or between equipment cable 
shields and local, structural grounds.   

It is a common misconception that adequate bonding 
between components of a lightning protection system can 
be determined solely on the basis of the DC resistance of 
the bond. This misconception may originate, in part, from 
a now discontinued U.S. military standard, MIL-B-5087, 
Bonding, Electrical, and lightning Protection for Aero-
space Systems [6.11], which, essentially, requires that: 

The component must carry the lightning current with-
out risk of damaging flight controls, producing sparking, 
or voltages in excess of 500 volts. 

Such a voltage did not present much of a hazard to the 
electro-mechanical and vacuum tube components in use 
when MIL-B-5087B was formulated. For a 200 kA light-
ning stroke current conducted through an airframe, the 
500 volt criterion essentially implied that the end-to-
end resistance not be greater than 2.5 milliohms. What 
is sometimes read into the specification is that, for light-
ning purposes, all joints must have a resistance of 2.5 
milliohms or less. Combined with the term “sparking” 
in the specification, one can interpret 2.5 milliohms as 
the DC resistance necessary to prevent sparking. That 
does not appear to have been the intent of this specifi-
cation, nor is it correct. No resistance specification, by 
itself, can assure that arcing or sparking at a joint will 
not occur. 

Whatever may have been the original intent of those 
who drafted MIL-B-5087B (and predecessor versions), the 
2.5 milliohm criterion has become so engrained in air-
craft-industry design lore as to become an article of faith. 
In particular, a belief has developed that any joint that has 
a DC resistance of 2.5 milliohms or less is, by virtue of 
MIL-B-5087B, ‘good’ and therefore satisfactory for all 
purposes, including lightning. A corollary to this belief 
(myth is a better term) is that designers need be concerned 
only with demonstrating that a joint has a resistance of 2.5 
milliohms or less. If the bonding for the lightning protec-
tion of an airplane were based upon such a simplistic 
premise, the results could be disastrous.   
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The ability of a bond to conduct high currents without 
sparking or burning is really determined by contact mate-
rials, shapes and surface areas, treatments of mating sur- 
faces, and contact pressure (as manifested, for example, by 
torque on a fastener). These happen also to be the factors 
that influence bond resistance, but there are many condi-
tions that can result in a designated bond resistance, yet 
not all would conduct current adequately. 

A desire to have a bonding resistance number that may 
be utilized for manufacturing quality control purposes is 
understandable, but this resistance, whatever it is, should be 
determined by measuring the DC resistances of joints that 
have successfully performed the functions required of 
them. Once established in this manner, the DC resistance 
may be used, together with visual inspection and tightness 
criteria, as a quality control standard. Bond straps whose 
current carrying ability is not sufficient, due to inadequate 
cross-section or excessive bends can break or explode 
when exposed to high stroke currents, resulting in exces-
sive overpressure, which, when contained within an en-
closure, may cause substantial damage, as illustrated in 
Figs. 6.21 and 6.22.   

 

 
Fig 6.21 Result of exploded wire harness through fiber-

glass wing tip (gone) between navigation lamp and alumi-
num wing 

 

 
Fig 6.22 Result of inadequate bonding between navigation 

lamp and aluminum wing tip 

The only way to ascertain that a bond is adequate to 
safely conduct a required current is to test it with this cur- 
rent. Many joints that have been proven capable of carry-
ing lightning current have demonstrated resistances much 
lower than 2.5 milliohms, but some joints have produced 
spark showers even though their DC resistances were less 
than 2.5 milliohms. Other joints with resistances higher 
than 2.5 milliohms have also successfully conducted light-
ning currents. An example is shown in Fig. 6.23. The pipe 
joint in this photograph had a resistance of 0.53 milliohms, 
by virtue of the bonding jumper shown, yet a test at 100 
kA produced intensive arcing. Currents of less than this 
amplitude also produced arcing. The inductance of the 
jumper (i.e., ‘bond strap’) was too high for the strap to 
conduct much of the current, so most of it passed through 
the fasteners, arcing at the various metal-to-metal inter-
faces in the joint. The adequacy of any joint or fastener 
configuration for safely carrying lightning current must be 
determined by laboratory test at current levels representa-
tive of the full, specified lightning environment. No DC 
resistance analysis procedures exist that can reliably pre-
dict when arcing will occur at a particular joint or whether 
the installation of a bond jumper would prevent such arc-
ing. 

 
 

Fig. 6.23   Test of pipe joint with bond strap 

6.2 Nonconductive Composites  
The basic types of nonconductive material used on air-

craft include fiber-reinforced plastics, such as aramid fiber 
and fiberglass, and non-filled resins, such as polycarbonates 
and acrylics. Nonconductive composites, such as fiber-
glass, are used to make many of the secondary structures 
on airplanes, including radomes, wing and empennage tips, 
fairings, and fins. These materials are also used as primary 
structures in small aircraft and as fuselage skins in some 
helicopters. Polycarbonates, acrylics, and glass are used for  
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canopies and windshields, where optical transparency is re-
quired, as discussed in §6.4. Radomes require special at-
tention because they are, of necessity, made from noncon-
ductive material and cannot be protected by metallizing 
their exterior surfaces, and because they are typically 
mounted on extremities of the aircraft where they are likely 
to become initial lightning attachment locations.  

Nonconductive composites come as solid laminates 
whose fibers can be in one direction, as in unidirectional 
(UD) plies, or in multiple directions, usually woven, as in 
bi-directional plies. Ply directions can vary, using nota-
tions of 0/90 or +/- 45 degrees to indicate fiber directions. 
Groups of fibers make up the yarns that are then woven 
into a fabric. 

Laminates are made up of multiple fabric plies of resin-
impregnated fibers ranging from two to more than fifty 
plies. Sometimes these laminates enclose a core made of 
foam or honeycomb and the whole is cured, usually under 
vacuum and at elevated temperatures to achieve a strong, 
stiff structural material. Sometimes the resin is cured at 
room temperature.  

Electrically conductive composites (carbon fiber com-
posites) are addressed in §6.5. 

6.2.1 Lightning Effects on Nonconductive  
Composites 

Since electric fields can penetrate surfaces made from 
nonconductive composites, streamer and junction leader 
activity may originate from conductive objects beneath the 
non- conductive skins and may puncture these skins. Thus, 
lightning flashes may attach to the enclosed metal objects. 
A puncture by a junction leader usually begins as a tiny 
pin-hole. If a lightning stroke also passes current through 
this hole, the hole becomes much larger, often causing sig-
nificant damage to the surrounding material (see Chapter 
4). Radomes are particularly prone to this kind of damage. 
A photograph of a radome damaged by puncture is shown 
in Fig. 4.18. 

Punctures of nonconductive composites can be pre- 
vented by installing conductors or diverters to intercept 
lightning flashes and divert them to nearby metal structure. 
Since the design of such conductors requires some under- 
standing of the mechanism of puncture, an overview of 
that subject follows. 

 

6.2.2 Mechanisms of Damage to Nonconductive 
Composites 

There are two ways in which lightning can interact with 
a nonconductive composite: by puncture or by surface 
flashover. The latter is a preferable outcome since it sel-
dom causes significant damage to the structure; only 
singeing and discoloration of the exterior surface finish. 
Whether puncture or flashover occurs is governed by the 
intensity and orientation of the electric field penetrating 
the composite laminate, and the dielectric strength of this 
laminate. The basic electrical ionization process is re-
viewed in Chapter 1. The mechanism of attachment to an 
aircraft is reviewed in Chapter 3. As noted in those sec-
tions, high electric fields produce corona and streamers 
which propagate outward from the aircraft. Fig. 6.24 illus-
trates how this process occurs within a nose radome. 
Whether the streamers from the aircraft are induced by the 
rapidly changing electric field of an approaching lightning 
leader or whether they grow in response to a quasistatic 
electric field is rather academic; the point is that the 
streamers and leaders do develop. 

  
Fig. 6.24 Streamers and charges induced by an incident 

electric field
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Although we refer to these materials as ‘nonconductive’ 
actually, electric charge is able to migrate over the surface 
of a radome, given sufficient time. The surface resistance 
of the fiberglass typically used to make wing tips and other 
fairings ranges from 1012 to 1014 ohms per square, while 
the anti-static paints often applied to radomes have sur-
face resistances of about 106 to 107 ohms per square. These 
resistances are low enough to yield relaxation times of 10 
to 100 milliseconds. (Relaxation time is a measure of how 
long it takes electrical charge to move onto or off of a 
‘nonconductive’ surface.) 

This means that, in response to a slowly changing ex-
ternal electric field, charges do migrate from neighboring 
conductive structures on to the radome. These charges re-
duce the electric field intensity at conductive object (e.g., 
a radar antenna) within the radome but increase the field 
intensity through the radome wall, sometimes resulting in 
small pinhole punctures. 

If the internal electric field becomes high enough, elec-
trical streamers form from metal objects inside the non-
conductive structure and propagate outward until they 
come into contact with the internal surface of the skin. 
There, they deposit electric charge, as shown in Fig. 6.24. 
One can imagine that these streamers ‘spray’ electric 
charge onto the interior surface of the composite, some- 
what as an airbrush would spray paint. 

The electric charge on the inner surface produces an 
electric field (Fig. 6.24(b)) having a component directed 
longitudinally along the inner surface and another compo-
nent directed radially, out through the skin. 

Because the dielectric constant of the skin is higher than 
that of the air, the electric field in the composite skin ma-
terial is lower than the electric field in the air. What hap-
pens next involves some complex interactions between the 
development of the internal and external streamers and the 
dielectric strength of the composite. There are two possi-
bilities: external flashover, and puncture. 

External flashover 

One possibility is that external streamers from adjacent 
metal structure may develop fast enough to suppress the 
internal streamers. A streamer develops from a metal sur-
face when the electric field at that surface becomes suffi-
ciently high. 

As the streamer propagates away from the surface, the 
field at its tip remains high (which is why it propagates), 
but the streamer acts like a conductor and tends to reduce 
the electric field at points behind it, as shown in Fig. 
6.25, where the internal field has begun to decline due to 
external streamer formation.   

 
 

 
 

Fig. 6.25 Suppression of electric field by streamers. 
 
 

This reduction robs internal streamers of the electric 
field they need to continue propagating. If the longitudinal 
surface electric field is reduced enough, the other internal 
streamers will cease to grow and the external streamer that 
is furthest extended will, so to speak, ‘win the race’ and 
provide the path for the lightning flash. A photograph of 
an external streamer intercepting an approaching leader is 
shown in Fig. 6.26. This photograph was taken during a 
laboratory test, in which the source of opposite polarity 
charge was, of necessity, positioned close to the radome 
being tested. In a natural lightning strike to an aircraft in 
flight, the streamer and junction leader that originate from 
the radome propagate many meters away from the air-
plane before coming into contact with the approaching 
lightning leader, or indeed, starting an aircraft-lightning 
flash (see Chapter 3). 

It is impractical to simulate this completely in a labor-
atory test, but what can be done is to put the opposite po-
larity charge on a large, flat plate that represents an equi-
potential plane in the electric field about the radome, and 
position this plate several meters from the radome to pro-
duce an electric field environment that is similar to that 
which would exist when the airplane is flying in an elec-
tric field. 
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Fig. 6.26 Simulated lightning attachment tests 

of a nose radome. Arrow points to in-
tersection of approaching and in-
duced streamers 
 

In Fig. 6.26 the junction leader has originated from a 
fastener at the base of the radome and propagated outward 
along a segmented diverter and into the air in the direction 
of the field presented by charge in the leader that has come 
from an electrode some distance from the radome.   
 

Puncture 

 
The other possibility is that corona may form on the outer 

surface of the composite and propagate out into the air in the 
form of an external streamer, as shown in Fig. 6.27. This 
external streamer deposits a charge on the outer surface of 
the radome that is of opposite in polarity to the charge being 
deposited on the interior surface. If these two opposite 
charge layers continue to build up, the electric field between 
the layers may become high enough to puncture the compo-
site. Once puncture occurs, a spark is formed and current is 
free to pass through the composite material. 
 

 
Fig. 6.27 Mechanism of puncture of a radome 

 
If the lightning channel is completed elsewhere, this 

puncture may only produce a small pinhole in the compo-
site, but if the lightning channel is completed by junction 
with the external streamer from the composite, the light-
ning stroke current passes through the skin. The shock 
wave produced by this sudden, high current is enough to 
severely damage the composite. A photograph of a ra-
dome exhibiting this type of damage is shown in Fig. 4.18. 
 

Composite materials are more susceptible to puncture 
than homogeneous materials, because composites contain 
many insulating boundaries among the reinforcing fibers. 
Electric fields concentrate across these boundaries and ion-
ization can take place within the resin or along the bound-
aries. Also, some composites may contain microscopic air 
pockets or voids where ionization may also occur. 

 
The reinforcing honeycomb or foam reinforcing layer 

also contains air cells which ionize at lower field intensi-
ties than do solid dielectrics. The voltage required to punc-
ture a given thickness of fiberglass or aramid fiber rein-
forced resin composite is much less than that necessary to 
puncture homogeneous material, such as polycarbonate 
resin, that is not reinforced by fibers. The measure of the 
ability of a nonconductive material to resist puncture is its 
dielectric strength, which is the maximum electric field a 
given thickness of the material can withstand without 
puncture. Homogeneous materials, such as acrylic and 
polycarbonate sheets, have very high dielectric strengths.  
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Protection of nonconductive composites 

Whether or not a structure needs to be protected against 
lightning depends both on its function and on the conse-
quences of damage. If damage would not create a serious 
hazard, then protection may not be required. For example, 
if the loss of a small tail cone or empennage tip would not 
endanger the aircraft, then these structures could be left 
unprotected and simply repaired or replaced in the event of 
a lightning strike. High costs and prolonged down-times 
associated with the repair or replacement of damaged 
items can be another reason to require lightning protection 
for certain items, even if they are not necessary for safe 
flight. The loss of a nose radome during Instrument Flight 
Rules (IFR) conditions, however, may not be acceptable, 
since this might lead to the radar becoming disabled. Also, 
debris from a broken radome could be ingested into a fu-
selage or wing-mounted engine, with the potential of dam-
age to the engine, or collide with other more critical parts. 
For this latter reason especially, nose radomes are usually 
provided with lightning protection. 

 There are two basic ways of providing protection for 
nonconductive composites. One employs solid metal (usu-
ally aluminum) or segmented type diverter strips or bars 
on the exterior surface. These provide preferential places 
from which streamers and junction leaders may develop, 
while allowing the rest of the skin to be transparent to 
electromagnetic waves. (This is the approach used for pro-
tecting radomes and some antenna fairings.) The second 
method is to apply an electrically conductive material over 
the exterior of the structure. This provides the most effec-
tive lightning protection and should be employed when-
ever possible. It also provides improved protection of en-
closed systems against the magnetic and electric fields as-
sociated with lightning. Of course, this latter method can-
not be used on radomes, which must be radio frequency 
(RF) transparent. 

6.2.3 Protection with Diverters 

 There are two types of diverters: solid and segmented. 
If properly applied, either type significantly reduces the 
number of lightning related punctures (of a radome for ex-
ample), but they are not 100% effective. Occasional punc-
tures of protected radomes do, nevertheless, occur. Appli-
cation of diverters will be discussed with particular em-
phasis on radomes, because that is where they are most 
commonly used, but the discussion is equally applicable 
to any insulating structure made from nonconductive com-
posites. 

Unprotected radomes are punctured partly because of 
the low dielectric strength of most radome walls and partly 

 

because, to serve its purpose, the radar antenna must pro-
trude beyond any surrounding metal structure. This, in 
turn, means that the electric field is concentrated around 
the metal structure of the radar antenna and that electrical 
streamers can most easily form from this extremity. 

Solid diverters 

Solid diverters are continuous metal bars placed on the 
outside of a nonconductive skin to provide preferential 
streamer and junction-leader origination points. The inten-
tion is that streamers that propagate from the diverter will 
intercept a lightning flash and safely conduct lightning 
currents to an adjacent, conductive structure. Solid divert-
ers also provide some electrostatic shielding from the ex-
ternal electric field for objects under the skin they are pro-
tecting. Thus, they tend to inhibit the growth of streamers 
from these internal objects. Fig. 6.28 shows solid diverters 
mounted on the outside of a radome. 

 Solid diverters should be designed to conduct, without 
damage, the lightning current of the lightning strike zone 
in which the part is located, typically 200 kA (2 x 106 A2s) 
for diverters on a nose radome in Zone 1A. Solid diverters 
are usually made of aluminum bars with rectangular cross 
sections large enough to permit conduction of the current 
without excessive temperature rise. For mechanical rea- 
sons, and to prevent the holes for the fasteners holding the 
diverters in place from unduly reducing the cross-sec-
tional area, most solid diverters have cross-sectional areas 
of about 0.5 cm2 (0.08 in2). Some are larger. A common 
design is 3.2 mm (0.125 in) thick by 12.7 mm (0.50 in) 
wide, but thicknesses of up to 6.4 mm (0.25 in) have been 
used. These diverters are usually attached to the skin with 
screws, spaced approximately 15 cm (6 in) apart. It is im-
portant that the diverters be securely fastened to the skin 
to prevent them from coming lose, through exposure to 
rain erosion and lightning magnetic force effects.  

 

Fig. 6.28 Solid metal diverters on a radome. 
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In sandwich type skins with foam or honeycomb cores, 
the mounting fasteners for solid diverters are often sur-
rounded by plastic inserts that prevent moisture from en-
tering the core of the protected composite structure. 

If solid diverters are installed on an exterior surface, 
they may cause some drag. This can be minimized by ori-
enting the bars parallel to the airstream, by shaping the 
cross section of the bars aerodynamically, or by embed- 
ding the diverters into the external surfaces of the skins. 

Solid diverters should only be imbedded into a composite 
skin if their cross-sections are large enough to conduct the 
lightning stroke current without damage. Otherwise, the me-
chanical energy associated with the destruction of an imbed-
ded solid diverter strip by lightning could cut the radome in 
which the strip is imbedded along the entire length of the strip. 
Other disadvantages of imbedding solid diverters in a com-
posite lay-up include tooling and manufacturing problems 
and stress concentrations along the grooves that must be 
provided to accommodate the strip within the lay-up. 

Internal diverters 
 

An alternative sometimes considered is to mount solid di-
verters on the inside surface of a radome with metal fasteners 
(sometimes called studs) that protrude through the radome 
wall and serve as lightning attachment points (see Fig. 6.29). 

 

Fig. 6.29 Solid Internal diverter strip with protruding 
studs. 

Although this type of diverter installation may reduce 
the aerodynamic drag created by external mounting, it 
does not take advantage of the insulation capability of the 
dielectric wall, and internal side flashes can result. In ad-
dition, magnetic forces due to lightning flashes sweeping 
from one stud to the next may tear the diverter away from 
the radome wall. (See §6.2.3) 

 

In general, the thicker the radome wall, the greater the 
permissible spacing between studs. In many cases, 30 cm 
(1 ft.) is close enough, but each individual case must be 
evaluated by lightning strike attachment tests.   Appropri-
ate test procedures are discussed in §6.8. 

Foil sttrips 

Thin foil strips, usually made of aluminum 0.08 to  
0.40 mm (0.003 to 0.015 in) thick, have occasionally been 
used in the past, but these usually provide protection 
against only one strike because they may melt or vaporize. 

When this occurs, the strips leave an ionized channel 
through which subsequent currents in the same flash can 
travel, but protection is lost for later strikes (which some- 
times may occur during the same flight). Also, the explod-
ing strip may damage the composite material to which it 
is attached. For these reasons, foil strips are not recom-
mended for certifiable designs and there is no further dis-
cussion of them in this text. 

Segmented diverters 

Solid diverter bars tend to interfere with radar transmis-
sion, limiting their usefulness in protecting radomes. To over-
come this limitation, segmented diverters (sometimes called 
‘button strips’) were developed [6.12 - 6.15]. These consist 
of a series of thin, conductive segments, often interconnected 
by a resistive paint to provide a path for static charges and to 
prevent sparking between segments due to static charge accu-
mulations on the radome during flight through precipitation. 
The segments are fastened to a thin, fiberglass strip, which 
can be cemented to the surface being protected. The only 
fastener required is the one that connects one end of the 
diverter to the airframe. Some typical segmented diverters 
are shown in Fig. 6.30. 

Segmented diverters do not provide a metal path to 
carry lightning current. Instead, they provide many small 
air gaps that ionize when a high electric field is applied. 

Since the small gaps are close together, the resulting 
ionization is nearly continuous and thus provides a conduc-
tive path for lightning leaders and flash currents. The seg-
mented diverters thus guide, rather than conduct, the flash 
across the protected surface. The structure and ionization 
process of segmented diverters are shown in Fig. 6.31. 

Segmented diverters have been used on many radomes. 
The field experience indicates that, for most applications, 
they are almost as effective as solid metal diverters. 
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Fig 6.30 Segmented diverters.  Scale in inches. 
 

Ionization 
 

In order for segmented diverters to ionize, there must 
be an electric field tangent to the diverter. This is provided 
by charge in the approaching lightning leader, or by am-
bient electric fields that precede an aircraft-initiated strike. 
 

Some segmented diverters have a resistive paint ap-
plied along the back surface that connects the segments 
together through a high resistance that allows static 
charges to flow away from the segments and prevents 
sparking among the segments which may radiate. 

Effect of internal conductors on segmented diverters 

Conductors beneath the surface being protected can af-
fect the performance of segmented diverters. A conductor  
 
 

 

 

(a) Design 
 

 
(b) Breakdown and conduction process 

Fig 6.31 Design and breakdown process in segmented di-
verters. 

 
immediately beneath the diverter may reduce or re-orient 
the electric field and inhibit ionization of the diverter. Even 
if the diverter does ionize, the ionization voltage rise along 
it may be sufficient to puncture the composite wall beneath 
the diverter and allow the lightning arc to attach to the in-
ternal conductor. This can also happen when electrical 
conductors are placed on or near the inside surface of a ra-
dome. Positioning such conductors away from the radome 
wall may prevent these punctures. 

Spacing between segmented diverters 

The maximum spacing between segmented diverters, 
and the minimum permissible spacing to underlying con-
ductors is dependent, among other things, upon the 
amount of voltage required to ionize the segmented di-
verter strips.  

Ideally, the ionization voltage (electric field strength 
might be a better term) should be lower than that required 
to ionize a path along the bare surface of the radome and 
also much lower than that required to puncture the radome. 
Laboratory tests have shown the ionization levels of sever- 
al strip designs to be in the range of 20 to 50 kV per meter. 
This is much less than the 350 to 500 kV per meter re-
quired to ionize the air across an insulating surface. 
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Breakdown voltages of segmented diverters 

The ionization of segmented diverters is a highly non-
linear process, and the total, end-to-end voltage required 
to produce ionization may change very little with varia-
tions in the length of the strip. Ionization probably pro-
ceeds from the ends of the strip in a self-propagating man-
ner, similar to the propagation of leaders, discussed in 
chapters 1 and 2. The performance of segmented diverters 
has been exhaustively studied. The results of these studies 
show that strip ionization is completed within one micro-
second of the time that it starts and that, once the strip is 
fully ionized, the individual sparks contact each-other and 
become one, long spark, which ‘lifts off’ of the diverter 
and exists in the air immediately above it. On a moving 
aircraft, the arc quickly ‘peels away’ from the position 
above the segmented diverter, and the lightning current 
flows directly to the fastener that connects the diverter 
strip to the airframe. 

Laboratory comparisons of various segmented divert- 
er designs by themselves are usually not capable of evalu- 
ating the protection effectiveness of a candidate diverter 
type. Laboratory testing of complete, nonconductive 
structures (i.e. radomes) with candidate diverter types and 
arrangements, including simulation of the conducting ob-
jects inside the radome, is the best way to evaluate can- 
didate designs. 

Application of diverters 

Proper application of all types of diverter involves en-
suring that there is never enough voltage and time to allow 
puncture of the nonconductive composite being protect- 
ed. Even if the diverters have been successfully arranged 
to prevent punctures by electric fields during the initial 
lightning attachment process, there is still the possibility 
that voltage developed along the impedance of the ion- 
ized channel alongside a segmented diverter could be suf-
ficient to puncture the composite and allow lightning at-
tachment to conductive objects inside. Diverters should 
neither be too far from enclosed conductors nor too close 
to them. Typical diverter spacings on transport airplane ra-
domes range from 30 cm (12 in) to 60 cm (24 in). Other 
application guidelines are: 

1.   As much as possible, orient the diverters in the direction 
of the airstream, along the surface of the radome, as 
shown in Fig. 6.32(a). This minimizes the possibility of 
rain erosion damage to the diverters. In addition, this ori-
entation usually coincides with the direction of maxi-
mum electric field intensity. It also allows lightning 
channels to sweep alongside a diverter, rather than 
across the less well protected surfaces between divert-
ers. 

 

 
Fig. 6.32 Diverters on a radome. 

2.   Provide an adequate number of diverters and keep the 
paths they provide to conductive structure as short as 
possible. This might require some diverters to be 
oriented perpendicular to the line of flight, especially 
on large, wide radomes or antenna fairings mounted to 
fuselage top or bottom surfaces. 

3.   Use enough diverters to provide lightning strikes from 
all possible directions with a preferred path to flash 
across the surface of the skin, rather than puncturing 
the skin and striking the objects under the skin. 

4. The spacing of either type of diverter depends on the 
dielectric strength of the skin material, the proximity 
of conducting objects behind the skin, and the length 
of the diverters. There are no ‘cookbook’ tables or an-
alytical tools with which to determine the necessary 
spacing for particular configurations. Spacing of di-
verters should be decided based on tests of actual ra-
domes or antenna fairings with diverters taped tempo-
rarily in place in a ‘cut and try’ process. Flat panel 
specimens of the nonconductive composite skin may 
also be used for spacing tests. If flat panel tests are 
used, a final verification test should be conducted on a 
complete radome or fairing. A typical flat panel test 
setup is shown in Fig. 6.33. 
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Fig. 6.33 Test of flat panel to determine diverter spac-
ing. 

5.  Be sure that the current along the diverter does not pro-
duce enough voltage rise along the impedance of the 
metal diverter or the impedance of the electric arc along-
side a segmented diverter to puncture the radome wall 
and allow lightning to attach to internal conductors (see 
Fig. 6.34). The voltage rise is due primarily to the in-
ductance, L, of the diverter or arc, and, may be estimated 
by assuming L to be 1 µH/m for most diverters, and as-
suming dI/dt to be 100 000 A/µs (1 x 1011 A/s), the peak 
rate-of-rise of the first and subsequent strokes in the 
standard lightning environment (Components A and D). 
This voltage is a short duration ‘spike’, which is the 
time derivative of Component A (or D).  

6. It must be compared with the breakdown voltage (and 
time) of the composite skin and the air gap between the 
interior surface of the skin and conductive objects in-
side. This can be determined by a high voltage test of the 
skin and air gap combination.     

If this is not practical, the design can be verified by a 
high current test of a typical diverter installation, but this 
approach is more difficult since it requires producing test 
currents with the specified rate-of-rise. 

 

 

 
 

Fig 6.34 Inductive voltage developed along a diverter. 
 
 
7. Fasten the diverter strips or bars securely to the skin. 

Solid diverters are mechanically fastened about every 
15 cm (6 in). Segmented diverters are adhesively 
bonded directly to the composite skin. 
 
   At the aft end of either type of diverter, provide a 
suitable path to carry the lightning current to the con- 
ducting airframe structure. This can consist of a single 
fastener or a fastener and spacer combination, as illus-
trated in Fig. 6.35. In either case, the arrangement 
should be capable of conducting currents appropriate 
for the zone in which the diverters are located. 
 

8. Provide an appropriate finish. This may be a paint on 
solid diverters, but the individual segments of seg-
mented diverters, and the gaps between them, must not 
be covered with primers or paints. If covered with 
paint, these diverters will not ionize and thus will not 
function. 
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(a) Single, large diameter fastener 

 
 

 
(b)  Single small diameter fastener with conductive 

spacer. 
 
 

 
(c) Same as (b), with clamp over end of diverter 

 
Fig. 6.35 Methods of grounding diverters. 

 

9. The ability of a complete diverter arrangement to inter-
cept strikes and prevent puncture should be verified by 
high voltage-strike attachment tests. The adequacy of 
mechanical and electrical fastening and grounding de-
signs should be verified by high current tests. Both the 
high voltage and high current tests should be conducted 
on full-scale hardware, duplicating that to be used in pro-
duction. The tests should be conducted in accordance 
with § 5.1.2 of Reference [6.16].  

10. The intent of Guideline 3 is to assure that enough 
diverters are used to prevent punctures resulting from 
initial lightning leader attachments. Guideline 4 
extends this criterion for protection against swept 
channels, and Guideline 5 is aimed at preventing 
punctures resulting from inductive voltages that arise 
when lightning currents flow in or along the diverter.

Guideline 6 is aimed at assuring that the diverter 
remains physically attached and adequately bonded to 
the airframe when it is called upon to conduct or guide 
high currents. 

In applying these guidelines, it is helpful to know the 
voltage needed to puncture nonconductive, composite 
skins (i.e., radome walls) or to produce flashover across 
an external surface. The voltage required to puncture a par-
ticular composite skin is determined by material type and 
thickness, as well as lay-up patterns, sandwich core mate-
rials, fillers, and surface finishes. The voltage required to 
produce a flashover through air averages about 500 kV/m 
at sea level. It is less than this at flight altitudes, where the 
outside air pressure is less. Voltages necessary for initiat-
ing surface flashovers are usually somewhat less than this, 
averaging 350 - 400 kV/m. Once initiated, surfaces may 
flashover large distances without much additional volt-
age, if the voltage is sustained for a sufficient   duration. 
If the voltage is of short duration, such as the inductive 
voltage produced by current along a diverter, then the re-
quired breakdown stress is higher, perhaps 1 000 kV/m. 
The influence of gap length and duration of voltage was 
also discussed in §1.5.3 and §1.6.2. Coordinating spacing 
between diverters with the dielectric strength of the sur-
face being protected usually requires tests, the principles 
of which are shown in Figs. 6.33 and 6.36. The test meth-
ods are described in § 5.1.3 of Reference [6.16]. 

 

 

Fig. 6.36 Experimental determination of maximum  
diverter displacement distance. 

6.2.4 Protection with Conductive Coatings 

 Where electromagnetic transparency is not required, 
conductive materials can be applied to nonconductive sur-
faces to conduct lightning currents to the airframe. Mate-
rials that can be used for this purpose include arc or flame 
sprayed metals, woven wire fabrics (WWFs), solid metal 
foils, EMFs, aluminized fiberglass, nickel plated aramid 
fiber and metal loaded paints. Some of these systems can 
also be used to protect conductive CFC materials, as de-
scribed in §6.4. 
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Arc or flame sprayed metals 

Arc-sprayed and flame-sprayed metals are solid metal 
coatings applied by spraying molten metal onto the surface 
to be protected, or into a mold into which the composite 
skin will be laid up. Their thicknesses range from 0.1 to 
0.2 mm (0.004 to 0.008 in) and the metal most commonly 
used is aluminum. Other metals are occasionally used 
when galvanic incompatibility is of concern. During ap-
plication, the molten metal solidifies on the exterior sur-
face of the composite, producing a hard, stiff, and conduc-
tive layer that is capable of conducting lightning currents 
with very little damage, except at the arc attachment spots, 
where small amounts of the metal are usually melted away. 
The sprayed metal can be painted with traditional surface 
primers and paints, but the paint intensifies damage at 
strike attachment points. Arc or flame sprayed metal coat-
ings applied to existing surfaces have a somewhat rough 
finish that may require smoothing. This can be overcome 
by spraying the metal into the mold, before the composite 
plies are laid in and the part is cured. This produces a metal 
finish that is smooth from the start. 

  The advantages of the arc or flame-sprayed metals in-
clude good protection for all lightning strike zones and the 
ability to cover complex shapes that may be difficult to 
cover with wire fabrics or EMFs. Their disadvantages in-
clude cost, weight, and difficulty getting the sprayed metal 
to release readily from the mold. A significant disad-
vantage is the tendency for the arc sprayed coating to 
crack if the underlying skin flexes, which is likely on 
many places around an airplane. For this reason, this ap-
proach has not been frequently used. The weight of the 
sprayed aluminum is usually in the range of 250 - 350 
g/m2 (0.05 - 0.06 lbs/ft2). 

Woven wire fabrics (WWFs) 

Metal fabrics woven from small diameter wires of alu-
minum, copper or other metals can provide very effective 
protection for nonconductive surfaces. Quinlivan, Kuo 
and Brick [6.17], and King [6.18] investigated WWFs and 
metal foils primarily as protection for CFC materials, but 
their findings apply to the protection of nonconductive 
composites as well. The metal fabrics most commonly ap-
plied are woven of aluminum wires spaced 40 to 80 wires 
per cm (100 or 200 wires per inch). Wire diameters range 
from 0.05 to 0.1 mm (0.002 to 0.004 in). These fabrics are 
identical to filter screens commonly used in the chemical 
and water processing industries.  The protection effective-
ness comes from the electrical conductivity of the wires, 
and also from the arc root dispersion that was described in 
§ 6.2.2 due to the fabrics that offer an electrically uneven 
surface where multiple electric field enhancements cause 

 

multiple punctures and arc roots, each of which carry only 
small fractions of the total lightning current. The result is 
less physical damage, but a somewhat larger diameter of 
paint removal and erosion of the fabric as compared with 
the narrower and deeper damage to painted solid metal 
surfaces. 

WWFs do not drape well over surfaces with compound 
curvatures, and this is especially true of tightly woven fab-
rics. They must be cut and lapped to fit. Wire fabrics can 
readily be co-cured in a composite laminate since the resin 
can flow between the individual wire strands. WWFs can 
also be cemented onto a previously manufactured surface, 
although care should be taken not to let excessive adhesive 
build up over the fabric. 

The advantages of wire fabrics include their ability to 
co-cure with the composite laminate, very effective pro-
tection for all strike zones, flexibility, and light weight 
(typically 0.15 to 0.2 kg/m2 (0.03 to 0.04 lbs/ft2)). WWFs 
also provide the underlying composite surface with some 
protection against particle erosion. 
 

A disadvantage of WWFs, as noted above, is the diffi-
culty associated with forming them over com- pound 
curves. It is sometimes necessary to cut the fabric into 
gores and lap it to fit. 
 
Solid metal foil 

 
Solid metal foils of 0.025 mm (0.001 in) thickness or 

greater have sometimes been cemented over nonconduc-
tive, composite surfaces to provide a conductive layer. 
Metal foils have an electrically smoother finish than wo-
ven fabrics and EMFs, however. This means that solid 
metal foils do not encourage arc root dispersion, a benefi-
cial effect that reduces energy densities at individual arc 
attachments. Also, a substantial amount of foil is usually 
melted away at lightning attachment points, although the 
nonconductive composite underneath is not usually dam-
aged. The amount of metal foil melted away by a strike is 
related to the intensity of the lightning current and to the 
thickness of the foil, but there are no significant differ-
ences between the performances of different types of met-
als. Most applications of solid metal foils in the past have 
used aluminum foil. 
 

Manufacturing concerns have limited the use of metal 
foil for lightning protection purposes. Metal foils, like 
metal fabrics, do not form smoothly over compound cur-
vatures. To prevent wrinkling, the foils must be cut and 
spliced, which requires seams that can arc and delaminate,  
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even at low current levels. In addition, the absence of mi-
nute holes in the solid foils, through which resin may flow 
in the manufacturing process, sometimes makes it difficult 
to achieve a sufficient adhesive bond between the foil and 
the composite surface. Un-bonded areas may allow the 
foil to become delaminated and they also collect moisture, 
which can cause corrosion. 
 

Because of these difficulties, solid metal foils are rarely 
used to protect composite materials. They have sometimes 
been used to protect thin metal skins from melt-through. In 
such applications, the foils have been adhesively bonded 
to exterior metal surfaces. When contacted by lightning 
arcs, the foil melts away and the lightning arc remains at-
tached to the edges of holes melted in the foils. This seems 
to prevent arc attachment to the underlying metal skin. 
Usually, these applications have been retrofits to existing 
aircraft wing skins containing fuel, not part of a new air-
craft design. Such retrofits must be tested because flight 
experience is limited. The use of solid metal foil to prevent 
melt-through of metal skins is not recommended for new 
aircraft designs. 

 
Perforated metal foils 
 

Perforated metal foil is fabricated by punching or cut-
ting processes in which metal foil is perforated. The result 
has the appearance of a screen made from a single piece 
of metal. They have better conductivity than metal fabrics, 
which depend upon contacts between individual wires to 
provide conductivity. Depending upon the shape and fre-
quency of perforations, they have better conformability to 
complex surfaces than solid metal foil or WWFs.   
 
Expanded metal foils (EMFs) 
 
   EMF is fabricated by a milling process in which metal 
foil is perforated and then stretched. The result has the ap-
pearance of a WWF, but it is formed from a single piece 
of metal, and thus has better conductivity than metal fab-
rics, which depend on contact between individual wires 
to provide conductivity. 
 

   The protection effectiveness of perforated and EMFs 
is very good for all lightning strike zones. In most cases, 
the protection effectiveness of EMFs is better than that af-
forded by WWFs and flame sprayed metals having com-
parable weights per unit surface area.   
 
 EMFs can be formed more easily over compound 
curves than WWFs, because they can be stretched some-
what. They can also be bonded to composite laminates in

a manner comparable to WWFs. Like WWFs, EMFs pro-
mote arc root dispersion. Thus, much less expanded foil is 
burned away at a strike attachment point than would an 
equal thickness of solid foil. 
 

Since the 1990s, EMFs have become the popular 
method for protecting composites, both non-conductive 
and conductive. Several suppliers have aggressively, and 
successfully, promoted EMFs for protection of composite 
skins. The weight of EMF ranges from 100 to 600 g/m2  

(0.02 to 0.12 lb/ft2). 
 

Aluminum and copper expanded foils are used most 
commonly. The aluminum is used on fiberglass and ara-
mid fiber reinforced composites. The copper is used on 
carbon-reinforced composites (see §6.4.4) where the pos-
sibility of corrosion prevents the use of aluminum. Alumi-
num generally provides the best lightning protection per 
unit weight, although its advantage over copper is not 
great. 
 

The protective effectiveness of EMFs (and also woven 
wire meshes) depends significantly on the thickness of ex-
terior surface finishes. The general relationship between 
protection effectiveness and surface-finish thickness is de-
scribed by Fig. 6.37.   

 
Aluminized fiberglass 

 
Glass fibers can be coated with aluminum, usually by 

depositing metal vapor on the surfaces of the glass fibers. 
The result is a glass fiber fabric with significant electrical 
conductivity. An individual aluminum-coated glass fiber 
has a nominal resistance of 2 ohms/cm of length. A virtue 
of this material is that it can be co-cured with the rest of a 
fiberglass laminate, although the aluminum-coated fabric 
does not have the same mechanical properties as the glass-
only fabric. 

 
Individual coated glass fibers have been reported to 

carry 50 A for 1 µs, 5 A for 1 ms and 0.3 ampere continu-
ously. This relatively high current-carrying capability is 
the result of good thermal coupling between the aluminum 
and the glass. The glass provides a heat sink, enabling the 
aluminum-coated fiber to carry twice the current that could 
be carried by the aluminum by itself. 

 
At the point of lightning strike attachment to a structure 

made of aluminized fiberglass, some volume of the alumi-
num is explosively vaporized, the area affected depending 
on the magnitude of the lightning current and the amount 
of aluminum on the coated fibers. If the aluminum coated   
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fiberglass material is covered with fillers or paints, the ex-
panding gases at lightning attachment points are contained 
and more of their explosive force is directed into the un-
derlying composite skin being protected. The amount of 
additional damage from this mechanism is related to the 
thickness of coating, as illustrated in Fig. 6.37. 

 

 
Fig. 6.37 General relationship of depth of damage into 
a CFC laminate vs. thickness of surface finishes. (The 
performance of a particular laminate and surface finish 

must be evaluated by test). Note the range of depths 
due to Zone 1A currents. 

 
Increased damage caused by confinement of arc 

products by paint coatings is not only a problem with 
aluminized fiberglass; it occurs, to some extent, with any 
painted material. Confinement does, however, seem to 
promote more extensive damage to aluminized fiberglass 
than to either WWFs or EMFs. 

Metal loaded paints 

Adding metal particles, such as copper or aluminum, to 
a paint provides a surface that has a certain amount of 
conductivity and has some ability to provide lightning 
protection. The protection is marginal, however, because 
the metal particles make only random contact with each 
other, which gives the coating a much lower conductivity 
than an equivalent film of pure metal. 

No practical thickness of metal loaded paint is 
sufficient to conduct a full lightning current. Rather, the 
paint acts primarily to guide a flashover across the coated 
sur- face. The lightning current is then carried more in the 
resulting arc than in the coating of conductive paint, in a 
manner like that associated with segmented diverters. 

Conductive paint films are least effective if they are 
applied on a conductive composite such as CFC, or a metal 
surface. In these applications, the lightning current usually 
finds a path directly through the paint to the conductive 
composite. When this happens, the conductive paint 
behaves similarly to a nonconductive paint, concentrating 
the lightning arc root and compressing the shock wave 
forces until the paint is burned away. 

Conductive paint has the advantage that it can be 
applied to an existing surface, even one of complex shape. 
Copper paints have been the most widely used an early 
application of copper loaded paint has been for the 
protection of helicopter rotor blades or fixed wing aircraft 
propeller blades fabricated of nonconductive composites, 
however the possibility of particle erosion is a threat to 
conductive paints and these are no longer used in these 
blade applications. Metal loaded paints have been less 
successful on blades with metal spars or embedded de-ice 
heater wires inside them, because sufficient voltage builds 
up along the resistance of the conductive paint to force 
puncture and lightning current attachment to the spar or 
wires inside the blade. The mechanism of this puncture is 
illustrated in Fig. 6.38. 

 

 
Fig. 6.38 Voltages developed over a metal loaded  
 paint surface due to the resistance of the 
 conductive paint. 

Conductive paints are the least desirable of lightning 
protection methods, partly because of the voltage buildup 
problem but also because they tend to erode away in many 
applications when exposed to intense rain or hail. It is 
usually not possible to get sufficient conductive particles 
into a paint for it to offer adequate current conduction 
capabilities without burning away due to current flow. 
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6.3 Windshields, Canopies and Windows 

Cockpit windshields, canopies, and cabin windows are 
often located in direct and/or swept lightning channel at-
tachment regions (Zones 1A/1C or 2A). Rupturing of wind-
shields due to lightning strikes has not been frequent; the 
most frequent effect instead having been shattering of ex-
terior glass plies or deformation of acrylic layers. Wind-
shields that are strong enough to withstand bird strike tests 
can usually also tolerate lightning strikes. But at least one 
plane crash in the 1930s has been attributed to a ruptured 
windshield [6.19]. There are several aspects of windshield 
and canopy designs that can make them susceptible to 
damage, and designers should verify that lightning effects 
will not cause safety of flight hazards. The fact that some 
new windshield laminate configurations have flown for 
some number of flight hours without having experienced 
damage due to lightning is not sufficient justification for 
them to be certified on the basis of successful flight expe-
rience. Certification of windshields should be based on 
lightning tests, or demonstration of similarities of the can-
didate windshield design to a previously certified design. 
Similarity assessments should assure that the shape and 
contour of new windshields is the same as those of origi-
nally certified windshields since these factors, together 
with construction details influence susceptibilities of 
windshields to lightning environments.   

 

Electrically-heated windshields 

 
Windows and windshields are fabricated from glass, 

acrylics, and polycarbonates, or some combination of 
these materials. All these materials have higher dielectric 
strengths than nonconductive composites. However, 
windshield laminates can be punctured by the electric 
fields associated with lightning channels being swept 
across the windshield surfaces. These fields terminate on 
the electrical heating elements embedded in windshield 
laminates. Sections 5.1.2 and 5.2.2 of Reference [6.16] de-
scribe how candidate windshield laminates should be 
tested to verify ability to resist puncture due to electric 
fields associated with a sweeping lightning leader, and to 
tolerate the shock wave associated with a lightning stroke 
current in a channel that is swept across a windshield sur-
face. 

 
Electrical heating elements embedded within laminated 

windshields are used to clear icing and fogging. Typical con- 
figurations are shown in Fig. 6.39. Heating elements are ei-
ther fine metal wires or metal films, powered from either 28 
volt DC or 115 volt ac systems. Since the wires are of small 
diameter and arranged in zig-zag patterns, an electric field 
becomes concentrated at the wires. 
 

 

 
(a) Fine metal wires in a zig-zag pattern 

 
(b) Metal film in acrylic or polycarbonate sandwich. 
 

Fig. 6.39 Electrically-heated windshields. 

Other potential hazards that could result from puncture 
of the outer ply of the windshield are illustrated in Fig. 6.40. 
The first is the confined shock wave. This is always suffi-
cient to shatter the exterior ply and sometimes sufficient to 
shatter the inner ply as well. If that happens, particles may 
be blown directly into the cockpit and into a pilot's face. 

Another potential hazard is direct conduction of very 
high surge currents into the aircraft's electric power distri-
bution system, accompanied by damaging other electrical 
loads powered from the same source. 

 
Fig. 6.40 Lightning damage to electrically heated wind-

shields. 
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Protection methods 

 
One method of eliminating the problems described 

above is to de-ice the windshield with hot air instead of 
electrical heating elements. Removing the heating ele-
ments eliminates the most frequent cause of windshield 
puncture and eliminates the conducted surge problem. 

 
The following approaches can be followed to reduce or 

eliminate the hazards associated with electrical heating ele-
ments. 

 
1. Utilize a tough center ply of acrylic or polycarbonate 

resin. These materials are usually resilient and tolerant 
of shock wave or impact damage, preventing complete 
rupture of the windshield. 

Some specifications require that windshield structures 
be able to survive the impact of a 4 lb. bird at a relative 
velocity of 200 knots. Such windshields have 
sometimes been capable of tolerating the effects of 
Zone 1A/1C punctures of their outer ply without 
rupture of the acrylic ply. 

2. Utilize a metal film heating element instead of fine 
embedded wires. The films are less likely to promote 
puncture of the outer ply since they offer less electric 
field stress concentration than do the wires.   

3. Employ surge suppression devices on the power 
distribution circuits or busses that feed electrical 
windshield de-icing systems. 

 

These devices should be rated to limit surge voltages to 
the system transient control level (TCL), as defined in 
Chapter 5, while safely conducting substantial currents to 
airframe ground. Fig. 6.41 shows options for installation 
of surge suppressors. Information on surge suppression 
devices is given in Chapter 17. Metal oxide varistor 
(MOV) type devices and some Zener diodes have proven 
capable of conducting up to 10’s of kiloamperes of stroke 
current and should be used for protection of windshield 
heater power feed and control circuits. These should 
always be separated from power distribution busses by 
circuit breakers in case of device failure, which often 
apply short circuits to ground.  

Since the integrity of windshields, canopies and other 
aircraft windows is usually necessary for continued safe 
flight, candidate windshield and window designs should be 
tested. Appropriate lightning test methods are described in 
§5.1.2 and §5.2.2 of Reference [6.16]. 

The protection methods described above are applicable 
to side windows and frontal windshields, although frontal 
windshields have been most commonly damaged by 
lightning. 

Canopies rarely employ de-icing elements and are most 
often made from polycarbonate resins, which have very 
high dielectric strengths. This is also true of side      
windows.
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Fig. 6.41 Surge protection of windshield heater circuits. 
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Sometimes metal films are deposited on the interiors of 
bubble type canopies to shield the pilot from strong 
electric fields that would otherwise cause electric shocks. 
These films have not been known to promote puncture of 
canopies fabricated of polycarbonate resins. They are not 
employed on cockpit windows since some shielding 
against electric fields is already provided by embedded 
heater elements.   

Anti-static coatings 
 

Electrical charges that accumulate on frontal wind-
shields and canopies due to triboelectric charging from ice 
crystals can be bled away by electrically conductive films. 
To remain optically transparent, these films must be very 
thin and, thus, their electrical conductivity is not sufficient 
to conduct lightning currents. Neither have they appeared 
to influence lightning susceptibilities of the windshields to 
which they have been applied. 

 
The most common coating in present use is Indium Tin 

oxide (ITO), which is preferred for its durability against 
rain erosion. 

 
Flash blindness 

 
If a lightning strike occurs at night in front of a wind-

shield, the bright flash can temporarily blind a pilot who 
is looking out the window at the moment when a lightning 
strike occurs in front of the aircraft. This blindness can 
make it difficult or impossible for the pilot to read instru-
ments for a minute or two following the flash. Several ac-
cidents have been caused by instances of flash blindness 
that occurred when an aircraft was on a final approach to 
an airport or in IFR conditions and only one pilot was fly-
ing the aircraft. 

 
No windshield treatment has been found that can 

prevent flash blindness without impairing normal 
visibility. Thus, when there are two pilots, one of 
them should focus on the instruments and avoid look-
ing out the windshield during conditions that might 
lead to a lightning strike. Cockpit instrument lights 
and display intensities should also be kept at maxi-
mum brightness. 

 

6.4 Electrically Conductive Composites 
 
Electrically conductive composites include resins rein-

forced with various arrangements of carbon fibers or 
yarns, and other resins reinforced with boron filaments. 
CFC, also known as graphite-epoxy composites, are by far 
the most common, due to their high strength to weight  

property. Some boron composites are in use, but all of 
these were designed prior to 1980 because the economic 
and structural advantages of CFC have precluded the use 
of boron in modern designs. Therefore, the protection de-
signs described in this section deal with CFC. 

 
Damage to carbon fiber composites  

 
• Lightning stroke currents heat carbon yarns suffi-

ciently to melt and vaporize the surrounding resin. This 
is known as ‘pyrolysis’ of the resin. Stroke currents 
also produce shock wave damage that can fracture car-
bon laminates in the vicinity of the stroke cur- rent at-
tachment locations. This happens near strike attach-
ment locations and also in composite structures that are 
conducting high current densities.   
 

• Lightning intermediate and continuing currents rarely 
produce significant effects on carbon composites, 
since these currents tend to move around and re- attach 
to loose carbon filaments at the edges of areas damaged 
by stroke current. Otherwise, most carbon composite 
structures are capable to conducting these current with-
out excessive temperature rises that could melt resins.   
 

6.4.1 Electrical Properties of CFC 

While lightning protection of conventional all-metal 
aircraft is mostly a matter of attention to detail and does 
not usually have much impact on the cost or weight of the 
final product, lightning protection for aircraft whose struc-
tures consist largely of CFC’s must be integral to the over-
all design of the aircraft from the very beginning and may 
have a significant impact on the final cost and weight of 
the airplane. 

The electrical property most important for lightning 
protection of CFC is its resistivity. This same parameter is 
also expressed as conductivity. The units are as follows: 

Resistivity is commonly represented by the Greek let-
ter ρ (rho). The SI unit of electrical resistivity is the ohm-
meter (Ω⋅m). For example, if a 1 m × 1 m × 1 m solid cube 
of material has sheet contacts on two opposite faces, and 
the resistance between these contacts is 1 Ω, then the re-
sistivity of the material is 1 Ω⋅m. It is a measure of the 
opposition of the material to electric current flow. 

The converse of resistivity is conductivity, the ability 
of a material to conduct electricity, for which the symbol 
is the Greek letter σ (sigma), The SI unit of electrical con-
ductivity is siemens per meter (S/m). Numerically, the 
value of conductivity is the reciprocal of resistivity.   

 

https://en.wikipedia.org/wiki/Greek_alphabet
https://en.wikipedia.org/wiki/Greek_alphabet
https://en.wikipedia.org/wiki/Rho_(letter)
https://en.wikipedia.org/wiki/SI
https://en.wikipedia.org/wiki/Ohm
https://en.wikipedia.org/wiki/Meter
https://en.wikipedia.org/wiki/Sigma_(letter)
https://en.wikipedia.org/wiki/Siemens_(unit)
https://en.wikipedia.org/wiki/Metre
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From this point on, the discussion will be about resis-
tivity. The reasons for this selection are that resistivity is 
directly related to electrical energy dissipation in the ma-
terial, and in turn, to physical damage inflicted by light-
ning currents. Also, resistivity is an important parameter 
in the coupling of lightning energy into aircraft electrical 
and electronic systems.   

Since carbon fiber reinforced composites are not iso-
tropic, the values of resistivity depend on the direction of 
current flow in the composite. Nearly all any current is in 
the carbon fibers, so the resistivity is always the lowest in 
the direction(s) of the fibers. 

CFC as used in aircraft construction is usually in the 
form of multiple flat layers of either UD fibers, or groups 
of fibers called yarns or tows, always in a single direction, 
or woven arrangements of yarns or tows that form cloth 
plies, as in a woven cloth fabric. In these latter configura-
tions, there are fibers in at least two directions. Often, wo-
ven plies are arranged in two or more directions, identified 
by the common notations “0/90” (zero degree and ninety-
degree woven ply) and “+45/-45” (actually this is electri-
cally the same as the “0/90” except that the ply is rotated 
45 degrees with respect to the “0/90” ply). The reasons for 
these arrangements are to accommodate mechanical loads, 
and to improve damage tolerances, especially from im-
pacts of objects (and lightning strikes). Usually, the direc-
tions of the fibers in the plies are identified by coordinates 
x, y, and z as shown in Fig. 6.42. 

 

Fig. 6.42 Directions of carbon plies.                               
(From Composite Material Handbook-17 Rev G) 

 
The resins that surround the carbon fibers are almost 

always non-electrically conductive. In fact, being mostly 
polycarbonates, they are good electrical insulators. This 
means that unless current densities are high enough to pro-
duce voltages that can ionize (break down) the resin, the 
currents remain only in the carbon fibers and the resistiv-
ity of the laminate is therefore dependent on the fiber di-
rections.  

  
Resistivity must therefore be measured and expressed 

in the direction(s) of interest. A CFC laminate that is a 

combination of many 0/90 and +45/-45 degree woven fab-
rics is likely to have similar resistivities in all directions 
within the plane of the plies, usually called the x-y plane. 
A typical resistivity of such a laminate in the x-y plane is, 
 

ρ = 6 x 10-3 ohm-cm      
 

This is an electrical conductivity of 1/ρ, or, 
 

σ = 1.67 x 103 siemens per cm 
 

The dimensional unit “cm” is used in these examples 
because airplane material dimensions are most commonly 
expressed in small units, and the numbers are more easily 
visualized in small units. 
 

The reader is cautioned not to confuse the volume resis-
tivity with surface resistivity. The two are not closely re-
lated and the latter parameter is not useful in assessments 
of lightning effects on CFC structures or enclosed sys-
tems.   

 
Neither is volume resistivity to be confused with the 

actual resistance between any two locations on or within 
a CFC structure. Resistances across CFC structural com-
ponents can be determined by the familiar method of con-
ducting an electric current between the locations of inter-
est and measuring the voltage rise between those loca-
tions. The resistance is the voltage divided by the current. 
When the current and voltage are directed between other 
pairs of locations, it is likely that the computed resistances 
will differ, since the amounts of carbon fibers extending 
between these other locations will be different.   

 
In most aircraft applications the resistances of interest 

will be in the longitudinal directions of the CFC, rather 
than in the cross-sections. These cross-section resistances 
are likely to be much higher than the longitudinal re-
sistances since there are usually no carbon fibers in the 
cross sectional (i.e., “z”) direction. Conduction in the z di-
rection depends on there being sufficient voltage among 
plies to establish conductive paths among plies. Usually 
this requires breakdown of the resin. If currents among 
plies become sufficient, the interlaminate arcs that exist 
between plies develop sufficient temperature and pressure 
to cause delamination and/or rupture of plies.   

 
If conduction of lightning currents through laminate 

cross-sections is needed, alternate provisions to allow this, 
mainly via fasteners, must be provided. The situation just 
described is shown in Fig. 6.43. For prevention of fastener 
corrosion there is sometimes a layer of nonconductive pri-
mer or sealant around the fasteners. This inhibits conduc-
tion of lightning currents except where there are incidental 
contacts of fasteners with carbon fibers. At higher current 
densities, such as exist near lightning strike locations, suf-
ficient voltage may exist between fasteners and holes to 
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cause dielectric breakdown of these nonconductive mate-
rials, allowing current transfer to the fasteners via arcing. 
In situations where there are many fasteners the intensities 
of this arcing will be minimal, and any physical effects 
may not be noticed. The higher the current density (i.e., 
current per fastener) the more noticeable will be the ef-
fects of the arcing, to the point where there will be rings 
of blackened paint around the fastener heads as shown in 
Fig. 6.44. 

 

 
 

Fig. 6.43 Current conduction via fasteners 

 

Fig. 6.44 Evidence of arcing around fasteners in CFC 

6.4.2 Electrical Properties of Resins and  
Adhesives 

For purposes of considering lightning current behavior 
throughout CFC laminates, the resins can be considered 
non-conducting. The structural adhesives used to join 
CFC and other composites behave in a similar manner. 
These materials do not follow ohms law and only become 
electrically conductive when sufficient electric field is ap-
plied across their thicknesses to change the electrical 
properties from those of insulators to breakdowns of their 
molecular structures in the form of an electrical spark. 
This is called dielectric breakdown.  

There have been attempts to provide some electrical 
conductivity to resins (and adhesives) and thereby allow 
electric currents to be conducted among carbon fibers and 
yarns and among plies. However, the structural properties 
of these resins are degraded and no longer desirable for 
use in composites. Similar attempts have been made for 
structural adhesives but without much success. The ap-
proach has been to incorporate conductive additives, and 
these have adversely affected mechanical properties mak-
ing the composites and the structures that are adhesively 
bonded together with these conductive products not satis-
factory for their intended purposes. 

The CFC structural materials are therefore an interest-
ing combination of conductors and insulators, so that users 
of these materials need to be aware of these properties and 
design so that lightning and other electric currents can be 
safely conducted by them or diverter around them so that 
they are not damaged by these currents.   

6.4.3 Damage Mechanisms of CFC  

Electric currents and potential differences (voltages) 
can damage CFC in several ways. These include: 

• Ohmic heating and pyrolysis of resins 

• Dielectric breakdown of resin among yarns and 
plies 

• Ignition and burning of resins due to lightning arc 
attachment 

• Shock wave effects due to lightning arc attach-
ment 

Ohmic heating happens due to the conduction of cur-
rents in the carbon fibers resulting in heating of the fibers 
and surrounding resins. As noted in § 6.5.1 the fibers are 
resistive and so will get hot as current flows in them. Car-
bon sublimes at a temperature of about 5 500 °C (9 800 
°F) which is far higher than the melting temperatures of 
most resins (hundreds of degrees) so the filaments used in 
CFC will remain intact although they become disarrayed 
when the surrounding resin melts or burns. When this hap-
pens, the electrical continuities of filaments may be inter-
rupted, and the original mechanical strength of the CFC 
laminate will have been degraded or lost altogether. A 
photograph of a “popsicle stick” laminate after conducting 
excessive current is shown in Fig. 4.10. The stroke cur-
rents, Components A, AH and D are most likely to cause 
ohmic heating.   

The current densities that result in resin melting are 
usually higher than is typical for most CFC applications 
in airplanes that conduct Zone 3 currents of hundreds of 
A/cm2 but these high current densities may often be pre-



167 

sent near lightning strike attachment locations, for exam-
ple on wing tips, winglets, and other Zone 1A/B locations 
where local current densities are high (kiloamperes/cm2). 
Protection features like EMFs can reduce current densities 
to non-damaging levels. 

Dielectric breakdown happens when voltages among 
yarns and plies are sufficiently high to cause ionization of 
the resin. This is typically in the range of 16 - 32 kV/mm 
(400 - 800 V/mil). Dielectric breakdown of CFC resins 
also will not happen unless the local current density is 
high, as near a lightning strike entry location. When it does 
happen, the result is sometimes interlaminar pressure 
buildup and delamination, depending on the amount of 
current that is transferred among carbon plies. The most 
likely opportunity for dielectric breakdown is when there 
are yarns or tows of carbon filaments conduction different 
amounts of current in multiple directions. Whether this 
happens or not usually depends on how laminates are fas-
tened together, and whether or not attention has been paid 
to making sure that all plies are electrically connected to-
gether via fasteners that penetrate complete laminates. 

 
Ignition and burning of resins is due to the high cur-

rent densities that surround lightning arc attachments to 
CFC surfaces. An electric arc conducting stroke currents 
reaches temperatures around 30 000 °C (54 000 °F) which 
easily melts and ignites resins by heat radiating from the 
arc and by overheating of the carbon fibers. The result of 
this leaves the carbon fibers in disarray and sometimes a 
hole completely through the laminate. The stroke currents, 
Components A, AH and D are most likely to cause ohmic 
heating. Fig. 6.45(a) illustrates effects of ignition and 
burning of unprotected CFC skins. Due to the low thermal 
conductivity of CFC carbon fibers and resins the ignition 
and burning of CFC may only be several plies deep, leav-
ing the remainder of a laminate intact. This was the case 
in Fig. 6.45(a) where only the shock wave effects, and no 
melting or burning, are evident on the interior surface of 
this 4-ply CFC laminate, Fig. 6.45(b). This damage is in-
flicted at or near points of lightning attachment and is 
caused primarily by stroke currents. Thus, this type of 
damage can occur in all zones, with the exception of Zone 
3. 

 
The extent of the damage depends upon the type and 

thickness of the CFC skins involved, the thickness of fin-
ishes and paints, and the intensity of the lightning strike. 
Experience has shown that the amount of surface damage 
produced by a lightning flash is closely related to the ac-
tion integrals (specific energies) of the current compo-
nents in the flash.

 
 

 
(a) Front side, showing thermal effects.   

 

 
(b) Interior Surface, showing shock wave effects. 

Fig. 6.45 Extent of damage to a painted CFC skin. 

.  
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Shock wave effects are due to impact on CFC surfaces 
of nearby shock waves emanating from lightning arcs that 
have attached to a nearby CFC surface. Since CFC plies 
are brittle, and do not sustain localized bending, they are 
more likely to break, as is illustrated in Fig. 6.45(b). 

Shock waves are most intense where all of a stroke cur-
rent has been injected to a single spot on a painted CFC 
surface. In contrast, if the surface is not painted (or coated 
with other resin-rich layers or primers that are electrically 
insulating and do not readily allow multiple electrical con-
tacts) all or most of a stroke current is concentrated at a 
single spot (arc root) where both the thermal and shock 
wave effects are maximized. This was the case in Fig. 
6.45.   

In addition to the concentration of arc roots, paints and 
other nonconductive surface finishes have also been found 
to ‘blanket’ the shock wave originating at arc attachments 
and thus apply more pressure to the CFC surface than 
would exist if no covering were present. For sure the sur-
face finish is quickly blows or burned away by the electric 
arc, but not before it has had an opportunity to intensify 
the shock wave impact on the CFC. The extent of shock 
wave damage has also been closely related to the action 
integral (specific energy). 

6.4.4 Protection of CFC Skins 

As described in Chapters 4 and §6.5 there are several 
ways that lightning strikes can damage CFC skins. 
Protection approaches should consider each. 

Design objectives 

Most solid CFC laminates used as aircraft skins have 
thicknesses ranging from 2 plies (0.5 mm, 0.02 in) to    20 
plies (5 mm, 0.20 in). The thinner skins are usually used 
in sandwich constructions where there are two such skins 
(face sheets), and thicker laminates are employed as 
single, solid skins. CFC skins comprised of woven fabrics 
of any of these thicknesses can usually conduct lightning 
currents away from lightning attachment points without 
physical damage, but this should be verified by laboratory 
lightning current test. Skins that are comprised of UD 
plies may conduct without damage in the direction of the 
fibers, but there may be internal arcing if the current must 
flow in other directions due to lightning attachment 
locations and overall flow patterns. CFC skins that are not 
in lightning strike zones 1A, 1B, 1C or 2A and 2B where 
direct strikes are expected may not need protection against 
the localized damage from lightning strikes, but these will 
almost always need to be able to conduct lightning 
currents. This requires that a means be provided to transfer 

currents from adjoining structures into and out of the CFC 
laminates. The most common method has been to use 
structural fasteners, since these can make electrical 
contact with all plies in a laminate, and multiple face 
sheets in sandwich panels. 

CFC surfaces in Zone 3 do not normally need lightning 
protection unless there is a potentially catastrophic 
consequence of some failure condition that might happen 
as a result of an unexpected lightning strike to a surface in 
Zone 3. CFC structures that are in Zone 3 (as most aircraft 
structures anywhere on the aircraft normally are) do need 
to be capable of safely conducting Zone 3 lightning 
currents. This sometimes necessitates that additional 
electrical conduction capability be added to Zone 3 CFC 
structures. This can be done by providing alternate 
conductors within the airplane that are in parallel with the 
CFC structures.   

The protection design objectives for CFC structures 
therefore as follows: 

1. Prevent hazardous damage (i.e. puncture, cracking, 
loss of mechanical strength) at and near possible strike 
attachment points in Zones 1A, 1C, 2A, 1B and 2B. 

2. Provide adequate lightning current paths among parts, 
to prevent damage at joints. In CFC fuel tanks, this 
objective must be accomplished without arcing or 
sparking, which could ignite fuel vapors. (Design 
methods for arc and spark suppression are discussed in 
Chapter 7.) 

3. Lightning physical effects protection designs for CFC 
structures must be coordinated with other electrical 
requirements, such as EMI control, power system 
grounding, and lightning induced effects protection 
design.   

Whether protection is required or not depends on the 
structural purpose of the CFC skin structures, and the 
consequences of damage. If this damage represents a flight 
safety hazard, as may occur if a pressure hull is punctured 
or a control surface is delaminated, protection must be 
applied to comply with the applicable certification 
requirements. Otherwise, the decision about whether to 
apply protection depends on cost-of-ownership aspects. 
For these cases, a decision may be made not to protect, 
unless physical damage to the part would give rise to 
excessive repair and downtime costs. 

Some examples of CFC skins that usually do require 
protection for airworthiness certification, and some that do 
not, are listed below: 
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CFC skins and/or structures that may need 
protection. 

• Primary structures including fuselage pressure- 
hulls, wings, empennage structures. 

• Engine nacelles and pylons. 

• Flight control surfaces. 

• Leading edge devices. 

• Actuator housings. 

• Fuel tank skins and structures. 

CFC skins that may not need protection. 

• Tail cones 

• Wing and empennage tips 

• Winglets  

• Wing-body fairings 

• Some ventral and dorsal fins 

• Some access doors 

The nuisance factor and costs of repairs and downtimes 
associated with lightning damage to some of the non-
flight-critical structures listed above sometimes may 
prompt decisions to protect some of these items and, as 
will be shown, effective protection can be provided with 
minimum impact on cost and weight. It may be embarrass-
ing, for example, for airline passengers to see a winglet 
that is not looking very nice, upon disembarking (or worse 
yet) embarking for a flight after the unprotected CFC 
winglet has been struck by lightning.   

Methods for protecting CFC skins and application con-
siderations are discussed in the following sections. 

The basic protection benefits provided, in varying de-
grees, by each of the following methods include: 

1. Improved electrical conductivity, so that a portion of 
the lightning current flows in the protective layer and 
not in the CFC. 

2. Arc root dispersion, so that lightning currents enter 
skins at a multiplicity of points over a wider area, 
instead of at a single point. 

3. Uniform transfer of lightning currents into and out of 
CFC laminates so that electrical stress and damage at 
individual fasteners, holes, and plies is minimized.   

The following are some of the lightning protection 
methods that have proven in laboratory testing and in-ser-
vice experience to be effective. 

Woven wire fabrics (WWFs) 

WWFs can be used to protect exterior surfaces of CFC 
skins. One layer of this fabric can be resin-bonded to the ex-
terior of the CFC laminate during the original cure process, 
so that the metal fabric is in direct contact with the carbon 
fibers. Plain and satin woven cloth has been the most success-
ful.   

The woven cloth of 80 – 200 wires per inch (30 – 80 wires 
per cm) has been most successfully applied and the wire sizes 
have been 0.002 – 0.004 inch (0.05 – 0.1 mm) diameter. 
These wire fabrics are similar to filter screens used in the 
chemical industry. 

The most common metals have been aluminum or copper. 
Aluminum may corrode when in contact with carbon and 
copper is three times as heavy as aluminum. In the WWF 
form (also called “wire mesh”) the weights range from 0.025 
lb/ft2 – 0.05 lb/ft2 (120 gm/m2 – 240 gm/m2) depending on the 
metal, wire size, and density of wires. 

To address the corrosion problem of aluminum wires a 
thin barrier of fiberglass cloth is sometimes incorporated 
between the metal fabric and the CFC. Wires plated with 
a corrosion-resistant finish such as enamel have also been 
used so that the wire fabric may be co-cured together with 
the carbon laminate, thereby allowing intimate contact be-
tween the aluminum wires and the carbon. Copper has 
also been used instead of aluminum and is preferred by 
designers of large transport airplanes since it is less likely 
to corrode in the presence of carbon.   
 

Accelerated salt spray tests have shown that aluminum 
fabrics cured and encapsulated with resins and coated with 
paint do not corrode, although corrosion may occur at pen-
etrations, such as window openings, where moisture can 
get to the edges of protected CFC laminates. Other metals, 
such as tin, phosphor, bronze, and stainless steel, are more 
compatible with CFC and are sometimes preferred from a 
corrosion standpoint, but their lightning protection effec-
tiveness is less than that of aluminum fabrics. Among the 
various metals, aluminum has shown the best protection 
effectiveness, although copper mesh of similar wire size 
and density has also provided adequate protection.   

WWFs provide both improved conductivity and arc root 
dispersion. Protective effectiveness is very good, even on 
thin (2 - 4 plies) CFC skins. The arc root dispersion effect, 
illustrated for interwoven wire fabric (IWWF) in Fig. 6.46, 
is also promoted by WWFs and EMFs because all these  
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treatments provide a rough, conductive surface that promotes  
electric field stress concentration and puncture at many 
points during the strike attachment process. Physical damage 
at attachment points is normally limited to erosion of a small 
area of the fabric. 
 

WWFs should be laid up in the skin mold, together with 
any barrier ply and the CFC. The wire fabric must be the 
outermost ply of the laminate. 
 

A disadvantage of WWFs is that they are not as easily 
draped and formed around complex surfaces as are the 
EMF that are described below. Thus the wire fabrics are 
used most frequently on two-dimensional (2D) structures 
like helicopter rotor blades, where the fabrics are most 
easily utilized. 

 
The WWFs are available with or without pre-impreg-

nated resins so that they can be included together with the 
carbon plies in molded structures.   

 
Expanded metal foils (EMFs) 
 

EMFs can also be used to protect CFC skins. These 
have similar appearances to the WWFs but are made by 
stretching a perforated layer of solid foil to change the per-
forations into diamond-shaped openings. The have current 
conduction and protection effectiveness characteristics 
similar to those of WWFs. They should be co-cured with 
the CFC laminate, using resin pre-impregnated CFC fab-
ric to bond and encapsulate them. Because the EMFs are 
all one piece of metal they are somewhat more conductive 
than are the WWFs. 

 
It will be noticed that the percentages of open areas of 

the EMFs are significantly greater than the among the 
open areas of woven wire meshes since a weave leaves 
little open space whereas the stretching process used in 
fabricating the EMFs necessarily results in finite open ar-
eas where there is no metal. This open space characteristic 
is the main difference in the lightning protection perfor-
mance between WWFs and EMFs. The open spaces ac-
centuate the electric field concentration at the nodes be-
tween the strands. The idea is illustrated in Fig. 6.46.   

Weights and thicknesses of aluminum and copper 
EMFs are shown in Table 6.4.

Table 6.4 – Ranges of Specifications of Expanded Metal 
Foils (EMFs) 

 
Material Weight Thickness Open Area 

Aluminum 0.01 lb/ft2 0.002 inch 50% 
 (60 g/m2) (0.05 mm)  
 to to  
 0.03 lb/ft2 0.006 inch 60% 
 (180 g/m2) (0.15 mm)  
    

Copper 0.015 lb/ft2 0.004 inch 80% 
 (75 g/m2) (0.10 mm)  
 to to  
 0.04 lb/ft2 0.005 inch 70% 
 (200 g/m2) (0.12 mm)  

 

 

Fig. 6.46 Multiple electric field concentrations and ioni-
zations at nodes in EMFs promote arc root dispersion. 

Isometric and cross-section views.  
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The ionizations at the discrete conductors in the EMF 
may penetrate the exterior surface finishes and enable a 
lightning leader or channel to attach to the EMF at multi-
ple locations, thereby reducing current amplitudes and ac-
tion integrals (specific energies) and physical effects at 
any individual spot. These are called arc roots. The result 
is multiple arc roots but minimal effects at each one. The 
effect is to minimize impact to the underlying CFC lami-
nate. The EMF is much lighter in weight than would be a 
metal foil of similar thickness.   

The source of the electric field in Fig. 6.47 could be an 
external source such as a nearby cloud that is electrically 
charged, an approaching lightning leader, or the charge in 
a lightning channel that is sweeping alongside the surface 
looking for a new place to attach to the aircraft surface.   

The surface resistivity of a typical, 200 g/m2 (0.040 
lb/ft2) copper mesh that has been used to protect carbon 
laminates in aircraft applications is ~0.6 milliohms per 
square. This is useful for computations of temperature rise 
in copper mesh, using Eqs. 6.4 through 6.8. 

Aluminum and copper EMFs provide the most effec-
tive lightning protection and are popular because they 
also offer some electromagnetic shielding. 

The weight penalty associated with the use of EMFs 
is somewhat greater (depending on specific thicknesses) 
than that associated with WWFs, but the foils provide 
somewhat better electromagnetic shielding do than the 
meshes because they provide better electrical bonding to 
mechanical fasteners and hard metal surfaces do. Ex-
panded foils are sometimes used where protection against 
both physical and induced effects is desired. 

Interwoven wires 

CFC fabric is available with small diameter metal wires 
woven together with the carbon yarns in both wove and 
weft directions. Typical configurations employ from 8 to 
24 wires per inch (3 to 9 wires per cm). The wires have 
diameters ranging from 0.003 to 0.005 in (0.08 to 0.12 
mm). The periodic appearance of the wires at the fabric 
surface intensifies the electric field at a multiplicity of lo-
cations, encouraging arc root dispersion. This approach is 
applicable only for protection of CFC laminates, since 
there are not enough wires to conduct the full lightning 
current and most of it must be conducted in the CFC lam-
inate. The role of the interwoven wires is to ease the con-
duction of lightning current into the CFC by the   

mechanism of arc root dispersion. A typical CFC laminate 
containing an exterior ply with interwoven wires is illus-
trated in Fig. 6.47 [6.20]. This figure shows, in exagger-
ated form, the yarns in the top ply, which is intended to be 
the exterior ply, exposed to lightning strikes. The electric 
field intensifies where these wires appear at the surface of 
the laminate, causing the multiple lightning attachment 
points. The effect is similar to that illustrated in Fig. 6.46 
for the EMF. 

Fig. 6.47 CFC laminate with interwoven wires [6.20] 

Fig. 6.48 is a photograph of a typical unpainted CFC 
laminate surface, showing the interwoven wires. Only the 
surface ply has the wires. It is not necessary to include 
wires in any other plies. Doing so may cause delamina-
tion. Simulated lightning stroke currents enter a wider area 
of surface, as illustrated in Fig. 6.50, and usually vaporize 
the exposed portions of the wires, typically over a surface 
area 4 - 8 in (10 - 20 cm) in diameter. In most cases, this 
damage is limited to the outermost ply, which contains the 
wires. The exposed portions of the wires are vaporized, 
giving the surface a speckled appearance and often delam-
inating the outer ply over a similar area. 
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Fig. 6.48 Unpainted CFC laminate with interwoven 

wires. Wires are in both directions. 

The weight penalty associated with using interwoven 
wires is very small, only about 5% of that associated with 
using WWFs or EMFs. Also, the wires do not affect the 
strength of the CFC plies to which they are added, so the 
interwoven wire ply is also a structural ply.    

Fig. 6.49 shows a four-ply CFC skin panel 1 mm (0.040 
in) thick that has been subjected to a Zone 1A lightning 
test. The damage is limited to the outermost CFC ply. 

 
Fig. 6.49 Damage to protected CFC panel 1 mm (0.040 
in) thick. Zone 1A stroke, 190 kA, 2 x 106A2·s.                                                                                                                 
No effects are visible on reverse surface. 

 

Fig. 6.50 shows the behavior of a simulated lightning 
leader attaching to a painted CFC laminate with interwo-
ven wires. Each of the current filaments attaches to a wire 
at the laminate surface, puncturing the paint. An individ-
ual attachment point on a wire is pictured in Fig. 6.51. The 
resin shown in this photograph has been punctured, expos-
ing the wire, but the wire was not damaged because the 
test current, representative of a lightning leader, was 
small. 

The interwoven wires do not have to conduct much of 
the lightning current. Instead, they ease the flow of current 
into the carbon, which, in most applications, is of suffi-
cient cross section to safely conduct the lightning current 
without assistance. Thus, fabrics and foils used for pro-
tecting carbon skins may usually be of lighter weight than 
those employed to protect fiberglass skins. 

 

Fig. 6.50 Simulated lightning leader attaching to a 
painted CFC laminate containing interwoven wires.  

Each current filament attaches to a wire. 
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Fig. 6.51 Typical arc root at interwoven wire. 35X 

magnification. 
 
Metal coated CFC 
 

CFC yarns and cloths are available with nickel elec-
tro-plated or electro-deposited on them to increase their 
electrical conductivity. The metal is typically several mi-
crons thick, but usually all fibers in a yarn or ply of cloth 
are coated, yielding a significant reduction in resistance. 

The mechanical strength of coated CFC plies is some- 
what inferior to that of plies made with uncoated CFC. For 
this reason, the coated ply cannot always be counted as a 
structural ply, and an additional layer of structural CFC 
may have to be added to the laminate, increasing weight. 
As with metal fabrics and foils, only one ply of metal 
coated CFC material should be used, and it must be the 
outermost ply. 

The lightning protection effectiveness of metal coated 
CFC is not as good as that of WWFs and expanded foils. 
It does permit some damage to occur to the coated ply and 
to one or two underlying carbon plies. This method is not 
often used since the EMFs and the interwoven wires be-
came available.

6.4.5 Protection of CFC Joints and Splices 

In addition to damage at attachment points, lightning 
currents can also cause damage at the places where they 
flow from one piece of CFC to another, as at interfaces 
with adjoining skin panels or with substructures such as 
ribs and spars. Two basic methods of joining composites 
are in use: 
 
Adhesive bonding 
 

Adhesives are frequently used at structural joints and 
seams, either alone or in combination with mechanical fas-
teners. Since nearly all adhesives are electrically non- con-
ductive, they present a barrier to current flow and force 
lightning currents to flow in fasteners and other places 
where CFC or other conductive parts of the structure come 
in contact. If no such paths exist, the adhesive bond must 
be made sufficiently conductive to permit current transfer. 
 

Specific ways to provide electrical conductivity across 
adhesive joints and bond straps include: 
 
1. Doping of adhesive with electrically conductive parti-

cles. 
 
2. Insertion of a conductive scrim into the bond. 

 
Doped adhesives 
 

 Adhesives doped with electrically conductive particles 
are commercially available, but the conductive particles 
are usually steel, silver or aluminum and their main pur-
pose is thermal, rather than electrical conduction. Few of 
these adhesives can meet the demanding requirements of 
airframes. Tests [6.21] have shown that such adhesives 
can conduct up to about 100 A per cm2 (645 A per in2) 
without loss of mechanical strength. However, these ad-
hesives are not as strong as nonconductive adhesives and 
are therefore not often used in primary structural applica-
tions. The use of aluminum particles in a CFC structure 
also raises galvanic compatibility concerns. If the adhe-
sive is not sufficiently conductive to transfer lightning 
currents, the current arcs through the adhesive, dis-bond-
ing the joint. 

Conductive scrim 
 

The conductivity of an adhesively bonded structural 
joint can be improved if a conductive scrim is incorpo-
rated into the joint. This method has proved successful in   
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some applications. The scrim contacts both surfaces of the 
joint, while allowing the adhesive to flow between the 
conductive yarns of the scrim. Typical configurations are 
shown in Fig. 6.52. The most common scrim is a single, 
loosely woven layer of carbon fiber cloth. 

Galvanically compatible metal fabrics have also been 
used. In either case, anticipated current densities must be 
low enough that arcing will not occur at the points of con-
tact between the scrim and CFC parts being joined. Such 
arcing would cause pressure-buildup within the bond and 
possible dis-bonding. 

 
 

 

 

 

 

 
 
 

 

 

(a) Basic Concept. 

 

(b) Examples. 

Fig. 6.52 Adhesive joint with conductive scrim. 

 

Bolted and riveted joints 
 

The other method of joining composite materials is 
with riveted or bolted joints, in which the bolts, or rivets, 
or other mechanical fasteners are employed to hold two 
members together. Mechanical fasteners (whose compo-
sition is dictated by the simple fact that no other materials 
have yet been developed with sufficient strength) also vi-
cariously provide electrical conductivity between the parts 
that they join. 

 
Although mechanically fastened joints do provide elec-

trically conductive paths, the contact area between the fas-
tener and the composite is usually limited to the surface 
under the fastener head or nut. There may be contact 

between the holes in the parts being joined and the shanks 
of the fasteners, but this contact is sometimes incidental. 
Some fasteners are available with metal inserts that pro-
vide electrical contact among all plies in the fastened lam- 
inates. These inserts are made of galvanically compatible 
metals or surface finishes to inhibit corrosion. The insert 
must be interference-fit to make electrical contacts with 
carbon yarns in the individual plies which adds a step to 
the manufacturing process. 
 

In some situations, the fasteners themselves can be in-
terference-fit but this may apply excessive pressure 
against the hole, resulting in cracking or local delamina-
tion of the laminate. The inserts can be made of metals that 
are not as hard as the fasteners would be, thus applying 
less stress to the interfacing laminates. The fastener pulls 
tight against the insert countersink. 

 

Most of the electrical contact is between the fastener 
head and the countersunk holes in the laminates. Washers 
or fastener heads that overlap the exterior surface of the 
CFC, or the protection layer (if there is one) are also used 
to improve electrical conductivity. Even so, tests have 
shown that significant arcing can take place around fas-
tener heads, especially when the lightning attachment 
point is near or at the fastener. In such cases, the fastener 
current density is high. As discussed in Chapter 7, arcing 
at a fastener can be a matter of concern when the fastener 
protrudes into a fuel tank. 

Methods of either eliminating this arcing or isolating it 
from fuel vapors are described in Chapter 7. The amount 
of arcing that commonly takes place adjacent to a fastener 
head or inside fastener holes usually does not significantly 
damage CFC laminates or weaken the fasteners. The num-
ber of fasteners or rivets employed in most designs is usu-
ally sufficient to conduct most Zone 3 lightning currents. 
 

Loss of strength at joints 

Work has been done to evaluate the degree of strength 
loss caused by lightning currents in composite joints. 
Schneider, Hendricks, and Takashima [6.22] have studied 
the effects of lightning currents on typical bonded and 
bolted joints of graphite composites, and their preliminary 
findings show that bonded joints suffer more damage from 
lightning currents than bolted joints do. Other, similar 
tests [6.22] have produced similar results. 

Candidate bond and joint designs should be tested with 
anticipated current densities to verify that these joints can 
tolerate the design-level currents without loss of mechan-
ical strength. Guidelines for performing such tests are con-
tained in § 5.2.3 of [6.16]. 
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6.4.5 Application Considerations 

Other aspects of lightning protection design for CFC 
skins involve optimizing cloth or tape lay-up patterns (as 
well as ply seams) for maximum current carrying capabil-
ity, use of mechanical fasteners for electrical bonding and 
defining repair techniques that preserve the integrity of  
lightning protection. Brief discussions of each of these 
topics follow. 

Lay-up patterns 

Experience has shown that woven cloth fabrics are 
more tolerant of lightning strike effects than laminates 
made of UD tapes. The interweaving of carbon yarns in 
the woven cloth restricts the propagation of damage from 
blast and shock wave effects, and the cloth plies also have 
more uniform electrical conductivity in the plane of the 
laminate. 

UD tapes, on the other hand, tend to unwind along their 
lengths over significant distances from a lightning attach-
ment point, causing damage to propagate over greater dis-
tances from the strike point than is typical with woven 
cloths. Also, electrical conductivity tends to be somewhat 
better parallel to the tapes and poorer perpendicular to the 
tapes. This causes lightning currents (and resulting dam-
age) to penetrate deeper into a laminate as it seeks con-
ductive paths in all directions. The interwoven wire pro-
tection method is not applicable to tape laminates, since 
the wires can be provided only in the direction of the tape. 

If tapes are needed for mechanical strength, it is best to 
include cloth plies as the inner and outer surfaces of the 
laminate. The exterior surface cloths may contain inter- 
woven wires, as described earlier, for lightning protection 
purposes. The other methods of protecting CFC laminates 
may be applied as well. 

Appliqués 

In an effort to address some of the maintenance and lon-
gevity problems associated with aircraft paints, colored 
fluoropolymer foil appliqués, with EMFs integrated to 
them, have been manufactured and tested as a substitute 
for conventionally painted EMFs co-cured to composite 
surfaces. Initial lightning tests have shown that these ap-
pliqués can provide about the same degree of protection 
for CFC laminates as co-cured EMFs beneath conven-
tional paint finishes [6.23]. The advantage of the appliqués 
has been that they are easy to apply and that they can be 
removed or replaced without damaging the layer of CFC 
beneath them. Damage to EMF during repair has been a 
problem with conventional paint finishes. Flight experi- 

 

ence is limited, so the long-term durability of expanded 
foil appliqués has not been evaluated as of this printing. 

Ply seams 

Seams are necessary in CFC cloth lay-ups, where the 
edges of pieces of cloth meet. As long as the seams of all 
plies do not coincide, there is usually adequate electrical 
conductivity throughout the laminate. Ply seams are typi-
cally simple butt joints and, thus, electric currents are 
forced to flow through adjacent plies to get across seams. 

Seams in some lightning protective layers may need to 
be spliced or bridged, in some manner, to allow current 
transfer and minimize arcing. Protective layers that require 
splicing include wire fabrics and expanded foils. Splices 
can be either separate pieces of the fabric or foil applied 
over the seam, or they can be overlaps. Two common de-
signs are illustrated in Fig. 6.53. In either case, the amount 
of overlap necessary to transfer currents depends on the 
expected lightning current density. Overlaps of 1 cm (0.5 
in) have been found capable of transferring currents of 2.5 
kA per cm (1 kA/in) across overlaps or splices along the 
length of a seam without dis-bonding or excessive arcing. 
However, the adjoining pieces, must be co-cured with the 
underlying laminate and they must be in good physical 
contact with each other. Larger overlaps of up to about 5 
cm (2 in) are usually necessary at joints exposed to higher 
current densities, such as occur at wingtips, empennage 
tips or other structures in which lightning currents are 
high. 

Splices and overlaps that are secondarily bonded with a 
layer of adhesive are not nearly as conductive as co-cured 
splices, because the adhesive forms an insulating barrier 
between the conductive layers, allowing arcing to occur 
within ply bonds. If secondary bonds must be used, adhe-
sives should be non-supported (i.e., without carriers) and 
of minimum thickness. The vacuum bagging and curing of 
structures containing spliced protection plies should be 
conducted in a manner that encourages the maximum pos-
sible metal-to-metal contact in the splice. 

Splices at manufacturing joints 
 

Splices in protection layers that extend across manufactur-
ing joints in large structures may need to have larger overlaps 
if they are to be the only means of transferring current across 
such a joint. Most candidate joint designs should be tested to 
verify that current transfer does, in fact, occur in the designated 
splice plies or plates, rather than in an alternate manner that 
involves arcing and dis-bonding, which would degrade me-
chanical strength. 
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Seams in interwoven wire and metallized fabrics 
 

Splices are not usually needed in laminates protected 
with interwoven wires or metallized fabrics, because these 
protection methods depend on the bulk CFC laminate to 
conduct the lightning current. Thus, the edges of interwo-
ven wire and WWF protection plies may be simply butted 
together and co-cured with the rest of the laminate. 
 

 
(a) Concept 

 
(b) Splice 

 
(c) Overlap 

Fig. 6.53 Typical configurations of splices in 
protective plies. 

 

Electrical bonding to fastener 

It is frequently necessary to make electrical bonds 
between protection layers and metal fasteners in order to 
transfer current between adjoining parts or substructures. 
This can be done either by direct conduction between a 
CFC laminate and its fastener in the fastener hole, or by 
installing the fasteners in overlapping washers (sometimes 
called dimpled washers) or metal doubler plates. These 
concepts are illustrated in Fig. 6.54. 

It is rarely possible to extend protection plies or layers 
into countersunk fastener holes because the protection ply 
is usually supposed to be co-cured with the laminate and 
therefore the holes must be drilled afterwards. Good con-
ductivity can be achieved if the fasteners are drawn tightly 
into countersinks and sealant barriers are minimized so 

 
 

 
 
that the fastener-heads make the best possible electrical 
contact with the cross section of CFC within the coun-
tersinks (see Fig. 6.54(a)). 

 
Fig. 6.54 Electrical bonding via fasteners 

Protection plies can be electrically bonded to the fastener 
through overlapping washers or a metal doubler plate, as 
shown in Fig. 6.54(b). These methods are sometimes used 
when the protection layer is also intended to afford electro-
magnetic shielding for onboard systems, although overlap-
ping washers are not always necessary for such applications. 
A typical application is the avionics bay access door illus-
trated in Fig. 6.55. Good electromagnetic shielding requires 
that the protection ply be bonded to surrounding structure on 
all edges, as shown. This bonding is provided by the remov-
able fasteners and by the piano-type hinge along the fourth 
edge. 
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Fig. 6.55 Access door attached to surrounding skin via 
multiple removable fasteners and piano hinge 

Repairs of Lightning Damage to CFC skins 

Repairs to thin CFC skins 

There is no practical way to repair actual lightning dam-
age so the area that has been damaged must be removed 
so that new skin material can be inserted and attached to 
the surrounding undamaged skins. The repair example 
that follows in Fig. 6.56 applies to thin, 20 - 80 mil thick 
(1 mm - 2 mm) CFC skins where the lightning damage has 
penetrated completely (or nearly completely) through the 
skin. Such skins are usually found in secondary structures 
of large transport airplanes or in primary structures of 
small airplanes and helicopters. 

The first task with repairing this damage is to locate the 
extent of the damage. Superficial damage can be seen, but 
other damage, usually among lightning strike damage to 
CFC skins is to locate the area that has been damaged so 
that this can be removed and replaced. Fig. 6.56(a) shows 
an area of visible lightning damage surrounded by a larger 
area of invisible damage to inner plies, indicated by the 
callout and dashed line. This invisible damage needs to be 
located by ultrasonic scans, or other non-destructive 
means so that it can be removed along with the visible 
damage. The famous “tap test” can be used for an initial 
look but should not be depended upon by itself to locate 
all of the invisible damage.   

A circular area that includes all of the invisible damage 
is then cut out from the skin so that a new circular laminate 
of the same construction as the damaged one can be in-
serted in place of the removed damage area.   

After the new circular laminate is put in place a larger, 
rectangular laminate is installed over the circular plug on  
 

 
the interior surface of the laminate. Both the circular plug 
and rectangular laminate are secondarily bonded in place. 
The interior view of this is shown in Fig. 6.56(c).  

  

 

 

 

Fig. 6.56 Concept for repair of lightning damaged thin 
CFC skins 
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Fig. 6.56(b) is an edge view of the repair including an 
additional layer of EMF (or other lightning protection 
layer) that has been secondarily bonded to the existing 
protection layer. Further discussion of this protection re-
pair is presented in the following paragraphs. The protec-
tion layers are not shown on Figs. 6.56(a) or (c).   

The process for making a repair of this nature would 
be as follows: 

1. Locate the visible and invisible areas of lightning 
damage. 

2. Cut out the damage areas. Usually, a circular 
cutaway will be relieve mechanical stress at corners 
but the cutaway detail should be determined by 
structural specialists.   

3. Fabricate a plug of similar laminate to closely fit the 
cutout. Also fabricate a square or rectangular patch 
of similar laminate, or other laminate depending 
upon structural needs. The circular plug should 
have the lightning protection layer co-cured with its 
laminate. The patch should not have a lightning 
protection layer.  

4. Install the plug and the patch as shown in Fig. 
6.56(b) and (c). These may be adhesively bonded 
together. Vacuum bagging should be used where 
practical to achieve a strong mechanical bond 
between the patch, plug, and surrounding aircraft 
skin. It is not necessary to achieve electrical bonds 
among these three laminates. Future lightning 
strikes to the repaired area will be conducted via the 
EMF splice ply to surrounding skin (see steps 6 and 
7). 

5. It is likely that the damaged area is in lightning 
strike zone 1A, 1C, or 2A. The lightning protection 
features should be restored to original design or 
equivalent. The following steps explain how this 
may be done. 

6. It is not feasible to directly bond the plug 
electrically to the surrounding aircraft skin. This 
must be done by providing an overlay (splice layer) 
of EMF that may be adhesively and electrically 
bonded to EMF layers that have been co-cured to 
the CFC laminates in the plug and the surrounding 
aircraft skin. Satisfactory electrical bonds can 
usually be achieved by removing surface finishes 
from the surrounding skin down to bare metal, and 
by having the plug EMF unfinished so that it is also 
bare metal. The overlay can be adhered to the plug 
and skin with a thin layer of resin or adhesive that 
penetrates the holes in the EMF layers but does not 

leave an adhesive film between the two EMF layers. 
Achievement of a tight mechanical bond may be 
helped by vacuum bagging the new joints.   

7. In some situations, it is advisable for both structural 
and electrical purposes to add fasteners between the 
laminate patch and the surrounding skin. This may 
be necessary for repairs to Zone 1A or 1C skins 
where lightning currents are highest. Fasteners can 
improve electrical bonding and current transfer 
from the repaired area to surrounding skin and 
improve mechanical strength of the bond. Fasteners 
will allow some of the lightning current to flow past 
the repair via the CFC patch. The types and amounts 
of fasteners should be coordinated with structures 
specialists.   

8. If the repair is to be incorporated in a primary 
structure skin, its effectiveness should be confirmed 
by lightning test of a specimen of the repair installed 
in a sample of the airplane skin. The tests should be 
conducted as described in § 5.2.1 of [6.16] for the 
lightning strike zone that the repair will be installed 
within. 

Repairs to thick CFC skins 

Lightning strike damage to CFC skins that are greater 
than 80 mils (2 mm) thick may sometimes be 
accomplished without removal of the entire area of skin. 
If the thermal and shock wave effects have not penetrated 
completely through such a skin, the damaged plies may 
sometimes be removed and replaced, one-by-one to refill 
a damaged area with new plies. The idea is shown in Fig. 
6.57.   

 

Fig. 6.57 Repair of thick CFC skins 

In the example of Fig. 6.56, the areas of visible and 
invisible damage would be identified as in the earlier 
example, and the areas of damaged plies would be 
removed by grinding through undamaged plies outboard 
of the damage area. Then the exposed surfaces would be 
cleaned, and new CFC plies cut and fitted and adhesively 
bonded to the cleaned-out area. No attempt should be 
made to make electrical bonds between the new and 
existing plies. A layer of EMF or other lightning 
protection material would be applied to the outermost new  
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CFC ply. The surface finishes on the surrounding original 
laminate surface should be removed down to the original 
EMF, leaving this EMF and the new EMF on the repair 
with bare metal surfaces.   

An overlapping layer of EMF layer should then be 
secondarily bonded to the EMFs on the repair and 
surrounding areas so that an electrical bond is achieved. 
As with any repair, a sample of the repair should be 
prepared on a piece of similar CFC laminate for lightning 
testing in accordance with § 5.2.1 of [6.16] to confirm the 
adequacy of the repair method.   

Appropriate structural tests should be applied to any 
type of repair to verify that the repaired article is able to 
tolerate required mechanical loads.   

Note that the repair guidance provided in this chapter 
should not be used by itself to make repairs. Further 
details need to be provided to assure that the repaired skins 
meet structural requirements. For further information refer 
to Composite Material Handbook-17 or Commercial 
Aircraft Composite Repair Committee. 

6.5 Physical Effects on Propulsion Systems 
 

Engine cowlings or nacelles made from composite 
materials may be damaged by lightning attachment. Unless 
these structures are provided with protection, they may be 
punctured, and lightning currents may attach to engine 
components within. Lightning effects of this type are 
identical to those described previously for other exposed 
composite structures. Punctures and direct lightning 
attachments to fuel lines, electric wire harnesses and bleed 
air or other pressurized tubes or pipes may cause fires or 
other hazards. The induced effects associated with strong 
magnetic fields surrounding lightning currents in piston 
engine blocks or turbine engine cores may damage 
electronic engine controls or engine instruments. The 
induced effects of lightning and protection methods are 
described in Chapters 8 through 17. The effects discussed 
here are those related to strikes to propellers and rotor 
blades, gear boxes, and the occasional engine flameouts 
experienced by gas turbine engines during lightning strikes. 

6.5.1 Propellers 

Aircraft propellers are frequent targets for lightning 
strikes. The fact that propellers are usually located in 
Zones 1A or 1B makes them susceptible to initial leader 
attachment and (often) first stroke attachment as well, (see 
Fig. 6.58) but blades in a pusher configuration are in Zone 
1B and are susceptible to all components of the lightning 
environment. 

The strokes of a lightning flash, due to their short 
durations, probably strike only one blade at a time. Even 
the duration of the intermediate current may be short 
enough that it also involves only one blade. However, 
the propeller does rotate fast enough that continuing 
current jumps from one blade to another, entering all of 
the blades. 

A lightning flash to an aluminum propeller does little 
apparent damage, but such blades must be carefully 
inspected and repaired following a strike, since even small 
pits and melted spots may become stress concentration 
points. It is not correct to assume that lightning strikes 
occur always to the blade tip areas.  

 

 
(a) Point of Initial leader attachment to spinner 

 

(b) Swept leader effects on spinner 

 

(c) Close-up of effects on blade 

Fig. 6.58 Propeller spinner and blade strike. 
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The entire surface of the blade is exposed to lightning 
channels that may reattach randomly at any spot on a 
rotating blade. It has sometimes been assumed that the tips 
of blades, usually inboard to 18 inches from a tip, are 
susceptible to direct strikes by stroke currents, but 
experience shows that this is not a correct assumption.   

While lightning leaders often attach to blade tips, the 
combination of the aircraft’s forward motion and blade 
rotation renders all surfaces of the blades potentially 
susceptible to contact with a lightning channel. All of the 
current that enters propeller blades must also pass through 
the propeller hub, gearbox, and the engine.   

Propellers made of fiberglass and CFC are more sus-
ceptible to damage from lightning than aluminum propel-
lers, especially if they contain any internal conductive 
parts. A lightning flash can puncture to internal conduc-
tors, such as spars, causing complete destruction, since the 
blade is under high stress during an in-flight lightning 
strike. 

Lightning current that attaches to a propeller’s electric 
de-ice heater element could be conducted into the heater 
power source, damaging other equipment powered from 
the same source, in the same manner as a strike to a heated 
windshield. Protection techniques for composite propeller 
blades are the same as for some other composite structures 
described in §6.2.4, and include the use of woven wire 
meshes and EMFs. Often a metal leading edge rain erosion 
strip can be integrated into a blade’s lightning protection 
design to conduct lightning flash currents. 

A typical CFC propeller blade has a short, metal spar en-
closed within CFC skin laminates and a foam filler. Because 
of mechanical stress concerns, mechanical fasteners are 
rarely used in blade manufacture. Instead, blade laminates 
are attached together by adhesive bonds. Usually the CFC 
laminates are not connected electrically to the metal spar un-
til these elements join at the blade hub. Even at the hub, 
there is usually no intentional electrical contact between 
CFC laminates and metal parts, so lightning currents arc 
across small gaps, usually with no more than cosmetic ef-
fects on exterior finishes if these arcs are made to occur on 
exterior surfaces. The CFC laminates are commonly pro-
tected by EMF. A common mistake has been to assume that 
lightning strikes will only attach to the outer 0.5 m (18 in) of 
a blade. In fact, a tradition has evolved to protect only these 
surfaces from Zone 1A or 1B lightning currents. Actually, 
the entire surfaces of composite propeller blades must be 
protected from these lightning environments if catastrophic 
effects are to be avoided. 

It is always necessary to verify adequacy of propeller pro-
tection designs by lightning tests of the blade.   

All surfaces of a blade should be assumed to be within 
Zone 1A and the blade interior structure is within Zone 2.   

 
6.5.2 Helicopter Rotor Blades 

 
In general, helicopter rotor blades are similar to the pro-

peller blades of fixed-wing aircraft in their lightning strike 
exposure. The main difference is the larger size of the rotor 
blades and, therefore, a greater likelihood that helicopter 
rotor blades will be struck by lightning. The same consid-
erations discussed in §6.6.1 for propeller blades, apply. Many 
helicopter main and tail rotor blades are constructed of CFC 
laminates enclosing a shorter metal spar surrounded by a 
foam filler. 

 
The entire top surface and some of the bottom surface 

areas of main rotor blades are susceptible to Zone 1A light-
ning attachments when the blade is rotating. Since heli-
copters are frequently parked out of doors and their rotors 
receive lightning strikes when the main rotor is not mov-
ing, one should assume that any spot on the upper surfaces 
of helicopter main rotor blades is susceptible to initial 
leader attachment and to all of the currents that follow in 
the flash, thus Zone 1B. Airworthiness regulations seem 
(surprisingly) to require only that aircraft in flight be pro-
tected from catastrophic lightning effects, even though a 
helicopter rotor blade damaged by a strike while parked 
on the ground may fail in a subsequent flight. Helicopter 
operating procedures generally call for some inspection of 
the blades prior to takeoff but, while helicopter operators 
are skilled pilots, they do not necessarily know how to rec-
ognize lightning effects on rotor blades. 
 

There have been several accidents with fatalities [6.24- 
6.25] caused by lightning strikes to rotor blades. In one 
case, a blade was struck, and superficial damage was re-
paired, but unknown interior effects due to arcing among 
internal components were not detected and this blade was 
returned to service. A second lightning strike to the same 
blade resulted in separation of the outer part of this blade 
due to the first- and second strike effects combined with 
flight loads, resulting in fatal crash of the helicopter 
[6.25]. Unless reliable means are employed to detect all 
internal lightning effects, a blade once damaged by light-
ning should never be returned to service. The best use of 
such a blade would be careful dissection to locate and un-
derstand any internal effects, followed by the scrapyard.   

 
Other lightning effects may damage blade de-icing 

heater blankets and tip lights. All these possibilities man-
date that helicopter rotor blades (both tail rotor blades and 
the main rotor) be designed so that all their surfaces are 
protected from hazardous lightning effects. It is never suf-
ficient to assume that only the outboard surfaces of heli-
copter rotor blades (main and tail) are exposed to severe 
lightning strikes. 
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6.5.3 Gear Boxes 
 

Lightning currents entering propellers or rotor blades 
must enter the airframe through the gears and bearings 
supporting the propeller or rotor shaft. The conduction of 
these currents through the bearings, which are supported 
on insulating lubricant films, usually causes some pitting 
of the bearing surfaces. This does not appear to be a major 
problem, since there are no known records of any cata-
strophic failures of bearings associated with lightning 
strikes. Airplane engine manufacturers, however, have al-
ways recommended that gear boxes and bearings be disas-
sembled and inspected after a strike. This usually leads to 
the replacement of the bearing since it is not possible to 
differentiate between arc pitting and wear. There does not 
appear to be any way of avoiding such pitting, since light-
ning current that enters a propeller blade must always go 
through the bearing. There are no practical ways of divert-
ing these currents away from the bearings. Bond straps 
may be considered, but the impedances of bond straps that 
must be much smaller in cross-section than engine bear-
ings means that a large percentage of any lightning current 
will always flow across the bearings. 

Instead, the helicopter gearbox chip-detector systems 
are depended upon to indicate the conditions of bearings 
and gears. 

 

6.5.4 Turbine Engines 
 
Small turbine engines, especially those mounted on 

the fuselage, have experienced flameouts, turbine 
stalls, or rollbacks that coincided with the appearance 
of lightning flashes in front of the engine inlet. The phe-
nomenon is thought to be caused by the lightning chan-
nel interrupting the air flow at the engine air inlet. Nu-
merous cases of power loss under similar circum- 
stances have been reported [6.26] and, in one instance, 
both engines of a small business jet aircraft sustained a 
flameout. Other damage to the engine or nacelle is gen-
erally not observed following these incidents. No pro-
tective measures are known, other than ensuring that 
pilots are aware of the possibility and are practiced in 
restart procedures. One procedure has been to keep ig-
niters turned on during flights in weather conditions 
conducive to rain showers and lightning strikes. 
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Chapter 7 

FUEL SYSTEM PROTECTION 

7.1 Introduction 

The design of adequate lightning protection for aircraft 
fuel systems is one of the most important lightning protec-
tion tasks. Airworthiness certification requirements stress 
fuel system safety because this system has been responsi-
ble for most of the lightning-related aircraft accidents. El-
ements of the fuel system are typically spread through-out 
much of an aircraft and occupy a significant amount of its 
volume. They include the fuel tanks themselves, associ-
ated vents, drains, access panels, transfer plumbing, and 
electrical controls and instrumentation. Careful attention 
must be paid to all these elements if adequate protection is 
to be achieved. 

7.2 Ignition Sources and Fuel Flammability 

The main objective of fuel system lightning protection 
is to keep the ignition of fuel from destroying the aircraft 
during a strike. This goal is quite challenging because 
thousands of amperes of current must be transferred 
through the airframe when the aircraft is struck by light-
ning and a tiny spark of less than one ampere may release 
sufficient energy inside a fuel tank to ignite the fuel vapor 
and initiate a fire or an explosion. 

Prevention of fuel ignition hazards from lightning must 
be accomplished by one or more of the following ap-
proaches: 

1. Containment: Designing the structure to contain the 
over-pressure from an explosion without rupturing. 

2. Inerting: Controlling the atmosphere in the fuel sys-
tem to ensure that it cannot support combustion. 

3. Foaming: Filling the fuel system with a material that 
prevents a flame from propagating. 

4. Eliminating ignition sources: Designing the fuel 
tank structures and system components and installa-
tions so that lightning does not produce any ignition 
sources 

The following paragraphs discuss potential lightning re-
lated, fuel vapor ignition-sources and methods of eliminat-
ing them. Whereas the other approaches listed above have 
been successful; in specific situations, they incur weight 
and cost penalties that have made them prohibitive for 
widespread use. Additionally, some commercial aircraft 

 

regulations require elimination of ignition sources, regard-
less of other protection approaches, such as inerting sys-
tems. Several important studies relating to fuels and the 
mechanism of ignition are reviewed in the following 
pages. These discussions provide guidelines for effective 
protection of fuel systems. 

Laboratory studies involving simulated lightning strikes 
to fuel tanks, or portions of an airframe containing fuel 
tanks, have demonstrated several possible ignition mecha-
nisms. These mechanisms can be divided into two broad 
categories: thermal ignition sources and electrical ignition 
sources. 

Thermal ignition sources 

1. Hot spots on the interior surfaces of metal or compo-
site fuel tank skins, due to lightning attachment to ex-
terior surfaces. 

2. Hot parts, such as electrical wires, ground braids, or 
tubes, raised to elevated temperatures by the conduc-
tion of high densities of lightning current. 

For hot spots to ignite fuel vapor, their temperatures 
must usually exceed 800 °C (1 500 °F) for a period of one 
second or more. Some metals, such as aluminum, melt 
through before their interior surfaces reach the short-term 
ignition point of the fuel. The autoignition temperatures 
published in fuel tank safety guidance documentation re-
flect long term exposure of the fuel to the temperatures and 
should not be confused with the short term autoignition 
temperatures discussed in this chapter regarding lightning 
waveforms. 

Electrical ignition sources 

Electrical Sparks:  Electrical sparks are ionizations of 
the air between conductive elements that are isolated from 
one another. These ionizations are caused by potential dif-
ferences (electric fields) arising from lightning currents in 
the airframe, or from changing magnetic fields. A spark 
occurs when a sufficiently high electric field creates an 
ionized, electrically conductive channel across a small gap 
in air or other mixtures of gases. Whether or not a spark 
happens depends on the strength of the electric field (volt-
age) between the conductive elements, and conditions of 
the gases. The amount of voltage required to form a spark  



185 

in air depends on the length of the gap, the shapes of the 
electrodes involved, and the air pressure and humidity. At 
sea level a potential difference of ~30 kV is needed to cre-
ate a spark in air as sea level between conductive elements 
one cm apart that produce a non-uniform electric field. The 
minimum potential difference necessary to cause a spark 
in air is about 300 V, across very small air gaps. When 
caused by lightning currents flowing in an airframe, the 
sparks are of only a few microseconds duration, but this is 
sufficient time to release sufficient energy to ignite a flam-
mable vapor. Locations where sparks may happen can be 
between fuel measurement system (FMS) probes and 
nearby tank structures, and between other elements when 
sufficient voltage exists. In metal tanks there are few if any 
locations where sufficient voltages exist to form sparks. In 
tanks fabricated of Carbon Fiber Composite (CFC) where 
the structure IR voltage is much higher, there may be sev-
eral places where sparks might exist during lightning 
stroke current flow in the tank structure.                          

Electrical Arcs. Electric arcs are the formation of va-
porized metals or other materials and sometimes ionized 
air or other gases due to the melting of the contact surfaces 
between conductive parts. This happens when the current 
density through the contacting surfaces exceeds their cur-
rent carrying capability, which usually causes molten 
and/or burning material to be ejected from the contact area.  

An arc can also be initiated by two electrodes initially 
in contact and drawn apart as the contacting surfaces are 
melted and a gap is form, allowing an arc to be “drawn” 
between them. Arcs have also been called ‘thermal 
sparks’, but this name is confusing since all sparks are 
‘thermal’ and emit sufficient heat to ignite fuel vapors.  
Thus, sparks are related to voltages and arcs are related to 
currents.     

Arcing and sparking within the fuel vapor space of a 
fuel tank is one of the primary concerns of the fuel tank 
protection designer. The distinction between arcing and 
sparking is worth reviewing. Arcs occur when current 
flows through the interface between two conductive ob-
jects that make inadequate or intermittent electrical con-
tact. Such a condition may exist at the interface of a fas-
tener with structure (as at an access door) or between two 
structural components (such as a spar and rib). A spark, on 
the other hand, can only exist where two structural ele-
ments are isolated from each other, such as between a spar 
and wing skin that are bonded together by an electrically 
nonconductive adhesive. Current through a fuel tank may 
result in a difference of potential between these structures, 
causing a spark to jump across the bond line. In most tank 
designs, sparks are less likely than arcs. 

While the mechanisms described above have been     

postulated as the probable cause of the in-flight fuel tank 
explosions associated with lightning strikes, the exact lo-
cation or source of ignition has not been positively identi-
fied in many of these accidents, since evidence left by an 
arc or spark is difficult to identify, especially in the midst 
of charred debris left by the post-ignition explosion and 
sub-sequent fire damage. A spark with sufficient energy to 
ignite fuel vapor may be too small to leave any residual 
evidence of its occurrence, such as pitting on a metal sur-
face. Ignition could also occur outside the fuel system, for 
example, at a fuel vent outlet, from which a flame could 
propagate through vent pipes to the inside.  

Fuel Flammability 

Fuel cannot ignite until some of it has become vapor-
ized and mixed in a combustible ratio with oxygen or air. 
Thus, the flammability of the vapor in a fuel tank varies 
according to the concentration of evaporated fuel in the 
available air. Reducing the fuel-to-air ratio below the 
lower flammability limit produces a mixture that is too 
lean to burn. Likewise, if the fuel-to-air ratio is too high, 
the mixture will be above the upper flammability limit and 
too rich to burn. Between these limits, there is a range of 
mixtures that will ignite and burn. These limits define a 
flammability envelope, within which a fuel and air mixture 
will burn.   

When only equilibrium conditions are considered, the 
particular fuel-to-air ratio that can exist in a tank is deter-
mined by the temperature of the fuel and the altitude of the 
aircraft. The temperature determines the vapor pressure, 
and thus the quantity and composition of the fuel vapor as 
smaller hydrocarbons will vaporize at lower temperatures, 
and the altitude determines the quantity of air. The combi-
nation of temperature and altitude determines whether the 
vapor in the ullage (the space above the liquid fuel from 
which fuel has been drained) of a fuel tank is flammable 
or nonflammable. 

Research concerning fuel vapors and their flammability 
characteristics has included laboratory investigations of 
fuel vapors, both in laboratory-type containers and in air-
craft fuel tanks during actual flight. The findings of some 
of this research are discussed below. 

Nestor’s study 

One of the most comprehensive laboratory studies is 
that of Nestor [7.1], who paid particular attention to the 
behavior of fuels in aircraft tanks and flight environments. 
He found wide variations in the amount of fuel that can 
exist in the vaporized state as a result of the wide variety 
of temperatures, pressures, and motions associated with 
flight. 
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Flammability envelopes. The relationship of temper-
ature and altitude to tank vapor flammability is illustrated 
by the flammability envelope. A typical flammability en-
velope is shown in Fig. 7.1 [7.2]. 

 

 

Fig. 7.1 Typical flammability envelope of  
an aircraft fuel [7.2]. 

Types of fuel 

Almost all aircraft with reciprocating engines use 100 
octane aviation gasoline (“Avgas”). Turbine engine fuels, 
however, come in two broad categories based on their dis-
tillation curves: aviation kerosene and wide-cut fuels. The 
aviation kerosene includes Jet A, Jet A-1, and JP-5. The 
wide-cut fuels, which have a higher percentage of smaller, 
more volatiles components, include Jet B and JP-4. Tur-
bine powered commercial aircraft in the United States and 
in some other countries are fueled with aviation kerosene. 
The United States Air Force (USAF) converted to JP-8, 
starting with its European partners, and finishing in the US 
in the mid-1990s. The US Navy has used JP-5 for aircraft 
carrier operations because this fuel has a high flashpoint 
and is less likely to produce a flammable vapor, when 
stored aboard ship, than the wide-cut fuels, which evapo-
rate flammable vapor concentrations at lower tempera-
tures. 

The flammability limits for aviation gasoline and the 
turbine fuels are presented in Fig. 7.2 [7.3]. As shown in  
this figure, the lean limit for the aviation kerosenes at sea 
level ranges from 40 °C to 60 °C and the rich limit ranges 
from 85 °C to 105 °C. For the wide-cut fuels, the lean and 
rich limits at sea level are about -30 °C and 10 °C, respec-
tively. For aviation gasoline, the lean limit is approxi-
mately -40 °C and the rich limit about -5 °C. 

The volatility of each of the above fuels is related to  
its vapor pressure. Fuels with higher vapor pressures, such 
as JP-4, release sufficient vapor at lower temperatures to 
form a flammable mixture, thus lowering the left boundary 
of the flammability envelope because it contains more, 
smaller, hydrocarbons. Fuels with lower vapor pressures, 
such as JP-5, must be at a higher temperature to release 
sufficient vapor to form an ignitable mixture. 

The flammability of a fuel as a function of its tempera-
ture can be visualized by considering one of the standard 
test methods for flash point, ASTM D56, which deter-
mines the minimum temperature of the liquid fuel required 
to create a flammable mixture at 1 atmosphere. In this test, 
a small amount of fuel is contained in a closed cup with a 
sliding lid opening. The fuel is heated via a gas burner in 
a water bath and the temperature of both the water and fuel 
are measured. As the temperature of the fuel is increased, 
the tip of a flame situated above the lid is brought in con-
tact with the fuel vapor as the sliding lid is opened, expos-
ing a mixture of the fuel vapor and surrounding air to the 
flame. As the temperature of the increases the amount of 
fuel vapor increases until the mixture reaches the lower 
flammability limit and ignites. 

Fig. 7.2 Flammability limits for typical aircraft fuels as a 
function of altitude and temperature [7.4]. 

Some other related aspects relating to fuel vapor flam-
mability are discussed in the following paragraphs. 
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Dissolved oxygen 

Oxygen that is dissolved in fuel during ground pumping 
and filtration processes is carried into the tank during re-
fueling operations. At flight altitudes, where the ambient 
pressure is lower, some of this oxygen comes out of the 
fuel and increases the oxygen content of the fuel vapor in 
the tank ullage. The ignition of oxygen-enriched fuel va-
por requires less spark energy than the ignition of unen-
riched vapor. The influence of oxygen enrichment on the 
ignition sensitivity of fuel vapors is shown later in this 
chapter.   

Inerting 

A number of methods have been developed to inert the 
ullage in aircraft fuel tanks to preclude ignition and or keep 
flame fronts from enlarging and spreading if there were a 
source of ignition. These involve filling the fuel tank ul-
lage with a non-flammable atmosphere, for example by 
displacing the fuel vapor and air mixture in the ullage by 
nitrogen enriched air such that the oxygen concentration is 
below the concentration that will support ignition or con-
tinued combustion. Gases including helium, carbon diox-
ide, and halons, when added to the atmosphere in the tank 
ullage in varying amounts will create an inert mixture 
[7.5]. Nitrogen inerting systems utilizing onboard nitrogen 
storage were developed and flight tested on the USAF C-
141 and C-135 aircraft [7.6] among others.   

Extinguishing 

Extinguishing involves detecting a flame and rapidly 
filling the tank with an inert gas, such as halogen, that ex-
tinguishes the flame. Historically, halogens have been 
used for this purpose. 

Mixing of fuels 

There are several important factors that may alter the 
flammability limits of the vapor inside an aircraft fuel tank 
from those shown in Fig. 7.2. One of these is the mixing 
of one type of fuel with another. Fig. 7.3 [7.4] shows, for 
example, the flammability limits determined by Nestor of 
a mixture comprised of 85% Jet A and 15% Jet B fuels. 
Such a mixture might form in an aircraft that initially 
fueled with Jet B then subsequently refueled with Jet A. 
The lean limit of the flammability envelope of the result-
ing mixture in the tank would be ‘lower’ (further to the left 
in the graph in Fig. 7.3) than if the tanks had contained 
100% Jet A fuel. If this happens, the resulting envelope 
encompasses the altitudes and temperatures where most 
lightning strikes to aircraft have occurred. 

 

 

 

Fig. 7.3 Flammability envelope of the fuel blend  
85% Jet A/15% Jet B, and altitude/temper- 
ature region of most lightning strikes [7.4]. 

Agitation 

Agitation is another way that the flammability enve-
lopes might be altered from those shown in Fig. 7.2, for 
the envelopes are valid only when the mixture is stabilized. 
Agitation of fuel, or spray from a pump or pressurized fuel 
line, can extend the flammability envelopes in Figs. 7.2 
and 7.3 to the left, into colder temperatures. Thus, while 
Figs. 7.2 and 7.3 indicate that the vapor-air mixture in the 
tanks of an aircraft fueled with Jet A would be too lean to 
support combustion for the conditions under which most 
lightning strikes occur, there can be no assurance that this 
is always so, since the fuel could become agitated during 
flight.  

Foams 

The use of reticulated foams in fuel tanks to prevent the 
propagation of a flame front has been shown to be very 
successful in some applications. The foams usually add lit-
tle weight and displace less than 3% of the fuel volume in 
the tank. The foam cools and slows the speed of the flame, 
causing it to die from oxygen starvation. Unfortunately, 
some of the foams accumulate enough static charge (from 
the friction of fuel flowing through them during refueling) 
to produce sparks that ignite fuel vapors [7.6]. Each time 
such an ignition occurs, some of the foam can be lost. After 
many hours of flight, the foam eventually burns away to 
the extent that it no longer provides protection. A conduc-
tive foam has been developed that significantly reduces the 
likelihood of internally generated sparks. Foams have been 
employed for protection against gunfire in military air-
planes but have not, reportedly, been used in commercial 
transport airplanes.   

 



188 

Extinguishing systems have been incorporated in the 
design of several fighter aircraft to provide protection 
against fuel ignition due to enemy gunfire. 

Ignition thresholds 

Lewis and Von Elbe [7.7], in studies made in the 1950's 
and 1960's for the US Bureau of Mines, found that the min-
imum ignition energy of most light hydrocarbon fuels (me-
thane, propane, pentane, butane, hexane, heptane, etc.) 
was 220 microjoules, a value which is the basis for the pre-
sent 200 microjoule criteria for a fuel vapor ignition source 
threshold. It is however, important to note that no mixture 
of those gases in standard air at room temperature and at-
mospheric pressure is ignitable with a 200 microjoule 
spark. 

Investigations by Crouch [7.8] to determine minimum 
ignition thresholds of the hydro-carbon fuels commonly 
found in aircraft fuel tanks, have shown that the 200 mi-
crojoule criterion would not always cause an ignition.   

The test data, for a 1.2 stoichiometric mixture of pro-
pane with 20% oxygen, is plotted Fig. 7.4. Tests were 
made with sparks of several energy levels. The horizontal 
lines represent the range of probability for each energy 
level. Energy levels at which no ignitions occurred (0%) 
are plotted as horizontal lines between the left vertical axis 
and the probability that would have resulted had one more 
test produced an ignition. Levels with all ignitions (100%) 
are plotted between the right vertical axis and the proba-
bility that would have resulted had one more test produced 
no ignition. 

In Crouch’s experiments, the probability of ignition was 
increased by raising the oxygen content of the mixture. 
Crouch found that a 200-microjoule spark would ignite a 
30% oxygen mixture between 70% and 80% of the time as 
shown in Fig. 7.4. 

Apparently, if a 200-microjoule spark energy is to be 
used as a pass/fail threshold for sparking in candidate fuel 
systems, then tests should be conducted using an enriched 
oxygen test mixture. If a standard 1.2 stoichiometric mix-
ture were used with a fuel vapor that was 20% oxygen, 
sparks of less than 700 to 800 microjoules would be un-
likely to be detected. ‘Detection’, in this case, means that 
the test mixture is ignited. 

 

Fig. 7.4 Probability of ignition versus spark energy. 
(a) Propane, 20% oxygen, 1.2 stoichiometric. 
(b) Propane, 30% oxygen, 1.2 stoichiometric. 

Although a 700 to 800 microjoule spark energy level is 
3.5 to 4 times the criterion presently in use, it is still ex-
tremely low compared to the many joules of energy that 
can be released in a lightning-related arc. It is easy to see 
how even a small portion of the energy available from 
lightning currents in structures containing fuel can cause 
fuel vapor ignition and a consequent safety of flight haz-
ard. 

Current-time threshold 

While the minimum energy concept helps greatly in 
evaluating the hazard from sparks, the lightning environ-
ment is described in terms of current waveforms, rather 
than in terms of energy. 

Translation of aircraft structural current elements that 
flow in small arcs into energies, or even specific energies, 
is a formidable task, as would be the task of measuring 
energies dissipated in small arcs. Attempts have been 
made to evaluate the probability of ignition in terms of cur-
rent in an arc, but a review of that data indicates that it does  
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not appear to be reliable and that evaluations in terms of 
current (magnitude and waveform), rather than energy, are 
too simplistic to be useful. Fig. 7.5 shows the results of one 
set of experiments [7.9], but these results are likely to be 
unique to the electrode configuration used in these experi-
ments.  

 

Fig. 7.5 Ignition current due to an arc as a function of 
pulse duration [7.9] 

It is sufficient to recognize the importance of carefully 
controlling the lightning currents flowing in fuel tank 
structures and the induced effects of the lightning currents, 
since even very small percentages of the total lightning 
current might produce incendiary arcs or sparks. The fol-
lowing subsections describe some of the potential ignition 
sources that exist in aircraft fuel systems and the methods 
of preventing them. Ignition sources in the exteriors of fuel 
tank walls are addressed first, followed by other sources 
that may exist inside fuel tanks. 

7.3 Protection Design 

The user of protection design methods described in this 
handbook should note that the FAA regulation for protec-
tion of transport aircraft fuel systems, reviewed in §5.2.2 
requires that catastrophic failures of protection designs be 
less probable than once in 10-9 flight hours, and that fault 
tolerance be provided against protection failures due to 
manufacturing escapes, service environments and mainte-
nance activities. Some examples of possible failures and 
fault tolerant designs are included in the guidance that fol-
lows; however, no attempt is made to provide an exhaus-
tive list of examples. Further guidance for this failure 
analysis, fault tolerant design process and continued air-
worthiness procedures is found in FAA Advisory Circular 
25.954-1 [5.4] and SAE ARP 6205 [5.22]. Designers of 

helicopters and small airplanes do not have to meet this 
fault tolerance requirement, but continued airworthiness 
is essential for all fuel system lightning protection designs.   

7.3.1 Fuel System Vent System Protection 

The temperature of a lightning channel far exceeds that 
required to ignite a flammable fuel-air mixture; therefore, 
any direct contact of the lightning flash with such a mix-
ture must be considered an ignition source. Since fuel tank 
vents are the primary means by which a flammable fuel 
vapor can be exposed to the outside of an aircraft, a con-
siderable amount of research has been undertaken to eval-
uate the possibilities of lightning ignition of fuel vent va-
pors. 

Basic Vent Outlet Studies 

One of the first fuel vent studies was conducted for the 
US National Aeronautics and Space Administration 
(NASA) by Lockheed-California Company and the Light-
ning and Transients Research Institute (LTRI) in 1963 
[7.10]. In that program, fuel-air concentrations in the vi-
cinity of aircraft vent outlets of several configurations 
were measured and mapped under various conditions of 
tank vapor fuel-air ratio and effluent velocity. The tests 
were performed in a wind tunnel producing an airflow of 
up to 100 knots. Mast vents discharged into wakes and into 
free air streams were tested, as well as flush vents dis-
charging into boundary layers, as shown in Fig. 7.6 [7.10]. 

The study showed that a vent discharging into a free air 
stream provides the greatest dilution of fuel vapor and thus 
has the smallest flammable region of the vent configura-
tions tested, but it also showed that flammable mixtures 
could exist in the immediate vicinity of each type of vent 
outlet. 

Dilution profiles 

A typical mixture concentration profile for the area aft 
of a flush vent outlet is shown in Fig. 7.7 [7.11]. Dilution 
of the original effluent by air to 30% or less of the initial 
concentration might well lean it out of the flammability 
envelope, depending on its original fuel-air concentration. 
Thus, dilution to a nonflammable mixture probably occurs 
at a distance of one vent diameter or more from the vent 
outlet. This finding suggests that a lightning strike or as-
sociated streamer must occur very near to the edge of a 
vent outlet for an ignition to occur.
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Fig. 7.6 Three general classes of fuel vent exit. 
(A, B) Mast or extended outlets. 

(C) Flush vent outlet. 
 
 

 

 
 

Fig. 7.7 Typical profile of vent effluent in air stream aft of a flush vent outlet. 
-Profiles vary according to boundary layer thickness and velocities of effluent and air stream. 
-Boundary layer thickness = 0.50 vent diameters 
-Vent exit velocity = 0.1 times free stream velocity. 
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Flame arrestors 

The above prediction was confirmed in the second part 
of the 1963 Lockheed - LTRI study [7.12]. During these 
tests, lightning strikes were applied to flush vent outlets 
from which flammable fuel-air mixtures were exiting into  
a 100-knot airstream. The tests were performed with and 
without flame arrestors installed. These flame arrestors 
were being evaluated as possible protective devices. 

They consisted of a parallel bundle of small diameter 
metal tubes inserted into the vent line near the vent outlet, 
as pictured in Fig. 7.8(a). An alternate construction uti-
lized a series of baffles extending into the fuel vapor flow, 
as shown in Fig. 7.8(b). The objective, in either case, was 
for the tubes or baffles to cool the flame enough to extin-
guish it. 

The test results showed that it was only possible to ig-
nite the vent effluent in the 100-knot airflow when the 
lightning arc was delivered directly to the lip of the vent 
outlet. Arcs delivered to points as close as 25 mm (1 in) 
away did not ignite the effluent. The results also showed 
that flames ignited by the strikes to the outlet could prop-
agate inward through the flame arrestors when they were 
installed near the vent outlet. While the flame arresters did 
extinguish some flames ignited at the outlet, they did not 
stop all such flames. Evidently, the intense blast pressures 
of the lightning arc forced the flame through the arrester.   

 

Fig. 7.8 Flame arrestor configuration 
(a) Tubular construction. 
(b) Baffle construction. 

FAA/Atlantic Research studies 

The crash of a Boeing 707 aircraft near Elkton, Mary-
land, on December 8, 1963, after being struck by lightning 
[7.12], prompted another investigation into the possibility 
of lightning-initiated fuel tank vent fires. This investiga-
tion, sponsored by the FAA, was undertaken by Bolta and 
others of the Atlantic Research Corporation with the sup-
port of Newman and others of the LTRI [7.13]. The work 
focused on the Boeing 707 wing tank and vent system, 
with the objective of determining the conditions under 
which ignition of fuel vent effluent allows flames to prop-
agate back through the vent duct and surge tank and from 
there into the reserve tank. Another objective was the eval-
uation of various protective measures, including flame ar-
resters and flame extinguishing systems. 

Unlike the earlier Lockheed program, the vent was 
tested in still air, the rationale being that, if an ignitable 
effluent is assumed to be at the outlet, attachment of the 
lightning arc to the lip of the vent outlet would ignite the 
vent efflux no matter what the airflow condition was. The 
ignitable mixture was a 1.15 stoichiometric mixture of 
propane and air. 

Thermocouples were installed along the vent line to de-
termine the time at which a flame passed by, to enable cal-
culation of flame front velocities. It was important to know 
these velocities because the operation of an automatic ex-
tinguishing system that was being designed at the time de-
pended on the elapse of sufficient time between the initial 
sensing of a flame at a vent outlet and the activation of an 
extinguisher in the surge tank located about 1 m (3.3 ft.) 
down the vent line. 

The simulated lightning tests confirmed that a strike 
must occur close to the vent outlet for ignition to occur. 

Flame velocities 

Average flame velocities of up to 45 m/s were recorded 
between the vent outlet and the surge tank when simulated 
lightning strokes of 175 kA and 1.5 x 106 A2s were applied 
during the tests described above. These tests simulated a 
severe stroke current, such as might be experienced at a 
vent outlet located in Zones 1A, 1C or 1B. 

Other tests were performed with the high current di-
rected to the desired spot through a 100 mm (4 in) wide 
aluminum foil tape, which exploded as the current passed 
through it. The resulting flames reached higher velocities 
of up to 126 m/s (413 ft/s), but the exploding tape may 
have caused the higher flame speeds, creating conditions 
more severe than occur during a natural lightning strike 
attachment, where an arc alone is the ignition source. 
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When lower amplitude currents of 44 kA and only  
0.001 x 106 A2s were applied, ignitions still occurred, but 
the highest average flame velocity was 17.4 m/s (57.1 ft/s), 
which indicates that the intensity (and resulting shock 
wave) of the lightning current is one of the factors that af-
fects the flame velocity. The 44 kA current was described 
by Bolta as a “high-voltage” discharge [7.13] because it 
was applied with a Marx-type, high voltage generator. The 
ignitions occurred as soon as the 13 cm (5.1 in) or 30 cm 
(11.8 in) air gap between the discharge electrode and vent 
outlet flashed over. The current level affects the velocity 
of the flame front, but the energy required to cause the ig-
nition is delivered at the start of the current. 

Flame arrestor performance 

Various flame arresters were tested, including some 
made from corrugated aluminum and stainless steel, a ce-
ramic material, and various copper screens. None of them 
could stop a flame ignited by a simulated stroke current 
when installed near the outlet of the vent line. Arresters 
wound from corrugated stainless steel 12.7 mm (0.5 in) or 
25.4 mm (1 in) deep did stop flames when installed about 
1 m (3.3 ft.) upstream from the vent outlet near the surge 
tank as shown in Fig. 7.9 [7.14], even when the flames 
travelled in the vent tube at average speeds as high as 122 
m/s (400 ft/s). Other arresters, made of screens and ceram-
ics, did not stop flames ignited by the simulated strokes. 

A flame suppression system developed by Fenwal, Inc. 
[7.15] for industrial applications was also tested in this 
program. This system consisted of a fast-acting sensor for 
detecting the presence of a flame and a set of canisters con-
taining a quantity of liquid suppressing agent for release 
into the surge tank by an electric detonator. 

When the sensor detected the light of the flame, it sent 
a signal to the detonator, which dispersed the extinguish-
ant into the tank within a few milliseconds, before the 
flame had reached the tank. 

This system effectively suppressed flames that traveled 
slowly enough, 30 m/s (100 ft/s) or less, to give the system 

time (18 ms) to react, but it did not stop flames that had 
gone past the surge tank by the time the extinguishant was 
released. In the latter case, the extinguishant might still 
have put out the fire in the surge tank, but the flame front, 
on its way through interconnecting vent lines to the fuel 
tanks, would have passed out of the reach of the extin-
guishant 

The Atlantic Research-LTRI program also included an 
investigation of arc plasma propagation into the vent line, 
but this was inconclusive because of instrumentation dif-
ficulties. 

Effect of ice on flame arrestor performance 

The effect of ice formation on the performance of a 
flame arrester was also considered [7.16], resulting in the 
conclusion that unacceptable icing would occur only when 
the worst combination of atmospheric and flight condi-
tions existed. This conclusion was based on analysis only 
and should be verified by flight tests. Aircraft icing, how-
ever, is known to have been underway when some light-
ning strikes have been reported, so the effects of ice on any 
lightning protection feature should be considered. 

         Airflow velocity effects at vent outlets 

In the Atlantic Research-LTRI and Lockheed programs 
discussed above, it was assumed that lightning could at-
tach to the lip of a vent outlet. However, no attempt was 
made, in either program, to establish whether or not this 
assumption was likely for an aircraft in flight or, if it were 
correct, how often it would occur. 

Neither the Elkton B-707 aircraft [7.12] nor any other 
aircraft known to have been struck by lightning has ever 
shown any physical evidence of lightning attachment di-
rectly to a fuel-system vent outlet. The outlet in the B-707, 
while located near the wing tip, is not located at the very 
tip of the wing where lightning attachments occur most of-
ten. It is therefore unlikely that flush-mounted vents, such 
as those on the B-707 or other aircraft, would receive di-
rect (i.e. initial) strikes. 
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Fig. 7.9 Successful flame arrestor installation in simulated vent tube of a transport aircraft. 

 

The question then arises as to whether a lightning flash 
channel could sweep across a vent outlet from another at-
tachment point and ignite the effluent. Answers to this 
question were sought by Newman and others, who under-
took an experimental program [7.17] between 1966 and 
1967. In this program, simulated lightning strikes were de-
livered to a B-707 wing tip and vent assembly were used 
as a lightning test specimen to learn more about the possi-
bility of fuel vapor ignition by this mechanism. This study 
also explored the degree to which air flowing past the vent 
outlet at realistic speeds would make ignition unlikely, 
even if a sweeping lightning channel did attach to the out-
let. 

The results showed that ignition of fuel vapor at a vent 
outlet is unlikely, even if a sweeping lightning channel did 
attach to the outlet. 

In earlier programs [7.10, 7.13], ignitions had been ob-
tained nearly 100% of the time when the vent outlets were 

in still air, but Newman found that ignition of a 1.5 stoi-
chiometric propane-air mixture by a 48 kA, 0.009 x 106 

A2s direct strike occurred only once in 34 shots with a 90-
knot (46 m/s, 150 ft/s) airflow over the outlet. No ignitions 
occurred out of 200 shots with the vent outlet immersed in 
a 200 knot (100 m/s, 330 ft/s) airflow. When strokes of 
longer duration were swept across the vent outlet by the 
90-knot airflow, the effluent was ignited 11 times out of 
15 tests, but when the velocity of the airflow was increased 
to 200 knots, only 2 ignitions occurred in 46 tests. 

Nearly all of Newman's tests were performed under the 
most vulnerable effluent condition, which was found to be 
a 1.5 m/s (5 ft/s) flow out of the vent outlet, such as might 
exist when an aircraft is climbing. Since more than half of 
all reported lightning strikes occur when the aircraft is ei-
ther in level flight or descending, and since most aircraft 
climb at well over 90 knots, the probability of an in-flight 
ignition from a direct strike to a vent outlet must be very 
unlikely. Newman's investigation did show that a channel  
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sweeping across the vent outlet might have a greater 
chance (2 in 46) of igniting an effluent, even under climb 
conditions at the more realistic speed of 250 knots. 

This result demonstrates the importance of locating vent 
outlets away from both initial strike and swept channel 
zones on the aircraft. Most civil aircraft are limited by air 
traffic control (ATC) regulations to speeds of 250 knots at 
flight altitudes below 3 048 m (10 000 ft). This emphasizes 
the importance of proper zoning of the aircraft, and espe-
cially the regions where initial lightning strikes are likely.   

Explosive Ignitions in vent systems 

In the program described above, Newman and his col-
leagues conducted a test [7.18] in which a strike to the vent 
outlet produced indications of unusually high flame veloc-
ities and severe deformation of the vent outlet, indicating 
much higher pressures than normal. They cite a similar 
case in another program, in which flame velocities more 
than 300 m/s (1 000 ft/s) were measured. The implication 
of these findings is serious, because an arrester or surge 
tank protection system capable of extinguishing the lower 
velocity flames may not be able to stop flames traveling as 
fast as 300 m/s. 

Kester’s study 

Kester and others [7.19] attempted to reproduce these 
high flame velocities in a 14 cm (5.5 in) simulated vent 
tube, but did not measure flame velocities higher than 20 
m/s (65 ft/s) in this system, even when severe, 180 kA, 1.0 
x 106 A2s strokes were applied. These velocities were com-
parable to those measured in the Atlantic Research-LTRI 
program of 1964. 

Kester and his colleagues also reported one explosive 
ignition when a stroke of 195 kA was delivered to the vent 
outlet. It was found that the 195 kA stroke current had in-
duced a voltage in instrument wiring that was high enough 
to break down the insulation around several pressure 
probes inside the vent line. The vent outlet and parts of the 
surge tank were badly deformed, even though they were 
made of 6.4 mm (0.25 in) steel. Again, much higher than 
usual pressures were indicated. 

The explosion in the Kester program serves as a warn-
ing that a similar explosion might arise from the presence 
of multiple ignition sources in an actual fuel system, unless 
care is taken to design the system so that it is free of such 
sources. It is not unreasonable to expect simultaneous arc-
ing at multiple locations when lightning current flows 
through a fuel tank structure that has not been designed 
and verified to be free of arc sources. The same is true of 
spark sources at, for example, multiple fuel quantity 
probes, if adequate protection is not provided.   

Gillis’ study 

The question of whether these explosive ignitions could 
occur in actual fuel tank vent systems was of such im-
portance that the FAA undertook yet another study of 
flame propagation in vent systems. 

The work, conducted by Gillis [7.20], expanded upon 
earlier research by including the study of flame behavior 
in the long vent lines leading inboard from the surge tanks 
(in wingtip areas) to the wing and center tanks of a typical 
transport aircraft vent system [7.21]. Gillis did not use sim-
ulated lightning arcs for an ignition source but, instead, 
discharged 100 J of electrical energy into a spark plug at 
the vent outlet. This is much less energy than would be 
released by a lightning arc of the same length. Neverthe-
less, Gillis recorded flames [7.22] that had accelerated to 
300 m/s (1 000 ft/s) far inboard when the simulated air-
craft-fuel vent system was in climb condition. 

The total number of authentic tests performed by  
Gillis was 13, of which 11 resulted in flame velocities of 
150 m/s (500 ft/s) or higher. The propagation of such high-
speed flame fronts is perhaps best explained in Gillis' own 
words [7.23]: 

“When an explosive gas is confined in a chan-
nel and ignited, the flow induced by the thermal ex-
pansion of the gas in the combustion wave is re-
stricted by the channel wall. Consequently, the 
flow attains much higher velocities than under con-
ditions of free expansion in an open flame, and 
flame and flow commonly augment each other by 
a feedback mechanism as follows: stream turbu-
lence, however slight it may be initially, produces 
a wrinkling of the combustion wave surface; the re-
sulting increase of surface increases the amount of 
gas burning per unit time, namely, the flow of gas 
in the channel;  this in turn produces more turbu-
lence and hence, increased wrinkling of the wave, 
and so on, so that the progress of the combustion 
wave becomes non-steady and self-accelerating.  In 
addition, the burning velocity increases as the un-
burned gas ahead of the flame is preheated and pre-
compressed by the compression waves that are 
generated by the mass acceleration in the combus-
tion wave. The compression wave is initially a 
comparatively weak pressure wave, which is over-
taken and reinforced during its travel by numerous 
other pressure waves originating in the combustion 
zone. 

The coalescence of these pressure waves into a 
strong shock front in a configuration which is dead-
ended can result in a reflection of the shock wave 
back toward the combustion zone. The effect of the  
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passage of this reflected shock wave through the 
combustion wave is similar to the effect of a sud-
den release of pressure by a rupture of a diaphragm. 
A rarefaction wave propagates backward into the 
unburned gas and a jet of unburned gas develops 
which penetrates deeply into the burned gas. The 
shear between burned and unburned gas in this 
flow configuration produces extreme turbulence so 
that a sudden large increase in the burning rate oc-
curs.” 

The study showed that a vent discharging into a free air 
stream provides the greatest dilution of fuel vapor and thus 
has the smallest flammable region of the vent configura-
tions tested, but it also showed that flammable mixtures 
could exist in the immediate vicinity of each type of vent 
outlet. 

In three of the 13 tests mentioned above, localized pres-
sures were developed of sufficient intensity to distort 1 to 
1.5 m (3 to 5 ft.) sections of the rectangular vent duct. A 
subsequent hydrostatic pressure test of a 1 m (3.3 ft.) sec-
tion of similar duct showed that a pressure of approxi-
mately 475 psig was required to produce similar distortion. 
This pressure exceeds the structural limitations of typical 
aircraft fuel tank and vent structures. 

Gillis concluded that the surge tank located just inboard 
of the vent outlet was a factor contributing to the high 
flame speeds because, when a flame reaches it from the 
vent outlet, the pressure permitted to build up in it serves 
as a force to drive flames rapidly down the vent lines to-
wards the fuel tanks. This creates turbulence in these ducts 
which further accelerates flames down the ducts. 

Gillis' work demonstrates that flames can travel at sonic 
velocities in typical transport aircraft vent systems, pro-
ducing damaging overpressures. Flame arrestors have 
been developed that are capable of stopping flames ignited 
at vent outlets, but their effectiveness is very much related 
to their installations in specific vent systems so lightning 
testing of them in such installations, and with typical avi-
ation fuel vapors, is necessary to confirm their ability to 
quench lightning-ignited flames.   

The research just summarized demonstrates the im-
portance of eliminating any source of ignition within a fuel 
vent system, or elsewhere within the fuel tanks and system.

Summary and recommendations regarding vent  
System protection 

Table 7.1 summarizes the ignition and flame velocity 
results for each of the research programs just discussed. A 
few important conclusions and protection considerations 
can be drawn from the research. 

1. Although there has been no positive evidence that a 
lightning strike has ever ignited a vent effluent on a 
transport type aircraft in flight, several in-flight explo-
sions have occurred following strike attachments 
within a meter or so of vent outlets. This suggests that 
other ignition sources, not associated with the vent 
outlets, may have been the cause of some accidents. 

2. For ignition to occur at a vent outlet, a lightning chan-
nel must attach directly to, or within a few centimeters 
of, the edge of the outlet. Ignition may also occur 
from a flash which has swept back over a vent outlet 
from an initial attachment point elsewhere on the air-
craft. This would indicate that it is desirable to locate 
vent outlets in areas not subject to direct or swept 
flash attachments. Guidance for locating direct at-
tachment and swept flash zones has been provided in 
Chapter 5. 

 
3. Flame arresters of the corrugated steel type shown in 

Fig. 7.9 have been the most effective in stopping 
flames. Flame arrester performance is most satisfac-
tory when the arrester is located some distance away 
from the vent outlet, so that blast forces from the 
lightning arc will not propel flames through the ar-
rester.   

4. An arrestor located anywhere in the vent system can 
become clogged with ice. The probability of this 
should be evaluated, preferably by in-flight tests 
under the expected environmental conditions. 
Electrical de-icing devices may have to be added to 
the vent system if icing is possible. 

5. Ninety-degree bends in the vent tubes should be 
avoided because they expand the turbulence and 
surface area associated with propagating flames and 
thereby increase the velocity of propagation. Instead, 
straight or smoothly curved ducts should be used 
because they minimize the possibility of explosive 
flame propagation. 

6. The best way to protect a fuel vent outlet is to locate 
it in a Zone 3 surface. It is preferable to use a recessed 
or flush outlet instead of a protruding tube outlet 
because the latter could become a source of corona or 
streamering that might promote lightning attachment. 
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Table 7.1 
Summary of Results of Lightning-initiated Flame Propagations 

Program Amplitude 
(kA) 

Action Integral 
(106A2s) 

Airstream 
Velocity (knots) 

Attachment 
Point Results 

1963 Lockheed LTRI 100 0.069 100 
(50 m/s) 

lip of vent 
outlet 

100% ignitions and flames propagation with 
and without flame arrester installed at vent 
outlet. 

1964 Atlantic Research 
LTRI (Bolta, et al) 175 1.5 0 lip of vent 

100% ignitions and flame propagation up to 45 
m/s, and at 126 m/s when ignited by an 
exploding foil. Flame arrestor stopped these 
flames when installed 1 meter upstream from 
outlet. 

1964 Atlantic Research 
LTRI (Bolta, et al) 44 0.001 0 lip of vent 

outlet 
100% ignitions and flames propagating up to 
17.4 m/s (no arrestor). 

1966 LTRI 
(Newman, et al) 48 0.009 90 

(46 m/s) lip of vent outlet 1 ignition and flame propagation out of 34 
direct strokes to vent outlet (no arrestor.) 

1966 LTRI 
(Newman, et al) 48 0.009 200 

(100 m/s) lip of vent outlet 0 ignitions out of 200 direct strokes to vent 
outlet. 

1966 LTRI 
(Newman, et al) 58 0.172 90 

(45 m/s) 
swept access 

outlet 
11 ignitions out of 15 swept strokes across vent 
outlet. 

1966 LTRI 
(Newman, et al) 58 0.172 200 

(100 m/s) 
swept access 

outlet 
2 ignitions out of 46 swept strokes across vent 
inlet. 

1966 LTRI 
(Newman, et al) 58 0.172 250 

(130 m/s) 
swept access 

outlet 
No ignitions out of 2 swept strokes across vent 
outlet. 

1966 Dynamic Science-
GE 
(Kester, et al) 

195 1.0 0 lip of vent outlet 100% ignitions and flames propagating up to 20 
m/s. 

1969 Fenwal 100 J spark  0 lip of vent outlet 
11 ignitions and flame velocities over 150 m/s 
in 13 authentic tests. Several at sonic velocity 
(300 m/s). 

Strokes to vent outlets only. No ignitions were obtained from strokes away from vent outlet. 
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The most successful location for a flame arrestor instal-
lation seems to be at the surge tank end of the vent outlet 
tube, as shown in Fig. 7.9. Whatever location(s) are being 
considered for location of a flame arrestor should be eval-
uated for effectiveness with lightning tests of the candidate 
arrestor installed in a physically correct mockup of the in-
stallation in the vent system from the outlet to the surge 
tank (or other fuel tank if a surge tank is not present) since 
the installation has a significant influence on the perfor-
mance of the arrestor. Guidance for performance of light-
ning tests is in SAE ARP 5416A [5.21].  

Flame arrestors are utilized for purposes other than 
lightning protection. One potential hazard that results from 
the installation of flame arresters is arcing at the flexible 
vent tube couplings at either side of the arrester, due to 
lightning currents in the tube. (Arrestors are often in loca-
tions where they could share substantial amounts of Zone 
3 lightning current with surrounding structure.). This topic 
is discussed in §3.7. 

7.3.2 Fuel Jettison and Drain Pipes 

Some aircraft are equipped with a means of dumping or 
jettisoning fuel overboard, often through a pipe extending 
into the airstream from a fuel tank, as shown in Fig. 7.10. 
Such pipes are susceptible to lightning attachment if they 
are in lightning strike Zones 1B and 2B and, if the pipes 
extend sufficiently far from aircraft surfaces in Zone 3, 
they may also attract lightning strikes. There is usually an 
electrically operated valve installed in the pipe. Since this 
valve is normally closed, it is unlikely that a flame could 
travel past it into the fuel tank. However, if this pipe were 
struck by lightning while fuel was being jettisoned, it is 
very unlikely that flames could propagate through the pipe 
into the tank because the fuel jettison pipe is filled with 
fuel when it is in operation, and there is no vapor available 
through which a flame could propagate. It is more likely 
that lightning would ignite the jettisoned fuel spray, and 
the resulting fire may damage other areas of the aircraft. 

Another ignition hazard is posed by the formation of 
electrical arcs produced by the passage of lightning cur-
rents across poor electrical bonds between fuel pipes and 
fuel tanks or between bulkhead fittings and their fasteners.  

 

 

 

 

 

This danger is increased by the presence of the electrically 
insulating, corrosion protection sealants commonly ap-
plied around fasteners. These sealants sometimes force 
lightning currents to arc through them in the fastener holes, 
and the arc products may blow out of the holes, past the 
fasteners, and into the fuel vapor area. 

Electrical bonding jumpers installed across such joints, 
as illustrated in Fig. 7.11(a), may be adequate to equalize 
the static charge differentials that sometimes develop in 
fuel systems, but their inductance is usually too high to 
prevent lightning current from arcing at fastener head or 
nut interfaces. 

One way to alleviate this problem would be to ensure 
that there is bare metal on the mating surfaces of the pipe 
flange and tank, such that some, at least, of these mating 
surfaces are free of corrosion-resistant finishes or sealants 
(see Fig. 7.11(b)). The advantage to this approach is that it 
lets the current flow in the shortest physical path. How-
ever, this approach is often incompatible with leakproof 
and corrosion protection design practices. A second ap-
proach would be to provide conductive paths for lightning 
currents through the fasteners, but to coat the exterior sur-
faces of the fastener heads or nuts inside the tank with a 
tough, resilient, fuel tank sealant so that any arcing that 
occurs at the fasteners would be isolated from the fuel va-
pors. Guidelines for the use of fuel tank sealant are found 
in §7.3.5 and §7.3.6. 

 

Fig. 7.10 Protection for a fuel jettison pipe. 
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Fig. 7.11 Interface of fuel jettison pipe to fuel tank 

 

 

Pipe joints should be tested with simulated lightning 
currents to assure that arcing does not occur. 

This testing should be conducted using the test currents 
and test methods recommended in applicable standards 
[7.24] for the particular lightning strike zone in which the 
jettison or drain pipe is located. 

Another solution to the problem of arcing at jettison 
pipe bulkhead interfaces would be to interrupt the current 
path to the fuel tank, by inserting an electrically noncon-
ductive section of pipe as shown in Fig. 7.11(c). This in-
sulating section, sometimes called an isolator would divert 
any lightning currents entering the jettison pipe to the air-
frame, thereby eliminating the possibility of sparking at 
the fuel tank/skin interface. Additional examples of the use 
of nonconductive pipe sections are discussed in §7.3.7. 

7.3.3 Integral Fuel Tank Skins 

Integral tanks skins are those in which fuel is in direct 
contact with the inner surface of the outside skin of the 
aircraft. Tanks of this type are commonly found in the 
wings of transport and general aviation aircraft, and also 
in the wings and fuselages of modern military fighter air-
craft. External fuel tanks of the type carried on pylons or 
wing tips are also of the integral type. Most fuel tanks 
within rotorcraft are of the bladder type, and many such 
tanks are located beneath surfaces which are in Zone 3 due 
to the position of the rotor blades overhead. 

If integral tank skins are located in lightning attachment 
zones, measures must be taken to ensure that a lightning 
channel attachment on the exterior surface would not melt 
through the skin or get the inside surface hot enough to 
ignite the fuel vapor. Integral skins are usually part of the 
primary structure of an aircraft that is exposed also to 
lightning currents being conducted between possible light-
ning entry and exit locations.  

Factors that must be considered include the type and 
thickness of the metal skin, its surface finish, and how long 
a lightning flash is likely to dwell at a particular spot on 
the skin. Other factors are structural fasteners and other 
joints across which the currents must flow.   

Melt-through of metal skins 

A lightning arc will melt through a typical aluminum 
skin before the inside surface of the skin becomes hot 
enough to ignite the fuel vapor. The melting temperature 
of aluminum (~660 °C) is lower than the short time igni-
tion temperature of most hydrocarbon fuel vapors. Exper-
iments by Crouch [7.25], using propane, pentane, and JP-
4 fuels, showed that ignitions would not occur until the hot 
spot ignition source temperature reached 900 °C. Thus, 
fuels within an aluminum integral tank would not be ig-
nited unless a hole were melted completely through the 
skin and the fuel vapor was exposed to the extremely high 
temperature of the lightning arc (more than 30 000 oC). 
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On the other hand, the melting temperature of titanium 
is 1 700 oC and that of stainless steel is 1 400 oC. Both 
melting points are higher than the fuel ignition tempera-
ture. While titanium and stainless-steel skins are more re-
sistant to lightning melt through, they would not need to 
be melted completely through for ignition to occur. 

The amount of lightning current required to erode or 
melt holes in metal aircraft skins has long been of interest. 
First, for the purpose of estimating how much lightning 
current actually was involved in the damage sustained by 
aircraft in flight and, second, for determining the minimum 
skin thickness required to prevent melt-through of an inte-
gral fuel tank skin. 

Review of Basic Skin Melt-through Studies 

Research on the sizes of holes melted through metal 
skins of various thicknesses by lightning currents was dis-
cussed in Chapter 6 regarding the effects of lightning on 
structures. Whereas for structural integrity it is important 
to know the size of the holes that might be melted, in re-
gard to fuel systems it is more important to know the min-
imum amount of charge that could ignite the fuel vapor. 
For fuel systems with aluminum integral tank skins, this 
means knowing the amount of charge necessary to melt 
even the smallest hole in the skin. 

Melt-through thresholds of aluminum skins 

Brick, in 1968 [6.2], and Oh and Schneider, in 1972 
[7.26], performed experiments to determine the amount of 
charge and current required to melt through aluminum and 
titanium skins of various thicknesses and ignite a flamma-
ble vapor on the other side. These experimenters reported 
that melt-through depended heavily on current amplitude 
as well as on dwell time, and thus charge conducted into 
the dwell spot. While earlier work had shown that over 

22 °C, when delivered by a current of 200 A, were neces-
sary to melt through 2.06 mm (0.080 in) aluminum skins, 
the work of Brick, Oh, and Schneider showed that only 
about 10 °C, when delivered by about 500 A, was enough 
to melt completely through the same thickness of alumi-
num skin. In their laboratory tests, as little as 2 C, when 
delivered by about 130 A, melted a hole completely 
through 1.0 mm (0.040 in) of aluminum. Their results have 
been corroborated by others since.   

Oh and Schneider's melt-through thresholds for these 
and other skin thicknesses are shown in Fig. 7.12 (shown 
also as Fig. 6.3 in Chapter 6) [7.26]. The proximity of their 
test electrode to the skins, 2.4 to 4.8 mm (0.1 to 0.2 in), 
may have restricted natural movement of the arc on the 
surface of the skin, forcing all of the charge to enter at the 
same spot, thus yielding low coulomb ignition thresholds. 
Most surface finishes will also restrict movement of the 
electric arc and thus concentrate most of the current and 
charge transfer at a single spot. 

Work by Kester, Gerstein, and Plumer [7.27] with an L-
shaped electrode spaced 6.4 mm (0.25 in) from the skin, 
permitted some arc movement along the horizontal surface 
of the electrode and the surface beneath, showing that this  
arc movement necessitated 20 C delivered at a rate of 130 
A to melt through  a 1.0 mm (0.040 in) aluminum skin. 
Magnetic fields generated by currents parallel to the skin 
might have also caused the arc to move. This would be an 
artifact of the laboratory test arrangement. Since a natural 
lightning arc is neither restricted nor forced by an elec-
trode, it is probable that the true aluminum melt-through 
threshold lies between these two extremes, at least for un-
painted surfaces. On the other hand, the electrical insulat-
ing properties of most paints tend to confine the arc to one 
point, concentrating the heating effects on a smaller vol-
ume of metal. This tends to decrease the amount of current 
and charge required to melt completely through.
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Fig. 7.12 Melt-through and ignition thresholds for aluminum skins (2024 T3) [7.26]. 

 
 
 

Pressure effects 

All of the referenced data reported on melt-through of 
fuel tank skins was obtained from experiments performed 
on test panels in ambient conditions, that is, with equal 
pressure on both sides of the panels. Some aircraft fuel 
systems maintain a small positive air pressure in their 
tanks. Military fighter aircraft maintain a positive tank 
pressure to sustain fuel flow during extreme maneuvers. 
Many fuel vent systems use ram air inlets (called ‘NACA 
scoops’) that provide some positive pressure inside the 
tank. It has been demonstrated that pressure inside a fuel 
tank on which melt-through tests are being conducted can 
make a difference in the amount of charge necessary to 
melt a hole. A lightning arc may heat the surface of a fuel 
tank skin to a temperature at which the metal is nearly mol-
ten, but if there is no pressure inside the tank, surface ten-
sion prevents the molten metal from flowing away and 
leaving a hole. A modest amount of pressure, however, 
suffices to push the molten metal away and leave a hole. 
Some unpublished test results showed that, with a gauge 
pressure of 34.5 kPa (5 psig), holes could be melted in a 
2.3 mm (0.090 in) aluminum skin by a 23 C discharge. 
With no pressure, 66 C was required to produce a hole. 

The influence of positive internal tank pressure is usually 
not considered in certification tests of airplane fuel sys-
tems, which are typically conducted on tank structure and 
system test specimens at laboratory ambient air pressure. 
If it is expected that the fuel tank will have some 

 

 

positive pressure within it, the tests should be conducted 
with this same pressure applied. This may require that 
specimens of fuel tank skins be mounted to a test chamber 
that can be pressurized. The melt-through threshold data 
described in the previous paragraphs was obtained from 
tests of unpressurized skin samples, in laboratory ambient 
temperature and pressure conditions. 

Ignition thresholds of titanium skins 

Titanium skins are found on integral fuel tanks of some 
supersonic aircraft.   

 Oh and Schneider have similarly determined the cou-
lomb transfer ignition thresholds of titanium skin materials 
of various thicknesses, as shown in Fig. 7.13 [7.26]. Oh 
and Schneider and other researchers have confirmed that, 
since the melting point of titanium is higher than the fuel 
ignition temperature, it is not necessary for a hole to be 
melted completely through a titanium tank skin for igni-
tion to occur. All that is necessary for there to be an igni-
tion source is that a hot spot of sufficient temperature be 
formed on the inside surface of the tank skin. The lower 
thermal conductivity of titanium prevents rapid heat trans-
fer away from the arc attachment point and accounts for 
the fact that coulomb ignition thresholds for titanium skins 
are generally lower than those for aluminum skins.  
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Fig. 7.13 Hot spot ignition thresholds for titanium skins (6AL4V) [7.26].

Ignition thresholds of CFC skins 

There are several mechanisms by which vapor inside a 
CFC tank may be ignited. These include the following: 

• Ohmic heating of the carbon fibers, resulting in va-
porization and burning of the resin where it is in 
contact with fuel vapors 

• The shock wave accompanying high peak currents, 
such as Current Components A and D, can crack and 
sometimes punch completely through CFC skins. 

These effects can make large holes in CFC skins, 
providing large areas of exposure of fuel vapors to the 
lightning arc. Even breakage of a few carbon yarns may 
produce arcing of sufficient intensity to ignite fuel vapors. 
It is not possible for incendiary hot spots to form on a CFC 
skin because the resins in a CFC melt at ~350°C, which is 
too low a temperature to ignite fuel vapors. In most cases, 
CFC skins are punched through from shock wave effects 
before the resin on the interior ply melts or burns. 

Analytical studies by Lee and Su are described in 
[7.28]. Tests conducted by Schulte [7.29] with Zone 2A 
currents applied to 3.18 mm (0.125 in) aluminum and CFC 
panels showed that, for the same applied test conditions, 
temperatures of 100 °C to 150 ºC were reached on the in-
terior surfaces of CFC panels, while aluminum panels of 
the same thickness reached temperatures of 160 °C to 200 
ºC. Panels of 6.35 mm (0.25 in) thickness reached temper-
atures of 70 °C and 80 ºC respectively. The major differ-
ence was noted in the time to reach peak temperature. The 
temperatures of the CFC panels responded 100 times more  

 

slowly than the aluminum, taking seconds to reach peak 
temperature. Aluminum panels reached their peak temper-
atures in tens of milliseconds. Fig. 7.14 gives a summary 
of the data, displaying the time and temperature profiles 
for aluminum and CFC fuel tank skins of various thick-
nesses. These tests were conducted in a wind tunnel air 
stream of between 65 and 150 miles per hour (29 - 67 m/s), 
which blew the test current arc across the surface of the 
test specimen. All of Components D and B would have en-
tered the test panel surfaces at the first arc attachment spot, 
but some of the Component C* currents, which were ap-
plied at an average amplitude of 400 A for 60 ms, reat-
tached to other points downwind of the initial attachment 
point and thus did not contribute to the original hot spot 
formation. It would have been better had these tests been 
conducted in still air, since the Zone 2A current compo-
nents are defined on the basis that all three components 
enter a moving aircraft surface at the same point. 

Wahlgren [7.30] also investigated hot spot tempera-
tures, but the temperatures reported are questionable be-
cause they exceed those required for resin pyrolysis. 

The panels tested by Schulte [7.29] were comparative-
ly thick, such as might be found on inboard sections of 
transport or fighter type aircraft wings, and the tests ap-
plied a Zone 2A environment, not the more damaging 
Zone 1A/1C lightning environment. The latter environ-
ment includes Component A, which has an action integral 
eight times greater than that of Component D, applicable 
in Zone 2A. Thus, hot spot temperatures for CFC skins in 
Zone 1A (or 1C) might be higher than those recorded by 
Schulte. 
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Fig. 7.14 Hot spot temperature and time to reach peak temperature Zone 2A currents                                                                
applied to aluminum and carbon fiber composite (CFC, also known as C/E) in a wind stream [7.29]. 

 

Hot spot data for thinner CFC skins was obtained in ex-
periments conducted by Olsen et al [7.31] under a variety 
of conditions. They did not record inner surface hot spot 
temperatures but, instead, recorded whether a flammable 
fuel vapor on the interior surface of the skin from the test 
current arc was ignited or not. A summary of their results, 
for CFC skins 1.0 mm (0.040 in) and 1.14 mm (0.045 in) 
thick is presented in Table 7.2. The authors noted that the 
ignitions may not have been caused by hot spots per se, but 
by glowing hot fibers of graphite, either loose in the sys-
tem or released by pyrolyzed resin. 

The Olsen data show that paint intensifies lightning ef-
fects, allowing ignitions to occur following lower amounts 
of charge transfer. This is due to the current and shock 
wave concentration effects of the paint, which are de-
scribed in Chapter 6. The Olsen data show that painted 
CFC skins can tolerate larger amounts of charge transfer, 
by a factor of two or more, than can aluminum skins of the 
same thickness. The data applies for Zone 2B, where the 
stroke current is Component D. Tests at Zone 2A levels 
did not cause any ignitions. Tests on skins of this thickness 
with Component A usually punched a hole that exposed 
combustible vapors to the arc plasma, causing an ignition. 

Thus, to assess the possibilities of fuel vapor ignition, 
designers need to know the lightning strike zones within 
which protective skins are located, and the expected dwell 
times of the lightning channel. For example, a dwell time 
not longer than 5 ms, accompanied by a charge transfer of 
10 coulombs, is expected on an unpainted or thinly painted 
skin. If this skin is at least 1 mm thick, there is virtually no 
possibility of fuel vapor on the opposite side being ignited. 
However, a thicker paint finish (i.e., 0.25 mm (0.01 in)), 
or equivalent combination of surface resin, filler, and 
paint, would increase the dwell time to 20 ms and the 
charge transfer of 16 coulombs. This includes current 
Component B (10 coulombs) followed by Component C* 
(~ 400 A for 15 ms = 6 coulombs), a charge transfer that 
approaches the ignition threshold of 22 coulombs reported 
in [7.32]. In such a case, the candidate skin and surface 
finish combinations should be tested to verify that there is 
no possibility of igniting fuel vapor. 

The Olsen tests, and most similar test programs, were 
conducted at room temperature. The Schulte data showed 
that the airstream had a significant cooling effect on alu-
minum but a much smaller effect on CFC.
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Table 7.2 
Zone 2B Test Results for Ignition Thresholds 

Test Panel Thickness 
(in) 

Prepreg 
form 

Ply 
orientation (deg) Finish Coulombs required for 

ignition 

1-1 0.045 Tape [0/±45/90]S Unpainted 50 to 60 

1-2 0.045 Tape [0/±45/90]S Painted 35 to 45 

4-1 0.040 Fabric [0/90]3 Unpainted 37 to 40 

4-2 0.040 Fabric [0/90]3 Painted 22 to 25 

7-1 0.040 Fabric [±45]3 Unpainted 33 

7-2 0.040 Fabric [±45]3 Painted 22 to 25 

7-3 0.040 Fabric [±45]3 Painted 24-29 

0.063 Al 0.063 Aluminum N/A Unpainted 6 to 9 

 

This is to be expected due to the much higher thermal 
conductivity of aluminum as compared with that of CFC. 
Since the rate of cooling varies with air temperature, it is 
probably not practical to consider the effect of cooling as 
a parameter in lightning protection designs, although there 
may be some designs whose response to lightning is influ-
enced by temperature. Absent such influence, standard 
temperature conditions, 20 °C (68 °F) should be utilized 
for design and testing purposes. 

Lightning channel dwell times on skin surfaces 

The two proceeding sections provide useful data for de-
termining the probability that an aluminum skin will melt 
through or the probability that a hot spot on a titanium or 
CFC skin will ignite fuel vapor. This data is based on as-
sumed known values for the amplitude of the current at the 
lightning attachment point in question and the amount of 
time the lightning channel dwells at that point (the ‘dwell 
time’). 

The swept channel mechanism, discussed in Chapter 3, 
is illustrated in Fig. 7.15. A knowledge of dwell times in 
swept flash zones is of great importance because integral 
fuel tank skins are often found in these zones. 

Early versions of regulatory documents, such as US 
FAA AC 20-53 [7.33], specified that aluminum skins in 
lightning strike zones should be at least 2.0 mm (0.080 in) 
thick to withstand melt-through. In the past, when the 
structural requirements for large transport aircraft were 
such that skins had to be at least 2.0 mm thick for structural 
purposes, the lightning protection against melt-through 

was achieved without additional means. The advent of 
newer alloys of aluminum, and of other structural materi-
als, whose behavior is less well understood, means that 
tests to confirm safe tolerance of the lightning environ-
ment should be included to confirm absence of ignition 
sources.   

In some more recent designs, thinner skins have been 
able to meet the structural requirements. This saves weight 
and cost, provided that the lightning protection require-
ment can be met with a skin thinner than 2.0 mm. To de-
termine the actual skin thickness required to resist melt-
through or hot spot formation, it is necessary to know the 
maximum possible lightning channel dwell time for the in-
tended skin surface treatment. Dwell time information has 
been obtained from a combination of laboratory tests that 
simulated the ‘sweeping’ of the lightning flash channel 
over typical surfaces, and measured data from natural 
lightning strikes to aircraft.   

 

 

Fig. 7.15 Swept channel reattachment. 
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Brick, Oh, and Schneider’s work 

Brick, Oh, and Schneider [7.34] studied the dwell times 
of 400 A, decaying arcs (channels) that were blown by the 
exhaust from a wind tunnel over the surfaces of aluminum 
and titanium skin panels. The panels were given a variety 
of treatments to study the effect of surface treatment on 
dwell time. The wind speeds were varied between 67 m/s 
(150 mph) and 112 m/s (250 mph), to represent the air 
speeds of typical aircraft. The test current was representa-
tive of the continuing current portion of the lightning flash 
and delivered an average charge of about 0.2 coulombs per 
millisecond of dwell time. This represents a typical con-
tinuing current of ~200 A. (Note that the terms “arc” and 
“channel” are used interchangeably. Technically, an 
“arc” may be considered what is produced in laboratory 
simulations, and the “channel” is the ionized air that con-
ducts the currents in natural lightning.) 

The researchers reported that the arcs dwelled for 2 ms 
or less on uncoated surfaces of both metals, and for 4.8 ms 
on an anodized aluminum surface. These dwell times are 
within the 5 ms time period of current Component B. Thus, 
the 2 ms dwell time would have allowed a charge of 4 cou-
lombs to enter a single spot, whereas the 4.8 ms dwell 
would have permitted 10 coulombs (nearly the total charge 
of Component B) to enter the spot. Of course, the amount 
of charge entering the attachment point would be deter-
mined by the amplitude of the lightning current in the flash 
at the time of its attachment to that point. In testing, the 
current components are usually applied in order from high-
est amplitude to lowest amplitude. In nature, the compo-
nents can come in any order. To ensure that the worst case 
is tested, the effects of currents of various amplitudes and 
time durations must be evaluated. 

After dwelling at one point, a lightning channel reat-
taches to a point farther aft on the aircraft by the mecha-
nism illustrated in Fig. 7.15. During the dwell time, the 
aircraft is, of course, moving and the distance covered dur-
ing the dwell time is equal to: 

𝐷𝐷 = 𝑞𝑞𝜔𝜔𝑑𝑑                     (7.1) 

where 

D = distance the channel is drawn along surface 
(m)  

v = aircraft velocity (m/s)  

td = dwell time (s) 

Thus, at velocities of 67 m/s and 112 m/s, and with the 
dwell times of 2.0 and 4.8 ms reported by Brick, spacings  

 

between successive dwell points would be 0.13 m and 0.54 
m, which are typical.   

As a lightning channel sweeps across a surface the 
points at which the channel remained attached are marked 
by melted or pitted spots. The dwell time of the lightning 
channel at each spot can be estimated by comparing the 
distances between the spots with the aircraft’s velocity at 
the time of the strike. The dwell times given in Table 7.3 
are typical of those measured on actual aircraft and they 
confirm the dwell times predicted by the Brick tests. 

Table 7.3 
Typical Lightning Channel Dwell Times 

Skin Material Surface Finish Dwell Time 

Aluminum Unpainted ≤ 2 ms 

Aluminum Anodized ≤ 5 ms 

Aluminum Painted ≤ 20 ms 

CFC Same as metal skins 

Actual dwell time for painted skins depends  
on paint thickness 

The later work of Oh and Schneider [7.35] also con-
firms these results for uniform airflow conditions but 
shows that conditions which cause the airstream to leave 
the surface may force the arc to dwell longer at the last 
attachment point upstream of where the airflow is di-
verted. Oh and Schneider also demonstrated that higher 
aircraft velocities yield shorter arc dwell times, because 
the arc is stretched greater distances, allowing voltage to 
build up along its length and break down the insulation at 
its ‘heel’ at an earlier time. 

Validity of wind tunnel tests 

The validity of the wind tunnel test techniques that have 
been used for simulating swept flash attachments over 
metal surfaces has been questioned because the airstream 
used to blow the arc across the surface of the test object 
must have moved faster than the arc. This means that the 
air speed was only an imprecise indication of how fast the 
arc moved. In addition, the arc must have been cooled by 
the fast-moving air. 

This cooling would have allowed the voltage to rise at a 
faster rate than it would in a natural lightning strike to an  
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aircraft, which probably caused the simulated lightning 
channel to reattach to subsequent spots sooner than it 
would in a natural event. Also, the behavior of the upper 
terminus of the arc, as it moved along the horizontal test 
electrode, probably had some effect on the behavior of its 
lower terminus at the surface of the test panel. 

A more realistic simulation of a sweeping lightning 
channel would involve moving the test article (or test as-
sembly), like an aircraft in flight, through a stationary arc. 
Plumer [7.36] attempted this by moving a wingtip fuel 
tank beneath a high-voltage electrode at a velocity of 15.5 
m/s (35 mph), the fastest speed that could be safely main-
tained in the test area. A flash was triggered when the ap-
proaching tank, carried on top of a truck, sufficiently 
closed the air gap between the electrode and the earth. 

The shortcomings of this experiment were the low ve-
locity and the low (4 amperes) test current amplitude that 
was available from the high voltage generator utilized for 
these experiments. However, more recently, some actual, 
in-flight lightning strikes to two fuel tanks of the type used 
in Plumer’s experiment have confirmed the simulated at-
tachment points and breakdown paths. This points to the 
role of voltage along the channel in determining the next 
attachment spot and interrupting current flow into the orig-
inal spot.   

Despite the lower velocity and lower current amplitude, 
the arcs in Plumer's tests dwelled for times of between 1 
and 4 ms on unpainted aluminum surfaces, results remark-
ably similar to those obtained in the wind tunnel work. 
These parallel results seem to indicate that the arcs in the 
wind tunnel tests may not have moved as fast as the wind 
itself and, also, that continuing current amplitude has rela-
tively little to do with dwell time. It appears that the chan-
nel voltage is the primary factor. It is well known that the 
impedance of electric arcs varies inversely with arc current 
amplitude, so a low amplitude current in a long arc may   

produce the same voltage as a high amplitude current in a 
short arc. 

Effects of exterior surface finishes 

Robb, Stahmann, and Newman [7.37] utilized the wind 
tunnel technique to determine arc dwell times on various 
painted or coated surfaces. Most of the coatings were elec-
trically insulating, requiring that the arc be further length-
ened, until it produced the voltage necessary to puncture 
the insulation and form the next attachment point. Dwell 
times of up to 20 ms were recorded on painted surfaces. 
These times undoubtedly depended on the type and thick-
ness of the paint, but precise details of those conditions 
were not recorded, as their importance had not yet been 
recognized. 

Additional dwell time data has been obtained from the 
in-flight experience of the NASA F-106B research air-
plane during the period from 1981 – 1986 [7.38]. This air-
plane was instrumented as part of the NASA-Langley Re-
search Center Storm Hazards Program to study lightning 
parameters and the effects of lightning on aircraft. Spac-
ings between melted spots on surfaces of the aircraft 
showed that dwell times were less than 2 ms for unpainted 
skins and between 1 and 6 ms across the painted aluminum 
fuselage and wing surfaces. The dwell times were calcu-
lated by dividing the spacings between melted spots by the 
aircraft’s air speed, 182 m/s (409 mph), during the thun-
derstorm penetrations. 

A tabulation of laboratory and in-flight strike data is 
shown in Table 7.4 for several surfaces commonly found 
in swept channel zones. 

The FAA User's Manual [7.39] for FAA AC 20 - 53A 
[7.40] recognizes that the coatings and paints on aircraft 
surfaces can affect dwell times. 

Table 7.4 
Lightning Dwell Times on Typical 
Aircraft Surfaces in Zone 2A 

 Aircraft Velocities 

Surface Type 15.5 m/s 
(35 mph) 

58 m/s 
(130 mph) 

103 m/s 
(230 mph) 

Aluminum and  
titanium unpainted 1 to 4 ms 2.0 ms 1.0 ms 

Aluminum anodized  4.8 ms 2.6 ms 
Aluminum painted  Up to 20 ms Up to 10 ms 
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The combined thicknesses of surface finishes including 
corrosion-resistant treatments, primers, and paints should 
be compared with data bases, such as those presented here, 
to establish anticipated lightning channel dwell times. 
New coatings for which little experience is available 
should be tested to establish dwell times and the time 
thresholds for melt-through or hot spot fuel vapor ignition. 
Guidance for performing such tests is given in [7.24]. 
Once the expected dwell times have been established, it is 
then necessary to assign the lightning current components 
applicable in each zone. 

Ways to reduce dwell time 

The preceding discussion makes clear the importance of 
lightning arc dwell time in establishing whether ignition is 
likely to result from a lightning strike to the skin. Dwell 
time is perhaps the only lightning characteristic over 
which the integral fuel tank designer has any control. The 
objectives, of course, should be to minimize the dwell time 
at any one point, thereby spreading the arc attachment 
among many different spots. The best way to achieve this 
is to provide a bare metal external finish, since most paints 
and coatings concentrate the lightning current density at 
more widely spaced points for correspondingly longer 
times. 

If paint must be used, lightning dwell times may be re-
duced by making the paint partially conductive. Robb and 
others [7.37] have demonstrated that aluminum powder 
mixed within a polyurethane paint is effective in increas-
ing the ability of sweeping electric arcs to puncture poly-
urethane paints and reattach to conductive surfaces be-
neath. This enhances the ability of the arc to reattach to 
new spots as the aircraft surface moves beneath it.  Since 
no parametric data relating dwell time to the amount of 
conductive additive in a paint is available, it is advisable 
to make laboratory determinations of the degree of im-
provement afforded by specific paint compositions if this 
approach is to be considered for minimizing dwell times 

McClenahan and Plumer [7.41] have shown that small-
diameter metal wires, intermingled with the carbon yarns 
in CFC skins, split a single attachment spot into many 
spots within a nearby area, thereby reducing melting or 
other damage at each attachment spot. This effect, which 
has been termed arc root dispersion in §6.2.1, is due to the 
intensification of the local electric field above each of the 
exposed wire surfaces, resulting in multiple punctures of 
nonconductive finishes. The extent to which this treatment 
also shortens swept channel dwell times is not known to 
have been evaluated in wind-tunnel or flight tests but the 
ease with which the wires enable surface finishes to be 
punctures to allow the arc root dispersion would have to 

have a similar effect on reattachment of sweeping chan-
nels.   

Role of current waveforms and amplitudes 

These high amplitude strokes in the lightning flash are 
usually too short in duration to deliver appreciable charge 
and cause significant melting of metal skin materials. Most 
of the charge in a flash is delivered by long-duration con-
tinuing currents of several hundred amperes and by inter-
mediate currents of several kiloamperes. In analyses of 
swept channel effects, emphasis should be placed on the 
intermediate and continuing currents, Components B and 
C, because these can deliver large amounts of charge that 
is capable of significant melting of aluminum skins.   

For example, the aircraft lightning test standard [7.24] 
states that the lightning current environment that should be 
applied in tests of swept flash effects to surfaces in Zone 
2A should be applied in the order shown in Fig. 7.16 Com-
ponents B and C* are applied in the test current arc for 
whatever dwell time is expected, or for a total of 50 ms if 
the dwell time is unknown. For testing conventional 
painted skins, the standard recommends that the total 
dwell time be set at 20 ms, including 5 ms of Component 
B and 15 ms for Component C*. A square wave represen-
tation of this current is shown in Fig. 7.16. If a dwell time 
of less than 5 ms is expected, an average current of 2 kA 
should be applied for the actual dwell time only. It should 
be noted that even though the standard specifies that test-
ing be conducted in this manner, nature is not restricted to 
the test environment and can deliver currents in any se-
quence. 

Aircraft lightning strike experience since the test stand-
ard was first adopted shows that integral fuel tanks de-
signed and tested with the environment described in Fig. 
7.16 have been surviving the natural lightning environ-
ment without skin melt-throughs. 

Fig. 7.16 Current and charge expected at a  
Zone 2A attachment spot.                                                        

C is C* since its time is only 15 ms. 
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The Zone 1A (or 1C) environment includes current 
Components A (or AH) B and C*. Component A applies a 
higher action integral and more intense shock wave to the 
skin surface, which can puncture unprotected CFC and 
some thin metal skins, as described in Chapter 6. However, 
melt-through of metal skins is due primarily to charge 
transfer from inter-mediate and continuing currents. Thus, 
the likelihoods of melt-throughs in Zones 1A, 1C and 2A 
are about the same. The more intense shock waves associ-
ated with Components A and AH may crack or rupture 
metal skins that are less than 1 mm (0.040 in) thick. 

Fuel tank skins in Zone 1B, such as external tanks on 
rotorcraft or the trailing edges of wingtip tanks on trans-
port aircraft, must be able to tolerate all four current Com-
ponents, A, B, C and D. It is assumed that these compo-
nents may enter the skin at any spot on a Zone 1B surface.  
This usually precludes the use of integral tank skins in 
Zone 1B since the thickness of metal needed to resist melt-
through would be excessive. The usual protection ap-
proach is to remove fuel from contact with tank skins in 
Zone 1B or provide a barrier between the fuel container 
and the exterior surface of the tank. This is done with some 
externally mounted helicopter tanks that must also meet 
crashworthiness requirements. 

The standard lightning environment defined for physi-
cal effects protection design and verification purposes (de-
scribed in the standards and in Chapter 5) is based on the 
known characteristics of cloud-to-earth flashes, described 
in Chapter 2. The standard environment also considers 
studies of in-flight damage reported by aircraft operators 
over the years. Tests based on the standard environment 
have generally replicated the observed in-flight lightning 
effects.   

It is likely that other current waveforms appear, in the 
natural lightning environment, whose effects may not be 
fully represented by Components A, B, C and D. For ex-
ample, there may be stroke currents whose amplitudes are 
lower than those of Components A and D but whose time 
durations may be significantly longer. An example might 
be a stroke with a peak amplitude of 50 kA and a time du-
ration of 2 ms. Such a stroke might be a positive polarity 
cloud-to-earth stroke that delivers 50 coulombs to an air-
craft surface during a sufficiently long time for melting to 
take place. Aluminum skins thicker than 1.5 mm (0.060) 
in) might be melted through by such a current. An example 
of a similar stroke current, recorded by Berger [7.42], is 
shown in Fig. 7.17. Due to the long time (11 ms) that 
elapsed between the initiation of the leader and arrival of 
the stroke, an aircraft struck by such a flash could receive 
this stroke in Zone 2A. Designers and lightning protection

specialists should be aware of the possibility of ‘non-
standard’ lightning characteristics and should try, wher-
ever possible, to account for their possible effects by mak-
ing their designs as tolerant as possible to a wide range of 
lightning parameters. This is not a requirement for certifi-
cation, since, as has been described in Chapter 5, airplanes 
designed and certified to the standardized environment 
have survived natural lightning strikes without hazardous 
effects.  

 

Fig. 7.17 Positive polarity flash with stroke arrival 
at 11.6 ms after flash formation. [Note that this 
was an upward-going flash, initiated from a 
tower. In such flashes the intensities of currents 
are expected to be greatest at the ground, and less 
at most flight altitudes].  

The current waveform measurement shown in  
Fig. 7.17 was made at an instrument tower on the ground, 
and the long, upward-moving leader, which extended from 
this tower to the cloud base, accounted for most of the 11.5 
ms delay which elapsed before the return stroke appeared 
at the ground. Not all of this delay would have occurred if 
the measurement had been made from an aircraft intercept-
ing the flash (although similar delays are possible when an 
aircraft is contacted by a downward leader that originated 
in a cloud). Several milliseconds of delay still could have 
elapsed between initial leader attachment to a forward ex-
tremity of the aircraft and the occurrence of the stroke. The 
positive polarity stroke whose waveform is shown in Fig. 
7.17 would have delivered about 20 C to its attachment 
point during the ~2 ms it would have dwelled there. Ac-
cording to the data in Fig. 7.12, a 1.6 mm (0.063 in) alu-
minum skin could have been melted through during that 
time. 

There are reports of holes melted in 1 mm (0.040 in) 
skins from in-flight strikes in Zone 2A areas, but holes in 
1.6 mm aluminum have not been reported. This demon-
strates the apparent rarity of the high-energy positive po-
larity flash in Zone 2A areas. 
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More about Integral Fuel Tank Skins 

Assuming that current amplitude, charge, and dwell 
time have been established, Figs. 7.12 and 7.13 show the 
designer how to estimate the thicknesses of aluminum or 
titanium skins required to ensure that lightning attachment 
will not melt through or overheat the skin (causing an in-
cendiary hot spot). The important lightning parameters are 
charge transfer (coulombs) and rate of charge transfer (am-
peres). The combinations of amplitudes and current flow 
(dwell) times at a particular spot determine the thickness 
of aluminum skin that may be melted through, or the thick-
ness of titanium skin that may reach an incendiary hot spot 
on the interior surface to ignite flammable vapors. 

Since the data in Figs. 7.12 and 7.13 show melt-through 
or hot spot conditions, the plots (and the data points) show 
the ignition source threshold thicknesses. Thicker skins 
must be employed to prevent ignition sources. It should 
also be noted that the data apply to the metal alloys shown. 
Other alloys of either metal would be expected to behave 
in a similar fashion, although specific thresholds would 
vary somewhat from those presented in Figs. 7.12 and 
7.13. No graphs of the type shown in Figs. 7.12 and 7.13 
are known to have been generated for other alloys of alu-
minum or for other metals.    

Aluminum integral tank skins 

For example, assume that a bare aluminum skin is 
planned for an integral tank in Zone 2A. Further, assume 
that the aircraft is designed to fly at velocities as low as 58 
m/s (130 mph), which is typical for descent and approach 
to landing. 

From Table 7.3 the expected dwell time for this un-
painted skin would be 2 ms. From Fig. 7.16, an average 
current of 2 kA would flow into the dwell point during this 
period, delivering 4 coulombs of charge. In Fig. 7.12, these 
parameters intersect at a point about half-way between the 
coulomb ignition threshold curves for 0.51 mm (0.020 in) 
and 1.02 mm (0.040 in) aluminum skins. This indicates 
that 0.81 mm (0.032 in) is the thinnest skin that should be 
considered. Since there would be little margin if a skin of 
this thickness were actually used, it would be prudent to 
select a greater thickness, such as 1.02 mm (0.040 in). 
Whatever alloy and thickness is being considered should 
be tested with the anticipated surface finish(s) to confirm 
absence of melt-through or hot spot ignition sources.    

As previously noted, surface finishes, such as paint, in-
crease dwell times. This increase is influenced by both the 
thickness and the composition of the surface finish. Gen-
erally, the thicker the coating, the longer the dwell time 

 

and the thicker the skin must be to avoid melt-through. 
Consider, for example, the longest dwell time, 20 ms, rec-
orded by Robb, Stahmann, and Newman [7.37] for a 
painted surface. During this period, the current shown in 
Fig. 7.17 would deliver 16 C. These parameters intersect 
at a point just above the 2.29 mm (0.090 in) curve in Fig. 
7.12, indicating that even the 2.03 mm (0.080 in) thickness 
advised by some design guidelines would be insufficient 
to prevent ignition where certain paints are used. There-
fore, if paints are to be present, it is advisable limit their 
total thickness to 0.2 mm (8 mils) – a value known to limit 
dwell times to 20 ms or less or perform swept channel tests 
(or refer to applicable in-flight experience) in order to es-
tablish the actual dwell time and, therefore, the surface fin-
ish and aluminum skin thickness required to prevent melt-
through. The data in Tables 7.3 and 7.4 may be used by 
reference for this purpose.   

Additional coats of paint 

Some transport airplanes, destined for lifetimes of 30 
000 flight hours or more, should expect to receive addi-
tional coats of paint, or decals, due to maintenance require-
ments or owner name changes such that total surface finish 
becomes greater than original. Provision for this should be 
made, for integral fuel tank skins, by assuming longer 
dwell times, proportional to increases in finish thickness, 
and testing skin specimens with corresponding increased 
finishes, by applying the appropriate lightning test envi-
ronment with component C* extended to represent the ad-
ditional dwell time.   

For example, an aluminum skin originally certified with 
0.2 mm (8 mils) of surface finish by testing for Zone 2A 
with 15 ms of Component C* of 6 coulombs (15 ms x 400 
A = 6 coulombs) would need to be retested with an addi-
tional 6 coulombs of charge added to component C* if the 
finish thickness were doubled to 0.4 mm (16 mils). Thus, 
the test requirements would be:  Component B + Compo-
nent C * at 12 coulombs (i.e., 400 A for 30 ms).   

The analysis above assumes that the additional charge 
is applied by a continuing current (Component C*) that is 
conducted into the same spot during an overall dwell time 
of 22 ms + 12 ms = 34 ms, an unusually long time, but 
possible when surface finishes are thick. Survival of such 
a test without complete melt-through would necessitate a 
skin of over 3 mils (0.125 inch) thick. Therefore, other 
means of tolerating the lightning environment may have to 
be considered, such as those described in § 6.2.1 of Chap-
ter 6. Of course, control of surface finish thickness over 
the lifetime of the aircraft may also be considered. 
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 Titanium integral tank skins 

From the data in Fig. 7.13, it is possible to determine 
titanium skin thicknesses required to prevent the formation 
of hot spots that could ignite fuel vapor. The method is 
similar to that used for determining aluminum skin thick-
nesses. The coulomb ignition threshold for titanium occurs 
when the interior surface of the skin reaches 900 °C (1 650 
°F), a temperature Crouch found sufficient to ignite a fuel-
air vapor from hot spot formation [7.43]. Because titanium 
will not melt at this temperature, no hole will be formed 
before the ignition threshold is reached. Melt-through or 
hot spot fuel vapor ignition thresholds should be deter-
mined for metals of interest by laboratory test.   

CFC integral tank skins 

The data in §6.5.1 can be utilized to determine the CFC 
thicknesses and protective treatments necessary to prevent 
punch-through by stroke currents (Components A or D). 
The data presented in this chapter indicates that incendiary 
hot spots are not likely to form on CFC skins. Studies by 
Lepetit et al [7.44] of the thermal and mechanical effects 
of stroke currents Component D on painted CFC  surfaces  
have shown that explosive vaporization of resin between 
layers of paint and the CFC surface are responsible for  the 
force exerted on the CFC. The paint confines the plasma 
associated with the heating effect of the stroke current.    
The resulting force causes the reinforcing carbon fibers to 
break, allowing arcing among broken fibers that are ex-
posed to flammable vapors contained in integral CFC 
tanks. Chippendale et al [7.45] have studied the effects of 
continuing currents (Component C) on CFC skins and 
shown that pyrolysis of resin can be responsible for delam-
ination that also can break the carbon fibers at the interior 
surface of thin CFC laminates, also resulting in fuel vapor 
ignition sources.   

Edge Glow 

Laboratory tests have also shown that currents being 
conducted through CFC laminates that have edges ex-
posed to fuel vapors may produce a phenomenon called 
“edge glow” that is produced by minute arcs that develop 
among the cut ends of carbon fibers that are in casual con-
tact with one another. There is not sufficient voltage de-
veloped among closely arranged fibers to cause electrical 
sparks, but arcs are easily formed among exposed fiber 
ends that are in contact. This edge glow has not always 
caused ignition of fuel vapors, but it should always be ex-
pected along exposed edges of laminates such as stiffen-
ers, ribs, shear ties and spar caps made of CFC. Protection 
against fuel vapor ignition can be achieved by covering 
these edges with a wrap made of fiberglass or other non-
electrically conductive material.     

 

Specimens of CFC structures with protected edges 
should be tested with anticipated lightning currents and 
within a flammable vapor environment to confirm ade-
quacy of protection against ignition sources.   

External fuel tanks and trailing edge tanks 
External fuel tanks on some aircraft are often attached 

to wing tips or pylons that are in lightning initial leader 
attachment and flash hang-on areas that are in Zones 1A 
or 1B, with intervening surfaces usually in Zone 2A. Thus, 
protection of these tanks from lightning strikes is neces-
sary. 

The design approach is the same as for integral tanks:  
Begin with consideration of necessary skin thicknesses 
and continue with attention to trailing edges where the 
lightning channel is expected to remain attached, and con-
tinue melting, for the duration of the flash. 

At trailing edges, lightning flashes tend to remain at-
tached at one spot long enough to melt through metal skins 
of almost any reasonable thickness. Fig. 7.12 shows that 
200 coulombs, delivered in 1 second or less (as required 
by [7.24]) would melt through aluminum skins up to 8 mm 
(0.315 in) thick. A titanium skin 3.2 mm (0.125 in) thick 
would not be melted by such a charge, but Fig. 7.13 shows 
that it would be heated to 1 320 oC (2 400 oF), which ex-
ceeds the temperature necessary for fuel vapor ignition. 

Therefore, it is hazardous to allow fuel or fuel vapor to 
accumulate in trailing edges located in Zones 1B or 2B.  

It is possible that fuel vapor could exist at trailing edges 
of externally mounted fuel tanks or tip tanks, however. 
Such tanks must be protected by closing out and venting 
their aft-most volumes, as shown in Fig. 7.18, so that, if 
melt-through does occur, there will be no fuel vapor to be 
ignited. 

The best way to prevent melt-through at a trailing edge 
(Zones 1B/2B) location will be to close out the fuel area 
some distance forward of the Zone 1B/2B surfaces so that 
the fuel is contained within Zone 2A surfaces where the 
dwell time is short and metal skins of traditional thick-
nesses can be used. The idea is shown in Fig. 7.18.   

A second protection approach would be to consider us-
ing a thermal barrier to prevent a melt-through of the trail-
ing edge metal skin from reaching a flammable vapor. 
Thermal barriers have consisted of layers of polysulfide 
type fuel tank sealants. Such materials prevent hot arc 
products or hot spots from contacting fuel vapors. Fuel  
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containers such as rubberized cloth bags (bladders) as used 
in helicopter fuel tanks may also be considered. Electric 
arcs in laboratory tests to melt holes in aluminum skins 
have not penetrated fuel bags next to melted holes. 

 

 
Fig. 7.18 Trailing edge construction to avoid fuel ig-

nition from extended flash hang-on. 
 
 

Candidate designs must always be tested to verify their 
effectiveness. Life cycle aspects, such as the durability of 
the thermal barrier and its chemical compatibility with 
fuels, must also be considered to ensure continued air-
worthiness.   

7.3.4 Protection against Effects of Current in 
Tank Structures 

In some of the aircraft accidents that have been at-
tributed to lightning and that occurred because of in-flight 
explosion of fuel, the exact cause of fuel ignition has re-
mained obscure. It is exceedingly difficult to find evidence 
of small arcs or sparks that have ignited fuel vapors in the 
presence of residual damage left in the wreckage of fuel 
tanks. In several other cases, the melt-through of an inte-
gral tank has caused ignition. Ignition of fuel vapors at 
vent outlets has also been the suspected cause of two acci-
dents.

Another possible cause of these accidents is that lightning 
current, flowing through the fuel tank structure or fuel sys-
tem components, could have caused sparking, or arcing in-
side the tanks which ignited the fuel vapor. No conclusive 
evidence of this has been found,  

Much attention has been given to keeping lightning cur-
rents out of the interior of an aircraft by providing electri-
cally conductive skins. However, even with highly con-
ductive aluminum skins, some lightning current is going 
to diffuse or redistribute into the interior structural ele-
ments and system components, such as fuel transfer and 
vent pipes. Whenever current crosses joints and couplings, 
there exists the possibility of arcing. Since so little energy 
is needed to ignite fuel, the behavior of these internal cur-
rents is of great importance to fuel system safety. 

Arcing can also occur when lightning currents in the 
skin encounter discontinuities, such as access panels and 
filler caps. Electrical wiring associated with the fuel quan-
tity indicating system may experience induced voltages of 
sufficient magnitude to produce sparking if this wiring is 
not well protected. The processes of diffusion and redistri-
bution of lightning currents to interior fuel tank elements 
are described in Chapters 11 and 12. The result of these 
processes is that significant amounts of lightning stroke 
and continuing currents can find their way into substruc-
tures like ribs, spars, and stringers, and into system com-
ponents like fuel transfer and vent tubes and hydraulic 
tubes. There is no practical way to prevent this from hap-
pening in structures. It can be prevented by use of electri-
cal insulation, as will be discussed later.  

Fig. 7.19 shows the possible lightning current paths in 
a typical fuel tank and calls attention to some of the areas 
of concern. The following paragraphs discuss each of 
these areas in turn. Other possible sources of ignition, not 
shown in the figure, are also discussed. 
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Fig. 7.19 Lightning current paths in a fuel tank 

and potential ignition sources. 

 

 

Gravity Filler Caps 

Fuel filler caps must be fitted with gaskets and seals be-
tween the removable cap and its adapter in the tank, but 
they must also make some mechanical contact, so that the 
cap is secured to the adapter. The seal is usually electri-
cally nonconductive. However, if the mechanical connec-
tion is conductive, arcing may occur in this interface since 
the cap and its adapter are installed in a tank skin that must 
conduct lightning currents. Some of this current will try to 
flow into and out of the filler cap, even if it is not installed 
in a lightning attachment zone. If the arcing is sufficiently 
intense, the arc products may blow past the seal and into 
the fuel vapor space. Sometimes the cap must be installed 
in a strike zone, and at least one aircraft accident involving 
a military transport airplane has been caused by a lightning 
strike to a fuel filler cap that ignited fuel vapors. 

Newman, Robb, and Stahmann [7.37] were among the 
first to evaluate lightning-related arcing at filler caps in a 
laboratory. They demonstrated that direct strikes to filler  

 

 

caps of the design then in common use would cause pro-
fuse showers of incendiary arc products inside the tank.  
They applied simulated strikes (ranging in energy from a 
very mild 35 kA, 0.006 x 106 A2s stroke to a very severe 
180 kA, 3 x 106 A2s stroke) to typical fuel filler caps in use 
up to the 1980’s The profuse arcing occurred under all 
lightning strike conditions. When an ignitable fuel vapor 
was placed in a test chamber on which the filler cap was 
installed, these arc products readily produced ignition. 
Caps of the type studied in [7.37] are illustrated in Fig. 
7.20(a). 

When the same filler caps were not struck directly but 
merely installed in a tank skin through which Zone 3 light-
ning current was flowing, Newman and his colleagues re-
ported that neither arcing nor fuel vapor ignition occurred. 
Subsequent studies confirm these results, but the possibil-
ity of arcing at a fuel filler cap of the type shown in Fig. 
7.20(a) even if it is not struck by lightning directly, cannot 
be entirely ruled out. 
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Protection techniques for filler caps 

After observing the arcing from the direct strikes to the 
original filler caps, Newman evaluated several design 
modifications to prevent this. Fig. 7.20(a) shows where 
arcing can take place on the inside surfaces of an unpro-
tected filler cap while Fig. 7.20(b) shows a design that has 
been successful in preventing arcing. 

A “lightning-protected cap” typically has a plastic insert 
so that there are no mating metal surfaces across which 
lightning current might flow and cause arcing. If a lanyard 
is required, it is made of plastic, since one source of arcing 
on filler caps was found to be along the ball chain used to 
retain the cap. Such ball chains are still found on gravity 
filler caps (even ones that are otherwise safe from arcing). 
These should always be replaced with a nonconductive 
lanyard. 

 

Fig. 7.20 Fuel filler cap designs. 
(a) Unprotected 
(b) Protected 

 

An electrically nonconductive O-ring often provides  
a seal between the plastic insert and the mating adapter to 
prevent fuel leaks. When a strike to the cap occurs, the 
lightning currents are forced to arc from the cap to the ad-
jacent adapter, since the O-ring seal prevents direct elec-
trical contact between the two parts. This arcing creates a 
pressure buildup at the O-ring. If this pressure is too high, 
arc products could blow past the O-ring and into the fuel 
vapor. To minimize pressure buildup, a series of cutouts 
are made around the perimeter of the cap surface, so that 
arc products can vent to the outside of the tank. 

An alternative protection design replaces all the metal 
parts of the cap with plastic, thus preventing direct arc at-
tachment to the cap from taking place at all. 

Lightning protected caps should always be used, even if 
it is installed in zone 3 since some current will pass by and 
through the cap installation. At least one specification, 
MIL-C-38373B, has been written describing a lightning 
protected cap. If there is any doubt about the protection 
capability of the design, the cap should be tested with its 
mating adapter installed in a specimen of the intended tank 
skin, according to the procedure described in [7.24]. 

Lightning protected caps are usually designed for use 
with mating adapters furnished by the cap manufacturer. 
These are intended to be installed in the tank skin. The in-
terface between the filler cap adapter and the surrounding 
tank skin can also be a source of arcing, and care must be 
taken to prevent this arcing from contacting fuel vapors. 
Some design methods for installing fuel-filler cap adapters 
are described in Fig. 7.22.  

Protection for access panels 

Access panels (also known as access doors) are found 
in nearly all fuel tank designs to facilitate the installation 
and maintenance of system hardware. Some typical access 
panels are shown in Fig. 7.21. Since these panels are fre-
quently installed in the external skins, they are usually ex-
posed to sweeping lightning channels. Early tests showed 
that arcing could occur at access panels if they were sub-
jected to simulated lightning strikes and if they were not 
specifically designed to tolerate lightning. This happens if 
strikes occur to the surface of the door, or to the fasteners.   
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Fig. 7.21 Large access doors in Zone 2A over 
fuselage integral fuel tanks. 

 

Modifications have been developed that prevented this 
arcing, even when the access panels were struck directly. 
Such modifications usually consist of some combination 
of the following features: 

1. Avoidance of metal-to-metal contact between parts 
exposed to fuel vapor spaces. 

2. Provision of adequate current conduction paths be-
tween panel and adapter and between adapter and sur-
rounding skin, away from fuel vapors. These paths are 
usually provided by the fasteners, which are separated 
from vapor areas by O-rings, gaskets, or sealants.   

3. Application of sealant to other potential arc or spark 
sources, to prevent contact with fuel vapors. Sealants 
are discussed in §7.3.5. 

4. For transport airplanes, it is necessary to provide pro-
tection against possible failure conditions in the as-
sembly from becoming and ignition source.  

This means that whatever protection methods are con-
sidered need to be fault tolerant (not allowing ignition 
sources in the event of some failure or degradation of 
the protection feature). Usually a second protection 
feature (“layer’) needs to be provided, and the two 
must not interfere with each other, such that a failure 
or degradation of one protection feature does not 
cause a failure in another feature. This usually re-
quires that these features be independent of each 
other. In other words, two layers of sealant (for exam-
ple) would not be expected to be sufficiently independ-
ent of each other to be considered as two independent 
protection features for the purposes of providing fault 
tolerance. A layer of tank sealant combined with a 
conductive, interference-fit fastener would likely pro-
vide two independent protection features since failure 
of the sealant would not cause the fastener installa-
tion to fail, and vice versa. While mentioned within the 
context of fuel access panels, the requirement to pro-
vide fault tolerance applies to all aspects of transport 
airplane fuel tanks and fuel systems.   
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Any design which allows the panel installation to toler-
ate the applicable lightning environment while meeting 
other performance and structural requirements is accepta-
ble. A wide variety of designs have proven satisfactory. 
Some acceptable access panel designs are shown in Figs. 
7.22(a) through 7.22(d). These same approaches are appli-
cable to gravity-filler cap adapters, fuel-vent outlet instal-
lations, and any other assembly that is intended to be in-
stalled in integral tank skins.  

O-rings and gaskets: Fig. 7.22(a) shows a common ac-
cess panel design in which an O-ring, fitted in a slot in the 
doubler, prevents arc products around the fastener from 
entering the fuel vapor space. Instead of entering the space, 
the arc products escape to the outside. In addition, the ac-
cess panel riveted nut plate (dome nut), doubler fastener, 
and the fillets have all been covered with polysulfide type 
fuel tank sealant to contain arc products at these locations, 
isolating them from exposure to fuel vapor. All the other 
variations shown in Fig. 7.22 employ an O-ring as a barrier 
to arc products that originate from around the fastener or 
rivets. Fig. 7.22(b) and (c) are variations on the design ap-
proach of Fig. 7.22(a). Variation (b) uses an integral nut 
plates or nut ring to eliminate the arc sources at the riveted 
nut plates. Variation (c) extends this concept further by 
eliminating the interface between the fuel tank skin and the 
doubler by making the doubler integral to the skin. Any-
where that interfaces between separate parts that comprise 
a fuel tank assembly can be eliminated is an opportunity to 
reduce the number of possible arcing sources and the num-
ber of places that protection against these possible ignition 
sources have to be provided. Further discussion about 
these alternatives follows. 

Integral nut ring: In example (b) of Fig. 7.22, the riv-
eted nut plate has been replaced with an integral nut ring. 

This configuration, in which either the captive nut is in-
stalled inside a casting or the ring has a tapped hole, allows 
higher currents to be conducted than the riveted nut plates. 
Current entering the integral nut ring diffuses to several 
fasteners that share the current carried to the doubler and 
the skin. Fuel tank sealant is applied around the fillets, nut-
ring-to-doubler fasteners and skin-to-doubler fasteners (if 
present) to prevent arc products from entering the vapor 
space from these interfaces. 

Elimination of fasteners: Two additional designs are 
shown in Figs. 7.22(c) and (d), in which the separate dou-
blers in examples (a) and (b) have been removed and re-
placed with integral doublers machined or molded from 
one original block of metal. This eliminates the need for 
the skin-to-doubler fasteners used in the previous exam-
ples thus removing them as potential ignition sources. 

Preferred fastener locations:  In Fig. 7.22(d), the ac-
cess-panel fastener head is in the surrounding skin panel 
so that a strike to the panel or to the fastener head would 
enable current to flow directly into the primary structure 
and not need to flow across the interface between access 
panel and surrounding skin. Achievement of this arrange-
ment necessitates that the panel be oval shaped to allow its 
removal from the aircraft. In Fig. 7.22(d), the fastener head 
is countersunk into the skin rather than into the access 
panel. The current from a strike to this fastener would be 
mostly conducted directly into the skin, decreasing the 
current density in the panel-to-skin fastener. This configu-
ration would minimize the intensity of arcing at the fas-
tener/panel interface. The use of an integral nut ring would 
reduce current density in the panel-to-ring fasteners still 
further. Arc products would be contained by the O-ring 
seal as in the first example, Fig. 7.22(a). 
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Fig. 7.22 Treatment of fasteners on access doors. 
(a) O-ring 
(b) Integral nut plate 
(c) and (d) Elimination of doublers. 
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Nonconductive panels: Currents can be eliminated 
from the panel altogether if the panel is constructed of a 
nonconductive material, such as chopped glass fiber rein-
forced composite. A lightning channel attempting to attach 
to such a panel would simply flash over its surface to the 
adjacent conductive skin or to a fastener in the arrange-
ments of Fig. 7.22 (b), (c) or (d). In this case all or most of 
the current would enter one or two fasteners so the per fas-
tener current would be high and difficult to manage with-
out arcing. Arrangement (d) has the fasteners installed in 
the fixed skin where it would presumably be shared among 
multiple fasteners.   

Alternative gasket approaches: Figs. 7.23(a) and (b) 
show two access panel gasket designs. Example (a) has an 
O-ring, which fits into a groove in the doubler and prevents 
arc products from entering the vapor space within the fuel 
tank.  

In Fig. 7.23(b), a flat gasket has been provided with 
slots, as shown, so that arc products originating at the 
panel-to-doubler (or panel-to-skin) fasteners can be vented 
to the external surface, away from the internal fuel/vapor 
space. If this installation is intended for a transport aircraft, 
fault tolerance has to be provided. This is possible by add-
ing a second O-ring so that if one is damaged or omitted 
the second one is available to stop arc products. A consid-
eration when using two similar protection features is 
whether the condition that resulted in the first failure (i.e. 
broken O-ring in this example) could also cause a failure 
in the second protection feature. If this is the case, the sec-
ond feature would need to provide a different kind of pro-
tection, and not be susceptible to a common-mode failure 
condition. One approach would be to eliminate the 
source(s) of the arcing, which are typically around the fas-
tener installations. This is not always practical  

 

 

 

 

Fig. 7.23 O-ring and slotted gasket installations. 
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Other modifications: Other modifications to access 
panel seal design, not described here, have proven equally 
effective in preventing arcing. 

In some cases, anodized clamp rings or insulating gas-
kets have proven acceptable merely by providing suffi-
cient metal-to-metal conductivity through the bolts or fas-
teners alone. The panel for which the modification de-
scribed in was developed, had only 23 fasteners. Some 
panels, held in place by more than 40 fasteners, have been 
found to resist arcing so successfully that insulating fin-
ishes or paints (such as anodizing or zinc chromate) could 
be left on the mating surfaces. Generally, the more fasten-
ers available for current conduction, the lower the current 
density per fastener. 

Guidelines for Access panels:  Here are some guide-
lines for designing a lightning-protected access panel: 

1. Provide as much electrical contact via screws or fas-
teners as possible and make the current paths through 
these fasteners as short as possible. 

2. Isolate the fasteners from vapor areas with noncon-
ductive gaskets or O-ring seals. 

3. Thoroughly coat all exterior surfaces of fasteners and 
nuts with tank sealant. 

The importance of eliminating ignition sources at ac-
cess panel installations cannot be overemphasized, espe-
cially in designs where the access panel is, itself, a part of 
the aircraft skin that encloses fuel. An example of this on 
a small fighter aircraft is shown in Fig. 7.21. This airplane 
has large access panels covering its fuselage fuel tanks. 
The panels cover a large area and are exposed to lightning 
strikes sweeping aft from the nose. Panels of new design 
should be tested to be certain that their lightning protection 
is adequate. 

Protection for water drains 

Water drains are often installed near the low points in 
fuel tanks. These are usually in Zone 3 if installed in main 
wing tanks and in Zones 2A if located in exposed surfaces 
of center tanks. Many of these are small metal assemblies 
with a hexagonal exterior nut containing and open/shut 
screw and a similar retainer on the inside tank surface with 
openings for water flow when the screw is turned to the 
“open” position. Some of these devices are made of plastic 
and marketed as “Lightning Safe” but this claim must not 
be depended upon until the drain is tested in an intended 

installation. Aircraft skin finishes may play a significant 
role in whether the drain is free of ignition sources when 
tested in accordance with the lightning environment as-
signed to the zone that the drain is to be located in.  

Resistance measurements: Adequate electrical con-
ductivity between access panels, other adapters, and sur-
rounding skins cannot be verified just by measuring the 
direct current (DC) resistance between the panel and the 
surrounding airframe and seeing that it is below some ar-
bitrary value, such as 2.5 milliohms. Instead, the design 
emphasis should be focused on the ability of the panel-to-
skin interfaces to conduct lightning currents without arc-
ing that could be a potential ignition source. This must be 
evaluated by a lightning test. The DC resistance of a panel-
to-skin interface may be easy to measure, and it may also 
be a result of a successful, arc-free design, but it is a result, 
not the driving design criterion. 

Verification of protection: The only way to be certain 
that a protection design is adequate is to perform lightning 
tests on production-like installations. Details of the pro-
duction assembly, such as mating surface finishes and fas-
tener torque or tightness, also play a role in protection ef-
fectiveness. These details, with appropriate tolerances, 
should be accounted for in test planning and in the assess-
ment of test results. Tests performed by equipment ven-
dors usually do not include tests of the installations of 
fuel-filler cap adapters or access panel adapters into the 
airplane skin or structure. Vendor tests usually qualify 
only the vendor item, not its installation in the aircraft. The 
SAE aircraft lightning test standard [7.24] describes tests 
appropriate for all lightning strike zones. 

7.3.5 Containment of Arc Products 

As noted earlier, certain design methods can be em-
ployed to reduce the intensity of arcs at conductive inter-
faces. These methods may prevent ignitions at low to mod-
erate current levels, but at higher levels the arc pressure 
buildup may be sufficient to blow arc products into the fuel 
vapor space. For this reason, it is generally necessary to 
employ barriers between arc sources and fuel vapor areas. 
The purpose of these barriers is to contain the arc products 
and prevent them from reaching flammable vapors. One 
approach to this has been to provide a measured amount of 
sealant into a plastic container of sufficient diameter to 
cover the nut and washer such that a consistent coverage 
is achieved. This reduces any variations in arc containment 
performance. The concept is shown in Fig. 7.24. 
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Fig. 7.24 Concept for achieving consistent sealant appli-
cation 

Containment with tank sealant 

Sealant is used so often throughout fuel tanks and it can 
provide a barrier to prevent arc products from reaching 
fuel vapors.   

In situations where it is not possible to prevent all the 
fasteners or other interfaces in a fuel tank from arcing, the 
arc products must be isolated from fuel vapors. This isola-
tion is often accomplished by coating the fasteners with 
fuel tank sealant of the sort that is usually applied to pre-
vent fuel leaks. Tank sealants are usually made from a pol-
ysulfide material, but other materials may also be used.  
These sealants must adhere well to structural surfaces, in-
cluding the primers, paints, and resins that may coat those 
surfaces. The coverage thickness of a sealant should be at 
least 2.5 mm (0.100 in). While its intended purpose is usu-
ally prevention of fuel leaks at fasteners, sealant also con-
tains the arcs arc products that occur at the fasteners during 
lightning strikes, preventing them from contacting fuel va-
pors. Typical areas that require sealant protection include 
structural interfaces, such as rib/spar/skin interfaces, fas-
teners which extend through the tank skin from the exte-
rior surface, and internal fasteners and rivets which form 
part of the current path (especially if the structural mem-
bers are of CFC material). This is the most common 
method of preventing fuel vapor ignition from arc sources 
at fasteners. 

It must be emphasized that sealant does not eliminate 
arcs, but merely contains the incendiary products of arcs, 
so that they are not exposed to the flammable vapor space. 

The effectiveness of tank sealant coatings increases 
with their thickness, although there are practical limits to 
the amount of sealant that can be applied because of the 
weight it adds to the aircraft, its cost and the labor involved 

in applying it. The effectiveness of sealants also depends 
upon the skill of the technician applying it. Fasteners must 
be thoroughly coated and there must be no voids or thinly 
coated areas.    

Examples of acceptable and unacceptable sealant cov-
erage for fasteners are shown in Fig. 7.26. Fig. 7.25(a) 
shows sealant applied at the sides of the fastener, but in an 
insufficient quantity to prevent arc pressure from bursting 
through the sealant or through the interfaces between the 
sealant and the fastener. This can be remedied by applying 
a thicker coating as shown in Fig. 7.26(b). Note that the 
sealant in Fig. 7.26(b) has been extended over the fastener 
head, thus reducing the possibility of arc products bursting 
through the sealant at this location as well.    

Fig. 7.25(c) illustrates use of a nonconductive washer to 
prevent arc products from within the fastener hole from 
reaching the vapor space. This concept also insulates the 
nut from contact with the interior surface, thereby elimi-
nating one source of arcing.   

 

 

 

Fig. 7.25 Some fastener sealing concepts. 
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Overcoating of fasteners 

Guidelines for overcoating of fastener nuts are shown 
in Fig. 7.26.   

 

Fig. 7.26 Guidelines for coverage of fasteners 

Although arcing can take place at any interface between 
a fastener and tank structure, the most significant arcing 
usually takes place between the shaft of the fastener and 
the inside surface(s) of the hole(s). The pressure that builds 
up in this area may vent under the fastener nut or washer 
into the fuel tank vapor space. One way to reduce this dan-
ger is to use a special type of fastener that provides a pres-
sure seal. Examples of these fasteners are shown in Fig. 
7.27. Each has a built-in gasket that contains arc products 
that form between the fastener and the structure.  Arcing 
may occur between surfaces in proximity, such as between 
a fastener housing and an interior skin surface, but electri-
cally nonconductive primers or finishes on the skin surface 
may help prevent this. Candidate installations that utilize 
these specialized fasteners should be tested to be certain 
they will perform as expected during a lightning strike. 

The arcing threshold levels of self-sealing, rivet-less nut 
plates, Fig. 7.27(a), are generally higher than those of sim-
ilar nut plate fasteners with rivets. This can be accredited 
to the combination of the rubber seal, which prevents 
blow-by of arc products into the fuel vapor space, and the 
elimination of the rivets, which are a source of arcing when 
currents of any appreciable amplitude are conducted 
through the nut plate fastener. While arcing threshold lev-
els of typical fasteners have been demonstrated to be ap-
proximately 5 kA, the current amplitudes conducted with-
out arcing by rivet-less nut plate fasteners have been three 
to four times this level.

Sealing of structural interfaces 

Sealants must also be applied to structural interfaces, at 
least in the interior interfaces of exterior skins where light-
ning current densities are highest. In aluminum tanks, 
coatings of electrically nonconductive anti-corrosion fin-
ish on interfacing surfaces can cause arcing to occur be-
tween parts due to the poor electrical contact.   

 

Fig. 7.27 Gasket sealed fasteners. 
(a) Self-sealing rivet-less nut plate 
(b) Washer with gasket 
(c) NAS 1523 sealing washer 

For CFC tanks, arcing can be caused by the inadequate 
electrical bonds due to nonconductive resins and adhesives 
used in the fabrication of the structures. Arcing may also 
occur due to insufficient electrical contact between fuel 
system components and sparking may occur due to voltage 
potential differences between those components or be-
tween the components and adjacent airframe structure. 
Fig. 7.28. [7.46] gives recommended dimensions for ap-
plying fuel tank sealant at structural interfaces. To provide 
protection against lightning-related arc products, sealant 
application must be thorough and of sufficient thickness, 
with no voids, or thinly applied areas. 
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Advantages of sealant for protection 

The advantages of using sealant for lightning protection 
include the following: 

1. Sealants applied to prevent leaks may provide con-
tainment of arc products. But not all leak prevention 
applications will be adequate barriers against electri-
cal arc products. Containment of arcs and arc products 
may only require that the sealant, used anyway to pre-
vent leakage, be applied more thickly, and/or over a 
wider area. 

2. Sealants can usually be applied to existing designs and 
installations. 

Disadvantages of sealant for protection 

The disadvantages of sealant use in lightning protection 
include the following: 

1. The effectiveness of the sealant application depends 
on the skill of the person and/or method of applying 
the sealant, especially in areas of the tank that are dif-
ficult to access. In these areas, even a skilled techni-
cian may have difficulty ensuring that sealant cover-
age is complete and without voids or thin spots. Some 
areas may receive excessive sealant while others may 
receive too little to contain energetic arc products. 
Protection effectiveness also depends on how closely 
the operator adheres to sealant guidelines. 

2. Additional sealant may incur a weight and cost pen-
alty. While application of thick layers of sealant im-
proves lightning protection, it also adds to the weight 
of the aircraft which increases operating costs. 

3. The effectiveness of fuel tank sealants for arc and arc 
product containment may deteriorate with age, tem-
perature cycling, and the constant ‘working’ of the 
airframe. Sealants within the tanks must be given pe-
riodic visual inspections. 

4. The development of fuel leaks may indicate that fuel 
tank sealants are cracking or disbanding. 

5. Multiple layers of sealant applied to the same instal-
lation may not be considered as offering a fault toler-
ant design, since protection features must be inde-
pendent of each other.   

7.3.6 Structural Joints 

High density patterns of rivets or fasteners, such as 
those commonly used to join fuel tank skins to stiffeners,  

 

ribs, and spars, have been found to be capable of conduct-
ing Zone 3 stroke currents even when nonconductive pri-
mers and sealants are present between the surfaces, as in 
Fig. 7.29. This is because there are usually sufficient ran-
dom electrical contacts between fasteners and holes to pro-
vide adequate current paths. More of these incidental cur-
rent paths are usually developed as current density in-
creases. This situation should not be depended upon for 
protection purposes. Lightning current conduction tests 
should be applied to specimens of these designs to confirm 
ability to safely conduct lightning currents.   

Fig. 7.28 Recommended fillet configurations. (based on 
less than 0.003-inch joint deflection) [7.46] 

Fig. 7.29 Fasteners provide electrical bond paths 
where mating surfaces are coated with nonconduc-

tive finishes and sealers. 
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Short [7.47], for example, reports 200 kA stroke current 
tests of skin-to-stringer joint samples fastened with double 
rows of taper-lock fasteners, such as have been used in the 
wing structures of large transport category aircraft. The 
test samples had 16 fasteners on each end of the joint, and 
no arcing was detected in the joint. This represents an av-
erage of more than 10 kA of stroke current per fastener, 
even though the average current density in the same fas-
teners when installed in the wing structure would be far 
less than this.   

At areas of high current density, ignition sources due to 
arcing usually occur at the interfaces between the fastener 
and surrounding metal, as shown in Fig. 7.30. The occur-
rence of this arcing depends on other physical characteris-
tics, such as countersink and skin thicknesses, fastener in-
stallation details (i.e., whether clearance or interference 
fit), surface coatings, and fastener tightness. Fuel tank 
structural joint designs should always be subjected to tests 
in which simulated lightning currents are conducted 
through prototype joints to confirm absence of ignition 
sources or identify and address sources that are identified 
by these tests.   

 

Fig. 7.30 Potential ignition source locations at struc-
tural interfaces coated with corrosion-resistant non-

conductive finishes and sealants. 

Numerical simulation of structures can be used to esti-
mate the current densities (i.e., average current through 
each fastener) so that realistic test conditions can be de-
fined.   

There is no hard-and-fast rule for determining the num-
ber of fasteners per joint necessary to avoid arcing, but a 
rough guideline of 5 kA per fastener is useful for estimat-
ing the number of fasteners that may be required to transfer 
lightning currents through structural joints without arcing 
if these fastener installations have been designed to pro-
vide current conduction capability. This depends on the 
details of fastener installations. There must be dependable 
paths and interfaces for currents to flow among elements 
of the installation. If there are not conductive interfaces, 
arcing will occur. If the conductive interfaces are present, 
arcing may still happen if current per fastener exceeds the 
arc threshold(s) of the conductive interfaces in the instal-
lation.  

Of course, fastened joints must be consistently able to 
safely conduct currents. For this to happen it may be nec-
essary to provide a certain minimum number of fasteners 
with dependable conduction features, such as interference-
fit installations that provide metal-to-metal contacts be-
tween fasteners and holes. Some designs include this fea-
ture.   

The interior surfaces of most penetrating fastener nut 
installations are usually covered with sealant, so that the 
arc products may not reach the fuel vapor space. Sealant 
also prevents water from entering the joint and so inhibits 
corrosion. In general, it has been found that structural fas-
tener configurations inside tanks whose fasteners are not 
exposed to lightning attachment can tolerate Zone 3 cur-
rent densities without visible arcing or the need for over 
coating with sealant. This is because there are sufficient 
random electrical contacts between fasteners and holes, 
even with sealant included in ‘wet’ installations. This is 
especially true in large transport aircraft fuel tanks em-
ploying many fasteners.   

Interior tank structural interfaces with only a few fas-
teners in which lightning strike Zone 3 current densities 
would be higher, may not have sufficient conductivity. 
These situations must be evaluated by test. Transport air-
craft will need to show fault tolerance to effects from Zone 
3 currents, so the sealant cannot be depended upon as a 
primary means of preventing ignition sources.   

Fuel tank fasteners exposed on exterior surfaces of all 
aircraft in Zones 1A, 1C or 2A must usually be protected 
by overcoating of nut installations with fuel tank sealant, 
since fastener current densities are higher in these zones 
where lightning channels may directly contact the fasten-
ers.       

The ability of these sealant coatings to contain arc prod-
ucts should be verified by lightning test. 

The points described above may be summarized as fol-
lows: 

• The term “fastener”, as used in this chapter, refers to 
rivets, screws or bolts, or any other device that pene-
trates from the exterior to the interior surfaces of the 
aircraft integral fuel tanks.  These are mostly primary 
structural rivets and, sometimes, rivets or removable 
fasteners (screws) associated with removable access 
panels, gravity-fuel filler caps, or other installations. 

• Lightning flash channels that ‘sweep’ across the exte-
rior surface of a fuel tank tend to reattach to fasteners 
as defined above. When this happens, some of the 
lightning current is immediately conducted between 
countersunk rivet heads to countersunk holes and to  
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other fasteners in a row, the rest of the current flows 
through the fastener to interior structural surfaces. 
This is where the arcing that may become a fuel vapor 
ignition source occurs. It is the products of this arcing 
that must be contained by the fuel tank sealant or other 
barriers. 

• Most fasteners that penetrate fuel tanks from exterior 
surfaces in lightning strike zones require fuel tank 
sealant overcoating or other barriers to prevent arc 
products from reaching fuel vapor areas. The tradi-
tional flow-on sealants require care in application to 
achieve a uniform coverage. Several commercial 
products are available to enable application of meas-
ured amounts of sealant over each fastener and/or pro-
vide an additional barrier to prevent escaping arc 
products from reaching fuel vapors.   

• The current density in a fastener to which a lightning 
channel attaches directly is higher if the fastener is in-
stalled in a CFC skin (even if protected by expanded 
metal foil (EMF) than if the fastener is installed in an 
aluminum structure. For this reason, additional seal-
ant and/or barriers must usually be provided for the 
interior surfaces of fasteners that penetrate CFC skins. 

• It is advisable to provide a layer of EMF along rows 
of exterior fasteners in CFC tank structures to help 
distribute lightning currents into all the fasteners in 
the row and reduce the lightning current density in any 
single fastener. (It may also be necessary to protect 
the rest of the CFC with EMF to prevent punch-
through due to lightning attachment to these surfaces 
as well). 

• On large transport airplanes, the current densities in 
Zone 3 areas are usually sufficiently low (i.e., less  
than 5 kA of conducted stroke current per fastener, 
where the ‘stroke current’ is defined by the 
Component A waveform). 

• Structural interfaces in which there are only a few fas-
teners available to share the conduction of Zone 3 cur-
rents, or where there may not be adequate sharing of 
stroke currents among neighboring fasteners, light-
ning tests of typical integral fuel tank structural ele-
ments are necessary. The test currents should be se-
lected based on analysis of the complete tank structure 
to estimate the percentage of the total (200 kA, etc.). 
Zone 3 current that is expected to flow in the portion 
of the tank (i.e., wing) cross-section that is to be in-
cluded in the test specimen. 

 

Arc threshold of fasteners in Zone 3 areas 

Under a program sponsored by NASA [7.48], tests were 
performed to determine the arc threshold current levels of 
typical fastener configurations used in aircraft. 

For those tests, aluminum lap-joint specimens were ad-
hesive-bonded with electrically nonconductive fuel tank 
sealant and were also fastened with a single rivet which 
had been ‘wet-installed’ with the same sealant. Currents 
were conducted directly into one end of these specimens 
and removed from the other end. All current was forced 
through the single fastener since the nonconductive sealant 
eliminated any direct electrical contact between the mating 
surfaces. No coatings of any kind were applied to the head 
or nut of the fastener. 

The tests indicated that the arc threshold current level 
of the fastener was 5 kA. Thus, a door containing 40 fas-
teners could in theory conduct nearly 200 kA without arc-
ing if the current were distributed evenly among the fas-
teners. In reality, lightning current does not divide uni-
formly, but is somewhat more concentrated in the fasten-
ers closest to the point of lightning arc entry or current at-
tachment or exit(s). 

Lightning attachments to fasteners 

The preceding discussion relates mostly to joints in 
Zone 3 that must conduct only a portion of the Zone 3 
lightning current. Exterior fasteners located in Zones 1A, 
1C, or 2A, trailing edge zones in fixed-wing aircraft or cer-
tain surface zones in hovering helicopters are in Zones 1B 
or 2B can experience the total lightning continuing current 
Since it is possible for the lightning arc to remain attached 
to a single fastener or rivet in these zones. When this hap-
pens, the continuing current arc can melt the fastener and 
the surrounding skin, and arcing may occur at interior fas-
tener interfaces with interior surfaces of skins or struc-
tures. Generally, it is recommended that fuel vapors not be 
in direct contact with tank surfaces that are in lightning 
strike zones 1B or 2B since all the flash currents are ex-
pected to enter or exit there. Fuel bladders or other barriers 
should be used to separate fuel vapors from fuel tank inte-
rior surfaces where arcing and melting of metal skins may 
occur. 

Some guidelines for fuel tank structural joints 

Here are some basic guidelines for designing structural 
joints in integral fuel tanks: 
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1. Provide electrically conducting paths between 
structural elements, so that lightning currents can 
be conducted from one to the other without arcing 
and without having to spark across nonconductive 
adhesives or sealants. Often, this can be achieved 
by providing enough rivets or removable fasteners 
that make metal-to-metal contact with the joined 
parts. There must be sufficient areas of contact 
among all the fasteners in the current path to avoid 
arcing, damage to the fasteners or damage to sur-
rounding structure.  

2. Try not to put any insulating materials in places that 
would divert lightning current from straight and di-
rect paths between entry and exit points on the air-
craft. Otherwise, voltages may build up wherever 
such diversions occur, causing sparking. The diver-
sions through the fasteners and stringer shown in 
Fig. 7.29 are acceptable, but more extended paths 
may not be. 

3. Consider the possibility that aging and mechanical 
stress may reduce electrical conductivity in structural 
joints. Continued flexing of structures under flight 
load conditions may eventually loosen joints enough 
that arcing could occur. To evaluate this possibility, 
perform simulated lightning tests on joint samples that 
have been previously subjected to fatigue or environ-
mental tests. 

4. Coat all joints thoroughly with fuel tank sealant to 
contain any arcs or arc products that may occur. A dis-
cussion on sealing is found in §7.3.5. 

5. Do not rely upon resistance measurements to confirm 
the adequacy of lightning current conductivity in a 
joint. The inductance of the current path provided by 
a joint plays an equally important part in this. Re-
sistance measurements (ac or DC) may be useful as a 
production quality control tool, but they are not useful 
for establishing the adequacy of the lightning current 
path through a joint. 

A variety of objects are installed in exterior skins.  
When these are in lightning strike zones, they are most 
susceptible to becoming ignition sources if exposed to a 
strike. These, and other objects that are in Zone 3 are also 
exposed to conducted lightning currents that may also be 
a cause of ignition sources.  

  
 

7.3.7 Eliminating Ignition Sources in Tank 
Structures 

The previous sections details of some of the most likely 
sources of ignition have been presented and some ways to 
prevent them. In the following sections, some overall de-
sign approaches are discussed that eliminate potential ig-
nition sources associated with tank structures, so that some 
of these details may not have to be dealt with. These ap-
proaches involve selecting basic structural materials, mod-
ifying the airframe structural design, and preventing con-
tact between any remaining ignition sources and fuel va-
pors. Successful implementation of these measures re-
quires the lightning protection specialist to work closely 
with airframe and structures designers and manufacturing 
technologists beginning early in the design cycle. Struc-
tural design modifications that minimize lightning protec-
tion problems can result in substantial reductions in the 
weight and cost associated with lightning protection, but 
these benefits cannot be obtained unless the principles out-
lined here are incorporated into the design early in the pro-
gram. Structural designs must satisfy many requirements, 
and some features that would alleviate potential lightning 
problems may not be compatible with these other require-
ments. 

The following design approaches should be utilized,  
to the extent practical, to minimize potential ignition 
sources within aircraft fuel tanks. 

1. Design the fuel tank structure to minimize the number 
of joints, fasteners and other potential arc and spark 
sources in fuel vapor areas. Structural materials, by 
themselves, whether metal or composite, are not 
likely to produce ignition sources. It is the structural 
interfaces that produce ignition sources, usually by 
arcing, but sometimes by sparking.   

2. Provide adequate electrical conductivity between ad-
jacent parts of fuel tank structures at places that are 
designated as current paths. This usually is best pro-
vided by utilizing rivets or fasteners with electrically 
conductive finishes unless parts can be welded or co-
cured together so that inherent paths exist for electric 
currents. Conductivity can also be provided by 
providing metal-to-metal contacts among structural 
members, and by not having edges of these conduc-
tive interfaces exposed to fuel vapors. This latter 
guideline is prompted by the fact that current densities 
at edges of electrical bonds are usually of higher den-
sity than they are in mid-sections of such bonds, and 
minute arcing that appears along edges may be suffi-
cient to ignite flammable vapors.   
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3. Provide barriers to isolate arc or spark products from 
the fuel vapor. 

4. Design the fuel system components that are to be in-
stalled within tanks so that they interrupt potential 
current paths and can withstand any potential differ-
ences that may occur across those interruptions during 
lightning strikes to the airframe. 

Interfaces incorporating the features listed above are 
shown in Fig. 7.31. 

 

Fig. 7.31 Structural interfaces with protection design fea-
tures 

In summary, it might be stated that successful lightning 
protection designs for fuel tank structures have employed 
the following three features: 

1. Electrical bonding to provide dependable current 
paths through the structural interface 

2. Electrical Insulation to prevent currents from cross-
ing interfaces that may cause arcing 

3. Barriers against any arc products that may escape 
from a current conducting interface 

7.3.8 Protection of Equipment Installed in Fuel 
Tanks  

Couplings and Interfaces in Pipes 

Fuel transfer and vent pipes within fuel tanks usually 
conduct some of the aircraft lightning currents, since they 
provide conducting paths in contact with conducting struc-
tures. The amount of current in plumbing depends on how 

the impedances of the current paths afforded by that 
plumbing compare with the impedances of the surround-
ing structural paths. Currents in plumbing within metal air-
craft may be small (a few tens or hundreds of amperes) but 
current in metal pipes inside nonconductive or CFC struc-
tures may be high, reaching hundreds to several kiloam-
peres of stroke current, and similar proportions of contin-
uing currents.  

Potential ignition sources in pipes  

Lightning current in fuel system plumbing may cause 
arcing at pipe couplings where there is intermittent or poor 
electrical contact. Many pipe couplings are designed to 
permit relative motion between the mating ends of a pipe 
to relieve mechanical stresses caused by wing flexure and 
vibration. Unfortunately, this feature precludes the tight 
metal-to-metal contact needed to carry lightning current. 
Also, electrically insulating coatings, such as anodized fin-
ishes, are often applied to the pipe ends and couplings to 
control corrosion. Relative motion and vibration may wear 
this insulation away, providing unintentional and intermit-
tent conductive paths, but these situations lead to arcing 
even when small currents of 10’s of amperes are involved. 
Therefore, particular attention should be given to the de-
sign of fuel system plumbing. 

Lightning currents in pipes 

The mechanism by which lightning currents diffuse to 
the interior of an aircraft is discussed in Chapter 11. There, 
it is pointed out that it can take many microseconds for 
lightning current to become distributed through the air-
craft, because rapidly changing currents distribute primar-
ily according to the inductance of the structural current 
paths, while slowly changing currents distribute according 
to resistances of those paths. The conductive paths in ques-
tion include not only skins but also interior structures, such 
as floorboards, longerons, stringers, spars, ribs, frames, 
etc. 

The early-time portions of lightning stroke currents do 
not spread very deeply into interior structural elements or 
other interior conductors because they are of short dura-
tion. Instead, they tend to remain in the metal skins. They 
diffuse much more rapidly to the interiors of CFC air-
frames.   

During a NASA sponsored program [7.49], currents in 
the fuel lines within a fuel tank containing adhesively 
bonded aluminum structural elements were measured. In 
one example, with a current of 88 kA injected into the 
wing, the current in a small-diameter fuel line within the 
tank was 160 amperes. 
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The analytical procedures for determining how rapidly 
changing currents distribute are complex, but it can be as-
sumed that short duration stroke currents intermediate and 
continuing currents have long enough durations that their 
distributions can be calculated on the basis of DC re-
sistances.   

For example, assume that, on a transport airplane, the 
leading and trailing edge sections of a wing containing in-
tegral fuel tanks are nonconductive (or sufficiently iso-
lated to be unavailable for carrying lightning current) and 
that the remaining wing box is comprised of aluminum 
skins and spars having the dimensions shown in Fig. 7.32. 
Assume that the cross-sectional area of the spars and skins 
forming this box is 135 cm2 (21 in2). Assume also that the 
tank contains an aluminum vent pipe electrically bonded 
to the structure at each end of the tank. This pipe has an 
outside diameter of 10 cm (4 in), a wall thickness of 0.5 
mm (0.02 in2), and a cross sectional area of 1.56 cm2 (0.24 
in2). 

 
Fig. 7.32 Hypothetical wing box with integral 

fuel tank. 

Assume further that an intermediate current with an av-
erage amplitude of 2 000 A for 5 ms, in accordance with 
the definition of Component B. The current in this pipe can 
be calculated by assuming a resistively governed distribu-
tion of current (i.e. assuming that the lightning current is 
unchanging) as follows, 

𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ≈  �1.56 𝑎𝑎𝑚𝑚2

135 𝑎𝑎𝑚𝑚2 � 𝑥𝑥 2 000𝐴𝐴 = 23.1 𝐴𝐴 (7.2) 

A current of this time duration has sufficient time to dif-
fuse fully throughout the airframe and divide in accord-
ance with the resistances of structural elements and other 
current paths, such as fuel pipes. Currents of this amplitude 
have produced incendiary arcs at poorly conducting inter-
faces in some fuel pipe flexible couplings. There is a fun-
damental incompatibility between requirements that an  

 

 

interface be capable of conducting electric currents and re-
quirements that an interface be capable of continuous flex-
ing. 

Protection approaches for pipe couplings 

Bond straps: Electrical bond straps or jumpers are 
sometimes installed across poorly conducting pipe cou-
plings as shown in Fig. 7.33.   

These bond straps should not be relied upon to prevent 
arcing at the couplings. Lightning currents divide between 
the coupling and the bond strap according to the imped-
ances of each path. Tests of bonded couplings have shown 
that bond straps increase the total pipe current required to 
produce arcing at the coupling, but do not eliminate the 
possibility that some current in the coupling could lead to 
sparking even with the bond strap in place. 

Electrical bond straps should be avoided in fuel tanks 
since intermittent contact internal to the braid and at the 
braid crimp can create ignition sources when subjected to 
lightning currents in the tank. Such straps also create un-
necessary paths for lightning currents inside fuel tanks 
that can cause ignition sources at unexpected locations.    

Bonded couplings: Coupling manufacturers have de-
veloped means to conduct currents across flexible cou-
plings via spring-loaded wires included within the cou-
pling. These, however, also employ moveable interfaces 
between these wires and conductive surfaces. Moveable 
interfaces are never consistent electrical bonds and so arc-
ing may occur, at some current level. Added to this is the 
fact that the bonding wires usually make only point con-
tacts with the moveable surfaces, so current densities at 
these places can become high. Tests of these bonded cou-
plings have indicated capabilities to transfer up to several 
hundred amperes of lightning current, but the standard 
tests for fuel system equipment are necessarily conducted 
under stationary conditions, in room-temperature labora-
tory environments. Slight changes in the relative position 
of the mating surfaces, or introduction of dirt or residue 
might drastically change the current-carrying capability of 
a coupling. In fact, the current-carrying capability of a typ-
ical pipe coupling fluctuates continually during flight, be-
cause of the relative motion caused by structural vibrations 
and flexing. Tests would be difficult to conduct under sim-
ulated flight conditions where vibration and constant flex-
ing are taking place. All of this makes safe use of these 
couplings a risky proposition.   
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Fig. 7.33 Electrical bonding strap (‘jumper’) across  

A flexible coupling. 

Some of the commercially available bonded couplings 
might be considered for use in metal fuel tanks where the 
amounts of lightning current that can appear in pipes are 
in the range of 10’s of amperes and the abilities of such 
couplings to conduct currents in the range of 100’s of am-
peres without igniting fuel vapors has been demonstrated 
by test. The wide margin between actual current levels and 
coupling successful test levels usually overcomes the in-
stability in coupling performance.   

Fuel tanks fabricated of CFC materials, however, are 
more highly resistive than aluminum. Currents on the ex-
terior skin surfaces of CFC tanks diffuse more rapidly to 
internal conductive plumbing, where they can reach thou-
sands of amperes. Few couplings have been able to tolerate 
several thousand amperes without arcing. Fig. 7.34 shows 
what can happen when lightning currents flow through 
flexible couplings. The couplings in this figure were not 
provided with internal bonding or external bond straps. 

 
Fig. 7.34 Electrical arcing at flexible fuel pipe couplings 

 
Fig. 7.29 shows a small arc at a typical ‘bonded’ cou-

pling conducting 800 A of current. Light from the arc was  

 

hardly discernable on the camera film, yet the arc ignited 
the flammable gas atmosphere that surrounded the cou-
pling. (Fuel pipe couplings should be tested within a cham-
ber filled with flammable gas so that ignition sources ap-
pearing inside the pipe can be detected).  

 
Fig. 7.35 Arcing at a bonded coupling. The larger spot of 
light is the optical fiber position light. The small spot is 

from arcing within the coupling.   

The voltage measured across the coupling, shown in Fig. 
7.36, also shows evidence of arcing. The test rep-resents 
the currents that appear in fuel tank plumbing during a 
lightning strike to the aircraft. This test, like most tests of 
couplings, was conducted with the coupling in a stationary 
position. Results from tests performed on couplings while 
they are being flexed have not been reported, but the re-
sults of such tests are likely to be even less stable. 

 

Fig. 7.36 Voltage across the bonded coupling tested in 
Fig. 7.35. Unstable voltage trace indicates arcing. 

The fuel pipe currents are often recorded during full ve-
hicle tests (FVTs) conducted to measure the lightning-in-
duced transient levels in the aircraft’s electrical and avi-
onic systems. A summary of the range of pipe currents 
measured by Lightning Technologies is given in Table 7.5. 
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Table 7.5 Summary of Fuel Pipe Currents Measured by 
Lightning Technologies 

 

The data in Table 7.5 comes from fuel pipes in a variety 
of conventional aluminum aircraft. The Zone 3 currents 
due to Component A were measured in pipes extending 
between wing tank ribs. The ‘exposed installations’ are 
pipes connected to fuel pumps or drains mounted in exter-
nal tank skins in lightning strike zones where a lightning 
attachment to the exterior surface of a fuel pump or its 
adapter plate is possible. As shown in Table 7.5, tests were 
also made with lightning intermediate and continuing cur-
rent Components B and C conducted through these tanks, 
instead of applying only the shorter duration stroke current 
Component A, as is usually done for avionics certification.  

The pipe data of Table 7.5 shows that transfer of current 
from the airframe to the pipes is most efficient for the long 
duration lightning currents represented by Components B 
and C. The percentages of the total airframe current that 
appeared in fuel pipes due to each lightning current com-
ponent are shown below. 

From Component A: ~ 0.1% 
From Component B: ~ 1.0% 
From Component C: ~ 1.0% 

This implies that a positive polarity stroke current with 
a time duration (i.e., to 50% on decay) like that of Compo-
nent B (~ 2 000 µs) but with an amplitude in the 20 - 30 
kA range (for example) could produce 200 - 300 amperes 
of current in pipes. Such a stroke would have an Action 
Integral (~ 0.6 x 106 A2s), lower than that of Component 
A, and certainly well within the range of positive lightning 
flash characteristics. 

Guidelines for use of bonded fuel-pipe couplings: In 
the absence of definitive data on the electrical conductivity 
of pipe couplings under in-flight conditions, it is advisable 
to take the following approach: 

1. Determine, by analysis or airplane test, the amount of 
current that is expected to flow in a fuel system’s 
pipes and then design and test candidate bonded cou-
plings that can consistently tolerate at least three times 
this current amplitude without arcing. The standard 
for lightning testing of fuel tank and system compo-
nents is in [7.24]. 

2. Verify the ability of the selected coupling(s) to toler-
ate the assigned current (as determined from Step 1) 
by injecting this current through samples of the se-
lected couplings under simulated flight vibration and 
contamination conditions. The couplings should be 
wetted with liquid fuel and immersed in a flammable 
gas during the tests. The tests should be conducted on 
at least three (3) samples of each selected coupling. 
The test standard [7.24] does not call for conducting 
lightning tests of components under simulated flight 
environments and conditions. Such tests would likely 
by conducted as engineering or “company” tests.     

3. Perform the tests described in steps 1 and 2 in a flam-
mable gas within a darkened enclosure and observe 
whether any ignition sources occur. If inconsistent 
test results occur (i.e., there is a large scatter in the 
amplitudes of test current that result in ignitions), the 
cause(s) of this should be determined (if possible) and 
additional tests conducted to establish the minimum 
amplitude of current that will produce an incendiary 
arc in the coupling. This amplitude should still be at 
least 300% of the expected current in the installed 
pipe. One arrangement for conducting ignition-source 
threshold tests of fuel pipe couplings is shown in Fig. 
7.37. 

Fig. 7.37 Typical arrangement for fuel pipe coupling 
tests [7.24] 

 
Current interruption: There is a wide range of varia-

bles associated with the arcing possibilities at pipe cou-
plings that are required to conduct lightning currents. The 
best way to eliminate ignition sources at couplings is to 
prevent currents of any kind from flowing on fuel system 
plumbing. This means replacing bonding with insulation. 
There are three possible methods for doing this: 

 
1. Make the fuel pipes of nonconductive material.  This 

would allow conventional couplings without bonding 
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provisions to be used. Various solid polymers or fiber 
reinforced resins could be used for this purpose. How-
ever, due to static charge generation from fuel flow, 
the actual material used must provide dissipation of 
this static charge. Resistances in the kilohm to 
megaohm range have proven to dissipate charge while 
allowing only negligible lightning current flow. 

2. Interrupt current paths through pipes by installing in-
sulating pipe sections, as shown in Fig. 7.37. Use con-
ventional pipes and couplings but provide insulating 
pipe sections to interrupt currents. These are called 
“pipe isolators” or “lightning isolators” and are avail-
able in a variety of sizes and configurations. Some in-
clude bulkhead attachments, and others are intended 
for in-line applications. Some commercially available 
insulating pipe sections are made of fiberglass com-
posites whose resins contain some conductive partic-
ulate for static charge dissipation.   

Method 1 is ultimately the least expensive, but certifia-
ble nonconductive fuel pipes, with adequate flight experi-
ence, are not widely available. Fire and crashworthiness 
considerations also encourage the use of metal pipes. 
Method 2 permits use of couplings compatible with other 
system couplings. To assure the reliability of designs 
based on interruption of pipe currents it is important to 
provide a significant margin between the insulation with-
stand voltage and the expected actual voltage during a 
lightning strike. This is usually easy to do. 

Structural potentials of several 10s of volts can occur in 
aluminum airframes, and thousands of volts can appear 
along carbon composite structures. At flight altitudes of  
10 000 m (33 000 ft.), air gaps withstand only about 30 % 
of the voltage they withstand at sea level. Although the 
peak lightning stroke current amplitudes assigned in the 
standards rarely occur at flight altitudes above 3 000 m, it 
is prudent to assume that the peak currents exist through-
out the flight envelope. There is no guidance in the regu-
lations or advisory material for doing otherwise. Contam-
inants, including fungi, metal shavings from structural re-
pairs or worn bearings, and condensates, may reduce the 
voltage withstand strength of insulating surfaces. Thus, in-
sulating pipe sections or other insulating elements should 
be designed to operate at a minimum of three times the 
magnetically induced or structural IR voltages expected to 
appear across insulating pipe sections during lightning 
strikes, at flight altitudes. 

Transport aircraft certification requirements stipulate that 
ignition-source protection designs for transport airplanes 
must be single fault tolerant. For an insulating pipe section, 
a single fault would most likely be impairment of the in-
sulator with some electrically conducting contaminate. 
Analysis of this possibility would likely show that only a 
portion of an insulator surface could be contaminated in 
this manner. So, sizing of the insulator to withstand the 
expected voltage while contaminated would need to be 
demonstrated. This would be easily shown, since only a 
short length of such an insulator would have to be free of 
contamination to withstand the expected voltage. This is 
easily demonstrated with tests of contaminated insulators. 
For example, a ‘clean’ insulator that is 100 mm (4 in) long 
will withstand ~50 kV of impulse voltage. Maximum volt-
ages appearing in tanks made of CFC are of the order of 
10 000 volts. Structure voltages within aluminum tanks are 
much less; only 10s of volts.   

An important point here is that it is fundamentally eas-
ier to maintain insulation in pipe isolators than it is to 
maintain electrical bonding in ‘bonded’ couplings. In 
other words: pipe isolators are inherently fault-tolerant 
whereas bonded couplings are not.     

Compliance with the fault-tolerance and the continued 
airworthiness requirements for transport airplanes can be 
achieved with one insulating section (per typical pipe in-
stallation) as illustrated in Fig. 7.38, and the design is safer 
than would be a design that depends upon use of bonded 
couplings. It would not be necessary to employ two insult-
ing sections (“isolators”) in series, as shown in Fig. 7.39. 
The minimum voltage withstand capability of the insulat-
ing section in Fig. 7.39 should be at least three times the 
expected structure voltage, measured at the air pressure of 
flight altitude.   

 

Fig. 7.38 Application of insulating pipe section. 
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Fig. 7.39 Two isolators are not needed for fault tolerance. 

Fuel pipe insulating sections should have sufficient con-
ductivity to dissipate any static charges that are deposited 
on the insulating surface by incoming fuel. This may hap-
pen during the refueling process. Surface resistivities of 
106 to 108 oms/square can dissipate these charges, yet not 
allow hazardous lightning currents to flow.   

 If the configuration shown in Fig. 7.39 were chosen, 
the pipe section between the two insulating sections would 
need to be electrically isolated from the tank structure. To 
prevent static charges from accumulating on this section, 
the insulators should have some electrical conductivity, in 
the range of 106 to 108 ohms. This dual isolator approach 
is not needed, and not recommended.   

Insulated pipe sections have already been used success-
fully in carbon composite tanks where pipe currents would 
otherwise be very high and conventional couplings would 
certainly arc. Their use is also advisable in conventional 
aluminum fuel tanks, since even a few tens or hundreds of 
amperes may produce arcs in flexible couplings, and the 
electrical conductivity of such couplings is not stable. The 
simultaneous requirements of flexibility and arc-free elec-
trical conductivity in the same coupling are fundamentally 
incompatible. 

Some electrically conductive material must be provided 
in the interior linings of pipes transferring fuel to prevent 
frictional charge accumulation, but the resistivity of these 
materials can be on the order of 106 to 108 ohms.  

Electrical wiring in fuel tanks 

Lightning current in an aircraft can induce voltages in 
electrical wiring. If this wiring is not adequately protected 
the induced voltages may be high enough to cause a spark.  

Electrical wires are usually installed in fuel tanks to ser-
vice capacitance-type fuel quantity probes or to power 
electric motors that operate pumps or valves. If these wires  

 

are totally enclosed by metal skins and ribs or spars, the 
internal magnetic fields, and induced voltages in them can 
be kept low enough that they will not produce sparks 
across gaps like those between fuel probes and tank struc-
tures. However, if wires enter the tank from other less well 
shielded areas outside of the tanks the induced voltages 
may reach higher levels that are sufficient to cause sparks 
across unintentional gaps, such as between fuel quantity 
probes and adjacent tank structures or mount- ting brack-
ets. Most electrical devices installed in fuel tanks have 
been intentionally designed to withstand voltages up to 
600 volts or more without sparking. The fuel system de-
signer, however, must be continually alerted to changes in 
material or structural design that might permit excessive 
induced voltages to appear in fuel tank electrical circuits. 

Sparkover characteristics of small gaps 

Several measurements have been made of the voltages 
that lightning currents can induce in fuel probe wiring. 
Measurements have also been made of the voltages re-
quired to cause a spark to occur between the elements of 
typical capacitance-type fuel quantity probes. These spar-
kover voltages are usually much higher than those typi-
cally induced in the wiring. As an example, Newman, 
Robb, and Stahmann [7.37] found that DC voltages of at 
least 3 000 V were required to cause a spark to jump be-
tween the active and grounded cylinders of the capaci-
tance-type fuel probe installed in a KC135 aircraft wing. 

Even higher voltages were needed to spark over the 
gaps between elements of this probe and the surrounding 
tank structure. Since the wires attached to the concentric 
tubes in the probe run close together, each experiences the 
same line-to-airframe (i.e., ‘common mode’) induced volt-
age and the voltage between them is small. Plumer [7.49] 
ran a similar test using impulse voltages and found that 12 
kV was required to cause a spark to jump between the in-
ner and outer cylinders of a typical probe. Small gaps like 
this can withstand more impulse than DC voltage, and the 
impulse test more realistically represents a lightning-in-
duced voltage. 

Effects of air pressure on gap sparkover voltages: 
The sparkover tests reported above were made in ambient, 
ground-level air-pressure conditions. At flight altitude, the 
same gap would break down at a lower voltage because of 
the lower air pressure. The expected reduction in impulse 
sparkover voltage at various altitudes can be determined 
from the Paschen curve shown in Fig. 7.40 [7.50].   

To use this curve, one first calculates the product of the 
pressure and gap distance, pd. The pressure as a function 
of altitude can be obtained from the chart in Fig. 7.40(a).  
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For example, to find the sparkover voltage of a 5 mm (0.2 
in) gap at a 10 000 m (33 000 ft.) altitude, one must first 
determine the pressure at that altitude, which is given in 
Fig. 7.40(a) as 198.16 mm Hg. Therefore, the product, pd, 
is 990.8 mm Hg. The Paschen curve, in Fig. 7.40(b), gives 
a sparkover voltage of approximately 5 500 V for this pd 
value. The Paschen curve is based on DC sparkover volt-
age. It usually requires a higher impulsive voltage than DC 
sparkover voltage to break down a gap of a given geome-
try, so the voltages predicted by the Paschen curve are 
somewhat lower than the corresponding breakdown volt-
ages for typical lightning-induced transients. 

Ignition energy vs altitude 

The minimum spark energy necessary to ignite a flam-
mable vapor rises as the pressure in the vapor area falls.  
This effect tends to offset the reduction in sparkover volt-
age with decreased pressure. Tests [7.8] have shown that 
20 times as much spark energy is needed to cause ignition 
at 11 000 m (36 000 ft.) as at sea level. Within this range 
of altitudes, the ignition threshold might rise to between 4 
and 10 millijoules instead of 0.2 to 0.5 millijoules. A spark 
due to a high lightning-induced voltage (3 000 - 10 000 
volts) is likely to dissipate several joules of energy, which 
is sufficient to ignite most flammable vapors. 

The sparkover voltages given by the Paschen curve in 
Fig. 7.40 are only approximate, since the curve assumes 
uniform electric field conditions, such as are found be-
tween parallel plane electrodes. Other electrode configu-
rations, such as a sharp point-to-plane, would spark at 
lower voltages (perhaps 25% less). Since electrode shapes 
and surface treatments also influence sparkover voltage, 
more reliable measurements for specific gaps in a fuel sys-
tem would be obtained from laboratory tests on actual 
hardware, preferably using impulse test voltage wave-
forms. The tests can be made at ground-level atmospheric 
pressure and then corrected for different flight altitudes. 

Guidelines for design to eliminate sparks 

In practice, the breakdown strengths of the smallest air 
gaps in fuel system hardware installations should provide 
a safety margin of 100% over the actual voltages expected 
during a lightning strike to the aircraft. This margin is 
needed to account for the tolerances of the mechanical in-
stallation, the effects of contaminants and statistical varia-
tions in small gap sparkover voltages themselves. In other 
words, a particular gap should be sized to withstand, at al-
titude, twice the anticipated actual induced transient volt-
age. 

In some cases, particularly in installations within CFC 
tanks, this margin requires unacceptably large clearances 

between objects, for example, between fuel quantity 
probes and adjacent structure. In such cases, other means, 
such as coating adjacent surfaces with dielectric films, 
may be explored to enable smaller gaps to withstand twice 
the anticipated voltage. Designs like this must be given 
voltage withstand tests, as handbook-type data is not avail-
able to support specific designs. The test specimen would 
include the fuel probe, the bracket that secures the probe 
to adjacent structure, a sample of the fuel tank skin above 
and below the probe ends, any surface finishes, and the in-
sulating pad. The test would have to be conducted in a 
chamber at the reduced pressure associated with flight al-
titudes, or else the test voltage could be adjusted upward 
to compensate for the altitude condition when test at sea 
level (standard conditions).   

It is particularly important that sufficient insulation be 
provided between the active elements and the airframe be-
cause the highest induced voltages usually appear, for ex-
ample, between a fuel quantity indicating system (FQIS) 
wire harness and the airframe. These voltages may be IR 
voltages related to lightning currents in the structural re-
sistance of a wing or they may be magnetically induced 
voltages as illustrated in Fig. 7.41. Structural IR voltages 
may be only a few volts in a metal wing, but they may be 
several thousand volts in a composite wing. 

Considerations for sparkover tests 

When testing the sparkover voltages of small gaps, such 
as those at a fuel quantity probe, care must be taken to ap-
ply test voltages to all of the gaps in the fuel system, alt-
hough these voltages do not need to be applied simultane-
ously. In most cases, both the ‘high’ and ‘low’ elements of 
a quantity probe are insulated from ‘ground’ (the air-
frame), but there is always a mounting bracket that holds 
the probe in proximity to the airframe. Fig. 7.42 shows a 
typical mounting for a fuel quantity probe. The test should 
evaluate both the sparkover voltage between the ‘low’ 
electrode and the structure upon which the probe is 
mounted. 

Usually, the gaps between the probe and the mounting 
bracket or airframe are the largest and require the highest 
voltage to cause sparkover, but these gaps also experience 
the highest (common mode) induced voltages. 

Fig. 7.41 illustrates that the proximity of a probe to the 
airframe structure on which it is mounted is especially im-
portant in determining breakdown voltages between the 
probe and the airframe. Because of this, the electrical in-
sulation between the active elements of the probe and the 
airframe may not be entirely within the probe designer's 
control. 
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Fig. 7.40 The relationship between sparkover voltage and altitude. 

 

 

Fig. 7.41 Typical fuel probe wiring: 

- Most magnetic flux and induced voltages appear between wire (or shield) and the airframe at  
probe end. 

- Less magnetic flux and voltage appears between any two wires 
- Even less flux or voltage appears between a wire and its shield 
- Other voltages can occur between probe and airframe because of structural IR potentials 

 



232 
 

 

Fig. 7.42 Possible breakdown of gaps in capacitance 
type probe: 

1. High to low 
2. High to airframe 
3.     Low to airframe 

 
Shielding of fuel probe wires 

The wire harnesses for a fuel quantity indicating (meas-
urement) system (FQIS, FQMS) are most close in poten-
tial to the airframe at the electronics end, which is usually 
in an avionics bay within the fuselage. FQIS harnesses are 
usually shielded, but, unlike most other shielded har-
nesses, only the ends connected to the fuel quantity indi-
cating electronics unit are grounded, or at least electrically 
close to ground potential. The sensor ends of these har-
nesses are floating, although they may be connected to one 
of the probe’s concentric tubes. This arrangement is nec-
essary for the proper functioning of the indicating system, 
which operates at very low signal amplitudes. If both ends 
of the shields were grounded, small ac power currents (and 
other currents induced by fields from nearby circuits) 
would induce small voltages along the harness shields that 
would add to the signal voltages and cause erroneous fuel 
quantity indications. 

Also, the grounding of an FQIS harness shield within a 
fuel tank would allow lightning-induced voltages to drive 
currents through shields and shield terminations that if al-
lowed to become frayed, would cause arcing. This is one 
reason why FQIS harness shields are never grounded 
within fuel tanks. This is one of the few situations within 
aircraft wiring where it is not advisable to ground shields 
at both ends for lightning protection purposes. 

A shield grounded at only one end does not reduce mag-
netically induced voltage between conductors and ground, 
although it may reduce induced voltages between conduc-
tors within the shield. This subject is treated at length in 
Chapter 15, but the important fact is that a shield can re-
duce voltages between conductors and ground only if it is 
grounded at both ends and allowed to carry current. If a 
shield is ungrounded at one end, magnetically induced 
voltages can develop between the conductors at that end 
and ground. Thus, most shields found on FQIS harnesses 
offer little or no protection from lightning induced effects. 
Since these harnesses are frequently routed within the fuel 
tanks, or within well-enclosed portions of the airframe, 
they often do not need shields for lightning protection pur-
poses if the air gaps between the probes and the airframe 
are wide enough to tolerate lightning-induced voltages 
without sparkovers. However, if additional lightning pro-
tection is required, this can be provided by enclosing the 
exposed portion of a fuel quantity wire harness (located 
outside of fuel tanks) within an over braid, both ends of 
which are connected to the airframe or to equipment that 
is attached to the airframe.   

The use of overbraids is described in Chapter 15. When 
an overbraid is used on a FQIS harness, the FQIS shield 
should remain ungrounded at the probe end and the overall 
shield (OAS) provides the lightning protection. The inner 
and OASs must be separated by insulation. It is necessary 
to include FQIS circuits in the FVT plan to ensure that in-
duced transients are controlled and compatible with sys-
tem protection requirements, as described in Chapters 5 
and 13. 

Measurements of induced voltages in fuel  
quantity circuits: Measurements of induced voltages and 
currents in FQMS circuits are typically included in aircraft 
tests to determine actual transient levels (ATLs) in circuits 
associated with electrical and avionics systems performing 
safety related functions. This test is described in Chapter 
13. Wiring that is installed totally within conventional 
metal fuel tanks is well protected from induced effects and 
transient voltage levels are low, reaching only a few 10’s 
of volts. However, some wiring, such as power circuits for 
electrically-driven pumps and valves, is also located out-
side of tanks, where exposure to lightning electromagnetic 
environments may be much higher, so that induced volt-
ages of hundreds of volts are common.   

Additionally, even the in-tank wiring installed within 
CFC fuel tanks is exposed to high voltage and current tran-
sients induced by the structural IR voltages that develop as 
lightning currents flow in CFC. This topic is discussed in 
Chapters 9 and 14.   
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Protection from excessive induced voltages is afforded 
by shielding of the interconnecting wiring, as discussed in 
Chapter 15. If this does not sufficiently control the volt-
ages, alternate means of measuring fuel quantity may be 
considered.   

Protection by routing of wiring 

The routing of electrical wires in a fuel system can have 
a lot to do with how much induced voltage appears at ap-
paratus inside fuel tanks. A comprehensive discussion of 
shielding airframe wiring and shielding practices is given 
in Chapters 15, 16 and 17. For the FQIS wiring, the bene-
fits of routing will be most significant to the wiring located 
outside of the tanks. The tanks themselves usually are an 
electromagnetically well-shielded region.  

7.4 Design of Tank Structures to Minimize 
Potential Ignition Sources 

The fuel tank structure approaches described here must 
be considered and adopted before much of the detail tank 
and system designs are begun. These “global” designs 
will, if adopted early, eliminate many of the structural ig-
nition sources described in earlier parts of this chapter and 
make the rest of the lightning protection process easier.   

Most ignition sources are associated with structural 
joints and fasteners of various kinds. Therefore, as much 
as possible, joints and fasteners should be eliminated from 
fuel vapor areas. If they cannot be eliminated, they should 
be designed using the guidelines in §7.3.  

Eliminating penetrating fasteners 

Figs. 7.43 through 7.45 show how wing spars and ribs 
can be rearranged to eliminate penetrations of fasteners 
into fuel tanks. This approach may eliminate potential fuel 
leaks in addition to eliminating ignition sources. Care must 
be taken to ensure that the edges of spars and the rib-to-
skin interfaces do not present arc or spark sources them-
selves. This can be accomplished by providing electrically 
insulating, corrosion-resistant finishes, as well as sealant 
materials between parts. Polysulfide type sealant is some-
times necessary at fillets and edges, as discussed in §7.3.5. 

The design approaches illustrated in Figs. 7.43 and 7.44 
are applicable to CFC as well as to metal structures. Light-
ning currents in fasteners within CFC structures may be 
higher than those in aluminum structures because diffu-
sion times in CFC are much shorter than in aluminum. The 
concept of diffusion of lightning currents is explained in 
Chapter 11.   

 

 

Fig. 7.43 Spar-skin interface design to reduce potential fuel vapor ignition sources. 
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Fig. 7.44 Wing fuel tank closeout rib-skin interface 
design to reduce fuel vapor ignition sources. 

Short diffusion times of lightning current in CFC struc-
tures allow more current to flow in interior structural ele-
ments, such as ribs and spars, in CFC structures than in 
aluminum structures. Also, it is usually more difficult to 
make arc-free electrical contact between CFC parts than 
between aluminum parts. Thus, these design concepts may 
be more necessary in CFC airframes than in aluminum air-
frames. Fasteners installed in exterior CFC or aluminum 
skins located in lightning attachment zones may be di-
rectly struck by sweeping lightning channels. If this hap-
pens, a higher percentage of the lightning current enters 
the struck fastener in a CFC structure than would be the 
case in a more conducive aluminum structure, which al-
lows currents to be shared more uniformly by other fasten-
ers in the same skin. The lightning current densities in 
small airframes, including general aviation aircraft and 
small rotorcraft, are proportionally higher than the current 
densities in larger transport category aircraft exposed to

the same amount of lightning current. The design concepts 
illustrated in Figs. 7.44 through 7.49 are also appropriate 
for eliminating potential ignition sources in small, integral 
tank structures. 

Co-curing of CFC tanks 

The most elegant way to eliminate the ignition sources 
associated with structural fasteners in a fuel tank is to build 
the tank as a single monolithic structure that is electrically 
conductive throughout. In Figs. 7.45(a) and 7.46(a), fas-
teners penetrate the tank, as in conventional construction. 
In Fig 7.45(b), filament or tape winding is used to achieve 
an entirely co-cured structure. Practical limitations may 
prevent this method from being used to build complete 
wings of large aircraft, but the concept may be useful for 
building various substructures. 

Co-cured joints in CFC structures provide the best pos-
sible electrical conductivity and usually produce no igni-
tion sources. In co-cured joints, the pre-impregnated resin 
is used to bond yarns and plies together without the need 
for additional adhesives. Practical difficulties arise in co-
curing large structures, but great improvements in the 
lightning protection of CFC structures can be achieved by 
co-curing simple interfaces, such as those between stiffen-
ers and skins. 

Nonconductive ribs 

Another method, shown in Fig.7.47, illustrates the use 
of fiberglass or aramid fiber reinforced composites to fab-
ricate spars within a wing fuel tank. In this case, lightning 
currents tend not to flow into fasteners because the fasten-
ers are installed in non-conducting interior surfaces that do 
not constitute current paths. Mechanical strength consid-
erations may preclude use of materials other than CFC for 
spars and ribs. If so, several other approaches can be used 
to interrupt current through fasteners. Some of these are 
illustrated in Figs. 7.48 and 7.49. 

Nonconductive shear ties 

Fig. 7.48 illustrates the use of a nonconductive shear tie, 
sometimes called a clip or shear clip, to interrupt electric 
current paths between skin and interior structures that are 
conductive. This allows these elements to remain conduc-
tive yet ensures that lightning currents remain in the tank 
skin and eliminates potential arc sources at interior fasten-
ers. 
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Fig. 7.45 Use of filament winding techniques to obtain co-cured, monolithic structure 
at eliminate fasteners. 
(a) Conventional – penetrating fasteners. 
(b) Improved – fasteners eliminated. 
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Fig. 7.46 Wing stiffener design to eliminate potential ignition sources 

 

 

 

Fig. 7.47 Non-conducting ribs to eliminate potential arc and spark sources at fasteners. 
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Fig. 7.48 Non-conducting shear clips to interrupt 

current paths and prevent ignition sources. 

Prevention of arcs at fasteners 

If it is not feasible to use a nonconductive shear tie (or 
clip), Fig. 7.49 illustrates another method of controlling 
internal arcing at shear tie fasteners. A nonconductive sin-
gle or multi-ply laminate can be bonded to the interior sur-
face of the shear tie or clip. This prevents current from arc-
ing from the fastener to the inside surface of the shear tie. 
Arcing may occur beneath the nonconductive ply, but the 
incendiary products of those arcs would be contained by 
the nonconductive laminate. 

The structural designs illustrated in Figs. 7.43 through 
7.49 can eliminate potential fuel-vapor ignition sources 
and avoid the ‘brute force’ method of applying extensive 
sealant overcoat or other barriers. The unrestrained use of 
sealants imposes cost and weight penalties and raises con-
cerns about lifecycle durability. Designers are encouraged 
to develop more efficient means of achieving the same 
ends. Since the success or failure of many of these con-
cepts depends on factors such as dimensions, clearances 
and torques on fasteners, whose significance cannot al-
ways be predicted, candidate designs should always be 
evaluated by simulated lightning tests.    

 

Fig. 7.49 Non-conducting ply or laminate to eliminate 
current paths and prevent ignition sources. 

Some cautions 

When employing electrically insulating structural ma-
terials to interrupt lightning current (as illustrated in Figs. 
7.47 to 7.49) it must be remembered that current paths 
must be provided between extremities, such as nose, tail, 
wing and empennage tips, and control surfaces. Thus, the 
main current paths, such as wing tank skins and the main 
spars must be fabricated of materials capable of conduct-
ing lightning currents. 

Structural requirements must be met for any tank design 
that utilizes any of the concepts described above, or any 
other tank design concepts for minimizing lightning haz-
ards.   

7.5 Considerations Regarding Lightning  
Current Densities in Structural  
Fasteners 

As discussed in earlier sections, primary means of cur-
rent transfer between fuel tank structural elements is 
through fasteners, but when current is conducted through 
fasteners, arcs and sparks may occur. These produce arc  
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products, consisting of plasmas of ionized air, vaporized 
and melted metals, and/or composite materials. Any of 
these arc products can be hot enough to ignite fuel vapor. 

The basic mechanism is shown in Fig. 7.50. The light-
ning current is conducted from one part to another through 
the fastener, threaded nut, and washer. 

 

Fig. 7.50 Arcing and sparking at fastener interfaces. 

Lightning current densities of hundreds or thousands of 
amperes per fastener would cause arcing at the points of 
contact between the fastener and fastened parts, as illus-
trated in Fig. 7.50. If the fastener could bear directly 
against bare metal, the arc threshold (amperes per fastener) 
could be increased. However, bare, uncoated parts are al-
most never tolerated within aircraft structures due to the 
possibility of corrosion. Most corrosion-resistant surface 
finishes are nonconductive, but Alodine is sufficiently 
conductive to transfer lightning currents, depending on the 
areas of contacting surfaces. The tightness of connections 
is important. Arcing due to excessive current densities at 
edges of contacting surfaces is a possibility, so edges may 
have to be provided with a barrier to prevent arc products 
from reaching flammable vapors.     

Minimizing current densities 

One way to minimize arcing at a fastener is to minimize 
the current in the fastener. This can be accomplished by 
using the largest diameter fasteners possible, to maximize 

the contact area between the fastener and the joined sur-
faces (see Fig. 7.51). The upper drawing shows arcing oc-
curring at the fastener interface with the parts due to small 
cross-sectional contact area. 

 

Fig. 7.51 Effect of fastener contact area on 
current density and arcing. 

When the contact area is increased, as shown in the 
lower drawing, the current density through the fastener is 
reduced, which decreases the intensity of the arcing at the 
interfaces. This is provided that the fastener is making 
electrical contact with the hole. This is not always possible 
unless the fastener is a tight fit to the hole (i.e., ‘interfer-
ence fit’). If the fastener head can make electrical contact 
with the countersink this will permit good current transfer 
to surrounding exterior skins.   

The intensity of arcs at fastener installations may also 
be reduced by allowing or encouraging the current to be 
shared among several fasteners. This concept is shown in 
Fig. 7.52. If there were many fasteners in a current path, 
the current in any one fastener would be low. In most 
structures, lightning currents do not divide evenly among 
all fasteners, since current varies with the conductivity of 
individual fastener installations, and the overall current 
densities diminish with distance from lightning entry and 
exit points. Analysis methods are available to calculate the 
current distribution among individual fasteners if realistic 
estimates of the conductivities among fasteners and the 
holes are unavailable.  
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Strikes to fasteners in a row: Analysis of current flow 
patterns in large aircraft fuel tank structures made of con-
ventional aluminum materials has shown that, if one fas-
tener in a row of fasteners is struck by lightning, as in 
Zones 1A, 1C or 2A, a significant percentage of the stroke 
current entering the struck fastener will flow back to the 
aluminum skin surface via the two neighboring fasteners, 
and sometimes via the next two fasteners. This is because 
short duration pulse currents want to flow near the exterior 
surfaces (“skin effect”). The concept is shown in Fig. 7.52.  

 

Fig. 7.52 Stroke to a fastener in aluminum skin causes 
currents in neighboring fasteners to return current to exte-

rior part of structure 

The overall flow of lightning current among tank skins 
and interior structures is shown in Fig. 7.53.

 

Fig. 7.53   Lightning current sharing among skins and in-
terior structures. 

The amount of current transitioning to interior struc-
tures is high when skins and interiors are made of CFC. 
Skin effect prevents current from diffusing rapidly to inte-
rior structures. Current densities in the exterior skins of in-
tegral fuel tanks and other boundaries, such as spars and 
ribs, can be inferred from measurements of magnetic fields 
at those boundaries. These magnetic field measurements 
can be obtained during the aircraft FVTs normally con-
ducted to verify the transient levels in interconnecting wir-
ing (see Chapter 13). Magnetic field measurements can 
also be taken during tests of aircraft wings, or other large 
structures, conducted solely for design/verification of fuel 
tank lightning protection. 
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Chapter 8 
INTRODUCTION TO INDUCED EFFECTS 

 

8.1 Introduction 

The previous chapters have addressed issues related to 
the physical (also known as induced) effects of lightning. 
The remaining chapters of this book will deal with the in-
duced (also known as indirect) effects. The term induced 
effects of lightning refers to the upset or damage to elec-
trical and avionic equipment and systems that results from 
lightning strikes to an aircraft. These effects may include 
burnout of devices, and temporary or permanent upset of 
computerized functions, complete or partial include loss of 
an aircraft’s electric power, loss of control by flight or en-
gine computers, or display of hazardous misleading infor-
mation. Included in this definition (and discussed here) are 
the transient voltages and currents induced by lightning on 
the electrical wiring of the aircraft, irrespective of whether 
such transients cause damage or upset of electrical and avi-
onic equipment and systems. 

This chapter is intended as a summary of typical light-
ning-induced transients and an introduction to the chapters 
that follow, which address more specific aspects of light-
ning induced effects. The chapter will explain, briefly, the 
basic physics involved in the coupling of induced transi-
ents into aircraft wiring. It will also describe procedural 
steps that must be taken to deal successfully with these ef-
fects. Examples of transient voltage and current measure-
ments that have been made on aircraft wiring to determine 
the nature of induced effects will also be reviewed. Most 
of the subjects discussed here will be discussed in more 
detail in later chapters. 

8.2 Background 

Some overview of related background and related tech-
nologies is worthwhile.  

Electromagnetic interference (EMI)/Electromagnetic 
compatibility (EMC) 

The physics of coupling lightning energy into aircraft 
wiring are similar to that of EMI and many of the practices 
involved in the control of lightning induced effects are  the

 

same or similar to those utilized in control of classic elec-
tromagnetic interference via EMC and generally one can 
say that the practices that are good for control of lightning 
induced effects (i.e., grounding, bonding, and shielding) 
are also good for control of EMI. This is not to say that 
they are the same and certainly not to say that attention to 
control of EMI will also control the induced effects of 
lightning. One major difference in assessments of the ef-
fects of these environments is that, whereas both include 
effects of electric and magnetic fields, EMI is best under-
stood via the electric field coupling mechanism, whereas 
lightning is best explained via its magnetic field coupling 
mechanism. This is of course a simplification since each 
source of interference includes both electric and magnetic 
fields. Other differences include: 

Lightning is a time-domain source 

EMI is a frequency domain source 

In addition, EMI is usually a steady state environment 
that may be present for the duration of a flight, whereas 
lightning is an impulse environment that may happen once 
or twice during a flight, or within an even longer time pe-
riod.   

Finally, EMI is rarely capable of permanently damaging 
an item of equipment or system, whereas lightning may 
deliver sufficient energy to cause permanent failures.   

Some of the practices and mythology that have been de-
veloped for control of EMI problems, in fact, may not help 
control lightning problems, and some may even make sys-
tems more susceptible to damaging lightning induced ef-
fects. The classic EMI practice of grounding wire shields 
at only one end is perhaps the best example of this. (This 
subject is discussed in Chapter 15. The replacement of an-
alog with digital signal transmission has made it less nec-
essary to have EMI shields ungrounded at one end). An-
other EMI control practice that may increase vulnerability 
to lightning induced transients is the indiscriminate use of  
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EMI filters which may experience short circuits when low 
voltage capacitors fail due to lightning-induced transients  

Analytical tools and test techniques developed for 
EMI/EMC are not particularly applicable to lightning in-
duced effect problems, principally because lightning is a 
time-domain phenomenon, and most EMI/EMC activities 
deal with the frequency domain. Practices related to nar-
row-band radio frequency (RF) emission and absorption 
may not adequately deal with time-domain voltages and 
currents of magnitude sufficient to burn out electrical com-
ponents. 

Nuclear electromagnetic pulse (NEMP) 

Nuclear electromagnetic pulse (NEMP) protection ac-
tivities have had an influence on lightning induced effects, 
partly because that activity has been well funded in the 
past and partly because, like lightning, NEMP is a time 
domain phenomenon. Some of the published analytical 
work on lightning induced effects has been influenced by 
the work done in the field of NEMP. Some computer codes 
of use for lightning analysis in aircraft were originally de-
veloped for NEMP and to deal with coupling through ap-
ertures. Perhaps the best single summary of that analytical 
work is [8.1]. It contains numerous references to the most 
important of the original works. 

Some of the electronic component and equipment test 
techniques developed for evaluating the effects of NEMP- 
induced transients on equipment have also influenced 
those used for evaluation of lightning induced effects.  
This is particularly true of bench tests, in which currents 
and voltages are injected into electronic equipment and its 
interconnecting wiring. Some of the early work related to 
determining the voltage and current amplitudes necessary 
to damage semiconductors (i.e., ‘Wünsch analysis’) have 
also come from the NEMP community. Some of that work 
is reviewed in Chapter 17. 

Atmospheric Electricity Hazard Program (AEHP) 

A comprehensive review of work dealing with lightning 
induced effects was conducted under the Atmospheric 
Electricity Hazard Program (AEHP) organized in the 
1980s by the United States Air Force (USAF) with Boeing 
Military Airplane Company as the prime contractor. In 
that program, reviews were conducted of the lightning en-
vironment presented to aircraft. Lightning protection con-
cepts were reviewed, and protection specifications were 
prepared for two test bed aircraft, an F-14A fighter aircraft 
and a YUH-61 helicopter. The AEHP did not fund any 

research activities. Instead, it collected materials devel-
oped under other programs, sponsored various workshops 
to review the material and assembled the materials into a 
five-part series of reports [8.2 - 8.6]. There has not been a 
similar program since this period.   

The AEHP dealt mostly with induced effects of light-
ning; physical effects having been excluded from its char-
ter. Physical effects were understood to be important, and 
readers of the reports were cautioned to be aware of the 
necessity of dealing with these effects. A limited review of 
physical effects was made [8.7], but no attempt was made 
to develop engineering data relating to these effects. The 
user of this book is urged to consider all lightning effects 
together since there is often only a vague distinction 
among these two broad categories. A lightning-induced 
current transient in a wire harness is in fact just a small 
portion of the total lightning stroke current that is being 
conducted through the airplane after it has been struck by 
lightning. It is for this reason that we have set aside the 
familiar direct and indirect effects terminology for some-
what more useful physical and induced effects. Even these 
might better be combined to simply: lightning effects. 

SAE and EUROCAE Lightning Committee activities 

The groups that have been charged with reviewing 
lightning design and test practices and with developing 
lightning environment and test standards for use in the air-
craft industry and by regulatory authorities are the SAE 
Committee AE-2 and the European Organizations for 
Electrical Equipment EUROCAE Working Group 31. 
Members of these committees have included representa-
tives from the US and European aircraft industries; mili-
tary services, certifying authorities, lightning specialist or-
ganizations and test laboratories. The SAE and EU-
ROCAE lightning committees have worked together since 
1988 to harmonize technical standards among US and Eu-
rope, thus promoting agreement between various certify-
ing agencies. Many other countries, world-wide have 
joined these harmonizing efforts so that the environment 
and test standards used for addressing induced effects are 
in wide use.   

Part of the SAE and EUROCAE lightning committee 
charters (also known as ‘terms of reference’) has been to 
provide inputs to advisory circulars (ACs) issued by the 
Federal Aviation Administration (FAA) and other certify-
ing authorities as ACs or military standards. One such doc-
ument [8.8] has previously been cited in connection with 
the aircraft lightning environment. Other documents in-
clude [8.9], which describes how the lightning environ-
ment is applied to an aircraft throughout the process of
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aircraft lightning zoning and [8.10], which describes the 
process of certification for aircraft electrical and avionic 
systems. Much of the material resulting from the SAE and 
EUROCAE committee activities has also been incorpo-
rated into a Military Standard [8.11]. 

FAA and National Aeronautics and Space Admin-
istration (NASA) research 

The United States (US) FAA and National Aeronautics 
and Space Administration (NASA) have sponsored origi-
nal research to address lightning induced effects and de-
velop test techniques to evaluate these effects in aircraft 
wiring.  For example, NASA sponsored the initial devel-
opment [8.12] of the Lightning Transient Analysis (LTA) 
test technique (now known more commonly as the ‘Full 
Vehicle’ test) to determine the transient voltages and cur-
rents induced in aircraft electrical circuits by lightning. 
The US FAA has sponsored tests [8.13] to compare results 
using several test techniques, including the full vehicle 
test (FVT) technique. 

8.3 Steps in a Lightning Induced Effects  
Protection Design Program 

Quantification of the induced effects of lightning in the 
wiring of a specific aircraft generally requires subjecting 
the aircraft’s electrical and electronic systems to con-
trolled tests in a laboratory. These tests include measuring 
the induced transients in electrical wiring to determine the 
actual transient levels (ATLs, as defined in Chapter 5). 
The amplitudes of these measurements (plus a margin to 
account for uncertainties in the measurements and in the 
certification test methods) are used to determine the am-
plitudes of the test waveforms used to test the susceptibil-
ity of electrical and avionic equipment and systems. The 
transient test levels applied to individual items of avionic 
equipment, and to complete systems, are known as the 
equipment transient design levels (ETDLs). The process 
of defining ETDLs is described generally in Chapter 5. 

The lightning protection design for aircraft electrical 
and avionic systems, like protection against EMI/EMC 
problems, cannot be accomplished by analysis alone, nor 
merely by reliance on field experience. 

The problem of analysis and control of induced effects 
is a complex one but, fortunately, it can be divided into 
several steps. These steps are listed below. Conduct the 
Lightning Safety Assessment to identify the systems and 
equipment that perform functions that are necessary for 
continued safe flight and landing of the aircraft after a 
lightning strike. Guidance for conducting this assessment 
is found in FAA ACs and other documents discussed in 
Chapter 5. The outcome of this assessment will be identi-
fication of the equipment, systems, and their interconnect-
ing wiring and installations in the airplane.   

1. Determine the external lightning environment appli-
cable to the aircraft. The most important aspects of 
this environment are the lightning currents conducted 
through the airframe, and the associated external 
magnetic fields (see Chapter 10).   

2. Determine the structural IR voltages and the internal 
magnetic fields that would result from the lightning 
currents in the airframe (see Chapters 11 and 12). 

3. Determine the voltages and currents that would be in-
duced on the aircraft wiring by the IR voltages and 
magnetic fields from steps 2 and 3 (see Chapters 13 
and 14). 

4. Establish requirements for the equipment and sys-
tems identified in step 1. These requirements include 
the pass/fail criteria, and the lightning-induced tran-
sient waveform sets and levels that are applicable to 
individual equipment and systems. These are called 
the ETDLs. They also include the interconnecting ca-
ble bundle transient waveforms and levels that are ap-
plicable to the system that contains the equipment.   

5. Design and incorporate protective measures for the 
equipment and systems identified in step 1 (see Chap-
ters 15 and 16). 

6. Conduct laboratory tests to prove the success of pro-
tection designs (see Chapter 18). 

 
The relationships between the actual transients induced 

in aircraft interconnecting wiring and the transients that 
need to be tolerated by equipment and systems are illus-
trated in Fig. 8.1. 
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Fig. 8.1 Relationships of Transient Levels 

Coupling physics 

The basic scientific principles involved in analysis of 
the induced effects of lightning are reviewed in Chapter 9. 
Some of the points discussed there, particularly the math-
ematical operations, are included in this chapter as well, to 
illustrate the coupling mechanisms. 

8.4 Lightning  

Lightning current in an aircraft 

Lightning strikes to aircraft occur often enough that a 
strike to any aircraft should be regarded as a certainty. A 
lightning strike involves a direct contact between the air-
craft and the lightning channel. The currents on the surface 
of the aircraft may have an oscillatory component whose 
frequency is governed by the size of the aircraft, but the 
oscillation may also be influenced by the characteristics of 
the lightning channel. These oscillating currents are 
known as traveling wave currents, and their behavior is 
like that of the high intensity radiated fields (HIRF) in-
duced currents, except that traveling wave currents in-
duced by lightning are probably higher in amplitude than 
those induced by HIRF and NEMP. 

The injected lightning current and the resulting travel-
ing wave currents are also accompanied by electric (E, 
V/m) and magnetic (H, A/m) fields at the surface of the 
aircraft. These E and H fields are related by the character-
istic impedance of the aircraft, which is typically of the 
order of 100 ohms. The forcing function, however, is the 
injected lightning current and the external electrical and 
magnetic fields are a consequence of that current. This 
much different from what happens when an airplane is ex-
posed to electromagnetic fields produced by NEMP or 
other HIRF sources that analysis and test methods devel-
oped for evaluating these effects are not usually effective 
for evaluating effects of lightning. The concept of 

shielding effectiveness (SE), a ratio of field outside to field 
inside, is not a particularly helpful way to evaluate the re-
sponse of an aircraft to lightning current. It is more 
straightforward to base analysis of the effects of lightning 
on the concept of transfer impedance (ratio of internal volt-
age to external current), a subject discussed in Chapters 9 
and 10. 

Frequency spectra: NEMP and lightning can also be 
compared according to their frequency spectra (see Fig. 
8.2). NEMP contains more energy than lightning at high 
frequencies (50 MHz and above) while lightning contains 
more energy than NEMP at lower frequencies. The data 
presented in Fig. 8.2, should be viewed with caution, since 
the frequency spectrum calculated for lightning is based 
on simplified waveforms that may not truly represent the 
multi-pulse nature of lightning.   

Some research is indicating that there are portions of 
lightning currents that change with time more rapidly than 
previously assumed, although these higher rate-of-change 
currents, if they exist, do not appear to have adversely af-
fected aircraft avionic systems. Whereas the lightning en-
vironment for application to aircraft is presented in the 
time domain, it is possible to convert time domain current 
pulses into frequency domain via the Fourier transfor-
mation so that a series of sinusoid waveforms at varying 
frequencies and peak amplitudes are combinable to pro-
duce the time domain lightning current pulse. It is not use-
ful to apply tests of systems and equipment using the series 
of frequency domain waveforms since the effects of these 
on electronic components are not going to be the same as 
would the time domain pulse.   

 

Fig. 8.2 Frequency spectra of lightning 
and NEMP (Range = 0.75 m). 
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8.5 Basic Coupling Mechanisms 

The primary mechanism by which HIRF and NEMP 
fields induce signals in aircraft wiring is through field pen-
etration of apertures. Aperture coupling is also significant 
in lightning interactions but, with lightning, coupling 
through resistive or diffusion mechanisms is also im-
portant, particularly for aircraft having large amounts of 
composite material in their structures. The other two cou-
pling mechanisms are via structural IR voltages and elec-
tric fields. These coupling mechanisms are illustrated in 
Fig. 8.3 and discussed in more detail in Chapters 11 and 
12. 

A metal aircraft is often viewed as providing a ‘Faraday 
shield’ for the systems contained within. This is a concept 
from electrostatics that implies that the electrical environ-
ment inside the aircraft is separate and distinct from the 
environment outside. To some extent this is true; the light-
ning environment inside an aircraft is not nearly as high as 
the external environment. 

There are three mechanisms by which electrical energy 
couples to the interior of an aircraft. The basic coupling 
methods are illustrated in Fig. 8.3. Chapter 9 describes the 
physics of each of them, and subsequent chapters discuss 
them in greater detail, with examples. 

8.5.1 Structural Resistive Voltage 

The first coupling mechanism relates to the electric field 
produced along the inner surface of the aircraft by the flow 
of current through the resistances of structural materials 
and joints. In some cases, an easily identifiable resistance 
is involved, although frequently that resistance is of a dis-
tributed nature that may depend upon the amplitudes and 
durations of the structure currents. It has been learned that 
resistances of aircraft structures generally decrease with 
current amplitudes. Due to improvements in joint conduc-
tivities as current is increased. The variability is due to the 
surface finishes and sealants included in the fastener in-
stallations. When tests of airplanes at low (i.e., 1-3 kA) 
current amplitudes are made to measure induced transi-
ents, it may be assumed that the IR coupling will result in 
somewhat higher amplitudes of induced transients than 
would be the case had the airplane been conducting a full 
threat (say 200 kA) stroke current, normalized for stroke 
amplitude. 

 

Voltage rise: The term voltage rise is preferable to 
voltage drop since the product of current and resistance 
acts as a source (akin to a battery as a voltage source), 
which is then applied to an internal circuit, in this case the 
wiring of the aircraft. 

 

Fig. 8.3 Lightning coupling mechanisms. 

Joint resistance 

The most easily understood mechanism by which light-
ning induces voltages on aircraft electrical currents is that 
in which the current, flowing through airframe structure 
and joint resistances produces a voltage by the elementary 
IR (also shown as IxR) mechanism. A simple example of 
this mechanism is shown in Fig. 8.4, in which lightning 
current flows through the resistance of the mechanical 
mounting structure of a light. The resulting voltage rise 
across this resistance has the same waveform as the in-
jected lightning current but, at some remote point, the 
waveform may be altered by oscillations between the in-
ductance and capacitance of the wire supplying power to 
the filament of the light. 

 



248 
 

 

Fig. 8.4 Resistive voltages. 

Fig 8.5 shows two other examples of situations in which 
resistive voltages might be encountered. Example (a) is at 
the interface between a pylon and external stores mounted 
on it (Fig. 8.5(a)). If lightning attaches to the external 
stores, it must flow through this interface to enter the air-
craft. Since pylon interfaces are not primarily designed for 
carrying current and since the lightning current would be 
concentrated as it flowed through them, a voltage would 
be developed across the resistance of the pylon interface. 
This is particularly likely if the mounting bolts are made 
of steel, which has a higher resistance than aluminum. A 
bolt resistance of 10 milliohms, for example, would pro-
duce an IR voltage of 2 000 volts if exposed to a conducted 
stroke current of 200 kA. Similarly, IR voltages may also 
develop across the structural interfaces between large, ad-
joining sections of an airframe, such as that between the 
vertical stabilizer and tail section shown in Fig. 8.5(b). 

 

 

Fig. 8.5 Other examples of resistance. 
(a) The pylons for external stores. 
(b) Joints in structural members. 

Effects of aircraft circuit return architecture 

The effects of joint resistance on circuits are strongly 
influenced by the way electric power or signal circuits are 
returned or ‘grounded’. In Fig. 8.6, current flowing across 
the joint resistance, R, produces a voltage, V = IR. Since 
the circuit across which V1 is measured employs the struc-
ture as a ground-return path, it experiences all of this volt-
age; thus, V1 is high. A circuit employing a single-point 
ground does not include this IR voltage rise; hence V2 
would be low, especially if the wires were twisted together 
so that the magnetically induced voltage was also low. 

 

Fig. 8.6 Effects of aircraft circuit grounding. 
(a) Structural return, V1 = IR 
(b) Single-point ground, V2 
(c) Single-point ground, V3 = IR 

The use of a single-point ground for the circuit would 
not eliminate the IR voltage because the voltage at the load 
end of the circuit, V3, would be high and would include the 
IR voltage as well as any voltage induced by magnetic 
fields passing through the loop between the wire harness 
and the airframe. 

 

 

Fuselage 

Wing 
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Structural IR voltages are of particular concern in air-
craft made from carbon fiber composite (CFC) materials 
because the structural resistances of such aircraft may be 
tens of milliohms. A 200 kA current flowing through a 
structural resistance of 60 milliohms would produce 12 
000 volts. Equipment located at one end of such a structure 
that is referenced through an unprotected wire harness to a 
point at the opposite end of the structure may be subjected 
to the IR voltage of the entire structure. This voltage would 
appear in the loop formed by the wire harness and the ad-
jacent airframe. The amount of it that reaches any item of 
equipment between the equipment and the local structure. 
Any voltages induced by magnetic fields would be super-
imposed on this IR voltage. 

Limitations of structural resistance analyses 

These descriptions of the effects of joint resistance 
should not be relied upon to predict coupling into circuits 
extending throughout the entire aircraft. Joint resistance 
effects only the IR component of induced voltage, not the 
magnetically induced component. Therefore, if joints are 
made more massive, reducing IR-induced effects, the ef-
fects of changing magnetic fields become proportionately 
more significant. These effects are discussed in more de-
tail in other sections, but one common oversimplification, 
illustrated in Fig. 8.7, should be pointed out here. 

 

Fig. 8.7 An oversimplified model. Maximum  
Induced voltage is not determined solely by end-
to-end resistance. 
 

If the total end-to-end resistance of an aircraft is 2.5 mΩ 
and a lightning current of 200 kA flows through this re-
sistance, the end-to-end voltage on any circuit cannot be 
depended upon to be less than 500 V (the product of the 
lightning current and the DC resistance). For more discus-
sion about the relevance of bonding resistances to light-
ning protection, see §6.1.5., etc. 

Resistances play a similar role in internal conduits and 
shields that are used to protect circuits, but the voltage 
rises that happen in these items are considered part of the 
performance of shields, which is the topic of Chapter 15.   

8.5.2 Magnetically Induced Voltages 

The second coupling mechanism (Fig. 8.8) is due to 
lightning magnetic fields in the interior volume of the air-
craft. 

Aperture coupling 

The most common and important magnetic field inter-
action involves external magnetic fields passing through 
apertures to the interior of the aircraft, as illustrated in Fig. 
8.8(b). These fields are due to the lightning current in the 
airframe. If windows and other apertures are present a por-
tion of the exterior magnetic fields will pass into and out 
of the interior of the airplane via these apertures, so these 
are frequently called the aperture fields. A changing mag-
netic field passing through a loop (Fig. 8.8(c)) generates 
an open circuit voltage, usually expressed as Voc. This is 
the magnetic field coupling mechanism. It is also a combi-
nation of Faraday’s law and Lenz’s law. Specifically, Far-
aday’s law is the magnitude of the voltage and Lenz’s law 
is the polarity of the voltage, which, importantly, is so that 
current driven by the induced voltage will be to oppose the 
incident field that yields the induced voltage in the first 
place, a feature that is important for SE as discussed in 
Chapter 15). The loop mentioned above could be any cir-
cuit loop of interest, but most commonly it is the area be-
tween a wire harness and the nearest airframe surface, such 
as the interior surface of a fuselage skin along which the 
harness is routed, or perhaps a cabin floor beneath which 
the harness of interest is routed. Since wire harnesses are 
usually groups of individual wires, routed and tied to-
gether, it is the magnetic field passing through the com-
mon loop area between these wires, and the adjacent sur-
face that is important, since the loop voltage induced by 
this field is common to all wires. This is usually a signifi-
cantly higher voltage than is the voltage induced in the 
smaller spaced between individual wires. This common-
mode loop voltage is given by, 

𝑉𝑉𝑡𝑡𝑎𝑎 = − 𝑑𝑑𝑑𝑑
𝑑𝑑𝛼𝛼

  (8.1) 

or 

𝑉𝑉𝑡𝑡𝑎𝑎 = 4𝜋𝜋 × 10−7𝐴𝐴 𝑑𝑑𝑑𝑑
𝑑𝑑𝛼𝛼

  (8.2) 

where H is the magnetic field strength and φ is the total 
magnetic flux passing through the common loop of area A. 
Eq. 8.2 is useful if the magnitude of the field intensity, H, 
can be assumed to be the same throughout a loop. 

These numerical relationships are discussed further in 
Chapter 9. The most important point is that the voltages 
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are proportional to the rate of change of magnetic field, 
some-times referred to as dH/dt, or H-dot. 

 

Fig. 8.8 Aperture-type magnetic field coupling. 

Induced current 

If the loop is short-circuited, a short circuit current, usu-
ally referred to as Isc, is induced in the loop. The amplitude 
of Isc is given by Eq. 8.3. 

𝐼𝐼𝑠𝑠𝑎𝑎 =  1
𝐿𝐿 ∫ 𝑉𝑉𝑡𝑡𝑎𝑎𝑑𝑑𝜔𝜔   (8.3) 

where L is the self-inductance of the loop. 

The current in the short-circuit loop thus tends to have 
the same waveform as the inducing magnetic field, unlike 
the voltage, whose waveform corresponds to the rate of 
change of the magnetic field (dφ/dt). 

Diffusion coupling 

Magnetic fields are also produced by the diffusion of 
lightning currents to the inside surfaces of the aircraft 
skins. These are referred to as the diffusion fields. The dif-
fusion fields are also related to the frequency dependent 
properties of the resistively generated electric field. Be-
cause some of the concepts involved in the study of the 
diffusion fields are central to an understanding of other ef-
fects, particularly with respect to the response of shielded 
wires, they are discussed in detail in Chapter 11. 

Composite aircraft Structures 

Magnetic field effects are sometimes more severe in air-
craft made from composites than in metal aircraft. Fiber-
glass and aramid fiber reinforced plastics provide no mag-
netic shielding. Carbon fiber composites provide some 
shielding against aperture fields, but not as much as metals 
provide. Not only are the magnetic fields higher inside 
nonconductive composite airframes, but they rise to peak 
faster than in either metal aircraft or aircraft fabricated of 
CFC. An effect of the increased magnetic fields is that 
much more of the total lightning current flows on internal 
metal objects in a composite aircraft than flows inside a 
comparable metal aircraft. Another way of phrasing this is 
to say that the current redistribution time constants in a 
composite aircraft (even one made from CFC) are much 
faster than in a metal aircraft. The phenomena of redistri-
bution are discussed further in Chapter 11. 

8.5.3 Capacitively-generated Currents 

The third type of coupling, Fig. 8.9, involves electric 
fields passing directly through apertures, such as windows 
or canopies, to the interior of the aircraft. The displace-
ment current, Idisp, induced in a conductor by a changing 
electric field (Fig. 8.9(c)) is 

𝐼𝐼𝑑𝑑𝑝𝑝𝑠𝑠𝑝𝑝 = 8.85 × 10−12𝐴𝐴 𝑑𝑑𝑑𝑑
𝑑𝑑𝛼𝛼

  (8.4) 

where A is the area available to intercept the electric field 
and E is the intensity of the field, V/m. 
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Fig. 8.9 Aperture-type electric field coupling. 

If the current flows through an impedance, a voltage ap-
pears across that impedance. Capacitively induced volt-
ages and currents are proportional to the rate of change of 
electric field, frequently referred to as dE/dt or E-dot. 
Changing electric fields, and the displacement currents 
they induce, are discussed in detail in Chapter 9. 

In metal aircraft, electric field coupling takes place en-
tirely through apertures, since virtually any thickness of 
metal provides extremely good shielding against electric 
fields. In aircraft that have CFC instead of aluminum skins, 
this is usually also the case. 

8.6 Approaches to Determining the  
Responses of Circuits 

The two basic methods of determining how much volt-
age and current would be induced on aircraft wiring by 
lightning are numerical analysis and measurement. 

Numerical analysis 

Since an aircraft is a complex structure, it is difficult to 
determine, by purely analytical means, the voltages and 
currents that would be induced on aircraft wiring by light-
ning. Computer codes exist that have been verified by 
comparisons with aircraft test data. Such verification is re-
quired by airworthiness certifying authorities if the codes 
are to be utilized to compute induced transient waveforms 
and levels to set certification test conditions for equipment 
and systems. As of this writing, they are limited in the de-
gree to which they can accurately predict the voltages and 
currents of actual aircraft wiring systems, as opposed to 
idealized and oversimplified geometries; however, com-
putational power and codes are progressing to provide so-
lutions to more complex situations. 

The primary virtue of numerical analysis is that it ena-
bles one to predict the approximate responses of wiring on 
an aircraft that has not yet been built. Also, using simpli-
fied and idealized geometries, one can predict the order of 
magnitude of voltage and current on circuits too complex 
to analyze precisely. Frequently, an order of magnitude es-
timate of the voltages and current induced by lightning is 
enough to enable one to make useful decisions regarding 
protective measures.   

Measurements 

The experimental method for analyzing the response of 
an aircraft to lightning is to inject current into the aircraft 
and measure the resulting voltages and currents on internal 
wiring. This has been known as ‘Lightning Transient 
Analysis’ (LTA) or ‘Full Vehicle’ testing. There are three 
basic approaches to such tests: 

1. Measure the aircraft’s response to lightning currents 
through Fourier analysis of wiring responses to sinus-
oid currents of various frequencies. 

2. Inject (full threat level) pulse currents into the aircraft 
and measure the response in the time domain. 

3. Inject low level (much less than full threat level) cur-
rents into the aircraft, measure the response in the time 
domain, and extrapolate the results to full threat level. 

These three methods are discussed further in Chapter 
13. The method of injecting low level pulse currents into 
the aircraft is the one that has been used for most measure-
ments of the response of aircraft electrical circuits. Full 
threat level tests are seldom made on aircraft, since test 
equipment capable of doing this is not readily available 
and the physical effects of multiple full threat tests on an 
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airplane are unknown, as are the possible effects on in-
stalled avionic equipment. Tests at full threat have been 
conducted occasionally on military airplanes. 

Sometimes, a designer does not have access to an air-
plane to test when information on the induced transient 
levels is needed to prepare lightning induced transient tol-
erance specifications for the avionic equipment. In recog-
nition of this common situation, Chapter 14 provides some 
simplified tools with which to estimate these levels. An 
engineer who needs to establish ETDLs for aircraft avion-
ics may find this chapter helpful. 

 

8.7 Examples of Induced Transients  
Measured on Aircraft Wiring 

It is common to inject simulated lightning currents into 
an aircraft and measure the resultant voltages and currents 
on wiring inside the aircraft. A few examples of typical 
measurements will be given in the following sections, pri-
marily to illustrate the general nature of voltages and cur-
rents induced by lightning. Where appropriate, reference 
will be made to the subsequent chapters where the phe-
nomena are discussed in further detail. 

8.7.1 Electrical Circuits in an Aircraft Wing 

The first set of tests to be discussed [8.1] is one in which 
lightning-like currents with amplitudes up to 40 000 A 
were injected into one wing of an F-89J fighter aircraft. 
During these tests, represented in Fig. 8.10, the wing was 
fastened onto a screened instrument enclosure, which may 
be regarded as representing the fuselage of the aircraft. 
The current was injected either into the wing or into the 
external wing tip tank, allowed to flow along the wing to 
the outer wall of the screened instrument enclosure, and 
then to a ground plane from which it was returned to the 
opposite terminal of the current generator. Whereas this 
airplane is not of interest today, the transient measure-
ments are typical of those measured in many airplanes. 
The wing and fuel tank were constructed of aluminum. An 
example of one type of current waveform injected into the 
wing is shown in Fig. 8.10(b). These tests were of an ex-
ploratory nature, prior to the adoption of industry stand-
ards for aircraft FVTs. The injected current for these ex-
amples had an amplitude of approximately 30 kA and an 
overall time duration of about 30 µs. Although this is not 
equivalent to the standard stroke current Component A, it 
is nevertheless somewhat typical of an ‘average’ negative 
cloud-to-earth stroke. 

 

 
Fig. 8.10 High current injection tests on a wing. 

(a) Test arrangement. 
(b) Waveshape of injected current. 

The test current differed from a typical lightning stroke 
current, which would usually rise rapidly to crest and then 
decay at a much slower rate. The shape of the test current 
waveform must be considered when observing the wave-
form of some of the measured induced voltages and cur-
rents illustrated in the following paragraphs. Note that at 
about 20 µs, a major discontinuity occurs in the test current 
waveform. This discontinuity is reflected in the induced 
voltages. 

Within the wing there were several electrical circuits as-
sociated with navigation lights, fuel gauges, pumps, re-
lays, switches indicating flap positions, etc. Some of these 
were in the leading edge of the wing and were well 
shielded from many electromagnetic effects, while others 
ran along the trailing edge, between the main body of the 
wing and the control surfaces. The latter circuits were the 
most exposed to the electromagnetic fields. All the circuits 
were relatively simple and independent from each other. 
They were not, as a rule, bundled together in one large ca-
ble bundle, a practice that provides maximum coupling 
from one circuit to another and makes analysis difficult. 
(The question of how the location of wiring affects the 
voltages induced in it by lightning is discussed in Chapter 
16.) 

Position light circuit 

The schematic shown in Fig. 8.11 represents a circuit 
that supplied power to a position light mounted on the ex-
ternal fuel tank. The circuit consisted of one wire supply-
ing power to the filament of the position light. The return 
circuit was provided by the structure of the wing itself. Ac-
cordingly, if a lightning flash attached to the external tank, 
that circuit would be influenced by the resistance R1 of the  



253 
 

hangers fastening the tank to the wing, by R2, the inherent 
resistance of the wing, and by magnetic flux arising from 
the flow of current. 

Typical test results are given in Figs. 8.11(c) and 
8.11(d). The open circuit voltage rose rapidly to its crest 
and decayed more rapidly than the injected current, shown 
in Fig. 8.10(b). This indicates that the open circuit voltage 
was responding primarily to the derivative of the magnetic 
flux. 

When the conductor was shorted to ground at the meas-
urement end, the short circuit current rose to its crest in 
approximately the same length of time as the injected 

current did and had essentially the same waveform. This 
example shows that “induced” short-circuit currents are 
simply a portion of the total lightning current conducted 
through the airplane. Fig. 8.11(e) shows an approximate 
equivalent circuit, in which L1 and R1 represent the trans-
fer impedance that relates the induced transients to the 
lightning current. L2 and R2 represent the inherent induct-
ance and resistance of the wires between the fuselage and 
the light. The transfer inductance and resistance are merely 
the empirical values that would produce the observed open 
circuit voltage when operated upon by the external light-
ning current. They do not necessarily represent any clearly 
definable resistance or inductance of the wing.

 

 
Fig. 8.11 A wing tip circuit and induced transients 

 .
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Pylon circuit 

In the circuit shown in Fig. 8.12, a conductor runs 
through the leading edge of the wing and terminates in an 
open circuit in a pylon mounted underneath a wing. In the 
electrical detail circuit shown in Fig. 8.12(b), this circuit 
would not respond to the voltage developed across the re-
sistance between the external tank and the wing. However, 
the circuit would respond, in some measure, to IR rise 
through the resistance of the wing structure and to the 
magnetic field accompanying the flow of current in the 
wing, but, since the circuit was only capacitively coupled 
to the wing, the measured voltage, V was less than that in 
the circuit shown in Fig. 8.11. 

 

Fig. 8.12 A pylon circuit – open at pylon                              
and induced voltage. 

 

The conductor shown in Fig. 8.12 supplied power to a 
relay and to explosive bolts in the pylon used to hold an 
external store. In Fig. 8.12, the pylon was not installed, so 
there was no load on the conductor. Fig. 8.13 shows the 
results with the pylon installed and the conductor con-
nected to a relay with a return through the aircraft struc-
ture. In this test, the simulated lightning stroke current was 
injected to the pylon. The combination of the circuit’s 
structural path and the fact that the lightning strike termi-
nated on the pylon (thus including in its path the resistive 
drop across R3, the resistance between the pylon and the 
wing) produced a much higher voltage on the wire than 
when the conductor was open circuited. No attempt was 
made to completely analyze from which area the magnetic 
flux was coming or which component of that flux (φ1, rep-
resenting that in the pylon, or φ2, representing that in the 
wing) was larger. 

 

Fig. 8.13 A pylon circuit – loaded at pylon                            
and induced voltage. 



255 
 

 

Fig. 8.14 An antenna circuit and induced transients. 

Antenna circuit 

The circuit shown in Fig. 8.14 illustrates the interaction 
between the lightning-induced voltage and the circuit re-
sponse. In this circuit, a slot antenna, excited by a 
grounded stub and fed from a length of 75 Ω coaxial cable, 
was installed in the leading edge of the wing. The shorted  

stub that excited the slot antenna was the predominant area 
intercepting the magnetic flux produced by the lightning 
current in the wing. 

The voltage developed in this antenna, whose wave-
form is shown in Figs. 8.14(c) and 8.14(e), followed the 
same pattern as that shown for the other circuits. The rapid 
transition on the leading edge of the voltage, however, was 
capable of exciting an oscillation within the coaxial cable 
feeding the antenna. When the antenna circuit was termi-
nated through a resistor matching the surge impedance of 
the cable, the higher frequency ringing oscillation disap-
peared, leaving only the underlying response of the an-
tenna to the magnetic field surrounding the wing. 

Significant conclusions 

Several significant things were learned during this test 
series. First, the voltages induced in a typical circuit with-
in a wing consist of the sum of a magnetically induced 
component and a component proportional to the resistance 
of the current path. Second, the location at which the light-
ning flash contacts the wing has an important effect on the 
magnitude of voltage developed on different circuits. 

Nearly all the voltages and currents measured on the cir-
cuits in the experiment described above could be explained 
in terms of simple equivalent circuits, such as those shown 
in Fig. 8.15. One way to view these equivalent circuits is 
in terms of the self-inductance of the wing, the self-induct-
ance of the circuit within the wing, and the mutual imped-
ance between the wing and the internal conductor, as 
shown in Figs. 8.15(a) and (b). Note that these equivalent 
circuits include the effects of mutual inductance. Without 
this, they would be incorrect. 

Another approach to viewing equivalent circuits is 
based on transfer impedance, as illustrated in Fig. 8.15(c). 
In the approach based on self and mutual inductances, the 
self-inductance of the wing would be nearly equal to the 
mutual inductance between the wing and the internal con-
ductor. The difference between the two would be equal to 
the transfer inductance in the latter approach. 

Since the values for the transfer impedance are much 
smaller than the values representing the self-impedance of 
the circuit, the latter approach leads to an equivalent circuit 
that is easier to work with. It is also compatible with the 
concept of mutual inductance or transfer impedance dis-
cussed regarding shielded cables in Chapter 13. 

There is no easy way to correlate the magnitudes of the 
transfer impedance with the physical geometry of the wing 
or with the location of the conductors within the wing. 
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However, it can be said that conductors located in the for-
ward portion of the wing are better shielded, and conse-
quently have lower transfer impedances, than those along 
the trailing edge. Likewise, it can be observed that circuits 
which do not have any electrical return through the wing 
structure have lower transfer impedances than circuits 
which do have a return through the wing structure. 

 

Fig. 8.15 Equivalent circuits. 

It is significant to note that the short-circuit currents 
have waveforms of longer duration than the open-circuit 
voltages. This occurs because the impedance of conduc-
tors is primarily inductive, not resistive. Some of the spec-
ifications now being placed on proof testing for aircraft 
avionic systems do not recognize this inductive nature of 
wiring systems. Rather, by design or by oversight, they 
treat the impedance as if it were resistive, which compli-
cates test procedures and may lead to improper interpreta-
tion of test results. This matter is discussed further in 
Chapter 18. 

8.7.2 Digital Fly-By-Wire Circuits 

The following discussion is based on measurements 
made on an F-8 aircraft operated by NASA as a research 
platform for a digital fly-by-wire control system. The fly- 

by-wire controls, represented by Fig. 8.16, consisted of a 
primary digital system, a backup analog system, and a 
common set of power actuators operating the control sur-
faces. The major components of the control system were 
in three areas: the cockpit, where sensors coupled to the 
control stick provided signals for the control systems; an 
area behind the cockpit, where the digital computer was 
mounted; and a compartment behind and below the cock-
pit on the left side of the aircraft. This last compartment 
would formerly have been occupied by guns. Accordingly, 
it is referred to here as the ‘gun bay’, although in this re-
search aircraft it was used to house interface and control 
assemblies, not guns. 

 
Fig. 8.16 Location of fly-by-wire control system 

hardware and wiring bundles in F-8 
aircraft. 

Several hydraulic actuators were located at each of the 
major surfaces. These were interconnected to the fly-by-
wire control systems through wire bundles that ran under 
the wings. The control systems did not depend upon the 
aircraft structure as a return path; the system was consid-
ered to have a single-point ground, and that single-point 
ground was located at a panel in the gun bay. By and large, 
none of the control wiring in this aircraft was shielded. 

Test techniques 

In contrast to the tests on the wing of the F-89J aircraft, 
in which high amplitude currents were injected into the 
wing from a high-power surge generator, the tests on the 
complete F-8 aircraft were made using the LTA technique 
described briefly in §8.6 and more completely in Chapter 
13. During the tests on the F-8, the injected current was on 
the order of 300 A. The measured transient amplitudes dis-
cussed here are the amplitudes induced by this injected 
current. To scale the results to what would be produced by 
atypical 30 kA lightning current, the measured amplitudes 
should be multiplied by 100. To scale the results to a de-
sign-level amplitude of 200 kA, they should be multiplied 
by 666. 
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It is important to measure common-mode (line to air-
frame) transients induced in individual circuits because 
these are needed to set damage tolerance tests of equip-
ment, which need to be applied using the pin-injection test 
between individual equipment connector pins and chassis.    

Several different current waveforms were applied. The 
waveform to which most frequent reference will be made 
in this abbreviated set of test results is that described as the 
‘fast waveform’; a current rising to crest in about 3 µs and 
decaying to half value in about 60 µs. These waveforms 
are shown in Fig. 8.17. The fast waveform is the most like 
the standard test current Component A recommended for 
such tests today and described in Chapter 5. 

Fuselage circuit 

The first set of measurements were made on a group of 
spare conductors that ran between an interface box in the 
gun bay and a disconnect panel located near the leading 
edge of the vertical stabilizer. The routing of the circuit is 
shown in Fig. 8.18(a) and the waveforms of the voltages 
that were measured are shown in Fig. 8.18(b). The voltage 
measured between the conductor and ground consisted of 
a high-amplitude oscillatory component and a second 
component of lower amplitude but longer duration. This is 
typical of voltages induced by lightning currents in un-
shielded wiring. 

Voltages measured between the conductors, shown in 
Fig. 8.18(c), were much smaller than the voltages meas-
ured, common mode, between individual conductors and 
the airframe. Such results would be expected on a well-
balanced circuit. The voltages were, however, not zero, 
and one should not assume that voltages on twin conductor 
circuits will be low enough to eliminate problems. 

The oscillatory component of the voltage was excited  
by magnetic flux (and possibly electric fields) leaking in-
side the aircraft, while the longer duration component was 
produced by the flow of current through the structural re-
sistance of the aircraft. Since voltages induced by the mag-
netic flux are proportional to the rate of change of that flux, 
the oscillatory component tends to be more pronounced for 
faster-changing (or rising) currents injected into the air-
craft than for slower-changing (or rising) currents. This ef-
fect was noted in the tests under discussion and evidence 
of it can be seen in the oscillograms. 

 

 
Fig. 8.17 Simulated lightning current test waveforms.  

Peak amplitudes were ~300 A 

 
Fig. 8.18 Voltages induced in a fuselage circuit. 
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Circuit to wing position indicator 

The second set of measurements was made on a circuit 
running from the interface control unit and the gun bay to 
a wing position indicator switch, located underneath the 
leading edge of the wing. The wing on the F-8 aircraft 
could be raised or lowered around a pivot point, towards 
its rear, to achieve a higher pitch angle during landing and 
takeoff. The purpose of the switch was to indicate the po-
sition of the wing. 

The voltages induced on the wing-position indicator 
switch circuit are shown in Fig. 8.19. The voltages meas-
ured from ‘line-to-airframe’ (common mode) were higher 
than those measured ‘line-to-line’, but it is significant that 
the line-to-line voltages, while of a somewhat different 
waveform, were not much lower than the ‘line-to-air-
frame’ voltages. 

 
Fig. 8.19 Voltages induced in wing position 

indicator circuit at open plug P22. 

The reason for this was that the load impedances of the 
two sides of the interface box in the gun bay differed. One 
side connected to a power supply bus, while the other side 
probably connected to an emitter follower. In standard 
tests, the wire plugs would be disconnected from equip-
ment at the remote ends and the individual wires grounded 
locally to the equipment chassis or airframe ground, so that 
the entire loop voltage (VOC) be recorded at the measure-
ment end, as described in Chapter 13. The measurements 
reported here were taken prior to the advent of the FVT 
standard. 

Note that these voltages were, again, of an oscillatory 
nature. They were apparently excited by the leakage of 
magnetic flux to the inside of the aircraft, not by the rise  

 

in potential along the structural resistance of the aircraft. 
The oscillatory responses are due to traveling wave cur-
rents in the aircraft, excited by the differences in charac-
teristic impedances of the lightning channel (represented 
by the test current generator) and the airframe. This topic 
is explored further in Chapter 14.   

Circuits to actuators 

Figs. 8.20 and 8.21 show voltages measured on two dif-
ferent circuits going to actuators, one (Fig. 8.20) going to 
the left pitch actuator and the other (Fig. 8.21) going to the 
left roll actuator. In both cases, the voltages measured were 
the output of the driver amplifier used to control the servo 
valve in the actuator. Both were differential (i.e., line-to-
line) measurements. Note, again, that the characteristic re-
sponse was oscillatory and excited by the penetration of 
magnetic flux to the inside of the aircraft. The voltage de-
pended somewhat on the path the current followed through 
the aircraft, but this dependence was not strong. Both light-
ning current paths produced transient voltages of about the 
same amplitude. 

 
Fig. 8.20 Left pitch valve drive output 

(high to low) at plug P22. 

 
Fig. 8.21 Voltages induced in left roll valve drive 

output circuit (pins 44-45) at open plug P22. 
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Cable bundle currents 

On the F-8, the control wires were laced together into 
large bundles, as is typical on most aircraft. The routing of 
some typical bundles in the gun bay, housing the backup 
and interface electronic control boxes is shown in Fig. 
8.22. It is important to measure cable bundle currents be-
cause are needed to levels for performance of system func-
tional upset tests of operating systems to verify adequacy 
of protection against system functional upsets, a topic dis-
cussed in Chapter 18. These tests are applied by injecting 
cable bundle transients into one or more cable bundles 
while a system is operating so that functional responses 
can be identified. This involves coupling current onto a ca-
ble bundle (usually through a transformer) and allowing 
the voltages and current on individual wires to develop as 
appropriate to the impedances of the circuits to which they 
connect. The technique of injecting current onto cables in 
this way is discussed in Chapter 18. 

 
Fig. 8.22 Cable bundles within the gun bay. 

Typical results of these cable measurements are shown 
in Figs. 8.23 and 8.24. The cable bundle currents were also 
found to be oscillatory, like the voltages on conductors, 
described earlier. Since the flight control wiring was not 
grounded at multiple points within the aircraft, none of the 
currents in these cable bundles exhibited any of the long-
time response characteristic of multiple-grounded conduc-
tors. 

Statistical distribution 

Fig 8.25 shows a statistical distribution of the peak am-
plitude of currents in all the cable bundles upon which 
measurements were made. The distribution is shown for

 

both the actual test current amplitudes injected into the air-
craft and for currents extrapolated to represent the effects 
of actual lightning flashes. In terms of an average-ampli-
tude lightning stroke (30 000 A), the total current on most 
cable bundles in this airplane would have been on the order 
of 20 to 100 A. 

 

 

Fig. 8.23 Currents on cable bundles leading 
toward cockpit and left-hand instrument panel. 
 

 

Fig. 8.24 Currents on cable bundles leading 
toward the area behind the cockpit. 
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Fig. 8.25 Distribution of amplitudes of cable 
bundle currents (measured in left gun bay). 

Magnetic fields 

Measurements were made of the amplitude and wave-
form of the magnetic field at several points in and around 
the aircraft. One location upon which attention was con-
centrated was the cockpit, since the cockpit is an inher-
ently unshielded region and one in which many control cir-
cuits can be subjected to changing magnetic fields. 

The positions at which fields were measured, the peak 
amplitudes of the fields, and their predominant orienta-
tions are shown in Fig. 8.26. The magnetic fields were 
measured with a probe which had a characteristic time 
constant of about 4 µs. When exposed to fields changing 
in times less than 4 µs, it would respond to the absolute 
magnitude of the field intensity and, when exposed to 
fields changing in times longer than 4 µs, it would respond 
to the rate of change of the magnetic field. 

 

 

Fig. 8.26 Magnetic field measurements in the cockpit. 
 

A few typical measurements of field waveform are 
shown in Fig. 8.27. The most significant feature of these 
measurements is that there was no orientation of the mag-
netic field probe that resulted in a zero output. This indi-
cated that the orientation of the magnetic field was not uni-
form with respect to time. The field produced at any one 
point was the sum of the field produced by the total flow 
of current through the aircraft and that produced by oscil-
latory current in the various structural members,  
as the current in those members changed with time. 

 

Fig. 8.27 Magnetic fields near pilot’s seat. 
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When fields of high frequency are produced by oscilla-
tory currents excited by an original transient field, the pro-
cess is sometimes called re-radiation. 

Also, it was noticed that the waveform of the magnetic 
field was quite oscillatory whenever the peak magnitude 
of the field was low. This behavior is common. It occurs 
because the low-level magnetic fields found within par-
tially shielded structures arise either from re-radiation, due 
to circulating currents, or from coupling through apertures. 
It is noted in Chapter 12 that coupling through apertures is 
frequency-dependent, and that high frequencies (or the 
high-frequency portions of transient waveforms) are cou-
pled more effectively than low frequencies. 

Some measurements of the magnetic field within the 
gun bay are presented in Fig. 8.28. Clearly, the magnetic 
field inside the gun bay compartment was of lower ampli-
tude than the magnetic field outside the gun bay. The 
waveforms of the fields are more difficult to understand. 
First of all, it must be kept in mind that the probe was re-
sponding to the rate of change in the magnetic field after 
about 4 µs and was responding to the field itself for times 
shorter than about 4 µs. 

Accordingly, the oscillograms displaying the field in-
side the gun bay indicated an initial component of internal 
magnetic field that rose to its crest about as fast as the ex-
ternal field did. 

 
Fig. 8.28 Magnetic fields inside the gun bay. 

From then on, the field continued to increase at a 
slower rate. (The final value of the field is not shown in 
the oscillograms). The fact that the field continued to rise, 
but at a slower rate, agrees with the behavior predicted in  

§11.3.5, Fig. 11.11 and §11.6, where it is shown that the 
magnetic field should increase with a time constant char-
acteristic of the internal inductance and resistance of the 
cavity in which the fields are measured. 

Magnetic Fields inside a battery compartment located 
aft of the gun bay are presented in Fig. 8.29. The measure-
ments indicate some initial oscillatory magnetic fields, fol-
lowed by a field that rose to crest at a time much longer 
than the crest time or even the duration of the simulated 
lightning current. Oscillogram (d), in Fig. 8.29, shows the 
rate of change of field falling to zero after approximately 
400 µs. This indicates that the field itself reached its crest 
value in about that time. 

 

Fig. 8.29 Magnetic fields inside the battery 
compartment (probe time constant = 4 µs). 

The differences between the responses of the magnetic 
fields inside the gun bay and those in the battery compart-
ment can be attributed to differences between the types of 
covers and fasteners used on the two compartments. The 
cover over the battery compartment was held in place by 
fasteners spaced about every 3.8 cm, and thus made good 
contact to the rest of the airframe. The multiple fasteners 
provided many paths for circulating currents to flow in the 
walls of the battery compartment. 
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The gun bay covers, on the other hand, since they were 
originally designed for ease of access, had far fewer fas-
teners. These fasteners were spaced about every 30 cm. 
Accordingly, the cover on the gun bay afforded a much 
more severe constriction to circulating currents than the 
cover on the battery compartment. These differences al-
lowed the magnetic field within the gun bay to reach its 
peak faster than the magnetic field within the battery com-
partment. The influence of fasteners on magnetic field 
penetration are discussed further in §11.6 and Fig. 11.19. 

Simplified techniques for estimating magnitudes and 
waveforms of induced transients are discussed in Chapter 
14.   

Significant conclusions 

Some significant points about the results of tests on this 
aircraft can be summarized here. The first is that the use of 
a single-point ground system did not eliminate all transient 
voltage produced by the flow of lightning current through 
the structure of the aircraft. 

The second is that the characteristic response of the wir-
ing, both for voltage and current, was a damped oscillation 
with a frequency in the range from 1 to 5 MHz. It should 
also be noted that the frequency of oscillation depended 
considerably on the length of the circuit involved, and also 
the length of the airplane within which the wiring is in-
stalled. The longer the physical length of the airplane, and 
of the wires installed within, the lower the oscillatory fre-
quencies. This is not a clear-cut rule since the response of 
any one circuit can be greatly influenced by coupling be-
tween all of the different circuits. 

The third significant point is that the total current on any 
cable bundle was of the order of 20 to 100 A for an average 
lightning stroke. This cable bundle current was again os-
cillatory, with a frequency tending to correspond to the 
length of the cable bundle.   

The fourth point is that the equipment bays in this air-
craft, not being designed for electromagnetic shielding, al-
lowed significant amounts of magnetic flux to penetrate. 
This is particularly true of the bays intended for ease of 
access. As a rule of thumb, it can be expected that equip-
ment bays housing electronic equipment are likely to be 
fitted with covers designed more with ease of access will 
provide less complete electromagnetic shielding, than will 
other access covers that are installed with many fasteners, 
especially if these provide some electrical bonding. Some 
access covers, not found on the F-8 airplane, are provided 
with continuous electrical bonding all around and this pro-
vided the best shielding.  

Finally, the measurements of magnetic fields indicated 
that there is seldom any orientation of electrical wiring that 
can be expected to minimize its exposure to magnetic 
fields (and resulting induced voltages). It is best to assume 
that the magnetic field at any point will always have the 
worst-case orientation. Also, one should assume that inter-
nal magnetic fields are more oscillatory than external mag-
netic fields, because of re-radiation and the frequency-de-
pendent transmission of magnetic fields through apertures. 

No attempt was made to determine the degree to which 
circuit voltages could be reduced using shielded conduc-
tors in this aircraft. It was noted, however, that on circuits 
that had a shield grounded at more than one point, the 
waveform of the current on the shield resembled the 
slower, double exponential waveform of the external light-
ning current more than the high-frequency, oscillatory cur-
rent that was excited on all the unshielded cable bundles. 

8.7.3 Carbon Fiber Composite (CFC) Aircraft 

Voltages and currents induced in the wiring of aircraft 
using CFC materials for structural members are very dif-
ferent from those induced in aircraft made entirely from 
aluminum. In a metal aircraft, the resistance of the struc-
ture is very low and the lightning stroke current flows 
mostly on the exterior metal surface. Only relatively small 
amounts of the current flow on internal wiring and internal 
structures and, in general, the duration of current flow in 
the interior is no longer than that on the exterior. In a CFC 
aircraft, however, the structure has a much higher re-
sistance, and a much larger fraction of the lightning current 
eventually flows on the internal wiring and internal struc-
ture. Initially, the current may flow on the external struc-
ture but, at later times, it transfers to the inside, a process 
called redistribution. (Redistribution is discussed further 
in §11.4.) 

The redistribution phenomenon also causes the internal 
currents to flow for much longer times, longer even than 
the duration of the lightning current. The overall result is 
that induced effects in a CFC aircraft can be more severe 
and harder to deal with than induced effects in a metal air-
craft. Experiments performed on a test-bed fuselage for a 
CFC aircraft showed that, by the time an external injected 
current had decayed to half value (82 µs), 90% of the in-
jected current was flowing on metal objects inside this fu-
selage. 

A few examples of voltages and currents measured on 
CFC aircraft are given below, mostly to illustrate the re-
distribution effects and to illustrate the time scale over 
which they take place. Since the source of this data is pro-
prietary, the illustrations are not as extensive as those in 
§8.7.1 and §8.7.2. 
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Aircraft structure 

The general nature of the aircraft structure for which the 
following measurements were taken is shown in Fig. 8.30. 

 
Fig. 8.30 General nature of a CFC fuselage upon 

which tests were conducted. 

The main shell of the aircraft was made from CFC lam-
inates. In the nose of the aircraft was an avionic equipment 
bay, built with aluminum shelves upon which the equip-
ment was mounted. These shelves made good electrical 
contact with the CFC fuselage. In the main part of the fu-
selage were metal rails upon which seats were mounted, 
various electrical power wires and metal tubing. 

Waveform of injected current 

The aircraft was tested by injecting current pulses into 
the nose and taking the current off the tail. The injected 
current (Fig. 8.31) had a double exponential waveform 
with a time to peak of 6 µs and a decay to half value of 84 
µs. Various peak amplitudes were used, ranging from 1 kA 
to 10 kA. Fig. 8.31 shows a current pulse with a peak of 1 
kA. This waveform is nearly identical to current Compo-
nent A. 

 
Fig. 8.31 Waveform of current injected into 

CFC aircraft. 

 

Current on metal structural members 

Fig. 8.32(a) is the waveform of the current measured on 
one of the metal tracks used to hold the seats and Fig. 
8.32(b) was measured on an aluminum duct that carried air 
for heating. If the injected current were 200 kA, there 
would be 11 kA and 6.2 kA, respectively, on these mem-
bers. These currents are much higher than would be en-
countered in a metal aircraft. They flow on these members 
because they are the ones that have a low resistance. The 
currents themselves present no hazard to the structures in 
which they flow, since the current flows for only a short 
time, but allowances must be made to ensure that the cur-
rent can flow without any sparking. A remarkable feature 
of these currents is that they reach their peaks long after 
the injected current has begun to decay. This delay occurs 
because the inductive time constants, t, = L/R, are longer 
for the metal track and air duct than that for the fuselage 
of the aircraft. 

 

Fig. 8.32 Currents flowing through metal conductors 
within a CFC aircraft. Note longer time scales than the 

injected current. 

Current on a power bus 

Fig. 8.33 shows current on one of 28 V power return 
wires. If the current injected into the aircraft were 200 kA, 
there would be 2.04 kA flowing in this wire. This current 
amplitude is considerably higher than it would be in a 
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comparable circuit on a metal aircraft. It does not reach its 
peak until nearly 300 µs, by which time the injected cur-
rent would have decayed to nearly zero. This long-time 
constant results from the low DC resistance of the copper 
power cable, and its relatively high inductance. 

The tests showed that high voltages could be produced 
on power buses. However, with the addition of surge sup-
pression devices between line and ground, bus voltages 
could be clamped to levels that would not present a hazard 
to equipment on the bus, but then currents like that shown 
in Fig. 8.33 would flow through the protective devices. 
The problem of current flowing through protective de-
vices, and the analysis that must be made to be sure that 
the devices are properly rated, is discussed in Chapter 17. 

Significant conclusions 

The most important point revealed by tests on this CFC 
airframe is that large voltages can be developed on wiring 
and large currents can flow on metal objects inside such 
aircraft. Large currents also can flow through protective 
devices when they act to limit over-voltages, particularly 
if the protective devices are connected ‘line-to-ground’ 
(where ‘ground’, in this case, is aircraft structure). In  
other words, the surge impedance of the circuits in CFC 
aircraft may be very low.

 

 

Fig. 8.33 Current flowing on a 28 V power 
return wire within a CFC aircraft. 
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Chapter 9 
THE PHYSICS OF INDUCED EFFECTS

 

9.1 Introduction 

This chapter provides an overview of the fundamental 
concepts of electricity and magnetism that pertain to the 
induced effects of lightning on electrical and electronic 
circuits. These concepts lead to a deeper understanding of 
induced effects and facilitate predictions of the approxi-
mate magnitudes of transients that might be induced on 
wiring in different areas inside an aircraft that is struck by 
lightning. Important discussions in this chapter include: 

a) Characteristics of Materials (§9.3) 

b) Voltage and Current Concepts (§9.4) 

c) Magnetic Field Effects (§9.5) 

d) Electric Field Effects (§9.6). 

9.2 Symbols and Units 

In Chapters 9 - 18, dimensions are given in SI units with 
English equivalents in parentheses. The following sym-
bols are used unless otherwise noted in the text. 

A = amperes  
A = area - m2 

B = Magnetic Flux Density – Webers/m2  (or Tesla, T) 
C = coulombs  
C = capacitance - F 
c = velocity of light - 3 x 108 m/s D = time derivative of E 
- V/m/sec 
E = electric field intensity - V/m 
e = 2.714 = the natural logarithm 
F = farads 
f = frequency - Hz 
H = Henries 
H = magnetic field intensity - A/m 
I = current - A 
j = current density - A/m2 

j = imaginary operator √−1 
L = inductance - H 
l = length - m 
m = meters 
φ = magnetic flux in Webers 
R = resistance 
r = radius – m 
S = Siemens (unit of conductivity) 
 

 
 
 

 
 

s = seconds 
t = time - s 
V = volts 
V = voltage - V 
v = velocity - m/s 
γ = propagation constant 
εo = permittivity of free space - F/m 
εr = relative permittivity 
η = wave impedance - ohms 
µo = permeability of free space - H/m 
µr = relative permeability 
Ω = ohms 
ω = angular frequency - 2πf 
ρ = resistivity - Ω·m 
σ = conductivity - S 

9.3 Characteristics of Materials 

9.3.1 Permittivity and Permeability 

Permittivity is the property of a material, which 
measures the opposition offered against the formation of 
an electric field. Permeability is a measure of the extent to 
which a magnetic field may enter a material. So, permit-
tivity relates to electric fields and permeability relates to 
magnetic fields. 

The medium through which these fields couple voltages 
and currents to electric circuits is nearly always air, which 
has the permittivity and permeability close to those of 
space. The permeability, μ0,  and permittivity, 𝜀𝜀0,  of free 
space are defined as: 

𝜇𝜇0 = 4𝜋𝜋 × 10−7  H/m  (9.1) 

𝜀𝜀0 = 8.854 × 10−12  F/m (9.2) 

𝜀𝜀0 = 10−9

36𝜋𝜋
   F/m  (9.3) 

Three numerical quantities involving µo and 𝜀𝜀0, (where 
𝜀𝜀0 is as defined by Eq. 9.3) are: 

𝜂𝜂0 = �𝜇𝜇0
𝜀𝜀0

�
1
2 = 377 = E/H  (9.4)  
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This is the plane wave impedance in free space; that is, 
the ratio between the electric and magnetic field intensi-
ties. The units are ohms, but this is not resistance, but ra-
ther, simply a ratio of the intensities of the E and H field 
components of an electromagnetic wave propagating in 
space. Another expression is, 

� 1
𝜇𝜇0𝜀𝜀0

�
1
2 = 3 × 108 m/s  (9.5) 

Eq. 9.5 defines the velocity with which electromagnetic 
waves propagate in free space. Useful engineering approx-
imations for this velocity are 0.3 m/ns or 1 ft/ns. Eq. 9.6 
defines the plane wave impedance of a coaxial cable.   

1
2𝜋𝜋

�𝜇𝜇0
𝜀𝜀0

�
1
2 = 60  (9.6) 

Eq. 9.4 defines the wave impedance for plane waves 
propagating in free space. 

9.3.2 Electromagnetic properties of other  
materials 

Media other than free space have permeabilities, µ = µo 
µr, where µr is a relative permeability factor that makes µ 
greater than µ0 by some empirically derived amount. Sim-
ilarly,  

ε = εoεr  

where εr is a relative permittivity factor. The materials 
dealt with in analysis of lightning effects on aircraft are 
almost always non-magnetic (aluminum, copper, compo-
sites, etc.) and therefore have relative permeabilities of 
unity. However, the relative permittivities of these materi-
als are typically greater than one (see Table 9.1). 

9.3.3 Resistivity of Materials 

Some resistivities (the reciprocals of conductivities) of 
typical aircraft materials are given in Table 9.2. Metals are 
isotropic materials, which means that their resistivities do 
not depend on the direction of current flow, but composite 
materials, because they consist of plies bonded together 
with nonconductive resins, are non-isotropic. Thus, the re-
sistivities of composites may depend on the direction of  

 

 

current flow and the current density. The value given in 
Table 9.2 is an average of resistivities measured in the 
plane of the reinforcing carbon fibers.  

Table 9.1 Relative Permittivity of Some Common Ma-
terials 

 

Table 9.2 Resistivities of Typical Materials 

Material Resistivity Ω·m 
Resistivity 

relative                   
to copper 

Copper 1.68 x 10-8 1.0 

Aluminum 2.69 x 10-8 1.6 

Magnesium 4.46 x 10-8 2.7 

Nickel 10 x 10-8 6.0 

Monel 42 x 10-8 25 

Stainless Steel 70 x 10-8 42 

Inconel 100 x 10-8 60 

Titanium 180 x 10-8 107 

Carbon 780 x 10-8 464 

CFC                                           
plain weave,                                          
x and y direc-

tions 

~6 x 10-5 ~2 000 
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9.3.4 Good vs. Bad Conductors 

If a unit cube (all sides = 1 m) of material is bounded on 
opposite faces by electrodes and a voltage is applied be-
tween the electrodes, a current will flow through the ma-
terial. This current consists partly of resistive conduction 
(Eq. 9.7) and partly of capacitive displacement (Eq. 9.8). 

For resistive conduction: 

𝑖𝑖 = 𝐸𝐸𝐸𝐸  (9.7) 

For capacitance conduction: 

𝑖𝑖 = 𝑗𝑗𝜔𝜔𝐸𝐸𝜀𝜀  (9.8) 

As used in this book, the term “good” conductor is one 
in which resistive conduction current predominates and 
the term “poor” conductor is one in which capacitive dis-
placement current predominates. For oscillating voltages, 
this distinction may depend on frequency. 

9.3.5 Skin Depth 

If a voltage is applied across the surface of a conductive 
material, the current it produces penetrates the material a 
certain distance. The depth at which the relative current 
density drops to 1/e of the total current is defined as the 
skin depth, δ. Skin depth appears in the expressions for 
surface and transfer impedances of conductors, as dis-
cussed in §9.4.4 and §9.4.5. Its value is defined as: 

𝛿𝛿 = � 2
𝜔𝜔𝜇𝜇𝜔𝜔

�
1
2 m.  (9.9) 

A numerically useful expression is: 

𝛿𝛿 = 50
𝜋𝜋

� 1
𝜔𝜔𝑓𝑓𝑘𝑘𝑘𝑘𝑘𝑘

�
1
2 m.  (9.10) 

These expressions are in the frequency domain which 
means that higher frequency constituents of lightning 
stroke currents will take longer to penetrate the cross-sec-
tions of good conductors like copper and aluminum 
whereas lower frequency constituents will penetrate more 
deeply into the conductor. In more elementary terms, the 
fast-rising parts of stroke currents will not flow deeply into 
good conductors, whereas the longer duration parts of 
stroke currents will have time to appear deeper into good 
conductors. More resistive materials, like carbon and car- 

 

bon fiber composite (CFC) will allow more of the rapidly 
changing parts of stroke currents to reach more deeply into 
these materials, and in the case of aircraft, which employ 
thin (i.e., 1 - 2 mm) skins of CFC, the stroke current den-
sity is practically the same throughout the skin cross-sec-
tions. 

9.4 Voltage and Current Concepts 

9.4.1 Lumped Constant Elements 

The relationships between voltage and current for 
lumped constant circuit elements are well known. 

Resistance 

𝐸𝐸 = 𝑗𝑗𝜌𝜌  V/m  (9.11)  

And for lumped parameters,  

V = i·r     or, IR 

Inductance 

𝑖𝑖 = 𝑉𝑉/𝑗𝑗𝜔𝜔𝛥𝛥    A  (9.12) 

𝑖𝑖 = 1
𝐿𝐿 ∫ 𝑉𝑉𝑑𝑑𝜔𝜔    A           (9.13) 

𝑉𝑉 = 𝛥𝛥 𝑑𝑑𝑝𝑝
𝑑𝑑𝛼𝛼

      V           (9.14) 

Capacitance 

𝑖𝑖 = 𝑗𝑗𝜔𝜔𝐶𝐶   (9.15) 

𝑖𝑖 = 𝐶𝐶𝑑𝑑𝑉𝑉   (9.16) 

𝑉𝑉 = 1
𝐶𝐶 ∫ 𝑖𝑖 𝑑𝑑𝜔𝜔                (9.17) 

9.4.2 Voltage as the Line Integral of Potential 

The definition of voltage as the line integral of potential 
is less well appreciated. Voltage and potential are different 
concepts. For example, the charged sphere shown in  
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Fig. 9.1 establishes an electric field, E, in the space sur-
rounding it. The potential of the sphere cannot be estab-
lished independently; it can only be established by defin-
ing some separate point as a reference potential. Com-
monly ‘ground’ is assigned a reference potential of zero 
and the potential of the sphere relative to ‘ground’ is found 
by integrating the field along the same path, S, between the 
sphere and ground. Hypothetically, this integration could 
be accomplished experimentally by connecting a perfect 
voltmeter between the sphere and ground. The deflection 
of the meter would define the voltage of the sphere, alt-
hough, to be more precise, one should say that the meter 
indicates the voltage of the sphere relative to the ground. 

 

Fig. 9.1 Voltage as total difference of potential. 

 

9.4.3 Importance of the Path of Integration 

Does this voltage depend on the path of integration (i.e., 
the path taken by the leads connecting the voltmeter to the 
sphere and ground)? This is not a trivial question; it is of 
fundamental importance for understanding how voltages 
develop in objects carrying current, such as an aircraft car-
rying lightning current. 

Direct current (DC) and lumped constant elements 

For DC conditions, the answer is that the path taken by 
the measuring leads does not influence the voltage, but for 
ac or transient conditions this is true only if the measuring 
leads traverse a region free of electromagnetic fields. As a 
practical matter, this situation is found only when measur-
ing the voltage across lumped constant elements; those in 
which the electromagnetic field is entirely enclosed within 
the element. An example of such an element is the core of 

a transformer. The ac voltage developed across the wind-
ing of a transformer can be measured without regard to 
where one places the measuring leads because the mag-
netic field inducing the voltage in the windings is entirely 
(or nearly entirely) contained in the core of the trans-
former. The external magnetic field is negligible (ideally 
zero) and thus no magnetically induced voltage appears in 
the measuring leads. 

Distributed circuits 

The effect of the electromagnetic fields on leads meas-
uring voltages across distributed circuits is especially im-
portant, since the voltage does depend on the path taken 
by the measuring leads. 

For example, consider Fig. 9.2, in which an alternating 
current is flowing through a metal cylinder. In an attempt 
to measure the voltage drop along the cylinder, an experi-
menter has connected four voltmeters and has observed 
that all four meters respond differently. They also respond 
differently from the meter measuring the voltage of the 
power supply used to circulate the current. 

Fig. 9.2 Voltage as a function of path. 

Which meter records the correct voltage or are any of 
them correct? The answer is that all of them respond cor-
rectly. Since there is no unique ‘voltage drop’ associated 
with the pipe; each of the meters responds according to the 
particular path along which the electric field is evaluated. 
The external voltmeters respond primarily to the magnetic 
field surrounding the cylinder. The leads connected to me-
ter 1 enclose more magnetic flux than the leads connected 
to meter 2, and consequently there is more voltage induced 
in the leads of meter 1 than meter 2. (The amount of volt-
age induced in a loop exposed to a magnetic field is dis-
cussed in §9.5.4). 

The leads for meter 3, which run flush with the exterior 
surface of the cylinder, intercept no magnetic flux. As a 
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result, meter 3 responds only to the voltage produced by 
the current flowing through the resistance of the cylinder. 

Meter 4 responds in yet another way: Since there can be 
no magnetic field within the cylinder (see §9.5.2) there can 
be no voltage induced magnetically in the leads. However, 
the meter does respond to the voltage produced by the flow 
of current through the resistance of the cylinder, but it still 
indicates a different voltage from meter 3.  

The reason is that meter 3 responds to the density of the 
current flowing on the outer surface of the cylinder while 
meter 4 responds to the density of the current flowing on 
the inner surface of the cylinder. These two current densi-
ties are different, as discussed in §9.3.5. 

The concept of voltage as the line integral of the electric 
field around a particular path is of great importance. 
Anomalies in the voltage on circuit elements can generally 
be explained by careful attention to the path along which 
connecting wires are routed. 

9.4.4 Internal vs. External Impedances 

Consider Fig. 9.3, which shows voltage applied to series 
circuits composed of a conductor, a return path, and the 
gap between the two. The applied voltage, V, must be 
equal to the line integral of all the electric fields around the 
loop; that is, the sum of Ec, Er and Eg, where Ec is the sur-
face electric field of the conductor, Er is the surface electric 
field of the return path and Eg is the electric field in the 
space between the conductor and the return path. 

In Fig. 9.3(a), Ec is best described as the external surface 
electric field with external return since the return path is 
external to the conductor. In Fig. 9.3(b), Ec is best de-
scribed as the internal surface electric field with internal 
return. 

These electric fields can be related to the conductor cur-
rent through impedances. Fig. 9.4 represents the internal 
impedance of the conductor, the internal impedance of the 
return path and the external impedance of the conductor. 
(i.e., the impedance of the gap between the conductor and 
return path). The internal impedances of the conductor and 
return path are determined by properties of the materials 
and by the sizes of the conductors. In the frequency do-
main, these impedances can be separated into real and im-
aginary components. The real component is a measure of 
resistance, and the imaginary components is a measure of 
the internal inductance (i.e., the magnetic flux within the 
conductor). Under DC conditions, the internal impedance 
of the conductor is simply its resistance. 

 

Fig. 9.3 Components of electric field. 

 

 

Fig. 9.4 Components of impedance. 

 
The external impedance of a conductor is essentially a 

property of the space between a conductor and its return 
path. It is determined by the size and shape of the conduc-
tor, the separation from the return path, and of the material 
(insulation) between the two. With high frequencies, the 
capacitance of the insulation must be included in the insu-
lation impedance, and it may become more appropriate to 
treat insulation losses as a shunt resistance. Fig. 9.4(a) 
shows the external impedance resolved into a series con-
nection of resistance and inductance, while Fig. 9.4(b) 
shows it resolved into a set of parallel admittances. 
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9.4.5 Transfer Impedance 

The electric fields on the inner and outer surfaces of a 
hollow tube conductor through which a current is flowing, 
Fig. 9.5, are generally not the same. The transfer imped-
ance of a hollow tube conductor relates the current to the 
electric field along the inner surface of the conductor. This 
is distinct from external impedance, which relates the cur-
rent to the electric field along the external surface. 

 

Fig. 9.5 Transfer impedance. 

 

 

9.5 Magnetic Field Effects 

Magnetic field effects are probably the main reason why 
voltages are induced on aircraft wiring by lightning cur-
rents flowing on the aircraft. Situations where shielding 
proves to be ineffective are usually those where magnetic 
field effects have been overlooked. Capacitive effects are 
also important, but those are discussed in §9.6. 

9.5.1 Field External to a Conductor 

Infinite conductor 

In the space surrounding a conductor of infinite length, 
Fig. 9.6, the magnetic field is: 

H = I
2πr

    A/m  (9.18) 

In Eq. 9.18, the return path of the current is assumed to 
be so far away that it does not contribute to the magnetic 
field. 

 

Fig. 9.6 Magnetic field of an infinite conductor. 

Isolated filament 

For an isolated filament (or circular conductor) carrying 
a current, I, over its entire length, 𝑓𝑓, as shown in Fig. 9.7, 
the flux density at a point, P, a distance, r, from the fila-
ment (or the axis of the conductor) is determined by Eq. 
9.19. 

𝐵𝐵 = 𝜇𝜇𝜇𝜇 = 4𝜋𝜋 × 10−7 𝐼𝐼
4𝜋𝜋𝑟𝑟

(sin 𝐿𝐿 + sin 𝛽𝛽) Webers/m2    (9.19) 

The return path for the current is assumed to be so far 
beyond r3 that it does not influence the magnetic field. 

 

Fig. 9.7 Magnetic field of a finite conductor.  
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Dipole 

For the limiting case of the short dipole represented by 
Fig. 9.8, the magnetic field intensity, H, is determined by 
Eq. 9.20. 

𝜇𝜇 = 𝐼𝐼𝑑𝑑
4𝜋𝜋

∙ sin 𝐿𝐿   A/m  (9.20) 

 

 

Fig. 9.8 Magnetic field of a short dipole. 

The direction of the flux around a filament or a cylinder 
is given by the ‘right hand rule’ illustrated in Fig. 9.9. For 
all high frequency conditions, the magnetic flux lines are 
parallel to the surfaces of conductors, even if the conduc-
tors are of irregular shape. The magnitude of the field in-
tensity is equal to the local surface current density, meas-
ured in amperes/meter. For circular conductors, the current 
density is uniform and equal to the total current divided by 
the peripheral distance around the conductor. For conduc-
tors of irregular shape, the current density depends on the 
local radius of curvature. This is discussed in Chapter 10. 

The magnetic field external to a current-carrying tube is 
equivalent to the magnetic field that would surround an in-
finitesimal filament, carrying the same current, at the 
tube’s axis. 

9.5.2 Magnetic Fields within Hollow  
Conductors 

If there are several conductors, the total magnetic field 
intensity is the sum of that produced by the individual con-
ductors. If two parallel conductors each carry an equal cur-
rent in the same direction, Fig. 9.9, the fields produced by 
the currents cancel along a line equidistant from the two

 

conductors. The fields at other points do not cancel, but 
their sum is lower than in the space outside the conductors. 
If three equally spaced, parallel conductors carry equal 
currents, the field is reduced even more in the intervening 
space between the conductors. The more conductors of 
parallel current are arranged in a cylindrical configuration, 
the more magnetic field cancellation occurs within the cyl-
inder. If an infinite number of parallel conductors are ar-
ranged in this configuration so that they merge, forming a 
solid tube, the magnetic field due to currents on the tube 
becomes zero everywhere inside the tube. 

 

Fig. 9.9 Magnetic field between two conductors. 

9.5.3 Inductance 

Self-inductance 

Self-inductance, L11, is defined (see Eq. 9.21) as the 
amount of magnetic flux, φ1, (in Webers/Ampere) that 
would be established around a conductor by a given 
amount of current, I1, flowing through the same conductor. 

𝛥𝛥11 = φ1
I1

   Webers  (9.21) 

Eq. 9.22 gives the self-inductive voltage on a conductor 
of self-inductance L, carrying a current that changes at a 
rate di/dt: 

VL = L di
dt

    Volts  (9.22) 
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Mutual inductance 

The mutual inductance, M12, of a conductor (conductor 
1) with respect to another conductor (conductor 2) is de-
fined as the amount of magnetic flux, φ12, that would be 
established outside the space between both conductors per 
unit inducing current, I2, flowing through conductor 2 (see 
Eq. 9.23). Of course, there can be many conductors of in-
ducing current and many conductors of induced current in 
a given system. 

M12 = φ12
I2

    Webers (9.23) 

Eq. 9.24 gives the voltage, V1, induced in conductor 1 
because of a changing current flowing through nearby con-
ductor 2: 

𝑉𝑉1 = −𝑀𝑀12
𝑑𝑑𝑝𝑝2
𝑑𝑑𝛼𝛼

     Volts (9.24) 

Isolated linear conductors 

Determining the inductance of a conductor requires in-
tegrating the magnetic field intensity over an area to deter-
mine the total flux set up by current in the conductor. An 
elementary case is shown in Fig. 9.6, which represents an 
isolated conductor of infinite length. 

The return current path is assumed to be sufficiently far 
away that the magnetic field produced by the return cur-
rent is negligible compared to that of the conductor under 
consideration. (For DC conditions this implies that the re-
turn path is at infinity). 

The self-inductance is determined by the magnetic  
flux contained by the area A-B-C-D outside of a conductor 
of length 𝑓𝑓. Integrating Eq. 9.20 first over the limits from -
l/2 to l/2 and then integrating the result over the limits from 
r1 to r3 gives: 

𝜑𝜑 = μI
2π

𝑓𝑓 �ln �1
r

+ �1 + l2

r2� − �1 + r2

l2 + r
l
�     Webers (9.25) 

from which the inductance can be determined using Eq. 
9.21. 

 

 

 

 

If there were two conductors of length 𝑓𝑓, as in Fig. 9.10, 
the mutual inductance between conductors 1 and 2 is de-
termined by the flux between the limits r2 and r3; (the 
shaded area). The form of the equation is the same as that 
of Eq. 9.25; but the limits are r3 and r2, instead of r2 and r1. 
Note that the radii of the conductors are not involved, only 
their locations. This implies that mutual inductance can be 
defined for filaments as well as conductors. How one eval-
uates the flux, and thus the self or mutual inductance, de-
pends on the relative values of r2 and r3: 

Case 1: 𝑓𝑓 » r3: Under DC conditions, the magnetic field 
extends to infinity and so Eq. 9.25 must be evaluated 
over the limits r3 and r1. When r3 = ∞, the sum of all 
the terms involving r3 goes to zero and thus the self-
inductance of conductor 1 becomes: 

𝛥𝛥11 = 2 × 10−7𝑓𝑓 �ln � 1
𝑟𝑟𝑖𝑖

+ �1 + 𝑑𝑑2

𝑟𝑟𝑖𝑖
2� − �1 + 𝑟𝑟𝑖𝑖

2

𝑑𝑑2 + 𝑟𝑟𝑖𝑖

𝑑𝑑
� H (9.26) 

and the mutual inductance between conductors 1 and 2 is: 

𝛥𝛥12 = 2 × 10−7𝑓𝑓 �ln � 1
𝑟𝑟2

+ �1 + 𝑑𝑑2

𝑟𝑟2
2� − �1 + 𝑟𝑟2

2

𝑑𝑑2 + 𝑟𝑟2

𝑑𝑑
� H (9.27) 

Case 2:  r3 » 𝑓𝑓 and 𝑓𝑓 » r2 and 𝑓𝑓 » r1: For long conduc-
tors under DC conditions, the inductances are: 

𝛥𝛥11 = 2 × 10−7𝑓𝑓 �ln �2l
r1

� − 1�     H (9.28) 

L12 = 2 × 10−7𝑓𝑓 �ln �2𝑑𝑑
𝑟𝑟2

� − 1�    H (9.29) 

Note that these inductances are not directly propor-
tional to the lengths of the conductors. 

Case 3: 𝑓𝑓 » r3 and  𝑓𝑓 » r2 and 𝑓𝑓 » r1: Where the two 
conductors are parallel and of equal length: 

𝛥𝛥11 = 2 × 10−7𝑓𝑓 �ln 𝑟𝑟3
𝑟𝑟1

�   H  (9.30) 

𝛥𝛥12 = 2 × 10−7𝑓𝑓 �ln 𝑟𝑟3
𝑟𝑟2

�   H  (9.31) 
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Fig. 9.10 Flux involved in mutual inductance. 

The mutual inductance between two filaments of any 
arbitrary orientation is calculable and, while the expres-
sions are too long to include here, they can be found in the 
literature [9.1 - 9.6]. 

While the inductance of an isolated conductor is an im-
portant concept, it must be used with care, since an isolated 
conductor cannot carry current. Current can only flow 
through a conductor that is part of a larger circuit. Thus, 
the inductance of an isolated conductor should be viewed 
as part of a larger problem, in which the self and mutual 
inductances must be considered together. 

The formulae above yield only external (or high fre-
quency) inductances. At low frequencies, magnetic fields 
also occur within conductors. This subject is treated in a 
later section. 

Time dependence of inductance 

Under transient conditions, one must also consider the 
retardation effects associated with the finite velocity of 
propagation of an electromagnetic field. If a current is sud-
denly applied to a conductor, the field does not initially 
extend to infinity. Instead, it propagates away from the 
conductor at the speed of light. Therefore, the total amount 
of magnetic flux established in the space around a conduc-
tor varies with time, becoming larger as the fields propa-
gate farther from the conductor. The implication is that the 
inductance of a conductor is less for short duration transi-
ents (or high frequencies) than for long duration transients 
(or low frequencies). In an engineering sense, this effect is 
more important for long conductors than for short conduc-
tors. 

For example, in 1 µs, a magnetic field propagates  
300 m. Therefore, for a conductor one meter long, a 1 µs 
current pulse can be regarded as ‘DC conditions”. This is 
not the case when the same 1 µs pulse is applied on a con-
ductor 1 000 meters long. For aircraft analyses, frequency 
dependence of external inductance due to this retardation 
effect does not normally need to be considered, since the 
various conductors on an airplane are, of necessity, close 
together. 

Coaxial conductors 

Usually, inductance is evaluated for a ‘go-return’ cir-
cuit. In a coaxial system, the center conductor (the ‘go’ 
conductor) is surrounded by a concentric ‘return’ conduc-
tor, Fig. 9.11(a), and the inductance is based on the mag-
netic field intensity between the limits r1 and r2. The cur-
rent flowing on the cylindrical return path does not need to 
be considered, since it does not produce any internal mag-
netic field (see §9.5.2).  

Since the lengths of practical conductors are long com-
pared to their diameters; the magnetic fields may be eval-
uated using Eq. 9.32. 

𝛥𝛥11 = 2 × 10−7 𝑓𝑓 �ln 𝑟𝑟2
𝑟𝑟1

�   H/m  (9.32) 

For all practical cases, there are no end effects, and the in-
ductance is directly proportional to length 𝑓𝑓. 

Conductor pairs 

Two parallel conductors can also be connected as a ‘go-
return’ pair. The most common configuration is that in 
which current goes on one conductor and returns on the 
other, Fig. 9.11(a). The configuration shown in  
Fig. 9.11(b) is impractical for straight conductors, since 
the magnetic field of the connecting leads would influence 
the result, but it is practical for conductors bent into a cir-
cle, since that is the geometry of a helical coil.  

The inductance of a pair of conductors involves four in-
ductances: the two self-inductances and the two mutual in-
ductances: 

𝛥𝛥𝜏𝜏 = (𝛥𝛥11 ± 𝛥𝛥12) + (L22 ± 𝛥𝛥21)   H (9.33) 

If the conductors have about the same diameter, L12 and 
L21 are nearly equal, even when the spacing of the conduc-
tors is close. Also, L11 and L22 are equal if the diameters 
are the same. Thus: 

Lτ = 2(L11 ± L12)    H (9.34) 

𝑓𝑓 
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Evaluating the individual inductances, Eq. 9.34, gives: 

𝛥𝛥𝜏𝜏 = 4 × 10−7l ��ln �2l
r

� − 1� ± �ln �2l
S

� − 1��   H (9.35) 

The signs of the mutual inductance terms, L12 and L21, 
depend on the way the conductors are connected at their 
ends (see Fig. 9.11). For the case illustrated in  
Fig. 9.11(a), the sign for the mutual terms would be nega-
tive. For the case illustrated in Fig. 9.11(b), the signs 
would be positive. 

 

 

Fig. 9.11 Conductor pairs. 

For the case illustrated in Fig. 9.11(a), the total induct-
ance becomes: 

𝛥𝛥𝜏𝜏 = 4 × 10−7 �ln �4𝑑𝑑2

𝑟𝑟𝑟𝑟
� − 2�   H/m (9.36) 

𝛥𝛥𝜏𝜏 = 4 × 10−7 ln �𝑟𝑟
𝑟𝑟
�   H/m  (9.37) 

Conductors over a ground plane 

If current flows along a conductor and returns through 
a perfectly conducting ground plane, as illustrated in Fig. 
9.12, the current in the ground plane becomes distributed 
so that it is most dense directly underneath the conductor 
and progressively less dense at points farther from the con-
ductor. The effect is as if the return current were flowing 
on an image conductor underneath the ground plane. 
Therefore, the self-inductance of a conductor over a per-
fect ground plane can be regarded as the same as that of an 
imaginary pair of conductors with the ground plane lying 
in the plane of symmetry between them. Taking the indi-
vidual inductances in Eqs. 9.36 and 9.37 and evaluating 
for the case where 1 » h gives: 

𝛥𝛥𝜏𝜏 = 2 × 10−7 ln �2ℎ
𝑟𝑟

�   H/m (9.38) 

This is the expression that is most commonly used in 
assessments of lightning-induced transients in aircraft wir-
ing. The radius, r, is that of a single wire, or of a bundle of 
wires if the current in a cable bundle is being computed. 
Only one pair of inductances is involved; the image con-
ductor does not actually carry current, and the concept of 
a perfect ground plane implies that it has no internal in-
ductance of its own.                                                                                        

The ground plane shown in Fig. 9.12 is the airframe sur-
face that is nearest to the individual wire or cable that is 
being analyzed.  

 

Fig. 9.12 Conductor over a ground plane. 

 
Proximity effects 

The formulas, above, for conductor pairs and conduc-
tors over ground planes, are only approximations, since 
they assume that the current is uniformly distributed over 
the surfaces of the conductors. This assumption becomes 
less accurate the closer the conductors are to each-other. 
The precise formulas involve hyperbolic functions. For ex-
ample, the exact equation for the inductance of a conductor 
over a ground plane is [9.2, 9.7]: 

𝛥𝛥 = 𝜇𝜇0
2𝜋𝜋

arc cosh �ℎ
𝑟𝑟
�     H/m (9.39) 

The hyperbolic function in Eq. 9.39 can be written as: 

𝛥𝛥 = 𝜇𝜇0
2𝜋𝜋

ln �ℎ
𝑟𝑟

+ ��ℎ
𝑟𝑟
�

2
+ 1�     H/m (9.40) 

 

Therefore, exact expressions for inductance can be writ-
ten by substituting: 

(b) Fields cancel 
around both 
conductors  

(a) Fields add around 
both conductors  
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ℎ
𝑟𝑟

+ ��ℎ
𝑟𝑟
�

2
+ 1      for  2ℎ

𝑟𝑟
  (9.41) 

into Eq. 9.38. 

Usually, the error that results from ignoring proximity 
effects is small. Even when h = d, Eq. 9.38 predicts an in-
ductance only 5 % higher than that predicted by the exact 
formula, Eq. 9.39. These proximity effects do not arise on 
isolated or coaxial conductors. 

Internal inductance of conductors 

The formulas in §9.5.3 relate only to the fields external  
to the conductors. They are therefore valid only for high 
frequencies, at which skin effects confine current  
to the surfaces of conductors. At lower frequencies, cur-
rent penetrates the conductors and magnetic fields are es-
tablished within the conductor (see Fig. 9.13). The maxi-
mum internal flux for a given current occurs in  
solid conductors under conditions in which the current 
density is uniform. Under such conditions, the flux density 
varies directly with distance from the center of the conduc-
tor. The total flux within the conductor is: 

φ = u0μr
8π

I     Webers  (9.42) 

and the internal inductance is: 

Lint = φ
I

= μ×10−7

2
= 0.05    µH/m  (9.43) 

 

 

Fig. 9.13 Internal and external magnetic field 
density. 

 

While the internal inductance is generally small com-
pared to the external inductance, it is intimately linked 
with the transient resistance of conductors. The transient 
resistance and internal inductances of conducting bodies 
are of such importance in analyzing the penetration of 
lightning currents into aircraft that the subject of internal 
impedance is discussed in much more detail in Chapter 10. 

For assessments of induced effects in aircraft electrical 
circuits, the self-inductance of typical circuits can be rep-
resented by Eq. 9.38 and the radius, r, is that of a single 
wire, or of a bundle of wires, depending on whether the 
induced current in a single wire, or in a bundle of wires, is 
being considered.   

9.5.4 Magnetic Induction of Voltage and Current 

Magnetically induced voltages and currents are proba-
bly the most common induced effects of lightning. 

Open circuit voltage 

A changing magnetic field passing through an open-cir-
cuited loop (Fig. 9.14) induces a voltage: 

 
𝑉𝑉 = − 𝑑𝑑𝑑𝑑

𝑑𝑑𝛼𝛼
  (9.44) 

where φ = µHA (H being the magnetic field intensity and 
A being the loop area). This voltage appears across the 
opening in the loop and has a waveform proportional to 
the derivative of the flux. 

Short circuit current 

If the loop is short-circuited, the voltage in Eq. 9.44 is 
applied across the impedance of the loop, inducing a cir-
culating current, I: 

I = 1
L ∫ edt = e μHA

L
  (9.45) 

The waveform of this current resembles that of the in-
cident magnetic field but differs from the open circuit volt-
age. This point is important: magnetically induced currents 
generally have longer rise and decay times than those of 
magnetically induced voltages. The reason that the induct-
ance is the factor that limits the current is because the volt-
age, being a derivative, is not present for sufficient time to 
drive the current to a level that would be limited by the 
circuit resistance.   
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Field penetration of a loop 

If a current loop enclosing a changing magnetic field 
had only inductance and no resistance, the current would 
have the same waveform as the incident magnetic field and 
would set up a magnetic field of its own, of equal ampli-
tude and opposite polarity to the incident field. Therefore, 
a magnetic field cannot penetrate an ideal, short-circuited 
loop. If the loop had resistance, Fig. 9.14, the current 
would decay with a time constant proportional to L/R, and 
the magnetic field would gradually penetrate the loop. 

Field penetration of a surface 

A conductive surface, Fig. 9.15, may be viewed as an 
infinite assembly of conducting loops. A magnetic field 
line that attempts to penetrate the surface induces a circu-
lating current (eddy current) that acts to oppose the pene-
trating field. The consequence is that, under high fre-
quency conditions, a magnetic field incident on a surface 
can have only a tangential component. Any radial compo-
nent is cancelled by an induced circulating current. Only 
as the circulating currents die away because of resistance 
can the magnetic field penetrate the surface. It is this prop-
erty of eddy currents that allows non-magnetic materials 
to provide substantial amounts of shielding against transi-
ent magnetic fields. This subject is explored more fully in 
Chapter 15. 

 

 

Fig. 9.14 Magnetic induction of voltage and current. 

 

Fig. 9.15 Eddy currents in a conducting sheet. 

9.6 Electric Field Effects 

Changing electric fields also produce currents and volt-
ages, particularly on unshielded conductors. 

9.6.1 Evaluation of Capacitance 

Point charge: In the space surrounding a charged point, 
an electric field, E, is established such that: 

E = Q
4πε0r2 V/m  (9.46) 

This field is directed radially away from the point when 
Q is positive and is directed radially toward the point when 
Q is negative. 

 

Isolated sphere (in air) 

If the charge resides on a sphere of radius r, the electric 
field outside the sphere is as if all the charge were concen-
trated at the sphere’s center.  Integrating the electric field 
from the sphere to a remote point at which the electric field 
is negligible (as at infinity) gives the total voltage on the 
sphere: 

𝑉𝑉 = Q
4πε0

∙ 1
r
   volts  (9.47) 

Capacitance is defined as: 

C = Q
V
    F  (9.48) 
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By extending r2 to infinity, the capacitance of an iso-
lated sphere can be defined as: 

𝐶𝐶 = 4𝜋𝜋𝜀𝜀0𝑟𝑟 = 10−9

9
𝑟𝑟    F (9.49) 

Similarly, the capacitance of an aircraft can be approx-
imated by defining an equivalent sphere. For example, an 
aircraft with a surface area comparable to that of a sphere 
of radius 5 m would have a capacitance of about 556 pF. 

Electric fields are different from magnetic fields in  
that an isolated object may have a charge and hence a  
finite capacitance, regardless of dimensions. Attempting to 
evaluate the inductance of an isolated conductor leads to 
conceptual and mathematical difficulties, as noted in §9.7, 
but no such problems arise with determining the capaci-
tance of an isolated body. 

Concentric Spheres 

The capacitance between two concentric spheres, where 
the outer sphere is the ‘ground’ reference, Fig. 9.16, is cal-
culated by integrating the electric field over the distance r1 
to r2: 

𝐶𝐶 = 4𝜋𝜋𝜀𝜀0 � 1
𝑟𝑟1

− 1
𝑟𝑟2

�    F  (9.50) 

 

Fig. 9.16 Concentric spheres. 

Sphere over a Ground Plane 

If the charged sphere is located over a ground plane, a 
charge is induced in the ground and the effect is as if there 
were a sphere of equal and opposite charge below the 
ground, Fig. 9.17. The fields of the two charges combine 
to give the total electric field. 

 

Fig. 9.17 Sphere over a ground plane showing imaginary 
sphere with equal charge of opposite polarity.  

At the ground plane the horizontal components cancel, 
and the net electric field is oriented at right angles to the 
ground plane. Evaluating the electric field from the sphere 
to the ground plane gives the voltage between the sphere 
and the ground plane and hence the capacitance to ground, 
Fig. 9.18. 

C = 10−9

9� 1
(r−1)(r−2h)�

    F  (9.51) 

 

Fig 9.18 Sphere over a ground plane. 

Isolated conductor 

A charged conductor of infinite length and having a lin-
ear charge density of qo coulombs per meter, may be re-
garded as an infinite number of charged points on a line. 
A rod of finite length, Fig. 9.19, presents mathematical dif-
ficulties, however, because the electric field intensity at its 
ends becomes infinite. These difficulties are overcome by 
approximating the rod as an ellipsoid, having major and 
minor axes 2a and 2b, respectively, with 𝑒𝑒 = √𝑒𝑒2 + 𝑏𝑏2 . 
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Fig. 9.19 Isolated conductor. 

The capacitance is then: 

C = 4πεa =
c
a

arctanc
a
    F  (9.52) 

or 

C = 222c

ln
1−c

a
1+c

a

    pF                 (9.53) 

Coaxial conductors 

The electric field, as given by Eq. 9.50, between r1 and 
r2 gives the capacitance: 

C = 4πε0εr
ln(r2/r1)

r   F/m  (9.54) 

or 

C = 55.56
ln(r2/r1)

r   pF/m  (9.55) 

Conductor over a ground plane 

The electric field is found by taking the vector sum of 
two fields: one due to the conductor and one due to its im-
age in the ground plane. At the ground plane, Fig. 9.17, 
and for a conductor in air, the field is perpendicular to the 
ground plane and has a magnitude: 

E = q0
πε0

∙ h
h2+x2   V/m  (9.56) 

From which the capacitance is: 

C = 2πε0

ln�2h
r �

r    F/m  (9.57) 

Thus 

C = 55.6

ln�2h
r �

    pF/m  (9.58) 

Symbolic similarities between inductance and  
capacitance 

The above expressions show a good deal of similarity 
between the expressions for inductance and capacitance. 
This merely reflects the fact that the geometrical consider-
ations that determine inductance also determine capaci-
tance. In fact, it can be shown that: 

LC = με  (9.59) 

and that, if one knows one of the quantities (inductance or 
capacitance) of a structure, one can determine the other. In 
a medium of homogenous electric permittivity, one can 
determine the inductance of a structure or set of conduc-
tors simply by measuring the capacitances involved. In 
practical conductor systems, involving insulated conduc-
tors, the total dielectric space between conductors is not 
homogeneous. 

9.6.2 Displacement Currents 

If a capacitor is connected to a changing voltage, the 
current that flows through the capacitor is proportional to 
the derivative of the voltage: 

i = EjωC    A  (9.60) 

or 

i = C dE
dt

    A  (9.61) 

These currents, known as displacement currents, flow 
as the result of a changing electric field. Fig. 9.20, shows 
a surface exposed to a changing electric field that is as-
sumed to be oriented perpendicular to the surface. A por-
tion of the surface has been isolated and connected to the 
rest of the surface through a conductor. The current 
through that conductor would be: 

i = ε0A dEa
dt

    A  (9.62) 

 

where 

A = area of the surface - m2 

Ea = actual electric field intensity - V/m 

Eu = undisturbed electric field intensity 
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Fig. 9.20 A flush-mounted insulated surface 

exposed to an electric field. 

If the isolated surface is flat and flush with the sur-
rounding surface, as shown in Fig. 9.20, the impinging 
electric field remains uniform over all the surfaces. How-
ever, if the isolated section is raised above the surrounding 
surface, as in Fig. 9.21, the electric field becomes concen-
trated around the isolated surface, so that its intensity is 
higher than that of the undisturbed electric field, Eu. Alter-
natively, one could say that the elevated surface has a cap-
ture area larger than its physically projected area, A. Dis-
placement currents are also discussed in Chapter 14. 

   

 

 

Fig. 9.21 A raised insulated surface exposed to an 
electric field. 

 
 

9.7 Analytical Descriptions of Waveforms 

This section will discuss a few miscellaneous points 
about waveforms used for test and analysis of induced ef-
fects. 

Difference of Two Exponentials 

A waveform commonly used to represent unipolar in-
duced current transients for analysis of effects is the dou-
ble exponential: 

I = I1�ε−αt − ε−βt�  (9.63) 

 

Reciprocal of the Sum of Two Exponentials 

A characteristic of the double exponential wave is that 
it has a discontinuity at its highest rate of change at t = 0. 
Discontinuous waves do not exist in nature and are some-
times undesirable for numerical simulation because they 
stimulate spurious responses. 

An alternative waveform [9.8] that avoids the disconti-
nuity at t = 0, and thus deserves more attention, is plotted 
in Fig. 9.22.   
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The constant β governs the rise of the wave while α gov-
erns the decay but determining the values of these con-
stants for a particular waveform is not straightforward. 

I = I1

ε−β(t−t1)+ε+α(t−t1)  (9.64) 

The rise time from (10% - 90%) would be 4.4/β and the 
time to decay (to 10%) would be to + 2.3/α. This waveform 
is shown in Fig. 9.22, using the same values of α, β, and I1 
and with to = 10 µs.  

 

 

 

Fig.9.22 Exponential waveforms. 

Decaying Sinusoids 

Transients induced by lightning frequently are oscilla-
tory (Fig. 9.23), with an exponential decay. An idealized 
decaying sinusoid is: 

I = I1 sin(ωt)ε−αt  (9.65) 

where 

ω = 2πf  (9.66) 

𝐿𝐿 = 𝜋𝜋𝑓𝑓
𝑄𝑄

  (9.67) 

The damping factor, Q, determines how fast the wave 
decays. Typical damping factors called for by specifica-
tions range from 6 to 24. Fig. 9.23 shows a 1 MHz oscilla-
tory wave with a damping factor of 10. 

 

 

Fig. 9.23 Damped oscillatory waveform. 
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Chapter 10 

THE EXTERNAL ELECTROMAGNETIC FIELD ENVIRONMENT 

 

10.1 Introduction 

To estimate the lightning induced transients in an air-
craft, one must first determine the external electromag-
netic fields. The internal environment is, after all, deter-
mined by the external environment and the degree to 
which the external environment couples to the inside of the 
aircraft.   

The purpose of this chapter is to outline methods of de-
termining the external environment. Elementary factors 
governing that environment will be discussed first, then 
various methods of calculation will be presented, ranging 
from simple approximations to more specialized tech-
niques applicable to unique situations.   

Detailed calculations are complex because an aircraft is 
a complex electromagnetic object. Its geometry is com-
plex, requiring three-dimensional (3D) solutions. Also, its 
materials are varied, consisting of highly conducting met-
als (such as aluminum and copper), more resistive metals 
(such as titanium), carbon fiber composites (that are three 
orders of magnitude less conductive than metals), and in-
sulators (such as glass, Kevlar, fiberglass, and plastic). 

Finally, the lightning environment itself is complex. It 
is both a high frequency and low frequency phenomenon. 
Time scales on the order of tens of nanoseconds must be 
resolved, while some of the currents may persist for as 
long as a second. Also, different aspects of the lightning 
environment dominate at different times during the event.  
For example, during the initial lightning leader attachment 
phase, the electric field and its rate of change are of pri-
mary interest and, at later times, the current amplitude is 
of primary interest. For some periods, both are important. 
The interaction of the aircraft with the lightning channel is 
also a complex phenomenon, some features of which may 
not yet be well understood. 

Fortunately, a mathematically rigorous treatment  
is not always necessary. The analysis procedure can often 
be taken in stages since the inside and outside of the air-
craft are only loosely coupled. The term ‘loose coupling’ 
means that, while the lightning may produce electromag-
netic effects that couple to the inside of the aircraft, there 

 

is little need to study the reverse coupling, i.e. the effects 
of currents appearing within an aircraft upon the currents 
on its exterior; the voltages and currents induced on wiring 
do not affect the lightning. It is this separation of interac-
tion effects that allows the internal response of the aircraft 
to be reviewed by first determining the external electro-
magnetic fields, without consideration of how they couple 
to the interior, and then applying the coupling factors to 
those fields to determine the internal environment.   

For many purposes, approximate methods of analysis 
provide coupling estimates that are satisfactory for light-
ning protection purposes, since lightning parameters them-
selves cover wide ranges of possibilities. The type of ana-
lytical method one uses depends upon financial consider-
ations, vehicle complexity, design requirements, available 
computational tools, and known susceptibility and critical-
ity of electrical and electronic systems in the aircraft. 

10.2 Elementary Effects Governing Magnetic 
Fields 

Units of Magnetic Field Intensity 

In all cases the unit of magnetic field intensity, H, is 
amperes per meter if the radii are measured in meters. H is 
the magnetizing force per unit area of air through which 
the magnetic field exists. The density of magnetic flux, B, 
measured in Webbers per meter squared (Wb/m2) is, 

                                     B = µH                               (10.1) 

where µ the permeability for air, is 4π x 10-7 H/m. 

In Chapter 9 it was shown that if a long conductor is 
carrying a current, i, and the return path is far removed, the 
field intensity at a distance, r, from the conductor, as 
shown in Fig. 10.1(a), is: 

𝜇𝜇 = 𝑝𝑝
2𝜋𝜋𝑟𝑟

    A/m  (10.2) 
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If instead of on a solid wire the current is carried on a 
hollow tube of radius r0 as shown in Fig. 10.1(b), the field 
intensity, H, at the surface of the tube is, 

𝜇𝜇 =1/2πr   A/m            (10.3) 

It follows that the average field intensity at the surface 
of the tube is also equal to the total current divided by the 
circumference, P: 

𝜇𝜇 = 𝐼𝐼
𝑃𝑃
    A/m  (10.4) 

 

Fig. 10.1 Magnetic fields surrounding current- 
carrying conductors. 

If the conductor is not cylindrical, as shown in  
Fig. 10.1(c), the field intensity at different points on its 
surface will be different. However, the average field inten-
sity will still be equal to the total current divided by the 
circumference: 

Radius of curvature 

The actual surface magnetic field intensity on a conduc-
tor is greater than average at points where the conductor’s 
radius of curvature is less than average and is less than av-
erage at points where the radius of curvature is greater than 
average (see Fig. 10.2). For example, the circumference of 
the fuselage of a typical fighter aircraft, at a location just 
forward of its wing, is about 5.5 m.

     If a lightning stroke current of 30 kA flowed through 
such a fuselage, the average field intensity at the fuselage 
sur-face would be: 

𝜇𝜇𝑎𝑎𝑣𝑣𝑎𝑎 = 𝐼𝐼
𝑃𝑃

= 30 000
5.5

= 5 455 A/m               (10.5) 

Since there are rarely any points of very sharp curvature 
radius on an aircraft fuselage, the field intensity around the 
fuselage would probably not vary greatly from the average 
value. If the fuselage cannot be approximated as an out-of-
round cylinder, then the local field intensity at any partic-
ular location would have to be calculated by more sophis-
ticated means. 

The situation at the surface of a wing carrying lightning 
current is considerably different from that at the surface of 
a fuselage. The corners of a wing box and the leading and 
trailing edges of a wing have radii of curvature much less 
than the average, so the field intensities at those locations 
are much higher than they are at the center of the wing box 
where the radii of the curvature is much larger. 

 
Thus, the field intensity along the leading and trailing 

edges would be quite high compared to the field intensity 
long the top and bottom surfaces. 

Fig. 10.2 shows, in general, how the magnetic field 
strengths would vary with position on an aircraft if a light-
ning flash entered through the nose boom and left through 
the vertical stabilizer. The field intensity would be highest 
around the nose boom, lowest around the midsection of the 
fuselage, and high again around the vertical stabilizer. 
Near the nose equipment bays, the field would be of 
greater than average intensity. Since the field intensity is 
inversely proportional to the radius of curvature, it then 
follows that the field intensity outside the fuselage of a 
large transport aircraft would be considerably less than 
that outside the small fighter aircraft shown in Fig. 10.3. 

Since both the average current density, Javg, and the av-
erage field density, Havg, are equal to the total current di-
vided by the circumference, it follows that the tangential 
field intensity at the surface of a conducting object is equal 
to the current density at that point: 

𝐽𝐽𝑎𝑎𝑣𝑣𝑎𝑎 = 𝜇𝜇𝑎𝑎𝑣𝑣𝑎𝑎 = I
P
   A/m  (10.6) 

While this relationship is true for transient currents, it is 
not true for direct currents (DCs) or transients sufficiently 
slow that appreciable portions of current and associated 
magnetic fields penetrate the skin. 
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Fig. 10.2 Effect of the cross-sectional curvature  
radius of a current path on magnetic  
field intensity. 

 

Fig. 10.3 Variation of magnetic field strength with  
aircraft radius of curvature. 

Orientation of magnetic field 

The orientation of the H field vector is always at right 
angles to the direction of the current vector. While small 
gaps in the structure (Fig. 10.4) direct the current around 
the gap, the magnetic field is virtually unaffected, except 
directly on the surface and on a geometrical scale that is 
small compared to the dimensions of the gap interrupting 
the current flow. 

While Eq. 10.4 suffices to show the average current 
density, and thus the average intensity of the magnetic 
field, it does not show how the current is distributed over 
the surface. This distribution must be known, since it af-
fects both the resistive voltage rises inside a structure and 
the amounts of magnetic or electric field that penetrate 
through apertures. 

 

 

Fig. 10.4 Current flow and magnetic field around 
structural gaps. 

Redistribution of current 

Only for DCs is the current density at the surface of a 
conductor determined by the DC resistance of the conduc-
tor. For most transient conditions, the distribution is pri-
marily controlled by magnetic field effects. The magnetic 
distribution of current density can be calculated for simple 
geometries. Around the periphery of a cylinder, for exam-
ple, the current density, even for alternating currents, is 
uniform, at least as long as the return path for that current 
is coaxially arranged so that there is no appreciable flux in 
the vicinity of the cylinder. Such arrangements are often 
used to calibrate magnetic field probes used for measuring 
fields at points of interest on and within aircraft.   
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For anything other than a cylinder, the skin effect  
tends to crowd impulse currents of short duration (or high 
frequency alternating currents) toward edges, making the 
current density and magnetic field intensity higher than av-
erage at places with small radii of curvature (such as the 
leading and trailing edges of a wing) and less than average 
at places with a large radius of curvature. With impulse 
currents such as lightning leader pulses or stroke currents 
(i.e., as defined by current Components A and H), the skin 
effect forces the current to initially concentrate at edges in 
a manner that produces a magnetic field tangential to the 
surface, as illustrated in Fig. 10.5(a). After its initial high 
rate of change, as it decays to a slower rate of change, a 
stroke current gradually redistributes itself until its distri-
bution is determined purely by the resistance of the struc-
ture. This resistive re-distribution permits some of the 
magnetic field to penetrate the surface (see Fig. 10.5(b)). 
The rate at which the current redistributes over the surface 
is governed by the ratio of inductance (a measure of mag-
netic fields) to resistance of the structure. It takes place 
faster for high resistance structures, such as those fabri-
cated from carbon fiber composite (CFC), than it does for 
low resistance structures, such as those fabricated from 
aluminum. 

 

 

Fig. 10.5 Redistribution effects. 

The time required for the current to redistribute from a 
pattern governed by magnetic field effects to one governed 
by resistive effects can be surprisingly long; hundreds or 
even thousands of microseconds. One geometry for which 
these effects can be calculated analytically is the elliptical 
cylinder shown in Fig. 10.6. Under high frequency condi-
tions, the current density or magnetic field intensity at the 
center (X = 0, Y = ± d/2) is: 

𝜇𝜇 = 𝐼𝐼
𝜋𝜋𝜋𝜋

   A/m  (10.7) 

and at the edge (X = ± b/2, Y = 0) 

𝜇𝜇 = 𝐼𝐼
𝜋𝜋𝑑𝑑

   A/m  (10.8) 

At intermediate points, the magnetic field intensity or 
current density [10.1, 10.2] is: 

𝜇𝜇𝑠𝑠𝑠𝑠𝑟𝑟𝑓𝑓𝑎𝑎𝑎𝑎𝑝𝑝 = 𝐼𝐼
𝜋𝜋

1
�𝜋𝜋2−(2𝑥𝑥)2[1−𝑑𝑑2/𝜋𝜋2]

 (10.9) 

 

 

Fig. 10.6 Magnetic field intensity at the surface 
       of an elliptical conductor. 
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This current distribution does not hold for DCs, for 
which the current density over the surface is determined 
by DC resistance. If the cylinder were of uniform thick-
ness, the current density would be uniform. The time span 
or frequency range over which a transition takes place to 
the uniform distribution of current governed by resistance 
from the non-uniform distribution governed by magnetic 
fields (Fig. 10.6) can be defined in terms of a factor, K: 

𝐾𝐾 = �𝜋𝜋𝑑𝑑
𝛿𝛿

  (10.10) 

where 

b = width 
d = depth 
δ = skin depth 

Traditionally, skin depth is given by 

𝛿𝛿 = �2𝜌𝜌
𝜇𝜇𝜔𝜔

  (10.11) 

where 

ρ = resistivity 
µ = permeability 
ω = angular frequency 

This was discussed in greater detail in Chapter 9. For  
K < 1, the distribution of current is mostly controlled by 
resistance, while for K > 10, the distribution is controlled 
by magnetic field effects. The skin depth and value of K 
for aluminum, as functions of frequency, are given in Ta-
ble 10.1. 

Table 10.1 
Skin Depth as a function of Frequency 

F 𝛿𝛿 𝐾𝐾 
Frequency Skin Depth �𝑏𝑏𝑑𝑑/𝛿𝛿 

1 Hz 8.25 x 10-2 m 6.06 

10 Hz 2.61 x 10-2 m 19.2 
100 Hz 8.25 x 10-3 m 60.6 

1 000 Hz 2.61 x 10-3 m 192 

10 000 Hz 8.25 x 10-4 m 606 
 

As an example of the frequency range over which the 
transition takes place, consider an elliptical cylinder made 
from aluminum (ρ = 2.69 x 108 Ω·m) with width, b, = 1 
m, depth, d, = 0.25 m, and a wall thickness of 1 mm. Even 
at 10 Hz, K = 19, indicating that the current crowds to the 
edges of the ellipse and has a skin depth given by Eq. 
10.11. At 1 Hz, K = 6, which is approximately the value at 
which resistive and magnetic effects have an equal effect 
on the current distribution. Thus, the frequency range over 
which the current density changes from its uniform DC 
value to the limiting ac distribution is perhaps 0.5 to 5 Hz. 
If a step function current were applied, it would take nearly 
a second before the current became uniformly distributed 
over the surface. The manner in which the currents redis-
tribute over the surface affects the voltages developed on 
internal circuits, by the mechanism described in Chapter 
11. 

If an alternating current were injected onto the structure, 
the surface current density would remain distributed as de-
scribed by Eq. 10.9, up to indefinitely high frequencies, 
unless the width of the ellipse were on the order of a tenth 
of a wavelength or less. The current density through the 
wall thickness of the elliptical cylinder would vary with 
the frequency, but it too would remain constant, until the 
skin depth became about the same as the wall thickness.    

In many situations, external current densities may be 
determined with sufficient accuracy for practical purposes 
by assuming the surface under consideration to be an el-
lipse or ellipses. If such an approximation does not give 
sufficient accuracy, there are other techniques that may be 
used. Some of these are discussed in §10.5. 

10.3 Elementary Effects Governing Electric 
Fields 

The electric field around a conducting surface is also of 
importance, since a lightning flash produces rapidly 
changing electric fields that couple capacitively to the wir-
ing in aircraft. The behavior of electric fields is, in many 
ways, like the behavior of magnetic fields, particularly in 
that electric charge crowds to the edges of conductors in 
the same way electric current does. A static charge on the 
elliptic cylinder shown in Fig. 10.7(a), for example, would 
distribute itself in the manner shown, where the current 
density is given by equations of the same form as Eq. 10.8. 
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Fig. 10.7 Factors effecting the distribution of electric 
charge on conductors. 

The electric field strength at the surface would be pro-
portional to the charge density and directed at a right angle 
towards the surface, while the magnetic field would be tan-
gential to the surface. The distribution of charge would not 
change with frequency; it would be the same for a DC 
static charge as it would be at high frequencies. Also, the 
distribution of charge would not be affected by the resis-
tivity of the material (at least not under DC conditions). 

A conductor placed in an electric field becomes polar-
ized as shown in Fig. 10.7(a). The electric field draws elec-
trons to one end of the conductor and leaves a deficiency 
of electrons, or positive charge, on the other end. The elec-
tric field strength at the end surfaces is thus greater than 
that of the undisturbed electric field. For the symmetrical 
conditions shown in Fig. 10.7(b), the electric field strength 
is equal at the two edges and opposite in polarity. A static 
charge produced by some mechanism other than induction 
would add to the induced charge at one edge and subtract 
from it at the other edge, as shown in Fig. 10.7(c), making 
the electric field strengths unequal. Since the field strength 
is proportional to the density of charge, the electric field 
strength is greatest at points having small radii of curva-
ture (the nose boom of a fighter aircraft for example).  If 
the electric field strength is sufficiently high, the air in the 
vicinity may become ionized, producing either corona, as 
described in Chapter 1, or aircraft-initiated (‘triggered’) 
lightning, as discussed in Chapter 3.

 

10.4 Combined Magnetic and Electric Fields 

Under DC conditions, magnetic and electric fields can 
exist independently of each other (except for resistively-
generated electric fields) and one or the other or both may 
be present around a current carrying conductor. Under 
transient and ac conditions, both are present and, while for 
some conditions the effects of one or the other may be pre-
dominant, usually they must be considered together. The 
reason both types of fields are present is that a changing 
magnetic field gives rise to a changing electric field and 
vice versa. This relationship is described by Maxwell's 
Laws, which are discussed in §10.6. In simple terms, the 
magnetic fields are the result of moving charges and are 
accompanied by electric fields. The changing electric and 
magnetic fields are oriented at right angles to each other 
and propagate in a direction at right angles to the plane 
determined by their vectors. For example, a lightning cur-
rent propagating through an aircraft skin panel would pro-
duce magnetic and electric fields as shown in Fig. 10.8. 
The electric field is normal to the surface of the airplane 
and the magnetic field is tangential to it. The magnitudes 
of the E and H vectors are given by the impedance, Z, of 
the surface over which they pass. 

𝐸𝐸/𝜇𝜇 = 𝑍𝑍  (10.12) 

(Surface impedance is discussed in Chapter 9). 
 
 
 

 

Fig. 10.8 Wave propagation over a surface. 
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For the initial wave propagating over the surface of a 
conductor in free space, Z is approximately 377 ohms. 
When the wave reaches a discontinuity, such as the end of 
the surface or a point where one surface joins another sur-
face of different size or orientation, a reflected wave is 
generated, and the total field is the sum of the initial wave 
and the reflected wave. The reflected wave eventually 
reaches a discontinuity, at which point it generates another 
traveling wave. Note that the use of “ohms” to describe the 
ratio of E to H is not meant to imply resistance, but instead 
to indicate a ratio that, by convention, means characteristic 
impedance.   

The fields at any point to which a wave propagates can 
be determined from the fields at the points previously trav-
ersed by the wave. Numerical techniques for doing this are 
given in §10.5 and §10.6. The phenomenon of waves prop-
agating back and forth across the surface of an aircraft, or 
of aircraft resonances excited by an outside event, is dis-
cussed further in §10.7. 

 

10.5 Evaluating Electromagnetic Fields 

There are a number of ways that the electromagnetic 
field around a conductor may be evaluated. Three of the 
simpler methods are discussed here. Some of the results 
from the method described in §10.5.3 will be used to illus-
trate the way external and internal fields are influenced by 
the shape of the aircraft. 

10.5.1 Numerical Solution of Laplace’s  
Equation 

Analytically, the solution of the field around a current 
carrying conductor may be determined by a solution of La-
place's equation: 

∇2𝜑𝜑 = 0  (10.13) 

where φ = the potential. 

  In rectangular coordinates, Laplace's equation becomes: 

𝜕𝜕2𝑑𝑑
𝜕𝜕𝑥𝑥2 + 𝜕𝜕2𝑑𝑑

𝜕𝜕𝑌𝑌2 + 𝜕𝜕2𝑑𝑑
𝜕𝜕𝑍𝑍2 = 0             (10.14) 

For some geometries, Laplace's equation can be solved 
analytically. Elliptical geometries are an example. The 
equations defining the field distribution over elliptical cyl-
inders are not presented here, but Fig. 10.9 shows an ex-
ample of the field around an elliptical cylinder of infinite 
length. If the field arises from current in the cylinder, the 
equipotential lines depict the magnetic field lines that are 
tangential to the cylinder’s surface. If the field arises from 
static charge on the cylinder, the lines directed into the cyl-
inder depict the electric field lines along which displace-
ment currents flow. 

The return path for either the voltage maintaining the 
charge or the current, is assumed to be sufficiently far 
away from the conductor that it does not influence the field 
around the indicated region. 

The flow lines indicated in Fig. 10.9 divide the region 
into 44 sectors. At the surface of the conductor, the mag-
netic field strength is inversely proportional to the spacing 
between the flow lines. Since the average field strength 
around the surface is 

𝜇𝜇 = 𝐼𝐼
𝑃𝑃

   (10.15) 

 

Fig. 10.9 The electromagnetic field around an elliptical  
conductor. 



289 
 

it follows that the field strength at the surface between any 
two flow lines is 

𝜇𝜇𝑠𝑠𝑠𝑠𝑟𝑟𝑓𝑓𝑎𝑎𝑎𝑎𝑝𝑝 = 1
44∆𝑟𝑟

  (10.16) 

In Fig. 10.9, the flow lines indicate the directions that 
an electron would be caused to move by the electric field, 
so they are also known as electrostatic force lines.  Like-
wise, the equipotential lines in the electric field are also 
the flux directions in the magnetic field.   

 It is only possible to calculate the field analytically in 
the simplest geometries. Usually, one must resort to a nu-
merical or graphical method to determine the field. Nu-
merically, the field may be determined by a numerical so-
lution of Laplace's equations. Fig. 10.10 shows a conduc-
tor at potential P surrounded by a return conductor (a circle 
in this case) at potential zero. To this geometry is fitted a 
rectangular grid, shown here as a very coarse grid. 

Initially, all grid points that lie on the conductor are as-
signed a potential, P, and all the grid points that lie on the 
return path are assigned a potential zero. Laplace's equa-
tion in two dimensions can be shown to be approximately: 

𝜕𝜕2𝑑𝑑
2𝑋𝑋2 + 𝜕𝜕2𝑑𝑑

2𝑌𝑌2 =  1
𝑘𝑘2 [𝜑𝜑1 + 𝜑𝜑2 + 𝜑𝜑3 + 𝜑𝜑4 − 4𝜑𝜑4]    (10.17) 

    
Fig. 10.10 A rectangular grid for evaluation of Laplace’s 

equation. 

 

From this, it follows that Laplace's equation is satisfied 
if the numeric values at four points surrounding a central 
point have values that satisfy the equation 

𝜑𝜑1 + 𝜑𝜑2 + 𝜑𝜑3 + 𝜑𝜑4 − 4𝜑𝜑0 = 0   (10.18) 

A determination of the field around the conductor  
then involves assigning field values at all the points be-
tween the conductor and its return path and adjusting those 
values until Eq. 10.17 is satisfied everywhere  
within the grid. The literature [10.3 - 10.4] indicates sev-
eral numerical techniques by which the potentials at the 
points may be adjusted to their final values. While the pro-
cess is tedious, it is not completely impractical to do by 
hand, as discussed briefly in §10.5.2. Usually, the process 
is done by computer routines that solve the field equations. 
In addition to tabulating the numerical values of the field 
at the grid points, such computer routines often allow one 
to plot the flow and equipotential lines. 

Problem space and grid size 

Fig. 10.10 illustrates two important aspects of numeri-
cal evaluation of electromagnetic fields. The first is that 
the solution can only take place in a defined problem 
space. For an isolated object, such as an aircraft in flight, 
the problem space, ideally, should extend very far in all 
directions since, in theory, the field intensity at even the 
most remote point affects the field at the surface of the air-
craft. The second is that the grid size affects the precision 
and detail with which the field may be calculated. Ideally 
the grid size should be much smaller than the dimensions 
of the aircraft around which the field is to be determined. 

The smaller the grid size and the larger the problem 
space, the greater the amount of computer memory and 
computer running time required to perform the analysis. 
This effect becomes more significant when calculations 
are performed in three dimensions. Computer resources 
are put to the ultimate test when time domain solutions are 
required, because the field must be calculated anew for 
each time step. Depending on the requirements of the anal-
ysis, problem space, grid size and the limitations of avail-
able computer resources may restrict the precision of the 
solutions. 

Frequently one is only interested in the field in the im-
mediate vicinity of the aircraft. If so, the problem space, 
and the amount of computer memory needed, can be made 
relatively small by setting field magnitudes at the outer 
boundary of the problem to an approximation of their   
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correct values, rather than zero, and concentrating the cal-
culations on the field around the conductor under study. 
On an aircraft, similar techniques can be used to concen-
trate the calculation on those portions of most interest. 

Apertures 

Any solution of Laplace's equation also allows the pat-
tern of low frequency coupling through an aperture to be 
calculated. Computer techniques are now commonly used 
for such solutions but, in the past, electrolytic tanks and 
resistive paper techniques were widely used. Fields were 
also mapped by hand. The technique of hand mapping is 
outlined in §10.5.2. The simplest computer routines deal 
either with two-dimensional (2D) problems or problems 
with rotational symmetry. In a 2D case, the aperture would 
run the length of the conductor being studied. This is not 
necessarily a disadvantage since some important geome-
tries and apertures are basically 2D. An important aperture 
is that which may exist behind the rear spar of a wing when 
the flaps have been extended. Since it is a convenient re-
gion to reach, wiring is often placed in this region. Electri-
cally it is a poor place since the aperture is near a region 
where the magnetic fields external to the wing are high. 
Another important set of apertures that may be approxi-
mated as a continuous opening is that formed by the win-
dows in the fuselage of a transport aircraft.   

Three-dimensional (3D) objects 

In principle, the field around 3D objects may also be 
solved numerically by extending Eq. 10.19 to include eight 
points on a cube surrounding a central point. A solution of 
the field around a 3D object not involving rotational sym-
metry requires large amounts of computer storage and run-
ning time if the calculations are to define the field satisfac-
torily in all three dimensions. 

10.5.2 Hand Plotting of Fields 

The fields around any geometry may also be determined 
graphically by a cut-and-try process, in which flow lines 
and equipotential lines are drawn on the geometry and ad-
justed until repeated subdivision always yields small 
squares and the flow and equipotential lines intersect at all 
points at right angles. Cut-and-try field plotting, of which 
Fig. 10.11 is an imperfect example, may, with care, pa-
tience, and liberal use of a soft pencil and eraser, yield a 
field pattern of any desired accuracy. This approach has 
rarely been used since the advent of computer programs 
that quickly solve Maxwell’s equations for more complex 
geometries such as the exteriors and interiors of aircraft. 
The example of a hand-plotted field that is shown in Fig. 
10.11 is presented so that the directions of electric field 
lines of force and of magnetic field flux lines (or electric 
field equipotential) can be seen. This is not always practi-
cal with modern computational programs that show inten-
sities as gradations of colors.   

10.5.3 Calculation Using Wire Filaments 

Another early approach to determining current density, 
shown in Fig. 10.12, is based on the premise that a 2D ge-
ometry can be represented as an array of parallel wires 
[10.5 - 10.6]. If the current in each wire is known, the av-
erage current density along the surface defined by any two 
wires is the average of the current on the two wires divided 
by the spacing between the wires. 

If the wires are all of infinite length (so that no end ef-
fects need to be considered) and are all connected together 
at their ends, the manner in which current divides among 
the wires may be calculated with the aid of a simple com-
puter program. The high frequency response of the wire 
models (i.e., the response due to lightning stroke currents) 
can be determined based upon the self and mutual induct-
ances of the individual wires with respect to all the other 
wires in the model. If the current distribution due to slowly 
changing intermediate and continuing currents is desired 
the structure resistances can be represented by wire re-
sistances and the currents in the wires determined by a 
simple network of resistors.   
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Fig. 10.11 Cut-and-try field plotting. 
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Fig. 10.12 A structure defined as an array of wires. 
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Self and mutual inductances 

Let the location of the wires be defined in terms of the 
rectangular coordinates xi and yi and let the radius of the 
conductors be r1. The self-inductance per unit length of 
each wire is 

𝛥𝛥 = 2 × 10−7 ln � 𝑅𝑅
𝑟𝑟1

�  Henrys per meter (10.19) 

In this equation R is defined as the distance from the 
conductor, or from the group of conductors, to an arbitrary 
return path. The numerical accuracy of the current distri-
bution to be calculated does not depend critically upon the 
value assigned to R, but it should be on the order of 10 to 
20 times the greatest dimension of the structure being 
modeled. Between any two conductors, i and j, there is a 
mutual inductance of: 

𝑀𝑀𝑝𝑝𝑖𝑖 = 2 × 10−7 ln � 𝑅𝑅
𝑟𝑟𝑖𝑖𝑖𝑖

�  Henrys per meter   (10.20) 

The currents in each of the wires can be determined by 
solving the matrix equations that represent the self and mu-
tual inductance effects, shown in Fig. 10.13, which control 
the currents during the fast-changing periods of the light-
ning stroke current when current distribution is determined 
by magnetic fields. These equations are not presented here. 
The currents will shift when the stroke current stops 
changing rapidly, and the wire resistances begin to control 
the currents. 

   

Fig. 10.13 Mutually coupled inductances. 

10.5.4 Examples of Magnetic Fields 

The magnetic field within and around the cluster of 
wires can be determined by taking the proper summation 
of the magnetic field produced by the current in each indi-
vidual wire. 

One computer program [10.7] that incorporates the 
above routines is MAGFLD. Some examples of calcula-
tions performed with MAGFLD will now be described, 
since they will serve to illustrate some of the points dis-
cussed in previous sections. The geometry chosen for anal-
ysis is the fuselage of the hypothetical aircraft shown in 
Fig. 10.14. The aircraft, whose airworthiness is not under 
discussion, has a fuselage of elliptical cross section, two 
meters along the major axis and one meter along the minor 
axis. The fuselage is considered long enough that no end 
effects need to be considered.   

A lightning current of 1 000 A is assumed to enter the 
nose and to exit through the rear of the fuselage. This el-
liptical fuselage is represented by 48 parallel conductors 
distributed in the manner shown in Fig. 10.15. This figure 
also shows the current density, or magnetic field strength, 
at the surface of the cylinder, both as determined from the 
program MAGFLD and analytically, using Eq. 10.12. The 
field determined by a wire model is representative of the 
field that would exist outside the aircraft (and within the 
aircraft if diffusion time, i.e., skin effect, is neglected.) 
This is a good approximation for an aircraft made of CFC, 
but it is not applicable for a conventional aluminum air-
craft, where diffusion times are long compared to the life-
time of a stroke current. 
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Fig. 10.14 A hypothetical fuselage to be modeled as a wire grid. 

 

Fig. 10.15 Wire grid approximation of the elliptical fuselage.                                                                                                  
Note that the axes in this figure are opposite from those of the fuselage in Fig. 10.14. 
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Magnetic distribution of current 

One quadrant of the elliptical fuselage is shown in  
Fig. 10.16. This figure shows the magnetic field strength 
both within and around the wire grid as calculated by 
MAGFLD. The orientation of the magnetic field is shown 
by the direction of the arrows, and the strength both by the 
length of the arrows and by the indicated contour lines. 
Note that the field lines external to the surface are tangen-
tial to the cylinder.  

 

The magnetic field strength inside the grid is much 
smaller than that outside, since, on the inside, the fields 
from each of the filaments tend to cancel, whereas outside 
the grid they tend to add. In Fig. 10.16, the fields inside 
the grid are largely the result of the finite number of wires 
defining the elliptic cylinder. If the cylinder were defined 
by more conductors, the fields inside would be smaller, but 
they would not be zero unless the shape of the fuselage 
were cylindrical.    

 

Fig. 10.16 Magnetic field produced by magnetically distributed current.



296 
 

Resistive distribution of current 

Fig. 10.17 shows a similar plot with one important dif-
ference: the current was forced to be equal in each wire. 
The magnetic field pattern produced here would be deter-
mined by the resistive current distribution, the pattern that 
represents the final stage after currents and current density 
have become uniform. The orientation of the field external 
to the grid shows only slight differences from the orienta-
tion in Fig. 10.16, but one important difference is that 
some of the field lines penetrate the surface, increasing the 
field intensity in the interior of the grid. 

Recessed cavity 

A third example of field distribution (shown in Figs. 
10.18 and 10.19) assumes that on each side of the fuselage 
there is a recessed cavity. Such a cavity would be an ap-
proximation of the equipment bays for electronic equip-
ment or baggage. The figures again assume that the current 
in each filament is governed by inductive, rather that re-
sistive, distribution. The magnetic field patterns clearly 
show the field in the recessed cavity to be less than the 
field at other exterior points on the fuselage. 

 

Fig. 10.17 Magnetic field produced by resistive current distribution.
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The degree to which the MAGFLD program, or other 
programs, can calculate the magnetic field in the space sur-
rounding the aircraft fuselage, while interesting, may not 
be of great use for aircraft studies, since it is usually only 
the field intensity at the surface of the structure that is of 
interest. Programs like these however, can calculate the 
field distribution in and around these simple geometries 
with sufficient accuracy for many purposes. 

Redistribution 

The filamentary method can be used to calculate redis-
tribution effects by connecting a resistor of appropriate 
value in series with each of the inductors shown in Fig. 
10.13. In the matrix operations the values of L and M must 
be replaced by R + jωL and jωM and the matrix operations 
must be carried out with complex number routines. Other-
wise, the process is as indicated. Standard circuit analysis 
routines, such as SPICE, SCEPTRE, NET II and ECAP, 
can also be used to evaluate the current in each filament. 

 

Fig. 10.18 Magnetic field intensities in a recessed bay.
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Fig. 10.19 Current distribution and magnetic field intensities at the surface (one quadrant shown). 

 

Fourier transform techniques could then be used to eval-
uate the response as a function of time. Some of the circuit 
routines can, of course, evaluate the response directly as a 
function of time. 

10.6 Maxwell’s Equations 

The foundation of all lightning interaction analysis is 
Maxwell's equations, given here in the time domain differ-
ential form. 

          ∇ ∙𝐸𝐸 = 𝑞𝑞𝑒𝑒𝑒𝑒
𝜀𝜀𝑜𝑜

                          (10.21)

where qev is electric charge density in coulombs/cubic me-
ter. Eq. 10.21 states that the number of lines of electric flux 
leaving a volume is equal to the amount of charge con-
tained in that volume. This is Gauss’s law. 

∇ ∙𝐵𝐵= 0                   (10.22) 

Eq. 10.22 states that the number of lines of magnetic 
flux entering a volume is equal to the number leaving it.  
This is Gauss’s law for magnetism. 

∇ 𝑥𝑥 𝐸𝐸= − 𝜕𝜕𝜕𝜕
𝜕𝜕𝛼𝛼

  (10.23) 
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Eq. 10.23 states that a changing magnetic field gives 
rise to an electric field. This is Faraday’s law of induction. 

∇ × 𝜇𝜇 = 𝐸𝐸𝐸𝐸 +𝐽𝐽𝑠𝑠 + 𝜕𝜕𝑐𝑐
𝜕𝜕𝛼𝛼

 (10.24) 

Eq. 10.24 states that there are three sources of a mag-
netic field; conduction currents (𝐸𝐸𝐸𝐸), externally produced 
currents (Js) and the displacement currents produced by a 
changing electric field.   

If one assumes that the lightning interaction problem 
begins with the injection of an external lightning current 
into the aircraft, then the source term for the interaction is 
Js in Eq. 10.23. In principle, electromagnetic fields can be 
calculated everywhere, based on a knowledge of Js and the 
boundary conditions (that is, the aircraft geometry). How-
ever, sometimes the lightning interaction problem does not 
start with the injection of lightning current. This is true for 
analyses of aircraft initiated lightning. For that, the source 
term is the current, 𝐸𝐸𝐸𝐸, conducted into the air from the air-
craft. 

Air conductivity 

The conductivity of the air is, of course, non-linear. Air 
is poorly conductive until the electric field gets high 
enough to cause ionization, but very highly conductive as 
breakdown occurs. As a result, only a negligible current is 
conducted into the air before breakdown occurs, but con-
siderable current afterwards. That current then transfers 
charge onto the aircraft, which affects the electric fields 
and may set in motion events that lead to a complete air-
craft-initiated lightning flash. The response of the aircraft 
to the current is then calculated in the same way as it is for 
a naturally occurring lightning flash.   

Various software programs are commercially available 
for solving Maxwell’s equations for predicting lightning 
current distributions and induced transient characteristics 
in aircraft. A few of these are listed below: 

COMSOL Multiphysics® is a general-purpose simula-
tion software for modeling designs, devices, and processes 
in all fields of engineering, manufacturing, and scientific 
research. Add-ons can compute structural mechanics as 
well as temperature rises and some other effects of the 
lightning currents. 

CST Studio Suite® is a high-performance 3D electro-
magnetic analysis software package for designing, analyz-
ing, and optimizing electromagnetic components and sys- 

tems. Electromagnetic field solvers for applications across 
the electromagnetic spectrum are contained within a single 
user interface. 

EMA3D® is a 3D Finite-Difference Time-Domain 
solver with an integrated multiconductor transmission line 
solver. The two electromagnetic solvers co-simulate to al-
low for a complex cable harness to be accurately modeled 
inside complex geometry, such as an electronic device, a 
piece of machinery, an automobile, or an aircraft.   

External environment 

When used to compute lightning effects on or within an 
aircraft, the strike conditions must be decided and become 
inputs to the computation process. These include lightning 
strike entry and exit locations, and the waveforms and am-
plitudes of the lightning currents. Typically, the stroke cur-
rents are of greatest interest, since the amplitudes and 
waveforms of these cause the highest currents throughout 
an aircraft, and the highest induced transients in electrical 
wire harnesses. The intracloud current pulse is also used 
since its rate of change is higher than that of the cloud-to-
earth stroke current. Both currents are standardized and de-
scribed in Chapter 3.   

Validation 

If used as a tool for certification of aircraft, the authori-
ties usually require that whatever program is proposed be 
validated for use on the aircraft to be certified. This is done 
by comparisons of computed lightning effects with meas-
urements of these effects during simulated lightning cur-
rent applications. These tests are discussed in Chapter 13. 
Calculated parameters should compare favorably with 
measurements. Favorable comparisons are needed be-
tween calculated and measured amplitudes, as well as 
waveforms, of the parameters to be computed by the soft-
ware program.   

The linear technique can be used for either aircraft-ini-
tiated or natural lightning. The distinction between the two 
is that aircraft-initiated lightning leaders begin at the air-
craft and move away, in generally opposite directions, 
while natural lightning leaders begin away from the air-
craft and move toward it. Typical geometries for each of 
these cases are shown in Fig. 10.20. The figure shows the 
channel attached to the nose of the aircraft, as often hap-
pened on the F106B storm hazards research airplane oper-
ated by National Aeronautics and Space Administration 
(NASA), but the analysis procedure allows attachment to 
any point on the aircraft. 
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Fig. 10.20 Locations of current source used in 
a computer code. 

The difference between Fig. 10.20(a) and Fig. 10.20(b) 
is the location of the current source. For calculations sim-
ulating natural lightning, the source is located at the edge 
of the problem space, as far from the aircraft as possible, 
reflecting the fact that the initiation and driving forces for 
a natural lightning flash occur away from the aircraft and 
the lightning propagates towards it. For aircraft-initiated 
lightning, the source is located near the point where the 
channel attaches to the aircraft, reflecting the fact that the 
lightning leaders originate at the aircraft and propagate 
away from it, generally in opposite directions. 

Channel characteristics 

The characteristics of the lightning channel must also 
be defined. The most important of these are the character-
istic impedance (since interactions between the aircraft 
and the channel depend on the channel impedance) and the 
velocity of propagation. Elementary aspects of this inter-
action were discussed in Chapter 8. The characteristic im-
pedance and velocity of propagation can be determined 
from the resistance, inductance, and capacitance of the 
channel, per unit length. The last two properties are deter-
mined by the physical diameter of the channel, as dis-
cussed in Chapter 2.   

10.7 Aircraft Resonances 

Traveling Waves 

The magnitudes of electric and magnetic waves travel-
ing together on a conductor are related by a characteristic 
impedance, Z, also known as a surge impedance, deter-
mined by the inductance and capacitance of the conductor. 

𝑍𝑍 = �𝐿𝐿
𝐶𝐶
   (10.25) 

For a conductor in air, this impedance is usually in the 
range from 100 - 1 000 Ω, depending on the geometry of 
the conductor. If the traveling wave encounters another 
conductor of different impedance, part of the wave is 
transmitted onto the other conductor and part is reflected 
back along the conductor on which the incident wave was 
traveling. The magnitudes of the transmitted and incident 
waves are given by the relative surge impedances of the 
two conductors. The relevant equations for this are given 
in Fig. 10.21. If the wave on the second conductor encoun-
ters a third conductor, a second set of transmitted and re-
flected waves is produced. The reflected waves on the sec-
ond conductor travel back towards the source, again en-
counter a change in impedance and set up a third set of 
traveling waves. This process repeats until all the energy 
is radiated away or lost in the resistance of the conductor. 
The result of this response is that an oscillatory wave is 
developed on the second conductor, the frequency of 
which is determined by length of the second conductor or, 
more properly, by its electrical transit time. For a conduc-
tor in air, where the velocity of propagation is 3 x 108 m/s, 
the ringing frequency would be 

𝑓𝑓 = 3×108

2𝑑𝑑
  (10.26) 

where l is the length in meters. If, for example, the second 
conductor mentioned above is an airplane whose length 
(nose to tail) is 34 m (the length of a B737-700), the reso-
nate frequency would be 4.4 MHz. Larger airplanes would 
exhibit a lower resonant frequency, and smaller airplanes 
a higher frequency of traveling wave oscillations. This is 
the reason for the assignment of 1 MHz and 10 MHz to 
certain test voltage and current waveforms included in the 
system and equipment test standards noted in Chapter 5. 
Airframe resonances are not the only source of traveling 
waves. Individual wire harnesses throughout the airplane 
usually have their own resonant frequencies. Since most of 
these are shorter than the overall length of the airplane, 
their resonant frequencies are higher. When measurements 
are made of voltages induced in wire harnesses such as 
shown in Chapter 8, the voltages often display a combina-
tion of frequencies, most of which are within the range of 
1 - 10 MHz. 
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Fig. 10.21 Transmitted and reflected waves at junctions. 

Influence of waveform 

The nature of these oscillations is also influenced by the 
shape of the incident wave. Fig. 10.22 shows the two dif-
ferent current waveforms (i.e., rate of charge introduction 
to the aircraft). The geometry of the situation is shown in 
Fig. 10.22(a). There are two significant points to be noted 
about this figure. The first is that the input and output cur-
rents have different waveforms and that both are different 
from the current at the center of the second conductor (the 
airplane). The second point is that the oscillation

on the second conductor is more pronounced for the inci-
dent current that rises to its peak the most rapidly. If the 
incident current had a sufficiently slow rise time, the os-
cillations on the conductor would become insignificant, 
since there would be time for the initially injected charge 
to exit from the second conductor.   

Although not illustrated, the nature of the oscillations is 
also influenced by the relative characteristic impedances 
of the conductors. The more nearly equal the impedances, 
the less pronounced the reflections. If the characteristics of 
all three conductors were the same, there would be no re-
flections, and hence no oscillations, on the second conduc-
tor (i.e., the aircraft) at all.  

Lattice diagrams 

The nature of these oscillations can be calculated graph-
ically, using the lattice diagrams described in the literature 
[10.8 - 10.9] or by time domain computer routines capable 
of representing distributed, constant transmission lines 
[10.10 - 10.11].

 

 

  (b) Waves excited by a 10 ns rise time                                    (c) Waves excited by a 0.5 µs rise time.  

Fig. 10.22 Calculated response of a 12 m (40 ft.) aircraft to charge injection. 
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Oscillation modes on aircraft 

Oscillations like those described in the preceding dis-
cussion can be excited on aircraft, although such oscilla-
tions are more complex. One reason for the complexity is 
that there are several modes of oscillation that can be ex-
cited, such as nose to tail and wing to wing, and these 
modes are not independent of each other either. For exam-
ple, a wave traveling nose to tail would have two compo-
nents, as shown in Fig. 10.23; one that propagated back 
and forth along the fuselage and one that reflected along 
the wings. The ringing frequencies of these oscillations are 
determined by the length of the paths involved. An aircraft 
with a nose to tail length of 20 meters would have a ringing 
frequency about 3 MHz. 

The actual ringing frequencies can be determined by 
test or can be calculated by the 2D and 3D, time domain, 
analytical techniques described in the preceding sections. 
Aircraft full vehicle tests (FVTs) have shown evidence of 
traveling waves, especially when the aircraft was not ter-
minated to the test current return conductor array through 
resistors approximately equal in value to the characteristic 
impedance of the aircraft and its return conductor array 
(typically ~100 Ω). This topic is discussed in Chapter 13. 
Induced voltages measured in many airplanes have 
showed oscillations that may have been due to airframe 
traveling waves, although the measured electric circuits in-
side the aircraft could also have been ringing. This possi-
bility complicates the task of assessing the cause (or 
causes) of these responses. 

 

 

 

Fig. 10.23 Current paths for nose-to-tail traveling waves. 
Solid and dashed lines represent range of current paths. 

Significance of oscillations 

Aircraft traveling waves are important factors in in-
duced effects protection design because they have faster 
rates of change than either the incident lightning leader or 
the stroke currents. This means that fields associated with 
these traveling waves and penetrating apertures can induce 
higher voltages in unshielded circuits inside the aircraft 
than the stroke or leader currents themselves. If the air-
craft ringing (i.e., resonant) frequency happened to coin-
cide with the ringing frequency of a wiring harness, the 
electrical energy on the exterior of the aircraft would cou-
ple more efficiently to the internal wiring. The natural 
ringing frequency of the wiring harness is determined 
more by the physical length of the harness than by the 
length of the aircraft. Transients induced in small aircraft 
tend to ring at higher frequencies than those induced in 
large aircraft. In part, this can be explained by the differ-
ences in the lengths of wiring harnesses in aircraft of dif-
ferent sizes. The way airframe traveling wave effects 
should be interpreted for aircraft certification purposes is 
discussed in Chapter 13. 

Resonances with lightning: 

The nature and importance of aircraft oscillations is less 
clear in the case of lightning, partly because the oscilla-
tions are damped by the attached conducting arc channel. 
Calculating the effects of lightning-induced aircraft reso-
nance is difficult because the impedance of the arc channel 
is not constant; it changes with time and with the amount 
of current flowing in the arc. An assumed lightning chan-
nel impedance of 3 000 ohms (as used in Fig. 10.22 to il-
lustrate traveling waves) would be more representative of 
the channel as it is conducting a stroke current than during 
the leader formation phase, when the leader is propagating 
from the aircraft. No measurements have been made of ac-
tual characteristic impedances of lightning channels at-
tached to aircraft (nor would this be possible), although 
values of several thousand ohms have been inferred from 
measurements of aircraft responses. 

Significance of aircraft initiated lightning 

Current pulses associated with the initial development 
of an aircraft-initiated lightning flash are believed to have 
fast rise times. If this is true, the impedances shown in  
Fig. 10.22 are representative of the impedance of a devel-
oping lightning leader. 

In view of the uncertainties associated with the imped-
ance of a lightning arc, it may be appropriate to view cal-
culations of the interaction of an aircraft with a lightning 
channel with caution. 
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Resonances with aircraft tests 

One place where the oscillations associated with aircraft 
traveling waves are important is during the aircraft FVTs 
that are conducted to measure the voltages induced on air-
craft wiring. Interactions between the aircraft and the test 
circuit govern the waveform of the current that can be in-
jected into the aircraft. The currents associated with these 
oscillations may vary from one portion of the aircraft to 
another. Also, current in the aircraft may differ from the 
current measured at the generator’s output terminal. This 
subject is discussed further in Chapter 13. 

10.8 Composite Aircraft 

The analyses in this chapter have focused on metal air-
craft because, as far as the external electromagnetic field 
distribution is concerned, metal airframes can usually be 
accurately modeled as perfectly conducting. The distribu-
tion of current does change from an initial state, governed 
by magnetic fields, to a final state, governed by resistance, 
but the timescale over which that redistribution takes place 
is long compared to the duration of lightning currents. 
(The factors governing redistribution are discussed in 
more detail in Chapter 11). 

 

However, some aircraft structures consist of significant 
amounts of CFC material. CFC is three orders of magni-
tude less conductive than aluminum. This is still a small 
resistance compared to the source impedance of a light-
ning stroke current so that the aircraft material, whether 
CFC or aluminum of some combination thereof, is not suf-
ficient to influence the magnitude or waveshape of the 
stroke current.   

CFC in the airframe will cause the stroke currents to re-
distribute throughout the aircraft over their lifetimes in a 
manner different than will be the case if the entire airframe 
is made of aluminum. The factors influencing current 
paths through the airplane are described in Chapter 11. 
Stroke current redistribution in aircraft structures consist-
ing of a mixture of metal and composites takes place much 
more rapidly than on all-metal structures. This is due to the 
shorter L/R time constants associated with the CFC struc-
ture elements as compared with aluminum elements. As a 
result, the external current distribution and the internal 
coupling on CFC aircraft cannot be regarded as distinct is-
sues. Current penetrates to the interiors of such aircraft on 
a timescale comparable to the duration of lightning stroke 
current. As a result, voltages coupled to internal circuits of 
CFC aircraft have higher magnitudes and larger resistive 
components than voltages on metal aircraft. 
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Chapter 11 

THE INTERNAL FIELDS COUPLED BY DIFFUSION  
AND REDISTRIBUTION 

11.1 Introduction 

Lightning currents and electromagnetic fields on the 
outside of an aircraft reach the inside of the aircraft 
through apertures and also by the processes of diffusion 
and redistribution. Generally speaking, penetration 
through apertures, which is discussed in Chapter 12, is a 
high frequency mechanism, while coupling through diffu-
sion and redistribution (the subjects of this chapter) are 
low frequency mechanisms. Thus, fields that penetrate 
through apertures have rise and decay times like the exter-
nal fields, whereas fields that appear on the interior of an 
aircraft by diffusion or redistribution have much longer 
rise and decay times, associated with diffused and redis-
tributed currents. Diffusion refers to the process by which 
electric and magnetic fields penetrate through conducting 
materials along with diffused currents. Redistribution re-
fers to the process by which the overall pattern of current 
flow throughout an aircraft changes from an initial state, 
where current distribution is controlled by magnetic fields, 
to a final state, where current distribution is controlled by 
structural resistances. The factors that affect diffusion and 
redistribution on metal structures are the same factors that 
affect the electromagnetic shielding of such structures, alt-
hough it might be better to say that diffusion and redistri-
bution are the mechanisms by which electromagnetic 
shielding is obtained. 

In the context of this book, diffusion primarily relates 
to the process by which electric fields build up on the inner 
surfaces of an aircraft in response to the diffusion of light-
ning current from exterior to interior surfaces of the air-
craft’s skin. In the most elementary terms, electric fields 
produced by diffusion arise from the passage of lightning 
current through the resistance of the aircraft. A more thor-
ough discussion must be based on surface and transfer im-
pedances, subjects that were introduced in Chapter 9. 

Carbon fiber composite (CFC) materials have conduc-
tivities about three orders of magnitude less than that of 
aluminum. This means that, the concepts of redistribution 
and diffusion are especially significant for CFC aircraft. 

 

When lightning strikes such an aircraft, the early time 
(or high frequency) portion of the lightning current distrib-
utes in the same manner as it would on an all-metal air-
craft, but the late time (or low frequency) component dis-
tributes according to the relative resistances of the various 
structural parts. Thus, there is much more current in metal 
structural elements on or within a ‘CFC’ aircraft than there 
would be on a comparable, all metal aircraft. 

Another way of viewing this subject is that CFC aircraft 
provide much less electromagnetic shielding than all-
metal aircraft. Magnetic field shielding that might be in-
herent to, and taken for granted on, an all-metal aircraft 
may have to be intentionally provided on a CFC aircraft, 
usually with an unfavorable impact on weight and cost. 

In the sections that follow, internal and external electro-
magnetic fields are discussed first, in order to differentiate 
somewhat between concepts used for lightning interac-
tions and classic electromagnetic shielding problems. 
Concepts of circuit voltage are discussed next, first for a 
circular cylinder where only diffusion effects are encoun-
tered and then in terms of elliptical cylinders where redis-
tribution effects must be considered. This portion also in-
cludes a discussion of the processes by which external cur-
rent produces magnetic fields inside cavities such as 
equipment bays. Redistribution effects are then illustrated 
for the more complex structures, where recourse must be 
made to numerical analysis techniques. 

11.2 Internal vs. External Fields 

Fig. 11.1 shows a metal sheet defining an interior vol-
ume. For the following discussions, the sheet can be re-
garded either as flat and of infinite extent or as closed and 
having a radius of curvature that is large in comparison to 
the thickness of the sheet. On the outside of the sheet an 
electromagnetic field is impressed, this being associated 
with a current flowing in the sheet. Some portion of the 
external electromagnetic field penetrates through the sheet 
and couples to the interior volume defined by the sheet. 
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Fig. 11.1 A plane wave incident upon a shielding 
surface. 

 
Five regions important to the interaction problem can be 
defined: 

(a) The external region. 
(b) The external surface (z = 0). 
(c) The interior of the sheet. 
(d) The internal surface (z = d). 
(e) The internal volume. 

Regions (a) and (b) are the main ones involved in the 
interaction between the sheet and any impinging electro-
magnetic field. Regions (b), (c) and (d) affect the way the 
fields penetrate the sheet while regions (d) and (e) affect 
the way fields build up in the interior volume. 

The penetration of fields to the interior is often dis-
cussed in terms of “shielding effectiveness (SE)”, but there 
are two different ways that the external electromagnetic 
fields may be visualized. They can give rise to two very 
different measures of the SE of a structure. 

11.2.1 Impinging Electromagnetic Field 

In the most common treatment of electromagnetic 
shielding, the field at the surface, region (b), above, is pro-
duced by some external source in region (a) that causes a 
field to propagate toward the surface. When the incident 
field arrives at the surface it is partially reflected, and the 
reflected wave propagates back, away from the surface. 
The sum of these incident and reflected waves, with proper 
regard for polarity, is what appears at the surface of the 
sheet. If the sheet were a perfect conductor, the polarities 
of the incident and reflected waves would be such that 
their resultant magnetic field would be tangential to the 
surface and the resultant electric field would be normal to 
the surface. 

The magnitude of the resultant field depends on the 
shape of the conducting sheet and its orientation toward 
the incoming wave. With a flat conductor of infinite ex-
tent, oriented broadside to the incoming wave, the tangen-
tial magnetic field would have twice the amplitude of the 
incoming field and the electric field would become zero. 
For other angles of incidence, the tangential magnetic field 
would have less than twice the magnitude of the incoming 
field and a radial electric field would develop. The fields 
that develop at curved surfaces might have several times 
the magnitude of the incoming field. This condition is not 
representative of a lightning strike condition, in which the 
fields at the surface of an aircraft are determined by the 
lightning current in the airframe, not from some external 
source. (An externally originated field might occur from a 
nuclear electromagnetic pulse (NEMP) event, or from an-
other radiated field source.) 

Shielding effectiveness (SE) 

For an impinging field, the SE is usually taken to be the 
ratio of the external impinging magnetic field to the inter-
nal magnetic field, expressed as 

𝑆𝑆𝐸𝐸 = 20 log �𝑑𝑑𝑒𝑒
𝑑𝑑𝑖𝑖

�  𝑑𝑑𝐵𝐵  (11.1) 

An effectiveness of shielding against electric fields 
could be defined in a similar fashion but shielding against 
electric fields is usually an easier task than shielding 
against magnetic fields. The impinging magnetic or elec-
tric field is that which would exist in the absence of the 
sheet and should not be confused with that which appears 
at the surface of the sheet. 
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The SE can be taken to have three components; one due 
to reflection at the surface, one due to transmission of the 
field through the sheet, and one due to the way that the 
fields build up on the internal volume. As defined in Eq. 
11.1, the SE is largely determined by how well the surface 
reflects the incident electromagnetic field. 

11.2.2 Injected Current 

In many lightning interaction problems, the magnetic 
field at the surface is the result of injecting current into a 
structure and can be determined directly from the current 
density. The SE is best defined in terms of the magnetic 
fields that appear at the exterior surface (Hs) due to the 
current in the structure, and the field that appears inside 
the structure (Hi), thus,  

𝑆𝑆𝐸𝐸 = 20 log �𝑑𝑑𝑠𝑠
𝑑𝑑𝑖𝑖

�  𝑑𝑑𝐵𝐵  (11.2) 

This definition of SE deals only with the propagation of 
magnetic fields through the sheet and their appearance 
within to the interior volume. There is an external field 
produced by the conducted current as well, but any discus-
sion of incident and reflected waves would be a round-
about way of determining the external field. Since the cur-
rent is the independent variable in this discussion and the 
external field is the dependent one, the external ‘surface 
reflection factor’ is not a matter for consideration. 

Thus, SE has a lower value than in the case where the 
current is produced by an impinging field. Most high in-

tensity radiated fields (HIRF) and external electromag-
netic interference (EMI) sources produce fields that origi-
nate at locations far from the airplane.   

11.3 Diffusion Effects 

The way that diffusion influences voltage on electrical 
circuits will first be illustrated for circular cylinders; partly 
because these effects are easiest to analyze for cylindrical 
geometries and partly because those or similar geometries 
are often encountered in lightning interaction problems. 

11.3.1 Direct current (DC) Voltage on Circular 
Cylinders 

Consider Fig. 11.2, in which a current, I, is entering a 
circular cylinder. This current is assumed to rise from zero 
to its peak in 0.25 µs. This is shorter than the rise times of 
most lightning stroke events but serves to accentuate the 
magnetically induced voltage to be described in this exam-
ple. 

The cylinder is considered long compared to other di-
mensions, so that end effects can be neglected, but short 
compared to the electrical wavelength of any of the fre-
quency components of the current I. The return path for 
the current is not shown, but it is assumed to be sufficiently 
far away from the cylinder so that there are no proximity 
effects. Also shown are two conductors, one external (con-
ductor 1) and one internal (conductor 2) to the cylinder. 
These are connected to an end cap having negligible re-
sistance and, since the current is conducted through the cap 
uniformly, no electromagnetic fields penetrate it. 

 

 

Fig, 11.2 Magnetic fields around a circular cylinder. 
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At the other end of the cylinder are shown two voltages; 
V1 measured from conductor 1 to the external surface of 
the cylinder, and V2 measured from conductor 2 to the in-
ner surface of the cylinder. 

DC resistance 

The cylinder has a DC resistance: 

𝐼𝐼 = 𝜌𝜌𝑑𝑑
𝐴𝐴

= 𝜌𝜌𝑑𝑑
2𝜋𝜋𝑟𝑟𝑎𝑎

  (11.3) 

where 

ρ = volume resistivity 
l = length 
A = cross sectional area 
r = radius 
a = thickness (a « r). 

If the cylinder has the following dimensions and is 
made from aluminum, (having a volume resistivity, ρ, of 
2.69 x 10-8 Ω·m), 

l = 2 m                                           v                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
r = 15.7 cm 
a = 0.381 mm (0.015 in) 

then the DC resistance, R, will be 0.14 x 10-3 ohms.                                                                      

If the input current is 116 amperes (a value chosen be-
cause it was used in an experimental verification of the 
concepts), a voltage                                                                                                                                                                                                                                                                              

𝑒𝑒 = 𝐼𝐼𝐼𝐼 = 116 × 0.14 × 10−3 = 0.017 V (11.4) 

will be developed along the cylinder and this same voltage 
rise would be measured by a conductor either inside or out-
side the cylinder. 

Transient conditions 

V1 is not equal to V2 until steady-state conditions are es-
tablished, and neither of these voltages is equal to the 
steady-state, DC resistive voltage rise. Let us first consider 
voltage V1, which can be regarded as the line integral of 
the potential around the path ABCD in Fig. 11.2 (see 
Chapter 9). 

This voltage has two components; a magnetically in-
duced voltage due to the changing magnetic flux associ-
ated with the total current in the cylinder that passes 
through the loop ABCD and a voltage due to the surface 
impedance along the path CD. Under DC conditions, that 
surface impedance reduces to the DC resistance discussed 
above. 

11.3.2 External Voltage on the Cylinders 

On the outside surface of the cylinder the flow of cur-
rent sets up a magnetic field of intensity 

𝜇𝜇 = 𝐼𝐼
2𝜋𝜋𝑟𝑟

   (11.5) 

where 

I = current 
r = radius 
H = magnetic field intensity. 

This field has a geometry like that shown in Fig 11.2(b). 
The magnetically induced component of V1 is: 

𝑉𝑉1 = 𝑑𝑑𝑑𝑑
𝑑𝑑𝛼𝛼

= 𝜇𝜇𝑡𝑡𝑓𝑓 ln �𝑟𝑟1
𝑟𝑟2

� 𝑑𝑑𝐼𝐼
𝑑𝑑𝛼𝛼

  (11.6) 

while φ (the flux passing through the loop ABCD) is rep-
resented by the shaded area in Fig. 11.2(b). The flux, φ, is 
measured in Webbers. Remembering that 

𝜇𝜇𝑡𝑡 = 4𝜋𝜋 × 10−7 A/m  (11.7) 

V1 becomes 

𝑉𝑉1 = 2 × 10−7𝑓𝑓 ln �𝑟𝑟1
𝑟𝑟2

� 𝑑𝑑𝑝𝑝
𝑑𝑑𝛼𝛼

  (11.8) 

If r2 were 31.4 cm and the indicated current of 116 A in 
Fig. 11.3 reached peak in 0.25 µs, then V1 would reach an 
initial voltage of 129 V. As steady state conditions were 
reached, and the external magnetic field ceased to change 
with time, V1 would decay to its steady state value of 0.017 
V from Eq. 11.4. 
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Fig. 11.3 External voltage (not to scale). 

Influence of skin effect 

This analysis ignores the skin effect, a phenomenon that 
causes the first part of lightning stroke currents to flow 
mostly on the exterior surfaces of metal airplane skins and 
other metal conductors. For electrical wiring outside the 
cylinder, the increased current density in the exterior of a 
conventional metal skin is of little consequence compared 
to the much larger voltage induced by the changing mag-
netic field that encircles the entire conductor (i.e., fuse-
lage). 

Example of external conductors 

While it is unusual to locate conductors outside an air-
craft fuselage, this is done on occasion. An example is the 
wire harness commonly installed on the exterior of a tur-
boshaft or turbojet engine that is exposed to full threat 
lightning currents entering the engine, via a propeller or an 
exposed exhaust pipe. Another example might be external 
cables on a missile or rocket that run between an electronic 
control unit (ECU) in the nose and the engine controls 
mounted on the engine in the tail area. Of necessity, such 
cables must run outside the fuel and oxidizer tanks, as 
shown in Fig. 11.4. If the cables are not in a shielded cable 
tunnel, they will be exposed to the external magnetic field. 

Simplified expression 

If the spacing between the wires and the surface of the 
vehicle is not large, Eq. 11.8 may be somewhat simplified, 
since the magnetic flux density does not vary greatly with 
distance from the surface of the vehicle (within the context 
of the example) and may, therefore, be considered uni-
form. 

𝑉𝑉1 = 2×10−7𝑑𝑑𝑑𝑑
𝑟𝑟

∙ 𝑑𝑑𝑝𝑝
𝑑𝑑𝛼𝛼

  (11.9) 

 

Fig. 11.4 Exposed cables  

11.3.3 Internal Voltage on Circular Cylinders 

Let us now consider the conditions inside the cylinder. 
As with the external voltage, the voltage, V2, indicated in 
Fig. 11.5 can be defined as the line integral of potential 
around the path ABCD. The voltage, again, has two com-
ponents, one due to the changing magnetic field passing 
through the loop ABCD and one due to the flow of current 
around that path. Conditions inside the cylinder, however, 
are very different from those on the outside. 

First, the magnetic field inside the inner surface of the 
cylinder is zero, as explained in Chapter 9. If there is no 
magnetic field, there can be no magnetically induced volt-
age. Any voltage induced on internal wiring would be due 
to the flow of current through the resistance of the various 
portions of the circuit. 
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There would be no voltage along the path BC, since we 
have assumed a perfect conductor for the end cap, and 
there would be no resistive voltage along the path CD, 
since we have assumed an open circuit between points A 
and D, which implies no current along the path CD. What-
ever voltage appears must be due to the resistive rise along 
the path AB. 

Cause of skin effect 

The voltage rise along the internal path AB, indicated 
in Fig. 11.5, would be completely different from that along 
the path CD, indicated in Fig. 11.2. This difference can be 
attributed to the skin effect, which delays the buildup of 
current on the inner surface of the cylinder. The origin of 
the skin effect phenomenon is illustrated in Fig. 11.5. If a 
magnetic field line is assumed to be suddenly established 
inside the wall of the conducting cylinder, eddy currents 
are induced around that field line. These eddy currents in-
duce a magnetic field of opposite polarity to of the external 
magnetic field. Only as the eddy currents decay can the 
magnetic field, and associated current, penetrate the wall 
of the cylinder. Further analysis of the resistively gener-
ated voltages requires a discussion of surface and transfer 
impedances. 

 
Fig. 11.5 Factors governing the internal voltage. 

11.3.4 Surface and Transfer Impedances 

The surface impedance Zs, is the ratio of the electric 
field on the external surface to the current density on the 
external surface, while the transfer impedance, Zt, is the 
ratio of the electric field on the internal surface to the cur-
rent density on the external surface. Formulations can be 
given in either the frequency or the time domain. 

Frequency domain formulation 

Exact expressions for surface and transfer impedance of 
a flat sheet were given in Chapter 9 but, for most cases of 
practical interest, simplified expressions [11.1] are suffi-
ciently accurate. 

𝑧𝑧𝑠𝑠(𝜔𝜔) = 𝑖𝑖𝑘𝑘𝑚𝑚
𝜔𝜔

coth(𝑗𝑗𝑘𝑘𝑚𝑚𝑑𝑑)  (11.10) 

𝑍𝑍𝛼𝛼(𝜔𝜔) =
𝑘𝑘𝑚𝑚

𝜎𝜎
sin(𝑘𝑘𝑚𝑚𝑑𝑑)

  (11.11) 

where 

𝑘𝑘𝑚𝑚 ≈ 1
√2

(1 − 𝑗𝑗)(𝜔𝜔𝜇𝜇2𝐸𝐸)1/2  (11.12) 

and 

d = thickness 
σ = conductivity. 

While Eqs. 11.10 and 11.11 can be readily evaluated in 
the frequency domain, it is sometimes helpful to use series 
formulations. This can be done by expressing the coth(x) 
and sin(x) functions by their series expansions. 

coth(𝑥𝑥) = 1
𝑥𝑥

+ ∑ 1
(𝑛𝑛𝜋𝜋)2+𝑥𝑥2

∞
𝑛𝑛=1   (11.13) 

sin(𝑥𝑥) = 𝑥𝑥 ∏ �1 − 𝑥𝑥2

𝑛𝑛2𝜋𝜋2�∞
𝑛𝑛=1   (11.14) 
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Substituting these expressions into Eqs. 11.10 and 11.11 
gives: 

𝑍𝑍𝑍𝑍(𝜔𝜔) = 1
𝜔𝜔𝑑𝑑

+ 𝑗𝑗𝜔𝜔 � 2
𝜔𝜔𝑑𝑑

� ∑ 1
𝜔𝜔𝑛𝑛+𝑖𝑖𝜔𝜔

∞
𝑛𝑛=1   (11.15) 

𝑍𝑍𝛼𝛼(𝜔𝜔) = 2
𝜔𝜔𝑑𝑑

∑ � 1− �𝑛𝑛+1

(1+𝑖𝑖𝜔𝜔/𝜔𝜔𝑛𝑛)
∞
𝑛𝑛=1   (11.16) 

where 

𝜔𝜔𝑛𝑛 = �𝑛𝑛𝜋𝜋
𝑑𝑑

�
2 1

𝜇𝜇𝜔𝜔
  (11.17) 

These formulations [11.2] are applicable to flat sheets 
or to sheets having radii of curvature that are large in com-
parison to the thickness of the sheet. For other geometries, 
refer to the formulas in Chapter 9. 

Variation with frequency 

Figs. 11.6(a) and 11.6(b) show how surface and transfer 
impedance vary with frequency. Fig. 11.6(a) relates to a 
CFC sheet 6.35 mm (0.25 in) thick and having a resistivity 
5 x 10-5 ohmmeters, a resistivity typical of some CFC ma-
terials, while Fig. 11.6(b) relates to an aluminum sheet 
1.27 mm (0.05 in) thick and having a resistivity of (ρ = 
2.69 x 10-8 ohm-meters). Note the differences in panel 
thicknesses. 

Inspection of the equations and the figures show that at 
low frequencies both impedances reduce to a DC value: 

𝑍𝑍𝑠𝑠 = 𝑍𝑍𝛼𝛼 = 1
𝜔𝜔𝑑𝑑

  (11.18) 

This low frequency (or DC) value has the units of ohms 
but is generally specified as ‘ohms per square’, that is, the 
impedance between opposite sides of a square of any size. 

At higher frequencies, the surface impedance rises, and 
the transfer resistance falls. In the limit, the surface imped-
ance approaches the value: 

𝑍𝑍𝑠𝑠 = �𝑖𝑖𝜔𝜔𝜇𝜇
𝜔𝜔

  (11.19) 

 

Fig. 11.6 Frequency dependence of surface and  
transfer impedance. 

The surface impedance thus approaches the intrinsic 
impedance of the material, has equal resistive and reactive 
components, and has a magnitude that varies as the square 
root of frequency. This is the phenomenon frequently re-
ferred to as the ‘skin effect’. 
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Time domain formulation 

Zs(ω) and Zt(ω) are defined in Eqs. 11.15 and 11.16 by 
the poles, ωn, given by Eq. 11.17. The first order pole, 
given by 

𝜔𝜔1 = �𝜋𝜋
𝑑𝑑

�
2 1

𝜇𝜇𝜔𝜔
  (11.20) 

is used to define the diffusion or penetration time constant, 
τ, according to 

𝜏𝜏 = 1
𝜔𝜔1

= 𝜇𝜇𝐸𝐸 �𝑑𝑑
𝜋𝜋

�
2
  (11.21) 

The penetration time constant can also be given as 

𝜏𝜏 = 𝐿𝐿
𝜋𝜋2𝑅𝑅

  (11.22) 

where R is the resistance of the surface and L is the internal 
inductance. 

In response to a step function of injected current, I, the 
current density J at any point x in the sheet can then be 
given as [11.3]: 

𝐽𝐽(𝑥𝑥) = 𝐼𝐼 �1 + 2 ∑ (−1)𝑛𝑛�𝜀𝜀𝑛𝑛2𝛼𝛼/𝑟𝑟� cos �𝑓𝑓𝜋𝜋 𝑥𝑥
𝑑𝑑

�∞
𝑛𝑛=1 � (11.23) 

 

In Eq. 11.24, x = 0 at the inner surface and x = d at the 
surface where current is injected. The current density at the 
surface where current is injected is given by evaluating Eq. 
11.23 for x = d. 

 𝐽𝐽𝑠𝑠 = 𝐸𝐸𝐼𝐼�1 + 2(𝜀𝜀𝛼𝛼/𝑟𝑟 + 𝜀𝜀4𝛼𝛼/𝑟𝑟 − 𝜀𝜀9𝛼𝛼/𝑟𝑟 − 𝜀𝜀16𝛼𝛼/𝑟𝑟 + 𝛥𝛥)�  (11.24) 

The current density at the other surface is given by eval-
uating Eq. 11.23 for x = 0. 

𝑍𝑍𝛼𝛼(𝜔𝜔) = 𝐸𝐸𝐼𝐼�1 − 2(𝜀𝜀𝛼𝛼/𝑟𝑟 − 𝜀𝜀4𝛼𝛼/𝑟𝑟 − 𝜀𝜀9𝛼𝛼/𝑟𝑟 − 𝜀𝜀16𝛼𝛼/𝑟𝑟 − 𝛥𝛥)� (11.25) 

In response to a step function applied current, the cur-
rent density along the inner surface builds up as shown in 
Fig. 11.7 and produces an incremental voltage, which is 
the product of the current density and the resistivity of the 
surface. The voltage along the interior surface path AB is 
then given by integrating these incremental voltages. Since

 

the voltage along the path AB is the only component of 
voltage V1, it follows that V1 will eventually rise to a value 
equal to the product of the current and the DC resistance 
of the cylinder and the injected current. 

 

Fig. 11.7 Diffusion-type response to 
a step function. 

 

11.3.5 Characteristic Diffusion Response 

This response curve is called a diffusion-type response 
and is characteristic of many types of situations involving 
the transmission of energy through a distributed medium. 
Another example is the transfer of heat into a block of mat-
ter when a heat flux is suddenly applied to one face of the 
block. Another is the transmission of electrical energy 
through the R/C or L/R ladder network shown in Fig. 11.8. 
Fig. 11.8(b) is often used to illustrate the skin effect. 

Diffusion response curve 

Two important observations can be made about the 
shape of the response curve shown in Fig. 11.7. The first 
is that the response initially changes only slowly and thus 
has a zero first derivative, unlike a simple exponential re-
sponse, which has a finite first derivative. The second is 
that the response approaches its final value much more 
slowly than simple exponential responses do. In three-time 
constants (as defined by Eq. 11.22), the response has 
reached 90% of its final value, but the rise to 99% of peak 
value takes nearly 20 time constants. In contrast, an expo-
nential response reaches 95% of its final value in three 
time constants and reaches 99% in 4.65 time constants. 
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Fig. 11.8 Ladder networks displaying a diffusion- 
type response. 

Influence of material 

With respect to Eq. 11.22, it should be noted that the 
penetration time constant is directly proportional to the 
permeability of the material, inversely proportional to the 
resistivity of the material and directly proportional to the 
square of the thickness of the material. The relative per-
meability of structural materials used in aircraft is always 
nearly unity (i.e., the permeabilities of aluminum and com-
posite materials commonly used for aircraft skins are 
nearly the same as that of air) but thickness and resistivity 
can vary over wide ranges. 

For reference, Eq. 11.21 is plotted in Fig. 11.9 as a func-
tion of material thickness and resistivity. (The resistivities 
of some typical metals are given in §9.3.3.) If we assume 
an aluminum alloy sheet with a resistivity of 2.69 x 10-8 
ohmmeters and a skin thickness of 1.016 mm (0.040 in), 
the penetration time constant would be 3.9 µs. If a step 
function of current were established on the outside of this 
sheet of metal, it would take 11.7 µs for the current density 
on the other side to reach 90% of its final value. If the du-
ration of the injected current pulse were short compared to 
11.7 µs, the response would never reach the full IR volt-
age. 

 

Fig. 11.9 Skin thickness vs penetration 
time constant. 

Responses to other waveforms 

The response to other waveforms can be obtained by ap-
plication of the convolution, or superposition, integral: 

[𝑓𝑓(𝜔𝜔, 𝐼𝐼(𝜔𝜔), 𝜏𝜏)] = 𝑑𝑑
𝑑𝑑𝛼𝛼 ∫ 𝐸𝐸(𝜔𝜔 − 𝜏𝜏)𝐼𝐼(𝜔𝜔)𝑑𝑑𝜏𝜏𝛼𝛼

0   (11.26) 

Graphically, the elements of Eq. 11.26 are shown in Fig. 
11.10. Just as an arbitrary waveform can be regarded as 
the summation of a series of elementary step functions, the 
response to that arbitrary waveform can also be regarded 
as the summation of a series of step function responses. 
This process is described in many textbooks on circuit the-
ory, such as [11.1]. It is also described in [11.3], along with 
a computer routine for handling numerical data. Convolu-
tion assumes linear conditions, such as would prevail, for 
all practical purposes, in metals. The electrical properties 
of CFC materials might be sufficiently non-linear to render 
convolution calculations inaccurate. 
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Fig. 11.10 A wave approximated as a superposition of 
step functions. 

 
 

Equivalent circuits 

The L/R network shown in Fig. 11.8(b) is a valuable 
model for representing diffusion effects, because it can be 
directly solved with a variety of network-analysis com-
puter programs, most of which can utilize continuous driv-
ing functions, rather than step functions. The internal in-
ductance of the surface is represented by n incremental in-
ductors in series, while the DC resistance is represented by 
n +1 incremental resistors in parallel. 

For example, consider the 2-meter-long circular cylin-
der treated in §11.3.1 and §11.3.2. The exact internal in-
ductance of such a cylinder is 

𝛥𝛥𝑝𝑝 = 𝜇𝜇
2𝜋𝜋

ln �𝑟𝑟𝑜𝑜
𝑟𝑟𝑖𝑖

� henrys  (11.27) 

or, for nonmagnetic materials, such as aluminum 

𝛥𝛥𝑝𝑝 = 2 × 107 ln �𝑟𝑟0
𝑟𝑟𝑖𝑖

� henrys  (11.28) 

An approximate expression applicable to thin tubes is 

𝛥𝛥𝑝𝑝 = 𝜇𝜇𝑑𝑑𝑑𝑑
2𝜋𝜋𝑟𝑟

  (11.29) 

For a flat sheet of 1-meter width, length l and thickness 
d, the internal inductance would be simply 

𝛥𝛥𝑝𝑝 = 𝜇𝜇𝑓𝑓𝑑𝑑  (11.30)] 

 

Using the dimensions of the 2-meter-long cylinder dis-
cussed in §11.3.1 and §11.3.2,  

ri = 0.157 m 
ro = 0.157 m + 0.000381 m 
Li = 9.695 x 10-10 H 

An equivalent circuit can be obtained by dividing this 
series inductance into four equal parts, L, each 2.424 x 10-

10 henrys, as noted on Fig. 11.11. The incremental re-
sistance, R, in the figure is the 1.43 x 10-4 ohms calculated 
in §11.3.1 and divided into five parallel sections. 

 

 
 

Fig. 11.11 Equivalent circuit representing a                          
propagation through solid wall cylinder. 

 where 

L = 2.424 x 10-4 henrys 
R = 2.860 x 10-5 ohms 
Li = 1 x 10-6 henrys 
Ri = 1 x 10-3 ohms 

The response of this 2-meter-long tube to two different 
driving function waveforms is shown in Fig. 11.12. The 
figure shows how the waveform of the internal response 
may be almost independent of the waveform of the exter-
nal driving current, a situation that occurs if the duration 
of the external current is short compared to the pulse pen-
etration time. The amplitude of the internal response de-
pends on the external driving current. 

Internal cavity impedance 

The equivalent circuit in Fig. 11.11 can be extended by 
incorporating the internal impedance, Ri and Li of the vol-
ume bounded by the shielding surface. In general, the in-
ternal impedance bounded by the surface is dominated by 
the internal inductance. This leads to the observation that 
the internal current is: 
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𝐼𝐼𝑝𝑝 = 1
𝐿𝐿𝑖𝑖

∫ 𝐸𝐸𝑝𝑝𝑑𝑑𝜔𝜔                  (11.31) 

The magnetic field will have the same shape as that pre-
dicted by Eq. 11.31, which is to say that the derivative of 
the internal magnetic field will have essentially the same 
shape as the current Ii shown on Fig. 11.12. 

 
Fig. 11.12 Internal and external waveforms 

The question of the fields within cavities is discussed 
further in §11.6. 

11.4 Redistribution 

In many cases, analysis of lightning interactions must 
account for the phenomenon of redistribution, the process 
by which the division of current changes from an initial 
state, governed mostly by inductive effects, to one gov-
erned by resistive effects. Lightning currents redistribute 
from the skins of the aircraft to interior structural elements 
and other interior conductors. An elementary example of 
redistribution can be illustrated using the RL circuit shown 
in Fig. 11.13. The figure also shows the waveform of the 
current in each of the two branches. 

A current pulse of short duration that enters the network 
divides between the two branches in inverse proportion to 

their respective inductances, but a pulse with a long rise 
time and decay time divides more according to the re-
sistances of the branches. A pulse with a short rise time 
and a long decay time initially divides according to induct-
ance, but then, as the current begins to change less rapidly 
and di/dt becomes smaller, the distribution ultimately be-
comes governed more by resistance. 

Redistribution as a sum of components 

One way of viewing the phenomenon is to consider the 
current in the two branches to be composed of the sum of 
two components; a steady state component, governed by 
the resistances, and a transient circulating current, gov-
erned by the L/R time constants of the circuit. One branch 
represents the current in the CFC airframe, and the other 
branches represent metal conductors within the airframe. 
The CFC airframe path has a low inductance and a high 
resistance, while current paths through metal wires in-
stalled within the airframe have higher inductances and 
low resistances. Thus, the rise and decay times of the air-
frame and internal wire currents behave in accordance 
with different L/R time constants. The CFC airframe path 
has the shortest time constant, and the internal wire path 
has the longest time constant. The transient circulating 
current in the metal conductors within the CFC airframe 
eventually die away, as the energy associated with the cir-
culating current, and stored in the magnetic field surround-
ing the metal conductors, is consumed by the resistance of 
the wire circuit return path through the airframe.   

If the injected pulse has a finite duration, the circulating 
component of current in the internal, metal conductors 
lasts longer than the injected current. It must therefore re-
turn through the airframe in a direction opposite to that of 
the injected current. This current is propelled by the mag-
netic field that surrounds the circulating current conductor. 
The redistribution process can be described in terms of 
simple equivalent circuits, such as Fig 11.13. In this cir-
cuit, the airframe and one or more internal current paths 
are represented by parallel circuit branches with appropri-
ate resistances and inductances. Comparisons of the results 
of computations in this manner with measurements of cur-
rents within CFC airplanes have been good. 

The redistribution process also causes the current paths 
inside the airframe to change, between the time the stroke 
current first begins to flow in the structure and the time 
after the stroke has reached its peak and the current is de-
caying at a slower rate. Current redistribution within an 
airframe is illustrated, first, for an elliptical cylinder and 
then for more complex structures, in which the redistribu-
tion responses must be calculated by numerical means. 
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Fig. 11.13 Lumped constant circuit exhibiting redistribution effects. 
 

11.4.1 Elliptical Cylinders 

Fig. 11.14 shows an elliptical cylinder into which a 
step-function current is injected. As in §11.3.1, the cylin-
der is assumed to be long enough that all end effects may 
be neglected. It is also assumed that the cylinder is short 
compared to the wavelengths of any frequency compo-
nents of the injected current, and that the return path for 
the current is far enough removed that no proximity effects 
need to be considered. 

The instantaneous current in the cylinder is regarded  
as being composed of the sum of two components: a steady 
state component and a transient component. The transient 
component takes the form of a circulating eddy current. In 

the following discussions, it should be kept in mind that 
the eddy currents described represent only the transient 
component of current. The total current at any point or 
time is always the sum of the two components. 

Steady state conditions 

Under steady state, DC conditions, the current density 
along the wall of the cylinder is governed by the DC re-
sistance and, if uniform wall thickness is assumed, the cur-
rent density is uniform. The current in the cylinder pro-
duces a magnetic field. Most of the field lines completely 
encircle the cylinder, as shown in Fig. 11.14(a), but some 
(because of the uniform current density) pass through the 
cylinder. 
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Fig. 11.14 Magnetic fields around an elliptical 
cylinder. 

The greater the eccentricity of the cylinder, the greater 
the number of lines of flux passing through it. This is be-
cause the magnetic field intensity is the highest where the 
local radii of curvature are the smallest.   

Transient conditions 

A penetrating flux line is shown in Fig. 11.14(b). The 
vector defining that line can be resolved into two vector 
components at the point of entry, one, φn, normal to the 
surface, and another, φt, tangential to the surface. If the 
field line, φ, is established abruptly, it induces a circulating 
(or eddy) current in the conducting sheet as it attempts to 
penetrate. The eddy current produces a magnetic field of 
its own, and, initially, the intensity of that eddy current is 
such that the magnetic field it produces is exactly that re-
quired to cancel the normal component of the exterior 
field. 

Circulating component 

If, as shown in Fig. 11.14(c), a number of lines of mag-
netic flux attempt to penetrate the surface of the elliptical 
cylinder, the eddy currents produced by each line of flux 
combine to produce a circulating component of current. In 
an elliptical cylinder, this circulating current can be di-
vided into four regions, two on each of the two sides of the 
cylinder, each contributing a component of the cancelling 
magnetic field. 

The current density of these circulating current compo-
nents increases at the edges of the cylinder and decreases 
along toward the center of the cylinder. The magnetic field 
these currents produce cancels any penetrating magnetic 
field, forcing the field around the cylinder to be entirely 
tangential to the surface, at least initially. 

From the viewpoint of component currents, the circulat-
ing currents produce an internal magnetic field that, ini-
tially, has the same pattern as that produced by the DC cur-
rent, but of opposite polarity. This reduces the initial inter-
nal magnetic field to zero. 

Transition to DC conditions 

The eddy currents cannot exist forever since their en-
ergy is lost as the currents circulate through the resistance 
of the metal sheet. Accordingly, the current density at all 
points varies with time, eventually becoming uniformly 
distributed, at least in structures of uniform thickness and 
resistivity. Fig. 11.15 shows the manner in which the cur-
rent density varies. As the circulating current shown in Fig. 
11.15 (c) decays to zero, the current at the edge decays 
from its initial high value to the final resistively deter-
mined value, and the current at the center increases from 
its initially low value also to its resistively derived value. 
The current densities change according to an essentially 
exponential pattern, although the transient increase in sur-
face resistance produced by diffusion effects prevents the 
circulating current from following a true exponential de-
cay. 

Redistribution time constant 

The approximate redistribution time constant, τ, is de-
fined in Eq. 11.32 [11.4] as: 

𝜏𝜏 = 𝜇𝜇𝐴𝐴𝑎𝑎
𝜋𝜋𝑃𝑃

  (11.32) 

where 

A = enclosed area of structure 
P = peripheral distance around the structure. 

The thickness of the wall, a, is assumed to be very small 
compared to other dimensions. For a rectangular box of 
height h and width d, Eq. 11.32 becomes 

𝜏𝜏 = 𝜇𝜇ℎ𝑑𝑑𝑎𝑎
2𝜌𝜌(ℎ+𝑑𝑑)

  (11.33) 
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Fig. 11.15 Variation of current density with time. 

These equations define the approximate redistribution 
times, but the actual time constants depend on geometry 
and are somewhat different for different portions of a 
structure. 

For an elliptical cylinder made from aluminum of thick-
ness 0.0381 cm, having a major axis of 47 cm, a minor axis 
of 9.4 cm, and a perimeter of 98.7 cm (essentially a flat-
tened version of the circular cylinder discussed in §11.2) 
the redistribution time constant predicted by Eq. 11.32 
would be 745 µs. As is always the case, the redistribution 
time constant is much longer than the pulse penetration 
(i.e., diffusion) time constant. 

11.4.2 Eddy Currents and Internal Magnetic 
Field 

As the circulating component of current dies out and the 
external lines of flux penetrate the walls of the cylinders, 
an internal magnetic field is set up, oriented as shown in 
Fig. 11.16. In its latter stages, the rate at which this internal

field builds up is dependent upon the rate at which the ex-
ternally induced circulating currents die away. The time 
constant for the internal field build-up is about equal to the 
redistribution time constant. 

 

Fig. 11.16 The internal magnetic field that results 
From flux penetration. 

The early-time build-up of the internal magnetic field 
depends on the rate at which the eddy currents build up 
along the inner surface. The eddy currents build up in re-
sponse to the electric field on the inner surface, but are also 
governed by the inductance of the path through which they 
circulate, according to the elementary formula: 

𝐼𝐼 = 1
𝐿𝐿 ∫ 𝐸𝐸𝑑𝑑𝜔𝜔𝛼𝛼

𝑡𝑡   (11.34) 

Since the internal surface voltages are retarded by the 
diffusion effect, it follows that the internal circulating cur-
rents (and therefore the internal magnetic field) build up 
even more slowly. 

11.4.3 Internal Loop Voltages 

We are now able to evaluate the voltages on conductors 
contained in a cylinder of non-circular geometry. Fig. 
11.17(a) shows an elliptical cylinder with two internal 
conductors, one adjacent to the surface, and one in the cen-
ter. Both are connected, at one end, to an end cap suffi-
ciently massive that no voltage drops will appear along its 
inner surface. The other ends are open circuited. The usual 
assumptions about the length of the cylinder and the return 
path for the injected current apply.   

Voltages V1 and V2 are shown, both measured between 
their respective conductors and a point on the inner wall of 
the cylinder. Fig. 11.17(b) shows that all of the internal 
flux passes between conductor 2 and the inner wall of the 
cylinder, while only a small amount will pass between 
conductor 1 and the inner wall. Correspondingly, a large 
fraction of the internal flux passes through the plane de-
fined by conductors 1 and 2. 
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Fig. 11.17 Factors governing internal voltage. 

 
Voltage as line integral of potential 

The voltage between any two points is defined again as 
the line integral of the potentials around a closed path. 
Figs. 11.18(a) and (b) show the simplest paths to consider. 
V1 would be the sum of the potentials developed around 
the loop ABCD. If there is no current along conductor 1, 
the potential along path AB is zero. The potential drop 
along the path BC is also zero because of the assumptions 
regarding the end cap. The potential along path CD is thus 
the voltage drop produced by the inner current density 
multiplied by the resistivity of the material along the path 
CD. 

 

Fig. 11.18 The internal voltages. 

To these potentials must be added the voltage induced 
magnetically by the changing magnetic flux passing 
through the loop defined by the points A, B, C, and D. If 
the spacing of the conductor to the wall were made van-
ishingly small, so that C - B and D - A became zero, there 
would be no magnetic flux; hence the voltage V1 between 
points A and D would be only the resistive voltage drop 
along the path CD. 
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As in the cylindrical geometry case, the voltage for a 
step function current injected into the exterior of the tube 
builds up according to the diffusion pattern shown in Fig. 
11.7. Its magnitude is greater than the DC resistance rise 
by the same ratio as that of the initial current density along 
the end of the ellipse to the steady state current density. 

V2 is, again, the sum of a resistive voltage rise and a 
magnetically induced voltage, this time along the path 
EFDC. The resistive component is identical to the resistive 
component of V1, which is the resistive voltage rise along 
the path CD. For V2, however, there is a non-zero magnetic 
component of voltage produced by the passage of a finite 
amount of magnetic flux through the finite loop EFDC. 
The magnetically induced component of voltage is given 
by 

𝑒𝑒𝑚𝑚 = 𝑑𝑑𝑑𝑑
𝑑𝑑𝛼𝛼

= 𝐾𝐾 𝑑𝑑
𝑑𝑑𝛼𝛼

(𝐼𝐼𝑎𝑎𝑝𝑝𝑟𝑟𝑎𝑎) (11.35) 

where K is a proportionality constant relating the flux pro-
duced in the loop EFDC to the internal current. In Eq. 
11.34, however, it was shown that the internal current was 
proportional to the integral of the internal resistance rise. 
This leads to the rather unusual observation that the mag-
netically induced component of voltage has, initially at 
least, the same waveform as the component of voltage pro-
duced by the flow of internal current through the resistance 
of the material. 

The long-term response of the magnetically induced 
voltage is different from the resistively generated compo-
nent, since, as steady state conditions are reached and the 
internal magnetic field reaches its final value, its rate of 
change decreases to zero. 

Influence of physical shape 

The amount of the magnetically induced voltage de-
pends upon the location of the conductor and upon the de-
gree to which the initial distribution of magnetic flux 
around the outside of the cylinder differs from the final 
distribution. Since the difference between the initial and 
final flux patterns is greater for cylinders of high eccen-
tricity than for cylinders of low eccentricity, it follows that 
the flatter the cylinder, the greater the influence of the 
magnetic component. 

11.4.4 Redistribution with Both Metal and  
Composite Materials 

A so-called ‘composite aircraft’, having large amounts 
of CFC material in its structure, is really a mixture of metal 
and CFC materials. The structures are sufficiently com-
plex that there are no simple analytic formulas to estimate 
the redistribution time constants. Three-dimensional (3D) 

solutions of Maxwell's equations can be used to solve this 
type of problem, but engineering estimates can frequently 
be made based on test experience.   

11.5 Diffusion and Redistribution on CFC 
Structures 

Electrical properties 

Previous discussions in this chapter have been related 
to materials which are lossy, but isotropic. Carbon fiber 
composite, CFC, materials are, in general, anisotropic. The 
CFC materials commonly used in aircraft construction 
typically have resistivities of the order of 3 – 5 x 10-3 ohm-
cm in directions tangential to the surface. This conductiv-
ity may vary with different orientations on the surface 
since graphite fibers in a composite are primarily woven 
in the orientation in which the greatest physical strength is 
needed. Plain weave fabrics have the most uniformity of 
resistivity in all directions, whereas unidirectional (UD) 
plies have lowest resistivities in the direction of the fibers 
and considerably higher resistances in other directions. 
When laid up and cured into laminates, the resistivities in 
the directions of most fibers are the lowest. The plane of 
the laminate is usually termed the x-y direction, whereas 
the direction normal to the laminate is usually the z direc-
tion. Resistivities in the z direction are usually much 
higher than in the plane of the laminate; sometimes reach-
ing open circuit. 

Resins used in composites usually have no conductivity 
and so behave as insulators until the interlaminar resin 
breaks down and becomes conductive. Attempts to add 
conductivity to resins have not proved successful either in 
improving ability of CFC to conduct electric currents in-
cluding in the z direction, or in maintaining laminate me-
chanical properties. This is because conductive adders de-
grade the mechanical properties of the resin and of the 
laminates.   

There have been many studies of CFC materials and 
their electrical properties [11.5 - 11.12]. The general con-
clusion of these studies is that, for conditions of uniform 
current flow on CFC surfaces, the only conductivity that 
really matters is that provided by the carbon fibers that is 
tangential to the composite surface.  

The example of §11.3.5 may not apply to anisotropic 
CFC materials, because in that example there was a signif-
icant conduction of current normal to the surface. The 
usual definitions of surface and transfer impedances (Eqs. 
11.10 and 11.12) may also not apply, since they are based 
on current being able to flow normal to the surface. The 
reason the word ‘may’ is used is that the conductivity of 
CFC materials in the direction normal to their surfaces can 
depend on current density. For low level currents, the   
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epoxy resin may insulate one surface from another but, for 
high level currents, the voltage gradients may be high 
enough to cause breakdown of the resin insulation and 
more uniform current transfer between layers. This would 
tend to increase the conductivity between the layers, both 
during the time when lightning current is flowing and af-
terwards. Composites that are cured under high tempera-
ture and high vacuum conditions have more isotropic con-
ductivities than those cured under room temperature and 
low (or no) vacuum conditions. In the latter case, more 
resin may be left between adjacent plies. 

11.6 Fields within Cavities 

In §11.3.5 it was observed that the electric field devel-
oped along the inside of a shielding surface, in response to 
a current or magnetic field on the outside, excites a current 
around the cavity enclosed by the shielding surface. In the 
fuselage of an aircraft, it is common to find a cavity that is 
effectively exposed to the external field on only one face, 
either because the inner walls of the cavity are thick 
enough to provide more shielding from the other parts of 
the external field or because the cavity is much closer to 
one of the external surfaces than it is to any of the other 
external surfaces. An example of such a cavity would be a 
baggage compartment or an electronic equipment bay lo-
cated along the fuselage of the aircraft and accessible 
through access panels. Some cavities are covered by non-
electrically conductive doors or panels and so will provide 
to shielding of contents from external magnetic fields orig-
inating outside the airframe.   

Covers and fasteners 

If the cavity is provided with a removable cover and it 
is made of conductive material such as aluminum or CFC, 
it will conduct some of the lightning current and provide 
some protection of contents within. 

 

 

 

If this cover is in the external current flow, it will sel-
dom make good or dependable electrical contact to the sur-
rounding structure to upon which it is mounted, so the cur-
rent flow onto and off of the cover is due to the fasteners 
and the resistance of the fastener installations. It will be 
seen, then, that the greater the number of fasteners, the less 
the restriction of current flow due to the resistance of the 
fasteners. The resistance introduced by the fasteners is im-
portant because it is frequently much higher than the in-
trinsic resistance of the metal surface and because the re-
sistance is not subjected to the skin effects that retard the 
buildup of current density on the inner surface. The situa-
tion is shown in Fig. 11.19.  

 

Fig. 11.19 Effects of covers and fasteners. 
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Chapter 12 

     PENETRATION OF EXTERNAL FIELDS THROUGH APERTURES 

12.1 Introduction 

The most important mode by which electric and mag-
netic fields appear inside conventional aluminum aircraft 
is through apertures, such as cockpit and cabin windows, 
nonconductive access panels, wheel wells, wing aft spar 
cavities and weather-sealed joints. There are several rea-
sons for the importance of aperture coupled fields. One is 
that apertures are the only direct means by which external 
electric and magnetic fields can penetrate to the interior of 
an aircraft. Another is that some apertures, especially win-
dows, are quite large. Also, unlike the electric and mag-
netic fields that arise through the gradual diffusion of light-
ning currents to the interior surfaces of an airframe, the 
waveforms of aperture fields are not retarded, but tend to 
be the same as those of the external electric and magnetic 
fields. The most important consequence of the internal 
fields are voltages induced by changing magnetic fields in 
loops between the aircraft wire harnesses and airframe ref-
erence planes, such as skins, floor boards and bulkheads 
and, to a smaller extent, currents induced on internal con-
ductors by penetrating electric fields. A magnetic or elec-
tric field of given peak intensity is more likely to cause 
trouble if it rises to its peak quickly than if it is delayed or 
distorted. Small apertures, in fact, tend to accentuate the 
rates-of-change of penetrating fields, because they are 
more efficient at coupling the short time duration (i.e., na-
noseconds, ns) (also known as high frequency) compo-
nents of the external electromagnetic field to internal wir-
ing than at coupling the longer duration (low frequency) 
components. 

The subject of aperture coupling has been of consider-
able theoretical interest since the time of Lord Rayleigh 
[12.1]. Since literally hundreds of papers and articles have 
been written on the subject, no attempt will be made to 
give a complete review. Instead, this chapter will discuss 
the basic points of aperture coupling and refer to the liter-
ature for additional details. It will also describe some sim-
ple techniques for estimating (or finding bounds for) ex-
pected responses of internal circuits to aperture fields.  Nu-
merical methods are available for computing intensities of 
fields inside airplanes, but these will not be discussed in 
this book. For a more complete treatment of the mathemat-
ical aspects of aperture coupling, the reader is referred to 
some of the review articles that have appeared in [12.2 - 
12.4]. Ref. [12.2] is particularly recommended. 

 

 

A distinction was made, above, between ‘large’ and 
‘small’ apertures. One way to distinguish between ‘large’ 
and ‘small’ apertures is to relate the physical size of the 
aperture to the wavelength of the frequencies of interest. 
Since most of the energy in a lightning flash is manifested 
in frequencies below 50 MHz (λ = 6 m), it follows that 
most apertures on aircraft are ‘small’ with respect to the 
impinging wavelength. 

Another way to distinguish between ‘large’ and  
‘small’ apertures is to relate them to the size of the aircraft 
on which they are found. In dealing with ‘small’ apertures, 
it is acceptable to treat calculations of the external re-
sponse of the aircraft (Chapter 10) separately from calcu-
lations of how much energy propagates through the aper-
ture. However, if an aperture is large enough that it effects 
the external response of the aircraft, then the external and 
internal responses must be calculated together. Examples 
of such large apertures may include the windows in a cock-
pit or open landing gear doors. Methods of computation of 
lightning electromagnetic fields within aircraft are availa-
ble via computerized modeling programs. These are not 
presented in this book. A qualitative discussion is pre-
sented to give the user a view of the nature of these fields.                                                                                                               

12.2 Basic Concepts 

Both electric and magnetic fields penetrate through ap-
ertures. For small apertures, it is convenient to determine 
this penetration in terms of hypothetical external electric 
and magnetic fields that would be present at the aperture if 
the aperture were closed by a perfectly conducting surface. 
These hypothetical fields are referred to as “short-circuit” 
fields, Esc and Hsc. These short-circuit fields, together with 
the geometry of the aperture, are used to estimate the mag-
nitude of hypothetical electric and magnetic dipoles 
(equivalent antennas) which are placed just inside the 
closed (shorted) aperture. This process is illustrated in 
Figs. 12.1 and 12.2. 

Analytically, the interior fields can be visualized in two 
steps; first, by finding the strength of each field at the ap-
ertures, and second, by visualizing the fields inboard of the 
apertures, where the wire harnesses are located.   
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Magnetic fields must pass through loops between the 
harnesses and the airframe to induce voltages in these 
loops, and electric fields must impinge on surfaces of the 
harnesses to induce currents on them.   

 

 

Fig. 12.1 Development of equivalent electric field 
dipole. 

 

Fig. 12.2 Development of equivalent magnetic field 
dipole. 

Waveshapes: The geometry of the aperture is shown in 
Fig. 12.3. The origin of these fields is the C-G stroke cur-
rent (Component A or D), or one of the intracloud current 
pulses represented by Component H, all as defined in 
[12.3] and reviewed in Chapter 5. When these currents are 
conducted through the aircraft, between entry and exit lo-
cations, the waveshapes of the magnetic fields that accom-
pany the currents are like the waveshapes of the currents 
themselves. Thus, for example, the waveshape of the mag-
netic field associated with the first stroke current is that of 

current Component A, which has a rise time of 6.4 µs and 
a decay time (to 50% of peak amplitude) of 69 µs. Where 
some of this magnetic field penetrates an aperture, the por-
tion of the field that reaches inside the aircraft also has a 
similar waveshape. This is one of the reasons for the ap-
pearance of damped sinusoid voltages and currents in air-
craft wire harnesses, as voltage or current Waveform 3, 
defined in SAE ARP 5412B [12.3]. 

Because the aircraft surface is conductive, the electric 
(E) field component of the traveling electromagnetic wave 
must be oriented at right angles to the aircraft surface. The 
magnetic (H) field component must be tangent to the sur-
face, and perpendicular to the direction of current (charge) 
flow. When viewed at a particular spot on the aircraft sur-
face, this appears as a damped sinusoid waveform. This 
has not been defined in the standards because its amplitude 
and frequency depend on the geometry of the particular 
aircraft and the mismatch in characteristic impedances of 
the lightning channel and the aircraft. Evidence of these 
traveling waves can be seen in the intracloud current 
pulses in the research aircraft described in Chapter 10, and 
in test currents that appear on airplanes undergoing the full 
vehicle tests (FVTs) described in Chapter 13. When this 
traveling wave (which propagates along the aircraft at the 
speed of light) passes by an aperture, some of both fields 
pass through the aperture and appear inside the aircraft. 
The subject of how to deal with the induced transients due 
to the traveling waves is discussed in Chapter 13.   

 

Fig. 12.3 External electric and magnetic fields 
impinging on an aperture. 
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Aperture: An elliptical aperture is considered because 
it is the most general of the elementary geometries. For 
this description, the major axis of the ellipse will lie on the 
X axis so that the origin of the axes is at the center of the 
ellipse. 

On the interior of the airplane surface (Fig. 12.4) one 
equivalent electric field dipole, P, and two equivalent 
magnetic field dipoles, Mx and My, can be defined such that 
they represent the normal electric field and the x and y 
components of the tangential magnetic field, respectively. 
The magnitudes depend on the size and shape of the aper-
ture.  

The waveshapes of the electric and magnetic fields 
should be assumed to be the same as those on the exterior 
of the aircraft, which in turn are related to the waveshapes 
of the external lightning environment. For assessments of 
lightning effects and protection design, these waveshapes 
should be the same as those of the standard environment 
defined in SAE ARP 5412B [12.3].   

 

Fig. 12.4 Equivalent dipoles illuminating an interior 
volume. 

The dipole field strength is proportional to the cube of 
the length of the major axis of the aperture, so it follows 
that large apertures allow much more energy to reach an 
inner volume than do small apertures. This approach of 
representing fields at apertures is explained more fully by 
Taylor in [12.4 - 12.5].  

 

Using the magnetic dipole along the X axis (Mx) as an 
example, the pattern of the magnetic fields in the interior 
region consists of concentric closed loops lying in planes 
that pass through the X axis (Fig. 12.5). At any point, P, 
the total magnetic field can be represented as a vector nor-
mal to the radius vector, r, between the dipole and P and 
lying in the plane defined by point, P, and the X axis. 

Likewise, the magnetic field due to the My dipole can 
be defined as a vector lying in the plane defined by P and 
the Y axis. 

The pattern of the electric field due to the dipole will 
consist of concentric loops, originating at the dipole and 
terminating on the skin containing the aperture. 

 

Fig. 12.5 Magnetic field patterns produced by a di-
pole lying along the X axis. 

If the aperture under consideration is not elliptical, a 
corresponding elliptical aperture can generally be speci-
fied, as shown in Fig. 12.6. The equivalent aperture would 
have the same area and the same eccentricity as the aper-
ture under study. 

12.3 Treatment of Surface Containing the 
Aperture 

The location of the surface containing the aperture is 
used as a boundary between an exterior and interior region. 
The fields of interest are in the interior region, but these 
“begin” with current flowing on the exterior surfaces of 
aircraft and then some of them propagating “coupling” to 
the interior, via apertures.   
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Fig. 12.6 Equivalent apertures 
 

12.4 Fields Produced by the Dipoles 

The complete formulation [12.4 - 12.5] of the fields pro-
duced by the dipoles (neglecting the far field radiation 
component) is, in the frequency domain: 

𝜇𝜇𝑥𝑥 = 𝜇𝜇𝑥𝑥𝑥𝑥 + 𝜇𝜇𝑥𝑥𝑥𝑥  (12.1) 

𝜇𝜇𝑥𝑥 = 𝜇𝜇𝑥𝑥𝑥𝑥 + 𝜇𝜇𝑥𝑥𝑥𝑥  (12.2) 

𝜇𝜇𝑧𝑧 = 𝜇𝜇𝑧𝑧𝑥𝑥 + 𝜇𝜇𝑧𝑧𝑥𝑥  (12.3) 

The x, y and z components of the total magnetic field 
strength at P would be the sum of the components pro-
duced by dipoles lying along the X and Y axes: 

The total magnetic field at point P in Fig. 12.5 would 
be: 

𝜇𝜇𝑇𝑇 = �𝜇𝜇𝑥𝑥
2 + 𝜇𝜇𝑥𝑥

2 + 𝜇𝜇𝑧𝑧
2  (12.4) 

An example of an aperture-coupled field intensity is 
shown in Fig. 12.7, in which the elliptical fuselage de-
scribed in § 10.5.4 has been approximated by two sheets 
of infinite size. One of the sheets contains the aperture and 
the other serves as a reflecting surface. The figure shows 
only the top half of the field pattern since the field is sym-
metrical across the minor axis of the aperture. The aperture 
assumed in this example was 0.2 m high by 0.1 m wide, 
the long axis of the ellipse being oriented at right angles to 
the plane of the figure. 

 
Fig. 12.7 Field intensity penetrating through a 

0.4 x 0.1 meter, vertical aperture in a fuselage 
of elliptical cross-section conducting 1 000 A 
of stroke current. 

The magnetic field intensity that would exist if the ap-
erture were not there was taken to be 160A/m, which is the 
field strength that would be produced by a lightning cur-
rent of 1 000 A flowing axially on the exterior surface of 
the elliptical fuselage. Based on this current, the magnetic 
field intensity at the aperture would be 80 A/m, or half of 
the short-circuit field. This is a convenient assumption to 
use for estimating magnetic field intensities at the interior 
of cabin windows and similar apertures.   
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This field intensity inside the aperture varies inversely 
with the cube of distance from the aperture. Accordingly, 
the fields that penetrate apertures such as this are very lo-
calized; confined to a small space close to the aperture. 
‘Small’ apertures are thus less troublesome than ‘large’ ap-
ertures, both because of the decreased magnetic field 
strength associated with the corresponding equivalent di-
pole and because of the relatively small distance from the 
aperture at which the field strength becomes negligible. A 
simple rule of thumb is to recognize that the field at the 
plane of the aperture cannot be greater than half the mag-
nitude of the short circuit field. One can simply ignore nu-
merical answers that exceed this limit. 

12.5 Reflecting Surfaces 

Estimations of the intensities of fields penetrating 
through apertures (“aperture fields”) sometimes have con-
sidered the presence of reflecting surfaces. The simplest 
example of this, shown in Fig. 12.8, addresses the situation 
where an infinite reflecting plane is parallel to the surface 
containing the aperture.   

The total field at any point between these two surfaces 
is the sum of the fields produced by the infinite array of 
images and can be determined from equations reported in 
[12.4 - 12.5]. Fortunately, in most cases, only a few of the 
images need be considered because the field strength falls 
with the cube of the distance from the aperture. The pres-
ence of reflecting surfaces never causes the fields to be 
more than twice the intensity contributed by the aperture 
itself. This fact may render calculations of the effects of 
reflecting surfaces unnecessary in some cases. 

 

Fig. 12.8 Surface with aperture and reflecting surface. 

In principle, one could include enough additional re-
flecting surfaces in one’s analysis to completely define an 
interior volume. An example of this level of detail is 
shown in Fig. 12.9. 

 

Fig. 12.9 Multiple reflecting surfaces. 

Field reflections: The interior surfaces can allow fields 
to reflect among themselves, but this is not going to hap-
pen unless the time duration of the fields is as short as or 
shorter than the transit time (speed of light) through the air 
between the surfaces. At 3x108 m/s a field would need to 
have a time duration of less than 10-8 s (0.01 µs) for an 
electromagnetic field to have time to propagate across a 1 
m distance and begin a reflection back. Such fields may 
arise from a nuclear electromagnetic pulse (NEMP) event 
or a local discharge of static electricity across a nearby 
windowpane, but fields produced by lightning leaders and 
stroke currents (Voltage Waveform A, Current Compo-
nent A) exist for 10’s and hundreds of microseconds and 
so would not entirely reflect. Some field waveform distor-
tion should be expected, but not reflecting, and resonating 
fields. There is evidence of reflecting fields in measured 
lightning-induced voltage measurements in aircraft elec-
trical circuits, but these are attributed to traveling wave 
currents on the aircraft, whose speeds are on the order of 
0.3 m/ns. Even the largest airplanes are not sufficiently 
long for a stroke current to be reflected down and back. It 
is instead the initial injection of charge (+ or -) at junction 
leader inception that is of sufficiently short duration to be 
reflected, and there is evidence of this in in-flight meas-
urements of airplane skin currents, as described in Chapter 
10.   
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12.6 Exposure of a wire to electric and  
magnetic fields 

If there were a wire (or cable) in the space illuminated 
by the aperture, voltages could be induced in the loop 
formed between the wire and the airframe reference plane, 
and these voltages would induce current on the wire. Esti-
mates of the magnitudes of these induced voltages and cur-
rents can be determined by substituting equivalent circuits 
for the actual magnetic and electric aperture field coupling 
mechanisms and solving for the cable’s response to these 
equivalent voltage and current sources. For example, con-
sider the circular aperture shown in Fig. 12.10. A wire with 
a characteristic surge impedance, Z, is located at height, h, 
above the surface containing the aperture, and at a dis-
tance, w, from the aperture. 

 

Fig. 12.10 Coupling from an aperture to a wire. 

The characteristic impedance (sometimes also called 
surge impedance) is: 

𝑍𝑍 = �𝛥𝛥/𝐶𝐶  (12.5) 

≈ 60 ln(2ℎ/𝑒𝑒)  (12.6) 

An equivalent circuit including the aperture-coupled 
voltage is shown in Fig. 12.11. There are two aspects of 
this equivalent circuit that must be considered. The first is 
to define the equivalent induced voltage and current 
sources, Veq and Ieq. The second is to determine the effect

 

 
of the aperture on the inductance and capacitance of the 
cable. In an elementary geometry, the inductance, capaci-
tance, and characteristic impedance of the cable is gov-
erned by the spacing between the cable and the adjacent 
ground plane. The ground plane may consist of the con-
ductive surface containing the aperture or whatever other 
conducive surface is nearest to the cable installation. In the 
region near the aperture, the cables effective distance from 
the ground plane is increased, yielding a somewhat larger 
inductance and a somewhat smaller capacitance. However, 
since cables are rarely installed directly across apertures, 
the influence of the aperture on the cable inductance and 
capacitance can be ignored.   
 

 

Fig. 12.11 Equivalent circuit of an aperture. 
Veq = voltage source due to magnetic  
fields. 
Ieq = current source due to electric 
fields. 

It should be noted that these approximations are valid 
only if the aperture is small with respect to wavelength, 
and if the distance between the plane of the aperture and 
the cable is several times the length of the aperture. This is 
the case with fields due to lightning stroke currents.  

Seams: On an aircraft, seams are formed where sec-
tions of skin are joined together by rivets or other fasten-
ers. Other seams may be formed by wheel-well or bomb 
bay doors, which form slots in an aircraft's inherent elec-
tromagnetic shielding. The penetration mechanism due to 
seams is the result of skin current (JS) flowing across the 
impedances of seams and creating voltages that drive cur-
rents into circuits that are installed across the seams. Such 
currents are often influenced by diffusion of skin currents 
to the interior surfaces of the seams as discussed in Chap-
ter 11. 

The seam situation is shown in Fig. 12.12, which shows 
a lightning current of density JS flowing across a seam. The 
current, flowing through the impedance of the seam cre-
ates a voltage rise on the interior surface.   
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Fig. 12.12 Seams and joints.                                                                       
(a) Typical seam and enclosed conductor 
(b) Equivalent circuit 

This can also be called a transfer impedance. Seam 
transfer impedance typically has two components: a resis-
tive component, due to the flow of current through resis-
tive films or through resistive fasteners, and an inductive 
component, due to penetration of magnetic fields. The re-
sistive component generally predominates where overlap-
ping metal surfaces are joined permanently with rivets or 
bolts. 

The inductive component tends to predominate where 
surfaces are easily separable, as in the case of access pan-
els that provide entry to equipment bays, and current must 
neck-down to pass through individual hinges or quick-re-
lease fasteners. Both the inductive and resistive compo-
nents will be low if the faying surfaces make good metal-
to-metal contact, and the seam is fastened with multiple 
tightly fitting rivets. Such an impedance is characteristic 
of the diffusion coupling mechanism discussed in Chapter 
11.   

The impedances-per-unit-length of seams can range 
from 10-4 to 10-2 Ω/m, with typical values on the order of  
10-3 Ω/m. The lowest resistance is, of course, associated 
with the most tightly joined contacts. 

Chapter 13 presents experimental means of determining 
the waveforms and magnitudes of induced transients in 
aircraft electrical wiring, and Chapter 14 presents analyti-
cal examples of the three coupling mechanisms (Structural 
IxR, magnetic field, and electric field) in typical electrical 
wire harnesses.   
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Chapter 13 

AIRCRAFT FULL VEHICLE TESTS 

 

13.1 Introduction 

This chapter discusses ‘full vehicle’ test methods. This 
is one of the tests that are frequently included in aircraft 
certification programs. Sometimes it is (mistakenly) ap-
plied as a certification test, but since it is usually conducted 
at low, non-destructive levels and does not, by itself, verify 
system safety, it more properly should be an considered an 
engineering test that is used to provide data from which 
full-scale certification tests of avionic equipment and sys-
tems can be planned. In particular, the full vehicle test 
(FVT) is for determining the lightning-induced transient 
voltage and current waveforms and levels throughout air-
craft interconnecting wiring. If not being performed as a 
certification test, it is usually conducted after conformity 
of the aircraft and installed wiring to be measured to type 
design has been assured. In either case it is a part of the 
certification process. After extrapolation to correspond 
with the full-threat lightning environment, the data from 
the FVT is used to establish the certification test conditions 
for electrical and avionic systems. Those certification tests 
are bench level tests and are described in Chapter 18, and 
in the applicable standards.   

Analytical techniques are available that can also predict 
lightning-induced transient levels in aircraft wiring, but 
these can seldom be relied upon as the sole method for de-
termining these voltages and currents. Most avionics cer-
tification programs include tests of a complete aircraft, 
containing the interconnecting wiring, to verify that the ac-
tual transient levels (ATLs) in interconnecting wiring do 
not exceed the transient control levels (TCLs) assigned to 
this wiring, and especially the equipment transient design 
levels (ETDLs) that the equipment must tolerate, in ac-
cordance with the certification process described in Chap-
ter 5. This is known as an aircraft ‘full vehicle’ test that is 
described in [13.1]. Sometimes, this verification is accom-
plished by numerical analysis, but the analysis must, at 
some time, be verified by a FVT. FVTs are also employed 
to evaluate the effects of changes in structural materials, 
or in wiring designs. The FVT deals only with the response 
of the aircraft and its wiring. It does not include tests of 
avionic equipment and systems.   

There are several different approaches to performing 
FVTs. Five of these are listed below. Each method has its 
own advantages and disadvantages. As a practical matter,

 

only methods 3, 4 and 5 are used to support aircraft pro-
tection design.     

1. High level unipolar pulses 

2. High level oscillatory pulses 

3. Intermediate level unipolar pulses 

4. Low level unipolar pulses 

5. Low level swept continuous wave (CW) 

The ‘unipolar pulses’, mentioned above, refer to current 
waveforms similar or identical to the defined lightning en-
vironment waveforms, Components A and H that are de-
scribed in Chapter 5.  

‘Oscillatory pulses’ refers to the damped sinusoidal 
waveforms that often result when series resistance is re-
moved from a test current generator to allow higher cur-
rents (up to full threat amplitudes) to be reached. These 
damped sinusoids do not represent the important charac-
teristics of the defined lightning currents and means must 
be provided to assess the resulting test data in terms of the 
defined environments. This is not a simple task. 

Techniques 1 through 4 apply current impulses in the 
time domain, whereas technique 5 is a frequency domain 
technique that applies CW sinusoid currents at enough fre-
quencies throughout the frequency range of the defined 
lightning environment waveforms. Corresponding in-
duced voltages are recorded and inverse-transformed to 
get the equivalent time-domain pulse transients. High 
level, time domain test procedures could in principle be 
used as proof or verification tests (i.e., ‘Go/No-Go’ tests) 
to make an overall evaluation of the effectiveness of pro-
tective measures. However, these may cause unseen and 
undetectable effects throughout the airframe and systems 
and so should not be applied to an airplane that is eventu-
ally to be operated either for flight test or commercial pur-
poses.   

The following sections discuss the various approaches 
to testing.   
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The low level, unidirectional (UD) pulse test procedure 
is discussed further in §13.4. This is often the most appro-
priate test procedure since it applies the defined environ-
ment current waveforms and therefore yields the most di-
rect results, without damaging the test airplane or equip-
ment within. By applying the test currents at low levels, 
damage to onboard equipment and to the airframe is elim-
inated.  The measured transients must then be extrapolated 
to find the values that occur when the aircraft is exposed 
to the full threat lightning environment. 

While this chapter concentrates on techniques for per-
forming low-level pulse tests, much of the discussion is 
equally applicable to any of the FVT procedures. 

13.2 Basic Assumptions 

All the experimental techniques are based, to one de-
gree or another, on the following premises: 

13.2.1 Defined Environment  

Lightning testing is approached in terms of a standard-
ized lightning environment. This environment is defined 
in standards documents, rather than in terms of what is 
most produced by lightning. The standardized lightning 
environment, described in Chapter 5, is intended to repre-
sent a very severe lightning flash, although not necessarily 
the most severe. One of the aims of testing, therefore, 
should be to determine the response of the aircraft to wave-
forms defined in that environment. A test program may in-
volve using or discussing waveforms other than those de-
scribed in the standard environment, but it should, as a 
minimum, deal with the lightning current waveforms of 
the defined threat. 

13.2.2 Linearity 

The intermediate level and the low-level test methods 
assume that the response of the aircraft to a low-level test 
can reasonably be linearly extrapolated to estimate the re-
sponse to full-threat lightning. This linearity of induced 
transient responses to the injected test current has been 
demonstrated on numerous occasions. There are some sit-
uations where linearity plainly cannot be expected. These 
exist where the current flow paths through an airframe 
change as the amplitude of current increases. Such a situ-
ation may exist when a current is prevented from taking 
one path due to an interface comprised of non-conducting 
materials, whose electrical properties change with applied 
voltage. One example is an empennage section that is at-
tached to primary structure with a hinged bolt that is lubri-
cated with a solid material. As test current through this 
section is increased sufficient voltage is developed to 

cause the lubricant to become conductive, thereby chang-
ing current flow paths. Another example is a control sur-
face that is operated by a linear actuator that includes a 
lubricated piston and cylinder which does not allow cur-
rent flow until sufficient voltage is developed in the im-
pedances of alternate paths to cause the actuator insulating 
material to become conductive thereby changing basic 
current flow paths and induced effects. Most of these situ-
ations are known to those conducting the tests and can be 
accounted for by use of temporary jumpers or other means 
to assure stability of current paths.   

The role of mechanical fasteners in conduction of light-
ning currents has been studied thoroughly. Fasteners in-
stalled using ‘interference-fit’ methods usually provide 
metal-to-metal contacts within the holes that results is low 
and stable resistances. These are often found in integral 
fuel tank structures. This is in contrast with fuselage fas-
teners that are often installed ‘clearance-fit’ so that metal-
to-metal contacts are less common, until current densities 
increase sufficiently to build sufficient voltage to cause 
more of these fasteners to conduct currents resulting in 
lower overall structure resistances.   

Resistive effects 

Most of the test methods listed in §13.1 provide good 
simulation of the effects of resistance in the aircraft struc-
ture and, for these effects, the assumption of linearity is 
generally valid except as noted above. This is true even for 
aircraft made from large amounts of carbon fiber compo-
site (CFC) materials. Studies documented in [13.2] and 
[13.3] have invariably shown that resistively coupled volt-
ages predicted under an assumption of linearity are, if an-
ything, somewhat higher than any likely to be encountered 
in actual service. 

Magnetic field effects 

These test methods also provide reasonable estimates of 
the magnetic field effects produced by lightning current. 
This means that the response produced by a low-level 
pulse of current can be scaled linearly to give the response 
to a high-level pulse of current, provided that the wave-
forms of the currents are the same. This point is discussed 
further in §13.3.3. 

Electric field effects 

Whether or not any of the test methods provide good 
simulation of the electric field effects is less clear. Electric 
field coupling is determined by the strength of the electric 
field at the surface of the aircraft, but this can be influ-
enced very greatly by the corona and streamers that appear 
around the aircraft when it is struck. Both of these are very 
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non-linear phenomena. The corona and streamers limit the 
electric field at the surface and may limit the electric field 
coupling. Also, the circuits used for ground-based aircraft 
tests probably do not give the same ratio of magnetic to 
electric field effects as is found in flight. This chapter will 
not attempt to address the question of whether electric field 
effects are correctly simulated; all it will do is alert the 
reader to the fact that there are questions about the simu-
lation of electric field coupling. As will be shown in Chap-
ter 14, when considered separately, electric field coupled 
transients tend to be significantly lower than those due the 
other two coupling mechanisms.   

Another basic premise of all the test approaches is that 
the response of an aircraft in flight to natural lightning can, 
in fact, be predicted by performing tests with the aircraft 
parked on the ground. There is always some question as to 
whether this is valid, and some investigators, recognizing 
the complicated interactions of the electromagnetic fields 
surrounding an aircraft in flight during a lightning strike, 
have referred to ground tests as ‘stimulations’ rather than 
‘simulations’. It is true that the electromagnetic environ-
ment of an aircraft parked on a hangar floor is different 
from that of one in flight, but the test current generator and 
current return conductors can be arranged to make the air-
craft appear electromagnetically (to some extent) as if it 
were being struck by lightning in flight. 

Some of these issues will be discussed in the following 
paragraphs, along with methods of obtaining an electro-
magnetic environment that is as representative as possible 
of that produced by natural lightning. 

 

13.3 Time domain pulse tests 

All full vehicle testing involves charging capacitors and 
then discharging them, through wave shaping elements, 
into the aircraft to produce currents that are as defined in 
the standards. Differences between various techniques re-
late mostly to the energy levels of the surge generators and 
the techniques and degree of extrapolation needed to esti-
mate full threat responses from tests made at less than full 
threat. Before discussing the various approaches to testing, 
the basic response of an aircraft in a pulse test circuit must 
be discussed, since that response is essentially the same, 
whatever the test level. 

13.3.1 Basic Test Circuit 

As reduced to lumped constants, the basic pulse test cir-
cuit is shown in Fig. 13.1. Energy is stored in a capacitor, 
conducted into the aircraft, and returned to the capacitor

along a return circuit. Time duration of test current is con-
trolled by the capacitance and series resistance, while cur-
rent rise (‘front time’) is controlled by resistance and series 
inductance, some of which may be intentionally added to 
the surge generator and some of which is intrinsic to the 
aircraft and the return circuit. If single wires are used for 
the connections between the generator and the aircraft, the 
inductance of the circuit can be approximated as 1 µH/m 
or 0.3 µH/ft times the total distance around the circuit.    

 
             Fig. 13.1 Basic aircraft test circuit 

The test current rise and decay times can be approxi-
mated by the following two expressions: 

          T1 = Current rise time = 3L/r            (13.1) 

           T2 = Current decay time = 0.7RC      (13.2) 

In these expressions, T1 is the time to peak of the test 
current. T2 is the decay time from T=0+ to 50%. C is the 
capacitance of the energy storage capacitor. L and R are 
the totals of series resistance and inductance. If the µ is 
removed from the values of L and C, the times are com-
puted in microseconds.   

Coaxial return circuits 

It is not recommended that the current return path to the 
generator be made simply by using a single wire adjacent 
to the aircraft (Fig. 13.2(a)), because the aircraft would re-
spond to the electric and magnetic fields produced by cur-
rent in the wire, yielding an unrealistic test. 
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Instead, a coaxial geometry should be used for the re-
turn path, with the aircraft as the center conductor and the 
return path as the outer conductor (see Fig. 13.2 (b)).  
As indicated in §9.5.2, current on a cylindrical conductor 
produces no magnetic field inside the conductor. In prac-
tice, the return circuit is usually formed from an array of 
wires surrounding the aircraft, as shown in Fig. 13.2(c), 
although metal sheets may also be used. The magnitude of 
the magnetic field due to return current is reduced, but not 
eliminated, within the return conductors in the vicinity of 
the aircraft. Expressed another way, the effects, on the air-
craft, of the magnetic field from one return wire are can-
celled (approximately) by the effects from all the other 
wires. The more wires are available, the more complete is 
this cancellation. Thus, in theory, the more wires in the re-
turn path, the better. Studies [13.3] have shown that about 
twelve conductors, arranged more or less uniformly 
around the aircraft, are adequate. The more wires, the more 
like a true coaxial arrangement the setup looks like. Many 
wires will render access to the aircraft difficult.   

    
Fig. 13.2 Test current return circuits. 

Diameter 

In theory the farther the return wires are from the sur-
faces of the airplane the better. It is important that the 
wires be separated from the aircraft surfaces the same or

nearly the same distances uniformly around the fuselage, 
so the distance between the airplane and the floor of the 
test area may establish the maximum separations of all the 
wires from the airplane surfaces.     

In theory, the further the return conductor array is from 
the surface of the aircraft, the better, but wider spacing in-
creases the impedance of the test circuit and reduces the 
ability of the generator to drive the desired currents 
through the aircraft. Because of these practical limitations, 
the spacing between the wires and the aircraft’s skin can-
not be more than the one or two meters that the landing 
gear support a large aircraft above the ground. This usually 
requires that the wheel well doors be open for the tests, 
which may expose any circuits that run through the wheel 
wells to fields more intense than those that would be pre-
sent in flight, when the doors are closed. (Though lightning 
strikes to aircraft during approach or climb out, when the 
doors are open, have occurred.) 

Impedance 

Inductance and characteristic impedance (also known 
as surge impedance) can be estimated by calculation. 
Treating the aircraft and the return circuit as coaxial cylin-
ders of the dimensions shown in Fig. 13.3 gives an induct-
ance of 0.18 µH/m or 2.7 µH for the indicated length. The 
inductance of an actual installation is larger, because the 
outer conductor is a cage of wires. A typical inductance 
per unit length for an actual aircraft and return array might 
be approximately 0.5 µH/m. One way to measure this 
would be to discharge a known capacitance into the circuit 
and observe the ringing frequency. 

The characteristic impedance of the transmission line 
formed by the aircraft and return circuit represented in Fig. 
13.3 would be about 55 ohms, but the impedance of an ac-
tual installation varies, over its length, with corresponding 
changes in the aircraft’s cross-sectional geometry. Typi-
cally, characteristic impedances lie in the range from 75 to 
125 Ω and are best evaluated by time-domain reflectome-
try techniques. 

 

Fig. 13.3 Coaxial approximation of the test circuit. 
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Lumped constant example 

Fig. 13.4 shows typical waveforms that might be ex-
pected when treating all elements as lumped constants. 
The generator circuit shown was one used in an actual test 
of an aircraft [13.3] and the waveforms shown in Figs. 
13.4(b) and (c) closely match those obtained in the actual 
test, as shown in Fig. 13.7. The inductance of the aircraft 
and its return circuit was not measured during the tests, but 
the 8 µH estimated by matching calculated and measured 
current waveforms is typical of actual circuits.  

The intent of that particular test was to obtain a current 
having a front time of several microseconds and a decay 
time of several tens of microseconds. These dimensions 
are typical of standard lightning stroke current definitions, 
such as current Component A, although the waveforms 
shown in Figs. 13.4 and 13.7 are not the same as Compo-
nent A. The inductance of the aircraft and return conductor 
circuit was not critical since additional inductance had to 
be added to the generator to obtain the desired waveform. 
The rise time of the test current (to actual peak) was ap-
proximately three L/R time constants, whereas the decay 
time (to 50% of peak current) was approximately 0.7 RC. 
R and C are the resistance and capacitance of the test cur-
rent generator, respectively, and L is the inductance of the 
aircraft and return conductors, plus any additional lumped 
inductance that must be included in the test current gener-
ator to obtain the desired current rise time. 

Lumped constant circuits are sufficient for estimating 
the peak current obtainable from a particular test circuit. 
For the circuit shown in Fig. 13.4, and during the tests of 
[13.3], a current of 500 A was obtained with a generator 
capacitor charged to 25 kV. Obtaining a full threat current 
of 200 kiloamperes with this same circuit would have re-
quired a capacitor charged to 10 megavolts (a highly im-
practical condition) or some other combination of circuit 
R, L, and C. The circuit shown in Fig. 13.4 is a simple se-
ries R-L-C circuit operated in an over-damped condition, 
which requires a significant amount of series resistance. 
This resistance limits the available test current amplitude. 
Other circuits that include less R and L and more C can 
produce higher amplitude currents per kV of capacitor 
charge voltage, but the reduction of L necessary for this 
means that the return conductors must be placed close to 
the aircraft surface, a condition that may aggravate in-
creasing traveling wave intensities and produce unrealistic 
test results. 

The circuit can also be configured to obtain higher cur-
rents by reducing the series impedance but doing so pre-
cludes obtaining the desired double exponential current 
wave. Reducing the series resistance increases the time  

 

required for the current to reach its peak. If the series re-
sistance is reduced sufficiently, the current becomes oscil-
latory. Figs. 13.4(d) and (e) show the effect of reduced se-
ries resistance on the current waveforms. 

13.3.2 Traveling Wave Effects 

It is not sufficient to analyze interactions between air-
craft and test current generators using lumped constant cir-
cuits, since the aircraft structure is large enough that trav-
eling wave effects will normally arise and must be consid-
ered. The aircraft and the return circuit form a short trans-
mission line and, when the switch in the generator is 
closed, steep-fronted voltage and current waves are in-
jected onto the aircraft. These are in phase with each other 
and comprise a traveling wave that passes between the air-
plane and the return wires, moving at nearly the speed of 
light and reflecting to the switch location at an amplitude 
that depends on the impedance between the airplane and 
the return conductors at the ‘exit’ end of the airplane. If, 
as is sometimes the case, this is a short circuit because no 
consideration has been given to controlling or eliminating 
these traveling waves, the wave will be reflected to 
whence it originated at the opposite polarity from what it 
started as. These reflections will continue for several cy-
cles, until losses will have absorbed all the energy in the 
traveling wave. These are called the traveling wave volt-
age and current, and the amplitudes of each are related by 
the characteristic impedance of the transmission line 
bounded by the aircraft and the return conductor array. 

Specifically, at the opposite end of this transmission 
line formed by the airplane and the current return conduc-
tor array from the test current generator, reflected voltage 
and current waves are launched. The polarities of the re-
flected waves are such that the voltage wave at that end of 
the transmission line goes to zero and the current doubles. 
When a reflected wave returns to the generator end of the 
aircraft, another reflected wave is generated. These waves 
combine to produce a current that increases in a series of 
steps and a voltage that oscillates, as illustrated in Fig. 
13.5. In that figure, the aircraft is represented by two trans-
mission lines, each 6.1 m (20 ft.) in length and having a 
characteristic impedance of 100 ohms and a propagation 
velocity 80% that of the speed of light. This representation 
is an oversimplification because it makes no allowance for 
the non-uniform geometry of the aircraft, but it does illus-
trate the basic effects. 

The first effect is that the current in the aircraft builds 
up, not in an exponential manner, but in a series of steps 
as current propagates back and forth along the aircraft,     
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reflecting at the discontinuities at the ends. The second is 
that the current is different at different points on the air-
plane and the steps are least noted at the point of connec-
tion to the surge generator. This means that if, as is typical, 
the test current is measured at this point; the traveling 
waves may go unnoticed. 

The presence of these complex traveling waves may 
prevent actual current waveforms in the aircraft from hav-
ing the idealized shapes of the waveforms defined in the 
test standards reviewed in Chapter 5. They also influence 
the coupling of voltages and currents into the aircraft wir-
ing. During an actual in-flight lightning strike, traveling 

waves may also be launched, but the traveling waves that 
occur on an aircraft in flight are almost certain to differ 
from those that occur on an airplane undergoing a FVT. 
These differences arise because the source impedance of a 
lightning channel is different (and probably higher) than 
the source impedance of a laboratory surge generator, and 
the characteristic impedance of the aircraft in flight is also 
probably higher too since no return conductors are present. 
Given that the intent of a laboratory test (one of them at 
least) is to duplicate, as closely as possible, the standard-
ized lightning environment, these oscillations are undesir-
able and should be suppressed, as described in §13.4. 

 

 

Fig. 13.4 Lumped constant representation of the test circuit. Waveforms (b) and (c) most closely represent standard cur-
rent Component A. Waveforms (d) and (e) are not standard waveshapes and should not be used.
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More importantly, the contributions of the traveling 
waves to aircraft lightning environment have already been 
accounted for in the standardization progress that led to the 
definitions of current Components A and H in the stand-
ards. This latter point has sometimes been lost to those 
conducting aircraft tests, resulting in test plans that pro-
vide for allowing traveling waves to appear on the tested 
aircraft. Steps should be taken to eliminate or minimize 
traveling waves. If this is not possible, adjustment must be 
made in the extrapolation of induced test data that is due 
to the rate-of-rise of the current in the aircraft, as will be 
discussed in subsequent sections of this chapter.   

Detecting traveling waves 

Traveling waves on the aircraft are difficult to detect if 
the test current is measured only at the input and exit 
points. Measuring the current at the midpoint of the air-
craft is, of course, not feasible, although one could meas-
ure the magnetic field at the center and thus estimate the 
current. Traveling waves can best be detected by measur-
ing the voltage between the aircraft and the return conduc-
tors, preferably at the midpoint of the aircraft. Fig. 13.5(e) 
shows a calculation of what this voltage might look like. 
The amplitude of the generator charging voltage can be re-
duced to a level that can be tolerated by the voltage probe 
used to view the airplane traveling voltages. 

Controlling traveling waves 

These traveling waves can be eliminated or controlled, 
so that a current wavefront with a relatively smooth double 
exponential rise obtained, by proper termination of the 
transmission line formed by the aircraft and the return cir-
cuit. One type of termination uses a resistor connected in 
shunt with the aircraft at the current input end. Another 
uses a resistor connected in series between the exit point 
on the aircraft and the return lines. Theoretically, both 
types of termination are effective, as shown in Figs. 
13.6(b) through (e) but, in actual practice, neither is com-
pletely effective, since the characteristic impedance per 
unit length of the aircraft is not uniform from nose to tail 
and because actual resistors have inductances that degrade 
their performance. 

One draw-back to a series resistor is that it reduces the 
maximum current available from a surge generator of a 
given size (see Figs. 13.6(d) and (e)). Another drawback is 
that considerable voltage develops between the aircraft 
and the return circuit. For safety reasons, it is preferable 
that the return circuit be grounded. Thus, the aircraft’s po-
tential rises, and insulation becomes necessary under the 
wheels. Insulation capable of withstanding up to 100 kV 
can usually be provided between the aircraft wheels and 
the test hangar floor without difficulty. This dielectric 
strength is sufficient for tests at current levels up to several 
thousand amperes. 
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Fig. 13.5 Transmission line representation of the test circuit. 
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The traveling wave currents have a higher rate-of-rise 
than those defined for current Components A or H. No 
guidance is given in the aircraft lightning environment or 
test standards [13.1] or [13.4] on how to account for or 
simulate these effects in FVT tests, since the authors of 
those standards did not anticipate the existence of traveling 
waves. Thus, it is best, first, to take steps to minimize trav-
eling wave currents, so that only the defined test currents 
are responsible for the measured induced effects. 

If this cannot be achieved, then two extrapolation fac-
tors can be defined; one for transient voltages and currents 
that are related to airframe current, and another for volt-
ages that are proportional to airframe current rate-of-rise. 

This is proper since the definitions of lightning current 
components A, D, and H already account for the likelihood 
of traveling waves existing on airplanes that are struck by 
lightning. That is, the current rise times, and rates of rise, 
that are part of these waveform definitions are incorpo-
rated in the waveform definitions.    

 

Fig. 13.6 Methods of termination. 
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With respect to Fig. 13.6(a), traveling wave current am-
plitudes are proportional to generator charging voltage, 
(kV), divided by the characteristic impedance, Z (shown 
at 100 ohms in the example of Fig. 13.6(a)). Generators 
producing ~1 000 A of Component A typically require a 
V of about 25 - 50 kV, and the transmission line arrange-
ment typically has a characteristic impedance of ~100 
ohms, so traveling wave currents of ~250 A to 500 A are 
possible. The rates of rise of these traveling wave current 
steps are determined by factors in the test circuit that in-
fluence d2i/dt2 (i.e., the rate-of-rise of the rate-of-rise) and 
they are always faster than the di/dt of the defined test cur-
rent. This means that the traveling waves induce higher 
transient voltages, in aircraft circuits that are exposed to 
magnetic fields, than the applied test waveform does. This 
is the reason that attempts must be made to eliminate the 
traveling waves from the test current.   

External oscillations on the return wires 

Since the aircraft cannot be completely enclosed by a 
cylindrical return conductor, magnetic and electric fields 
leak through the cage of return wires and are bounded by 
other conductors outside, such as steel in the hangar floor 
and walls. Energy coupled to these systems causes a sec-
ondary set of traveling waves to propagate between the re-
turn wires and the facility structural conductors, as well as 
the primary set of traveling waves that propagates between 
the aircraft and the return wires. Reflections and refrac-
tions in the external systems may show up in the measure-
ments made in the primary circuit. 

These oscillations can be controlled by connecting both 
ends of the return conductor array to building ground 
through resistors, RF and RR, as shown in Fig. 13.7. Values 
of 100 to 150 ohms are usually sufficient. Fig. 13.7 also 
shows the current waveforms obtained in the actual test for 
which Fig. 13.4 showed calculations. 

 

 
L = 18 µH 
C = 1.5 µF 
Rs = 45 Ω 
E = 25 kV 
Rf = 120 Ω 
RR = 130 Ω 

Fig. 13.7 Termination resistors on the test current return array.
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13.3.3 Extrapolation of Measured Transients 

The low-level pulse test is applied by conducting a de-
fined test current through the aircraft and measuring the 
corresponding induced transient voltages and currents in 
selected interconnecting wire harnesses. The tests are con-
ducted with the same current waveforms, but at amplitudes 
significantly lower than the defined full-threat lightning 
currents. The current waveforms represent the cloud-to-
earth stroke (Component A) and intracloud current pulses 
(Component H). The bases for extrapolation are: 

• Aircraft are manufactured from non-electromag-
netically saturable materials, whose properties do 
not change when exposed to current amplitudes 
and electric and magnetic fields of varying am-
plitudes. 

• Experiments have confirmed the linear relation-
ship between induced transients and conducted 
airframe current. This relationship is not strictly 
linear, since structural joint resistances may de-
crease with increased structural current density, 
decreasing the structural IR component of most 
induced voltage transients. 

• It is rarely possible to have a fully equipped air-
plane available for a full threat (i.e., 200 kA) test, 
since test aircraft are nearly always destined to be 
delivered to a purchaser. Only government-
owned, military aircraft, or airplanes that have 
been retired from service, have been tested at full 
threat current amplitudes. 

The principle of linear extrapolation is illustrated in Fig. 
13.8. Transients induced by changing magnetic fields are 
mostly proportional to the rate-of-rise of the test current 
(di/dt), and transients generated by magnetically induced 
or structural IxR voltages are proportional to structural 
current amplitudes. If the test current waveform is the 
same at all amplitudes, the di/dt and IxR - induced transi-
ents increase by the same extrapolation ratio. It is largely 
for this reason that the standardized lightning currents de-
scribed in Chapter 5 are described in such detail. 

 

Fig. 13.8 Justifiable extrapolation. 

13.3.4 Typical Test Arrangements 

For the induced transients to be relatable to the con-
ducted test current, it is necessary that influences of the 
magnetic fields associated with test current return conduc-
tors be minimized. This is done by positioning the test cur-
rent return conductors in coaxial arrangement around the 
test airplane, so that the magnetic field produced by each 
return conductor in the vicinity of the airplane is more or 
less cancelled (‘minimized’ would be a better word.) This 
arrangement is shown, for example, in Fig. 13.9.  

  

Fig. 13.9 Typical arrangement of test current conductors. 
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The return conductors are usually about 12 - 20 small-
diameter copper wires, or sometimes a smaller number of 
metal foils. These can be supported rather easily from in-
sulating stanchions made of wood or fiberglass (see Fig. 
13.10) 

 
 

 

Fig. 13.10 Physical arrangement of a return conductor 
stanchion. 

A fully assembled return array is illustrated in Fig. 
13.11. 

 

Fig. 13.11 Typical stanchion support of return conductors. 

An alternate arrangement that can be used when circuits 
in only one wing are to be measured (on the assumption 
that transients in the opposite wing will be similar) is 
shown in Fig. 13.12. 

 

 

Fig. 13.12 A return conductor arrangement covering the 
fuselage and only one wing. 

The spacing between return conductors is not critical, 
but the following guidelines have been shown to reduce 
the influence of return wires on test data: 

1. Maximize the distance between the return conductors 
and the airplane. This is usually limited to the distance 
between the lower surface of the fuselage and the test 
facility door. Some return arrays have been supported 
by foam blocks that conform to the contours of the 
airplane major structures as shown in Fig. 13.13.   

 

Fig. 13.13 Return wires supported by foam blocks.  
Close proximity of wires to airplane and large num-

ber of wires decreases characteristic impedance 
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Many wires can be supported at uniform spacing from 
the airplane surfaces using this method. A frequent pit-
fall is that this results in a low characteristic impedance 
which can increase the amplitudes of traveling waves 
since, as previously explained, the amplitudes of these 
are proportional to the generator charging voltage di-
vided by the characteristic impedance. It is therefore 
desirable to place the return conductors as far from the 
aircraft surfaces as possible. Consideration should be 
given to having test current returned to the generator 
via a ground plane placed upon the floor beneath the 
airplane. This can be made of wire screens or thin 
metal foils.    

2. Space the return conductors equally from each other. 

3. Place nonconductive pads under the landing gear to 
provide electrical isolation between the aircraft and 
the floor. 

Some users of wire return arrays have recommended 
that placing the return conductors in a profile that repre-
sents magnetic flux lines (or electric field equipotential 
surfaces) surrounding a charged, current-carrying airframe 
makes an ideal configuration. 

This requires that the locations of the return conductors 
be generated by an electromagnetic field computational 
pro-gram, a process that requires an airframe configuration 
data file. These tools are not readily available to many us-
ers of this test method. The design of a precise return con-
ductor array, based on computation of the electromagnetic 
fields around the airplane, is likely to be too expensive to 
be worthwhile. 

Moreover, an ideal arrangement of test return current 
conductors would probably simulate the natural lightning 
environment no more accurately than the arrangement de-
scribed in the simple guidelines above. Lightning inter-ac-
tions with airplanes in flight include the uncertainties as-
sociated with sweeping lightning leaders and with chan-
nels that can appear in any imaginable orientation. Thus, 
the ‘entry’ current to the nose of an airplane may in fact 
originate from a lightning channel that has swept along one 
side of the forward fuselage and then reattached to some 
other location. Since an infinite number of possibilities ex-
ist, a more practical approach would be to adopt a set of 
simple, easily implemented guidelines for test current 

return conductor arrangements. That way, test results ob-
tained by different certification test facilities or organiza-
tions could be compared on a reasonably consistent basis. 
Another return conductor arrangement commonly used by 
manufacturers of large transport airplanes consists of a 
large ground plane, in the form of a large wire net (i.e., 
‘chicken wire’) on the floor beneath the airplane, rather 
than a coaxial arrangement. This ground plane arrange-
ment also minimizes the influence of return current, be-
cause the current density anywhere in the large ground 
plane is small. 

13.3.5 Typical Test Currents 

The test waveforms typically applied in FVTs are Cur-
rent Components A and H. They are usually applied one 
after the other, so that measurements can be made of in-
duced transients at each circuit identified for measurement 
in the test plan. Typically, records are made of the test cur-
rent injection (‘entry’) location at recording oscillograph 
sweep speeds capable of viewing the wavefront and com-
plete current waveform. Some examples of Components A 
and H test currents applied in FVTs by Lightning Technol-
ogies, an NTS Company, are shown in Figs. 13.14 through 
13.17. The rise and decay times shown are within the al-
lowable tolerances for testing with Components A and H. 

 

Fig. 13.14 Current Component A wavefront. 
rise time (10-90%): 2.89 µs 
peak: 1 000 A. 
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Fig. 13.15 Current Component A waveform 
50% decay: 70 µs, peak: 1 000 A 
 

 

 

Fig. 13.16 Current Component H wavefront. 
rise time (10-90%): 106 ns, peak: 135 A. 
 

 

Fig. 13.17 Current Component H waveform. 
50% decay: 5.3 µs peak: 135 A.  Note that trav-
eling waves cannot be seen in this view of the 
full waveform.  

 
An example of a Component H waveform with more 

pronounced traveling waves is shown in Fig. 13.18.   

Fig. 13.18 Component H wavefront showing 
traveling waves  
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Accommodating traveling wave effects 

The peak rate of change (rise) of the traveling wave cur-
rents is always higher than the rate-of-rise of the defined 
Component H. Attempts should always be made to elimi-
nate the traveling waves and achieve the correct wave-
front. If this is not possible, any measurements of voltages, 
Voc, that are due to magnetic field rate of change (and not 
to structural IR voltages) should be extrapolated by the ra-
tio of 200 kA/µs divided by the actual traveling wave cur-
rent rate-of-rise. This will yield an extrapolation factor that 
is lower than one that is based on the ratio of 10 000 A 
divided by the test current peak amplitude.    

Measured short circuit currents, Isc, are not sensitive to 
Component H rates of rise, and should always be extrapo-
lated by the ratio of amplitudes.   

Many low-level tests have been made with test currents 
as low as 300 to 1 000 amperes. The practice of estimating 
aircraft response from tests with lower-level UD current 
pulses was initially described as the ‘Lightning Transient 
Analysis (LTA) Technique’, and its development is traced 
in [13.2 - 13.3, and 13.5 - 13.8]. Usually, these tests are 
performed with currents on the order of 1 000 amperes, 
having waveforms as similar as possible to those in the 
standardized lightning environment. Some virtues of the 
technique are that test equipment can be transported in one 
package, without the need to rebuild surge generators on 
site, and that a large amount of testing can be done in a 
short time, since the equipment is easy to operate. In addi-
tion, the test current generator can be well shielded so that 
incidental radiation from switching spark gaps can be sup-
pressed using small components, such as would fit inside 
the package that houses the energy storage capacitors. Fi-
nally, since all high voltage components can be contained 
in a shielded enclosure, exposure of operators to danger-
ously high voltages is minimized. 

The main drawback to low level pulse testing is that 
measured results must be extrapolated by large factors. 
Extrapolating data from a test performed at 1 kA to a full 
threat, Component A current of 200 kA, requires that re-
sults be extrapolated by a factor of 200. Concerns about 
non-linearities associated with conducting tests at low test 
current levels are largely overstated. Most non-linearities 
result in the extrapolated transient amplitudes being some-
what (i.e., 20% or so) higher than the actual transients that 
would appear in the same circuits if the aircraft were tested 
with higher amplitude test currents. There are some situa-
tions in which actual transients would be higher at full 
threat than the extrapolated values predicted based on low 
level test currents. This usually happens with circuits that

 

cross actuators, joints or hinges that do not conduct light-
ning current at low currents but do conduct at full-threat 
amplitudes. These situations can be identified, however, 
and corrected in advance of the testing, as part of the test 
planning process, by persons knowledgeable of lightning 
induced transient coupling mechanisms and experienced 
with this test method. 

Measurement techniques for low-level tests are de-
scribed in §13.4. They are, of course, also applicable to 
tests made at higher current levels. 

13.3.6 Other Test Approaches 

Full threat verification tests 

One approach to testing is to subject a complete aircraft, 
fully configured, with all systems operating, to a full threat 
lightning current and note any harmful effects. Although 
this approach, when treated as a ‘go/no-go’ test, has the 
virtues of simplicity and rapid preparation time, it is sel-
dom used, for the following reasons. 

1. The cost and complexity of a generator capable of 
generating 200 kA peak current (for Current Compo-
nent A) with the required waveform is excessive. 

2. There would be less flexibility for controlling travel-
ing waves, and other facility effects, than is afforded 
by the low-level pulse test approach. 

3. Since the test program would not be aimed at gather-
ing information on voltages and currents, there would 
be no immediate information with which to correct 
problems, should they be found. 

4. This approach has the potential to damage the test ve-
hicle. Equipment has been built to perform full threat 
tests, on small aircraft at least [13.9], but such equip-
ment is not readily available for certification tests of 
most aircraft. Therefore, this approach has been lim-
ited to tests of military aircraft. 

High amplitude tests with damped oscillatory current 
waveforms 

Unipolar current waveforms are produced either by 
crowbarring, which increases the complexity of the circuit, 
or by using enough circuit resistance to damp oscillations, 
leading to inefficient use of the energy stored in the surge 
generator. An alternative approach to applying test current 
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waveforms is to accept oscillatory test currents when eval-
uating induced effects, just as they are accepted during 
tests of physical damage effects. Oscillatory currents of 
high amplitude can be produced by simple capacitor 
banks, but the waveforms are totally unlike those produced 
by natural lightning, or the test current waveforms defined 
for FVTs. Oscillatory currents have the following ad-
vantages and disadvantages. 

Advantages of the high amplitude oscillatory wave-
form 

During the period before the present standards became 
available, it was sometimes considered valuable to have 
applied “full threat” currents in FVT tests for some “added 
assurance” of the safety of an airplane in the lightning en-
vironment. This reason no longer makes sense in the light 
of the complete family of aircraft, system, and equipment 
tests now available and included in certification programs, 
which include full threat tests of everything that might re-
spond differently to full threat test conditions as compared 
to low level testing. Everything on or inside an airplane 
that needs a full threat test for verifying its safety is as-
signed such tests. The fuel tanks and system equipment are 
examples.   

Disadvantages 

1. Oscillating test currents over-emphasize a particular 
frequency component of lightning current. 

2. Tests of unique oscillating frequencies may not cor-
rectly simulate diffusion penetration of magnetic 
fields. 

3. Oscillatory currents applied at high amplitudes are po-
tentially damaging to the airframe and electrical or 
avionic equipment on the aircraft under test. 

Moderate level pulse testing 

A moderate level Component A test current waveform 
would appear as shown in Fig. 13.19. 

 
Fig. 13.19 Current waveform through an airframe. 

There are two advantages to performing aircraft tests 
with such levels. One is that, when testing with moderate 
level generators (say, up to 30 kA), the stress imposed on 
the aircraft is comparable to that imposed by the lower am-
plitude (and more common than full threat) natural light-
ning flashes. Another, and more important advantage, is 
that the extent of extrapolation required to estimate full 
threat level responses is not great. Scaling to 200 kA from 
1 kA tests involves an extrapolation of 200:1, while scal-
ing to 200 kA from 30 kA tests involves an extrapolation 
of 6.7:1. 

One drawback to testing with higher amplitude genera-
tors is that they are not easy to transport to remote loca-
tions for tests on aircraft. They may have to be disassem-
bled before transit and then re-assembled at the test site. 
Another disadvantage is that (as experience has shown) ra-
diation from the spark gap switches in such generators 
tends to couple into the aircraft under test, and into the 
measuring instruments, partially obscuring the voltages 
and currents under observation. The larger the test current 
generator, the more difficult it is to shield against or sup-
press this undesirable radiation, or to employ solid state 
switches that can minimize switching noise. 

Then there is the ever-present need for maintaining 
safety of test personnel. Lightning tests at any level are po-
tentially hazardous, but the higher the generator voltage, 
the higher the safety risk.    
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The pulse techniques described above involve direct, 
metal-to-metal connection of the current generator to the 
aircraft, for the purpose of assessing the effects of resis-
tively and magnetically generated voltages.  

These techniques are concerned exclusively with inject-
ing current into the aircraft, without making any attempt to 
duplicate electric field levels at the surface of the aircraft. 
For safety reasons, the aircraft is at or near facility ground 
potential during these tests, and attempts are made to min-
imize voltages between the aircraft and the return circuit. 
Both provisions provide the vicarious benefit of keeping 
the electric field intensity low. 

The fact that electric field coupling accompanies resis-
tive and magnetic field coupling has been recognized, but 
the standardized lightning environment, as it relates to in-
duced effects, makes no recognition of electric fields, and 
imposes no specifications regarding them. This is partly 
because electric field effects have been considered of less 
consequence than other effects and partly because there is 
little firm data available on which to base specifications 
regarding electric fields. 

Shock-excited pulse technique 

Questions surrounding some of the early full-vehicle 
tests led to the development of the shock-excited test tech-
nique, (Fig. 13.20), [13.10], in which the vehicle under test 
is insulated and excited at one point by an electrical arc. 
This suddenly raises the vehicle to a high voltage relative 
to its surroundings and establishes a high electric field at 
its surface. Once the vehicle becomes fully charged, a few 
microseconds later, a second arc is established from the 
vehicle to the generator return terminal (or facility ground) 
ground, suddenly completing the circuit and allowing cur-
rent to flow, reducing the electric field to a low level.

 

Fig. 13.20 Shock excited pulse technique. 

There have been those who believed that lightning tests 
should be applied via electric sparks. This has been a rea-
son for current entries and exits via sparks.   

These sparks produce changes in electric fields at the 
aircraft extremities and thereby induce displacement cur-
rents on the airframe and (presumably) in internal circuits, 
presumably in a manner like that which occurs when the 
aircraft is struck by natural lightning.   

Studies have shown that these displacement currents are 
much lower than those due to magnetic fields or structural 
IxR voltages associated with the flow of stroke current 
through the aircraft. For this reason, electric field tests 
have not been included in the family of tests applicable to 
certification of aircraft electrical and avionic systems.   

Testing of this nature, if attempted at all, should be done 
with a high voltage generator that is well shielded to min-
imize interference coupling from its spark gaps. The 
pulses should be applied at voltages sufficiently high that 
corona forms and limits the electric field at the surface of 
the vehicle. This would probably require voltages more 
than 106 volts. Such tests are not necessary to demonstrate 
compliance of electrical and avionics systems with air-
worthiness regulations.  
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Some tests have shown that electric field coupling is the 
primary coupling method for some high impedance signal 
circuits exposed to electric fields external to the aircraft. 
The opposite is true for low impedance circuits, for which 
magnetic field coupling predominates. Electric field ef-
fects are not covered by the standardized lightning envi-
ronment and there is, so far, no clear consensus as to how 
electric fields should be treated or what test techniques 
would be best for simulating them. 

13.4 Measurements 

This section will discuss some of the objectives of full 
vehicle pulse tests, particularly the techniques used in 
making satisfactory measurements. These objectives are 
applicable at whatever current level the tests are being 
made. They are also applicable for tests made using the 
Swept CW test technique that is discussed in §13.5. 

13.4.1 Objectives 

The main purpose of the FVTs described in the preced-
ing sections, is to determine the magnitudes of electrical 
transients appearing in aircraft interconnecting wiring. 
This data is needed to verify that actual transients do not 
exceed the TCLs established for specific systems and cir-
cuits. Collecting this data is part of the certification pro-
cess described in Chapter 5. 

Open circuit voltages and short circuit current 

The most important type of data to be collected is that 
on open circuit voltages and short circuit currents. There 
are two reasons for this: 

1. They represent the total voltage induced in the cir-
cuits, and the maximum currents that may be driven 
by these voltages. 

2. ETDLs are defined in terms of the open circuit voltage 
and short circuit currents that appear at the interfaces 
between wiring and equipment. 

The open circuit voltage is the voltage appearing at the 
equipment interface with the equipment disconnected 
from the ends of the circuit. This is the wire-to-airframe 
ground voltage. The short circuit current is the current 
flowing in a short circuit between two wires, or (more 
commonly) between a wire and the airframe ground, also 
at the equipment interface, with both ends of the wire 
grounded. 

The open circuit voltage and short circuit current suffice 
to define a Thevenin equivalent of the circuit. They also 
define the capabilities needed in a test generator used to 
evaluate the ability of the equipment to withstand ETDL. 
This latter process is the second part of the verification 
process described in Chapter 5. Methods for conducting 
equipment tests are described in Chapter 18. 

Other measurements 

Other measurements to be made during FVTs include 
cable bundle currents, currents on shields of cables, mag-
netic fields within structures and structural IR voltages. 

Another purpose of FVTs is to obtain data from which 
TCLs and ETDLs can be established. This, of course, is 
only possible if a suitable airframe is available at an early 
stage in the design cycle, when protection criteria are be-
ing established. Sometimes, an earlier version of a deriva-
tive aircraft is available, with physical dimensions and ma-
terials of sufficient similarity to enable representative 
‘ballpark’ transients to be measured in typical circuits and 
circuit routes. Occasionally, useful data can be obtained 
from testing major sub-assemblies of such aircraft, such as 
wings, fuselages, or empennage sections. In these cases, 
test currents are circulated through the subassembly and 
measurements are made of transients induced in wires that 
have been installed in the subassembly specifically for test 
purposes. 

More about induced transient measurements 

Aircraft FVTs conducted in support of certification are 
usually performed according to a test plan.  The plan usu-
ally provides for measurement of the open circuit voltages 
and short circuit currents in individual harness conductors, 
as well as cable bundle voltages and currents, since this 
data is needed to set cable bundle ETDLs and establish the 
test conditions for system tests, as discussed in Chapter 5. 

Lightning current entry and exit points (attachment 
points) on the aircraft, determine the test current paths 
through the airframe. These entry and exit points are se-
lected to represent the worst case for each circuit listed for 
measurement in the test plan. Open circuit voltage (Voc) 
measurements at individual circuit pins and harness con-
nectors are made with the harness disconnected from the 
equipment at both the measurement and remote ends. At 
the remote end, the shields (if any) and the wire being 
measured are grounded to the equipment connector or 
nearby airframe structure using short jumper wires. The  
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lengths of these jumper wires must be kept to a minimum 
to prevent significant magnetic coupling from occurring 
and influencing test results. By grounding the measured 
conductor at the remote equipment end, all of the voltage 
induced in the conductor appears at the measurement end. 
When all the shields and ground wires in a harness are 
grounded at both ends, all signal conductors (including the 
one being measured) benefit from the shielding effect of 
the nearby shields and ground wires, just as when the har-
ness is connected to equipment and functioning. Transient 
voltages are measured with high-input impedance voltage 
probes. 

Short circuit current measurements are made by in-
stalling a short grounding jumper between the measured 
harness conductor pin and the local equipment connector 
(or other local ground point) at the measurement end of the 
conductor. In this case, both ends of the wire being meas-
ured are shorted to the aircraft structure or to equipment 
chassis that is itself grounded to the airframe. Currents 
flowing in the harness conductor are measured by a current 
transformer, placed around the grounding jumper at the 
measurement end of the measured conductor. These con-
figurations are illustrated in Fig. 13.21, which shows a typ-
ical open circuit voltage measurement and a short circuit 
current measurement.  

 

 

Fig. 13.21 Typical harness conductor open circuit 
voltage and short circuit current  
measurements. 

 
For harness conductor measurements, a recording oscil-

loscope is often placed inside the aircraft, with the oscillo-
scope’s inputs connected to voltage and/or current probes. 
A fiber optic transceiver sends the measured waveforms to 
the data acquisition unit for electronic storage. The oscil-
loscope and the fiber optic transceiver are placed in a 
shielded enclosure to minimize the coupling of extraneous 
noise into the instrumentation. 

Instrument noise measurements 

Voltages and currents induced in the aircraft wiring are 
several orders of magnitude lower than test current gener-
ator voltages and currents. This means that the oscillo-
scope, recording the data, must be sensitive enough to 
measure relatively low-level probe output voltages in ar-
eas where significant electrical and magnetic fields are 
present. Care needs to be taken to shield the measurement 
system from this radiated and conducted noise. Instrumen-
tation noise measurements should be made periodically at 
each of the measurement locations, to ensure that noise 
levels are minimized. Signal-to-noise ratios for both volt-
age and current measurements more than 19:1 are always 
possible. (It is wrong to assume that the signal-to-noise ra-
tio gets lower at low test current amplitudes, since both the 
noise and the signal are in proportion to the test current, or 
generator charging voltage.) Test experience confirms 
this. 

Cable bundle currents are measured on complete air-
craft harnesses using split core pulse current transformers 
that can fit around installed and connected harnesses. 

The current probes (pulse current transformers) are con-
nected to the shielded oscilloscope in the aircraft and a fi-
ber optic transceiver sends the measured waveforms to the 
data acquisitions unit for electronic storage. 

Magnetic field Measurements 

Two-axis magnetic field probes have been used to 
measure magnetic field intensities at various locations in-
side the test aircraft. Data from such measurements has 
been used to establish data bases for use in computing an-
ticipated induced transient levels. Magnetic field sensor 
outputs are fed to a digital storage oscilloscope, such as is 
used for the induced transient measurements. Measure-
ments are usually made with the probe in three orienta-
tions, to measure the three, orthogonal components of the 
magnetic field. 

Typical measured transients 

Voltages and Currents in Individual Conductors: 
Some typical induced voltage and current transients rec-
orded in an aircraft digital fly-by-wire flight control sys-
tem harness conductors due to Components A and H test 
currents are shown in Figs. 13.22 - 13.24. Tests like this 
provide opportunities to evaluate the protective effects of 
shielding on induced transients. Note the different voltage 
scales on Figs. 13.23 and 13.24.  
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Fig. 13.22: Typical Voc and Isc transients with shield un-
grounded at one end. 

Fig. 13.23 Typical Voc and Isc transients with shield 
grounded at both ends. 

 

 

 

Fig. 13.24 Typical Voc and Isc transients with shield 
installed in a CFC structure with shield 
grounded at both ends. Note V and I scales. 

The amplitude scales of all the induced voltage, cur-rent 
and magnetic field transients displayed in the figures have 
been extrapolated to full-threat (i.e., 200 kA for Compo-
nent A). The oscilloscope displays are as they were rec-
orded during the tests, which were usually conducted with 
1 000 A of Component A current, conducted through the 
airplane. The airplane test circuit was terminated as de-
scribed in §13.3.2, to minimize traveling wave effects. 

When the shield was grounded at both ends (which is 
recommended for most aircraft signal circuits) the induced 
transients were reduced but not eliminated, as shown by 
the measurements presented in Fig. 13.23. 

Fig. 13.24 shows examples of conductor Voc and Isc 
transients inside an over braided harness installed in a CFC 
structure. The current in the harness shield was very high, 
driven by the structural IxR voltage. This yields an IxR 
voltage in the shielded conductor, and a portion of the har-
ness shield current is shared by the shielded short conduc-
tor, when both ends of this conductor are ‘grounded’ (i.e., 
connected to the shield). 
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Magnetic field measurements: It is useful to measure 
the magnetic fields present within areas where the wiring 
harnesses are installed for two reasons: 

• For correlation with induced transients measured in 
circuits in the same region of the aircraft. 

• To generate a database that can be used for future 
computations of induced transients in circuits in-
stalled in similar areas within the tested aircraft, or 
aircraft of similar construction. 

Fig. 13.25 presents some magnetic field measurements 
that were taken inside a cockpit windscreen (adjacent to 
the glare shield) during a FVT. These measurements are 
typical examples of their kind. They were made using a 
magnetic flux probe that produced an output voltage in-
duced by the changing magnetic field that penetrated the 
windscreen. This voltage was integrated to produce the 
magnetic field (H). Note that the waveform of the mag-
netic field approximates the waveform of Current Compo-
nent A, and that its amplitude relates to the total test cur-
rent in the airframe. This is as it should be. 

 

Fig. 13.25 Typical magnetic field waveforms recorded 
near cockpit windscreen, shown in roll axis (up-
per) and pitch axis (lower). Amplitudes extrap-
olated to correspond to 200 kA lightning stroke.   

Test plans 

Since it is never practical to measure transients in all 
wires of an aircraft, or even all wires of a flight critical 
system, measurements are usually made only on repre-
sentative wires. The choice of where to make measure-
ments is made based on wire routing, degree of shielding 
and circuit function, so as to be typical of other wires of 
similar description. The process of selecting the circuits 
and wires to be measured is a very important part of the 
certification process and, together with selection of test 
conditions (that is, current entry and exit points), consti-
tutes the test plan. 

Proposed certification plans should be reviewed  
with certifying authorities for concurrence prior to the start 
of tests if the tests are planned as certification tests.  

13.4.2 Measurement Transducers 

Lightning induced voltages are usually measured with 
commercially available, wide-band, voltage, and current 
probes and recorded by digitizing storage oscilloscopes 
(DSOs) located inside the aircraft under test. Data is usu-
ally transmitted on optical fibers to additional recording 
equipment located away from the aircraft. 

High impedance voltage probes 

Measurement of lightning-induced voltages requires 
sensitive DSOs, with bandwidths up to 100 MHz and dy-
namic ranges of at least 3 orders of magnitude. Measure-
ments of lightning-induced voltages and currents require 
that digital oscilloscopes have a wide bandwidth, on the 
order of 100 MHz. When reviewing the specifications of 
digital oscilloscopes, care should be taken not to confuse 
the bandwidth of the analogue input circuits with that of 
the sampled data. Accurate measurement of an oscillatory 
waveform requires that the waveform be sampled several 
times per cycle. For example, sampling a 20 MHz oscilla-
tory waveform 5 times per cycle requires a sampling rate 
of 100 MHz. Other discussions of requirements for digital 
measuring equipment are presented in [13.1]. 

Most of the DSOs available today are at least as suscep-
tible to electric and magnetic fields as the aircraft equip-
ment. Therefore, DSOs must be placed in shielded enclo-
sures and, preferably, powered from independent battery 
packs. 

If the DSO can be placed close enough to the circuit in-
terface being tested, conventional, high impedance volt-
age probes can be used to transmit the signal to the DSO. 
Probes with leads 2 to 3 m long are commercially availa-
ble. 
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Resistive probes 

If the oscilloscope must be placed further away, then the 
probe signals may have to be transmitted through low im-
pedance, coaxial cables. Connection through un-termi-
nated coaxial cables is only satisfactory for measurements 
of long duration transients, such as short circuit currents 
and structural or shield IxR voltages. If higher frequencies 
are involved, the cables must be terminated with a re-
sistance equal to the characteristic impedance of the cable 
(usually 50 ohms), but then the circuit being measured 
may be loaded excessively.   

Loading can be reduced by connecting a resistor in se-
ries with the measurement cable, but this has the drawback 
that the voltage delivered to the measurement oscilloscope 
is only a fraction of the original signal voltage and is more 
easily contaminated by noise pickup. The higher the series 
resistance, the lower the loading, but the smaller the signal 
transmitted to the oscilloscope. If a 4 950-ohm series re-
sistor were added to the measurement lead connected to a 
DSO 50-ohm input (total circuit loading of 5 000 ohms), 
only 1% of the induced voltage would reach the oscillo-
scope. If the unloaded, induced voltage signal were on the 
order of 1 V, the signal to the scope would be 10 mV. This 
would be a signal noise level of only 10:1, even without 
any margin for noise pickup on the measurement cables. 

Active probes 

Active probes may be required in some instances when 
small signals must be measured. Both single-ended and 
differential probes are commercially available, but experi-
ence with some of them has indicated that their shielding 
may not be sufficient to eliminate problems of noise 
pickup. They must be checked to ensure that the shielding 
is adequate. 

Current measurements 

Most current measurements are made using pulse cur-
rent transformers that can be transmitted through a 50 Ω 
cable to the measuring oscilloscope. Spacing between the 
oscilloscope and the point being measured is seldom a 
problem. Currents on individual wires and small bundles 
can be measured with clamp-on current probes. Some 
clamp-on probes are available with large window open-
ings through which large cable bundles may be passed. 
Other current transformers have solid cores that cannot be 
opened. To make a measurement with the latter type of 
current transformer, the conductor must be disconnected 
at one end, threaded  through the transformer, and then 

 

 

reconnected. This is usually feasible for cable bundles, 
provided that the cable terminates in a removable con-
nector. In order to use such transformers on single conduc-
tors, it may be necessary to cut and resplice the conductor. 

Response of current transformers 

Current transformers are subject to limitations in their 
low frequency and high frequency responses. In the time 
domain, these limitations are characterized by output 
droop during long-duration pulses and roll-off and oscilla-
tions during short-duration pulses. Care must be taken to 
ensure that the response at low frequencies is adequate, 
particularly when making measurements of short circuit 
currents induced by resistive effects. 

Power system and radio frequency (RF) interference 
transforms 

Current transformers operate by passing the secondary 
current through a burden resistor to develop an output volt-
age. A high burden resistor provides better low frequency 
response, but lower sensitivity. No transformer should be 
used without a burden resistor. Current trans-formers 
made for power frequency metering and relaying are not 
provided with burden resistors and, therefore, are not sat-
isfactory for use in making measurements. They may be 
rendered satisfactory, however, if they are fitted with non-
inductive burden resistors. (It would be best to prove such 
a modification by making some response measurements.)  
Current transformers made for electromagnetic interfer-
ence and compatibility (EMI/EMC) measurements are not 
usually satisfactory either since they do not have adequate 
low frequency responses or they are meant to be loaded 
with the 50 Ω input impedance of a measuring instrument. 

Optical coupling of probes to recording oscilloscopes 

Some of the noise problems encountered during surge 
testing can be overcome by using optical links to couple 
the outputs from voltage and current probes to the meas-
uring oscilloscope, but optical links have problems of their 
own. Analog (not digital) optical links are required, with 
bandwidths as wide as that of the measuring oscilloscope.  
Wide bandwidth optical links tend to have high noise lev-
els and limited dynamic range. The sensitivities of analog 
optical links are more prone to deterioration than the sen-
sitivities of conventional, hard-wired links. Care must be 
taken not to overload the transmitters and the sensitivity of 
the link must be checked frequently.
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Noise induced in measurement circuits 

Noise can be induced in the measurement system in sev-
eral ways, as shown in Fig. 13.26. Electric and magnetic 
fields can impinge on the recording DSO and induce noise 
directly into the internal circuits. Experience indicates that 
the best way to avoid this is to install the DSO in a shielded 
enclosure. 

 

Fig. 13.26 Mechanism by which noise is induced  
into measuring circuits. 

A more common source of noise is current induced in 
the shields of the measurement cables. Such currents may 
be caused by differences in potential between the point of 
measurement and the oscilloscope, or they may be caused 
by electric and magnetic field induction into the measuring 
cable. As the currents flow through the resistance of the 
cable shield, they produce a voltage rise that appears at the 
terminals of the cable, as described in Chapter 15. Minute 
amounts of magnetic and electric flux also leak through 
the holes in the shield and induce voltages. As the current 
on the cable flows through the connectors at the oscillo-
scope, additional voltages are introduced. The way to 
eliminate these voltages is to shield the measurement ca-
bles well and to keep the noise currents out of the meas-
urement cable and away from the oscilloscope. This is usu-
ally achieved by insulating the cable shield and DSO en-
closure from the airframe and by keeping the cables as 
short as possible.

Shielding for oscilloscopes 

The primary means of minimizing noise problems dur-
ing FVTs is to shield the oscilloscope and the measuring 
leads. Some reference to such shielding has already been 
made in the preceding section, but more discussion is in 
order, since accumulated experience has yielded insight 
into which techniques are useful and which are not. 

There are two main concerns. The first is preventing in-
coming probe leads from carrying noise current into the 
oscilloscope. The second is preventing ambient fields from 
interacting directly with the oscilloscope.   

These problems can be mitigated by placing the scope 
within an aluminum box and having the probe leads 
shielded, with those shields terminated at connectors on 
the box, and the box grounded to the airframe near to 
where the measurements are to be made. To be effective 
against electric fields the shields need only be grounded at 
one end (see Chapter 15) but for protection against mag-
netic fields the shields must be grounded at both ends. This 
can allow induced currents to circulate in the shields, 
sometimes introducing noise into the probe leads.   

Sometimes it has been possible to place a small battery-
powered oscilloscope within an empty equipment enclo-
sure. Then the voltage or current probes may also be posi-
tioned within this enclosure and the cables are plugged in 
to the connectors on the enclosure in the normal way.  An 
example of this is shown in Fig. 13.27. This works for 
measurements to be made at this equipment, but not for 
other measurements needed in the same or other areas 
within the airplane. A view within such an enclosure is 
shown in Fig. 13.27. 

 

Fig. 13.27. Empty equipment enclosure with oscilloscope, 
modem, and optical fiber link to a display out-
side of the airplane. 
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Measurement system sensitivity and response times 

The primary means of minimizing noise problems dur-
ing FVTs is to shield the oscilloscope and the measuring 
leads. Some reference to such shielding has already been 
made in the preceding section, but more discussion is in 
order since accumulated experience has yielded insight 
into which techniques are useful and which are not. For the 
applied Components A and H test currents, a conventional 
DSO was used to capture the currents using a Pearson 110 
current probe. Measurement Equipment Sensitivity, Band-
width, and Response Times are shown in Table 13.1. 

 Table 13.1 – Typical Measurement Equipment,  
Sensitivity and Response Times  

 

Additional noise Considerations 

The above considerations do not include the effects of 
instrumentation noise being mixed in with the data meas-
urements. Noise could be coupled from various sources: 
generator switch noise, the return array, adjacent har-
nesses, or airframe structures.  

 

Voltages and currents induced in shielded aircraft wir-
ing are several orders of magnitude lower than test current 
generator voltages and currents. This means that the meas-
urement oscilloscope must be sensitive enough to measure 
relatively low-level probe output voltages in areas where 
significant electrical and magnetic fields are present due to 
conducted currents on return arrays and noise from gener-
ator high voltage switches. Care must be taken to shield 
the measurement system from this radiated and conducted 
noise. 

In some cases, instrumentation noise results in a notice-
able response added to an individual wire measurement. In 
some instances where the wire measurements are very 
low, it is necessary to distinguish the difference between 
real signal and noise induced on the instrumentation. Volt-
age probe noise is measured by shorting both leads of the 
voltage probe to its ground reference point. Current probes 
should be placed nearby the wire or cable whose current is 
to be measured.   

If noise is measured by either the voltage or current 
probes, the probe may be removed and a shorting plug in-
stalled on the probe cable to see if the noise has originated 
in the probe, or in the cable.   

If noise is excessive, the offending probe or cable can 
be wrapped in aluminum cooking foil that is connected to 
existing cable shields with hose clamps and the noise 
measurements repeated.   

Shielding for measurement cables 

The best way to avoid measurement noise problems is 
to prevent noise currents from flowing on the shields of 
the measuring cables. This can be achieved by making sure 
that the instrument cable shield and the DSO enclosure are 
isolated the airframe, and by fitting all incoming measure-
ment cables with an external braided shield. This external 
shield should be terminated to the DSO enclosure, not to 
the input connectors of the DSO. Triaxial cable is good, 
but it is also easy to slide woven copper braid or aluminum 
cooking foil over the surface of ordinary coaxial cable. For 
best results this additional shield should be insulated from 
the original shield (see Chapter 15). 

The objective of tis external shield is to keep noise cur-
rents off the measuring cable and away from the DSO, par-
ticularly away from the input connectors, where the DSO  

 

Equipment Sensitivity 
Lower  

Bandwidth  
Limit 

Upper 
Bandwidth  

Limit 

Response  
Time 
Limit 

LeCroy 
Model 

WS24XS 

2 mV to 
10 V/div 
(±2%) 

DC 

200 MHz 
Can be lim-
ited to 20 

MHz  

1.75 ns 

Agilent 
Technologies 

Model 
U2702A 

2 mV  
(±4%) DC 200 MHz 1.75 ns 

Pearson 
Model 110 

CT 

0.1 
Volt/Amp 
(+1/-0%) 

1 Hz (-
3dB) 

20 MHz (-
3dB) 20 ns 

Pearson 
Model 150 

CT** 

0.5 
Volt/Amp 
(+1/-0%) 

40 Hz (-
3dB) 

20 MHz (-
3dB) 20 ns 

Pearson 
Model 3525 

CT* 

0.1 
Volt/Amp 

(±1%) 

5 Hz (-
3dB) 

15 MHz (-
3dB) 25 ns 

Pearson 
Model 411 

CT 

0.1 
Volt/Amp 

(±1%) 

1 Hz (-
3dB) 

20 MHz (-
3dB) 20 ns 

Pearson 
Model 5523 

CT 

0.1 
Volt/Amp 

(±1%) 

7.5 Hz (-3 
dB) 

12 MHz (-3 
dB) 30 ns 

Pearson 
Model 7795 

CT 

0.1 
Volt/Amp 

(±1%) 

25 Hz (-
3dB) 

15 MHz (-
3dB) 25 ns 

Pomona 1:1 
6491 

Voltage 
Probe 

1 
Volt/Volt DC 

30 MHz at 
-3dB for 
Pomona 

6491 probe 

N/A 
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is most vulnerable to noise pickup. It is best to terminate 
the external shield to the exterior of the box and as far from 
the input of the DSO as possible. The inconvenience of 
having to open the box to make connections is part of the 
price of getting good shielding performance. It is prefer-
able to bring the measurement cable (but not the external 
shield) through a hole in the box (Fig. 13.28(a)) but a bulk-
head connector for the signal carrying cable is often satis-
factory (Fig. 13.28(b)). If a bulkhead connector is used, the 
overall shield (OAS) should terminate on a shell around 
the connector, not on the connector itself (Fig. 13.28(c)). 
The OAS should not be terminated to the box through a 
pigtail (Fig. 13.28(d)). The OAS on the measuring cable 
must be connected to the probe and the DSO enclosure to 
protect against magnetic fields, as discussed in Chapter 15. 

Fig. 13.28 OASs for reduction of noise 

Noise checks 

Tests should be performed to verify the effectiveness of 
the shielding on the measurement system. This is accom-
plished by disconnecting the measurement leads from the 
aircraft wiring, connecting them to a local airframe ground 
point close to where the transient measurements will be 
made, and discharging the surge generator. If no noise is 
picked up by the measuring system, then one can have 
good confidence that the signal displayed on the oscillo-
scope truly represents the response of the aircraft wiring. 

13.5 Low-level, Swept Continuous Wave 
(CW)  

The low-level, swept CW technique is a frequency-do-
main method that involves exciting the aircraft with very 
low amplitude (< 1 A), continuous sinusoidal currents, ra-
ther than time-domain pulses. A network analyzer is used 
to measure transfer functions that relate the multiple-fre-
quency, sinusoidal signals recorded in the aircraft’s inter-
nal wiring to the sinusoidal currents conducted through the 
airframe. These transfer functions, if measured over a suit-
ably wide frequency-range, may then be multiplied by the 

frequency spectrum of a lightning pulse to determine the 
overall spectral response at the test point. Fourier trans-
forms can then be taken to evaluate the time-domain re-
sponse. 

Advantages and disadvantages of the swept CW tech-
nique are outlined below: 

Advantages 

1. Standard low-level oscillators and network analyzers 
may be used. These are commercially available and 
operate at levels sufficiently low that there are no 
safety problems, either to personnel or the aircraft. 

2. Measuring instruments are not exposed to the effects 
of spark-gap switches. 

3. Aircraft and wiring system resonances are clearly dis-
played and quantified. 

4. System responses may be quantified by tabular list-
ings of amplitude and phase without need for devel-
oping equivalent circuits. 

5. Many users are more used to working with frequency 
domain data than with time domain data. 

Disadvantages 

1. There is no way to evaluate non-linearities in the air-
craft response. 

2. Interpretation of test results in terms of time domain 
waveforms requires inverse Fourier transformations. 

3. Scaling to full threat levels requires very large extrap-
olation factors. 

Since very large extrapolation factors are necessary and 
there is no way to evaluate possible non-linearities in the 
response of a tested aircraft, the swept CW method is not 
recommended for tests of aircraft whose electrical circuits 
span composite airframe materials. The reason for this is 
that composite airframes often display greater non-linear-
ities than conventional aluminum airframes. 

When the swept CW technique is applied to a composite 
aircraft, the test results should be compared with results 
using higher amplitude pulse currents representing Com-
ponent A (i.e., 1 000 - 3 000 A) for authenticity. 

Methods for conducting both the time domain impulse 
and the frequency domain swept frequency sinusoid wave 
tests are included in the test standard [13.1]. 
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13.6 Safety 

During simulated lightning testing, even at reduced lev-
els, lethal levels of electrical energy are present at the ter-
minals of capacitors, spark gap switches and other high 
voltage equipment. Thus, safety precautions must be taken 
and test procedures must be designed (and followed) that 
ensure that, during the test applications, personnel will not 
accidentally come in contact with any electrically ener-
gized parts of the test circuit. 

A secondary concern is the inherent danger of passing 
substantial currents through an aircraft fuselage containing 
fuel. This concern includes the problems associated with 
electrical arcing taking place in an area where fuel vapors 
may be present. 

13.6.1 Personnel Safety 

Personnel actively involved with operating surge gen-
erators, RF equipment, and measuring equipment may 
need to be physically close to or inside the aircraft during 
the test. This is particularly true for personnel operating 
measurement instruments. The safe operation of measure-
ment instruments requires that safety procedures be devel-
oped and well understood, not only by those directly in-
volved in the tests, but by those witnessing the tests. Ap-
propriate licenses for use of RF equipment will likely be 
required.   

Safety briefings 

Prior to the start of active testing, all personnel working 
in the area, both those assigned to the test and those nor-
mally working in adjacent areas, should be assembled for 
a safety briefing and familiarization with the project. Writ-
ten safety procedures are advisable. 

Test area 

The aircraft, test generators, wave shaping circuits, high 
voltage power supply, and capacitors involved in full ve-
hicle testing are, periodically, energized to dangerous volt-
ages. Therefore, a clearly defined test area should be 
fenced or roped off, in such a manner as to preclude any 
person standing outside of the area from coming into acci-
dental contact with these dangerous voltages. No one 
should enter the test area without the permission of the test 
operator. 

Safety ground point 

A safety ground point should be established, to which 
the facility ground, test circuit power supplies, low voltage 
side of the generator and safety grounding sticks can be 
connected. This ground point must be attached to the 
building structural steel, preferably in the floor. This point 
may also serve as an instrumentation ground reference-
point, although that is not its major function. The ground-
ing stick can be in the form of a metal hook fastened to an 
insulating handle and connected to a flexible grounding 
wire. Another grounding hook should be provided for the 
surge generator. 

Testing procedures 

High voltage test equipment should be operated only by 
qualified personnel specifically designated to do so. 

During a test, observers should not remain within the 
test area. Those who are working on the aircraft or assist-
ing with the test should approach or enter the aircraft only 
when test equipment is de-energized and grounded and af-
ter entry has been authorized by test personnel. The test 
personnel should ensure that equipment is de-energized 
and safety grounds are applied before observers are per-
mitted to enter the test area or the aircraft under test. 

Personnel who are operating the surge generator or 
measuring equipment should repair to their designated sta-
tions before the safety grounds are removed. Those oper-
ating measuring instruments may be in physical contact 
with the aircraft (in it or alongside it) during the test, but 
only if they are not in simultaneous contact with ground 
and return wires. 

Except for those operating measuring instruments, no 
one should contact the aircraft or return lines when a pulse 
from the surge generator is being applied. 

Those who must make physical contact with the air-
craft or test equipment during the tests have a special re-
sponsibility to ensure that they understand where and 
when such contact is safe and what procedures are neces-
sary to avoid unsafe contact. 

Once the test area has been cleared of personnel, (with 
the exception of those operating measuring instruments) 
the test operator should enter, remove the grounding 
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sticks, return to his station, and perform the test. At the 
completion of a test or a series of tests, the operator should 
shut down the high voltage power supplies, enter the area, 
and ground all potentially energized points before allow-
ing any others to enter. The ground stick should be hung 
on the aircraft pitot boom or other current injection points 
between tests. 

13.6.2 Fuel System Safety 

Since the aircraft under test is usually operational, re-
sidual fuels may be present in the tanks, fuel lines, and 
vents. Since a fuel vapor mixture may be flammable, it is 
recommended that the tanks be drained of fuel and filled 
with dry nitrogen at positive pressure during the test pe-
riod. Alternatively, the fuel tanks may be filled with fuel 
to eliminate as many vapor spaces as possible and the re-
maining spaces (such as fuel and vent lines) can be filled  

with dry nitrogen at positive pressure, to ensure a nonflam-
mable atmosphere during the test period.  Local fire mar-
shal requirements may also be applicable. 

Exposed electrical arcs 

Some effort should be made to ensure that all switching 
arcs in the aircraft test circuit (including the switching gap 
of the surge generator) are restricted or enclosed. How-
ever, some tests may require (or produce) exposed arcs, 
which could become ignition sources. Consequently, it is 
very important that all personnel be aware of (and on the 
alert for) fuel spills or fuel vapors in the test area. No test 
should be conducted with fuel leaks or spills in the area. 
Testing can resume only after the leaks or spills have been 
repaired and/or cleaned up. The source of any fuel vapors 
in the area must be identified and dealt with prior to pro-
ceeding with the tests.
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Chapter 14 

THE RESPONSE OF AIRCRAFT WIRING 

 

14.1 Introduction 

The primary means of verifying that an aircraft will not 
be harmed by the induced effects of lightning are equip-
ment and systems tests, in combination with the aircraft 
full vehicle tests (FVTs) described in Chapter 13. These 
are tests in which transient voltages and currents are in-
jected into the terminals and wiring of aircraft systems. 
The specifics of these tests are described in Chapter 18. 
The roles that each of these tests play in the certification 
process are described in Chapter 5, together with the stand-
ards that describe how to conduct each of these tests.  

The standards present the aircraft lightning environ-
ment and menus of transient waveforms that this environ-
ment is likely to induce in the interconnecting wiring.  
Chapters 9 through 13 of this book have described the 
physics that leads to the transients appearing in the wiring, 
depending on the aircraft structure characteristics and the 
amount of protection incorporated in the wiring. We have 
referenced some of the programs that are available to ap-
ply the physics and compute transient waveforms and lev-
els.     

Some have called the process of determining voltages 
and currents on individual components a ‘flow-down’ pro-
cess, implying that it involves determining how much of 
the external lightning environment ‘flows down’ onto in-
dividual components. Ideally, the performance of ‘flow-
down’ calculations to determine the most likely voltages 
and currents on the wiring of an aircraft would be clearly 
identified as one of the necessary engineering tasks, and 
would be allocated suitable staff, time, and funding. This 
will lead to improved safety. Planners that overlook this 
part of the process and jump directly to testing invite risks 
of lightning strikes compromising system performance.   

In principle, the voltages and currents on the aircraft 
wiring may be calculated based on the geometry of the 
wiring and a knowledge of the strength and orientation of 
the internal magnetic and electric fields, as discussed in 
Chapters 10, 11, and 12 and this is what the computer pro-
grams are best suited for. 

 

Alternatively, these voltages and currents may be meas-
ured experimentally, as discussed in Chapter 13.  

Since staff and funding are not always available to per-
form the necessary measurements and calculations, it is 
usually best to use simplified techniques that are at least 
accurate enough to determine the order of magnitude of 
the voltages and currents induced by lightning effects. The 
following material will describe such techniques. The es-
timates that result from them may not be very precise, but 
they can at least indicate the general magnitude and nature 
of the induced voltages and currents, and that may be suf-
ficient for preliminary designs or equipment specifica-
tions. 

This chapter treats both the open circuit voltage and the 
short circuit current induced on these circuits. Knowing 
the open circuit voltage is important because it represents 
the maximum voltage to which a circuit or electrical insu-
lation might be exposed during a lightning strike. Short 
circuit current is important because it represents the maxi-
mum current that might flow through an element designed 
to carry current, such as a protective spark gap or diode. 
The two factors together define the source impedance of 
the surge, a quantity needed to conduct rational bench test-
ing of equipment. 

14.2 Impedances of wires 

Inductances and capacitances of conductors were dis-
cussed in §9.5.3 and §9.6.1. The situation is shown in Fig. 
14.1. Simplified expressions for calculating the self-in-
ductances and capacitances per unit length of wires sus-
pended in air above a ground plane are: 

𝛥𝛥 = 2 × 10−7 ln �2ℎ
𝑟𝑟

�  (14.1) 

𝐶𝐶 = 55.56
ln(2ℎ 𝑟𝑟⁄ )

    pF/m (14.2) 
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where 

h = height above a ground plane 
r = radius of conductor 

Self-inductance and capacitance may also be estimated 
from Figs. 14.2 and 14.3. Inductance and capacitance also 
define the surge impedance of a conductor. 

 

 

Fig. 14.1 Wire above ground plane.                                                      
Note that r = d/2 

 

𝑍𝑍 = 60 ln �4ℎ
𝑑𝑑

� ohms  (14.3) 

The velocity of propagation on such conductors is 300 
m/µs (the speed of light). 

 

 

Fig. 14.2 Inductance of wires. 

 

Fig. 14.3 Capacitance of wires. 

14.3 Response Mechanisms – Short Wires 

The response mechanisms will be reviewed first for 
conductors short enough that their responses can be treated 
in terms of lumped constant elements. Many wiring sys-
tems in aircraft do not strictly qualify for this treatment, 
since they are long enough to be treated as transmission 
lines, but the lumped constant approach does illustrate the 
general nature of the response. Transmission line or dis-
tributed constant considerations are discussed further in 
§14.4. 

14.3.1 Response to Resistive Voltage Rises 

The elementary equivalent circuits are shown in Fig. 
14.4. 

 

Fig. 14.4 Open circuit voltage and short circuit current  
responses to resistive voltage. 

(a) 

(b) 
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Ra represents the resistance of the aircraft or, more pre-
cisely, of the portion of the aircraft under consideration, 
while Rw and Lw represent the resistance and inductance of 
the wire. The most severe case involves conductors that 
are referenced to the airframe at one or more points. Power 
distribution systems are frequently so arranged. If the con-
ductor is grounded at only one end (Fig. 14.4(a)), the quan-
tity of most interest is the open circuit voltage developed 
at the other end. If both ends of the wire are grounded (Fig. 
14.4(b)) the quantity of interest is the short circuit current. 

Open circuit voltage 

A lightning current, Il, produces an open circuit voltage: 

𝑉𝑉𝑡𝑡𝑎𝑎 = 𝐼𝐼𝑑𝑑𝐼𝐼𝑎𝑎  (14.4) 

Wire routing and wire resistance do not affect this volt-
age. 

Short circuit current: 

If the wire is connected to the airframe structure at both 
ends, the current through it depends on its resistance, its 
inductance, and the waveform of the lightning current.  
The relevance of the waveform is, perhaps, not obvious, 
but it becomes a limiting factor where surge arresters are 
employed to limit the voltage appearing between a con-
ductor and the airframe. Assuming Ra < Rw, the wire cur-
rent for lightning currents of long duration is, 

𝐼𝐼𝑠𝑠𝑎𝑎 = 𝐼𝐼𝑑𝑑
𝑅𝑅𝑎𝑎
𝑅𝑅𝑤𝑤

  (14.5) 

while, for lightning current of short duration, the wire cur-
rent is 

𝐼𝐼𝑠𝑠𝑎𝑎 = 1
𝐿𝐿𝑤𝑤

∫ 𝑉𝑉𝑡𝑡𝑎𝑎𝑑𝑑𝜔𝜔  (14.6) 

where 

Isc = amperes, A 
L = self-inductance of wire or cable, H 
Voc = open circuit induced voltage, V 
t = time, s 

Multiple conductors 

If there are several conductors in a bundle, all of them 
are subjected to the same open circuit voltage and short 
circuit current. 

Wire shields 

If a shield around the wire, is grounded at only one end, 
as shown in Fig. 14.5(a), it does not reduce the voltage or 
current to which the wire is subjected. However, if the 
shield is grounded at both ends, as shown in Fig. 14.5(b), 
it does reduce the induced voltage or current, but the 
amount of reduction depends primarily on the resistance 
of the shield, rather than the resistance of the aircraft and 
the wire. 

 

Fig. 14.5 Effects of a shield. 

Example 

The #6 AWG wire represented in Fig. 14.6(a) is typical 
of a power distribution bus on an aircraft. The 10 mΩ re-
sistive path, to which the wire is connected at one end by 
a ground lead, represents aircraft structure. The circuit is 
exposed to the IxR voltage due to 50 kA of lightning cur-
rent Component A in the airframe.
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Fig. 14.6 Resistively coupled voltage and Current. 



362 
 

 

Fig. 14.6 shows the 50 kA lightning current source as a 
complete waveform within 500 µs and then the wavefront 
is displayed on 20 µs, 5 µs and 0.5 µs time bases, the latter 
to show the asymptotic startup of the current waveform, 
which is that of Component A shown in Fig. 5.7.   

For the designated lightning current in Fig. 14.6 an open 
circuit voltage or short-circuit current, Voc or Isc, would by 
induced in the loop between the wire and the ground plane.  
The point of most importance is that this short-circuit cur-
rent is controlled more by the inductance of the wire than 
by its resistance and reaches its peak long after the aircraft 
current has begun to decay. 

Source impedance 

Strictly speaking, source impedance is the ratio of the 
instantaneous voltage to the instantaneous current, and 

𝑍𝑍 = 𝑉𝑉𝑜𝑜𝑎𝑎
𝐼𝐼𝑠𝑠𝑎𝑎

  (14.7) 

it is time and frequency dependent. Often, however, this 
ratio is used to determine the source impedance. For the 
above example, this would be 0.08 ohms. This quantity is 
a useful measure of the impedance of the circuit, but it 
should be used with caution since it pertains only to the 
specific driving current waveform. 

The illustration in Fig. 14.6 is somewhat oversimpli-
fied, but it does illustrate the point that source impedance 
for resistively generated voltage is quite low. This low 
source impedance is an important point that must be con-
sidered when applying surge protective devices, as dis-
cussed further in Chapter 16. 

14.3.2 Response to Magnetic Fields 

The simplest geometry to consider (Fig. 14.7) is that of 
a conductor placed adjacent to a metal surface and exposed 
to a uniform magnetic field that is oriented to produce the 
maximum voltage in the conductor. Of course, signal con-
ductors are rarely found in an aircraft. Conductors in air-
craft are usually part of a bundle of wires, or one of the 
wires is a multiconductor cable. For the analyses to follow, 
the loop voltages for a single wire are about the same as 
they would be for a group of wires comprising a cable or 
bundle. If the cable is fitted with a shield, the shield can be 
treated as just another conductor. 

Open circuit voltage 

The open circuit voltage induced between the wire and 
the nearest ground plane (called the common mode voltage 
of wires in a cable) is given by 

𝑉𝑉𝑡𝑡𝑎𝑎 = 𝑑𝑑𝑑𝑑
𝑑𝑑𝛼𝛼

= 𝜇𝜇𝑡𝑡𝐴𝐴 𝑑𝑑𝑑𝑑
𝑑𝑑𝛼𝛼

  (14.8) 

where 

A = area of the loop involved - m2 
A = lh in Fig. 14.7. 
µo = 4π x 10-7 H/m 
φ = total flux linked - webers 
H = magnetic field intensity - A/m 
t = time - s 

If l and h are measured in inches: 

𝑉𝑉𝑡𝑡𝑎𝑎 = 8.11 × 10−10𝑓𝑓ℎ 𝑑𝑑𝑑𝑑
𝑑𝑑𝛼𝛼

  (14.9) 

where 

l = length - in 
h = height above ground plane - in 
H = magnetic field intensity - A/m 
t = time - s 

 
 
 
 

 
Fig. 14.7 Response to magnetic field. 
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The induced voltage is thus proportional to the length 
of the wire, its height above ground and the strength of the 
magnetic field. This voltage can be reduced by keeping 
wires or cables close to the ground plane and by routing 
them along a path where the magnetic field strength is low. 
(These points are discussed further in Chapter 15.) 

An elementary model for voltage induced in a loop 
formed by a wire and a ground plane consists of an ideal 
voltage source placed at the center or at one end of the 
wire. If the actual circuit load impedances are included, the 
induced voltage divides between the loads at the ends of 
the wire. The largest voltage appears across the load with 
highest impedance. For worst-case analysis, one can con-
sider one end of the wire to be grounded and the other end 
to be open circuited. All the voltage, then, appears at the 
open circuit end of the wire. 

Short circuit current 

The maximum induced current for a given circuit ge-
ometry is that which would flow if both ends of the wire 
or cable were connected to the vehicle structure through a 
low or zero impedance (Fig. 14.7). The short-circuit cur-
rent is then mostly affected by the wire inductance and 
(considering inductance only) is: 

𝐼𝐼𝑠𝑠𝑎𝑎 = 1
𝐿𝐿 ∫ 𝑉𝑉𝑡𝑡𝑎𝑎𝑑𝑑𝜔𝜔  (14.10) 

where 

Isc = amperes 
L = self-inductance of wire or cable - H 
Voc = open circuit induced voltage - V 
t = time - s 

The induced voltage, Voc, that drives the current, is di-
rectly proportional to the height of the cable above the 
ground plane, but the cable inductance, L, that impedes the 
flow of current, is proportional to the logarithm of that di-
mension. Both Voc and L are proportional to cable length.  
The result is that short circuit current is practically inde-
pendent of the length of the cable and only moderately de-
pendent on the height of the cable above ground. 

An individual wire might have a low impedance load if 
it is connected to a semiconductor, in which case the short-
circuit current would flow directly through the semicon-
ductor and its bias source. If the circuit is intentionally de-
signed to have a low input impedance, there may be no 
damage, if the current is not too large. Maximum available 
short circuit current is an important point to consider when 
selecting surge protective devices. 

Multiple wires 

If a group of wires is involved (Fig. 14.8) the induced 
voltage, calculated using Eq. 14.8, represents the voltage 
between the entire group of conductors (comprising the 
bundle or cable) and the vehicle structure. If the load im-
pedances at the ends of the wires are equal, the voltage on 
each of the wires is about the same and does not depend 
on the location of the wire within the bundle or cable. 

Line-to-line voltages 

Line-to-line voltages (also called differential or circuit 
voltages) are generally lower than line-to-ground voltages 
by a factor of between 10 and 200 (or between 20 and 46 
dB), because individual conductors are usually closely 
grouped and are often twisted together, which reduces the 
total loop areas of their circuits. 

 

 

Fig. 14.8 Multiple conductors.  
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Analytically determining the voltages between wires, or 
the dB differences between line-to-ground and line-to-line 
voltages in terms of wire locations, requires modal analy-
sis techniques, but that subject is beyond the scope of this 
book. Empirical estimates are often about the best that can 
be hoped for. 

The actual magnitude of the circuit voltage is deter-
mined as much, or more, by the impedances of the circuits 
to which the wires connect as it is by the characteristics of 
the wire. Prudence suggests that one should not rely on 
line-to-line voltages being less than line-to-ground volt-
ages by more than 10%, unless the circuits have been care-
fully designed to have balanced impedances at both ends 
of their cables. 

Effect of a shield 

If a wire is enclosed in a shield that is grounded at only 
one end (Fig. 14.8) the magnetically induced voltage be-
tween the conductor and ground is not much reduced. The 
magnetic field outside the shield induces as much voltage 
between the end of the shield and ground as it does be-
tween the conductor inside it and ground. A shield 
grounded at both ends does reduce the induced voltage, but 
a description of how this happens is deferred to  
Chapter 15. 

Orientation of the field 

Eqs. 14.8 and 14.9 assume that the magnetic field is ori-
ented at right angles to the plane of the loop. If the field 
were oriented differently, the induced voltage would be 
less but, for simplified calculations such as these, it is 
probably prudent to consider only worst-case orientation 
of the field. 

Example 

Fig. 14.9(a) shows the same conductor that was shown 
in Fig. 14.6(a), but this time it is subjected to a changing 
magnetic field having the waveform also shown in Fig. 
14.9, which is the same waveform as current Component 
A. The amplitude of 1 000 A/m is typical of a field that 
might penetrate a cabin window. In the equivalent circuit 
in Fig. 4.7 the voltage source would have an amplitude and 
waveform as calculated by Eq. 14.9. For this elementary 
circuit, the driving voltage is the same as Voc in Fig. 14.9, 
and its waveform is the derivative of the magnetic field.  
The short circuit current is proportional to the integral of 
the open circuit voltage and has nearly the same waveform 
as the magnetic field driving the circuit.

Source impedance 

The ratio of open circuit voltage to short circuit current 
for Fig. 14.9 is 2.9 ohms, a value much higher than in the 
resistively coupled example shown in Fig. 14.6. As in 
§14.3.1, this source impedance only applies when the 
magnetic field has the specific waveform indicated in this 
example. 

14.3.3 Response to Electric Fields 

Equivalent circuits for objects exposed to electric fields 
are not as intuitively obvious as equivalent circuits for con-
ductors exposed to IxR rises or changing magnetic fields. 
They are best developed by discussing the short circuit 
current (also known as the displacement current) before 
discussing open circuit voltage. 

Displacement current 

Theoretically, magnetically induced voltages and cur-
rents can be eliminated from conductors by placing the 
conductors flush with a ground plane. This does not apply 
to conductors exposed to a changing electric field, how-
ever. Fig. 14.10 shows a surface exposed to a changing 
electric field, Eu, which is assumed to be oriented perpen-
dicular to this surface. The changing electric field pro-
duces a displacement current, Idisp. If a portion of the sur-
face is isolated and connected to the rest of the surface 
through a conductor, then this displacement current flows 
through the conductor and has an amplitude given by Eq. 
14.11. 

𝐼𝐼𝑑𝑑𝑝𝑝𝑠𝑠𝑝𝑝 = 𝜀𝜀𝑡𝑡𝐴𝐴 𝑑𝑑𝑑𝑑𝑎𝑎
𝑑𝑑𝛼𝛼

  (14.11) 

where 

A = area of the surface - m2 

εo = 8.854 x 10-12 F/m 
Eo = actual electric field - V/m 
t = time - seconds 
Idisp= displacement current - amperes 

The capacitance of the plate depends on its geometry 
and that of the surroundings surfaces and can be either cal-
culated or measured. The capacitance does not affect the 
short circuit current, but it does affect the open circuit volt-
age, as will be explained shortly. 



365 
 

 

 

 

Fig. 14.9 Magnetically induced voltage and current. 
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Fig. 14.10 Elevated surface. 

 

An alternative view, more readily adapted to numerical 
analysis, treats the problem of displacement current in 
terms of the equivalent circuit shown in Fig. 14.10(b). This 
circuit involves an equivalent capacitance, Ch, connected 
to a hypothetical plate at a height he. The plate is energized 
by a hypothetical voltage source, Ve. 

𝐼𝐼𝑑𝑑𝑝𝑝𝑠𝑠𝑝𝑝 = 𝐶𝐶ℎ
𝑑𝑑𝑉𝑉𝑒𝑒
𝑑𝑑𝛼𝛼

  (14.12) 

where 

𝑉𝑉𝑝𝑝 = ℎ𝑝𝑝𝐸𝐸   (14.13) 

𝐶𝐶ℎ = 𝜀𝜀𝑜𝑜𝑑𝑑𝑑𝑑
ℎ𝑒𝑒

  (14.14) 

he cancels out because it appears in both Ve and Ch (in both 
numerator and denominator of Eq. 14.12). 

The current depends on the intensity of the electric field 
Ea incident to the isolated section. If the isolated section 
were set flush with the rest of the surface and the spacing, 
w, between the two sections were negligible, then the ac-
tual field Ea would be equal to the undisturbed field Eu. 

If, as shown in Fig. 14.11, the isolated surface were 
raised above the surrounding surface, the actual electric 
field intensity Ea would be greater than the undisturbed 
field, Eu. Consequently, such a surface would intercept 
more displacement current. Calculating the current inter-
cepted (or evaluating the factor, K, in Eq. 14.11) would 
require evaluating the electric field intensity at all points 
on the surface. This would involve either cut-and-try field 
plotting or one of the various two-dimensional (2D) and 
three-dimensional (3D) modeling techniques referenced in 
Chapters 10 - 12. 

 

Fig. 14.11 Elevated surface. 

A simple geometry for which K or Ea can be calculated 
is the hemicylinder shown in Figs. 14.12(a) and (b). 

𝐸𝐸𝑎𝑎 = 2𝐸𝐸𝜇𝜇 cos 𝜑𝜑  (14.15) 

Integrating this electric field over the surface of the 
hemicylinder shows that it intercepts twice the displace-
ment current of a flush surface having the same projected 
area. 

Thus, the factor, K, for the hemicylinder is equal to 2. 
The current intercepted by several other geometries is 
shown in Table 9.5, and values of K can be calculated. 
(Values of  K  for conductors above ground planes can  
easily be calculated.) 

(a) 

(b) 
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Fig. 14.12 Hemicylinder 

Figs. 14.11 and 14.12 are examples of how some anten-
nas are designed to be effective receivers and transmitters 
of modulated electric fields. They also remind us of why it 
is that projections from aircraft surfaces may sufficiently 
intensify electric fields to initiate streamers, leaders, and 
lightning attachments. 

Open circuit voltage 

The open circuit voltage is most easily obtained by in-
tegrating the displacement current in the known (by meas-
urement or calculation) capacitance of the conductor. 

𝑉𝑉𝑡𝑡𝑎𝑎 = 1
𝐶𝐶 ∫ 𝐼𝐼𝑠𝑠𝑎𝑎𝑑𝑑𝜔𝜔  (14.16) 

Recognizing that Idisp is proportional to the rate-of-
change of electric field, the open circuit voltage of the iso-
lated plate of Fig. 14.10(b), for example, is 

𝑉𝑉𝑡𝑡𝑎𝑎 = 𝜀𝜀𝑜𝑜𝑑𝑑𝑑𝑑
𝐶𝐶

𝐸𝐸  (14.17) 

where C is the capacitance of the plate with respect to its 
immediate surroundings. 

Conductors above ground 

For the case of an isolated conductor above ground  
(Fig. 14.13(a)), the open circuit voltage would be 

𝑉𝑉𝑡𝑡𝑎𝑎 = ℎ𝐸𝐸𝑎𝑎   (14.18) 

The equivalent circuit in Fig. 14.13(b) treats this open 
circuit voltage as if it were connected to a load through the 
capacitance of the conductor. The capacitance being as 
given by Eq. 14.2. The short circuit current is then 

𝐼𝐼𝑑𝑑𝑝𝑝𝑠𝑠𝑝𝑝 = 𝐶𝐶𝑎𝑎
𝑑𝑑𝑉𝑉𝑜𝑜𝑎𝑎

𝑑𝑑𝛼𝛼
   (14.19) 

 

Fig. 14.13 Equivalent circuits for electric field coupling 
to elevated conductors. 

Note that Eoc is the electric field (V/m) presented by the 
electric field to an open-ended wire suspended in the air as 
shown in Fig. 14.13. The transient voltage of interest, Voc 
is shown in Fig. 14.15. 
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The equivalent circuit in Fig. 14.13(c) is more conven-
ient for analysis purposes. The electric field is replaced by 
a fictitious surface at a height, he, connected to a voltage, 
Ve = heE. The open circuit voltage can then be defined in 
terms of the actual, physical capacitance, Cc, and an equiv-
alent coupling capacitance, Ce: 

𝑉𝑉𝑡𝑡𝑎𝑎 = 𝑉𝑉𝑝𝑝
𝐶𝐶ℎ

𝐶𝐶ℎ+𝐶𝐶𝑎𝑎
  (14.20) 

If h < 1, he may be regarded as unity, in which case 

𝐶𝐶ℎ = 𝐶𝐶2 � ℎ
1−ℎ

�  (14.21) 

K factors 

For isolated conductors, the factor, K, (as used in Eq. 
1.11) can be calculated by equating short-circuit currents 
as expressed by Eqs. 14.11 and 14.19 

𝐾𝐾 = 𝑑𝑑
ℎ

∙ 2𝜋𝜋
ln(4ℎ/𝑑𝑑)

  (14.22) 

A graph of K as a function of h/d is shown in Fig. 14.14. 

 

Fig. 14.14 Factor K for elevated conductors. 

Example 

Fig. 14.15(a) shows the conductor from Fig. 14.6 ex-
posed to the electric field whose waveform is shown in  
Fig. 14.15(c). The equivalent circuit of Fig. 14.13(b) was 
derived as shown in Fig. 14.13(c) and Eq. 14.21, where he 
is regarded as unity. The open circuit voltage and short cir-
cuit current for this circuit shown in Fig. 14.15(d). 

Source impedance 

The source impedance of the circuit in Fig. 14.15, de-
fined by the ratio of the peak voltage to the peak current, 
is 12 500 ohms. This impedance is much higher than it 
would be for an equivalent conductor exposed to IR volt-
age rises or a magnetic field. Note that this impedance per-
tains only to the electric field waveform shown in Fig. 
14.15(c). This high source impedance partially explains 
why it is easier to provide effective shielding against elec-
tric fields than against magnetic fields or resistively gen-
erated voltages. 

Multiple conductors 

Electric fields impinging on conductors in a bundle are 
intercepted primarily by the outer conductors in the bun-
dle. Thus, the location of a conductor in a bundle does 
make a difference in the displacement currents that can be 
expected to flow on it. This is not true of resistively or 
magnetically induced currents. 

Effect of a shield 

Since displacement currents are primarily intercepted 
by the outermost conductor, a shield reduces capacitively 
coupled currents, even if it is grounded at only one end. 
This observation assumes that the shield is short enough 
that its impedance is negligible; an assumption typically 
made (although often unstated) in discussions of shielding 
practices. 
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Fig. 14.15 Capacitively induced voltage and current. 

 

14.4 Transmission Line Effects 

Conductors always have, associated with them, some 
distributed capacitance and inductance, the values of 
which are determined by the size of the conductors and the 
distance of the conductors from adjacent ground planes 
and other conductors. Considering these inherent proper-
ties of conductors, it is not surprising that changing electric 
and magnetic fields produce oscillatory voltages and cur-
rents. 

Example 

Fig. 14.16 shows an example of how these oscillatory 
voltages and currents occur. The wire of Fig. 14.9 can be 
regarded as a transmission line of 185 ohms surge imped-
ance (Eq. 14.3). The induced voltage is represented Fig. 
14.16(c) as an ideal voltage source connected at the center. 
The calculations pertain to a magnetic field with a faster 
rate-of-rise than was used for Fig. 14.9. The distributed na-
ture of the wire gives rise to traveling waves or oscillations 
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that persist longer than the induced voltage. The more 
rapid the rate of change of the inducing field, the more pro-
nounced the oscillations. Losses dampen the oscillations, 
and may eliminate them entirely, at least as calculated for 
simple circuits. 

The oscillations do not occur in the short circuit current, 
since Isc responds to the integral of the induced voltage. 
The source impedance of the circuit shown in Fig. 14.16 
was 62 ohms, which is several times higher than that of the 
circuit shown in Fig. 14.9. This difference in impedance is 
mostly due to the difference in the waveform of the induc-
ing magnetic field. 

Complex oscillations 

When the internal magnetic field has a complex wave-
form (as is typical), instead of the idealized, inverse expo-
nential waveform shown in the preceding figures, the 
waveform of the open circuit voltage it induces may also 
be complex. A few examples of such waveforms were 
shown in Chapter 8. While the maximum voltage may be 
difficult to predict, given the complex nature of the super-
imposed oscillations, the amplitude of the envelope can at 
least be approximated, using the elementary techniques 
described above. 

Frequency 

The frequency of superimposed oscillations tends to be 
inversely proportional to conductor length. Conductors 
(such as shields) grounded at one end tend to ring as quar-
ter-wave dipoles. For example, a conductor 10 m long 
tends to ring at 7.5 MHz. Even this simple relationship is 
difficult to apply to actual situations, since one conductor 
is seldom free of the influences of adjacent conductors.  
Capacitance and inductance at the ends of conductors re-
duce their oscillatory frequencies. As a result, oscillations 
may be excited in a complete circuit, which would not hap-
pen if only the distributed inductance and capacitance of 
the conductors were involved. 

Aircraft wiring is usually grouped into bundles that con-
tain both short and long conductors. These assemblies, 
even if exposed to magnetic fields with simple waveforms, 
oscillate in a complex manner. Generally, there is one 
dominant frequency with several other (usually higher) 
frequencies superimposed. Each conductor has its own 
characteristic decrement. Generally speaking, bundles in 
large aircraft are longer than bundles in smaller aircraft 
and oscillate at lower frequencies. Induced voltages meas-
ured on large transport aircraft have oscillatory frequen-
cies around 1 MHz and frequencies observed on small rec-
reational or military fighter aircraft have had oscillatory 
frequencies ranging from 5 to 10 MHz. 

Currents measured on bundles of conductors, like the 
voltages, tend to be oscillatory, if the conductors are part 
of a wiring group employing a single-point ground con-
cept. Currents on conductors contained in a shield 
grounded at both ends tend not to be oscillatory, having, 
instead, the approximate waveform of the internal mag-
netic field. 

14.5 Analyses Using First Principles  

Numerical simulations of wiring exposure to lightning 
electromagnetic fields can be carried out with one or an-
other of the modeling programs referenced in Chapter 10. 
This approach is recommended in situations where exper-
tise in use of such modeling is available, and the aircraft 
and physical aspects of systems installations are suffi-
ciently well defined so that useful computations of induced 
effects can be made. 

In other situations, including for preliminary estimates 
before a design is sufficiently mature as to be worth the 
effort and cost of modeling. A more simplified approach 
that employs the coupling physics and basic geometries 
can be used to obtain estimates of the transient waveforms 
and amplitude to be expected. Such an approach is useful 
in the following situations: 

• Preliminary designs for new aircraft 

• Unoccupied air vehicles  

• Additions and modifications to existing air-
craft 

• Protection design studies and comparisons 

Hand computations and/or circuit analysis tools such as 
SPICE circuit simulation programs [14.1] can be used in-
expensively to achieve estimates of induced transients in 
various types of circuits located in various regions within 
an aircraft, and from these estimates design decisions can 
be made and requirements applicable to equipment can be 
established.   

Both the IxR and magnetically induced transients de-
pend on the structural materials and basic geometries of 
the aircraft regions where the wiring of interest is located. 
This lends itself to solution of the transients in various re-
gions (sections) of an aircraft or other air vehicle.  

These regions should not be confused with the lightning 
strike zones discussed in the chapters dealing with physical 
effects of lightning. 
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As an example of a magnetic field region, consider the 
cockpit of an aircraft, or more especially, a helicopter. It 
can be regarded as a magnetically open region, exposed 
primarily to aperture-coupled magnetic fields. All manned 
aircraft have strong aperture magnetic fields in their cock-
pits. 

  Another type of magnetic region would be the fixed 
trailing edge area behind most airplane wings. This is sim-
ilar to a three-sided channel, with the fourth side mostly 
open. Wire harnesses are usually installed within this area.  

 

 

Fig. 14.16 Traveling wave effects. 
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Accordingly, one can divide an aircraft into a relatively 
small number of typical magnetic regions, assign a char-
acteristic magnetic field intensity to each region, and pro-
vide rather simplified tables or nomograms, listing the 
characteristic transients likely to be induced in wiring of a 
given length. Other categories would be whether or not the 
wiring in these areas is shielded.   

14.5.1 Predicting Magnetically Induced Voltage 
and Current 

Conductor length does not influence short circuit cur-
rent. The waveform of the short circuit current tends to be 
the same as that of the incident magnetic field. 

The height, h, of the cable bundle above a ground plane 
is difficult to specify, partly because the ground plane is 
seldom purely a plane surface and partly because cable 
bundles are often strapped, at intervals, directly to a sup-
porting structure. 

For purposes of analysis, it was assumed: 

1. That height h was measured to the nearest substan-
tial metallic structural member. 

2. That if the cable bundle was laid directly on that 
member, h equaled one-half the cable diameter. 

3. That if the cable bundle was elevated above the 
metallic structural member, h equaled the clear 
height above the member plus one-half the cable 
diameter. If the cable’s height varied along its 
length, an average height was used. 

Screening calculations 

Analyses of this type can be made for wiring in major 
regions of an aircraft and used for preliminary assignments 
of lightning-induced transient levels in critical circuits. 
The expected open circuit voltage and short circuit cur-
rents are computed then preliminary analyses can be con-
ducted to see if the electrical and electronic components to 
which that circuit connected could reasonably be expected 
to withstand those voltages and currents. If so, specifica-
tions can be prepared for the equipment. If not, additional 
protection in the form of shielding can be considered.   

Part of this process includes estimating the margin be-
tween what the equipment can reasonably withstand, and 
the voltages and currents estimated by these simple tech-
niques. For the circuits exposed to excessive voltages or

where the margin is too small for comfort, additional pro-
tection can be considered.   

14.6 Calculating Circuit Responses 

This section discusses the art of calculating circuit re-
sponses, either by hand calculations or with the aid of nu-
merical circuit analysis routines. All the following discus-
sion is based on the time domain. Frequency-domain cal-
culations are not readily adapted to analysis of non-linear 
surge protective devices. In addition, conversion to the 
time domain requires time-consuming Fourier transforms. 

14.6.1 Steps in the Modeling Process 

Some of the steps involved in modeling the response of 
a circuit are the following: 

1. Break the aircraft geometry into manageable sections, 
such as the magnetic field regions discussed above. 

2. Simplify the cable geometry by determining average 
cable diameters and average heights relative to the 
surrounding ground structure. 

3. Determine the electric and magnetic fields for the re-
gions discussed in Step 1. 

4. Determine the voltages and currents developed by the 
fields. These will be used to drive the equivalent cir-
cuits. 

5. Develop equivalent circuits of cable (wire harness) 
sections. 

6. Identify end impedances, perhaps simplified to opens 
and shorts. 

7. Develop complete equivalent circuits. 

8. Calculate response. 

14.6.2 Example of Computation 

This section demonstrates how these steps would be ap-
plied to the aircraft illustrated in Fig. 14.17. This demon-
stration should not be regarded as a representation of an 
actual circuit in any realistic aircraft. Its purpose is to de-
velop an equivalent circuit that can be solved with a time-
domain circuit analysis program that accepts a description 
of the circuit in terms of its nodes and branches. Some pro-
grams that could be used for this purpose include ECAP,
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SPICE and EMTP. The principles of these analysis pro-
grams are described in [14.2 - 14.6].  

 

Fig. 14.17 Hypothetical aircraft. 

The following illustrations used a program [14.7] based 
on the principles described in [14.4]. 

Breaking the model into sections 

For this illustration, the aircraft will be divided into the 
three indicated magnetic regions. A cable runs from the 
cockpit to the cargo bay, with no intermediate branches. 

 

Fig. 14.18 Cable in magnetic region A                          
Containing Run A and Run B. 

 

Fig. 14.19 Cable in magnetic region B. 

 

 

Fig. 14.20 Cable in magnetic region C. 

Cable geometry 

The cable geometry and distances from ground planes 
are shown in Figs. 14.18 - 14.20. 

E and H fields 

The electric and magnetic fields in the different mag-
netic regions are as shown in Figs. 14.24 - 14.27. The fig-
ures also show the currents and voltages that would be de-
veloped in the various cable sections by those fields. For 
simplicity, only the electric field induced current, and the 
magnetically induced voltage shown in Figs. 14.21 and 
14.22 will be considered. 
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Fig. 14.21 Electric field effects in region A.                                  
(From Fig. 14.15) 

 

The induced current and voltage are assumed to be the 
same as those appearing in Figs. 14.15 and 14.9, respec-
tively. The induced voltage is due to a 1 000 A/m magnetic 
field from current Component A in the fuselage. The in-
duced current is due to an electric field pulse originating 
somewhere outside of the aircraft. (Note that there is not a 
standard external electric field environment due to light-
ning).  

Some circuit analysis programs require that voltage 
sources be described as being in series with a branch of 
some sort, rather than existing independently. For these il-
lustrations the voltage source will be in series with a 1-
ohm resistors, although it could equally well have been in 
series with one of the inductors comprising a lumped pa-
rameter representation of a transmission line. 

 

Fig. 14.22 Magnetic field effects in magnetic 
region A. 

The induced current could be regarded as current 
sources in shunt with a circuit branch, although some cir-

cuit analysis programs allow a current source to be con-
nected directly to a node. The circuits shown below in-
clude such a connection, but the induced voltages in mag-
netic regions B and C were not included in the simulations 
since they were small. Further discussion of methods of 
treating sources, including the use of dependent sources to 
treat coupling between circuits, is given in [14.8]. 

Equivalents of cable sections 

If the circuit analysis program allows, it is simplest to 
regard conductors in Figs. 14.17 - 14.20 as transmission 
lines having specific surge impedances and propagation 
velocities. Otherwise, conductors should be represented as 
ladder networks of series inductors and shunt capacitors. 
For the following analyses, the cable sections are treated 
as two inductors in series, with the shunt capacitance dis-
tributed 1/6 at each end and 2/3 at the junction of the two 
inductors, these fractions being based on engineering 
judgement. 

The appropriate electric field induced current source 
and the magnetic field induced voltage source for the cable 
sections in the cockpit (Region A) are connected between 
the two inductors. The appropriate impedances for the var-
ious sections of cable are as indicated in Figs. 14.23 - 
14.27.    

The number of lumps into which a distributed trans-
mission line is broken depends on the accuracy desired of 
the solution. The more ‘lumps’, the greater the accuracy 
(and the broader the valid frequency range), but the use of 
large numbers of ‘lumps’ increases computation time. Dis-
cussion of the merits of various modeling alternatives is 
beyond the scope of this section.   

 

Fig. 14.23 Equivalent impedance for run A in mag-
netic region A. 
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Fig. 14.24 Equivalent impedances for run B in cockpit 
magnetic field Region A. 

 

 

Fig. 14.25 Equivalent impedance for Run C in mag-
netic Region B.   For this example, HB is set to zero. 

 
Fig. 14.26 Equivalent impedance for run D in magnetic 

field Region C. For this example, HD is set to zero. 
 
 

Any discussion of the merits of different modeling ap-
proaches must, of course, recognize that the wiring system 
of any real aircraft is probably too complex to model with 
complete precision whichever approach is used. 

End impedances 

For these illustrations, the cable will be assumed to be 
grounded through a low impedance (1 ohm) in the cockpit 
and to be grounded in the cargo bay through a 500 pF ca-
pacitor shunted by a resistor. 100 kilohms will be used for 
calculating the open circuit voltage and 1 ohm for calcu-
lating the short-circuit capacitance. In any actual calcula-
tion, the terminal impedances would have to be deter-
mined by inspection of the circuit, perhaps supplemented 
by measurements of stray capacitance. In reality, a lower 
resistance should be used for computation of the short cir-
cuit current (ISC).   

Complete equivalent circuit 

Fig. 14.27 shows a representation based on transmission 
lines. This circuit includes one current source (EA) and 
three voltage sources (HA, HB  and HC) but only EA and HA 
were used in these calculations.  HB   and HC were too small 
to significantly affect the response of the circuit. 

Calculated response 

Fig. 14.27 also shows the amplitude and waveform of 
the current predicted at the grounded end of the conductor, 
in the cockpit, and the voltage predicted at the open end, 
in the cargo bay. Each of these responses is oscillatory. 
This is typical of real circuits in actual aircraft, where the 
response is excited by changing electric and magnetic 
fields. The current at the grounded end shows higher fre-
quency components superimposed on a lower frequency 
fundamental oscillation. At the ungrounded end, in the 
cargo bay, the higher frequency oscillations are filtered out 
by the 500 pF shunt capacitor. 

Voltages and currents at intermediate points tend to re-
tain their high frequency components. Fig. 14.27, for ex-
ample, shows the voltage at the junction of cable runs C 
and D. 

Fig. 14.27 shows the short circuit current calculated 
when the cable is grounded through a low impedance 
(1ohm) at the cargo bay end. As predicted by elementary 
theory, the current is less oscillatory than the open circuit 
voltage. 
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I1 - Cockpit V2 - Aft Bay Voltage at junction of Runs C and 
D 

   

               
Voltage at junction of C and D is the between T4 and T6 

Fig. 14.27 Circuit modeled as transmission lines.                                                                                                                                
Electric field induced current EA is from Fig. 14.21 and Magnetic induced voltage HA is from Fig. 14.22.   
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Discussion 

The above calculations were made in 2021 using the 
PSPICE program [14.7]. 

Similar calculations using the lumped parameters upon 
which the Transmission lime model was based showed no 
significant differences from the results of the transmission 
line model shown in Figs. 14.23 – 14.27.   

14.6.3 Extensions and Limitations of Modeling 

The equivalent circuits above are probably of about the 
minimum complexity that should be used for practical cal-
culations. More sophisticated modeling should take ac-
count of losses in the circuit, coupling between different 
cable systems and conductors, and multi-mode propaga-
tion between conductors in a cable bundle. 

Losses 

No attempt has been made to model losses in the circuits 
shown in Figs. 14.23 and 14.27. If losses had been consid-
ered, the amplitudes and durations of the oscillations 
would have been reduced. A first order approximation to 
these losses could be made by including series resistance 
in the circuit, either by invoking the resistive option pro-
vided by [14.4] and [14.7] for transmission lines, or by in-
cluding the lumped resistances in series with the inductors 
shown in Fig. 14.27. Losses in actual circuits are fre-
quency dependent and difficult to incorporate in circuit 
analysis programs, although considerable work has been 
done to develop methods of doing so [14.9 - 14.11].

Circuit-to-circuit coupling 

Many problems of coupling between circuits can prob-
ably be modeled based on mutual impedance and mutual 
capacitance between circuits. Some of the considerations 
involved in calculating coupling by this means are given 
in [14.8]. Almost all circuit analysis programs include mu-
tual inductors as permissible circuit elements. Some of 
them can even model coupled transmission lines. 

Multi-mode propagation 

Realistic calculations of voltages and currents on 
closely coupled conductors requires recognition that 
waves generally propagate at slower speeds between con-
ductors than in the space between the conductors and 
ground. 

This is particularly true for waves propagating inside 
shielded conductors, the analysis of which involves deter-
mining the voltages and currents induced on the conduc-
tors inside the shield on the basis of the currents propagat-
ing on the outside of the shield. Multi-mode propagation 
is discussed in the literature [14.12 - 14.15] and can be an-
alyzed, to some degree, using circuit analysis programs 
[14.16- 14.17]. Taking close coupling effects into account 
greatly complicates calculations and probably should be 
considered at the edge of the modeling art. 

Some discussions of equivalent circuits for shielded 
conductors are given in Chapter 16. Those circuits can be 
used with dependent current sources to model coupling 
into shielded circuits. 
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Chapter 15 
SHIELDING 

 

15.1 Introduction 

If electronic equipment is to be operated in a region 
where there are changing electro-magnetic fields, and if 
experience or analysis indicates that the currents and volt-
ages induced by those fields may be harmful, the most 
straight- forward way to achieve transient compatibility is 
to shield both the electronic equipment and its intercon-
necting wiring. Often, electronic equipment is inherently 
shielded by its enclosures, although there are practices that 
can defeat the inherent shielding of metal enclosures and 
there are non-metal enclosures that offer little shielding. 
The discussions that follow will comment on the shielding 
provided by enclosures, but they will focus primarily on 
shields on conductors. 

15.2 Shielding Effectiveness (SE) 

The degree to which a cable shield reduces the voltage 
induced on a conductor depends on the construction of the 
shield (solid tubular, braided, tape wound, diameter, thick-
ness, material resistivity etc.) The type of construction ef-
fects the resistance of the shield. Braided shields for cables 
are almost universally made from copper but solid shields, 
such as conduits and enclosures, are usually made from 
aluminum. Aluminum offers the advantage of light 
weight, but copper has the virtue that it is solderable and 
that it resists cold flow at pressure points. Shields made 
from magnetic materials, such as iron and steel, have 
higher resistances, and therefore usually produce higher 
IxR voltages when lightning-induced currents flow in 
them. While these materials can provide more SE against 
impinging fields than either copper or aluminum, they are 
seldom either needed or used in aircraft. 

Shield construction also effects transfer impedance, 
which is a measure of how the amplitude of shield current 
is related to the amplitudes of transients induced on signal 
conductors inside the shield.

 

The concept of transfer impedance was previously dis-
cussed in §9.6. Transfer impedance of cable shields is also 
discussed in §15.6. The coupled voltages are also affected 
by the way that the shield and conductors are terminated 
to ground and to loads. The effects of these terminations, 
discussed in §15.3, are often of more importance than the 
construction of the shield. 

In this chapter, transfer impedances are discussed in 
§15.6, while the effects of different types of shield termi-
nation are discussed in §15.3. The ultimate aim of the dis-
cussion is to develop equivalent circuits relating the volt-
age on shielded conductors to the magnitude of the shield 
current. Section 15.7 provides tabular data on the transfer 
impedance of various types of cable. 

In steady state or frequency domain analyses of radio 
frequency (RF) interference, shields are generally rated in 
terms of their SE, a quantity that relates the voltages or 
currents on shielded conductors to the voltages and cur-
rents that would be induced on those same conductors 
without a shield. SE is defined as: 

𝑆𝑆𝐸𝐸 = 20 log �voltage(or current) without shield
voltage (or current) with shield

�   (15.1) 

When discussing transient or time-domain analyses, the 
above definition of SE may not be the most valuable con-
cept, because shields not only reduce the amplitude of in-
terfering voltages and currents, they change their wave-
form as well. The SE does not account for the changes of 
amplitude. It is better to keep all analyses in the time do-
main and to discuss shielding in terms of transfer imped-
ances. This approach is taken throughout most of the fol-
lowing material. 
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15.3 Cable Grounding Effects 

In aircraft, shielded conductors are typically used to 
control low-level and low-frequency interference signals.  
The question of how shields are to be grounded is often a 
controversial matter. There are two predominant schools 
of thought on this subject; one that recommends that 
shields be grounded at only one end and another that rec-
ommends they be grounded at both ends. 

Single point grounding 

The aim of the single-point ground concept is to mini-
mize current flow on shields, with the intent of minimizing 
voltage rise along the interiors of the shields. The assump-
tions behind this concept (often unstated) are that the 
shields are short and that their function is to intercept low 
frequency electric field displacement currents and keep 
those currents from flowing on signal circuits. ‘Short’ im-
plies that the shield must be a small fraction of the wave-
length of the interfering signal (perhaps L/20). For exam-
ple, the wavelength of a 30 kHz electromagnetic wave is 
approximately 10 km. At this frequency, any shield on an 
aircraft would be ‘short’. 

The single-point ground concept is most applicable in a 
situation such as that shown in Fig. 15.1(a), in which a 
source feeds a load that is contained in a grounded enclo-
sure. If the source is electrically ungrounded, noise volt-
ages between the source and ground, V1, and between the 
source end of the shield and ground, V2, do not couple to 
the interior of the shield and are of no consequence. 

Shield current is most objectionable if the shield is used 
as return for the source (Fig. 15.1(a)) since any shield volt-
age is directly added to the signal from the source. Shield 
voltages are of less concern if two-wire transmission (Fig. 
15.1(b)) is used since the shield voltages then couple only 
through the capacitance between the shield and the signal 
conductors. Shield voltages are of least concern if true, 
balanced transmission is used, with the output taken from 
a differential amplifier (Fig. 15.1(c)). 

If the source is connected to ground through an imped-
ance (Fig. 15.1(d)), the effectiveness of the single-point 
ground concept is reduced, regardless of the type of trans-
mission, since this configuration does allow some of the 
voltage on the source (or ungrounded) end of the shield to 
couple to conductors and the load. 

 

Fig. 15.1 Single point ground of shield. 

An impedance often unrecognized is that provided by 
the stray capacitance of the source to ground. With rapidly 
changing electromagnetic fields, the effects of this capac-
itance can be of more importance than the performance of 
the shield. 

Multiple point grounding 

In an aircraft subjected to the rapidly changing electro-
magnetic fields associated with lightning, interference fre-
quencies can extend higher than 30 MHz (L= 10 m). At 
these frequencies, a shield 1 m long would no longer be 
‘short’. Under such conditions, shields grounded at only 
one end may not be effective and, in some cases, may even 
act as antennas. This can induce higher amplitude surge 
voltages than would be induced if the conductors were not 
shielded at all. 

In such cases, a multiple-point ground concept is more 
appropriate. That concept aims to ensure that noise cur-
rents do flow on shields (the opposite of the single-point 
ground concept). 

  

(a) 

(b) 

(c) 

(d) 
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Illustration of grounding effects 

Some of these connection effects were illustrated by a 
series of tests [15.1] made on a 5 m long length of RG-58 
/ U coaxial cable. The cable was placed adjacent to a metal 
ground plane and a magnetic field was passed between the 
cable and the ground plane to generate ‘interference’. Dur-
ing the tests, measurements could be made of the common-
mode voltage between the center conductor and ground at 
each end of the cable or of the current flowing in the shield 
of the cable. The magnetic field was not a distributed field 
but was confined to the core of a pulse injection trans-
former in the manner shown in Chapter 18.  The ‘interfer-
ence’ was thus magnetically induced, the induced voltages 
being proportional to the rate of change of magnetic flux. 
In actual practice, interference can also be induced by elec-
tric field coupling and, with high frequencies, one will 
never exist without the other. 

The shields shown in Figs. 15.4 through 15.10 appear 
as if terminated with pigtails. This is just for illustrating 
the effects of connections. The shields were actually ter-
minated via connectors to aluminum boxes within which 
the conductor measurements were made.   

Unshielded conductor 

Figs. 15.2 and 15.3 show conditions on an unshielded 
conductor, or one in which the shield is not used. 

Balanced loads 

In Fig. 15.2, the conductor has equal (open) load imped-
ances at both ends. The changing magnetic field induces a 
total voltage of 64 volts. How that voltage divides between 
the ends of the conductor depends on the impedances from 
the ends to ground. Since these impedances are equal in 
Fig. 15.2, half of the voltage appears at each end of the 
conductor and the voltages are of opposite polarity, as they 
would be if the conductor had an equivalent voltage gen-
erator at its center (Fig. 15.2(d)). 

Unbalanced loads 

Fig. 15.3 shows what would happen if the load imped-
ances at the ends were unbalanced by the addition of a 50-
ohm resistor at one end. The voltage at the loaded end is 
reduced but, since the total voltage induced around the

 

 

loop remains unchanged, the remaining voltage is simply 
shifted to the end with the highest impedance. 

 

Fig. 15.2 Shield not grounded at either end. 

 
With reference to the equivalent circuit shown in Fig. 

15.3(c), the fact that there is any voltage at V2 implies that 
there is some capacitive loading, in addition to the indi-
cated resistive load. Otherwise, there would be no voltage 
across V2. 

Shield grounded at one end 

Adding a shield but grounding the shield at only one 
end (Figs. 15.4 and 15.5) lowers the voltage at the end 
where the shield is grounded but raises it at the opposite 
end. This phenomenon can be explained using the equiva-
lent circuit shown in Fig. 15.4(c). The changing magnetic 
field induces a voltage between the ends of the shield and, 
since one end of the shield is grounded, all the voltage 
must appear between the open end of the shield and 
ground. 
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Fig. 15.3 Unequal load impedances. 

 
 

Since the conductor inside the shield has the same field 
between itself and ground as the shield, the same voltage 
is developed between the ends of the conductor as between 
the ends of the shield. 

How this voltage divides between the ends of the con-
ductor depends both on the grounding of the shield and on 
the load impedances on the conductor. With unloaded con-
ductors (Fig. 15.4) the voltage at end 2 is reduced by the 
capacitance between the conductor and the grounded end 
of the shield, but the remainder of the total loop voltage 
simply appears at the other end. With a loaded conductor 
(Fig. 15.5) the division of voltage is primarily governed by 
the load impedances. Connecting the shield makes practi-
cally no difference in the voltage. 

 

Fig. 15.4 Shield grounded at one end. 

Shield grounded at both ends 

Grounding the shield at both ends and allowing it to 
carry current, as shown in Figs. 15.6 through 15.8, pro-
duces an entirely different response. The induced voltages 
are reduced in amplitude and their waveforms are changed. 
If the shield is grounded at both ends, the voltage induced 
by the changing magnetic field appears in the loop formed 
by the shield and ground plane. The result is a current 
through the shield (Fig. 15.6) that has a waveform like that 
of the magnetic field. 

𝑉𝑉 = 𝑑𝑑𝑑𝑑
𝑑𝑑𝛼𝛼

= 𝜇𝜇𝐴𝐴 𝑑𝑑𝑑𝑑
𝑑𝑑𝛼𝛼

  (15.2) 

𝐼𝐼 = 1
𝐿𝐿𝑠𝑠

∫ 𝑉𝑉𝑑𝑑𝜔𝜔 = 𝜇𝜇𝐴𝐴
𝐿𝐿

𝜇𝜇 (15.3) 
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where,  

µo = the permeability of free space, 4πx10-7 Henries per 
meter. 

φ = the magnetic flux through a loop, Webers/m2 

H = Magnetic flux density, Webers/m2 

A = Loop area between shielded cable and airframe, 
m2 

L = inductance of the loop, Henries 

V = voltage in the loop, Volts 

 

Fig. 15.5 Shield grounded at one end. 

How shield current reduces voltage 
 

This shield current reduces the voltage induced between 
the signal conductor and ground, as shown in Fig. 15.7. 
The reduction in voltage can be viewed equally well from 
two different viewpoints. 

 

Fig. 15.6 Shield grounded at both ends. 

where, 

E = voltage induced in loop between the shield 
and ground plane  
I = current on the shield 
L = self-inductance of the shield and ground 
plane return loop 

 

Cancellation of incident field 

The first viewpoint is that the shield current flows in 
such a way as to produce a magnetic field that tends to 
cancel the incident field (Fig. 15.7(a)). From this view-
point, the voltages between the signal conductor and 
ground depend on the difference between the incident and 
the cancelling fields. 

Transformer coupling 

Alternatively, the reduction in voltage can be regarded 
as the effect of the mutual inductive coupling between the 
shield and the signal conductor. This approach is illus-
trated by the equivalent circuit shown in Fig. 15.7(c). The 
shield is regarded as the primary of a transformer and the 
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conductor as the secondary. Since the shield is grounded 
at both ends, all the voltage developed on the shield ap-
pears across the primaries of the transformers. 

 

Fig. 15.7 Shield grounded at both ends. 

The mutual coupling between the shield and the signal 
conductor is very nearly unity, since there is only a small 
(ideally zero) magnetic field inside the shield and so the 
voltage induced in the secondary (or signal conductor) side 
of the equivalent transformer is about equal to the voltage 
originally induced in the shield. The voltage appearing be-
tween the ends of the conductor is the sum of that induced 
in the conductor and that coupled through the transformer 
from the shield. Accordingly, the voltages appearing at the 
ends of the conductor are lower than they would be if the 
shield could not carry current. 

Transfer impedance 

The transformer equivalent circuit shown in Fig. 15.7(c) 
is not well suited to numerical calculation, since it requires 
that the self and mutual inductances be evaluated with high 
precision. The transfer impedance model shown in Fig. 
15.8 is more manageable since it only requires calculating 
the resistance of the shield and the magnetic flux that leaks 

through it and appears between the shielded conductors 
and the shield. 

 

Fig. 15.8 Shield grounded at both ends. 

This flux can be expressed as an equivalent transfer in-
ductance L12. When multiplied by the rate of change (di/dt) 
of the current in the shield, this transfer inductance pro-
duces the voltage that is induced by the field that pene-
trates the shield. The voltage induced on the conductor 
then depends on the shield current, shield resistance, R, 
and L12. How the voltage distributes depends on the loads 
at the ends of the cable. In Fig. 15.8 most of the voltage 
develops on the open end. 

15.4 Multiple Conductors in Cable Shields 

If there are multiple conductors in the cable, all of them 
are exposed to nearly the same amount of shield IR voltage 
and leakage magnetic flux, and therefore have nearly equal 
voltages induced between them and the interior of the 
shield. This holds true whether the conductor is located ad-
jacent to the interior of the shield or in the center of the 
bundle of conductors. In other words, the position of a wire 
within its shield has little effect on its magnetically in-
duced voltage. Accordingly, the voltage induced between 
any pair of conductors within the same shield is small. 
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It is best to determine the amplitudes of conductor-to-
conductor (also known as ‘line-to-line’) voltages by actual 
measurement. Line-to-line voltages are much more 
strongly influenced by the load impedances to which the 
conductors are connected than by the position of the con-
ductors within their shield. 

15.5 Multiple Shields on Cables 

Occasionally, shielded conductors are contained in an 
additional, overall shield (OAS). Fig. 15.9 shows such a 
configuration and illustrates some of the factors that must 
be considered when predicting the response of this doubly 
shielded configuration. These factors include the currents 
on the outer shield, the internal field of the outer shield, 
the current induced on the inner shield, the internal field 
of the inner shield and the coupling from the inner shield 
to the signal conductor. The internal field of the outer 
shield is the product of the shield current and the transfer 
impedance of the outer shield. The ‘field’ as used above 
means the voltage per unit length along the interior surface 
of the shields.   

Note that this is called a double shield. There is another 
situation where two shields are employed, but in this case 
the second shield is simply applied directly over the first 
(inner) shield. This is called an overbraid. It is important 
to avoid confusing the two terms. The performance of the 
overbraid is just as if a single shield has been made of a 
heavier, thicker braid. In fact, a common version has a sec-
ond layer of copper (usually) braid woven directly over the 
first layer, so that the two layers are continuous electrical 
contact along the entire length. The factors in the transfer 
impedance are reduced by the additional copper and in-
creased optical coverage.   

In contrast, a double shield takes advantage of the in-
ductance between the two, separate shields, and the re-
duced resistance afforded by the two shields. The protec-
tion effectiveness of the double shield is usually greater 
than that of an overbraid shield, but the weight of the dou-
ble shield is usually greater since a layer of insulation is 
needed between the two shields. Further discussion of 
these shields follows.   

Inner shield grounded at only one end 

If the inner shield were ungrounded at its right-hand end 
(switch S of Fig. 15.9(b) open), the internal field of the 
outer shield, Ei-os, would produce a voltage difference,  
Vis-os, at the right-hand end of the cable. Neglecting the 
distributed capacitance between the inner and outer 
shields, the noise current on the inner shield, Iis, is zero. 

Fig. 15.9 Double shielded cable. 

The total voltage to which the conductor is exposed is 
also Vis-os. Under such conditions, the inner shield does not 
significantly reduce the voltage. 

Inner shield grounded at both ends 

If the inner shield were connected to the outer shield at 
both ends (switch S closed), the current on the shield 
would be shared between the inner and outer shields, but 
the conductor would respond only to the field (i.e., V/m) 
along the inner surface of the inner shield. Initially, all the 
current would be confined to the outer shield, and, under 
direct current (DC) conditions, the currents would be di-
vided according to the relative resistances of the shields. 
Between these two conditions, there would be a transient 
state, during which the division of current would be deter-
mined primarily by the inductance between the inner and 
outer shields.   

Treatment as component currents 

One way to visualize this phenomenon is to consider the 
current to have two components, the total shield current, 
induced by an outside source, and a current component cir-
culating between the inner and outer shields. From this 
viewpoint, the current on the inner shield would be equal 
to the circulating component, while the current on the 
outer shield would be the sum of the two current compo-
nents. The voltage driving the current on the inner shield 
would be the voltage produced by the flow of current 
through the transfer impedance of the outer shield. This 
voltage, when applied across the impedance between the 
inner and outer shields, would determine the current on the 
inner shield. For well shielded cables, this impedance is 
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predominantly inductive. The waveform of the current on 
the inner shield, Iis, would therefore be proportional to the 
time integral of the voltage developed along the inner sur-
face of the outer shield. The current on the inner shield 
thus typically has a slower rise time and a longer duration 
than the voltage along the inner surface of the outer shield. 
This current on the internal shield, Iis, then produces an 
electric field along the surface of the inner shield, Ei-is. The 
conductor responds primarily to the electric field along the 
inner shield.    

Example of multiple shielding 

It is apparent that there are several possible combina-
tions of shield connections and termination impedances, 
all of which can affect the overall response of a cable sys-
tem. Some of these effects have been demonstrated during 
an extension of the tests illustrated in Figs. 15.2 through 
15.8. The piece of RG-58/U coaxial cable used for those 
tests was modified by pulling another length of flexible 
copper braid over the outer jacket, forming a triaxial cable. 
(Triaxial cable is, of course, commercially available.) 

The test connections and results are shown in  
Fig. 15.10. The equivalent circuit has three separate com-
ponents; separate in the sense that each, for all practical 
purposes, may be treated independently. The first part of 
the circuit determines the voltage induced along the inner 
surface of the outer shield. This is governed by the outer 
current, flowing through the transfer impedance (see 
§15.10) of the outer shield, R1 and M1. 

In the second stage of the problem, this inner shield 
voltage was applied across the inductance produced by the 
magnetic field between the inner and outer shields, Lis-os, 
to determine the current flowing on the inner shield. 

In the third stage, the current on the inner shield was 
passed through the transfer impedance of the inner shield, 
R2 and M2. The product of current and transfer impedance 
gives the voltages that appear between line and shield on 
the central signal conductor. The amplitudes and shapes of 
these voltages, shown in Fig. 15.10(b), are much less than 
those developed on the singly shielded conductor shown 
in Fig. 15.7. 

15.6 Transfer Impedance of Cable Shields 

The equivalent circuit shown in Fig. 15.7 uses trans-
formers to simulate the self-inductance of the conduc-
tor/shield combination and the mutual inductance between 
the conductor and the shield. The self and mutual induct-
ances must be known with great precision if results are to 
be calculated accurately. This requirement can be relaxed  

if the circuit is split into two parts, as shown in Fig. 15.8. 
One part of the circuit relates the magnetic field to the cur-
rent flowing on the shield. The other part relates the cur-
rent on the shield to the voltage developed on the conduc-
tor using a transfer impedance, L12, and R. The values of 
these components depend upon the type of shield. 

Transfer inductance vs. mutual inductance 

The transfer inductance L12 should not be confused with 
the mutual inductance M12 between the shield and the con-
ductor.

 

Fig. 15.10 Multiple-shielded cable. 

For the two-conductor system that was described in 
§9.5.3 and Fig. 9.10, mutual inductance is controlled by 
the magnetic flux in the shaded area between r2 and r3, 
while transfer inductance is governed by the magnetic flux 
between r1and r2. 

Handbook data (see end of this chapter) on shielded 
conductors often uses the term M12 for transfer inductance, 
but this usage is unfortunate since M is usually the symbol 
for a mutual inductance, which the transfer inductance is 
not. 

If the resistance of the shield were zero and if the mutual 
inductance between the shield and the signal conductor 
were equal to the self-inductance (i.e., unity coupling) the 
flow of current on the shield of the cable would not cause 
any voltage to be developed between the shield and the 
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signal conductor. This section of this chapter will now dis-
cuss the factors that prevent the coupling between shield 
and signal conductor from being perfect. 

15.6.1 Tubular Shields 

Consider, first, a tubular shield with no openings, like 
that shown in Fig. 15.11. A current flowing through the 
resistance of the shield produces an electric field  
(i.e., voltage) along the internal surface of the shield. 

     
Fig. 15.11 Coupling resulting from resistance effects. 

The internal and external electric fields are equal and, 
since there are no openings through which a magnetic field 
can leak, the transfer inductance is zero.   

The transfer impedance of a tubular shield was previ-
ously discussed in §9.4.5. For thin tubes and low frequen-
cies, transfer impedance is simply the DC resistance of the 
shield. 

𝐼𝐼𝑡𝑡 = 1
2𝜋𝜋𝑟𝑟𝜔𝜔𝑎𝑎

  (15.4) 

where 

r = radius of the shield (m) 
a = wall thickness (m) 
σ = conductivity of the shield (1/Ω · m) 

 

The waveform of the internal electric field is the same 
as that of the external shield current. 

Eq. 15.4 would hold at any frequency for which the skin 
depth, δ, was large compared to the thickness of the shield. 
A numerically convenient expression for skin depth, pro-
vided in §9.3.5, is: 

𝛿𝛿 = 𝜋𝜋
50 � 1

𝜔𝜔𝑓𝑓𝑘𝑘𝑘𝑘𝑘𝑘
  meters  (15.5) 

In the time domain, the shield may also be considered 
‘thin’ if the pulse penetration time, §11.3.4, Eq. 11.21, is 
small compared to the rise time and duration of the inter-
fering noise currents. 

Thick tubular shields 

If the shield is not thin (Fig. 15.12), the internal electric 
field depends upon the product of the resistivity of the 
shield material and the density of the current on the inter-
nal surface of the shield. As discussed in §11.3.3, this in-
ternal current density, Ji, is not generally the same as the 
current density on the external surface of the cylinder. 

Fig. 15.12 coupling via diffusion through a solid wall. 
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Because of the skin effect, the current density on the in-
ner surface of the shield rises more slowly than the current 
density on the exterior surface. The rate at which the inter-
nal current density increases is directly proportional to the 
permeability of the shield material and to the square of the 
wall thickness and inversely proportional to the resistivity 
of the wall material. Cables with solid wall shield and ca-
ble trays of solid metal with tightly fitting covers typically 
exhibit this behavior. 

The maximum transfer impedance of a solid-walled 
tube, as expressed in [15.2], occurs under DC (or low fre-
quency) conditions and decreases with increasing fre-
quency to,  

𝐼𝐼0 = 1
2𝜋𝜋𝑟𝑟𝜔𝜔𝑎𝑎

   (15.6) 

The expressions above assume that the wall thickness 
of the shield is small compared to its radius and that the 
radius is small compared to the smallest wavelength of in-
terest. They also assume that the shield is made from a 
good conductor, so that the displacement current in the 
shield material is negligible compared to the conduction 
current. Such is the case for any practical metal shield. 

The time-domain response was previously given in    
§11.3.4 and §11.3.5. In response to a step-function current, 
the internal electric field increases according to the pulse 
penetration time-constant predicted by Eq. 11.21 and 
shown in Fig. 11.7. An equivalent circuit applicable to 
both frequency and time domains would be a ladder net-
work of two or more terms, as shown in Figs. 11.8 and 
11.11. 

15.6.2 Braided Shields 

Braided shields (Fig. 15.13) do not provide a perfect 
conducting cylinder since they have small holes (Fig. 
15.14) that permit leakage of electric and magnetic fields.  
The weaving of the braided-wire shield is described in 
terms of the number of bands of wires (carriers) that make 
up the shield, the number of wires in each carrier (ends) 
and the number of carrier crossings per unit length (picks). 
These characteristics, along with the radius of the shield, 
define the volume of metal in the shield, the optical cover-
age, and the weave angle. A large volume of metal implies 
low resistance and good shielding, but also a high weight, 
which is a drawback for aircraft applications. 

 

Fig. 15.13 Pattern of a braided shield [15.3] 

 

Fig 15.14 Coupling via magnetic leakage through holes. 

Optical coverage and weave angle 

The optical coverage of a shield is a measure of the 
number and size of the holes in the shield. The greater the 
optical coverage, the smaller the combined area of the 
holes and the better the shielding. The holes between the  

 

 

(a) 

(b) 
(c) 
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individual bundles of wire forming the shield can be ap-
proximated as a group of diamonds, the size and orienta-
tion of which depends upon the weave angle. If the weave 
angle is small, the long axes of the diamonds are oriented 
lengthwise (parallel to the axis of the shield, as at end A of 
the cable shown in Fig. 15.14(a)). If the weave angle is 
large, the long axes of the diamonds are oriented circum-
ferentially (or perpendicular to the axis of the cable, as at 
end B of the cable in Fig. 15.14(a)). Other things being 
equal, a shield with a small weave angle provides better 
shielding performance than one with a large weave angle. 

 

Fig. 15.15 Transfer impedance of a braided wire 
shield as a function of frequency. 
k = Percent coverage 
C = Number of carries 

In Fig. 15.15 the transfer impedance has been normal-
ized to permit comparison of the influence of various op-
tical coverages on transfer impedance. It will be seen that, 
within the equivalent frequency range of current Compo-
nent A, sinusoid components higher than 1 MHz reach 
only a few percent of the peak amplitude frequencies, 
which are of the order of 1 kHz. This means that shields 
like those described in Fig. 15.15 with 85% optical cover-
age will provide adequate protection against the Compo-
nent A lightning environment, the frequency spectrum of 
which is shown in Fig. 15.16. Below 1 MHz, the shield DC 
resistance is the most important factor in the transfer im-
pedance, ZT.   

Shields, of course, are provided also for protection of 
circuits against other environments, including electromag-
netic interference (EMI) and high intensity radiated fields 

(HIRF), which include much higher frequency radiated 
field environments. For this reason, specifications for 
shields of aircraft wiring often include optical coverages, 
K, of over 90%. For lightning protection, it is important to 
employ shields. 

 

Fig. 15.16 Frequency spectrum of current Component A [15.4] 

Mechanism of magnetic field leakage 

Current in a shield produces a circumferential magnetic 
field around the outside of the shield. If the shield is of a 
braided construction, one may visualize the flux lines of 
this magnetic field looping in and out of the holes in the 
braid. There is more magnetic field leakage through holes 
whose long axes are oriented circumferentially than 
through holes whose axes are lengthwise. Viewed from the 
end of the cable, as in Fig. 15.14, the field that leaks into 
the cables produces a net magnetic field circumferentially 
around the inside surface of the shield. 

This magnetic field produces an internal electric field 
whose amplitude is dependent upon the amount of flux 
leaking into the shield and upon the rate of change of that 
flux (and of the external shield current producing it). Thus, 
the total internal electric field is proportional to the re-
sistance of the cable shield, to the rate of change of the 
shield current, and to the size and number of the holes in 
the shield. 

Transfer impedance vs. frequency 

Some examples, from [15.3 and 15.5 - 15.6], showing 
the variation of transfer impedance with frequency for var-
ious amounts of shielding are shown in Fig. 15.15. 

Equivalent circuit 

An equivalent circuit for a braided shield is shown in 
Fig. 15.17. The resistance can frequently be regarded as 
the DC resistance of the shield, although the effective re-
sistances of some shields are less because of skin effects. 
The transfer inductance, L12, is approximately 0.5 nH/m 
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for small diameter cables with small weave angles and sev-
eral nH/m for large diameter cables with large weave an-
gles. Note that this is not mutual inductance, nor a self-
inductance.   

 

Fig. 15.17 Equivalent circuit of a shielded conductor. 

Calculation of shield performance 

Vance [15.6] gives equations relating resistance and 
transfer inductance to the construction of shields. Fig. 
15.17 shows one example of how transfer inductance de-
pends on weave angle. In the frequency domain, the trans-
fer impedance is generally dominated by the resistance at 
frequencies below about 1 MHz and by the transfer induct-
ance at frequencies above 1 MHz. The reference to mutual 
capacitance in Fig. 15.17 is addressed below, under the 
heading; ‘electric field leakage’. 

Flexibility vs. weave angle 

The SE of a braided shield can be improved by increas-
ing the density of the braid, but this also reduces the flexi-
bility of the shield. Small diameter shields can be made 
with a small weave angle, but on large diameter cables the 
weave angle must be large to maintain physical flexibility. 

        Overlapping layers of braid 

An alternative construction involves two overlapping 
layers of braid (Fig. 15.18). Using two similar layers of 
braid reduces the resistance by a factor of two (and doubles 
the weight of the shield) but can reduce the transfer induct-
ance even more, often to less than 0.1 nH/m.               

The resistances of doubly shielded cables can be calcu-
lated, but it is best to measure the transfer inductances. 

 

Fig. 15.18 Doubly shielded cable. 

 

Porpoising 

Sometimes cables exhibit a phenomenon called ‘por-
poising’ (illustrated in Fig. 15.19), in which a change in 
shield current path induces an internal electric field of the 
opposite polarity. Porpoising occurs because braid wires 
loop back and forth between the inner and outer surfaces 
of the shield, carrying current to the inner surface by con-
duction rather than by diffusion. As shown in Fig. 
15.19(c), wires carrying axial current on the inside surface 
of the shield produce a magnetic field whose orientation 
opposes the field leaking in through holes. Measurements 
in the frequency domain would not show this effect unless 
they also included a measurement of phase as well as of 
amplitude.   

Electric field leakage 

Another source of coupling through braided shields is 
capacitive leakage through the holes in the shield, as 
shown in Fig. 15.20. If the shielded cable is subjected to a 
changing external electric field, electric flux passes 
through the holes in the cable and shines on the signal con-
ductor. 

 

 

Fig. 15.19 Magnetic coupling giving effect of a  
negative coupling inductance. 

The flow of the resulting displacement currents through 
the load impedances of the wires inside the shield produces  
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a voltage between the signal conductor and the shield. An 
alternate source of coupling, shown in Fig. 15.20(b), in-
volves the voltage on the shield itself. Currents flowing 
through the external impedance of an imperfectly 
grounded shield produce a voltage between the shield and 
any external ground structure. 

Leakage due to shield voltage 

External impedances between the signal conductor and 
the shield, as well as the inherent capacitance between the 
shield and the signal conductor, force the signal conductor 
to assume nearly the same potential as the shield. Because 
the signal conductor is then at a potential different from 
the surrounding ground, electric flux can pass from the sig-
nal conductor through the holes in the shield and to 
ground. The displacement currents, again, produce a volt-
age between the signal conductor and the shield. 

 
Fig. 15.20 Coupling via capacitive leakage through  

holes. 

Equivalent circuit for capacitive leakage 

An equivalent circuit for capacitive leakage (Fig. 15.21) 
is simply a transfer capacitance, C12, (or transfer admit-
tance, j𝜔𝜔𝐶𝐶12, in the frequency domain). The constants for 
this equivalent circuit depend on the total area of the holes 
in the shield and on the capacitances between the shield 
and the conductor (C12) and between the shield and the 
ground return path (C2). The transfer capacitance is not 
very sensitive to weave angle, as was shown in Fig. 15.13. 

 
Fig. 15.21 Equivalent circuit for capacitive leakage. 

Determination of leakage capacitance 

Vance [15.6] also gives expressions relating transfer ca-
pacitance to various parameters associated with shield 
construction. Some cables have a layer of metal foil or a 
layer of metallized Mylar under the braid to improve the 
optical coverage and to reduce the transfer admittance. The 
transfer properties of such shields are best determined by 
measurement. Some software programs are available that 
purport to compute SE. To be acceptable for aircraft certi-
fication purposes, these programs must be validated for the 
application that they will be used for by successful com-
parison with measurements from tests.   

Relative order of importance 

In most cases, the effects of magnetic field leakage are 
probably more important than the effects of capacitive 
(electric field) leakage. Magnetic fields occupy the loop 
areas between shielded conductors, whereas electric field 
leakage affects only the surface areas of the shielded con-
ductors. The coupling physics of magnetic and electric 
fields are explained in Chapter 9.  

15.6.3 Tape Wound Shields 

Tape-wound shields, like that shown in Fig. 15.22, are 
often used where an especially flexible shielded cable is 
required. The shield may be formed either from a narrow 
metal sheet, spiraled around the bundle, or from a carrier 
of fine wires, again spiraled around the bundle. Flexible 
armor and flexible conduit, which is normally used pri-
marily for mechanical protection, may also be analyzed as 
a tape-wound shield. Tape-wound (or spiral-wound) 
shields perform rather poorly because the spiral winding 
tends to behave like a solenoid, wound about the internal 
conductors. This results in a rather large transfer coupling 
term, relating the internal voltage to the shield current. The 
solenoid effect is particularly prevalent if the tape is 
wound without any overlap because the gaps in the turns 
force the entire cable current to spiral around the core. 
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Fig. 15.22 Tape-wound shield. 

Vance [15.6] analyzes a 1 cm-radius cable wound with 
0.25 mm thick, 1 cm wide, copper tape. The tape is as-
sumed to be wound without any overlap.  

The transfer inductance of the tape-wound shield was 
calculated as 3.9 µH/m, which is four orders of magnitude 
greater than the transfer inductance obtains for a braided 
wire shield. 

15.6.4 Cable Trays 

Cable trays are most often used to provide mechanical 
protection for wires. They may also provide some electri-
cal protection. The characteristics of a cable tray that de-
termine its effectiveness as electromagnetic shields are the 
same as for any other shield: 

1. It must be able to carry current along its axis. 

2. It should be of low-resistance material. 

3. It should surround the wires it is protecting. This im-
plies that the tray should be fitted with a conducting 
cover that makes good electrical contact with the tray 
along its entire length. 

4. It should have a minimum number of openings 
through which magnetic fields may leak. 

5. It should have as few joints as possible, and any joints 
that are provided should contribute minimum re-
sistance and provide minimum magnetic field leak-
age. 

The transfer characteristics of the tray are about the 
same as those of the solid tubular shields discussed previ-
ously. This comparison assumes the tray is made of solid 
metal and is fitted with a well-sealed cover. Since covers 
never form perfect seals, the pulse penetration time con-
stant would probably not be as long as predicted by Eq. 
11.21. Even with an imperfect cover, the transfer imped-
ance ZT would not be greater than the DC resistance. 

Trays are usually built-in short sections joined by 
splices or transition sections. The transition sections are 
often designed to allow thermal expansion, which pre-
cludes their having good electrical continuity or much  

ability to protect against magnetic leakage. The transfer 
characteristic of a cable tray formed from multiple sections 
is typically found to depend almost entirely on the treat-
ment of the joints between the sections. Leakage at joints 
can be reduced by covering them with flexible tape or 
metal braid. The transfer characteristics can seldom be de-
termined by calculation; they must be determined experi-
mentally. 

Conduits 

Conduits used in aircraft are sometimes intended only 
to provide mechanical protection for wires. They should 
not be relied upon for electromagnetic shielding unless it 
has been verified that the conduit is electrically continuous 
and is grounded to the airframe at intervals and at each 
end. Sometimes conduits are supported by nonconductive 
shock mounts and thus are not inherently grounded. 

15.7 Transfer Impedance Characteristics of 
Actual Cables 

The transfer impedance of a shielded cable relates the 
voltage (typically) or the current to the current that is in 
the shield. Therefore, the impedance can be expressed as a 
ratio of either shielded conductor voltage, or current, to the 
shield current. This ratio is predominantly the resistance, 
RDC of the shield, but it also includes the transfer induct-
ance, M12, as shown in Fig. 15.17. It sometimes also in-
cludes a transfer capacitance, but this is not a significant 
factor in most shields found in aircraft applications.   

Transfer impedance is not a factor commonly specified 
either by the manufacturer or by procurement specifica-
tions, although sometimes the DC resistance is specified. 
Even among cables of the same nominal type, transfer im-
pedance may vary considerably between cables supplied 
by different manufacturers. The most straightforward 
method of determining the transfer characteristic of a 
shielded cable (particularly if multiple shields are involved 
and if the wires are terminated to a variety of load imped-
ances) is to make actual measurements of the conductor 
voltages produced by currents circulating through the 
shield. The techniques by which experimental transient 
currents may be injected into the shields of cables through 
coupling transformers are described in Chapter 18. 

If actual measurements of coupling effects are not avail-
able, the transfer characteristics of many cables can be es-
timated from other published literature. One such sum-
mary, giving the parameters of coaxial cable shields, is 
shown in Table 15.1 [15.7]. 
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15.8 Connectors 

Transfer impedance 

The transfer impedance of a cable connector or splice 
can be represented by 

𝑍𝑍𝜏𝜏 = 𝐼𝐼𝑡𝑡 + 𝑗𝑗𝜔𝜔𝛥𝛥12  (15.7) 

where Ro is the resistance measured across the connector 
and L12 is a transfer inductance between the external shield 
circuit and the internal conductors of the cable. The value 
of Zτ is usually not calculable, but it can be measured by 
passing current through a cable sample containing the con-
nector and measuring the open circuit voltage induced on 
conductors inside the shield. Some typical values of Ro and 
L12 have been measured on cable connectors and are listed 
in Table 15.2. 

The transfer impedance of a connector can be regarded 
as a lumped element in the cable circuit (as distinct from 
the distributed nature of the transfer impedance of a cable 
shield). Thus, the effect of leakage through a connector can 
be simply represented by a discrete voltage source 

𝑉𝑉 = 𝐼𝐼𝑍𝑍𝜏𝜏  (15.8) 

where I is the shield current. 

Transfer admittance 

Since most connectors available for use with shielded 
cables have essentially 100% optical coverage, their trans-
fer admittance is usually negligible. In addition, most 
bulkhead or panel-mounting connectors are located at 
points where the shield voltage is minimal, so that excita-
tion of the internal conductors by the transfer admittance 
is small, even when the transfer admittance itself is not 
small. 

15.9 Ground Connections for Shields 

The transfer parameters of Table 15.2 refer only to the 
properties of the connector itself. Transfer impedances are 
also influenced by the way cable shields are bonded to 
their connectors, and by the way the jacks (to which the 
connectors mate) are mounted to bulkheads. Even slight 
inattention to these details may introduce transfer imped-
ances into circuits far greater than the impedances of the 
connectors or, possibly, far greater than that of the entire 
cable shield. 

 

Pigtail grounding 

A common treatment of shields at connectors is to insu-
late the shield with tape and connect it to the connector 
back-shell through a pigtail (Fig. 15.23(a)). Another prac-
tice, often used in the past, was to insulate a panel con-
nector from its panel with an insulating block and to 
ground the connector either to the panel through a pigtail 
or (more commonly) to an internal ground bus, also as il-
lustrated in Fig. 15.23(a). 

Another typical shield-to-connector termination, shown 
in Fig. 15.23(b), involves connecting the shield to one of 
the connector pins and grounding it internally (through a 
pigtail) either to the panel or to an internal ground bus.  
This arrangement allows some magnetic flux from the 
shield current to originate inside the enclosure, not a 
healthy situation. The rationale for this arrangement 
seemed to be that the ground inside the enclosure was 
“cleaner” than a ground point on the exterior of the enclo-
sure. This is not correct. There is no such thing as a “clean” 
or “noisy” ground. “Noise” comes from the voltages or 
currents induced in loops between pigtails and nearby ref-
erences, such as cable trays, airframe structures, and any 
other nearby references.    

Grounding to remote point 

Sometimes shields are not connected at all to the panel 
on which the connector is mounted, but are connected, in-
stead, to some remote ‘system ground’ point  
(Fig. 15.23(c)). This practice should always be avoided be-
cause it introduces enough loop area to completely under-
mine the effectiveness of the shield. Remote grounding of 
shields reflects a fundamental misunderstanding of the 
role of ‘ground’ connections on shields. 

Calculation of effects 

The coupling introduced by any of these configurations 
can be studied in terms of the self-impedance of the con-
ductor used for the pigtail and the inductance (magnetic 
field) between the pigtail and the conductors in the con-
nector. The flow of current through the self-inductance of 
the pigtail produces a voltage. 

𝑉𝑉 = 𝑗𝑗𝜔𝜔𝛥𝛥              (15.9) 

Or in the time domain,  
 

𝑉𝑉 = 𝛥𝛥 �𝑑𝑑𝑝𝑝
𝑑𝑑𝛼𝛼

�    (15.10) 
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Where L is the inductance that represents the magnetic 
field between the shielded conductor(s) and the pigtail.  
This voltage adds directly to the voltage produced by the 
flow of current along the shield. The self-inductance of 
conductors was discussed in §9.5.3, in which Eq. 9.28 
shows that the inductance of a straight conductor of non-
magnetic material is: 

𝛥𝛥 = 2 × 10−7𝑓𝑓 �ln 2𝑑𝑑
𝑟𝑟

− 1�,  (15.11) 

 

where l = length and r = radius of the wire. 

The inductance of a typical pigtail does not differ sig-
nificantly from this, even if it is curved or bent. 

 

 

 

 

Fig. 15.23 Termination of shields at connectors. 

 

Measured example 

This point is illustrated in Fig. 15.24, which is taken 
from an extension of the test series previously discussed in 
reference to Figs. 15.2 through 15.8. One end of the cable 
was grounded through a 33-inch length of wire, while the  

 

 

other end was connected to the ground plane directly. Note 
that the voltage, V1, increased from 0.4 volts (Fig. 15.24) 
to 3.5 volts, solely because of the inductive voltage rise in 
the loop formed by the ground lead. 
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Fig. 15.24 Effect of inductance in a shield pigtail ground 
connection. 

Peripheral grounding 

The best type of connector for minimizing transfer im-
pedance is one in which the shield currents pass from the 
shield to the connector through a path that surrounds the 
shielded conductors, as shown in Fig. 15.25(b). A wide va-
riety of connectors provided with a means of bonding 
shields directly to them are commercially available. 

Such connectors introduce much less voltage into the 
conductors for the following reasons: 

1. The length of the path through which the shield 
current must flow is short. 

2. The field intensity outside the shield is reduced by the 
inherently large diameter of the path upon which the 
current flows. 

3. The field intensity inside the shield is low, nearly 
zero, because of magnetic field cancellation described 
in §9.5.3. 

The shortness, and large diameter of the current path im-
plies low self-inductance. The absence of magnetic flux 
within the shield implies that the signal conductors are ex-
posed to as much flux as the shield. In other words, the 
transfer inductance is zero. 

Fig. 15.25 Grounding of shields. 

 

15.10 Shielding of Enclosures 

The effects of the structural details of enclosures on 
their shielding performance are usually discussed in terms 
of the frequency-domain. This topic is thoroughly ad-
dressed in many sources and will not be repeated here. In-
stead, this section is limited to a qualitative discussion of 
the responses of shielding enclosures to time-domain mag-
netic fields. It highlights some of the more rigorous dis-
cussions found in Chapters 11 and 12. 

Origin of magnetic shielding by non-magnetic  
materials 

A magnetic field line that attempts to penetrate a con-
ductive sheet (Fig. 15.26(a)) induces circulating currents 
that set up an opposing magnetic field. The result is that a 
transient magnetic field initially surrounds the sheet (Fig. 
15.26(b)) and only as time progresses does a portion of the 
field penetrate the sheet. This is true even if the sheet is 
made from a non-magnetic material, such as aluminum. 
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Fig. 15.26 Magnetic field intersecting a conducting 
sheet. 

Response of an enclosure 

If a metal box is exposed to the field (Fig. 15.27), cir-
culating currents are induced on the surface of the box. In 
cross-section, the field patterns resemble Fig. 15.28. As 
time progresses, the field begins to penetrate the box, start-
ing at the corners and eventually passing directly through. 

 

 

 

Fig. 15.27 Circulating current induced                             
by a changing magnetic field. 

 

 

Fig. 15.28 Paths of the magnetic field. 

Interestingly, there are no tests included in the family of 
lightning tests (e.g., RTCA DO-160 Section 22 - 23, and 
SAE ARP5416) that examine lightning originated electro-
magnetic field-immersion effects on equipment, as there 
are for EMI and HIRF. Lightning bench tests of equipment 
are limited to either cable bundle injection or individual 
connector pin injection.   

Induced Current 

Equipment installed in location where it is exposed to 
lightning magnetic fields, such as within nonconductive 
parts of an airframe, wheel wells, or engine nacelles may 
be exposed to high magnetic field intensities that may in-
duce significant currents into the equipment enclosures as 
illustrated in Fig. 15.29. 



397 
 

 

Fig. 15.29 Magnetic field induction of circulating current. 

Internal current 

In response to a step function magnetic field, the in-
duced current density on the inside surface of the box ac-
quires the diffusion waveform discussed in §11.3.5 and il-
lustrated in Fig. 15.30(d).   

The current density, multiplied by the resistivity of the 
metal, gives the internal voltage rise. The sum of all the 
internal voltages (Fig. 15.30(a)) induced across the inter-
nal inductance of the box (Fig. 15.31) drives an internal 
circulating current, which, in turn, produces the net inter-
nal magnetic field. 

  

Fig. 15.30 Current densities. 

 

Fig. 15.31 The internal circulating current. 

Injected current 

Exposure to a magnetic field is not the only means by 
which a current can be induced on the surface of the box. 
It is more common for current induced on a cable shield to 
be transferred to the box at a termination point, from 
which it distributes over the surface of the box, as illus-
trated in Fig. 15.32. Designers need to know the ampli-
tudes of shield currents so that the connectors and inter-
faces with the boxes can be built to tolerate physical ef-
fects of shield currents. Some lightning induced currents 
can be as high as several kiloamperes. Traditional metal 
connectors can usually tolerate such currents without dam-
age. Plastic or composite connectors usually cannot toler-
ate currents higher than several hundred amperes, since the 
conductivity is provided by thin layers of conductive ma-
terial.   
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Fig. 15.32 Direct injection of current. 

 
 

Factors that degrade shielding 

One factor that can degrade the shielding of the box is 
the presence of removable covers, like the one illustrated 
in Fig. 15.33. Covers always present a higher impedance 
path than continuous metal. Circulating current that flows 
through cover joints produces a resistive voltage that is not 
retarded by diffusion effects. Louvres, screens, and cool-
ing vents may allow fields to directly penetrate enclosures 
and interact with circuits and devices. Another factor is 

 

Fig. 15.33 Leakage through apertures. 

the presence of apertures, like the one illustrated in Fig. 
15.33. External magnetic fields loop in and out of such ap-
ertures, producing net internal magnetic fields. 

An aperture whose longest dimension is oriented paral-
lel to the impinging magnetic field admits more flux to the 
interior of the box than an aperture oriented perpendicular 
to the field. 
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Table 15.2 Transfer Impedance of Typical Cable Connectors [15.7] 

Connector Identification Ro 
(ohms) 

M12 
(H) 

Multipin Burndy NA5-15863 0.0033 5.7 x 10-11 

Aerospace Deutsch 38068-10-5PN 0.15 2.5 x 10-11 

Connectors Deutsch 38068-18-31SN 0.005 1.6 x 10-10 

(Threaded) Deutsch 38068-22-55SN 0.023 1.1 x 10-10 

 Deutsch 38068-14-7SN 0.046 5.0 x 10-11 

 Deutsch 38060-14-7SN 0.10 8.2 x 10-11 

 Deutsch 38068-14-7SN 0.023 6.7 x 10-11 

 Deutsch 38068-12-12SN 0.0033 3.0 x 10-11 

 Deutsch 38068-12-12SN 0.012 1.3 x 10-11 

 Deutsch 38068-12-12SN 0.012 1.3 x 10-11 

 Deutsch 38060-12-12SN <0.001 2.5 x 10-12 

 Deutsch 38068-12-12SN 0.014 3.5 x 10-11 

 AMP 0.0067 1.6 x 10-11 

 AMP 0.0067 1.5 x 10-11 

 AMP 0.003 1.9 x 10-11 

Type N UG 21B/U-U58A/U * * 
Type BNC (Bayonet) UG 88C/U-UG1094/U 0.002 4-8 x 10-11 

    
Anodized MS 24266R-22B-55 5 104 𝜔𝜔𝑀𝑀 < 𝐼𝐼𝑂𝑂@ 20 MHz 
Open Shell MS 3126-22-55 0.5-1 𝜔𝜔𝑀𝑀 < 𝐼𝐼𝑂𝑂@ 20 MHz 
Split Shell MS 3100-165-1P 0.001 ≈ 20 × 10−11 
 MS 3106A-   

*Too small to measure in present of 4 inches of copper tube used to mount connector. 
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Chapter 16 

DESIGN AND COORDINATION OF PROTECTION  
FROM INDUCED EFFECTS 

 

16.1 Introduction 

This chapter discusses methods for controlling light-
ning induced effects. It focuses on the larger issues, in-
volving the aircraft, such as the location of equipment and 
the selection of appropriate types of wiring. In other 
words, this chapter primarily addresses systems integra-
tion and basic policy regarding lightning protection. The 
chapter also presents the evolution of the lightning-in-
duced transient standards, the definitions, and applications 
of the standards. 

Some of the policy steps involved in controlling in-
duced effects are: 

1. Induced effects should not cause damage or upset 
to electronic equipment and systems. 

2. Consider options for the airframe materials and 
construction. These have a very significant influ-
ence upon susceptibility of systems and equip-
ment to lightning effects. There are tradeoffs to be 
made that impact cost and weight.  

3. Consider options for control of induced transients 
and for protection of equipment. There are 
tradeoffs to be made. 

4. Remember that it is primarily the interconnecting 
wiring that determines equipment susceptibility. 
Take as much advantage as possible of inherent 
shielding provided by the airframe. 

5. Coordinate equipment transient withstand specifi-
cations with actual transients expected to be in-
duced in wiring. 

6. Prepare specifications that apply both to the air-
frame protection and to protection of the equip-
ment and systems. Require that transient tolerance 
of equipment and systems be verified by test.   

7. Require that equipment withstand equipment tran-
sient design levels (ETDLs) and that these be ap-
plied to individual equipment connector pins. 

 

The points outlined above are discussed in the follow-
ing sections. The ‘goals’ for design described in §16.2 may 
seem self-evident to some readers, but sometimes these is-
sues are not adequately addressed. The sections entitled 
‘Location of equipment’ (§16.3) and ‘Locations for wir-
ing’ (§16.4) discuss general good practice. Section 16.5 
discusses shielding of interconnecting wiring, continuing 
a discussion begun in Chapters 9 and 15. Determining the 
actual transient levels (ATLs) to be expected in aircraft 
wiring was the subject of Chapters 9 - 14. Design of equip-
ment is discussed further in Chapter 17 and verification 
testing is discussed in Chapter 18. 

The transient control level (TCL) and ETDL concept 
first described in Chapter 5, under the encouragement of 
airworthiness certification guidelines like [16.1], has be-
come widespread in its application to aircraft design. This 
is especially true for aircraft designs undergoing civil cer-
tifications. The practice seems to have been less well un-
derstood and applied in military aircraft, where adherence 
to earlier electromagnetic interference (EMI) specifica-
tions has sometimes gotten in the way of adoption of the 
more logical TCL/ETDL procedure. Therefore, since this 
logical concept is still not widely understood, it is ex-
plained in some detail in this chapter and some discussion 
of its historical development is included. 

16.2 Requirements and Goals 

The requirements regarding induced effects are: 

1. Induced effects should not cause physical damage to 
electrical or electronic equipment. 

2. Induced effects should not cause interference that pre-
sents an imminent hazard to the safety of the vehicle 
or its crew. This includes interferences that could con-
vey misleading information to the crew that would 
pose a severe risk to the completion of the aircraft’s 
safe flight or mission. 

Other interference, although undesirable, might be tol-
erated. For example, induced effects that cause warning 
lights to be illuminated might be considered acceptable, 
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whereas induced effects that lead to unwanted flight or en-
gine control inputs, or hazardous, misleading information 
on cockpit displays would be considered unacceptable. 
The tripping of circuit breakers or solid-state power con-
trollers in the electric power distribution system might be 
unacceptable, even if it were possible to re-initialize or re-
set the displays or circuit breakers. Acceptance criteria for 
any lightning effects should be determined by the lightning 
safety assessment described in Chapter 5.   

Interference that leads to the scrambling of one channel 
of a redundant digital control system is probably accepta-
ble if this can be depended upon to happen only in one 
channel of a two independent and dissimilar channel sys-
tem (for example), but interference that causes all comput-
ers to shut down, with loss of display or control function, 
is unacceptable. At least one channel must be shown, ei-
ther through test or analysis, to maintain the function dur-
ing and after the lightning event. 

Some general premises that go along with these goals 
might be: 

1. It is more productive to design electronic equipment 
so that it can accept lightning induced transients on 
input and output leads than it is to initiate a retrofit 
program to provide protection to an existing system, 
found susceptible to hazardous lightning induced ef-
fects during service. 

2. It is more practical to design an electronic system 
around the capabilities of existing and proven protec-
tive devices, such as shields, transient protectors, or 
circuit design approaches, than it is to develop and ret-
rofit new and improved protective techniques to an 
electronic system designed without consideration of 
the transients that might be produced by lightning. 

3. Trade-offs must be made between the cost of provid-
ing electronic equipment capable of withstanding 
lightning induced transients and the cost of shielding 
equipment and interconnecting wiring from the elec-
tromagnetic effects of lightning. 

4. Designers should take as much advantage as possible 
of the inherent shielding that aircraft structures can 
supply and should avoid placing equipment and wir-
ing in locations that are most exposed to the electro-
magnetic fields produced by lightning. Frequently, 
decisions regarding the location and installation of 
avionic equipment and interconnecting wiring are 
made by persons with no knowledge of the implica-
tions of these installations on susceptibility to light-
ning effects. The selection of materials for use in in-
strument panel and glare shield construction is made 

with weight, manufacturability, and cost in mind but 
without regard for the need to protect against lightning 
and other electromagnetic effects. 

16.3 Importance of the Airframe 

As discussed in earlier chapters, the materials of which 
the airframe is made have a significant impact on the mag-
nitudes of induced transients in aircraft systems. An all-
aluminum airframe, especially fuselage and wings, can 
provide significant protection of the interconnecting wir-
ing, both by prevention of direct contact of lightning chan-
nels with the installed wiring and by providing electro-
magnetic shielding. Airframes constructed either partially 
or fully of composite materials do not provide as much 
protection of installed electronics, and other systems. Brief 
discussions of the situations with all-aluminum, carbon fi-
ber composite (CFC), and combinations of these structural 
materials, and of non-electrically conductive composites, 
like glass fiber reinforced composites are presented in the 
following subsections.   

In the discussions that follow, the transient voltages and 
currents mentioned are those appearing between the indi-
vidual conductors or cable bundles and the local airframe. 
These are called common-mode transients. Whether or not 
this is how the system voltages are utilized, there are al-
ways common-mode voltages and currents, and these 
cause the most damage. Lightning-induced transient spec-
ifications are typically specified as common-mode.   

16.3.1 Aluminum airframes  

Wiring installed within all-aluminum fuselages and 
wings is protected from direct strikes and will experience 
only transients that are induced by magnetic fields and (to 
a lesser extent) structural IR voltage rises. The resistance 
of a conventional metal fuselage or wing is in the order of 
3 x 10-6 ohm-cm so IR voltages along metal airframes are 
low.  Most of this resistance is in the (usually) fastened 
joints.  Exceptions to this might be circuits that are con-
nected to externally mounted electrical devices.  Induced 
voltages should be expected to be in the range of 50 - 600 
volts and 4 - 60 amperes, or not exceed TCL Level 3 in 
Table 5 of [16.2], depending on location within the air-
frame and degree of additional shielding provided on the 
wires. Similarly, cable bundle currents will be in the range 
20 A - 600 A or Level 3 in Table 6 of the above reference.   

Some wire harnesses that run to outlying areas such as 
engines, flight control actuators and landing gear may ex-
perience transients up to and including Level 5 of both ta-
bles in [16.2]. The reasons or these higher ranges is be-
cause these harnesses often are routed across or through 
less well shielded parts of an airframe, such as along an aft 



407 
 

spar, an engine/pylon interface, or deployed landing gear 
that is open to the outside. Landing gear harnesses may 
share lightning zone 3 currents and experience 10’s of ki-
loamperes of cable bundle current.   

Designers should beware of guidance in some refer-
ences [16.1, 16.3] that suggest that systems performing 
less critical functions (i.e., lightning criticality levels B, C) 
need not be required to tolerate transient levels as high as 
those performing more critical level A functions. Assign-
ment of test levels based upon criticality makes no tech-
nical sense. Wiring susceptibility is determined by loca-
tion within an airframe, not by criticality. Equally, the 
widespread integration of aircraft systems leaves all sys-
tems exposed to the same or similar transient levels and 
allows for propagation of damaging transients among sys-
tems performing all criticality of functions.     

16.3.2 CFC Airframes 

CFC structural materials have volume resistivities rang-
ing around 6 x 10-3 ohm-cm in the plane of the laminates 
which is where the lightning current will predominantly 
flow. This is also the general direction of the interconnect-
ing wiring, so the IxR voltages appear in wiring that runs 
along the airframe, in the common mode with respect to 
the local airframe. Since the CFC material is much more 
resistive than is aluminum, the IxR voltages are high. Mag-
netically induced transient voltages and currents are simi-
lar to those in an aluminum airframe of similar size and 
configuration.   

The result of all this is that the ranges of induced volt-
ages and currents in CFC airframes is typically between 
Levels 2 and 5 in Tables 5 and 6 of [16.4]. Cable bundle 
currents can often exceed Level 5 if installed in more ex-
posed locations. This can increase the amounts and 
weights of shields required to control transients to levels 
(i.e., Levels 2, 3) that can be tolerated by off-the-shelf 
equipment.   

Here the designer must consider the needs of protecting 
the CFC airframe against physical damage from lightning 
strikes (Chapter 6) which can be accomplished by adding 
a layer of expanded copper foil, the heaviest option, or by 
protecting the airframe with interwoven wire fabric 
(IWWF) – the lightest option.   

The amount of reduction of the airframe IxR voltage is 
much greater with the expanded copper foil than airframe 
resistance is much greater with the expanded copper foil 
than with the IWWF. The tradeoff is between metalizing 
large surfaces of CFC skin or providing heavier shielding 
on individual cables. Designers sometimes incorporated a 
compromise in the form of various arrangements of copper 

(usually) conductors installed throughout a CFC airframe, 
together with IWWF on the exterior surfaces. This has had 
the benefit of providing a ground return for electric power 
distribution, and some degree of lightning IxR voltage re-
duction, thus reducing the weight of shields needed for in-
dividual wire harnesses. These copper conductors have 
been given various names. One such arrangement has been 
called a ground return network (GRN). The idea is illus-
trated in Fig. 16.1. 

 

Fig. 16.1 Conductor network within a CFC airframe 

The purpose of the conductor network of Fig. 16.1 is to 
provide an equipment ground and electric power return 
network. The concept for use of the GRN is illustrated in 
Fig. 16.2. 

 

Fig. 16.2 Concept for utilization of a GRN 

The individual items of equipment are to be grounded 
to the GRN as shown in Fig. 16.2. The impedance of the 
GRN at the power and signal frequencies of most aircraft 
systems is sufficiently low as to enable the systems to have 
a common ground.  
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Other aspects of the GRN 

Other aspects of the GRN and its installation in a CFC 
airframe are as follows: 

1. The cross-sectional area of the GRN conductors 
must be able to conduct portions of the lightning cur-
rent. This is the redistributed current that is discussed 
in Chapter 11. Typically, the rise times are in the 10s 
of microseconds and the decay times are in the 100s 
of microseconds – significantly longer than the wave-
form of the lightning stroke current Component A. 
The amplitudes of GRN conductor currents should be 
expected in the range between 10 kA and 100 kA. The 
lower amplitudes should be found in large transport 
airplanes. Higher amplitudes are found in GRNs 
within small aircraft fabricated of CFC. Any conduc-
tors considered for GRN should be tested at antici-
pated current waveforms and amplitudes. Specific de-
tails can be computed by commonly available pro-
grams such as EMA3D [16.5] COMSOL [16.6] and, 
and even circuit analysis programs like SPICE [16.7]. 
American Wire Gauge (AWG) sizes from AWG#6 
(15 mm2) to AWG#2 (35 mm2) should be adequate to 
conduct redistributed stroke currents if made of cop-
per. Other requirements like flexing, accessibility, and 
mechanical strength may necessitate larger cross-sec-
tions. Since lightning stroke currents are transients, 
the inductances of GRN conductors are as important 
as DC resistances. Flat conductors offer lower induct-
ances than do round wires.   

2. Bonding of the GRN to the CFC airframe should 
be provided periodically to equalize the potential be-
tween the adjacent CFC and the GRN. If this is not 
done, high transient voltages will develop between the 
airframe and the GRN which will be hazardous. A 
guideline would be to bond the GRN conductors to the 
CFC airframe a minimum of every 3 m.   

3. If the airframe includes metal and CFC a GRN is 
not usually needed in the metal (i.e., aluminum) sec-
tions but the GRN in the CFC structures needs to be 
connected to the metal structures.   

4. Utilization of other hardware in the airplane for part 
of the GRN is possible and to be encouraged.  For      
example, metal instrument panels, floor Isoboards, 
quadrant assemblies, seat tracks, and engine mounts if 

 

electrically connected together can comprise part of a 
GRN. This approach has been especially useful in 
small airplanes, where weight budgets and space are 
at a premium.       

5. Insulating the GRN from some other system compo-
nents such as hydraulic tubes, wire harnesses, cabin 
entertainment systems, and personnel accommoda-
tions should be provided where needed. Engineering 
analysis needs to be applied to determine which sys-
tems should be bonded to the GRN, and which others 
need not be. 

               6. Isolating the GRN from the airframe has been con-
sidered but this should not be attempted, for the fol-
lowing reasons: 

• Isolation is not necessary. Doing so would intro-
duce many problems, a few anticipated, and 
many unforeseen. 

• Sharing of current paths, both system and light-
ning, is always best. This minimizes high transi-
ent voltages and currents throughout the air-
plane.   

• Isolating features would be a design challenge 
and be difficult to monitor and maintain.   

16.4 Location of Electronic Equipment 

Because of other constraints, the designer may not have 
much choice in the matter, but it is often possible to make 
improvements in the protection against lightning induced 
effects by locating electronic equipment in regions where 
the electromagnetic fields produced by lightning current 
are lowest and by avoiding the placement of equipment in 
the region where the electromagnetic fields are highest. 
For example, since the most important type of coupling 
from the external electromagnetic environment to the in-
side of a metal aircraft is through apertures (Chapter 12), 
it follows that wiring (especially) and equipment should be 
located as far from major apertures as possible. Equipment 
installed within aircraft constructed of CFC is also ex-
posed to significant transients driven by structural IxR 
voltages. 
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Wiring locations are of most importance (see §16.5) 
since the major source of lightning-induced transients is 
via the interconnecting wiring. Equipment is usually pro-
vided with metal enclosures that protect electronic circuit 
elements within. Equipment with displays may be suscep-
tible to electromagnetic fields coming through nearby win-
dows. Most of these displays have been subjected to EMI 
and high intensity radiated fields (HIRF) field tests but 
these fields are usually much higher in frequency and 
lower in intensity than those presented by lightning strikes. 
Other equipment that might be vulnerable to lightning 
fields would be that within nonconductive enclosures.   

Vulnerable equipment should be located as far away 
from windows, access doors, or panels as practicable since 
these often are a major source of electromagnetic field 
leakage. In practice this may be more easily said than 
done, because the purpose of these doors and panels is to 
provide ready access to electronic equipment. These issues 
are always more acute for small general aviation and busi-
ness class aircraft than for large transport aircraft, where 
there is usually, overall, more surrounding structure, and 
greater distances available between equipment racks and 
access panels. Of course, field intensities at apertures on 
large airplanes are lower than those on smaller airplanes 
simply because fuselage diameters and other major dimen-
sions are smaller. This topic is discussed in Chapter 10.   

An overall goal should be to locate electronic equip-
ment toward the center of the aircraft structure, rather than 
at its extremities since the electromagnetic fields tend to 
cancel toward the center of any structure. Interconnecting 
wiring should also be further away from the sources of in-
ternal electromagnetic fields. Doing this may not always 
be practical.   

Shielded compartments can be provided for vulnera-
ble equipment. Some airframe manufacturers have begun 
to enclose groups of avionics within well-shielded alumi-
num enclosures that are installed within less well shielded 
airframes. The equipment within these enclosures is in-
stalled in the conventional manner, with minimum atten-
tion given to special protection measures within. Shields 
of cable bundles can be grounded to the equipment enclo-
sures, and circuits among equipment inside can be left un-
shielded.     

The shielded enclosure is treated as a single item of 
equipment and wiring between itself and other avionic

equipment is protected from lightning electromagnetic 
field effects. This approach minimizes the need to apply 
special protection features to off-the-shelf equipment that 
can be located within a protection enclosure. Care needs to 
be taken to protect the wire harnesses that connect to this 
enclosure. 

Shelves and ground planes 

One important factor that is usually under the designers 
control is the type of shelf upon which electronic equip-
ment is mounted. This is of particular importance in air-
frames made from large amounts of composite material. 
These shelves are intended to provide ground planes or ref-
erence surfaces for electronic equipment, and thus it is es-
sential that they be electrically conductive and be well 
bonded to the aircraft structure. They should either be 
made of metal or, if made from composite materials, they 
should be covered with expanded copper foil or some other 
metal surface that has a low resistance and is well bonded 
to the aircraft structure. These conductive shelves can be-
come a part of a GRN.   

16.5 Location of Wiring 

Designers have somewhat more control over the routing 
of wiring used to interconnect equipment than over the lo-
cation of the equipment itself. Wiring should be located 
away from apertures and away from regions where the ra-
dius of curvature of structural members or the outer skin is 
smallest. Moreover, wiring should be located as close to a 
ground plane or structural member as possible, to mini-
mize the amount of magnetic flux that may penetrate the 
loops between the wire harnesses and the nearest airframe 
references, like floor panels, bulkheads, and exterior sur-
face skins. If a structural reinforcing member, such as an 
integral stiffener, longeron, or fuselage frame, is shaped or 
can be shaped to provide a trough into which the wiring 
may be placed, the member will provide more inherent 
shielding than if the wiring must be placed on the edge of 
the member. The suspension of wiring from fuselage 
frames is a common practice and has the disadvantage that 
the wiring must be spaced from the fuselage skin by a wide 
margin as it ‘bridges’ the distances between frames. Some 
examples of the best locations for bundles of wiring with 
respect to some typical structural members are shown in 
Fig. 16.3. In each case, the structural member is assumed 
to be carrying lightning current along its axis.   
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Fig. 16.3 Magnetic flux linkages vs conductor position.  
 In each case pictured:  

Conductor 1 - highest number of flux linkages: worst.                                                                            
Conductor 2 - intermediate number of linkages: better.                                                                       
Conductor 3 - lowest number of linkages: best 

Some basic principles to follow regarding the location 
or wiring are: 

1. The closer a wire harness is placed to a metal ground 
plane; the less flux can pass between that wire harness 
and the ground plane and the lower the common-mode 
voltage induced. (The current driven by such voltage 
may be somewhat higher but not by as much as the 
voltage is reduced, since the current is limited by the 
inductance which is a function of the natural loga-
rithm of the loop area (Eq. 9.38)). 

2. Magnetic fields are concentrated around protruding 
structural members and diverge in inside corners. 
Hence, wires located on the projected surfaces of pro-
truding members intercept more magnetic flux than 
wires placed within corners, where the field intensity 
is weaker. 

3. Magnetic fields are weaker on the interior of a 3-sided 
channel than on the edges of such a member. 

4. Magnetic fields are lowest inside a closed member. 

The above points are illustrated in Fig. 16.3. 

Stiffeners, Frames and Channels  

Along the interior of a structure, a wire harness clamped 
to frames or stiffeners, as at position 1 in Fig. 16.4(a), is 
effectively separated from the metal skin by the height of 
the stiffeners. A conductor along the outside edge of the 3-
sided channel, as shown by conductor 2 in Fig. 16.4(a), 
may or may not be better placed than conductor 1. 

The effectiveness of such a configuration depends on 
how closely the conductor is attached to the side of the 3-
sided channel. Conductor 3, placed along the lower corner 
of the 3-sided channel, where the channel is attached to the 
stiffeners, would probably be in a lower field environment 
than either conductor 1 or conductor 2. Conductor 4, lo-
cated on the interior of the channel, would be in the lowest 
field region and, hence, in the most effective position. 
Similar considerations apply to conductors located in 
structures like wings or stabilizers. 

Fuel Tanks 

Wire harnesses installed within fuel tanks as shown in 
Fig. 16.4(b), locations 2 through 4 enjoy the best possible 
protection from magnetically induced transients afforded 
anywhere in an aircraft due the absence of windows and 
other apertures. Location 5 is assumed to be in the fixed 
leading edge that is not part of the fuel tank). This is true 
for CFC tanks as well as aluminum tanks. This applies to 
wire harnesses that are insulated from electrical contact 
with the airframe, which should be the case for protection 
from ignition sources as described in Chapter 7. In an alu-
minum tank it matters little whether the wiring is in loca-
tion 2, 3, or 4, although in theory location 4 would experi-
ence the lowest amount of magnetic flux from diffused 
lightning currents as explained in Chapter 11. Even with 
shielding, ATLs in shielded conductors in fuel tanks may 
be assigned TCL Level 1 or 2 and ETDL Level 2 or 3 as 
defined in [16.2]. This is usually the fuel tank wiring that 
interfaces with the fuel quantity system remote data con-
centrators. Shields on fuel tank wiring do not provide pro-
tection from magnetic fields since only one end of these 
shields can be grounded. The theory for this is described 
in Chapter 15.  
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Fig. 16.4 Wire harness routing. 

In each case pictured, 
Harness 1 - highest number of flux linkages: worst. 
Harness 4 - lowest number of linkages: best. 
 
 
Leading and Trailing edges 

A wire harness located along leading or trailing edge of 
the wing as represented by conductor 5 or conductor 1 in 
Fig. 16.4(b) would pick up much more flux than any con-
ductor located inside the wing, probably by several orders 
of magnitude. Harness 5, located in the leading edge of the 
wing, would usually be in a well shielded region if the 
leading edge of the wing were metal, but it would be in a 
higher field region if the leading edge were made of CFC 
or (especially) a nonconductive enclosure.   

Wire harnesses installed in location are exposed to 
much higher fields than any of the other harnesses due to 
its exposure to the external lightning environment. The 
control surfaces and flaps make only cursory contact with 
the fixed airframe and for no real enclosure to protect the 
wire harnesses and other systems that are commonly in-
stalled along the wing and empennage trailing edges. 
Lightning-induced currents of the same magnitude as 
measured in wiring harnesses will be also induced in hy-
draulic tubes and control surface cables. Even with shield-
ing, ATLs in shielded conductors may have to be assigned 
TCL Level 3 and ETDL Level 4 as defined in [16.2].   

Windshield frames and center posts 

Windshield posts (Fig. 16.5) tend to concentrate light-
ning current flowing on the exterior surface of an aircraft, 
particularly if a flash is swept back, so that it attaches to 
the windshield post directly or to the eyebrow region 
above the windshield. Since the current is concentrated, 
the magnetic field intensity inside the crew compartment 
tends to be very high. This situation is aggravated by the 
fact that the windshields, unlike other regions where the 
field might have to diffuse through the metal surfaces, act 
as large apertures, allowing the internal magnetic flux to 
build to its peak very rapidly. 

Instruments and wiring on control panels are thus in a 
region of inherently high magnetic field strength. To make 
matters worse, wiring that runs from overhead control pan-
els (Fig. 16.5, position A) to other instruments (Fig. 16.5, 
position B) is often routed along the windshield center 
post. Such wiring experiences the most concentrated mag-
netic fields likely to be found on an aircraft and, accord-
ingly, it has some of the highest voltages induced in it dur-
ing a lightning strike. 

Wire harnesses installed in these locations nearly al-
ways must be shielded unless covered cable trays or race-
ways are provided for protection of this wiring. Even with 
shielding, ATLs in shielded conductors may have to be as-
signed TCL Level 3 and ETDL Level 4 as defined in 
[16.2].   

16.6 Basic Wiring and Grounding Practices 

Wiring and grounding practices should be chosen with 
forethought, properly illustrated, and implemented, and 
should not be left to develop by chance. The design office 
should make sure that everyone knows what the design 
practices are, and all designs should be checked to ensure 
that they follow practices that are conducive to lightning 
protection. 
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Fig. 16.5 Current flow along windshield posts. 

Proper grounding of equipment is a necessary part of 
controlling induced effects, but there are many factors to 
be considered. There is no single point on an aircraft that 
can be called ‘ground’ and compatibility problems are not 
resolved just by making a wire connection to an ‘equipo-
tential ground plane’. The closest approximation to an 
equipotential surface is found on the inner surface of a 
shielding enclosure or the inner surface of a properly ter-
minated wire shield, places where the density of lightning 
induced currents is low. 

Some basic considerations regarding grounding prac-
tices are as follows: 

Aircraft structure as return path 

Lightning current flowing through the structure of an 
aircraft produces structural voltage rises that can couple to 
internal circuits through ‘ground’ connections. Histori-
cally, experience has shown that the structure of metal air-
craft can be used successfully as a return circuit for power 
distribution, but aircraft structure should never be used as 

a return path for signal or control circuits, since lightning-
induced voltages in loops between wiring and the airframe 
would appear in these circuits and be added to the signal 
voltages in the system. Aircraft having large amounts of 
composite material in their structure should use separate, 
dedicated return wires for both signal and power circuits. 
This is one of the purposes of a GRN.   

Single point grounding 

Single point grounding, employing dedicated signal re-
turn conductors (as in twisted-pair circuits shown in Fig. 
16.6) prevents the loop voltages described above from ap-
pearing in the system. This design approach is especially 
useful and practical for systems (or subsystems) com-
prised of one item of active electronics that drives or inter-
faces with other items, such as sensors or actuators (called 
‘remote equipment’ in this discussion) whose functions do 
not require connections to local grounds. Electronic flight 
and engine controls are good examples of systems that 
lend themselves to this design approach. Care must be 
given to assuring that the insulation between remote end 
circuit elements and local case grounds is sufficient to 
withstand the ETDL assigned to these circuits. All of the 
induced voltage in the loop appears at the remote end.   

Care also needs to be given to the use, if necessary, of 
EMI filters at remote equipment, since the dielectric 
strength of typical filter capacitors is often low (in the 
range of 50 - 100 volts). Since most of the common-mode 
voltages developed by EMI or lightning sources appear 
harmlessly across remote element insulation, and not at the 
active electronics, EMI filters may not, in fact, be needed 
at the remote equipment. The exception is when the remote 
equipment includes some generator of EMI voltages, such 
as a DC motor, or relay. In these situations, transient pro-
tection devices are sometimes placed across the EMI 
source to control inductive voltages produced by relay coil 
switching. Care should be taken to ensure that these pro-
tectors are installed across the coil, and not between coil 
terminals and case grounds.   

The single point signal ground approach is most easily 
implemented for circuits associated with simple electro-
mechanical devices, such as motors, servos, position sen-
sors, rate gyros, solenoids, potentiometers, lights, and 
switches. These devices can usually withstand up to a few 
thousand volts between their internal circuits and their 
cases. 
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Fig. 16.6 Grounding of electric circuits 

Problems with single-point grounding 

While the single point ground concept avoids coupling 
of structural voltage rises and magnetically induced volt-
ages that are directly related to the lightning environment 
Components A and H, it does not entirely eliminate light-
ning-related interference, particularly interference with 
low-level electronic circuits. Specifically: 

1. Single point grounding does not eliminate the travel-
ing waves initiated by lightning-induced transients in 
long circuits. These transients are reflected back and 
forth, along the lengths of circuits, and are represented 
by transient Voltage Waveform 3 as defined in [16.2]. 
The voltage and current associated with these travel-
ing wave transients are related by the characteristic 
impedance of the circuit, which is typically about 100 
ohms. Thus, if a 600-volt traveling wave voltage is in-
itiated, it is accompanied by a 6-ampere traveling 
wave current. This current may or may not be suffi-
cient to damage the active electronics. An example of 
the traveling wave voltage and current in a long circuit 
is described in Chapter 14, Fig. 14.16. The ability of 
the active electronics to tolerate the waveform 3 trav-
eling wave transients should be verified by equipment 
test. 

2. It eliminates the low frequency component of voltage 
rises only by subjecting the remote equipment to a 
common mode voltage. The common mode voltages 
may be excessive for some electronic equipment, such 
as temperature probes, that typically have limited di-
electric strength. 

Multiple point grounding 

Shielding against electromagnetic effects usually re-
quires that equipment cases be grounded to the airframe, 
since the equipment must be physically mounted to the air-
frame. When shields are employed for protecting intercon-
necting circuits, the shields must be grounded (‘termi-
nated’) to the equipment at each end of the shield if they 
are to be effective (as described in Chapter 15). This re-
quires that the equipment and shields be grounded at mul-
tiple points. When it is necessary for circuits within equip-
ment to be grounded locally (as illustrated in Fig. 16.7) 
each equipment case usually becomes the single point ref-
erence for all internal circuitry that must be grounded, and 
this is usually necessary for equipment that requires air-
craft power. 

Opinions vary regarding how best to make these ground 
connections but, from an EMI and lightning protection 
standpoint, the best approach is to make the ground con-
nections to local reference planes (or circuit board ground 
tapes). Each reference plane is then terminated to the chas-
sis and the chassis is grounded to the nearest airframe 
ground point, ideally through the equipment mounts. 

Separate Grounds 

There has been a perception that it is best to establish 
purposeful grounds that are dedicated to specific parts of 
an equipment or system. For example, “radio frequency 
(RF) Ground”. “Digital Ground” “Signal Ground” “Power 
Ground” etc. and to isolate these grounds one from an-
other. Aside from greatly complicating the overall design 
task, logical reasons for these separate grounds are rarely 
given.   

The best practice is to combine all grounds into one, low 
inductance ground connection to the equipment chassis 
(enclosure) and from chassis to structure ground or a GRN.   

A similar concept has been to isolate the “electronics” 
ground from the chassis ground, on the basis that the elec-
tronics ground is somehow ‘cleaner’ than the chassis 
ground would be. This concept is illustrated in Fig. 
16.7(b).  The problem is that there can be large voltage   
differences  between these grounds, due to the  remote  
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connection of the electronics ground (“E-ground”) to a 
point far from the equipment. The situation is shown in 
Fig. 16.7(b). 

Some designers prefer to carry circuit grounds through 
connector pins to airframe ground points outside the 
equipment, presumably on the premise that such grounds 
are (somehow) ‘cleaner’ than grounds within equipment 
cases. This practice requires longer ground leads, which, 
when exposed to lightning and EMI fields, couple induced 
voltages into the electronic equipment. The best practice 
is to make all grounds together, at each item of equipment, 
as shown in Fig. 16.7(a). This should be the case for all 
grounds, no matter what the purpose.   

 

Fig. 16.7 Multiple and single point grounding. 

16.6.1 Shielding of Interconnecting Wiring 

In order to make an electronic system immune to the 
effects of lightning, it is almost always necessary to make 
judicious use of shielding on interconnecting wiring and to 
provide proper grounding for these shields. Factors gov-
erning the performance of cable shields were discussed in 
detail in Chapter 15 but will be reviewed here. Fig. 16.8 
shows some of the basic considerations. 

Unshielded conductors 

If an unshielded conductor, like that shown in Fig. 
16.8(a), were subjected to structural IR and magnetic-
field-induced voltages between itself and adjacent struc-
ture, most of these induced voltages would appear across 
high impedance terminations at the ends of the conductor.

Types of shield 

Of the different types of shields, shown in Fig. 16.8(c), 
the solid shield inherently provides better shielding than 
the braided shield, and the tape-wound shield can be far 
inferior to a braided shield in performance. In severe envi-
ronments, braided shields consisting of two overlapping 
courses of braid may give shielding performance ap-
proaching that of a solid-walled shield. 

Conduits 

Conduits (Fig. 16.8(d)) should not be relied upon for 
protection against induced effects since they may or may 
not provide electromagnetic shielding. 

 
Fig. 16.8 Multiple point grounding. 
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Conduits in aircraft tend to be used more for mechanical 
protection than for electrical protection of conductors. 
Only if the conduit is electrically connected to the aircraft 
structure at regular spatial intervals, and especially at its 
ends, will it be able to carry current and thus provide 
shielding for the conductors within. Clearly, nonmetallic 
conduits do not provide electromagnetic shielding. 

16.6.2 Grounding of Shields 

Shield grounded at one end 

As discussed in Chapter 15, the presence of a shield 
grounded at only one end does not significantly affect  
the voltage induced by changing magnetic fields,  
although it may protect against changing electric fields. 
While such a shield may keep the voltage at the grounded 
end low, common mode voltages at the ungrounded end 
can, nevertheless, be high. 

Fuel quantity indicating systems (FQIS) are perhaps the 
last type of system that still needs to have its shields un-
grounded at one end. The individual, ungrounded shields 
(usually of twisted shielded pairs or triplets) of the FQIS 
system can be enclosed in overall shields (OASs) that are 
grounded at both ends to provide shielding for the FQIS 
outside the fuel tanks. Within the fuel tanks, it is permissi-
ble to have unshielded circuits, since the tanks themselves 
are usually very good, shielded enclosures. In fact, it is not 
desirable to have shields grounded within fuel tanks, since 
this invites lightning currents to flow in shields within the 
tanks with the attendant risk of arcing at shield ground 
connections inside the tanks. 

Shield grounded at both ends 

If a shield is intended to protect against magnetic fields, 
it must be grounded at both ends, as shown in Fig. 16.8(b), 
in order that it may carry a circulating current. It is the cir-
culating current that cancels the magnetic fields that would 
otherwise induce common mode voltages on the wires in-
side the shield.

Multiple ground points 

It is usually advisable to ground long shields at multiple 
points. When a shield is grounded at multiple points, cir-
culating currents tend to flow along only a portion of the 
shield, whereas, if the shield is grounded only at the ends, 
current is forced to flow the entire length of the shield. The 
locations of shield ground terminations should be chosen 
so that they divide the shield currents induced in regions 
of high-level magnetic field and structural IxR coupling 
from those induced in regions of lower-level coupling. 
This confines the high amplitude shield currents to the 
higher-threat regions, so that the contribution of that cur-
rent to the total induced voltage on the shielded wiring is 
minimized. This approach is especially recommended for 
electronic engine control systems, where the highest light-
ning induced voltages usually occur close to the engines; 
either on the engines themselves or in the pylons between 
the engines and the wing. The circuit segments between 
wing/pylon disconnects and wing/fuselage disconnects 
usually experience lower induced voltages and lower re-
sultant shield currents. Thus, the engine control-system 
circuit shields should, ideally, be grounded to the airframe 
at the locations described in Table 16.1 

Theoretically, there is some virtue in varying the spac-
ing between multiple ground points on a cable shield since 
uniform spacing could reinforce a particular resonant fre-
quency in the cable. This frequency might become excited, 
leading to troublesome standing wave interference, if the 
shield were illuminated by a sustained frequency interfer-
ence source (such as an onboard EMI source or an external 
source of HIRF). 

Multiple point grounding of shields is sometimes ob-
jected to on the basis that it creates ‘ground loops’ that al-
low EMI current to flow in the shields, producing small 
EMI voltages in the shielded conductors. This was a seri-
ous problem for analogue circuits operating at very low 
signal voltages, but it is usually not a problem for digital 
circuits that have higher noise thresholds and are, thus, in-
herently immune to low-level interference voltages. 



416 
 

Table 16.1: Appropriate Places to Ground System Shields to the Airframe 

System Circuit Segment Locations for Shield Grounds to 
the Airframe Comments 

Between engine equipment and en-
gine-mounted electronic control 
units (ECUs) 

At engine-mounted equipment and at 
the engine ECUs 

This is the highest magnetic field re-
gion. 

Between the engine-mounted ECUs 
and the engine/pylon disconnects 

At the engine ECUs and at the engine 
side of the pylon disconnects. This is usually also a high field region. 

Between the wing disconnects and 
the fuselage pressure hull discon-
nects (if present) 

At the pylon/wing disconnect and at 
the fuselage disconnects, or at what-
ever fuselage structure the circuit 
shield interfaces with. 

This is not as high a field region as the 
engine and engine/pylon region, or 
the pylon/wing region. 

Inside the fuselage pressure hull 

Requirements for shielding of cir-
cuits within the fuselage may allow 
some circuits to be unshielded if sys-
tem-to-system effects can be con-
trolled. 

Shielded requirements inside an all-
metal fuselage usually depend more 
on intra-system EMI requirements 
than upon lightning protection re-
quirements. 

 

 

Potential conflicts 

As noted before, the necessity that a shield intended for 
protection against lightning effects be grounded at both 
ends raises a perennial controversy about grounding 
shields at one-end vs. grounding them at both ends. For 
many reasons, usually legitimate ones, low signal ampli-
tude circuits are shielded against low frequency interfer-
ence that originates on the aircraft, such as that produced 
by 115 Vac 400 Hz electric power distribution circuits and 
other onboard interference sources. Usually, the shields in-
tended for this low frequency interference protection are 
grounded at only one end.

 

A fundamental concept often overlooked is that the 
physical length of such shields must be short compared to 
the wavelength of the interfering signals. Lightning inter-
ference, however, is broad-band, and includes significant 
amounts of energy at quite high frequencies, frequencies 
higher than those the typical low frequency shields are in-
tended to handle. 
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Resolution of conflict 

The conflict between the practices best for shielding 
against high frequency, lightning-produced interference 
and those best for shielding against every day, low fre-
quency interference is sometimes too great for both sets of 
requirements to be satisfied by one shield system. 

Usually, both sets of requirements can be met only by 
having two shield systems; one to protect against low fre-
quency interference, and a second to protect against light-
ning-induced interference. The lightning shield can usu-
ally consist of an overall braided shield that encloses a 
group of conductors. This OAS is grounded to the aircraft 
structure at least at the ends. Alternately, the lightning 
shield can be a shielded enclosure, a conduit, or a cable 
tray (as described earlier in this chapter and in Chapter 15). 
Circuits routed within this OAS may be provided with ad-
ditional, inner shielding as needed. 

In a coordinated shielding system design effort, the de-
signers of individual circuits should have the option of 
grounding these inner shields as their own requirements 
dictate, but they should not have the authority to dictate 
the treatment of the OAS. An OAS is illustrated in Fig. 
16.9. This illustrates a double-shielded cable because the 
outer shield is insulated from the inner shield. The differ-
ence between the double shield and an overbraid shield is 
explained in Chapter 15.   

16.6.3 Ground Connections for Shields 

The way an OAS is grounded can have a great impact 
on its effectiveness against lightning-induced transients. 
Figs. 16.10(a) through 16.10(e) show several grounding 
methods for shields enclosing groups of conductors that 
are routed into an equipment case. 
 

 

Fig. 16.9 OAS on double-shielded cable. 

360-degree grounding 

For best performance, the OAS should be terminated 
(i.e., ‘grounded’) on the back shell of a connector specifi-
cally designed for such termination. The overbraid shield, 
if there is one, should make a 360-degree circumferential 
connection to the back shell of the connector, and the con-
nector shell itself should be designed to have low DC re-
sistance to its mating panel connector. 

Sometimes, such low resistance mating requires the use 
of grounding fingers or other provisions to establish good 
electrical bonding within the connector shell. Connectors 
that lack grounding fingers sometimes have high re-
sistances between their mating shells, since the shells fre-
quently have a nonconductive, anti-corrosion coating. The 
shell of the panel connector should also provide a 360-de-
gree peripheral connection to the metal equipment case. 
This often means that paint or other coatings on the equip-
ment case must be removed to expose bare metal. 

 

Fig. 16.10 Types of grounding for shields. 
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Sometimes, by paying careful attention to the mainte-
nance of adequate connectors, one can eliminate all as-
pects of field effects. 

Pigtail grounding 

If a connector that can be bonded to a shield through a 
‘360 degree’ connection is unavailable, an external pigtail 
is often used for grounding the OAS, as shown in Fig. 
16.10(b). Such pigtails are inferior to a 360-degree con-
nector, because shield currents become concentrated as 
they flow through the pigtail. This concentrated current 
magnetically couples to the shielded conductors much 
more readily than the distributed current on a properly de-
signed connector back shell. If such a pigtail is used, it 
should be kept as short as possible and should terminate 
on the connector, not be carried to the interior of the equip-
ment through a connector pin, or to the connector back 
shell through a pigtail longer than 50 mm (2 in). A pigtail 
of only a few inches’ length can introduce more voltage to 
the shielded conductors than a section of the shield meas-
uring several feet. 

Grounding to a remote point 

Cable shields should be grounded to the equipment case 
(chassis) upon which the connector is mounted, not to a 
remote ‘low noise’ ground point, as shown in Fig. 
16.10(c). There is no such thing. 

Grounding to an inside surface 

It is better to ground a shield to the exterior of an equip-
ment case with an external pigtail than to the inside surface 
of the case as in Fig. 16.10(d) through an internal pigtail 
or through a set of contacts in the connector. One reason 
for this is that an internally grounded pigtail inherently has 
a longer electrical length than an external one. In addition, 
an internal pigtail brings currents and associated magnetic 
fields directly to the inside of the equipment case. Such 
grounding of an OAS should be avoided wherever possi-
ble, particularly when the OAS runs through a region 
where it will intercept a significant amount of energy from 
the external electromagnetic field.

Grounding to a single bus 

In no case should an OAS (or any shield) be connected 
to a signal ground bus as shown in Fig. 16.10(e). 

Daisy chain grounding 

Daisy chain grounding of cable shields (illustrated in 
Fig. 16.11) should never be used. It constrains current in-
tercepted by all the shields to flow through a common path, 
allowing shield currents to produce inductive voltages that 
appear at all items of equipment. Such a configuration has 
the greatest potential to defeat the purpose of the shields. 

16.7 Transients and Standards 

Section 5.7 discusses pass/fail criteria in terms of TCLs 
and ETDLs while [16.2] suggests possible levels. The fol-
lowing material discusses the TCL/ETDL concepts in 
more detail. 

 

Fig. 16.11 Daisy chain grounding. 
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Alternatives regarding protection against transients 

Three possible approaches to dealing with lightning in-
duced transients are: 

1. Designers of aircraft equipment might be responsible 
for providing equipment that will withstand standard-
ized voltage and current levels, and the airframe de-
signer would have to design to control the transients 
to levels that are lower (by a standard margin) than the 
equipment tolerance levels. i.e., equipment domi-
nates. 

2. Designers of aircraft interconnecting wiring might be 
responsible for designing to control the transients to a 
set of standard levels, and equipment manufacturers 
would have to design to tolerate those levels, plus a 
standard margin. i.e., airframe dominates. 

3. Design efforts should be coordinated so that equip-
ment designers verify that their equipment can with-
stand transients of one level and designers of wiring 
systems would verify that the transients would not ex-
ceed another, lower, level. This approach is called 
transient coordination. 

16.7.1 Evolution of Transient Standards for  
Aircraft 

ETDL standards now in common use for commercial 
aircraft protection design and certification have evolved 
from several sources; aircraft, military and industrial. 

Basic insulation levels (BILs) 

The TCL philosophy was originally inspired by the 
basic insulation level (BIL) or transient coordination phi-
losophy used in the electric power field for many years 
[16.8]. It developed in recognition that power equipment, 
such as transformers, would always be subjected to surges 
produced by lightning and that the magnitude of the surges 
could be known only in statistical terms. Experience had 
shown, however, that these surges could destroy equip-
ment and that equipment would have to be protected by 
surge arresters. It was also taken as axiomatic that the in-
sulation built into equipment would have to be coordinated 
with the abilities of the protection devices (lightning ar-
resters) used to protect equipment from damage due to 
lightning-induced transients. Also, it was taken as axio-
matic that it would be preferable to coordinate the standard  

 

ratings for surge arresters with the limited number of 
standard ratings for power system operating voltages. 

The transient coordination system that evolved [16.4] 
provided for a limited number of insulation levels, such as 
a 150 kV BIL level for power system equipment operating 
on a 23 kV system and 550 kV BIL for 115 kV equipment. 
Equipment designed to operate at 115 kV was provided 
with insulation sufficient to withstand a 550 kV lightning-
induced transient impulse voltage. (This voltage would ap-
pear when an exposed power line was directly struck by 
lightning). The ability of the power system equipment to 
tolerate this voltage is verified by test on each major piece 
of equipment before it is shipped. 

The BILs represented the levels to which the designer 
knew the equipment would be tested in the factory. This 
voltage was established by technical committees, acting on 
the basis of research studies that had included measure-
ments of actual lightning-induced voltages on power trans-
mission lines operating at various system operating volt-
ages. All the designer needed was assurance that protec-
tive equipment was available and would be used to ensure 
that naturally occurring surges would be less than the as-
signed BIL by a suitable margin. 

The essential elements of the BIL system thus consisted 
of: 

1. Availability of equipment to control natural transi-
ents. 

2. Standards covering equipment and practices for per-
forming tests. 

3. A limited number of standard voltage test levels. 

4. Availability of equipment capable of withstanding 
those levels. 

5. Standard tests, capable of being performed by equip-
ment in many laboratories. 

6. Agreement among users and builders of equipment to 
follow this system. 

The BIL system has been in place for many years, is 
recognized world-wide and has resulted in electrical 
power equipment that is very seldom damaged by the ef-
fects of lightning. 
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American National Standards Institute (ANSI) Surge 
Withstand Capability (SWC) Test  

Another specification that influenced development of 
the TCL philosophy was the ANSI Surge Withstand Capa-
bility (SWC) test [16.9 - 16.10]. This test was intended to 
simulate the transients that occurred in high voltage elec-
trical substations when circuit breakers and disconnect 
switches were operated. Tests had shown that equipment 
in such substations might be exposed to oscillatory transi-
ent voltages of several kV in magnitude. To some extent, 
this specification was applied to equipment of types other 
than those for which it was originally intended, largely be-
cause it was already in existence and was recognized by 
standardizing agencies. 

The SWC test standard called for open circuit voltages 
of between 2.5 and 3 kV, with the oscillatory frequency 
between 1.0 and 1.5 MHz. Decrement was specified by re-
quiring that the envelope decay to 50% in no less than  
6 µs, although this implies a lower-loss test circuit than is 
likely in practice. The voltage range specified was reason-
able for apparatus in high voltage substations but might be 
high for electronic equipment located in shielded loca-
tions. 

The standard recognized the importance of defining 
short circuit current as well as open circuit voltage. (Open 
circuit voltage refers to the voltage available at the open 
terminals of the test transient generator (TG) when not 
connected to the load impedance of an item of equipment 
being tested. Short circuit current refers to the current 
available when the test generator terminals are short cir-
cuited.)  This test standard was based on the idea that the 
test generator would have a source impedance of 150 Ω. 
The SWC standard also provided construction details for 
a surge generator to produce the specified open circuit 
voltage and short circuit current waveforms and ampli-
tudes, although the waveform itself does not imply any 
generator test circuit. 

Transients in residential wiring 

Martzloff and Howell [16.11] proposed a transient volt-
age test for residential equipment. Martzloff and Howell 
show a test circuit capable of injecting a typical lightning-
induced transient onto 120 V ac lines where, since the out-
put impedance of the circuit is basically 150 Ω resistive, 
the shape of the short circuit current would be about the 
same as that of the open circuit voltage. This waveform 
and this test circuit have been widely accepted in some 
fields. One example is in relation to ground fault interrupt-
ers [16.12].

Nuclear Electromagnetic Pulse (NEMP): 

Test practices for simulation of nuclear electromagnetic 
pulse (NEMP) effects were being developed about the 
time the TCL philosophy was evolving. Particularly valu-
able was the practice of injecting transients into intercon-
necting wiring using transformer coupling. The wave-
forms in use were most commonly oscillatory, with fre-
quencies of several MHz. 

National Aeronautics and Space Administration 
(NASA) Space Shuttle 

The present TCL/ETDL philosophy was first proposed 
in [16.13] and later presented in [16.14]. 

At one stage in the development of the Space Shuttle 
Lightning Criteria Document, there was an allowance 
made for two, essentially unipolar transient test wave-
forms. While those waveforms had some deficiencies, and 
have been largely superseded, some discussion of them 
will illustrate some of the problems inherent in transient 
test waveform specifications. 

Waveforms for simulating aperture field effects 

The first of these specifications dealt with a transient 
rising to crest in 2 µs and decaying to zero in 100 µs. The 
intent of this test waveform was to duplicate, in some man-
ner, the effects produced by magnetic flux penetrating ap-
ertures. 

The second specification was for a long-duration tran-
sient representing the effects produced by magnetic flux 
diffusing through the walls of cavities. Such flux has rise 
and decay times much longer than those of the lightning 
current. The specification called for a short circuit current 
of 5 amperes and an open circuit voltage of 50 volts, both 
taking 300 µs to reach crest and another 300 µs to decay 
to zero. The specification of equal times to crest and from 
crest back to zero is incompatible with the response of real 
physical elements. In practice, any waveform with a rise 
time of 300 µs would have a decay time longer than 600 
µs. 

One common deficiency of the above specification was 
that it did not clearly distinguish between transient volt-
ages and transient currents and did not satisfactorily ac-
count for the effects of transient source impedance. Both 
the short circuit current and open circuit voltage had the 
same waveform. In practice the open circuit voltage would 
be of a duration shorter than that of the short circuit cur-
rent, as discussed in Chapters 9 through 14.   
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Original TCL proposals 

In the paper in which the concept of TCLs was first pre-
sented [16.15], Fisher and Martzloff proposed a test wave-
form that was primarily unipolar. 

The open circuit voltage was characterized by a fast rise 
to crest and then a decay to zero in 5 µs, or greater. To 
allow for transformer coupling of the transient, an under-
shoot was allowed after the transient had decayed to zero.  
The only specification for this undershoot was that its am-
plitude be less than 50% of the waveform’s peak ampli-
tude. 

The rationale behind this voltage waveform concept in-
cluded the following aspects: 

1. The test transient should be, in some measure, pro-
portional to the derivative of the magnetic field pro-
duced by a lightning current. 

2. The duration of the test transient should be long 
enough that failures of semiconductors would not be 
strongly affected by experimental variations in the 
waveform of the transient. (For test transients short-
er than about a microsecond, the failure levels of 
semiconductors are strongly affected by waveform. 

3. The duration of the transient should be roughly com-
parable to the (then existing) duration of clock cy-
cles in digital equipment. 

4. The transient should include a rapidly changing 
phase to excite inductively coupled circuit elements. 

5. The transient should be one that could be produced 
by, and coupled to, the equipment being tested using 
relatively simple test apparatus. 

Directly associated with the open circuit voltage transi-
ent, was a short circuit current transient. The short circuit 
current transient was defined as the current that would 
flow from a source whose internal impedance consisted of 
50 Ω of resistance in parallel with 50 µH of inductance 
(Fig. 16.12(a)). 

Taken together as a set, these test waveforms were thus 
more consistent than those relating to the Space Shuttle.  
Amplitudes were not specified for either the voltage or the 
current since the test levels would be part of TCL specifi-
cation. 

In answer to response from readers and users of the 
original Fisher and Martzloff paper [16.15] on the TCL  

 

philosophy, Crouch, Fisher, and Martzloff [16.16] pro-
posed a test waveform somewhat different from the origi-
nal one. The revised voltage waveform, shown in Fig. 
16.12(b), emphasized the oscillatory nature of the wave-
form, rather than de-emphasizing it, as the original test 
waveform had. The front time was raised to 0.5 µs. The 
characteristics of the waveform after crest were defined in 
terms of its oscillatory frequency (100 kHz) and decrement 
(i.e., the ratio of successive half-cycles had to be greater 
than 0.6). The voltage waveform thus became nearly iden-
tical to that proposed by Martzloff and Howell. 

These papers seem to have been the first to explicitly 
deal with the question of source impedance in transient 
specifications. 

 
Fig. 16.12 Original TCL Proposals [16.15] 

Transient Control Level (TCL) Philosophy 

The TCL philosophy [16.17 - 16.18] follows the basic 
concepts of the BIL approach to transient coordination, in 
that it assigns transient specifications both to those who 
design electronic equipment (‘black boxes’) and to those 
who design wiring to interconnect those black boxes (ra-
ther than letting these responsibilities develop by chance).  
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The levels would be assigned by a transient coordinator 
(system integrator) and tests would be performed to verify 
that the goals had been met; tests on equipment to verify 
that it can withstand the assigned ETDL’s transients and 
tests on the aircraft to verify that the specified TCLs in in-
terconnecting wiring have not been exceeded. The TCL 
concept is illustrated in Fig. 16.13 and encompasses the 
following: 

 

Fig. 16.13 The transient coordination philosophy. 

Actual transient level (ATL) 

The TCL philosophy involves ensuring that the ATL 
produced by lightning (or any other source of transient) is 
less than that associated with the TCL assigned to the in-
terconnecting wiring (i.e., ‘cable’) designer. The cable de-
signer's job is to analyze the electro-magnetic threat that 
lightning would present and to use whatever techniques of 
circuit routing or shielding are necessary to ensure that the 
actual transients produced by lightning do not exceed the 
values specified for that particular type of circuit. Some 
designers ignore the concept of the TCL and simply design 
to assure that the actual transients induced in the wiring 
(i.e., ATL) are less than the ETDL by the assigned mar-
gins. This approach is equally effective, though somewhat 
less formal.   

Equipment transient design level (ETDL) 

The ETDL level assigned to the avionics designer is 
higher than the TCL by a margin reflecting how important 
it is that lightning not interfere with the piece of equipment 
under design. A margin is necessary to account for uncer-  

tainties in determination and verification of the induced 
transient levels in the interconnecting wiring. Whereas 
there is always a possibility that any single lightning flash 
might produce an ATL higher than the assigned transient 
control level, this possibility is not the reason for the mar-
gin since the external lightning certification activities (for 
commercial aircraft at least) are based on the standardized 
lightning environment. 

Thus prediction of ATLs induced by standard lighting 
environments, while an imperfect art, is nevertheless an 
important part of the protection design and certification 
process. 

Vulnerability and susceptibility levels 

The job of the avionics designer is to ensure that the 
damage tolerance level of the equipment being designed is 
higher than the assigned ETDL. The vulnerability level is 
that level of the transient which, if applied to the input or 
output circuit under question, would cause the equipment 
to be permanently damaged or experience functional up-
set. The tolerance level is defined as that level of transient 
that can be tolerated by the equipment without functional 
upset or component damage that would result in interfer-
ence with or malfunction of the equipment. 

Ways of setting ETDL’s 

There are several ways in which the levels might be set. 
In the first, the system integrator would set the desired 
transient level, then set the required margin, which, in turn, 
would set the TCL. Whatever the rationale by which the 
system integrator sets the transient design level, that level 
would become a part of the purchase specifications and 
would, presumably, not be subject to variation by the ven-
dor of the avionics. 

Alternatively, the avionics designer might determine 
the vulnerability and tolerance levels of his equipment 
through suitable testing. The tolerance level would then 
become the ETDL. After the system integrator had set the 
desired margin, the appropriate TCL for the cable designer 
would have been established. One approach to the setting 
of margins is described in [16.1]. 

Open circuit voltage and short circuit current 

The amplitude assigned to the transient design level 
should probably be expressed in terms of the maximum 
acceptable voltage appropriate for a high impedance cir-
cuit (open circuit voltage) or the maximum acceptable cur-
rent for a low impedance circuit (short circuit current). 
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Test levels 

For the TCL philosophy to be of practical use, there should 
be a limited number of levels. An example of the set of 
levels due to stroke current Component A is presented in 
[16.18] and in Table 16.2. With each level, there is an as-
sociated open circuit voltage and short circuit current, re-
lated to one-another through an implied, transient source 
impedance (see Fig. 16.12).  

Source impedance 

If transient test generator source impedance is not included 
in transient specifications, there is a risk of confusion and 
wasted design and test effort. For example, a specification 
might require that a test voltage of 1 000 V be developed 
across a circuit protected by a spark gap with a 500-volt 
breakdown level. In order to meet such a requirement, de-
signers would be forced to take extraordinary measures, 
such as adding impedance in series with the spark gap so 
that, by brute force and the application of an enormous 
amount of current, a specified voltage could be developed 
across the protected circuit. Such an effort would accom-
plish nothing and would reflect a basic misunderstanding 
of the motivation for using the spark gap in the first place. 
Similar confusion could occur if a specification required 
that a specified current be developed, regardless of imped-
ance. 

Transient test specifications for aircraft and electronic 
equipment usually avoid such problems by defining both 
open circuit voltage and short circuit current. The intent is 
that, if a circuit has a high impedance, it is appropriate to 
define the voltage that should be developed and if the cir-
cuit is low impedance, it is appropriate to define the max-
imum surge current. 

Implementation of the TCL Philosophy 

The TCL philosophy has become ingrained in the tran-
sient protection design and certification practices for air-
craft avionics. Industry standards [16.3] include standards 
for TCL and ETDL testing. 

Levels appropriate for aircraft 

Some test levels that have been suggested for aircraft 
use are shown in Tables 16.2, 16.3 and 16.4, which are 
reproduced from [16.18]. Table 16.2 lists the transients 
that arise from the external lightning environment Compo-
nent A and are applicable to individual circuit conductors 
(as TCLs) or to equipment connector pins (as ETDLs). Ta-
ble 16.3 lists the transients to be applied to cable bundles 
due to Component A. Table 16.4 shows transients that are 
applicable to cable bundles due to Waveform H currents 
that comprise the Multiple Burst (MB) environment. Other 
details of the transient environment in use for aircraft avi-
onics certification are contained in [16.3] and [16.18]. 

Waveforms 

The waveforms of voltage and current actually coupled to 
the internal structure and wiring of an aircraft are complex 
and depend on both the coupling mechanism and the type 
of circuit. However, the TCL philosophy recognizes that 
these waveforms can be separated into several distinct cat-
egories, and that their amplitudes and impedance relation-
ships depend on the coupling mechanism. The waveforms 
specified in international test standards [16.18] are shown 
in Fig. 16.14. All are induced by Current Component A. 

 

 
Table 16.2 Individual conductor TCL, ETDL, or test levels due to Current 

Component A. [16.18] 

Level 
Waveform 

3 
V/I 

Waveform 
4 

V/I 

Waveform 
5 

V/I 

1 100/4 50/10 50/50 

2 250/4 125/25 125/125 

3 600/24 300/60 300/300 

4 1 500/60 750/150 750/750 

5 3 200/128 1 600/320 1 600/1 600 
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Table 16.3 Cable bundle TCL, ETDL test levels due to Current Component A 

Level 

Waveform 
1 

V/I 

Waveform 
2 

V/I 

Waveform 
3 

V/I 

Waveform 
4 

V/I 

Waveform 
5 

V/I 
1 50/100 50/100 100/20 50/100 50/150 

2 125/500 125/250 250/50 125/250 125/400 

3 300/600 300/600 600/120 300/600 300/1 000 

4 750/1 500 750/1 500 1 500/300 750/1 500 750/2 000 

5 1 600/3 200 1 600/3 200 3 200/640 1 600/3 200 1 600/5 000 

 

Table 16.4 Cable bundle TCL, ETDL or MB test levels 
due to Current Component H 

Level 

Waveform 
3H 
V/I 

Waveform 
6H 
V/I 

1 60/1 100/5 

2 150/2.5 250/12.5 

3 360/6 600/30 

4 900/15 1 500/75 

5 1 920/32 3 200/160 

 

Waveform 1 is a double exponential, unipolar current 
waveform, similar in shape to the defined lightning return 
stroke current Component A. This waveform represents 
that portion of the lightning current that would flow in in-
ternal conductors, such as cable shields and conduits. 
Within certain structures, this waveform slows down and 
acquires the appearance of current Waveform 5, described 
below. 

Waveform 2 is a double exponential derivation voltage 
waveform and is the classic open circuit response to the 
magnetic field produced in and around an aircraft due to 
current Component A. This waveform is similar to the de-
rivative of current Component A, and thus its time-to zero-
crossing is equal to the time-to-peak of Component A. 
Waveform 2 predominates in unshielded circuits with high 
impedance loads, where magnetic field coupling is the ma-
jor contributor. 

Derivative voltage waveforms can also appear in some 
shielded circuits, but their times-to-zero-crossing are con-
trolled by the times to peak of the shield currents inducing 

them, not by the external lightning current. The short cir-
cuit current related to this voltage waveform is similar to 
Waveform 1, or to the waveform of the related shield cur-
rent. 

Waveform 3 is a damped sinusoidal voltage waveform 
and is one of the responses to the lightning stroke currents, 
Components A and D. Also, it is the only response to the 
MB current, Component H. The predominant frequencies 
are often associated with the natural resonances of the air-
craft, but may also be associated with resonances of air-
craft apertures, aircraft wiring, shield terminations (pig-
tails), or circuit interfaces. The defined frequencies for this 
waveform lie in the range of 1 to 10 MHz. Short circuit 
currents are typically related to Waveform 3 by the surge 
impedance of the aircraft circuit in question. 

Waveform 4 is a double-exponential, unipolar volt- 
age waveform, and represents the potential differences that 
can appear between interconnected equipment ground ref-
erences when lightning current flows through the interven-
ing resistance of the airframe structure.  
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This waveform has the same shape as the lightning 
stroke current, Component A, and predominates in high 
resistance airframe structures where circuits use the air-
frame as return. 

Waveform 4 is also typical of voltages that appear in 
shielded conductors because of current flowing through 
shield resistance. The short circuit current related to this 
voltage waveform is Waveform 1. However, as the line-
to-ground impedances of wiring and its loads approach 
short circuit conditions, wiring inductance and diffusion 
and redistribution currents tend to produce the longer du-
ration current Waveform 5.  

 

Fig. 16.14 Transient waveforms for aircraft electrical wiring and equipment. 
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Waveform 5 is a long-duration, double-exponential, 
unipolar current waveform of the type found on most low-
impedance conductors within an airframe. This waveform 
arises from the diffusion and redistribution of currents 
through shield boundaries formed by the surrounding air-
frame structure, shields and nearby conductors. It is par-
ticularly prevalent when the airframe is constructed pri-
marily of CFC. Because of the long duration of this wave-
form, the distribution of Waveform 5 currents among air-
frame conductors is primarily governed by the resistances 
of those conductors, rather than by their inductances. 

The source impedance associated with Waveform 5 
tends to approach the DC resistance of the structure or 
shield across which the driving voltage is developed and 
may be as low as a few milliohms. Aside from its high en-
ergy content, the major concern in airframe wiring with 
regard to Waveform 5 is that the accompanying voltages 
are sometimes too low to activate suppression devices. 
Thus, suppression devices may fail to divert Waveform 5 
currents from paths where it can cause damage. 

Waveform 5A is typical of the currents developed in 
low impedance conductors (< 5 ohms), such as shields, 
power wires or other circuits with suppression devices at 
both ends. Current amplitudes associated with  
Waveform 5A tend to be low to non-existent inside all 
metal fuselages but can be quite high on equipment whose 
interfaces are vulnerable to direct lightning strikes. Exam-
ples of such equipment include lights, antennas, and vari-
ous pressure and temperature probes. 

Waveform 5B is produced by the same mechanism as 
Waveform 5A but is observed more often in conductors 
within CFC structures because of the higher internal cur-
rents that result from resistive sharing with the structure. 
Waveform 5B currents tend to be very high in CFC struc-
tures; hundreds of amperes in small gauge conductors 
(such as power and low impedance signal wires) and thou-
sands of amperes in larger gauge conductors (such as 
shields and power buses). 

Waveform 6 is a double-exponential, unipolar current 
waveform, and represents the short circuit current that fol-
lows is induced by current component H. This is shown in 
Fig. 16.15.  

 

 

 

 

 

Fig. 16.15 Waveform 6H                                                                                    
(also sometimes labeled 6, 6h and 6H) 

Multiple stroke (MS) waveforms 

The effects of MS lightning currents (defined in Chap-
ter 5) are simulated by applying repeated pulses of one of 
the standard internal airframe waveforms to the system un-
der test, while the system is functioning. 

Each pulse of the selected standard internal waveform 
is scaled to represent the peak amplitude induced by the 
appropriate lightning components, D, D/2 and D/2.5. In 
some situations, more than one of the transient waveforms 
may be required to represent each of the important cou-
pling mechanisms applicable to the system being tested. 

Multiple burst (MB) waveforms 

Practices regarding simulation of the effects of the MB 
lightning currents are defined in Chapter 5. The damped 
oscillatory Waveform 3, but Waveform 6H has also been 
defined to represent currents induced in shields by Com-
ponent H.   

Categories of equipment for various levels 

Deciding what transient test level is appropriate for var-
ious types of equipment is a task for the system integrator. 
Guidance is offered in [16.1 and 16.18]. 
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Chapter 17 
CIRCUIT DESIGN AND PROTECTION 

 

17.1 Introduction 

This chapter deals, on a circuit level, with some of the 
factors related to minimizing damage and upset of electri-
cal and electronic equipment due to lightning strikes.  
Where possible, examples will be given of good and bad 
practice. The subjects of methods to make equipment less 
likely to be damaged, and, where this is impractical, the 
use of surge protective devices and of the mechanisms by 
which components are damaged will be discussed in some 
detail. 

In general, the design practices that are effective for 
controlling lightning induced effects are also effective for 
controlling steady-state electromagnetic interference and 
compatibility (EMI/EMC). There are sometimes conflicts 
but, since the advent of digital avionics, most conflicts re-
lated to the grounding of shields no longer exist. Con-
versely, while most EMI/EMC design conventions are 
compatible with lightning protection requirements, the 
protection they provide from lightning-induced transients 
is generally inadequate. This is because the amplitudes and 
time durations of lightning-induced transients and higher 
than those induced by EMI sources. 

17.2 Signal Transmission 

Most problems involving lightning induced effects on 
aircraft systems originate with the coupling of lightning 
energy into the wiring of the aircraft. (There are few situ-
ations in which lightning induces effects directly into 
equipment cases unless the equipment is housed within 
nonconductive enclosures.) Proper choices regarding sig-
nal transmission can reduce or even eliminate these prob-
lems. Basic considerations about circuit design and signal 
transmission are shown in Figs. 17.1 – 17.7.  

 

Fig. 17.1 Structural IR voltage. 

Airframe structure as a signal return 

First, as shown in Fig. 17.1, signal circuits should avoid 
the use of the aircraft structure as a return path, since this 
would include, in the path between transmitting and re-
ceiving devices, all of the resistively generated voltage 
rises and the magnetically induced voltages in the loops 
between circuit conductors and the airframe returns. Also 
loops between wire harnesses and the airframe are usually 
longer than loops between circuit independent ‘go’ and 
‘return’ conductors. 

It is common for power circuits to use the airframe as a 
return path. With metal aircraft, experience has shown this 
to be generally satisfactory, but provisions should still be 
taken to ensure that lightning induced voltages in the 
power circuits are controlled within acceptable limits, pos-
sibly with the aid of voltage limiting devices, as discussed 
in §17.4. 

On aircraft fabricated with carbon fiber composite 
(CFC) or other materials with higher resistivities than alu-
minum, power return through the airframe should be 
avoided. Instead, separate return conductors should be 
used. 

Single ended transmission 

In single ended signal transmission over a shielded 
wire, where the shield functions as the return path (Fig. 
17.2), any noise current flowing in the shield produces a 
corresponding voltage that adds to the signal voltage. 
Thus, if the shield were grounded at both ends, currents 
could flow in the shield and the resulting voltage would 
show up as noise on the signal wires. This is why shields 
for single-ended signal transmission are sometimes 
grounded at only one end. Lightning current in the struc-
ture of an aircraft is another source of noise current that 
can induce large voltages in signal circuits in the event of 
a lightning strike. 
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Fig. 17.2 Single-ended transmission.                                  
Shielded circuit voltages are very low.                             

Common mode voltages are high. 

However, grounding shields at only one end does not 
solve most lightning problems, because excessive voltage 
can still appear between the ungrounded end of the shield 
(and the circuit conductors it encloses) and the local 
ground system, as described in Chapter 15. Grounding 
shields at both ends removes this voltage but allows light-
ning-induced currents to flow in the shield and allows cir-
cuit voltages to develop. 

If shields must be left ungrounded at one end, for EMI 
control purposes, there are two methods for allowing this 
without defeating the ability of the shields to provide light-
ning protection. These methods are illustrated in Fig. 17.3. 
One of them is to limit the voltage on the ungrounded end 
with a surge protective device, leaving the shield, in effect, 
grounded at only one end for normal operation and 
grounded at both ends when lightning current flows. This 
may allow an EMI effect to occur during the passage of 
the lightning stroke current, but this can be addressed us-
ing surge suppression devices. At least the greater risk of 
permanent damage from high common-mode lightning-in-
duced transients is reduced. This approach imposes the 
practical problem of having to find a location for the surge 
protective devices. Protective devices selected for this ap-
plication may be diodes or metal oxide varistors (MOVs). 
If the common-mode EMI voltages are lower than the for-
ward conduction voltages of available diodes, two diodes, 
side-by-side in reverse directions may be used to ground 
the shield in response to lightning-induced transients of ei-
ther polarity. 

 

Fig. 17.3 Elimination of common mode voltage. 

 

If the EMI voltage is higher, diodes in the reverse direc-
tion (or MOVs) may be used to ground the shield. What-
ever combination of devices is selected, it should have suf-
ficient impulse current conduction capability to tolerate 
the expected induced shield current. 

A second method of providing lightning protection, 
while permitting shields to be ungrounded, is to cover the 
signal shield with an overall shield (OAS) that is grounded 
at both ends. This minimizes both circuit and common 
mode voltages. It also separates the functions of providing 
for lightning protection and providing noise-free transmis-
sion under normal circumstances. The OAS must, of 
course, be grounded at both ends. This arrangement is fre-
quently used to protect fuel-quantity indicating systems 
(FQIS) since the in-tank portion of the wiring that connects 
with the FQIS sensor units must not have shields that are 
grounded at both ends. In-tank shield grounds should not 
be made since doing so would run the risk of arcing at the 
ground connections. The exterior wire harnesses are dou-
ble shielded to the tank wall. The inner shield is carried 
through to the in-tank sensors, but not grounded to the in-
tank structure.   

Twisted pairs 

Signal transmission over a twisted-pair circuit with sig-
nal grounds isolated from the aircraft structure (Fig. 17.4) 
tends to couple lower voltages because the resistive rise in 
the shield is not in the signal path. It must not be forgotten,   
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however, that the use of twisted-pair transmission lines 
does not eliminate the common-mode voltage that appears 
between each conductors and the shield or equipment 
chassis. That voltage is minimized only by grounding the 
shield at both ends. 

 

Fig. 17.4 Twisted pair transmission. 

Differential transmission and reception 

Differential transmission and reception devices (used 
along with twisted pair wires, as shown in Fig. 17.5) allow 
the shield to be grounded at both ends because residual 
noise voltages produced by current in the shield are re-
jected. 

 

Fig. 17.5 Differential transmission and reception. 

Junctions with semiconductors 

In general, it is preferable that wiring interconnecting 
two different pieces of electronic equipment not interface 
directly with the junctions of semiconductors (see  
Fig. 17.6(a)). 

Resistance in series with semiconductors 

Where possible, resistors should be used to limit the 
surge current into semiconductor junctions from input and 
output conductors. Even modest amounts of resistance 
connected between the junctions and the interfacing wires 
(shown in Fig. 17.6(b)) can greatly improve the ability of 
semiconductors to resist the transient voltages and cur-
rents. 

 

Fig. 17.6 Connection to semiconductor junctions. 

Section 17.5, on component damage mechanisms, gives 
examples that demonstrate the protection offered by the 
addition of series resistance at semiconductor junctions. 
The resistors should be physically as large as possible. 
Half-watt resistors are better than one-quarter-watt or one-
eighth watt resistors, which may not be able to tolerate the 
voltage that drops across them when the induced transient 
current flows. 

Transmission through balanced transmission lines and 
transformers, combined with input protection for semicon-
ductors, usually provides the greatest amount of protection 
against the transients induced on control wiring. 

Direct current (DC) coupling 

Where possible, coupling that can pass DC voltages and 
currents should be avoided, since lightning-induced volt-
ages and currents have sufficiently long-time durations to 
be efficiently transmitted through DC coupling paths. 

AC transmission through isolation transformers offers 
one means of avoiding DC coupling paths and the use of 
optical isolators offers another. Of course, optical isolation 
is particularly appropriate for digital circuits, but even an-
alogue signals can be transmitted through optically iso-
lated operational amplifiers. 
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DC coupling paths in power supply circuits can employ 
DC-DC converters using an intermediate isolation trans-
former, or an opto-isolator, although surge suppressors 
(such as MOVs) usually provide a simpler and less expen-
sive way to protect power inputs from damaging, light-
ning-induced transients. 

Fiber optic transmission 

Fiber optic transmission lines do not conduct lightning-
induced voltages or currents, but the transmitting and re-
ceiving devices at the ends of the optical fibers could still 
be susceptible to interference or damage from local elec-
tromagnetic fields. The power sources for these optical 
couplers may also experience effects from lightning-in-
duced transients. 

17.3 Circuit Bandwidth 

One of the most important circuit design considerations 
related to lightning interference is the fact that devices 
with broad bandwidths can receive and transfer more noise 
energy than devices with narrow bandwidths. Some of the 
practical implications of this observation are illustrated in 
Fig. 17.7. 

The induced transients produced by lightning have a 
broad frequency spectrum. It is often said that most of the 
energy associated with lightning current falls in the fre-
quency range below 10 or 20 kHz. Before any sense of se-
curity is derived from that observation, it should be re-
membered that the amount of damage or malfunction sus-
tained by equipment is a function of the total amount of 
energy intercepted by the aircraft. The total energy in a 
lightning flash is so large that there may, nevertheless, be 
more than enough energy in the megahertz and multi-meg-
ahertz range to cause interference. In addition, this energy 
may become concentrated in certain frequency bands by 
the characteristic response of the aircraft or the wiring 
within the aircraft. 

Without reference to any specific frequency ranges, 
however, the energy spectrum of lightning-generated in-
terference on aircraft electrical wiring still has a broad fre-
quency range. 

A receptor with a broad passband (Fig. 17.7(a)) inher-
ently collects more energy than a receptor with a narrow 
passband (Fig. 17.7(b)). Thus, regarding lightning protec-
tion, the narrower the passband, the better. In this respect, 

 

Fig. 17.7 Frequency considerations. 

analog circuits have an inherent advantage over digital cir-
cuits, since a narrow passband digital circuit is almost a 
contradiction in terms. If possible, circuits should not have 
a passband that includes DC (Fig. 17.7(c)), since, when 
DC is excluded, the circuits reject more of the energy as-
sociated with the flow of current through resistance of the 
structure. 

Typical oscillatory frequencies 

Studies of the types of interference produced by the 
flow of lightning current through aircraft have shown that 
lightning energy excites oscillatory frequencies on aircraft 
wiring, particularly if the wiring is based on a single-point 
ground concept. The characteristic frequencies of this os-
cillation have tended to range from several hundred kilo-
hertz to a few megahertz. If possible, the passbands of 
electronic equipment should not, like the hypothetical 
passband shown in Fig. 17.7(d), include these frequencies. 
Higher or lower passbands are better than the one shown 
in this figure. 

To take an extreme example, the fiber-optic signal 
trans-mission system represented in Fig. 17.7(e) operates 
in the infrared region, thereby avoiding the frequency 
spectrum associated with lightning-generated interference 
almost completely. 
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17.4 Protective Devices 

Circuit protective devices can sometimes be used to 
limit the amount of electrical energy that can be conducted 
into a piece of electronic equipment. While one can sel-
dom eliminate interference through the use of the circuit 
protective devices, judicious use of these devices can vir-
tually eliminate physical damage to electronics. ‘Judicious 
use’ means that the protective devices are incorporated 
into the basic design of the electronic equipment, not 
added later, when a transient specification is applied, or 
trouble is experienced. 

Some cautions: When considering protective devices, 
it should be remembered that when these fail, due to over-
stress, they often “fail short” which means that they apply 
a short circuit across the equipment interface that they are 
supposed to protect. This disables the function of that in-
terface. Additionally, continued operation of the equip-
ment sometimes causes the protective device to “fail open” 
either immediately, or after some time period. If this hap-
pens, the interface may continue to operate satisfactorily, 
but there is no way to know that protection is no longer 
available. Life-cycle environments may also cause protec-
tive devices to fail (literally: break apart) and remove the 
protection from the interface. No practical ways to detect 
and announce this loss of protection have been found. 
Post-strike inspections of equipment incorporating these 
devices may be necessary to confirm absence of damage 
to protection devices. This makes use of protection devices 
(line-to-ground devices especially) difficult in equipment 
that has been assigned lightning criticality level A or B 
difficult if the certification basis includes requirements for 
fault tolerance.   

It should also be noted that most of the available surge 
protective devices (also known as terminal protective de-
vices, etc.) have been intended for industrial and commer-
cial ground-based applications where environmental toler-
ances and failures are not critical and low cost is essential.  
These are much larger markets than is the aircraft market.    
When considered for aircraft equipment applications the 
user needs to qualify the devices for such applications.  

Basic types of protector 

There are two basic types of over-voltage or transient 
protection device: switching devices and non-linear de-
vices. Their respective V-I characteristics are character-
ized in Fig. 17.8. 

 

Fig. 17.8 Frequency considerations. 
(a) Switching device 

(b) Non-linear resistance device 

Switching devices 

Switching devices (Fig. 17.8(a)) conduct essentially no 
current until the voltage across them reaches a critical 
value. When the critical voltage is attained, current flows 
through the device to ground and the voltage collapses to 
nearly zero. The current is controlled by the properties of 
the external circuit. (Spark gaps and controlled rectifiers 
are examples of switching devices.) 

The instantaneous power dissipated in a transient pro-
tective device is the product of the surge current flowing 
through the device and the voltage across the device. Thus, 
even if the surge current through a conducting spark gap is 
high, the power dissipated in the gap is small. 

Spark gaps and other switching devices limit the volt-
age that can appear at equipment to the sparkover or turn-
on voltage of the device. These devices do not control 
surges by absorbing the energy of the surge. Primarily, 
they operate by limiting let-through voltages to the spar-
kover voltage of the device and reflecting surge energy 
back toward its source, where it is dissipated in the re-
sistance of the conductors. Sometimes these reflections 
continue for few cycles until all the surge energy is used 
up.   

Non-linear devices 

Non-linear devices have V-I characteristics as shown in 
Fig. 17.8(b). They conduct very little current at low volt-
age levels but, once conduction begins, the voltage across 
the device remains nearly constant. Because the voltage 
does not collapse to zero, energy is released in the device.
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The rating of the device is a function of the amount of en-
ergy it can dissipate, which is related to its thermal mass 
and its ability to tolerate temperature rise.  Non-linear de-
vices control surges partly by turning electrical energy into 
heat and partly by reflecting it back towards its source. 
(Zener-type surge suppression diodes and MOVs are ex-
amples of non-linear devices.) 

Note: Since non-linear devices absorb more energy than 
switching devices, a spark gap is physically smaller than a 
non-linear device for a given surge-power handling capa-
bility. 

Recovery characteristics 

Another fundamental difference between switching de-
vices (e.g., spark gaps) and non-switching devices (e.g., 
surge suppression diodes or varistors) relates to their re-
covery characteristics after a surge has passed. If a line 
protected by a spark gap is connected to an energy source 
(a power bus, for example), the spark gap remains in its 
low-impedance conductive state as long as the energy 
source is present. Only when the energy source is discon-
nected from the line can the spark gap return to its initial, 
high-impedance, nonconductive state. Bringing this tran-
sition about generally requires opening a circuit breaker on 
the line. By contrast, non-linear devices cease to conduct 
as soon as the voltage returns to its normal value. Thus, 
remote circuit breakers are not required on circuits pro-
tected by non-linear devices. 

Circuit interrupters 

Some devices are designed to sense an overvoltage and, 
on sensing the overvoltage, to interrupt power flow to the 
load. Devices that accomplish this interruption by electro-
mechanical means should not be regarded as transient pro-
tection devices, because the response of a mechanical de-
vice is inherently too slow to be effective against light-
ning-induced transients. Such devices are not used for 
lightning protection of avionics and none of them will be 
discussed in this chapter. 

Energy reflection 

All types of overvoltage protection devices inherently 
operate by reflecting a portion of the surge energy to its 
source and by diverting the rest into another path. The in-
tention is always to dissipate the surge energy into the re-
sistance of the interconnecting leads and ground leads. The 
alternative to reflecting the energy is to divert and absorb 
it in an unprotected load, specially provided. This ap-
proach has the following hazards associated with it: 

1. The reflected energy could appear on other unpro-
tected circuits. 

2. Multiple reflections could cause a transient to last 
longer than it would otherwise. 

3. The spectral density of the energy in a surge could be 
changed, so that either high or low frequencies were 
enhanced. This could increase interference problems 
on other circuits, even though the risk of damage to 
the protected circuit is reduced. 

Choosing locations for protective devices 

Usually, the selection of a transient protective device 
depends on the amount of surge energy that must be dealt 
with. Generally, this energy decreases the further away 
one gets from the source of the transient. The surge energy 
to be expected can also be related, crudely, to the normal 
operating power of the circuit involved. One would nor-
mally expect lower surge levels on low voltage signal cir-
cuits than on medium-power control circuits, and one 
would expect the highest surge levels on main power dis-
tribution buses. This is because better shielding is usually 
provided for low voltage signal circuits than is typical for 
higher voltage circuits, including power distribution cir-
cuits. Thus, one might logically use surge suppression di-
odes and small varistors on individual circuit boards 
within equipment, larger varistors on terminal boards, 
even larger varistors at power distribution busses and 
spark gaps on radio frequency (RF) cables from antennas 
located in lightning strike zones. 

Commercially available circuit protective devices that 
may be considered for aircraft applications include gas-
filled spark gaps, specially fabricated Zener diodes, and 
varistors. Each has its advantages and disadvantages. 

17.4.1 Spark Gaps 

Incidental spark gaps 

Sometimes spark gaps are incidental to the construction 
of some other device, such as a terminal board or a cable 
connector. Whenever the voltage on the ‘terminals’ of a 
spark gap becomes sufficiently high, there is a spark across 
or through the dielectric, and the voltage on connected de-
vices is limited to that which produces this spark. Usually, 
sparkover of incidental gaps is unplanned and undesirable, 
particularly if it causes puncture and permanent failure of 
solid dielectric or tracking across insulating surfaces. 
Whether planned or not, the existence of incidental spark 
gaps should be recognized. Sparkover across the surface 
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of a dielectric might be tolerable in some cases, and some-
times can be made to provide perfectly acceptable surge 
protection at minimal extra cost. 

Intentional spark gaps 

Spark gaps intentionally provided for circuit protection 
are usually composed of two metal electrodes, held at a 
fixed distance from each other, separated by a dielectric, 
and sealed in a container. The electrodes may be spherical 
but in more sophisticated devices they are not. Not all 
spark gaps use metal electrodes and not all are sealed. 
Ground-based telephone circuits, for example, are often 
protected by gaps using carbon electrodes. (Examples of 
spark gaps are shown in Fig. 17.9.). One manufacturer’s 
literature on spark gap product is in [17.1]. 

 
Fig. 17.9 Outline sketches of spark gaps. 

Electron avalanche 

Conduction through a spark gap involves an electron 
avalanche process, as discussed in Chapter 1. Dielectric 
composition, gas density and electrode geometry all affect 
the breakdown voltage of a spark gap and the speed with 
which the avalanche develops. Breakdown voltage de-
pends on the waveform of the applied voltage. 

A voltage waveform with a fast rate-of-change pro-
duces breakdown at a higher voltage than a more slowly 
increasing voltage transient would. A low-pressure gap 
(or, more precisely, a low gas density) breaks down at a 
lower voltage than a similar high-pressure gap, but the av-
alanche develops more slowly in the high pressure gap and 
the dependence of breakdown voltage on waveform is 
greater. 

The dependence of breakdown voltage on rate of 
change of voltage partly relates to how long it takes, on 
average, for a free electron to appear and start the ava-
lanche process. Commercially available spark gaps fre-
quently contain minute amounts of tritium or other radio-
active elements to reduce the dependence of break-down 
voltage on voltage waveform. 

Breakdown voltage 

Impulse breakdown voltages for gaps with metal elec-
trodes operating in air at standard atmospheric pressure are 
seldom less than 1 - 2 kV, even with very small spacings 
between the electrodes. For commercial spark gaps, 
curves, such as Fig. 17.10, are generally supplied to relate 
breakdown voltage to rate-of-change of voltage. Catalog 
specification sheets generally cite the breakdown voltage 
for very slowly changing voltages or for DC voltages. 
Rated breakdown voltages for small gaps range upwards 
from a minimum of about 100 volts. The actual breakdown 
voltages for the same gaps, when subjected to rapidly 
changing applied voltage waveforms, may be substantially 
higher. 

Normally, one should not regard spark gaps as the pri-
mary means for controlling surges, unless the equipment 
to be protected can withstand several hundreds of volts. 
(Radio receivers and other RF equipment often can toler-
ate such voltages.) 

Recovery 

Once a gap has sparked over, the current in the gap is 
governed by the impedance of the circuit and the normal 
operating voltage. Current continues to flow as long as the 
circuit is energized at a voltage less than a hundred volt. 
Gaps used for industrial machinery and commercial power 
systems can be made self-extinguishing (for applied volt-
ages up to about 100 V) by using magnetic fields to acti-
vate ventilation systems that cool the arc, but such devices 
are not applicable for aircraft use. 
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Current rating 

Small spark gaps can carry peak currents of several 
thousand amperes for a few tens of microseconds and they 
can carry several hundreds of amperes for a few millisec-
onds. Catalog sheets do not always clearly state the dura-
tion of surge current for which the specified peak current 
applies but, for aircraft protection, the matter is of little 
importance, since almost any gap can carry all the surge 
current likely to appear on internal aircraft wiring. 

 

Fig. 17.10 Volt-time curve of a spark gap. 

 
 

‘Let-through’ voltages 

Until a spark gap ionizes, it has no effect on circuit volt-
age. Thus, the surge voltage on the protected line must rise 
enough to ionize the gap before the gap can provide any 
protective benefit. This voltage is sometimes referred to as 
the ‘let-through’ voltage. Some of this ‘let-through’ volt-
age (see Fig. 17.11) can be passed onto the rest of the cir-
cuit. If this residual surge voltage poses a problem, it can 
often be suppressed using MOV or Zener diode devices. 

 

Fig. 17.11 ‘Let-through’ voltage. 

Sometimes spark gaps are installed on a pair of conduc-
tors, as shown in Fig. 17.12(a). Ideally, in response to a 
common mode surge, the two spark gaps should ionize at 
the same time but, in reality, one of them invariably ion-
izes before the other, so that a high voltage appears be-
tween the conductors. To alleviate this problem, three-
electrode spark gaps are available (Fig. 17.12 (b)). Ioniza-
tion between any two electrodes spreads almost instanta-
neously to the third, simultaneously shorting the two con-
ductors together and to ground. 

 

Fig. 17.12 Spark gaps on a conductor pair. 

Application considerations 

Spark gaps are attractive for protection of antenna inter-
faces with RF transmitter/receiver units due to their low 
capacitance. Other types of protectors typically have 
higher capacitances that apply unacceptable loads to RF 
circuits. In RF circuit applications the electric arc will self-
extinguish since these are not electric power sources.   

Spark gaps (and any other voltage-limiting device, for 
that matter) must be rated so that they will not ionize and 
conduct at the normal peak operating voltage of the circuit 
being protected. For this reason, they are not applicable for 
protecting electric power circuits since they apply a short 
circuit when they spark. This would be unacceptable in an 
aircraft power system, where power current might damage 
the gap and/or get interrupted.    

Spark gaps are also not applicable for protection of sem-
iconductors and electronic circuit boards since their volt-
age suppression levels would be too high.   
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Another use of spark gaps is for protecting against high 
energy surges, such as arise from lightning strikes to ex-
ternally mounted equipment. External lights are an exam-
ple. The gaps should be placed far from the most sensitive 
equipment and should be used in conjunction with other 
protective devices that have lower voltage clamping levels 
but less ability to carry high surge currents. Examples of 
this arrangement are shown in Fig. 17.23. 

Failure modes of spark gap protectors 

Usually, a spark gap fails when it is required to carry 
excessive surge current or excessive power system current 
following sparkover. This either shatters the case or burns 
away the connecting leads. In either case, the gap usually 
fails open circuit. Once in a while, a spark gap rated for 
low sparkover voltages (where the electrode gaps need to 
be small) will fail short, because electrode material melts 
and comes together, eliminating the gap.   

Advantages of spark gaps: 

1. Spark gaps have a large current-handling capability. 
In fact, gas-filled spark gaps have the highest peak 
current handling capabilities of any transient protec-
tion device, and almost any gap can handle the maxi-
mum surge currents induced by lightning. 

2. Spark gaps have high open impedances and low ca-
pacitances. The low shunt capacitance and leakage 
current characteristics of gas-filled spark gaps mini-
mize insertion problems for operating frequencies be-
low 1 GHz. Therefore, spark gaps are applicable for 
RF circuits. 

3. Spark gaps have bipolar properties. In other words, 
they exhibit the same response to both positive and 
negative polarity surges. 

Disadvantages 

1. Spark gaps have relatively high sparkover voltages 
and therefore high let-through voltages. They are not 
useful for protection of low voltage circuits, such as 
digital I/O. Minimum let-through voltages are rarely 
less than 100 V. 

2. Power system follow current through spark gaps must 
be extinguished by removing the voltage (with a cir-
cuit breaker or fuse) or by inserting resistance rapidly 
into the circuit by means of an additional element,

such as an MOV. Thus, they are not practical for pro-
tection of aircraft power circuits.   

3. The performance of spark gaps is heavily dependent 
upon sparkover voltage and on the waveform of the 
voltage applied to them. 

4. Spark gaps reflect more energy than they absorb. 

5. The rapid change of voltage associated with the spar-
kover of a gap may excite circuit ringing. 

 

17.4.2 Non-Linear Resistors (NLRs) 

NLRs (or varistors) may be characterized by the expres-
sion 

𝐼𝐼 = 𝐾𝐾𝑉𝑉𝑁𝑁  (17.1) 

where N and K are device constants that depend on the var-
istors physical dimensions and material of which it is com-
posed. One manufacturer’s literature on MOVs is found in 
[17.2].   

Varistors may be constructed of silicon carbide, sele-
nium, or a metal oxide (usually zinc oxide). This section 
concentrates on MOVs [17.2]. Zener diode type protectors 
can be classified as NLRs, since their volt-ampere charac-
teristics also follow Eq. 17.1, but, since their construction 
differs consider-able from that of MOVs, they will be 
treated separately in §17.4.3. 

Formulation 

MOVs are formed from zinc oxide grains (Fig. 17.13) 
that are pressed together and sintered into ceramic parts. 
The grains behave as if they had non-linear semiconductor 
junctions at their boundaries. The volt-ampere characteris-
tics of a fully fabricated MOV depend both on the size of 
its zinc oxide grains and on how many grains in series are 
included in the thickness of the unit. Thus, for a given for-
mulation of zinc oxide grains, the clamping voltage of an 
MOV is directly proportional to its thickness. Current han-
dling capability depends on how many grains in parallel fit 
in the cross-sectional area of the unit. Thus, the volt-am-
pere characteristics of MOVs are derived from the bulk 
characteristics of multiple, parallel current paths, which 
accounts for their large power-handling capability. 
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Fig. 17.13 Intergranular structure of MOV [17.2]. 

      d is the average grain size. 

Volt-ampere characteristic 

A graph of the volt-ampere characteristic of a typical 
MOV device is shown in Fig. 17.14 and an equivalent cir-
cuit is shown in Fig. 17.15. The V-I characteristic is di-
vided into three current ranges: 

(1) The Leakage Region: Very low current levels, at 
which capacitance, C, and leakage resistance, Roff, 
dominate. 

(2) The Normal Region: This is the region where the 
varistor is intended to operate. 

(3) The Upturn Region: Very high current levels, at 
which bulk resistance, Ron, becomes important. 

Leakage region 

At low current levels (Fig. 17.14), the leakage re-
sistance is high enough (on the order of 109 ohms) that 
leakage current is often insignificant for DC circuits.  
Leakage current is strongly dependent on temperature, as 
shown in Fig. 17.16. 

 

 
Fig. 17.14 V-I characteristic of MOV [17.2] 
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Fig. 17.15 Equivalent circuit of MOV [17.2] 

 

 

Fig. 17.16 Leakage current vs. temperature [17.2] 

For ac circuits, the effects of leakage resistance are 
overshadowed by the effects of parallel capacitance. The 
capacitance of MOV devices is high (on the order of 1 - 10 
nF), is nearly constant with frequency up to 100 kHz and 
is little affected by temperature. Capacitance is not usually 
a problem for circuits operating at power frequencies and 
may even be valuable, in that it helps to shunt high fre-
quency noise currents to ground. The effects of MOV ca-
pacitance must be considered on circuits that operate at 
high frequencies or that react to rapidly changing pulses. 

The capacitance of any particular MOV device may be 
measured with conventional bridges, provided that the 
bridge voltage is not high enough to cause non-linear con-
duction. 

Normal varistor region 

In the normal range of current (Fig. 17.14), the perfor-
mance of an MOV resembles that of a NLR, Rx, having the 
characteristic 

I = KVα   (17.2) 

The exponent, α, is on the order of 20 - 50, implying 
that a current that changes by four orders of magnitude 
would result in a change in voltage of 25% or less. 

 
Upturn region 

At high current levels (i.e., several hundreds to several 
thousands of amperes), bulk resistance becomes important 
and MOV performance deteriorates (see Fig. 17.14). The 
expected current through MOV installations should be 
kept below this range, either by limiting the surge current 
with series resistance, by using larger MOV packages. It 
is not a good idea to use MOVs in parallel since, due to 
their non-linear V-I characteristic they are unlikely to 
share surge current equitable and one may end up being 
overloaded (see Fig. 17.20). 

Waveform dependence 

Varistor performance is best analyzed by treating the 
surge current as the independent variable. Varistors are 
sometimes denigrated as having poor pulse response or be-
ing subject to overshoot (i.e., having excessive clamping 
voltage) in response to rapidly changing surge currents.  If 
a half-sinusoidal current pulse (Fig. 17.17) is passed 
through a varistor, the waveform of the voltage developed 
is practically rectangular. A faster-rising, sinusoidal pulse 
also produces a rectangular pulse voltage, but of somewhat 
higher amplitude. The difference in voltage for slowly ris-
ing current pulses (> 10 µs) and for rapidly rising pulses 
(~ 0.5 µs) is seldom more than 10 - 20%. This is more no-
ticeable with large disks of MOV material than with small 
disks. 
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Fig. 17.17 Time dependence of MOV voltage. 

Studies of large MOV disks, such as are used in power 
transmission systems [17.3 - 17.4], have shown that over-
shoot is primarily caused by the diffusion of current into 
the varistor material. Studies of small disks, such as those 
used for protection of low voltage equipment [17.2], have 
shown that the time dependence of voltage is only a few 
tens of percent, even for surge currents having fronts of a 
few nanoseconds. 

The fact that surge currents of moderate steepness pro- 

duce rapidly changing MOV voltages should be recog-
nized in circuit design. Circuit oscillations resulting from 
the rapid change in voltage may give rise to unexpected 
interference problems. 

Lead effects 

Most instances of MOV overshoot are due to lead in-
ductance effects and are not intrinsic to the MOV itself. 
When specifying MOVs, or any other surge protective de-
vice, care should be taken to keep short any leads through 
which high or rapidly changing currents might flow.  Volt-
age developed across the inductance of such leads adds to 
the voltage developed across the varistor material. For ex-
ample, Fig. 17.18 shows two MOV installations (such as 
might be used on a 115 Vac power circuit) and the voltages 
that would be developed across them by half-sinusoidal 
current waveforms. One of the installations uses the mini-
mum practical lead length and the other uses leads about 
15 cm (6 in) long. For an applied current waveform with a 
10 µs front (rise) time, the voltage is about the same, re-
gardless of lead length, but for a current with a 0.5 µs front 
time, the voltage across the long leads is nearly twice that 
across the short leads. 

Excessively long leads between protectors and the 
equipment they are protecting create large inductive loop 
areas. Leads should always be kept as short as possible. 
And, wherever practical, the protected circuit should be 
brought to the protector. Fig. 17.19 shows examples of 
good and bad practice. Arrangement (a) has excessive 
leads and will provide little protection. Arrangements (b) 
and (c) are more effective.  
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Fig. 17.18 Lead effects [17.5]. 
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Fig. 17.19 Connections to a protection device. 

Rating of MOVs 

The several factors that are involved in the rating of a 
MOV device are illustrated below, using the Harris semi-
conductor V130LA series device (whose characteristics of 
are shown in Tables 17.1 and 17.2 [17.5]) as an example.  
Similar devices are available from other vendors and the 
illustration should not be taken an endorsement of any 
brand of device. MOVs should be selected based on the 
manufacturer’s catalog data. 

Device size 

The most common packaging configuration for MOV 
devices is a disk with wire leads. The column in the man-
ufacturer’s data table that lists the device size refers to the 
diameter of the disk. The voltage rating of the device de-
pends on its thickness, which is given in outline drawings 
but not in specification tables. Larger diameter disks have 
greater current-carrying capability than smaller disks. 

Maximum continuous operating voltage 

A fundamental consideration in the application of any 
surge protective device is that it does not conduct exces-
sively under normal operating conditions, since the heat 
produced by continuous conduction is likely to destroy the 
device. Conduction must not take place even under the 
normally allowed excursions of operating voltage. For ex-
ample, some aircraft power systems operate at a nominal 
DC voltage of 28 volts but, if a regulator were to fail, volt-
age on the bus could rise as high as 80 volts.

 

Table 17.1 
Maximum Ratings for Typical 130 V 

MOVs [17.5] 

 

Table 17.2 
Specifications for Typical 130 V 

MOVs [17.5] 

 

An MOV on such a circuit would have to either be 
rated higher than 80 volts or would have to be fitted with 
a fuse or circuit breaker to disconnect it from the bus. 

The V130LA devices are rated to withstand 130 V-rms 
(184 V peak) or 175 V-DC continuously without excessive 
conduction. Such a device would most likely be used on a 
nominal 115 V-rms ac power system. Lower voltage rat-
ings would not be appropriate, because the operating volt-
age on a power system can temporarily rise to levels sig-
nificantly higher than nominal. 
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RMS vs. peak or DC voltage: 

Because MOV devices are frequently used on ac power 
systems, the reference to rms quantities should be noted. 
Other protective devices, notably Zener diode-based de-
vices, are more commonly used on electronic systems and 
are usually rated for a nominal DC or peak ac voltage. 

50/60 Hz applications: 

Experience has shown that some MOV devices mar-
keted for industrial and commercial applications on 115 V-
rms 50 or 60 Hz power voltages fail when installed on 400 
Hz aircraft power systems. The cause of this failure is un-
clear since the matter has not been studied fully. Neverthe-
less, it is recommended that commercial MOV devices 
rated for ~240 V-rms applications at 50/60 Hz be used to 
protect 115 V-rms 400 Hz aircraft power circuits. This 
provides clamping levels about twice as high are afforded 
by the 115 V-rms rated devices but reduces the likelihood 
of failures that could short-circuit the protected power sup-
ply or create a fire hazard from the conduction of circuit 
currents through a failed device. Similarly, MOV devices 
intended for protection of circuits operating at other 400 
Hz voltages should have higher operating voltage rating 
than would be selected for 50/60 Hz operation.   

Transients 

The manufacturers of MOV devices typically provide 
two types of maximum pulse rating:  the maximum allow-
able energy and the maximum peak current. The maximum 
peak current ratings of commercial MOVs are usually de-
fined for a surge having an 8 x 20 µs waveform (a surge of 
the type generally used for testing of ac power equipment, 
as discussed in §1.5.2). This waveform is neither repre-
sentative of lightning stroke currents nor of the currents 
induced by them. It is an antiquated definition, which 
probably should be updated by the electric power industry, 
where it is most commonly used. The maximum allowable 
energy rating, on the other hand, is defined for a longer, 10 
x 1 000 µs waveform that is commonly used for testing 
telecommunications equipment. There is no rationale for 
the difference between surge current and energy dissipa-
tion specifications for commercial MOVs. The use of both 
waveforms happened out of convenience, rather than from 
any engineering review of the matter.   

As a practical matter, it is best to have transient protec-
tion devices rated in terms of maximum peak current (i.e., 
ISC) since this is included in the definitions and standards 
for lightning-induced transients. Transient energy, on the 
other hand, is not quantifiable since there is no energy stor-
age or dissipation factor in the transient definitions.   

 

Since clamping voltage is relatively independent of 
surge current, instantaneous power dissipation in an MOV 
is the product of the instantaneous surge current and the 
clamping voltage. Thus, a rectangular surge current of 100 
amperes, passing through a varistor clamping to 340 volts, 
would deliver a power of 34 000 watts. If the device were 
rated to withstand 70 joules (watt-seconds), then the surge 
could flow for 2.06 milliseconds. MOV specification 
sheets provide curves relating voltage and current across a 
device. More precise estimates of dissipated surge energy 
could be made by relating instantaneous surge current to 
surge voltage and numerically integrating the result. 

Voltage at 1 mA 

Varistor voltage is commonly specified at 1 mA test 
current, partly because a leakage current of 1 mA is seldom 
cause for concern and partly because it is a convenient and 
easily measurable reference point for V-I curves. Usually, 
this is a DC current but sometimes MOVs are tested with 
50 or 60 Hz alternating currents. The specifications of the 
test current waveform should be included with varistor 
voltage specifications. Usually, the test current is set and 
the varistor voltage (sometimes called V1) is read and rec-
orded. The V1 voltage should be on the device label, espe-
cially on the large-diameter devices used to protect aircraft 
power distribution busses. 

After an MOV device has been exposed to a high am-
plitude surge current, as from a lightning strike, its condi-
tion may be determined by measuring its varistor voltage. 
Usually, a high-amplitude surge current, somewhat above 
the peak current rating for the device, is sufficient to per-
manently reduce the varistor voltage. If the varistor volt-
age is found to be lower than the originally recorded V1 by 
5% or more, the MOV should be replaced. MOVs whose 
V1’s have not changed significantly following exposure to 
lightning-induced transients, and which show no other in-
dications of damage, need not be replaced and will con-
tinue to provide protection for the life of the airplane or 
system. 

Maximum clamping voltage 

Catalog data commonly cites the maximum clamping 
voltage at a surge current appropriate to the size of the de-
vice. 

For more complete information on V-I characteristics, 
curves like Fig. 17.14 must be reviewed. Device manufac-
turers do not always include this data in service specifica-
tions, but it often exists and can be obtained upon request 



443 
 

from the manufacturers. If this data is not available, de-
vices should be tested independently, before they are se-
lected for use in protecting aircraft electronics. 

Large diameter (typically 300 mm), high energy MOV 
devices used for ac power systems are often rated in terms 
of their clamping voltages when carrying peak surge cur-
rents of 10 000 amperes. Similar, but not as large devices 
are now becoming available for aircraft use. Devices of 
~50 mm diameter have been able to tolerate transient cur-
rent Waveform 1 (6.4 x 69 µs) surge currents as high as 50 
kA. 

Tolerance for multiple pulses 

When selecting MOVs (or diodes) for use on aircraft 
power circuits, the ability of these devices to tolerate in-
duced transient currents applied as multiple stroke (MS) 
waveform sets (as defined in Chapter 5) should be con-
firmed, because the energy deposited by such closely 
spaced pulses cannot be expected to be dissipated from the 
device between one pulse and the next. In fact, the cumu-
lative dissipated energy from the pulses in the MS wave-
form set may fail a device that could have tolerated a single 
pulse without failure. 

MOVs in series 

MOV devices of the same cross-sectional area can be 
connected in series without difficulty. The individual units 
need not even have the same thicknesses or voltage rat-
ings. This is sometimes done to achieve a higher operating 
voltage where a low maximum current requirement exists.   

MOVs in parallel 

MOVs are sometimes connected in parallel to suppress 
high current surges, but care must be taken to match the 
V-I characteristics of the parallel branches (see Fig. 
17.20). If the V-I characteristics are not carefully balanced, 
one device may carry most of the surge current, which 
would defeat the purpose of using the devices in parallel. 
Exact matching is probably not necessary, however, since 
by the time current becomes high enough to require paral-
lel devices, bulk resistance probably dominates the perfor-
mance of the circuit, forcing more equal current sharing. 
In general, it is better to use one, larger-diameter disk than 
several small disks in parallel. 

 
Fig. 17.20 Parallel operation of MOVs. 

Wear-out 

Specifications for MOV devices sometimes list a maxi-
mum allowable number of surges of a specific amplitude. 
This seems to imply that MOVs become ‘worn out’ and 
lose their non-linear properties so that they are no longer 
capable of protecting against surges. This is not the reason 
for this specification. The parameter that changes is the 
leakage current at operating voltage, which begins to in-
crease after many surges. However, the MOV still retains 
its non-linear characteristic and its ability to protect 
against surges. 

Turn-on voltage 

Sometimes the V-I characteristics of MOVs are pre-
sented in linear plots, and discussions arise about the 
‘knee’ of the curve or the voltage at which the MOV ‘turns 
on’. Such discussions are misleading, since the so-called 
‘knee’ is an artifact of the scale used for plotting current. 
The current is an exponential function of voltage and plot-
ting the same function to a different current scale would 
indicate a different ‘knee’. Also, discussions of ‘turn-on’ 
imply a switching function, by which the mechanism of 
conduction changes abruptly from one state to another. 
There is no more a ‘switching’ mechanism for an MOV 
device than there is for a semiconductor diode. 

Failure Mode 

If subjected to an excessively high-amplitude surge cur-
rent, MOV disks may shatter and fail open circuit. How-
ever, it is more typical for MOVs to fail because of expo-
sure to an excessive continuous voltage and current. When 
this happens, the disk usually fuses and fails shorted, but 
sometimes the heat is sufficient to melt the solder holding 
the leads to the MOV disk, and the device fails open cir-
cuit.   
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If a protector fails open, it may not degrade the opera-
tion of the circuit, but its continued protection effective-
ness will be lost, and this may not be easily detected. If the 
failure is short, the circuit will cease functioning. In many 
cases this would be detected, but the circuit function will 
have been lost. Designers should take care to determine 
and verify the possible maximum ISC environment and se-
lect protectors whose maximum current rating includes the 
circuit ISC plus a margin and then make sure that the pro-
tectors they select can tolerate this current without degra-
dation.    

Advantage of MOVs 

1. MOVs are bilateral devices. 

2. MOVs are small as compared with their surge current 
capability. 

3. MOVs are self-extinguishing. When applied voltage 
drops below the voltage for which the device is rated, 
they conduct very little current. 

4. MOVs have inherently fast response times. 

5. MOVs have high surge current-handling capabilities, 
second only to certain types of spark gap. MOVs give 
a higher ratio of energy absorbed to energy reflected 
than conventional spark gaps. Moreover, the energy is 
absorbed throughout the bulk of the material, rather 
than being concentrated in a narrow P - N junction 

Disadvantages: 

1. MOVs have high capacitances, which may make them 
unusable for protecting RF circuits. 

2. MOVs are not very suitable for protecting circuits that 
operate below about 10 volts. Minimum clamping 
voltages are on the order of 30 volts. Most MOV 
clamping voltage applications are over 100 volts, ap-
plicable to 28 volt and 115-volt power circuits. 

17.4.3 Zener-Type Diodes 

This category includes all single-junction semiconduc-
tor devices (such as rectifiers) in addition to the Zener-type 
diodes. While other semiconductor devices, such as PNPN 
devices and bipolar transistors, may have application as 
surge arresters, they will not be covered here. 

Zener diodes are polarized devices in which an ava-
lanche breakdown occurs when the applied voltage in the 

reverse-biased direction exceeds the device's specified 
breakdown (or Zener) voltage. Voltage regulating diodes 
can be used for surge suppression, but it is better to use 
diodes specially designed for that purpose, because they 
have bigger silicon junctions and more massive end caps, 
which are better for dissipating heat. Some surge suppres-
sion diodes are intended only for protecting against surges 
of one polarity, and act as conventional forward-biased di-
odes in the other direction. Others are intended for dual 
polarity, and are, effectively, two diodes connected back-
to-back. 

The voltage across a diode does not switch to a low 
value when the diode is conducting but remains at the Ze-
ner voltage. This characteristic accounts for a Zener di-
ode’s ability to cease conduction when the voltage falls 
below the Zener level, but it has a thermal disadvantage. 
During conduction, the power absorbed by the diode is the 
product of the current through the diode and the voltage 
across the diode. The power absorbed for constant current 
is thus directly proportional to the diode voltage. 

Partially offsetting this disadvantage, however, is the 
fact that surge energy absorbed in the diode cannot be re-
flected back into the system to cause trouble elsewhere.  

Depletion layer 

The voltage drop across a diode is concentrated across 
the narrow depletion layer, and the mass available for ab-
sorbing energy is thus very small. Heat must be conducted 
into the metal end caps and then dissipated through the 
leads of the diode. For these reasons, diodes have less en-
ergy-handling capability than spark gaps and MOVs. As a 
result, diodes are not the preferable protective device 
where high transient current, or energy is predicted. For 
most lightning hardening applications in aircraft, this is 
not a serious limitation, since the induced surge current 
levels are in the 1 to 100 A range at those locations where 
surge suppression diodes are most likely to be used. 

Ratings of Zener diodes 

Ratings of Zener-type diodes follow a pattern like that 
used for MOVs. The discussion that follows is illustrated 
by reference to Bourns diodes [17.6]. 

Table 17.3 refers to a line of 1 500-watt, bipolar devices 
in a DO-13 hermetically sealed package [17.6]. (Similar 
devices are available from other sources and the discussion 
should not be taken as an endorsement of any particular 
product. For purposes of design, the manufacturer’s liter-
ature should be consulted). 
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Additional lines of transient voltage suppressor diodes 
are found at [17.7]. 

Rated standoff voltage 

The rated standoff voltage of a Zener diode specifies the 
voltage below which leakage current is negligible. It cor-
responds to the leakage region discussed for MOVs. One 
difference between diode rated standoff voltage and MOV 
leakage region is that the former is a DC voltage, while 
the latter is typically rated in terms of Volts-rms for sine-
wave excitation. 

Breakdown voltage 

As with MOVs, the breakdown voltage of a Zener diode 
is the voltage that develops across the device in response 
to a standard test current (usually 10 mA or 1 mA, DC).  
The term ‘breakdown’ does not imply that the device is 
expected to fail at this voltage but, rather, that conduction 
through the diode increases significantly above this volt-
age. 

Clamping voltage and peak pulse current 

The allowable surges for protective diodes and MOVs 
are stated somewhat differently. Diodes are specified in 
terms of a clamping voltage, Vcc, at a specified current, Ipp. 
The product of Vcc and Ipp yields the instantaneous peak 
power for which the device is rated. One protective diode, 
commonly used on circuit boards within avionic equip-
ment, is rated at 1 500 watts, based on a surge current of 
double-exponential waveform that rises to peak in 10 µs 
and decays to 50% of peak at 1 000 µs. (This is a more 
conservative rating basis than the 8 x 20 µs surge current 
waveform used for commercial MOVs.) By comparison, 
MOVs are rated in terms of total deposited energy. For 
both protective diodes and MOVs, the specified current 
waveform used to compute energy dissipation has the  
10 x 1 000 µs waveform [17.5]. 

Instantaneous powers higher than 1 500 watts may be 
dissipated in a 1 500-watt rated diode if the duration of the 
surge current is less than 1 ms. Protective diodes are read-
ily available with power dissipation ratings up to 15 000 
watts. However, if surge energies of this magnitude are an-
ticipated, it is often better to use MOVs, because they are 
usually cheaper and physically smaller than equivalently 
rated diodes. When a protective diode is in its conductive 
state, the voltage and current through it are related in the 
same manner as with MOVs: 

𝐼𝐼 = 𝑘𝑘𝑉𝑉𝛼𝛼   (17.3) 

The exponent, α, for protective diodes is in the range 
from 100 - 500, which is higher than for comparable 
MOVs. Thus, the clamping voltages of protective diodes 
are more nearly constant with surge current than the 
clamping voltages of MOVs. 

Capacitance 

Surge suppression diodes have high capacitances (rang-
ing from several hundred pF to several nF). These values 
are on the same order as the capacitances of MOVs of 
comparable current and energy ratings. 

Speed of response 

Since the non-linear action of protective diodes takes 
place in the very thin depletion region, the clamping volt-
age exhibits little dependence on the waveform of the 
surge current. Theoretical response times of 1 - 5 picosec-
onds (1 - 5 x 10-12 seconds) have been cited, but such times 
have little meaning, since the performance of protective 
diodes is governed by inductance of leads, just as with 
MOVs. Excessive lead length degrades the performance of 
any protective device. For all practical purposes, MOVs 
and diodes have the same response time, nearly instanta-
neous upon arrival of the transient at the device terminals. 
Overshoots of transient voltage before clamping are the re-
sult of lead lengths, and not due to any characteristic of a 
diode or MOV. 



446 
 

Table 17.3 
Specifications for Typical Transient Voltage Suppressor Diodes [17.6] 
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Series and parallel connection of diodes 

Protective diodes may be placed in series with no prob-
lems. Diodes in parallel must be carefully matched for 
voltage, just as with MOVs. 

Failure mode 

Usually, excessive surge energy causes the semicon-
ducting junction of a diode to melt, so that the device fails 
shorted. 

Advantages of Zener-type diodes: 

1. Zener-type diodes are small in size. 

2. Zener-type diodes are easy to install. 

3. Zener-type diodes have low clamping voltages. 

4. Zener-type diodes have low dynamic impedances 
when they are conducting current. 

5. Zener-type diodes are self-extinguishing.  When the 
applied voltage drops below the Zener level, they 
cease to be conductive. 

6. Zener-type diodes have low volt-time turn-ups (im-
pulse ratios). 

Disadvantages of Zener-type diodes: 

1. Zener-type diodes are not bilateral. To protect against 
both polarities, two diodes must be connect-ed in a se-
ries, back-to-back configuration. Bipolar packages are 
available. 

2. Zener-type diodes have high junction capacitances, 
which may cause significant signal loss at operating 
frequencies above 1 MHz Special diode assemblies 
may extend the useful frequency to approximately 50 
MHz 

3. Zener-type diodes do not switch between a conduct-
ing and a non-conducting state. 

4. Zener-type diodes have lower energy capabilities than 
spark gaps. 

 

5. Zener-type diodes are not available for voltages be-
low about 5 V. 

6. Zener-type diodes are not normally available for 
voltages above a few hundred volts. 

17.4.4 Forward-Conducting Diodes 

In its forward-conducting state, a germanium diode 
conducts little current below about 0.3 V, and a silicon di-
ode ceases to conduct below about 0.6 V. Thus, diodes can 
provide substantial protection if they are placed directly 
across a low-voltage line. To extend this capability to 
higher voltage circuits, forward conducting diodes can be 
connected in series. Forward-conducting diodes in paral-
lel, side-by-side in both directions, would be needed for 
bipolar protection. 

Advantages of forward-conducting diodes: 

1. Forward-conducting diodes are small in size. 

2. Forward-conducting diodes are inexpensive. 

3. Forward-conducting diodes provide protection at very 
low-voltage levels. 

4. Forward-conducting diodes have excellent surge-cur-
rent ratings because the voltage factor in the power 
equation is very low. 

Disadvantages of forward-conducting diodes: 

1. Forward-conducting diodes are not bilateral. For pro-
tection of both polarities, two diodes in parallel must 
be used. 

2. Forward-conducting diodes sometimes conduct at 
normal signal voltages, causing signal-clipping and 
frequency multiplication effects. Multiple forward 
conducting diodes must be connected in series to raise 
voltage levels. 

3. Forward-conducting diodes have high capacitances. 
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17.4.5 Reverse-Biased Diodes 

Reverse-biased diodes (as shown in Fig. 17.21) offer 
excellent protection for signal circuits. Under normal op-
eration the diodes are reverse biased and effectively dis-
connected from the circuit, but whenever the voltage on 
the signal line exceeds the power supply voltage the diodes 
become forward biased (i.e., forward conducting) and al-
low the surge to be conducted into the capacitors. Since no 
circuit operates correctly for normal signals exceeding the 
supply voltage for the input semiconductor circuits, the 
supply voltage for the protective diodes is automatically of 
the correct level. 

Since reverse-biased diodes have very low capacitance, 
this configuration is ideal for protecting high-frequency 
circuits, for which the capacitances of MOVs and Zener-
type diodes present problems. When called upon to pro-
vide protection, the diodes operate forward biased and 
even small signal diodes can carry very large surge cur-
rents. Some CMOS devices have similar diodes built in, 
but they are only intended to guard against static electricity 
and should not be relied on to offer protection against 
surges. Data supplied by the manufacturers of these de-
vices usually refers to a ‘clamping voltage’, with no refer-
ence to the device’s tolerance for surge current. Since the 
built-in diodes must, of necessity, be very small, only very 
small currents, of less than 1 A, can usually be tolerated. 

Resistors can be used to prevent excessive surge energy 
from being conducted into the circuit power supply and 
surge protective diodes can be used to shunt excessive 
surge energy to ground if the surge charges the capacitors 
to an excessive voltage. 

Advantages of reverse-biased diodes: 

1. Reverse-biased diodes have low capacitance. 

2. Reverse-biased diodes have excellent surge handling 
capability. 

Disadvantages: 

1. Reverse-biased diodes must be included in the initial 
designs of the circuits in which they are used. 

2. It is seldom practical to add reverse-biased diodes to 
existing circuit boards. 

 

Fig. 17.21 Reverse-biased diodes. 

17.4.6 Hybrid Protection 

It is common to use a spark gap and an MOV, or an 
MOV and a surge-protecting diode, together to provide 
added protection (see Fig. 17.22.). When these combina-
tions are used, the higher energy device should be con-
nected close to the point where the surge enters the system, 
and the lower energy device should be connected close to 
the more sensitive components. The principal is that the 
high energy device provides the primary protection and di-
verts the major portion of the surge energy while the lower 
energy device provides protection for the residual transi-
ents. 

Isolation of protective devices 

Protective devices cannot be operated directly in paral-
lel since the device with the lowest clamping voltage 
would carry all the surge current. Impedance must be 
added between parallel devices to limit the surge current 
in the lower energy device and to allow enough voltage to 
develop to initiate conduction in the high energy device. 

 

Fig. 17.22 Parallel protectors physically separated. 
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Physical separation 

When an MOV is used in conjunction with a spark gap 
or a diode, the best protection is obtained if the two devices 
are physically separated by a considerable distance. For 
example, large MOVs or spark gaps should be located near 
exposed electrical apparatus (such as lights and air data 
probe heaters) and smaller MOVs or diodes installed 
closer to solid state power controllers or other electronic 
equipment. This separation is needed so that the intercon-
necting wires can provide the requisite impedance be-
tween the high and low energy devices. Physical separa-
tion also minimizes problems associated with inductive 
voltage rises in grounding connections.    

Resistive or inductive isolation 

Physical separation is not always possible in aircraft ap-
plications. Instead, it may be necessary to add resistance 
or inductance between the high and low energy devices, as 
shown in the three-element arrangement of Fig. 17.23. 
Added inductance may be more appropriate for power cir-
cuits, but it has the disadvantage that slowly changing 
surge currents can still pass into the low energy device 
without ever developing enough voltage to ‘clamp’ the 
high energy device. Resistors are preferable, because the 
current through the low energy protector can be controlled, 
irrespective of the surge waveform. However, added re-
sistances higher than one or two ohms may be too high for 
electric power circuits. (This three-element arrangement is 
often seen in protectors for ground-based applications but 
not in aircraft due to component space limitations). 

 

Fig. 17.23 Hybrid protectors. 

 

Commercial availability 

Hybrid protectors are commercially available with high 
and low energy protective devices incorporated into a sin-
gle package but most (if not all) of these packages are un-
suitable for aircraft applications, since they have not been 
qualified to operate in aircraft environments, or on 115 V-
rms, 400 Hz aircraft power circuits. 

17.4.7 Surge Protecting Connectors 

Several manufacturers of avionics equipment multi-pin 
connectors offer transient voltage suppression connectors, 
usually incorporating transient voltage suppression diodes. 
These are available at wattages of up to 2 500 watts and 
capable of meeting the environmental requirements for ap-
plicable military specifications [17.8 - 17.9]. Some have 
been originally developed for protection of military elec-
tronics from nuclear electromagnetic pulse (NEMP) in-
duced transients which are of shorter duration and lower 
amplitude than are typical lightning-induced transients.   

A disadvantage of these is that if failure of the protec-
tion devices for some pins happens, the entire connector 
may have to be replaced. Some manufacturers offer con-
nectors that allow individual pin/protectors to be replaced.   

17.5 Damage Analysis - Semiconductors 

The energy coupled into a system by lightning produces 
large current pulses in wiring and voltage pulses across 
equipment loads. Determining whether these voltages and 
currents cause upset or damage to active or passive com-
ponents requires a knowledge of the failure thresholds of 
devices. These failure thresholds have been investigated 
extensively during studies of NEMP effects on electronic 
equipment. The following sections discuss some of the 
methods by which damage analysis has sometimes been 
performed. Typically, this has involved applying transi-
ents of increasing amplitude to the device’s terminals until 
failure occurred. Most of these studies involved the dis-
crete semiconductors in use during the cold-war years 
through the 1980s, when NEMP was of interest to military 
users.   

 Since then, the electronics component suppliers have 
mostly been motivated by ground-based industrial and 
commercial applications, so there have not been similar 
investigations of failure modes of more modern integrated 
circuit devices. For this reason, most of the discussions 
that follow are based on discrete semiconductors.    
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For the failure analysis of devices sensitive to thermal 
effects, one difference between NEMP and lightning anal-
yses must be noted. NEMP vulnerability assessments are 
mostly made for a single pulse, often of very short dura-
tion. However, lightning usually subjects equipment to 
multiple transients, usually of longer duration, and there is 
usually more than one transient corresponding to the light-
ning MS and multiple burst (MB) waveform sets. 

Generally speaking, semiconductor devices are more 
vulnerable to damage under pulse conditions due to per-
manent failures, than are non-semiconductor devices.  
This section discusses semiconductor devices. Capacitors 
and some other components are discussed in §17.6 and 
§17.7. 

It is not necessary for aircraft and equipment designers 
to conduct analyses of the type described   in the following 
paragraphs as part of the certification process. Instead, 
these discussions are presented to enable designers to un-
derstand basic lightning-induced failure mechanisms. In 
this manner the need for, and methods of assuring that 
modern avionics failure possibilities and certification tests 
are better understood.    

17.5.1 Theoretical Models 

Theoretical models have been developed that relate sig-
nificant changes in the properties of a semiconductor PN-
junction to the high temperatures generated in the junction 
region when a high voltage pulse is applied. Theoretical 
models, based on thermal analysis of the junction region, 
have been used to define a mathematical relationship be-
tween junction temperature and power dissipation in the 
junction. This relation can be used to define a constant that 
characterizes the performance of a device in each time do-
main. 

Empirical Models 

In addition to the theoretical correlations just described, 
the experimental data have been used to define empirical 
relationships based on two models of semiconductor junc-
tion device: the junction capacitance model and the ther-
mal resistance model. These models provide a framework 
from which the power failure threshold of an untested di-
ode or transistor can be estimated from the quantities listed 
in a data sheet provided by the manufacturer.

 

17.5.2. Limitations 

The assumptions made about junction heating and 
transfer of heat in the derivation of the models limit their 
applicability to the region of pulse durations of approxi-
mately 0.1 to 20 µs. For longer times, appreciable heat 
transfer may take place away from the function area during 
the pulse input. For short pulses, the power levels are so 
high (1 to 10 kW) that very large currents flow; conse-
quently, the joule heating in the bulk material is apprecia-
ble. The transition behavior between these three regions of 
pulse duration (regions that will be more precisely de-
scribed later in this section) is not well defined and may 
vary from one device type to another. Examination of 
available data indicates the transition region generally oc-
curs between 100 ns and 1 µs. 

Still another limitation is fundamental to the work sum-
marized in this section: it applies only to junction burnout.  
Other modes of device failure, such as metallization burn-
out and internal arcing, are not treated. Based on the results 
obtained in studies of junction burnout, other effects, such 
as metallization burnout, occur at higher power input lev-
els than those input levels sufficient to damage the junc-
tion. 

17.5.3 Failure Mechanisms-Semiconductors 

The two principal breakdown modes for semiconductor 
PN junctions are the following: 

1. Surface damage around the junction because of arc-
ing. 

2. Internal damage to the junction region because of el-
evated temperature. 

‘Surface damage’ is the formation of a high-leakage 
path around the junction, which effectively prevents the 
junction from operating. The junction itself is not neces-
sarily destroyed, since, if it were possible to etch the con-
ductive material away from its surface, the device might 
still be able to operate. Such surface ‘etching’ is not prac-
tical, of course, in a practical semiconductor. In any case, 
the formation of a surface leakage path implies an operat-
ing condition that produces excessive heating in the bulk 
of the semiconductor material. No amount of cleaning or 
surface ‘etching’ would change this. 

It is very difficult to make theoretical predictions about 
the conditions that would lead to surface damage on semi-   
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conductors because such damage depends on many varia-
bles, including physical geometry and details of the crys-
talline structure of the surface. Also, it is not practical to 
make predictions about surface arcing under pulse condi-
tions [17.9]. Therefore, it should be cautioned that surface 
damage on semiconductor devices may occur at power 
levels that are orders of magnitude below those at which 
bulk devices (such as MOVs) are damaged [17.10]. 

Bulk damage, which produces permanent alterations in 
the electrical characteristics of a junction, is caused by 
physical changes in the structure of the semiconductor 
crystal in the region of the junction. The most severe of 
such changes involves the melting of the junction from ex-
cessive temperature rise. Other changes may involve the 
formation of impurities, the formation of alloys of the 
crystal materials, or large increases in the number of lattice 
imperfections (either crystal dislocations or point defects). 

Example: 

The simplest structure to analyze is a diode, like the one 
shown in Fig. 17.24. In this diode, a current is assumed to 
flow because of some outside stimulus. As this current 
flows, it produces a voltage across the diode, which may 
be either the forward bias voltage (0.5 to 1.5 V) or the re-
verse breakdown voltage, depending on whether the out-
side stimulus biases the diode in the forward or reverse di-
rection. If one assumes that I is a square wave and V is 
independent of time (which would not be the case if V de-
pended upon the junction temperature), then the instanta-
neous power dissipated in the diode, as a function of time, 
would also be a square pulse with a magnitude equal to: 

𝑃𝑃 = 𝐼𝐼𝑉𝑉  (17.4) 

and the total energy dissipated in the diode would be 

𝑊𝑊 = ∫ 𝑃𝑃𝑑𝑑𝜔𝜔 = 𝐼𝐼𝑉𝑉𝜔𝜔𝛼𝛼
𝑡𝑡   (17.5) 

Assume that the power level is sufficient that the device 
fails at the end of the pulse. Both experimental and theo-
retical analyses indicate that the power required to cause 
failure depends on pulse width. The narrower the pulse, 
the greater the power required to cause failure. Over a 
broad range of times, typically between 0.1 µs and 100 µs, 
the power required to cause failure is inversely propor-
tional to the square root of time. For very short pulse du-
rations the power required to cause failure is inversely pro-
portional to time, and for very long pulse durations the 
power required to cause failure is a constant. 

                       
Fig. 17.24 Voltage and current through a diode junction. 

These relationships may be expressed by the following 
equations: 

𝑃𝑃𝜔𝜔 = 𝐶𝐶            𝜔𝜔 < 𝑇𝑇𝑡𝑡  (17.6) 

𝑝𝑝𝜔𝜔1/2 = 𝐾𝐾     𝑇𝑇𝑡𝑡 < 𝜔𝜔 <100 µs (17.7) 

𝑃𝑃 =Constant    t > 100 µs (17.8) 

where To generally lies between 10 ns and 1 µs. Fig. 17.25 
shows an example for a 10 W diode. The most important 
range or durations is the center range, for which 

𝑃𝑃 = 𝐾𝐾𝜔𝜔−1/2  (17.9) 

Effects of bias 

Junctions are less susceptible to burnout when operated 
with forward bias. The primary reason for this is that the 
power dissipated by a given current in the reverse direction 
is greater than the power dissipated by the same current in 
the forward direction. An example of failure data for an 
actual device is shown in Fig. 17.25. The 2N2222 transis-
tor is a 0.5 W NPN silicon high-speed switch. 

17.5.4 Damage constants 

From curves like those in Figs. 17.25 and 17.26, device-
specific damage constants, K, can be defined and tabulated 
for a range of devices. The K value for a particular device 
can then be used to plot the damage power threshold-curve 
of that device. 

 

 



452 
 

 
Fig. 17.25 Time dependence of pulse power failure for a 2N2222 transistor [17.11] 

 

 

 
Fig. 17.26 Time dependence of pulse power failure threshold for a 10 W diode [17.9]. 

.
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It is convenient to derive K in such a way that it is di-
mensionally equivalent to energy in kW. µs. This sets K 
equal to the minimum energy a square pulse of 1 µs dura-
tion would need to fail the device. 

To plot the damage power threshold for a device, sim-
ply plot K as a single point on a log-log graph of damage 
power threshold as a function of duration (Fig. 17.25). 
Then, draw a straight line with a slope of -0.5 through this 
point. This line extrapolates the damage power threshold- 
data for the device. Ideally, the K factor should be known 
for both the forward-biased and the reverse-biased condi- 

tions but, usually, only the K factor for the reverse-biased 
condition is known. Thus, K factors give conservative of 
failure thresholds since K for the reverse-biased condition 
would almost always be lower than K for the forward-bi-
ased condition. 

The magnitude of the damage constant depends upon 
the type of junction under consideration. K tends to have a 
higher value for large junctions than for smaller junctions. 
Figs. 17.27 and 17.28 show the ranges of the damage con-
stants for some typical diodes and transistors. 

 

 

Fig. 17.27 Range of pulse power damage constants 
for representative diodes [17.12]. 

 
Fig. 17.28 Range of pulse power damage constants 

for representative transistors [17.13].
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17.5.5 Experimental Determination of K Factor 

K factors can be determined experimentally by injecting 
current pulses of specific power levels into semiconductor 
junctions, starting at low power levels and increasing the 
power until the junction either fails or is significantly de-
graded. These pulses are normally applied in both the for-
ward and reverse directions. 

K factors and breakdown voltages for some representa-
tive semiconductors are given in Tables 17.4 and 17.5. The 
tables are presented as general examples and are not com-
plete. 

 

While such data is available for discrete semiconductor 
devices and small-scale integrated circuits, it is less likely 
to be available for large-scale integrated circuits designed 
for specific commercial applications. The K factors listed 
for transistors generally refer to the failure threshold of the 
base-emitter junction, since this tends to be the junction 
most susceptible to burnout. All published K factors, 
whether for diodes or transistors, refer to the reverse-bi-
ased condition. 

 

Table 17.4: Typical Diode Damage Data [17.12, 17.14 - 17.16] 
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Table 17.5 Typical Transistor Damage Data [17.12, 17.14 - 17.16] 

 
 

17.5.6 Theoretical K Factors, as Determined 
from Junction Area 

K factors may also be calculated [17.13, 17.17]. There 
are three methods for doing this, the most accurate of 
which is based on the surface area of the junction. If the 
surface area of the junction is known, the K factor may be 
estimated from the following equations: 

Diodes − 𝐾𝐾 = 0.056 A  (17.10) 

Transistors − 𝐾𝐾 = 0.47A  (17.11) 

where K is in kW/µs, and A is the surface area of the junc-
tion in cm2. 

 
 
 

For transistors, A should be the area of the base-emitter 
region because this is generally the weakest junction 
(lower breakdown voltage) and is, therefore, the junction 
from which experimental K values are determined. 

This method described above yields damage constants 
accurate to within a factor of two, but it requires infor-
mation about the junction area that may not always be 
available. For planar devices, the junction area can often 
be measured directly on the silicon chip. 
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17.5.7 K Factor as Determined from Junction 
Capacitance 

Another method of calculating damage constants is 
based on the capacitance Cj and breakdown voltage VBD of 
the junction. For silicon diodes and all silicon transistors 
(except for planar and mesa devices) the relationship be-
tween these constants is: 

𝐾𝐾 = 4.97 × 10−3𝐶𝐶𝑖𝑖𝑉𝑉𝜕𝜕𝑐𝑐
0.57  (17.12) 

For silicon planar and mesa transistors, the equation is 

𝐾𝐾 = 1.66 × 10−4𝐶𝐶𝑖𝑖𝑉𝑉𝜕𝜕𝑐𝑐
0.992  (17.13) 

For a base-emitter junction, the capacitance used should 
be taken at a reverse bias of approximately 1 V. For a col-
lector-base junction or diode junction, the value should be 
taken at the reverse bias of approximately 5 to 10 V. 

17.5.8 K Factor as Determined from Thermal 
Resistance 

The least reliable, way of estimating the damage con-
stant is from a knowledge of the thermal resistance of the 
junction, either the thermal resistance from junction to 
case (θjc) or from junction to ambient (θja). For silicon di-
odes and all silicon transistors (except for planar and mesa 
devices) empirical equations are: 

𝐾𝐾 = 707𝜃𝜃𝑖𝑖𝑎𝑎
−1.93�𝜃𝜃𝑖𝑖𝑎𝑎 > 10.0�  (17.14) 

𝐾𝐾 = 4.11 × 104𝜃𝜃𝑖𝑖𝑎𝑎
−1.7  (17.15) 

For silicon planar and mesa transistors, the equations 
are 

𝐾𝐾 = 707𝜃𝜃𝑖𝑖𝑎𝑎
−1.93                 (17.16) 

𝐾𝐾 = 2.47 × 105𝜃𝜃𝑖𝑖𝑎𝑎
−2.55  (17.17) 

Normally, θjc and θja are not provided in transistor data 
sheets. They must be calculated from the maximum oper-
ating junction temperature, (Tjmax), the total power dissipa-
tion (Pd), case temperature (Tc), and ambient temperature 
(Tamb). 

𝜃𝜃𝑖𝑖𝑎𝑎 = �𝑇𝑇𝑖𝑖𝑚𝑚𝑎𝑎𝑥𝑥 − 𝑇𝑇𝑎𝑎�/𝑃𝑃𝑑𝑑  (17.18) 

𝜃𝜃𝑖𝑖𝑎𝑎 = �𝑇𝑇𝑖𝑖𝑚𝑚𝑎𝑎𝑥𝑥 − 𝑇𝑇𝑎𝑎𝑚𝑚𝜋𝜋�  (17.19) 

Usually, at least one of these thermal resistances can be 
determined from the manufacturer's data sheet. 

 

The accuracy of the damage constant as determined 
from either the junction capacitance or the junction 
thermal resistance is somewhat limited. Table 17.6 
gives some estimate of the accuracy within which the 
damage constant can be calculated. 

Table 17.6 Accuracy of K Factors Determined 
by indirect Methods [17.5] 

 

 

17.5.9 Oscillatory Waveforms 

Eq. 17.9 assumes that the applied voltage, current, and 
power waveforms are rectangular. Actual transients are 
seldom rectangular, but it is possible to derive equivalent 
rectangular pulses for common transient waveforms. 

One common transient waveform is the damped oscil-
latory wave. Based on multiple pulse studies by Wünsch 
and others [17.18 - 17.19], it can be assumed that device 
damage will occur, if at all, during the first cycle of the 
damped sine wave. Therefore, the lower amplitude cycles 
may be neglected. 

In deriving an equivalent square waveform for a 
damped sinusoid, two cases should be considered: one in 
which one of the half cycles of the transient does not ex-
ceed the reverse breakdown voltage of the junction  
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(Fig. 17.29) and another in which the reverse breakdown 
voltage is exceeded (Fig. 17.30).  In either case, one of the 
half cycles biases the junction in a forward direction. 

Reverse breakdown not exceeded 

Treating first the case in which the reverse breakdown 
voltage is not exceeded (Fig. 17.29) a rectangular wave-
form of the same peak amplitude, V0 , and producing the 
same probability of damage as the sine wave, would have 
a duration, τ p , such that 

𝜏𝜏𝑝𝑝 = 𝜏𝜏𝑠𝑠
5

   (17.20) 

where τs is the duration of the first cycle of the sine wave. 

Reverse breakdown exceeded 

If the transient does exceed the reverse breakdown volt-
age (Fig. 17.30), the duration, τ p, of the equivalent transi-
ent is determined by the time interval during which the os-
cillatory transient exceeds the reverse breakdown voltage.  
τp is given by the equation 

𝜏𝜏𝑝𝑝 = 1−(𝑉𝑉𝐵𝐵𝐵𝐵/𝑉𝑉0)2

𝜋𝜋cos−1(𝑉𝑉𝐵𝐵𝐵𝐵/𝑉𝑉0)
𝜏𝜏𝑠𝑠  (17.21) 

This equation is plotted in Figs. 17.31 and 17.32. For 
oscillatory transients whose initial amplitude considerably 
exceeds the reverse breakdown voltage of the junction, Eq. 
17.15 approaches a limiting value of 0.2, and thus becomes 
identical to the forward-biased case, Eq. 17.14. 

 

 
 

Fig. 17.29 Device waveforms for Vg < VBD [17.20]. 

 

 

 

 

 

 

 

 

 

 



458 
 

 
Fig. 17.30 Device waveforms for Vg > VBD [17.21]. 

 
Fig. 17.31 Plot of 𝜏𝜏𝑝𝑝/𝜏𝜏𝑠𝑠 versus V0 / VBD [17.22] 

 

 

 

Fig. 17.32 Plot of 𝜏𝜏𝑝𝑝/𝜏𝜏𝑠𝑠 versus V0 / VBD for values of 
V0 / VBD less than 2 [17.23]. 

 

Integrated circuits 

A limited amount of data relating voltage and current 
durations to the breakdown of integrated circuits is shown 
in Figs. 17.33, 17.34, and 17.35. Figs. 17.33-35 show the 
results of measurements on SN55107 line receivers, 
SN55109 line drivers, and CD4050 AE hex buffers, re-
spectively. 

 

 

Fig. 17.33 Damage thresholds of SN 55107 line receivers 
[17.24]. 
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Fig. 17.34 Damage thresholds of SN 55109 line 
drivers [17.25]. 

 

 
Fig. 17.35 Damage thresholds of CD 4050 AE hex 

buffers [17.26]. 

17.6 Failure Mechanisms-Capacitors 

Capacitors fail by a different mechanism from that by 
which semiconductors fail. The failure mechanism of a ca-
pacitor depends upon the type of dielectric with which it is 
made. 

Solid dielectrics 

The failure of capacitors with solid dielectrics (such as 
paper, mylar or ceramics) when subjected to a single pulse, 

is caused by puncture of the dielectric. Some capacitors 
can withstand short-duration transient voltages of higher 
amplitude than the DC ratings of their insulation, while 
other capacitors break down at transient voltages lower 
than their DC voltage rating. This inconsistency arises 
from differences in the distribution of voltage throughout 
the windings of different capacitors. The pulse-breakdown 
rating of a capacitor is not directly related to the DC volt-
age rating, nor is it normally part of any manufacturer's 
specification. Accordingly, it is safest to assume that a ca-
pacitor is in danger of failure if the pulse voltage is close 
to or exceeds the DC voltage rating. Filter capacitors, and 
other capacitors that are exposed to lightning-induced 
transients, should be tested with the applicable standard 
lightning test waveforms and levels to confirm their ability 
to tolerate lightning transients. 

Electrolytic capacitors 

Electrolytic capacitors are not subject to abrupt failure 
when exposed to short-duration transients. When the volt-
age across an electrolytic capacitor exceeds that used to 
form its dielectric film, the dielectric film begins to con-
duct. Once the pulse has passed, the dielectric returns 
nearly to its normal state. In fact, the dielectric film can 
carry substantial transient current without permanent deg-
radation. 

However, transients may cause leakage currents 
through electrolytic capacitors to increase over time. Data 
is available from a series of tests that were made on tanta-
lum electrolytic capacitors with values of 0.47 µF, 0.047 
µF, and 0.0047 µF and DC voltage ratings of 350 V 
[17.27]. 

The data indicate that there was a connection between 
the severity of failure (defined as a substantial increase in 
the leakage current at voltages of less than 350 V) and the 
length of the time internal conduction was allowed to per-
sist. For these particular capacitors, leakage began at volt-
ages that were 3 to 4 times the dc voltage ratings. The leak-
age current increased continuously with time, beginning at 
a few nanoamperes and increasing to milliamperes. 

Of course, the value of the capacitor determined how 
quickly the applied voltage reached the breakdown level 
(90 to 140 V), which, in turn, determined the duration of 
the conduction and the extent of the damage. Fig. 17.36 
shows the data for the nine 0.0047 µF capacitors that were 
tested. Voltage pulses of 100 to 150 V with 5 µs durations 
produced leakage current. If the amplitudes of these pulses 
were increased to between 150 and 200 V, leakage cur-
rents in the milliampere range were measured. It should be 
noted that these results may not be readily extended to ca-
pacitors of different materials or construction. 
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Fig. 17.36 Pulse data for 0.0047 mF tantalum electrolytic 

capacitors [17.28]. 

17.7 Failure Mechanisms-Other Components 

A limited amount of pulse test data is available for var-
ious non-semiconductor electronic circuit components. 
These data were mostly obtained by tests that utilized 
square-wave pulses of 1 to 10 µs duration with amplitudes 
that ranged up to 1 kV. As would be expected, not all com-
ponents are invulnerable to pulses of this shape. Sample 
test results for several types of components are given in 
Table 17.7. These data were obtained by applying a 8 µs, 
1 kV pulse 10 times to each device. In the case of multi-
terminal components, several pairs of terminals were 
tested in this manner.

Table 17.7 Damage Test Results for Non-semiconductors [17.14] 
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17.8 Examples of Use of Damage Constants 

This section describes some examples of semiconductor 
installations in practical circuits. Each example will be 
used to demonstrate how the damage susceptibilities of 
semiconductors can be assessed. 

Relay 

The first example (Fig. 17.37) is a simple remote-con-
trolled relay. Across the terminals of the relay coil there is 
a diode that would be exposed to the same transients as 
those to which the coil is exposed. 

 
Fig. 17.37 Simple remote-controlled relay [17.15]. 

Analyzing the susceptibility of this diode to damage in-
volves, first, calculating the current level that would cause 
the diode to fail and, second, assessing whether or not the 
transient voltage source could supply that current. It will 
be assumed that the transient voltage is an oscillatory pulse 
with a frequency of 1 MHz (τ s = 1 µs). At this frequency, 
the inductive reactance of the relay coil is large enough 
that the relay can be neglected. 

The current required to fail the diode at time, t, would 
be 

𝐼𝐼𝑓𝑓 =
𝑃𝑃𝑓𝑓

𝑉𝑉𝐵𝐵𝐵𝐵
= 𝐾𝐾𝛼𝛼−1/2

𝑉𝑉𝐵𝐵𝐵𝐵
  (17.22) 

For a 1N540 diode, the reverse breakdown voltage, VBD, 
is 400 V and the damage constant, K, is 0.93 (see Table 
17.4). If a 200 ns pulse is used to approximate the 1 MHz 
voltage transient, the failure current for the diode would be 

𝐼𝐼𝐹𝐹 = 0.93�2×10−7�−1/2

400
= 5.2𝐴𝐴  (17.23) 

Assume, now, that the impedance of the source from 
which the voltage transient was generated is 10 ohms. The 
voltage required to drive a current of 5.2 A through the 
diode would be 

𝑉𝑉𝑇𝑇𝑟𝑟𝑎𝑎𝑛𝑛𝑠𝑠𝑝𝑝𝑝𝑝𝑛𝑛𝛼𝛼 = 𝑉𝑉𝜕𝜕𝑐𝑐 + 𝐼𝐼𝑇𝑇𝑟𝑟𝑎𝑎𝑛𝑛𝑠𝑠𝑝𝑝𝑝𝑝𝑛𝑛𝛼𝛼𝐼𝐼𝑟𝑟𝑡𝑡𝑠𝑠𝑟𝑟𝑎𝑎𝑝𝑝 

𝑉𝑉𝑇𝑇𝑟𝑟𝑎𝑎𝑛𝑛𝑠𝑠𝑝𝑝𝑝𝑝𝑛𝑛𝛼𝛼 = 452 𝑉𝑉  (17.24) 

 

Therefore, a single, square, 452 V pulse, 200 ns wide 
(or a 1 MHz damped sine wave with a peak amplitude of 
452 V) would cause the diode to fail. 

Phase splitter 

The second example is the simple phase-splitter ampli-
fier shown in Fig. 17.38. The first step in determining the 
input current required to damage this amplifier is to sim-
plify the circuit. Again, assume that the transient voltage 
is a 1 MHz damped sine wave. At such a frequency, the 
reactances of capacitors C1 and C2 are so small that they 
may be neglected. Likewise, the 12-V operating voltage of 
the power line can be assigned a zero-reference potential. 

 
Fig. 17.38 Phase-splitter circuit [17.16]. 

After simplification, the circuit looks like Fig. 17.39.  

 
Fig. 17.39 Simplified phase-splitter circuit [17.29]. 

It can be further simplified by determining the equiva-
lent resistances for the base and collector circuits. The 
base-emitter junction and the base-collector junction can 
also be replaced by their diode equivalents, to represent 
operation at breakdown voltages. This further simplifica-
tion of the circuit is shown in Fig. 17.40 which also shows 
the breakdown voltages and damage constants for the 
2N706B. Note that, for this transistor, a damage constant 
has been provided for the collector-base junction, although 
this constant is not listed in Table 17.5. 
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The circuit is now simplified enough that it lends itself 
easily to hand analysis. The next step is to predict which 
junction will fail and what the failure mode will be. Pas-
sive components are generally able to withstand higher en-
ergies from short-duration pulses than transistors can. It 
makes sense, therefore, that the transistor is the element 
under consideration. For this analysis, it will be assumed 
that failure of the transistor will occur in the reverse-biased 
direction. 

Using the Wünsch damage model (P = Kt-1/2), a calcu-
lation is made to see whether the emitter-base junction or 
the collector-base junction would fail first. 

𝑃𝑃𝑑𝑑𝜕𝜕 = 𝐾𝐾𝑑𝑑𝜕𝜕𝜔𝜔−1/2 = 17𝑊𝑊  (17.25) 

𝑃𝑃𝐶𝐶𝜕𝜕 = 𝐾𝐾𝐶𝐶𝜕𝜕𝜔𝜔−1/2 = 130𝑊𝑊 (17.26) 

 
Fig. 17.40 Further simplification of phase-splitter 

circuit [17.29]. 

 

This calculation shows that the emitter-base junction is 
the more susceptible of the two. The current required to 
fail the emitter-base junction would be: 

𝐼𝐼𝑖𝑖𝐹𝐹 = 𝑃𝑃𝐸𝐸𝐵𝐵
𝑉𝑉𝐸𝐸𝐵𝐵

= 3.4𝐴𝐴  (17.27) 

The voltage from the base to the zero-reference poten-
tial is 

𝑉𝑉𝜕𝜕𝐴𝐴𝑟𝑟𝑑𝑑 = 𝐵𝐵𝑉𝑉𝑑𝑑𝜕𝜕𝑂𝑂 + 𝐼𝐼𝑖𝑖𝐹𝐹𝐼𝐼𝑑𝑑𝑄𝑄2 = 1.5 kV (17.28) 

    The current through the collector-base junction is 

𝐼𝐼𝐶𝐶𝑐𝑐 = 𝑉𝑉𝐵𝐵𝐵𝐵𝐵𝐵𝐸𝐸−𝜕𝜕𝑉𝑉𝐶𝐶𝐵𝐵𝐶𝐶
𝑅𝑅𝐸𝐸𝐸𝐸3

= 3.7 A      (17.29) 

The power dissipated in the collector-base junction is 

𝑃𝑃𝐶𝐶𝜕𝜕 = 𝐵𝐵𝑉𝑉𝐶𝐶𝜕𝜕𝑂𝑂𝐼𝐼𝐶𝐶𝜕𝜕 = 93𝑊𝑊  (17.30) 

which is below its failure-threshold power. The total cur-
rent into the circuit is then 

𝐼𝐼𝑇𝑇𝑟𝑟𝑎𝑎𝑛𝑛𝑠𝑠𝑝𝑝𝑝𝑝𝑛𝑛𝛼𝛼 = 𝐼𝐼𝑖𝑖𝐹𝐹 + 𝐼𝐼𝐶𝐶𝜕𝜕 + 𝑉𝑉𝑏𝑏𝑎𝑎𝑠𝑠𝑒𝑒
𝑅𝑅𝑒𝑒𝑒𝑒1

  (17.31) 

and the ITransient voltage required to cause failure is 

𝑉𝑉𝑇𝑇𝑟𝑟𝑎𝑎𝑛𝑛𝑠𝑠𝑝𝑝𝑝𝑝𝑛𝑛𝛼𝛼 = 𝑉𝑉𝜕𝜕𝐴𝐴𝑟𝑟𝑑𝑑 + 𝐼𝐼𝑇𝑇𝑟𝑟𝑎𝑎𝑛𝑛𝑠𝑠𝑝𝑝𝑝𝑝𝑛𝑛𝛼𝛼𝐼𝐼𝑟𝑟𝑡𝑡𝑠𝑠𝑟𝑟𝑎𝑎𝑝𝑝 = 2.5 kV   (17.32) 

Therefore (assuming a 100 Ω source impedance) a  
2.5 kV 200 ns pulse, would cause the transistor to fail. 
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Chapter 18 

TEST TECHNIQUES FOR EVALUATING INDUCED EFFECTS

18.1 Introduction 

Since the introduction of digital ‘Fly by Wire’ flight and 
engine control systems into commercial transport aircraft 
in the early 1980’s, there has been a need to ensure reliable 
operation of these systems in the lightning environment. 
Lightning-induced transients may damage electronic de-
vices that operate on low power signal voltages. The mul-
tiple stroke (MS) and multiple burst (MB) environments 
have the potential of introducing error signals into data 
processing and control functions. Similar concerns apply 
to integrated cockpit displays that depend upon digitally 
processed data. 

Engineering definitions of the MS and MB environ-
ments were introduced into the airworthiness certification 
standards in 1985 and updated in the 1990s, and methods 
of generating and injecting MS and MB – induced transi-
ents into control and display systems have been devel-
oped. These tests must be applied to an operating system, 
so the test involves transformer coupling or direct injec-
tion of the transients into the case(s) of one item of equip-
ment, so the transients can flow throughout an intercon-
nected system. Standard methods for injecting single-
pulse transients have been incorporated in Section 22 of 
RTCA DO-160 and EUROCAE ED-14 [18.1] for some 
years and, in 2002, a procedure for injecting multiple 
pulse transients corresponding to the MS and MB envi-
ronments was added to these standards. However, these 
standards apply only to tests of a single cable connected 
to a single item of equipment, and so do not provide guid-
ance for applying MS and MB transients to a complete 
system comprised of multiple “boxes” and cables. Since 
the lightning environment induces transients into all ca-
bles of a system simultaneously, ways must be found to 
induce test transients for system lightning tests in a similar 
manner, or to otherwise account for the effects of simulta-
neously induced transients. The standards for these tests 
are SAE Aerospace Recommended Practice (ARP) 5416 
[18.2] and EUROCAE ED 105 [18.3]. The US and Euro-
pean standards are identical. Reference 18.1 contains 
equipment test standards and therefore does not include 
standards for testing systems – a fact that is often lost to 
users, who sometimes try to use instructions in these 
standards for testing of systems. Manufacturers of aircraft 
equipment are sometimes not aware of the existence of 

 

the aircraft lightning standards [18.2] that contain the 
standards for lightning tests of aircraft systems. All of the 
test standards employ the standard voltage and current 
waveforms [18.3]. 

This chapter describes the general test techniques for 
the evaluation of lightning induced effects on electrical 
and electronic equipment and systems. Tests that are per-
formed on individual pieces of electronic equipment or 
upon interconnected electronic systems are described. 
There are standards that provide detailed instructions for 
tests of individual equipment and systems. It is not the 
purpose of this chapter to repeat these instructions. Users 
should always follow the latest versions of the standards 
when conducting these tests. Rather, this chapter explains 
some of the commonly misunderstood aspects of the tests, 
and (especially for system testing) describes how the tests 
may be extended or modified to achieve objectives or con-
ditions not fully covered by the standards. As always, test 
plans should be prepared for individual tests, and re-
viewed and approved by certifying authorities or their rep-
resentatives.   

In the paragraphs that follow, and in some of the stand-
ards, the term equipment is replaced by EUT (equipment 
under test).  

18.2 Equipment Damage Tolerance Tests 

Equipment-damage tolerance tests should be conducted 
using the pin-injection method, wherein transients are in-
jected directly into equipment connector pins, one by one 
to verify ability of the equipment to tolerate the specified 
transient voltages and currents, in accordance with the 
equipment transient design levels (ETDLs) that have been 
assigned to the equipment. Therefore, most of this section 
is a discussion of this test method. The equipment test 
standards include a cable bundle test that is sometimes 
used for assessing damage tolerance, but this is not a reli-
able method of verifying ability of equipment to tolerate 
lightning-induced transients without damage. The equip-
ment cable bundle test is more appropriate for evaluating 
equipment upset possibilities, as will be discussed later in 
this section. 
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 Direct injection of induced voltages and currents tran-
sients into the input and output terminals of equipment 
(Fig. 18.1), is an appropriate way of determining whether 
the equipment will be damaged by transients, but it is gen-
erally not an appropriate method of testing for equipment 
(or system) upset, since only one pin of an equipment con-
nector is tested at a time. The standards for conducting 
damage tolerance tests, also known as pin injection tests, 
are [18.1]. In other words, the damage tolerance tests ver-
ify the ability of equipment to tolerate the assigned 
ETDLs, as defined in Chapters 5 and 16.   

As noted above, a second kind of test, also included in 
[18.1] has the transients directly injected or transformer 
coupled into a section of interconnecting cable (also called 
cable bundle) that is plugged into an equipment connector.  
The idea is that transients are caused to appear simultane-
ously in all conductors within a cable and therefore more 
closely represent what happens to equipment when in-
stalled in a system within an airplane that is struck by 
lightning. The problem with this approach is that no at-
tempt is (or practically can be) made to control the amount 
of voltage or current that appears in any single conductor 
or equipment connector pin. The total cable bundle current 
(or voltage) is specified in the test standard and controlled. 
Accordingly, no assurance can be gained from this test 
that the circuitry within the equipment can withstand any 
specific amount of transient voltage and or current. This 
test approach, called the equipment cable bundle test is of-
ten preferred over the pin injection test because it can be 
more easily withstood (i.e., passed) than can the pin injec-
tion test. ETDLs may also be assigned to cables plugged 
in to equipment connectors. In some cases, the cable bun-
dle ETDL voltages will be the same as the individual pin 
ETDLs, but the cable bundle ETDL currents will always 
be higher than the pin ETDL currents since the cable is 
expected to contain more than one conductor.   

Cable bundle tests are useful for the equipment upset 
test which is applied to evaluate the susceptibility of an 
operating piece of equipment to tolerate the induced ef-
fects of the lightning MS and MB environments without 
system functional upset. Discussion of this test is the sub-
ject of §18.3. 

For the equipment damage tolerance test the pin injec-
tion method is used. A simple illustration of this method 
is shown in Fig. 18.1.   

Fig. 18.1 Pin injection tests 

The ‘pin test’ (as it is commonly called) is most com-
monly applied between individual equipment connector 
pins, one by one, and equipment chassis ground (Fig. 
18.1(a)). The reason for this is that the highest amplitudes 
of voltage and current transients are almost always ap-
pearing between cable conductors and airframe ground. 
This is known as the common-mode condition. The test 
standards assume that this is how the tests are to be ap-
plied, however in some less frequent situations, where 
conductors reaching a pair of connector pins are coming 
from different parts of an airplane, it is more appropriate 
to apply the test differentially, as shown in Fig. 18.1(b). It 
is therefore important for those preparing pin test plans to 
be aware of the routing of wires to/from the equipment to 
be tested. A simple example of differential wiring would 
be 28 VDC wires routed from a power control-unit con-
nector to position lights on opposite wing tips.   

Pin injection tests involve injection of transients defined 
by the open circuit voltage (Voc) and short circuit current 
(Isc) available at the output terminals of the transient gen-
erator. Care must be taken in equipment test specifications 
to avoid wording that can be interpreted as requiring a 
specified voltage to be developed across an equipment 
connector pin that is shorted to ground or requiring a spec-
ified current to flow into a pin that presents an open circuit 
or high impedance.   

(a) Common mode injection 
 

(b) Differential injection 
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The voltage and current that actually appears at a tested 
pin depends on the equipment impedance (usually to 
ground) at that pin. Low impedances (typically less than 
50 ohms at 1 MHz) will allow some measurable current to 
enter the tested pin, whereas higher impedances will allow 
most of the applied voltages to appear between the pin and 
chassis ground. 

The pin test generator is intended to behave like a volt-
age circuit, where the source impedance is either 5 ohms, 
25 ohms, or 100 ohms. These impedances are intended to 
represent typical aircraft circuit impedances, as viewed 
from an equipment pin looking out into the aircraft con-
ductor with the remote end of the aircraft circuit imagined 
to be shorted to airframe ground. The remote end 
grounded condition is set to imagine a worst case in which 
the remote end equipment is equipped with line-to-chassis 
ground protection devices that switch to a near-zero im-
pedance state when a lightning-induced transient is pre-
sent.   

The 5 ohm generator source impedance represents the 
combination of loop inductance and resistance under low 
frequency conditions (<1 MHz) of an aircraft conductor.   
This impedance relates unipolar voltage and current tran-
sients (i.e., transient Waveforms 2 and 1, and Waveforms 
4 and 5, as defined in Chapter 5).   

The 25-ohm and 100-ohm impedances represent the 
range of characteristic impedances of the transmission line 
formed between a cable bundle (or an individual conduc-
tor in a cable bundle) and the airframe. This impedance 
relates the traveling wave voltages and currents (i.e., volt-
age waveform 3 and current waveform 3).   

Equipment Conditions  

Pin injection tests are performed to verify the ability of 
equipment to tolerate the ETDLs assigned to them. How 
the tests stress internal components depends on several 
factors, but two generic configurations predominate: un-
grounded equipment and grounded equipment. 

Ungrounded equipment: An ungrounded pin test con-
figuration is illustrated in Fig. 18.2. The case of the EUT 
is grounded to the test bench, but the electrical circuits in-
side are not grounded to the chassis. Usually, the circuitry 
is grounded at some other location within the airplane. 
The standards recommend that if an EUT is configured as 
in Fig. 18.2 and the ground pin is to be connected to an 
airframe ground within 1 m from where the EUT is to be 
installed, then the EUT ground pin is to be grounded lo-
cally to the test bench and the EUT is to be tested as if it 
were internally grounded. Otherwise, the standards say to 
ground the case of the EUT to the test bench locally. The 

 

Fig. 18.2 Pin injection on an ungrounded  
equipment 

EUT is to have all cables disconnected except the pin that 
receives power.   

The EUT should be powered if it contains any devices 
that change state when powered as in flight. In other 
words, the EUT should be in as close as possible a state as 
when in flight.    

Equipment such mechanical switches that do not re-
quire power to operate and will not itself receive power in 
flight, can be tested with no power applied. If signal or 
operating voltages at this EUT exceed 10% of the pin test 
voltage this signal voltage should be applied since it could 
influence whether or not the EUT passes the test.   

The standards state that the pin test generator must be 
verified to produce the specified open circuit voltage (Voc) 
and short circuit current (Isc), waveforms, and amplitudes 
that are specified for the test. These are to be achieved 
with the same generator settings, without the EUT con-
nected to the generator. Then, without changing the gen-
erator settings, the generator is to be connected between 
the designated pin and the chassis. The test is to be applied 
at the same generator settings. Since the EUT circuitry is 
ungrounded, the open circuit voltage will be recorded be-
tween the pin and chassis. If a pin-to-chassis failure hap-
pens the voltage will collapse, and the short circuit current 
will flow. This will be indicated on oscillograms of the 
applied voltage and current. Fig. 18.1 shows two situa-
tions within an EUT where breakdowns might occur.   

Each application of a pin test represents the effects of 
one lightning stroke to the aircraft arriving at the tested 
connector pin on the EUT.   

If no breakdown happens the usual test plan requires 
that ten positive polarity transients be applied followed by 
the same number of negative polarity tests. Once set, the 
charging voltage level of the generator should remain  
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fixed for all tests at that nominal level. These multiple 
tests are usually to be applied within one minute of each 
other and are not to be confused with the MS environment, 
where fourteen transients would have to be applied within 
1.6 seconds.   

Familiarity with EUTs 

It is always important for test technicians to become fa-
miliar with the nature of the circuits and devices within 
the EUT. It is sometimes necessary to close switches or 
relays to connect internal circuit components to the pins 
of the connector under test. Temporary wiring across re-
lays and switches that are open when the equipment is 
tested alone but closed when the equipment is operating 
in the aircraft is allowable.      

It is also important to know what voltages may be pre-
sent at each connector pin since some test generators have 
low source impedances that may draw excessive current 
from such pins and cause damage to the EUT. Pin injec-
tion tests should never be applied to equipment without 
knowing the functions and voltage status of each pin to be 
tested.   

Internal connections between some connector pins may 
make some of the tests redundant but connecting all pins 
together and applying the transients to all pins simultane-
ously is not generally permissible, except for very simple 
circuits. 

The applied voltage and current are to be applied to 
each pin, one at a time. Voltage at the tested pin should be 
recorded at least once during each series of ten tests.  
Some test plans require that the transients be recorded 
twice, so the first and last of each series of 10 transients 
are recorded. All the applied voltages and currents at each 
tested pin are to be monitored by the test technician for 
signs of changes in waveshape that may be due to partial 
or full breakdown. Fig. 18.3 shows examples of pass and 
fail pin tests where applied voltages and currents were 
monitored and recorded.  

For ungrounded EUTs, current should be small unless 
breakdown of insulation takes place, and voltages should 
not be greatly different from the generator open circuit 
voltage. This observation does not apply to circuits fitted 
with protective devices or filters.  

Permanent records should be made of the initial mag-
nitudes and waveforms but making permanent records to 
document each applied pulse would probably be superflu-
ous unless breakdown is observed. 

 

Fig. 18.3 Examples of Pin test ‘Pass’ and ‘Fail’.  
EUT was grounded to chassis 

After the test has been completed, performance checks 
are to be conducted on the EUT to confirm that operation 
is normal and, if not, any abnormalities are to be recorded. 

Number and polarity of applied transients 

The number and polarity of the pulses applied in a pin 
test should be stated in the test plan. For example, [18.1] 
requires that each pin receive 10 pulses of each polarity 
for each of the specified test waveforms. This is the con-
sensus of testing laboratories and certifying authorities.   

Ungrounded system pin tests are most commonly con-
ducted by applying common mode voltages. This simu-
lates the condition where all wires entering the EUT orig-
inate at a common point. Essentially, this stresses the in-
sulation between circuit elements and the case with the 
voltage, V, illustrated in Fig. 18.2. Some capacitive cur-
rent (IIN in the same figure) may flow through internal cir-
cuit components, but this current is small because there is 
no direct connection to the EUT chassis and the return ter-
minal of the generator.  
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Direct current (DC) and low frequency hi-pot testing 

Before conducting pin testing, an evaluation should be 
made of the possible failure modes of the EUT. In many 
cases, it may be unnecessary to test the EUT with all the 
waveforms specified in the test standard. Eliminating 
some of these waveforms may save unnecessary work and 
expense. In some cases, conventional DC, and low fre-
quency high potential (‘hi-pot’) tests may be all that is ac-
tually needed, particularly if only electro-mechanical de-
vices are involved. This option is useful and acceptable 
for simple electrical devices like switches and lamps. 
However, it is not applicable for other EUTs that include 
inductive components like motors, generators, and relays. 
The high inductances and capacitances of these devices 
will assure that the responses of them to lightning-induced 
transients will be different than their responses to DC and 
power frequency voltages. In particular, transient voltages 
may excite traveling wave oscillations with the inductive 
devices that may reach twice the amplitude of the applied 
test voltage. EUTs that have passed DC hi-pot tests have 
often failed transient tests. 

Grounded Equipment: The grounded system pin-test 
configuration is illustrated in Fig. 18.4. Note that the in-
ternal ground circuits are grounded as well as the case. 
The ground connection may either be made internally 
(path A) if that is the normal mode of connection, or ex-
ternally (path B). If path A is normally the only ground 
path, then the tests should include injecting transients onto 
the ground pin, to determine whether the internal ground 
path is capable of carrying the transient current. An exter-
nal ground connection from the ground pin to the test 
bench as in path B should be applied only after tests on 
the ground pin have been made. 

An external ground connection should normally be 
made directly from the EUT chassis (or from the EUT 
rack if that has been provided) to the test bench as shown 
in Fig. 18.4.   

If the EUT is not intended to be grounded locally to the 
airframe (a condition that may exist when the airframe is 
fabricated of composite material) a grounded pin is pro-
vided for connection to a remote ground point. In such sit-
uations the EUT is usually tested as an ungrounded unit 
and the ground pin is tested as if it were like any other pin.   

The test procedure is basically the same as for un-
grounded equipment. Tests should be applied to each pin, 
one pin at a time, with the possible exception of any pin 
connecting the internal ground bus to an external local 
ground. If the ground bus is grounded internally, pulses 
should still be applied to grounded pins, to verify that 
ground wiring can carry the transient currents. 

 

 
Fig. 18.4 Pin injection on a grounded system. 

 
Type of stress applied to the EUT 

Grounded equipment pin tests, in addition to stressing 
the insulation between the components and the chassis, 
also allow current to flow (shown as I in Fig. 18.4) to flow 
through circuit elements to the ground bus. Thus, this type 
of pin test applies some additional stress to circuit compo-
nents as compared with the ungrounded condition. 
Whether or not this current flow depends on the type of 
circuit and may depend on whether the equipment is pow-
ered or not. Therefore, it is necessary to have the EUT 
powered during the tests.   

For some circuit elements, it may make little difference 
whether the internal ground buses are grounded or not. 
This is true for the inductive devices shown at the tops of 
Figs. 18.2 and 18.4. If an EUT is to be tested under both 
conditions it is probably simpler to repeat the tests, than 
to spend time trying to analyze whether or not the tests are 
redundant. There might be some internal circuit paths not 
readily visible. 

Effects of circuit loading 

Circuit loading may reduce the voltage actually devel-
oped on a pin to a lower amplitude than that observed un-
der open circuit conditions. This is a normal response, and 
the power level of the transient generator (TG) should not 
be adjusted to compensate for it. It is precisely because 
tested circuits may load test TGs that the impedances of 
generators are defined in the first place. 

Protected Circuits 

Some circuits may be fitted with filters and others may 
be fitted with circuit protective devices (Fig. 18.5), such 
as spark gaps, metal oxide varistors (MOVs), or protective 
diodes.
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 Generally, filters and protective devices should be left 
connected during tests, since one of the purposes of the 
tests is to verify that the protective devices can withstand 
the transient currents that flow when the devices operate 
to clamp the overvoltage transient. 

 

 

Fig. 18.5 Protected circuit. 

Status of protective devices 

Even if the EUT appears to function normally after the 
test, it should nevertheless be inspected to verify that its 
protective devices have not been damaged. A visual in-
spection may be sufficient, but if the test currents are 
known to have approached the design limits of the protec-
tive devices, a more detailed inspection may be appropri-
ate. Diode and varistor-type devices usually fail ‘short’ 
and this will often disable the function of the connected 
circuit, but if these devices are protecting power pins the 
power current will usually follow the transient current and 
this may cause the protective device to burn open, leaving 
the circuit unprotected. This damage to the device may or 
may not be visible. 

Since the circuit will continue to perform its intended 
function, the failure condition would not be detected dur-
ing a functional test. For this reason, some equipment 
manufacturers install the protective devices on a separate 
circuit board that can be removed, and performance 
checked before re-installation.   

Protective margin 

If the EUT functions normally after the test, it is prob-
ably safe to assume the protection was adequate, but there 
may remain a question about how much protective margin 
the protective devices offer. Possibly, the circuit was just 
on the edge of failure and a slightly less effective protector 
would have allowed failure. During engineering develop-
ment, it might be appropriate to determine whether the 

protective margin is satisfactory. The certification re-
quirements and test standards do not require a margin be-
yond the passing of the test (there is of the course the mar-
gin between the ATLs and the ETDL that is described in 
Chapter 16). Any additional margin would be incorpo-
rated by equipment manufacturers for economic reasons.   

Equipment Cable Bundle Tests: Individual pieces of 
equipment can also be tested by injecting the transients 
into a section of cable that is plugged into one of the 
equipment connectors. Instructions for this are also con-
tained in [18.1].   

One reason for this has been to verify equipment dam-
age tolerance, although the standards do not recommend 
this. The second reason for an equipment cable-bundle 
test is to evaluate equipment upset possibilities. However, 
this cannot usually be depended upon to fully evaluate up-
set possibilities since only one cable is tested at a time, 
and usually that cable is not a replica of the aircraft cable. 
In fact, that standard describes only a 3.3 m section of ca-
ble. The most recent editions of these standards include 
application of MS and MB waveform sets of the applica-
ble transients. This is necessary for any evaluation of up-
set of equipment performance.   

In situations where the EUT, together with one cable is 
a complete system, the equipment cable-bundle test in the 
equipment test standards [18.1] will suffice for verifica-
tion of system upset tolerance. In other situations, where 
the EUT is but one of several “boxes” and interconnecting 
cables comprising a system, it is probably best to omit the 
equipment cable-bundle test and rely on the system test to 
verify the upset tolerance.   

It needs to be remembered that the standards provide a 
selection of tests. It is the responsibility of those managing 
the aircraft certification process to decide which tests are 
needed, and by whom they should be applied.   

18.3 System Testing 

The object of the tests is to apply test voltages and/or 
currents into the interconnecting wire harnesses of a sys-
tem. These are injected as trains of voltage or current 
pulses that make up the MS and MB waveform sets that 
are included in cloud-to-earth lightning flashes (MS) and 
in intra-cloud flashes (MB). The standards for these sys-
tem tests are included in the SAE and EUROCAE light-
ning test standards [18.2, 18.3]. The system tests are ap-
plied to complete systems, or to partial systems perform-
ing a single function, for the following purposes:  

• To verify the ability of a system to resist damage or 
functional upset due to the Single stroke, MS and 
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MB aspects of the lightning environment. The MS 
and MB transients may induce “noise” in system 
data trains that can interfere with the proper func-
tioning of the system. This may manifest itself as an 
error on a cockpit display, or an unwanted command 
to an electronic engine or flight control.   

 
• To evaluate synergistic effects that may occur when 

transients appear at all pins of equipment connectors, 
and all cables, instead of at one pin at a time as in the 
equipment damage tolerance (pin injection) test. 

 
• To verify the protection effectiveness of intercon-

necting cable shields (including shield terminations) 
that are not present during individual equipment 
tests. As has been explained in Chapter 15, shielding 
is perhaps the most important protection method, 
and this cannot be evaluated in the pin injection test.   

 
Reasons for injecting multiple pulses, rather than just 

single pulses or single pulses repeated slowly, include the 
following: 

1. The multiple pulse environments best represent natu-
ral lightning.  

2. Data transfers throughout systems happen via digital 
streams of pulses that are arranged in time sequences 
to convey information. The lightning MS and MB 
pulse sets can intermingle with this digital data to 
cause errors and upsets. 

3. Multiple test pulses are better for evaluating the ther-
mal duty on objects under test. Multiple pulses of ac-
tual lightning occur sufficiently fast that objects do 
not cool off between pulses. 

4. Some types of system (analog systems in particular) 
respond to the cumulative effect of rapidly applied 
disturbances. 

5. Some types of devices are most susceptible to physi-
cal damage at certain points in their operating cycles. 
Semiconductors are most susceptible to damage when 
they are in the process of changing from one state to 
another. 

6. Some types of devices are more susceptible to mo-
mentary upset at certain points in a cycle. Digital de-
vices are most susceptible to upset when they are 
changing state. 

7. Some types of systems are more susceptible to upset 
at certain points in a cycle when interface circuits are 
sampled or refreshed at periodic intervals. 

The system tests are applied as cable bundle tests, so 
that all interconnecting wires and cables in the tested sys-
tem or subsystem experience the induced effects of the ap-
plied transient waveform sets simultaneously, as happens 
when an aircraft is struck by lightning. The external MB 
and MS environments together with a menu of transients 
induced by them in typical interconnecting wiring are de-
scribed in Chapters 5 and 16 along with typical transient 
waveforms and levels that correspond to these environ-
ments.  

18.3.1 System Test Approaches 

Extent of the tested system. The MS and MB tests sat-
isfy the regulatory guidance in [18.4] to verify system func-
tional upset tolerance of systems performing Level A, B, and 
C functions, the multiple pulse aspects of the lightning 
environment. Systems and equipment that perform less crit-
ical functions have only to be tested as individual items of 
equipment, although often these less critical items are con-
nected to systems performing higher level functions and so 
should be included in setups of systems performing higher 
level functions.  

Cable currents and loop voltages: Many systems that 
perform critical functions are protected from lightning and 
other electromagnetic effects by having their interconnect-
ing circuits enclosed within flexible copper braid shields. 
The shields are connected to the EUTs through the cable 
connectors. When all the interconnecting cables are 
shielded in this manner the specified transient needs to be a 
shield current since this is responsible for inducing transi-
ents in the shielded circuits. However, when some, or all, 
of the circuits within a cable are not enclosed within shields, 
both a voltage and a current need to be specified. Usually 
this is a current test level, IT, (when there are some shields) 
together with a voltage limit VL. There are other situations 
(when none of the circuits are shielded) in which the reverse 
is true, with a VT and IL being specified. The following 
guidelines apply for three cases: 

1. When all conductors are shielded only an IT applies. A 
VL is not applicable. The test current must be reached 
in the cable regardless of the loop voltage. 

2. When some conductors in a cable are shielded and oth-
ers are not, an IT is applicable together with a VL. If the 
test current level in the cable cannot be reached when 
the loop voltage reaches VL, the test is stopped and 
considered successful. 

3. When all conductors are unshielded and terminated in 
high impedance loads to ground, only a VT may be nec-
essary. 
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The locations of the cable currents and the loop voltage 
are illustrated in Fig. 18.6. 

 

Fig. 18.6 Cable current, I, and loop voltage, V. 

Voltage limit for testing hybrid cables 

When an EUT is to be tested with a cable bundle com-
prised of a mixture of shielded and unshielded conductors 
using the transformer-injection method, as in Case 2 where 
a voltage limit (VL) is to be observed. There is an important 
error in the test standard [18.1] where the loop voltage VL 
is to be measured in a single turn around the injection trans-
former and the test stopped if VL exceeds the value of given 
for VL in Table 22-3 of [18.1]. This limit voltage method is 
shown in Fig. 18.7 [18.1]. 

 

Fig. 18.7 Hybrid cable bundle test limit voltage measure-
ment (Fig. 22-17 from [18.1]) 

The error is that if there is any current in the hybrid cable, 
the loop voltage is lower than the voltage that is measured 
in the injection transformer core. The difference is usually 
considerable [18.5]. Fig. 18.8 shows a typical comparison 

with the voltage measured between an unshielded wire run 
together with the hybrid cable and the ground plane.    

The reason for the difference in these measurements is 
that the total voltage in the loop between the cable and the 
ground plane (test bench) is the sum of the voltages induced 
by the flux in the injection core and the flux produced by 
the current in the cable shields. These fluxes must always 
oppose each other in accordance with Lenz’s law.   

 

Fig. 18.8 Comparison of VL measured in a one turn 
loop through the injection transformer per Fig. 22-17 from 

[18.1] with the loop voltage measured between an un-
shielded wire and the test bench [18.5]. 

This disparity of course does not exist if the test voltage 
and current are directly injected into the cable loop.   

This disparity has been brought to the attention of the 
standards committees but as of the date of publication of 
this book no changes have been implemented in [18.1] to 
correct the error. The solution is of course, to measure VL 
with a single sense wire run alongside the tested cable.   

The usual reason given for not making the correction to 
the standard has been that the sense wire method of moni-
toring VL is subject to variations in measurements, depend-
ing on location of the wire in (on) the cable. Such variations 
are in the range +/- 20 %. But this is far less than the 5X–
10X error that exists in the present standard. Perhaps equip-
ment suppliers are concerned about having to repeat earlier 
tests. Certifying authorities realize that technical progress 
happens gradually, and, unless past practice has knowingly 
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resulted in catastrophic consequences (this situation has 
not), standards should evolve along with advances in sci-
ence. 

Additional information including details of use of sense 
wire to measure VL can be found in the most applicable 
method depends on test facility capabilities.   

Direct injection (also called ground injection) 

The injection principle is illustrated in Fig. 18.9. This exam-
ple is of a simple system where a test TG injects current into 
one EUT that can be operated successfully without being 
mounted (and grounded directly) to the test bench. Test current 
flows through the chassis of EUT1 to several other EUTs that 
are grounded to the test bench.    

The magnitudes of the cable currents I1 and I2 are controlled 
by the setting of the test current generator and impedances (not 
shown) that are inserted in the ground connections of EUTs 1 
and 2.   

Fig. 18.9 Direct injection of test currents using parallel 
current paths.                                                                                                    

(Also called ground injection) 

The numbers of cables that can be injected by one generator 
via one ungrounded EUT are limited by the number of cables 
that are connected to the ungrounded EUT, and of course by 
the capability of the test current generator. Some further notes 
are: 

1. Commercially available TGs, even if capable of produc-
ing MS and MB waveform sets, are not generally power-
ful enough to drive more than one or two cables. Genera-
tors for MS and MB testing of systems are available com-
mercially. Also, they are sometimes built up by the labor-
atories conducting the system tests.  

2. The system test standards generally require that either the 
injected current (in the cables) or the loop voltage (in the 
loop between the cable and the ground plane) be achieved 
as specified in the test plan or recorded when the other one 
is specified. Since most systems performing Level A, B, 
or C functions are interconnected with shielded cables, the 

cable shield current (i.e., cable bundle current) is the test 
parameter to be specified in the test plan. The loop voltage 
need not (and should not) be specified. In a fully shielded 
system, it is the shield currents that are responsible for the 
induced transients that appear at the EUTs.  

3. The standards provide both current and voltage ampli-
tudes and waveforms to be applied. This is because some 
systems are interconnected with mixtures of unshielded 
and shielded wires. In these cases, it is still usually appro-
priate to specify the current as the test level (IT) and assign 
the voltage as the limit (VL) that is not to be exceeded in 
the loop bounded by the cable and test bench. The subject 
of measurement of this limit voltage is one that is not ad-
equately explained in the test standards, nor well under-
stood by persons conducting these tests. The topic is ad-
dressed in [18.5].  

A second example of a direct injection of test current into a 
shielded system is shown in Fig. 18.10. 

Fig. 18.10 Direct injection of test currents using series 
current paths.                                                                                

(Also called ground injection) 

In the arrangement of Fig. 18.10 the same current is in all 
cables. This is acceptable if the specified cable currents are the 
same or similar amplitudes.   

The functional grounding of the ‘elevated’ EUTs is 
achieved via the cable shields. 

The magnitudes of cable currents also depend upon cable 
impedances and EUT to test bench ground impedances, which 
can be adjusted. Cable impedances can be varied by inserting 
steel or ferrite cores around shielded cables.   

Power to the EUTs can be furnished through one of the 
tested cables, or from an independent source that does not need 
to be grounded to the test bench.   

Some topics like the role of limit voltages and waveform 
tolerances that need further explanation are discussed in sub-
sequent paragraphs.   

The other test arrangements for system lightning tests 
are generally in accordance with the housekeeping re-
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quirements of [18.1] for tests of individual items of equip-
ment, although some variations from the test bench 
grounding requirements may be taken for the system tests.  
More will be said about these topics in subsequent sec-
tions of this chapter.   

Transformer injection 

This principle is illustrated in Fig. 18.11. The objec-
tives of the transformer injection and the direct injection 
methods are the same:  to inject transients (usually cur-
rents) in as many cables as possible, simultaneously.   

 

Fig. 18.11 Transformer injection of test currents (also 
called transformer coupling) 

Fig. 18.11 shows transformer injection being applied at 
two locations in a system comprised of four EUTs and 
three interconnecting cables. 

The TG in Fig. 18.11 drives current into the primary 
turns of each of the injection transformers simultaneously 
(in fact, the same primary conductor is sometimes routed 
through all the injection transformers). 

The following means can be used to achieve the desired test 
current (or voltage) amplitudes between the different injection 
points: 

• Varying the numbers of turns in the primary windings 
(one or two turns is most common). 

• Adding different impedances between each EUT and the 
test bench ground plane. This approach would seem at 
variance with usual test housekeeping rules that include 
grounding of all equipment to test benches, but experi-
ence shows that the equipment and system will perform 
satisfactorily with some impedance between the chassis 
and the ground plane, or (especially for a fully shielded 
system) complete isolation from the ground plane.   

• Changing cable impedances by adjusting the distances 
between the cables and the ground plane. 

System power. Systems are powered up and operating 
during tests. The power is usually supplied through power 
line impedance stabilization networks that: 

a) represent a typical aircraft power distribution bus 
impedance to ground. 

 
b) provide some series impedance that isolates the 

power source from the injected transient when the 
system power supply harnesses are tested. 

 
Sometimes additional DC and/or transient blocking 

needs to be installed in the power supply circuits to ensure 
that the injected transients do not damage the power 
sources.  

18.3.2 Lightning-induced Transient Waveforms 
and Levels 

The MS test levels are based on transients induced by 
current Components A and D/2 of the external lightning 
environment, whereas the MB test levels are based on 
Component H of the external environment, all defined in 
[18.3]. 

Airworthiness certification procedures require that the 
characteristics of lightning-induced transients in intercon-
necting wire harnesses be determined, either by measuring 
these transients in the harnesses inside an airplane that is 
being subjected to lightning tests, or by verifiable analysis. 
Sometimes, the test levels must be set before an airplane is 
available for testing, in which case the levels are deter-
mined by analysis and verified later by aircraft full vehicle 
tests (FVTs). By whatever means, lightning-induced tran-
sient levels for system and equipment connector pins and 
interconnecting cables should be established for protec-
tion design and certification test purposes. These levels 
are known as the ETDLs as defined in Chapter 5 and 
[18.4]. The selected ETDLs should be higher than the lev-
els determined by test or analysis by at least a 2:1 margin. 
This 2:1 margin (sometimes expressed as 6 dB) is intended 
to account for uncertainty in the tests or analysis by which 
the actual transient levels (ATLs) in the interconnecting 
wiring are determined. (It is better to describe margins be-
tween EDTLs and transient control levels (TCLs) in terms 
of direct ratios, rather than in terms of dBs). Once the actual 
transient waveforms and levels are known (or have been es-
timated) standard waveforms and levels most closely ap-
proximating actual levels (plus the margin) are selected from 
the menu of waveforms and levels published in the test 
standards [18.6] and Chapter 5.  
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Applicability of the standard test levels:  It should be 
noted that the standard transient waveforms and levels do 
not always cover the actual levels present in the wiring of 
an aircraft system. The transient waveforms (designated 1 
through 6) defined in these standards are typical of transi-
ents measured in aircraft wiring, but amplitude levels 1 
through 5, defined in these standards, represent only the  
‘middle range’ of possible transient amplitudes. The 
standard levels defined for individual conductors or equip-
ment connector pins presented in [18.6] are reproduced 

below in Fig. 18.12. It is often overlooked that the levels 
in these tables may be selected as either TCLs or ETDLs. 
In the former case, an ETDL associated with Level 5 for 
Waveform 4 could be 3 200 volts. In fact, the maximum 
voltage amplitude of 3 200 volts was originally selected 
because this is the approximate sparkover voltage of most 
harness termination devices, which impose a natural limit 
on the maximum ATL that could appear within equip-
ment.  

 

 

Table 5 from ARP 5412: “Individual Conductor TCL, ETDL or Test Levels Due to Current Component A” 

 
 

Table 6 from ARP 5412: “Cable Bundle TCL, ETDL or Test Levels Due to Current Component A” 

 
 

                      Fig. 18.12 Tables 5 & 6 from SAE ARP 5412 [18.6]. 
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In fact, peak voltages and (especially) currents higher 
than those listed in Fig. 18.12 are frequently measured in 
aircraft circuits that extend between fuselage locations and 
equipment installed in the wings, empennage, landing 
gear, or engine nacelles. The brief captions assigned to 
each of the five transient levels in §22.3.2 of [18.1] can 
be misleading. Transients induced in wiring exposed to 
“severe electromagnetic environments” may not be repre-
sented by Levels 4 and 5. Such environments often induce 
transient levels higher than those defined by levels 4 and 
5 in Fig. 18.12. The magnitudes of induced transients in 
wiring in severe environments depend on how well the 
wiring is protected. Some wiring in severe environments 
may experience transients within Levels 2 or 3, but less 
well-protected wiring may experience much higher tran-
sients. The menu of transient levels in Fig. 18.12 is in-
tended for application to a large portion of the systems 
destined for installation in conventional aluminum 
transport aircraft. 

Establishing ETDLs: ETDLs should be set for dam-
age tolerance as well as system functional upset testing. 
The damage tolerance (i.e., pin injection) test levels 
should be based on individual conductor transients, and 
the ETDLs applicable for system functional upset testing 
should normally be cable bundle transients. If the cable is 
fully shielded, as in most engine and flight control sys-
tems, the cable bundle ETDL is a cable bundle current 
only. No cable loop voltage limit should apply since the 
voltage in the loop between the shielded cable and the test 
bench has no influence on the amplitude of transients in-
duced in the shielded conductors, and the voltage neces-
sary to drive the desired shield current in the tested har-
nesses will not be the same as the loop voltage that would 
have existed in the aircraft installations (this is because 
the coupling method chosen for the system test may not 
be the same as the coupling mechanisms in the aircraft, 
and the cable – airframe impedances are usually not the 
same as those existing on the test bench). 

Damage tolerance levels imply a specific voltage and 
current combination that individual equipment pin inter-
face circuit elements should be capable of withstanding 
without burnout or degradation. Cable bundle tests usu-
ally cannot provide damage tolerance assessments be-
cause they yield no information about the amplitudes of 
the transients applied to individual equipment connector 
pins. Even if that information were available, it is unlikely 
that the transients on the individual conductors in the test 
bundle would be the same as those that would appear in 
the actual aircraft installation. 

 
 
 

The motivation behind system tests is to assess the sus-
ceptibility of the system to functional upset, but system 
tests may also cause component failure. This is most often 
true of cable bundles that include equipment power lines. 
Power lines may be protected with diodes or MOVs, 
which may fail if they are unable to tolerate the induced 
conductor currents. 

 
Table 18.1 lists typical ETDLs applicable to systems in-

tended for installation within an all-aluminum aircraft. The 
Component A related test levels used in pin injection and 
MS tests should be based on the ATLs determined during 
the FVTs or numerical analyses. These ETDLs are based on 
measurements (or numerical predictions) of the transients in 
the aircraft’s wiring when Current Component A is being 
conducted through the aircraft, and for the MB levels, when 
an intracloud current pulse is flowing in the airframe. This 
table is an example of how a complete set of ETDL might 
be presented in system or equipment specifications.   

 
Table 18.1 Typical ETDLs for Pin Injection, MS, and 

MB testing. (For equipment connected with 
fully shielded cables). 
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MB Test Waveforms: The MB test levels are based 
on the guidelines of Fig. 18.13 in which test voltages and 
currents recommended for MB applications are set as 
fractions of the corresponding MS test voltages and cur-
rents for the same assigned ETDL level. Since the Wave-
form 6H currents in Fig. 18.13 are applicable only to sys-
tems interconnected with fully shielded cables, only cur-
rent levels are given. Other, partially shielded, or un-
shielded cables are exposed to both cable to airframe loop 
voltages and currents, so both are included. Whichever 
level (voltage or current) is reached first during the test 
established the test condition. Both do not have to be 
reached in the test.   

 
 

 
Fig. 18.13 Table 7 from ARP 5412 [18.6]: “Cable Bun-

dle TCL, ETDL or MB Test Levels 
Due to Current Component H”. 

 
 

MS test levels: The first pulse in the MS waveform set is 
always higher than the 13 subsequent pulses, reflecting the 
usual cloud-to-earth lightning flash wherein the first stroke is 
higher than the subsequent strokes. The MS levels in the ex-
ample of Table 18.1 follows the 2:1 or 4:1 first pulse/subse-
quent pulse amplitude relationship for MS waveform sets 
specified in Table 4 of [18.6] reproduced in Fig. 18.14. The 
amplitude of the Waveform 1 subsequent stroke current is 
therefore 1/4 of initial Level 3 pulse amplitude 600 A (or 
150 A). Similarly, the Waveform 3 the subsequent stroke 
current of 12 A follows the 2:1 amplitude relationship, also 
specified in Table 4 of [18.6]. There is a different relation-
ship between first and subsequent pulses for Waveform 5 
that comes from aircraft transient measurements.  

 
These different first stroke/subsequent stroke relation-

ships reflect differences between the coupling mecha-
nisms that produce Waveform 1 and Waveform 2 and 3 
transients on aircraft wiring. 

 
It will be noted that the first waveform 1 current pulse 

in the MS waveform set is always one half of the single 
waveform 1 current pulse that is applied for single pulse 
cable bundle testing. This is because MS waveform sets 
are always due the negative polarity lightning flashes, 
whose peak amplitude does not exceed 100 kA (Current 
Component D), whereas the damage tolerance tests are 
always based upon the positive stroke amplitude of 200 
kA (Current Component A). In practice, most MS test 
plans will have the MS waveform set begin with a current 
pulse that is derived from Component A, since systems 
and equipment must be designed and certified to tolerate 
both positive and negative flashes.   

 
MB test levels: Transients induced by Component H 

are applied in the MB sequence. All of these transients 
are the same amplitude. The predominant response is ei-
ther voltage Waveform 3H, in a frequency range between 
1 and 10 MHz, or current Waveform 6H, which has the 
same shape as the external environment Component H. 

 
Relationship between MS and MB levels: The rela-

tionships between the MS and MB test levels are also 
based on lightning-induced transient data from measure-
ments made on the internal wiring of many aircraft, and 
upon the coupling physics. The MS and MB test ampli-
tudes for each ETDL level are shown for MS in Fig. 18.12 
and for MB in Fig. 18.13. These relationships are re-
flected in the examples in Table 18.1.   

 
Note that, in Fig. 18.13 the Waveform 6H level of 30 

A, listed for MB testing, is 5% of the corresponding 600 
A, MS, Waveform 1 level in Fig. 18.12. This reflects the 
relationship between the amplitudes of current Compo-
nent A and Component H as they appear in the external 
environment. The amplitudes of induced currents on wir-
ing are always proportional to the amplitudes of the in-
ducing currents in the airframe.  

 
The levels for Waveform 6H shown in Fig. 18.13 are 

currents because unipolar transients induced by Compo-
nent H have appeared in short, highly exposed cables 
such as those found in engine controls. These cables are 
always fully shielded. The Waveform 6H levels in Table 
18.1 apply only to fully shielded cables and so need only 
be tested by transient currents. Test levels for a system 
with unshielded wire harnesses include voltage Wave-
form 3H, which would be applicable to unshielded cir-
cuits, typically have an amplitude of 60% of the Wave-
form 3 voltage response to Component A.
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Fig. 18.14 Table 4 from ARP 5412: “Response to D and D/2 as Fraction in Response to A” [18.6]

18.3.3 Test Current and Voltage Waveform and 
Amplitude Tolerances 

Although there is often a large variation in the currents 
induced in individual harness branches within a system, 
usually no attempt is made to replicate these specific cur-
rents in the system tests. Since the damage tolerance of 
system equipment will have been verified by pin injection 
tests (at transient levels based on the induced transients in 
the wiring of each circuit), it is not necessary to reach actual 
induced transient amplitudes in all branches of a tested sys-
tem. Rather, the intent is to produce harness currents of 
amplitudes sufficient to induce conductor transients that 
might be ‘read’ along with system signals. Unlike pin-in-
jection tests of equipment, it is simply not practical to 
achieve the standard voltage or current waveforms in each 
of the cables in a complex system. A typical cable bundle 
test current is shown in Figure 18.15. 

 

Fig. 
18.15 Typical cable bundle current approximates waveform 

5A due to external environment Component A. 

However, since system upset is related to the ampli-
tudes as well as the multiplicity of induced transients, at-
tempts should be made to approximate the waveforms 
and levels assigned to each cable within a system. Since 
“approximate” implies non-precise conditions, here are 
some guidelines that have resulted in acceptable tests: 

Transient Waveforms: It is rarely possible to achieve 
in actual aircraft cables voltage or current waveforms 
complying with the standard definitions. Typical loop 
voltages will be of lower frequency or longer rise times 
than the standards. Typical cable currents will have 
longer rise and decay times than the standard currents.  

 

 

These results are due to the inductance of the cable-test 
bench loop.  

 – Reduce cable inductance by reducing loop area. For 
lightning tests, it is not necessary to maintain 5 cm 
clearance between cables and the test bench.  

– It is important to achieve unipolar loop voltages when 
Waveforms 2 or 4 are specified. Oscillatory voltage 
waveforms should be achieved when Waveform 3 has 
been specified. 

 – Unipolar currents should be achieved when Wave-
form Waveforms 1 or 5 are specified. It is best if decay 
times can be the same or longer than the specified times.   

Transient amplitudes: It is also not practical to 
achieve specified amplitudes in all cables of a system, es-
pecially when simultaneous injection is desired. The best 
way to approach this is to arrange injection points (for 
ground injections) or transformer locations (for trans-
former injections) to achieve close to the desired ampli-
tudes in the larger diameter cables (“trunk cables”) and to 
accept lower than specified amplitudes in other, smaller 
diameter cables. It is acceptable if at least 50% of the de-
sired (specified) amplitudes are achieved everywhere. If 
some cables have received less than 50%, then it is best 
to test that single cable at the specified level, after the 
simultaneous tests have been completed.    

  
If a cable bundle test has been conducted for dam-

age tolerance purposes: it is not necessary to reach the 
cable bundle ETDL in each cable during the system func-
tional upset test.   

18.3.4 Cables with Intermediate Connectors 

If the shielding on an aircraft’s wiring is grounded at 
intermediate locations, as shown in Fig. 18.16, the shields 
should be in this configuration when the individual circuit 
conductor VOC and ISC are measured during the FVT. (En-
gine and flight control circuit shields are often grounded 
in this manner). The measured voltage/current ratio 
should be used to verify or establish the EDTLs for the 
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equipment, and the damage tolerance should be verified 
by a pin injection test at the corresponding ETDL Voc and 
Isc levels. 

If a cable is part of a system for which functional upset 
tolerance must also be verified, cable bundle currents 
should be measured during the FVT (or determined by 
analysis). Since the conductor voltages and shield cur-
rents in each section of the cable (labelled ‘A’, ‘B’, ‘C’ in 
Fig. 18.16) are confined within separate loops, they are 
likely to differ from one-another. 

 

 

Fig. 18.16 Segmented cable. Each section is shielded. 

Currents in each cable segment should be measured 
during the FVT (or computed). Sometimes the cable 
shield current can be much higher in one segment (such 
as a pylon or wing circuit) than in the others (such as a 
fuselage circuit). Nevertheless, the other segments should 
not be ignored. For example, cable segments that experi-
ence lower shield currents could be longer than the seg-
ments that experience the highest shield currents; and con-
ductor voltage is proportional to cable length as well as 
shield current. 

For the functional upset test of the system utilizing the 
cable in Fig. 18.16, it may not be practical to have all three 
segments of the cable (A, B, and C) present during the 
test, or to inject three currents of three different ampli-
tudes, simultaneously, into the three cables with the inter-
mediate connectors grounded to the test bench. However, 
the currents on the cable shields should induce transients 
in the shielded conductors that resemble the transients 
that would appear on the same conductors when they are 
installed the aircraft. This can be done by assuming that 
the conductor induced voltage (Voc) is the sum of the volt-
ages induced in each segment of the circuit, as follows: 

 

Voc(total) = (I A × ZA ) + (I B × ZB ) + (IC × ZC ) (18.1) 
 

where IA, IB and IC are the cable shield currents in the three 
sections, and ZA, ZB and ZC are the transfer impedances 
of each cable segment. 
 

The transfer impedances, Z, of many cables are the 
same as the DC resistances of their shields. If the shield 
transfer impedances and currents are known, the charac-
teristics of a single ‘equivalent’ cable and a single uni-
form cable bundle (shield) current can be defined. Then a 
representative cable can be provided for the system test, 
and sufficient current can be injected in it to produce the 
appropriate conductor voltages.    

Sometimes, the combined length of cables A, B, and C 
is great, and it becomes impractical to inject enough cur-
rent into the ‘equivalent’ cable shield to attain the equivalent 
conductor voltages. In such cases, a sufficient voltage (al-
beit with a different waveform) can often be achieved by 
ungrounding the test cable shield at one end and inducing 
voltage (and current) directly into the shielded conduc-
tors. If this is done, it should be remembered that the per-
formance of one of the most important protection features 
(the shields) is no longer being evaluated by the test.   

For testing cables that extend beyond the fuselage avi-
onics bays to other locations in an aircraft, the transients 
listed in Fig. 18.12 may be chosen. Waveform 2 is the 
dominant voltage in the loops between shielded cables 
and the airframe since such cables are most likely to be 
exposed to magnetic fields penetrating apertures such as 
windows, vents, and engine nacelles. This voltage drives 
current Waveform 1 in the shields, which in turn produces 
Waveform 4 voltages in the shielded conductors. The con-
ductor voltages drive currents of somewhat longer dura-
tion in the shorted conductors, which are best represented 
by Waveform 5A.  

18.3.5 Notes about Simultaneous Injections 

Injection transformer locations: Techniques for in-
jecting transients into simple systems comprised of one 
item of EUT, one cable, and some dummy loads repre-
senting remote equipment (or a second box) are described 
in [18.1]. These include transformer injection and ground 
injection methods. Either method is potentially capable 
of injecting the required transients into the system. If the 
system is comprised of several EUTs and more than one 
interconnecting cable, it may be necessary to inject the 
transients simultaneously into more than one location in 
the system. 

The physical location of the injection transformer(s) 
(or of the injection location(s) in the direct injection 
method) is not important. Neither is the distance be-
tween a transformer and the nearest equipment con-
nector important. What is important is achievement of 
the desired test conditions in the cables.   
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Achieving the specified test current levels in 
shielded systems: When high currents must be injected 
into multiple cables, as is often required for electronic en-
gine controls, TG limitations may prevent reaching the 
specified levels. Two approaches may sometimes be fol-
lowed to surmount this problem: 

 
1.   Use the same current injection point to drive currents 

in multiple locations. This is accomplished by isolat-
ing some of the EUT’s from the bench ground, so that 
test current is forced through additional cables.   

 
2.   Test all cables simultaneously at the highest possible lev-

els (being careful not to exceed established ETDLs), 
then individually re-test at assigned ETDLs the cables 
that did not experience the full level in the initial test. 

 
The first approach is illustrated in Fig. 18.17. The fig-

ure shows test current being injected into two cables on 
the left side of the Electronic Control Unit (ECU). Be-
cause the ECU is not grounded, the test current is forced 
to flow through the ECU case and into four other cables 
between the ECU and ‘other EUTs’. The sum of I1 + I2 + 
I3 + I4 is equal to the injected current. 

In an electronic engine control system, the cables on 
the left side of The ECU in Fig. 18.17 would go to the 
aircraft interfaces, and the cables on the right side of the 
ECU would go to engine-mounted accessories. The 
ECU receives its electric power through one of the aircraft 

cables, or through an engine mounted generator, which is 
one of the “other EUTs” in the figure.  

The ECU does not have to be grounded to the test bench 
to function. These tests are also sometimes conducted with 
the bulkhead connector brackets (normally grounded to the 
airframe or engine) ungrounded, so that the injected test 
currents flow through the complete system. 

The second approach is a combination of simultaneous 
application of currents in all branches of the system of suf-
ficient amplitude to induce ‘readable’ signals in intercon-
necting circuit conductors, followed by application of full 
threat currents in those cables/branches where the specified 
currents were not reached during the simultaneous injec-
tions. This is not a perfect solution, since it leaves untested 
the condition in which all cables receive the specified cur-
rents simultaneously. However, systems tested in this man-
ner are not known to have experienced functional upsets 
during in-flight lightning strikes. 

Relationships among test currents and voltages: When a 
limit voltage (VL) is applicable, as when the tested cables 
contain unshielded as well as shielded circuits, it should be 
verified that the relationships between test current and volt-
age limit resemble the voltage/current relationships that ex-
ist in the aircraft installation. This requires some knowledge 
of the coupling mechanism(s) that give rise to the transients 
being applied. [18.6] and give little guidance in this area, 
but the Table 18.2 (from SAE ARP 5412 [18.6]) give the 
proper relationships between the voltage and current wave-
forms induced by lightning in aircraft circuits. 

 
 

 

 

Fig. 18.17 Simultaneous test currents through ungrounded EUT.
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Table 18.2. Relationships between Test  
Voltages and Currents 

Voltage Waveform Current 
Waveform 

Coupling 
Mechanism 

Due to Lightning Current Component A 
2 1 dφ/dt 

3 3 dφ/dt, traveling 
waves 

4 5A IR 

4 5B IR and 
redistribution 

5A 5A Shield IR* 
Due to Lightning Current Component H 

3H 3H 
dφ/dt, traveling 

waves 
Not defined 6H dφ/dt 

*Here, WF 5A is the volt-
age inside a shield due to 

WF  5A current in the 
shield 

  

 

The waveforms noted in Table 18.2 are defined in 
[18.4]. The relationships between voltage and current 
waveforms listed in Table 18.2 are approximate and de-
pend on the impedances of specific cables, and other 
factors. Thus, for example: 

• When applying IT as Waveform 1, VL should look 
like Waveform 2 

• When applying VT as Waveform 4, IL should look 
like Waveform 5A. Stopping the test when the IL 
current amplitude is reached by a short-duration cur-
rent waveform (i.e., a ‘spike’) may not sufficiently 
stress the system. 

Existing test standards provide only minimal guid-
ance in this area. 

Traveling Wave Effects: The voltage/current rela-
tionships of traveling waves (represented by Waveform 
3) are related to one-another by characteristic imped-
ances. When performing tests with Waveform 3 on un-
shielded or hybrid cable bundles, the characteristic im-
pedance should be assumed to be around 100 ohms. (A 
lower impedance of 25 ohms is specified for damage 
tolerance or ‘pin’ tests). The 5-ohm relationship im-
plied in Fig. 18.12 is only realistic for bench test setups, 
where the Waveform 3 transients are the result

of tank circuit oscillations between lumped L and C ele-
ments at circuit terminations. For a system installed in an 
aircraft, the cable-airframe transmission line characteris-
tic impedance is typically about 100 ohms. 

Generator performance verification: The ability of 
the TG to circulate specified test currents in the system 
cables should be verified prior to test. When a system 
with particularly long cables is tested, it is not sufficient 
to calibrate the TG by having it inject the specified current 
into a short circuit (e.g., a calibration jig). The ability of 
the generator (and intended injection method) to produce 
current waveforms in the system cables like the wave-
forms specified for the test (i.e., Waveform 1, 5A, 5B or 
6H) should be verified. This can usually be done by trying 
out the generator and injection method on the system ca-
bles themselves, at low levels. 

Waveforms in Tested Cables: It is not necessary to 
exactly reproduce the specified current waveforms in the 
system cables, but it is necessary to inject waveforms that 
are able to couple realistic transients into the cable cir-
cuits. Such coupling usually depends on rate-of-rise 
(di/dt), as well as on the amplitude of the injected shield 
current. If the rates-of- rise, amplitudes, or durations of 
the injected currents are insufficient, a different test cur-
rent generator should be used. Alternatively, the transfer 
impedances can be determined and based on these values, 
conductor transients that correspond to the specified 
shield current can be injected directly into system wiring, 
with the shields disconnected. 

The generator performance verification tests described 
in [18.1] for cable bundle tests are usually adequate for 
the short (3.3 m) cables commonly used in cable bundle 
tests of individual EUTs, but not for systems employing 
longer cables. 

MS waveform sets: The MS waveform set is defined 
as a single transient induced by Component D of the ex-
ternal environment followed by thirteen transients in-
duced by Component D/2, as shown in Fig. 18.18. 

 

            Fig. 18.18 MS waveform set. 
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In the MS application Component D represents a se-
vere first stroke in a negative flash to earth, since only the 
negative flashes contain MSs. Since systems must also 
tolerate the induced effects of single, positive strokes, 
most MS waveform sets begin with a transient induced 
by Component A, instead of Component D. The mini-
mum time separation between individual transients in the 
MS waveform set is 10 ms and the maximum is 200 ms. 

A random number generator, set to produce times 
within this range, is often used to control the timing of 
the transients. Sometimes the generator control system 
is set to repeat a specific waveform set application in 
order to evaluate the sources of upsets or other re-
sponses in systems being tested. 

MB Tests: Most of the examples in the preceding 
sections have referred to MS tests. MB tests are usually 
applied prior to the MS tests, since the chances of dam-
age to the tested system from the MB transients are usu-
ally less than from the higher amplitude and longer du-
ration transients induced by the MS environment. The 
same considerations regarding simultaneous applica-
tions and transient amplitudes apply to MB tests. The 
transient amplitudes are lower than those applied for 
the MS tests, as shown in Fig. 18.14. A typical MB 
waveform set comprised of Waveform 3H transients is 
shown in Fig. 18.19. 

 

 

 

               Fig. 18.19 MB transient waveform set.
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For systems, such as engine controls, that are intercon-
nected with short cables exposed to strong lightning mag-
netic fields, Waveform 6H currents are applicable. A typi-
cal cable bundle current induced by current Component H 
in an aircraft is shown in Fig. 18.20. Current Waveform 
6H provides a good simulation of both the fast rate-of-rise 
and decay time aspects of the induced current shown in 
Fig. 18.20. 

 

 

Fig. 18.20 Typical cable bundle current induced by 
Component H. 

 

A typical burst pattern of 20 Waveform 3 transients is 
shown in Fig. 18.21. 

 
20 V/div                1 ms/div 

         Fig. 18.21 Typical pattern of 20 transients in a burst. 

A pattern of four bursts is shown in Fig. 18.22. 

 
20 V/div              1 ms/div 

Fig. 18.22 Typical MB waveform set. 

The transients in a burst are to be applied randomly at 
time spacings between 50 and 1 000 µs. The start of each 
burst is to be between 30 and 300 ms from the previous 
burst, and there must be a minimum of three bursts applied 
in each waveform set. Since a finite time period is usually 
needed to monitor system performance and the MB tran-
sients are usually not damaging to system components, the 
MB waveform sets are often run continuously for periods 
of several minutes, although this is not required by either 
the environment or the test standards.   

Caution:  System upsets have happened during contin-
uous applications of MB pulse trains without pauses after 
three bursts. It has been found that some of the system up-
sets have happened long after one waveform set of pulses 
(60 pulses) has been applied. If this should happen, the 
test should be re-run, with the MB waveform sets applied, 
one by one, with a period of several seconds between each 
application. It is possible that the original upset will not 
be repeated. (10 seconds of time spacing between individ-
ual waveform set applications would be reasonable). In-
tracloud flash strikes to airplanes are known to have hap-
pened in rapid succession, but that means a time period of 
typically 10 or more seconds between strikes. 

MB Waveform 3 transients at amplitudes up to 15 A 
(Level 4) can usually be produced by a signal generator 
and amplifier with a pulse power capability of 10 kW or 
so. Waveform 6H transients above Level 2 usually must be 
generated by capacitor discharge circuits. 
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18.3.6 Experience with System Tests 

Tests have been conducted on many types of systems 
since the MS and MB environments were first defined in 
the early 1980’s. In some of these tests, the system has not 
been affected, but in others the system has experienced 
some type of response during the tests and occasionally 
some component damage has been experienced. The dam-
age usually occurred when an MS test was applied to 
power inputs. Such damage can occur when a transient 
protection device at a power input has been selected to 
handle only a single transient, but not the additional 13 
transients of the MS waveform set. It is usually the transi-
ent currents that have been responsible for the component 
damage.   

Systems tested with the MS and MB waveform sets 
have included engine and flight controls and a wide vari-
ety of cockpit displays. Responses of the systems to these 
tests have included: 

• Changes in fuel flow and engine thrust 

• Changes in control surface position 

• Momentary loss of a display, with automatic recovery 

• Loss of display with pilot input necessary for recovery 

• Changes in color of a display 

These responses have sometimes occurred upon appli-
cation of the first pulse in a waveform set but, more often, 
they have occurred after some later transient has been ap-
plied within a waveform set. These responses have 
prompted changes in system hardware or software, fol-
lowed by retests to verify that the problem has been cor-
rected. 

In-flight experience: Whereas meaningful statistics 
are not available, the flight experience of systems that 
were certified using MS and MB system tests, in conjunc-
tion with damage tolerance tests of the individual system 
components, appears to have been very good. These sys-
tems do not appear to be being upset or damaged by the 
in-flight lightning environment.   

Degraded protection tests: System tests have facili-
tated the evaluation of protection designs under deliber-
ately degraded conditions, such as increased cable shield 
termination resistance (accomplished by inserting  

 
 
 

 
 
resistive gaskets between connectors and cases) or by in-
terruption of cable shield continuity. Typically, these tests 
show that a significant amount of degradation needs to be 
introduced before system upsets happen. An example of a 
‘significant’ degradation in protection might be a corroded 
cable shield termination that increases the resistance from 
a few milliohms to a few ohms. Another might be a broken 
lead connection on a protection device such as a Zener di-
ode, or a MOV device. 

 
The likely reason for this tolerance is the usual redun-

dancy of protection features:  i.e., shielded interconnect 
circuits combined with ‘single-point ground’ circuit de-
sign.   

18.3.7 Configurations of Systems for System 
Test 

The planner of system functional upset tests must con-
sider how best to arrange the tested system (or subsystem) 
to best allow functional upsets and other responses to be 
detected.   

The two most common options are: 

“Open Loop” wherein the system is set up with as much 
of the electronics, interconnect cables, displays and actu-
ators included so that responses can be observed (and rec-
orded by visual or electronic data collecting means) as 
would happen in flight. An ‘open loop’ configuration usu-
ally means that the system receives crew input and sensor 
feedback but cannot adjust its outputs based upon sensor 
feedback. Thus, no feedback links are provided to adjust 
system operating parameters to compensate for the re-
sponses due to the lightning environment. This arrange-
ment has the advantage that the responses can more read-
ily be observed and recorded during the test.   

“Closed Loop” wherein feedback links are provided on 
the test bench to allow the system to respond and correct 
itself from upset due to the lightning environment. For ex-
ample, sensor feed-back (e.g., turbine speeds, tempera-
tures, and adjust performance accordingly. This arrange-
ment has the advantage of including performance of upset 
mitigation software but sometimes has the disadvantage 
of not easily permitting the upsetting events during the test 
to be identified and recorded. Diagnostic software and re-
cording hardware have usually to be provided.    
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Certifying authorities have accepted test plans based on 
both ‘open loop’ and ‘closed loop’ configurations. 
‘Closed loop’ configurations have the benefits of provid-
ing natural system filtering (because system reaction times 
may filter out short perturbations), and instantaneous 
pass/fail assessment of the overall system. ‘Open loop’ 
configuration tests are typically conducted in order to as-
sess perturbations in system data signals and to establish 
whether they are acceptable (i.e., benign) or not. ‘Open 
loop’ configurations have the benefit of facilitating post-
test, system evaluations. If the data from an ‘open loop’ 
test is re-played with a ‘closed loop’ software model con-
trol law changes can be evaluated without the need for a 
re-test. The ‘closed loop’ arrangement involves a more 
elaborate test setup, but the ‘open loop’ arrangement usu-
ally requires that more parameters be recorded during the 
tests, so that the assessment of the data becomes a more 
painstaking process. 

Then there is always the question of how much of a sys-
tem can be included on the test bench in in the test. This 
topic has been discussed in earlier paragraphs and will not 
be discussed further here. The principle is to include what-
ever computers, accessories and interconnecting cables 
are needed for the system to perform the function that is 
being tested. For an electronic engine control this is usu-
ally the entire system, or sometimes only one channel (of 
the usual two). For a landing gear control system, which 
performs three separate functions (Nose wheel steering, 
braking, and retraction) only the parts needed to perform 
one function might be tested at once.   

These decisions are made based upon system availa-
bility, test bench space available, and lightning test equip-
ment capability.    

Field Immersion Tests 

Most lightning transient problems are caused by elec-
tromagnetic field coupling of lightning energy into inter-
connecting wires. While the injection tests described in 
the previous paragraphs are appropriate for assessing this 
interaction, they do not directly check for leakage of elec-
tromagnetic fields into the cases (chassis) housing elec-
tronic equipment. Field leakage can be checked by im-
mersing equipment in an electromagnetic field simulator. 
The elements of such a test are shown in Fig. 18.23. 
Checking for electric field effects involves placing the 
EUT between two plates between which a voltage is ap-
plied of a magnitude sufficient to develop the required  

 

electric field. Checking for magnetic field effects, requires 
circulating a current around the case of a magnitude suffi-
cient to generate the required magnetic field. 

Fig. 
18.23 Field immersion. 

Some tests require that electric and magnetic fields be 
developed simultaneously, often with the ratio E/H = 377 
ohms, associated with waves propagating in free space. 
Such tests can be made with strip-line test cells, as illus-
trated in Fig. 18.24. The test cells can be made large 
enough to hold several pieces of equipment, along with 
the necessary interconnecting cables. 

 ‘Strip line’ test cells are most appropriate for evaluat-
ing coupling to conductors in free space and are not widely 
used to evaluate lightning induced effects inside aircraft, 
where E/H is, in general, not 377 Ω. 

There are no standards for lightning field immersion 
tests, and they are generally not required for certification 
of aircraft systems. Occasionally they are used to diagnose 
in-flight responses which seem to have resulted from di-
rect penetration of lightning electromagnetic fields into 
non-conducting apertures, such as cockpit equipment dis-
plays.   

 

Fig. 18.24 Combined electric and magnetic fields. 
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18.4 Tests on Circuit Elements 

Tests are sometimes necessary to evaluate breakdown 
voltages and currents of individual circuit elements (such 
as resistors, capacitors, and electro-mechanical compo-
nents) or to evaluate interface protection for more com-
plex circuits. Such tests can also be used to study how ac-
tive circuits respond to various transients. Fig. 18.25 
shows some general configurations for circuit element 
tests, but detailed discussion of the techniques for these tests 
is beyond the scope of this book. 

 
Fig. 18.25 Tests on circuit elements. 

18.5 Transient Generators (TGs) 

Most TGs used for evaluating induced direct effects 
employ charged capacitors that are discharged into wave 
shaping circuits. Much of the technology is basically like 
that used in the 1940s and 1950s for radar modulators and 
described in [18.7]. Sometimes complex waveforms can 
be generated by feeding the signals from waveform syn-
thesizers into power amplifiers. Some generators are de-
signed for only single-shot operation, while others are de-
signed to produce sequences of similar pulses. Very few 
TGs operate continuously, but almost all operate at power 
levels that greatly exceed those of normal laboratory sig-
nal generators. 

 

18.5.1 Capacitor Discharge Generators 

Generators may be designed either for unipolar output 
with a waveform approximating. 

          V = V0 (ε −α t − ε −β t )  (18.2) 

or for oscillatory output, with a waveform approximating 

           V = V0 (ε −α t )sin(2π f t )  (18.3) 

Specifications for oscillatory waves sometimes express 
the waveform as 

     V = V0 [ε −π f t/Q ]sin(2π f t)  (18.4) 

where Q governs the rate of decay of the oscillations. 
Specifications commonly cite values for Q ranging from 
6 to 24. 

Unipolar Transients: Basic unipolar circuits are 
shown in Fig. 18.26. Circuit (a) uses series R and C to 
shape the front of the wave and has a primarily capacitive 
output impedance circuit (b) uses series L and R to shape 
the front and has a primarily resistive output impedance. 
The values of R, C and L are approximately those required 
to produce the long-duration voltage waveform discussed 
in §16.7.1. Additional factors governing waveform were 
discussed in §5.5.4. 

 
 

Fig. 18.26 Generators for unipolar transients.                                      
(Element values shown are approximate and should not 

be used without validation). 
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Both circuits assume the energy storage capacitor, C, to 
be connected to a charging power supply through a re-
sistance high enough to prevent the characteristics of the 
charging supply from effecting the waveform. Both use a 
series switch, S, to connect C to the wave shaping circuit, 
producing a positive output for a positive charging volt-
age. Reversing the positions of C and S (Fig. 18.27) results 
in a negative output for a positive input. 

 
Fig. 18.27 Grounded switch configuration 

Oscillatory Transient: Some basic oscillatory genera-
tors and their output waveforms are shown in Fig. 18.28. 
The frequency of oscillation is related to the capacitance 
and inductance of the circuit according to Eq. 18.5. 

               𝑓𝑓 =  1
2𝜋𝜋√𝐿𝐿𝐶𝐶

  (18.5) 
 

The decrement of the wave may be controlled either by 
adding series or parallel resistance or by the residual losses 
of the circuit and the load to which the generator is connect- 
ed. Most commonly the intrinsic losses are enough to give 
Q ≈ 6 and high enough to make it difficult to achieve Q = 24. 

 

Fig. 18.28 Oscillatory TGs. 

 

Taking the output from only a portion of L results in a 
lower output impedance and makes the effect of load re-
sistance less noticeable but is achieved at the cost of re-
duced output amplitude. 

The intrinsic output of Fig. 18.28(a) is a cosine wave, 
not the sine wave commonly cited in specifications. A si-
nusoidal output can be obtained by taking the output from 
the energy storage capacitor, Fig. 18.28(b), using a block-
ing capacitor Cb, to avoid coupling the DC charging volt-
age to the output circuit. 

Questions regarding waveforms: Specifications for 
oscillatory waveforms commonly call for damped sine 
waves (Eq. 18.3 or 18.4), but actually obtaining a true si-
nusoidal front can be difficult. Sometimes, second order 
effects come into play, particularly with high frequency 
generators, and result in waveforms whose highest ampli-
tudes occur not on the initial half-cycle, but on a subse-
quent half-cycle. 

A common deficiency of oscillatory waveform specifi-
cations is that they do not give tolerances on allowable 
waveform distortion. From an engineering viewpoint, the 
most important parameters are probably: 

 
1. The minimum peak amplitude needed to sufficiently 

stress the components under test. 
 

2. The optimum decrement of the oscillation, over its 
first few cycles, so that stress is sustained for a suffi-
cient time. 

 
3. The frequency (or frequencies) most likely to excite 

internal resonances. 
 

Those preparing specifications or requiring tests 
should ask the following questions: 

 
1. Does the exact shape of the first quarter-cycle make 

any practical engineering difference? 
 

2. Does the exact shape of the first few cycles make any 
practical engineering difference? 

3. Does a test waveform with a front that approximates 
a cosine wave satisfy a test requirement that calls for 
a sine wave defined by Eq. 18.3? 

 
 

4. If an oscillatory test waveform achieves its maxi- 
mum amplitude after the first half-cycle, does this 
make any practical, engineering difference? 
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18.5.2 Switches for Generators 

Several types of switches can be used for capacitor dis-
charge generators. The best discussions of various types of 
switches are apt to be found in the older literature, such as 
[18.6]. In oscillatory circuits, losses associated with 
switches are one of the major factors governing the Q of 
the circuit. 

Spark gaps: Higher power generators (i.e., those that 
operate at voltages greater than 35 kV) commonly use 
spark gaps as switches. These may be triggered gaps, fired 
by applying a pulse to a lower voltage, secondary ‘trigger’ 
gap, self-firing gaps, that discharge when the gap voltage 
exceeds the gap breakdown strength, or mechanically 
closed gaps, that move closer to one-another until spar-
kover takes place. 

Gaps in air are the simplest to build but, with high 
power generators, air gaps may produce enough audible 
noise to be disturbing to those nearby. Commercially 
available triggered gaps are usually contained in enclo-
sures, which reduce the noise somewhat. Spark gaps also 
emit broadband radiation which can interfere with opera-
tion of instrumentation and even with system performance 
(it should not be forgotten that a lightning strike is also an 
emitter of significant radio frequency (RF) energy). 

Mechanically closed switches: The easiest method of 
switching is simply to bring two contacts together mechan-
ically, until they are close enough for a spark to form be-
tween the contacts. When used in high-power generators, 
the contacts of these switches may burn and become rough-
ened. However, since they are operated only intermittently, 
it is practical to maintain these switches by periodically 
cleaning them with sandpaper or a file. Immersing contacts 
in an insulating oil can reduce the arcing that takes place 
as the contacts close. 

Mercury switches: Switches with mercury-wetted 
contacts are useful for low power generators, operating at 
a few hundred volts. The advantage of mercury switches 
is that the contacts switch cleanly, without bouncing. 

Hydrogen thyratrons is a high peak power electrical 
switch which uses hydrogen gas as the switching medium. 
The switching action is achieved by a transfer from the 
insulating properties of neutral gas to the conducting prop-
erties of ionized gas. Tubes such as the 5C22, are suitable 
for operation up to about 10 - 15 kV and peak currents of  

 

 

 
 
several hundred amperes. The miniature 2D21 is suitable 
up to about 1 000 V and peak currents of several tens of 
amperes. Both devices switch in about 20 ns. When used 
in an oscillatory generator, a thyratron must be installed in 
parallel with a free-wheeling diode (see Fig. 18.29). 

 

 

Fig. 18.29 Thyratron switch with free-wheeling diode. 

Thyristors: Low power, sensitive gate thyristors are 
suitable for charging voltages up to about 1 000 V and dis-
charge currents of several tens of amperes. For use at 
higher charging voltages, multiple thyristors may be oper-
ated in series. The switching time of a thyristor can be on 
the order of 100 ns, although care must be taken to provide 
sufficient gate drive. Free-wheeling diodes should be in-
stalled in parallel with thyristors in oscillatory circuits. 

18.5.3 Generators Using Power Amplifiers 

Some waveforms are difficult to produce using capac-
itive discharge circuits, particularly the higher frequency 
oscillatory waveforms. Capacitors must be small to obtain 
a high frequency, and small capacitors store little energy. 
Also, switches may not change state fast enough to support 
high frequency applications and circuit losses tend to in-
crease with frequency, making it impossible to generate 
transients that ring well (i.e., have a high Q). Some of 
these problems can be overcome by generating the wave-
forms at low levels and using power amplifiers to step up 
the signal before it is coupled to the circuit under test. Am-
plifier-aided circuits are also useful for generating square 
waves or complex waveforms that differ greatly from the 
double exponential or damped oscillatory waveforms 
most naturally produced by simple circuits. 
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Waveform generation 

Fig. 18.30 illustrates the two basic approaches to am-
plifier-aided waveform generation: (a) involves direct 
generation of the desired waveform, followed by linear 
amplification; (b) involves modulation of a sinusoidal in-
put, followed by amplification. Waveforms for (a) may be 
generated by switching R, L and C circuits or by digital 
synthesis with arbitrary waveform generators. Modulation 
may be accomplished either by direct amplitude modula-
tion or by multiplication of a sinusoidal wave by an ap-
propriately chosen modulating pulse. 

Fig. 18.30 Transient generation with amplifiers. 

Amplifiers 

Most induced effects testing calls for high voltage and 
high current output from the amplifier. While average 
power levels may be low, the peak power levels may be 
several tens of kilowatts. Amplifiers generally use high 
voltage vacuum tubes of the type used for broadcast trans-
mitters. Vacuum tube amplifiers are well adapted to deliv-
ering high voltages, but many designs are not capable of 
delivering high short-circuit currents. 

18.5.4 Multiple Pulse Generators 

System tests require injection of a groups of pulses to 
simulate the effects of the MS and MB portions of the 
lightning environment. Sometimes these multiple pulses 
can be generated using low impedance charging networks  

 

 

 

 

 

that permit a single energy storage capacitor to be charged 
and discharged rapidly. This may be difficult to do, par-
ticularly at high power levels, since instantaneous charg-
ing currents of hundreds or thousands of amperes may be 
drawn from the power mains feeding the transient gener-
ator. 

An alternative technique is to use many energy storage 
capacitors, charge them slowly, and then discharge them 
one by one into the circuit under test. 

The transients in the MS and MB waveform sets should 
be applied randomly within the minimum and maximum 
separation times defined for them in [18.2]. This may re-
quire that 14 pulse generators be pre-charged and dis-
charged by a random number generator, especially for the 
higher amplitude transients specified for some MS tests. 
MB transients can sometimes be produced repeatedly by 
a signal a generator and amplifier or by charging and dis-
charging a single capacitor. 

18.6 Injection Transformers 

One of the common methods of injecting test transients 
into cables for system functional upset testing involves the 
use of injection transformers. Two basic modes of injec-
tion transformer operation are shown in Fig. 18.31: (a) in-
volves magnetically injecting current into a short-circuited 
conductor and (b) involves magnetically injecting voltage 
into an open-circuited wire. In practice, the short- circuited 
conductor is usually an overall cable shield grounded at 
both ends. 

The operation of an injection transformer follows the same 
physical laws that govern any magnetic circuit, but the nor-
mal mode of operation of an injection transformer differs in 
two respects from that normally associated with transform-
ers. First, since the purpose of an injection transformer is to 
inject transients into interconnecting wire bundles, those 
wire bundles function as the secondary winding of the trans-
former. Thus, there is a practical limit to the number of sec-
ondary turns that can be wound around the core. 
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(a) Injection of current 

 

(b) Injection of voltage 

Fig. 18.31 Transformer injection of transients. 

Most magnetic injection configurations involve passing 
the bundle through the core only once or, at most, a very 
few times (unlike conventional transformers which em-
ploy windings of many turns). Second, the transformer is 
generally energized with a driving current, unlike conven-
tional transformers, which are usually energized by volt-
age sources. A typical circuit is in Fig. 18.32. 

Each current-carrying conductor that passes through 
the core sets up a magnetic flux. When injecting current 
into a short-circuited conductor, the induced current tends 
to have the same waveform as the driving current, so that 
the two components of flux tend to cancel, leaving a small 
net magnetic flux in the core. However, when injecting 
voltage into an open-circuited conductor, there is no can-
celing flux and the amount of voltage that can be induced 
is limited by the amount of flux that can be supported by 
the core. 

 

 

 

 

 

 
Fig. 18.32 Equivalent circuit of a typical transformer. 

18.6.1 Basic Principles of Magnetic Circuits 

An elementary magnetic circuit is shown in Fig. 18.33. 
The constants that define the core include the length of its 
magnetic path, l, its cross sectional area, A, and its relative 
permeability, µr. If the core has a large cross section, the 
magnetic path length is the average length measured 
around its center. 
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Fig. 18.33 Factors governing magnetic circuits. 

Total magnetizing force: The total magnetizing force 
around the length of the core (MMF) is expressed in am-
pere-turns, NI or in gilberts, 0.4 NI. If there is an air gap 
in the magnetic circuit, a large portion of the total magnet-
izing force may be needed to force magnetic flux across 
the gap, even though the length of the gap is very small 
compared to the total magnetic path length. 

Magnetizing force per unit length: The magnetizing 
force acting on the magnetic material is 

 

H = 
 NI    Gilberts/cm        (18.6) 

                               L    
 
 

This quantity may be also expressed in ampere-turns 
per meter, ampere-turns per centimeter or in ampere-turns 
per inch. 

 
In material specifications, it is commonly expressed in 

oersteds or gilberts per centimeter. 
 

Hgilberts/ cm  = 0.4 πNI  (18.7) 
   l 

Total magnetic flux: Total magnetic flux may be ex-
pressed in webers, lines (maxwells) or kilolines. 

1 weber = 108 lines = 105 kilolines (18.8) 

Flux density: Flux density may be expressed in teslas 
(webers per square meter), gauss (or lines per square cen-
timeter) or in lines (or kilolines) per square inch. In round  

 

numbers, a core made of grain-oriented silicon steel can 
support a maximum flux density of about 100 kilolines per 
square inch (or 16 000 gauss). A ferrite core can sustain a 
maximum flux density of about 4 000 gauss. 

Relations between units: 
 

1 gilbert = 1.257 ampere-turns 
1 oersted = 1 gilbert/cm 
1 oersted = 0.495 ampere-turns/in 
1 oersted = 1.257 x 10-2 ampere-turns/m                    
1 tesla = 1 weber per meter2

 

1 tesla = 104 gauss 
1 tesla = 1.550 x 10-5 lines/in2

 

1 tesla = 1.550 x 10-2 kilolines/in2
 

1 kiloline/in2 = 1.55 gauss 
 
 

Voltage vs. flux: The relations between voltage, V, and 
flux, φ, are 
 

∆φ = 1
𝑁𝑁 ∫ 𝑉𝑉 𝑑𝑑𝜔𝜔       𝑤𝑤𝑒𝑒𝑏𝑏𝑒𝑒𝑟𝑟𝑠𝑠  (18.9) 

 

∆Φ = 108

𝑁𝑁 ∫ 𝑉𝑉 𝑑𝑑𝜔𝜔       𝑓𝑓𝑖𝑖𝑓𝑓𝑒𝑒𝑠𝑠  (18.10) 

Thus, it requires a given net change in magnetic flux to 
develop a transient voltage of a given volt-second product 
in a transformer. If the core cannot sustain the requisite 
flux, the voltage cannot be generated. For example, a rec-
tangular pulse of voltage (Fig. 18.34(a)) with an amplitude 
of 100 volts and a duration of 10 µs would have a volt-sec-
ond product of 10-3. Developing this voltage on a wire that 
passes once through an injection transformer would re-
quire the flux in the core to change by 105 lines, or 100 
kilolines. If the core were of a ferrite material with mini-
mal residual flux from previous pulses, the cross-sectional 
area would have to be about 25 square centimeters. 

For a double exponential waveform defined as 

V = V [ε −α t − ε −β t ]  (18.11) 

the total volt-second product is 
 

∫ 𝑉𝑉 = 𝑉𝑉0 �1
𝛼𝛼

− 1
𝛽𝛽

�∞
0   (18.12) 
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(a) V • t = 10-3 volt-seconds 

 
(b) V • t = 9.47 × 10-2 volt-seconds 

Fig. 18.34 Representative transient voltages. 

To develop, on a single turn, a voltage pulse with a peak 
amplitude of 1 000 V, a front time of 6.4 µs and a time to 
half-value of 69 µs (V0 = 1 093, α = 11 354, β =  647 265, 
volt-second product of 0.0947) would require the flux to 
change by 9 466 kilolines. This would require a ferrite 
core with a cross-sectional area of about 2 400 square cen-
timeters (350 square inches); a large core indeed! 

Voltage vs. current: A given magnetic flux in a trans-
former core is associated with a given magnetizing force 
or, for a fixed number of turns, a given magnetizing cur-
rent. Therefore, to develop a   pulse   of   voltage, (Fig. 
18.35(a)) with a certain volt-second product, the current 
must change from an initial value (zero in Fig. 18.35(b)) 
to a final value. Which comes first, voltage or current, is 
a matter of semantics. One could say that a magnetic core 
is ‘carried to saturation’ by excessive magnetizing current, 
but it is generally more helpful to say that the core has 
been carried to saturation by an excessive product of 
voltage and time. 

Since most exciting current pulses applied to injection 
transformers eventually decay back to zero, it follows that 
a collapsing current is associated with a voltage of polarity 
opposite to that which was associated with the rise of cur-
rent. Fig. 18.36 illustrates this point. The voltage pulse is 
under-damped so that the positive (A1) and negative (A2) 
lobes have equal volt-second products. 

 

 

Fig. 18.35 Current as the integral of voltage. 

 
Fig. 18.36 Voltage as the derivative of current. 

In other words, a double exponential current pulse 
passed through the primary of a pulse injection trans-
former cannot induce a unidirectional (UD) voltage pulse 
of the same waveform in a secondary winding. 
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B-H Loops: The magnetic characteristics of a magnetic 
material can be defined by its B-H loop (see Fig. 18.37). 
B and H are, respectively, flux per unit cross-sectional area 
and magnetizing force per unit length of path. For a trans-
former core of specific dimensions, the loop could be de-
fined in terms of φ and NI. 

 

 
Fig. 18.37 B - H loop. 

For an initially unmagnetized core, a current pulse 
might carry the magnetic state along path (a) from point 0 
to point 1. Removing the current would allow the mag-
netic state to follow path (b) to point 2. Assuming that 
point 1 represents a flux density of 16 kilolines per square 
centimeter (16 000 gauss), a core cross-sectional area of 
592 cm2 (92 in2) would be needed to support the 1 000 V, 
double exponential pulse. In the context of induced effects 
testing, that represents a very large transformer core and 
explains why it is difficult to use transformer coupling 
techniques to develop high amplitude, long duration volt-
ages on open-circuited wires or cables. 

Multiple pulses: The problems of core size are com- 
pounded when multiple pulses are involved. If the first 
pulse carried the core along path (a) to point 1, a second 
pulse of the same magnitude and polarity would have to 
carry the flux along path (b) to a point far higher than point 
1. The core would become saturated, the magnetizing cur-
rent would become limited by the characteristics of the 
pulse generator, and the desired voltage pulse would never 
be developed. 

Full use of a transformer core for injecting multiple 
pulses would require pulses of opposite polarity and volt- 
second product, though not necessarily of equal magnitude 

 

or waveform. The first pulse in a series would carry the 
flux to point 1, the second would carry it to point 3, and 
the third would again carry it to point 1. 

Measurement of B-H loops: B-H loops may be meas-
ured by exciting N1 turns on a primary winding and allow-
ing voltage to be induced in a second winding of N2 turns, 
as shown in Fig. 18.38. A signal proportional to I (and 
hence to N1I) is applied to the horizontal input of an oscil-
loscope and a signal proportional to the integral of e1 ap-
plied to the vertical input. 

 

 

Fig. 18.38 Measurement of B-H loop. 
 

Examples of B-H loops: Figs. 18.39 and 18.40 show 
examples of B-H loops as measured with the above tech-
nique. Fig. 18.39 refers to an un-gapped toroidal core 
wound from grain-oriented silicon steel of 0.36 mm (0.014 
in) thickness. Fig. 18.40 refers to a core made from U-
shaped ferrite blocks joined with no intentional air gap. 
The ferrite core provides a more linear B-H characteristic 
than the steel core and has lower residual flux at zero mag-
netizing force. Other things being equal, a ferrite core is 
better than a steel core at transforming multiple pulses. 
 

Un-gapped steel cores tend to have large B-H loops and 
a large remnant fluxes. A gap in the core reduces the rem-
nant flux and makes the B-H loop more like that of Fig. 
18.40. Some ferrite cores have a large remnant flux and 
some do not; it depends on the type of core material. Pow-
dered iron cores have a small remnant flux. 
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Fig. 18.39 B-H loop of an un-gapped steel core. 

 

 

 

Fig. 18.40 B-H loop of a gapped, ferrite core. 

Saturation effects when injecting current: In an ideal 
situation, the induced current would be equal to the in-
jected current (equal turns assumed) and have the same 
waveform. Under these ideal conditions there would be no 
limit to the amount of current that could be injected by a 
core. 

In practice, two factors, illustrated in Fig. 18.41, limit 
the amount of current that may be transformed. One of 
these is the resistance of the conductor upon which current 
is induced. Current through that resistance develops a volt-
age that increases the flux in the core, even though the in-
duced voltage may be distributed along the conductor and  

 
 
 
 
 

may not be measurable. (Since long conductors have more 
resistance than short conductors, it is harder to induce cur-
rent on long conductors than on short ones). The other fac-
tor is that the magnitude of the induced current is less, by 
virtue of leakage inductance, than the inducing current, ir-
respective of the resistance of the conductor. The net result 
is that I2 is always less than I1, and eventually decays to 
zero. For sufficient I1, the net flux in the core can increase 
until the core is saturated, at which point transformer ac-
tion ceases. 
 
 

 
Fig. 18.41 Effect of conductor resistance on core flux. 

 
 

18.6.2 Equivalent Circuits of Injection  
Transformers 

Some of the parameters affecting the response of a 
complete current injection system are illustrated in Fig. 
18.42. 

 
 
 

 

Fig. 18.42 Factors affecting performance of an injection 
transformer. 
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These parameters include: 

1. The capacitance of the storage capacitor. 

2. The inductance of the leads connecting the stor-
age capacitor to the transformer. 

3. The primary, secondary, and leakage inductances 
of the transformer. 

4. The inductance and resistance of the conductor 
under test. 

The characteristics of the injection transformer (item 3, 
above) are among the most important parameters. They 
effect the primary and secondary inductances, the flux in 
the transformer core and the proportion of flux produced by 
current in the primary that links the secondary winding. 
The difference between these two fluxes is the leakage flux, 
and it is the leakage flux that prevents the secondary cur-
rent from being as large as the primary current. 

Determining inductance: For a given transformer, the 
primary and secondary magnetizing inductances may ei-
ther be measured on an inductance bridge or be deter-
mined by discharging a known capacitor through the 
winding and observing the frequency of oscillation. The 
magnetizing inductance can also be determined from the 
average slope of the B-H curve: 
 

H = NI
l

   (18.13) 
 
Mutual inductance, which determines the degree of 

coupling between windings, can be determined by con-
necting the primary and secondary windings in series, first 
so that the two magnetic fields set up are in the same direc-
tion (series aiding) and then, so the magnetic fields are in 
opposite directions (series bucking), as shown in Fig. 
18.43(a). 

 
Equivalent circuit of transformer: Knowing the pri-

mary, secondary, and mutual inductances, one can pro-
duce an equivalent circuit of an injection transformer. An 
example of such a circuit is the Pi circuit shown in Fig. 
18.43(b). 

 
 

 
 
 

 
 

 
Fig. 18.43 Development of equivalent circuits. 

If the number of turns on the primary winding is equal 
to the number on the secondary winding (the usual case), 
the circuit can be simplified as shown in Fig. 18.43(c). The 
basic factor governing the current that can be induced is 
the ratio of the series leakage inductance to the shunt mag-
netizing inductance. Leakage inductance is not particu-
larly affected by saturation of the transformer, but satura-
tion does affect the magnetizing inductance. When the 
core saturates, the shunt impedance drops to a low value 
and diverts current from the conductor under test. 
 

Complete equivalent circuit: A complete equivalent 
circuit (Fig. 18.44) includes the parameters of the TG and 
the conductor under test, and possibly the stray capaci-
tance of the injection transformer. 
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Fig. 18.44 Complete equivalent circuit of a conductor 

under test. 
 

Effects of multiple turns: Injection transformers are 
not constrained to be operated with equal numbers of turns 
on the two windings. For instance, if the conductor under 
test is looped through the core several times, as illustrated 
in Fig. 18.45, a given excitation on the transformer pro-
duces less short circuit current, more open circuit voltage, 
and a decrease in the frequency of the natural oscillatory 
mode of the cable under test. If there are more turns on the 
primary, the result is more short circuit current, less open 
circuit voltage, and a decrease in the oscillatory frequency 
of the pulse generator. The rise time of the current and 
voltage pulses also increases. 

 

 

Fig. 18.45 Effect of more turns on secondary. 

- Less short circuit current. 

- Longer current pulse rise time. 

- More open circuit voltage. 

- A decrease in the frequency of the natural oscillatory 
mode of the cable under test. 

18.7 Measurements 

System testing involves high frequencies, high voltage, 
and high current. A few notes on measurement techniques 
follow. Additional notes on measurement techniques are 
given in [18.8]. 

Oscilloscopes: Oscilloscopes used should have band-
widths ranging up to of 100 MHz or greater. The oscillo-
scopes should also be well shielded against interference 
from the test TGs and from the circuit under test. This of-
ten requires that they be housed in a shielding enclosure 
and physically as far from the test setup as possible.  

 
Voltage probes: Conventional, high-impedance volt-

age probes are somewhat susceptible to noise voltages and 
cannot tolerate input voltages higher than about 1 500 V. 
Since the impedances of the circuits under test are gener-
ally low, suitable voltage probes can be made from carbon 
resistors (Fig. 18.46). Wire wound resistors should be 
avoided because of their excessive inductance. Total re-
sistances of several thousands of ohms are satisfactory and 
can be distributed among several resistors, if the voltage 
on individual, 1-watt carbon resistors is limited to about   
1 000 volts. Instantaneous power dissipated in these resis-
tors may be high, but the average power is low. 

 
 
 

 

(a) Circuit 
 

 
(b) Evaluation of ratio 

Fig. 18.46 Resistive divider for measurement of voltage. 

Current transformers: Current measurements are 
usually made with a current transformer. Current trans-
formers that are well shielded and that have wide band-
widths are commercially available. However, suitable cur-
rent transformers for many purposes can also be custom 
wound on toroidal magnetic cores, as shown in Fig. 18.47. 
The secondary winding of a current transformer should be 
uniformly wound around the core and the conductor upon 
which measurements are made should be kept near the 
center of the core. Transformers can also be made using 
split cores, which are easier to place around conductors but 
have poorer low frequency response. A good discussion of 
the factors affecting the responses of current transformers 
appears in [18.9]. 
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Low frequency response: An equivalent circuit of a 
current transformer is shown in Fig. 18.48(a). Primary 
current induces a voltage in the windings proportional to 
the derivative of the current. Because of the inductance, L, 
of the transformer windings, the current applied to the 
viewing resistor, R, is initially proportional to the integral 
of the voltage, and hence to the input current. 

 

 

Fig. 18.47 Current transformer. 
 
 

 

Fig. 18.48 ‘Droop’ in a current transformer. 

The resistance, however, prevents perfect integration, 
so that the output voltage gradually departs from the true 
waveform of the input current. Transformer specifications 
list this departure as the ‘droop’ of the current transformer, 
illustrated in Fig. 18.48(b). Care must be taken that this 
‘droop’ is not excessive for the pulse waveform being ob-
served. Split core transformers are prone to excessive 
‘droop’. 

Rogowski coils: Rogowski coils can be used when the 
durations and amplitudes of the pulses exceed that which 
can be measured by conventional current transformers. A 
Rogowski coil (Fig. 18.49) consists of a helical coil of 
wire surrounding the current being measured. 

 

 

Fig. 18.49 Rogowski coil. 

 
The output from a Rogowski coil is proportional to the 

derivative of current and must be integrated to yield the 
true waveform. Passive RC integrators are sometimes 
suitable, particularly for rapidly changing transients, but in 
general, active integrators, Fig. 18.49 (c), are better. 

 
Rogowski coils are characterized by a mutual induct-

ance, M, related to the dimensions of the coil. 

M = n�πd
a

�
2

             H (18.14) 
where  

 
n = turns per unit length 
a = radius of coil 
d = diameter of coil form 

 

     The output of a given Rogowski coil having an integra-
tor time constant of RC would be: 

 
 eo = M

RC
I (18.15) 
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Resistive shunts: Resistive shunts, particularly those 
having a coaxial geometry, are useful for measuring the 
short circuit current from a generator and for calibrating 
current transformers and Rogowski coils. However, resis-
tive shunts can seldom be used for measuring the current 
induced in conductors under test, because they must usu-
ally be operated with one terminal connected to ground. 

18.8 Precautions Regarding Support  
Equipment 

Most tests require the equipment or system under test 
to be supported (i.e., powered) and monitored by equip-
ment that is not normally installed in the aircraft. Experi-
ence has shown that some of the problems encountered in 
conducting system functional upset tests involve the sup-
port equipment. It has also been found that some supposed 
‘failures’ of the EUT have really been caused by the sup-
port equipment. These problems can arise either from mal-
function of the support and monitoring equipment or be-
cause the leads to that equipment provide extraneous cou-
pling paths into the EUT. 

The support equipment and its connecting leads should 
be as well protected against lightning induced effects as 
the equipment being tested. As a minimum, all leads con-
necting the support equipment to the EUT should be 
shielded. Often, it is appropriate to use copper tubing for 
these shields. Optical isolation devices are appropriate 
where monitoring equipment must be connected to inter-
nal circuits of the EUT. Also, the monitoring equipment 
should be as far from the EUT as possible, to minimize 
direct radiation from the test circuit and EUT into the 
monitoring equipment. 

 

 

 

 

 

 

 

 

18.9 Safety 

Equipment and system testing, particularly at high 
power levels, involves the use of test equipment that op-
erates at lethal voltages. Safety precautions are essential 
and should be addressed in test plans or laboratory proce-
dures. At minimum, these precautions should include the 
following: 

1. Restrict access to the test area to all personnel except 
those operating the test equipment. 

2. Assure that all people that are assigned to set up and 
operate the tested system and equipment and the light-
ning TGs are trained in setting up the equipment and 
generators and in the operation of same. 

3. Provide all capacitor banks with grounding sticks and 
ground dump switches. Never touch a capacitor until it 
has been verified that the grounding stick is in place, 
or the switch is closed. 

4. Consider placing all high voltage equipment into a test 
cage fitted with interlocks that prevent the equipment 
from being energized when access doors are open. 

5. Ground all shields on measurement leads and support 
equipment leads. 

6. If a test might cause an item to explode or shatter, use 
barriers to confine flying fragments to the test area. 
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