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Introduction

This document serves as a state of the art for technologies used to detect cathodic disbondment
on steel pipe. The object of the proposed work is to develop a technology that could detect
coating disbondment on steel pipe from above ground, thus identifying potential corrosion
locations before the pipeline fails. Ideally this technology would detect a coating disbondment at

a very early stage, when there is little or no corrosion associated with it.

There is currently no method to detect or locate a disbonded coating from above ground.
Existing pipeline potential gradient surveys, both DC and AC voltage, make use of only
amplitude data. While amplitude methods can detect an active holiday (break) in the coating, a
disbonded coating can shield active corrosion from both detection and cathodic protection.
Stated another way, the space between a disbonded coating and the pipe can house an active
corrosion cell. Until there is an actual holiday in the coating, the corrosion cell cannot be
detected with existing technology. A holiday will allow increased cathodic protection current to
flow to the pipe in the immediate vicinity of the holiday, but may not reach the extremities of a
large disbondment. Internal methods, such as magnetic flux leakage (MFL) pigging may detect
wall thinning but will not differentiate causes. MFL pigging is expensive and may not be
possible on lines with bends or diameter changes.

A patent search was performed, and no technologies relating to Phase Sensitive Methods to
Detect Cathodic Disbondment were found. There are, however, other technologies that may
detect cathodic disbondment by other means. There are also techniques that may infer the
presence of cathodic disbondment by detecting its effects, such as shielded corrosion cells.

The general result of the state-of-the-art survey is that there is a great deal of technology that is
focused on identifying and locating active corrosion. There is little technology that can identify

flaws early on.



Standards

The technology being researched will aim to address a number of standards. It is understood that
properly coated pipe will follow one or more of these practices, listed in the project proposal, but

not directly referenced elsewhere in this document.

NACE International: | NACE Standard RP0105-2005

Standard

Recommended Practice

Liquid-Epoxy Coatings for External Repair, Rehabilitation, and
Weld Joints on Buried Steel Pipelines

NACE Standard RP0303-2003

Standard

Recommended Practice

Field-Applied Heat-Shrinkable Sleeves for Pipelines: Application,
Performance, and Quality Control

American Petroleum | API5L

Institute (API): Standard

American Petroleum Institute

Specification for Line Pipe

American Society of | ASME B31.3

Mechanical Standard

Engineers (ASME): American Society of Mechanical Engineers

Process Piping

ASME B31.4

Standard

American Society of Mechanical Engineers

Pipeline Transportation Systems for Liquid Hydrocarbons and
Other Liquids

The research will also aim to address the following standards related to direct assessment and

measurement. These standards are cited elsewhere in this document.

e NACE Standard RP0502: Item No. 21097. Pipeline External Corrosion Direct

Assessment Methodology.

e NACE Standard TM0102: Item No. 21241. Measurement of Protective Coating

Electrical Conductance on Underground Pipelines.



Existing Technologies

The existing technologies can be roughly divided into two categories: gradient surveys and
waveform analysis. By existing, these authors mean that there is commercial, off-the-shelf
equipment available. Gradient surveys take a measurement of a single parameter, such as pipe to
soil potential, at various points along the pipe being surveyed. Waveform analysis, by contrast,
captures the voltage or current waveform to a high resolution. The waveform is then analyzed to

extract information about the state of the pipeline.

Because of its simplicity, the Direct Current VVoltage Gradient (DCVG) survey is probably the
most commonly used survey method. There are a large number of manufacturers and contractors
that support this type of survey. If the pipeline has cathodic protection (CP) test stations in
place, the DCVG survey can be performed with a half-cell and a digital multimeter (DMM). The
DCVG survey is not intrinsically sensitive to disbondment. The DCVG will find existing
holidays of a reasonable size by detecting the change in pipe to soil potential along the pipe. An
abrupt change in potential as a function of location infers that there is a breach in the coating.
The holiday so found may be the end result of a disbondment that shielded a corrosion pocket.
NACE TM0102 (NACE International, 2002) describes survey techniques for measuring the
conductance of pipeline coatings. A disbondment is expected to change the capacitance of the

coating, and may have no effect on the conductance.

In Line Inspection (ILI) methods, such as magnetic flux leakage (MFL) pigging can be regarded
as surveys with extremely fine spatial resolution. It must be noted that not all pipelines are
accessible to ILI methods. This is a well-established method supported by numerous vendors.
IL1 can detect wall thinning but does not differentiate the causes. If a disbondment contains an
active corrosion cell, then there may be wall thinning associated with the corrosion. It is
important to note that the wall thinning may not be present during the early stages of a
disbondment. Properly applied ILI will locate indications along the pipeline with very good
spatial accuracy. ILI may infer the presence of a well-established disbondment but does not

directly detect it.

The Alternating Current Voltage Gradient (ACVG) and Current Attenuation (ACCA) may be
able to detect large disbondments. Because these techniques measure only the signal amplitude,



however, it may be difficult to distinguish between an extensive disbondment and a small
holiday. These methods inject a known AC signal into the pipeline over and above the existing
CP current. The ACVG measures the AC signal at various locations along the pipeline by the
use of probes in contact with the soil. The ACCA uses a hand held magnetometer or search coil
to get the measurement without the requirement of soil contact. Anomalies in the coating will
cause the AC current to drain off at rate different than pristine coating. These techniques detect
the difference. The Radiodetection Pipeline Current Mapper is an example of a modern ACCA
instrument (Parker, 2002 and 2004.)

The first type of waveform analysis to be considered makes use of the half-wave rectified
sinusoid that is the commonly used on impressed current systems. EUPEC Risk Management
Systems (formerly TransWave International) offers the system commercially (Flanery et al,
2000; EUPEC Risk Management Systems, n.d.) In this case, data is taken at hard wired test
stations along a pipeline that is under impressed current protection. A digital oscilloscope is used
to capture the rectified power waveform. The waveform is then analyzed for its extreme values
and features. This provides more information than the simple average voltage given by a DMM.
A pipeline may have an average CP voltage that is appropriate while the extreme negative
excursion of the rectifier waveform may be in a region that can produce excess hydrogen and
promote disbondment. Once again, the technique can provide inferential evidence that a
disbondment is present but does not directly detect the disbondment. The technique has a unique

advantage in that it uses an excitation waveform that is commonly available on many pipelines.

Time Domain Reflectometry (TDR) is commonly used in the telecom industry to detect faults in
electrical cables, both buried and overhead. It has seen some limited use in geotechnical
applications such as bridge tendon inspection (Chajes et al, 2002.) There are numerous vendors
supporting TDR for wire and cable applications. The Infrastructure Technology Institute at
Northwestern University (Evanston, IL) and the University of Delaware (Newark, DE) are at the

forefront of applying TDR to civil and geotechnical engineering.

In TDR, an electrical pulse is launched into the conductor one wishes to inspect through a direct
connection. The injection point is monitored using a high-speed digital oscilloscope. Various

features along the conductor will cause reflections of the pulse that can be observed at the



injection point. The time delay between launch and reflection gives the distance from the
injection point to the flaw. The phase and amplitude of the reflection provide information about

the geometry of the flaw.

TDR does require some calibration to give accurate results. The velocity of pulse propagation in
the conductor must be characterized to give accurate linear location. Various features such as
flaws, branches, stubs, etc will give their own characteristic reflections. These characteristics
must be catalogued. Once calibrated for pipelines, TDR may be able to directly detect and
distinguish cathodic disbondment. The drawback to TDR is that its range may be limited in the
pipeline environment. TDR typically uses sharp pulses that contain high frequency components
that would be susceptible to dispersion. Using lower frequency excitation can extend the range
at the expense of lowering the resolution. Both the spatial location accuracy and size of flaw

detection would be affected.

Current Research

Spread Spectrum Time Domain Reflectometry (SSTDR) systems are currently under
development (Smith et al, 2005.) SSTDR uses a unique train of pulses to excite the pipeline
under test. The use of a complex waveform can improve the noise immunity and spatial
resolution over that of single pulse TDR. Correlation techniques are used to bring about the
improvement. Because the complex signal is known at the transmitter, the receiver can correlate
the echoes with a replica of the sent signal. The correlation technique will be much more robust

in the presence of noise.

The corrosion process itself generates electrochemical noise (EN) and potentials. Once again, it
is important to note that a coating disbondment in its very early stages may not contain
corrosion. A variety of techniques are described in the patents cited. These use auxiliary
electrical signals to excite the pipe or specimen under test. These auxiliary signals are used to
overcome the polarization potentials caused by corrosion, and by doing so, measure it. In other
instances the auxiliary signals provided a scaling and calibration of the attenuation along the
pipeline allowing accurate scaling of the EN being observed. The importance of EN techniques
is that they recognize the pipe-to-soil boundary as having complex impedance. The technique

that GTI proposes seeks to find impedance anomalies in the pipeline coating.



Patents

Below are the abstracts of U.S. patents believed to be relevant to the current research. The

patents are included in their entirety the Appendix.

1.0 Monitoring the Corrosion of Pipelines by Evaluating the Noise in Data Signals
Transmitted via the Pipeline” (US 6,718,267, Jones; Issued April 6, 2004)

(57) ABSTRACT

When a pipeline is used as a medium for data transmission
using a VLP or ELF Electro-magnetic signal the presence of
corrosion effects on the pipeline lead to noise signals appear-
ing in the received data signal. The present invention relates
to a method of separating out this noise signal and analyzing
it to determine the corrosion status of the pipeline. Both the
type and location of the corrosion effect can be determined
in this way.

2.0 Method of Detecting Corrosions in Pipelines and the Like by Comparative Pulse
Propagation Analysis (US 6,298,732, Burnett; Issued October 9, 2001)

(57) ABSTRACT

A method of detecting corrosion on an clongate member,
such as a pipe. Far side and near side electric pulses (waves)
are transmitted into a magnetically permeable pipe at spaced
locations to travel toward one another. These are synchro-
nized to intersect at various locations on the pipe. The
resulting wave forms are analyzed by combining adjacent
wave forms resulting from pulses intersection at spaced
locations. Two combined wave forms are analyzed by sub-
tracting one from the other to produce a difference wave
form and the difference wave forms are compared to detect
corrosion.

3.0 Electrochemical Impedance Spectroscopy Method for Evaluating Corrosion Inhibitor
Performance (US 5,370,776, Chen/Chevron Research and Technology Company; Issued
Dec 6, 1994)

[57] ABSTRACT

A simple, expedient method for measuring the effective-
ness of a corrosion inhibitor provided to a metallic
surface by a surface layer, wherein the layer is formed
by use of the corrosion inhibitor is a corrosive fluid. The
method employs the measuring of a high frequency
phase angle as an indicator of inhibitor effectiveness.



List of Acronyms

ACVG Alternating Current VVoltage Gradient

ACCA Alternating Current — Current Attenuation

ECDA External Corrosion Direct Assessment

ICDA Internal Corrosion Direct Assessment

SCCDA Stress Corrosion and Cracking (Direct Assessment)
DMM Digital Multimeter

CIS Close Interval Survey

DCVG Direct Current Voltage Gradient or Direction Current VVoltage Gradient
PCM Pipeline Current Mapper

SCM Stray Current Mapper

TDR Time Domain Reflectometry

SSTDR Spread Spectrum Time Domain Reflectometry
IEEE Institute of Electronic & Electrical Engineers

NACE National Association of Corrosion Engineers
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(7) ABSTRACT

When a pipeline is used as a medium for data transmission
using a VLP or ELF Electro-magnetic signal the presence of
corrosion effects on the pipeline lead to noise signals appear-
ing in the received data signal. The present invention relates
to a method of separating out this noise signal and analyzing
it to determine the corrosion status of the pipeline. Both the
type and location of the corrosion effect can be determined
in this way.
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1

MONITORING THE CORROSION OF
PIPELINES BY EVALUTING THE NOISE IN
DATA SIGNALS TRANSMITTED VIA THE
PIPELINE

This invention relates to a method of detecting and
monitoring corrosion on both onshore and offshore pipelines
especially but not exclusively by utilising low frequency
signal propagation communication systems.

BACKGROUND OF THE INVENTION

Pipelines used for the transport of oil both on and offshore
are subject to corrosion effects both from the material being
transported and from the external environment. In order to
ensure that the mechanical integrity of the pipeline is not
compromised there is a need to monitor any corrosion that
takes place. In certain circumstances, visual inspection of
the pipeline is possible. However internal inspection and
inspection of offshore pipelines in this way is generally not
practical.

It is known that corrosion effects in a metallic pipeline
will have an effect on electrical signals that are transmitted
along a section of pipeline. Various proposals have previ-
ously been made to make use of electrical effects to monitor
and measure corrosion rates in metal structures. Examples of
methods for monitoring and measuring corrosion in metal
structures using electrical techniques are described in U.S.
Pat. Nos. 4,575,678, 4,658,365, 5,139,627 and 5,370,776. In
each of these there is either a dedicated electrical connection
made to the structure using parts of the structure to form
electrodes or special electrodes attached to the structure.
Various techniques are used for applying and analyzing
electrical signals to obtain some measure of corrosion
effects.

All of these techniques however share the disadvantage
and limitation that they rely on the addition of extra com-
ponents and specific dedicated external circuitry to the
pipeline or structure in order to apply and measure electrical
signals. In certain circumstances, for example offshore, this
may be difficult to achieve.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide a means
of analyzing the electrical effects caused by corrosion in
metal structures without the addition of extra external con-
nections and circuitry.

According to the present invention there is provided a
method of corrosion monitoring of pipelines comprising
separating out a noise signal from a reference signal trans-
mitted on a pipeline and analyzing said noise signal to
provide an indication of the presence of corrosion effects.

Preferably the reference signal comprises a data commu-
nications signal.

The reference signal may be a DC signal or a low
frequency AC signal. Most preferably, the reference signal
has a signal frequency of around 100 Hz.

Preferibly also, the noise signal is separated out into
elements representative of specific corrosion effects on the
pipeline.

More preferably, the separate noise elements are analysed
by comparison to noise signals representative of a range of
corrosion effects to identify the presence and extent of any
of said corrosion effects.

Most preferably, the separate noise elements are addition-
ally analysed to determine the positional source of each
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noise element and so identify the location on the pipeline of
each corrosion effect.

This may, for example, be by transmitting signals in both
directions and analyzing their interaction.

The corrosion effects being monitored may for example
include general corrosion, localised corrosion, sacrificial
anode cathodic protection, CO, corrosion and seawater
corrosion.

BRIEF DESCRIPTION THE DRAWINGS

Embodiments of the present invention will now be
described by way of example with reference to the accom-
panying drawings in which:

FIG. 1 is a schematic diagram illustrating the manner in
which corrosion cells on a pipeline effectively create addi-
tional electrical inputs to a, signal being transmitted on said
pipeline; and

FIG. 2 is an effective circuit diagram of the corrosion cell
that exists between the pipeline and seawater or ground.

FIG. 3 is a schematic diagram illustrating separating out
of a noise signal from a transmitted reference signal and
further obtaining a corrosion status from the noise signal
according to an embodiment of the present invention

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT (S)

International Patent application number PCT/GB93/
01272 describes a system for data transmission on pipelines.
The system described is a low frequency communications
system in which digital signals are transmitted along both
onshore and offshore pipelines. Data is transmitted in either
direction between a master platform and a remote, usually
offshore, facility via communication channels formed by the
electrically conducting material of the pipelines. The data is
transmitted in the form of a VLF or ELF Electron-magnetic
signal which comprises changes of voltage level oscillating
about the DC voltage level of pipe so that the mean level of
the signal is the DC voltage level of the pipe. The signal
frequency is of the order of 100 Hz and as part of the data
transmission system the received signal is analysed, using a
series of signal processing algorithms, to remove noise
picked up during transmission to produce a clean signal for
data purposes. The presence of this noise is, at least partially,
a result of corrosion effects on the surface, both internally
and externally, of the pipeline. Thus while for data trans-
mission purposes this noise is undesirable its very presence
is on the other hand an indication of corrosion effects on the
pipeline. While the above application recognises the cause
of noise, its main concern is the removal of the noise effect
from the data transmission.

Referring to the drawings the present invention is con-
cerned with the analysis of the noise signal 10 that occurs in
the transmitted signal 9 to provide a picture of the corrosion
status 11 of the pipeline. The noise picked up on the
transmitted signal is low frequency noise of typically <1 Hz.
The noise has the spontaneous non-stoiochmetric electro-
chemical signal of low frequency (<1 Hz) and low amplitude
(<10 mv) which is characteristic of the corrosion process and
corrosion Kinetics occurring on the metal surface. Thus by
detailed analysis of the noise signal the presence of corro-
sion on the pipeline between the signal transmitter and
receiver can be determined. Further developments may
allow detailed analysis of the extent, type and location of the
corrosion.

More specifically the noise can be considered as the effect
of the numerous parallel and series paths of corrosion cells



US 6,718,267 B1

3

associated with the pipeline. The electrochemical noise
generated by these corrosion cells is effectively added to the
data transmission signal. This can be seen in FIGS. 1 & 2
where a data transmission system is shown generally at 1
with a data transmitter 2 and a receiver 3 at respective ends
of the system. A series of corrosion cells are represented by
4. The effective circuit of each corrosion cell 4 is shown
generally in FIG. 2 being effectively a combination of
resistive 5 and capacitive 6 elements between a pipeline 7
and ground 8.

Of course the noise signal is itself a composite signal
representative of the cumulative effects of the various cor-
rosion call paths. This noise signal will be made up of
electrochemical noise associated with natural corrosion pro-
cesses both generally and localised on joins and welds etc.
both internally and externally and the effect of noise gen-
erated by sacrificial anodes.

By building up a database of the characteristics of the
different electrochemical noises generated from different
corrosion processes it is possible to have a means of iden-
tifying these corrosion processes when they occur in prac-
tice. Examples include general corrosion, localised
corrosion, sacrificial anode cathodic protection, CO,
corrosion, and seawater corrosion.

The present system analyses the noise signal to separate
out and identify these individual noise elements in order that
a picture can be created of the corrosion state of the section
of pipeline. The analysis can be more or less complex
depending on the level of detail required in the report to be
created

Modifications and improvements may be made without
departing from the scope of the invention herein intended.
For example although the embodiment described makes use
of a data transmission system on the pipeline it is also
envisaged that the system can be adapted for use on pipe-
lines where no such data transmission system is in use. In
such circumstances alternative arrangements can be pro-
vided for transmitting and receiving reference signals along
the pipeline.
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I claim:

1. A method of corrosion monitoring of pipelines com-
prising separating out a noise signal from a reference signal
transmitted on a pipeline, separating out the noise signal into
noise elements, and analyzing said noise elements by com-
parison to noise signals representative of a range of corro-
sion effects, to provide an indication of the presence of
corrosion effects in the pipeline.

2. A method of corrosion monitoring of pipelines as
claimed in claim 1, wherein the reference signal comprises
a data communications signal.

3. A method of corrosion monitoring of pipelines as
claimed in claim 1, wherein the reference signal has a signal
frequency of around 100 Hz.

4. A method of corrosion monitoring of pipelines as
claimed in claim 1, wherein the separate noise elements are
analysed to determine the positional source of each noise
element to identify the location on the pipeline of each
corrosion effect.

5. A method of corrosion monitoring of pipelines as
claimed in claim 4, wherein the signals are transmitted in
both directions and interaction analysed to determine the
positional source of each noise element.

6. A method of corrosion monitoring of pipelines as
claimed in claim 1, wherein the corrosion effects being
monitored include general corrosion, localised corrosion,
sacrificial anode cathodic protection, CO, and seawater
corrosion.

7. A method of corrosion monitoring of pipelines as
claimed in claim 1, wherein said step of analyzing is
conducted on a noise signal having a frequency of less than
1 Hz.

8. A method of corrosion monitoring of pipelines as
claimed in claim 1, wherein said step of analyzing is
conducted on a noise signal having an amplitude of less than
10 mV.
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METHOD OF DETECTING CORROSION IN
PIPELINES AND THE LIKE BY
COMPARATIVE PULSE PROPAGATION
ANALYSIS

This application is a continuation of Ser. No. 09/090,800
filed Jun. 4, 1998, U.S. Pat. No. 6,065,348 which colims
benefit of Prov. No. 60/048,660 filed Jun. 4, 1997.

BACKGROUND OF THE INVENTION

a) Field of the Invention

The present invention relates to a system, apparatus and
method for testing elongate objects, such as pipe, and is
directed toward the problem of detecting corrosion, defects
or other anomalies to the pipe under conditions where access
and/or visual inspection of the pipe is either not possible or
impractical.

b) Background Art

In petroleum processing and petrochemical plants and
other industrial environments, it is common to have numer-
ous pipes extending between various locations in the plant,
with these pipes carrying fluid or gas (e.g.petroleum
products), often under high heat and pressure. These pipes
are commonly made of steel, and can have an inside
diameter ranging anywhere from two to sixty inches, or even
outside of this range. The exterior of these pipes are often
insulated, with the insulating layers being as great as
approximately ¥s to 5 inches in thickness, or outside of this
range.

For a number of reason, (safety, environmental
considerations, avoiding costly shut-downs, etc.), the integ-
rity of these pipes must be maintained. Defects in the pipe
can occur for a number of reasons. One is that moisture can
collect between the insulating layer and the pipe, thus
causing corrosion (i.e.rust). Visual inspection of the steel
pipe that is encapsulated in insulation is not possible unless
the layers of insulation are removed, and then replaced.
However, this is expensive and time consuming, and as a
practical matter it would be economically unfeasible to
accomplish the inspections with reasonable frequency.

It is the object of the present invention to provide a means
of inspecting pipes under the circumstances given above in
a manner that corrosion, other defects and/or anomalies can
be detected with a relatively high degree of reliability, and
in a manner that the various difficulties of inspection, such
as those mentioned above, can be diminished and/or allevi-
ated.

SUMMARY OF THE INVENTION

The method of the present invention enables corrosion on
an elecromagnetical permeable elongate member, such has a
pipe, to be detected quite effectively. More specifically, this
method enables much of the irrelevant information
(reflections, electromagnetic noise) to be eliminated from
the wave form, and then the wave forms processed in a
particular manner to enable clearer identification of varia-
tions in the wave form that would indicate corrosion.

In the method of the present invention, a nearside and far
side electric or electromagnetic pulses (waves) are transmit-
ted from, respectively, nearside and farside spaced transmit-
ting locations on the elongate member. The pulses (waves)
travel toward one another to intersect at intersecting loca-
tions on the elongate member.

The farside pulses are received as wave forms at a
receiving location after intersection with related nearside
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pulses. The transmission of the nearside and farside pulses
are synchronized so that the intersections of the near side
and far side pulses (waves) occur at spaced intersecting
locations on the elongate member.

The wave forms of at least two of the far side pulses
(waves) which are spaced from one another are combined to
form a composite wave form. A variation of variations are
ascertained from the composite wave form as a means of
detecting corrosion.

In the preferred form, one of the wave forms of the two
wave forms that are to be combined is inverted and then
added to the other of the waveforms being combined to
create a difference waveform, and variations in the differ-
ence wave form are ascertained as a means of detecting
corrosion.

Also, in the preferred form, the nearside pulses which
pass through points of intersection that are adjacent to one
another are considered to be sequential nearside pulses, with
the order of sequence being the same as the order in which
the points of intersection are spaced along the elongate
member. The combining of the nearside waveforms is
accomplished in a pattern such that first and second adjacent
wave forms are combined to make a first composite
waveform, the second waveform and an adjacent third
waveform are combined to make a second composite
waveform, the third waveform is combined with an adjacent
fourth waveform to make a third composite waveform, with
the pattern repeating itself with subsequent pairs of wave-
forms from adjacent farside pulses. Adjacent composite
wave forms are compared with another as a means of
detecting corrosion.

A reference wave form is established by creating com-
posite wave forms resulting from pulses that intersect at
non-corroded areas of the elongate member, and identifying
composite waveforms that differ from the reference com-
posite waveform by a phase shift and/or dispersion and/or
amplitude and and/or wave distortion.

Corrosion that is present between two adjacent points of
intersection on the elongate member is detected by compar-
ing a composite wave form resulting from combining the
difference waveform overlapping the point of intersection
with difference wave forms on opposite sides of the over-
lapping composite waveform.

Also, corrosion that is present at a point of intersection of
two wave forms can be detected by deriving two difference
waveforms by combining the waveform at the point of
corrosion with adjacent waveforms to form two difference
wave forms which are then compared.

Also, two additional difference wave forms that are on
opposite sides of, and adjacent to, the two difference wave-
forms which are analyzed to detect the corrosion are com-
pared with the two difference waveforms which are com-
bined at the point of intersection as a means of detecting
COITOSION.

Other features of the present invention would become
apparent from the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a somewhat schematic view of the system of the
present invention being in its operative position where it is
being used in testing a length of insulated pipe;

FIG. 2 is a graph illustrating one way in which data can
be taken and presented in accordance with the present
invention, this graph plotting propagation time against dis-
tance from A to B and again from B to A giving a reversed
profile;
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FIGS. 2A and 2B are schematic drawings showing the
intersection of two pair of pulses at adjacent spaced loca-
tions;

FIG. 3 is a graph which displays a curve in the lower part
of the graph which represents a composite wave form
resulting from both the near side of far side pulses traveling
along the pipe section under test, and the curves at the upper
part of FIG. 1 showing resulting wave forms at different
locations, using the method of the present invention;

FIG. 4 is a graph which is similar to the upper part of the
graph of FIG. 3, displaying separately a first resulting wave
form identified at the zero location shown in FIG. 3;

FIG. 5 is a graph similar to FIG. 4, but showing separately
the resulting wave form identified at the 25 location shown
in FIG. 3;

FIG. 6 is a graph similar to both FIGS. 4 and 5, but
showing separately the resulting wave form at the 50 loca-
tion of FIG. 3;

FIGS. 7A through 71 are a series of simplified illustrations
of wave forms to demonstrate certain principles of different
wave forms;

FIGS. 8A through 8E and FIGS. 9A through 9E are two
series of Figures similar to those of FIGS. 7A through 7E,
and to illustrate further the certain principles of difference
wave forms;

FIG. 10 is an illustration of the paths of the electromag-
netic wave components traveling along a section of pipe;
and

FIGS. 11-16 are presentations of wave forms illustrating
the difference wave forms produced in accordance with the
method of the present invention.

FIG. 17 is a graph illustrating the wave forms in the first
step of third embodiment of the present inventions;

FIG. 18 is a graph similar to FIG. 17, showing the wave
forms of a subsequent step in this third embodiment;

FIG. 19 is a schematic drawing of the place for the
antennas in this third embodiment;

FIG. 20 is a graph similar to FIGS. 17 and 18 illustrating
a third step in the third embodiment;

FIG. 21 is a graph showing three of the wave forms of
FIG. 20, drawn to a scale emphasizing the vertical dimen-
sion of the waves;

FIG. 22 is a graph similar to FIG. 21 showing the wave
forms of FIG. 21 and also the difference wave forms derived
therefrom,;

FIG. 23 is a graph similar to FIG. 21 showing three of the
waves moved together;

FIG. 24 is a graph showing a plurality of difference wave
forms, where two areas of corrosion are being detected;

FIG. 25 is a graph derived from the earlier wave forms
illustrating the difference in amplitude of the difference
waves where corrosion exists;

FIG. 26 is a graph based on FIG. 24, further emphasizing
the differences in amplitude.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The basic testing apparatus and method of the present
invention will now be described with reference to FIG. 1.
There is shown a pipe 10 having a section 11 which is under
test. This pipe 10 is or may be a pipe or pipeline that would
typically be used in the petroleum or petrochemical industry,
where the pipe is made of steel and surrounded by a coat or
layer of insulation.
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The apparatus 12 of the present invention is shown
somewhat schematically in its operating position, testing the
section 11 of the pipe 10. This apparatus 12 comprises a
pulse generator 14, a signal analyzer 16, and interactive
computer 18, and two transmitting/receiving antennas 20
and 22. There are two cables 24 and 26 (or other signal or
pulse transmitting means) interconnecting the antennas 20
and 22, respectively, to the pulse generator 14. There is a
second pair of cables or other transmitting means 28 and 30
connected between the cables 24 and 26, respective, and to
the signal analyzer 16.

When the transmitted pulse is received by one or the other
of the antennas 20 or 22, this pulse is in turn transmitted to
the signal analyzer. Certain analysis can immediately take
place in the signal analyzer 16. Alternatively, the informa-
tion relating to the pulse can be stored and analyzed at a later
time. The computer performs certain control functions in the
proper transmission and reception of the pulses and other
functions.

There are several ways in which an apparatus, such as the
apparatus 12, can be used in detecting corrosion in pipes,
and two of these will be discussed below.

There is a first method where a single pulse is transmitted
from the pulse generator 16 to one or the other of the
antennas 20 or 22 to cause the wave form to travel from the
location of that antenna 20 or 22 along the pipe 10 to the
location of the other antenna 20 or 22 where the signal from
the wave form is received. The distance between the sending
location 20 and the receiving location 22 is ascertained
accurately, and the timing of the time of transmission of the
pulse from the antenna 20 or 22 to the other antenna 20 or
22 is measured very accurately (desirably to a fraction of a
nanosecond or even to a very small fraction of a
nanosecond). If the section between the two test locations 20
and 22 is non-corroded, and if the pipe is uniform along its
length, then the pulse will arrive at the receiving location 22
in a wave form which is in the same general pattern (except
possibly for disturbances, such as a near by magnetic field,
electromagnetic noise, etc.). Also, the rate of travel of the
pulse would remain substantially constant, provided the pipe
remains uncorroded and uniform.

However, when corrosion is encountered between the
points 20 and 22, the corrosion will affect the wave form by
retarding its velocity diminishing its amplitude, and also
possibly changing the actual wave form itself.

One method of utilizing this technique is to send the pulse
from the transmitting location to the receiving location over
an uncorroded section of pipe of a know length and
diameter, and known characteristics, relative to its transmis-
sion of electromagnetic waves. This would establish the time
of travel of the wave from the transmitting to receiving
location and the expected configuration of the wave form at
the receiving location.

Then various sections of the pipe are tested, as illustrated
in FIG. 1. When there is a delay in the predicted arrival time
of the wave form and/or deviations from the reference wave
form for uncorroded pipe, then this will presumed to be due
to corrosion on the pipe. However, it should also be under-
stood that some other disturbance (e.g. nearby electromag-
netic noise, presence of some other object that would disturb
the electromagnetic field) could also affect the wave form,
and this should be accounted for.

The second method which will be discussed further in this
text is what is termed the “dual pulse” method, described in
U.S. Pat. No. 4,970,467. In this method, the same apparatus
as shown in FIG. 1 can be used. However, instead of using
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a single pulse or series of single pulses, as in the method
described above, both antennas 20 and 22 are used as both
transmitting and receiving antennas in the same timeframe.
Thus, as one pulse is transmitted from the antenna 20, one
is also transmitted from the antenna 22. These pulses travel
toward one another and “collide” at some intermediate
location along the pipe. This meeting of the pulses will cause
variations in both of the wave forms as they move through
the area of collision toward the other antenna which is its
receiving location.

By properly coordinating the precise time at which the
pulses are transmitted from the two locations 20 and 22, the
point of collision along the length of the pipe can be caused
to occur at any desired location along the length of the pipe.
Then by changing the relative time transmissions of the
pulses in small increments, this point of collision can be
stepped along the length of the pipe.

As described in the above noted patent, when the point of
collision occurs at a location where there is corrosion, the
wave form resulting from the collision will be different from
a reference wave form which would occur where the colli-
sion point is at a non-corroded section of pipe. Thus, not
only is there a means of detecting corrosion, but also a
means of determining the location of such corrosion.

Also, the antennas 20 and 22 could be used only as
transmitting antennas and two additional antennas could be
used as receiving antennas. Further, other transmitting and
receiving devices could be used, such as by making a direct
electrical connection to the pipe.

The present invention is particularly adapted for extract-
ing information from the wave forms resulting from the dual
pulse method described above.

A first embodiment of the method of the present invention
is described in the following text, with reference to FIGS.
2A-2B through FIGS. 9A-9E. A second embodiment is also
disclosed later herein, using in part the same principles as
the first embodiment, and this will be described later with
reference to FIGS. 10-16.

Reference is first made to FIGS. 2A and 2B which are
schematic illustrations of the operation of the dual pulse
method. In FIG. 2A, there is schematically shown a one
hundred foot length of pipe. It will be assumed that the pulse
travels along the length of the uncorroded pipe at the rate of
one foot per nanosecond.

In FIG. 2A, the near side pulse is transmitted into the pipe
at the location NS (near side location) at a point in time
indicated at zero. The second pulse is transmitted into the
pipe at the far side location (designated FS), and in this
particular example, it is assumed that the second far side
pulse is transmitted into the pipe forty nanoseconds earlier
than the time the near side pulse is transmitted into the NS
location.

Therefore, it can be seen that when the far side pulse has
traveled along the length of the pipe for forty nanoseconds
to reach a location indicated at the sixty foot location, the
near side pulse is transmitted at time zero from the near side
location.

The near side and the far side pulses travel toward one
another, each traveling thirty feet until they intersect at the
thirty foot location on the one hundred foot pipe. At the
intersection, the two pulses interact with one another, and
the far side pulse continues it path of travel to the near side
(NS) location. Also, the near side pulse after passing through
the point of intersection continues its course of travel toward
the far side (FS) location.

At this time, it is important to note that each of the pulses
is a somewhat complex wave form. First, as a wave form
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travels along the length of the pipe, it is subject to
attenuation, distortion, interference and dispersion. Further,
each wave can be considered as having what we might term
wave components made up of earlier and later arrivals.
There is a first arrival which will travel the shortest course
from the transmitting to the receiving location. Thus, if both
the transmitter and the receiver are on top of the pipe, the
first arrival will travel along the top surface of the pipe in a
straight line. Then there are second arrivals which are pulse
components which follow a helical path once around the
pipe to arrive at a short time later. Then there are third,
fourth, fifth, . . . etc. arrivals which come at yet later times.
Further, there are quite commonly outside sources of
interference, such as sources of electromagnetic radiation,
nearby objects which may interact with the wave form
traveling along the pipe, and thus become activated and in
turn transmit their own electromagnetic radiation back into
the pipe under test. Further, there are reflections and refrac-
tions.

To return to FIG. 2A, let us first assume that the one
hundred foot section of pipe which is under test is free of
corrosion. After the near side and far side pulses intersect at
the thirty foot location, there is a resulting wave form which
reaches the near side receiving location, which is the com-
posite of both the original near side pulse and the far side
pulse, with these having been modified or affected to some
extent by reason of intersecting.

It has been found that if the intersection of the near side
and far side pulses takes place at a location on a pipe which
is noncorroded, then the resulting pulse which travels
through the location of intersection will have certain char-
acteristics typical of a situation where the intersection takes
place at a non-corroded area of pipe. However, if the
intersection of the near side and far side pulses take place at
a location where there is corrosion, the two pulses interact
in a rather different manner, and the resulting wave form of
each of the intersected pulses has different characteristics.

However, the analysis of the wave form as a means of
detecting corrosion is difficult to quantify. There are features
such as rise time, slope, amplitude, and phase change, all of
these being relevant characteristic of the wave form.

To illustrate this, reference is made to the lower curve
shown in FIG. 3. This curve, designated 50, is a composite
curve which results from the combination of both the near
side and the far side pulses. In this instance, one transmis-
sion takes place at the near side, and the receiving antennae
is also located at the near side. The portion of the curve
indicated at 52 represents the near side pulse being trans-
mitted into the pipe at the transmitting location.

The portion of the curve indicated at the general area of
54 represents a portion of the composite wave that arrives at
the near side receiving location, this being a combination of
the far side wave and near side wave components. As
indicated above, there are reflections, refractions, late
arrivals, etc., which complicate the wave form.

Reference is now made to FIG. 2B, which shows a second
dual pulse operation where the transmission time of the far
side pulse has been delayed by four nanoseconds, so that it
is transmitted thirty six nanoseconds before the transmission
of the near side pulse. It can be seen that after the far side
pulse has traveled thirty six feet, the transmission of the near
side pulse takes place. Thus when the near side pulse is
transmitted, the far side pulse is at the sixty four foot
location, and the two pulses intersect at the thirty two foot
location.

With the foregoing being presented, the method of the
present invention will now be described. Let us assume that
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the dual pulse testing method is being accomplished and that
the near side and far side pulses are timed (as indicated in
FIG. 2A) so that there is intersection at the thirty foot
location on the one hundred foot pipe. Let it further be
assumed that the wave form which is received at the near
side location looks the same, or similar to, that shown in the
bottom part of FIG. 3.

Now let us assume that a second testing operation is to be
initiated and the far side pulse is delayed by four nanosec-
onds. However, the transmission at the near side location
remains constant, in terms of time, and is still transmitted at
zero time. As illustrated in FIG. 2B, the intersection takes
place at the thirty two foot location. What this would
effectively mean is that the portion of the composite curve
which is attributable to the far side pulse would have been
delayed, relative to the time of transmission of the near side
pulse, and that, with reference to the lower curve of FIG. 3,
the portion of the composite wave form contributed by the
far side pulse would have shifted to the right somewhat,
from what is shown in the lower curve of the graph of FIG.
3.

In order to extract meaningful information about the
condition of the pipe, the following is done. First, the
composite wave form which results from the transmission
and intersection of pulses as shown in FIG. 2A is stored in
the memory. Next, the second composite wave form result-
ing from the transmission of the near side and far side pulses
in accordance with FIG. 2B is also received. Then the
second composite wave form resulting from the test opera-
tion of Figure B is subtracted from the composite wave
resulting from the test operation in FIG. 2A.

At this point, it is very important to keep in mind that the
near side pulse has in both instances (in the operation of FIG.
2A and the operation of FIG. 2B) been transmitted at zero
time. Thus, in both the FIG. 2A and FIG. 2B operation, the
near side pulse has not changed position. From this, it
becomes apparent that the contribution of the near side pulse
to the composite wave form is essentially subtracted out of
the composite wave form resulting from the operation of
FIG. 2A. Now, let us turn our attention to the far side pulses
of the test operation of FIG. 2A and FIG. 2B. With the far
side pulse having been delayed by four nanoseconds, the
wave component of the far side pulse has now shifted from
the first location in the first operation of FIG. 2A four
nanoseconds to a second position composite curve of the
second test operation of FIG. 2B.

With the entire first composite curve being subtracted
from the entire second composite curve, there remains what
can be termed a “difference wave form”. It has been found
that if in the two dual pulse operations where the intersecting
locations are stepped within a reasonably close distance
from one another, and if uncorroded pipe is encountered at
both intersecting locations, the resultant difference wave
form is a reasonably well defined and identifiable peak.

Reference is now made to FIG. 3. It can be seen that the
curve in the upper part of FIG. 3 shows three separate peaks
designated “zero”, “twenty five”, and “fifty”, respectively.
Each of these peaks is the result of using the method of the
present invention where the point of intersection for the two
adjacent dual pulse operations has been stepped by an
interval of about 5 feet.

To provide cleaner representations of the wave forms,
FIG. 4 illustrates the single curve indicated at “0” in FIG. 3;
FIG. 5 illustrates only the curve indicated at “25” in FIG. 3,
and FIG. 6 illustrates only the curve indicated at “50” in
FIG. 3.
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It should be noted that the wave forms indicated at “0”,
“25”, and “50” in the top part of FIG. 3 are actual wave
forms extracted from adjacent wave forms similar to the
ones shown in the lower part of FIG. 3. It is important to note
that if the composite wave form is not formatted correctly,
the difference between adjacent wave forms does not pro-
vide the “effect” wave forms shown in FIG. 3.

To review how to format the data correctly, consider the
two active wave forms on the pipe, one from the near side
(NS), and the other from the far side (FS). When the data
analyzer is synchronized with the near side pulse, the near
side component of the composite pulse will not move (i.e.
shift position). However, the FS (far side) pulse, which is
synchronized to the master clock, will move across the
screen from left to right and will modify the composite wave
form for each intersection along the pipe. When the com-
posite wave forms are subtracted from each other, two
significant things happen:

1. The effect of the NS pulse, which has a very large
amplitude with respect to the FS pulse, is cancelled, since
this NS component in the composite wave form is fixed in
time.

2. The resulting difference wave form represents the
difference between the two adjacent FS pulses that have
intersected with the NS pulses at two different points on the
pipe.

When this difference occurs, then the “effect” (time rise,
slope, amplitude, dispersion and absolute time, among many
parameters that are effected by corrosion) influence the
shape of the different wave form. The difference wave form
will be displaced in time with respect to other adjacent pairs.
This time displacement is a good indication of the condition
of the pipe, provided it can be meaningfully interpreted. The
difference wave forms shown here are examples of the wave
forms that are well defined, but are very difficult to extract
real time information. (See FIGS. 4, 5 and 6. Note particu-
larly FIG. 6 at the “knee” of the wave form is not well
defined, and could be selected anywhere from a point near
thirty two hundred to forty two hundred, a range of one
hundred nanoseconds. Automating a selection of the abso-
lute time location of the knee is very difficult and sometimes
impossible. However, the peak is well defined. The peak is
not just a voltage difference between two different response
wave forms, but it is determined by the shape factors
involved with the leading edge of the two adjacent wave
forms.

For example, if the two adjacent wave forms are displaced
more in time than any two other adjacent wave forms, it will
result in an increase of amplitude. Hence, “A” (peak) is a
function of time. It is also a function of actual amplitude
difference between two different wave forms. Also, if the
leading edge of one wave form is distorted as a result of
corrosion, this distortion will result in a change of amplitude
in the difference wave form and a shift in the position of the
peak with respect of time. When the pipe is very good, the
peak is very sharp and the shape of the difference wave
forms extremely uniform. When the pipe has anomalies (e.g.
corrosion), the shape of the difference wave form is signifi-
cantly altered and the corrosion effect (CE) displaced by
major differences in the leading edge. These differences
result in an effective peak shift that can be related directly to
pipeline quality.

This peak shift is much easier to instrument and measure
than other parameters. Also this peak shift is an indicator of
the cumulative effect of all individual parameters and effect
the electromagnetic response, even if they might be very
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difficult to measure individually. As the pipe degrades, the
peak distorts more readily because of the complex contri-
bution of all driving forces. In a perfect system, every
difference pulse should be identical. Hence, measuring the
time associated with the first peak occurring after an indefi-
nite knee of a differential pair, provides an effective way of
extracting critical information and measuring the corrosion
effect.

Obviously, a stable source is required and is being used
for this system. From the wave forms included, it should be
obvious that measuring the peak is easier than measuring the
time related to the knee. When the peak is not well defined,
it will indicate different anomalies on the pipe. The process
of measuring the corrosion effect is designed to impose the
quality of data and reduce the time required to collect and
analyze the data in the field.

To illustrate in a rather simplified fashion certain aspects
of the present invention, relative to subtraction of one wave
form from another, reference is now made to FIGS. 7A
through 7G, and also FIGS. 7H and 71.

FIG. 7A shows a rather simple wave form 60 which is
drawn, for convenience, in straight lines. FIG. 7B shows the
same wave form at 62, but offset one unit from the wave
form 60. FIG. 7C shows the summation of the wave forms
60 and 62 as the wave form 64. It is possible to drive
meaningful information from the wave form in FIG. 7C
where the wave forms are added, but it is preferred to first
one of the wave forms and then add the two together. This
is done in FIG. 7D which shows the wave form 60, with the
offset wave form 62 inverted, and the summation of the
wave 60 and the inverted wave 62 accomplishes a subtrac-
tion of the wave forms of FIG. 7A and 7B. This results in the
difference in the difference wave form 66 shown in Figure
E.

As indicated above, these curves are somewhat artificial,
and in actuality, these simple wave forms would not be
formed with these straight lines. Rather FIGS. 7H and 71
would be more realistic, where we see the wave form 68 and
a very similar wave form 70 offset in the wave form 68. In
71, there is shown a difference wave form 72 which would
result from subtracting the wave 70 from the wave form 68.
It can be seen that the difference wave form 72 forms in a
rather well defined peak.

For purposes of further analysis, in FIG. 7F, the wave
form 74 is shown, exactly in the same form and position as
the wave form 60 of FIG. 7A. Then the same wave form is
shown in FIG. 7F at 76, inverted and shifted two units from
the wave form 74. Then when the wave form 76 is subtracted
from the wave form 74, there is the difference wave form 78
shown in FIG. 7G. It will be noted that with the wave form
76, spaced two units away from the wave form 74 (instead
of one unit, as in FIGS. 7A and 7B) has an amplitude which
is twice the amplitude Of the difference wave form 66. This
illustrates that if the time displacement of the wave forms
increases, the amplitude of the difference wave form would
be expected to increase. This is simply by way of
illustration, and relates to only one particular facet of
detecting corrosion from the difference wave form.

For purposes of further analysis, reference is made to
FIGS. 8A through 8E and to FIGS. 9A through 9E.

In FIG. 8A, there is shown a wave form 80, and in FIG.
8B a second advanced wave form 82 which has been
attenuated and delayed, presumably because of encountering
corrosion in the pipe. FIG. 8C shows the summation of
these, this being the wave form 84. FIG. 8D shows the same
wave form 80 and the adjacent wave form 82 inverted. FIG.
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8E shows a difference wave form 86 which results by
subtracting the wave form 82 of FIG. 8B from the wave form
80 of FIG. 8A.

In FIG. 9A, these same steps are followed. FIG. 9A shows
a wave form 88 which is the same as the wave form 80 of
FIG. 8A. FIG. 9B shows a second wave form 90 delayed by
one unit, and having a different slope along the leading edge.
FIG. 9C shows the summation wave form at 92. FIG. 9D
shows the wave form 88 and the second wave form 90
inverted. FIG. 9E shows the difference wave form at 94.

In reviewing FIGS. 7A through 71, FIGS. 8A through 8E,
and also FIGS. 9A through 9E, four of the figures show
difference wave forms, these being the difference wave form
66 in FIG. 7E, the difference wave form 78 in FIG. 7G, the
difference wave form 86 in FIG. 8E, and the difference wave
form 94 FIG. 9E. It can be seen that the different charac-
teristics of these difference wave forms emphasize the
difference between the adjacent wave forms.

It should be kept in mind that these wave forms of FIGS.
7A-T1, 8A-8E and 9A-9E are not the more complex com-
posite wave forms such as shown at 50. These are simplified
wave forms provided simply to show some of the principles
involved.

What the method of the present invention accomplished is
the elimination of a great deal of the irrelevant information.
There is the tendency of the near side pulse to swamp out the
far side pulse, mainly because the near side pulse has a
substantially larger amplitude, since it is closer to the
transmitting location. The components of the near side
pulses are substantially eliminated. Beyond this, by subtract-
ing the shifted wave components attributable to the far side
pulses from one another is that a difference comparison is
provided. If the pipe is substantially uniform along its length
(non-corroded), and if the intersecting point of the pulses is
stepped in even increments along the pipe, then the same or
very similar difference waves are expected to be obtained.
As indicated previously, the difference curves shown in the
upper part of FIG. 3 are quite similar, indicating no corrosion
or possibly minimal corrosion. Thus, the difference curves
as shown in FIGS. 4 through 6 provide the meaningful
information, without being cluttered by extraneous wave
components.

A second embodiment of the present invention will now
be described relative to FIGS. 10 through 16. By way of
introduction, much of the focus on the analysis of the wave
forms to detect corrosion has been directed toward the
leading dge of the wave form or at least the early arrival
portion of the wave form. To some extent, it has been
recognized (or at least conjectured) that valuable informa-
tion would be contained in the later arriving portions of the
wave form. However, the problem is how such information
could be identified and/or extracted.

As indicated earlier in this text, the propagating wave
form can be considered to be a composite of a number of
wave components made up at least in part of early and late
arrivals. To illustrate this graphically, reference is made to
FIG. 10 which shows a relatively short section of pipe,
where there is a transmitting location 102 and receiving
location 104. In this instance, these locations 102 and 104
are both at the top of the pipe and aligned. The straight line
lengthwise axis between the points 102 and 104 is indicated
at 106. Since this axis 106 is the shortest path between the
points 102 and 104, the first arrival path would be along the
path indicated at 108, which is coincident with the axis 106.

In addition to the first arrival wave component 108, there
are two second arrival wave components, the travel paths of
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which are indicated at 110 and 112. It can be seen that each
of these are helical paths, which travel longitudinally and
through a helical curve of 360°. Then the third arrivals are
indicated at 114 and 116, and these also are helical paths, but
with a total circumferential component of travel of 720°.

Obviously, the second arrival has a longer path of travel
than the first arrival, the third arrival has a yet longer path
of travel than the second arrival, etc. If there is corrosion on
the pipe, at least some of these later arrival pulse compo-
nents will pass through the area or areas of corrosion and
that path component will be delayed, attenuated, and/or
otherwise modified.

With the foregoing being given as background
information, reference is now made to FIG. 11, which
illustrates the wave forms obtained by the second embodi-
ment of the present invention. In FIG. 11, the vertical axis
represents voltage (measured in volts), and the horizontal
axis measures time, with each increment representing ten
nanoseconds. Thus, the numeral one thousand actually rep-
resents one hundred nanoseconds, the numeral two thousand
represents two hundred nanoseconds, etc. It can be seen that
the wave forms presented in FIG. 11 extend over a full five
hundred nanoseconds.

The particular tests from which these curves were devel-
oped were done over a pipe section one hundred and sixty
feet length (i.e. the transmitting location was one hundred
and sixty feet away from the receiving location). Further, the
dual pulse method was utilized, as indicated above. Since
the entire pipe is encircled by electromagnetic energy, the
effect of corrosion anywhere on the pipe will appear in the
difference wave form obtained by intersection of the pulses
at the location of corrosion.

The first steps in the second embodiment in the method of
the present invention are substantially the same as those of
the first embodiment. More specifically, a first testing opera-
tion was performed by transmitting the near side and far side
pulse in timed relationship so that these would meet at a
predetermined point of intersection. There is a composite
wave form resulting from this first test operation and that is
stored. Then, as described in the presentation of the first
embodiment, there is a second operation in timing of the far
side pulse so that it was either advanced or delayed so that
the point of intersection was shifted, and the result was a
composite wave being recorded that had components of the
far side pulse shifted somewhat from the previous composite
wave. As described in the first embodiment of this method
of the present invention, one of the composite wave forms
is subtracted from the other to get a difference wave form.

These steps are performed in the second embodiment of
the present invention, and it will be recognized, of course,
that these are substantially the same steps as described in the
first embodiment. From this point on in the method of the
second embodiment, a further analysis is conducted as will
be described below.

For purposes of description, we shall consider the
sequence of the difference wave forms and designate these
as difference wave form 1, difference wave form 2, differ-
ence wave form 3, etc. It will be evident that the difference
wave form 1 results from processing composite wave forms
1 and 2 which result from the first and second dual pulse test
operations; difference wave form 2 is a result of processing
the composite wave forms 2 and 3 resulting from the second
and third dual pulse operations; etc.

In FIG. 11, there is first plotted the difference wave form
120, and this wave form is about five hundred nanoseconds
in length. The next step is to plot the second difference wave
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form 122, but the second difference wave form 122 is shifted
to the left, and is also lowered somewhat so that the second
difference wave form 122 is aligned with and a short
distance below, the first difference wave form 120. It will be
observed in the wave form representation of FIG. 11 that the
two wave forms 120 and 122 match each other rather
closely. These two difference wave forms 120 and 122 were
derived from adjacent composite wave forms, and both of
these composite wave forms resulted from a dual pulse
operation where the pulse is intersected at a noncorroded
area (or at least a very lightly corroded area) of the pipe
under test. As indicated at the right side of FIG. 11, the upper
composite wave results from a difference wave form where
a reference point of intersection was that at the 125.3 feet
mark, while the second difference wave form 122 was made
up of adjacent composite wave forms at a reference location
129.6.

FIG. 12 shows two other reference wave forms 124 and
126, resulting from two adjacent pair of composite wave
forms at reference locations at the 34.6 and 38.9 foot
locations on the pipe section under test. These composite
wave forms also resulted from the far side and near side
pulses of each test operation intersecting at a noncorroded
(or very lightly corroded) area of the pipe section under test.

Reference is now made to FIG. 13, where there is shown
as the upper wave form the same wave form 126, as shown
in FIG. 12, this difference wave form having a reference
location of 38.9 feet on the pipe. The lower wave form 128
has a reference of 43.2. This was at a somewhat corroded
pipe section having a corrosion index of 1.0262. (The
corrosion index is a scale which is utilized by the inventor
in rating areas of corrosion. A rating of 1.000 would be no
corrosion and the higher the number, the greater the severity
of corrosion).

It will be noted in FIG. 13 that the lower wave form 128
has at two areas something of a phase shift, indicated at 130
and 132.

Reference is now made to FIG. 14, where there are two
adjacent reference wave forms at locations along the pipe
section at the 151.2 foot location and the 155.5 foot location.
There was a corrosion index of 1.055, which is higher than
in FIGS. 11, 12 and 13. These wave forms are indicated at
134 and 136. It can be seen that at the location 138 there is
a rather substantial phase shift.

Next, attention is directed toward FIG. 15 which shows as
the upper wave form the same wave form 136 which is the
lower wave form in FIG. 14, and a new difference wave
form 140 taken at a reference location of 160 feet on the
pipe. These wave forms resulted from composite wave
forms developed with the intersecting locations being at
more highly corroded areas. Several features should be
noted. In observing the peak location at 142, and the two
peak locations at 144 and 146, it can be seen that there are
substantial amplitude differences with regard to the second
and third peaks between these curves 136 and 140. In
addition there is significant phase shift indicative of corro-
sion anomalies.

It is enlightening to observe the difference curve 134
which is at the reference location 151.2 (FIG. 14) and the
curve 140 which is at the reference location 160 (FIG. 15).
It can be seen by matching up the curves 134 and 140 that
these correspond fairly closely to one another, at least much
more closely to one another than each matches up with the
curve 136. This would indicate that the corrosion area is
more likely in the area of the reference location 155.5,
presumably somewhere between the 153 to the 158 area.
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Finally, reference is made to FIG. 16, where there are two
difference wave forms 150 and 152. It can be seen that the
difference wave form 152 has substantial similarities to the
curve 136 (see FIGS. 14 and 15). Further, it can be seen the
match up between the wave forms 150 and 152 are rather
similar to the matching of the wave forms of 134 and 136 in
FIG. 14. More specifically, it can be seen that the second and
third peaks 154 and 156, respectively, of the wave form 152
are of nearly equal amplitude, and then there is the phase
shift at the area 158. This is a pattern quite similar to that
shown at area 138 in FIG. 14.

Thus, it can be seen that with the method of the second
embodiment of the present invention, the presence of cor-
rosion is detected by a method which might be termed
“whole wave analysis”, which involves looking not only at
the leading portion of the wave, but also a much greater time
span of the wave form which also contains significant
information. It also becomes apparent that valuable infor-
mation is obtained from portions of the wave form as far
along the wave form as two hundred to four hundred
nanoseconds or longer from the first arrival of the electro-
magnetic pulse. Further, the location of the corrosion can be
located within reasonably close tolerances by properly syn-
chronizing the pulses so that the point of intersection is
known.

Also, it should be noted that these readings were taken on
the same section of pipe, but with the intersection being
moved to different locations. Therefore, all of the wave
forms developed for the data of FIGS. 11 through 16 passed
over the same pipe section. The key difference is that the
point of intersection was moved. When the point of inter-
section of the wave forms which were combined to make the
difference wave forms were at an area of corrosion, the
variations of the different wave forms become apparent.

A third embodiment of the method of the present inven-
tion will now be described. In this third embodiment, as in
the prior embodiments, the pulses will be transmitted from
the far side and near side locations, and in this particular
embodiment, the wave form which is to be analyzed to
detect corrosion is the far side pulse arriving at a receiving
location adjacent to the transmitting location at the near side.
Also, in this third embodiment , the time intervals between
the transmissions of the far side pulse will remain constant.
Thus, to synchronize the pulses so that the point of inter-
section stepped along the length of the pipe, for each
transmission, the near side pulses shall be advanced in
timing by a short increment so that the point of intersection
of the pulses will be stepped in a left to right direction across
FIG. 18. In the first step of this further embodiment, the far
side transmitter is shut down, and a series of pulses are
transmitted from the near side and these are picked up by the
near end receiving antenna that is closely adjacent to the
near side transmitter. The timing of the transmission of the
near side pulses is timed relative to a sender except that each
subsequent transmission is advanced one additional incre-
ment of time, and in this particular example we will assume
that it is being advanced by four nanoseconds for each pulse
transmission.

The first step in the method of this preferred embodiment
will now be described with reference to FIGS. 17 and 19. In
FIG. 19, there is shown a section of pipe 170 having a Near
side transmitting antenna 172 and a far side transmitting
antenna 174. There is a receiving antenna 176 spaced from
the transmitting antenna 172 a short distance toward the far
side transmitting antenna 174.

Initially, the far side transmitter remains inactive so that
the far side transmitting antenna 174 is not transmitting any
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signal. The near side transmitter is activated to transmit a
series of timed pulses which are synchronized with regular
time intervals. This is done in a manner that each subsequent
pulse is advanced four nanoseconds relative to the preceding
pulse.

For example, if the near side pulses are to be transmitted
every two seconds, less the time of the advance of the
timing, the first pulse would be sent at 0 seconds. The second
pulse would be transmitted four nanoseconds before the two
second interval. The third pulse would be sent eight nano-
seconds sooner than the four second interval. The first pulse
would be sent twelve seconds before the 8 second interval,
etc.

Thus, as can be seen in FIG. 17, the first pulse is
transmitted at O nanoseconds, the next pulse indicating as
having a four nanosecond advance, the third pulse at 8
nanoseconds advance, with these advances continuing on
down to the 18th pulse which has been advanced by 72
nanoseconds relative to the initial pulse at 0.

Each pulse from the near side antenna 172 passes by the
receiving antenna 176, and the pulse is recorded, with the
wave forms indicated at 178. It is to be recognized that in
most all instances, there is a certain amount of outside
electromagnetic, electrical noise, echoes, refractions, etc.
that tend to obscure or “clutter” the signal. Each of these
pulses 178 is recorded in the memories of the control unit,
including all the various extraneous influences on the signal,
plus the portion of the signal attributable to the pulse itself.
As will be discussed subsequently herein, these pulses 178
that are recorded are used as reference pulses which are
subtracted in a subsequent step in the method of the third
embodiment.

The next step will now be described with reference to
FIG. 18. The far side transmitter is activated so that regularly
timed pulses are transmitted from the antenna 174 into the
pipe section 170 i.e. without any advancing or delay in the
timing. Each transmission at the near side is synchronized
with the transmission at the far side. However, each time the
near side transmits a pulse, the next pulse from the near side
is advanced four nanoseconds from the designated time
period from the previous pulse. Thus, at the zero location in
FIG. 18, the far side pulse is transmitted at a time period so
that the pulses from the near side and far side antennas 174
intersect at the location of the receiving antenna 176. The
next pair of pulses are transmitted with the Near side pulse
being advanced by four seconds, so the point of intersection
is spaced two nanoseconds closer to the far side. The third
pulse is advanced by eight seconds so that the intersection of
the spaced and additional two nanoseconds toward the far
side.

It can be seen that the first pair of pulses intersecting at the
antenna 176 that the peaks of theses pulses come close to
coinciding. It can be seen that subsequent pairs of pulses are
transmitted and with the near side pulses being advanced
four nanoseconds on each transmission, relative the far side
pulse,the pattern of the wave which is received at the
antenna 176 comprises a first peak 182 which is attributable
to the near side pulse passing by the antenna 176, and a
second peak 184 which is attributable to the near side pulse
reaching the antenna at a later time.

In this third embodiment, the far side pulse that is
received by the antenna 176 is the one which is analyzed to
determine whether the corrosion exists. To accomplish this,
the following procedure is followed. Each of the wave forms
186 that result from the second step of this method are also
stored in memory. Then the wave forms 178 (showed in FIG.
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17) are each subtracted from the corresponding wave forms
shown in FIG. 18 with the resulting wave forms being
shown in at 188, FIG. 20.

What has occurred is that when the wave forms of FIG.
17 are subtracted from the corresponding wave forms of
FIG. 18, the wave form from the near side, along with the
extraneous noise, echoes, etc. is cancelled out so that what
is left is the wave form 188 that essentially represents the far
side wave form which is “uncluttered.” The overall result is
that this facilitates the detection of variations in the wave
form that originated from the far side.

It should be noted that if there is a relatively smaller
amount of corrosion, its effect on the wave forms which
intersect at the location of the corrosion is more difficult to
detect. By performing the first three steps as described with
reference to FIGS. 17, 18 and 20, these more subtle varia-
tions in the wave form resulting from the far side pulse
intersecting with the near side pulse at the area of corrosion
can be detected more easily.

FIG. 21 shows four adjacent wave forms 190 which are
the same wave forms 188 of FIG. 20, except that vertical
dimension has been increased substantially so that the slope
of these wave forms 190 is steeper. It can be seen in FIG. 21
that each of these four wave forms 190 are very similar to
one another. This would indicate that there is little or no
corrosion in the area where the wave forms 190 have
intersected.

Now a fourth step in the method of the present invention
is performed to further enhance the ability to analyze the
wave forms to detect corrosion, and this will be explained
first with reference to FIG. 22. FIG. 22 represents four
adjacent wave forms resulting from four pulse transmissions
which follow one after the other in sequence. These waves
are designated 192-1, 192-2, 192-3 and 192-4. Each wave
form is subtracted from the preceding wave to obtain a
difference wave form.

This is accomplished by first inverting the wave form
192-2 and then adding this inverted wave form to the wave
form 192-1 to obtain a difference wave form which is 194-1
(this 194-1 being the difference wave form of the two wave
forms 192-1 and 192-2). In a similar manner, a second
difference wave form 194-2 is obtained by inverting the
wave form 192-3 and adding this to the wave form 192-2 to
obtain the difference wave form 194-2. The third difference
wave form 194-3 is obtained in the same way by inverting
the wave form 194-4 and adding this to the wave form
192-3.

It can be seen in FIG. 22 that each of the three different
wave forms 194-1, 194-2 and 194-3 are very similar to one
another and have substantially the same amplitude.

FIG. 23 illustrates another technique utilized in this third
embodiment. The four wave forms 194-1 through 194-4 are
moved closer together, while leaving the wave forms
unchanged. By moving these wave forms closer together, it
is much easier to detect variations in the wave forms. Also,
the different wave forms which would result from the
arrangement of the wave forms in FIG. 23 would be a much
smaller attitude. The effect of this is, however, that differ-
ences in amplitude between the peaks does not decrease
when the wave forms are moved closer together. This further
accentuates the differences in the wave forms.

To illustrate the wave forms where corrosion is being
detected, reference is now made to FIG. 24. There are shown
18 adjacent difference wave forms such as shown at 194-1,
194-2, and 194-3 in FIG. 22. It can be seen that the fourth
wave form 196 and the fifth wave form 198 are configured
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rather differently than the adjacent wave forms shown
immediately above and below these two wave forms 196
and 198. It will be noted that between the initial “hump” 199
and the second “hump” 200 of the wave form 196 there is
a substantial dip at 201.

In addition, it will be noted that the second peak or
“hump” 202 of the wave form 198 has a much smaller
amplitude. Further, it can be seen that the peak 203 of the
first rise or “hump” 204 of the wave form 198 is shifted to
the right. An alignment line 204 is drawn to show the shift
from the alignment line at the left.

It will also be noted that there is a shift in the peak 205
of a wave form which is the twelfth wave form from the top.
This is also an indication of a corrosion, but a smaller degree
of corrosion in comparison with the corrosion detected in the
area of the fifth and sixth wave forms.

FIG. 25 is a graph where the points of peak amplitude for
adjacent difference wave forms has been prepared by draw-
ing lines connecting adjacent peak points. It can be seen that
the peak indicator at 206 is much greater than the rest of the
peak points, and this would indicate an area of corrosion.
The peak indicated at 208, while not having the height of the
peak at 206, still rises above the others. This would indicate
that corrosion would likely be encountered at the location at
the pipe represented by the point 208 which would be the
peak of the difference wave form of two adjacent wave
forms where the corrosion was at or near the location of
intersection.

FIG. 26 is a graph similar to FIG. 25, where the amplitude
of the points in FIG. 25 have been amplified in a matter to
further accentuate the differences.

It is to be understood that the terms “near side” and “far
side” can be reversed. Further, it is to be understood that
while the third embodiment has been described, with the far
side pulse being the pulse which is analyzed, and the near
side pulse which has been advanced to cause the point of
intersection to be stepped along the elongate number (pipe),
this arrangement could be reversed. Further, in an actual
testing operation, both the near side pulses arriving at the far
side, and the far side pulses arriving at the near side could
each be received and analyzed.

Also, it is to be understood that various modifications to
be made in the present invention without departing from the
basic teachings thereof. Further, the terminology used in this
description should, in the following claims, be given an
interpretation commensurate with the scope of the invention
and should not be interpreted as being limited to the specific
procedures and operating components described herein.

What is claimed is:

1. A method of identifying corrosion on an electromag-
netically permeable member, said method comprising:

a. transmitting near side and far side electric or electro-
magnetic pulses (waves) from, respectively, near side
and far side spaced transmitting locations on said
member, with said pulses (waves) travelling toward one
another to intersect at intersecting locations on said
elongate member,

b. Receiving said far side pulses (waves) as wave forms
at a receiving location after intersection with related
nearside pulses (waves),

c¢. Synchronizing transmission of the near side and far side
pulses (waves) so that the intersections of the near side
and far side pulses (waves) occur at spaced intersecting
locations on said member;

d. combining the wave forms of at least two of said far
side pulses (waves) which are spaced from one another
to form a composite wave form;
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e. ascertaining a variation or variations in said composite

wave form as a means of detecting corrosion.

2. The method as recited in claim 1, wherein far side
pulses (waves) which pass through points of intersection that
are adjacent to one another are considered to be sequential
far side pulses, with order of sequence being the same as the
order in which the points of intersection are spaced along the
elongate member, and combining of the far side wave forms
is accomplished in a pattern such that first and second
adjacent wave forms are combined to make a first composite
wave form, the second wave form and an adjacent third
wave form are combined to make a second composite wave
form, the third wave form is combined with an adjacent
fourth wave form to make a third composite wave form, with
the pattern repeating itself with subsequent pairs of wave
forms from adjacent far side pulses.

3. The method as recited in claim 2, wherein far side
pulses which pass through points of intersection that are
adjacent to one another are considered to be sequential far
side pulses, with the order of sequence being the same as the
order in which the points of intersection are spaced along the
elongate member, and combining of the far side wave forms
is accomplished in a pattern such that first and second
adjacent wave forms are combined to make a first composite
wave form, the second wave form and an adjacent third
wave form are combined to make a second composite wave
form, the third wave form is combined with an adjacent
fourth wave form to make a third composite wave form, with
the pattern repeating itself with subsequent pairs of wave
forms from adjacent far side pulses.

4. The method recited in claim 3, wherein adjacent
composite wave forms are compared with one another as a
means of detecting corrosion.

5. The method as recited in claim 4, wherein a reference
wave form is established by creating composite wave forms
resulting from pulses that intersect away from a corroded
areas of the elongate member and identifying composite
wave forms that differ from the reference composite wave
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form in phase shift, dispersion, amplitude, wave distortion,
or combinations of these.

6. The method as recited in claim 5, wherein corrosion
that is present between two adjacent points of intersection on
the member, is detected by examining a composite wave
form resulting from combining the difference wave form
overlapping the point of intersection with difference wave
forms on opposite sides of the overlapping composite wave
form.

7. The method as recited in claim 5, wherein corrosion is
present at a point of intersection of two wave forms, and two
difference wave forms are derived by combining the wave
form at the point of corrosion with adjacent wave forms, and
these are compared with one another wave form to ascertain
corrosion.

8. The method as recited in claim 7 wherein two addi-
tional difference wave forms that are on opposite sides of,
and adjacent to, the two wave forms which are compared to
detect the corrosion are also compared with the two differ-
ence wave forms which are combined at the point of
intersection, as a means of detecting corrosion.

9. The method as recited in claim 1, wherein far side
pulses (waves) which pass through the points of intersection
that are adjacent to one another are considered to be sequen-
tial far side pulses (waves), with the order of sequence being
the same as the order in which the points of intersection are
spaced along the member, the combining of the far side
wave forms being accomplished in a pattern such that the
wave form resulting from the first and second adjacent
nearside pulses intersecting with related far side pulses are
combined to make a first composite wave form, wave forms
of the second and third near side pulses that are combined
with the related far side pulses are combined to make
composite wave forms, with this pattern repeating itself for
subsequent pulses.
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ELECTROCHEMICAL IMPEDANCE
SPECTROSCOPY METHOD FOR EVALUATING
CORROSION INHIBITOR PERFORMANCE

FIELD OF THE INVENTION

This invention relates to a2 method and apparatus for
the evaluation of corrosion protection afforded by a
corrosion inhibiting material. More specifically, it deals
with an alternative measurement technique utilizing a
high frequency at a varying phase angle as an indicator
for monitoring inhibitor effectiveness.

DESCRIPTION OF THE PRIOR ART

Metallic surfaces are detrimentally affected by corro-
sive fluids in many fields of industry. For example, in
the petroleum industry corrosion of metallic surfaces by
petroleum materials occurs at all stages of production
and distribution. To reduce this corrosion, inhibitors are
often utilized as a control method, particularly in the oil
and gas industry. There are various inhibitors which
work in different ways, as well as various screening
procedures used for the selection of inhibitors. Some
inhibitors work by neutralizing active ions, others by
reducing ion mobility and others by changing the ion
transport numbers. In all cases the electrical conductiv-
ity of the corrosive fluid is altered, and various electri-
cal parameters contributing to the overall corrosion
mechanism will be affected. Accordingly, by using the
corrosive fluid as an electrolyte in which two electrodes
are immersed, and by measuring electrical characteris-
tics of the electrolytic circuit, it is possible to derive an
indication of the level of corrosion which continues to
occur.

Until now, corrosion rates have been evaluated and
monitored by measuring the polarization current,
wherein a working electrode and a measuring electrode
of a different metal are immersed in the corrosive fluid,
and a D.C. voltage is applied across the two operative
electrodes. By correlating potential difference incre-
ments, against current increments, a measure of the
polarization current can be derived. Typically the use of
linear polarization and potentiodynamic polarization
are the D.C. methods used to determine corrosion rate.

In practice, however, the measurement of polariza-
tion current does not give a reliable evaluation of corro-
sion protection. Although the measurement may indi-
cate very Little residual corrosion at the working elec-
trode, the measurements taken a short distance away
from the working electrode indicate that substantial
corrosion may still be occurring. Other methods, based
upon measured circuit characteristics such as solution
resistivity and electrode capacitance, as well as polar-
ization current, have been devised in an attempt to
provide a more reliable evaluation technique for corro-
sion control. An example of a method utilizing elec-
trode capacitance is disclosed in U.S. Pat. No. 4,095,176
to Maes et al., incorporated herein.

More recently, the use of electrochemical impedance
spectroscopy (EIS) data has been developed as a new
tool for conducting corrosion research. Using an equiv-
alent electrical circuit comprised of a network of resis-
tor, capacitor, inductor and constant phase elements,
which are correlated to the physical and electrochemi-
cal properties of the system, allows the application of
EIS data to various electrochemical properties, particu-
larly corrosion and corrosion inhibition processes. In
addition to mechanistic processes, EIS analysis can
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provide corrosion rate information, and has the advan-
tage of allowing measurements to be conducted in low
conductivity solutions where conventional D.C. tech-
niques are subject to serious measurement error. This
analysis is based upon the measurement of the polariza-
tion resistance of the system through the use of a low
amplitude sinusoidal voltage in an extremely low fre-
quency region, applied over a long period of time, and
using this resistance measure to calculate the corrosion
current density for the system.

This analysis, however, requires a significant amount
of time to measure the polarization resistance, making it
difficult for use in a field environment. It is therefore an
object of the present invention to provide an expedient
means for determining polarization resistance to allow
for a timely and accurate measure of inhibition perfor-
mance.

SUMMARY OF THE INVENTION

The present invention concerns a test method for
evaluating the performance of a corrosion inhibitor
utilizing the novel direct correlation method discovered
to exist between the high “break point frequency”, the
frequency which occurs at 45° phase angle, and the
corrosion rate for a given system. By the method of the
present invention, the results of an EIS data analysis for
a corrosive system are categorized into specific parame-
ters; those related to the corrosion process such as po-
larization resistance (Rp) and double layer capacitance
(Ca1), those related to inhibited film properties such as
pore resistance (R;) and film capacitance (C—o) and
those parameters related to the specific system being
studied such as the maximum phase angle (6m0x) fre-
quency at maximum phase angle (fgmqx), and the break-
point frequency (f5). These parameters can then be used
to evaluate and rank the performance of various corro-
sion inhibitors introduced to the system. The present
method recognizes that when a ranking based on the
corrosion process parameter of polarization resistance
(Rp) is compared to a ranking based on the system pa-
rameter of high breakpoint frequency (fs), each ranking
is identical. The present method exploits this correlation
by measuring the high frequency at 45° phase angle of a
corrosive system before and after the addition of a cor-
rosion inhibitor, and measuring the inhibitor’s effective-
ness by comparison. Because of the excellent correla-
tion, the higher the high frequency at 45° phase angle
measurement in the inhibited system, the higher the
polarization resistance and the lower the corrosion rate.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts the data acquisition and analysis sys-
tem used in conducting EIS analysis.

FIG. 2a depicts the electrochemical cell used in the
EIS measurement.

FIG. 2b is the electrode assembly used in the electro-
chemical cell of FIG. 2a.

FIG. 3 is a circuit model corresponding to a simple
electrochemical corrosion cell.

FIG. 4 is a circuit model corresponding to a coated
(or inhibited film) metal electrolyte system.

FIG. 5 is a Bode plot of impedance Z and phase angle
@ as a function of frequency for a simple electrochemi-
cal corrosion cell.

FIG. 6 is a Bode plot of impedance Z and phase angle
0 as a function of frequency for a coated metal system.
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FIG. 7 is a plot of polarization resistance R, versus
immersion time for inhibitors listed in Table 1.
FIG. 8 is a plot of high breakpoint frequency versus
time for the inhibitors listed in Table 1.

DETAILED DESCRIPTION OF THE
INVENTION

An important method for permitting the determina-
tion of inhibitor effectiveness in a corrosive system in an
expedient manner is of particular value, particularly in
the selection of inhibitors and the optimization of treat-
ing programs. By providing a method and/or system
according to this invention, the monitoring of inhibitor
effectiveness may be employed in the field environment
to avoid over-treating a particular system with a partic-
ular inhibitor, as well as use as a tool to evaluate the
overall corrosion processes.

In identifying the unique correlation between polar-
ization resistance (Rp) and the frequency measurement
at high frequency at 45° phase angle (fp), EIS analysis
was conducted utilizing the data acquisition and analy-
sis system depicted in FIG. 1. As shown in FIG. 1 an
electrochemical cell 10 is connected to an EG&G
Model 273 potentiostat 20 and a Solartron Model 1255
frequency response analyzer 30; both of which are inter-
faced to an HP 9836S computer 40 and UNIX worksta-
tion 50 for data acquisition and analysis. EIS measure-
ments were carried out at open circuit potential with an
amplitude of 10 mv in the frequency range of about 5.5
mHz to about 55 KHz.

The electrochemical cell is shown in detail in FIG. 2a
wherein cylindrical test coupons of C-1018 mild steel,
having a total area of about 3.0 cm?2, are used as working
electrode 100. The working electrodes are affixed to an
electrode assembly shown in FIG. 2b, which comprises
an isolated }" steel shaft 102 having 2 12 mm Kel-F
insulation jacket 104 on the lower portion subjected to
the corrosive media of the cell. Referring again to the
electrochemical cell of FIG. 2a, graphite counter elec-
trodes 120 are shown in conjunction with a Saturated
Calomel Electrode (SCE) acting as the reference elec-
trode 130, which is connected to salt bridge 140. A
platinum wire 150 is placed alongside the salt bridge and
is coupled to the reference electrode through a 1.0 nf
capacitor (not shown) to minimize the high frequency
phase shift in the EIC measurements due to the slow
response of the SCE. The corrosive media 160 used was
approximately 900 ml of 5% NaCl brine which was
deaerated with nitrogen and purged for 30 minutes with

“COz to ensure CO; saturation of the brine. EIS measure-
ments were conducted, utilizing the data acquisition and
analysis set up at FIG. 1, two hours after the coupons
were immersed and precorroded to establish the base-
line data. An inhibitor of desired concentration was next
injected into the cell, after which EIS measurements
were again taken, followed by subsequent measure-
ments every 2 to 4 hours. The EIS spectra obtained for
the corrosion inhibitor evaluation were based upon the
circuit models shown in FIGS. 3 and 4. FIG. 3 is an
equivalent circuit corresponding to a simple electro-
chemical corrosion cell having a one time constant
impedance spectrum, wherein R;is assigned as solution
resistance, R; is the polarization resistance, and Cgi is
the double-layer capacitance between the metal and
solution interface. FIG. 4 is the equivalent circuit for a
coated or inhibited film-metal electrolyte system having
a two-time constant impedance spectrum, wherein R_is
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assigned as the pore resistance of the inhibitor film, and
C, is the capacitance of the coating or inhibitor film.

‘When conducting the EIS analysis, the first step is the
determination of the polarization resistance, Rp. It is
well known that the polarization resistance is related to
corrosion rate by calculating the corrosion current den-
sity Icorr according to the Stern-Geary equation:

Ba*Be

o )
corr = 3303 (B + BoRp

-k

Rp

where B; and B are the anodic and cathodic Tafel
constants, respectively, of the corrosion system, and K
is a system constant related to the Tafel constraints. For
the determination of R, in EIS, the potentiostat 20 of
FIG. 1, develops a sinusoidal potential perturbation of
very small amplitude, of about 10 mv, which is applied
as a function of frequency. This slight excitation ensures
that the measurement is performed in the linear region
of the system, generally between about 100 kHz and 1
mHz. The impedance spectrum is then displayed as a
Bode plot, displaying the impedance Z and phase angle
6, each as a function of frequency f as shown in FIG. 5.
The use of 2 Bode plot allows the capacitance (frequen-
cy-dependent) and resistance (frequency-independent)
regions to be clearly distinguished; with the frequency
dependence of the phase angle made apparent.

For a simple system with only one time constant
impedance spectrum, as depicted in FIG. § and repre-
sented by the equivalent circuit of FIG. 3, polarization
resistance, Rp, is determined by the difference between
the impedance at a very high (Z—Ry R is solution
resistance) and a very low (Z—R;+Ry) frequency mea-
sured at corrosion potential. In a system having more
than one time constant impedance spectrum, as depicted
in FIG. 6 and represented by the equivalent circuit of
FIG. 4, Rp can be calculated by fitting the impedance
data to the equivalent circuit of FIG. 4 using a nonlinear
least-square fitting software program, such as LEVM,
developed by J. R. MacDonald.

The effectiveness of a given corrosion inhibitor, in
terms of percent protection, can be determined from the
corrosion rate with or without the presence of a corro-
sion inhibitor. Since corrosion rate is inversely propor-
tional to polarization resistance, the inhibition effi-
ciency can be determined from the polarization resis-
tance as shown in equation (2):

Rpcn — Ry @

% Protection = R
()]

* 100%

where Rycrand Rpy(p) are polarization resistances with
and without the presence of a corrosion inhibitor;re-
spectively. Therefore, since polarization resistance, Ry,
is related to corrosion rate as shown in equation (1); and
assuming that the K value for the corrosive system is
the same with or without the presence of an inhibitor,
the corrosion inhibition of a particular inhibitor can be
determined from equations (2).

FIG. 7 shows the plot of polarization resistance R,
versus immersion time for the inhibitors listed in Table
1.

TABLE 1
Chemistries of Inhibitors Studies
Inhibitors  Solubility Description

Nalco3554 water soluble Fatty acid imidazoline, quaternary
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TABLE 1-continued
Chemistries of Inhibitors Studies

Inhibitors  Solubility Description
compound and arylsulfonic acid in
alcohols
Petrolite water soluble Fatty quaternary ammonium chloride
WE-87 in methanol, isopropanol and water
Petrolite water soluble Oxydiethylene Bis(alkyl dimethyl
XC-370 ammonium chloride) in methanol and
water
Chevron water soluble C-14 polyamine quaternized with
MIH-1 benzyl chloride in isopropanol
Chevron water soluble MJH-1 plus nonyl phenol ethoxylate
MJH-2 surfactant in isopropanol
Petrolite oil soluble Cyclic aliphatic amine, oxyalkylated
KP-203 alkyphenols and a thiazole derivative
Petrolite oil soluble Cyclic aliphatic amines, a highly
KG-68 sulfurized polyolefin and oxyalkylated

alkylphenols

The inhibitors were each studied at 25 ppm in the corro-
sive COpj-saturated, 5% NaCl solution, and as evi-
denced in FIG. 7, each showed corrosion rates which
decreased over time, indicating an increase in inhibitor
effectiveness.

For each of the inhibitors studied there are two fre-
quencies at 45° phase angle or “breakpoint frequency”.
The low breakpoint frequency occurs at a frequency
lower than 13 Hz, and the high breakpoint frequency
appears at a frequency higher than 30 Hz. A plot of high
breakpoint frequency versus time for inhibitors in the
corrosive solution is depicted in FIG. 8.

As shown in FIG. 8, high breakpoint frequency in-
creases with increasing immersion time, with the order
of increase the same as the corrosion rate profile for the
inhibitors shown in FIG. 7. The higher the high break-
point frequency, therefore, the higher the polarization
resistance for the inhibitor and the lower the resulting
corrosion rate. A comparison of FIGS. 7 and 8 verifies
this direct correlation between, and identical ranking of,
the high breakpoint frequency and the corrosion rate.

A mathematical correlation between polarization
resistance, Rp, and breakpoint frequency, fp, for a one
time constant model as represented by the circuit of
FIG. 3 and observed from the Bode plot of FIG. 5, is as
follows:

Ziot = Rs + Rp/{1.0 + joRpCas} ©)
= Rs + Ry(1.0 — jaRyCa)/{1.0 — (oRCa)®)}
= Rs + RA1.0 — joR,Ca)/{1.0 + (@R,Ca)®}
= Rs + Rp/{1.0 + (wR,Ca)*} —
ijp2Cd1/{1.0 + (wRPC41)2}
where

Z;or is the total impedance in ohm;

R, is solution resistance in ohm;

R, is polarization resistance in ohm;

Cai double layer capacitance in farad;

@ is angular frequency and equals 2#f rad/s;

f is the frequency in Hz and j equals V' —1.

At frequencies of 45 degree phase angle, fp, the fol-
lowing relations hold.

Zreal= l Zimag i @

| Phase angle|=45° )
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6
and
Zreat=Rs+Rp/{1.04+(@R,Ca)?} ©®
| Zimag | =wRp*Car/{1.0+(@RyCa)?} ™
Combining Equations (4) , (5), (6) and (7) , one has
Rs+Rp/{1.0+(0RpCa))?} = 0Rp2Car/{1.0+(0R,C-
dl)zf/ ®
Case I—R;< <R,
For Ry < <Ry, we have
Rs+Rp=Ry ©)]
Equation (8) becomes
RR2CqPes? +Rp=wRy7*Ca; 10)
and
RsR,CyPw?—RyCao+1.0=0 an
Let
T1=RsCal (12)
72=RpCar (13)
Eqn. (11) becomes
T1T20% — T+ 1.0=0 14

The angular frequencies of 45 degree phase angle at
high and low frequencies can be obtained by solving

Eqn. (14) and the results are shown below:
73 & sqri(ma? — 47172) 15)
Wb = 27172
and
1.0 = sqrt(1.0 — 471/72) (16)
wh =

271

The frequencies of 45 degree phase angle, f3, are ob-
tained using Eqn. (17).

_ 1.0 = sqrt(1.0 — 471/77) 172)
fo= 4Ty
or
P 1.0 = sqrt(1.0 — 4Ry/R,) (17)
b =

4mRCal

It is obvious that both high and low frequencies at 45
degree phase angle are related with R, Cgrand R,. The
increase of R, and the decrease of Cg move the high
frequency at 45 degree phase angle to a higher fre-
quency direction. Egns. (17a) and (17b) are valid only at
Rs < <R,. Since Ry is an independent parameter which
is determined by the conductivity of the electrolyte,
therefore, a large R value can be reduced by deconvo-
lution. In this way, Eqn. (17) is also applicable to system
with a low electric conductivity.

For a two-time constant model, represented by the
equivalent circuit shown in FIG. 4, a mathematical
correlation is derived as follows, where R is solution
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resistance, Ry, is pore resistance, indicative of the con-
ductive path of the coating, R, is the polarization resis-
tance or coating resistance, C.is the coating capacitance
and Cgsis the double layer capacitance:

Zreoj=Re+ Rpo/ (Lt w218+ Ry(1 —drara)/{(1 +-

@212X1+wired)} (18)

and
10

IZmzwf;;L—mR 1‘2/ (14?722 + @R p(ry+74)/{(14- .

)(1+¢o 740}

with

T2=RpoCe 15
T4=RpCqj
At 45 degree phase angle, we have
20

Zyegl= | Zimagl (20)

The fourth-order equation of  is shown as follows:

dot+ b3+t +do+e=0 @D ,5
where
a'=R;72214%
b’ =— RpoT27'42; 30

¢’ =Ry(7224+74)+Rpot42 —Ryra74;

d'=—Rpor2+Rp72+Rp74);

C’=R:+Rpo+ p-

By dividing a’ on both sides of Eqn. (21), Eqn. (22)
can be used to get the four real roots if they are avail- 35
able.

0*bo? +co? +do+e=0 22
The four roots of w are listed below: 40
@24+ {b+V(By+ B —40)}w/2+ {y+(by—d/V
@y+52—40)}=0 (23q)
@2+ {b—V(By+ b2 —40)}o/2+{y—(by—dy/V
By+b2—40)}=0 (23b) 45
and y is any real root of Eqn. (24).
8% —4cy? +(2bd—8e)y-+e(dc— b)) —d2=0 29

50
In order to solve Eqns. (22) to (24) for a real root, the
following conditions are necessary.

Rpo> >R

Rp>>Rpo 55

Car>>Cq

The complete solution is time-consuming, however, if

we consider Eqn. (22) without Rsterm (it is reasonable 60

for polymer coating at fs1 occurs at very high fre-

quency and R;< <Ry), we have
"3+ b0+ c"w+d =0 25

’ 65

with

a”=Rpo1'2742;

b'=—(R ponz —Rp174);
¢""=+(Rpor2+Rpr2+Rp74);
d'=—(Rpo+Rp).

Eqn. (25) can be solved by a standard methods well
known, by using for example derivations provided by
G. A. Korn and T. A. Korn in their reference text
“Mathematical Handbook for Scientists and Engi-
neers”, McGraw-Hill, 1968.

According to the deviation in one-time constant

- model, the following method is provided as a solution

for the two-time constant model:

Branch 1—elements Rg and C,;

Branch 2—elements Ry, and C;

Branch 3—elements Ry and Cay,

Branch 4—elements Ry abd Cg;

The approximation of the f; at each branch is calcu-
lated as follows:

£5,1={1+V (1 —471/1)}/4n7 (33a)
f5,1={1+ V(1 —4Rs/Rp)}/47RC, (33b)
fo2={1-V(1—4r1/m)}/4nr, (330)
fp2={1-V(1—4R/Rp)} 4R (33d)
fo3={14+V(1—dr3/7)}/4 w73 (33¢)
fo3={1+V(1—4Rpo/R )} /47 R poCa (33)
fp4={1-V(1—4r3/74)} /4773 (339)
f54={1=V(1—4Rpo/R)}/47RpoCal (33h)
with
T1=RC¢;
73=RpoCal.

The direct correlation of high breakpoint frequency
and corrosion rate therefore allows for the evaluation of
corrosion inhibitor performance by direct measurement
of the high frequency at 45 degree phase angle. This
method of evaluation is a great improvement and more
expedient measurement of inhibitor performance than
the determination of polarization resistance, which must
be conducted at extremely low frequencies and can
require as much as a ten fold increase in time to com-
plete as compared to the present method. While the
present method utilized the high breakpoint frequency,
it will be recognized by those skilled in the art that
other phase angles at high frequency, within a range of
about 30° to 60° could also be used in conjunction with
the method provided herein.

While particular embodiments of the present inven-
tion have been described above in considerable detail in
accordance with the applicable statues, this is not to be
taken as in any way limiting the invention by merely as
being descriptive thereof.

What is claimed is:

1. A method of evaluating corrosion protection af-
forded to a metallic surface by a surface layer thereon,
wherein said metallic surface is contacted by a corro-
sive fluid, said method comprising the steps of:

establishing a circuit path through a working elec-

trode and a reference electrode in the corrosive
fluid;
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causing a small sinusoidal potential perturbation at a
high breakpoint frequency to flow in said circuit
path;

measuring a reference high frequency at said high
breakpoint frequency; and

introducing a corrosion inhibitor to said corrosive
fluid and measuring a response high frequency
shift, said response high frequency being indicative
of inhibitor efficiency.

2. The method according to claim 1 wherein the

corrosion inhibitor is water soluble.

3. The method according to claim 1 wherein the
corrosion inhibitor is oil soluble.

4. The method according to claim 1 wherein the
sinusoidal potential perturbation has an amplitude of
about 10 mV. N

5. The method according to claim 4 wherein the
frequency range of said perturbation is about 5.5 mHz
to about 55 kHz.

6. The method according to claim 1 further compris-
ing the step of correlating said response high frequency
with a measured polarization resistance.

7. A method of evaluating corrosion protection af-
forded to a metallic surface by a surface layer thereon,
wherein said metallic surface is subjected to a corrosive

w
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10
fluid having a corrosion inhibitor contained therein,
said method comprising the steps of

establishing a circuit path through a working elec-

trode and a reference electrode in the corrosive
fluid

causing a small sinusoidal potential perturbation at a

high-phase shifted frequency to flow in said circuit
path

measuring a high frequency response at said high-

phase shifted frequency at differing time intervals
to monitor changes in said high frequency re-
sponse, said changes being indicative of changes in
inhibitor efficiency.

8. The method according to claim 7 wherein the
sinusoidal potential perturbation has an amplitude of
about 10 mV and the frequency range of said perturba-
tion is about 5.5 mHz to about 55 kHz.

9. The method according to claim 8 wherein the
high-phase shifted frequency is a breakpoint frequency.

10. The method according to claim 7 wherein the
inhibitor is water soluble.

11. The method according to claim 7 wherein the
inhibitor is oil soluble.

12. The method of claim 7 wherein the frequency

phase shift is between about 30° and 60°.
* * * * *
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Foreword

External corrosion direct assessment (ECDA) is a structured process that is intended to improve
safety by assessing and reducing the impact of external corrosion on pipeline integrity. By
identifying and addressing corrosion activity and repairing corrosion defects and remediating the
cause, ECDA proactively seeks to prevent external corrosion defects from growing to a size that is
large enough to impact structural integrity.

ECDA as described in this standard recommended practice is specifically intended to address
buried onshore pipelines constructed from ferrous materials. Other methods of addressing external
corrosion on onshore ferrous pipelines, such as pressure testing and in-line inspection (L), are not
covered in this standard but are covered in other industry standards. Users of this standard must
be familiar with all applicable pipeline safety regulations for the jurisdiction in which the pipeline
operates. This includes all regulations requiring specific pipeline integrity assessment practices
and programs. This standard is intended for use by pipeline operators and others who must
manage pipeline integrity.

ECDA is a continuous improvement process. Through successive ECDA applications, a pipeline
operator should be able to identify and address locations at which corrosion activity has occurred,
is occurring, or may occur. One of the advantages of ECDA is that it can locate areas where
defects could form in the future rather than only areas where defects have already formed.

Pipeline operators have historically managed external corrosion using some of the ECDA tools and
techniques. Often, data from aboveground inspection tools have been used to locate areas that
may be experiencing external corrosion. The ECDA process takes this practice several steps
forward and integrates information on a pipeline’s physical characteristics and operating history
(pre-assessment) with data from multiple field examinations (indirect inspections) and pipe surface
evaluations (direct examinations) to provide a more comprehensive integrity evaluation with respect
to external corrosion (post assessment).

This standard was prepared by Task Group (TG) 041 on Pipeline Direct Assessment Methodology.
TG 041 is administered by Specific Technology Group (STG) 35 on Pipelines, Tanks, and Well
Casings. This standard is issued by NACE under the auspices of STG 35.

In NACE standards, the terms shall, must, should, and may are used in accordance with the
definitions of these terms in the NACE Publications Style Manual, 4th ed., Paragraph 7.4.1.9. Shall
and must are used to state mandatory requirements. The term should is used to state something
considered good and is recommended but is not mandatory. The term may is used to state
something considered optional.
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ABSTRACT

The presence of voids is a serious problem in grouted post-tensioned bridges because voids
greatly reduce the corrosion-protective capabilities of the grout. Current methods for void detection suffer
several significant drawbacks. A new method utilizing time domain reflectometry (TDR) is discussed in
this paper. TDR is a well-developed method for detecting discontinuities in electrical transmission lines.
A recent study has shown that TDR can be used as an effective nondestructive damage detection method
for concrete bridges. A void changes the electrical properties of transmission lines and therefore
introduces electrical discontinuities. It can be detected and analyzed by TDR. Experiments on grouted
post-tensioning ducts with built-in voids demonstrated the effectiveness of TDR as a void detection
method.

INTRODUCTION

Void detection is an important aspect of nondestructive evaluation of post-tensioned concrete
bridges, as the presence of a void leaves a section of post-tensioning strands vulnerable to corrosion. Both
the US and the UK have developed significant concerns regarding the condition of post-tensioned
segmental concrete bridges. The problem revolves around the fact that it is difficult to ensure proper
grouting of post-tensioning tendons. When post-tensioned ducts are not completely grouted and voids are
present, the steel tendons are left vulnerable to premature corrosion (1). This very issue led to the
declaration of a moratorium on the construction of post-tensioned bridges by the UK’s Department of
Transport in 1992 (2).

More recently, distress and failure of post-tensioning tendons due to improper grouting were
found in Florida on the Mid-Bay Bridge. These problems were reported in a preliminary report issued by
the Florida Department of Transportation on February 8, 2001 (3). The report states that “on August 28,
2000, during a routine inspection of the Mid-Bay Bridge, a post-tensioning tendon in Span 28 was
observed to be significantly distressed.” The discovery “led to an immediate walk-through inspection to
verify if other post-tensioning tendons were exhibiting similar signs of distress. A post-tensioning tendon
in Span 57 was found completely failed at the north end of the tendon as evidenced by pull out of the
tendon from the expansion joint diaphragm.” Subsequent examination of the two distressed/failed
tendons revealed that “the condition of the grout for these two tendons was suspect. Air cavities, bleed
water trails and soft, chalky grout characteristics were observed.” The report goes on to say that
“significant voids in grout or a highly porous grout can reduce the corrosion protective capabilities of this
system ... (and) there is a consistent presence of voids in the tendons.” Figure 1 shows a typical post-
tensioning tendon and the location of the voided area that was discovered in the failed tendon of the Mid-
Bay Bridge.

While it is well known that incomplete grouting of ducts (i.e., voids) can leave tendons vulnerable
to corrosion (1,2,3), effective and economical methods for detecting voids in post-tensioning ducts are not
readily available. While some void inspection methods, such as bore scope, impact-echo, and ground-
penetrating radar inspections, do exist, each has its drawbacks.

In order to perform a bore scope inspection, a hole is drilled on the grout element and a flexible
bore scope is inserted. A still image or video can be captured through the bore scope. However, this is not
a nondestructive method, and it may affect the long-term integrity of the structure.

The basic principle of the impact-echo technique is that a stress pulse is introduced into the
structure from an impact source, such as a hammer or ball drop. The resulting stress waves are monitored
by an ultrasonic transducer also on the surface of the structure. These stress waves travel back and forth
between the surface and the voids that may exist in the structure. By observing the resonant frequency,
the distance from the surface to the void can be determined. Impact-echo techniques have been shown to
be fairly effective for locating large voids. However, smaller voids are difficult to detect with this
technique due to the relatively low frequencies involved.
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In a test using ground-penetrating radar, a high-frequency electromagnetic wave is emitted via an
antenna into the structure under evaluation. The reflected energy caused by changes in the
electromagnetic properties of the material is detected by a receiver antenna and analyzed. However, in
order to obtain a usable signal, the antenna needs to be placed within very close proximity to the concrete
structure.

Other advanced methods have also been used to detect corrosion and voids. However, they have
met with limited success due to the skill needed to analyze the data as well as the expense of the
equipment.

To help ensure that new post-tensioned, segmental concrete bridges will not prematurely
deteriorate, which could result in major economic losses as well as potentially threatening the safety of
the traveling public, new NDE methods are needed to ensure proper grouting in post-tensioned
applications. This paper describes research conducted in an effort to develop such a method. Specifically,
a novel and economical nondestructive evaluation technique using time domain reflectometry (TDR) is
demonstrated. TDR is an electrical measurement technique that has been used since the 1940s to
determine the spatial location and nature of faults in transmission lines (4). It involves sending an
electrical pulse along a transmission line and using an oscilloscope to observe the echoes returning back
from the device under test. The embedded steel cable can be modeled as an asymmetric, twin-conductor
transmission line by applying a sensor wire along with the cable (5). Physical defects of the cable or the
grout surrounding the cable will change the electromagnetic properties of the line and can be detected by
TDR.

The effectiveness of TDR corrosion detection has already been verified through both small-scale
laboratory tests (6) and field demonstration (7). This paper focuses on the use of the TDR method to
detect voids in grouted post-tensioning ducts.

TWO-WIRE TRANSMISSION LINE MODEL

TDR was introduced recently as a corrosion detection method for post-tensioning strands by
applying a sensor wire alongside the steel strand to establish an asymmetric two-conductor transmission
line. A distributed parameter model is used to study the wave propagation in this transmission line. Wave
propagation is described in terms of voltage and current by utilizing the equivalent circuit shown in
Figure 2.

The four distributed parameters of the steel strand transmission line are calculated from the
geometry and material parameters of the cable and are given in Table 1.

At very high frequencies, R increases as the square root of f, whereas ®wL increases directly as f,
and the ratio R/wL decreases as the square root of f. Series resistance can be neglected in the frequency
range of TDR operation. Additionally, G/oC can be considered to be zero, since the conductance is quite
small for grout with low water content. Under these circumstances, the characteristic impedance is given
to a high degree of accuracy by the simplified expression

R + joL \F
Zy = | —— ==
G + joC C

Upon substituting for C and L the following expression for Z; results:

2 2 g2 2 2 g2
Z, = LV cosh™ d"-—a -b ~ 60 cosh™ d —a -b"
2z \ & 2ab \/; 2ab

Note that the characteristic impedance of the line depends on the radius of the steel cable.
Therefore, any physical damage to the steel cable will change the impedance. This change can be detected
with TDR. More important to this work is that the impedance is also a function of &, which is the
dielectric constant of the surrounding material.
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VOID DETECTION

TDR can detect not only damage to steel strands but also voids in the surrounding grout. This is
due to the fact that a void in the grout dramatically changes the dielectric constant of the medium through
which the transmission line passes, thereby affecting the characteristic impedance of the line.

To demonstrate this, several samples were fabricated with built-in voids. Thin-walled hollow
balls of two different diameters (3.7 cm and 5.6 cm) were used to create voids that extend across a single,
7-wire strand with a length of 1 m, a diameter of 12.77 mm, and a yield value of 1860 MPa. Holes with
the same diameter as the strand were drilled in the balls on opposite sides, and the strand was passed
through the holes. The openings were sealed with silicon sealant to prevent water and grout from getting
into the void. The voids were located one-third of the way down the strand. Figure 3 shows the bare
strand with the 5.6-cm rubber ball prior to grouting. The strand and void assembly was then placed in a
10-cm-diameter polyvinylchloride (PVC) duct and filled with grout. To increase the applicability of the
laboratory testing, a typical grout used in cable-stayed bridges was used. After some initial TDR tests, a
hole was drilled on the side of the specimen to provide access to the void. The properties of the void were
studied, and a set of electrochemical corrosion experiments was conducted in the void. The two
specimens used in the void experiments are listed in Table 2.

The laboratory experiments focused on voids that extend across the strand, since this type of void
leaves the strands most susceptible to corrosion. Voids far away from the strand/wire transmission line
might be difficult to detect due to their negligible effect on the line impedance. However, these voids are
of less concern and will be the focus of future studies.

Figure 4 shows the TDR result from void specimen 1. Note that the diameter of the spherical void
is 5.6 cm, which corresponds to 31% of the cross-sectional area of the duct. As stated before, the
characteristic impedance of the line depends on &. Since & concrere > & air» an electrical discontinuity is
introduced by the void.

In evaluating the signal produced by TDR and shown in Figure 4, it is useful to understand the
setup and operation of the test. The specimen was connected to a TDR measuring system through a short
section of coaxial cable. The TDR system generated a fast-rising step pulse at /=1ns. The pulse was
launched into the coaxial cable, whose characteristic impedance is 50Q. At /=9 ns, the pulse reached the
connection between the coaxial cable and the specimen (marker: start). Since the connection itself was a
discontinuity, a reflection was recorded there. The reflection at 13 ns was caused by the void (marker:
void), and the step at 20 ns corresponded to the end of the specimen (marker: end). Note that all the times
mentioned here are roundtrip times. One can see that the location of the void is easily determined based
on the travel time. In this case, the total roundtrip travel time along the strand is 11 ns, while it is only 4
ns to the void. This would indicate that the void is 4/11 or 36% of the way down the strand (close to the
one-third location).

Sensitivity to Void Size

Figure 5 shows a TDR reading from void specimen 2, which has a 3.7-cm void (14% of the total
area of the duct). Clearly, the reflection magnitude is related to void size: a larger void tends to generate a
bigger reflection. Larger voids can significantly alter the localized effective dielectric constant and
therefore introduce relatively large electrical discontinuities. Even though the reflection is relatively
small for this void size, it is still distinguishable.

Effect of Void Contents on Reflection

The reflection magnitude is also related to the content of the void, since different materials have
different electrical properties. Figure 6 shows the TDR return from specimen 1 when the void was filled
with dry sand. Basically, it has the a very similar shape and magnitude as the signal shown in Figure 4,
which was taken while the void was filled with air. This is the case because the dielectric constant of dry
sand is very close to 1, the dielectric constant of air. As close as the two signals are, changes in waveform
can still be recognized from a differential comparison with Figure 4, which is also shown in Figure 6.
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Once the concrete specimen is instrumented, TDR readings should be repeatable, since the material and
geometrical parameters that affect transmission line properties will remain unchanged. A differential
comparison of stored signals with newly measured ones can reveal changes that occurred between the two
measurements. The difference between an air-filled void and a sand-filled void is small but detectable.
While filled with sand, the void gives off a slightly smaller reflection.

Porous grouts should have electrical properties similar to those of sand-filled voids. The result in
Figure 6 indicates that a region of chalky and porous grout can be detected by TDR. This is of practical
importance, since highly porous grouts can also seriously reduce the corrosion protective capabilities of
the grout.

Next, the content of the void was changed from air to water. In this case, the TDR reflection from
the void changed substantially, as shown in Figure 7. While the electrical property of water is much
different from air, demonstrated by the comparison with Figure 4, it is very similar to the surrounding wet
concrete. For this reason, only a negligible reflection was detected at the void site.

In the above void detection tests, a steel strand was used as a part of the transmission line to
enable future corrosion monitoring for the strand. However, this is not necessary; if the purpose of the
nondestructive evaluation is void detection only, a section of standard transmission line, such as the
inexpensive 300Q2 television cable, can be used. The cable needs to be run inside the duct, and recent
experiments indicate that this approach can give better results than the steel strand/wire line, since a
standard transmission line is used. Any void close to the line can be easily detected. One may combine
this method with corrosion detection by applying a two-wire transmission line alongside the steel cable.
Voids are detected by TDR on this two-wire line, while corrosion damage is detected using either one of
the two wires with the steel cable. Note that shielded transmission lines such as coaxial cables are not
suitable for this purpose, since their electric field is confined and does not extend into the grout.

CORROSION IN THE VOID

Typically, voids in the surrounding grout will not change the strength of the reinforcing cable.
However, their presence can greatly reduce the corrosion protective capacities of the system and leave
sections of the cable vulnerable to corrosion. The TDR method can not only detect the existence of voids
but also monitor the corrosion progress in the void.

A set of electrochemical corrosion experiments was conducted with the void specimen. Salty
water was added to the void. A piece of copper strip was inserted through the hole into the void. The steel
strand was connected to the anode of a constant-current source while the copper strip was connected to
the cathode. The strand was corroded under a constant current of 2A. Several TDR readings taken over
time are shown in Figure 8. Note that the void was drained and dried before each measurement. The
reflections at around 13 ns were generated from the corrosion site. The reflection magnitude increased
gradually as the electrochemical corrosion continued. The extent of damage was controlled by the
corrosion time and current. The TDR measurements clearly show the increase in corrosion. More details
regarding the corrosion tests are given by Liu et al. (8).

CONCLUSIONS

Time domain reflectometry can be utilized as a novel nondestructive evaluation technique for
grouted post-tensioned bridge ducts. An analytical model was developed, which represents the steel
strand as an asymmetric two-wire transmission line by introducing an insulated conductive sensor
alongside a steel strand. TDR is capable of detecting both corrosion and voids. The effectiveness of TDR
as a void detection method was demonstrated through tests on specimens with built-in voids. Several
factors affecting void detection were identified. Among them are void size, void content, and corrosion.
The ability to monitor the progression of electrochemical corrosion inside of a void by TDR is also
shown. Future testing will focus on the ability to detect voids that do not intersect the strands.
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FIGURE 1 Typical Post-Tensioning Tendon Anchor with Void (3).
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FIGURE 2 Distributed parameter equivalent circuit for the steel cable transmission line.
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FIGURE 3 Fabrication of a Void Specimen, with a Rubber Ball Used to Simulate a Void.
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FIGURE 4 TDR Reflection from a 1-meter Specimen with Built-in Void (Specimen 1). The
Reflection at 13ns is Due to the Presence of a Void.
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FIGURE 5 TDR Reflection from a 1-Meter Specimen (Specimen 2), which Has a Smaller Void than
Specimen 1.
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FIGURE 6 TDR Return from a Void Sample (Specimen 1) When the Void Was Filled with Sand.
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FIGURE 7 TDR Return from a Void Sample (Specimen 1) When the Void Was Filled with Water.
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FIGURE 8. TDR Readings from Specimen 1 During the Progress of Electrochemical Corrosion.
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TABLE 1 Distributed Parameters of the Steel Cable Transmission Line.

Distributed Parameters Two-wire Transmission Line
C = 2ne
shunt capacitance C o(d* —a* - b?
COSh _—
2ab
. a(d? - a* = b*
series inductance L L = Yl cosh 1(—
27 2ab

series resistance R R = \/f_/;( a /lo.a * b /lo—bJ

shunt conductance G G is negligible for insulated sensor wire in dry grout
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TABLE 2 Two Void Specimens Used in the Experimental Study.

Void
Specimen | Length | Diameter . . Percentage of cross-sectional
Position Diameter .
area at maximum
1 100 cm 10 cm 33 cm 5.6 cm 31%
2 100 cm 10 cm 36 cm 3.7 cm 14%
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EUPEC RMS
Pipeline Risk Management

What problems are identified via ECDA?

1. Coating anomalies.

2. Interference.

3. Rectifiers performing out of specification

CJRMS)

J’—nm HANAGEMENT SYSTEMS




lllustrated below are a few typical cathodic protection signatures. Only EUPEC RMS
Cathodic Protection Signal Analysis can identify these signatures.

(+) (+)

A B |M:”i|selc?m|jsl B - The dotted green lines- - - - indicate the average A
Volts 5 10 reading provided by other monitoring systems. Volts
-0.85 2 -0.85

o J|
-0.9 -0.9
6
-1.25 ©) -1.25

The orange shaded areas indicate voltage ranges where coating damage,
pipe corrosion, and pipe embritttement occur. . . a few milliseconds at a time.
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(2) The flat area illustrates the instant-off potential

(2)
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(3) This particular waveform indicates positive spiking. EUPEC RMS is working
to determine if corrosion actually occurs during these milliseconds.
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(4) This wave form identifies interference from a foreign source. Note the

inverting of of the signal.

(4)
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(5) Wave form interference from a DC train passing in the vicinity of the line.
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(6) This illustration shows off-potentials more negative than 1.2 volts which
could cause the production of excessive hydrogen that can attack both the

and the pipe.
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Voltmeter Readings

Rectifier Close Interval Survey
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Voltmeter Readings

Test Stations
+ -
Voltmeter

Rectifier

Close Interval Survey

Test Stations

Q-

W

FBE Pipe Coating
Coating Holiday

\\/

g

CP System: coated
pipe with Holiday

* Holein coating

* Pipe exposed

* Nointerference

* Inconsistent pipe to soil
potentials
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Rectifier FSC Readi ngs Close Interval Survey

T

/ Test Stations Test Stations
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—
/
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FBE Pipe Coati

) Bl

Coating Holiday
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— j

EUPEC RMS

CP Signal Analysis.
* Holiday

* Nointerference

* Inconsistent pipe to soil
potentials more efficiently
identified with amplitude shift
and decibel change.

FSC = Field Survey Computer
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Rectifier

FSC Readings

&

Test Stations

To Substation
or other condun

Interference< : ;

Pipeline %
Interference

_____________ J

Close Interval Survey

Test Stations
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FBE Pipe Coating
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EUPEC RMS

CP Signal Analysis.
* Holiday
* Interference present

* Interference identified with
signal characteristic change.
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EUPEC RMS
Field Service Computer (FSC)

Extensive processing of data.
Captures entire CP signal.
Analyzes change.

Identifies holidays.

Spectrum analysis

Identifies interference.
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EUPEC RMS
Delta Survey

Utilizes EUPEC RMS FSC.

Identifies waveform.

Also uses PSM, SCM, & soil resistivity
Analyzes change.

Identifies holidays.

Identifies interference.

()RMS)
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EUPEC RMS
Field Survey Computer

Monitors more than single average
Extensive processing of data
Improved anomaly identification
Spectrum Analysis

Improved Interference Identification
Direct assessment assistance
Improved compliance

CJRMS)
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CP Signal Analysis with amplitude shift

maximun, average, minimum vs chainage

Voltmeter

a000 | 1D6DD | 156DD | Eﬂéﬂﬂ | 256DD | SDéﬂD | 35600
chainage
Potential Holiday
» Deltaamplitude provides more clarity
than delta average ( FUPEC
) )
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CP Signal Analysis with Amplitude Shift and dB change

maximum, average, minimum vs chainage

| | | | | | |
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chainage

amplitude, DB vs chainage

[ ' [ ; [ ' [ ' [ o [ '
310000 35000 320000 325000 330000 335000 340000
chainage

Amplitude & dB change confirm holiday ( R M S
%, .




LLLEE T

EUPEC RMS
ATIS Remote Monitoring Unit

Monitors waveform and parameters
Transmits data to server

Automatic parameter based alarms
Multiple communications means
Ideal for High Consequence Areas
Component of RMS 7/24 system

CJRMS)
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R

Server

EUPEC RMS
Pipeline Integrity Analysis

« EUPEC RMS FSC or RMU.
Captures entire CP signal.
Analyzes change.
Identifies holidays.
Identifies interference.

<
°

EUPEC Data Analysis _-C;?E R M S)
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EUPEC RMS
Pipe Test Field
Pueblo, Colorado

4 pipes up to 250'.

Bare, FBE, (3-layer PE coming soon.)

Each pipe rectified.

Casing short, anomalies, interference.



EUPEC Pipeline Risk Assessment

CONCLUSIONS
1- Full wave form analysis allows a
view of 360 degrees of pipe.
2- No loss of data through signal
averaging such as with a volt meter.
3- More information faster since the
equivalent of two surveys at once.
4- Ability to go test point to test
point prioritizing segments for CIS.

()RMS)
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NEW WAVEFORM TECHNOLOGY
FOR THE DIAGNOSTIC SURVEY
AND
REMOTE MONITORING OF CATHODICALLY PROTECTED UNDERGROUND GAS PIPELINES

FROM THE SENSOR
TO THE BOARDROOM

Submitted By:

Safet Hadzihasanovic - SargjevoGas Sargjevo, BiH
Muhamed Rizvanbegovic - SargevoGas Sargjevo, BiH
Mark Flanery- TransWave International, Inc. Dayton, USA

June 16, 2000
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1. SUMMARY

TransWave International, Inc. has devel oped a new technology for assessing buried underground structures that
employ impressed cathodic protection (CP) for corrosion mitigation. This technology incorporates state of the
art, computer driven filtering techniques and data analysis, as well as worldwide Internet communications
capabilities. Technical advantages of this system are related to the ability to collect data automatically on 360?
pipeline surface, 24 hour per day, while gathering more pipeline condition data for improved levels of pipeline
analysis than any other technology provides. The technology was employed to perform diagnostic evaluations of
gas pipeine coatings and cathodic protection conditions for the 8 bar natural gas pipéline system of SargjevoGas
in the City of Sargjevo. This article describes the waveform technology used in the survey: how it works, what it
does, and its capability for automated remote risk management on pipelines. This article also addresses results
from the diagnostic survey of the 8 bar gas pipelinesin Sargjevo. Of particular interest is the ability of waveform
technology to identify multivariable stray current influences and measure the cathodic protection signal’s
propagation characteristics. This article consists of:

?? Technology for performing waveform pipeline assessments

?? Technology for performing automated remote risk management

?? Thereaults of the 8 bar gas pipeline survey in Sargevo

2. BASICSOF WAVEFORM TECHNOLOGY

2.1 Pipeline Circuitry Basics

For several decades the corrosion industry has used an overly ssmplified circuit schematic to explain cathodic
protection analytical routines. The vast magjority of service engineering companies use a variation of the
following erroneous pipeline DC resistive circuit. See Figure 1.

R, Pipdine Resistance

@
R, Boundary
Rectifier ayer
+ @
R; Earth
Figure 1

Unfortunately the above circuit does not take into account the series capacitance, the series inductance or the R
network boundary layer interface circuit (polarisation zone of the pipeling). The corrected circuit is shown
below. See Figure 2
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L Inductance R, Pipeline Impedance

— Y Y VAVAYAY: — -, BouXdaly L ayer

Rectifier
g__ (Rc) Capacitance
e R, Earth /‘

Circuit Repeatsin Seriesin Finite Modelling (~17 Times)

Figure 2

Average reading surveys capture data that is interpreted to the erroneous circuit shown in Figure 1. These
averaging surveys can miss important CP operations that are found in the waveforms generated by the CP
system. Interval surveys are made more definitive by capturing waveform data. Waveforms capture data that
expose the subtleties of the corrected circuit in Figure 2. The result is more decisive information that is used
during subsequent data reduction techniques.

While these techniques may be perceived as complex by nature, the pipeline signatures collected are more
definitive and much less interpretative that average reading pipe-to-soil interva surveys. On a properly
operating CP system the amplitudes of the waveform over distance should gradually increase as one approaches
the rectifier. By measuring the gradually increasing amplitudes and drawing relationships between successive
measurements the analysis reveals more useful data related to pipeline protection. For example average reading
surveys are mostly ineffective at capturing, analysing and pinpointing coating defects. On large diameter
pipelines (>14") the bottom half of the pipeline is shidlded from averaging measurement inspection by the
diameter done. Shell Oil Research, having investigated these phenomena, found thisto be the case .* The
modified circuit, (Figure 2) takes into account the propagation ripple that is the CP rectifier output (AC
component of the composite waveform —DC & AC). Thiswaveform analysis provides the information that is
contained in the AC responses of the CP waveform to changing pipeline conditions. The result isimproved
pipeline coating analysis.

CP waveform anomalies include full wave discrepancies, half wave operations at failed stacks and interference
by kind (frequency mixing and other variations). Holidays (capacitive effects), inductive spiking (pulsing
current dispersion), disbonded tape wraps (capacitive changes), corrosion conditions with bitumen coatings
(relational waveform performance) and blistering on FBE and polyethylene tape coatings (dB variations — lack
of consistency) are also indicated in waveform signature analysis.

The pipeline carries return electrical current from the anode bed back to the rectifier. The range of cathodic
protection is dependent upon the coating quality (pipe to soil resistance) among other factors. The principal
influence in current distribution across the pipeline is the coating quality and may be expressed as pipe-to-soil
resistance or dielectric coating strength (i.e. ? /ft?). The waveform gradualy builds peak-to-peak amplitude
towards the rectifier’s cad weld pipeline connection.

This current travels in multiple directions out from the groundbed location. Variances in this scenario expose
current redistribution across the pipeline. This current redistribution is seen as upsetsin ided pipeline current
flow. The changes and relationships may be measured in decibels (dB) and relational signature analysis. A
pipeline may be refurbished by eliminating weakened areas in the coatings (i.e. excessive dB losses per unit
section) thereby gaining more efficient control of the voltage propagation (CP protection) along the length of the
pipeline. (Seethe chartsin Section 111, 4.2)

*[Shell Research, Houston, Texas and Battelle Labs — Engineering Studies]
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2.2 Coating Types - Polyethylene Tape Wraps versus Cured (FBE/Coal Tar/Asphalt) Coatings

Polyethylene tape wraps have been found to present additional challenges with different propagation and current
density characteristics than FBE, cod tar or asphalt coatings (cured coatings). Tape wraps have little or no
moment of elasticity and can stretch and disbond. This situation sometimes provides shielded surfaces that can
not be adequately protected by CP application. Extruded coatings can aso perform in this manner. Temperature
operations are a chief cause in coating degradation and disbonding. Tape wraps maintain a higher dielectric
strength (pipe-to-soil resistance) than applied cured coatings. As aresult localised tape wrap effects/defects are
often more aggressive than the highly permeable cured applied powder or tar coatings. Polyethylene tapes are
prone to highly localised defects with more aggressive behaviour than pipelines with cured coatings. Waveform
analytical techniques take the above concerns into account. Waveform analysis accounts for the following:

1) the (series) capacitance of individual measurements taken above the pipeline,
2) therelationships over distance from differential measurements and
3) dgnatures of the individual waveforms

The CP propagation characteristics expose higher risk pipeline sections located between measurement points
along the length of the pipeline. Waveform data collection techniques employ al of the basics described in
section |1 of this paper in order to provide multivariable analyses. The basic tool used in data collection and
analysisis the depiction of pipeline conditions as waveforms.

1. EMPLOYMENT OF FIELD SURVEY EQUIPMENT

To perform afield survey of apipeline, awaveform field mobile laboratory is used. This laboratory has the
capability to collect, anadyse, and store al of the CP data related to the pipeline in computer files. These files can
be put into various Microsoft office program formats, and e-mailed on the Internet.

The mobile field laboratory consists of the following equipment:

3.1 MobileField L aboratory Hardware

Six mgjor components and the carrying case comprise the Mobile Field Laboratory. A pipeline locator is also
included. The total |aboratory consists of:

1. Oscilloscope

2. Cathodic Protection Anaysis Unit

3. Laptop Computer with waveform analytical software
4. Remote Waveform Reader

5. Battery Power Supply

6. Copper/Copper Sulphate Half Cell

Contained in the case with these major components are connectors, test leads, and wiring. The wires, leads, and
connectors supply electrical current from the 12 volt DC battery of the survey vehicle (plug directly into the
vehicle cigarette lighter outlet), collect waveform information, and power individual system components.

The Mobile Field Laboratory is programmed with the standard waveform software package software package.?
This software filters out competing signals and isolates the cathodic protection voltage. The software, working in
conjunction with laboratory hardware, collects this signal over distance, in red time. The software program
analyses and compares existing conditions, locates and identifies by type, breakdowns in cathodic protection
efficiency or the existence and location of corrosion causing conditions.

* All waveform software is the proprietary licensed property of TransWave International, Inc.
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The CPis sampled by connecting to atest post and placing areference cdll in the ground. The technology uses
computer engineered filtering so that only the CP signd is collected. The sampling rate is over 10,000 times per
second, and the CP is viewed as an oscilloscopic waveform. The amplitude and physical shape of each waveis a
replica of the actual CP signa on the pipe.

A two man survey crew performs the pipeline diagnostic analysis and operates the mobile waveform laboratory.
This crew moves from test post to test post along any given pipeline. When there is an abnormal change in data
from the last point surveyed to the present point, the survey stops. A reference cell attached to a spool of wireis
run back towards the last surveyed point. After collecting several more waveforms, a location is verified as the

point of the anomaly that caused the upset condition.

3.2 Waveform Analysis Data Reduction

After completing the collection of waveform data for an entire pipeline, the survey crew performs anaysis
operations. This analysis consists of reducing the data to usable graphic and tabular forms. Waveform data
reduction takes into account several variables and is more varied and decisive than simplified DC averaging
techniques. Waveform analytical patterns, signatures and interrelationships are analysed to produce the fina
survey findings. To this end a simplified scroll report of the pipeline under survey is constructed to provide an
executive summary of the pipeline analysis. This tabular data graphically displays the propagation characteristics
of the pipeline.

3.3 Propagation Perfor mance and Anomalies of the CP System

Below isabrief explanation of some waveform andytical techniques, followed by examples of waveforms
collected from a pipeline.

Polyethylene tape wraps degrades with time loosing dielectric strength. Studies have shown that the average
resistance of new tape wrapsis 1,115,000 ? ft2. At 10-tol5 years tape wraps have been measured to be 100,000
? ft°. Sincethe datais of an empirical nature that does not and can not take into account all variables,
TransWave adopted a de facto standard. Initial engineering studies determined that new tape wraps operate at .2
to 2 dB/mile dependent upon ingtallation procedures. At 6 dB the dielectric strength is adjudged to be 100,000 ?
ft® or an order of magnitude change. TransWave suggests that any section of pipeline that displays performance
in excess of 10 dB/mile should be reviewed and that excessively high dB changes or losses be further defined so
that target digs in these locations are pinpointed for excavation.

Additionally excessive dB changes often result from CP interference when trams or electrically driven trolleys
operate near pipelines. In reviewing the dB performance and rates of change on any subject pipeline, severa
sections of the pipeline are further analyzed during the remote risk management hardware installation process,
and dig locations are pinpointed for excavation at that time.
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3.4 Waveform Examples

Example 1.

A standard waveform. The X-axis represents time in milliseconds and the Y-axis represents voltage.
The Maximum, average, and minimum are the pipe to soil potentials collected using waveform
technology. The high sampling speed of TransWave's equipment permits the display of CP information
as an oscilloscopic waveform. This waveform represent good condition of because potential doesn’t
exceed referral voltage —0.850 V.
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Is an example of awaveform that exhibits positive spiking. The pipe to soil average potentid is the data
normally collected by traditional averaging voltmeters. In example 1a, thisis—1.847, agood potential. However,
the data collected by waveform technology shows that for 25% of the time, this CP is less than the required —
0.850. For a period of time, the CP is not negative. The pipe is unprotected one quarter of the time, and
conditions conducive to corrosion propagation are present.
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3.5 Summary Graphs

The points on the graphs shown below represent individual pipeline locations where waveform data was
collected, averaged, and analysed.

Waveform analytical software calculates the decibel (dB) propagation performance for sections of pipeline.
Sections that show little or no dB loss by calculation causeaflat line to be graphed. A flat line dB responseis
actualy a significant change in dB when one considers the series resistance of the pipeline. The absence of sope
in the plotsis awarning of significant length of pipeline with minimal coating quality and/or integrity.
Consistent coatings subscribe to minimal but consistent dB dopes and are quaified and quantified by the dB
values per mile of run. Better quaity (new) tar coatings subscribe to a minimum consistent slope devoid of step
functions and average less than three dB per mile.

Below is a graphic representation of a pipeline showing decibel and amplitude changes over distance. The
decibel (dB) changes are generdly in the hundreds aong the short distance of pipeline analysed. Experience
indicates that a dB change of thirty or less on atape wrapped pipe 30+ years old is satisfactory. dB shiftsin the
hundreds are cause for concern. The areas with dB shifts between measured points that are in the hundreds
represent pipeline sections that should be excavated and recoated. The location where dB shifts returned to
thirty, or less, between test Sites, and stayed there, is an indication that a section of good protective coating has
been encountered.
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Graphic representation of a pipeline showing maximum, average, and minimum pipe to soil potentials over
distance. The key point is that once the potentials begin to go positive, they do not significantly returnto a
satisfactory negative level (use the average potential black line as an example). Thisindicates that the CP is not
staying on the pipe and protecting it after it passes the 5800 foot mark. This is another indication of poor coating.
The location where pipe to soil potentials returned to more negative levels, and stayed there, is an indication that
a section of good protective coating has been encountered.
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Upon excavation, pipelines have been found to have holidays, disbonded tape coatings and blistered conditions
etc. These conditions are in keeping with capacitive measurement changes. Beneath these coatings are found
films and pools of moisture. It is suggested that whenever this occurs, the “moisture” be pH tested, collected
and/or referred to alaboratory for chemical analyses.

The reason for analysisisto verify solution chemistry and akalinity. Alkaline solutions can be present when a
pipeineis cathodically overdriven (over polarised) and these solutions are a principal reason for disbonding in
(tape) coatings. In many digs akaineresidueisvisible. Theliquid solutions are clear and appear as water but
can have an extremely high pH. These residue solutions dry to abrown rivulet.  Should the liquids be highly
alkaline then continuing the current CP practices can shorten the life of the remaining (tape) coatings and hence
the pipdine. At thistime consideration can be given to tuning the outputs of the power supplies.
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4. SYSTEMSAPPLICATIONS

After theinitia survey is completed, the pipeline is populated with RWR microcomputers so that an automated
alarming system can maintain the pipeline as a self-reporting sensor. Because degradation effects are highly
localised upon tape wrapped pipelines and degradation can be ongoing with (cured) coated pipelines, a system
should be installed when the baseline survey datais recent. Alarm point control will be most effective at this
time and will continue into the future. Alarm points are set at several locations on the raw signal so that both AC
and DC levels are captured. The survey gathered archived data set is loaded into the system central computer
and is used as a basis for future gperating parameters of the instrumented section. In this way the asset is better
preserved for future prosperity.

4.1 The TERMS? Automated System

Upon completion of the waveform diagnostic analytical survey, TransWave' s Expert Risk Management System
(TERMS™) monitors, assesses and reports the performance of corrosion control systems on buried delivery and
storage systems and any deviation from the basdline survey in real-time and on-line, 24 hours/day, 365
days/year. Below isagraphica view of the TERMS architecture:

RWR
CDPD

RWR
Cell Phone |

Internet

Permanent Connection

TERMS
Operator -wwsweww Temporary Connection

Workstation

? ? RWR-The Remote Waveform Reader is a device used for remote data logging. These field devices are
designed for outside installation

?? CDPD (cdlular digital packet data modems) and Cell Phone-These are the communications link between the
RWRs and the TERM S workstation.

? ? TransWave server-The server protects unauthorised access to TERM S software and unauthorised access to
RWRs.

? ? TERMS operator workstation-Pentium based computer with communication hardware and TransWave's
TERMS software. This operates the TransWave TERMS system.

? ? Internet-The workstation must have a connection to the Internet to run the TERMS software. Thisis
required to provide the connection to the TransWave server.
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4.2 TERMS? Software

All of the inputs from the RWR'’s feed into a single base station that contains a monitoring computer. The
waveform software anayzes, charts, graphs, and saves all incoming data. This data, when reduced to tabular and
graphed data can be saved as excd files and e-mailed to other locations. Shown below is a display of the main
TERMS screen, as it would appear on the monitoring computer main screen with the four mgjor information
windows:

’ # oilcompany.terms -

(53-8 Field Unit
[-]‘ FWR 1 {connected wia Internet)

- & Remote log

EI? Rectifier

fI‘. Rectifier Amps
- LD Rectifier Valts

BOS MW ana
HERZFEGOWMA &

TreeView

MgpView

]--‘ FWR 2 {connected wia Internet)
]--‘ FWE. 3 (connected via Internet

02:21:49 PM 16 March 1999 Listening for CDPD notifications..,
02:21:49 P8 16 March 1999 Connection to server established -
2:23:34 PM 16 March 1999 READ CALL IN PHONE NUMBER successful. -

0
=

Hsuar] | Sief[g0 || ER AR AE

=Tree View-Shows all RWR’s and communication ports defined on a system View
=Graph View-Shows the waveforms collected and lets the user manipulate them
=Map View-Shows a graphical representation of the pipeline overlaid onto a digital map

=Communication View-Shows a log of communications; Will display whether the server connection was successful when the
TERMS software is started; Shows the result of various communications between the TERMS workstation and RARs.
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5. CONCLUSION

Waveform technology was employed for Sargjevo Gas due to the existence of two mgor problems that would
interfere with traditional pipeline survey and data acquisition methods. First was the fact that large areas of the
pipeline right of way were covered with asphalt. At the same time, immediately following the siege of Sargjevo,
large areas of right of way could not be entered due to the presence of minefields. Waveform survey methods
provided the mechanism for analysing these restricted areas. Waveform techniques allowed the survey team to
collect data on either side of restricted areas, and then employ the software to analyse the conditions between
two test points based on CP propagation. The waveform software used the changes in propagation values
between two points to calculate coating and CP conditions for the intervening pipeline distances.

At the conclusion of the waveform survey, the influence of three phased DC interference caused by the tram
system was immediately observed as a mgor problem. This interference was directly responsible for corrosion
hazards at several locations throughout Sargjevo. The data collection and analysis means employed with
waveform technology located the areas of interference. Further studies of the tabular data collected, provided
technical personnel with the means to measure the magnitude of the interference, and its sources. This data will
be used in the design of interference mitigating systems that will protect the High Pressure Ring from future
corrosion generated by three phase interference sources (Municipa Tram System).

By using waveform technology, Sargjevo Gas representatives were able to detect and measure threats to the
Cathodic Protection system that would have been impossible using traditional measurement technologies.
Waveform technical capabilities alowed for the collection of data from all 360° of the pipeline's surface.
Waveform andytical software was able to measure the CP propagation characteristics of the pipeline’ s coating.
This characteristic, when compared with interference characteristics, allowed technicians to precisely locate
those areas where the city trams had the most destructive influence on the pipeline.

TERMS Further improvements moves to Geographica Information System (GIS) integration.
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TM0102-2002

Foreword

This standard test method presents guidelines and procedures for use primarily by corrosion
control personnel in the pipeline industry to determine the general condition of a pipeline coating.
These techniques are used to measure the coating conductance (inverse of coating resistance) on
sections of underground pipelines. This test method applies only to pipe coated with dielectric
coatings.

When surveying a coated pipeline system, it may be necessary to determine the conductance of
the coating. The conductance of a coating can vary considerably along the pipeline. Variations
may be caused by changes in average soil resistivity, terrain, and quality of construction. To obtain
data for coating conductance calculations, interrupted pipe-to-soil potentials and line current
readings are taken at pre-selected intervals. It should be noted that the average soil resistivity has
a direct effect on the coating conductance measurement. Because soil resistivity can affect the
coating conductance, it must be known when evaluating a section of a pipeline coating.

This standard was prepared by NACE Task Group 030 on Coating Conductance. This Task Group
was administered by Specific Technology Group (STG) 03 on Protective Coatings and Linings—
Immersion/Buried. Sponsoring STGs also included STG 05 on Cathodic/Anodic Protection; STG
35 on Pipelines, Tanks, and Well Casings; and STG 62 on Testing and Monitoring Procedures.
This standard is issued by NACE under the auspices of STG 03.

In NACE standards, the terms shall, must, should, and may are used in accordance with the
definitions of these terms in the NACE Publications Style Manual, 4th ed., Paragraph 7.4.1.9. Shall
and must are used to state mandatory requirements. Should is used to state something considered
good and is recommended but is not mandatory. May is used to state something considered optional.
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Abstract
In this era of increased market competitiveness and the need for cost reduction strategies, natura gas
pipeline and local distribution companies will soon be able to better control the growth of ther
Cathodic Protection (CP) pipeline maintenance costs with the emergence of two new productivity
enhancement techniques. In the early 90's, corrosion control engineers at Southern California Gas
Company (SoCal) were encouraged to find new methods to reduce the maintenance costs associated
with the Company's approximately 173 million feet of cathodically protected pipelines, mains and
services. Mindful of how the maintenance problems in their CP systems were typicaly being resolved
and the annual dollars associated with these efforts, an intriguing concept was conceived that could

potentially reduce these costs or increase productivity.

SoCal and the Pacific Gas and Electric Company (PG&E), in conjunction with the Gas Research
Institute (GRI), in the mid 90's partnered with Radiodetection Corporation in the research and

development of a new family of CP fault-finding technology.

Keywords: integrity, coating, evaluation, cathodic protection, current, pipeline, PCM, Pipeline Current
Mapper, GPS, stray current



I ntroduction

This paper is going to describe two new CP diagnosis tools, where they work well; in what situations
they do not work well; and how to use them to reduce the time required to track down troublesome

contacts, shorts, holidays and interference in transmission and distribution pipeline systems.

Perhaps the strongest reason for considering this method and technology is that it was conceived,

developed, proven and now sworn by, by corrosion engineers and technicians just like you.

Historically, the CP industry has looked at voltage, as it is the voltage (potential) level that protects our
pipes. However, it is the flow of current (or lack thereof) that creates these potentials and knowing
where the current is flowing shows the engineers and technicians why potentials may not be what they

expect.

Pipeline Current Mapping
Generally, we still cannot detect absolute DC current flow through electromagnetic methods without an
access to the pipe. The earth’s magnetic field, effectively a DC field, provides too much of an
interfering signal and masks the true value of the field coming from current flow on a pipe. For this
reason, an aternating current (AC) or pulsed direct current (DC) must be used to create signals we need
to read above ground. The source of these external signals is an external transmitter or interrupter

associated with the system.

The first of the two techniques has been referred to as Pipeline Current Mapping (PCM). This
technique is as simple as using appropriate equipment to detect electro-magnetic (EM) fields above
ground resulting from the flow of current on a conductor (pipeline) buried beneath it. The EM
information is processed to show the current magnitude creating it and then recorded. Anaysis

becomes very intuitive at this point, current has to go somewhere and any anomalous loss of current



along a span of pipe indicates problems. Kirchhoff’s current law states: The sum of the currents into a
point in a circuit equals the sum of the currents out (conservation of charge). This is perhaps more
relevant than it initially appearsto be. It requires that current in al parts of a series circuit is the same.
Since a pipdine is effectively along series circuit, it can closely be modeled like a transmission circuit
of along series resistor (the stedl of the pipeline) and an infinite number of parald resistors aong its

length (normal and anomalous leakage and |osses).

The magnitude and direction of the current must be tightly controlled and thus the system requires a
stable, calibrated source for the current. A law of physics comes into play at this point. The higher a
frequency, the more it will leak across insulators and out through coatings. This leakage may be
detected and reported, but isn’t really happening to our DC, so to minimize erroneous responses, we
must use an AC signal that is close in frequency to DC. The frequency chosen for this system is 4 Hz.
This low frequency, while having the advantage of closely smulating the flow of our DC, is a a

disadvantage when it comes to locating the pipe.

To track the current, we still need a locatable signal to follow the pipeline path above ground and four
Hz. istoo low to be picked up with antennas. Four Hz. is aso too low to efficiently guide a technician
walking and swinging a receiving device to quickly locate the pipe position. For this reason, an
additional frequency is transmitted at the same time to allow locating the pipe. This second frequency
can be any locatable signal, however for maximum distance and strength, a low frequency must be used

and in this system, it is either 98 Hz. or 512 Hz.

Finadly, in the case of distribution short locating where loops may exist, knowing the direction of the
current flow on the pipe below us can provide very useful information. A specific example is covered
in a following case study (#2). To determine Current Direction (CD), another frequency, exactly
double the main current frequency is added to the output. Now by looking at the received signal and
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comparing the relative phases of the four Hz. and eight Hz. frequency components, we can easily

determine the current direction and use it to guide our troubleshooting.
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Figure 1: Spectrum of a PCM Output (ELF frequency with CD) at two Amperes into a 4.8 Ohm load.

NACE has included EM test methods in their recommended practice “Pipeline External Corrosion
Direct Assessment Methodology” as being a suitable method of data collection for many situations that

existing methods could not address.

THE TECHNOLOGY

The system consists of a portable transmitter and a user carried portable receiver.

The transmitter component is a stand-alone 0.1 to 3 Ampere current output device and locating signal
generator and may be powered from a variety of sources. It is packaged in portable and weatherproof

housing.



The receiver portion of the unit is packaged in two parts consisting of a unique hand-held pipe-locating
receiver that can also be used as a Pearson type detector along with an attachable magnetometer

module.

To remove the earth's magnetic field and other static fields from the PCMs current measurement
function, the alternating current signal of 4Hz is transmitted onto the pipeline. The receiver's flux gate
magnetometer module, using specialized signal processing techniques, is positioned directly above the
target pipeline segment and accurately measures the 4Hz. magnetic field from which a corresponding
current magnitude is electronically calculated. During the research portion of this development, it was
confirmed that this aternating signal was sufficiently low in frequency to suffer negligible effects from
the capacitance of the protected structure. In other words, the electrical characteristics of current
attenuation and distribution on typical natural gas piping systems are virtualy the same for this near

DC signd as they would be for a comparable magnitude of DC.

Finally, we must remember that we are locating our transmitter signal, not the actual DC current. For
cost and portability reasons, the transmitter is limited to 3.0 Amperes output. Although this may be
substantially less than the rectifier for the system is capable of, our recorded current is directly
proportionate to the actual DC. Simple cross multiplication is the most advanced math needed to relate

PCM current to the equivalent DC values.

BENEFITS and STRENGTHS

Above ground, at any point, and with no ground disturbance we can easily find the current amount and
direction on the piping under our feet. Previous methods of current spanning, use of large clamp-on
ammeters, and installing shunt resistors to give a current proportionate voltage usually require access to

the pipe. Ground disturbance is very expensive, especially when roadway detours, restoration, and



liability issues are concerned. Getting permission from land—owners, municipalities, other facility

owners, and possibly transportation ministries is time consuming and usually expensive.

Non-invasive methods such as this paper describe have the potential for substantial improvements in

time and cost savings.

Another advantage is that since we are tracing a specific transmitted signal, shorts between different CP
zones are easily shown up by this method. As both zones may have adequate protection levels, reading
potentials may not show up a faulted insulator. Since only one zone has the PCM transmitter, the
mapping current will flow through any failed insulators quickly showing their existence. People may
wonder why do we need to locate these if both zones are adequately protected, but the original
designers must have had a reason to design them into the system, perhaps due to seasona variations or

future system changes.

The measured data is recorded internaly and can be downloaded into a computer where the data is
easily imported into a spreadsheet for advanced and automated graphing. Currents and current loss can
be plotted out versus distance to aid in the anaysis and detection of pipeline coating problems.
Additional productivity enhancement can come from the GPS compatibility of the PCM system. By
connecting the PCM to a data logging Global Positioning Satellite (GPS) recelver system, al the
distances can be automatically calculated and recorded. The resulting postiona data can be
incorporated into a utilities Geographic Information System (GIS). The measured current levels and

rates of decay, recorded in the GIS, may also be used as a benchmark for future testing.



DIFFICULT APPLICATIONS

Because this process is completely dependent on the flow of current, areas where current is not flowing
can create limitations. Often the information provided is still valuable, but always must be interpreted

with respect to Ohm'’s and Kirchhoff’s Laws.

A common desire is to find unwanted buried insulators such as ‘Dresser’ couplings. These couplings
can often act as complete electrical insulators, preventing cathodic protection potentials from reaching
sections of pipe. They will also prevent the flow of mapping currents. The information we do get
regarding what current is flowing and where will still yield good information that is not available by
any other means. For example, if we make a connection at a gas service line and find that virtualy all
of the current is flowing in one direction when the piping goes both ways, there has to be an insulator
in the direction of little current flow. By repeating this process over severa services, we can narrow
down the position of the insulator. While this method will provide resolution down to the spacing
between the two services, that may not be satisfactory when it comes time to rip up pavement. Based
on the recorded decay of current flow, further testing is planned to find an empirical model correctly
relating the physical position with respect to the reported current. Initial analysis is promising on this

topic.

Other electromagnetic methods do exist and can give good results for detecting dresser positions. Use
of a higher frequency can use to our advantage the relationship between frequency and current loss. By
performing a similar survey while using a higher frequency, the abrupt loss of signa is usualy more

apparent. The PCM includes two frequencies that can be used for this purpose.

The flow of current does not necessarily guarantee adequate protection levels. While this process does

an excellent job of telling us where our current is going, it cannot show if there is or is not sufficient



potentials. If there is little current flowing, it just could be very well insulated pipe that requires little
current to be protected. Even if there is substantial current flowing, some pipe may require more
current and we still may not be protected. Connected Magnesium anodes may continue to be

connected but must be considered when analyzing data.

PCM CASE-STUDIES

The demonstrated productivity gains with the PCM system are impressive. Using the labour-intensive
techniques and procedures of the past, corrosion technicians would often spend days in search of

difficult foreign contact(s).

During the winter of '96-'97, CP specidists from two magor US gas distribution companies were
involved in the prototype PCM evaluations requested, from their various operating regions, notification
of shorted CP areas that had proven difficult to resolve using traditional troubleshooting methods. The

following case studies document some of these findings:

Case#1

The CP potential reads in an extremely large distribution network of coated pipe had been reported
"down" the prior month. After at least one week of extensive field investigative work by two
technicians using traditional troubleshooting techniques, the problem failed to be resolved. Within
three hours of the PCM equipment set-up, an evaluation team member determined that a two-inch main
was shorted in the middle of a paved intersection. A subsequent excavation at the indicated location

found that the main had come into parallel contact with a previously abandoned gas pipeline.



Case#2

The CP area consisted of approximately 45,000 feet of two, three, and four-inch mains and 15,000 feet
of service piping. System piping was in a compounded multiple loop configuration and coating
conditions were fair to poor. Pipe-to-soil reads were below the established criteria.  Approximately
100 hours had been spent in trying to resolve the problem. Line-dropping techniques had not been used
to determine the problem. Instead, extensive Pearson detector surveys were performed without

SUCCESS.

The PCM transmitter was connected to the power supply and ground bed of the rectifier supplying
current to the area. Due to the size of the area, the transmitter was set at its maximum output of three
amperes. Using a systematic current mapping approach, an uninsulated meter set was found in

approximately two hours. Protective levels were again re-established.
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Figure 2: Layout of Case Study #2

Case# 3

The subject CP area consisted of approximately 18,000 feet of two, three, and four-inch mains
and 6,000 feet of service piping. Area piping was in a multiple loop configuration and coating
conditions were generaly only fair.

established criteria.

troubleshooting methods, a missing meter set insulator had been located and corrected, however

After approximately 80 hours of

there were still problems.

10

ancde - connected

Pipe-to-soil voltage reads were found to be below the

investigation, using traditional



Subsequent tests showed that even with the installation of another 20-pound magnesium anode, the
potential reads were still low. Use of a Pearson detector had been difficult due to the high noise levels
of alternating current interference from overhead electrical lines. Close interval line-dropping of the
main was not economically feasible due to the lack of adequate contact points -- resultant from the

areas large number of plastic replacement services.

Using an existing magnesium anode bank located near the middle of the area as a ground, the

PCM transmitter was set at an output of one ampere.

Using a systematic current mapping approach, an underground contact was pinpointed. A subsequent
excavation at this location found that a 6-inch diameter cast iron water main had come into contact with
a three-inch gas main. The time to locate this contact with the PCM was approximately two and one-
half hours. Pipe-to-soil measurements after the contact was cleared were higher than at any previous

time.

Case#4

The ability of the PCM to adequately determine coating quality of transmission pipelines and mains
was documented while surveying a small diameter gas transmission line. Three separate problems
were found, none of which were known to the owner. Referring to the graph ‘Case #4” we can see
three separate problems. The shorted insulator to a compressor station is the largest loss. Also to be
noted is the loss through two sloughs. The first slough is just past the edge of the station and the
second dlough is now dry and % mile further. The current loss/distance has been calculated in a
spreadsheet that the collected data was imported into and is expressed in millibels (1/100 of a dB) per

foot.
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Analyzing the data in terms of deci or millibels provides a better display of loss severity. If an anomay
causes 50% loss, at 2A input we lose 1A, but at 100mA input we only lose 50mA and the problem

looks less severe. Displaying in terms of bels normalizes the loss against the source.
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Figure 3: Results of Case Study #4

PCM CONCLUSIONS

The ability of the prototype PCM system to quickly, norrintrusively, and accurately measure the
distribution of an impressed test current on a natural gas piping network is a quantum improvement in

the methodology of troubleshooting CP areas. Feedback has been extremely positive:
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"The technology to be able to quickly measure pipeline current flow and know its direction is
unquestionably a major breakthrough in the approach to troubleshooting cathodic protections systems.”

said R.C. Skelton, cathodic protection consultant.

"We found it extremely useful to locate sections of poor coating, especialy under concrete and
pavement. The cost of excavation in these areas is very high and the PCM eliminates the guesswork."

said, Ray Harding, Enbridge Consumers CP Technician.

Klaus Jeppesen, cathodic protection specialist #5448, Farwest Corrosion Control Co., said "The PCM
provides a higher level of confidence than a conventional signal locator. The current direction feature
has enabled me to quickly resolve problems that previously required calibrated current span work. The

PCM has quickly become my troubleshooting tool of choice'".

Midway through the field evaluation phase, it became clear to the development partners that the
performance of the prototype PCM units had far exceeded initial productivity expectations. The
original objective of developing a new CP device that could increase troubleshooting productivity by at
least 25 percent was met. It has also been found that use of the PCM system significantly increases
fidd technicians working knowledge of cathodic protection, reduces safety and liability considerations
inherent with previous troubleshooting techniques, and allows for some other operating cost reductions,
i.e. -- the reduction in the current outputs of many urban impressed current systems (set high in the past
to mask existing shorts) thereby also reducing the potential of stray current interference. Economic
analyses have shown that a payback period of less than one year is a reasonable expectation for using
this system. As the system also works as a regular pipe and cable locator, the value of a flexible tool
like this is further increased for a shorter payback. Finally, the technology has been endorsed by both

standards organizations and by operators of pipeine systems.
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Stray Current Mapping
The second of the two techniques is referred to as Stray Current Mapping (SCM). As the name
suggests, it uses similar processes to detect unwanted, non-designed currents that can cause very
serious, dramatic and localized corrosion problems (figure 4). It resulted as a “spin-off’ of the PCM

technology.

TYPICAL EXAMPLE OF

| STRAY CURRENT CORRDSION l

3" PIPE

Figure 4: Typical pipeline failure due to highly localized corrosion caused by Stray Currents.

The two main sources for stray currents are other pipeline systems and electric rail systems. The SCM
system is able to determine if and where stray currents are being forced onto a metallic piping system,
the magnitude of this interference, and most important, the location(s) and magnitudes where this often

detrimental current leaves an interfered-with system.

The technology is very similar to the PCM system. It uses magnetometers to detect very low frequency

changes to the current along the pipeline. It includes data-logging technology and software to allow

14



anaysis of the detected fields on standard laptop computers. Where the technology differs is that it
records the actual current flow created by the systems CP rectifier. Since the CP current flow is DC
and the earth’s magnetic field is effectively DC, it could not be accurately detected. It also uses several
sets of orthogonal magnetometer sensors along the length of the receiver bar to receive data and
process it for accuracy. An analog voltage data logger was also included so that EM effects upon a

pipeline could be easily related to actua fluctuations in the pipeline potential.

The method chosen to identify which is desired and which is stray CP current flow was to develop
current interrupters that stop current flow with a periodic but unique ‘patterns’. The SCM software
‘sees’ this pattern in the collected data and is able to accurately determine the related current. Since a
typica pipeline may have multiple desired and stray current sources, there were multiple patterns
defined in the software. To accurately determine how much of an effect other pipeline systems have on
the system under test, interrupters must be placed on these other systems. This of course requires co-

operation from the other companies.

Stray currents become quite easy to observe when the datais collected and presented (see figure 5).
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Figure 5: One example of data presentation.

In the case of rall-induced interference, it is obviously impossible to interrupt these currents. The
method for detecting these relies on their large differential from the baseline magnetic field. When
looking at long-term (6 hour +) recorded data, anomalous spikes become very apparent in the recorded
magnetic field. These same spikes have been recorded as affecting the pipe-to-soil data as shown in

figure 6.
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Figure 6: Stray current resulting from rail operation (Note time of inactivity).

As an added benefit, the interrupters were developed to work as a standard interrupter for close interval
survey work. Absolute time stability is guaranteed in all modes due to the inclusion of a timing module

based on the Global Positioning System clocks.

SCM CONCLUSIONS

Stray current mapping is very new but has progressed to a commercialized product. Unfortunately, as
the technology is this new, rea world case study data was not available at the time of writing this
paper. Workshops and applications will be completed in the spring and summer of 2002 and further

data from them will be presented at the conference.
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New NACE Test Method
Pipeline Coating: Aboveground
Techniques for the Underground
Evaluation of Condition (TG 294)

Gord Parker, C.E.T.
Radiodetection Ltd.

What it is

e ltwill be a Test Method
e Fits 'under' RPO502 (ECDA)
e Qut for ballot in December '04

» Aiming for approval at NACE National in
Houston, April '05

e This is as fresh as it gets




The document outline:

Section 1 General

Section 2 Definitions

Section 3 AC Current Attenuation (EM)
Section 4 AC Voltage Gradient

Section 5 DC Voltage Gradient

Section 6 Pearson Survey

e CIS has its own TM or RP
 -isn't necessarily part of ECDA

* | helped with ACCA and ACVG




5 sections each, Structure:

Introduction

Instrumentation and Equipment
Survey Procedure

Survey Results

Data Analysis

ECDA Notes

 Several good projects complete

e Don’t expect it to be an order of magnitude
cheaper then an ILI project
* Properly done, can be very close in price
« Still the only option for non-pigable lines




Defect Sizing

e A good idea is available but very precise
sizing is still dependent on soil resistivity at
the holiday and at the probes.

* Applying soil resistivity info to the results
should help size the defects more
accurately.

 This has been discussed by users, empirical
data not yet available.

Section 3 — AC Current Attenuation
__* The Electromagnetic part of this is only a means

to measure current without contact to pipe or
ground.

e The real data is how much current has been lost.

* When people hear ‘Electromagnetic’ they get
worried. Don’t! Itis just a way to measure
current.

e The industry is used to wires & volts.

e Trusting invisible EM fields is new to it.




Current Attenuation

Doesn’t replace measuring potentials

BUT... seeing where current is going can
be a big help in trouble-shooting

Measures the current and looks for losses

Spacing - finer the better, especially for
ECDA

Newer equipment = better resolution
* allows detection of smaller holidays.
Spacing of 25-100° is common

A very coarse survey can be used for a
baseline, even 1 reading per road x-ing




* A non-contact method for determining
where current loss/gain is occurring along a
pipeline or a distribution system.

* Proven very popular in areas where earth
contact is not available
* through concrete and high resistivity soils

e Modern equipment has improved rejection
of interference and field distortion
* it is a very user-friendly tool.

Transmission Example
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Distribution Example
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80 \’\ /\ 2000
—=— 4Hz (dBmd)
& 1500 —— Depth (in)
174 —+—4Hz (mA)
—— Loss dB/2km
40 M\ 1000
20 500

ent/Depth

Cunr

What’s new in ACCA

* Adding pipeline diameter into current
attenuation data to calculate loss per

sguare area
* Allows comparing all diameters to each other

* Gives bigger database of coating qualities

» Adding soil resistivity data to help size
defects based on loss




cons

e Congested areas may have confusing EM
fields.

* Parallel lines
* Other utilities if user not careful
e We need current flow, so open circuits can
limit strength
* Stubs & Dressers™

Stray Current Mapping

We can also use a similar idea to detect
current from other sources

Magnetometers triangulate to get depth and
amount of current

Creating unique pattern in the current will
allow identification.

Separate product.




Section 4 AC Voltage Gradient

Becoming very popular
Extreme sensitivity
Rejection of interference
Very accurate location of faults
* typically better then 6"
Sometimes part of Current Attenuation equipment

This method deserves to be considered as a solid
tool for integrity and the ECDA process.

ACVG In Operation

——.ﬁ(lh SI ! nal Signal Mazximum Fault Value

A
strength and Strength — e
. . (Potennal) Fautt Direction Arrov
direction

arrows lead -
user to holiday. S

Fault value is
proportional to

holiday size
and soil

resistivity.




ACVG Tuning

 Older systems used a simple DMM
* Does not tune to any one frequency
* 60 Hz, cable earth faults, telecom noise Rx’d

 Very tight tuning in the signal generator and
receiver effectively increases sensitivity as
it ignores current from other sources

* SNR improves

The END
e Questions?

Gord Parker, C.E.T.

Radiodetection Ltd. (Calgary, Alberta)
403-281-1808 cell: 403-606-5464
gord.parker@radiodetection.spx.com

www.radiodetection.ca
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Analysis of Spread Spectrum Time Domain
Reflectometry for Wire Fault Location

Paul Smith, Member, IEEE, Cynthia Furse, Senior Member, IEEE, and Jacob Gunther, Member, IEEE

Abstract—Spread spectrum time domain reflectometry (SSTDR)
and sequence time domain reflectometry have been demonstrated
to be effective technologies for locating intermittent faults on air-
craft wires carrying typical signals in flight. This paper examines
the parameters that control the accuracy, latency, and signal to
noise ratio for these methods. Both test methods are shown to be
effective for wires carrying ACpower signals, and SSTDR is shown
to be particularly effective at testing wires carrying digital sig-
nals such as Mil-Std 1553 data. Results are demonstrated for both
controlled and uncontrolled impedance cables. The low test signal
levels and high noise immunity of these test methods make them
well suited to test for intermittent wiring failures such as open cir-
cuits, short circuits, and arcs on cables in aircraft in flight.

Index Terms—Aging wire detection, arc detection, sequence time
domain reflectometry (STDR), spread spectrum time domain re-
flectometry (SSTDR), time domain reflectometry (TDR), wire fault
detection.

I. INTRODUCTION

OR MANY years, wiring has been treated as a system that
could be installed and expected to work for the life of an
aircraft [1]. As aircraft age far beyond their original expected
life span, this attitude is rapidly changing. Aircraft wiring prob-
lems have recently been identified as the likely cause of several
tragic mishaps [2] and hundreds of thousands of lost mission
hours [3]. Modern commercial aircraft typically have more than
100 km of wire [2]. Much of this wire is routed behind panels or
wrapped in special protective jackets, and is not accessible even
during heavy maintenance when most of the panels are removed.
Among the most difficult wiring problems to resolve are those
that involve intermittent faults [4]. Vibration that causes wires
with breached insulation to touch each other or the airframe,
pins, splices, or corroded connections to pull loose, or “wet
arc faults” where water drips on wires with breached insulation
causing intermittent line loads. Once on the ground these faults

Manuscript received April 10, 2004; revised September 14, 2004. This work
was supported in part by the Utah Center of Excellence for Smart Sensors and in
part by the National Science Foundation under Contract 0097490. The associate
editor coordinating the review of this paper and approving it for publication was
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J. Gunther is with the Department of Electrical and Computer Engineering,
Utah State University, Logan, UT 84322-4120 USA (e-mail: jake@ece.usu.
edu).
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often cannot be replicated or located. During the few millisec-
onds it is active, the intermittent fault is a significant impedance
mismatch that can be detected, rather than the tiny mismatch
observed when it is inactive. A wire testing method that could
test the wires continually, including while the plane is in flight
would, therefore, have a tremendous advantage over conven-
tional static test methods.

Another important reason to test wires that are live and in
flight is to enable arc fault circuit breaker technology [5] that is
being developed to reduce the danger of fire due to intermittent
short circuits. Unlike traditional thermal circuit breakers, these
new circuit breakers trip on noise caused by arcs rather than re-
quiring large currents. The problem is that locating the tiny fault
after the breaker has tripped is extremely difficult, perhaps im-
possible. Locating the fault before the breaker trips could enable
maintenance action.

This paper describes and analyzes one such method, based
on spread spectrum communication techniques that can do just
that. This method is accurate to within a few centimeters for
wires carrying 400-Hz aircraft signals as well as MilStd 1553
data bus signals. Results are presented on both controlled and
uncontrolled impedance cables up to 23 m long.

Early research on spread spectrum time domain reflectometry
(SSTDR) [6] has considered fault location tests on high voltage
power wires. Sequence time domain reflectometry (STDR) [7]
has been studied and used to test twisted pairs for use in commu-
nications. More recently, it has been demonstrated for location
of intermittent faults such as those on aircraft wiring [18]. These
test methods could be used as part of a smart wiring system
[2], and could provide continuous testing of wires on aircraft
in flight, with automatic reporting of fault locations to facilitate
quick wiring repairs. This could be done by integrating the elec-
tronics into either the circuit breaker or into “connector savers”
throughout the system. In order for this to be feasible, the pro-
totype system that has been described here is being redesigned
as a custom ASIC, which should cost on the order of $10-$20
per unit in bulk. This paper focuses on the analysis of SSTDR
and STDR. Parameters required for these methods to function
as potential test methods on wires carrying 400-Hz ACor high
speed digital data such as Mil-Std 1553 are discussed. This anal-
ysis is critical to determine the system tradeoffs between speed,
accuracy, code length/system complexity, etc. This ideal anal-
ysis provides information on the expected accuracy, which is
verified with tests of near-ideal lossless controlled impedance
coax. The effect of realistic noncontrolled impedance cable is
also evaluated, and sources of error within a realistic system are
discussed.

1530-437X/$20.00 © 2005 IEEE
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II. CURRENT WIRE TEST TECHNOLOGY

There are several test technologies that can be used to pin-
point the location of wiring faults. Some of the most publicized
methods are: time domain reflectometry (TDR) [8], standing
wave reflectometry (SWR) [12], frequency domain reflectom-
etry (FDR) [13], impedance spectroscopy [14], high voltage,
inert gas [15], resistance measurements, and capacitance mea-
surements. At the present time, these test methods cannot re-
liably distinguish small faults such as intermittent failures on
noncontrolled impedance cables without the use of high voltage.
In addition, the signal levels required to reliably perform these
tests may interfere with aircraft operation if applied while the
aircraft is in use [4]. Another test method is needed that can test
in the noisy environment of aircraft wiring, and that can be used
to pinpoint the location of intermittent faults such as momentary
open circuits, short circuits, and arcs.

III. SPREAD SPECTRUM WIRE TESTING

Spread spectrum signals, both in baseband (STDR) [7] and
modulated (SSTDR) [6], are detectable through cross correla-
tion, even though they may be buried in noise. The ability to
pick out the signal is due to processing gain, which for direct
sequence spread spectrum (DSSS) can be expressed as

TS RC WSS
P = — = — =
G T. Rs 2R,

where W, is the bandwidth of the spread-spectrum signal, T’ is
the duration of one entire STDR/SSTDR sequence (considering
the entire sequence equal to one bit in communication-system
terms), T.. is the duration of a PN code chip, .. is the chip rate
in chips per second, and R is the symbol rate, which in this
case is the number of full sequences per second [16].

Because of this processing gain, it is reasonable to assume
that a spread spectrum test system could operate correctly in a
noisy environment with 400-Hz 115-V ACor digital data on the
wires. The test system could be designed such that it would not
be damaged by or interfere with any of the signals already on
the wires. For the analysis that follows, the digital data on the
wires will be assumed to be Mil-Std 1553, a standard aircraft
communication data bus that specifies a 1 Mbit/second data rate,
a 2.25-20 V RMS signal level, normally operates on low-loss
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(3 dB/100 m) 70-£2 shielded twisted pair cable, and allows for a
SNR of 17.5 dB [17].

The block diagram of the STDR/SSTDR block is shown in
Fig. 1. A sine wave generator (operating at 30—100 MHz) creates
the master system clock. Its output is converted to a square wave
via a shaper, and the resulting square wave drives a pseudo-noise
digital sequence generator (PN Gen). To use SSTDR, the sine
wave is multiplied by the output of the PN generator, generating
a DSSS binary phase shift keyed (BPSK) signal. To use STDR,
the output of the PN generator is not mixed with the sine wave.
The test signal is injected into the cable. The total signal from
the cable (including any digital data or ACsignals on the cable,
and any reflections observable at the receiver) is fed into a cor-
relator circuit along with a reference signal. The received signal
and the reference signal are multiplied, and the result is fed to
an integrator. The output of the integrator is sampled with an
analog-to-digital converter (ADC). A full correlation can be col-
lected by repeatedly adjusting the phase offset between the two
signal branches and sampling the correlator output. The loca-
tion of the various peaks in the full correlation indicates the lo-
cation of impedance discontinuities such as open circuits, short
circuits, and arcs (intermittent shorts). Test data indicate that this
test method can resolve faults in a noisy environment to within
1/10th to 1/100th the length of a PN code chip on the cable, de-
pending on the noise level, cable length, and type of cable [4].

IV. STDR/SSTDR ANALYSIS

The operation of STDR/SSTDR depends on the fact that por-
tions of electrical signals are reflected at discontinuities in the
characteristic impedance of the cable. A spread spectrum signal
shown in Fig. 2 is injected onto the wires, and as with TDR,
the reflected signal will be inverted for a short circuit and will
be right-side-up for an open circuit [8]. The observed reflected
signal is correlated with a copy of the injected signal. The shape
of the correlation peaks is shown in Fig. 3. In this figure, the
modulating frequency is the same as the chip rate. Note that the
sidelobes in the correlation peak are sinusoids of the same am-
plitude as the off-peak autocorrelation of the ML code. This is
due to the selected modulation frequency and synchronization.
Use of a different modulation frequency or different synchro-
nization will yield a different correlation pattern that may have
higher side lobes [4]. Different PN sequences also have different
peak shapes, as shown in Fig. 4 for ML and gold codes.
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Fig. 5. Correlator output for STDR and SSTDR tests on 75-{2 coax cable
with an open circuit 23 m down the cable. Note the peak at zero (connection
between the test system and cable), multiple reflections, and definitive shape of
the correlation peaks.

The location of the peaks in the correlator output in conjunc-
tion with an estimate of the velocity of propagation indicates
the distance to impedance discontinuities. Fig. 5 shows normal-
ized sample test data collected on 75-§2 coax cable. The cor-
relation peaks after 23 m are due to multiple reflections in the
23-m cable. The response for noncontrolled impedance cable
is not as clean, which is to be expected because of the varia-
tion in impedance and subsequent small reflections as well as
minor variation in velocity of propagation down the length of
the cable. Fig. 6(a) and (b) show the STDR and SSTDR corre-
lation responses measured on two 22 AWG wires in a loosely
bundled set of 22 wires that is 9.9 m long. The wires snake in
and out within the bundle, and although they are roughly parallel
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throughout, they definitely do not have even spacing throughout
the bundle. The response is not as smooth as that seen in Fig. 5,
due to the multiple small reflections that occur within the uncon-
trolled impedance bundle. These multiple reflections as well as
the variations in velocity of propagation that go with them will
reduce the accuracy of the method somewhat for uncontrolled
impedance cables, as we shall see later.

When a peak detection algorithm (to identify the approximate
open circuit location) is coupled with a curve fitting approach
(to determine its precise location), the length of the wires can
be calculated very accurately as shown in Fig. 4(a) and (b) for
the controlled and uncontrolled impedance wires, respectively.
The maximum error observed for controlled impedance cables
is 3 cm, and for the uncontrolled impedance wires is 6 cm. The
minimum measurable length for both systems is approximately
3.5 m, as seen in these figures. This is because the initial and
final peaks overlap. A more advanced curve fitting approach can
be used to distinguish these overlapping peaks.

For the discussion that follows, the ideal case will be assumed
where the cable is lossless. An additional assumption is that
frequency dispersion is negligible in the cable. That is, that all
frequencies travel down the cable at the same rate.

A. Expected Correlator Output With Generalized Noise

The correlator output can be analyzed in terms of the signal
injected onto the cable, various reflections of that signal, and
any unwanted signals (noise) received at the correlator input.

Let S[n] be arecursive linear sequence of period K consisting
of 1s and —1 s. Then let

s(ty=">_ Sn]-p(t—nT) 8))
where
1, 0<t< T,
p(t) = {07 otherwise &

so that s(¢) is a recursive linear signal (RLS) of period T =
KT, consisting of 1s and —1 s. Here, 7. is the minimum dura-
tion of a I or —1, otherwise known as a “chip.” Note that

s(t) = s(t+ Ty) ©)

for any ¢ for a RLS of duration 7.

The test system will send a signal s(¢) onto the cable, which
will be reflected by some arbitrary number of impedance discon-
tinuities in the cable. The reflected signals will return to the test
system after some transmission delay. Along with the reflected
signals will be some noise that will depend on the nature of the
cable being tested, anomalies in the signal generation, and extra-
neous noise. The noise could be white noise, or it could contain
signals such as Mil-Std 1553.

Let x(¢) be the received signal, defined as

x(t) = Z aps(t — 1) + n(t) 4)

where ay, is the amplitude of reflected signal ays(t — 74 ) relative
to s(t), 7 is the time delay before receiving reflection k, and
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n(t) is a noise signal of duration T}, > T, that is statistically ~ B. Correlator Output in the Presence of White Noise

uncorrelated to s(t).
The correlator output will be

Rour = /T s()a(t — 7) dt

Ts
= /0 s(t) Z aps(t — 7 — 1) dt

k
T,
+/ s(t)n(t — 7) dt. 5)
Jo

As can be seen from (5), the correlator output will depend
on the reflected signals and the noise, and is, therefore, deter-
mined by both deterministic and nondeterministic signals. The
expected value F( - ) of the correlation R, 7 must, therefore, be
considered

E{Ry,7) = E {/0 s(0) Y aus(t -7 — ) dt

+ / sl - ) dt}

Ts
- /0 s(t) > azs(t — 7 —7) dt. (6)

k

In the last step in (6), the fact that s(¢) is zero mean and n(t)
is asynchronous to s(t) was used.

The output of the correlator in the absence of noise is the
sum of cross correlations of scaled and time-shifted copies of
s(t) and the original s(t). The expected output in the presence
of noise is the same as the output in the absence of noise, with
some additional random noise term that is zero mean.

The cross correlation of noise terms with s(¢) can be dis-
cussed in terms of the nature of the noise terms. If n(t) is white
Gaussian noise, the cross-correlation analysis can be described
explicitly [11]. From (6), the cross correlation of s(t) with n(t)
has mean

Ts
E{R,,7}=F {/ s(t)n(t — 1) dt} =0 @)

and variance
No
2

where N, /2 is the noise power received at the input, and E is
the energy in the reference signal s(¢) over one period.

Thus, the effect of white noise in the system will be to add
variation to the measurements proportional to the energy of the
signal s(¢), but it will not cause a consistent DC offset.

E{R,,m*} = —E, 8)

C. Correlator Output in the Presence of Mil-Std 1553

As with white noise, the mean output of the correlator with
Mil-Std 1553 as the noise source n(t) is zero as shown in (6).
The variance of the noise is a bit more involved to calculate since
for Mil-Std 1553

E{n(ty — 7)n(t2 — 7)} not proportional to d(t1 — t2) (9)

which is not the same as it is for white noise, as shown in (8).

The signal used for correlation s(¢) will be integrated over a
single period. It can, therefore, be considered to be an energy
signal [11], and its energy spectral density is given by

Gopy = IF{s(O)}* = [S(F)P (10)
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where S(f) is the Fourier transform of s(¢). Since s(¢) is of
finite duration, its power spectral density (PSD) is only nonzero
if considered only over the integration time 7, in which case

psp, (f) = BUDF (11)

T

The total energy in the signal s(¢) can be found in several
ways as given by Rayleigh’s theorem [11]

T, [e'e)
E, = / s (t) dt = /
JO J —o0

-1 [ " PSDL(f) df.

— 00

|S(H)I* df
(12)

Let n(t) be the noise signal due to Mil-Std 1553 operating on
the wires. The Fourier transform of n(¢) is given by

N(f) = /w n(t)e 2™t dt. (13)

J —o0

Rayleigh’s theorem gives the energy of the signal n(t) as

5= | Ty dt = [ e

_ / PSD, () df (14)
and the PSD defined over 7,, as
2
ps,(f) = VUL (s)

As n(t) is not a periodic function, the cross-correlation func-
tions listed below that deal with n(t) will be linear cross corre-
lations. If both s(¢) and n(t) or their derivatives are used in a
cross correlation, it will be operating on one cycle of s(¢) and
be defined over 0 < ¢t < T,,, unless otherwise specified. If only
s(t) is shown in a cross correlation or autocorrelation, it will
be a circular cross correlation or autocorrelation, and will be
nonzero only for 0 < ¢ < T. Since T,, > T, T,, + Ts = T},
and will be treated as if T}, + T = T),.

The Fourier transform of the cross correlation of s(¢) and n(t)
is

F{Ren(t)} = F{s(t) xn(=t)} = S(/)N"(f)

where N*(f) is the complex conjugate of N(f).
The energy in this cross correlation is

(16)

(oo}

ERmz/_ |R.m<t>|2dt=/_ SHRINHIZ df. (17)

The expected energy in the cross correlation over time 0 <
t < T is given by

BEn.n) = B{ [ S0PV (P

— 00

Ts [
=~ [ ISOPINDP A~ B,
(18)
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where N, (f) is the Fourier transform of the subsection of n(¢)
used for the cross correlation for 0 < ¢ < 7. Note that, in
general, N7 (f) # N(f) because the cross correlation may be
over only a few bits of n(t). However, the expected value for
Nr,(f) is N(f)-

The expected noise power is
LR, _ Er

b Enan En,  JSISOPINGP A
Ren = . T, T,

(19)

which is true for any noise source n(t), including the Mil-Std
1553 signal.

It is clear that (19) indicates that spectral overlap between the
noise and STDR/SSTDR signal results in unavoidable noise in
the correlator output.

D. SSTDR Modulation

In order to perform a consistent cross correlation, a reference
signal must be available. This brings us to the question of syn-
chronization. If the reference signals modulation is off by 90°
from the driving signals modulation, the cross correlation of the
received signal and the reference signal would be zero, as the
two signals would be orthogonal to each other. Another cross
correlation of the same signal could return a different result, if
the phase difference between the modulating frequency and the
PN code changed. This would make the system very difficult to
calibrate. Because the choice has been made to use PN codes, it
makes sense to synchronize the modulating sinewave with the
PN code [4]. By generating the signals in a consistent way, a ref-
erence signal can be generated which can be used consistently
with the injected signal, providing for a system that gives con-
sistent results under similar circumstances.

Sample aircraft cables tested with S/SSTDR have significant
loss at high frequency. Noncontrolled impedance cables (dis-
crete bundled wires) over 60 m long have been tested with STDR
and over 15-m long have been tested with SSTDR (which has
higher frequency content).

Another effect of realistic aircraft cable is the effect of vari-
ation in the velocity of propagation (VOP). Typical wires have
VOP ranging from 0.66 to 0.76 times the speed of light [9]. If
the type of wire is known, the correct velocity can be used to
obtain the best possible calculation for the length of the wire. If
the type of wire is not known, and average values are used, addi-
tional errors of up to 10% could be observed. Correlation peaks
show higher dispersion if they are due to reflections farther down
the cable, as shown in Fig. 2. This effect can be accounted for
by changing the shape that is matched by the curve fitting algo-
rithm as it is applied to reflections from different lengths down
the cable.

Results for both controlled and uncontrolled impedance air-
craft cables with a variety of signals on the line were tested
[4]. Using curve fitting, both methods had errors on the order
of 3 cm for controlled impedance coax and 6 cm for uncon-
trolled bundled cable with or without 60-Hz signals for both
open and short circuited cables. However, as expected, SSTDR
performs significantly better than STDR in the presence of the
MilStd-1553 signal utilizing the uncontrolled impedance bun-
dled wire (a worse case than normal, since MilStd 1553 would
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normally be implemented on controlled impedance twisted pair
wire). For an SNR of —24 dB, STDR has an error of about
24 cm, and SSTDR had less than 3 cm of error. SSTDR still
had less than 6 cm of error down to and SNR of —53 dB below
the MilStd 1553 data signal. Both methods could be used ef-
fectively, since the required SNR for MilStd 1553 is —17 dB,
however the advantage of SSTDR for a high frequency noisy
environment was clearly demonstrated.

V. SIGNAL-TO-NOISE RATIO

The SNR is defined as the signal power divided by the av-
erage noise power. For a digital signal such as Mil-Std 1553,
this would be expressed as

S Mil Std 1553 Power
N  Background Noise Power

(20)

In the case of STDR/SSTDR, the STDR and SSTDR signals
are the desired signals, and other signals are noise. Therefore,
considering the signal-to-noise power of the STDR and SSTDR
signals in the presence of another signal (Mil-Std 1553 in this
example), gives

S _ XCorr(STDR or SSTDR Signal)
N XCorr(Mil] Std 1553 + Background Noise)

21

after correlation, where XCorr(-) means ‘“cross-correlated
power.”

The reflection terms g = axs(t — 7%) represent the reflec-
tions at various distances down the cable. To detect each of these
signals, the correlator offset is set to time ¢ = 7. All other re-
flection terms are considered noise terms. The received signal
after cross correlation is

ngk (tk) = akEs. (22)
From (22) and (19), the SNR is
( S) B aiE? B ai BT, (23)
N)  [Tosmxwnra [ |S(HX(f)2df
T

The integral in (23) needs to be carried out for every signal
of interest that could be a noise source. For spectrally narrow
noise, such as the 115 V 400 Hz on aircraft, (23) simplifies to

(é) B ar E2T,
NJo 2 IS(HX ()12 df
a%E?TS
2
f—oo ’S(f)ﬁs(f—mo Hz)42-5(f+4oo Hz) df
V2 a2 B2T,

~ 115 (|S(400 Hz)[2 + [S(—400 Hz)[?)’ 9

From this, it can be seen that if S(f) has very little of its
energy centered at £400 Hz, the SNR will be large.
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For noise signals that are broad in frequency spectrum, the
integral in (23) is quite involved, and is best handled numerically
on a case-by-case basis.

The effects of changing certain parameters can be studied an-
alytically in such a way as to provide excellent insight into fac-
tors other than signal and noise power that affect the SNR. These
analyzes are carried out below.

A. Changing the Length of the STDR/SSTDR Signal

In order to approximate a signal with m times the number of
chips as s(t), let us define a new signal s,,,(t) such that | S, (f)]
is proportional to |.S( f)|, and let the duration of s,,, (¢t) be mTs =
T, . Letting the amplitude of s,,(t) be the same as s(t)

S’VTL

oo Ty
E:/ |sm(t)|2dt:m/ s(O)2dt = mE,. (25)
o) J0

In the frequency domain

&mz/MWMﬁﬁﬁz[%W%ﬂﬁF#

S ASm (£ = [VmS(f)] (26)

which is what would be expected if the duration of s(t) were
increased by a factor of m by adding more chips to its sequence.
Letting

R, (1) = sm(t) x n(—t) (27)
gives
Br.= [ ISu(DPINGPdf =mEr, @9

which is the noise energy in the cross correlation of s(t¢) with
n(t) over the time 0 < ¢ < T,,. The expected value of the noise
power over the interval 0 < ¢ < T is the noise power over the
interval 0 < ¢t < T, given by

Pr, .= = =mPg (29)

Tn Tn sn
which is valid because 7, > T5.
The central peak of the autocorrelation is given by

R, (0) = E,, =mE,. (30)

Sm

The signal power is

(Rs, (0))* = (mE,)? = m2E2. 31)

From (31) and (29), the SNR is

S\ _ m?E?  E2 (S
N). ~mPn,  Pn. "\N)

Equation (32) shows that doubling the length of the PN code
while leaving all other parameters the same will double (in-
crease by 3 dB) the SNR. This is true for any noise type in-
cluding 400-Hz ac, Mil-Std 1553, and white noise.

(32)
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B. Scaling the Frequency of the STDR/SSTDR Signal

Let s,(t) = s(¢t), and Ty, = (15/%)), where 1) is a con-
stant. Using the scaling property of the Fourier transform and
assuming 1 > 1

Sy(f) = ﬁé‘ <£> = %S <£> .

The signal of interest after correlation is the peak value in the
autocorrelation of s, (t), which is R, (0), and corresponds to
the energy in sy (¢), given by

(33)

Ts

v 1
R = [T lswoPde=vE. G

Jo (G

Examining correlator noise output, we have
Royn(t) = sy(t) ¥ n(=t) (35)

and
Fn =— [ |s(L 2|N(f)|2df 36)
R =2 P\ -

If STDR is considered with the chip rate much greater than
the Mil-Std 1553 data rate of 1 MHz, it can be assumed that
S(f) is approximately constant in the region where the majority
of the power of N(f) exists. Then, (1/4)S(f /1) will also be
approximately constant in that region if 1) > 1. With these as-
sumptions, (36) can be written as

e 1
Br,~ [ ISOPINGPG = 5B, GD
and the average noise power is

Pa, = Do TR 1, 38

Rayn T, ~, T ogr R (38)

The SNR from (38) and (34) is
(B d-e(3) o
NJy %PRM Pr.. N/’

Equation (39) states that in STDR mode, doubling the chip
rate of the PN code while leaving all other parameters the same
will have no appreciable effect on the SNR for STDR tests if the
major noise contributor is Mil-Std 1553.

Attention is now turned to changing the chip rate and modu-
lation frequency for SSTDR tests. For SSTDR with a chip rate
much greater than the Mil-Std 1553 data rate of 1 MHz, scaling
the SSTDR chip rate and modulation frequency by a factor v
will change the slope near f = 0 by a factor 1/¢. So, in the
region where the Mil-Std 1553 signal is significant

=
S|1= )|~ —|5(f) 40
5(4)|~ s 0)
With this approximation
o 1
Ba,. = [ ISUOFINDE = JBr. @D
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and the average noise power is

P Er,,. giFr, 1 P @)
st n Tn ~ Tn - 1/}4 R
The SNR from (42) and (34) is
1
—_E?
S P2 E o S

— N = — . 43
(¥~ (G) @

P R

Equation (43) shows that in SSTDR mode, doubling the chip
rate of the PN code and modulation frequency while leaving all
other parameters the same will increase the SNR for SSTDR
tests by 6 dB if the major noise contributor is Mil-Std 1553.
This is vastly superior to the STDR results.

C. Self-Induced Noise

A certain amount of noise comes from the selection of a par-
ticular PN code. This is considered noise, because there is a de-
viation in the cross correlation of all PN codes from the ideal
of a central peak with no side-lobes. Fig. 7 shows the autocor-
relations of two identical-power PN sequences, one of which is
using a ML code [10], and the other of which is using a gold code
[10]. Note that the power in the two autocorrelations is not equal,
even though the power in the signals used to generate them is
equal. In fact, the power in the ML code autocorrelation is 56%
the power in the gold code autocorrelation. This extra power in
the gold code autocorrelation is self-induced noise power, and
it reduces the SNR for STDR/SSTDR tests.

D. STDR/SSTDR Code Selection

The optimal PN code depends on the nature of the application.
The PN code with the lowest side lobes in its autocorrelation is
a ML code. It is, therefore, optimal for use when only one PN
code will be used at a time.

The PN code with the next best autocorrelation properties
is the Kasami code [11]. It is the best PN code choice when
simultaneous tests on one or more conductors can interfere with
each other. This is due to the high degree of orthogonality of
signals in a Kasami set. If, however, the number of simultaneous
tests exceeds the number of codes in the Kasami set, then codes
with higher autocorrelation side-lobes, such as gold codes, may
be used. One-shot codes, such as those similar to Barker codes,
may also be used for STDR/SSTDR.

Many other PN codes are a poor choice for STDR/SSTDR
due to high autocorrelation side lobes or the lack of a single
autocorrelation peak.

E. STDR/SSTDR Using ML Codes

When the background noise is white noise, the total noise
power after correlation is identical for both the STDR and
SSTDR cases because the noise is spectrally flat. In this case,
it is clear that there is little advantage of STDR over SSTDR or
vice versa. However, when the noise is not spectrally flat, such
as is the case with a Mil-Std 1553 or other digital data signal,
the spectral overlap of the noise with the STDR/SSTDR signal
will change the relative benefits of STDR versus SSTDR.
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Fig. 7. Actual versus distance estimated with a curve-fit algorithm on (a) a 75-€2 cable and (b) a pair of two 22 AWG wires within a loose bundle of 22 wires

tested with S/SSTDR.

Signal
Amplitude (V)

Time (micro seconds)

Fig. 8. ML code STDR signal at 1-V RMS, with a signal length of 63 chips at
30 MHz, operating in the presence of Mil-Std 1553 at 10-V RMS.

Fig. 8 shows a 1-V RMS STDR signal in the presence of
10-V RMS Mil-Std 1553. Since the Mil-Std 1553 signal is at
10-V RMS, it is 20 dB above the STDR signal level. The PN
code length is 63 bits, which will give a processing gain of
36 dB. The chip rate in this figure is 30 MHz. The processing
gain for longer STDR sequences is higher, so a lower power
STDR signal can be used in an actual test system that will not
interfere with the Mil-Std 1553 signal.

Fig. 9 shows a 1-V RMS SSTDR signal in the presence of
10-V RMS Mil-Std 1553. The PN code length used to generate
this SSTDR signal is 63 bits.

Even after the 36 dB processing gain, the correlation peak
shown in Fig. 10 is not clear due to the high noise level after cor-
relation. Consider, however, the clarity of the correlation peak
in Fig. 11. In both cases, the amplitude of the correlation peak
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Fig. 9. ML code SSTDR signal at 1-V RMS, with a signal length of 63 chips
at 30 MHz, operating in the presence of Mil-Std 1553 at 10-V RMS.

Output (V)

Normalized Correlator

Time (micro seconds)

Fig. 10. Normalized cross correlation of a reference ML code STDR signal
with the signal shown in Fig. 8.

is identical, but the background noise levels are significantly
different.

To gain insights into the dramatic difference in background
noise levels shown in Figs. 10 and 11, the spectral content of
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Fig. 13. Normalized PSD of the cross-correlator (XCorr) output for a pure ML
code STDR (ideal case) signal of length 63 chips at 30 MHz (1-V RMS), and a
1-V RMS ML code STDR signal in the presence of a 10-V RMS Mil-Std 1553
signal.

the STDR and SSTDR signals with respect to the Mil-Std 1553
signal can be examined. The PSD of these three signals as used
in the simulations is shown in Fig. 12, normalized to the peak
STDR power.

In Fig. 12, it can be seen that the power in the Mil-Std 1553
signal is centered about 0 Hz, as is the power in the STDR signal.
The SSTDR signal, however, slopes down to a spectral null at
0Hz (dc). If this is considered in light of (19), it is clear that there
will be significantly more unwanted power in the cross correla-
tion of an STDR signal with Mil-Std 1553 than there will be in
the cross correlation of an SSTDR signal with Mil-Std 1553.

To compare SSTDR with STDR, frequencies above the chip
rate were not trimmed off prior to modulation, which caused
some aliasing in the SSTDR case. Tests performed using ban-
dlimiting prior to modulation did not show a significant differ-
ence in the SSTDR correlator output.

Fig. 13 shows the PSD of the cross correlation shown in
Fig. 12, alongside the cross correlation of an STDR signal in
the ideal case where there is no noise. The background noise
completely dwarfs the desired signal. The frequency spectrum
of the noise is broad due to the random sampling of the noise
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Fig. 14. Normalized PSD of the cross-correlator (XCorr) output for a pure ML
code SSTDR (ideal case) signal of length 63 chips at 30 MHz (1-V RMS), and
a 1-V RMS ML code SSTDR signal in the presence of a 10-V RMS Mil-Std
1553 signal.

that naturally occurs in a single sample per iteration correlator
design.

Fig. 14 shows the PSD of the cross correlation shown in
Fig. 11, alongside the cross correlation of an SSTDR signal in
the ideal case where there is no noise. The background noise is
significantly lower than the peak of the desired signal. Again,
the frequency spectrum of the noise is broad due to the random
sampling of the noise that naturally occurs in a single sample
per iteration correlator design.

It is clear from these simulations that STDR and SSTDR can
be used to find impedance changes in wiring. It is also clear
that the spectral content of the SSTDR signal can be adjusted to
avoid mutual interference between the SSTDR and digital sig-
nals on the wires. Tests with narrowband noise, such as 400-Hz
115-V ac, show a negligible effect on the correlator output com-
pared to wideband noise such as the digital signals discussed
above.

VI. CONCLUSION

This paper has examined STDR and SSTDR using ML
codes. Equations were developed to enable system design by
describing the interactions of the STDR/SSTDR signal and
various types of noise in the correlator output. Simulations
were performed for STDR and SSTDR tests for ML codes in
the presence of a Mil-Std 1553 background signal to study the
effects of this type of noise on STDR/SSTDR tests. Equations
were developed to describe the effects of scaling test system
parameters including the number of chips in the PN sequence
and the PN sequence chip rate used for STDR and SSTDR.
It was shown that doubling the PN code length doubles the
SNR independent of the noise type, and that doubling the chip
rate (and modulation frequency for SSTDR) in the presence of
Mil-Std 1553 can have no appreciable effect on the SNR for
STDR, but can increase the SNR for SSTDR by 6 dB.

ML codes were identified as the best code to use for testing
single wires at a time due to the higher self-induced noise
present with other code choices. Kasami codes are the op-
timal codes to use when performing multiple interacting tests
simultaneously.

The work covered in this paper shows that SSTDR and
STDR can be effective tools for locating defects on live cables,
and this was demonstrated for both controlled and uncontrolled
impedance cables carrying 60 Hz (similar to 400 Hz) and
1-MHz Mil Std 1553 signals. This discussion has shown that
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STDR and SSTDR are equally suited for testing in the presence
of white noise or low frequency signals (such as 60- or 400-Hz
power), but that SSTDR is a better choice for testing in the
presence of the high-frequency data signals typically found on
aircraft cables.

The discussion in this paper suggests that STDR and SSTDR
test system parameters could be adjusted so that the test signal
levels are below the noise tolerance of other signals on the wires,
while still providing a sharp correlation peak to detect changes
in impedance along the length of the cables. These features
make it feasible to use SSTDR and to a lesser degree STDR to
test live wires on aircraft in flight. Because the tests can be per-
formed continuously, intermittent failures such as open circuits,
short circuits, and arcs could be detected and recorded when
they occur, enabling maintenance personnel on the ground to
quickly identify the nature and location of intermittent wiring
problems so they can be resolved. Further evaluation of this
method for locating intermittent “soft” faults can be found in
[18]. Faults with lower impedance, either on a “hot” wire or on
the ground return, have less reflection and, therefore, less SNR.
Detection of these faults is limited by the SNR required for de-
tection and the noise in the measured correlation.
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