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IMPACT TESTS OF FLEXIBLE NONMETALLIC AIRCRAFT FUEL TANKS 
INSTALLED IN TWO CATEGORIES OF SIMULATED WING STRUCTURES* 
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SUMMARY 

Tests have been conducted at the Techmcal Development Center of the Clvll Aeronautics 
Admmlstratmn to correlate the ablhty of a nonmetalhc arcraft fuel tank to resist rupture 
under unpact loads with material strength and/or energy-absorbmg properties The nonme- 
tallx tanks were housed in two types of sunulated wing structures wltb chordwIse strength 
charactenstlcs equvalent to those of a modern twn-engine and a modern four-engme axplane 

The results of the tests mdxate that zmpact refixstance of the test unxt varies lmearly 
with fuel-cell materzal strength and energy-absorbing propertIes for materials of sunllar 
basx canstructmn The rnpact res=staPce of the test uut for fuel-cell materials of equal 
strength IS affected greatly by the constructIon of the fuel cell 

ProtectIon for the nonrnetallx fuel container 1s provided by the surrounding structure, 
therefore, an appreciable increase m crash res>stance may be obtalned by lncreasmg the 
strength of the surrounding structure 

INTRODUCTION 

The CAA Techrucal Development Center, x, cooper&on with the Umted States Rubber 
Company and the Goodyear Tire and Rubber Company, and under ,omt sponsorship of the 
Departme& of the Ax Force and Navy, 1s engaged in a program to develop crash-resIstant 
fuel tanks for arcraft These tanks are Intended to prevent loss of fuel and thereby help to 
ehmmate the occurrence of destructlve fires durmg arrcraft accidents and crashes of the type 
I,, which the occupants normally would be expected to su?v~ve the crash unpact 

The fust phase of the mvest+ux,l mvolved the testzng of full-scale fuel tanks under 
srnulated crash condltlons The results of this x,vestlgatmn u-&cated that nonmetallxc flex- 
lble tanks, whxh possess suffxlent strength and/or energy-absorbing properties to resist 
rupture while the surroundu,g structure beglns to dlsmtegrate, offer good posszblhties for a 
reasonable and practxal solution to the problem The second phase of the x,vestlgatux2 
was undertaken to deterrmne the strength and energy-absorbmg propertxs of some proposed 
fuel-cell materrals to aId in the selection of such matermls for use m the fabrlcatmn of 
full-scale crash-reslstant fuel tanks for subsequent testmg under srnulated crash con&tions 

The present mnvestigatxx, was conducted to estabhsh the relatuxnshlp between the ablllty 
of a nonmetallx flexible tank to resist rupture under rnpact loads and Its tenmle strength 
and/or energy-absorbmg propertIes The impact rexstance was determlned for a number of 
bladder-cell materzals housed m sxnulated axcraft-wmg structures 

The terms “materml, ‘, “bladder-cell rnaterx& ‘I “fuel-tank mater,al, Ir and equvalent 
expressmns m this report denote a composxte, nom-netalhc, fleuble, elastomer-Impregnated 
fabrx arranged m layers or plxs The terms “bladder cell, ” “fuel cell, ” and “bladder-type 
fuel tanks” denote a fuel container fabricated of these matermls They may apply to bladder- 
type fuel tanks which are complete III themselves or to removable Jackets or boots mslde of 
which the cell actually contawng the fuel might be encased 

*Manuscript subnutted for publlcatmn July 1956 

1 
R L Fxld, Melvx, F mller, and George L Plgman, “An lnvestlgatlon of the 

Crash-Fire Problems m Transport Axcraft Fuel Tanks, Iv CAA Tecbmcal Development Report 
No 134, January 1951 

2 
Richard N Motslnger, Melvm F tiller, and Robert J Schroers, “Some Physxal 

PropertIes of a Number of Proposed Constructions of Materials for Nonmetalhc Crash- 
Resxstant Axcraft Fuel Tanks ,I1 CAA Techmcal Development Report No 220, December 1953 
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BASIC CONSIDERATIONS 

Revxw of Acadent Stumes and Early Crash Tests 
Stmhes of arrcraft accidents and acadent records mdrcate that there 1s no well defined 

standard crash cond~tlon for whxh crash-resistant fuel tanks can be designed Many combma- 
tmns of Impact and lnertla forces may be applied to wmg fuel tanks and supportmg structures 
m crashes, causmg severe damage to the structures and tanks whxle httle damage may be 
experxenced by the fuselage or passenger compartments 3 The Impact forces on wmgs durrng 
crashes are prmclpally in a rearward and upward dmectmn, WLL?, resulting mertm forces 
actmg m opposite mrectrons 

From some sm-mlated crash tests conducted subsequent to completmn of the first part 
of the mnvestlgatron, 3 It has been concluded that among the various types of loads whxh can be 
experxnced by wmg fuel tanks durmg crash cond~hons, the concentrated type of unpact load 
on the leadmg edge or lower surface of the wrng m the regmn of the fuel tank IS the most 
severe, and It should be cansldered as the design condlbon for the tanks Tlus type of crash 
load was unposed on the e.xpermm,al tanks by propellmg them mto a backstop Ths test has 
been used exclusively for the work described in tins report 
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Design Crlterm for Crash-Resmtant Fuel Tanks 
Prmr to the present mvestigatmn there were no avaIlable data whxh could be used as a 

r&able gude to determme how strong a crash-reslstant fuel tank should be. In an attempt to 
defme fuel-tank crash strength IL, terms of accident severzty, the concept has been adopted 
that fuel tanks should be capable of reswtmg rupture m the types of accxdents and crashes m 
which the passengers normally would be expected to surylve the crash unpact The crltermn 
developed from this concept and used as a baas for establxhmg the magmtude of unpact loads 
to be used in the srmulated crash tests of this program 1s that crash-resIstant fuel tanks m 
wmgs should not rupture from the effects of Impact loads havmg smfficlent magmtude to tear 
the wmg from the arcraft Thm concept 1s illustrated in Fig 1 Further, It IS considered 
that any loads applied to fuel tanks xi, wmgs need not be greater than those whrch would cause 
seat belts m the cabm to be broken In the type of crash condxtmn bang consrdered, it IS 
assumed that the arcraft 1s substantially under control, making an emergency landmg on 
moderately rough terram, and that the wmg-xmpact loads are applied generally in a rearward 
and upward darectmn 

From an analysis of the chordwlse strength characterlstlcs of arcraft wmgs and from 
crash experience, It 1s known that the wmgs can be torn from an amcraft wxthout mnpos~ng 
mertm loads on the occupants suffmently hxgh to break seat belts Therefore. It appears 
that, except possibly for extreme mboard locatmns on the wmg, there 1s no rel.~tionsh~~ 
between wmg fuel-tank crash strength and seat-belt strength 

IMPACT LO&D FOR FUELCELL IMPACT LOAD FOR FUELCELL 
NaI ISTHE LOt’D P,, 
REQUIRED TO TEAR THE WING 

NO 3 1s THE LOAD P, 
REPUlRED TO TEAR THE WINS 

FROM THE IIIRcmFT mm THE AIRCWT 

Fig 1 Concept on Magmtude of Crash-ResIstant Fuel Tanks in Wmgs 
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APPARATUS 

Fifty experanental bladder cells, consmtlng of five groups with ten cells m each group. 
were constructed of materials selected on the baas of prevmus test results In makmg these 
selections emphasx was placed on the strength and energy-absorbmg properties of the mate- 
rmls. Very little conslderatmn was given to weight. The cells m each group had strength 
and energy-absorbmg properties different from those of the other groups The strength and 
energy-absorbmg prope4rtles of samples of the materzals were determned from tests usmg 
a compressed-ar gun A brief descrlpkm of the matermls used m the construction of the 
cells IS given m Table I 

The impact tests were conducted with the bladder cells mstalled m smnulated arcraft- 
wmg structures havmg appronmately equvalent strength characteristics of the wmgs of two 
categorxes of transport-type axcraft Two groups of 25 structures each were bmlt for the 
tests. The Type A structure possessed strength characteristics equvalent to those of the 
rmdspan statmn of the wmg of a modern twm-engme axplane wkb a gross weight of 53,000 
pounds The strength characterlstlcs of the Type B structure represented those of the one- 
thud-span statmn of a modern four-enene amplane with a gross weight of 147,000 pounds 
Both types of structures were provided \nth a compartment for the experxnental fuel cells of 
180-gallon capaaty Pertinent dunensrmal characterlstxs of the sunulated wmg structures 
are shown m Fig 2 A view of a Type B structure 1s shown m Fig 3. The Type A structure 
15 simlar an appearance 

TABLE I 

DESCRIPTION OF FUEL-CELL MATERZALS 
AND DIAPHRAGM BURST-TEST RESULTS 

Fuel-Cell 
Mater1a1 

NO 

1 

2 

Description 

Two-ply, hghtwelght, 
plan weave, nylon 

fabric, BUX-+N coated. 

Two-ply, heavy weight, 
plain weave, nylon 

fabric, BUU~-N coated 

Four-ply, medmm weight, 
unbalanced weave, nylon 
fabrx, Buna-N coated. 

Three-ply, heavy wezght, 
plan weave, nylon 

fabric, Bu~~-N coated 

Four-ply, -&rectum, 
me&urn weight, nylon- 
cord fabric, namntegral 
llghtwelght bladder-cell 

kner for &ffusmn barrier 

Tensxle 
strength* 

(pound per 
mch wrdth) 

240 

840 

950 16g.600 32 0 

1.200 

950 

Energy- 
Absorption* 

(Inch pounds) 

33,300 

141,600 

201,800 

171,000 

Elongatron* 

(per cent) 

20 5 

34 0 

30 5 

30 0 

*Tens& strength, energy absorption, and elongatmn as determined ~th the compressed-air 
gun. These values are not comparable to those obtarned by standard fabnc-test procedures 

4 
Mvlotsmger, tiller, and Schroers. op. at. 
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Fig 2 General Dmnensmns of Types A and B Structures 

The supply of bladder cells and wmg structu-es was broken down further so as to provide 
10 different configuratmns of test specimens vath 5 specxnens of each conflguratmn for test 
purposes A test specimen 1s defmed as a smnulated wmg structure equpped mth a bladder 
Cdl 

The spanwxe varmtmn of ultimate allowable chordunse shear and bendmg moment for 
the wings of the two-engme and four-engme amcraft used m the tests IS shown m Figs 4 
and 5 respectively The chordwlse bendmg moment and shear strength of the Types A and B 
structures are represented by the crosshatched areas of these fzgures 

All tests were conducted wzth the bladder cell 97 per cent full of water The Type A 
structure, fuel cell, and its fluld welghed approximately 1800 pounds The Type B -t and 
Its contents welghed apprommately 2000 pounds 

A photograph of the impact-test faclhty 1s shown m Fig 6 The experimental fuel cell 
and sxnulated wmg structures were mounted cm a car wluch operated on a track 300 feet m 
length Tlus car was propelled by a Navy Mark IV catapult to velocltvss as high as approx- 
xnately 100 mph A system of arrestmg cables near the track terrmnal stopped the car, 
permlttlng the test umt to be propelled mto the sandbag-faced backstop 

Two movie cameras operaung at appronmately 1500 frames per second were used to 
obtain a time hlstary of the Impact A flmd-pressure-sensing device was used to record 
the Internal flud pressure The signals from the pressure-sensmg Unit were transrmtted 
through a trallmg cable to a. recor&ng osclllograph 

Fig 3 Type B Structure 
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Fig b View of Facilities for Conductmg Crash Tests on Au-craft Fuel Tanks . . 
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TEST PROCEDURE 

The maxmum tensile strength and energy-absorbmg propertIes of the five bladder-cell 
matermls were obtamed from burst tests an the compressed-air gun under amblent climatx 
condltmns and wlthout exposure to arcraft fuels The load-versus-elongation curve ‘for each 
specimen of a material was obtamed by plottmg the load agamst the percentage of materml 
elongatmn These factors were obtained from mformatmn provided by pressure transducers 
and hgh-speed movie records The manmum tensile strength was taken dxectly from such 
curves A number of these curyes then were used to determme a mean load-versus-elongation 
curve for each material The mean load-versus-elongation curves were used to construct 
a mean pressure-versus-volume diagram for each type of material The area under the 
pressure-versus-volume dmgram was mtegrated graphxally, and the area thus found rep;;; 
sent* the energy-absorbmg ablllty of a piece of the materlal 34 l/2 mches m hameter 
reasons for selectmg a specimen of this particular size are dlscussed In a prevmus report 5 

Five test specimens were avaIlable to estabhsh the Impact resistance of a partzcular 
metal-structure bladder-cell conflguratmn An attempt was made m the first two tests 
to estabhsh Its general range of ultimate impact resistance Succeedmg tests then were 
conducted to defme more accurately the mxamum impact resistance 

The time hlstory of the tank posItion durmg Impact was obtamed hrectly from high-speed 
movie records The rate of change of these data resulted IP a time hlstory of the veloaty dur- 
mg impact The time hlstory of the deceleration then was obtamed by determmmg the rate of 
change m velaclty The area under the deceleration-versus-time curve was mtegrated graph- 
lcally and was drvlded by total Impact time to yxld the average deceleration experxnced by 
the cell and structure during Impact All deceleratmn data presented were measured at a 
pomt appronmately SIX mches aft of tie front spar 

All deceleratron data are presented m terms of load factor by cbvldmg deceleratmn 
(feet per second per second) by the gravItationa constant (32 2 feet per second per second) 
The Impact load may be obtamed from the equatmn 

Impact Load = W x n (1) 

where 

W = weight of the metal structure, bladder cell, and flud contents, m pounds 

n = load factor 

A fuel tank undergang a typxal Impact test IS shown m Fig 7 A Type A structure and a 
Type B structure whrch have been subjected to Impact tests are shout m Figs B and 9, 
respectively A bladder cell 1s shown m Fig 10 

Fig 7 Fuel Tank Undergoing an Impact Test 

5 
M&anger, tiller, and Schroers, op at 



Fig 8 A Type A Structure Whxh Has Been SubJected to an Impact Test 

Fq 9 A Type B Structure Whxh Has Been SubJeCted to an Impact Test 



Fig 10 Typxal Bladder Cell Prrx to Test 

RESULTS AND DISCUSSION 

The mean load-versus-elonga~on curves and the pressure-versus-volume dragrams for 
the five groups of materials used m the tests are shown m Fxgs 11 and 12, respectively 
The ulbmate tensile strength and the energy-absorbmg properties of these materials,, as 
deterrmned \Hlth the compressed-ax gun. also are given m Table I 

The results of all u-,,pact tests are su-arzed m Table II In 8 of the 50 tests 
conducted, ather satisfactory data were not obtamed or the test was ludged to be mvahd for 
some reascm Consequently, the results of 42 rather than of 50 tests are shown in the table 

The time hlstorles of the deceleratmn, m terms of load factor for the u-npact tests 
conducted, are shown m Figs 13 and 14 for the Types A and B structures, respectively 

As prevmusly described, the average deceleration experenced by each test urut durmg 
Impact was obtaned by measurmg the area under the decelera~on-versus-~me curve and 
dlvxdmg It by total nnpact time The mternal flmd pressures measured by a pressure- 
sensmg devxe located approamately 6 Inches behmd the forward wall of the tank are gzven 
m Table Il These pressures, based on the 3 l/2-foot head of water, were determmed to be 
equivalent to those wluch would result from decelerations approximately equal to the average 
deceleratmns Therefore, It 1s apparent that the peak nnpact decelerations experienced by 
the simulated wing structures were not transrmtted to the confmed fluld 

The mabzlay m some cases to estabhsh from the photographx records the absolute peak 
deceleratmn experxnced by the sunulated wing structure made It necessary to determlne a 
general relatmnshlp between the average rmpact deceleratux and the peak deceleration An 
analysis of the unpact-test results m&cates that the well defmed peak decelerations were IP 
the order of 3 5 times the average decelerations In general, therefore, the peak deceleratmns 
have been conszdered as bemg 3 5 tnnes the average 

The results of the rnpact tests are shown xn Fxgs 15 and 16 Flgure 15 shows the 
relatmnshlp between tenslle strength of the fuel-cell materral as determined vnth the 
compressed-alr gun, fluld presswe in the fuel cell, and peak unpact load on the structure 
for two mfferent wmg structures Figure 16 1s the same as Fig 15 except that energy- 
absorbmg properties of the fuel cell as determmed with the compressed-au gun are plotted 
In place of tens11e strength of the fuel cell 

To obtam these curves, the average decelerations llsted m Column 4, Table 11. first 
were plotted agamst the fuel-cell tens& strength and energy-absorbmg properties gwen m 
Table I The slope of the curves and their poszhons vnth respect to each other were estab- 
llshed from such plotted pants The parameter. peak nnpact load, or sunply the xnpact load, 
plotted along the abscissa 1~ Figs 15 and 16, then was obtamed by multiplymg the average 
decelerations by the factor 3 5 and by the total wezght of the test umt, III pounds In 
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Fig 11 Load-Elongation Curves of Bladder-Cell Test Matermls 



Fig 11 had-Elongation Curves of Bladder-Cell Test Materials (Continued) 
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Fig 11 Load-Elongation Curves of Bladder-Cell Test Materxals (Contmued) 
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Fq 13 Tmx History of Impact Deceleration of Type A Structure 
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Wg 13 Tme HIstory of Impact Deceleration of Type A Structure (Continued) 
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Fig 14 Tmne fistory of Impact Deceleratmn df Type B Structure 



Fig. 14 Tmne History of Impact Deceleration of Type B Structure (Continued) 
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Fq 14 Tmne Hmtory of Impact Deceleration of Type B Structure (Contmued) 
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Fq 14 Tmne History of Impact Deceleratmn of Type B Structure (Contmued) 



Fig :nne History of Impact Decelerahon of Type B Structure (Gor 
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Fig 15 Correhtron of Requred Bladder-Cell Tensile Strength 
and Fhd Pressures WI& Impact Load 

./ _ 



23 

Fig. 16 Correlatmn of Requred Bladder-Cell Energy-Absorption PropertIes 
and Flud Pressures with Impact Load 
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establlshmg the curves, It should be realmed that appreciable load 1s not applied to the 
bladder-cell material until substantial failure occurs m the Inner structural compartment 
supporting the bladder cell From xnpact-test experience It 1s known also that the degree 
and the manner of structural fallure are not always consistent with magnrtude of xnpact load 
In some cases, therefore, failure of the cell Id not define exactly the ultxnate xnpact reslst- 
ante of the structure-bladder-cell combmatlon. In addltvan, with the five test urnts avallable, 
It was not always possible to narrow the range of xnpact load suffxlently to define closely 
the allowable xnpact resIstaxe of a test UrYt This was partxularly true for material No 1 
m the Type B structure The Impact rexstance of this comblnatlon was deternuned by 
extrapolation of data on materials Nos 2, 3. and 4 m the Type B structure From 
Columns 4 and 9, Table II, It also can be seen that decelerations calculated from measured 
rnaxlmum fluid pressures m the fuel cells compared quite favorably with the average decel- 
eratwns obtained from the high-speed movie records Therefore, the maxxnurn pressure 
appears to be associated with the average decelerahon rather than with the peak deceleration 
Fllud pressures corresponding to a water head of four feet and mean deceleration of the 
metal structure, therefore, have been euperrmposed on the curves 

These data lndxate that the allowable Impact load on the sznulated ur~ng structure 
wIthout experxnclng fuel-cell rupture, using fuel-cell materials Nos 1. 2. 3, and 4, varres 
linearly with the tenale strength and energy-absorbing properties of the fuel-cell material 
Because of the hnear variation of material tensile strength and energy-absorbing propertIes 
wth Impact resIstaxe, the Impact-test data have been extended to a theoretical pant of zero 
bladder-cell strength The two pants of zero bladder-cell strength were verlfled in the tests 
by the fact that xnpact loads of less than approxxnately 80,000 pounds for the Type A structure 
and of less than approximately 220,000 pounds for the Type B structure dxd not result m fad- 
ure of the portion of the structure supportIng the bladder cell Until the supportIng structure 
falls. no appreciable load 1s applied to the bladder 

.?” 

‘_ 

A comparison of the Impact-test data for the two structures lndlcates that the Increased 
structural strength of the Type B structure provides Increased crash resistance equvalent to 
approximately 140,000 pounds This effect 1s attributed pr~marlly to the greater leadlng-edge 
strength of the Type B structure, however, the over-all strength of the Type B structure 1s 
recognized to be an Important contributing factor 

The effect of cell construction may be noted by cornparIng the Impact-test results of 
materials Nos 3 and 5 Although these materials exhIbIted appronmately equal strength, 
elongation, and energy-absorbmg properties m the compressed-arr gun tests, the Impact 
resistance of the cells was conszderably &fferent Cells constructed of material No 5 
exhIbIted an ab&ty to wIthstand greater Impact loads The cells constructed from material 
No 5 contaIned a nomntegral, lIghtweIght bladder-cell loner for a &ffuslon barrier, and they 
also were rexaforced by the addltlon of extra p11e.s of fabric at vulnerable locations determlned 
by previous tests These hfferences in cell constructlon. along with the hfference 1x1 basic 
material (No 5, tire cord, No 3, woven fabric). are consldered responsible for the 
Impact-resistance var~afax 

Certain adJustmats and correctIons must be applied to the data m Figs 15 and 16 III 
order to determine the strength and energy-absorbing propertIes of fuel cells far actual am- 
craft Data on these cnrrectlons are being obtalned through xnpact tests on two arcraft 
models having wing stiffness and properly proportaoned and dxtrlbuted mass characterlshcs 
equivalent to those of the modern tin-engine and four-engine transport arplanes mentioned 
previously The results of the tests on the wing models ~111 be presented in a subsequent 
report Informanon derived from the model tests, applied xn cor+nctxon vnth the data m 
Figs 15 and 16 to an actual axcraft, ~111 permit calculation of the strength and energy- 
absorbing propertxes of crash-resxstant fuel cells for that axcraft in accordance wltb the 
concepts on fuel-tank design crxterla described in this report 

Because water rather than fuel was used 1x1 the xnpact tests. calculations on strength r 
and energy-absorbing properties of fuel cells for actual arcraft may take Into account the 
beneflclal effect of the lower density of fuel compared to that of water This also ~111 be 
covered UI a subsequent report 

CONCLUSIONS 

The results of tests conducted to correlate the ability of a nonmetalhc-type fuel tank, 
when installed m a simulated wing structure to resist rupture under xnpact loads with 
matenal strength and/or energy-absorbing properties, can be summarraed as follows 
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1 Impact resistance vaned lmearly with the strength and energy-absorbmg properties 
of the matenal for matermls of slmllar construction 

2 Impact remstance 1s affected greatly by fuel-cell constructmn 

3 Impact resistance can be Increased by mcreasmg the strength of the surroundmg 
structure 


