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SOME PHYSICAL PROPERTIES OF A NUMBER OF PROPOSED CONSTRUCTIONS OF MATERIALS 

FOR NONMETALLIC CRASH-RESISTANT AIRCRAFT FUEL TANKS 

SUMMARY 

Tests have been conducted at the Techmeal De- 
velopment and Evaluatn,” Center of the C,v,l Aero- 
“au&s Admmlstratm” to determme the strength. 
elongatmn, and energy-absorbmg propertws of 32 
matermls, mclud,“g rubber and rubber-m,p=eg”ated 
nylon and cotton fab=,es These test results aId 1” the 
seleetmn. for further evaluatmn under s,mulated crash 
tests, of matermls wh,ch a=e beheved to possess the 
most favorable p=opert,es far use m the fabrlcatmn 
of crash-resIstant, bladder type fuel tanks for a,=craft 

The results of the tests ,“d,cate that two types 
of laminated matermls possess, for the,= we,ght, 
greater load-carrymg and energy-absorbmg ab,ht,es 
than any of the other types tested to date The more 
satisfactory mate=,a,s are (1) a three-ply, squaro- 
woven, medmmwe,ght, nylon fsbrre \mth a rubber hner 
ahd wth the phes lammated o” the h,as, and (2) a 
four-ply, nylon, t,=e-cord fabric wh,ch ,s resm-treated 
and which has a rubber hner and has the phes lamr- 
nated on the b,as These types of matervals can be made 
wth va=,ous we,ghts of fab=,e or cords to obta,” any 
strength wh,eh may be required 

A materml composed of B greater “umber of 
phes of a fabric wth the phes umformly d,str,buted 
on the bms and hav,“g s&alle= cords appears to be 
better than a materm, composed of a lesser number 
of phes of fah=,e wth the pl,es umformly d,st=,buted 
on the bms and hanng larger cords The strength of 
the adheave hold,“e the ohes of a fabrzc toeether 
appears to be a” ~miortani facto= I” the ab,l,t; of a 
ya\t;,al to demonstrate the ultnnste strength of ,ts 

Mater,& composed of nylon fabncs possess 
strength and energy-absorbmg prop&w which are 
supermr to those found ,” matermls composed of cot- 
ton fab=,cs A homogenous rubber materm, wh,ch was 
tested possesses very good energy-absorption 
p=ope=t,es but ,T extremely poor I” load-carry,“g 
ablhty 

The strength p=ope=t,es of the matends tested 
were not affected appreembly by rupture t,mes wh,ch 
varied from 0 05 to 3 0 seconds 

INTRODUCTION 

The Techmcal Development and Evaluatm” Cen- 
ter of the C,vll Ae=o”aut,es Admm,strat,on 1s engaged 
I” a program to develop far mrcraft crash-resistant 
fuel tanks wh,rh w,ll help prevent the occurrence of 
destruetw? fires dunng arcraft aeadents and crashes 
of the type ,n wh,ch the occupants would normally be 
expected to su=v1ve the crash rmpact 

The ,n,t,al phase of the ,“vest,gat,o” mvolved 
the testmg of full-scale fuel tanks under s,mulated 
crash condltmns Th,s ,“vest,gat,on mdlcated, among 
other thmgs, that flex,ble-bladder type tanks wh,eh 
possess sufficwnt strength and/o= energy-absorbmg 
properties to =es,st rupture whde the sur=ound,ng 
structure beg,“s to d,s,nteg=ate offer good poss,b,ht,es 
ds a reasonable and p=act,cal solutm” to the problem ’ 

The present ,“vest,gat,on was undertake” to eval- 
uate the p=ope=t,es of some avadable bladder-cell 
mstermls and to dete=m,“e the part,cuIa= matermls 
wh,ch appear to possess the best propertIes for the 
Intended purpose This report sunn,a=,zes the results 
of these evaluatm” tests, and the data presented 

‘R L Field, M&m F Mdler. and George P,gman, 
“A” I”vest,gat,on of the Crash-F,=e Problems ,n 
Transport Alreraft Fuel Tanks,” CAA Teehnlcal 
Development Report No 134, January 1951 

here,” conututes B baa for selectmg the bladder-cell 
matermla to be used 1” the forthcommg Impact tests 
Th,=ty-two mate=,& o= combmatmns of matermls 
were tested to dete=m,“e the best compoate fuel-cell 
matend 

The terms “bladder cell,” “fuel cell;’ “bladder 
tme fuel tanks.” and eauwalent ex~=ess,o”s as used 
,i’th,s report ire mtended to de”& a nonmetalhe, 
self-seahng or not self-sealmg, more o= less flex,ble 
type of fuel-cell constructm” which ,s removable from 
the a-craft They may apply to bladder type fuel 
tanks wh,ch are complete I” themselves o= to removable 
Jackets o= boots InsIde of wh,eh the cell actually 
co”ta,“,“g the fuel m,ght he encased 

The terms “matenal.” “bladder-cell material,“” 
“fuel-tank material,“” and equ,valent evpressmns de- 
note B nonmetalhe ,“gred,e”t materml o= combmatmns 
of such matermls wh,ch a=e &her arranged I” layers 
o= built up of phes, whwh ,” themselves may be com- 
b,“at,a”s of matermls. to form a compos,te matenal 
These terms are usually synonymous w,th “test 
specu=len ” 

BASIC CONSIDERATIONS OF THE PROBLEM 

I” the case where the arcraft structure surround- 
,ng a bladder type of fuel tank IS 80 damaged durmg 
an actual aircraft crash by ,mpact mth some external 
obJect that ope”,“gs are created ,” the structure, the 
bladder tank must rema,” Intact and must prevent 
any apprecmble loss of fuel If the danger of destruc- 
twe fire ,s to be averted The work absorbed by the 
bladder-cell mate=,=1 covermg B relatively large open- 
,“g (apprommately eight to ten Inches ,” dmmeter) 
,n the metal structure ,s a fu”ct,on of the “188s of 
fuel behmd the openmg and of the deceleratmn of that 
fuel mass durmg the crash ,mpact A “war consldera- 
tm” I” ach,ev,“g a crash-resIstant bladder-cell tank, 
therefore, IS the atta,“me”t of a materml wh,ch 1s 
capable of abso=b,“g the work done by the fuel 1” 
tryng to escape from the tank This 1s done by virtue 
of the strength and of the elongatmn properties of 
the fuel-cell mate=,al If the ope”,“g I” the metal 
structure 1s small (for example, rf a metal seam opens 
only a fractm” of an Inch), very l,ttle elongatwn of 
the bladder-cell materml behmd the open seam can 
oceu= I” th,s case ,t 1s beheved that the strength of 
the bladder-cell materml rather than ,ts ab,l,ty to 
absorb energy becomes the predommatmg factor 

Therefore ,t IS consIdered that the material wh,ch 
,s, for Its we,ght, capable of sustammg the greatest 
load, able to absorb the most energy, and I” addltm” 
as tough as poss,ble ,” order to m,“,m,ze the danger 
of fa,lu=e from pu”ctn=,“g and tearmg actm” ,s the 
opt,mum mate=,al for use I” the fabr,cat,on of crash- 
=es,stant, bladder type tanks 

A hwh degree of tear and puncture reslslance Is 
consIdered an &port& qual,ty of a crash-resIstant 
bladder-cell materm Prev,ous ,mpaet test,ng of 
bladder-cell tanks at th,s Center, however, ,nd,cates 
that h,gh te”s,le strength and high energy absarptmn 
for the least poss,ble weight of material a=e the 
nredommant cons,derat,ons ,” select,na opt,mum 
inatenals far crash-=es,sta”t fuel tanks - 

APPARATLS AND TEST CONDITIONS 

All tests we=e made us,“g the large compressed- 
aw gun wh,eh IS show” ,n F,g 1 The gun was arranged 
so that c,rcu,ar materml spec,mens 34% mehes I” 
dmmeter could be attached to the muzzle for burst- 
testmg See F,g 2 The compressed a,= for burstmg 
the specxne” o= dmphragm was supphed to the gun 



F,g 1 Compressed-An Gun 

testmg See Wg 2 The compressed am for burst,ng at the reserve tank controlled the rate at whleh the am 
the specnnen or dmphragm was supphed to the gun was supphed to the gun, end, by proper selectmn of 
from a reserve tank capable of mthstandmg 500 the valve and of the reserve tank pressure. the tune 
pounds per square mch (ps,) of pressure Two valves requxed to rupture the dmphragm could be controlled 

Fig 2 Test Chamber With Specunen Bemg Prepared for Test 



Fig 3 A Typical Speelmen Before and After Testmg 

In these tests, omnldmectlonal loadmg of the materml 
m a manner sumlar to that expenenced dunng an 
actual crash 1s obtamed 

A photograph of a typical dmpbragm specnnen 
before and after testmg IS shown m Fig 3, and a bnef 
descrlptmn of all the specnnens tested IS gwen m 
Colvmn 3 of Table I 

The tnne hlstory of the pressure budd-up on the 
diaphragm 1s obtamed by usmg pressure transducers, 
located m the gun muszle near the test dmphragm, m 
ccwunctmn with e recordmg osclllograph Two h,gh- 
speed cemei-ee operatmg at approximately 1,000 
frames per second were used to record the dmphragm 
contour durmg the test Profile and obhque wews of 
a typlcal speereen durmg the testmg are shown I” 
Fig 4 A background screen located m the field of 
new of the profile camera has been cahbrated to 
provide drect readmgs of sphermal dmmeter and of 
the percentage of elongahan 

The dmmeter of the diaphragms wes arbltrarlly 
chosen to be 34% Inches because (1) a specrnen of 
this appraxrnate ewe 1s neceesery to allow eccurate 
data to be taken from high-speed movie records, (2) 
the ablllty of the gun to rupture the Strongest specr- 
mens reqwres a dmphragm of this spproxunate we, 
and (3) the speamen should be larger rather than 
smaller m sxe 111 order that It nught contam the usual 
local varmtmns m strength, elongahon. weight, and 
so forth. Inherent III fabnc matermls 

The order of events which campnse the actual 
test begms wth the trlggermg of a cam type of ee- 
auence tuner The cam-txner mechamsm IS nreset 
to actuate the component equpment by me&-oi 
hold-m relays at the proper mstant and m the follow- 
mg order the tnmng dlsi the blgh-speed cameras. the 
recordmg asallograph, the hghts for the cameras, and 
the gun valve 

Informstmn obtamed from sunulated crash tests 
on full-scale anplanes has shonn that the duration of 
sharp and well-defined rapact loads on the wmgs of 
ancraft 1s approxmmtely 0 05 second Therefore, It 
was beheved that the strength and elongation praper- 
ties of the bladder matermls should be determmed by 
tests m which the interval of rupture 1s approxmmtely 
0 05 second In addltmn, It was desrrable to determme 
whether there IS any change m strength end elongatmn 
propertIes of such materials at lower rates of laadmg 
Tests were therefore arbltranly conducted over a 
rupture-tune range of approxnnately 0 05 to 3 0 eec- 
ends Rupture-time mtervals m this range were con- 
trolled by the quick-openmg valves III the breech of 
:%,gun and by the n&al pressure m the reserve 

The tests were conducted at amblent temperatures 
rangmg from 60” to SO’ F 

ANALYSIS OF DATA 

The equatlan whmh expresses the maxnnum ten- 
slle loads apphed to the test speumens (dmphragms) 
on the compressed-am gun 1s derwed by reference to 
Fig 6 

At any seetmn A - A havmg a dmmeter d, the 
force F which ~9 due to 8~ pressure end whwh IS held 
III equlhbnum by the loads m the material 19 expressed 
by 

pnd* 
- - L,xd ms + = 0 

4 



FROYT YlEYS PROFILE YIEWS 

Fig 4 Profile and Obhque Views of a Specmen Dunng Rupture 



IP A-l--F 

where 
L, = the maxmnnn tensile load whlcb 18 exerted on 

the materml and which 1s tangent to the teat 
speemen at sectmn A - A, m pounds per Inch 
of width around the crcumference, 

p = ar pressure m pounds per square mch, 
d = the dmmeter m Inches et section A - A. 
s+ = the angle between the hne of actmn of the 

vectors L and F 
If the contour of the loaded diaphragm IS sphen- 

4 m shape, the load L. 1s the same for any sechon 
A A which 1s parallel to the plane of the clamp nng 
for any pressure p Therefore, If the contour of the 
dmphragm 18 extended to represent a smmc~rcle havmg 
dmmeter D. cos @ becomes umty et the dmmetral 
plane end Equation (1) takes the form 

where 
L = the maxnnum tenslle load m the mater4 in 

pounds per Inch of wdth, 
D = the spherxal mameter 

Smce as nearly es can be ascertmned from the 
high-speed photographs obtamed m these tests the 
contours of the dmphragms are spherical arce, Equa- 
tmn (2) wee used for the strength calculahons m 
thm report 

A load-versus-elongation curve for each mdwdual 
test speelmen of a gwen materml wee obtluned by 
plattmg the load obtalned from Equation (2) agelnst 
the percentage of elongatmn, taken drectly from the 
mome records A number of these curves were then 
used to determme a mean load-versus-elongation curve 
for that materml 

The mean loed-versus-elongation curve we8 used 
to construct a meen pressure-versus-volume dmgram 
for each type of specimen The arel) under the 
pressure-versus-volume dmgram was mtegrated graph- 
wally and the area thus found represents the ablllty 
of the materml speennen to absorb energy 



6 

RESULTS AND DISCUSSION 

The phymcal propertIes of the matermls tested 
are summarized In Table I The mean load-versus- 

and 7 The Identnicstmn, a brief deamptmn, the nom- 

elongatmn curves end pressure-versus-volume dmgrams 
ma1 weight, and the nommal thlckneas of each matenal 

for the matermls mvestlgated ere shown m Figs 6 
tested ere gwen m Columns 1 through 7 of Table I 

Wg 6 Load-Versus-Elongatmn Data 
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Fig 7 Pressure-Versus-Volume Data 
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The te”s,le strength of the varmus mater,&, 
gwe” I” Column 8, was determmed from the test 
results bv use of Eouatm” 12, These results ,“d,cat.e 
that the”tens,le str&gthi~ &‘the test matends vary 
from 60 to 1.310 wunds for a str,,, of materml one 
Inch wde 

Column 9 gwes the we,ght of the fabrx, that 1s. 
the weight of the materml wh,ch for all practical 
IJU~DOS~S earr,es the tens,le load snec,fied I” Column 
‘s Rubber coat,“g matermls are cmisldered to cant=& 
ute very httle to the over-all tens,le strength of the 
eampos,te material 

A camparlso” of tenslIe strength wthout a con- 
s,deratm” of the materml we,ght 1s beheved to he of 
l,ttle value Therefore, the tenale strength has been 
d,v,ded hy the we,ght of the compos,te materml, and 
th,s =at,o IS presented ,” Column 10 Values of th,s 
rstm range from 239 to 1,948 The matermls wth 
the h,ghest ratm are, for the,= we,ght, capable of 
carry,ng the greatest load Of the matermls tested, 
speem~ens Nos 4. 8. and 25 are show” to be supermr 
wth respect to load-carrymg ab,l,ty Spec,men No 8 
IS best wth a =at,o of 1,948, wh,le speamens Nos 
25 and 4 follow wth ratlos of 1770 and 1,726, 
respectively 

Column 11 refers to the same type of ,“fornmt,on 
far the materml as does Column 10, except that th,s 
,nformat,an apphes only to the fabr,e I” the composite 
material The results I” Column 10 show that nylon 
fabr,c ,s better than cotton fabr,c (spec,mens Nos 
15 and 16, 

Data in the ab,l,ty of the va=,ous matermls tu 
absorb energy (Column 12) ,ve=e obtamed by meas- 
unng the area ““de= the pressure-versus-volume dm- 
grams of F,g ‘7 The energy absorptm” data shown I” 
th,s column are for the a”D=ox,matel~ 1.362 saua=e 
mches of matenal whxh ‘is exposed- by. the ,is,de 
dmmeter of the clamp r,“g of the compressed-a,= gun 

Column 13 shows the abll,ty of the eompos,te 
mater,& to absorb energy wth respect to the,= we,ght 
Speem,ens Nos 8, 23. 25, 26, 27. 31. and 32 appear 
better I” th,s respect than other matermls tested 

Column 14 ,nd,cates the ab,l,ty of the fabr,c I” 
the compos,te matermls to absorb energy w,th respect 
to the fabrw we,ght, The data I” th,s column show 
0~&&n fabne ,s supermr ,” th,s respect to cotton 

Column 16 g,ves the percentage of elongatmn 
demonstrated by the spec,me”s I” the tests The ab,l,ty 
to elongate ,s show” to be greatest for spee,me”s Nos 
31 and 32 These matermls elongated approx,mately 
165 per cent, wh,le the maJor,ty of other mater,als 
elongated between 20 and 30 per cent 

A” evaluatm” of the better mater,& mentmned 
I” the foregmng ,“d,cates that spec,me”s Nos 8 and 
25 appear to possess the best crash-reastant propertIes 
Specnne” No 8 has a numerical factor of 1.948. 
represe”t,“g ,ts ab,l,ty to sustam load ,n relatmn to 
rta weight, and ,t has a “umer,cal factor of 45,650, 
=ep=ese”t,“g ,ts ab,l,ty to absorb energy ,” relatmn to 
,ts waght Spec,me” No 25 has a numerrcal factor of 
1.770. =e”rese”t,ng ,ts ab,l,ta to susta,” load 1” rela 
tion to 16s we,ght: and ,t his a numer,cal factor of 
71,790, representmg Its ab,l,ty to absorb energy ,n re- 
lstm” to ,ts we,ght Speem,e” No 8 ,s somewhat more 
eRc,e”t than spec,me” No 25 ,n ,ts ab,l,ty to sustam 
load wh,le specm~e” No 25 1s more effiment than 
speem,e” No 8 I” ,ts ab,l,ty to absorb energy 

Although spec,me” No 31 ,s h,ghly efficient I” 
,ts ablhty to absorb energy, ,‘a effimency ,n car=y,“g 
load IS extremely low Because of th,s deficwxy, the 

material ,8 not cons,de=ed to possess optmum crash- 
res,stant “=o”ert,es 

Column 16 gwes the “umber of tests that have 
bee” conducted to dete=m,“e the mea” load-versus- 
elongatmn cu=ve far each materml I” ao,“e mstances, 
the “umber of avadable samples of the mater,al tested 
was 1”“lted I” others, the malfunctwnmg of the test 
eqqment ,nval,dated the results of spec,fic tests It 
was therefore not poss,ble to determme the character- 
,st,es of all of the mate=,als by averagIng the results 
of a number of tests 

The need for ave=sg,“g test results to pronde 
properly for the Inherent nonun,form,ty of such ma- 
termls IS recognmed However, the hst,“g of charac- 
te=,st,cs wh,ch have bee” dete=m,“ed from only one 
test IS bel,eved s,g”,ficant I” such cases, dwergence 
l,m,ts a” be assumed to be of the same order of 
magn,tude as those erh,hlted by other matermls It 
wll be noted that the matermls wh,ch were evaluawd 
on the bars of one test were not outstand,ng 

CONCLUSIONS 

The results of the tests conducted to determme 
which bladder matermls should be expected to have 
good crash-rem&ant p=ope=t,es ,“d,cate that two types 
of lam,“ated matermls possess, for the,= wewht, great- 
er load-carrymg and energy-absopbmg ab,l,tles than 
any of the other types tested These two materials are 
(1) a three-ply, square-wave”, medmmwelght, nylon 
fab=,c wth B rubber 1,“er and with the pl,es lanunated 
on the bms, and (2) a four-ply, nylon, t,re-cord fabr,c 
wh,ch 1s res,“.treated and wh,eh has a rubber Ime= 
and has the pl,es lammated on the bms These types 
of mater,als can be made wth various we,ghts of 
fabr,c o= cords to obta,” any strength wh,ch may be 
reaulred 

A materml composed of a greater number-of plj*s 
of a fabnc with the pl,es u”,formly d,str,buted on the 
b,as and havmg smaller cords appears to be better 
than B materml composed of a lesser “umber of pl,es 
of fabr,c w,th the pl,es u”,fo=mly d,strlbuted on the 
bms and havmg larger cords The strength of the 
adheswe hold,“g the phes of fabnc together appears 
to be a” ,mpo=ta”t factor ,” the ab,hty of B materm 
to demonstrate the ultm,ate strength of ,ts fabr,c 

Mate=,& composed of nylon fabrics possess 
strength and energy-absorbmg propertIes wh,eh are 
supermr to those found 1” matermls composed of 
cotton fabr,cs A homogeneous rubber matenal tested 
has very good energy-absorptmn propertIes but ,s 
extremely poor 1” load-carrymg ab,llty 

The strength prope=t,es of the materials tested 
were not appreembly affected by rupture tm,es vary,“g 
from 0 05 to 3 0 seconds 
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