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SOME PHYSICAL PROPERTIES OF A NUMBER OF PROFOSED CONSTRUCTIONS OF MATERIALS
FOR NONMETALLIC CRASH-RESISTANT AIRCRAFT FUEL TANKS

SUMMARY

Tests have been conducted at the Techmical De-
velopment and Evaluation Center of the Civil Aero-
nautics Administration to determine the stremgth,
elengation, and energy-absorbing properties of 32
materials, mcluding rubber and rubber-impregnated
nylon and cotton fabrics These test results ai1d in the
selection, for further evaluation under sitmulated crash
tests, of materials which are believed to possess the
most favorable properties for use 1n the fabrication
of crash-resistant, bladder type fuel tanks for awrcraft

The results of the tests indicate that two types
of laminated materials possess, for their weight,
greater load-carrying and energy-absorbing abilities
than any of the other types tested to date The more
satisfactory materials are (1) & three-ply, square-
woven, mediumweight, nylon fabrie with a rubber liner
ashd with the plies laminated on the bias, and (2) a
four-ply, nylon, trre-cord fabric which 18 resin-treated
and which has a rubber hner and has the plies lami-
nated on the bias These types of materials can be made
with various weights of fabric or cords to obtain any
strength which may be required

A material composed of a greater number of
plies of a fabric with the plies uniformly distributed
on the bias and having smaller cords appears to be
better than a material composed of a lesser number
of plies of fabric with the phes uniformly distributed
on the bias and having larger cords The strength of
the adhesive holding the phes of a fabric together
appears to be an mmportant factor 1n the ability of a
}n?)terlal to demonstrate the ultimate strength of 1its
abric

Materials composed of nylon fabrics possess
strength and energy-absorbing properties which are
superior to those found 1n materials composed of cot-
ton fabrics A homogenous rubber material which was
tested possesses very good energy-absorption
properties but 1s extremely poor 1n load-carrymng
ability

The strength properties of the materials tested
were not affected appreciably by rupture times which
varred from 0 05 to 3 0 seconds

INTRODUCTION

The Technical Development and Evaluation Cen-
ter of the Civil Aeronautica Adminmistration 1s engaged
in a prograrm to develop for awrcraft crash-resistanti
fuel tanks which will help prevent the occurrence of
destructive fires during aircraft aceidents and crashes
of the type 1n which the occupants would normally be
expected to survive the crash impact

The 1nitia] phase of the investigation nvolved
the testing of fulls=cale fuel tanks under simulated
crash conditions This investigation indicated, among
other things, that flextble-bladder type tanks which
possess sufficient strength and/or energy-absorbing
properties to resist rupture while the surrounding
structure begins to disintegrate offer good possibilities
as a8 Teasonable and practical solution to the problem *

The present mvestigation was undertaken to eval-
uate the properties of some available bladder-cell
materials and to determine the particular materials
which appear to possess the best properties for the
intended purpose This report summarizes the results
of these evaluation tests, and the data presented

'R L Field, Melvin F Muller, and George Pigman,
‘““An Investigation of the Crash-Fire Problems 1n
Transport Awreraft Fuel Tanks,”' CAA Technieal
Development Report No 134, January 1951

herein consitutes a basis for selecting the bladder-cell
materials to be used 1n the forthcoming impact tests
Thirty-two materials or combinations of materials
were tested to determine the best composite fuel-cell
material

The terms “bladder cell,” “fuel cell,” “bladder
type fuel tanks,” and equivalent expressions as used
m this report are intended to denote a nonmetallic,
self-sealing or not self-sealing, more or less flexible
type of fuel-cell construction which 18 removable from
the aircraft They may apply to bladder type fuel
tanks which are complete 1n themselves or to removable
rackets or boots inside of which the cell actually
contaiming the fuel mught be encased

The terms “material,” ‘'bladder-cell material,”
“fuel-tank material,” and equivalent expressions de-
note a nonmetallic ingredient material or combinations
of such materials which are either arranged 1n layers
or built up of phes, which in themselves may be com-
binations of materals, to form a composite material
These terms are usually synonymous with ““test
specimen '

BASIC CONSIDERATIONS OF THE PROBLEM

In the case where the aircraft structure surround-
ng a bladder type of fuel tank 18 s0 damaged durng
an actual arreraft erash by impact with some external
object that openings are created in the structure, the
bladder tank must remain intact and must prevent
any appreciable loss of fuel 1f the danger of destrue-
tive fire 1z to be averted The work absorbed by the
bladder-cell material covering a relatively large open-
g {(approximately eight to ten mches 1 diameter)
in the metal structure 13 & function of the mass of
fuel behind the opening and of the deceleration of that
fuel mass during the crash impact A major considera-
tion m achieving a crash-resistant bladder-cell tank,
therefore, 1s the attainment of a material which 1s
capable of absorbing the work done by the fuel m
trying to escape from the tank This 18 done by wvirtue
of the strength and of the elongation properties of
the fuel-cell material If the opeming 1n the metal
structure 1s small (for example, if a metal seam opens
only a fraction of an inch), very little elongation of
the bladder-cell material hehind the open seam can
occur In this case 1t 13 believed that the strength of
the bladder-cell material rather than 1ts ability to
absorb energy becomes the predomnating factor

Therefore 1t 15 considered that the material which
15, for 1ts weight, capable of sustaining the greatest
lead, able to absorb the most energy, and 1n addition
as tough as possible mn order to minimize the danger
of failure from puncturing and teanng action 15 the
optimum material for use 1 the fabrication of crash-
resistant, bladder type tanks

A high degree of tear and puncture resistance 1s
considered an important quality of a crash-resistant
bladder-cell material Previous impact testing of
bladder-cell tanks at this Center, however, 1ndicates
that high tensile sirength and high energy absorption
for the least possible weight of material are the
predominant considerations 1 selecting optimum
materials for erash-resistant fuel tanks

APPARATULS AND TEST CONDITIONS

All tests were made using the large compressed-
air gun which 1s shown 1 Fig 1 The gun was arranged
so that eircular material specimens 34% inches 1n
diameter could be attached to the muzzle for burst-
testing See Fig 2 The compressed air for bursting
the specimen or diaphragm was supplied to the gun



Fig 1 Compressed-Air Gun

testing See Fig 2 The compressed air for bursting
the specimen or diaphragm was supplied to the gun
from a reserve tank capable of withstanding 500
pounds per square inch (ps1) of pressure Two valves

at the reserve tank controlled the rate at which the air
was supplied to the gun, and, by proper selection of
the valve and of the reserve tank pressure, the time
required to rupture the diaphragm could be controlled
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Fig 2 Test Chamber With Specimen Being Prepared for Test



SEFDAE TEST

AFTER TEST

Fig 3 A Typical Specimen Before and After Testing

In these tests, omnidirectional loading of the material
In a manner similar to that experienced during an
actual crash 1s obtained

A photograph of a typical diaphragm specimen
before and after testing 1s shown 1 Fig 3, and a brief
description of all the specimens tested 1s glven 1n
Column 3 of Table 1

The time hstory of the pressure build-up on the
diaphragm 1s obtamed by using pressure transducers,
located 1n the gun muzzle near the test diaphragm, 1n
conjunction with a recording oseillograph Two hgh-
speed cameras operating at approximately 1,000
frames per second were used to record the diaphragm
contour during the test Profile and obhque views of
a typical specimen during the testing are showm 1n
Fig 4 A background screen located 1n the field of
view of the profile camera has been calibrated to
provide direct readings of spherical diameter and of
the percentage of elongation

The diameter of the diaphragms was arbitrarly
chosen to be 341% inches because (1) a specimen of
this approximate size 1s necessary to allow accurate
data to be taken from high-speed movie records, (2)
the ability of the gun to rupture the strongest speci-
mens requires a diaphragm of this approximate size,
and (3) the specimen should be larger rather than
smaller mn si1ze 1n order that 1t might eontamn the usual
local variations in strength, elongation, weight, and
50 forth, inherent in fabric materials

The order of events which comprise the actual
test begins with the triggering of a cam type of se-
quence timer The cam-timer mechanism 15 preset
to actuate the component equipment by means of
hold-1n relays at the proper mnstant and 1n the follow-
ing order the timing disc the high-speed cameras, the
recording oscillograph, the lights for the cameras, and
the gun valve

Information obtained from simulated crash tests
on full-scale airplanes has shown that the duration of
sharp and well-defined impact loads on the wings of
awreraft 15 approximately 0 05 second Therefore, 1t
was believed that the strength and elongation proper-
ties of the bladder materals should be determined by
tests 1n which the mterval of rupture 18 approximately
0 05 second In addition, 1t was desirable to determine
whether there 1s any change 1n strength and elongation
properties of such materials at lower rates of loading
Tests were therefore arbitrarily conducted over a
rupture-time range of approximately 0 05 to 3 0 sec-
onds Rupture-time itervals in thig range were con-
trolled by the gquick-opeming valves in the breech of
thekg‘un and by the imtial pressure 1n the reserve
tan

The tests were conducted at ambient temperatures
ranging from 60° to 83° F

ANALYSIS OF DATA

The equation which expresses the maximum ten-
sile loads applied to the test specimens (diaphragms)
on the compressed-air gun 18 derived by reference to
Fig b

At any section A — A having a diameter d, the
force F which 18 due to air pressure and which 13 held
1n equihibrium by the loads 1n the material 13 expreased
by

pﬂ'd2
1 - Llﬂd cos ¢ = ()
or
L pﬂ'd2 _ pd
L= =

4d7d cos ¢ 4 cos ¢
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Fig 4 Profile and Oblique Views of a Specimen During Rupture
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Fig b Tensile Load m Diaphragm

where
L. = the maximum tensile load which 18 exerted on
the material and which 12 tangent to the test
specimen at section A — A, 1n pounds per inch
of width around the circumferences,
= alr pressure In pounds per square 1nch,
= the diameter in nches at section A — A,
#» = the angle between the hne of action of the
vectors I, and F
If the contour of the loaded diaphragm 18 sphen-
cal 1n shape, the load L, 13 the same for any section
A A which 1s parallel to the plane of the clamp mng
for any pressure p Therefore, if the contour of the
diaphragm 13 extended to represent a semicircle having
diameter D, cos ¢ becomes unity at the diameiral
plane and Equation (1) takes the form

(=P~

where
L — the maximum tenzile load in the materiml in

pounds per mch of width,
D = the spherical diameter

Since as nearly as can be mscertained from the
high-speed photographs obtamned i these testz the
contours of the diaphragms are spherical arcs, Equa-
tion (2) was used for the strength caleuletions in
this report

A load-versus-elongation curve for each individual
test specimen of a given material was obtaned by
plotting the load obtained from Equation (2) agemnst
the percentage of elongation, taken directly from the
movie records A number of these ecurves were then
used to determine a mean load-versus-elongation curve
for that material

The mean load-versus-elongation curve was used
to construect a mean pressure-versus-volume diagram
for each type of specimen The ares under the
pressure-versus-volume diagram was integrated graph-
1cally and the area thus found represents the ability
of the material specimen to absorb energy



The physical properties of the materials tested
are summarized 1n Table I The mean load-versus-
elongation curves and pressure-versus-volume diagrams
for the materials investigated are shown 1n Figs 6

RESULTS AND DISCUSSION

and 7 The 1dent:fication, a brief description, the nom-
mal weight, and the nominal thickness of each material
tested are given 1in Columns 1 through 7 of Table I

Fig 6 Load-Versus-Elongation Data
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The tensile strength of the varous materials,
given 1n Column B, was deterrmned from the test
results by use of Equation (2) These results mdicate
that the tensile strengths of the test materials vary
from 60 to 1,310 pounds for a strip of material one
inch wide

Column 9 gives the weight of the fahric, that 1s,
the weight of the matermal which for all practical
purposes carries the tensile load specified in Column
B Rubber coating materials are considered to contrib-
ute very little to the over-all tensile strength of the
composite material

A comparison of tensile strength without a con-
sideration of the material weight i1s beheved to be of
httle value Therefore, the tensile strength has been
divided by the weight of the composite material, and
this ratio 15 presented in Column 10 Values of this
ratio range from 239 to 1,948 The materials with
the highest ratio are, for theirr weight, capable of
carrying the greatest Ioad Of the materials tested,
specimens Nos 4, 8, and 25 are shown to be superior
with respect to load-carrying abihty Specimen No 8
15 best with a ratio of 1,948, while specimens Nos
25 and 4 follow with ratios of 1 770 and 1,725,
respectively

Column 11 refers to the same type of information
for the material as does Column 10, except that this
information applies only to the fabric in the composite
material The results 1n Column 10 show that nylon
fabric 1s better than cotton fabric (specimens Noz
15 and 16)

Data on the ability of the various maternals to
absorb energy (Column 12) were obteined by measz-
uring the area under the pressure-versus-volume dia-
grams of Fig 7 The energy absorption data shown 1n
this column are for the approxmmately 1,362 square
inches of material which 13 exposed by the 1nside
diameter of the clamp ring of the compressed-air gun

Column 13 shows the ability of the composite
materials to absorb energy with respect to their weight
Specimens Nos B, 23, 25, 26, 27, 31, end 32 appear
better 1in this respect than other materials tested

Column 14 mdicates the ability of the fabrie In
the composite materials to absorb energy with respect
to the fabric weight, The data 1n this column show
th%t nylon fabric 18 superior 1n this respect to cotton
fabrie

Column 15 gives the percentage of elongation
demonstrated by the specimens 1n the tests The ability
to elongate 15 shown to be greatest for specimens Nos
31 and 32 These materials elongated approximately
165 per cent, while the majomty of other matenals
elongated between 20 and 30 per cent

An evaluation of the better materials mentioned
m the foregoing indicates that specimens Nos 8 and
25 appear to possess the best crash-resistant properties
Specimen No 8 has a numerteal factor of 1,948,
representing 1ts abihity to sustain lead in relation to
its weight, and 1t has a numerical factor of 45,650,
representing 1ts ability to absorb energy in relation to
its weight Specimen No 25 has a numerical factor of
1,770, representing 1ts ability to sustam load 1n rela
tion to its weight, and 1t has 2 numerical factor of
71,790, representing 1ts ability to absorb energy m re-
lation to 1ts weight Specimen No 8 15 somewhat more
efficient than specimen No 25 1 1ts ability to sustamn
load while spectmen No 25 15 more efficient than
specimen No 8 i1n its ability to absorb energy

Although specimen No 31 15 highly efficient 1n
1its abihity to absorb energy, 1ts efficiency 1 carrying
load 1s extremely low Because of this deficiency, the

GPO 804288 — 1

25

material 13 not considered to possess optimum crash-
resistant properties

Column 16 gives the number of tests that have
been conducted to determine the mean load-versus-
elongation curve for each material In some 1nstances,
the number of available samples of the material tested
was limited In others, the malfunctioning of the test
equipment invalidated the results of specific tests It
was therefore not pesmible to determine the character-
1sties of all of the materals by averaging the results
of a number of tests

The need for averaging test results to provide
properly for the mherent nonumformity of such ma-
terials 18 recognized However, the histing of charac-
teristics which have been determined from only one
test 1s believed sigmificant In such cases, divergence
Limits can be assumed to be of the same order of
magnitude as those exhbited by other materinls It
will be noted that the materials which were evaluated
on the basis of one test were not outstanding

CONCLUSIONS

The results of the tests conducted to deterrune
which bladder materials should be expected to have
good crash-resistant properties indicate that two types
of laminated materials possess, for theirr weight, great-
er load-carrying and energy-absorbing abilities than
any of the other types tested These two materials are
(1) a three-ply, square-woven, mediumweight, nylon
fabric with a rubber liner and with the plies laminated
on the bias, and (2) a four-ply, nylon, tire-cord fabric
which 15 resin-treated and which has a rubber hner
and has the plies laminated on the bias These types
of materals can be made with various weights of
fabrie or cords to obtamn any strength which may be
required

A material composed of a greater number of plies
of a fabric with the phes umiformly distributed on the
bias and having smaller cords appears to be better
than a material composed of a lesser number of plies
of fabric with the plies uniformly distributed on the
bias and having larger cords The strength of the
adhesive holding the plies of fabric together appears
to be an 1mportant factor 1 the ability of a material
to demonstrate the ultimate strength of 1ts fabric

Materials composed of nylon fabrics possess
strength and energy-absorbing properties which are
superior to those found in materials composed of
cotton fabrics A homogeneocus rubber material tested
has very good energy-absorption properties but 1s
extremely poor n load-carrying ability

The strength properties of the materials tested
were not appreclably affected by rupture times varying
from 0 06 to 3 0 seconds
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