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FOREWORD

This report was prepared by the Physics Section, Divisional Development
Laboratories, of the United States Bubber Company, Mishawaka, Indisna under
USAF Contract No. 33(616)48l4 and Supplemental Agreement S3 (54-1266), Thia
contract was initiated under Project No. 7340, *Rubber, Plastic and Composite
Materials®, Task No. 73400, "Structural Plastics", formerly RDO No., 619-11,
*Substitutes for Critical and Strategic Materiala", and was administered under
the direction of the Materials Laboratory, Directorate of Research, Wright Air
Development Center, with Mr, George Peterson, and the Power Flant Laboratory,
Directorate of Laboratories, Wright Air Developmeni; Center, with Mr. Jack Weil
acting as Project Engineers.

Dr. P. G. Roach was adminiatrator, and Mr, W, Smith was materials and
development co-ordinator for the United States Rubber Company.

Mr, D. DeWitt co-operated in the development and processing of test pro-
cedures and in editing reports and preparing photographs and drawings, and Mr.

S, Piacsek assisted in the derivation of equations and analysis of the results
for the United States Rubber Company.

This report covers period of work from Octobexr 1954 to September 1955
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ABSTRACT

Different types of backing beoard materials were tested by
internal explosion techniques to exemine the feasibility of dupli-
cating gunfire damage. Pressure deflection tests on a simulated
airframe installation were made to relate mechanical properties
of the backing boards to their support characteristics for both
self~gealing and bladder type fuel cells.

-Empiricel equations were developed for the deflection of
backing boards under fluld pressures. The tests included encountered
the maximum and minimum spans which would normally be in aircraft -
structures., Equations were correlated with the physical properties
of the backing boards as the basis for establishing a method of
specifying backing boards.

Production trials of USV CR 88 backing bcard were made to examine
the feasibility of production by continuous methods and furnish
material to the WADC.

PUBLICATION REVIEW

This report has been reviewed and is approved.
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OBJECTIVE

This work relates to a study of the reaction of widely different
constructions of fuel cell backing boards to fiuld pressure loads
under conditions simnlating those existing in aircraft. These fluid
loads were applied explosively and by relatively slow pressurization.

A principle part of the work was the development and construction
of test devices, to produce fluid pressure loadings on simulated
backing beard installations, by means of which measured and cal-
culated strength values could be compared under the action of simulated
fuel heads over 30 feet, In addition, further development of a device
for simulating gunfire damage to becking boards-——by means of the
internal explosion technigue——was undertaken.

Engineering data obtained from the various test procedures was
correlated with the physical properties of the materials and the
dimensions of the pressure-deflection test setup to devise equations
which might be used in specifying backing bcard materials in aircraft
design. Both regular self-sealing type fuel cells and bladder type
cells were used in the investigations.

WADC TR 54-L74 Pt 2 1



INTRODUCTION

The work described in this report is correlative with Wright Air
Development Center Technical Repart 54-47L.

The objectives of this program required the selection of backing
board materials which could be expected to give the extremes of physical
properties required and, in addition, be materials on which a considerable
back log of experience was available. A list of backing board materials
was prepared in conference with the Wright Air Development Center and
these are discussed in Appendix I, page 108.

Appendix II, page 109, discusses the problers of backing board in-
stallation mentioned in conferences with engineering personnel in the
airframe industy, and some aspects of these problems which influenced
the design of the simulated internal explosion test and the pressure-
deflection tests,

The gunfire test jig, an internal explosion device, for simulating
backing board damage resulting from gunfire was designed, comstructed,
and evaluated. The design and construction details of this portion of
the program are given in Appendix III, page 112, This jig was also used
for the pressure-deflection testing.

The mechanical properties of the test materials were obtained in
general by the test procedures referred to in Military Specification
MII~P-8045, The mechanical properties and elaborations on the test
procedures for the backing materials used in this program are given in

Appendix IV, page 118,
Appendix V, page 126, describes the cube gunfire tests.

Appendix VI, page 129, describes the method of producing USV CR 88
backing board.

The work of this report was undertaken with the understanding that
simultaneous investigations of all the variables immediately apparent in
any one phase, such as simulating gunfire damage to backing boards by
controlled methods, was a task of a magnitude, beyond the limits imposed
upon this investigation. Further, the danger of picking discrete va-
riables for investigation while assuming constancy in the others, is well
recognized,

The work was therefore undertaken essentially by systematic inveg—
tigation of specific variables while holding other variables constant.
The discussion of the results of the pressure~deflection testing illustrates
the problems which result when a presumed constant factor is found to
vary in an unknown manner,

WADC TR 54=-4T74 Pt 2 2



DISCUSSICN
SECTION I

GUNFIRE TEST JIG INTERNAL EXPLOSICNS

TEST METHODS AND SERVICE CONDITIONS

WADC Technical Report 54-47h4, Part I describes & method of testing
backing boards for resistance to gunfire damage. This, in essence, in-
volved placing a panel of test material with a simulated projectile
wound against a fluid laden container, and creating rapid high fluid loads
by means of an explosion in the fluid,

This report deals in part with the construction and evaluation of a
similar type of test device using a larger test panel, mounted on a si-
malated aircraft structure, The construction of the internal explosion
tester is outlined in Appendix III, page 112, and the finalized version
of the device is shown in Figure 1, page 4. This jig has the following
improvements in the original designi

1, The use of a larger test panel, more nearly representative
of the surface area involved in service installations,

2, The use of a backing plate with provisions to support the
backing board against various supporting members simulating
the general configurations to be found in structures where
backing board is used, and permit various fastening methods
to be tested,

3. The use of fuel tank to more nearly simulate service condi-
tions, and reduce testing time by making installation of the
test panels easier, and eliminating fastening of the edges of

the backing bmrd.

Cube gunfire tests were conducted in accordance with the methods of
MIL-P-8045 and MIL~T-5578A at ambient temperaturess The boards were in-
gstalled in the cube as Type III materials, The fuel cell was a US-173
construction, Type I, Class A, Style I, per MIL~T-5578A. These tests
were made to compare with internal explosion results. A description of
the tests is given in Appendix VI, page 129,

EXPERIMENTAL RESULTS AND ANALYSIS

Figures 2 and 3, page 5, show the results of cube gunfire on backing
boards USV 747-5 and Figures 4 and 5, page 6, show the results of cube
gunfire tests on USV GR 88. These are typical examples of the damage
resulting from cube tests on USV 747-5 and USV CR 88 backing boards. In
general, all references to simulated gunfire damage are to be compared
with entrance shots in Figures 2 thru 5, which are marked "E",

WADG TR 54474 Pt 2 3



FIGURE 1

INTERNAL EXPLOSION JIG
SIDE VIEW (IMPROVED)
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FIGURE 2

CUBE GUNFIRE TEST PANEL USV 747-5
TYPE III INSTALLATION

FIGURE 3

CUBE GUNFIRE TEST PANEL USV 747-5
TYPE III INSTALLATION

WADC TR 54-474 Pt 2 ’ 5
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FIGURE 4

CUBE GUNFIRE TEST PANEL USV CR 88
TYPE III INSTALLATION

FIGURE 5

CUBE GUNFIRE TEST PANEL USV CR 88
TYPE III INSTALLATION

Approved for Public Release




Figure 6, page 8, shows the damage caused by internal explosion
testing to panel 2i, see Table III, pige 21, This is typical of the
damage caused at the hat section supports and at the fastening points
in the 30 inch x 4O inch backing board test panels tested on the inter-
nal explosion jig. All subsequent lllustrations show only the 14 inch
by 14 inch section of the test panels around the simulated gunfire
wound. It follows that the general pressure pattern occuring in gun-
fire cube test® is being duplicated by the internal explosion,.

The five panels shown in Figure 7, page 9, were the initial trials.
The explosion was created six inches deeper in the fluid for panel 4,
but the greater damage expected did not result. Table I, page 12, gives
the test conditions for the first twelve internal explosion tests. In
sctual gunfire tests the damage has been shown to be more severe where
the projectile enters lower in the fluid. It appears therefore, that
the internal explosion test is not sensitive to the height of the fluid
head above the explosion.

Figure 8, page 10, shows panels 6, 7, 9, 10, 11, and 12 which were
run under similar conditions. The variation in the testing of these
panels took place in the successive deformation of the horizontal "I
beam supports which started with panel 3 and continued to panel 9, when
it seams an equilibrium was reached and no further bowing of the hori-
zontal members occurred. The tests on panels 3 to 12 were made using
the same hat sections for support, and these were progressively damaged.
In these tests the simulated projectile wound was located immediately
between two hat section supports. The explosions took place on a hori-
zontal level with the wound.

Panels 10, 11, and 12 which were run after jig damage had stabilized,
illustrated the repetitive action of the test. However, by referring to
the results of cube gunfire tests on USV 747-5 panels, Figures 2 and 3,
it is apparent that the damage caused by gunfire tests covers an area
approximately two and one half inches by three and one half inches. The
internal explosions results consist only of minor tears. _

Figure 9, page 11, shows panel 8, vhich was run to determine the
effect of the explosion on wounds placed above and below the standard
level. These were centered between hat sections on either side of the
standard position. In this test the explosion was set off in position
standard to the other panels reported, which was in the front port and
centersd vertically and horizontally in the structure.

By examining the demage of the internal explosion on panel 8, Figure
9, it was evident that the wounds placed at positions on either side of
the standard position suffer no noticeable damage. This fact combined
with evidence of more severe damage to all the test boards in the area
immediately in front of the explosive charge, which had been located be-
hind a hat section, and the noticeably greater damage to this hat sectiom,
suggested that more localized damage may be produced in the wound area if
the hole and hat section location were changed to bring the exploslon as
close as possible to the wound.

WADC TR 54-L74 Pt 2 7
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FIGURE 7

INTERNAL EXPLOSION TEST
PANELS 1, 2, 3, 4, and 5
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105 11, and 12

INTERNAL EXPLOSION TEST
9s

PANELS 6, 7,
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TABIE I
INTERNAL EXPILOSICN DATA

POSITION OF EXPLOSICN

BEHIND HAT
CODE PANEL DATE SECTION

Water level in tank: Full; Self-Sealing Cell, US-173 construction, Type I, Class A,
Style I; 6 inch span; simulated wound centrally positioned on panel*; Explosion in
lst port. Type I Installation.

(see Figure 7)

1 USV 7475 11/31/54 X
Large fuel cell and 1/8 inch hat section plate. (Jig door blown open)

2 UsV 554 12/3/54 X
Isarge fuel cell, Hat sections and plate badly damaged.

3 USV CR 88 1/4L/55 X
New fuel cell. New hat section plate. (3"). DProgressive bowing
of "I" beam starts at this point.

L USV CR 88 1/4/55 X
Wound 6 inches below center,

5 UsV 747-5 1/6/55 X
'~ Water level 6 inches from top of tank.

(See_Figure 8)

6 USV 7475 1/7/55 X
Witnessed by WADC Personnel.

7 USV CR 88 1/7/55 X
Witnessed by WADC Personnel. :

9 Usv 747~5 1/20/55 X

Bowing of "I" beam stabilized at this point.

10 USV 7475 1/20/55 X

n USV 7475 1/20/55 X

12 USV 747~5 1/21/55 X
(See Figure 9)

8 USV Th7=5 1/20/55 ¢

Three similated projectile wounds.

%* See Appendix III, page 112,

WADC TR 54-474 Pt 2 12



The greater damage to test panels in the area immediately next
to the explosion was noted on panel 8, Figure 8. Figure 10, page 14,
shows the results of internal explosion tests on panels 13 and 14,
(USV 747~5 backing board) which were made to examine the effect of
placing the simulated wound as near the explosive charge as possible,
These demonstrate the result of having the simulated wound directly
in front of the explosive charge. More damege was created directly
around the wound, slthough the tearing was exaggerated beyond what
would be expected with this material in gunfire tests. Iable II, page
15, lists the conditions for internal explosion tests on panels 13
through 18.

Panels 15 thru 18 were run to examine the variation in damage that
occurs with successive changes in the structure as the test frame was
damaged by the force of explosicns. Panel 15 was a USV 747-5 material
installed as a Type III meterial on the explosion jig test frame. The
panel was mounted on standard cube gunfire hat sections as specified
in MII-P-8045, and the projectile wound was located midway between hat
sections and directly in front of the explosive charge. Panel 15 was
fired on a new test frame, with standard hat sections mounted on a new
one-half inch aluminum panel. The bocard was fastened to the hat sections
by number 6, Parker-Kaylon AN-530-6-6 sheet metal screws, spaced 6 inches
on centers. It should be noted that all tests prior to panel 15 were
Type I installations.

With panel 15 mounted on the new test plate, the supporting "I"
beams at the jig door were bowed one-half inch from the back of the one~
half inch aluminum test plate in the center of the panel. The result of
the explosion test on the USV 747-5 material, panel 15, indicated that
little damage occurred to the material in contrast with that of panels
13 and 14 in which the test plate was bowed by previous explosions to
make contact with the supporting "I" beams, where the board was installed
as a Type I material. This leads to the conclusion that wide variation
of damage to test panels may be expected when the supporting members are
appreciably damaged, This is further demonstrated by the more severe
damage to another USV 747-5 board, panel 18, shown in Figure ]O. Here
the test frame used for panel 15 had bowed back to close proximity with
the supporting "I" beams after explosions on panels 16 and 17. This
suggests that the resiliency of the frame accounts far some absorption
of energy. Panel 16 shows the relatively small damage to USV CR 88
material, when the test frame was still relatively unsupported by the
"I" beams, while panel 17 shows increased delamination and excessive

tearing.
SULMARY DISCUSSION

The results of the first 18 internasl explosions indicated that the
design of the explosion jig using the unstable framework and aluminum hat
sections was not adequate to permit reproducible results. It was shomn
that the pressures created by the explosions were sufficlent to change the
dimensions of the supporting framework, It was evident that the overall
damage to the test panels along the points of contact with the hat sections

WADG TR 54-474 Pt 2 © 13



FIGURE 10

INTERNAL EXPLOSION TEST
; 7 PANELS 13, 14, 15, 16, 17, and 18
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TABLE II

INTERNAL EXPIOSTON DATA

POSITION OF EXPLOSICH

BEHIND HAT EEHIND
CODE PANEL DATE SECTION WOUND*

Water level in tank: Full; Self-Sealing Cell, US-173 construction, Type I, Class A,
Style I; 6 inch span; simulated wound centrally positioned on panel;* Explosion in
1lst port. (Front Port.)

(See Figure 10)

13 Usv 747-5 1/26/55 . | X
Hat section mounting panel was unfastened and moved three
inches to right to bring simulated wound nearer the ex-
plosive charge. 4 to 7 inch tears were produced with shear—
ing along the hat sections. Type I Installation.

L4 Usv 747-5 1/26/55 X
Close duplication of damage on Panel 13 occurred. Type I
Installation.
15 UsY 747-5 2/11/55 ¢

Type III Installation. 1 to 2 inch wounds. New test plate and hat
sections. Test plate bowed after explosion.

16 UsV CR 88 2/11/55 X
Type III Installation. No tearing in panel and slight delamination.
Considerable bowing in test plate., Some damage to hat sections in
explosion area.

17 USV CR 88 2/18/55 X
Type III Installation. Extensive tearing of panel and shearing at
hat sections with considerable delamination in wound area. Test
plate nearly in contact with previously bowed "I" beam supports on
test frame.

18 USV 7475 2/18/55 X
Type III Installations 2 to 3 inch tears in panel with considerable
delamination in the wound area. Shearing at hat sections. Test
plate nearly in contact with "I" beam supports.

% See Appendix III, page 112,

WADC TR 54-LTh Pt 2 15



and at the fastening points, was quite similar to that experienced by
the same materials in cube gunfire trials. However, the damage at the
wound area of the materials was of a different general character and
of either greater or lesser extent than the same materials suffered in
gunfire tests.,

The results of variation in the test procedire used during the
first 18 explosions showed that localized damsge in the wound area could
best be achieved by creating the explosion directly behind the wound.
The position of the concentrated affects of the explosive charge, with
respect to the simulated wound, was shown in Figure 9, page 11. The po-
sition of the hat sections was changed in subsequent tests to bring the
explosive charge directly behind the simulated wcund in the test panel.

The preliminary tests served to show that the change of the depth
of the charge in the fluid did not produce the changes in the effect of
the explosion that were anticipated.

Similarly, chenging the height of the water level in the fuel cell
did not seem to appreciably affect the damage to the test materials, It
was evident however, that the height of the water level in the tank did
affect the stresses that were developed around the metal fastening plate
of the fuel cell. Considerable difficulty was experienced in maintaining
a leak-free seal in this area when the cell was filled with water. This
difficulty was reduced when the level of the fluid was six inches from
the top of the tank. This fluid level was used in all tests after the
first 18 °

Table III, page 21, describes the test conditions for the rest of
the internal explosion trials. The results of tests on panels 19 thru
34 are shown in Figures 11, 12, and 13, on pages 18, 19, and 20, In this
series ¢f tests the solid steel hat sections and mounting plate described
in Appendix IIT, page 112, were used as a means of maintaining stable
test conditions. It should be noted that a bladder type fuel cell was
used for these tests as compared with the self-gealing fuel cell previously
used.

Since test panels 19 thru 34 were primarily intended to investigate
the reproducibility of the test, and methods that could be used to simulate
sunfire damage, the type of cell was chosen primarily on the basis that
the bladder type cell exhibited better resistance to damage at the metal
fastening plate. Yo comparison of the effects of the type of cell on the
damage resulting from the testing can be made. It seems reasonable to
suggest that the use of self-sealing type fuel cells would result in same—
what lower damage levels t0 the. backing material as a result of the
cushioning action of the relatively thicker construction, as compared to
the thinner, more flexible bladder type materials,

The first two explosions using the conditions of Table III produced
lamage to USV CR 88 boards far in excess of any previous test, and very

WADC TR S4=474 Pt 2 16



different from cube gunfire tests, These are shown in Figure 11, panels
18 and 19. The similarity of the damage between the two panels was con-—
sidered excellent, The greater extent of the damage compared to previous
tests was attributed to the close proximity of the explosion to the si-

mulated wound, combined with the high rigidity of the steel test members,

Panel 20 was run under the conditions above to examine the action
of USV 33 backing material which is known to have unsatisfactory gunfire
resistance in Type III installations. It is evident from the illustratien
of Figure 11, that the damage to this panel was more extreme than that of
the two USV CR 88 trials. Complete chearing can be noted at the edges of
the hat section supports.

In tests 22, (USY CR €8 panel) and 23 (USV 33 panel) a one-half inch
gheet of cellular shock absorbing material (U.S. Ensolite) was introduced
between the fuel cell wall and the test panel. A six inch diameter hole
was made in the padding materisl centered over the simulated projectile
wound. The damage to these panels under identical conditions with panels
19, 20, and 21, show the effectiveness of the padding material in con—
centrating damage in the wound area. The padding greatly reduced the damage
along the hat section supports. This is definitely shown in comparing the
USY 33 trials on panels 20 and 23,

The explosive charge was placed in the second port starting with panel
25,, In this position the damage caused by the explosions was in all cases
less than would be expected from actual cube gunfire testing., However,
panels 24 thru 29 were run to examine the reproducibility of the method.
Panels 24, 25, and 26 (USV CR 88) showed excellent similarity of damage
over the entire 30 inch by 40 inch test panel. The 14 inch by 14 inch sec—
tion shown in Figures 11 and 12 show the good ginilarity in the wound area.

Three panels of USV 33 material, panels 27, 28, and 29 of Figure 12
also showed excellent reproducibility between tests. Comparing internal
explosion tests of USV CR 88 material with the USV 33 material shows greater
damage to the USV 33 backing board, but not nearly in the degree that exists

in cube gunfire tests.

It is concluded from these results that the test 1s very reproducible,
and does indicate differences between materials. However, the degree of
"damage between test materials is considerably less on the internsl explosion
test, than it is on cube gunfire tests. It is known that cube gunfire tests
of USV 33 materials in a Type III cube test installation would be more near-
ly like the front port internal explosion of panel 21, Figure 11.

Panels 30, 31, and 32, shown in Figures 12, and 13 were run on USV
747=5, Swedlow S 2N, and USV 55A backing boards regpectively to provide
data for comparing all the materials of the test program. Here again it
was concluded that the results show differences between materials, but not

in the same degree as gunfire tests.
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FIGURE 11

__ INTERNAL EXPLOSION TEST
PANELS 19, 20, 21, 22, 23, and 24
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FIGURE 12

INTERNAL EXPLOSION TEST
PANELS 25, 26, 27, 28, 29, and 30
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FIGRE 13

INTERNAL EXPLOSION T3ST
PANELS 31, 32, 33, and 3
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TABLE II1
INTERNAL, EXPLOSION RESULTS
. POSITION OF EXPLOSION
CODE PANEL DATE | (PORT)
Water level in tank: 6 inches from top; Bladder Cell, US-577 construction; é inch

spen; similated wound centrally positioned on panel;* Explosions placed directly
bshind wound aresa tank. e 1IT Installation,

(Ses Figure 11)

19 IE-1 USV CR 88 7/25/55 1st (Front)
20 IE~2 USV CR 88 7/25/55 lst
21 IE-3 USV 33 7/26/55 1st
22 IE~4 USV CR 88 7/26/55 1st

One-half inch sheet "Ensolite" between fuel cell and panel with
hole 6 inches in diameter cut at position of wound,

23 IE-5 USV 33 7/21/55 1st
One-half inch sheet "Ensolite" between fuel cell and panel with
hole 6 inches in dismeter cut at position of wound.

21 IE~6 USV CR 88 7/28/55 2nd
(See Figure 12}

25 IE-9 USV CR 88 n/28/55 2nd

26 IE~8 USV CR 88 7/28/55 2nd

27 I%-7 USV 33 '7/28/55 2nd

28 IE~10 USV 33 n/28/55 2nd

29 IE-11 USV 33 7/29/55 2nd

30 TE-12 USV 747-5 7/29/55 2nd
(See Figure 13)

31 IE-13 S 2N 7/29/55 2nd

32 IE~14 USV 554 7/29/55 2nd

33 IE~15 USV CR 88 8/23/55 2nd

High Speed Photographic Analysis.
34 IE-16 USV 33 8/23/55 2nd

High Speed Photographic Analysis.

¥ See Appendix III, page 112.
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Panel 33 (USV CR 88) ard panel 34 (USV 33) were run under the con-
ditions listed in Table III for high speed motior picture study. The
sketch of Figure 72, page 117, depicts the manner in which the movies
were taken. (See Appendix III.) The primary action of the explosion, is
viewed through the second mirror. This shows the initial tearing and
delamination. As the backing board is forced outward by the explesion,
it breaks the mirror, and the remaining zction is visible through the
first mirror. The position of the first mirror in the line of sight of
the camera is such that it reflects an image that would be seen by an
observer looking downward on the test panel,

The film displays action that may be related to a peculiarity of
damage that was noted on all the test panels. This can be noted par-
ticularly well on the illustration of panel 22, Figure 11, where there
appear to be two distinct areas of concentrated damage. The first is in
the area of the simulated wound which is on a horizontal line with the
explosive charge in the fluid, The second appears six or seven inches
higher on the panel directly above the simulated wound.

In analyzing the action evident in the high speed film it appears
that the initial bulging of the backing material in the area of the
simulated wound is followed by a more pronounced bhulging above it., This
suggests the possibility that a second shock wave may be formed by re—
flection from the walls of the test Jig. Robert H, Cole, Reference 1k,
discusses reflection from solid members in his treatise, "Underwater
Explosions". It would be beyond the scope of this work to more than
suggest that phenomena described by Cole might explain the occurrence
and position of a second shock front in the fluid. In any case it appears
that pulsations in the test panel occur and all penels tested show what
appears to be an area of concentrated damage above the initial explosion
level. Figuyre 73, page 117, illustrates the manner in which a reflected
shock wave might act, (see Appendix III,)

SECTION II
FRESSURE DEFLECTION TESTING
SERVICE CONDITIONS

One of the prime functions of backing board materials in aircraft
structures is to support the fuel laden cell. The backing board serves to
distribute the highly localized loads that occur at points of contact with
the air frame structure over the surface of the relatively flexible fuel
cell.

The work described in WADC Technical Report 54-47., Reference 15,
page 131, indicated the desirability of testing backing board materials by
means of a biaxial tension test. The objectives of this work involved the
design, instrumentation, and evaluation of 2 test device for subjecting
backing board materials to fluid loads. The preliminary investigation of
the factors to be considered in constructing test equipment included
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conferences and discussions with air frame manufacturers. The general
shapes of the supporting members and the maximum and minimum spans
across which the backing board would be installed was discussed in the
conferences described in Appendix II, page 109. The preliminary de-
sign of the pressure deflection test equipment was then made in con-
ference with the Materials laboratory and Power Plant laboratory of the
Wright Air Development Center.

The general characteristics of the design first developed for in-
ternal explosion testing and pressure deflection evaluations are shown
in Figure 69, page 113. The improved comnstruction, with stable steel
members described in Appendix III was obtained by eliminating deficien-
cies that became apparent in the internal explosion testing,

The use of the rigid steel test frame for pressure deflection test—
ing represents the same departure from duplication of service conditions
as those discussed in the internal explosion testing of Section I. The
use of a rigid structure as opposed to the more flexible aluminum sec-
tions found in air freme construction was found to be justified by the
results of the pressure deflection testing. It was found that small
differences in fastening techniques resulted in significant variations
in the response of a given material to pressurization.

Although many possibilities existed for combinations of various
shapes and spacing of supporting members, and fastening procedures, a
single shape of support and the fastening system used in cube gunfire
testing was adopted for the pressure deflection evaluation.

TEST METHODS AND EQUIPMENT

A standard system of installing backing boards on the test frame
was adopted. Figure 70, page 11k, shows the slotted steel frame with
simulated hat sections bolted at six inch center spacings. The test
panels were mounted by drilling 5/32 inch holes in the panel and fastening
with AN—515-8R10 screws into tapped holes in the hat section, Fasteners
were placed at six inch intervals by means of a torque controlled mounting
drill. Spacing for the holes wes accomplished by use of a drilling lem-
plate, The fasteners were spaced symetrically along the length of the
hat section. ,

Careful manipulation in drilling and maointing the panels was re-
quired to minimize warping and localized tensions in the test panels.
In the same panels the lack of absolute flatness in the material before
mounting precluded a certain unevenness in the surface of the mounted

test panel.

After the panel was mounted, the test frame was swung into fastening
position on the main tank, and the fasteners adjusted until the test
panel was in the plane of the front edge of the test jig and the fluid
filled tank in an unstressed position. Weter was introduced into the
tank by means of the flexible pressure hose connected from the source to
the tank inlet. Other outlets on the tank were open to prevent premature
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pressurizing, Deflection measurements were taken at this stage of the
test to indicate the deflections ceused by the static water head fram
the measurement position to the inlet overflow level. The 12.75 inch
head of water over the position at which the deflection measurements
were taken caused an initial load of Q.461 psi upon the test panel. The
deflection sensing shaft contacts the panel at a cistance ten inches
below the top of the test frame support plate. The shaft is held in
cantact with the test material by light spring pressure in the deflsction
transducer,

Figure 14, page 25, shows the arrangement of the pressure deflection
test equipment. The deflection sensing transducer is shown mounted on
the test frame. Deflection was recorded by fixing the sensing arm of
the Tinniug Olsen Elongation Transducer ageinst a shaft in contact with
the backing board material. Deflection of the backing board at the mid-
point of the stringer span caused a lateral movement in the perpendicular
sensing shaft which in turn activated the transducer arm, The shaft was
held in contact with the backing board surface by spring loading, and
was free to move thru a bushing support that meintained the shaft in the
test position. The electrical signal from the deflection transducer was
transmitted to a Model 51 Electronic Recorder manufactured by the Tinnius
Olsen Testing Machine Company. This autographic recorder rotated the
stress strain chart to produce the deflection axis, The recorder is
shown in Figure 14, on the work table, to the left, The deflection sen~
sing transducer, a Universal Strain Instrument, Type U-1, manufactured by
the Tinnius Olsen Testing Machine Company was mounted on the test frame
to sense the deflection of the test panel by contact with the center of
the deflecting surface.

A pressure transducer of the SR~4, Type EMB, range O to 50 pounds
per square inch gauge pressure was mounted on the jig and connected to
the fuel cell. This transducer is menufactured by the Baldwin-ILima-
Hamilton Company. The electrical signal produced by the pressure trans-
ducer was transmitted to a control unit, which subsequently presentsed
this signal to a Brown "Elecktronic" Potentioweter Type Autographic Re-
corder, Kodel 153X10P. This recorder was used to produce the pressure
axis on the stress strain chart. The control unit incorporates cali=-
brating resistors and regulation of the zero position and span width of
the recorder, as shown in Figure 15, page 26.

The simultanecus cperation of the two recorders produces a stress
strain diagram of the test pressure against the panel deflection. Figure
16, page 26, shows & flow chart of the recording system.

The test system described above represents the general procedure
used throughout the pressure deflection eveluations. Initially it was
thought that regulation of the water supply used to produce the test
pressures would be required. It was found however, that the rate and ex—
tent of pressurization was adequately controlled by regulating the volume
flow of water into the system manually. The pressure regulation system
built for this purpose was then discarded,

The feasibility of using two separate recording systems working to-
gether was first evaluated with a pneumatic-mechanical motor. The pneumatic
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motor demonstrated the usefulness of the data but its response to pressure
changes was inadequate, and it was replaced by the bridge type pressure
transducer regulating the electronic recorder.

In general, the test procedures were carried out with the backing board
materials discussed in Appendix I, page 108. In a few instances, other
materisls were tested in the series, where it seemed this might supply use-
ful information. An Introduction to Pressure Deflection Trials, page 28,
explains the entries in Table IV.

EXPERIMENTAL DATA

Table IV, Pressure Deflection Trials, page 29, lists the conditions
under which the pressure deflection tests were run for each trial. FPressure
deflection data is given for the 6, 8, 10, and 12 inch hat section spacing
using both bladder and self-sealing type fuel cells. Remarks regarding the
results of the tests are included in this table.

The deflection resdings were all taken at the center of the individual
hat section spacings at a position 10 inches from the top of the test frame.
All readings of deflection were taken in the hat section spacing centrally
located with respect to the ends of the test frame except where noted as "left"
or "right". Left or right in this case refers to the first full spacing at
the extreme right or left of the test frame when facing the test jige.

The stress strain curves for each of the test panels are included as
figures following Table IV, and are in the same order as the data which re-
lstes to them in the table. Since the static loading of the fluid introduced
into the test cell prior to pressurization produced an initlal deflection of
the test panels, this deflection was graphically added to the stress strain
curve where necessary.

The stress strain curves were taken at the same magnification on all the
test materials, Where this produced a curve longer than the length of the
recorder paper, the extended portion of the curves was brought back to the
zero position and the curve continued on the same sheet. Further, several
curves were represented on a single sheet by roving the zero pressure position
of each succeeding curve a unit distance on the pressure axis.

Table IV gives data for the 60 pressure-deflection tests. Standard con-
ditions were used in all tests except where otherwise designated in the notes.

Trials numbered 1 and 2, Figures 17 and 18, established a technigue for
testing. They also showed that considerzble difference could be expected
between tests made in the center hat section area and et the extremes of the
test plates, This is further demonstrated in trials 3 and 4, Figures 19 and
20. These tests show the effect of the frictional forces between the hat sec-
tion support and the test panels. The test panels of USV 747-5 backing board
used in trials 3 and 4 were installed without fasteners in the manner of a
Type I installation. The conditions were the same for the two panels except
that a silicone jelly was used as a lubricant petween the test panel of trial
L and the hat sections supporting it. The greater deflection resulting from
the lubrication of the supports, comparing trisls 3 and 4, demonstrates the
considerable effect thet the edge conditions have on the system.
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INTRODUCTION TO TABLE IV

PRESSURE DEFLECTICN TRIALS

Column one of Table IV gives the order number in which the pressure
deflection tests on the materials of column threec are discussed. Column
two lists the PD number of the tests which numberrs the order of testing.

The order in which the pressure deflection fest data is presented
in this report is shown in column one. The code listing of column two
gives the chronological order in which the tests were performed. Column
three, headed Panel, identifies the test material. The data for the
pressure deflection tests is presented in the form of stress strain curves.
The figure on which this data appears is listed :n column four under Stress
Strain Curve. It should be noted that in some instances several stress
strain curves were reproduced on the same chart to consolidate the report.

The figures containing the stress strain data are exact copies of
the original recordings. However, in some instances the initial deflec-
tion of the test panel resulting from the pressures created by filling
the test cell with fluid were recorded separately from the pressurization
cycle., In these instances the figures that are reproduced after Table
1V show the initial pressure and deflection graphically added to the
curve,

Column five 1lists the maximum pressure that was used during the
test., The initial deflection that occurred as a result of filling the
test cell is listed in column six.

Column six gives the permenent set for each of the test panels. This
is defined as the deflection of the center of the test span that remained
when the tank was depressurized following a test. This is shown as the
distance between the initial deflection and the return trace on the stress
strain recordings., These values can be compared only in those instances
where the maximum pressures of the test were the same.

The notes of Table IV, which appear under the panel listing indicate
the position of the deflection measurements and cther deviations from the
standard procedure. Any remarks about the performsnce of the panel are
included here as notes.

In reading the data from the stress strain curves, it should be ncted
that the curves originate at zero pressure and zero deflection., One major
division on the pressure or load axis represents 5 psi. Each minor di-
vision represents 0.5 psi. One major division on the deflection axis
represents 0.10 inches. Each minor division represents 0,01 inches.
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TABLE IV
PRESSIRE DEFLECTION TRIALS

BLADDER CELL - 6 INCH SPAN

STRESS = MAXIMIM

STRAIN TEST INITIAL
CURVE PRESSURE DEFLECTION PERMANENT
NO. CODE PANEL (PIGURE) _(PSI) (INCHES) SET*
1 PD-2 USV 747 5 17 20.46 .033 Center
20,46 Left
20.46 Right
Holes in panel for Type III Installation (11/64" diameter) Leakage of
water around fuel cell fitting.
2  PD-3 USY 747 5 18 20.46 .038 Right
2046 Center
20.46 Left
3 PD=10 USV 747 5 19 20,56 .093 Center «105
20,56 Left «010
20,56 Right 065
Type I Installation. _
I PD-11 USY 747 5 20 20.66 +138 Center +033
20,66 Left LOl16
20,56 Right +150

Silicone jelly applied to hat sections to allow more freedom of motion.
Type I Installation,

¥ Distance from end of initial deflection to end of return trace.
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TABLE IV (Cont.)

PRESS URE, DEFLECTION TRIALS

BLADDER CELL ~ 8 INCH SPAN

CODE  PANEL

10

PD-52 USV CR 88
Panel pulled from

PD=53 USV CR 88
Panel pulled from

FD=50 USV 33
Panel pulled from

PD-51 USV 33
Panel pulled from

PD-55 USV CR 88
2" spacing on end

PD=-54 USV 33
2" gpacing on end

STRESS MAY MM
STRAIN TEST INTTIAL
CLRVE PRESSURE  DEFLECTION PERMANENT
(FIGURE) (psI) ( INCHES) SET¥*
21 30.7 .180 «270
end fastenings.
22 31.7 .286 «273
end fastenings.,
23 30.6 «203 « 527
end fastenings.
24 32.1 «298 267
end fastenings.
25 274 »193 «310
hat sections.,
26 29.1 «203 .305

hat sections,

¥ Distance from end of initial deflection to end of return trace,
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TABLE IV (Cont.)

PRESSURE DEFLECTION TRIALS

BLADDER CELL - 6 INGH SPAN

STRESS MAXTMUM

STRAIN TEST INITIAL
CURVE PRESSURE  DEFLECTION PERMANENT
NO, CODE PANEL (FIGURE) (PsI) ( INCHES) SET#
11 PD=4  USY 747 5 27 20.46 055 028
5/32" hole adopted for all test panels,¥*#
12 PD-6 USV CR 88 27 20.46 o124 »030
Panel pulled from end fastenings,
13 PD=5 USV 55A 27 20,66 «117 «098
Panel pulled from end fastenings.
b PD-9 USV 33 28 20,56 .133 .090
Panel pulled from end fastenings.
15 PD-8 S 2N 28 20,66 «328 +153
16 PD-7 S 3N 27 20.66 «204 095

SELP-SEALING CELL -~ 6 INCH SPAN

17 PD-1, USV 747 5 29 33.26  L070 | .073
Panel pulled from end fastenings.

18  PD=17 USV CR 88 30 35.46 .160 .065
Panel pulled from end fastenings.,

19 PD-16 USV 554 29 35.46 +100 068
Panel pulled from end fastenings.

20 PD-15 USV 33 29 34.86 +190 .080
Panel pulled from end fastenings.

2 PD-18 S 2N 30 35.06 +250 .085

¥ Distance from end of initial deflection to end of return trace.
#% This means all panels coded PD-4 or higher used 5/32" mounting
holes.
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TABLE IV (Cont,)

PRESSURE DEFLECTION TRIALS

BLADDER CELL ~ 8 INCH SPAN

S 25

STRESS MAXTMUM
STRAIN TEST INITTAL
CURVE PRESSUREE DEFLECTION PERMANFNT
NO, CODE  PANEL (FIGURE) (PSI) ( INCHES) SET#
22 PD-38 USV 747 5 3 33.7 .100 «323
Panel pulled from end fastenings.
23 PD=-39 USV CR 88 32 31.3 «355 .180
Panel pulled from erd fastenings.
2L PD-40 USV 554 33 31.2 +200 o245
Panel pulled from end fastenings.
PD=41 USV 33 34 29.3 217 <167
Panel pulled from end fastenings.
26 PD-42 S5 2N 35 26.0 o453 «290
Panel pulled from end fastenings.
SELF-SEALING CELL - 8 INCH SPAN
27 PD-19 USV 747 5 36 38.26  .083 .088
Water leakage from fuel cell, which startec to pull out progressively
from fitting at front. Panel pulled from end fastenings.
28 PD-21 USV CR 88 37 32.36 +297 <148
Panel pulled from end fastenings.
29  PD-20 USV 554 36 34,76 160 065
Pane]l pulled from end fastenings.
30 PD-23 USV 33 38 33.96 + 205 .068
Panel pulled from end fastenings.
31 PD=22 35 2N 39 3L.46 «300 «327

WADC TR 54-474 Pt 2
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TABLE IV (Cont,}

PRESSURE DEFLICTION TRIALS

BLADDER CELL —~ 10 INCH SPAN

STRESS MAXTMUM

STRAIN TEST INITIAL
CURVE PRESSIRE  DEFLECTION PERMANENT

NO. CODE PANEL (FIGURE) (PSI) (INC HES) SET#

32 PD-43 USV 747 5 40 29.0 227 410
Panel pulled fron end fastenings.

33 PD-4l, USV CR 88 41 28.3 «353 N.A
Panel pulled from end fastenings.

34 PD-4,5 USV 55A L2 28.5 «323 «320
Panel pulled from end fastenings.

35 PD=46 USV 33 43 2707 371 511
Panel pulled from end fastenings.

3%  PD-A7 S 2N biy 25.3 «565 +385
Right end of panel pulled from end fastenings.

SELF-SFALING CELL - 10 INCH SPAN

37 PD=24 USY 747 5 L5 31.96 .130 «187
Some delamination; penel pulled from end fastenings.

38 PD-26 USV CR 88 L6 3446 «283 0269
Panel pulled from end fastenings. :

39 PD-25 USV 55A 47 33.96 .256 .169
Panel pulled from end fastenings; delsmination; shear characteristics.

40 PD=27 USV 33 48 35.46 «430 o247
Delamination; panel pulled from end fastenings.

J1 PD-28 S 2N L9 33.76 o484 425

Delamination; panel pulled from end fastenings.

¥ Distance from end of initial deflection to end of return trace.
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TABLE IV (Cont.)

PRESSIRE DEFLECTION TRIALS

BLADDER CELL - 12 INCH SPAN

STRESS MAXTMUM

STRAIN TEST INITIAL
: CIRVE FRESSURE  DEFLECTION PERMANENT

NO. CODE PANEL (FIGURE) (PSI) ( INCHES) SETs

42 PD-34 USV 747 § 50 35.0 +307 604
Panel pulled from end fastenings.

43 PD-49 USY 747 5 51 12.7 o265 «560
Panel pulled from end fastenings. Demonstrated for WADC.

4y  PD-35 USV CR 88 52 33.6 132 +743
Panel pulled from end fastenings. Fuel cell completely filled the
end positions, - )

b5 PD-36 USV 554 53 13.5 453
A violent shearing action parted the left third of panel. Sensing
arm was displaced and recorder shut off, Panel pulled from end
fastenings.

L6 FD-37 USV 33 54, 26,7 470 617
Panel pulled from end fastenings. Bladder cell developed severe tear
at front of fitting, causing loss of pressure.

47  PD-48 S 2N 55 27.3 495 675
Panel pulled from end fastenings.

SELF-SEALING CELL - 12 INCH SPAN

48 PD-29 USY 747 5 56 33.76 o 247 «525
Delamination; panel pulled from end fastenings.

49 PD-30 USV CR 88 57 32.26 .185 «515
Delamination; panel pulled from end fasteniigs.,

50 PD-31 USV 554 58 30.46 +363 .808
Violent shearing action; pulled from end fastenings,

51 PD-32 UsV 33 59 32,76 + 400 451
Severe delamination; pulled from end fastenings.

52  PD-33 S 2N 60 30.26 666 469

Pulled from end fastenings.

*Distance from end of initial deflection to end of return trace.
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NO.

PRESSURE DEFLECTION TRIALS

BLADDER CELL -~ 8 INCH SPAN

TABLE IV (Conb.

CODE  PANEL

53

54

55

56

57

58

59

PD-56 USV 747 5
Panel pulled from

PD-57 USV 747 5
Panel pulled from

PD-58 USV 747 5
Panel pulled from

PD-59 WSV 747 5
Panel pulled from

PD-60 USV 747 5
Panel pulled from

PD=61 USV 74T 5
Panel pulled from

PD-62 USV 747 5
Panel pulled from

PD—%Q}_USV 47 5
Panel pulled from

STRESS MAXIMUM

STRAIN TEST
CURVE PRESSIRE
(FIGURE) {(PsI)
Y 32.26
end fastenings.
62 33.16
end fastenings.
63 31.96
end fastenings.
64 3h4.46
end fastenings,
65 33.76
end fastenings.
66 35.96
end fastenings.
67 37.76
erd fastenings.
68 37.46

end fastenings.

INTTIAL
DEFLECTION

( INCHES)

«135

«185

«127

+150

133

152

.156

«153

PERMANENT
SET*

.168

« 140

172

« 177

.196

<228

.218

«202

¥ Distance from end of initial deflection to end of return trace.
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This same dependence of the results on the fastening method is de-
monstrated by comparing the results of trials 5 <hru 10. These panels
were installed as Type Iil backing boards. The effect of changing the
nurber of fasteners on trials 9 and 10 can be secn by noting the de-
creased deflection of these panels compared with trials 5 thru &, The
spacing of fasteners was reduced to two inches on the outer hat sections
of trials 9 and 10 by adding two fasteners betwesn the regularly spaced
fasteners,

Trials numbered 11 thru 52 compare the five test materials instal-
led as Type III backing boards. Tests were made on each material with
hat section spacings of 6, 8, 10, and 12 inches using both self-sealing,
and bladder type fuel cells,

Trials numbered 53 tiru 60 indicate the reproducibility of the test
method, It can be seen that the curves for the most part are quite si-
milar, However, it is evident that trials 54, 5¢, and 59 have noticeably
greater deflections for given pressures than the rest of the series, Dis~
cussion of this variability will be delayed until a further description
of the method used to analyze the data is presented,

ANALYTICAL METHODS

The previously stated purpose of the pressure-deflection testing in-
volved the determination of empirical equations to fit the pressure-deflec~
tion curves obtained from the test jig. These equations would satisfy two
heeds. One, provide a means of extrapolating expsrimental data. Two, re—
late certain properties of the test materials to their deflection under load
characteristics., It was desired to examine this type of information as a
basis for specifying a backing board construction for service uses. It is
known that the serviceability of a backing board is related to its ability
to support the fuel cell under various conditions of loading and also have
maximum resistance to gunfire damage., In the cases where resistance to gun-
fire 1s part of the specification, this property would have to be the pri-
mary consideration.,

The entire work of this program was undertaken with the understanding
that certain variables in the installation of backing board materials for
fuel cells, such as the type and number of fasteners which hold the material
to the air frame, are of extreme significance to {he performance of any given
material in service. However, it seemed expedieni. to hold the number of ex~
perimental cases to a minimum by varying only what. seemed to be the most in-
fluential variables.

To accomplish this end, the pressure-deflection testing was arranged to
examine the effect of backing boards with widely clifferent constructions
and properties, The variables of air frame constuction chosen for investiga-
tion were, the spacing across which the boards would be installed, and the
pressures that might be exerted by the fuel cell in service,

Other variables that are undoubtedly importart in performance but whose
effects were minimized include the elasticity of the foundation and the type
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and distribution of the fasteners. In this investigation these factors
were standardized about an essentially inelastic hat section or support,
characterized in the equipment by the solid steel hat sections mounted
on the one inch steel test frame, The fastening system described in
Appendix II, page 109, is common in the aircraft industry and also used
for gunfire and qualification testing.

The problem of relating the deflection that occurs in a backing board
material subjected to fluid pressures through a fuel cell construction,
to its mechanical properties, is essentially one of a plate subjected to
normal fluid pressures. References 1 thru 10, page 131, relate to much of
the analysis that has been done on this subject.

It is known that the deflection of a plate within its elastic limits
occure in two essential modes. In the first, the deflections at the center
are small in comparison with the thickness of the plate and similar to the
bending of & beam. In the second, the deflection grows large with respect
t6 the thickness and the action is similar to the stretching of a membrane.

The classical conditions which apply to the tests under analysis here
are not well defined, in that the backing board may not be classified as '
a simply supported plate, but rather a combination of simply supported and
built in edge. In addition, the distribution of stresses involved in the
rivet like manner of fastening and the plastic qualities of the materials,
in the pressure ranges of interest, pose problems of straightforward analysis
beyond the scope of this work.

The equations of Table V, page 94, were devised to provide an analytical
means of comparing the reactions of the five backing board materials to
various test conditions. Also, it wes intended to compare the different
properties of the test materials under the same test conditions. These
equations are essentially empirical expressions relating the deflection of
the backing board material at the center of the test span to the fluid pres-
sure that produced this deflection.

The equations are polynomial expressions patterned after the solutions
to differentisl equations which describe the deflection at the center of
thin plates subjected to fluid pressures to produce large deflections.

The classical meaning of large deflections is employed, where deflections
of the plate in excess of three to five times their thickness is clas—
sified as a large deflection. This is in opposition with the term as
employed in the analysis of beams, where the deflection is generally a
amall fraction of the thickness of the test material.

The manner in which the equations of Table V, were developed is given
in the discussion that follows. Timoshenko, Reference 1, and Den Hertog,
Reference 10, have indicated expressions for solutions of the basic dif-
ferential equations for the bending of plates, which approximate the action
of plates subjected to lateral uniform loads to produce large deflections.
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These equations have the general form:

(1) P = Eh’(Aw £ Bwd
al"' h2

Where:

P - The latersl load (psi)

E - Modulus of Elasticity (psi)

& — One-half the shorter dimension of a rectangular plate - taken
here as one-half the hat section spacing (in.)

h ~ The thickness of the plate (in.)

w — The deflection at the center of the span (in.)

A & B -~ Constants that depend on the properties of the plate, and the

boundary conditions or fastening systemn.

This combines the equations for bending of a plate with small de-
flections, and the stretching of a membrane under uniform lateral loads.

The first term of equation (1) is significant when the deflection
w is small and the bending moments of the panel at the center and at
the fastened edges resist the loading. The second term becomes in-
creasingly significant as the deflections become large. This suggests
that in the initial stages of loading a linear relation exists between
load and deflection, but that these parameters are cubically related as
the deflections become large,

To examine the pressure deflection data for such action curves of the
data were plotted on logarithmic paper to examine the power relationship
of w and p in the early and final stages of loading, This showed the
pressure deflection relationship to have linear tendencies in the ini-
tial stages reverting to a near cubical relationship as the deflections
become large., An equation of the form:

(2) P = Aw £ Bw’

can be fitted to the data of Trial No. 11. This equation is found to
be:

(3) P = 7.84 w418l w

SAVPLE CAICULATIONS

The pressure (p) and deflection (w) data from the stress strein
curves were used to develop equations. Reading from the stress strain

chart at .05 inch intervals in the w direction, the corresponding values
of p are read on the p-w curve and these pairs of values are plotted on
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logarithmic paper. The properties of the line through the plotted
points réveal much about the nature of the p-w curve.

For the derivation of equations the "method of averages" was
used, whereby values of the rectifying functions, arranged in as-
cending order with respect to w, were divided into two sets containing
approximately the same number of pairs of values. Equations of the
form P = Aw £ Bw> were fitted to the data by substituting values of
p and w, giving as many linear equations in two unknowns, A and B,
as there are pairs of values of p and w.

DATA

W (in) P_(1bs)
.20 2.96
+25 471
.30 7.21
.35 10.71
L0 15.71
45 21.46

Substituting these values into equations as in (2), the fol-
lowing 6 equations are obtained:

(4) 2.96 = .20 A # .008 B

(5) 4.71 = .25 A # .016 B
(6) 7.21 = .30 A # .027 B
(7) 10.71 = .35 A # .OL3 B
(8) 15.71 = .40 A # .06L B
(9) 21.46 = .45 A £ 091 B

The three equations in each group are added, resulting in the two
summation equations:

(10) 14.88 = .75 A # .051 B

(11) 47.88 = 1.20 A # .198 B

which solved simultaneously for A and B, yield

A=5-77
B = 209
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The percent deviation between the values calculated by the
equation and the experimental values shows the manner in which the
equation fits the data,

w £ Deviation of p
«20 = 4.19
-25 - -1&0
«30 1.80
«35 1.77
«,0 ~ l.1l1
-zl5 - 039

From ,10 - .20 deflection, the linear equations
(12) p = 20w - 1.04
fits the curve within resdable limits. An ecuation of the form
3) p - aw’

expresses the relationship between w and p sstisfactorily in the re-
gion where the membrane effect dominates the deflection.

Taking log of both sides of (5), we have
(14) logpwloga £t logw
which is linear in log p and log w, That means that p and w form
a straight line when plotted on full logarithmic paper. This effect
is produced by plotting any of the pressure deflection curves on
logarithmic paper.

Teking the log of the set of values in the data of page 91, we
obtain the following equations:

(15) a. /N
(16) YA
17) . +858 = log a - .523 b

log a - .699 b

log a - ,602 b

(18) b, 1.030

log a — 456 D
(19) 1.196 = log a = .398 b

(20) 1.332 = log a - 347 b
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solving the two summation equations
(21) 2.004 = 3 log a - 1.8246
(22) 3.558 = 3 log a - 1.2016

for a and b, they yield
a = 152
b= 2.49
giving the equation:

2.49

(23) p=152w '

The percent deviation table shows:

w % Deviation in p
.20 - 7.09
.25 4 2.34
.30 # 5.13
35 # 4,01
nho - 15311'
ohs - 2098

Fquations for all the test panels of Table IV were developed in the
form of Equation (2). These are listed in Table V page 9i..

SUMMARY DISCUSSION

Comparison of action of the materials evaluated under the pressure
deflection test conditions by means of the equations of Table V, with the
physical properties of these materials given in Table VIII, is the basis
for judging the correlation of these two sets of information.

The reliability of the pressure deflection data is illustrated by
the repetitive tests in the design of the pressure-deflection experiment,
particularly tests numbered 53 through 60. The variation existing in this
data will be discussed in detail. However, it must be emphasized that the
normal veriation of the dimensions and physical properties of the non-
homogenous constructions of the backing board materials, certainly contributes
in part to variations in test results.

The matter of variability of physical properties is illustrated in the
data of Table VII, page 118, for two thickness ranges of USV CR 88 backing
board. The wide variations exhibited here are attributed in part to the
normal causes, such as placement and relative amounts of high strength
fabric with lower order strength resin. More particularly however, in the
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NO.

10

12

13

CODE

PD=2

PD-3

PD~10

PD-11

PD-52

PD-53

PD-50

PD=51

PD55

PD-54

PD-4

PD-6

PD~5

TABLE ¥

PRESSURE DEFLECTION EQUATIONS

PANEL

SV 747-5

WV 747-5
Usv 747-5
USV 747-5
USV CR 88
USV CR 88
Usv 33

v 33

USV CR 88
Usv 33

UV 747-5
USV CR 88

USV 554

WADC TR S54-L7h Pt 2

STRESS
STRAIN
CURVE

(FIGURE)

17

18

19

23

25

26

L

EQUATION

p-1lh w4 218 w
P = 13.8 w £ 244 w3
P =132 w249 w

P = 13.7 w £ 290 w3
p e 5.51 w4 95.8 wd
P- 9.72wf63.3%
pP- 2.30wf 267w
P~ 32w 227w
P= 230w 26,7 w3
P= 50 w4191 w
P~ 110w {491 w3
P~ l.6i Wi 424 w
P = 7.8 wilgl w3
p- 1l.8;w /2170 w3

P~ =10 wf 136 >

EQUATION
RANGE

.05 -— .l|.0
05 = 40
e05 = 40

005 - 035

010 - 030

olo - 035

o25 = .35

+35 = b5

W25 = .35

035 - -hS

025 - 050

025 - a50

o05 « 40

-15 - .hs

020 = W45



TAELE, V {Cont.

PRESSURE DEFLECTION EQUATIONS

STRESS

STRAIN
NO. CODE PANEL (E_Ix]_gﬁ_vg.n;) EQUATTON Egr;géon
1 PD-9 USV 33 28 P = =68 w4130 w e20 = 40
15 PD-8 S 2N 28 P - =2.86 wf 30,4 W 4O - .90
16  PD-7 S 3K 27 p==oSlwl 6l.0W .25 - .70
17  PD-l4 USV 747-5 29 P = LTT w159 v 05 = .55
18 PD-17 USV CR 88 30 p = =l.25 w122 w 15 ~ 65
19  PD-16 USV 55A 29 p- 2.08wfLTw  .10- .60
20 PD-15 USV 33 29 p = =142 w £ 100 w3 A5 - 70
21  PD-18 S 2N 30 P==2T2wi 58w 025 = 485
22 PD-38 USV 747-5 3l P= 3.76wf 50.2w3 .15 - .50
23 PD-39 USV CR 88 32 p==1.65 wf 26.3w 4O = .50
2, PD-4L0 USV 554 33 p~ 139 wf 38.6w .25 = 40
25 PD-41 USV 33 3 P-=o86wid K6 W 430 = o45
26 PD-42 S 2N 35 p--J8wd 962w .50 -1.10
27  PD-19 USV 747-5 36 P- 621w/ 67.5w .05 - .50
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29

30

Ea

32

33

34

35

36

37

38

39

4O

PD-21
PD-20
PD-23
PD-22
PD-43
PD-il;
PD-45
PD~L6
PD=47
PD-24,
PD-26
PD-25

PD-27

- PD-28

PANEL

USV Ch 88

USv 554

usv 33

S 2N

WV 747=-5

SV CR 88

USY 554

Usv 33

S 2N

USV 747=5

USV CR 88

USV 554

WSy 33

S 2N

WADC TR 54-47L, Pt 2

TABLE V (Cont.)
PRESSURE DEFLECTION EQUATIONS

STRESS

STRAIN

CURVE
(FIGURE

37

36

38

39

40

43

L5

L6

L7

L8

49

EQUATTON
P - =287 wyf 31.6 w3
P~ 196 wi 431w
P-=1.03w{ 46.3w
P-=J Ll wyi 18,5 w3
P= S3wi 192w
P==30wd 10.8 w3
P==39wf 13.1 3
P- 89wgd 61w
P~<-l02wf 5,1
P- 268wt 27,0w3
P= 3Twi 1973
P = ~lbh wi 22,1

P~-=l.09w{ 12,0 w3

P==223wyf 9,0

EQUATION
RANGE

035 - 065

'15 - -h5

025 = o40

030 - lom

+30 = 55

o5 = 75

Oho - 065

b5 - .60

.60 - 1.50

015 - .70

030'-080

«30 « 1,10

b5 = W75

«50 = 1.40



NO.

L2

43

bl

L5

46

L7

48

L9

50

51

52

53

54

55

CODE

PD=34

PD-49

PD-35

PD-36

PD-37

PD-48

PD-29

PD-30

PD-31

PD=32

- PD-33

PD-56

- PD-57

PD-58

TABLE V (Cont.)

PRESSURE, DEFLECTION EQUATIONS

PANEL
USV 747-5
USV 747-5
USV CR 88
USV 55A
BV 33

S 2N

usy ?h7-5
USV CR 88
USV 55A
Usv 33

S 2N

UV 747-5
SV 747-5

ISV 747-5

WADC TR Sh-h7h Pt 2

STRESS
STRAIN
CURVE

(EIGURE)
50
51
52
53
5k
55
56
57
58
59
60
61

62

63

EQUATION

p- l2hwi 9.75 w3
P = 2452 w # 10.3 w3
P- ATl wyf 1.82w3
p=~J53wd 7.8 w
p- JA7wi 512w
P == o0l wsd 347w
p- 1.7 w4127 w
P- 3A1ws 6.9 W
p- Jd2wid 6.8 w
p- Ohwi T3 W
p--1.03w/ 3.32w
p- 313 wf L]l W
P == 430 w{ 32 W

p- 1.04ws57.0 w

EQUATION
RANGE

o35 ~ W75
«30 ~ .65
15 = .30
<50 - .70
«50 = .60
+60 - 1.20
«25 ~ 75
020 = 55
o4O - .85
40 = .55
.70 = 1.30
+15 = 50
+20 = 55
15 = 450



NO.

56

57

58

59

CODE

PD-59

PD-60

PD-61

PD-62

PD-63

TABLE V (Cont

PRESSURE DEFLECTION EQUATIONS

PANEL
USV 747-5
USY 747-5
USV 747-5
WY 747-5

WSV 747-5

WADC TR 54474 Pt 2

STRESS
STRAIN
CURVE

(EIGURE)
64
65
66

67

UATION
P ~ 1.68 w £ 56,0 w3
P - 1.85 w £ 48.7 w3
P= 26 w{U5.T W
P = % wiy5.7w

P- A7 w * 50.9 V3

EQUATION
RANGE

15 = .55
15 - 50
«20 - ,50
+20 - ,50
«20 = .50



case of the USV CR 88 construction, it is evident, that the greater de-
parture from homogeniety represented in this construction by virtue of
the wide spacings of the rovings and large areas of non-reinforced resia,
contributes to wide variation in physical property tests that are made
with conventional sample sizes and test methods.

For these reasons, the correlation of pressure deflection tests with
physical property data, presents at the outset, a problem of considerable
magnitude, However, with some consideration of this effect, the two sets
of data geem to have a firm bearing on one another, which will be brought
out in the discussion that follows.

The objectives of the pressure deflection testing included examination
of the effect of various spans of support on the supporting properties of
the materials., Although a standard fastening system was generally used,
the examples for pressure deflection trials 8 and 9, of Iable IV, where the
outer hat section fasteners were spaced two inches apart, rather than 6
inches, show a discernible effect produced by this variation. These stated
objectives were also to be examined with pressure applied through a heavy
gelf-sealing fuel cell construction, and a lighter bladder cell construction.

Before proceeding with definite statements regarding the test results,
the examination of several aspects of the form of the equations of Table V
may be helpful.

The solutions 4o the differential eguations that describe the action
of plates subjected to fluid loads, Equation (1), page 90, relates to
specific boundary conditions, such as the manner of fastening the edge of
the test plate. in general, the restriction which was placed on the deve~
lopment of Eguation 51), states that only two methods of support were ap-
plicable, One, a simply supported edge, free to rotate about the point of
contact, or two, a built in edge, absolutely restrained from rotation be-
yond the point of edge contact away from the deflecting center of the plate.
In both of these cases, slippage, or movement of the plate oa its support,
toward the center of support was negated.

To examine the validity with which the general form of the equations
expresses the action of the test, attention is again directed to Equation
Lzﬁ, page 90, This form implies a fourth power reciprocal relationship
between the pressures required to produce deflection and the span over
which this deflection occurs, If the coefficients for the cubical deflec-
tion terms of eguations, which represent its pressure deflection over 6,
8, 10, and 12 inch spans, are plotted for a given material, it is apparent
that these factors have approximately a fourth power relationship. This is
most easily observed by plotting the coefficients for the varicus spans
against the span values on logarithmic paper. The average slope of this
plot gives the power relationship of the terms. This has been found to
vary considerably, particularly in the span from 6 to 8 inches. Again it
must be assumed that other parameters are involved which are not accounted
for in the present form of the equation.
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if expressions of the form of Equation (1) fitted the data exactly,
it would be possible to deduce from experimental data, constants for
the deflection terms which would apply to all materials in a general
way. This can be done by introducing into the specific equation for a
given material, the values which represent the parameters, such as the
test span, the thickness of the material, and the elastic modulus of
the material,

It is convenient to choose two sets of data for the five materials;
one, the pressure deflection curves for the self-sealing cell and six
inch span; and two, the self-sealing cell and eight inch span. Equa-
ting the product of some constant B and the value of Ej with the co-

4

a
efficient of the cublcal terms for the equations of trials 17, 18, 19,
20, 21, and trials 27, 28, 29, 30, 31, results in a specific value for
this constant B for each of the equations, E represents the elastic
modulus, h the thickness, and (a} one-half the test span, as on page 90,
If the form of the equation represented the test exactly, constant B
would have the same value for all the equations.

Performing the computations described above, the value for B for
each of the trials mentioned is found to be apgroximately:

Irials Constant B Trials Constant B
17 .18 27 o2
18 .16 28 .13
19 .15 29 14
20 .16 30 .23
21 .69 31 .69

This shows that constant B in the equations representing the materials
USV 747-5, USV CR 88, USV 55A, and USV 33, all essentially high strength
low elongation constructions, is reasonably the same for each case, This
is more striking in the case of the six inch span than the eight iach
span, Undoubtedly as the span is increased, the effects of bearing
failure and other parameters not accounted for in the form of the equa~
tions play a greater part, The value of constant B for the high elonga-
tion nylon board shows great departure from the other types.

In computing the constants B, above, the value of one-half the test
span was taken as one-half the center to center spacing of the hat sec-
tions. Using the edge separation distances as the span length would not
change the comparative value of the figures, although in more detailed
work it is obvious that some study would be recuired to establish the
effective span relationship for this type of test.
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It was stated previously, that the linear deflection term of the
equation was intended to account for the flexural resistance of the
materials during deflection. As in the case of the cubical coeffi-
clents, these linear term coefficients follow a general pattern de-
pendent upon the properties of the material. They are consistently
highest for the equations describing materials with the greatest gross
flexural strength, or stiffness, and lowest for the most flexible pa-
nels.

In many instances this linear deflection term coefficient of the
equations has a negative sign. This is not physically explainable by
reference to the equations, since it would mean that the flexural re-
sistance of the bending at the supports was actually contributing to
the deflection., This is obviously not physically true because the
stiffness of the board has been shown to be important in reducing the
deflection under load. This again is the result of forcing the data to
fit an equation which does not take into account all the significant
parameters.

In this connection, it should be noted that the effect of a slack-
ness or looseness of the backing board across the supports at the start
of a test, would result in a stress strain curve having a large amount
of deflection under low pressurization at the outset. The subsequent
tightening of the board would then produce a deflection patiern similar
to that of a board of the same material which did not have this initial
looseness. Fitting equations to these two trials would then present the
following difficulty. The equation fitted to the stress strain curve
with the large initial deflection would not physically represent the
data, since no provision was made in the form of the egquation teo account
for the initial tension conditions of the installation. This would re-
sult in a negative coefficient for the first deflection term to bring
the value of the cubical term into conformance with the low pressures
exerted in the initial portion of the deflection. The subsequent higher
order of the cubical or membrane term, as the deflections become larger,
would then reduce the effect of this negative term, resulting in an
equation which would fit the limits with the desired accuracy.

In the same way, the equation resulting from fitting the data for
the same type of board, without an initial looseness across the supports,
would result in a form more nearly in agreement with the boundary con-
ditions established for the general case. This eguation would have a
positive coefficient for the bending term and physical compatability
with the known effects. This situation in which the initial tension of
the board across the supports greatly affects the analytical results,
has obviously affected the equations on which this analysis was based.
An initial looseness in the installation that resulted in a center de-
flection of as little as ,050 inches at the center, under small loads,
would be represented by approximately reducing the value of the linear
deflection term coefficient by three. In the materials tested, two ef-
fects were additive in causing stress strain curves which required
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negative coefficients for the deflection equations, First, the back-
ing boards with the lowest gross flexural stiffaess, were generally
the most difficult to install on the test device in a uniform manner,
This is to be contrasted with the equations for the USV 7L7-5 boards,
Here, the physical structures of the board lends itself to a uniform
installation because of its stiffness and flatn:ss, and the deflection
equations have positive values, In the more flexible, less uniformly
flat boards, the negative deflection terms appear in the equations,
becoming more predominent as the larger spans are used, where the dif-
ficulties of installation are increased.

Much information relating to the objectives of the work can be
had by referring to the test results of the pressure deflection trials
without resorting to specific property comparison,

It should be said, that the method of testing the support proper-
ties, produced results which illustrated the inleraction of effects for
which no specific cognizance was taken in the analysis., For example,
testing was performed by recording the deflection at the center span,
of a series of spans across the test piece, It was apparent in view-
ing the tests that much greater deflections were occurring in the hat
section spacings on either side of the test area, In general, these
were symmetrical amounts greater than at the central measuring position.
However, since definite deflection measurements were taken only at
the central hal section spacing, in the majority of tests, it can only
be suggested that the decided differences in the stress strain curves
obtained at various hat section spacings across the test panel, as il-
lustrated by the three curves of Figure 18, would alsc exist in the
general bulk of the data.

It is suggested that measurements of the kind illustrated in the
stress strain curves of Figures 17 and 18, page 36 and 37, would be
very useful in determining the elongation experienced by the fuel cell,
in deflecting with the backing board during pressurization, it is
obvicus from Figure 17, that the measurements of deflection at the
center of hat sections near the edge of the panel are greater than for
center of the panel, where the additive resistance of fasteners on the
hat sections on either side reduce the deflection, Measurement at
the edges of the test panels is suggested for further work to establish
the pressure conditions necessary to produce given elongations of the
Tuel cell supported by the backing board materials. The measurements
taken at the center sections in the majority of this work, represent
the minimum strain experienced by the panels. A more definite establish-
ment of the relationship of this suspected action on either side of the
center position should be examined in a more detailed study, Its
effect in this work can only be mentioned as a possible parameter that
was not considered in detail, except in trials 9 and 10. The stress
strain curves of trials 9 and 10 show the increased resistance to
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deflection with additional fasteners, as compared to the regular test,
trials 23 and 25,

Examination of the test panels, established that bearing failure
actually did occur in the course of pressurization, permitting the
original edge supports of the spans to slide toward each other. This
would necessarily imply that the equations used to describe the pres—
sure deflection data, patterned after Equation (1), would not be exact.
However, in examining the results, it is obvicus that the eguations
do describe and differentiate between various backing board construc-
tions tested in a given manner. For example, the equations for trials
17, 18, 19, 20, and 21, show a descending value for the coefficients
of the cubical terms in the order named, This same order with one
exception exists for similar tests using the bladder type cell, rather
than the self-sealing cell, See equations for trials 11, 12, 13, 14,
and 1.50 ’

In comparable tests on the five materials using two types of fuel
cells, it appears that the general mechanical properties of the boards
influences the data sufficiently to permit identification of the ma-
terial on the basis of its test performance. In these two sets of da-
ta the backing board with the greatest stiffness, highest resistance
to bearing failure, and highest gross tensile strength gives a pressure
deflection curve whose deflection term constants are highest in the
group. This is true of the USV 747-5 backing board in all the pressure
deflection trials, In comparison, the S 2N backing material with the
lowest flexural rigidity, and lowest tensile strength, in the elonga-
tion ranges experienced by the deflecting panels, gives a pressure de-
flection history whose equation shows the lowest deflection term co-
efficients,

Unfortunately the interplay of properties over the range of spans
used for testing does not result in a clear cut order of materials in
between the extremes of the USV 7L7-5 and the S 2N boards. For example,
the USV 55A material of trial 19 gives a pressure deflection history
showing greater resistance to deflection than the USV CR 88 material of
trial 18, with the self-sealing cell. ihereas the order of strength
is reversed in the tests using the bladder type cells in examples 12
and 13. In examining the gross flexural, bearing, and tensile proper-
ties of the two materials, this action is difficult to explain., By
virtue of its lower ultimate elongaticn, the USV 554 material would
be expected to approach its maximum in all properties before the USV
CR 28 material under similar conditions of strain, However, the greater
deflection of the backing board and cell into the hat sections on
either side of the central measuring position could conceivably bring
about a firmer fastening condition at the center hat sections for the
USV CR 88 material. This would result in a lesser deflection in this
area, for a weaker material, because of less slippage at the supports.
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The validity of such an explanation would require the measurement of
the lateral displacement of the backing materials simultaneously
with the deflections at the center of the span,

It is clear that the ultimate strength values generally obtained
in mechanical properties tests contribute little to an evaluwation of
this type, where in general the strains occurring during the test, do
not produce stresses exceeding the ultimate values of the materials.
In general the discussions of this report make use of the ultimate
elongation as an indication of the rate at which a material would ap-
proach its ultimate strength in tension, flexure, and bearing. This
is the suggested explanation for the high deflections of the nylon
construction which has tensile and bearing strengths very comparable
to the constructions offering the most support.

Noticeable differences in the support offered by the test materials
with self-sealing and bladder type fuel cells can be recognized through-—
out the test program, :ith some exceptions, the deflection of a given
backing board material with a heavy self-sealing fuel cell backing is
moticeably less under identical pressures than with the lighter bladder
cell constructions. This is evidenced in the equations by higher values
for the deflection coefficients in the trials where bladder cells were
used, compared with trials using self-sealing cells. This is taken
to mean that the higher tensile properties of the self-sealing cell,
reinforces the resisting effects of the backing board to deflection,

Trials 53 through 60 show the variation that occurs in a series
of tests representative of the methods used throughout the presswe
deflection testing., By examining the equations for these tests in
Table V, it appears that decided variations are inherent in the method,
using the material most capable of repetitive installation,

The stress strain curves of these trials show that fastening
failures appear at more uniform loads and strains, than the shape of
the curve might suggest. In this series, the range of loads to cause
failure is 6,50 to 9.00 pounds per square inch, while the range of
deflections is from .520 to .570 inches., Fastening failure is indicated
on the pressure deflection curves by sharp breakes in the curve with
sudden deflections at the point of measurement. The greater uniformity
of failure with elongation illustrated in these examples should be in-
vestigated in further work,

It would seem that two avenues are available in proceeding further
with this work. First, it would be possible by proper design of test
equipment to eliminate in great part the variation of tension across
the supports, The mounted panels would then more nearly represent the
boundary conditions for which analytical solutions to the problem of
large deflections in plates is known, or good ajproximate solutions
available. Second, it would seem more practicable in the end, to
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analytically take this type of variation into account, in the design of
the equations used to express the action of the backing board under test.
Other factors of this same character, such as the deflection resulting
from bearing failure, would naturally also have to be treated in the
design of a proper equation.

The variations which have effected the results of this work, will
also be present in actual service installations to some degree. For
this reason, it might be argued that the analytical results would be
reasonable without further refinement as a means of examining backing
board support properties. This argument would apply of course, only to
those variations such as drape of the board between the hat section
supports. The parameters which apply to the rate at which the strength
properties of the materials, such as bearing strength, tensile strength,
and flexural strength, approach their maximum values, and the interaction
of these effects, would certainly need to be accounted for in a more
rigorous analysis.

CONCLUSIONS

GUNFIRE DAMAGE STMULATION INTERNAL EXPIOSION TEST

1. The internal explosion test at its present state of development,
i3 capable of indicating variations in gunfire resistance of
backing board materials, but to a lesser degree than gunfire
tests. Greater concentration of the forces of the explosions
should correct this deficiency,

2. The large test panel and jig used for internal exploaion tests
did not appear to add to the capability of the test sufficiently
to warrant its use over a smaller test device, It served merely
to show that the wide spread effects of the explosion, such as
shearing at hat section supports and bearing failure at fastening
points duplicated gunfire tests.

3. Complete simulation of gunfire damage to fuel cell Backing boards
was not achieved in this work. It is believed that further im-
provements in methods would result in a satisfactory test.

L. The internal explosion tests were not sensitive to the depth of
the explosion in the fluid as the actual gunfire tests are
known to be,

5. The use of actual air frame constructions for internal explosion
testing in the form of aluminum hat sections and supports results
in an expensive destructive type test method. It was established
that the elasticity and resiliency of the test frame affects the
resulis.

WADC TR 54-474 Pt 2 105



6. Shock absorbing pads such as U. S, Rubber Company "Ensolite',
a unicellular, lightweight plastic foam material, placed
between the fuel cell wall and the backing board test panel,
was effective in reducing damage to the backing board in
internal explosion testis,

It is recommended that a smaller test jig be used for the internal
explosion method for simulating gunfire damage to backing board materials
of fuel cells, similar to that described in WADC Technical Report 5h-47T4
Part I, Further, that methods of concentrating the shock waves of the
internal explosion technique be employed to localize damage in the simu-
lated wound area, It is suggested that this may be accomplished by the
use of reflection devices in the fluid, or shaped explosive charges.

Further work is recommended on the useful shape, size, and loca-
tion of @ simulated wound for internal explosion testing.

SUFPORT CHARACTERISTICS PRESSURE DEFLECTION TESTING

1. The mumber and spacing of fasteners definitely affects the
supporting ability of fuel cell backinz board materials., In
this regard, it is probable that frictional differences bet-
ween support members, backing board, and fuel cell walls also
have an appreciable effect on the deflaction under load.

It is recammended that further work be don: to ascertain the most
suitable type and spacing of fasteners to provide maximum support con-
sistant with optimum resistance to gunfire damagze.

2, Heavy fuel cell constructions contribul.e appreciably to the
supporting ability of the backing board with which they are
usged,

3. OStress strain curves of the type produced for evaluation of
the support of backing board materials are useful in determining
the deflections that may be expected in given installations
and also the loads which are reguired fio cause initial failure
at fastening points,

It is recommended that the points of defleciion measurement be
increased to include all the hat sections in further work. This vill
permit evaluation of fuel cell elongations and other effects which were
not maximum at the central sections of the test panels, by reference
to the pressure deflection curves tzken in areas of maximum deflections.

L. The general design of the pressure deflection test is cuite
adecuate for producing stress strain curves,

5. The equations developed to represent the deflection of the
backing material under fluid pressure loads, is useful in
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examining the support properties of various materials. These
equations are also useful for extrapolating bveyond the limits
of pressure amd deflection for which they were constructed.

6. The fom of the equations used to describe the action of the
test panels neglects the effects of the initial condition of
the test panel across the supports and the effects ascribed
to bearing failure,

It is recommended that a more exact solution for the equation re-
presenting the deflection of the test panels be devised which accounts
for initial slackness of the material across the test supports and the
increased elongations resulting from bearing failure of the material
at the fastening points.
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APPENDIX I

BACKING BOARD TEST MATERIALS

Six backing board test materials were chosen for evaluation by the
test procedures of the report. These include; all. Nylon constructions,
all glasscloth with polyester resin impregnation, combination of glass-
cloth and cotton duck fabrics with polyester impregnation, and all Dacron
construction,

This group included boards designed for Type I, Type 11 and Type III
installation, as described in USAF Specification MIL-P-8045.

The all Dacron construction backing board was ordered from the Russel
Reinforced Flastics Company. However, this material could not be deli-
vered in time to be included in the evaluation. "he description of the
backing board materials included in the test program is given in Table VI
below. It should be noted that the USV CR 88 materials consisted of
laboratory and production types with some differences in properties. See
Appendix VI, page 129, for details of this material.

TABLE VI

IDENTIFICATION OF BACKING BOARD TEST MATERIALS

OCDE MANUFACTURER FABRIC RESIN GAGE WEIGHT TYPE
USV 747-5  U,S. Rubber Fiber- Polyester .065™ 0,47 #/FT.2 I
glass &
Duck
USV CR 88 U,S, Rubber Glass- Polyester .065 O.44 111
Laboratory cloth
rovings
USV CR 88 U.S. Rubber Glass— Polyester .035 0.31 II1
Production cloth
rovings
USV 554 U.S, Rubber Glass— Polyester  .DLT7 0.35 II
cloth
Usv 33 U.S. Rubber Glass- Polyester ,029 0.23 iI
: cloth
S 2N Swedlow Nylon Nylon 050 0.24 II
S 3N Swedlow Nylon Nylon 075 0.36 I
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APPENDIX II

FUEL CELL BACKING BOARD INSTALLATION
IN T™HE AIRFRAME INDUSTRY

Conferences were arranged with the aircraft engineering personnel
of a representative group of aircraft manufacturers. The purpose of
these conferences was to survey the problems of fuel cell backing board
installation in aircraft and solicit suggestions regarding test procedures.
The design of the work of this report was influenced in a great part by
the many helpful suggestions offered by the aircraft indwstry.

The following conferences were held with the engineering represen-
 tatives of the air frame manufacturers:

BOEING AIRCRAFT (0. Wichita, Kansas
21, 22 June 1954
C., R, Strauss Boeing Power Plant Engineering
D. Nordstrom n 1 4] n
J. Lynch U, S, Rubber Co. Fuel Cell Engineering
€. C. Surland U. S, Rubber Co, Divisional Development
Laboratories
W. H. Smith U, S, Rubber Co. Divisional Development
Laborateries

NORTH AMERICAN AVIATION CO. Los Angeles, California

23 June 1954
W. Kelso Power Plant Engineering
W, Bratfish " " "
J. Moran n " n
T, Wise U, S, Rubber Co, Fuel Cell Engineering
c. ucElderry " n n " n %‘l n
€. C, Surland U, S, Rubber Co, Divisional Development
. Laboratories
W, H. Smith U. S, Rubber Co. Divisional Development
Laboratories
d o
DOUGLAS AVIATION €O. El Segundo, California
2l June 1954
C, Michel Power Plant Engineering
G, McGhee " " n
W. Judson " " "
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T, Wise U. 5, Rubber Co, Fuel Cell Engineering
C, McElderry n o " ] " n n
C. C. Swland U, 3, Rubber Cp, Divisional Development
laboratories _
W, H, Smith U. S. Rubber €o. Divisional Development
Laberatories _
LOCKHEED AVIATION CO. Los Angeles, California
2L, June 195l
J. Shannon Power Plant Engineering
D, Sansel " " "
R, Stobler " " "
T, Wise - U, S, Rubber Co., Fuel Cell Engineering
C. McElderry nom n n noon "
C. C. Surland U. S. Rubber Co, Divisional Development
Laboratories
W, H. Smith U, S, Rubber Co. Divisional Development
Laboratories
DOUGLAS AVIATION CO. Long Beach, California
M, Curtis Power Plant Engineering
I, Petrosky " " "
T. Wise U, S, Rubber Cop, Fuel Cell Engineering
C. McElderry non " " n " "
C. C, Swrland U. S, Rubber Co, Divisional Development
Laboratories
d, H, Smith U, S. Rubber Co, Divisional Development
Laboratories

The general problems of backing board installation were discussed
in each of the conferences listed above. The engineering personnel of
the companies visited, indicated that they would be willing to submit
details of their fastening methods to WADC for use in this work.

In general, fastening devices consist of AN Standard Nut Plate with
AN515 screw. Holes are drilled through the backing board into the struc-
ture, and the fastening made with screw and mut plate without torque con-
trol.

In one instance, a method was used that would seem to have merit in
reducing deflection and fastener failure under load. In this system 7/16
inch holes are drilled in the backing board at the fastening peints,

0.219 to 0.233 inch holes are drilled in the structure., The fastener then
is comprised of a 5-1114189-10R screw, an A3235.,620 inch washer, and an
Ag580~10-1 nut plate,
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It was standard practice in the industry to use Bauer & Black 214

tape, or similar, te cover any sharp edges or projections in a structure
before lining it with backing board.

In the matter of spacing and depth of stringers, little conformity
could be found between the various aircraft investigated. In general,
the bomber types utilized wider and deeper support sections than the
lighter aircraft. In few instances, however, is the spacing between
support members greater than 12 inches, or deeper than 6 inches.
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APPENDIX IIL

INTERNAL EXPLOSION AND
FRESSURE DEFLECTION TEST JIG

The essential construction of the test jig is shown in Figure 69,
page 113. The fastenings that hold the backing board and support
panel in contact with the fuel cell were damaged on the first explosion,
and improved fastenings were added to the structure to overcome this
deficiency. These are apparent in Figure 1, page 4.

The explosive charge, consisting of a fast burning catalyzed pow-
der, was contained in standard 12 gauge shotgun cartridges. A cartridge
was fitted into a breech, exposing the charge, and fitted with a firing
pin to detonate the standard cap in the cartridge. The method of in-
gerting the charge was simplified and improved by removing the threads
from the breech that necessitated threading into <he receiving plate in
the threaded collar which screws onto the fuel cell fitting in such a
manner that a rubber gasket on the threaded nipple protruding from the
fitting is forced against the smooth outer wall of the breech to hold it
in firing position., The breech can be mounted on the cell, with the
charge immersed in the fluid inside the fuel cell as in Figure 1,

The panel that holds the supporting hat sections against the back-
ing board, Figure 69, page 113, was constructed originally of 0,125 inch
aluminum sheet, with the hat sections riveted to the sheet, and in sub-
sequent trials the structure was modified to permit the use of a 0.500
inch aluminum plate. This structure was damaged :ln later explosion trials
and a one-inch steel plate with one-inch steel hal, sections four inches
deep was constructed for further tests. See Figure 70. This test plate
was able to withstand the explosions without damage. The hat section
shape and spacing for all tests was 6 inches center to center as prescribed
for cube gunfire tests in MIL-P-8045.

The fuel cell that contained the fluid in which the explosion was
created can be geen in Figure 69. The protruding flange at the top of the
cell caused buckling in the cell walls when it was placed in the cavity.
An improved fuel cell for containing the fluid in the internal explosion
jig was constructed and installed in the device. The cell was built to
fit into the cavity in such a manner that, in an undistorted position,
the cell bottom was in contact with the enclosure, and the top of the
sealing flange met the upper inside surface of the jig. The remaining
space on either side of the flange was filled with relatively incompressible
plywood pieces cut to fill the cavity and prevent undue stresses from
occurring on the cell walls during the explosion. See Figure 70,

The test panels were 30 inches high and 40 inches wide. The manner
in which they were installed is illustrated in Figure 70, page 114, Vhen
Type 1 installations were tested the panels were attached to the test
frame with adhesive tape to hold the panel in position until closure of

AADC TR 54-47T4 Pt 2 112



INTERNAL EXPLOSION JIG
BACKING BOARD INSTALLATION




ALVId IHOddNS
anv
SNOILOHS IVH THALS
DIf NOISOIJXH TVNUELNI

0L FYNOIJ

114

WADC TR 54=474 Pt 2



the test door and the pressure resulting from filling the fuel cell
with water provided safficient friction between the panel and the cell
and hat section supports to maintain its position.

The simulated projectile wound in all trials consisted of two 3/8
inch holes in the center of the panel separated at their centers by
two and one quarter inches, on a 45 degree angle with the vertical, coo~
nected by a saw cut. This wound was located midway between hat section
supports, and centrally located on the test panels, except where noted
in the Tables I, II and IIL.

The explosive charge was centered at the same elevation as the
wounds, except as noted in Tables I, II, and III, The pesition of the
nat sections on the test frame is shown in Figure 71, page 116. The
first 14 panels were tested with the hat sections positioned as shown
in the illustration, which located the horizontal position of the ex-
plosive charge directly behind the center hat section. On panel 15,
the position of the hat sections was moved horizontally to bring the
position of the test wound directly in front of the explosion. This
arrangement was used in all subsequent testing.

All panels after panel 1, were installed as Type III backing boards.
Panels 15 thru 18 were installed in the manner prescribed in MIL-P-8045
ard MIL-T-55784., Panels 19 thru 34 were mounted by frilling .1562 inch
holes in the panel using a spacing jig amd fastening the board with
AN-515-8R10 screws into tapped holes in the steel hat sections,
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FIGURE 71

TOP AND FRONT VIEW OF
BACKING BOARD SUPPORT FRAME
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FIGURE 72
HIGH SPEED PHOTOGRAPHY SETUP

FIGURE 73

DIAGRAM OF SHOCK WAVE REFIECTION
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APPENDIX IV

MECHANICAL PROPERTIES
OF BACKING BOARDS

The autographic strain recording equipmenti, described in Section
1L, Pressure Deflection Testing, under Test Methods and Equipment,
page 23, was used to record elongations. The tensile strength and
elongation of the backing boards was determined by kethod 1011 of
Federal Specification I-P-406b, 27 September 1951,

Elongations were reccrded by attaching a clamping unit resembling
a small "C" clamp to the sample such that a smsall spherical indentor R
approximately 1/64" diameter is forced against the bench mark. The
sensing arms of the transducer then rest against the screw on the end
of which the indentor is fixed.

The extensometer and electronic recorder used for these measure-
ments appear to have inherent reproducibility beyond the accuracy that
is obtainable, due to variations in the samples and errors which re-
sult from slippage in the clamping units that are attached to the samples
and activate the extenscmeter.

The data for the elongation of the backing board materials used
in this work are listed in Table VII, In general, five samples were
used, but in some instances ten samples were run. The standard deviation
from the average and the limits of 95% confidence are given for each
of the test materials.

TABLE VII

ELONGATION OF BACKING BOARD MATERIALS

PANEL ELONGATION STANDARD DEVIATION* 95% CONFIDENCE LIMIT
USY_747-5

WARP 3.35 0.28 £0.35
FILLER Lo21 0.28 £ 0.33

USV CR 88

WARP 1.81 0.20 £ 0.4
FILLER 4,00 1.4 £ 0.78

# From Average
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TABLE V11 !Cont,)
ELONGATION OF BACKING BOARD MATERIALS

PANEL ELONGATION (%) STANDARD DEVIATION*  95% CONFIDENCE LIMIT
USV~554

WARP 2.62 0.17 £ 0.26
FILIER 2.71 0.17 £ 0.21
usv-33

WARP 1.74 0.18 £ 0.22
FILLER 1.86 0.18 £ 0.22
S=2N

WARP 20.47 0.74 £ 0.53
FILLER 29.02 1.27 £ 0.91
s=3N

WARP 20.62 0.64 £ 0.6
FILLER 27,32 0.82 £ 0.58

* From Average.

The rather wide limits of the 95% confidence values probably re-
present the variability that exists in the properties of the materials
and the variation introduced by the clamps used to activate the strain
recorder. This is to be expected, since the difficulty in obtaining
representative samples from woven materials is well known.

Table VIII, lists the mechanical properties of the materials des-
cribed in Table VI. These data were obtained by test methods prescribed
in Military Specification MIL-P-8045 (USAF), or equivalent.

It should be noted that data for the Modulus of Elasticity in

Flexure is in some cases reported for two testing spans. This was in-
cluded to show the dependence of the results on the test conditiens.
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TABLE VIII
MECHANICAL PROPERTIES OF TEST MATERIALS

USV 747 5
WARP

TENSILE (psi) 19,000
BREAKING STRENGTH (#/in.) 1,300
ELONGATION (%) 2.5
MODULUS OF ELASTICITY
IN FLEXURE (psi) (16 to 18 times 1,100,000
the gauge) _
MODULUS OF RUPTUFE
(psi) (2" span) 21,500
MODILUS OF ELASTICITY
IN TENSION (psi) (2% span) 1,040,000
SHEAR STRENGTH (psi) 13,800
BEARING STRENGTH (psi) 32,040
BEARING STRENGTH (#)* 335
TABOR STIFFNESS#* 159
MODULUS OF ELASTICITY
IN FLEXURE (psi) (2" span) 1,165,000
GAUGE 063
#/F7.2 50
IZ0D IMPACT (f£t.#/in,) 23,1
{Notched)
HEAT DISTORTION
{(Deg. F. @ 26l psi,) 16i;

* #/fastener,

#% Tabor Stiffness Gauge., Tabor Instrument Co.
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FILLER

21,000
1,500

2.7

1,200,000

22,600

1,080,000
15,700
35,240

369
200 -

1,336,000

3547

177



TABLE VIII (Cont.)

MECHANICAL PROPERTIES OF TEST MATERTIALS

USV_CR 88
GAUGE RANGE ,050 - .060" GAUGE RANGE .035 - 04O
WARP FILLER WARP FILLER
TENSILE (pei) 33,200 18,300 48,000 27,800
BREAKING STRENGTH (#/in.) 1,770 960 1,700 1,000
ELONGATION (%) 1.8 4.0 2.8 3.1

MODULUS OF ELASTICITY
IN FLEXURE (pei) (16 to 18 1,053,000 555,000 933,000 700,000
times the gauge)

MODULUS OF RUPTURE

(psi) (2" spen) 37,200 20,000 43,500 38,800
MODILUS OF ELASTICITY TN |

TENSION (psi) (2" span) 1,486,000 617,000 1,767,000 740,000
SHEAR STRENGTH (psi) 8,700 g,000

BEARING STRENGTH (psi) 36,000 31,960
BEARING STRENGTH (#)* 211 190
 TABOR STIFFNESS##* 37 28
MODULUS OF ELASTICITY IN

FLEXURE (psi) (2" span) _— 680,000 1,000,000 ——
GAUGE 050 - 060" 035 — 040"

#/FT.2 ooy 31

1Z0D IMPACT (f%t.#/in.) 20,2 26,2

IZOD IMPACT (ft.#/in.,) 35.3 32.3

(Unnotched)

HEAT DISTORTION 160 157

(Deg. F. @ 264 psi.)

* #/fastener,
¥* Tabor Stiffness Gauge. Tabor Instrument Co,
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TABLE VIII (Cont.)

MECHANICAL PROPERTIES OF TEST MATERIALS

USV_55A
WARP

TENSILE (psi) 35,000
BREAKING STRENGTH (#/in.) 1,500
ELONGATION (%) 1.7
MODULUS OF ELASTICITY
IN FLEXURE (psi) (16 to 18 times 2,300,000
the gauge)
MODULUS OF RUPTURE
(pei) (2" span) 5C,200
MOD ILUS OF ELASTICITY
IN TENSION (psi) (2" span) 1,64C,000
SHEAR STRENGTH (psi) 1€,300
BEARING STRENGTH (psi) 36,760
BEARING STRENGTH (#)#* 255
TABOR STIFFNESS## &,
MODULUS OF ELASTICITY
IN FLEXURE (psi) (2" span) 1, 96(, 000
GAUGE 048
#/FT.2 .38
IZOD IMPACT (ft.#/in.) 2hL.1
{Not ched)
HEAT DISTORTION 198

(Deg. F. @ 264 psi.)

* #/fastener.

#% Tabor Stiffness Gauge.

Tabor Instrument Co,
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36,000
1,600

1.9

1,045,000

1,430,000
19,800
39,880
253

86

1,016,000

28.5

179



TABLE VIIT (Cont.)

MECHANICAL PROPERTIES OF TEST MATERIALS

Usv 33

TENSILE (psi)
BREAKING STRENGTH (#/in.)
ELONGATION (%)

MODULUS OF EILASTICITY
IN FLEXURE (psi) (16 to 18 times)
the gauge)

MODULUS OF RUPTURE
(psi) (2" span)

MODULIS OF ELASTICITY
IN TENSION (psi) (2" span)

SHEAR STRENGTH (psi)
BEARING STRENGTH (psi)
BEARING STRENGTH (#)%*
TABOR STIFFNESS#*
GAUGE

#/71 2

# #/fastener.

WARP

35,900

1,078

174

1,300,000

41,480

1,700,000

21,120

32,800

148

29

.030

«25

#% Tabor Stiffness Gauge. Tabor Instrument Co,
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33,600

1,000

1,032,000

42,560

1,630,000

20,920

35,050

149

30



TABLE VIII (Cont,)

MECHANICAL PROPERTIES OF TEST MATIRIALS

S 2N
WARP

TENSILE (psi) ' 26,300
BREAKING STRENGTH (#/in.) 1,200
ELONGATION (%) 20.5
MODULUS OF ELASTICITY
IN FLEXURE (psi) (16 to 18 times Not Applicable
the gauge)
MODULUS OF RUPTURE .
(psi) (2v span) Not Applicable
MODULUS OF ELASTICITY
IN TENSION (psi) (2" span) - 159,000
SHEAR STRENGTH (pei) 14,500
BEARING STRENGTH (psi) 36,860
BEARING STRENGTH (#)% 260
TABOR STIFFNESSH# ' 8.8
MODULUS OF ELASTICITY
IN FLEXURE (psi) (2" span) . Not Applicable
GAUGE RoX:
#/F7,2 2%
IZ0D IMPACT {ft.#/in.) 27.6
(Notched)
170D IMPACT (ft.#/in.) 21.6
(Unnotched)
HEAT DISTORTION Too Flexible

(Deg. F. @ 264 psi.,.)

# #/fastener,
#% Tabor Stiffness Gauge. Tabor Instrument Co.
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FILLER

23,100
1,100
29.0

Not Applicable

~

Not Applicable

99,200
14,300
Ll ,230
311
6.2

Not Applicable

25.2

2.5

Too Flexible



TABLE VIII (Cont,)

MECHANICAL PROPFRTIES OF TEST MATERIALS

S 3N
WARP FILLER
TENSILE (psi) 27,000 24, 800
BREAKING STRENGTH (#/4n.) 1,700 1,600
ELONGATION (%) 0.6 27.3

MODULUS OF FLASTICITY
IN FLEXIRE (psi) (16 to 18

Not Applicable
times the gauge)

Not Applicable
MODULUS OF RUPTURE
(pei) (2" span)

MODULUS OF ELASTICITY .
IN TENSION (psi) (2" span) 145,000 140,000

SHEAR STRENGTH (psi) 14,200 17,600

Not Applicable Not Applicable

MODUL(E OF ELASTICITY

IN FLEXIRE (psi) (2" span) Not Applicable Not Applicable

GAUGE 063

#/F1.2 34

120D IMPACT (i‘t.#/in.). 35.1 30,0
(Notched)

170D IMPACT (ft.#/in.) 32,0 31.5
( Unnotched)

HEAT DISTORTION
(Deg. F. @ 264 psi.)

Too Flexible Too Flexible
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APPENDIX V

CUBE GUNFIRE TESTS

Cube gunfire tests were completed on USV T47-5 and USV CR 88
backing boards on 15 December 1954 at the United States Rubber
Company Gunfire Range. These tests were conducted and witnessed
by R. D, LeMon and W, H, Smith,

The test panels were gunfired in accordance with MIL-P-28045
(USAF), item 4.3.2.7.1 with the exceptions noted.

Exceptions:

a, Structure was at ambient temperature,
b, AP ammunition was fired,

The materials were installed as Type IIT backing boards, in
‘accordance with MIL-T-55784A,

The nmumber of the round fired entrance or exit shoits were marked
on the backing board panels., The 45 degree rounds are marked 45
degrees; all others are straight-in shots. See Figures 2 thru 3.
"X" stands for exit, "E" for entry.

Following the firing, both panels remained fastened to the hat
sections and had to be torn off for storage. All wounds in the fuel
cell sealed without plugging.

Changes and improvements in the methods for continually pro-
ducing a woven roving laminated backing board material, during the
course of this work, resulted in a lighter construction of the USV
CR 88 material than that used for the gunfire tests described above,
This is described in Appendix VI, page 129, Additional cube gunfire
tests on this lighter construction, 0.035 inches thiek and weighing
0.31 pounds per square foot, are shown in Figures 74 and 75, pages
127 and 128, These tests were conducted at the United States Rubber
Company shooting range on 28 karch 1955, in the nanner described
above., Improved resistance to gunfire damage is apparent in the lighter
construction by comparing Figures 4 and 5 with Figures 74 and 75. The
damage shown around the gunfire wound for the lighter materials in
Figures 74 and 75, in general, is of lesser extent and amount than that
shown for the heavier construction of USV CR 88 of Figures 4 and 5.
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FIGURE 74

CUBE GUNFIRE TEST PANEL USV CR 88
(IMPROVED CONSTRUCTION)
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FIGURE 75

V CR 88

(TMPROVED CONSTRUCTION)

CUBE GUNFIRE TEST PANEL US

128
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APPENDIX VI

COMMERCIAL PRODUCTION CF USV CR 88
BACKLNG BOARD

The development of a woven roving, polyester laminated backing
material was originally accomplished with platen presses, This re-
sulted in samples of small dimension adequate for the work of Part
I of this report. The use of larger test panels for this part of
the work required the development of methods for producing the back-
ing board on contimuous laminating equipment.

The USV CR 88 panels coded 3, 4, 16, and 17 in Tables I and II,
pages 12 and 15, were representative of the material of the first
successful production on commercial equipment. This resulted in a
material with high percentage of resin. This is the material illus-
trated in Figures 4 amd 5, cube gunfire tests on USV CR &8,

Later production changes and improvements in operation resulted
in the production of a material of considerably lighter weight and
gage. The test panels of Table III, coded Fanels 19, 20, 22, 2i,
25, 26, and 33 were of this lighter construction.

Gunfire tests of the lighter weight material reported in WADC
Technical Report 54-474 Part I, compare very well with those of the
heavier USV CR 88 material cited above. Subsequent cube gunfire
tests on the construction typified by panels 19, 20, 22, etc., show
better resistance to gunfire than that illustrated for the heavier
cube gunfire panels of Figures 3 and 4, JSee Figure 7L and 75, pages
127 and 128, which illustrate cube gunfire data on USV CRE 88 backing
board 0,035 inches thick and weighing 0.31 pounds per sguare foot.

A description of the production and construction of the USV CR
88 materials of this report 15 given below:

Progduction of USV {R 88

kanufacturing

USV CR 88 was made on continuous laminating equipment. Gloss
surface on one side, dull surface on reverse side, Commercial
production of USV (R 88 was accomplished with the continuous
press methed,

Amount produced, 100 sq. ft.
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Materials:

Resins: Paraplex P-43
Catalyst: Benzoyl Peroxide 22
Added Styrene: 27

Viscosity: 425 cps. _

Gel Time: 6 Min. st 180°F,
Exotherm: 248°F,, at 180°F. bath

Fabric: Woven Roving

Oz, per sq. Ydo 2505

Gauge in thickness ,050

Thread Count 5 x 5

Breaking Strength Warp 900 lbs. per inch
Fill 900 lbs. per inch
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