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Preface

This report represents many hours of work in research,

‘.rimentation, data analysis, 2and manuscript preparatiin,

"> wy sincere hope that the information contained in chis

‘:rt will elther prove to be dlrectly useful, or will in-
~¢ another to create techﬁology that will be useful in
" area of alrcraft fuel cell survivability, -

I wish to thank the many individuals and groups without

‘2 effort and support thils research would not have been

1ble, Specifilcally, I want to thank Dr, Peter J, Torvik,

sesls advisor; Mr, Hallock F. Swift and the University
"1yton Research Inctitute; Mr, Levelle Mahood and the
;1vable Fuel Tanks Lab ¢f the Alr Force Flight Dynamicsg
: and Mr, Colin é. Blakemore of the Du Pont Corporation
;upplied part of the Pneumacel and furnished information
v 1t, I wish also to thank Mr, Charles Gekhart for his

AT

‘2 and help in obtalnlng much of the equlpment used for
Tirst part of the study, IMr, James Green for his assist-
. wlth the second part of the study, 2and 1/Lt., Richard
“izcher for’supplying addltional background information

. report be had prepared,
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Abstract
When an alrcraft fuel tank 1s penetrated by a ballistic §

veloclty projecztile,-a phenomenon known as hydraulic ram

often causes the catastrophic fallure of.the cell, This

study was performed to investlgate experimentally the possi-
bility of usinit porous material to defeat or significautly
reduce the hyd:rai-1ic ram effect, Two experiments were per-
formed to ¢=termine how the addition of a gas tvo a fuel-foan
mixture woulc ffect the attenuation of ghoak waves aad weaker
pressure'pulses. In the first experiment, water, water with
reticulated (open cell) polyurethane foam, and water with
Pneumacel (2 new Du Pont product composed of Freon 1nflated
Dacron fibers pressed into a mat) were each impacted by a
flat aluminum disc to generate plane ,(one dimensional) shock

waves In the mixtures, Four pressure transducers were locat-

ed at specifled distances. below the surface and the attenua-

tion of the pressure pulses iIn the different mixtures was

measured, _ :

inoe bl BUI Dt ok st 4otk Bochtnsipb ki svtst b s A e ettt et s S e

In ti:- second experiment 4 in, spheres were fired into

a tank containing, in turn, each of the three mixtures, and

again the attenuation of the pressure pulses was determined,
In each experiuent there was an increase in attenuation noted

when the reticulated foam was added to the water, However,

-

& much greater increase was noted when the Pneumacel replaced
the fosm, Perhaps most interesting is the fact that pressure
dropped and remalned below approximately 14 psi within a few

inches of the surface in all tests with Pneumacel,
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I, introduction

Background

Recent combat experlience has showin that modern alrcraft
continue to be vulnerable to small arms fire, Alrcraft fuel
systems are particularly large and vulrerable areas, Within
the past few years many alrcraft have Leen modified by the
installation of reticulated -(open cell) polyurethane foam
in some fuel cells to decrease the probabllity that an empty,
or partially empty, fuel cell would exrlode when struck by
an incenéiary'bullet. However, both modified and unmodified
fuel cells stlll faill catastrophically i1f hit when full,

Even self-sealing bladderé are unable to prev§nt massive

fuel leaks when the supporting tank wall is heavil§ damaged,

Hydraulic Ram, Several mechanisms acting individually
or in combination produce the massive damage to the fuel
cell walls, These mechanlsms collectlvely are usually called
the hydraulic ram effect, Wiillams (Ref 11:1-4) divided the
damage causing mechanisn into four separate events: (1) shock
waves near the impact point, (2) a pressure field caused by
the passing projectile, (3) = cavity phase caused by the
sollapse of the c¢avity or void behlnd the projectile, and
(4) lmpact Iinto an adjacent wall of high velocity fuel part-
icles ejected from a free surface by the passing projectile,
In a Northrop Shock Wave Study (Ref 9) the damage causing
meghanisms were divided into eight events, placing major
emphasis on (1) a pressure rise when the projectile tumbles,

(2) compression of the fluid as the projectlle approaches

e
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the back wall, and (3) the pressure wave preceeding the large
tumbling cavitation, There 1s l1little clear understanding of
any of the different hydraullc ram eveats, and since they
often occur tegether it 1s difficult to determine which one
actually caused the fallure in any given'instance. Also the
damage caused by any one mechanism appz2ars to be a function
of several variables such as fuel cell geometry, tank wall
material, impuct velocity, ;nd whether or not the projectile
tumbles, _

Generally, attempts to defeat the hydraulic ram effects
have taken one of two approaches: trial and error experi-
ments, and analytical models, Northrop {Ref 6) used the trial
and error approach te design a system to minimize tank wall
damage to allow self-sealing bladders to function, However,
a defense that helps in one case may not help in a different
shape tank, against & different type projectile, or where a
different damage causing mechanism becomes critlical, Also
the same approach m2y not protect walls other *han those
penetrated by the projectile,

With the analytical approach, attempts are made to
predict the pressures caused by the 1mpacting projectiles,
Ir suféiciently accurate models can be developed, the
pressure information can be used to deterﬁine structural
design requirements for the fuel cells, Usually the assump-
tion is made that one or .two of the damage mechanisms are
most oritical and a sultable model for those mechanisms 1is
sought, Yurkovich (Ref 12) developed a model based on a

spherical shock wave, and Bristow (Ref 2) and Lundstrom (Ref 8)

-
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have Qeveloped models for the drag or pressure phase. To
date these models have not been sufficiently developed to
yield the desired design information., Again, the mechanisms

often occur tozether, and modeling of any one mechanism alone
may not be sufficient,

Compos**e Mixture Theories, Interest in composite

materlals has led to the development of numerous models to

predict varlous properties of mixtures, A model by Herrmann

(Ref 7) predicted significant increases in the attenuation

of shock ‘waves. in.a matecial if small amounts of porosity

were added, Torvik (Ref 10) developad a simple mixture

theory for mixtures of sollds or a solid and a gas, Fischer

(Ref %) applied the Torvik model and other models to varying

ratios of the two mixtures: water with reticulated polyurethane

foam, and water with ailr, In general, he found that these
models predlct attenuation of shock waves to be reduced as

more retliculated foam is added to the mixtbre. Conversely,

these models predict an increase in the attenuation of

shock waves if increasing amounts of alr are assumed to be

present in the mixture, Experimeﬁts wlth reticulated foam

have produced conflicting results, Clark (Ref 3) reported
increased attenuation when polyurethane foam was added to

water, while Williams (Ref 11) found pressures increased
when foam was added,. -

Purpose and Scope

The purpose of thils study was to investigate experiment.-

ally the effects on attenuatlion of shock waves caused by

addition of a gas to a water~-foam mixture, Water was used in

-
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place of fuel for obvious safety reasons and hecause 1t
allowed comparisons to be made with previous experimental
and analytical studies, Since these models consider water

and polyurethane foam to be "perfect" materials (having no

. L g e, TR
o it Ko i L £600 S E AR L

dissipative forces) the only attenuation'of shock waves cal-

culated by mod2ls 1ls caused dy geometric dispersion of the

shock front and rarefaction waves overtaking and reducing

the shock waves, Because some attenuaulon may i fact be

caused by mechanlcal losses, the attentation of the shock

waves in-water alone was measured flrst,” The experiments

then measured the attenuation 1n water-foam and water-foam-

gas mixtures, The study was divided into two parts: tne

. L Lo i
bl e ”“W%‘éhﬁd‘ﬁ:’.KLM%‘:‘&’?’K‘%M'WVA#ﬂm‘*‘uxnmmummnm.. T

first using plane (one dimensional) shock waves, and the
gecond consldering shock waves genherated by ballistic impacts,
The first experiment was designed to study the attenpa-
tion of shock waves in water and the two mixtures under
- conditions whilch eliminated the unknowns

usually introduced

by the various hydraulic ram mechanisms, In the second ex-

periment, attenuatlion of pressures generated by ballistic
impacts Qere measured for the same three target materials,
Spherical projectiles were used to gliminate the tumbling
frequenély observed with pgival proJectile§.

System of Units

Most impact studles are conducted using the CGS system
of units,

H " A
. \! Wbt et st el
o St il i R A btk B Do S S
' g K i e e T S s S S
wr o8 Lot b AR Kl 2, bl 5

Measurements for data in this study were made in
the CGS system and results are also reported in that system,

A However, since standard American materials and equipment
were used in the construction of the eip;rimental apparavus,
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this apparatus will be described in the British system,

Additionally, the results will also be ‘presented in British

units for the sonvenience of those more familiar with

hydraulic ram research,
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II, Experimental Apparatus - I
* Target Materials T

Water was used as the'first target materlal, The
results of the tests with water formed a.baseline against
which the results of tiie mixtures were evaluated

The secon¢ material selected was water and a reticulated

T ¢
NN Y ) Py
SN

polyurethane foam, This foam 1s currently used to £111 some

aircraft fuel cells to prevent explosions in empty tanks,

TR

The third target material used was water and Pneumacel,

Pneumacel is a new Du Pont tradenamed product now in pllot

4
LR
GERRARTL

o)

produccion and currently used in rug pads, It 1° armat made

of Dacron fibers inflated with approximately 12plby weighzi

Freon gas, Pneumacel was selected because 1t is a'sponge-

,
.
e e
R 0y ‘
; ; RIS
s SN AN >
éfwm» R SO

(:) ' fike product containing controlled amounts of gas and met
_ T - * x
] all other needs of the experiment, é%
. £
=

.

~“Apparatus

Y ‘\»!(‘;’

This investigatlo~ involved the use of two separate>

experiments, each with its own apparatus,

- Experiment I, The object of the first part of the c

i 1

- : T 4 7 R ’ Qe B PR e S I LM
chEREESI R R R MR A ',.,v.w T ARy oo £ S ™ ;

,11;"%’1‘,?!%%%9.9’! B N s Y S E T e e TR ¥ ™ 2 PR et

study was to generate plane (one dimensional) shock waveg

in the different target materials and determine the attenugnv

R e “fl"ﬂ.‘ '*,
ety T

ation of these shock waves by measuring the pressures at
specified depths in thé various mixtures, The general lay- -
out of the apparatus consisted of an impact assembly and its

guliding cables, a velocity measuring system, a level

*Additional information on Pneumacel and polyurethane foam
can be. found in Appendix A,
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Solenoid

174" Nylon rope
to winch

Tevel -
adjust - \"mpa‘ct disc

L—1/4" hole, water level f -

/ control
Kistler 603 A pressure
transducer in mount

Figure 1
Feperiment I, General Apparatus Layout
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measuring system, a@nd the target tank as shown in Figure 1,
Thé.impact assembly (Figure 2) consisted of an 1m§ackidiéé,
a gu1d1ng'assembly, and a release mechanism, The 1mpa§t‘
disc was a 2.5&~methick £18% plate of 2024 aluminum turned
on & lathe to an outside diameter of 30 cm, The impact disc
was bonded to a 2 in, thick 7 7/8 in, diameter disc of 2024
aluminum; Three holes were drilled and tapped for 10x32
scréws, 120° apart and 7/16 in, from the edré of the second

disc, The two discs were attached to the bottom of the

Figure 2
Impact Assembly
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gulding assembly by three 10x32 bolts passing through a

"} in, thick aluminum plate and a 2 in. thick block of poly-
urethane foam (2 1n..th1ck before compression and approxi.-
mately ¥+ in, thick after ccmpression), The three attachment
bolts provided a simple method for leveiing the disc,

The: main vertical and horlzontal members of the gulding
assembly were zonstructed o{ 3x1 in, stieel channel, A% the
ends of each horizontal arm were 3 in, outside diameter
cable pulleys, The pulleys were mounted in brackets that
allowed small adjustments to be made in the horizontal plane,
'ﬁélow the- lower horizontal arm was a "braking" bar of
1ix1 1/8 in, 2024 aluminum~chéhﬁel braced at the ends by
1 1n.2sqgare.2624-T3‘§;um1num tubing. This bbptoé'bar was
installed to stop the assembly after it impacted the target
to prevent damage to the gages mounted‘below. The bar could
be qui&kly changed 1f it was damaged. The impact assembly
was designed and constructed so that its center of gravity
lay along a line down the center of the outside of the vert-
ical shaﬁt;. The assembly was hung by its attachment point

. at the top, and checked with a plumb line for accuracy of
vertical alignment and the pulleys were adJjusted to be in
the samé vertical plane as the center of g?avity. The
release mechanism was a solenoid attached éo a £ in, nylon
réﬁe with electrical wires running to a ftoggle switch and
a 24 volt battery, Except during planned drops of the impact
assembly,. a safety mechanism consisting of two "C" shaped
aluminum plates was clamped over the solenocid to prevent an

accidental drop of the impact assembly, A winch raised and
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Iowered the 44,5 pound impact assembly,

Two 3/32 in, steel cables were attached to a plate
fastened to tre roof of the building aad through turnbuckles
wérefélsc,attachéd‘t; a plate anchored to the floor, The
attachment points in the two plates were drilled at the same
§ia§-and the alignment of the eyebolts checked before instal-
lation, The bottom plate was positioned below the upper
plate by using plumb lines in the uppe> two eyebolts, After
the cables weére installed and made taut, their alighment was:
again checked in two planes with a plumb line, A pulley was
attached to the top piate:so that the nylon rope to the re-
lease mechanism wWas over the center of gravity line of the.
';@pgét gssémﬁiy;'éhdéﬁhtsaalignment wa§ checked with a piuﬁﬁ
line, Bodlts Wwere installed through the pulley brackets to
prevent the -pulleys from jumping off the cables,

A velocity measuring assembly consisting of five bronze

- spring brushes, 10 cm apart, was located along the fall path

of the impact assembly, The brushes were attachéd to- Plexi-
glaszho;ders which could be adjusted individuvually by set
screws. The assembly was mounted in such a way that the
bottom brush would make contact wheq thé impact plate was
2 cm from the surface of the target, The assembly did not
touch the target drum, so no motion éould Ee transmitted to
tﬁéﬂtarget before impact, As the impact assembly fell, a
copper tab’on the lower arm of'fhe guiding assembly contacted:
" thé brushes, closing a circuit powered by two 1,4 volt
- batteries, The electrical pulses generated by the batterles -

were carried by a coaxial cable to the tape recorder located
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in the instrument area,

About 2 In, above the surface of the water was a device
designed to measure the attitude of the free falling plate
before it hit the su;face of the target, The device consisted
of a } in, thick Plexiglas ring with three bronze spring
brushes mounted 120° apart, The hole in the center of the
ring allowed 1 3/8 in, clea?ance from she outer edge -of the
impact disc, Three holes were drilled 1in the ring and tapped
for {x20 set screws, The set screws extended through the
ring supporting it by resting on. three simall pleces of alum-
inum angle attached to the inside of the target drum just
above the surface of the water, The three brushes were
mounted in line with the set screws and extended radially
inward into the path of the falling lmpact disc, When the
disc touched each contact 1t clcsed a Eircuit with two 1.4
volt batteries sending an electrical pulse through separate
coaxial cables to the tape recorder,

The material to be impacted was contained in an open
55 gallon steel drum, The drum was placed on a wooden
pallet which straddled the bottom cable attachment plate so
that cable motlon and vibration could not be transmitted to
the taréet material. One § in. hole was drilled 3 in, below
the top of the drum to control the level of the water in the
drum, Four 9/16 in, holes were drilled 17 3/4 in, below the
water level and fitted with 3/8 in, bulkhead fittings and
Teflon seals, Flare fittings and 3/8 in. copper tubing were
used to mount four Kistler 603-A pressure transducers in

the drum and to protect the transducer wiring from the water,

11
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The transducers were positioned roughly in a 7 .in, diameter

s e b
o b R e W R

L
i

(:} circle and were located 7.5 cm, 10 cm, 15 em, and 20 cm

below the surface of the water (Figurs 3), Gages 1 and 4

were about twlce as far apart as the other gages to prevent

o Dt g o b o B

gage 4 from being in an area infiuenced by gage 1,
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Experiment ;E, The'second payt of the experiment was
conducted in the Air Force Materials Labratory Low Velocity

Gun Range which is operated by the University of Dayton
Research Institute,

In this experiment % in. steel balls
. ~ were fired Into the same target materlals used in the first

12

expevriment and pressures were measured at three points, The %
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projectiles used were standard i in, steel ball bearings,
Al1 bearings were ,4995 in, in diameter and welghed 128,5
grains, Figure 4 shpws the general layout of the principal
components of the test apparatus: (1) the aiming laser,

(2) the gun mcunt, (3) the veloclty measuring systems, and
(4) the target, The beam of a swall laser mounted behind
the gun.was_aimed down the Pore of the gun so that the

impact point could be accurately predicted., The gun used in

‘ . L e S
u‘mzm,mtu«m,«»mmmwuw»a‘;maw«m-mmmm.qmmwww.tmmwmim&ﬂ AL

the experiment was a smoqth bore ,50 caliber Mann test barrel

T ETRY

attached-to a Frankford mount, The test barrel was 43} in,

long and the actual bore was C.502 in, The rear of the

barrel was threaded to recelve various chambers, and a ,30

caliber chamber was used in all tests in this experiment,

A screw type breech wastaipached to the chamber and a2 re-

bt AR Ve A bttt e vtd

. ’ds.lp,"{“v“ iy "

motely controlled solenoid fired the gun,

Al
RN
”

BRetween the muzzle of the gun and the target tank were

é two velocity screens, exactly four feet apart, The screens

19w e bW ot B

were connected to the instrumentaclon and measured elapsed

time between successive projectile impacts.

kL a7 b e

S L

The target was a rectangular.tank measuring 234 in.

b B,

"high, 294 in wide, and 24 in, deep. The top, bottom, and

P sides were £ in, steel plates, reinforced by four bands of ’

i 2 in, angie iron, The front and back plates were removable

£ - and were made of 0.125 in. 2024 aluminum, Each plate was

&
Fie
Ex

4

held to the tank by a frame of welded 1} in, angle iron

T
’\lr

. and 14 11 in, "C" clamps. A small bead of putt& was used as

Gy DL e
AT R

a seal between the plates and the tank, A4 1in, diameter

hole was cut in the center of the front plate and a 1} in,

e
,wfv,uy“"‘;.‘:,f?%@ wﬂm;“ﬁm‘*f-@'&rﬁ“\ RN

PR P AT

14

A

:
S s
b ot ’m

3
= Eeanton et . . R . LTI TR - s
Bse . - e N Sy P WL e T o Mol o s o S o s i Ee e T el i T R PR AR O ey ST




., . — - i . M T S ﬂu.n...n‘jax._...1Ea_,_n5,:_...év‘..wﬂ_&ﬁaJ.v.a‘ﬂzr.mﬂﬁﬂi_nx.._.fﬁi.rﬁw SRR RS, R
S R w ., AT AR TR AR penic Gl ,ﬂ.f?..ﬁ:mm_r_s?...ﬁa T P R SR AT P
P Ak B £ ¢ i3 e T ‘_ﬁ R o AT T, ..ag;._: ¥ e it ¥
i. 2 e o O A BT S R0 ng TS S s e A R VRt Ui b r R L R o v " i

PRYDRS " IR A P S N N D s

4

uoT1e007 93eyn pue 383awv], II suswitaadxyg i

G 2an3Ta

AR S

«l = 0L/l :3teds

PPy

- —Fa— e — -

plugss Jopdd

15

| Tl . . —
: sdid UG - D
) A3IA 3015

M3IA_dOL

7
Q
&
S
2
o

O | | o

- - - -
e T A A S L S RS et kS v AT B R B st

' [ ) By Ao By it et
ool e sl sy gt BRI e i 4 St PR
_,k,_n_n,.,_”;.m, . _,._,._.. & .n‘,_;.._,f.,,_, ,.,E.. v i..,.:_.. My 5,&:':._‘ # .f.ni :.., Pk i ‘_._ e (3l e Y , |




BENE ot G TSR s ey, - DR s MBI NS TR ar St ok e T de e R AN SR ATRR SRS e et SR S e n T E G, Dot ey,

GAW /NC /723

wide collar made to hold a .0005 in, VMylar sheet over the

o

opening. Elght sheet metal screws attached the collar to

.

the plate, Ar. 8 in, square piece of 1 in, thick aluminum

L ]

was fastened to the center of the back plate to prevent the
projectiles from penetrating the back olate,
Three Kistler 603-A pressure transducers were mounted

in the tank by 3/8 in, copper tubing and various flare

3
4
o
W 4
f 4o ek g
) o § o v 4t e s
g”‘y«n‘dﬂ‘,ﬂvﬁ N R TE T LA, v AP A ly e AP e, O R A

fittings, Twe gages were positioned a: opposite sides of

Al /f

the projectile path, 5 cm from the front plate, and 7.5 cm
and 15 cm raspectively from the impact point (Figure 5),
The third gage was located 2) cm above the path of the

projectile and 30 cm from the point of 1mpact, This

arrangement was chosen to measure the attenuation of the
pressure pulses, and gage 3 was also able to record the

pressure fleld generated by the passin.g projectile, A

TS AR AT P PR L DR P A A MY, .mwwmmwmwwwmmwj

¢ catch tank of plestic sheets attached to a wooden frame
was constructed around the target tank to catch the water

?. spilled after the projectile ruptured the Mylar f11lm,

{ Instrumentation

Kistler 603-A quartz transducers with model 105H
: connecter adapters connected to Kistler 504.-A charge
§ amplifiers were used to measure the pressure in both
experiments, All transducers were mounted in a locally
produced aluminum aacnter which is used with Kistler gages,
All data were recordéd on a Sangamo Model 3562 portable
E ) recorder/%eproducer. All recordling was done in the FM mode

<:) at 60 ips, and playback was done at both 60 ips and

16
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1 7/8 ips, For the first experiment, aine éhaﬁﬁéiﬁtof:difa
were recorded: four for pressure, ona for the xie‘i‘éréncé—’i
signal, ohe for velncity data, and three for checking the
. attitude (level) of éhe impact disc, In the second experi-
ment, only four channels (three for preééure ahd‘onexﬁ§§Aa
reference signal) were used, The reference was 5 1,0 KHz,

1 vo;t signal genérated by a Hewlett Packard Model 220CD Wide

1 Uy 1 ‘w °
s ek g b st b es e Mk gAY
or i et Soaste o fales ikt R e el

Range Oscillator. The frequency was checked by a HéWlétt-

3 ;
2 4 }
3 Packard Model 521CR Electric Counter, end the voltage was &
;i calibrated by a.Simpson Electric Company Multimeter, A4n i
- Eldorado Countér; Model 1410, was used with the velocity

screens 1n.%ﬁéaégpéﬁd“experimeht. A Honeywell Model 1508

) Visicorder Oscillograph and a Tektronix Type 549 Storage

.. ‘ ,
erne eyt B W b e enn it

AR 50 “”l]“’ OUAN 10 iy
i ) L , !
e N S AT ROy

, ~ Qscilloscope with a ‘type 53/54C dual trace plug-in unit and :

'<:§ Tektronix C-19 Oscilloscope Camera usihg Polariod Type 47 %

. film were used to interpret the data recorded on the tape, :
17
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III, Experimental Procedures

Sl oo f

The instrumentation was calibratei as stated in Appen-

dix B and 1n sccordance with the appropriate technical manuals,

Experiment I
A total of 18 drops of the impact assembly were made in

i o Yoo ttaha B, 0 8B b o B

the first experiment,” Tvelve of these constituted successful

W waednaied o

The first four were made for operational checks

\
g

data runs,
of the entire system and callbration -of the equipment, The

results of rdﬁ 10 were discarded be.ause of uncertainty
about the water level in the drum, aad run<ii;was a repéét of

that run, The last run was a check of the calibfatipﬂfand

, '
s e R A o bt 8 i

functioning of the transducers, The first two and the last
run were made with all four transducers at the same depth,

. For the recorded runs, four drbpé were made agalnst

each target material, with nominal drop heights of 0.5 m,
1.0m 1,5m, and 2 m, The heights of the drops were not .

. . '
e hnd I b v

exactly the same each tlme because small adjustments could ,1

not be made with the winch that Iifted the lmpact assembly,

The procedures for each drop were as follows:
1, The Instrumentation was turned on_to warm up,
2. The water level in the drum was made a little

too high and allowed to drain through the level
control hole to attain the proper level, S

3. The depth‘of the gages was checked.*

*Pepth of gage check was difficult with the foams in the drum;
therefore it was necessary to check the depth of the gages :
before installation of foam and after removal, Depth did not E

" yary over 2 mm in any case,

18
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4, The impact disc was leveled by adjusting the
seéouring bolts until the dry disc,; lowéred very
slowly, touched the water in a level condition.

5. The level-check ring was adjusted by connecting
tlie circuits two at a time to a dual trace
os861lloscope and adjusting the set screws until
both brushes touched simultanéously ‘when ‘the
disc was lowered very slowly.

6. The veloeclty measuring bruihes were adjusted
to 2 em, 12 cm,; 22 cm, 32 cm, and. 42 cm -above
the surface,

7. The impact assembly was raised to approximately
4 1n, below the desired drop height,

8, The hook-up of the instrument circuits to the
. tape recorded was cheéecked, -

0. The reference: sighal was\adjustedfto 1 KHZ and -
1 volt, - t -

10. The thermostats in the bullding were turned‘down
to turn off the heater fans that. vibrated the
celling and guiding cables,

11, The hecessary infcrmation was recorded; drop .
height, number, target material, ‘£ape recorder
ccunter setting, and circuit. to channel hook-up.

12, The solenold was connected to the battery and -
the toggle switch was set to "Hold",

13, The impact assembly was 1ifted approximately:
1 in, to engage the solenoid

14, The solenoid safety was removad,

15, The ground button of each Kistler charge ampli-
fler was pressed to dissipate any accumulated

- - charge..

16, The tape recorder was set to "START-RECORD",

17,  After the tape speed had stabilized, the toggle

switch was moved to "DROP", thus releasing ‘the
. dmpact assemnly. .

*Leveling the disc was difficult with the fosms in the drum
. unless the water level control hole was plugged, ‘and the
water level was railsed slightly during leveling. The water
was -then lowereéd tc the proper level, : . '

19
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' .6nly in the top 14 in, of theé drum, and--the. material was

B A e e

18, The—tape'fééordéﬁ;ﬁ&éJgetaﬁéicgben;
19, ThH

20, The data-for that run was ahecked oh-th

os3illoscope to be sure that. all eIements of |
the experiment functioned

W

battery was. disccﬁheataé~rvém‘théfsciéhcgég‘?

21, The impact assembly was checked and the "braking" i

. ‘ba» was replaced if. necesscry.
Pneumacel tended to float and had to be held down in~
the drum with ;afety wires fastened bexween boards wedged

into the bcttom of the drum and :pleces of leavier-wire laid

on tcp -of the Pneumacel To prevent the buoyancy from ap rerz”r

—ciably compressing the Pneumacel mat, the material was p1

5secured by: ‘the safety wire at the surface and also T*inf A
ihelcw~tne:sgr£ace. ‘The wires securing the Pneumacel ‘were: to

the -outside 6f the area impacted. except for one ::,;n the cegt’er‘,'

Experiment I
r A‘tctal of 22 sﬁctgwwererfired in’the-seccgd-exp§r1ﬁ§ht§

The first two shoéts were -fired to ontaln a curve .of pcwderA
charge versus projectile veloclty, and were not fired into
tne test tgrget} The next 10 shots were fired_iﬁtc»theitegtr
) -taréet.: ..four- into '}'tater; three: into -the ;w_ater-‘fqa;.__m;;ﬁg,xtu'ré;
and three into wateriPneumaceI;. One shot at each of & high,
medium, and low velocity was fxred intc~each~target mixture,
-An analysis of the égté méde'sﬁger thé first 10 shots had
béén«ﬁiredféhowed that gage 2 (15 cm) was intermittently
failing, Investigation of the circuits revealed thut the

cable shield was shortirng under impact loads where 1t connect-

edltq‘theitransducer adapter, The faulty cable was replaced

20
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and the ‘entire sequence of ten shot wasxre;)e}g;i};jeﬁdf;i &
fgeneraliy,‘prodectiies are launched from smooth bbre"
guns Witbf§%§b§S,e~HGWeVer, 1n?this=ce§é'ﬁhefemgfi»clearaﬁcé ‘
betwééh,théiﬁéré~andftne:prQJectiie made this impractical.
Instead a mizzle loaded ball and patch technijué was used,
A CrOSs‘éhapedfpatch~coﬁstétidg-or tio 14 in; long, % in.,
wide, and 0035 in, thick pieces of Tefilon tape was placed
over the muzzle: andethe ball was forced into:-the bore, Goodi
contrel 6Vervveiocity~aﬁdfimbact:point #as -achleved. : fegfl,
The procedures for:each: shot. were as follows- -

réi.rThe gun-target alignment was - checked With the 7

Taser, . e

3, The 4 in, hole in the front tank plate was
" sealed with aMylar film.

4, The tank was £Illed with water, and the filler .
pipes Were capped : - o

5,.. The: velocity screens were gset and their circuit
" -ghecked.,. ]

PRI

-6,. The cartridge was loaded with the powder calcu-
Yated to give the desired proJectile velocity.

3
v

vt vt w0 e 0 TR PR Vi W v L o

, T.. ‘The projectile and Teflon patch were muzzle
. loaded

8.. The chamber was attached to the gun tube, and
- tihe: dartridge was loaded,

9.. The breech-firing pin ¢ .sembly:was attached to E

. the’ chamber. T - |

'10.. The "ground" buttons on the Kistler charge ampli-
fiers were pressed,

11, The remote firing circuit was connzcted to the :
gun, .. ' s
12, The necessary information was recorded: shot 7

number, tape counter setting, and target
material, .

21
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13, The reference signal was. adjusted to 1 Kiz, .
1 volt. T

I, The tape recorder was set to "START RECORD"

s LR e
S E N G

P

P LJM 7

)
o
A

15, After the tape speed stabilized the gun was - B
T fired. Lo S D e T S s e

i ="

16. The tape recorder wa§:Sét t5,QST6P£11

y "
T e
Wit %zht%{fin’ﬁ\tﬁs?u AT

{lizi‘Thv projectile velocity was calcéulated from - -~
tho velocity soreen data and then~recorded 7 -

.
b A R

18, ‘Th@ target material was chenged if neée aryf; T

Shots 1nto water-Pneumacel created a~hole appro{""
mat, - “This

:matefialrdensity.r'"‘"

*
.
K ' w-‘- K 0 Lered
T g A X R Y A T o e
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- The traces: Tun from right te left and the time rgfggence is

GAW/MC/72:3"
IV, Results and Discussion
Results,‘

The results of the twelve successful tests conducted%f“f

Eiberiment I are shown and dtscushedv The data on the tape

reoorder were: "eproduced on. Visicorder film for analysis.,,

;;;gustratiopsrof the Visicordeg film3<ege'shown_;g:gigurgsz6%9@

tPom the..arrival of the puIse:§t~§ége 1, The run: number,
‘target: material 1mpact velocity, -and: naximum pressures ,2:{?
(gage) at each -gage are: shownrineTable V 4n: Appendix Ds. )

The dar ffor Experiment II‘wereﬁread first on the Visi-J —

corder and then on the -storage: oscilloscope. Illustrationsl
of the Visicorder film and represertative scope photographs;
ape shown in Figuresilg-lg. The oscilloscope traces run ,;
from:left to right, The*nesuits ofxal;/tweqty»experi@egpagf
shots are ﬂshown.. Since some. gage 2 readings in the first ‘
ten shots are missing, and doubt exists abcut the accuracy
of others, the resulﬁs and discussion will'éeneraliy consider
only the last ten shots,. The values that appear in the
tabulated data (Table VI,. Appendix D) were read from Polaroid
photographs of the storage oscilloscope pecause amplification
¢f some traces made possible more accurete:ioterpretatioh; -
Table VI 1lists the number of the shot, the target material,
and the maximun pressure (gage) recorded at each gage.,
Listed in Table VI as.P'3'is the estimated pressure of the
initlal pulse when it arrived at gage 3, This pressure was

‘read from the gage 3 trace at the time equal to the time the

. e aa TEam e B S e o
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GO 723

_ pulse first reached gag° 1 plus 3 times the time it took
i(Eﬁ' the pulse to travel from gage 1 to gage 2. ; ,5%%?5’%; ‘

1Y}

Discussion

‘0
1

Experiment I, Before comparing the experimental results

of the different runs, a least squares curve fit was applied

,
 iTioh e O oottt vt e st SR 200

in an attempt to obtain approximate curves to represent thé

IRYUNCY VRTEN

data, An exponential equation was fourd to gilve a satisfadt-
ory deseription of the data, The coefficiénts and standard

errors are shown in Table I,

Table I _
Curve Fit Coefficlents for P#Pge®*
and Standard Error

Ron | Drop B } a., | S.E. | P
JHeight (bars) (em=1) (bars) I (psi)

st | 2 I os7e | -0:10111 10,0757 69.2152
ew | 1 7.16 | -0.07066 | 0.263 | 103.89 |
™ | 1} 10.48 | -0,0u862 | 0.581 | 152,02
8w e 13.60 | -0.03610 | 1.272 197.10 |
gP 3 1,87 -0,17123 | 0.0739 { 27.16 |

. : 11P 1 2,61 -0,18841 0.1147 37.81 1

12F | 1} 1.47 -0.04878 | o,1127 | 21,26 |

13p 2 1.72 | -0.09401 |o0.1290 | 25.22 o

wr | 3 o.941 | -0.01668 }0.373 | 13.66 | -

15F | 1 8,97 | -0.09775 |o.947 | 130.03 | |

'  fier |1 | 532 | -0.o7862 |o.839 | 77.28 |

§7F | 2 6.95 -0,06800 }Jo0.876 | 100.8 . ;

. water, P: Pneumacel, and F: foam,
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oAW/Mc/72- o a

Although there is no one attenuation coefficient that

describes any material, the averageﬁgf the:coefgicientstfggrgiz:g

~ water and water-foam are nearly equal and one half of the .

.- coefficlents for water-Pneumacel, -The data points and curves - = -

are plotted together for each drop helght (Figures 20-23),

-Although- the Py values determined by the ourve fit will be ;igef

used to- represent experimental results In some comparisens
to be made, theyfare:not results of thé experiment and may'
be in error toa significant degree. The rélationship be-
tween “‘the: impact‘velocity and the initial pressures in the
different target materials was estimated by plotting theser
’,extrapolated Py ‘Values against the impact ‘velocities in

Figure 24, e Teast squares curve £1t of the "data" polnts:
shows the pressures in water-foam to be approximately functions~
of velocity to the 155 power, while pressures in water-Pneu-
.macel approach a maximum of approximately 30. psi., This
swould indicéate that the pressures generated by the shock
wave phase of hydraulic ram could be significantly reduced
by the addition of a gas filled foam, such as Pneumacel,

Fowles (Ref 5) calculated the pressures and depth at
which attenuation should begin in "oerfect" materials, His
calculations predict a step increase in pressure with no
attenuation until a rarefaction wave refleoted from the upper
‘surface of the lmpact dise arrives, and then a continuing'
reduction in. pressure occurs, OCalculations using the Fowles
theory for an aluminum disc impacting targets of water and
of the two mixtures whose propertles were calculated using

simple mixture theories (Ref 10) predict much higher

37

e e T e i AL R A S S - P T S S R .|

WM L
Tk et §

i T

b S

uu‘
T TN e

'
it one i B i) B o B




T ors e
R Ll ™
g “ € Ay
FPARTHERTETEN BT of S5 b R i Ky |
SV R A

B PR AR

e '

)
.
N
s . 1 ¢
oy . i3} :
—— Ney—— N ,
, E - i ) ¢
. ‘0, i s : x. ;T ,J,
Y i B :
. g roton ,-m,......win. ..«.m y
| icatitiis sifhii s £ o = i Q ;
_,W_, TN e HHEEHT HHTHHH fb?% L; m H m ﬁ
| ; t 13z as : S A K
 iispinn T e EERRRHHILHY oo i :
| etk asy,  fddd oo Inheske E ;
i eoee LFH th . O . i1 izl
[ e { e ¥ | TR EEE LT O S AT ST ,
SN (it g o, SHIIHLINRAE S AR o
..l: N 44 HT3 .. g 1.,W nwo ,41“4 ,;.1.“ .I-* ] e u..“ \‘.«.w w.m » > ,_
’ AUMA s .r AWL : w .m— e‘up ansdynaa d ...}-lmﬁs £ i DALOG‘G,H.AA' ...- o_ i o~ K~

; B O RO, IS o 5 © T 3 il | s & 8
! qule » a . 1 " ] u,”, e be : .o

..L....; ,.y FH I H :om* w P Am S;,”MOM B ”.‘ 1 AN A u.w,m ¥ r# m 3 ..n. m m mw l:ll-\ Q M

HHHHE o o, = _ HITHEHIE . : e ©
8 Eyes 13 2 . Y :,JJJ el .m MW M ho i . .i,A - uhwu 4 (o} I [RE4 48 T < w n

Rt o8 O o & o8 T S N L HERtQ - Q

22 3 FEYS TR H &,.J?v..,,, (3 4 W u e o - Rufife L 4 L .“l O - (=3 i mﬁw 1 fo L | (101

R H T TR AQHQ 58 UG o [ W THHTHERG S Jak 3 & 8 = @

BT TH TSR A diefee e, O, . Er ki ey 3 40 c g
g . : it o ] A H il I 1 0 i
bl rees e TR HEITHE T 1 ROty T IR LS ] !
I IS HHHEEH RIS 1t S REE o .
! : NS e HE Sl L), 4
. - ,\_ 1} ' Q (4 , %u .

L | L ol s i ;

Hi IR A o MR < 3
: . 1 I - 11 ﬁqv‘ ¥ wﬁﬁ L rn{v-,lm.,.;xm m ; P m ” ) 2 ik N ‘m
i 1 3 Q1 f : : —4i “

il } HHHHHO I R - T4 2 *N. * Hr _

A TR oa il £ yAIEHIN A HiE

i . i ! T i H

il g IIALT A
et ' 4 r - Y !
i | , o T ZiH _

ik - o : “ IHIHNY i A ,
. _ iy 2o it 7 i S 587 411 SIS
i T 2 S
8 1 - ’ ﬁ. ) ] 1) : Wf1 B [] _ %. A
1 ) 1 L PO » m. ¥ .
, i LR L

(tsd) sanssaag .

B s Aol S5 Dl
S T B B 8o R B o
e il RSads! e !

»

b, 3

e AL IR A
"




T L TR

! i ¥ A TSN G0 T F i

v (A

AT R _{ L R o T e e T e e e T e
i ; f ! ® i b 1

S

ok sk 1 ) e A A IS Y e Y . y e Y. | . . s L« - V,
.w 1 . ) S Lo
T.. ¥ , i ' , , ! * oo
i S
W | (s384) sanssodg
,w. f . 18w . ; Wt \0 , '
w T T ﬂ
. " ! o 'n e
\ ' A
b | L ' FLatdds 4 344 444 [ +4440 )" T
w “ . S,N“_ ] HHHTH ngﬂ o
: oo ] 1assid PP 122 2 LT i ,
w S ‘T b o ~ W o B HEFHTE n.xlu I .
4 , » o ,G.u,nﬁ:‘ EHEHHHE L35 : E a
| \ n, c Wr c, s -4 44434 3444 b4 o .
: L = x :
o o Cooom ] i ] ! 3 ‘
o 2 oo . BRIt s :
o8 Bl , T[T f
. ct v o . IR - 1221 ,
B £ 2 RN o e R IFESTHE .
ol < 3O it pes ﬁr o *Lu 3 11 . ot
, , B £3 S wiely HaH .3 L. ~—~ ,
. } ) easang i a0 +1.4] # L) P | ’l/ ;
S oo , DUSPIPIUOUOINIOT: +x55y pheshfiitd oyl HI e & o g
. . Ca s AEyuN sy ‘) : ord D
1 H Sggaddnng 44 6,7 413 - m ~ — e p
, LEN §4 (13 LU P W1A,o, -4 r m K
saRR fisupiadgivaill P 1. ‘Hi 5
R =q ] IR
' _, B yunyy 4 (+41 ,100,..; I HM” : ov,_ Q. o [ 2] ' 9
o S o HHHTL 31 ! ] &= > ™
_ Eppssssant AT RENRL S g s i 0 '
; E:;rw ! : sasit i i i =
ERIN ﬁ HH is _ i ' w
i T.T 1] m“ ! . B
. R Hii il : il 2
T T \ y \ il A
) T 111 WLHEH T | N . .
IR E M\ N EHY IR
! il 115 i ,*ﬂq/:im i
\ . ISR IS 1F % ] IR 1Ie
BT HHH T § LH. /il 1 l;mL ﬁ | iviy: w
, , " b 1esatast THIHHH H 1 St anrerne it i e lhinighs
. . Hduz . ” gae 7«.1vL HH AIW 4 X ‘lm UL r.- m“w -4 Im m -4 »w! » fn ’ 1 R . ,
LY i m 3 : A4 i : : ,,
“« :_, . o ¥ - — Ao .

=

A,

G
200 -
175

-
o
n
Q
~
4]
=
3
2]
2]
k

Hiduress

e
e




AT BT AR WY LT IR PR TN ET T A TS R RR DT E e AP IRTROE b HT TR N 1

T i A L LU B N s
W

RN

g A e v T T

. o0 0

0

. ¥ 11T ' ¥ i g |
: it s s il R R BRI R U T 3
Alﬂlu :d‘d.-----ln—u-w-‘ ] el .AJ Jiu - . ) = .
41 E E By SR gRTFERE ERIRANS L facd
. (L %{ﬁ a P EHT R 11 3t
3+ ord A4 1 ARE. 4 BENS FREN 4 " I} ]
i TR e e e T e R fhlli ,
FoD o 9 et 1 : ,
R o & 3 T HEHER R \m el | 15 :
s 7Y - | m. eo RAyun Fiiieiditidi94t 344 1114 A i ....._
H n ‘ b rmug T THT EEagyreney ¥
mx.m 43 Q O 3e. Rt g BRgalbrlal DM WM I m Q.
. wlx,.m w Mcc T - .7 o)
H- 3 R H H . 1 5. : .
Ml o £ “up, SR e it ) AT L =Eilibo &
oty 5ral 2,0 £ = [/ B ] THECH R u.l_.: H & o - § P : t
. fHiH Do o o . FHERHHHHERH M EE UGN ¢ 3 HHIL s
pe o m.-w < > m& . hyune » 1 o rr.‘ b8,xL N PEY .
T LRI e B0 L -2 11 (i ety oaks batat 1ot BESRRRRSS HIR 0o 11 H i v
i« ae & oo : HIf LHE o — —
. T 4 ey @3 geeitt R E P R E s O it 1 e o ;
nay sad Fusidgds [ II1E e S IITIN u < (41} -n’ "
. 1 14 T s wes fur
i HaR IR IR~ S B 1 < o B
3 S BRI e Y T MY wey o F i{H 1 2 O ,
1 wﬂw, SHTLHE w3 BERE R HiHH M IIEE 34T ] 1 : S8 9 m ‘
ol Sl tEftd sheda LIRS T fessd doc i bagud foskifatt] IpF 311k 3 gt W !
: . i f yu 3 ;:m _,Ml 44 4 AA - Lr w ,Mh . ‘oo 3 p i I
i 1K i E Beoh ThiHiHR RS RETE ~ i K = o o ;
3 K ..,a‘ o ¢ 1 4 .. — i " o i > =
13 HE : FE SN A S TR T RE RE SRR R R R R AAE L ? ,x,w.,..“ o \- il - -
8 .w b U gh xs% [ S534 ¥ 0 m.u J ¥ m - I i m '
g pye gy ] v " T " - T . !
3 1 : = p tEH i HH Aill & o HHEHE S ] i ] = 3
! 1 ;. s OLiHHL S« . @ 4457 n ;
pimnn iy o «Hin 11T A ICaRIRTI S 1ir ii 0 ,
+e 15 1 4 e OH vw AERS NS [e0] | - m : s L
. [SS1iRa0t B2 i TE 34 A o =L . 1t i m
LRI HIHE rod SRR AT S S i/ i &
D e aidi LSt 3 ST 3 e e 1:4f) 1 PN
R R e HHHTREALN O T V i
il Bl 3 135 | HIONLE: ! i
TPy prrywey RSBl o s 2% Tt t Ow . 4
HIN I NifaE @ HEHHIH HiHEES @ 1HIE i
i ! H 23 R R 3 WA X T 1 H 13t
] a8 A G T = 1t e i : ,
$ 34 LL W,..ux Wxx w.; o I T L 43 Y..Mx agy m nma 3t * mllll..lvm..w. m i "
. 334 ST pInRAsas a3 RIEE o fi L . . ,
11 ; e AT o i BEH § -
$ Ldia»2 143 o
“ hﬂw“:.hum 4 i+ 13 \M. .
. iy " e i csiassaumngy O
o mn O i o wn (@] TeY o . .
§ § 8% § § = & &
(Tsd) eansssag
" \
. |
. 6] O 4
' L] [ ]
TS 'Y hd 4 _,._
%..(ﬁ,ms_‘
bt ot ' y LI gttt ; ; ; ; i et




e ;{g’y‘;{r{"ﬂyw 'f;'}i‘“!“t';:“ :

s AR S S R O N g TRy

¢

3

» i

E

. . &

- 3
7

e

2

S o Funee muz EaTh d

y e o e
Do a8 hlaas rug o na ”"!. T tm ot 28 3030 3
y - CL [ SuRgb an i Bun sy Eh re
ey e T apa poahG RS 34 K taay Saxe 1
.4 ARS8 (o URal IR RS Dy
oS B
hé ¢ T o <
=t res T ey - b
a1 - g R 1A% po;{l S k
i

> ,,\ - JARS BENES EEBES A AN vil acpuatntn, ' . :QP.'131J.m9.nel

-surves are least
H Squares curvg £it :
for . PeP 3

10 Mot T DTN 4 e 0 AR R Ny w2

= C[ B
N = oy -
: 150 o 1
5 it 34 10
a4 ='
! -3
+ {r
~—~ u: =d |
] Ml H
[/] .~ a
> = R
L purm ¥ i._
oy -.,4-!
. > = 7
g 7 i 1

%{

Pressure (bars)

Pressure

N30
JAEN4 o a
+ :
; +
* : e
RN ALES]
s y
r —
L it
e o
x tedom pure:
as
ye was 194 N
+ 1 -
pmeie § pori
P S47S pitet :
+ 3
M

8

‘ . Figure 23 : :
.. Co _ Pressure.vs Depth, 2 m Drop :




Sy ¥ Tf;"""}

R e

'4‘“55?-2

200 400 ~ 600 _

Shedd |

i ol 's Do b et

fo z &
SUPOY PPN L.—.-‘ [EFROR pepre ey - P il &
[ HRMENS Jof QARS i pubeog 43 pogiie pures : 0 S8 -
dhhal TXS adbehand XA o X DAY X 2 PR N N R ] By B »
oo poe porface bo o PRpny Gy A SUNPINE PR T S g
PRER BORGS Seisy iiuny SeSa Pl % PRONS WrSd Pad
e PRS SO Sy RGP UENn SRS Y SIS SPUNE M PYGtly Suie ey
po - (RS T8 PORERGRRE I Suby SOeta Pyt $ Uning Qaidt g

S Sss bt =

H
T
<
H]

AR P ott Paivd Fles fevte & .
i Data Points) x
Po extrapolated:
A vater
foan i
Pnewnacel
’21
i "r\cumacel' X
| EUNNEES o = 30(1 - o~0-00655V) 7
Pty Do R ot _P.‘;-...;;.;ﬁ;x,,q;;ugu' 114 -
- m—— v S —— s
10, 15 20 25 :
Velocity (fps) :
) Figure 24
Po extrapolated vs Veloclty .

ooy

Wt il

s Fpis e % ‘:‘Eé;zééﬁ'iﬁ‘;’i"i:“‘; o T - T . - - _
L PRI e . . L e i - _ - = N -
N TR A




GAW/MC /723

pressures than were measured in this study, Table III,
Appendix C 1lists the theoretical pressures, densities,

shock wave velocitles, particle velocities, acoustic

velocitieé, arrival times of the shock waves and rarefaction

waves at the different gages, and the tiﬁe and depth at

which the rarefaction wave overtakes tiie shock wave,

R S

Assuming values of P, as glven in Table I obtained by

extrapolating back to the surface are at least representative

|
of the actual pressures, the Fowles model predicts pressures ;

that average 8.3 times greater than experimental findings

i i u’n"‘*“ RO YA T A AP

N 2 -2

For water, 20,4 times greater for the water-foam mixture, and

2,13 times greater for the water-Pneumacel mixture, The

o
i

T
B o

simple mlixture model used predicts that the water-foam

WA o

mixture will be less compressible than water and therefore

i e A P R A

give higher pressures for the same 1mpéct velocity, The .
experiméntal.results showed lower pressures for the water-

foam mixture than for water, thus pfoducing the great differ-

TR AT,

ence, The mass fraccions used 1n the water-fcam calculatlons

were based on manufacturerts data gilving the volume fraction
. of the foam as 1.8%. Experimental measurements (results for
all mixtures listed in Table IV, Appendix C) showed the
volume fraction of the water was abproxima?ely 92%, revealing
approximately 6% by volume alr present, Computing the

préssures considering 6% by volume air to be present in

the water-foam mixture led to the predicted pressures an

ot i S R ST R S k) Rt DS

" oS s i AT O SO At o B At PSR
TP AL G o SRR ;‘M;""“; T T PSR D Sr3mie ks ST LI RO B b R P [ Jf
f

average of 2,36 times greater than the experimental findings,

-

The remalning differences between experimental and theoreti-
& cal values are likely due to the fact that Po was estimated

43
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by extrapolation and due to trapped alr providing some

cushioning of the lmpact dsic, Since the experiment was

conducted in che alr, a thin layer of air wes likely trapped

between the lumpact disc and the target materlal, decreasing

the pressure generated by the impact,

Consldering the water-foam mixture as a porous mixture

with roughly the same percent volume of gas (6% air in the

water-foam, and 7.8% Freon in the water-Pneumacel) led to

the question of why the Pneumacel showad significantly

greater attenuation than the water-foam target, Freon, with

a gas constant of 1,12 is considerably more compressible

than alr, Theoretically the limiting compressibillity of ailr

1s 6, while the same limit for Freon is 17.67, nearly 3 times

greater, Thus the choice of Freon as the gas to be used in

the mixture 1is important since for a glven volume displaced

¢ 1t 1s capable of producing greater pressure'attenuation. The

significance of the compressibllity 1s alsc shown in the

theoretical calculations, Table III shows the depth at

which the rarefaction wave overtakes the shock wave 1s

. hundreds of centimeters for -water and for water-foam, but
less thgn 1 cm for water-Pneumacel and water-foam-air,

The arrival time of the shock wave at the transducers
was 1in gooq agreement with shock velocities calculated 1in
water and the mixtureé 1f the water-foam mixture were con-
sidered to be water-foam-alr, The pressure rise in the

. water 1s very.steep, approaching the step jump 1ln pressure

AIRLATTUR TR AT B PR AR SR BRI S T T ST

expected with a2 shock wave, However, in the water-foam and

water-Pneumacel mixtures, the pressure-pulse is less abrupt,

Rageialags
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becoming quite diffused with distance in Pneumacel,

The alr present in the water-foam mixture was included
unintentionally in the focrm of bubbles trapped in foam cells,
Most -of the air would not have been trapped In the foam 17
fuel had been used Instead of water beoadse of increased
wetting with fuel, Consequently the attenuation of pres-
sures in a fuel-foam mixture can be expected to be much less
than measured in rtlae water-f;am-air misture,

Experiment EE. Most models for projectile impacts into
fluids, Por example Yurkovich (Ref 12) considered that all
of the klnetlc energy of a projJectile 1s deposlted at the
point of impact, This is not the case in general, and espe-
cially in Experiment II where the projectile was fired into
tlie fluld through a thin Mylar film, When fully developed,
medels of the pressure fleld, such as éhose by Bristow (Rgf 2)
and Lundstrom (Ref 8) should be able to predict pressures in
a balllistlc experiment like the second part ¥ thls research,

In additlon to i..e pressure generated by the 1impact,
gage 3 sensed pressures generated by the projectile moving
through the fluiﬂ, To look at the attenuation of the
initial pressure pulse, 1t was necessary to see what pressures
the gagé recorded at the time the initial Qulae should have
reached it, This pressure was much less than the maximum
pféssure recorded by gége 3. ™gures 25-27 show the plot
of pressure versus dlstance for the three target materiais
for representatlve shots grouped as high, medium, and low
impact velocitles., Since only three data points are avallable,

simple curve flts were used and no attempt was made to
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predict an extrapolated P,. Altpough a comparison between
:‘:) ' the two experiments cannot be made on a one to one basis, it
’ ' shorld be noted that the depth and distance between gageé 1l

and 3 in Experiment. I is the same as ‘the depth and distance
between gages : and 2 in Experiment II, Comparing pressures

-

on this basls shows much greater attendation in every rase.

MW L

in Experiment I1I, This 1s to be expected since the shock E
wave attenuates by geometric divergence in addition to mechan-

ical losses, Figure‘28 shows the presaure'versus distance

N T )

for the highest drops of Experiment I and the low ‘velocity
group of Experiment II plotted together and shows -the increased

PO T b U 08 2.

 attenvation in Experiment II,
Many experimenters with hydraulic ram (Bristow and
Lundstrom, for example) feel that the pressure field phase
"<i> 1s the major damage causlng mechanism, Since this 1s the
« major soufse of. the pressure pulse recorded at gage 3, it
is interesting to compare the magnitude of the feadiﬁgs of |
gage 3 in the three mixtures, Figure 29 plots the maximum §
pressure recorded at gage 3 versus the impact velocity, f
Pneumacel clearly attenuates the ngority'of the pressure
- generated by the moving projectile, As in Experiment I, the
water-féam mixture 1s actually watef-foam-air mixture, and
the pressures shewn are more attenuated.th;n would be the
cése in a fuel-foam mixture where little air would be present,

In Figure 29 the greater scatter of data points for the

water-foam mixture is believed to be caused by the inhomo-

genous nature of the air bubbles 1n the water-foam mixture,

uq

e - C Rl . - — - eam
. R o mtE— . o - — -~ - - - . - - - . N
it = kX ek A N o, (I TR s e T T es reee T - L o s e
e X A TN, T D TR T I
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VI, Conclusions and Recommendations

Conclusions

1, Plane shock waves can be used to simplify the study .

of some aspects of the hydraullc ram phenomenon, such—aé'fﬁiv-géj

relative attenuation of materials,

2, - Attenuation shown in plane shock wave experiments
is less than tne attenuation un&er similar circumstances
for ballistic tests,

3. Incluiing a small fraction of a gas in the fﬁglaﬂga@'
mixture éig@ificantly reduces the magnitude of prgssure pulses
at any point and increases the attenuation of bressure pulses
that are present, | . .

L, The addition of reticulated polyurethane foam doég
ﬁﬁt significantly increase the attenuation of shock waves,
Since some alr was known to be present in these experiments,
the major attenuation factor 1s believed to be the air
present, )

5. Air is not the best gas to use for the purpose of
increasing attenuation. Freon or another highly compressible
gas produces greater attenuation for the volume 1t displaces,

6.- The impact assembly used in Experiment I is not a
satisfactory method of calibrating Kistler pressure trans-
ducers since the gages must be mounted some distance from
the impact plane to protect them, and because the presence

of_an alr cushion under the impact disc makes it difficult

to predict exact pressures created by the impact,
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Recommendations ‘ : .

= -,

1. Foams: with avcbnﬁnéiléa;aabgnt-ofAé gas should be

included in future tests of hydrailie ram defenses,

~ 2, Foams with various déﬁéifies, various amounts .of a
gas, and various _types of gases should be investigated to _
determine their efficlency in attenuating hydraulic ram type
pres&ure;puises. . , '

- 3. ‘A.-foam should be designed which will combine the
flame front supsressing characteristics qﬁ%@eticulated~poly-
urethane ‘foam and the pressure attenuating: characteristics
of a gas-filled foam, | o

4, Fuel should be used in tests wherever possible to
reduce the amount of air accidently Introduced into the
experiment,

. 5. To decrease the volume of fuel sacrificed to foams,
the efflciency of using layers of various thickpesses of
gas-filled foam next to the.fuel,cgll wallszzﬁdAnO'foam, or
a lower density foam, in the center of the tank should be

tested,
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Appendix A
Target Materigls
Pneumacel

Pnédmacel, shown in Figure 30, i a new Du Pont product
now in pllot production, A small supply of Pneuﬁacel was
made available for this study by Mr, Cslin B, Blakemore,
Christina Labratory, Wilmiﬂéton, Delaware, 19898, The follow-

ing information is also courtesy of Mr, Blakemore (Ref 1),

Batt Characteristics

Randomly oriented, thermoplastically bonded
Pneumacel fibers, )
Density: appx, 0.2 1bs/eu £t to
appx, 3.5 1lbs/cu ft,

Thickness: appx. 0.2 in, and up,

Chemical characteristics similar to:
poiyvinyl acetate
fluorinated hydrocarbons
"Dacron" polyester fiber,

Fiber Characteristics !
Small, uniform, polyhedral cells, |
Thin, highly oriented cell walls,
. Low density- appx. 0.023 gmscu ch,

for individual strand which included 12%
by weight of an inert inflatant,

. W T e

Compression strength:; essentially undamaged
@ 3,000 psi,

Chemical properties similar to "Dacron" poly-
ester fiber and fluorinated hydrocarbon blow-
ing agents,

Adjustably pressurized (1-30 psig).

Note: Pneumacel in 1ts present form is not recommended for

P
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use In fuels because the fuel may soften the material used

to bond the fibers into a mat,

Reticulated Polyurethane Foam

Figure 31 1s a picture of the polyurethane foam used
in this study,

Foam Characteristics

Appx, 15 pores per inch,
Denéity; 1.3 1lbs/eu ft,
Volume fraction: 1,8%.
Retained fuel: 1,1%,
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Photograpn is approximately to scale

RETICULATED POLYURETHANE FOAM
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Appendix B

-2,

Equipment Calibration
The Sangamo 3562 tape recorder was set in the FM

recorc-playbacs mode and calibrated according to the tech-

nical manual, The output level was checked by recording a

NIRRT N

Ve o i
o oA 1 ik A YA ‘-ﬁﬁi‘;ﬁm

1 KHz, 1 volt signal on each channel and checking the ampli-

tude and wave form on an cscilloscope and Visicorder, A

25 KHz, 1 volt signal was also recorded and checked, This

signal was 5 KHz beyond the recommended specifications of

o L s AR

the tape recorder, but the wave forr and voltage appeared
good,

The Honeywell 1508 Vislcorder Oscilloscope had six

Honeywell M-3300 subminiature galvanometers installed, and

éhe recorded reference signal was played on each channel
for a systems check,

SR 4ty R R o
Q.

The galvanometers have an undamped

natural frequency of 3300 hz and flat response {£5%) from

0 to 2000 hz, The Visicorder specifications stipulate
linear performance within $2% for peak to peak deflections

up to 6 ir, Maximum peak to peak deflections encountered

in the experiments were 2% in, The reference signal record-

ed with-the data was played on eack channel as a calibration

prior to the final playback of data on the Visicorder,

The Kistler 603-A pressure transducers were calibrated

for 1000 psi/volt and 100 psi /velt, All gages were simul-

FRFRE . § B o ey ,\mub&i’m.ﬂﬂ.‘%“tr’m AR ] A k! il e b Pte 3
i o Lk, "
o 2 Ny S
b
; W sl TR 3
Gl S, £ S W

taneously tested in a manifold made of 2 in, diameser steel

o
0 ke 0 w0 L e

pipe fittings (Figure 32) attached to 2 dead weight tester,

The first two calibration drops were used to determine
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Figure 32

Pressure Calibration Apparatus

which calibration of the charge amplifiers gave the best
results, The 10CO psi/volt setting proved too .insensitive,

so the ioo psi/volt setting was used throughout, Calibrat-
ing the Kistler system in accordance with the tech:lcal

ménual required static'testing. The charge amplifiers were
set to the long time constant setting and calibrated pressures
from a dead welght tester were applied, This type callbration

may or may not be accurate when the charge amplifiers have
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the short time constant setting and the gages measure very
‘:’ dynamic pressure pulses, However, the magnlitude and shape
' of recorded pulses in the experiment were well within thé ‘

. range of resul:s obtéined by other rescarchers in the fleld,

and the relative values should be accurate in any case,
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Appendix C

Calculation in Support of Results
of Experiment I

Veloéity of Impact Disc ~

To determine the impact veloclty of the impact dise,

PN . e vy (LN oL BTob g i PESAT 5 Y Doy oy
TR A Bt e o AU S AR S T

the time required for the impact assembly to fall the distance

between any twc of the contact brushes was physically measured

TR TR BEN

on the Visicorder film by comparing the initlal contact points ﬁ
of the brushes with the recorded 1KHz reference signal, The %
results ﬁére tabulated and each d}op>was plotted on 10x15 in, §
graph paper, A smooth curve connecting the data polnts was %%
extrapolated to 47, 54, and 54 cm points, The average vel- '%
oclty between any two data polnts was calculated by %
Vayg"AX/At. To obtaln the velocity at.the impact point,

. k=47, the values from the extrapolated curve were used with :
Axe (x254)-(x=40) and At taken from the same points. The
veloclty was also calculated for the points x:=5, 15, 25, 35,
434, and 45, to note the trend of the velocities as a check
against large errors., Table II lists the results of the

measurements and calculations and Figure 28 is a sample of

the graphical solution used. e )

Theoretical Pressure Calculations

To determine the theoretical pressure at impact, three
computer programs were used, In the first program, the 3
Rankine-Hugoniot Equation énd a linear Hugonlot equatién of

state for water and aluminum were solved slmultaneously for

the pressure, given the 1lmpact veloclty and constants for

62
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Impact Velocity for Experiment I
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[ Impact Velocity Calculations =
i R N ‘ 7 T T . . ';,‘j"ai B ":m:j:l'g%l: z
, 7 viav | veav | vgav | vyav v5av‘7xv v*10 v7gv’llt L
1 51 68.0 | 58.0| B0.0] 30.5| 21.0 130.0 | 40.0
! 156,2 | 208.2 | 250,0 | 290,0| 333.3 |333.3 350.0 3
6| 28.6| 26,7 25,7 22,9| 14,0 1 19,3 | 26,9
: 349,8 | 374.2 | 389,2 | 437.0| 500.C |518.0 520,0 ’
§ 71 21,3 20,7 19.8| 19.0{ 12,7 | 18,0 28,7
g "~ |470.0 | 483,0 | 504,0 | 526,0| 551.0 {556.0 |55T.0 :
| ' : ’ ' g
* 8| 17.75| 17.3| 16,7 ) 16.,4| 11.65| 16,25 | 22.6
* ssz;o 578.0 | 598.0 | 610,0( 601,0 "[616.0  |619,0 3
| ol 64,21 47,5] 39,4 34,6} 21,3 | 29,0 38.8 i
155.8 | 210.7 | 254,0 | 289,0| 328.8 |345.0 360,8
c 11 | 28.5| 26,4 | 24,9 23,5| 15,6 | 21,8 | 30.3
G 351.0 {379.0 | 402,0 | 426,0| 448.0 [459.0 462,0
12| 21,3 | 20,6 1.8 19.1| 12.8 | 17.9 o4.8 :

: 470,0 | 486,0 | 505,0 | 524,0| 547.0 |558.0 564.,0

13 | 17,7 | 17.3] 16.75 16.3. 11.6 | 16.25 22,

565.0 ‘578.0 506.5 | 612,5| 604,0 [|615.0 617.3

| 65,8 53.5] 34,5 34.,8{ 21,5 | 31,0 i2,6

1%52,7 (227,51 227.5 | 287.2| 325,0 [323.0 329.0

15| 28,51 26,6 24,9¢ 23,7 15,4 | 21,8 30.4

351,0 |376.0 | 401,5 422,0| 454,0 [458,0  |461.0

16 | 42,1 ° 42,1 19.8,; 19,14 13;0 | 18.6 26.0

476,0 476.0 505.0|523.5 538.0 |538.0  |539.0

7 | 7.7 | 17.2| 16,8} 16,3| 11,5 | 16,1 22,5

- |565.0 |582.0 595.0‘613.0 610,0 |621.0 [622.Q
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the linear Hugoniot equation of state for each material,
(:>* The the partlcle velocities (U), shock velocities(D), and
densities (p) wer. “ound for both water and: the aluminum :
disc, The speed of sound (C) in the materials was calculated §
from the expression C= g%., where %fL was solved from the
expression of density as a function of pressure, Once these
variables &ere calculated, the time of arrival of the initial
shock wave and the first rarefaction wave at each pressure
gage, and the depth the shock wave would travel before atten-
uation begins were calculated using the solution by Fowles

(Ref 5). To obtain the same information for target mixtures,

T N T Y T IN
—

the simple mlxture theories by Torvik (Ref 10)‘wefe used %o

I Fu o

e vay h AW 44 el A vk P B3N o
Ao W g TP AT PR Ay QIR RS sk
A 3

F calculate the average density of the mixtures-as & function

of pressure and mass fractich of the constituents and this

T

program inse “ed into the previous program'to calculate

pressures, particle velocities, ahd shock speed, In this

g A R A e o
RSPl AR L
o
Py

case, the program iterated preésures until a solution was

Y

found satisfying the conditions of the given impact velocity

TS B rge
IR At

= and the linear Hugoniot data for the aluminum plate, Once

A

the impact pressure was determined, the program calculated

g 4

the acoustic velocity in the mixture.and the arrival tires
for shock waves and rarefaction wavés as before. For a more

complete discussion of the simple mixture Eheories and the

i, R LY I R

Fowles model, see Fischer (Ref 4), An explanation of all

B it
A DS WABTRARS B B W e % 2 R ST

terms us~4 in Table III appears at the end of the table,
. - The mass fractions required in ﬁhe previous calculations

were determined by weighing the various constituents of the

N S o W
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*

target mixtures on a beam balance. and from manufacturers:®

" data on the foams, The results are shown in Table IV,

b 0ok ' o0 e aid e 0 ip L
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Table IV {%
Mass Fraction Calculations g
Material . velght Mass Volume &
(oz) Fraction | Fraction E
total water 188.1 %
— 3
water 173.5 §
foam u,7 'g
i
water-foam 178.2 §
Lo (2 part) .973625 §
mixture E
for .026375 §
fow (3 part) .922381 3
mixture E
. for .0180
£y atr .059619
£ (3 part . .923625"
mixtur 3
£or . e) .026289
fug .000077 R
water 162.3 ;
Pneumacel . 1.5 é
water-Pneumacel 163.8: i
i 3
£ .990843 b
b
Tm Pneu.(12% Freon) -009157 P
for .008058 |
P .001099
£ou .362838 ;
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Appendix D N

Tabulation of the maximum pressures and impact velocities
1
-~ of Experiment I and II follow, In Table VI, P3 is the

approxir~te value of the initial pressure pulse at gage 3.
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GAWNC /72-3

Table VI
Tabulated Results of Experiment II

Runj Impact P P P3 Pé
Velocity r:7.,5 cm r«15 cm r=30 cm rs«30 cm
m/sec fps | var psl | bar psi | bar psi | bar psi
wfjuso 1571|1448 210 5,52 80°| 5.80° 100 | 0.69 10
2w|677 2219 14,48 210{ 7.58" 1107 | 9.65 140 |1.72 25
3w|767 2516 14,48 210| 3.52° 80" |11.02 160 | 2.7T5 40
wi|ssy 2896 16.90 2u5| 6.89" 100%|10.33 1501 2.75 %0
sp|lu77.5 1566| 9.65 10| 0.41° 6%| 0,28 40,14 2
6pl6s1 2030 12.06 175| 0.55° 8*| 0.55 c.14 2
7P|875 2869} 10.68 155| ** x| 0,55 0.14 2
8F |492 1612 12,06 175 ** *% | 1,52 22.| 0,69 10
oF |677 2219 12,76 18,5 ** * | 6,21 90 {1,033 15
10F|862.5 2823 | 14,48 210| **  # | 3,10 451,38 20
11F |446 60| 14,82 215) 5,52 - 80 | 5.17 75 1 0.69 10
127|665 2180 12.41 18c| 4.48 65 |i2.76 185 0.69 10
13F{842  2759] 10,0 145] 3,44 50 | 9.79 142 | 0.69 10
wploor  1333] 3.1 45]0.55 8 | 0.55 810.38 5
15P |554 18161 9,65 1u4c|c.69 10 | 0.59 10 j0.34 5
16P {836 2r40{ 8.y7 330} 0.97 I# | 0.95 14 10,348 5
17504 - 1€50| 16.52 2uo| 4,48 65 [10,00 14511.38 20
184 ju45 1459, 15.50 225] 3.4% 50 | 5.52 80 ]1.38 20
|10 |662 2040 | 14,48 210| 7.24 105 [12,42 180 |1.38 20
,1521_?39 2747 | 16,52 240} 8.,7 130 {13.79 200 } 1.38 20

*Data questionaole
*4NO date

fw:

water, P: Pneumacel, and F: feanm
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