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When & full, or partially full, arrverairt fuel tank ia penetrated by a bigh §
valagity rrojeatile, a phenoworo. known an hydvaunlic ram of fect, created by tae !
passame 67 the FPOA"ULLAG through the finid often tauvses massive damage to the tank,
his gtwidy wag conduetod to conbinue exporimental 1nvcstigafion ol the atteruwacion
of the hvdraulic rom effect throush addition of a pas to a Mel-foam mixture, {
"o vests werce conducted using btwo tvoes of vrojecitlle (% in. astesl spherez

: apd 0,50 calibor owival projaobiles) which wece Uired into a test tank, - The tank

Edgas filled first with water and then a waber/Pneumacel mixture., Four pressure i

%‘ trangduesrs were located in the back wall of the thnk and two pressure transducers 1

1 dare locaced inside the tank Lo mecaure the PrRssute. Ul 988 rn e o
The initial pressure pulse caunged by the projectile moving through the water ;

$llonn wan measured durdng the tirst seriss of teats. A signiticont veduetion in

chils pressure rag noted duriny the sacord geries in whieh the watur/Pneumscel
yuixtore ves used. Yt was also found thal a projectiles moving through the fluid
.arentes a cavity in ity wake. When the cavity collapsug, a prossurs wave s gen-
erated. The cavity created by the pasgege of the snoeres throuph the fluid was ,
§ «mad1l and the pressure wave pemerated by ita collapte was ingienificant when conpared
i.to the anitial pressure wave., How~ver, the pressure wave erentod by the c¢ollapee ]
;,of the eavity behind the opgival projectile wan approxisntely tho aame maoni tude ag

¢ the initial pregosure wave, Tt appears bbhat this scecnd pressuve wave may de a major
contvibitor to missiva fuel tank damge, During vhoe second series of tests (water/
Preuracel mixture), this presgure wave wos significancly reducad,
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/ Prefaca
/ This re'por;t represents a continuation of experimental studies

/ : . .
of [the hydraulic ram effect and its‘ehf_ifec}z on aireraft fuel cell

8y vabi" ity. I hopn that the infomation contained in this report

All lead to f‘urt.her research and development in the area of fuel cell
,éxu;-vivabiuw.
/,// “ I wish to thank many individuals without whose support this
/ ~research would not have been possible,
/" © Specifically, I want to thank Dr. Peter J. Torvik, my thesis
| asdvisor; Major James Wade of the Survivability Division of the Adr
/ Force Flight Dynamics Laboratory; Mr, L. Gilbert and the Surviva<'
/ .bility Test Group of the Air Force Flight Dynamics Laboratory; and
/ Dr. Bernard Lavery of the Du Pont Corporation who supplied the Pneumacel
! and furnished information céncerning it.
/ | I also wish to thank Mr. Charlés Anderson, Mr. Raymond Settlea,
/ and SSgt. Karl Aune for the many hours they spent helping me £ind and
fabricate equipment and conduct the tests.
/ And most of all I wish to thank my wife, Mary Flizabeth, who

spent many hours reading rough drafis and running our home while I

was doing this work.

John R. _Brveuninger Jr.




eﬁﬁerimental studies
1”craft fuel cell
” . ontained 1n this report
uill lead to fﬁrther research and development in the area of fuel cell
survivability. v ‘

I wish to thank many individuals mthou’c }uho;ze aupport this
" research would not have been possible.‘

Specifically, I want to thank Dr. Peter J. Torvik, mv thesis
advisor; Major James Wade of the SurV1vab111ty D1v1sion of the Air
Force Flight Dynamics Laboratory; Mr, L. Gllbert and the Surviva-
bility Tv.st Group of the Ainr Force.Flight Dynamics Labbfétory; ana
Dr. Bernard Lavery of the Du Pont Corporation who supplied the Pneumacel
and furnished information concerning it.

I also wish to thank Mr. Charles Andersgon, Mr. Raymond Settles,
and SSgt. Karl Aune for the many hours they spent helping me find and
fabricate equipment and conduct the tests.

Anl moat of all I wish to thank my wife, Mary Flizabeth, who
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f Abstract

s When a full, or partially full, aircraft fuel tank is penetrated
by a high velocity projectile, a phenomenon kncwn as hydraulic ram
effect, created by the passage of the projzetile through the fluid,
often vauges masgive damage to the tank, This study was conducted to
continue experimental investigation of the attenuation of the hydraulie

ram effect throush addition of a gas to a fuel-foam mixture.

The tests were conducted using two types of projectile (% in.
steel spheres and 0,50 caliber ourival projectiles) which were fired
into a test tank, The tank was filled firast with water and then a
water/Pncunacel mixture., Four pressure transducers were located in

the back wall of the tank and two nreasure tranoducers were located

Bt

ingpide the tank to measure the prossure pulses,

v

The iuitial pressure pulse caused Ly the projectile moving throu h
ihe wator alone was meapured during the first series of testa., A
sipnificant reduction in this pressure was noted during the second
nories ir which the water/Pneumacel mixture wns used. It woa also { mnd
. that a projeotile moving through the fluid areates a cavity in ito v ke,

When the cavity onllapneu, A preosure wave 1o genorated, “he cavity

created by the puecnre of the apheres through the fluid was small and
the pressure wave generated by its collapse was insignificant when com
parsd to the initial pressuro wave, Howaver, the praesuuro wuve coreated
by tho collapsa of the cavity bohind the ecgival vrojectile was approxi-
* matoly tho same mogpnitude as the initial wrasgure wnvae.  TU appeara that

this sccond preanuroe wave may be a major contvituter to mAasaive Mol

tank demape, During tho sanond series of tents (water/Pnoumacel mixture),
thia prensure weve wan nienificantly reduced,

vii
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AN EXPERTMENTAL STUDY O
ATTERIUATTON OF S1H0OCK WAVES
IN AIRCRAI'T FULL TANK3

I. Tntroduction

Background

In recent years, a great deal of work has been accomplished in
the area of airecraft fuel tank (or fuel cell) survivability. Reticu-
lated polvurethane foam has been developed and placed in fuel cells
to reduce the possibilitly of fire or explosion if the emptv, or
partially empty, fuel cell is gtruck with an incendiary bullet.
Seif-gsealing bladders have also been developed to seal a small fuel
c¢all rupture.

Howaver, during developnent and testing of these fuel cell
survivability devices it was discovered thnat a full, or nearly
full, fuel cell was susceptible to maspive damage whe struck by a
high velocity projectile., 1..... am2ll calibor (t.e., 0.0 erd _ar)
projectiles caused such extcusive damago that tre self-sealing fuel
cell bladdors were unable to scal the rupturo,

Such a masaivc.failuro can lead to scver.l modes of aireraft
kill, FMucl starvatica af a main tank is runtured, fire or sacondary
exploeion within thoe airoraft, or damage to eritical aireraft syotems
are all possible if a severe fuel cell rupture ig present.

Hydraulia Ran Fffect., The phenomenon which causen this massive

rupture ¢f the fuel cell is the hvdraulie rsam effect, The hydranliog
ram effect is aotually o ocriea of avents which are related and, in
aotual occurraence, overlap each other. Scaberg ana Bristow (Ref ), §

tho Northrop Corporation (Ref &), and Aristow (Rer 2) apgruve that there

Byt b

y gk
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are 5 basie events: (1, tone shoek wave ganerated by the pojoetdle

initially peneteating *ho front wall of tne fuel cwell, (?) the contine
uous generation of & pressure tield aw the projectile poausay through
the fluid, (3) the pressure rise ciuaed by the “umbling of Lhe projecs

tile, (4) the build-up of pressure on the back wall as tho projectile

R e e L vt i

approachos the wall, (%) the creation and collapae of' a largu cavity

behind the proje.tile.
Some analytic studies of the hydraulic ram effect have been pare

formed. Seaberg and Bristow (Ref 6) analyzed the effect using simple

T S,

drag theory and energy transfer theory. While this approach was

adequate to model tho passage of the projectile through the fluid,

it was too simple to complelely describe the other interrelated effects
of the hydraulie ram. Al:rerson (Ref 1) used a blast wave theory to
approximate the peak prossure within the fluid and a eigid-plastia plate
theory to analyze the exit wall region of the texlk, However, if snch
event is analyzed individually, a nosslble synorgistic o{feot dus to
the complex interplay of the various hydraulic ram effects is lost.
Other studies that havo been performed have used an experimental
trisl-and-error approach. 1In most cases, understanding the hydraulige
ram effect from a macroscoplo view and determinir _, what ¢ould be
done to reduce the efyect were the~goals of ‘the experiments, Stepka
(Ref 7) conducted some experlmnnts with hiph veloelty prodectile .
impacts of a water filled tank. This study was performed during 196r
and was conducted to understand and measure the basic hydraulio ram
effect. Northrop (Ref S):also conducted bydraulic ram studies, ﬁut

these were accomplished to provide gpecific information for construction

of a fuel cell which would withstand the ram under certain conditions. .
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T 1000, Wintees (Raf 1) oonduoted A Aatwily of the hydmuliv ram

offoat, An . thwols pjeet for the Alr Foreow tastituto of Tealnol ory,

Then in 1974, Clark (Ref 3) attenpted to eblain some baseline data
N on the hydraulie ram offeat. Ila conductiod exporimental teata {n which a
hydraulia ram wah sonarated LWy firdng 4 dnch aphevieal balla ab high

‘k (2700 1% par geound) valoutty into & & fuot watoerefillad tank,  The

W

prasture tleld generated by the passags of tha apheras throush the water waa

measured, Then, having ohbtalned a known daba baae, 0lark attempted Lo attone

e e T
Eabtd

uate the shook wavea by weing a known quantity of gas dispera. .aroughout

't the water., The reaults were ancouraging and furthe» tonting wae recomtendad.
Purposa and Hegnes  The purpose of this atudy wha to further inveatigate the
attenuation of tha hydraulic raw efteat by use of a known quantity of gua
dispersed throughout the fuel call, Clavk (Ref %) uaed only % inah sphariecal
balla as projecotiles to vliminate any variation in data due to the poasible
tumbling of an oxival pwojectile, ALl pressure readings were Trom off center-

lina locationa bocanae A gphervioal vhoak vas assumed,

As a projeotilea movas through a flwid, it continually generaten a

pressure field., Tt has been wvonjectured that ag the projectile apprwaches :

the back wall, this field mi;, t baild up, causing a high preasurs jusd

prior to impact. For this reason, pressure readings in the presant study

were taken at the back wall as close as possible to the impact point. Alwno,

& pressure ﬁnvc, generated by the collapse of the oavity oreated by the

passage of the projectile through the fluid, impacts tue front and rear

it v,

walls which have heen weakuned by the passage of the projectile through tha
tank, It is expeoted that this pressure wave may be a major contributor
to tank wall failure, Therefore, gages were also placed in the tank '

interior as close to conterline as possible in order to measure tha .

pressure generated by the cavity collapse,

»
4
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e experiment won divided dnto two edas,  Mhe Flrat asrdea uned
proJeatiled fmproting & tank Tllled with water o astablish a data bade and
%o compare data with pravius resulta. The second wed a watar/foam mixture
to atlenuate the hydrawlie aam effeet, Kaoh tuat awidea used both epherdaenl
and ogival proJjaotiles,

Al additional experiment waa carriud out during the firet aeries of
teata. Fowr hlnw-out pluga ware plaved in the rear will and attompte werse
made to determine the velveity with whioh these plugn were ejooted, It waa
reagunad that the preasaurs wave would lipinge on the pluxa and the impulaive

forae gould by muasured throurh a foree/momentum exehmnge. Caloulationy for

thin oxahanse can be found in Appendix R,

'y Sui - - I T T T
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. (j _ Water was the targat materdal vned during the firat ssrien of teats,
Toating with wator yivlded resulta whieh formed & baselina both fevr vomparison
SE with test data from pravioun expevimonta and for avaluation of the aliock
attenuation of the mj.xmﬁ.

The tavget material used in the seound serles of teata wae &

watar/Pnaumacal mixture. Pnewnoeael is a muiti-fibor, Daocron aaterial

ot o vt v < L L .

coamerelally produced by the Du Pont Company aa carpet pudding. Pnausacol
waa saleoted by Clavk (Ref %, 8) during his expevimenta in shook abtenu
ation havaude iV 18 an open fiber material whiah contains a controlled
amount of fag. Fnewntel 1y nat partioularly resownended for uase in

fuel ~alla. Tor oha reaaon, potwroloum producta will dlarolve the bonde

it et e e . ———— o —— ——— .

i T v P

ing agent usea to hold the Pnewmawel together. T'or another, Pneumacel

reduced the avallabla volume of the taest tank by L8E, comparad with a tank

RPN

raduution of 7% for raticulated polvurethane £iro«retardent foam., Ine
formation concaerning the phyoical proverties of Pneumacal oan ba found ' |

in Appondix A,

Apparitun |
The exparimant wae conducted in ‘the Air Vorce Flight Dynanics
~ Laboratery (APFDL), Gun Range Number 1. In ovder to establish a base~
Line against. whioh pruvious expa“imautal data oould be oc\mpared. *ohe
- initial shots in each of the two series. (water alona a8 a target
material and mter/?naumnoal an a target materin]) ware oonducted
. unins 4 in. stesl balls as pro,jemtlea. 'l‘he Tinal- shots in each ‘series
. were conducted using standard 0,50 nalibar ogival projectiles. . Mgure 1 o | . 1
. shows the gorleml layout of the, prinoipal comp‘onente of the teat SN
F' () | a;ﬁpami:ué-z (1) the gun mount’.. (@) the projeotile velooity measuring

system, ('5) the -vacilloscope tt‘igg&ring ayubem. (4) the Mrget.

' ( %) the plug velocit.y moaaurine, gystem,.
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-Tho gun used in the initial ahota of eaoh seriws waa a amooth-bqro,

Q. 50~0A11ber. teut barrel attanhud to 'Y ?rankford mount. ‘The taat
B burral was 95% in. lons and the autuml bore was O, so2 in. in diameter

The projectiles were standard ¢ in. stainless steel ball bcarinsa.
ALl benvings wora 0."97 in, in diametor nnd waighed 189.1 graina.

The gun uued in the final shots of each series wes n rifled»bore.
0.50-oa11ber, teat barrel mnuntod on a Frankrord mounx; Tha taat |

baxrel was 34 in. long and the antual ‘bore wa: 0, 502 1n. in. diamnter.

The proJootiles wora standard 0.50 oalibar hall rounda. A OWSO oaliber

ball round is actually an ogival projectile constructed of soft steel
with a brass Jjacket. Each prodeotila weighed 699.8 3ra1ns.
The sams breeoh aid bolt wepe\ueqd with both barrels. The breech

was sorewed intc the aft end of the berrel and the bolt was attached

to the af't end of the hreech, The bolt had a aolendid-acﬁi?afad firing a

pin whioh could only bts triggeied from the control room. The cartridge

wags attached o tho bolt and the aaaembivaaa~theh atﬁached”to tﬁé-

brecch. In order to pravent accidental diaoharga of the gun while
peraonnel remained 1n tho tunnel, thrae switchea had to be activated ‘

before the gun would fire. The rirub awitoh was' on the bolt and waa- :

'turned from the sare to the armed position after the bolt had’ been
plaoad in’ the broech.’ 't'he second. switoh ims located autaide the tunnel'?f"'_'ﬁ' Ry
jentrance and was activated by the laat man 1eavins the tunnsl. Thi&

switeh alsa aotivated warning 1ighte by the tunnel entranne and in tha

fcontrol room.‘ The third awitoh was 1ooated in the nontrol room and, |

”when activated. olosnd ‘the. circuit and f:i.red the gun

Between the muzzle of the eun and the target were tWo veloqity

‘screana, exantly 2 faet apart. Tha scraena wera OOnetructed ot paper

. . . R
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Ox‘hncmssed with . continuous homrcntal atrip of metallio p&:int.
‘Tho strip was "525 iny "id° N‘d “‘hﬁ ﬂapamtion between eaoh strip wae S

'1L in. +The paper\waa mounted bartwoen 2 plataa-fand n 90.volt D C.—- o

charge wag ‘applied; aoross 'bhe platea through the strip cm the paper. R

- When the pxw‘.ctile paaaed thrnush bhe papesr, the oirouﬁ.t wag broken

B and a trisgexing pulee was ganem'bed. 'I‘he soreens were connected to
‘ Benkman timem and the elapaed time between auc‘neaaive pro.iect‘.tls
"impaots was meaaured. . . o _ | L A
A sinsle sareen wag mounted 2 in. in front of 'bhe target. 'Tﬁé o | ) )
pulae generated ‘by the proJectile passing through thia acreen was. used :
'to trigger the sweep. of the oscilloaoopes. ' ‘ ' . |
The target was a rectamgular tank 24 1n. high. 30 in. wide, and |
24 in. deep. 'The top, bottom, and sides were {L in. steel plates, :
reinforoed with 2 bands of 2 £ x 1 ¢ steel angle iron. The front plate

.was m.rmvable and. was made of i d in. 2024 alwninum, 'l‘he plate was held to

the ,tamr with eig;htgen 1 -é- in. e clampa.~ 2inc chromate was. used as a
ééalant‘between the plate 'a.nd the tank A 4 in. d.ia.meter hole was out o
. in the center of the’ plate a.nd a-l % in. wide clrcular collar wa.s ueed

“to hold an 8 mil aheet of plasta.o over the opaning F‘ight sheet matal

Borewa attaohed the collar W the plate and a bead of ‘zinc: ohrcmatel waa'x::
o alao used to aeal the collar to the plate. e : |
‘I‘he back plate was also: rembvable a.nd ‘was made of -gd.n “ 292 S
."Aaluminum. 'I‘hia plate was held to t.he tank by twenty-one 1 ;- in. "O" .

: clamps. Z:an chremate wes also u.sied as a eeal between the pla.te--‘

- the. tanlc. A 6 :Ln. aquare hole ‘Was cut 1n fhe conter of" th& back plate
and am 8 :ln. square plate of g "P’ 20?4 alummum v mounted to the '
l~baok_ plajt:e. s:mteen 'E m. bolte were uSed +o aitach’ the square to bhe
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v

t'babk.plailﬁé‘. General Electrio R'I'\@sealant was uaed to aeal the savare.

to the baok p].ate. Figu.r:e 2 shows the transucer and b’ ow-~out plu,g

| arrwement on the 8 :Ln. square plate.

“scale £lMw2h .

1 /-bolts\

/ : 4———-;1%101v 6u_1; plt;gs' |

gage b ‘_‘g:’fp > b pressure '
— B (= , -transducers .

\ éageé - |
cQO ¥

F‘igure 2

. 'rranadunan and Blow out Plug Arhangement
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Four I.\c'onic.al _i}lowgout plugs w'eré placed in the squ&re-pfaté', Lgo
to _ei-ther:'aide' of rt'he vertical centérline, and 2,82 in, from the
cé.n.ter 61‘ f.hé_ 8_ in.. sdﬁare platg.' 'Th»e plugs we:_hé ';:onstfucted of 2021}' :
. a;uminum' and }we}::_‘e' truncated cones. _’I‘he conical taper of ea_ch plug _ﬁas .
36“", thé.tgp 'surfaée 'waé -_].5_'- in, in,‘d'iameter; . Ea;':h was -E :m long and
' _.A:ﬁ'aiigi.l"xed 405 grains. - 'I‘he} ;zere- seaied, and held in ‘p,laée ag;ainst the
statiq water pressﬁne by G-395 t’\&pe -ai‘rcraft grease., Figure 3 shov&_é a

_side view of the plugs.

scale ¢ 2" = 1" -

\ \\ :
~ ‘ :

. ' L
5 - back wall___|
30 ; : ‘ -+ (exterior) |

Figure 3
Blow Out Plug (Side View)
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Four Kistler QOéAl pressure transducers were mounted on the

. Qertical and horizon£a1 éénterlines, 2 in, from the center of the
plate. They were threaded into the plate ahu the pressuré aensing.
faces of the transducers were flush with the inside wall of the
square plate, Thig arrangement was chosen so that at least 2 gages
would be close to theAproJectile impact point.

“Two other Kistler 20241 preSSure-trénsducgrs werelmounted inside
the tank by % in, aluminum tubing and fittinga. Both é&gea ware
mounted so that the pressure sensing face of the gage waéApointed 180°
to the path of the projectile and on the horizontal centerline,

These gages were on opposite sides of the vertical centerline, 6 in.
from the projectile path and 12 in. forward of the 8 in. square plate,
i.e., at 12 in. from the surface of entry. These gages were used

to record the collapse of the cavity generated by tue passing.
projectila,

Two velocity screens were mounted behind the tunk. These screens
were exactly 2 feet apart and the forward screen was 5'% in. from the
back face of the 8 in., square plate. These screens were used to
measure the velccity of the blow-out plugs.

A wooden oatoh tank, 8 % ft. long, 3 & ft. wids, and 1 3 te.
deep, lined with a plastic sheet, was used to catch the water spilled
when the target tank was ruptured by the projectile.

Tastrumentation

Kistler 202A1 pressure transducers connected with microdot

coaxial cables to Kistler Model SO4D dual mode amplifiers were used

11
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GA/MC /733

- to measure the pressure. The back plate was drilled and tapped and the
transducers were threaded into-the plate, The two transaducers inside
the tank were mounted in an adapter used by AF Flight D;mamics Laba
oratory for Kistler gages.

All pressure data was displayed on three Tektronix 5103 N/D12
dual beam oscilloscopeé. Two pressure readings were displayed on each
scope. The scopes were triggered by Q screen mounted 2 in. in
front of the tank and a single sweep was used. The data was recorded
using Polaroid type 47 high-speed film.

The signals generated by the passing projectiles on the front
and reaf velocity screens were recorded on two Beckman model 7360A
universal timers. The passage of a projectile through the first
velocity sereen started the timer and the passage through the second
screen stopped the timer. The readings were in mioroseconds and were

then converted to feet per second.

12
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III. Experimental Procedures

Forty four shots were fired during the experiment. The {irgt
18 shots were fired to establish a cartridge loading procedure and to
establish a powder charre versus projectile velocity curve. The %-in.
steel balls were loaded in a modifiéd 0.50 caliber cartridge in the
following manner:
1) the primer charge was attached to the cartridge.
2) the powder for the desired projectile velocity was weighed
and poured into the cartridge.
3) two strips of teflon tape, %-in. wide and 2 in. long,
were placed over the end of the cartridge, the second strip perpen-
dicular to the first,
) the % in. steel ball was placed on the tape and then rammed
into ploce snurly agerinst the powder charge,
Using this technique, the teflon tape kept the ball snugly in place
and also acted as wadding to prevent gas flow-by as the bali moved
out of the cartridge and down the gun barrel,
The first series of 16 test shots was conducted using water as
the target material. The projectile used for the first 13 shots was
the % in. steel ball, The initial volocity wan 1000 feet per second.
Succeeding velocities were ihcrementally incrorsed to a maximum of
3091 feet per second. During these shots, the recording equipment
was tuned and the refurbishing procaedures botween shots were established.
The last 3 shots of the firat series were conducted uaing standard

0.50 caliber projectiles. The muzzle velocity was 2720+ 50 feet per

aecond.

13
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The second serics consisted of 1O shots which were fired into
a water/Pneumacel mixture. The projectile used in the first 5 shotas
was the-% in. steel ball., All shots were coniuctea using a full
powder charge which resulted in a projectile velocity of 279Q140 feet
per second. The next 5 shots were conducted using the standard 0.50
caliber projectile. Again a full powder charpe wis used which resulted
in a projectile velocity of 261}175 féot per second,

The procedure for each shot was as follows:

1) the cartridge was loaded for the veloeity required.

2) the instrumentation was turned on to warm up.

3) the four blow-out plugs were pui in place as required.

}) the plastic sheet covering the impact point was replaced.

5) the tank was filled with water.

6) the front, rear, and tripgering veloclty screens wers
put in place and the eircuit to each turmed on.

7) one at & time the circuit to cach of the five velocity
screens (2 in {ront, 2 in the rear, 1 triggering) was broken to
insure that the screens were functioning properly.

8) the three oscilloscopes were =ob on single sweep delay.

9) the Polaroid cameras were attached to each oascilloscope.

10) the Beckman timers were reset to zero.
11) the cartridge was placed in the romote firing bolt, which

wag then secured to the breech of the teat gun,

14
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12) the switch on the bolt was switched from safc to arm,

13) the tunnel was cvacuated and the safety switch was
activated.

14) the shuttcers of the thiee cameras were opencd.

15) the firing switch was activated.

16) following the shot, the safety switch was turned off,
the remote firing bolt was.switchcd Trom arm to safe, and the bolt
was removed from tiie gun breech. |

17) the Polaroid pietures were marked as to chot number and
scope, and the velocity data from the front and redf scerecns was noted.

18) during the shots with the Pncumaccl, the projectiln
passage through the Pneumacel left a 1*% in. hole which was repacked
with Pneumacel to the same density as the original material. Two inch
nquares of Pneunacel were cut, placed in the lhwle, and pushed into

place .
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V. Results snd Disoussion
. Reau'ts BTN

Sixteen test shots ware condudted during series 1 (water only).
No data from shots numbered 2, ", and 9 were obtained becsusw of faulty
triggering of the oseillosoopes. The date for the 13 auacchaful

shots were displayed on three dual beam oscilloscopes and were

recorded on Polarold photographs as shown in Figure 4. Thg tmean

run from left to right. Positive pressure is read balow.the serv

NPT
s S

o

reference line. The time reference is from the paasage of tha proe

Jeectile through the veloolty scraen located 2 in. in front of the tank
entry point. At a muzzle wvelocity of 2700 ft/sec, the time botween

passage of the projectile thrcugh the velogity screen and target impaoct

L e T e D S

is 0.061 milliseeconda, One large division on the Polaroid photograph

T ok s

is equal to 1 cm. 'The Polavold photographs for the 13 sugcessiul l
shets in series 1 are chowm in Figures 15-27 in Appendix C. g
Tabulation of the projectile velocity, back wall impact time, !

peak pressure at the back wall, and peak pressure generated by the
- cavity collapse for .series 1 is shown in Table I. The back wall impact

- time was obtained from the Polaroid scbpe:picturea. The-traces show

an inecreasing positive pressure followed by a series of positng and
negative pressure spikos around the zero pressure referénoe line. (It

was assumed that the'return of the trace to the-zebo'refefencé.line

and tae positive/negative spikes were crmsed by the projectile impaoct-

ing the back - all causing the gages in the wall to "ring." fThe impact

_16
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Figure 4 -
Suopc picture, Series 1, Part 1, Shot 8
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Table X
Tabulatod Revulta or Servies L

T | T
(foa) mgggg (mad) (nat (nat) | Coud)]| Cead) | (vat)

w | w0 | se | 4« | w0 | o] i | w |
2% 1 N0 DATA
3 1700 2,8 D WD ND ] Lo D
IR NO DATA
b 1391 3.6 20 20 ND 50 ND ND
W 1406 3.4 ND a0 ND %0 ND ND
™ 2037 2.8 X 0 D 100 WD )
g 294 2,2 20 20 ND 170 ND ND
g N0 BATA

e | 2739 1.9 20 20 oD | 190 ND | oD
AR 2928 1.7 ND ND ND 17 ND | 0
12 2928 1.7 ND ND ND 120 N 140
1% 3091 15. 7 30 20 ND 15Q ND 130
L | o770 | o | 520 | 520 [ 630 | 60 | ap | 630

fasw |20 o7 [ o | m | w [ s0 | w0 |0
16wt | 2680 0.8 ~ ND WD N 800 800 ND
* 1['2 in, spherical nrojectile

®e 0,450 caliber ogival projectile

ND No data on that gage
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wn wab GAREN AB the ifterval frvii the etary ot the triee B0 the ©
poind where the timoe bogan to ntum t the sew referends. 1ine, |
" e impach Bimen for the sphewdeal prejooetiles decrease as wxww |
' mennu'a; uomwr. the :me time for the emvat manﬂln ia
approximately § the sine for tho aphacioal projestiles fired ab the
oA vo).oou,w 'm nalm vmdwmn ha\m ﬂm m.m omu-uquom
_ diameter as the nphw&eal manouln. but they have %8 umrﬂu B
maza {and bhus 5.3 bimes the kinouie onargy A% the amme valooity),
TL the ogival projectile did not tumble, the langer kiurtio dnergy
and momentum o the ogival projectile voupled with an equivalent
drag rof both preojectiles would reault in leus devouleration fox the
ogliva) projectila and u conssquent lower bank wall impaat time.
Howsvor', as is shown later, tha ogival projectils does tumble, pre-
santing a largor area to the fluid. Because this increasa in nro;
raaults 1n an ineresuse in drag, the impaot time should be highor than
it is, unlens the tumbling does not aacur until the paudenhile is
almoat through the tank. As is indicated in the aubueq@ent Digoussion
ssction, this ia the cuaa, Peak pressure in the fluid at the back |
wall wha tnkan rrom tha Polaroid. pioturaa of gogen 3. 4 5. and 6.: ,
| V‘mo time aoalc o ww usall (0.5 mseo/om) so that tha pmaaum buiid .
Wp on the haok wall could be seen. The poak prevsure ganerated by ‘the
cavity collapse was taken from the Polarcid platares of gages 1-@@3;2.
The time seale for thnﬁg gages was iqraur'thﬁn that for geges ﬁéﬁ in

order to insure the reoordiﬁs of the cavity collapse. Howaver, the - |
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T TN TR VTR T b sl 44 1“‘“‘““?“@11““ lmf“_ﬂﬁt “"“"""!““‘-*‘f‘ mmi Rty 1A L 4431 w-aat“ivquw EAs

| M eiouo WA RtAL). Anlv Y, im’q/om. The Srensury n mm Tl v R
¥ oo N d\w w0 ﬁ\o paaaiu mJuotuo {not Mbnuted) wore m mm ummm o B

, vith the penk pmum A% Uho back wall, . ) o j
_ . Tan bout ahote wun conducted duriag Mrioa 2 (mtor/?mw«l). a ‘1
‘ - The Polaraid photographs for the 10 mmu are nhmm in Mguion 98-)7 B
4 . " 4n a\ppmdix 0, Tabulation o the proJectile Amiaat meum. bk S
: A" | WLl impant tine, péak pressure dn the flwid WL the back vall, and L !
{ ' perk pmnum Nmmm by the cavity dollapuw for umlu 2 s shown | o '
e ¥ in Table II, f
; Sexies 3. The firat 13 shots of series L wore oonducted waing ]
£ o . ¥ in, steel asphersa as projuctiles. Projeobile veloolty was proe )1
) | Zresaively inorsased from 1000 ft/h80 to A8 f/uss, A graph of the
| paak prosawre AY the wall varsua projectile velooity is shown 1n
ﬁ 'B‘iaum 8 The 1Q ahots on wh.ieh data were mmceaahﬂly oolleoted
show an incrense in peak pressure at the back wall an §a1ucity ine B
craases, a reduction in the back wall impaat tine, and an almost oon- 3
-

stant oavit,y oollapée prcaaura A% can bu sean frorh P‘igure 5, a fair

gorrﬁlwbion axisgts betweex\ the | peak pmaaum ab hhe hapk mll lmd the . .

experimontal data obtainad by Gliark (Rof 3). Tho difi‘erenoe :Ln data
" might be' due ta the fact that the gages in this study vere mumeu -
'tha hack wall (1 €.y 2 £t. from the impaot po:mt) end \vere only 2 in
_ from centerline, 'rne g_a_ga up_mdpy qur}; from w_hic‘h_ #ha dity in F‘igure 5 R
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was obtained was 8.7 in. from centeriine but was only 9 in. from the
impact point. If the spherical projectile had moved with a constant
velocity through the tank; at an impact veloeity of 1000 ft/sec,
back wall impact should have occurred at 2.0 mseec. In fact, back
wall impact occurred at 5.8 msec for an impact velocity of 1000
ft/sec. Thus, the spherical projectile slowed appreciatively during
its passage through the tank, and a pressure gage located near the
impaet point should read a higher pressure than one farther away.

This is also verified by Clark's data, The pressure reading from the

- gages located even closer to the impact point are higher than the

gage used for comparative purposes. This gage wis selected because
it was the closest to the back wall. However, 23 can be seen on

Figure 5, the pressurc gencraced by the cayrity colla

’U

of veloeity. It might be assumed that since the pressure at the back

wall increnses with veloeity and the pressure generated by the collanse

'“at a. much lower: value, the damage

eau91ng mechanlsm 1s,the 1n1tia1 pressure wave.’ In the case of

spherical’ roject'l s’t ‘s he case;w The sepafation of the fiow

caused bj the passage ‘of ‘the’ sph;r througn the fluid is mlnlmal and

the. cavity which 1s_cre ted y tﬁls\separatlon is small. Thus, the |
collapse cf thls cav1+y creates a :eak‘pressure fleld

The aecond set of shots 1n semeB 1, a total of thre rwas con-
ducted uswng O 50 caliber oglval progectlleo. The proaectlles had

about 5.5 times the mass of the steel balls. For the same impact

22
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the ‘:E'J.uidg it tumbled, preaentlng a largér surfao :_,_'.-area to the flmd.
The tumbling of the pro.jectxle can. be seen :i.n Figures 6-9. ; 'I'hese )
stills were obta:.ned from a. high speed film takr»n by the Air Force
Flivht Dynamios Laboratory (AFFDL) on 3 June 1970. ‘The £ilm was: taken
dur:n.ng a test conducted by AFFIL in which o.so caliber ogival pro-
Jeotiles were. shot into a 2 ft teest oube filled with water. Thé pnoun
Jectile 1mpact velocity was: 2686 rf/see and it impacted the tank
p*rpendicular to the front face. In Rigure 6 the projectile is 1 ft.
into the tank Figure 7 shows the proJectile approximately 1% in,

into the tank . and Just beginning to tumble.

i
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F:Lgure 6, Ogival Pmdeotxle in Figure 7, Ogival Projectile in.

-Test -Tank- : _ - Test Tank




As can be seen in Fisure 8 the prodectile.is 15 in. into the tank qnd
ﬁhas now tumbled 90° f Note thc 1ar@e cavxty behznd the prodgotile.~,n

 F1gure 9 shows that the projectile iq_now.17 iw._ruto +ha tank hut

TR e -
‘___-,.-».'- o B e s Wy

| that it is® still rotated 90° . The cavity has grown 1arger still.

e

Figure 8, Ogival Projectile in Figure 9, Ogival Projectile in
Test Tank Test Tank

During every shot conducted in this test, a large cavily was created
when the projectile tumbled. On only one of the nine shots conducted,
the projectile failed to tumble. In that case, the cavity whieh was
created was very small (Ref 9).

Thus it was asswued that the projectile tumbled during the second
set of shots in series 1, and that this tuibling oreated the large
cavity, the collapse of which was recorded on gages'1l and 2.

Visual observations of the target during impact by the 0.50 caliber
ogival projectiles showed that the plaatie covering the 3 in, 1mpact
hole was blown out and water was blown oup'of the. hole with auffioient_
force to spray if 12-15 regs up the tunnel. No such effect was noted

during the tests using } in. spheres as projectiles.

25
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Series 2. The first get of 5 shots 1n.sefiés 2'(water/Pneumacel) were

'cqnducted-uéing 1 in. steel spheres as projectiles, Because the higher =~ i

the

that any possibléwiftenuatioy effects of Pneumacel might be observed. - Y

no measurable preasure field generated by the collapuc. of the cavity.

'series 2 was the inclusion of Pneumacel in the test tank, either

.
b
b
*
i
.
H

peék.preasures'wcfe ﬁecof@ed during péft 1l of series 1 6ply at the
higher veloqitiea,vqll 5 shots-weré conduc§§d at nominal muzzle veloci-

ties of 27C0 ft/sec. Higher preasures were desired during series 2 so ' ' 3

A comparison of the peéklﬁfesaureg during this test and the peak

pressures obtained by Clark (Ref 3) is show in Figure 10. There was

Because the only difference between the first sets.bf serieé i.and

the Pneumacel prevented the formation of the cavity or completely
attenuated the pressure field generated by the cavity. |

The next set of 5 shots in series 2 was conducted using 0.50
caliber ogival projectiles fired at full muzzle velocity (2650 ft/sec

nominally). There wag no pressure measured at the back wall prior to

the time the projectile impacted the back wall., And while there was

a pressure field generated by the caevity cotlapse, it was only 20-30

pai, compared with Sbo_psi without the Pneumacel present.

Dﬁring set 2 of series 1, the cavity collapse pressure bléw out
the plastic covering of the impact hole., In the experiments wiih a
Pneumacel filled tank,-the plastic rem@ined intaet except for the
hole made by the projectile entering the tank and there was no water
biown up the tunnel. These obaervations are tékgn as further cone-
firmation of.the fact that the Pneumacel aignificantly reduced the

hydraulic ram effect.
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General. Most of the analytical work performed on the hydraulic ram
effect, Scaberp and Bristow (Ref 6) and Alverson (Ref 1) for example,

o et has focused onlthe pressure wave generated by the projectile moviné
through the fluid. “This was assumed to be the major contributor to
massive fuel cell failures. Alverson (Ref 1) analyzed the hydraulic
ram phenomenon by examining the kinetic eﬁergy of the projectiles.
Shape was unimportént. The higher the kinetic energy of the projectila
is, the higher the energy transferred to the fluid ana the greater the
damage to the tank. As a result, experiments have been conducted

using high-velocity spherical projectiles. Spheres do not tumble as

they pass through the fluid so the flight path can be fairly aceur~
ately estimated. A pressure-wave was generated by the sphere passing
through the fluid and the experimental data and the analytical results,
such as those obtained by Clark (Ref 3), were in agreement. The
cavity created behind the sphere was small and the pressure wave

generated by the collapse of the cavity was significantly smaller

than the original wave. Thus the second wave was neglected when fuel
cell damage was analyzed., However, the tests conducted during this

experiment showed tl..t the pressure gensrated by the collapse of the

cavity was approximately of the same magnitude as the first pressure
wave generated by the projeotile. The cavity collapse is also highly

directional along the poth of tho proje¢tile. As can be seen in

Figures 11 and 12, the cavity following the projectile collapses not

ornly inward but also along the projectilo line-of«flight in the

;
!
j
g
4
1
i
i

direection the projectile moved.
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The results of thig test sugrgest that when a full tank is struck
by a high-velocity ogival projectile. the followirny: sequence of
events takesa place. The projectile passes throush the tank creating
two "small" holes; one on entry and one on exit. As the projectile
moves through the tank it ereates a large initial pressure wave in
front of the projectile. This wave stirikes the rear wall, but the
wall can withstand +he pressure because it is still intact. A~ the
projectile moves through the fluid, it also creates a cavity behind
the projectile. This cavity expands and then collapses, gcnerating
a pressure wave as large ag the initial pressure wave. UHowever, by
this time the projectile has nassed through the rear wrl1l, There is
a flaw in the wall and it is.at this flaw thai the cavity collapse
pressure field is directed. And thia is the pouint at which the massiva

damage is done to the tank. This scquence supprests a novnmla of areas

-ng‘w&w'ﬁ-**ﬁ&f"W‘ :

E
o

»

Figure 11, Cavity Crented

by Oridval Projectilo Crented by Opival Projentile

Plgure 12, Collapre of Covity
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in which future work could ba performed. The ogival mrojsatiles uaed

in this study did not turble until they weroe approximately § way through
the tank (1 $t. from impaot point), 8ince projeotile tunbling Lo i
importunt to magsive fual cell damage, it would bhe doairable to huva o . .T ;_
the prcjectilc tumble aa soon ag posuible. An invaatieution of tha aiswe, X
shape, and angle of impact for various projestiles and the afrnot of
‘these variablaa on the initiation of tumbling could. Lead to developmont I 4fL
of projeotiles with a higher kill rate than those preovently waod, Also, i
beoause tumbling 19 a faotor, el cell goometry could play un importtnt
role in reducing magsive damage. If a certain distance is reQuirod for .
a projectile to.begin tumbling once it impaots a tank, fuel tarks could . ﬁ‘j

be designed such thal this critical distance ccvld never be ebtained

by & projectile. ’ ,




ST T e T TTR RISV TR RIT R TR SETVATEERY Sankdon §

A, WY 3D

Vo Qopeiuniend ard Leeomondalina

Sonelveions

A. Wnile N\e data for wm oot wha u.mu.ed. 1t confirme Qlark'a
tenta with rhieres and extends that wark throwxh the use of opival
projeatiles.

2, A emal) anount of guu in & fuod-foun nixture signdficantly
redugen the perk bnum measured at t;hc back wall goneabted by the
pandage of the projeotile thmu.gh the fluid,

%, A amall amount of zau in a Tuelefoam mixture also elther Nduou

the aise of the eavity ordated by the paonage of the projestile thivugh

the fluid, or reduces thu praenaure generated by the collapna of the
cavity,

4. The vae of sphares aa proJjootiles in studyina the hydraulic ram
affaot na ineftective Leacanae little i1 any aavity evllapag preasure ia
genorated,

5. Tha preasure ﬂa).d oreated by the oo‘llnpao of the oavity
oreated hy the pusaage of the ogival projectile through the fluid is tha

major cause of massive full fuel cell damage. | -

Rgcgmendatinng
T, omiy omm projectiled ahould be \wod iu atudvm& the

‘aMemmtion of the lwdmxuio mm N ..M..

- 'i‘aata showld bu conduated weing thin walled fug) cella.
_ A}. A i‘uam ghould be danianed theh will oombim the shook.
attenuation ef‘i‘eota of a gaa<filled fiber wj.th \tlm flm euppmuim

oharnotor&.stioa of mtiouu\tad polyurethane fowni, -
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is not a trademark~ 1t is a renerlc desngnatlon for mater1als made of
permanently prcssurlzed cellular flbers. The word "pneumacel" is

deflned as: A re sxllent pneumatlc, strand sheet, or cushlon composod

of a cellular polymer otructure hav1ng predomlnantly closed cells that
are inflated to higher than °urround1ng pressure w1th two or more
gases, one of which is essentially impermeable to thp cell walls

(Ref 10).

A sucply of Du Pont Pneumacel, Lansdowne Model 5000, was made
available for this study by Dr. Bernard Lavery, Christina Labvoratory,
Du Pont Coro., Wilmingto&, Delavare, 193958. The foliowing information

ras algo provided by Dr. Lavery (Ref 4),

Ms% Characteristics

Randomly oriented, thermoplastically bonded
Pneumacel fibers.

Density: approximately 1.5 1b/cu ft.
Thickness: approximitely 0.475 in.

Fiber Characteristics

Small, uniform, polvhedral cells (Fig 27).

Thin, highly oriented cell walls.

Chemical nroverties: "Dacren' polyester fiber
inflated with a {lvorinated hydrocarkon blowing
agent.
' -
Density:  approximately C.02% sm/eu om, 123 of the weight
i3 inflatent.

\&N
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Four blow out plugs were: placed 1n the back wall of the »arget
tank in an attempt to determlne if the momentum of the p ugs afte“
being blown out could be related to the strength or the dr1ving
force, a shock wave. in this case. If a relatlonshlp could be deter- |
mined, this technlque could then be used in futurp tests.v Rather than -
placing expensive pressure trapsducers near ﬁhe expected'prosectiié
impact point with a good chéncé of'the'trénsduéer:being stfuck and
destroyed, the blow out plugé couldﬁbe used tokdétermine the shock’
strength.

The plugs were constructed of 2024 aluminum to reduce the mass.
They were constructed in the shapé of truncated cones so that‘if they
rolled on exit there would be no binding. Tus vcloeity screens
were used to measure the plug's veloecity. High speed photozraphy
would have been preferable to determine plug velocity, bubl it was
unavailable at the time due to priority mission reguirements,

Initially, the plugs were placed in the back plate and were
sealed with zine chromate. 1In order to hold the plug in place, a
strip of masking tape was placed over the plug end. This procedure
wag unacceptable because the geal was poor and the tape neld the plug
so firmly in place nothing was happen%ﬁg.

The plugs were then sealed with 2 film of aireraft grease. The
grease provided a watertight sezl and enough surface tension to
hold the plugs in place against the water static pressure head.

¥

lowever, when thie shock hit the pliw;, 1t was blown ocut as deaired.
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“fVelocmty data on.the plugs uas obtalned oniy during the last 4

e s s s

shots in Serles 1. The four veloclties were: 29 fps, 8? fps, 236 fps,

187 fps. Durlng shot 15 when the 236 Aps vnloclty was recorded it was

later determined that the projectile,had lodged sidewise across the

hole in the back plate in which the blow out plug had been resting.

Thus it was a little more than a shock wave that drove the plug out

of the hole.
To determine the force the following equations

V2 =2as$8

and

M a

P o=

where V i3 plug velocity

were used:

S is distance plug moved while force was applied (3/4 in.)

M iz plue mass (405 grains)

A is surface area over which the pressure acts (1/161rsq. in.)

m V2

Using, P = —2}\8

the pressures determined for the various plug velccities were:

Table TII

Cormputed and Actual Pressure
During Blow Out Plug Test

.P_ l’
Comeuicd Actual
Shot Mo, YVelocity Preasnre Pressure
(nai) (psi)
1% 29 60 150
1 82 482 630
15 226 3994 590
16 187 2509 800
»
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The data appears close to the actual value in some cases and
coninletely wroug in others. This is due te the fact that if the pro-
Jectile hita on, or very c¢lose to, the plug it is not only the preasure
wave that drives out the plug but 2lso the actual impact of the prd-
Jecetile. This test resvlted in little usable d#ta.

If the velocity of the plugs could be deternnined from high sbeed
photogrnﬁhy, more accurate data should be obtained, A plug could be
selected on the film which was not near the impact point and was
thng accelerated simply by the nressure wave, Further study of this

data gatherive method should re accomplisned.
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[lodcope Pictures - -

teats follow‘ Figures 15 - 27 are for seriea 1 (water only) and

.....

Figures 28 37 are for aeries 2 (water/?neumacel)

All traces run from 1eft to right. Positive pressure is read

fbelow the zero reference line. The t;me reference is from the passage
of the projeotile through the triggering screen located 2 in. in front
of the tank -One large division on a photograph is equal to 1 cm,
Gages 1 and 2 were located inside the tank. ‘Gagés %, 4, 5, and 6

were ioeatéd'inAthe back wali ofAthe tank near the projectile impactl

point.
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Figure 15

“Scope'p'ici:ure, Series 1,

‘Part 1, Shot 1
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Figure 22
Scope picture, Series 1, Part 1, Shot 1
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swope pictufe, Series 1, Part 2, Shot 15
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Scopa picture, Series 2, Part 1, Shot 2A
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Scope picture, Series 2, Part 1, Shot 4A
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Scope picture, Series 2, Part 2, Shot 6A
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