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RAPÏOR GAS GUN ÎESTING EXPERIMENT

I INTRODUCTION

1.1 Program Ove¡¡,iew

The present industry wide method for cutting and repairing sections of concrete pavements using jack
hammers is slow, nois¡ and labor intensive. These devices are very heavy and are manqally operated as
a resulg their use can result in adverse health hazards to personnel (e.g., back injuries). Thejackhammer has
been in use for many decades, with very little improvemenl The gas industry is in need of a faster, quìeter,
cleaner method of sectioning concrete pavements in city sheets in order to gain access to underground
pipelínes. ThisreportprovidesasummaryoftheworkdonebyBNL'sÐeparünentofAdvancedTechnologl
under contract with the Gas Resea¡ch Institute, Consolidated Edison Company ofNew York and Brooklyn
Union to develop such atechnolory.

The method and device proposed here to breakup concrete pavement represents a completely revolutionary
approach with no competing technolory. The BNL approach for breaking up concrete pavement is by the
impact of multiple high-speed gram-sized steel projectiles. The BNL la:unching device, here-òn-in referred
to as RAPTOR (acronym for Rapid Cutter of ConcretQ consists of a free-piston gas gun designed to launch
projectiles at various velocities. The projectile impact on the concrete surface results in local surface
craûeri4gg{ prrojgc{le-lpenehatlop, [flle*spaciggletween p-fojçqtilej$p.4c.!-p-oints is--c-lose-ørogg!iå..e,þb¿t: .. -. - --..-..y
damage to $-qpãye.qè¡t[s incuned'iú the fonù'öf crack propagation from impact poing to im¡a9.tpp4.--B- X- _...

repeate!;..o!g$!¡Ig-:9ffis,'!¿*letigãõfìúÉç¡il¡",p'.'¡9fr.õ."t 9_pred*erm¡rå¿ 'i¿qttffiî"-ñidtÜ::':.-:t'=E:pavemJnt'øui$e.Ëbtä¡- up ¡ädritø-frÍetriiiltrñîõoirci¿te,su¡iartõinè finat iesutæ ór"3'i"iou.riiã;;aa î '-:f-'repeate!¡-.oË'Slmïlþneous, tauncrygg _-9f 'nq*lqp¡e-projectiles-at g._ predetermined spâô_itrfrthe-3o-hôr-ète . - ;- ., ; :-..-Ii'.
pavemJnt'øui$e.Ëbtä¡- up ¡ädritø-frÍetriiiltrñîõoirci¿te,sim¡iartõinè finat iesutæ óra-jiq¡ù-!pñãi;aa
then caftélí ñvãy using conventional methods. Clearly the projectile impact point spacing required for crack I

propagation is governed by many paranieters, including the projectile momentum and the.paveinent _ Ithickness"- -- -- - ?:- .'---'---':- - -:'-- 
.-"--.---- -:::-I"

' .,:' ":;.'---':---- -'.j-'#:5'-;:=i-=;'-i'+ 
---T'Ë::=:=.:- 

--' -==--#;:'-'. '::= jj#=:I:

The objectives of the program were to dlsigr¡ build, and test a laboratory model of the RAPTOR gun and I
to d-emqnsbate the RAPTOR gun's capabilþ of breaking consretè shbs in a controlled mamer. II,
1.2 RÍfleExperiments I

I

There is a wealth of experimental data in the liæratr¡re on the impact o. f long slender rods into concrete slabs. 
I

However, there is very little dâtå in the literature on concrete stabþenetration by small projectiles (e.g., 
I

roughly tl&-ll{ inch dia¡neter for RAPTOR cgncept) in the velocity range of interesl Before the actual I

experimental RAPTOR gas gun was consqrucied it was decided that a preliminary set of concrete target I

impacttestsshouldbe-carriedoutusingbullet-Iike steelprojectiles launchsdu5ingaconventionalhighpower 
irifli. Theobjectiveofthisprelíminarytestserieswastodeterrrineifcracksinthetargetcouldbepropagaded 
Ibetween impact points. The data is limiæd in its application since the maximum velocþ achievable.for a i

2.5 grams steel projectile was about 3000 ftls and, as a result only relatively thiri concrete targets were
tested.
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For tl¡ese experiments a 300 Wheatherby Magnum rifle ur", or.d to launch steel projectiles into concrete
targets of two and four inches thick. Four different nose shaped steel projectiles, all roughly 2.5 grams in
weight, were firej. As shown in Figure 1, the rifle \ryas mounted vertically on a frame constucted of steel
channels (e.g., uni stnrt.) The concrete target was positioned flat on a bed of sand about 18 inches below the
end ofthe barrei, The rifie was f¡red from a remoieiy iocated controi room via a linkage system between the
rifleûiggerandtheplungerof asolenoid.Inordertoachievemaximumvelocity,22caliberprojectileswere
used in conjunction with a plastic sabot designed to fit into a 30-caliber carhidge. According to the Hornady
Handbook for Carbidge Reloadingthemaximum powdercharge (of type IMR4350) fora 7.1 gram bullet
is 86.7 grains of powder. Two powder ioads (75 and 88 grain IMR4350) were used in the carridges in order
to aehieve two projectile velocities possible (i.e., 2200 f/s and 3000 fi/s), one being the maximum possible.

For the two-inch thick concrete targeq only the high velooity projectiles perforated the target. For both the
high and low velooities, the impact of the projectile on the concrete target resulted in a crater on the top
surface of the tzrget at the point of impacl The size of the crater was not found to correlate with the
projectile nose shapeor iævelocitybutmore onthdsize ofthestone aggregate encountered bythe projectile.
For example, if the projectile hit a large stone near the surface, the size ofthe crater would be large and the
penetration depth would be less compared to if the projectÍle encountered a small or no stone at all. In the
two-inch targeta crater also formed on the back side ofthe target (i.e., scabbing) directly behind the point
of contact. The primary purpose of the RAPTOR gun is to section concrete slabs, i.e., fire projectilei in a
Iine to have a crack establish through each impact point such that a portion of the target separates from the
main piece. For the 2" thick target, sectioning wru¡ accomplished by firing projectiles every six inches in a

The rifle tests were successfi¡l in demonstrating the concept of crack propagation between impact points.

I Based on the rifle test.results, it was apparent that in order to efüciently breakup 4 inch thick or greater

_l concrete targets, velocities in excess of the 3000 ff/s upper limit for the rifle would be required. This
provide_d,the motivation to develop a gas gun to fire the piojectiles at velocities on the order òf 5000 ff/s.

13 Free-Piston Gas Gun Concept

The basic components of a free piston compressor are shown in Figure 2a. The main component of.the
devíce is a smoothbore tube, called the compression tube, which contains a free moving piston. The tube
is connected on one side to a gas reservoir and the other side to some other application dependent extension.
The piston is inÍtially at rest at the end of the compression tube and the reservoir is pressurized with gas,
typically air. The piston is initially isolated from the high pressure gas eitherthrough a fast acting valve or
a burst diaphragm (i.e., a thin metal or plastic foil which is calibrated to break at a given pressure differential -
across it). When the piston is exposed to thã high pressure, it accelerates down the compression tube
pressurizing the gas ahead. The piston acceleration continues to the point where the pressure on both the
front and rear face ofthe piston is equal. From this point or¡ the piston undergoes a continuous deceleration
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since the pressur€ on the front face of the piston becomes larger than that at the rear. Eventually all the
momentum ofthe piston is expended i.e., converted into potential enerry ofthe compressed gas ahead of
iÇ and the piston momentarily comes to a rest At this point in the piston cycle, the pressure and temperature' ofthe gas ahead ofthe piston is at its mærìmum. The magnitude of both the pressure and temperature are
-^---- - JL--¡L- ^----^--:^--^^t^ t^ LL- ^.2^^c.L^-^^-.^t..-^^L^^I^f.L^-:d^-^ô+L^-+^*^-l^-lgovtiírgu oy urli fJUIr¡PIEssruu tallt , t.ç., ultt l¿''tlu ur urg Ë,¡1Ð Yuru¡lrv arrs4\¡ vr u¡e lrrJrv¡r 4L u¡e ùu I drs srru

of the piston sboke, and the ratio ofthe specific heats ofthe gas. After ttre piston comes to rest the pressure :

on the ûont piston face is greater than the rear face, and as a result it starts to move in the opposite direction.
The piston approaches its initial position, but never quite reaches it due to frictional and heat losses to the
compressíon tube wall. This cycle continues, wiÍh decreasing amplitude, until the piston comes to rest at 

!

. rorã equilibrium position where the pressure on both faces of the piston is equal. :

The free-piston compressor described above hr" b".n used in several applications. If the front end of the i

fre+piston compressor is rigidly closed off, as shown in Figure 2a, it caa be used to study the physical
properties of gasês at higb pressure and temperature. The sudden expansion ofthe high pressure gas ;

produced by the free piston oompressor, via a burst diaphragm, is used in several applications. For example,
by connecting the free-piston compressorto a smooth bore tr¡be downsfream from the diaphragm, it can be i

used to generate shock w¿ves for studies in gas dynamics (see Figure 2b). Ifa converging-diverging nozzle :

. is placed downsteam of the diaphragm, the high pressure gas.can be expanded to generate supersonic or
hypersonic flows for studies in aircraft aerodynarnics and propulsion (see Figure 2c).

As shown in'Figure zdt,by placing a ba¡rel loaded with a projectile downstream of the diaphragm, the :

- . expansion ofthehigh.þressure gas can be used-to-Iaunch tbe prgjectile at a very high velocþ. Thi-s.legt

=-å'r1--.-;bõirìceptwas:estãblishë'<l'iu'early'as-1957,-i'then Crozierand Hume develdfðd'ã=lipht:gas-gun'using-affie:--t- =:-"-i=-''l
-"-':='.piston. compress-or;ftls technique has-been.use.C extensively in the fi-eld'öf suþeno-nic.aerqdynælc_çi:.. . -- '

-'.11"" Typioally=modatOof_suiiersonic âüúraft-o-r:mibsilds-are'.launched at-a-:6ãlli$ic-range and Þlgb-speed: ' - --?='--

". -- photography-of theprojectile flight is taken. This device has also been used extensively for investigations-
which parallelourobjectives, i.e., to launch projectiles into targets in orderto study projectile penetation

;-. -;-into-variousmaþri4lsr flowever, to the best of our knowledge;'the device has never been used tg-bredçU"p--
-:: bbnciétê bycËcf[pfrþatiçi¡l'ëtúi'e€n im[:rct]õfiúË:.:_=- ::-:'-==r':_:--::-===:=:-:

1.4 Free'Piston Gas Gun CatcuLtions

For the RAPTOR desigr¡ the dimensions of the critical gas gun components were established based on
numerical simulations-ofthe gas dynamics and the piston and projectile dynamics- The calculations were
performed by Jacques Belanger from ttre University of Min¡esota r¡5ing a code which was developed to
simulâæ the free-piston shock tunnel T5 located atttre Californialnstitute of Technolory. The gas dynamics

is solved using the well-established method of characteristics. The calculation results will be provided in
this section, a detailed technical description ofthe model is included in Appendix A. The results are based

on the following gun dimensions and initial conditions:

Compression Tube
Length= 2.0 m (78.7 in)
Ðiameter = 50.8 mm (2 in)
Piston Mass= 3 ke(6.61b.) '



ill' '
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I-ength= z.om(Ts.7 n)
Ðiamete¡- 7.6mm (0.3 in)

Jl ProjectileMass=3.09(0.11oz)

d Ðiaphiagm burstpressure= 6û MFa(87û0 psi)

t 
Initial tä*:':Jå"irpressure= 

5.5 Mpa(soo psi)
Helium pressuræ 281 kPa (40.8 psia)

E Shown in Figure 3a is the predicted piston velocþ ven¡u¡ piston distance traveled (actually the graph
'' abscissa is distance to the diaphragm, which is 2 m less the piston tavel distance). The piston starts offwith

- 
zero velocþ at the right-hand side and moves to the lefr. The piston achieves a peak velooity of about 80

I m/s after 1.6 rneters of tavel. As shown in Figure 3b; during the early times the helium pressure inueases¡E very slowly. As the piston approaches the end ofthe sþoke the helium pressure rapidly increases and the
piston decelerates. The helium pressure reashes the diaphragm burst pressure of 60 MPa when the piston

-t is I cm from the end of the compression tubg corresponding to a time of 38 ms after release of the piston.ã The helium pressure and piston velocity versus time from piston launch, around the time of diaphragm
rupture is plotted in Figs 4aand4b, respectively. The vertical líne shovm in Figs 4aand4b correspond to

I t¡e time oi aiapnragm rupture. Thá pis-ton vetolity is 43 rnls at the time of diap'íuagm burst, after which it
T comes to rest and re-accelerates in the opposite. direction (negative velocity). Figure 4b indicates that the

peak heliun¡.prEssurqis 89 MPa, which is substantially aþve the_dþ-p¡ggn rupture pressure. The time

| . . .: := elapsed from:piston:relp.ase tomaximum.for¡rard,motionisióughltSÞñfA plot ofthe projectilevelocity. .7*- .-. - -

?., . . , .rversus distancp ar¡d:tjme.frqm piston lau¡ch.is.given in-.Figqçes_5-a-.4nd,5þ, respectively. The projectile-.::.F:.-.-- -l.t .. ._: - s¡es¡yy 
-r:;-ä..vJ+:1t= 

¡ã¡.a-:,.e:'_ta-:.*¡le,'.e' .vùrvv ¡vL::-:T: - -
:; "-;.:-;=requiresrough,þ_J.-rps.té-,-tratëtthedistd¡icö-ö.firtrettârrei;raiä¡ttiè'velÞ^ðjty_=of&g.projectilewhenitleavesiÀé.".-l=* 

""----
banel is 1770mls.

.- . This type o.flc¿lculafio.ryprovides ayery gggd guide þ¡ the sizing of the gas gun components, and initial
-pressures requir-d-tqeçhiwerthe p4ijeõJile-vèlosities:of interestfo the.progr-a¡n (i.e., 5000 ff¡/s or 1524 m/s)i:::----*.. ' .:,:::r
.However, the oalcuiations'assume isentroþic ffiiti,úiol'sãäd do noi fakäinlo account any pressure losses at 

----

changes in cross-sectional. aretq so the predictions will tend to be overestimated. In the Calibration Results
section ofthe report some comparisons ofmerásuremènts-and calculatíons are made.

EXPERIMENT DESCRIPrION
:t

Facility Location

RAPTOR is located in the southeast corner of the Experimentat ffaU of tne Neutral Bea¡r¡ Test Facility,
whose location relative to other major BNL faoilities is shor¡m'in Figure 6. Shown schematically in Figure
7 is the overall layout of the Experimental lIall, indicating the location of equipment used in other
experíments. The Experimental Hall conuete walls are tB inch thicþ except near the plug door entrance
where the wall thickness is 36 inches. The Control Room basement walls are 15 inches thicþ and are

separated from the Experimental füll south wall by l0 fr of sand bacldll.
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"-'"irt%' Ëèbbottom photograph in:fig{¡iê10;ietaccôätingtliêäSlv[E'C
ll'i i- ï-1 ;.ró-¡ûbon-*e¿la¡d has a vplume of roughly-0.88:cubiõ.'.feet'(J0:
,a'- a'1 -j;"-r':-" '-i;'Ïi;l-,-^* ic-*.ntrirla¿l fnr qámiffinc air Êam o .^--åoooi' oo:-: "' a.i.'i''iiñgle'poit is-provided for admitting air from.a coBpressed gas

- -compression tube vía abolted flange arrangement where the transition-from-the larger diameter of the
reservoir to the smaller compression tube diameter is through a tailored nozf,e.

CRADA BIYLC-96-01

The gas gun is partially enclosed by a 10 x 16 ft room constucted of concrete blocks sûacked 6 feet high wittr
a total wall thickness of 15 inches. A sohematic showing the position ofthe gas gun within the room is given

in Figure 8. The gas gun is mounted in the horizontal position on a uni strut frame and the concrete target

is positioned verticatly next to the eastern wall ofthe block room. Also shown in Figure I is the position of
the heiium and air compressed gas cyiinrÍer behind ihe western wail of the room, out of line of sight from
both the target and the high pressure end of the compression tube. Also shorryn is the position of a small

vacuum pump which is used to evacuate the compression h¡be prior to filling with helium.

2.2 tr'ree-Piston Gas Gun

The basic concept of the free-píston gas gun was given in ttre Introduction, in this section the detail design

of ttre RAFTOR gas gun is described. A schematic offhe gas gun assembly and supporting gas system is
given in Fiære 9. Two photographs of the gas gun components are given in Figure 10, which will be

referenced in the following description ofthe main gas gun somponents. Also, provided in this section is
a description ofthe basic operating procedure ofttre gas gun.

Gas Resemoír

The gas reservoir, as clearly seen in the photographs shown in Figure lQ is located at the end ofthe gun,

opposite the barrel. The gas reservoir is an ASME Code St"mped prassure vessel which has a mæcimum

.. allowable--l¡¿orking pressure of 1500 psig at room temperaûre. -Thevessel is equþed with a relief valve,
' -'-- ''3'tYr;'ffiêbottomphotographin:F¡gi¡iê10;ietaccôidingtliêäSil[Ë'Cõ'rlfiieCriÍrffi'eñtrÍTii'conúiuitedfrom¡rälcl

l9''ii{ches long). A
iêservoir is mated to the

I 
t*= :' êompression Tube -' :-'

t
I
st

I
rl

t
I

The eompression tube, halfshown in thetop photograph ¡liven in Figure 10, is 66 inches longwith an inner-

diameter of 2 inches. The inner surface of the tube is honed in order to reduce the friction between the tube

and the moving piston. The pressure in the compression tube is transient and the pressure behind the piston

is different from that ahead ofthe piston. Initíally the pressure behind the piston is higþer than ahead ofthe
. piston with the mærimum being that of the initiat reservoir pressure. As the piston moves down the tr¡be the
pressure behind the piston drops and the pressure ahead increases. The pressure ahead increases very rapidly
nearthe end of the piston shokg i.e., roughly the last 12 ínches. Thereforg there is no ma¡cimum pressr¡re

that the entire vessel is exposed to, e.g., the reservoir end of the compression tube is never exPosed to the

maximum pressures which the end of the compression tr¡be is exposed to. The compressÌon tr¡be wall
thickness was chosen based on predictions of the transient pressure in the compression tube. The

compression hrbe was designed for a maximum allowable working pressure of 100 MPa (14700 psig).

The compression tube.is-equþed with threeports. The port at the ba¡rel end is fitted-with a piezoelectric

pressure transducer which measures the pressure transient in the helium gas ahead ofthe piston" A second

port, located in the opposite end flange, is used to vent the air behind the piston after completion of an

experiment and to evacuate the air in this same space prior to an exoeriment The action of evacuatinc this

I

-- , 1-('i;-PF^''- ..!tî7.,2 --=-*- -fi&:;-l-i-:---:=f ï:.."---;--:-'-T--j
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air also draws the piston back to its initial position for the start of the experiment. The last port located in

the tube section is used for evacuating the gas from ahead ofthe piston and then filling this space with helium

from the compressed gas cylinder.

Físion

The efficiency of converting the internal enerry of the air in the reservoir into internal enerry of the helium
at the end of the compresgion hrbe hinges on the performance ofthe free piston. The two dominant factors

are, firstly, the sliding friction befween the piston and the compression tube m¡¡st be rninirnized, and

secondly, the leakage.of high pressure helium or air across the piston must be minimized. The piston is
eylindricat in shape with two reinforsed Teflon guide rings, one at each en{ whiðh act as bearing surfaces,

and one elastomer o-ring at the front end for sealing purposes. Note that there is no contact between the

honed inner surfaceofthe compression tube and the metal piston. Teflon is the material chosen for the guide

rings because of its excellent wear and frictional properties. The steel piston has a one ineh diameter

tungsten core which is used to increase the piston weight to 3 kg. A poþrethane bumper is mounted on

the front face ofthe piston in order to absorb the piston impact with the banel end ofthe compression tube.

' BarreÍ

The compression tube is connected to the barrel through a nozzle-diaphragm assembly- The constant wall
thickness barrel is 72 inches long with an intemal diameter of 0.3 inches. The projectile is initially
positionedintheþane-l¡justdownsteamofthediaphragm. Whenthediaphragmbursts,helir¡mi1þ$oduced

];4 î . into the.-b-eçpl,.é&gtþely propelling the projectile. The pressure-in-the ba¡rel i!-transient,ä¡id êssèntially

-*_ ,,"-.,-&llows,tþ*p¡.egsur+it"the end of the comrygs¡ign _tube.less-_a-s¡r-4l-p-gegs4rg,drop. 
aitggtgjed--with üre

- . : 
-'cóhtiapqø-f¡o,tt 

gftþren¡ç. The ba¡rel watiihiçknEis wæ.-chos-éäþ-æä¿õîi-u¡O 3ame.ñõffiüñ'a[owable
working piesç¡ti.C_pfl9!_-MPa that the comp¡gssion tube 1tvas designed-for. Nõte thè banel iS3öiewed into
the primary_diapþagm flange which is bolted to the compression tube flange. The aluminum diaphragm ist

t
I
t
at

T

I
r
ft

flanges which are equipþed wilt¡ Viton elaglogrer.sqals..-4¡¡ g$gUt p-qrt,

tiré trei ¡um f,?Eüùrä ii' the barrel.

ProjectÍIes

Two different tj?es ofprojectiles were used in the tests. The rifle tests used projectiles which were similar

in size to a}Z-caliber bullet. The main difference is that the projectiles are made from 4340 steel, and

hardened to a Rocla¡¡ellC of 40. The projectiles a¡e inserted into a commercial plastic sabot which enables

the use of smaller caliber bullets in a rifle in order to achieve higher velocities. The sabot weight is 0.4 gm.

In the initial phase ofthe gas gun tests a similar projectile was used. This projectile was 2.5 gm, 0.22 inches

in diameter, and roughly 0.59 inches long with an ogive nose with a radius of curvature equal to 0.22. In the

later phase oftesting, itwas decided to go to a smaller diameterprojestile in orderto increase the penetration

depth. For these tèsts, commercial I inch long 0.125 diameter cemenlnails were used. The nail head

diameter was reduced to 0.22 inches so that it could be inserted into the plastic sabot. The nails come with
a soft plastic collar which is used to center the nail in the barrel. Figure 1l shows a photograph ofthe two

projectiles and saboT described above.

-ff:Tff'îæ€-ffi:
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Isolation Valve
i

The isolation valve is located between the gas reservoir and the compression tube, as can be viewed in the
photograph given Figure 10. The isolation valve is a pneumatically actuated ñ¡ll-bore 2 inch NIPCO ball
lalve. Ttre pneumatic actuator, which is the white box-shaped object above the valve in Figure 10, is i

equipped with a spring return such that when the actuator air pressure is vented to atnospheric the aci¡ator
automatically closes the valve. The pneumatic actuator is operated via attree-way contol solenoid valve
whÍch can either pressurize the actuator to open the valve or vent the actuator to close the valve.

The isolation valve is not required to operate the gas gun. It serves two purposes; 1) integral part ofthe" interlock system, i.e., prevents the firing of the gun, and?) it is used to save the compressed air remaining
Ín the reservoir following an experiment. If thé valve is not used, the pressurized ak remaining in the
reservoir would have to be purged in order to change the diaphragm for the next experiment. If the gas gun
is operated withareservoirpressure of550 psig(based on numerical calculations) andthegas is vented after
each experiment one would only be able to run five experiments per 2200 psig standard 1A compressed gas

cylinder (internal volume of 1.55). During an experiment the reservoir pressure onþ drops about I I psi from , 
'

its initiâl 550 psig as â result of ttre expansion into the compression tube. This is due to the small ínternal
volume ofthelompression tube relative to the reservoir. Ttrerefore, with the valve in place and by topping 'i

offthe reservoir after each experiment one can run well over one hundred experiments with the same bottle
of compressed air.

Double-Díaphrøgm

.. 
'.._. Eq.{ot¡blç-,-4ia_pþBg$"r_:,Fssemb!y.-c.9nq!$9.of the th¡ee consecutive flanges located'at:-thë.ãúd 6¡-¡¡{'i::::-:=.- ';;. ,bõmpieision-oibê. .-Fdrihe mosrêffiõlé=ni-operation of a free-piston comprèssor thea-istori-çhould'be ' - .::--:;

. instantaneous$ Subjected to the high pressure g¿u¡ in the reservoir. Since the time required for the piston to )

complete itg-strgke is only about 40 milliseconds the opening time required for a valve would have to be at

, . -.lg-qs.t ar-o¡{e¡,o$p-a_g4itgde faster-ttr.gur.tbis,*Clearly this t¡pe of performance.cannot be achieved,from a -:=-----:--r

:';::fgr.9qg-i4éry9;oå&äctqåt94:ÍäÞs=T-ñe¡róst¡ommõn-riierñ¡d-for þerfcii{ning this tãõlfr.lousif:.. _-_g
ãiaptràgm=ttriõh ruptures whei thètback þressure is above a critical pressure. The time riquiied for the
diaphragm to open depends on the thiokness and material properties ofthe diaphragm. In a standard single
diaphragm system the reservoir pressure is raised until the diaphragm bursts. Since the calibration ofthe
burst pressure always has some uncertainty, it is difficult to consistently operate the diaphragm at a
prescribed pressure. To.overcome this shortfall, a double-diaphragm is used where the pressure in the gas

space between the two.diaphragms can be varied. In this approach the intermediate space between the
diaphragm is filled to half the pressure difference between the high and low pressure across the double-
diaphragm. The strength of the two diaphragms is chosen such that they can support these pressure i

differentials. In order to burstttre diaphragms the gas in the intermediate space is vented so that the first í

diaphragm bursts leading to ttre opening of the second diaphragm. By this method one can accurately
prescribe the initial pressure in the gas reservoir atthe time of diaphragm rupture. 
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Gas Handlíng System i

I

The gas handling system for RAPTOR is shown schematically in'Fþre 9, and can be seen in the :

photographs provìded in Figure tÖ. fne high pressure helium and air is stored in sandard 1A compressed

gas cylinders. The gas delivery system to the gas gun uses two-stage pressure regulators to reduce the
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cylinder pressure to slightly higher than the required pressure. For exarnplg for air the regulator pressure

is set to ábout 800 psig and for the helium the regulator pressure is set to about 100 psig. As shown in the

Figure 9, there are four gas injection points into the gas gurL 1) in ttre reservoir, 2) in the double diaphragm

cavityr3) in the compression nrbe flange next to the double diaphragm and 4) in the compression tube next

to the dou-ble diaphragm. The gun is vaived offat these iour iocations. Except for the isolation vaive, aii
valves are l/4 inch Whitey "40u series ball valves. The stainless steel tubing used in the gas delivery system

is 1/4 inch outer-dianieterwith a 0.035 inch wall thickness. All fittings used inthe gas delivery system are

stainless steel Swagelok.

23 Concrete Targets and Stand

Concrete targets were prepared in a variety of sizes and thicknesses, enumerated in Table 2-1. They were
poured on site in wooden frames, using a water/cement ratio which gives a nominal shength of3000 psi afrer

a28 day cure. As indicated, some ofthe targets have steel reinforcement wire, ofthe sort used in sidewalls.

Table2-l. Concrete largets

Thickness
(inches)

Sides
(feet)

Weight
(lbs)

Reinforcemen
t.

Number
ofpads

2-- 2 +-,_No-. -4-----

2 ..î:';-.: 100' --

4 2-u2 310 No 6

4 2-u2 .--.--Yes--- 2

6 .J -'-665---':'
=ffo:---*""

J

6 3 665 Yes I

Since the gas gun is mounted horizontally, the target is mòunted vertically and normal.to the gun centerline

in a custom designed target stand, shouin in figure 12. The steel target stànd consists oftwo fixed sideq and

two side plates which cân be translaæd in orderto compress the sides ofthe target Since th. e gun's position

is fixed, ihe target is transtaæd in t$,o.directions in order to vary the projectile impact locatiôh on the taiget.

On p x-y-z Cartesian co-ordinate system, if we assume that the gun orientation is in the z directiontarget

moiion is'in tiïe x-y plane. This is aecomplished by mounting the target support stand on a battery powered

pallet lift which can be seen in the photoq¡aph shown in Figure 12. The two degrees of motion is achieved

by the back and forth motion of the cart and the up and down motion of the fork.
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-. . pr-eg¡$g?ír.ûom.the.I.9sen'oir. The piston is isol¿ted from the air=reseryoir-vjalhejsolation ball valve.
f.":,,: : .;'ftõefdõiifone.can6úre-tharthisvãlveiscloseil,'thögfs-giñæñtif-b-e-fiiártäifitcanbeconsideredro*-"

! -.""=-:.:rþ9.h,?.safg state.'As d-escribed earlier, the ball valve-is pneumatically.acnratñ'riõing8O psig instrunéñtãF_*
.-^- ;,-. ; . antrib@matlyæ1osed"(Cþring rehrn). fire pneumaiicactuatorisïóäuolFd'lia:a three way solenoid úàlüe'-
! -.""=-:.:rþ9.h,?.safg state.'As d-escribed earlier, the ball valve-is pneumatically.acnratñ'riõing8O psig instrunéñtãF_*
.-^- ;,..--:'.,_.. ârdtis¿iormallyælosed"Gþring rehrn). The pneum-atic-actuatofilïóñUo[ed'lia:a three way solenoid úàlüe -'

| - 
- 

whidti?aii either pres'Ñãä thà actuaûor to opln the vaive or vent tle actuator to close the vaive via the spring|l retum;..,if[el.de-energiæ"stateofthe solenoidvalve is setsuchthatthevalveactuator is normallyvented and

| 
2'4 EíojectilevelocítyMeasurement

The projectílg velooity was measured using a commercial chronometer used by rifle enthusiasts to measure

il bulldt.velocities. The accuracy of the chronometer was checked using a home made system based on

t measuringthê time for the projectile to pierce two aluminum sheets separated by a known distance.
' ;" i ¡,'l 

'1 
1-.¡r.'t I

]t "-,-,,.i,ru..H*t*ent 
video Monitoring

Duriggithe',norgral operation ofan experiment tfie experimental area is monitored by a video camera located

il inside.th"e,blocfiroom. After the Experimental Hall is cleared, the house lighæ automatically'shut off, and

f, auÍÍliqrydlood'lights located in the block room are tumed on. A video monitor located in the contol room- is'usedfor'real time viewing of the experiment. Every test is recorded on a VCR located in the control room

| "'1,S:.,';;î
2.6, -.,;: Interlbõk System

' ií;t'it'¡ ;j¡'4t''1''"

l' fftå t¿f"V ioællock system used for RAPTOR is based on the redundan! fail-safe radiation access control-r 
sysûem insüalled a¡¡ a component of the NBTF. The main objective ofthe interlock system is to ensure tl¡at

- 
the gun ishottiperated when personnel are in the Experimental Hall and that there is no danger to personnel

I replacing the various diaphragms on the gun with the air reservoir pressurized. In order to launch a, projec$le the.ûee piston must be set into motion. This is done by exposing the rear face ofthe piston to high

ivalve is.-llised. In order to actuate.the ball-valve-bothJ4"volts:d:.c..power3rid 80_psig
q,must Sþlailable to.thøsoJenoid-valve- IÉorderto'-ensurè-tliãtÏheìgasgun is not op-e-ratãõ
sonnel in the experimental are4 the solenoid välïe which cõn6lÈ-¡hãball valve actuaior is

__...__- 
=-.---+_tt¡ltrs-;theiib€lllvalve 

iq-glosed. In order to actuate. the ball-valve- bothJ4"volts:d:ac..po$'er.add 80
I. ., .;..* .;instrurheütiáir,must bê';.âl
I*--¿i )=¿- -- -. -rail:.t --- --rvith'anV.personnel in the

rder to actuate. the ball-valve- bothJ4"volts:d::c..power. arid 80_ psig
thøsoJenoid-valvÞ,- IÉorderto-Onsurè-tliãtïheìgas':gun is not op-e-raiãð. 

.

ínterloclCedlifüis is done by intemrpting the instn¡ment air supply to the solenoid valve when the interlock
systeÍnlis nötsptisfied. For the jas gun experimenf the only requirement for running an experiment and thus
satiiffjñglthciirterlock system, is that the Experimental Hall and the two fi¡nnels be cleared of personnel.
Duri¡rg'fhisÉleäring procedure the experimental room ¡susing the gas gun is aiso searched for personnel.

' ¿' çgr¿{y r¡¿'l '.

The existing NBtp interlock system starts with a monitor for the crash system of pull-chords and red
mushrboT emergency stop buttons. \ilith the crash system satisfied, all doors closed ¡nd monitored and the
òlearing',seqgenoe.satisfied, the facility is considered SECURE. By removingthe key from.the plug door and
placigglitinlötlieRAPTORexperimental control panel, asequence is initiatedwhich sþalsthe startof a
RAPTORitesteiThe plug door is eleotrically locked (power is removed from.the door motor circuits), the
floure'scenË lígbtswithin the Experimental Hall and the two tunnels are shut off, a 10 second 400 IIz waming
tone iSúroadcast over the facility public address system. Following this procedure the facilþ is considered
LOCKEDãndtthe instrument air becomes available to the isolation-valve.

' r 1ì"-.'f I

'. . '-'lj." ,..t.
,¡ .-.¡ I 'l j. : - t ¿: .t )'l
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2.7 Control and Data Acquisition System

The conhol system is PC based, usingtwo oxternal Strawberry TreeData Shuttle units which include both
the data acquisition ca¡d and the tenninal panel in one unit. The unig can be powered externally from a 120
Volt outlet vía a transformer, or via tåe computers power source. Strawberry Tree Workbench softrryare is
used to control the data acquisition cards. This system accommodates several channels ofanalog input and
digitål inpulouþut. The digital ouþut channels are used to operate the pneumatically controlled valves.

' Each digial output channel is protected by an Optical IsolatorModule which isolates the data acquisition
cards from any high voltage surges (e.g., 1500 Volts). The modules are used as relays to switch the
externallysupplied24voled.c. onand offto the lowpowerelechicsolenoidvalves, which actuatethemain
valve pneumatic actuato¡s. The analog input channels are used to measure current output from two strain
gauge type pressure transducers. The pressure transducers are used to measure the air pressure in the
reservoir and the initial helium pressure in the compression tnbe. The pressure transducers are calibrated
at a frequency of once a month. The digital ouþut channeis are used for controlling the solenoid valves
which a¡e used for loading and evacuating air and helium into the various gun components. In terms of data
acquisition, during a typical experiment the voltage sþal from two piezoelectic pressure fiansducers are
recorded on a four channel high-speed LeCroy oscilloscope

2.8 Gas Gun OperatingProcedure

During the operation of the gæ Bun, the Experimental flall is free of personnel and the gun is operated

,-r9m9!elV-fr_q.Egp-conholroom. Wewillassumethatthegunhasjustbeenfiredsuchthataltthediaphragms
. . 

-.,are.liurs¿ääã-ãñãi:âfiiessure 
just-below the initial resewoir*pre-s-sue-occ$iés-tFE3éiTciii äs wèh as the

., . j .- " . ,g"$þ.n_q!.-!4e gglngr.esqion tube behind the piston. At the end of-ttre shot, _€ùgçult of:grë-liigh preißuie air
) "".-: 

-' 
áøirig pn ilîãliack'-fãc.e pf the piston, the piston will-be-located'atríts-.fãtliè-sfdournñëãñ-pòsition next to
the noùle as-sêintilylÏie first step is to close the isolation valve in order to conserve the remainìng air in
the reservoir and to vent the compression tube to the atnosphere. At this point personnel can enter the

j:-. .- ex¡en{e.{ {iryþ¡ge¡riare removed:: ftg baneUcorqgession'tubgfl:iñSs are unbolted and the-no?zle. ^-::--.. 
asiËm6tf is*éïffictëdiúsing a long wooáen sticþ ttre piston is pushed through the compressiciri:ñËiand '.-

out double diaphragm opening. The compression tube is then cleaned using a swab attashed to the end of
the stick. The piston is placed back into the reservoir end ofthe compression tube and new diaphragms are
put in place. Tlne nonle assembly, along with the downstrea¡n double diaphragm flange are tightened. A
new projecJile is inse.rJed into the ba¡rel and the barrel is screwed into place. The vacuum pump is turned
on, thesafetyvalve forthe instn¡mentair isclosed, andallpersonnel arecleared fromtheExperimental Hall.

The data acquisition and contol computer is tumed "on," ttre rüorkbench software is "executed," and the
appropriate Workbench worksheet is loaded. This brings up the main control panel on the computer screen

where all the valve astuators and pressure gage meters appea¡. For the remaining description refer to Figure
9 for the valve numbering scheme. The isolation valve is opened by actuating valve 10. The air is evacuated

from the compression tube, on either side of the piston, by actuating valves V5, Vl, and V2. The helium is
then added to the compression ü¡be ahead of the piston to aprescribed pressure (e.g, 41 psia) by ach¡ating

valves V6, Vl, Y2 andVT for the pressure gage. NexÇ air is introduced into the double diaphragm cavity
and the reservoir to a pressure roughly halfofthe prescribed initial air reservoir pressure by actuating valves
V8, V3, and V4 (note the pressure transducer for the reservoir is not valved oÐ. The reservoir is then

l0
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topped offwith air to the prescribed initial pressure for the test (e.g., 750 psia) by actuating valves V8 and
V3. The firing of the gun is initiated by venting to atnosphere the air from the double diaphragm cavity.
This ig done incrementzlly by first venting the panel by achrating valve V9, then venting the double
diaphragrn cav¡ty ínto the panel volume by actuating valve V4. This two step process is continued until the
l:^-L-* 1¡'ø+^ 'TL-+ :- +L:- +L- €-.+ J:^-L-^- +^ L,,d:-:-^+:-^ ^:- :-+^ +L^ J^.,L|^ J:^-L--U¡4P¡¡¡46¡¡¡ usròÈ. Iuel rù, qrÞ w4uùwù ulv rl¡ùL slsPl$eéur lV UUùl UrJgÞuué 4u ¡¡¡l\, Ulf/ Uvr¡Ìrlg Ul¿P¡UAËr¡¡f

cavíty to a pressure slightly below the initial reservoir pressure. This then causes the second diaþhragm to
burst injecting air into the compression tube, thereby accelerating the piston and pressurizing the helium
ahead of it. When the helium pressure reaches the main díapbragm burst pressure (e.g., 10,000 psia) it
ruptures. This starts the expansion ofthe high pressure helium into the barrel, resulting in the acceleration
of the projectile down and out of the barrel. At the same time the piston recoils slightly arrd then re-
accelerates towards the barrel impacting and coming to rest attlp front face ofthe nozzle

3 CALIBRATTON TESTS

3.1 DiaphragmBurstPressure

The gas gun uses several calibrated burst diaphragms. The material used for the diaphragms is commercial
grade 1100-0 aluminum. The double diaphragm assembly uses two 4 inch diameter diaphragms, of which
only an area corresponding to 2 inches in diameter is exposed to pressure. The primary diaphragm consists
of a single 2,5 inch diameter diaphragm with a pressure exposed area coresponding to 0.306 inches in
diameter. The diaphragms used in the double diaphragm assembly were calibrated by loading the fint

, , --diaphragm and.lgavi¡r!õÍt ttre second one. Air was,slowly added to the reservoiruntilth:e diaphragni bliist'
, en{.{{p.p_rÊ!-stl!g-.wel.4gtgd. For the primary diaphragms;the burst press¡g_e was obtained-from the transient :

,, _:_.,.-.h9l[um presÈugõ.srËat{.dþtained from tests with the piston set-in motion-Thetime:of-nrpttrtê"is ¡¿ént¡nê¿ '-:-
by as sudden rise-in p-rçiure in the pressure sþal recordedjust downstñàm oftheTiaphragm. The burst'-'
pressure is then obtained via the helium pressure sþal recorded at the end of the compression ft¡be at the
measured timeof diaþhiagmrupture. The burstpressure versus diaphragm.thickness is given,in Table 3.1.- - ,--; ,t'. 

-+: 

.: rr+'-- ,; -- --::--.--:=* '-:--- - - 
Table3:r.diaffi¿s;"rrpr*ro*--l =-

DoubleDiaphragm PrimaryDiaphragn

Thickness (incheÐ Ave. Burst Pressure
(psi)

Thickness (inches) Ave. Burst Press'ure
(psi)

0.01s 315 .01s 2200

0.020 600 -02a 3100

.025 4100

-032 6000

1l

'-qr¡;: ã. -:ïî,.atr:?.''.'..--.T;r'¡r-ï,Ð'ã¡1.4i.'r::îìçrÌ$rj-r'rgî;:a-l ri?t;7==f'I¡;s]-pfl¡'4t'-{



t
t
f
t
t,

t
I

CRADA BI{L.C-96.01

3.2 Maximum llelium Pressure

Tests were performed.to measure the maximum helium pressure achieved when the end ofthe compression
tube is closed. This was achieved by inserting avëry thick primary diaphragm which would support the
expected mæcimum helium pressure. The peak helium pressure was recorded for various combinations of
initial helium pressure in the compression tube and initial air pressure in the reservoir. Two air reservoir
pressures were used, 500 psi and 750 psi. With the air reservoir pressure fixed, the initial helium pressure
was varied with a conshaint on the minimum based on the resulting peak helium pressure being below the
maximum allowable working pressure for the compression tubg i.e., 15000 psi. Shown in Figure 13 (top)
is a t¡ryical pressure-time history recorded in the compression tr¡be with the end closed. Tlre test was
performed with an initial air pressure of 550 psi and initial helium pressure of4l psía. The signal inoludes
9 pressure pulses which are generated as a result of the ossillaûory motion of the piston. Since the helium
is not vented out the end, the piston continues to oscillate until non isentropic effects (e.g., friction and heat
loss) brings the piston to rest The peak ofeach consecutive pressure pulse is diminished as the piston slows
down and the stoke length is decreased. Of interest is the peak pressure which corresponds to the first pulse.
The first pressune pulse is reproduced in Fþre 13 (bottom) with the time scale reduced. The actual time
for the piston to complete its compression shoke is about 30 milliseconds, however, the bulk ofthe pressure
rise occurs in the last 5 milliseconds of the sboke. For this particular test the peak helium pressure ü¡as
about 9100 psi.

Shown in Figure 14 is a plot of the measured peak helium pressure as a ñ¡nction of initial helium pr"sur",
for a fixed 500 psi reservoir pressure. Also shown in Figure 14 are predicted values obtained from the

-- . numerical.code-desçribe.d earlier-in^the report Ttre results indicate that the measured peak pressure,is
-- consistently about.l-5-9/gjelow the calculated value. These lower pressures can be atEibu[qd to pressure

: -;' lorsse$ iq(litlr¡e-s^ervoir no.zzle; frictional losses atthe piston'¡in¿tri:¿¡tlOsles from the compressedhelium; The
plotshowsthattheminimum amountofinitialhelium is abõúf23.5þ!;ia" i.e., abovethib limitthepeakhelium
pressure is higherthan.the compression tube ma¡rimum allowable pressr¡re of 15000 psi. Similar tests were

. perfg,rmed with a-fi19{ a!¡ reservoir pressure of 750 psi. Again the measured peak helium pressure was about
. '; lsys below;thg,galgulçted velue, The minimum initial'h'èä-riñ irressüre=which resulted in a--pe_ak helium
' pressure of 15000 psi-was determiired toliç 44 psia. Thè3è1Íññsonîheìnífiàl helium pniðurearê used to

definetheoperatinglimits ofRAPTOR(i.e., permissibleinitial airand initialheliumpressurecombinations).

3.3 ProjectileVelocity

Early tests indicaæd that the projectile becomes aerodynamically unstable (i.e., projectile tumbles) once it
leaves the barrel. This is based on observations that in many tests the projectile damage after impact was
mainly concentrated on the side of the projectile. This instability can be atüibuted to tt¡e fact that the
projectile does not spin on its axis, as is the case with a bullet fired from a rifled barrel. Thereforg in order
to ensure that the projectile impacts the target head on, the target must be placed close to the end of the
barrel. For proper operation of the chronograph, tt¡e manufach¡rer recommends that it be placed at least 4
feet from the end ofthe barrel. As a resulÇ velocþ measurements cannot be taken during a tSpical projectile
launch and target impact test. Thereforg a series of calibration tests were canied out to determine the
projectile velocity as a function ofvarious parameters, including: reservoir pressurq initial helium pressure,
primary diaphragm thickness, anðprojectile mass. For these tests the 22 caliber projectile-was used
exclusively, and the total projectile/sabot mass uras varied between 2.5 and 2.9L gm by removing material
offthe back end of the projectile. Two primary diaphragm thicknesses were used, 0.025 and 0.032 inches.
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It was found that for these two diaphragm thicknesses tested the influence on the projectile velocigr was
minimal. The thicker diaphragm resulted in higher peak pressures because of the higher burst pressure.

Shown in Filure 15 is thé pressure time histories recorded at locations before and after the diaphragm for
a test with 500 psi air in the resenoir and 30 psia initiai heiium pressure. In this test the pressure transducer
PT2 is located between the diaphragm and the projectile, When the diaph,ragm bursts a shock wave is
generated and the pressure is measured by the transducer. Since ttre tansit time for the shock wave is very
small, the firstindicationofapressurerise inPT2definesthediaphragm rupturetimewhich canthen beused
to determine the burst pressure from the pressure transducer FTt sþal. In this figure the rupture time Ís
indicated by the arrow which appears at the same time on both sþals. It is interesting to note that the
diaphragm nrpture time can also be deduced directly from the PTI signal by the onset of some high
ûequency noise which appears on the signal. The source of this noise is either mechanical vibration caused

by the sudden rupture oithe diaphragm or some high frequency pressure oscillations associated with the
oufflow ofhelium into the banel. The oscillations observed ín the PTz pressure tansducer are the result of
pressure pulse reflections between the throat and the projectile. If the projectile is þlaced immediately
adjacenttothe diaphragm, the pressure signal shown in Figure 16 is obtained. Notethis test is with an initial
helium pressure of 25 p"sia, and thus the peak pressure is slightþ higher than'in the test from Figure I 5 . This
fact asidg the pressure sþat from PT2 is ûee of víbrations since initiaþ there is no gap between the
diaphragm and the projectile. The pressure rise in PT2 is delayed relative to the diaphragm rupture because
the projectile requires a finite time to move past the PT2 port in order to expose the üansducer to the high
pressure helium.

Ihe measured projèctile velocity and peak hetium presi'uiäãéþotted versfffrfiìal helium pressuein
IigurqitJe{rdJ_S'-.S!?r5 gm projectile/s¿bcifand areserv.ojlpîéssure of 500 p*ard ?50 psi, respeciively.
-As orie woulil'erip-ec¡]ri-tli the projectile velocity n¡1g!_p.eak tielium pressure deciriase with inoreasing initial-
heliûm'þiesSräe.' .Foq ä 500 psi reservoir pressure and 2.5 grn projectile/sabot the ma¡<imum velocity
measured was 445b ft/s which was obtained wÍth an initial helium pressure of 20 psia- For this test the peak
hþll{Ir pressgre.m,qgl¡Igd was 10847 psi whioh is well below the 15000 psi maximum allowable working

¡ip-í{p,a{o¡-!!ç-Cf.r!þ!esÉion tube. Fr-omEigrnil!,-un$er closed end conditions the peak helium pressure
foi'thi$iñ'itiãlheliúrñ-¡ír'dssurewouldbewelloverthe15000psi. Therefore,usingthepeakheliumpressures
measured under closed end condition to define the operating limits for open end conditions is very
conservative. Much higher projectile velocities are achievable if the operating limit was defined based on
the measure peak helium pressure under open end conditions. For a 750 psi reservoir pressure and 2.5 gn
projectile/sabot the maximum velocit5r measured was 4635 ff/s which was obtained with an initial helium
pressure of 40 psia. Ihe conesponding peak helium pressure for this test was I1273 psi, once again well
below the I 5000 psi límit. The highest projectile velocþ measured is 50 I 1 ff/s for a I .8 gm projectile/sabot
achieved with an ínitial air and helium pressure of 750 psi and 40 psia, respectively.

4 CONCRETE TARGET IMPACÎ ÏESTS

For the impact tests the front surface of the concrete target was placêd about 1-2 inches from the end of the
barret, and therefore velocity measurements were not taken. The objective of these tests were tïro fold, 1)

measure penetration depth, and 2) measure the influence of impact spacing on target cracking. A total of 66

r3
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impact tests were performed, using five different tqlgets. Shown in Figure 19 is a schematic showing the
various targets and projectiles used in the test series, along with the test run number associated with each

impact point. Note only the first a¡d last n¡n numbers are shown in a row of impact points.

4.1 Projectile Penetration

The measurenrent of penetration depth as a fi¡nction of projectile diameter, size, and velocþ is very
importantfordeterminingthepropercombinationofthesepammeterstocrackaparticularthicknessconcrete
target. For example, for a 4 inch thick target one wants to achieve a projectile penetation on the order of
3 to 3.5 inches. Penetration of more than 3.5 inches is inefficient since residual projectile kinetic enerry
will be wasted. On the other hand, for a 4 inch thick target if the projectile peneûation is only 2 inches it
would be difficult úo generate a crack completely through the target with a reasonable impact spacing. For
a gÍven projectile and projectile velocity, the penetation depth can vary considerably dependíng on the size
of the aggregate and number of aggtegaæ encountered by the projeotile along its penetration path in the
tÆget. In the rifle tests, where the projectile velociEl was limited to 3000 ff/s, t¡pically when a projectile
encountered an aggregate it would either crack or dislodge the stone from the targeÇ in either case the
projectiles forwa¡d motion would cease. With the higher velocity achieved using the gas gun, the projectile
penehates througb the stone by pulverizing it.

Target penetration depth is measured by inserting a screw driver into the hole until it bottoms out on the back
of the projectile. The penetration depth is taken as the length of the portion of the screw driver which lies

-.. - .:2: -.u1i!hin the hole plusJbggtiginal length ofthe projectile. Figure20 is a schematic which shows the nieasured

= - 
penegation dep-t$.fo_r.g.qç-b ofthe tests indicated in Figure 19. Pe?fotation ofthe 4" targets was not observed

- =.--^ --íll.a¡ry of the tests.i..Itjpinteresting to note thatthe deepest penediãfiõlfrere observed in the reinforced 4"
- - - ttric! target (seq f,!gggç'.2-0e), the reason for this is unknown. Since the target remains intact it is not possible

todetermine whe$er a projectile directly impacted the reinforcement wire. Table 4.1 summarizes the
measured projegtflg penetrations achieved as a function of projectile dimension, mass and velocity.

t
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I
I
l
t
l
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t

-=-'-i:7=:.
Table 4.I. Pfoþctile Penetration Mðäiüiämenü

Ðiameter (in)
x length (in)

Mass (gm) Velocþ
(ff/Ð

# of shots Penetration (in)

Average Std. Dev.

4.22x0.59 2.5 3000
a'

14 1.5

A.22x0.59 2.5 4500 "16 2.0 0.3

0.125 x 1.5 3.7 1 3.7

0.125 x 1.0 2.7 4500r ..31 2.9 0.4

0.125x0.75 2.3 2 2.8 0.1

0.125 x 0.5 1.8 5000* 2 2.3 o-4

* estimated based on measured velocþ of similar mass 0.22 diameter projectile

_.-il
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lt is clear from Table 4.1 that for a given projectile mass, an increase in the velocþ results in an increase
ín the penetration depth. However, simply increasing the velocity by decreasing the mass does not iesult
ín deeper peneûation, as is the case with the A.125 x0.5 inch projectile compared to the heavier 0.125 x 1.0
ínch projectile.

4.2 CrackPropagation 
1

The main objectíve ofthe tests shown in Fþre 19 was to deterrrine the minimum impact spacing required
for crack propagation. The impaot point spacing for the tests ûom Figure 19 can be determined by dividing
the target width (e.g., 4" thick target is 30"x30" and that of the 6" thick target is 36"x36") by the number of
impact points plus one. For example, for a 4" thick target with five impact poinb across the length, the
impact spacing is 30'(5+1þ 5 ínches. The results ofthe tests on each ofthe targets is summarized below:

(Ð A 4 inch thick concreþ target was tested rvith A.22 lrnrch diameter projectiles launched at 4500 ft/s.
Two series of tests (#27-31,#33-37) were performed each with a projectile impact spacing of 5
inches. A crack propagated through all the impact points for each ofthe two series. However, the
crack did not penetate completely tbrough the 4 inch thick target

On the same 4 inch thick concrete targel athird series oftests (RIJN#3843) was performed using
0.22 urch diameter projeotiles launched at 4500 ff/s with a projectile impact spacing of4 inches. In
this case,the crackpropagatedthrough allthe impactpoints and completeþthroughthickness ofthe

-,L - 
talget' 

----: ----"-
(B) -{+.i!glr targeq previously used in rifle tests, was. used to determine if the smaller 0.125 inch

.diameter prpjectiles launched at 4500 ff/s could crack through the target wi.!!.e 5 inch projectile
* - 'impact spacing @UN #4+47). The crack propagaæd througþ all the impact points and completely

through the target

. r.(C)::i:,&.g.qgh;¡þ¡gþjconcretetargetwastestedwith0.125inchdiameterprojectildsÍäänchedat4500ft/s.
Two series of tests were perfonned with projectile impact spaeings of4 inches (Rt N #57-64) and
6 inches (RuN #65-69). Forthe 4 inch spacing series, the crack propagated through all the impact

.points and completely througþ the target. For the 6 inch spacing, the crack did not propagate
completeþ through the thickness of the target.

(D) A 4 inch thick concretetargetwas testedwith 0.125 inch diameterprojeotiles launched at4500 ff/s.
Two series of tests were performed with projectile impact spacings of 5 inches @uN #70-74) and
6 inches (RuN #75-78). For both the 5 and 6 inch spacing tests, the crack propagated through all
the impact points and completely through the target

(E) A single test series (R[IN# 79-83) was perfomred on a 4 inch thick concrete targetwith
reinforcement wire, usíng 0. 125 inch diameter projectiles launched at 4500 ff/s. For a 5 inch spacing
test series, the crack propagated ttuough all the impact points and completely through the target.
Although the crack propagated completely tlrougþ the target the target remained intact because of
the reinforcement wire mesh.

t5
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Aphotographtakenofthecracked4"concretetargetafterthetestseries#7A-T isshowninFigure2l. In
this particular test series five impact points, correspondùtg to a 5" spacing, generated a clean cut across the
Iength of the target. In this photograph the projectile holes can be observed in cross-section, as delineated
hv a white streak on the nhofoøranh- \l/hen fhe nroiecfile first enters the ferøet it nenefrates fhrorroh the-¿ - "-'--- --- *_' r*-_'q'r*' F--¿----'- -- r'---*----
aggregate, but the projectíle velocþ decreases, and eventually the projectile's forward motion is arrested
by a stone. This photograph shows the precision cutting which cari be accomplished with RAPTOR.

The target shown in Figure 19b was used for many penehation tests wnere piôje.ctiles were impacted quasi-
randomly on the targe! The photograph shówn in Figure 22 was taken of this taiget after all the testswere
completed. The photograph shows how a sestion of concrete pavement can be bioken up into finite size
chunks which can be carted away using conventional methods. The chunk size would be much more uniform
Íf the impact spacing was better controlled.

5 ST'MMARYAI{DFIJTT'REWORK

The RAPTOR program has met all iß objectives which were set out at the starl The tests have successfiilly
demonshated the conceft ofconcrete pavement breakup by the impact ofhigh speed projectiles. It has been
demonshated that cracks can be propagated in 4 and 6 ínch thick concrete slabs by repeated impacts of
projectiles at a fixed spacing. The maximum impact spacings required for firll crack penetration have also
been identified for the -various target thicknesses. It was also demonstrated that concrete targets with
reinforcement-ca4-_be-cracked using similar projectile mass, velocrty aud spacing as used-in a-similar
th ickness non-reinãrcïð-tatg*.

As sfessed atthe start offheprogram theobjectives weretodesign and build a laboratory RAPfCinwnicn
can be used to demonstràtè the concept- Further testing can be performed with the existinggas gun. The gas
gun is currently being used at foughly 70 percent of its capacity, whicþ is the peak compression tube

- 
pres$ures are fog$lylglerËènt ofthe md*imum.ãllowable pressure. With pèrmission ñom the Lâboratory
-safetycommitteethe Casgqn could be used in ttre future at ñrll Câ¡íacíty to incrèase the projectile-Velocity
range and determine the-affect of these higher velocities.on penetration-dept[ and crack propagation
maximumimpactspacing:' '. 

:'

The natuml progression of,the development of RAPTOR is to design an¿ tu¡t¿ a proiolype version which
can be taken out into the freld to breakup in sitr¡ concrete pavement fhi¡ nroJgÐpe would have to be
compact such ttrat it could èasily be storeô in a standard gas utility company van and te handled by a single
person. The protot¡pç would be equipped with automatic projectile.loader aird magazine, so that the
operator can perform a t¡pical task with minimum effort and complexity. The protot¡pe would be equipped
with other operator safety features such as a barrel silencer, and concrete fragment shroud.

16
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A) Basic Free-Piston Compressor

B) Shock rube driver
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C) Hypersonic wind tunnel

D) Two-stagegas gun

Fþre 2: Schematics showing va¡ious applicationr



fit
Ê.
ú)k
U'
U'
c,
¡iÊ
Éo
()
{)
øz
L.
(¡,)

L

70x106

60

50

40

30

20

10

0 10 20 30

time from piston launch (s)

¿OxtOJ

- Fig¡¡t"Jþt Prgdiçted helium pressure versus time from piston release

r\---- i 
-'=' ':-: .:

a 'f--

t
T
I
r
t
T

I
I
l
I
I
t
I
l

100

*qn
(,L'

-+Ë 
-

=L!_

U'

E

;60
C)o
{)
É40o

.2È

0
1.0 15 2.O

distance from diaphragm location (m)

Fþre 3a: Predicted piston velocþ versus distance from diaphragm location

0.0 0.5



I
I
t
q

t

100xi06

o^ov

60

4A

34 30

time from piston launch (sec)

Fig¡re 4b:Predicted þelium pressure versus time from plston release jg_st before diaphragm rupture

I

I

32 34- 36 38

rime from piston launch (s)

AOxtO 3

Figure 4a: Predicted piston velocity versus time from piston release just before diaphragm rupture

tl'
â.
c)
¡<

.r,
î/,.r)
Ê{
Ëo
o
a)
U'

()

¡r'tl

il
t
I
I
I
I
t
I
],

T

t]

t
l
t

v)

C)o
4)

o
U'
Ê.

ro 
l-

.t
30

t*[

80F

ÏL

JL
30

,

,,' . ¡ - 
-'-i,- a_, Ì?,xær.-,ffi Ê', - n?: ffi :FÞfrffi -*ffi4""Ëffi tr fr f rffi



¡

t
t
il
t
il
I
il
I
I
I
t
t
¡

T

I
t
I
lr

a 1s00
Ê

.ä
e'H roootg
()
(¡)

Ë. .' 500

2W

. -'. 
'

a 1500
E

à'ã
õ 1000

#o
{l)'a
ä s00

37.0 37.5 38.0 38.5 39.0 ¡95 qO-OxtO3

time from piston launch (s)

Fþre 5b: Predicted projectite velocit¡r versus time from piston release

00.0 0.s t.0 1.5 

- 
l.O

distance from diaphragm (m)

Figu{e 5a: Predicted projectile velocity versus distance Êom diaphragm



trr

Fþre e: schematic showing an overview of the NBTF surroundings

EXP€RII,IENTAL
HALL

EEAM ÎRÂNSFMI
TUMIÊL

IARGET HALL



tryEsr r-t 
_îiñfre-u ---r r-

ril,.L
i ì" 'UnS'en

TANK

H

gLp rEAuluq.

ITiEiIITffiTTffiIÏNtt¡l-
F-r--

-

i

;' ,,1
Figure 7: Schematic showing an overview of the Experimental Halt

:



II III ir,Il I I I T I5-I ¡

Concrete
Tärget

Expeqimental Hall Sguth Wall

Tunnel

Gas Gun

I

Air
Vacuu
pump

:

Figufe ì8 : Schematic o{ åxperimental room layout
l!'
¡,' rt;

I

I

.t

I

I

'l¡ tt,

itrl 'l





Figurel0:PhotographsoftheRAPTORgasgunandgashandlingsystem
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Figure2l. Photogra¡rholcrackecl-l"thickconc¡'etet¿u'get,testseries{170-74ofFigurel9
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No-uri"al Code for the Design of a Free påston Gas Gun
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only a brief review and the main equatio4s of the method of eharacreristics for unsteady
*:iå"yrtå 

be presentcd rust- ó",u'irt äué";ihõõä ËisroN wnl be discussed in

The-governing eq'Pdons for the method consisr of the unsteady one-dimensionalconhnuity equation (equation 1-1) and momentum equadon (equation 1.2).

l^ l¿^--r

#*Y=o
o**p"#**=o

Assuming the flowlq.be isentropic ( ds =_g ), it can be shown that the compatibiliryequations (equation 1-3) hotd añ;'góa,ìrts caue<í;ñä;iü; fines (equation 1.d)

S=u+act
\iVhere the speed_oJ-sound. a, is defiried.by equati<iñ

- -.,,_; --::

(1.1)

(r.2)

- (1.3)

1.5.

(1.4)

:'- ,--:'i:*- -

(1.s)

(1.6)

(1.7)

(1.8)

*iåtåH:H*""3#rthæ. the fiow is isenropic, we can derive equation r.6 for the

F=ft*
Suåstituting ø¡uation 1.6 in equation 1.3 and integrating along rhe characteristic.lines we

F+ = u * 
ft=consrant 

(along plus characæristic)

F- = u - 
ft=constant lalong minus characteristic)

ln"*:ånîî,t;;#"^o"ns' for the inærsection point of a ptus characterisdc and a minus

"=/Irfl

"=tG"- F-) (1.e)



u=l- I?-(F"- F.)

There results are summarized in figure 1.1 .

(1.10)
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Figtue 1.1 lllustration of the characteristic lines in the x-tplane.

--". --- - t

Figure l-2 Intersection of a characteristic line and a walr.

In the case of the intersection of a plus cha¡acæristic line with rhe piston (or projectile),
as.i-n figg¡e l.Z ,we know that a miirus ctraracter¡stic;il b.;ith ;:v;, ;;' "; a"terminã Þ- lrT"; using equation t. tå'iå'3;Yåälåffi*"1, lfdtpq4 of sound at the intersection point .An interaction ben¡¡een a minus cha¡acteristicand the piston is handled the same ivay.

¿=(11)(F+-F-)/4
u= (F++F-)12
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I.2 PTSTON

Only-the conditions in region 4 andT are involved in this pan of the trro-stage light-gas
gun flow simulation. Tl¡ese flow conditions affect the dynamics of the pigun flow simulation. Tftese flow conditions affect the dynamics of the piston. Both ihe
compressed air in region 7 and the helium in region 4 can be considered calorically
perfect in this case. In the numerical code ttre diameter of rhe

Ly
perfect in this case. In the numerical code' the diameter of the compressed air reservoir is
the same as the d¡iver section diameter. Its length is a variable defined in the input file of
the program. 

,

The motion of the piston ís represented by equation 1.11. The code can take into account
frictíon losses due to both the front sealin g r;ng fr and the back sealing ring fs on the
piston. It can also. take_ into account pressure losses due to the boundary lãyei in the

Cqmpari-so,ns with ac¡¡al tests in the free piston shock tunnel T5 at Caltech have set the
values of f¡ an! f¡ to be between 0.02 anti 0.04 depending on the initial test cond.itions.
These friction loses amount for only abour ZVo in thè reduc--tion of the piston acceleration.
Þgttgt sealing lngs desigR in thg Ête-piston shock runnel HEG in Ge?many have shown
friction coefficient twice as small, maliing the friction loses practicalty negíigiUte. m né
case of the viscous loses the pressue diop is proporrional-ro rhe teirgttr-olttre nrbe or
more precisely proportional to L/D (see Mirelsl). In the case of T5, I.¡D is 100 a¡rd the
Pressure drop.coefficient (fu)_iq about 0.05. In tf¡e case of rt¡e .two-stage light-gas gun

' '-* -:.look-at'in section 3, the L/D of the driver sectiõÍi is on$' 36- Irrñakes theïscóus îoseí in
the light-gas gun only about 35vo ¡hev¿ue foun¿in iS. tt" oueraü aõceieration tôssei':-i, "."inths$ilo-ståge lighi-gas gun will certainly beless ql¡an the 57o found in-T5. Even if ii iij * - -- Ïh? case; it woulã Ué- eaqit-y corrected by inCieasing rhe initial air pressure in the.- compressed air section by 57o ot so.

compressed air section (fu) in region 7.- It isc.omPretqsed atr secuon_(tv) in regionT. It is possible to represent the friction loses due to
the sealing 4!gf in a form of a friction coefhcient because they are proponional to theproponional to the
qfssurg applied on the rings. These friction coefficienç also includá soine geomeuical
dimensions.

(1.1 1)

l.Mirels, H.;,"Shock Tube TestTime Limitation Due to Turbulent Wall Boundary Layer."
Aerospace Corporadon Reporr No. TDR-169 Q230-I2) TR-3, May 1963.

In the numerical code, dt is taken as the time elapse since the last rime a characteristic
wave reached th-e piston. Pa^nnd P7 are also take¡i from rhe las¡ interaction of the piston
with a characteristic wave. Once the new piston position and velocity a¡e determiired, a
plus characteristic in region 4 and a minuì charåcterisric in region 7 a¡e created. The' computation stops when the pressure in region 4 nea¡ rhe diaphragm reaches the preset
üapnragm burst pressuret
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2. Numerical code PROJECTILE

This section give an overview of the numerical code PROJECTILE. The presentaúon of
the eompuation method is divided in 3 pans. First, the equations related to the projectile
trajectgry will be presented. The issues concerning ihe gun secrion/ddvei séction
uansition-and'comqutation approach wili follow. The lait part of the secrion will
examine the_ piston dynamics which is approach differently compared to the numerical
code PISTON.

2.1 Projectile dynamics

The eouation of motion of the nroiectile is shown in enn¡tion 2 I flnrnnereri tn cnrrnrinn¡ -- --- r--¿----- -a :'--
1.11 used in PISTON, the friction coefficient fr has been neglected here becausè P3 is
always Pucþ tqgq than P1. The fact that the projectile doesn.t have actual sealing rings
means that tl¡e friction must be proponional to ihe'mædmum pressure applied on it-whic-h
is always the back pressure P¡. 

- 
.

-.+= AFno[P¡(1-fuXl-f") - Pr] (2.1)

(2.2)

(2.3)

(2.4>

-..-.:-.r--,;-.*. *lh",nçqg.qre-!a ngar the projectile is determined by the computation'of the cf,aracteLisiic
wav_es traveling in region 3. dt is taken as- rhe time elapse since the.lasltiine a. '., -t-'l--ôtrarãctiiisti{¡{ænea ihe projectile. Þ1 is aãrer*ioeo uiinitn;;ó*tJ slõif-ùãv"

:, 
?---' ' 

4..- -

. - r: .' 
equãtiii_ns deæäbed next. The reason why it is possible to used-tliose equati-onsi3îimptè.
A small compression wave (M=1) in froñt of the projectile would rake 6 ms ( 2 m I ggO

, m/s ) to exit tle gun but the projectile takes only a-Uour Z ms (spe.sectipn 3).--ihis-¡neans

--¿ -- . . $-arthgqrgjgc-lr..þ catches up wiih the compression waves formèOAuring-the acõelêiãiioir.
'':"' -j-*¿-i -ifhese-w{vej_iùil1combine Èo form a normal shock wave in front of thelrojectile'thatcan
- r:-- 3-; -*Ue-dãScriUeil b! the regular shock wave equations.

If y9u define the velocity u¡ as the flow velocity behind a stationary shock wave where
the incoming gas flow is S/, then it is possible to wriæ

Vpro=W-ul

Yo'o=M-Mr=al4At¡n .tatm

or in a nondimentional form

Using the basic normal shock \¡/aves equations for M¡ and at/ â¿¡¡¡, €eüâtion 2.3 can be
presented in ¡he following quadratic equarion form wirh respect to M

M'-ry*M+r=o
If the velocity of the projectile (Voro) is known, the equadon can be solved- One of the
two roots gives a negative Mach nrimber which can be disca¡ded.



Using the normal shock waves equadons for rhe pressure rado and subsrituting equaüon2.5 for the Mach numberyou ger'--:---'

(2.s)

(2.6)

which is the relationshiP þqreen the pre¡-sur-e increase in front of the projectile with
å:',3ffi :?ii,',f#',i:i:"j:":ri:T$riì,iî'ångl3**t*::g:"'äö;¿"';ñp'i;

lillåi"'"i:'if ö':çË¡l{'irö.ij,åå:3.,Ë;;å",ii*îï#ii,if,rs;i,',i:',å
triilt *:rprojectile 

caoþ * ñiäñ s rr¿pà *r,i'h-il"b"*ïöá;;ñJpr"¡"",iiË

2.2 GUn SectionrDriver Section

As already mentioned in the introduction, the driver section here is considered to haveuniform condirions arong its wrrorã leng.ri I, tr-¿õ;tö;;.; ;"r;-rff;h;:peed ofsound in the driver secdõn is infinite. frt" on"i"piìà'*ËäLon we are gomg to make is
*i:*i#::rstrJ""l::lTiï*tg::ï*i; ¡üiil#h ¡malsr tlan the speed or

äii*i:åF:5,r,f Ha""ï,inm;,*"6í'rïn:m*?."tåt"t"åti:i
secoon rs Dresenæd h.{! 9nþ for rhe case of a perfect ãr.-ì" rh; rr;;;; f,räentø insectié=ñ 3l:'ru É always léss ihe-n i% ,;.uatuetf ã.; ít *.un, thar the first-term (ua) isless than o:Lvo'the vátue of thË ;;onå 

"tr" 
(ùir," inãi"", in equation 2.7 refer"roindicèsdefiñêd'in [g,{ç Z.L .:_- _-- .-"- _ _ -.

u& + aa2 .-ur2 * ar?..'"2: '(y_r) 2 '(y_i)

I

l.

¡,

x
Figure 2.1 Characreristic lines with an area chrQge.



An additiolal eqrlqúon comes from ¡he characteristic method applied berween ¡he flow
conditions 3 and 3'. It gives equation 2.8 where the'conditionsìir regions 3 a¡e*nown.
The problem is then reduced to 3 unknowtrs, â4, uj., and a3,and two eqîations-

w-fra3=u3'.-fr"

The third equation will come from ttre conservaúon of mass. It is possible to compure the
amount 9f gas that has left the d¡iver seetion since the last cha¡actèrisric wave hit ihe area
change (equation 2.9)

(2.8)

(2.9)

(2.10)

(2.-1Ð-: =-

The indices 3* here re?resent the conditions at the a¡þa ihange the last time a
characteristic wave wæ tliere and Át is the time elapsed since. At the-same rime, because
of the piston modon, the volume of the dtiver sectiôn will change, I¡ can be r¡nitien

ÁTr.r, = Aprop3*u3*Ât .

A(Vol+) = Ap¡(Xpis - X*n¡J

I\"-t:X*nis and Xpis;lre respectively- theposition of the_piston'at the previous time srep
3a mg Pre_sent one. The method used to determine the piston trajectory will be presenteå
in section 2.3.

Using here again the notation 4* for the conditions in region 4 the last time a
cha¡acteristic wave hit the area change, we can write

po =Ët*:Af."..' 
- Voto-aVoq

and because thggow ðanþ consideied isentropic-

It is possiblg thgn to deærmine the three unknowns using equations 2.3,2.4, andZ.lZ-
The suength of the minus cha¡acteristic in region 3 cai at^so be ¿etefüné¿ and the
computation can go on. Using the isentropic relaions, Pa andTa can also be d.etermined.

2.3 Piston rajectory

The motion of the Pjs-tgn is represented b-y equarion 2.13, which is once again very
¡imitar to equation-l.ll presenæ¿ in secti-on i.2. The equation hâs been sÏmplifiàá
þcausg in the present case the pressure in region 4 is ar täasù one order of magniiuãã
larger then the pressure in region 7.

vro,,îls= Apis [pz - p¿(t+rÐ] (2.13)

In the numerical code, dt is taken as the time elapse since the last time a cha¡acterisrie
reached the a¡ea changj: between section 3 and 4.- The pressure Pa used is the pressure

l,omPut+ at the e¡d of the previous^ti-qe step (see sectiôn 2-2). P7 is determinèd using
the simple expansion wave equarion2.l4,



u*=('-$b¡"'-" Q.t+1

where the subscriot -ini- represent the initiai conditions of the_compressed air before thepisron launch. rhis equadó ir;;ilãt'r"ã"r,i,Ëäðäïîårl.¿"ir.ärið" i;1o;; enoughso that the rrst expairsion ñ;ã;;J; h?iJ îñ;îï;äe back rrom tr¡ei,i¿ or r¡"sec*on. av vv¡ri

At this point in rhe development
compressed.if ;*6;l;-ö,'"r¿'Ë.ä:i,å:i.rrfiåäìtr&ii:,å".;ït,îitg*ä*
necessarv if a shoner but-largõr a¡ámãtgr-seaio; ñì;ä. pasr'experience with suchdesign differences between fs arõãiürîrr .ø HEciliË;any have shown that thesedifferences only change the resi õ"di;ñ;, by around 57a. 

nany nave snown th
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