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IV. INTRODUCTION 

The meteoroid bumper is a thin sheet of material placed at some 

distance in front of a spacecraft 1s main wall and is used to protect 

the spacecraft from high velocity meteoroids. Its function is to break 

up an impacting meteoroid and produce a diverging spray of small 

:meteoroid and meteoroid bumper particles. The diverging spray of 

smaller particles is less damaging to the main wall of the spacecraft 

than is the original meteoroid, 

The analysis of the impact penetration of a spacecraft 1 s ma.in 

wall vhen protected by a bumper is an extremely difficult problem. 

1ne problem can best be approached in two phases. The first phase of 

the analysis deals with the penetration cf the bumper to establish the 

particle sizes and velocities of the spray exiting from the rear of the 

bumper. The second phase of the analysis deals with the.damage to be 

inflicted on the main wall by the impact of this debris. The analytical 

and experimental data reported herein involve only the penetration of 

the bumper and, in particular, determine the maximum velocity of the 

meteoroid bumper spray particles which strike the main wall. 

An experimental technique is employed to produce a one~dimensional 

i.nte:raction between a thin target and an impacting projectile so that 

an analysis of the maximum. meteoroid bumper :material spray velocity 

ca.n be carried out. Ta this end the projectile used is disk shaped and 

:ts allowed to impact only on its face with thin targets. The projectile 

target material combination chosen is tungsten for the projectiles and 

aluminum for the targets. By using e. projectile material much denser 
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than the target material, the projectile and the leading target mate-

rial spray positions are clearly discernible after impact in the 

photographic da:ta. The reason for this clar:i.ty of positions is tha.t 

the lead.ing target material spray velocity is well in excess of the 

projectile impact velocity. The experimentally dete:nnined ratio of 

the maximum target material spray velocity and. projectile Unpa.ct 

velocity is compared to the analytically predicted ratio over the 

impact velocity range tested. 
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V. SYMBOLS 
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VI. REVIEW OF LITERATURE 

Davidson and Sa.ndoff (ref. 3) have made a study o:t' the meteoroid 

environment (:Le., veloci.ty, mass, and size distribution) and its 

danger to spacecraft. Their work shows that to have successful space 

flights a method of meteoroid. protection must be found for spacecraft. 

Such a method, the meteoroid bumper, was first proposed by Frederick L. 

Whipple (ref. 10) and. was verified by Dona.ld H. Humes (ref. 6) ta pro-

tect spacecraft against penetration by hypervelocity meteoroids. The 

bumper uses the energy of the impacting :meteoroid to fragment or 

vaporize the meteoroid and produces a diverging spray of meteoroid and 

bumper material particles which is less damaging to the spacecraft's 

main va.11 than :ls the original meteoroid. For the concept of the 

meteoroid bumper to be of value, the total weight per unit area of 

penetrated material for the meteoroid bumper and main wall configura-

tion has to be less than the weight per unit area of penetrated mate-

rial for a. single walled structure when the meteoroid. impact conditions 

are the same. As impact velocity is increased to l cm/µsec, the limit 

of our projection devices, the meteoroid bumper and main wall become 

increasingly superior to the single walled structure. 

For the general case of high velocity impact between projectile 

a.n.d thin target 1 t is, at present, impossible to analytically predict 

what damage the fragments produced will do to the :ms.in wall. The 

reason. lies in the fact that neither the velocity nor particle size of 

projectile and bumper material spray produced from the impact may be 

analytically determined. The analytical and experimental work done in 
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this thesis is concerned with the interaction of a projectile and thin 

p1ate during collision to determine the maxi.mum spray velocity of the 

bumper material. The thesis also includes photographs showing the 

shattered bumper material on the lead.ing edge of the spray cloud. 
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VII. APPARATUS AND TF.ST ~HNIQUE 

Projectiles and Targets 

The projectiles are disks 0.56 CJ!l in diameter and are either 

0.076- or 0.038-cm-thick. They are cut using an electrical discharge 

machining process from 0.076- and 0.038-cm-thick tungsten plate. The 

tungsten plate is produced by rolling operations on a tungsten ingot 

which is produced with powdered metallurgy techniques from pure metal 

powder with a minimum tungsten content of 99.95 percent. The density 

of the tungsten is 19.26 gm/cm3. 

The tungsten disk projectiles are loaded into the accelerator after 

mounting on nylon sabots of length-to-diameter ratios ot' either l or 

1/2. These sabots are sufficient to prevent shattering of the pro ... 

jectile during launch. Figure l shows the mounting of tbe 0.076-cm-

thick tungsten disk on a sabot of length-to-diameter ratfo 1 and the 

0.0;8-cm-thick tungst~n disk on a sabot of length-to-diameter ratio 1/2. 

The targets are made of 1100 aluminum foil which is 0.0025-cm-thick 

and 1100 H14 aluminum plate which is o.o41-cm.-thick. 

Accelerators 

Two projectile accelerators are used in the experimental investi-

gation. A conventional 22-caliber Bwift rifle is used to accelerate 

projectiles in the velocity range of 0.089 to 0.219 cm/µsec. A shock 

compressed helium gas gun is used to accelerate projectiles in the 

range of 0.219 to 0.295 cm/µsec. A description and photograph of each 

of these accelerators is presented in reference 2. 



- 11 ~ 

Methods of Measuring Velocity of Projectile and Spray 

Two methods a.re used to determine the projectile velocity. The 

first method uses two projectile detection stations 60.9 cm apart. 

When the projectile appears at the first station, it passes through 

e. light beam and reflects some of the light into a receiving photo-

multiplier which then sends a signal to an electronic time interval 

meter to begin counting. The same photomultiplier also sends a signal 

to an image converter photographing system to take a picture of the 

pro,jectile. At the second station the same procedure is repeated with 

the time interval meter being stopped. This system: gives all the infor-

mation necessary to determine the projectile velocity. The accuracy of 

this system is estimated to be better than ±3 percent. Figure 2 shows 

two photographs of the tungsten disk ta.ken at the start and stop sta-

tions of the system. 

'l'he second method of determining the projectile velocity uses 

a high-speed framing camera. The velocity of the target material apra.y 

is also determined with this camera. The time between frames on the 

film record is computed from the recorded period of rotation of the 

spinning inner mirror of the ca.mere. at the time of projectile impact. 

A film reader is then used to make measurements of the pro,jectile 

positions and target spray positions on the 35-mm film. The film 

reader lllB.gnifies the film record four times its image size and projects 

it on a screen with a horizontal and vertical grid. The film is then 

alined horizontally and vertically on the screen vi th a i.27~cm-dia.meter 

machined cylinder placed in the high~speed framing camera's field of 
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view. The cylinder is used as a reference point from which measurements 

are ma.de to either the projectile or spray front on successive frames. 

On :ma.king measurements of the diameter of the ma.chined cylinder, the 

repea.ta:bility o:f' :measurements is within 2.50 percent. The velocity of 

the project:Ue and spray :front is then calculated from the known time 

between frames and the measured distance traveled between frames. The 

average percent difference between the two methods of measuring the 

ectile velocity is 3.18 percent for all shots based on the detection 

sys tern velocity. 

Test Setup and Operation 

Figure 3 is a schematic drawing of the complete test setup and 

includes one of the previously mentioned projectile accelerators. 

Dovnstrea.m from the accelerator are located two large blast chambers 

with a baffle plate between them to eliminate extraneous· gun debris 

from interfering with the experiment. The two detection ats.tions, used 

to determine the projectile velocity, are located. beyond these two 

blast chambers. The image converter photographing system at each sta-

tion is placed so as to obtain a top view of the projectile and to be 

perpendicular to the projectile line of flight. From the data taken at 

the two detection stations it is verified that the projectile started 

and stopped the time interval :meter. Also, the projectile velocity and 

the projectile integrity a.re deter.mined. A time delay computer then 

uses the time recorded by the detection system to synchronize the 

60 µsec duration .xenon flash tube with the arrival of the projectile at 

the target position. The thin target is placed with its flat surface 
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perpendicular to the projectile line of flight at a. position 167.6 cm 

behind the la.st detection station. A high-speed framing camera is 

placed so as to observe the projectile from a side view and to be per-

pendicular to the projectile line of flight. The camera. is in line 

with the target 1 s edge and xenon flash tube. The light from the xenon 

flash tube is directed by a Fresnel lens into the camera. During 

the camera is operated at approx:i.:n:lately l,000,000 frames per 

second with the shutter open in a darkened room. With the arrival of 

the projectile at the target position, the xenon tube flashes allowing 

the high-speed camera to record th.e movement of the projectile and 

spray. About 20 useful frames are obtained for ea.ch firing. From the 

high-speed. framing camera data the velocity of the projectile and tar-

mater:lal spray, and the attitude of' the projectile from a side view, 

are determined. Also, the shape of the spray cloud and the general 

:particle size on the lea.ding edge of' the spray cloud are deter.mined. 

The chambers through which the projectile travels a.re evacuated 
. .-, 

to a pressure of' 130 to 270 newtons/meter to eliminate air drag on the 

projectile and to eliminate air interference with the experim.ent. 
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VIII. DISCUSSION AND PRESENTATION OF RESt1Ilm 

Analytical Development 

The one-dimensional shock-wave theory in solids :may be used to 

study the interaction of a projectile and thin target in collision. 

The theory is used here to construct a model which predicts the ratio 

of the maximum target material spray velocity and projectile impact 

velocity. An interaction model is developed tQ determine the variation 

of the maximum target material spray velocity With impact shock-wave 

pressure. The pressure from the impact shock wave in the thin target 

is then related to the necessary impact velocity of a projectile to 

produce this shock pressure. 

· A thin plate being penetrated by a higb. velocity disk is illus-

trated in figures 4{a) and 4{b). In :figure 4(a).the projectile is 

penetrating into the thin target creating a shock wave iri. the target 

material traveling at-velocity U8 • The shock wave in turn is accel.er ... 

ating the compressed target material to a velocity Uc• In figure 4(b) 

at a later time the shock wave is reflected from the free rear surface 

of' the plate as an isentropic expansion wave. This isentropic expansion 

wave trav~ls with the local speed of .sound Ue into the compressed 

target material and produces relative to the compressed DBterial velocity 

a velocity component Ur in the expanded material. In the laboratory 

coordinate system used in the figure the expansion wave travels at a 

velocity Ue - Uc and the expanded target material has a velocity equal 

to the sum of Uc and Ur. The sum of Uc and Ur is the rear surface 

velocity Ur of the plate. 
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Tb.us, 

(1) 

For a shock pressure, the velocity component. Uc is calculated by 

using the following two equations. The first of these· equations is the 

experimentally obtained linear relation for commercial aluminum (ref. 4). 

U = er + C1'U s . c (2) 

Us is the shock-wave velocity and C' and C" are empirical constants 

for commercial aluminum. The second equation is the result of com-

bining the mass and momentum equationa for the Rankine-Hugoniot jump 

condition across a shock, 

Here, the newly introduced quantities are Pc, the pressure in the 

compressed material after passage of the shock wave; P0 , the atmospheric 

pressure which in comparison to Pc is approximately zero; and p0 , the 

original density of the material at P0 • By using equation (2) to 

eliminate Us in equation (3), and by picking a specific shock pre1sure 

Pc' the corresponding Uc may be calculated from the equation 

u .. c 

c• - cw + 
[c• 2 
Lew + 

2 

4P c 
P c" 0 (4) 

The velocity component Ur due to the isentropic expansion of the 

compressed material at the target's rear S'Ul'f'ace is the subject of an 
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investtga.tion for aluminum (refs. 8 and 9). It is shown 

(ref. 9) tha.t the ratio Ur/Uc for a shock pressure between 100 and. 

500 ki1obars (the region of interest in this investigation) in aluminum 

varies from 1. 003 to 1. o:;. Therefore, the ratio Ur/Uc is taken a.s 

1 tn calculating Ur. 

Then 

Subst,i tut:lng for Ur tn equati.on ) , 

'Thus, twice the compressed material velocity is taken to be the free 

rear surface velocity of the thin target for a shock pressure Pc. 

The necessary impact velocity, UP' to produee a certain shock 

pre<::t:iu.re and associated free surface velocity in the target material 

for a. tungsten :projectile and aluminum target :material combination, 

(5) 

(6) 

ls now developed. Use is made of' the boundary condi tiona at the pro-

,ject:Ue target interface. Across the in·terface the compressed projec-

tile and. target material have the aame velocity and pressure. The 

s:bn:L1ar velodty follows from the fa.ct that there is no separation or 

of the compressed projectile and target material at the 

boundary. 1l"'he equality of pressure follows from Newton's third law. 

5 ahows graphically how use is made of these statements to 

determ.ine the projectile velocity. The Uc versus Pc curves for the 

aluminum target material and tungsten projectile material are plotted. 

The curve sloping up from the left is :for the target material e.nd the 
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cu:r,re sloping up from the right is for the projectile :material. The 

intersecti.on of the two curves expresses during impact the equa.li ty of 

and Pc of the compressed target and projectile :material. The 

impact; velocity of the projectile necessary to produce a specific 

Ue and. Pc is obtained from the i.ntersection of the Pc versus Uc curve 

of' the projectile with the Uc coordinate. 

Now, the impact velocity, UP' is. shown at the top of figure 5 to 

be composed of the sum of the compressed target material velocity, 

( uc) t' measured relative to the uncompressed target material velocity 

and the compressed projectile material velocity, (uc)p' measured rela-

tive to the uncompressed project.He material :velocl ty. It should be 

noted at the top of figure 5 that (uc)t =Uc and that (uc)p f Uc, 

wbere Uc is the compressed material velocity of both projectile and 

target measured relative to the la:boratory coordinates. 

c ! p 

The 

Use is then made of equations 

2 

J.i. p c 

and cpn are taken from reference 7 for the projectile material. 

(7) 

(8) 

sum of (uc)p and (uc)t is then constructed to determine the pro-

impa.ct velocity, UP, corresponding to a shock-wave pressure, Pc. 
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Thus, by picking a certain Pc, the associated Ur may be 

determined and the necessary UP may be determined. 

Design of Experiment 

In order to have the one-dJ.:mensional analysis hold during the 

:process, the dimensions of the p.rojectile and target must be 

selected. The dimenslons of the projectile a.re governed by 

the diameter of the gun barrel which is 0.56 cm in diameter and the 

of the gun to accelerate tlie thickest projectile possible 

without critically inhibiting :!.ts velocity performance. 

The target thickness depends di.rectly on the physical dimensions of 

the projectile. ,I'he target thickness is governed by the position at 

which the impact shock wave.t traveling ln the target :material, is 

e:ff ected by rarefaction vaves emanating from the rear and side of the 

ectile. These rarefaction waves are produced when the shock wave, 

propagat:tng into the projectile, reaches the rear and side of the 

and is reflected as rarefaction waves. 

On the assumption that the impact between the face of the disk 

p:rojectile and target is flat, calculations using Fowles 1 solution 

. 5) show that rarefaction waves from the rear of' the 0.038~ and 

O. 076 .. cm-thick projectiles never affect the shock wave in the o. 0025-

and 0.041-cm-th.ick aluminum targets. For the rarefaction waves 

fro:m the side of the projectHe, the calculations using Bull's 

solution 1) show that the amow1t of the shock front affected for 

the case of 0.0025-c.m-thick targets is less than 2 percent of the 
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ectile radius and for the 0.041-cm-thick targets is less than 

~":'Cl percent of the :projectile radius for all cases covered in the 

experiment. 

The selection of the aluminum target and tungsten projectile mate-

rial combinati.on is based on severa.1 considerations. First, the 

Hugoniot curves are in existence f'or a.lum:l.num (ref. 4) and t®gsten 

7). Second, the one-dimensional shock~wave theory predicts that 

the ma.ximtun aluminum spray is greater than the tungsten disk 

velocity. 'rb.is makes photographing the target spray very con-

a.nd allows differentiation of ta.rget spray and the projectile 

spray in tht=J photographic data. 

Comparison of Analytical a:nd Experimental Results 

~he analytical ratio of Ur/Up versus UP is plotted on figures 6 

a.ml 7 as a soli.d line. The experimental ratio of maximum aluminum 

spray velocity and tungsten pro,jectne impact velocity is tabulated in 

table I for the corresponding experimental impact velocity. The experi-

mental points are plotted as circles on figure 6 for the 0.0025-cm-thick 

and figure 7 for the O. 041-cm~·thick targets. The plotted 

experimental points agree with the predicted values :for the experimental 

velocity range tested. 

Re:prf!Sentative photographs of the experimental data with the 

ta.rgets are presented in figures 8 through 12. These 

are placed in.Ord.er of increasing projectile :lmpa.ct velocity. 

The impact v-elocity range for these shots covers from 0.113 to 

O. cm/µsec. 
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Figure 8 shows the 0.076-cm-thick tungsten disk impacting the 

target at 0~113 cm/µsec. At +2.26 µsec after impact, a very fine mist 

is seen. By +9.04 µsec after impact this mist is dispersed, being 

invisible to the camera. Following this mist is a discrete particle of 

aluminum material. The velocity of this aluminum particle is the quan-

tity used for the maximum spray velocity. Also, the tungsten disk can 

be seen intact at the back of the spray cloud. The ratio of' maximum 

target material spray velocity and projectile impact velocity is 1.52. 

Figure 9 is a photograph of' the 0.076-cm-thick tungsten disk 

impacting at 0.179 cm/µsec. The disk is slightly but distinctly sepa-

rated from the nylon sabot. In these photographs there is an air shock 

wave preceding the projectile and the spray. The air shock wave has 

very little effect on the maximUm aluminum spray velocity, as verified 

by the fact that the ratio of the maximum aluminum spray velocity and 

projectile impact velocity is 1.59¥ which· is very similar to that of 

other tests where no air shock waves could be seen. The leading portion 

of the spray cloud appears to be composed of a number of particles. 

Figure 10 shows the 0.076-cm-thick tungsten disk impacting at 

0.219 cm/µsec. Here, the cloud of target spray material is more finely 

fragmented than in the previous two figures. Preceding the dense cloud 

of' particles.is a fine mist of particles and several tiny jets. The 

maximum velocity of the spray cloud is taken as the boundary of the 

very dense region. Th~ ratio of the ma'ldmum target material spray 

velocity and projectile impact velocity is 1.74. 
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Figure 11 shows the ollly experimental data which radically departs 

from the other experimental points and the predicted results. Two 

long dagger-shaped sprays have a tip velocity of 2.42 times the impact 

velocity. Their presence could be explained by either surface irregu-

larities on the target and projectile or a possible contaminant. How-

ever, because of the very large development of the twin daggers with 

no other prominent spray features being present, the result is included 

in the plot for comparison with the predicted value. 

Figure 12 shows a 0.038-cm-thick disk impacting at the highest 

velocity in the tests, 0.295 cm/µsec. The 0.038-cm-thick projectile 

acts in the same manner as the 0.076-cm-thick projectil~ in insuring 

that the one-dimensional condition is maintained a sufficient length of 

time in the target for the maximum target material spray velocity to 

be produced. The aluminum target material is very finely fragmented 

and followed by the slightly fragmented tungsten disk. Here, the ratio 

of maximum aluminum spray velocity and projectile impact velocity is 

1.69. 

The 0.0025-cm-thick aluminum targets provide a test of the sensi-

tivity of the framing camera and xenon :f'l&sh tube backligbting system. 

The sensitivity of this system is demonstrated by figures 8 througb 12 

where the aluminum sprays produced from extremely thin 0.0025-cm-thick 

targets are clearly visible to the camera over the impact velocity 

range tested. In fac:t, the test setup appears to be sufficiently sensi-

tive to record the spray from targets thinner than 0.0025 cm. This 

experimental result indicates that when measurements are made for the 
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position of the leading edge of the spray cloud for the 0.041-cm-thick 

targets, the leading position of the first 0.0025 cm of target material 

can be measured. 

Figures 13 through 18 are arranged with increasing projectile 

velocity for impacts into the 0.041-cm-thick targets. The impact veloc-

ity range covers from 0.089 to 0.291 cm/µsec. Figure 13 shows the 

lowest impact velocity, 0.089 cm/µsec, ·achieved with the 0.076-cm-thiek 

projectiles in the experiments. At the front of the spray cloud is 

a large particle of the aluminum target. This is shown quite clearly at 

+8.24 µsec and +17.53 µsec after impact. 'This particle may be seen to 

exhibit rotation as it traverses the field of view. Here, the ratio of 

maximum target material spray velocity and projectile impact velocity 

is 1.48. 

Figure 14 shows a slightly higher impact velocity of 0.143 cm/µsec 

using the 0.076-cm-th~ck projectile. A discrete particle of aluminum 

target material is leading the spray +12.84 µsec after impact. It can 

be noted that the 0.0025-cm-thick targets at this impact velocity did 

not fragment the tungsten projectile. However, in penetrating the 

thicker 0.041-cm-thick targets, the projectile is fractured and appears 

as a trapezoid with base forward in about the center of the spray cloud 

at +12.84 µsec after impact. The ratio of :maximum target material spray 

velocity and projectile impact velocity is 1.58. 

Figure 15 shows an impact velocity of 0.209 cm/µsec With the 

0.076-cm-thick projectile. Here, the leading spray is composed of many 

small fragments. The fractured tungsten disk may again be seen in the 
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center of the spray cloud. The ratio of maximUlll target material spray 

velocity and projecttle impact velocity is 1.59. 

:ngure 16 is included in the series to illustrate a very rapidly 

moving jet at the top of the lea.ding portion of the spray cloud. The 

Jet may be seen at +2.30 µsec and. +4.60 µsec after impact of the 

0.076-cm-thick projectile. However, at +9.20 µsec after impact, the 

jet is too dispersed to be seen by the camera. The flattened lea.ding 

of the spray cloud is taken ta be the :maximum target material 

spray velocity. Further ba.ck in the spray cloud is the :ahattered pro-

The ratio of the maximum target material spray velocity and 

projectile impa.et velocity is 1. 

F:l.§."Ure shows an impact of the 0.076-cm-thick projectile e.t 

0.250 c:m/µsec. Again, the leading portion of the spray and the pro-

jectile a.re fragmented. The ratio of the maximum target material spray 

and projectile impact velocity is 1.59. 

18 shows the highest impact velocity, 0.291 cm/µsec, into 

the O. 041-c:m-thick targets. This veloc:tty i.s reached w1 th the 0. 038-cm-

thick projectile. Again, this change in projectile thickness does not 

affect the max.imu . .m target material spray velocity which is of primary 

interest here. The f:ra.mes at +7. 91 i.i.sec and +9. QI+ µsec after impact 

show twtn jets preced:lng the main body of the spray. Their velocity is 

not ta.ken as the maxi:nru.m target :material spray velocity. The lea.ding 

ed.ge of the e11iptica.11y shaped cloud is taken a.a the maximum target 

n1 .. 1teria.l spray velocity. ]1or this shot the ratio of the maximum target 

material spray velocity and projectile velocity is 1.62. 
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It may be noted now that the impacts into the very thin 0.0025-cm-

thi.ck targets :produce spray clouds which show -very little lateral 

·expansion of the target material spray, while the impacts into the 

thicker 0.041-cm-thick targets produce the familiar elliptically shaped 

cloud profiles. 'l'he lateral dispersion of the target material after 

the penetration of the O.Ohl-cm-thick targets illustrates the effect 

of the lateral. rarefaction wave in the target. Another point to be 

noted is the requirement for a :flat impact between the target and pre-

faces to generate experi.mentally a one-dimensional flow in the 

The conditions in figure 19 are almost identical with those of 

figu_-re 18 except for the pro,iectile a.tti tude which is very skewed in 

The resulting ratio of maximum a.luminUl!! spray velocity and 

projectile impact velocity is equal to 1 for the skewed disk impact, 

as compared to 1.62 for the unskewed disk impact. 
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IX. CONCLUSIONS 

It is possible to accelerate very dense disk-shaped projectiles 

unskewed and intact to high velocity. This allows the interaction of 

a thin target and i:n:rpadi.ng projectile to be correlated with the 

one-d:i.Jnens:i.onal shock-wave The predicted result from the one-

d.tmenstonal shock-wave theory, that the maximum target material spray 

ve1 would. be much than the impacting projectile velocity 

for the ca.sea tested, is attained. Agreement between the experiments 

and. ls .show:n .for the ratio of maximum target material spray 

and projectile impact velocity. The agreement between the 

and experlmenta.1 results justif'ies the interaction model used. 

1''inally, the photographic records show greater fragmentation of 

the material as the projectile impact velocity is increased. 



SUMMARY 

""""'"""'~" velocity e:m.anating from the rear 

the one-dimensional 

ehock-wave A set o:t' is design.ed to evaluate the 

are 0.0025-cm-thick 1100 a.l:uminum foil results. The 

and o, 1100 The projectiles are made 

of ten and disk ia 0.56 cm and their thick-

ness is t~::tther O. 076 or o. c:m. Th.e ectile and. target di:mens::l.ons 

a£rnure that the one-d.imensional assumptions in the theory are valid. 

The range is :t'ro:m O. tc o. cm/p.sec. 

A :method is developed to 1am1ch tmskewed and intact very dense 

to high velocity. By using very dense tungaten 

the maxinrum al mninum target mterial spray velocity is a.a 

by the well ir.t excess of the projectile impact velocity. 

A :ratio :b; as the me.x:bnum mater.ia.l spray velocity to 

eet:tle impact The po:.l.nts are seen to 

ag:rei3 with the predicted. values for the impact Ye.loci ty range covered. 

d.a.ta are arid e.n&ly-.led for the f'ragmenta ti on 

of' material on the leading edge of' ms.terial spray cloud. As 

the is increased the fragmentation of material 

on the lead,ing edge ts shown in the photographic data. 
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Conditions in target 
material before shock 
wave reflection from 
target rear surface 
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Figure 4.- Conditions produced in target with impact of projectile. 
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Target : 1100 /\luminurn 
.0025 cm thick 

Projectile: Tungsten disk .56 cm in diameter 
and .076 crn in thickness except for highest 

projectile velocity shot where thickness was .038 cm 
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Figure 6.- Comparison of experimental and predicted ratio of maximmn 
target-material spray velocity and projectile velocity. 
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Figure 7.- Comparison of experimental and predicted ratio of maxim.um 
target-material spray velocity and projectile velocity. 
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- 1.13 µ.sec + 2.26µ. sec 

The maximum ratio of target material spray velocity and 
projectile impact velocity is 1.52 . 

+ 9.04 µ.sec + 12.43 µ. sec 
Shot no. 1 

Figure 8.- A tungsten disk 0.56 cm in diameter and 0.076-cm-thick 
impacting an alumintim 1100 target 0.0025-cm-thick 

at 0.113 cm/µsec. 
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-0.00µ. sec + 2.38 µ.sec 

The maximum ratio of target material spray velocity· and 
projectile impact velocity is 1.74 • 

+ 3.57 µ. sec + 4.76 fL sec . 
Shot no. 4 

Figure 10.- A tungsten disk 0.56 cm in diameter and 0.076-cm-thick. 
impacting an aluminum 1100 target 0.0025-cm-thick. 

at 0.219 cm/µsec. 
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.-0.00 µ.sec + 4.04 µ.sec 

The maximum ratio of target material spray velocity and 
projectile impact velocity is 2.42. 

+ 6.06 µ.sec + 8.08 µ.sec 
Shot no. 5 

Figure J.1.- A tungsten disk 0.56 cm in diameter and 0.076-cm-thick 
impacting an aluminum J.100 target 0.0025-cm-thick 

at 0.243 cm/µsec. 







-2.14 µ..sec + 1.07 µ..sec 

The maximum ratio of target material spray velocity ond 
projectile impact velocity is t.58. 

+ 6.42 µ..sec + 12.84 µ..sec 
Shot no. 9 

Figure 14.- A tungsten disk 0.56 cm in diameter and 0.076-cm-thick 
impacting an aluminum 1100 10.4 target 0.041-cm-thick 

at 0.143 cm/µsec. 
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- 0.00 µ.sec +2.30µ. sec 

The maximum ratio of target material spray velocity and 
projectile impact velocity is 1.62. 

+ 4.60 µsec + 9.20 µsec 
Shot no.12 

Figure 16.- A tungsten disk 0.56 cm in diameter and 0.076-cm-thick 
impacting an aluminum 1100 Hl4 target 0.041-cm-thick 

at 0.212 cm/µsec. 
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AN INVESTIGATION OF THE MAXIMUM TARGET MATERIAL SPRAY 

VELOCITY PRODUCED IN THE PENErRATION OF 

THIN PLATES BY HIGH VELOCITY DISKS 

By 

.rohn D. Di Battista 

ABSTRACT 

The maximum target material spray velocity emanating :f'rom the rear 

of a. penetrated thin target is studied utilizing the one-dimensional 

shock-wave theory. A set of experiments is deeigned to evaluate the 

analytical results. The targets are 0.0025~cm~thick 1100 aluminum 

foil and 0.041-cm-thick 1100 Hl.4 aluminum plate. The projectiles are 

made of tungsten and disk shaped. Their diameter is 0.56 em and their 

thickness is either 0.076 or 0.038 cm. The projectile and target 

dimensions assure that the one-dimensional assumptions in the theory 

are valid.. The impact velocity range is from O. 089 to 0. 295 cm/µeec. 

A method is developed to launch unskewed and intact very dense 

d:tsk-shaped projectiles to high velocity. By using very dense t;.ungsten 

projectiles the maximum aluminum target :material spray velocity is as 

predicted by the theory well in excess of the projectile impact 

velocity. A ratio is defined as the :maximum target material spray 

velocity to projectile impact velocity. The experimental ratio points 

are seen to agree with the pred:icted values for the impact velocity 

range covered. 



Photographic data are presented a.nd analyzed for the fragmentation 

of material on the leading edge of the target :material spray cloud • 

. As the impact velocity is increased the complete fragmentation of 

material on the leading edge is shown in the photographic data. 
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