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l£&ÎA££. 

This report is a result of my attempts to contribute 

to the development of the theory of the debris cloud for¬ 

mation caused by hypervelocity spheres impacting thin 

metal sheets. The area of investigation is confined to 

the physics of the debris cloud produced by such impacts 

in the belief that fundamental facts may be established 

about the behavior of the sphere and metal sheet upon 

impact. 

The author is deeply indebted to many persons who 

gave valuable assistance in the accomplishment of this 

study. I. wish to thank Mr. Alan K, Hopkins of the Air 

Force Materials Laboratory who assisted greatly with 

suggestions and made all necessary equipment available; 

Mr. Hallock F, Swift of the University of Dayton Research 

Institute for his inspiration» imagination, and ingenuity 

which were instrumental in the guidance of the investigation; 

the faculty members of my thesis committee for their en¬ 

couragement and interest; the gun crew and the technicians. 

Lew Shiverdecker» Ed Strader, and Mark Hurst, for meeting 

exacting experimental parameters in a short period of time; 

and my wife, Christa, for her encouragement: and typing of 

the report. 

Donald A, Carey 
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AN INVESTIGATION OF THE DEBRIS CLOUD PRODUCED BY THE IM¬ 

PACT OF SPHERES ON THIN METAL SHEETS 

Capt, Donald A, Carey 

Abstract of Thesis: 

An experimental Investigation of the debris cloud 

produced by the impact of 1/8" diameter spheres of cop¬ 

per and cadmium on 1/16» sheets of like materials was 

conducted. Calculations of the energy delivered to cop¬ 

per witness plates by solid and liquid phases of the 

debris cloud were made using volume-energy relationships. 

Velocity of the cloud front was determined through use 

of sequential flash x-rays. Phases of the cloud were 

determined by employing a combination of photographic, 

radiographic, and crater measurement techniques. Varia¬ 

tions in the phase of the cloud with three selected velo¬ 

cities for each bumper-project!le combination were com¬ 

pared with the predicted phase in the velocity range of 

23000 to 3000 ft/sec. Energy, energy density, momentum, 

and mass delivered to witness plates are determined as 

a function of cone angle. 

xii 
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AN INVESTIGATION OF THE DEBRIS CLOUD 

PRODUCED BY THE IMPACT OF SPHERES ON THIN METAL SHEETS 

i. 

Man ts preparing to explore the Moon and planets. 

Space travelers will be exposed to many hazards uncommon 

to the Earth's environment. Prominent among these is the 

danger of spacecraft collisions with meteoroids and micro¬ 

meteoroids. This study will concentrate upon one of the 

devices proposed for spacecraft protection during the 

extended flights required for interplanetary and orbital 

flights. 

The "meteoroid bumper", as first proposed by F. L. 

Whipple, is somewhat of a misnomer (Ref 26). Meteoroids 

are not deflected or prevented from striking a spacecraft 

hull in the sense that an automobile bumper is intended. 

Rather, the "bumper" is a sacrificial shield employed to 

disrupt the point loading effect of the Impact of a fast 

moving particle. The bumper is shown in Figure 1. A thin 

metallic sheet is spaced a few inches from the spacecraft 

hull. An incoming meteoroid striking this "bumper" sheet 

experiences severe shock loading and disintegrates if 

shock pressures exceed the strength of the projectile. 

i 
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|\N| 

METEOFOD 

o— 

l/w 
SPACECRAFT 

HULL 
"BUMPER" 

Figure 1 - Whipple Meteor Bumper 

The debris from such an impact, including material from 

both the meteoroid and the bumper, proceeds on to the 

spacecraft hull in an expanding "bubble", approximating 

an ellipsoid of revolution at full development. Hopefully, 

the spacecraft hull will not be penetrated by the debris. 

The impact has been changed drastically from that of a 

single relatively high energy projectile striking a loca¬ 

lized area, to many small lower energy particles impacting 

a larger area. 
‘ ' •'I,'*: V. 

The bumper concept has received much attention in the 
■ •• I 

laboratory and has been demonstrated to be feasible (Ref 

12 and 18). However, major difficulties are involved in 

the laboratory simulation of meteoroid velocities, com¬ 

position, and densities. Meteoroid velocities are esti- 

lÀated at 11 to 72 km/sec with respect to the Earth (Ref 
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19:1). Th© estimates of meteoroid densities have ranged 

from .05 gm/cm3 to 8.5 gm/cm3. The flux rates for ex¬ 

pected meteoroid impacts of given masses have and are now 

being determined by satellite-borne experiments. Although 

a complete know Led g «i of the meteoroid environment is un¬ 

available, several design criteria have been adopted. For 

an Apollo mission of 14 days, protection should be provided 

against meteoroid masses up to 1.48 x 10“^ grams for a 

0.999 probability of no puncture (Ref 19:2). This was 

based on an isotropic flux-mass relationship published 

in 1965 (Ref 3). 

Several problems limit the experimental determination 

of the optimum design for bumper configuration for an 

Apollo or other extended mission. Mass acceleration de¬ 

vices are presently limited to less than 15 km/sec velo¬ 

cities for projectiles of known mass and configuration 

(Ref 12:1584), Also, the high acceleration rates achieved 

during launch of such projectiles may permanently deform 

low density materials. The experimental approach, then, 

has been to accelerate high density materials (usually 

metallic) to the maximum attainable velocities in the hope 

of achieving energies comparable to the encounter of a 

low density, high velocity particle with a spacecraft. 

The critical mass of the meteoroid in the Apollo design 

study, for example, corresponds to a spherical meteoroid 

1.78 mm in diameter with a density of 0,5 g/cc. This may 

3 
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be approximated in mass by an aluminum sphere (density 

2.7 gm/cc) of 1.02 mm diameter (Ref 19:2). Laboratory 

efforts have concentrated on the determination of optimum 

projectile, bumper, and spacing combinations as well as on 

providing data necessary for the development of an impact 

model that will fully explain the experimental results. 

This study of the dynamics of the debris cloud is intended 

to help in the development of an impact model. 

The impact of a meteoroid (simulated by a metallic 

sphere) on a thin sheet of the same material is depicted 

in Figure 2, 

4 
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At impact, shock waves are propagated into the bumper 

material and into the projectile* When material behind the 

shocks is compressed to such pressures that material 

strengths are greatly exceeded, the flow of material may 

be regarded as that of an inviscid fluid (Ref 27:85). 

The shock waves in the bumper and projectile propagate at 

velocities S until they strike the rear surface of the 

bumper and surface of the sphere, respectively. The shocks 

are reflected from these free surfaces as tension or rare¬ 

faction waves. Relaxation of the compressed shocked states 

begins at this point. The rarefaction waves move at the 

speed of sound in the shocked material. Particle velocities 

will be in the opposite direction to the rarefaction wave. 

In the meantime, if the tensile stress produced by the 

rarefaction exceeds the material fracture strength, rupture 

occurs. Each element of a projectile-bumper combination 

is shocked to a degree dependent upon the impact energy 

and then is brought to ambient pressure conditions by 

relaxation waves. The kinetic energy of impact is assumed 

to be partially transferred into the kinetic energy of the 

shattered bumper-projectile fragments in the affected 

region, and partially into residual heating of this same 

region. 

Consideration of the conservation of mass, momentum, 

and energy across the shock front leads to the following 

equations : 

5 
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— ^)<p ^3 ^ p 

(1) 

(2) 

e-e0 ^ ^-(p^poXvo-v,) 
(3) 

where ¿/3 * shock front velocity 

P~ * density in unshocked materiel 

p, «= density in shocked material 

Up « particle velocity behind the shock 

po = pressure in unshocked material 

p. * pressure in shocked material 
H* *= specific internal energy in unshocked material 

El, «= specific internal energy in shocked material 

Vo •= specific volume of unshocked material 

V, * specific volume of shocked material 

These are expression® for conservation of mass, momentum, 

and energy across the shock front (Ref 10:8). When 

equation (3) is combined with the equation of state of the 

material, a relation between P and V is obtained. In the 

P, V plane, this expression (known as the Rankine-Hugoniot 

curve) defines a unique curve of all, P, V, E states attain¬ 

able by a single shock compression from an initial state 

po® V Eo (Ref 5;49). Equation (3) appears in plotted 

fonn in Figure 3. Since pressures on the order of a few 

megabars may be achieved, P0 is negligible, and will be 

assumed to be zero. 

6 
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figure 3 - Rankine - Hugoniot Curve 

Equation (3) expresses the energy acquired through 

shock compression as the area of triangle OAB(, The re¬ 

lease of the material by the rarefaction wave is an isen- 

tropic process indicated by the adiabat AF. Thus, the 

energy returned to the material in pressure-volume ex¬ 

pansion work is represented area under the adiabat curve 

AF. This reversible work is less than the energy acquired 

by the material in shock compression, so the total entropy 

of the system has been increased. As the shock strength 

is increased, the difference in these energies will in¬ 

crease. The entropy increase is manifested by residual 

heating of the material. The greater the shock pres sures 

attained then, the more residual heating possessed by the 

shocked material. In a thin metal sheet, if sufficient 

7 
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shock strengths are achieved, melting, vaporization or 

superheated vapor states could be present In the debris 

cloud. 

Purpose 

The purpose of this study was to develop a technique 

for determining the state of the debris cloud at varying 

peak pressures for a given bumper-projectile combination. 

This technique was used to determine the velocity of the 

cloud front as.a function of cone angle. The energy, 

energy density, mass, and momentum delivered witness 

plates by the solid and liquid phases of the cloud at two 

different spacing distances are also determined as a 

function of cone angle. Since present day launch techniques 

limit velocities to the very low range of meteoroid velo¬ 

cities, a complete understanding of debris cloud formation 

may permit speculative extrapolations of resulting space¬ 

craft damage by the impacts of meteoroids. 
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II* toldara am Experimental 

àMXWh £2 £Jia Problem 

To develop the technique outlined In the Introduction, 

* pilot program was conducted. The details of the experi¬ 

ments making direct contributions to this study axe con¬ 

tained 1:, Appendix B. The approach took advantage of 

several phenomena observed in the preliminary tests. Metal¬ 

lic vapors appeared to be transparent to X-rays. These 

same vapors can be photographed. Simultaneous radiographs 

and photographs might reveal the presence of solid liquid, 

and/or vapor states in the cloud. To aid this approach, it 

was decided to pass the debris cloud over a sharp barrier, 

bolid and liquid particles would move in straight lines 

past such a barrier, while vapors in the cloud might deviate 

from straight line travel and permit detection of this 

phase. It was also thought that gaseous phases would in¬ 

flict minimal damage on witness plates placed in the debris 

cloud as opposed to the cratering effects of liquid and 

solid phases. Finally, evidence of liquid droplets might 

be indicated by a dimishing crater size resulting from im¬ 

pacts of these particles with plates having increased 

spacing from the bumper. This approach required that any 

tumbling motion experienced by cloud fragments would be 

more likely to break up liquid droplets than solid particles. 

9 
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It should be noted here, however, that no available ex¬ 

perimental data suggests that the particles do experience 

tumbling. 

The second objective involved measuring the maximum 

velocity attained by the cloud front as a function of cone 

angle. This was accomplished by taking sequential radio¬ 

graphs a specified time interval apart, and superimposing 

radiographs on a grid of known dimensions. The technique 

is depicted in Figure 4. The two curved lines represent 

the cloud configuration at known times after impact. Wit¬ 

ness plates were placed in the cloud trajectory to inter¬ 

cept portions of the debris at two known distances from the 

bumper (see Figure 5). The patterns of impact on these 

plates contained craters of varying size ard shape. The 

craters near the cloud trajectory symmetry axis were gener¬ 

ally hemispherical, but as the distance from the axis in¬ 

creased, a point was noted beyond which the craters did not 

approximate hemispheres. Lines may be constructed from 

these limits of hemispherical cratering on the witness 

niâtes placed at different distances from the bumper. Since 

the particles which made the craters traveled in straight 

paths, the constructed lines fall on particle trajectories. 

The intersection of these lines with the projectile trajec¬ 

tory locates the point Q in Figure 4. For normal impacts, 

Q is the vertex of a right circular cone. The axis of 

symmetry coincides with the projectile trajectory. Lines 

10 
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were constructed from Q through the cloud fronts, «long 

particle trajectories at varying values of cone angle <x.. 

The distance between the cloud fronts was measured using 

the grid background. Since the time of particle travel 

was known, velocity of the cloud front as a function of 

cone angle was determined. 

Thirdly, energy delivered to the witness plates by 

solid and liquid phases of the cloud was measured. The 

key to this measurement was a relationship between the 

energy of an impacting projectile and the volume of the 

resulting crater. A data bases line was established by 

firing projectiles of known mass and velocity at thick 

targets of the same material as the witness plates. The 

volumes of the craters were measured by a technique uti¬ 

lizing penetrating oil (see Appendix C). The relation¬ 

ship of volume and energy was established for a projectile- 

target combination. The volumes of the craters on the 

witness plates were calculated by first measuring the 

crater diameters. Assuming that the craters were hemispher 

ical, the diameters were used as a basis for computing 

volume. The energy of the impacting particle was deter¬ 

mined from the previously established volume-energy re¬ 

lationship, Energy delivered to areas of the witness 

plates were calculated by adding the energies corresponding 

to the craters within that area. 

Finally, the mass and momentum as a function of cone 

13 
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angle w«s determined. Calculations were made by combining 

the results of the energy and velocity determinations, 

UftLlM «fijfk ilrJllti 

The peak pressures generated by the collision of 

spheres with me,tal sheets may be varied by varying the 

impact velocities. The debris cloud resulting from normal 

Impacts of spheres of two selected materials, copper and 

cadmium, upon like material bumpers was examined for state 

variation with differing impact velocities. These materials 

were selected because they have greatly differing thermal, 

properties but almost identical densities. The spheres 

impacted like metals, so that all the debris produced 

would be the same material. Maiden tabulated the peak 

pressures required to melt copper and cadmium, and to 

vaporize cadmium (see Table I). 

Material 
Melting 

TemD(°CJ 
Vaporization 

Temo (°C) 

Pressure (Mb) 
Incipient Complete Vapori- 

_ Melting_Meltin*: ration 

_321 767 0.4 0.46 0.8 

Cama::.,.,,, ..±*m _2.336 -1.5 

(Ref 19:6) 
Shock Heating Properties 

Table I 

■No data was available on the pressure required to vaporize 

copper. A graphical technique was used to compute the 

impact: velocities required to achieve pressure which could 
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change th© state of the debris cloud. The method is 

presented in Appendix C. The results of the calculations 

are presented in Table II, 

Solid 
..-It/aeç—lS!iZ.ä££-.., 

Liquid 
—iSJÁ&Ç lWs,g£.. 

Vapor 
ft/seckm/sec 

Cd-Cd 6,500 1.98 10,000 
. 6.500 

3.05 
1.98 

11,000 3.35 

Cu-Ou 14,300 4.35 20,000 
—IrtUQQQ ,. 

6.10 - - 

Computed Velocities and Expected Cloud Phases 

Table II 

The velocity ranges determined give the expected states of 

the debris cloud. For example, a Cd-Cd impact at 8,000 

ft/sec should produce liquid and solid debris while a 

16,000 ft/sec impact should have solid, liquid, and gaseous 

debris. Since the pressure required to vaporize copper 

was not available, it was decided to fire a copper sphere 

at a copper bumper at the maximum velocity of the facility 

(approximately 23,000 ft/sec). The pressures generated in 

such an impact are 2.78 Mb (see Appendix C). The effect 

was expected to be more melting than occurred in th© 15- 

20,000 ft/sec range. Bjork lists impact velocities re¬ 

quired by impacts of copper and cadmium on like materials 

to produce a melted phase (see Table III). Note that peak 

pressures for incipient melting of cadmium and complete 

15 
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melting of copper differ from those listed in Table I. 

However, the impact velocity ranges computed in Table II 

for melting include those listed by Bjork, 
V 

Material 
Shock Pressure (Mb) 

-JLa£lElgaS..Complete „ 
Impact Velocity (km/sec) 

_JJaslpUnt_¿gjralftfag. 

Cadmium 0.33 0.46 1.90 2.40 

c.gPP£E_ 1.40 _ 4.36 _5.2« 

a - Estimated (Ref 2:1) 

Shock Melting Properties 

Table III 

The firing mode of the gun was modified as described in 

Appendix A to achieve the different velocity ranges. 

Ihlcfe IftmsJI XfiJLEJL* To establish the volume-energy 

relationship, 1/8" spheres of copper and cadmium were fired 

into 4" diameter copper billet material. At least one 

shot was fired at each of the velocity ranges listed in 

Table II. The test numbers and the impact velocities are 

shown in Table IV. 

16 
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Shot 
No. 

Projectile 
--5JäSS£SE_ 

Target 
. Thickness 

Velocity 
ft/sec 

2137 1/8'' Cu 2.0" Cu 22.404 

-im.. _1/ 8" Cu 1.5" Cu 16.147 

1021 _1/8" Cu 1.0» Cu 7.064 

2m...... 1/8" Cd _ 1.5» Cu 22.523 

-2,2,07 _1/8" Cd - 1.5» Cu 13.593 

1015 1/8" Cd 1.0» Cu 5.901 

-im. _1/8" Cd . 1.0» Cu — ä*123L- 

Results of Thick Target Tests 

Table IV 

■•iys.&gnj» The test setup for the debris 

cloud study is illustrated in Figure 6. The bumper was a 

1/16" thick plate of copper or cadmium, A "cloud splitter" 

plate was spaced 1-3/8" from the bumper. This plate was 

made of 1/4" steel, A slot 4 inches long and 1/4" wide 

was cut in the plate to permit a portion of the cloud to 

pass through. Two additional 1/4" steel plates were po¬ 

sitioned normal to the range axis to intercept the sliced 

cloud (see Figure 7). The triangular shaped plate was 

positioned 5-3/16" from the bumper to intercept the right 

half of the debris slice. The T-shaped plate was spaced 

9-61/64" from the bumper and intercepted the left half of 

the sliced cloud. The dotted lines indicate positions at 

17 
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Figure 7 - Witness Plate Holders 
_and Cloud Splitter 

19 
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which 3/16»» thick copper witness plates were placed. The 

target system was mounted on 1/2» All-thread holders 

(see Figure 8) and aligned with the range axis by an op¬ 

tical sighting system. The target was aligned so that: the 

range axis passed through the center of the splitter a lot. 

The advantage of this setup was that only the bumper and 

witness plates required changing between test shots. The 

steel plates were not removed from the mounts between 

shots, so target geometry remained constant. Two 105 KV 

X-ray sources were positioned as shown in Figure 6, The 

axes of the X-ray heads intersected the range axis in the 

plane of the cloud splitter. The cloud splitter presented 

a minimum profile in this configuration. Film holders 

were placed normal to the tube axes 4» from the range 

axis (see Figure 9), A 6-1/2" x 15" port was cut in the 
1' !! 

top of the target box. Placement of the X-ray heads was 

mad© so that the edge of the port allowed each X-ray 

source to expose only one film (see Figure 9 and 10). 

äßU>£jtLJi IdUlisCä System. An image converter camera 

was positioned to photograph the cloud slice emerging 

through the splitter plate. A spark-gap light source 

was synchronized with the 10 nanosecond shutter speed. 

The fiéld of view of the camera was 3" along the range 

axis. 

The entire experimental instrumentation setup is 

shown schematically in Figure 11. (For details of equip- 

20 



GSF/Kech 67-1 

Figure 9 - X-Ray Geometry 
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Figure 10 - X-Ray Heads Mounted 
on Top of Target Box 

ment mentioned here, (see Appendix A). An image converter- 

camera checked projectile integrity prior to impact. After 

projectile-bumper impact, the debris cloud impacted the 

switch on the face of the splitter plate which initiated 

two time delay generators. One was set at a short time 

delay from cloud-switch impact and allowed the cloud to 

advance approximately 1« through the splitter slot before 

X-ray 1 fired. The second generator was set for a longer 

time after switch impact to allow cloud advancement an 

additional inch before X-ray 2 and the second image con¬ 

verter camera were triggered simultaneously. Th» camera- 

winker system records the time sequence of events as der« 
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cribad ln Appendix A, 

The test series consisted of six shots, three cedmlum- 

cadmlum Impacts and three copper-copper impacts. For each 

projectHe-bumper combination, one shot was fired for each 

of the three velocity ranges specified in Table II, The 

shot numbers and the resulting velocities are listed In 

Table V, 

Shot Projectile Bumper Velocity 
ft/sec 

JLW 1/8" Ci, 1/16" Cu 21- 345 

-1205 _i/e*1 cu 1/16" Cu 14 - 6 IS 

.102-2.. 1/8" Cu 1/16" Cu 6.560 

2199 __i/aM cd - ... 1/16" Cd 21.990 

2214 1/8" Cd .. 1/16 »Cd 10.481 

1Q26 _1/8" Cd 1/16« Cd 

Results of Bumper-Witness Plate Tests 

Table V 

Results 

UliLfife Target Tests. The craters in the thick targets 

are illustrated in Figures 12 and 13, Volumes, depths, and 

diameters of the craters were measured using techniques 

outlined in Appendix C, The impact energies were computed 

using the known mass and velocity of the spheres. The 

24 
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Figure 12 - Thick Copper Targets Impacted 
by Cadmium Spheres 

Figure 13 - Thick Copper Targets Impacted 
by Copper Spheres 

25 
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results of this test series are presented in Table VI. 

The values of volume and energy were plotted in Figure 

14. Figure 15 shows the data points on log-log axes. 

The equations of the volume energy relationship were 

determined to be: 

~3 &o¿_ 
Cu —- Cu : V^Z.&Zx-'O E- 

(4) 

-i .783 
CdCo : 2.8S x/O E (5) 

where V and E are measured in cubic centimeters and joules, 

respectively. 

fiymRtiE-iÜJtM&a. ÎJjJÜÏL Serles. To demonstrate the 

techniques used to acquire data, a complete analysis of 

shot 2209 will be describèd in detail. A full scale 

drawing was made to help in determining the alignment of 

the Impact point with the cloud splitter slot, A side 

view of such a drawing is shown in Figure 16. The impact 

zones are easily recognized on the copper witness sheets. 

Lines constructed from the limit® of damage on the left 

and right hand witness plates were extended through the 

splitter slot. The intersection point was on the uprange 

side of the bumper. A line constructed normal to the bum¬ 

per through this point located the projectile trajectory. 

In this case, the projectile trajectory was seen to coin¬ 

cide with the range axis. Since the splitter slot was also 

on this axis, the sliced cloud traveled horizontally to the 

26 
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witness plates. Radiographs of the debris cloud taken at 

a 3.72 microsec interval are shown in Figure 17. A grid 

was used to determine the distance traveled by the cloud 

between radiographs. The grid was constructed by milling 

0.010 inch grooves in one face of a 4-1/2» x 17» piece of 

1/4» thick plexiglas (see Figure 18* Seven grooves 0.030 

inch deep were milled along the length and 23 grooves 

across the width were 0.018 inch deep. The grooves were 

spaced one-half inch (*,0.001») apart. Copper wire 0.010 

inch in diameter was forced into the grooves. The result 

was a system of 1/2« squares that were used to calibrate 

distances in radiographs. The grid was suspended in the 

same plane in the target tarde as the sliced cloud was de¬ 

termined to have traveled. Radiographs were made by both 

X-ray channels with the grid in this position. Distortions 

in the radiographs of the cloud slice due to the geometry 

of the system also appeared in the radiographs of the grid. 

To calibrate the portion of the debris cloud that was un¬ 

sliced, the same grid was suspended parallel to the film 

holders with one of the 17» long copper wires on the pro¬ 

jectile trajectory. Radiographs were taken of the grid in 

this position by each X-ray channel. The cloud radiographs 

were placed over the calibration radiographs on a light 

table. The true positions of the clouds in space were 

transferred to an undistorted 1/2» grid system as in Figure 

19. 
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**igure 18 - X-Ray Calibration Grid 
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Figur« 19 - Corrected Geometry of Debris Clouds 
AFML Shot# 2209 
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Point Q was located by constructing a line between 

the limits of hemispherical cratering on the witness plate 

above the slot and the platea intersecting the right half 

of the cloud (see Figure 20). 

LIMITS OF 

Figure 20 - Determination of Q Point for Bumper Targets 

The point of intersection of this line and the range axis 

located Q. A full scale top view of the target geometry 

was required to determine oC. The impact atone on the 

plates on the right hand side was divided into seven zones, 

each 3/Su in width, A line constructed from, Q to the boun¬ 

dary of a zone intersected the projectile trajectory at an 
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angle oC(see Figure 21). Eight particle trajectorxes were 

determined in this manner for the right side of the cloud 

slice. Lines constructed from Q at corresponding angles 

left of the projectile axis divided the impact zone on the 

left side into seven corresponding zones. The zones on 

this side of the axis were 11/16M wide. Figure 19 was 

placed on top of Figure 21 on a light table. The dis¬ 

tances traveled by particles along the designated trajec¬ 

tories were measured. The velocity of the particles was 

computed by dividing the distance traveled by the time 

between radiographs (3,72 microseconds). The results are 

presented in Table VII. 

oc 
Distance Velocity 

-.- 0 . 0.593 16.166 

_3.9° __ 12.591 

-- 7.5° 11.891 

11.3° _0^468_ 10.483 

15-9° ... 0.437 9.783 

o IT 

«
 
m
 .. 0.375 8.400 

_2JL6q_ 0.312_ 6.991 

25.7° -ÍLISS_ —--3^.495 

Results of Cloud Velocity Determination 
A FMI. Shot# 2209 

Table VII 
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Du« to the symmetry of the cloud, the velues ere the same 

for the right and left helves of the cloud slice. The 

velocities were normalized by dividing by the projectile 

velocity and plotted as a function of cone angle in Figure 

22. 

The impact zones on the witness plates were divided 

into sectors corresponding to the zones mentioned above, 

figure 23 shows the witness plates as seen looking down- 

range along the range axis. Concentric circles centered 

at the range axis were constructed on the witness plates. 

Horizontal lines were also constructed along the limits of 

cratering, .Radii drawn from the range axis to the inter- 
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sections of the concentric circles and the crater limit 

lines completed the sector configurations. The area of the 

sectors was computed by the formula: 

(6) 

where/|5is the area of the sector, 

/i? is the outer radius, 

Kr is the inner radius, 
0 is the central angle in radians 

The area of the entire ring in which a sector is positioned 

was determined by using: 

(7) 

where /<> and Kj- are as before. Due to the geometry of the 

 equal for corresponding sectors on 

each side of the axis. 

The crater diameters within each sector were measured 

by the use of the microscope on a Tektron Microtester. The 

diameters were measured to the nearest hundredth of a milli¬ 

meter. Craters below 0.05 mm diameters were not measured. 

Literally hundreds of craters of this size were present, 

particularly in the sectors closest to the trajectory. The 

volumes of the craters were computed assuming hemisphericity. 
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The next step involved determining the energy required 

to form the craters. It was discovered that the Brineli 

hardness readings of the copper billet materials and the 

copper plates were not the same. The readings were 123 and 

80 (kg/mnr) for the pistes and billets, respectively (see 

Appendix 02). The plots in Figure 15 had to be adjusted. 

Eichelberger and Gehring have established a linear volume- 

energy relationship based on the Brine11 hardness of the 

target. 

V= (8) 

(Ref 12:1591) 

where V is the volume in cc and E is energy in joules. 

Bp is Brine 11 hardness in hg/riv^. The plot of log V - 

log E was adjusted for this hardness effect using the ratio 

^ ÕQ_ _ ¿2 
yí 3m/ ' /-2-3 

where the subscript 1 refers to the hard copper and 2 to 

the soft copper. The adjusted plot is shown in Figure 24. 

The equations for the V - E relationship were recomputed 

as : 

Cd - Cu : \/=/.85X/0 3 
0.7&3 

Cu - Cu ■ )/= /.70 K/O EL 

(9) 

(TO) 
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the log of E/V vs log V was then plotted in Figure 25. To 

determine the cratering energy in AFML Shot 2209, the 

energy corresponding to a given crater volume was read from 

the recomputed curve of Cu - Cu impacts. To facilitate 

this. Figure 25 was plotted by decades of volume size in 

figure 26. The energies corresponding to craters within 

a sector were added to obtain the sector energy, Es. 

The results from the calculations of Ar, As, and Es 

are presented in Table VIII. The total energies Er were 

computed by multiplying the energy in a given sector by 

Ar/As. Table IX gives the sectors and corresponding o<- 

ranges. 

Er and energy density as a function of cone angle are 

shown in Figures 27 and 28, respectively. The curves were 

fitted through the energy and energy density values at the 

mid-points of each interval. 

Arithmetic «verege values VA of cloud front velocities 

were computed for each cone angle interval. The velocity 

of the cloud moving at the cone angle interval was assumed 

to be VA. The total mass M,. in each cone angle was computed 

by solving the equation: 

for Mr, where Er is in joules, VA in m/sec, and Kr is In 

kg. The values of Mr and VA were multiplied to give the 
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VOLUME (cc) 

Figure 26 - Log E/V vs Log V 
Plotted by Decedes of Volume 
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8 12 16 20 24 
CONE ANGLE (°) 

Figure 27 - E^. vs Cone Angle ¿*4 AFML Shot# 2209 
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Figure 28 - Energy Density vs Cone Angle ol 
_AFML Shot# 2209 
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momentum 1,. as a function of cone angle. The results of 

these calculations are tabulated in Table X. Plots of the 

calculations are shown in Figures 29 and 30. 

Sector 'sK -Range fõT 

1 0 - 3.9 

2 3.9 - 7.5 

3 7.5 - 11.3 

4 11.3 - 15.0 

5 15.0 - 18.5 

6 18.5 - 21.9 

Sectors and Corresponding-Range 
AFML Shot# 2209 

Table IX 

Figure 31 is a photograph of the cloud taken simul¬ 

taneously with the triggering of X-ray 2. The direction 

of motion is from right to left. The cloud is approxi¬ 

mately 0.9 actual size. The flat edge in the right side of 

the picture is the back face of the splitter plate through 

which the cloud has passed. The edges of the cloud are not 

straight, indicating that a vapor state may be present. 

The results for the remaining shots in the test series 

are presented in the remainder of this section. The analy¬ 

tical method of data reduction was the same for all shots and 

will not be repeated. Certain characteristic difference® 
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CONE ANGLE (°) 

Figur© Mass vs Cone AngTêTõê 
AFM., Shot# 2209 

Figure 30 - Momentum vs Cone Angleod 
AFMI, Shot# 2209 
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Figure 31 - Photograph of Sliced 
Debris Cloud, AFML Shot 2209 

in the results are noted, however. 

a, AivlL Shotii 2¿0¿ - A copper sphere impacted a 

1/16» copper sheet at 14,615 ft/sec. The associated graphs 

and tables are presented below. Figure 33 shows the 

asymmetric nature of the debris pattern. Cloud velocities 

for the right and left halves of the cloud were computed. 

The results are shown in Table XI. The time between radio¬ 

graphs was 7.76 microseconds. Figure 34 shows the plots of 

normalized cloud velocities for the left and right sides of 

the cloud. Table XII gives the results of the energy and 

energy density calculations. Table XIII gives the corres- 
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Figure 32 

Sequential Radiographs of 
AFKL Shot# 2205 
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sector cxL- Rang.® 

__..(°) 

..1. - 0 - 3..8 

. —2_ . 3.8 - 7.5 

--3 

4 

... _L> . 

__SI_ —j.a.3..- n.j 

Sectors and Corresponding c<_“ Range 
AF’HL Shot #2205 

Table XIII 

pondence between sectors and<Xfor this shot. No crater 

data was available for sectors 5 and 6 on the left side. 

The projectile impacted 7/32“ above the range axis, which 

added to the distortion in the radiographs. The results 

of Table XII are plotted in Figures 35 and 36, The re¬ 

sults of the mass and momentum calculations are shown in 

Table XIV. The results of Table XIV are plotted in Figures 

37 and 38 as a function of cone angle. Figure 39 is a 

photograph of the sliced debris cloud. The downward slope 

of cloud movement was a result of the projectile trajectory 

being above the range axis. The edges of the cloud are 
» 

not straight, which may indicate the presence of vapor. 

Table III predicts incipient melting, with predominately 

solid debris for Cu-Cu impacts at 14,615 ft/sec. 
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8 12 16 20 24 
CONE ANGLE (°) 

Figure 37 - Hass vs Cone Angled, AFML Shot# 2205 

8 12 16 20 24 
CONE ANGLE (°) 

Figure 38 - Momentum vs Cone Angled AFML Shot# 2205 
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Figure 39 - Photograph of Sliced Debris Cloud 
I___AFML Shot# 2205 

b. ÏÏ1QZ2 ~ A l/8,( diameter copper projec¬ 
tile impacted a 1/16" copper sheet at a velocity of 6,560 

ft/sec. Figures 40 and 41 show the random scattering of 

the debris particles and the wide range of particle size. 

The delay between X-ray firings was 24.70 microseconds. 

No attempts were made to calculate the cloud velocity for 

this shot. The cratering in the witness plates was also 

asymmetric, and the craters were not even approximately 

hemispherical. No energy, energy density, mass, and mo¬ 

mentum calculations could be made using the technique de¬ 

veloped in this study. Figure 42 shows the debris after 

passing through the splitter plate. Range pressure was 
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figure 40 - Sequential Radiographs of 
AFKX Shot/; 1022 
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Figure 42 - Photograph of Sliced Debris Cloud 
_ AFML Shot# 1022 

atmospheric for this shot which accounts for the bow wave 

on the leading particle. No vapor phase is evident. Table 

II predicts no melting for impacts below' 15,000 ft/sec. 

C* 2122 - A cadmium sphere impacted a 1/16" 

cadmium sheet at 21,990 ft/sec. Figure 43 shows radiographs 

ot the cloud taken 3.89 microseconds apart. X-ray 1 appears 

to have made a triple exposure. The corrected cloud geome¬ 

try is shown in Figure 44. The results of the cloud velo¬ 

city measurements are listed in Table XV. 
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Figure 43 - Sequential Radiographs of 
AFML Shot# 2199 
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¿X. 

_Í2L. 

Distance 
Traveled 

.... CiaL. 

Velocity 

( ft/sec) 

0 .. 0.968 20t 736 

... -3.8 . 0.968 20.736 

7.6 _ 0.963 20.736 

. 11.3 __ 0.954 20.437 

. 14.9. ..... 0.937 

CNJ 
o

 « 

o
 

O-J 

.18.4... 0.9.06 19.408 

. 21.8 „ 0.812 17.395 

_2^.0_ _0.2.5.0. _IÃJM . 

Results of Cloud Velocity Determination 
AFHL Shot# 2199 

Table XV 

The normalized velocity is plotted as a function of ¿X in 

Figure 45. Due to the symmetry of the cloud, the velocity 

for the right and left sides was identical. No craters 

were found on the witness plates after being impacted by 

this cloud. Peak pressures generated by impact of the 

projectile and bumper were enough to completely vaporize 

the cloud debris. No calculations of energy, energy den¬ 

sity, mass, and momentum were possible using the technique 

described here. Figure 46 shows the debris cloud emerging 

through the splitter plate. The uneven edges of the cloud 

are quite evident in this photograph. 
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CONE ANGLE (°) 

Figure 45 - V Cloud/V Projectile vs 
AFML Shot# 2199 

Figure 46 - Photograph of Sliced Debris Cloud 
_ÀFML Shot:# 2199_ 
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d,. A..FML Shot# 2.214 - A cadmium sphere impacted a cad¬ 

mium bumper at 10,481 ft/sec., Figure 47 shows the radio¬ 

graphs taken at a time interval of 10.288 microseconds. 

Table XVI lists the results of the cloud velocity calcu¬ 

lations . 

oC. "Distance 
Traveled 

(in) 
Velocity 
(ft/sec) 

.-0..-.... 0.968 __ 7.840 

3.9 0.953 7.719 

7.7 0.921 _7.460 

11.5 . _ 0.906_ 7.338 

15.2 0.875 7.087 

18.7 .... 0.843 6.828 

22.1 0.781 6.325 

.. _„AÆ1 

Results of Cloud Velocity Determination 
AFML Shot# 2214 

Table XVI 

Table XVII lists the results of the energy and energy 

density calculations. Table XVIII gives the sectors and 

the corresponding c?C- ranges. Er and energy density are 

plotted in Figures 50 and 51 as a function of cone angle. 

Table XXX lists the results of the mass and momentum cal¬ 

culations for shot# 2214. 
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Figure 47 - Sequential Radiographs of 
AF.-iL Shot-/ 2214 
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Sector ¢^- Jühgë1 (°) 

-1 0 - 3.9 

__2_ .. 3.9 - 7.7 

__ -. .. 7.7 - 11.5 

.„„A.. . 11.5 - 15.2 

- - 5 -. 15.2 - 18.7 

_1-- -18-7 - 22-1 

Sectors and Corresponding Ranges 
AFML Shot# 2214 

Table XVIII 

Mass and momentum as a function of cone angle are plotted 

in Figures 52 and 53, respectively. Figure 54 is a photo¬ 

graph of the cloud emerging through the splitter plate. 

Fhe edges of the cloud are more nearly straight than was 

the case for Shot# 2199. Table II predicts possible in¬ 

cipient vaporization for the impact velocity of 10,481 ft/ 

sec. 

®* MÎ1L ShatiL " A 1/8" cadmium sphere impacted 

a 1/16" thick cadmium bumper at 3,336 ft/sec. Figure 55 

depicts the corrected cloud geometries. This drawing was 

derived from the sequential radiographs shown in Figure 56, 

The interval between X-ray triggering was 34.302 micro¬ 

seconds. The asymmetry of the cloud precluded calculations 

of cloud velocity, Therefore, calculations of energy, 
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8 12 16 20 24 
CONE ANGLE (°) 

Figure 52 - Mass vs Cone Angle oc 
AFML Shot# 2214 

8 12 16 20 24 
CONE ANGLE (°) 

Figure 53 - Momentum vs. Cone Angle oC 
AFML Shot# 2214 
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Figure 54 
-PjlQtParaph of _gHçed_.Dgbris Cloud. Aj'ML Shot# 2214 
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IN SECOND RADIOGRAPH 

Figure 55 
Corrected Geometry of Debris Clouds, AFML Shot# 1026 
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Figure 57 

Photograph of Sliced Debris Cloud, AFML Shot# 1026 

energy density, mass and momentum were not made. Figure 

57 shows the debris moving in straight lines. Only solid 

particles are predicted in Table II. 

f • ItoPSC IMÃ Diameters - The diameters of the holes 

in the bumpers were measured. Nomenclature for other des¬ 

criptive parameters are indicated in Figure 58. is the 

radius of hemispherical cratering damage on the witness 

plate over the splitter slot; R2 is the radius of damage 

on the right side witness plates; RyL is the maximum hole 

radius achieved during cloud formation; is the measured 

hole radius; oCm is the maximum cone angle reached during 
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TOP VIEW 

Figure 58 
Bumper-Debris Cloud Geometry 

cloud formation; Dq is the distance from the face of the 

right side witness plates to point Q. The parameters are 

listed for four of the bumper shots in Table XX, 

Bumper Hole Calculations 

Table XX 
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ln- ßiaajssiaa aí. Efisuiîa 

auá ^sasiüíLi^ifiL 

The calculations of cloud velocities were made with 

two implicit assumptions. The first is that the particles 

are moving in straight paths along lines constructed 

through a point Q which remains stationary throughout cloud 

development. No data is available to confirm this position. 

It was not possible to compare the computations with those 

of other experimenters because of the definition of cone 

angle supplied in this study. The calculations also 

assume a constant particle velocity in the cloud. Appen¬ 

dix C contains calculations which show that atmospheric 

drag is not an apreciable slowing mechanism on solid par¬ 

ticles. No calculations were made as to the ablative 

effects of the atmosphere, or the action of aerodynamic 

forces on liquid droplets or fractured solid particles. 

In spite of these possible weaknesses, however, the velo¬ 

city profiles agree with the trend evident in sequential 

radiographs. Axial expansion of the cloud is much faster 

than radial expansion and the slowest: particles are ex¬ 

pected to be traveling along a path determined by the 

maximum cone angle. 

The energy cleuUtions are strongly biased by many 

factors. It must be remembered that only the energy in 
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solid and liquid phases is measured by this technique. 

The low energy values at the center of the cloud are par¬ 

ticularly intriguing. No significant amount of crater 

overlap on the witness plates near the range axes was 

noted. However, these central portions of damage also 

correspond to regions of high densities of craters with 

diameters below 0.05 mm. Inclusion of these craters in 

the calculations might bring the energy value up by as much 

as 25'%. Energy calculations are based directly on the 

volumes of observed craters. The absence of craters due 

to impact by a gaseous cloud does not imply that the cloud 

has no damage potential (see Appendix B - AFML Shot# 2125). 

The technique developed is limited to cloud energy mani¬ 

fested by cratering. Finally, no scaling of particle 

size was attempted. Various techniques are available 

(Ref 9 and 11), but were beyond the scope of investigation. 

Ihe overlapping of the left and right energy, energy den¬ 

sity, mass, and momentum curves is another interesting 

result. The clouds may not possess the symmetry of par¬ 

ticle distribution suggested by their geometry, AFML 

Shot# 2205 produced an asymmetric cloud. The energy shifts 

noted may bÄ due to particle breakup by ablation or rapid 

tumbling. 

The extent of hole growth was calculated for the thin 

plate study. The clouds were all apparently devoid of 

particles inside a thin-walled bubble shell. This suggests 
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that after the initial penetration occurs along the pro¬ 

jectile trajectory, the region near the edge of the hole 

is the sole source of cloud particles, whether they are 

bumper or projectile material. Rolsten has previously 

reported the hole growth phenomena with an attendant: 

"relaxation" of the material (Ref 22). The results of 

this study show agreement that such a phenomena is occur¬ 

ring. Table XX shows possible shrinkage as much as 36% 

for Shot# 2205, which is hardly believable. The difference 

between the amount of shrinkage for the Cu - Cu impacts 

(Shots 2209 and 2205) and the Cd - Cd shots does appear 

significant, in view of the relative physical strengths 

of the material. Also, note that for both materials, less 

shrinkage occurred following higher impacting velocities. 

The cloud splitter plate gave only marginal indications as 

to the presence of vapors in the cloud. If the detector 

functioned properly, then vapors are produced when not 

expected, notably in Shot# 2205. The impact velocity of 

4.45 km/sec is just above that required for incipient 

melting (see Table III), The upper uneven edge of the 

cloud slice could be caused by material impacting the 

inner walls of the splitter plate slot. The impact point 

of Shot# 2205 was 7/32" above the range axis, so particles 

in the downward moving cloud could impact the lower slot 

vail. 

Caron reports that oxidative detonations were ob- 
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served in a 98% He - 2% O2 atmosphere at 14,7 psi (Ref 4), 

This suggests that the uneven edges viewed may be due to 

vapor production by localized burning at the cloud edges, 

A similar detonation probably occurred in the high-velo¬ 

city Cd - Cd shot (see Appendix B - AFML Shot# 2125). The 

liquid phase could not be distinctly detected. The scheme 

to measure a change in average crater diameter with in¬ 

creasing distance from the bumper gave no coherent results. 

If the breakup of material in flight occurs, the solid 

particles would probably be just as likely to break up 

as the liquid droplets. 

In the preliminary tests (see Appendix B), several 

catcher materials were tried, but no cloud particles were 

successfully recovered. However, 6" of shaving cream did 

prevent damage in the bottom of a tin can (see Appendix B - 

AF1.L Shot# 2190). 
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17 • .iac^frndation? 

Witu regard to the technique developed, four improve¬ 

ments might increase the reliability of the data. 

a. Anneal the target materials to insure similar 

strength parameters. 

b. Thicker witness plates should be used. Bowing 

of the plates was noted, particularly in Shot-:-1 2209. 

c. The downrange edge of the splitter slot should 

be beveled off. This would present a sharp edge to the 

cloud and prevent deflections of cloud particles as possibly 

occurred in Shot// 2205. 

d. The range atmospheric pressure should be further 

decreased and an inert gas such as helium used to replace 

the air. This would minimize ablation and the possibility 

of burning of cloud particles. 

e. Further work should be done to study the hole 

growth phenomena. A splitter plate in which at least three 

slots have been cut should prove useful in such an effort. 

Extrapolation of particle paths back to the bumper should 

provide hole radius as a function of time. 

f. High speed cameras might be used to detect cloud 

particle breakup. A very narrow slot in a splitter plate 

might permit a thin cloud slice to pass through. Photo¬ 

graphs could possibly reveal particles breaking as they 
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travel dowiirange. 

g. A target system in a calorimetric device might 

enable calculations to b© made of the energy contained 

in the cloud. 

h. The use of low density substances to prevent im 

pact damage due to particles in the mass range 10“? to 

10“5 grams is encouraged. A rigidizing styrofoam may be 

useful for this purpose. 
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Appendix A 

sL SagjkHttsai 

The Air Force Mate-rials Laboratory (AF!IL) hypervelocity 

ballistic range was used in this investigation, A complete 

facility description is contained in Reference 24. A brief 

description of those portions of the light gas gun and in¬ 

strumentation which were important in this study is in¬ 

cluded here. The overall facility is pictórically described 

in Figure 59. 

Figure 59 
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1- ùtMi liEhí Sas. Sun 

The Air Force Materials Laboratory light gas gun has 

the present capability of accelerating projectiles up to 

1 gram in mass to velocities of 7.65 km/sec. The chamber 

accepts a 40 mm MK4 propellant casing with a steel piston 

projectile (see Figure 60). A screw breech contains a 

firing pin which is actuated by an electric solenoid. The 

pump tube (1,63" ID, 71" long) contains hydrogen at a 

After firing, the piston compresses the gas in the launch 

tube and drives it toward the central high pressure section. 

The tube inside diameter narrows to .30 caliber in this 

section. A 0.020 inch thick aluminum shear disc is' placed 

at the interface of the .30 cal launch tube and the pump 
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tube. A full-bore, 5 piece aerodynamic sabot1 is seated 

against the shear disc in the launch tube. When the hy¬ 

drogen gas achieves pressure of '.0,000 psi, the sabot 

containing a spherical projectile is accelerated down the 

launch tube followed by a plug from the shear disc. Range 

atmospheric pressure is maintained at 25mm Hg. Experience 

has shown that this pressure is high enough to insure sabot 

opening and still produce minimal drag on the projectile. 

The sabot and sphere enter a tank with baffles to trap 

muzzle blast. At the down range end of the blast tanJk, a 

sabot impact plate allows passage of the projectile through 

• 1/4« diameter hole, but stops the trailing sabot com¬ 

ponents and the ..hear disc plug. The four quadrants of the 

cylindrical sabot will close the l/4>' opening upon impact, 

preventing the sabot end cap and shear disc from following 

the projectile to the target. This closing also seals the 

propellant gases off from the instrumentation ports. 

The light gas gun was fired in three modes to achieve 

varying velocities. The 40 mm casing is loaded with 180 

grams of powder when velocities above 20,000 ft/sec are 

desired. For velocities between 10,000 - 20,000, this pow 

der load is decreased an amount dependent on the required 

velocity. For velocities below 10,000 ft/sec, the projec- 

X/protects3rh«C«nhi^2 h°ld? ,Che spheM durlnB l*uncX « fni\.ih spheye from barrel friction and provides 
froS the snhere^fï!11^08 fas®s7 p10 s*b°t: is separated rom the sphere after leaving the launch tube. 
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tile and sabot are fired from a 30 caliber powder gun. 

The projectile proceeds downrange to the target tank, a 

2* cube with 5 removable 18« diameter windows. The win¬ 

dows provide access to the target area and may serve as 

mounts for targets or instrumentation. 

Figure 61 
--Downrange: Target Tank and Instrumentation 

2 • 

JIJIlflLS. Ç.PflYÇCtrgr ÜIHISLCäS.* Eighteen inches after 

emerging from the blast tarde, the projectile is photographed 

by two image converter cameras with optical axes placed 20 

cm apart. These cameras2 take orthogonal pictures so that 

2 Beckman & Whitley Model 500-10 nanosecond exposure time 
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projectile integrity may be verified and to detect extrane¬ 

ous debris following the projectile. Time elapsed between 

photographs is used to compute projectile velocity. 

Camffil» ây&tsm (Figure 62). 

on a bank of eight xenon flash lamps. The flash lamps are 

discharged by electrical signals originating &t instrumen¬ 

tation sites along the range. The signals trigger the flash 

lamps, causing small images to appear on the film. A typical 

3 
Wollensak 16mm Fas tax Camera 
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event wouild be the triggering of the image converter cameras 

previously discussed. Up to eight sequential experimental 

events may be recorded in positions along the direction 

of film motion which are directly related to the occurrence 

of the event in time. Fiducial time markers are also placed 

in the film at every 100 microseconds so that film speed 

may be determined. The times between events can be deter¬ 

mined to an accuracy of 0,06 microseconds. The film is 

also aligned with two optical slits placed exactly 2' apart 

along the projectile trajectory. Light sources beneath the 

trajectory produce a shadow image of the projectile at two 

points exactly two feet apart. Since the time between the 

exposure of the two projectile images is known from the 

film speed, the velocity of the projectile can be deter¬ 

mined to within ±. 0.25%. 

Flash X-Rav System. Two 105 kv, 30 nanoseconds pulse 

duration X-ray sources^ were available to take sequential 

radiographs of the cloud debris during formation. An in¬ 

put voltage of 27 kv was determined to give the best reso¬ 

lution for the materials used. Kodak Royal Blue Medical 

film was used with DuPont intensifier screens. Film hol¬ 

ders were 4½ x 17" cardboard cassettes clamped between 1/8" 

and 1/4" sheets of plexiglas. 

^ Field Emmission Corporation 105 Kv Flexitron Model 231 
System 
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¿¿fifi,trigal Síáüjsh. Althöugh not a piece of equipment 

per se, the switch performed an integral instrumentation 

function and deserves mention. The contact switch (shown 

in Figure 63) is made by placing a thin strip of aluminum 

foil on a piece of thin mylar mounted on a plate in the 

cloud trajectory. The foil is connected to a positive 

terminal and the plate to a negative terminal. Care must 

be taken to insulate the foil from the plate. Arcs across 

1/2" gaps have been observed when a 600 V potential is 

impressed on the switch in a 25 mm Hg atmosphere. An in¬ 

coming debris particle will easily penetrate the foil and 

mylar,>causing the foil to contact the plate which initiates 

the xenon lamps. 

Figure 63 
Electrical Contact Switch 
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IÍ2M Delav Generators. Two time delay generators5 

were utilized to control the initiation of X-ray and photo¬ 

graphic equipment at a predetermined time interval after 

closure of the switch discussed. 

5 Electro Optical Instruments Trigger Delay Generator, 
Model 100. 
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teUmllWry Experiment« 

Some familiarization with the equipment and range 

techniques was required of the writer. To gain experience 

with possible data collection techniques, a pilot test 

program was conducted. Four shots in this series were of 

particular value in determining the final experimental 

technique. 

4Ü¡Mí SJlfifc 2102. (Figures 64 and 65). 

The purpose of this shot vms to test the passage of 

the cloud over a sharp edge. The solid (and possibly liquid) 

particles were seen to travel in a straight line past the 

plate edge (Figure 65). Gaseous portions of the cloud 

do not appear in the radiographs. The gas phase is opaque 

to electromagnetic radiation in the visible and will appear 

in photographs. These dens© metallic vapors are not ex¬ 

pected to travel in straight lines as the solid and liquid 

particles do. Comparison of simultaneous photographs and 

radiographs should detect any metallic vapors present,, 

MlUri SMt 2LLZ (Figures 66, 67, and 68). 

A 1/8« aluminum sphere impacted a 1/32» copper plate 

at 23,100 ft/sec. This shot featured a cloud splitter con¬ 

sisting of a 1/4» steel plate with a 1/4» slit for passage 
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Figure 65 
Radiograph of AFKL Shot# 2102 

Figure 66 
Radiograph of AFKL Shot# 2117 
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SIDE 
VIEW 

Figur« 67 

Target Configuration, AFML Shot# 2117 
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of the debris cloud. The interior of the cloud was seen to 

be devoid of any solid or liquid particles. The thickness 

of this hollow shell indicates that the cloud forming pro¬ 

cess at any point along the bumper was over in a very short 

time interval. In other words, no continuous feeding of 

particles was seen to occur throughout bubble formation. 

This suggested that the edge of the expanding bumper hole 

was the source of the bumper debris particles. Four con¬ 

tact switches were spaced as indicated in Figure 67. A 

capture hole was drilled in the witness plate to allow 

passage of cloud particles into various capture materials. 

Bread, cotton, cloth, cotton batting, and styrofoam were 

tried in similar arrangements. No cloud particles were 

recovered. Evidence was recorded that impact with the 
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capture material did occur, but only on the topmost sur¬ 

face. Meanwhile., the aluminum witness plate adjacent to 

the hoi© was heavily pitted by the same cloud. The X-ray 

was triggered by the contact switch on the cloud axis. This 

switch and the three others were connected to the xenon 

flash tubes. Times of arrival of the first particles at 

each location were accurately recorded, but the exact dis¬ 

tance traveled by that same particle was indeterminable. 

Calculations of cloud front velocity by this technique are 

therefore inaccurate. 

ÒEÜL Shot U1Ï (Figures 69, 70, 71). 

A 1/3cadmium sphere impacted « 1/32" cadmium sheet 

at 22,756 ft/sec. The shot objective was to X-ray the 

gaseous cloud and note the damage caused on a witness plate. 

Projectile and bumper material was cadmium. No cratering 

of the aluminum witness plate occurred, but it did ex¬ 

perience severe deformation and heating. Cadmium film was 

coated on the surface of the plate. Tills was probably 

cadmium oxide, judging from its brownish color, but no 

characterization was attempted. The important thing noted 

was that energy was delivered to the witness plate, even 

though cratering did not take place. The plate was de¬ 

formed In the central region with such force that it re¬ 

bounded from the backup plate 1" away (see Figure 70). 

No attempt was made to measure energy delivered by gaseous 

phases to witness plates. 
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Figure 69 

Target Geometry, AFML Shot# 2125 

FRONT VIEW EDGE VIEW 

Figure 70 

Witness Plate Damaged by Gaseous Cadmium 
AFML Shot# 2125 

j 
101 



GSF/Mech 67-1 

Figure 71 
_Radiograph of AFKL Shot# 2125 

â.FML Shot 2190 (Figures 72 and 73). 

A 1/8'' steel sphere impacted a 1/32’' steel bumper at 

21,260 ft/sec. This shot combined many promising tech¬ 

niques that were planned for inclusion in the final test 

series. The bumper was a 1½11 by 6" plate to minimize its 

X-ray silhouette. The two side windows were replaced with 

1" thick plexiglas ports so that the experiment cculd be 

viewed optically. The debris cloud was to pass over a 

cloud splitter which would remove the lower half of the 

debris cloud and enable a picture to be taken for gas cloud 

detection purposes. The remaining upper half of the cloud 

would proceed on to a 1/8" thici' steel witness plate. Half 

of this plate had been cut away to permit 1/4 of the cloud 

to enter a container filled with capture material. Two 
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capture materials, shaving cream and meringue, were thought 

to be promising because of their low densities. 

In this experiment one-half of the opening was covered 

by a meringue mixture, 1" thick in an aluminum foil pie 

mold. The remainder of the can was then filled with sha¬ 

ving cream dispensed from a can. The ♦«having cream, 

Gillette Foamy (Regular), has a mean density of 0,0618 g/ 

cc at atmospheric conditions, tit was observed to expand 

30 - 50 times its normal volume at 25mm Hg. The meringue 

also expanded, but not more than 60%. The results of the 

test are partially illustrated in Figure 73. Both the 

cloud splitter and the witness plate were heavily cratered t. 

but no craters were observed in the bottom of the can. 

Recovery of particles was not possible from either capture 

material. The foil pie pan was ripped apart by the cloud, 

but no particles were found in the meringue. All traces 

of the shaving cream had disappeared, with only a dry, 

hard, blackish residue remaining on the inner surface of 

the can. No characterisation of this residue was attempted. 

Ar this point, further attempts to capture hypervelocity 

particles intact were abandoned. 

■ \ ' 

) 

Figure 73 
Radiograph of AFML Shot# 2190 
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Figura 74 

Bumper and Witness Plates» AFML Shot# 2190 
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âJ’££MÍ£ C 

ÂMïijMfia£§» sM galfflüAtiaia 

1* ßsm ffjElas&g. ai Mmastíasa 

To determine the slowing effect of the test atmos¬ 

phere (25mm Hgf 20° C), it was first necessary to calcu¬ 

late the ratio of the Mach number, M, to the Reynolds 

number, R. 

ßVj- (c-i) 

where |/ «= free stream velocity, p « density of the at¬ 

mosphere, y/. ~ viscosity, C = speed of sound in the fluid, 

and J * characteristic dimension of the object moving 

through the fluid. 

For Al^/O/?, the aerodynamic regime known as free 

molecular flow occurs. The mean free path of the gas mole¬ 

cules is much longer than the diameter of the particles. 

The slowing of cloud particles would be due to collisions 

of individual gas molecules with particles. The interval 

/<9/? A7 5=- is called the transition zone. 

“Slip flow“ occurs for AfThe mean free 

path of the molecules is small, but not negligible comparée 

to particle diameters. For Al^-O.O/ l//c continuous 

flow occurs, and consideration must be mad© of aerodynamic 
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forces slowing individual particles (Ref 14:7-06). 

To proceed with these calculations, several assump¬ 

tions must be made. The smallest particle resolvable by 

the X ray was estimated to be 0.25 mm. If a cadmium- 

sphere of 0.25 mm diameter is considered departing the 

thin plate with initial velocity V *= 7 km/sec, the follow¬ 

ing results: 

= C--49./VT for air (02) 
. 

(Ref 12:150) 

where T is measured in degrees Rankine. 

7" = 63 /- - 32j3> /? 
C = 49./ v'zIB = (4-9./ÏZ3) = //30 4/se^ 

/= 7323/ // = 23,000 H-feec 
?5>e.c. A?/r? 

A7 = 23003 = ZO./8 
//30 

/? = pVJ 
s* 

Considering air as an ideal fluid, the equation of state 

is applied: 

p = f XT 

p = P = ^/7^77 Pg Z. 765/602/">"> {h 
^ Per /3/5 P -/è> 5Z3 

— / 7Z X /0 ^ 75>/u£j / f-f3 
fbr T= óa V pU = 3.& //0^/6-sec/pz 

= 3 & //0~7s/uj/fI-3ec 

(Ref 14:6-06) 
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.3.0 X/O ~ 7 s/<j<3 / /Y 3<?c 
— ©4-0 

/„ = ¿Ö/S <• VW = VÍ840 = 62 

Therefore, we were in the "slip flow" regime. To check 

this result, the mean free path of the gas molecules in the 

air was compared with the diameter of the spherical par¬ 

ticle, The ratio of these numbers, K, called the Knudsen 

number, offered another means of separating flow regimes. 

ümûam # 

1.0<K 

0,l<Ki^l.0 

O.OKK^O.l 

Ki^O.Ol 

Um M&ïm 

free molecular flow 

transition region 

slip flow 

continuum flow 

To determine the mean free path of the gas molecule® in 

air, we note that air at standard conditions lias a mean 

free path, /) , of approximately 10”^ cni# 

Assuming the velocities of N2 and 02 molecules in air 

have Maxwellian distributions, 

^ = 0.707 (c-3) 
~rn 
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where (f « 4fTf~ , n - — ' r *= r«<3ius of molecule 

(cm), (Ref 15:72) For air at 68° F, 25 mm Hß» and using 

p .= nkT~ ////*- 

... zfisn/n Hq 70S //yj/n /Jq 4m 
V =^7= "-73gAi>-«-7-^/0/£ ZÎ93+K. 

33 3 X /O^ = e.Z3*/0Z3ma/ecv/e.5 
405* 'O'™ ^ 3 

_ ?i¡-7^,x./o'1 moSeco/e^ 
cw5 ' 

To simplify the calculations, the nitrogen molecules were 

assumed to make up 100 % of the air. 

For nitrogen r * 1.85 x 10™® cm 

:. M =■ JÒ. 
d 

= 47Tr2 = 4.31 x 10“15 cm2 

(Ref 15:74) 

_ 0.707 _ 

3.23 x /0'7sno/ecu/e^ 4-.3/ x /O ^ .——ji 

/ 94 x /0 4 <yr7 

™ /.94k/Q cm _ 0.0076 
0.02L5 Csr) 

This indicated the flow was continuous and aerodyna¬ 

mic drag forces must be considered. This regime will slow 

particles more than slip flow, so to b© conservative, the 

calculations are based on continuum flow. 

The work done by the atmosphere in s lowing down a par¬ 

ticle was: 
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Va/^1 ^ KEl = /¾ * D (c-o 

where/SKS is the change in kinetic energy, Pd is aero¬ 
dynamic drag force, and Z> is distance traveled. 

Fd = ip-^ (C-5) 

where Cz> i» coefficient of drag, p is the medium density, 

/\ is cross sectional area of the particle, and \/is the 

free stream velocity. Cz> may be taken as 1 for a sphere at 

hypersonic speeds (Ref 25:11). 

= 6.43 *-SO ~ -a 

osfaln./0'SsFg.'j(z..3>004')£f^ 6.43/(./0 H~ 

= Z03-F>^/0~^s/o<j ft- /see-2' 

AKE ^ Fd - D - Z03.5x/d~33/oj /¿Vse-cE 

for a particle traveling 1 ft. 

AKS^ Cc-6) 

where Vi ic initial particle velocity 23000 ft/sec, Vf is 

final particle velocity, and W ia mass of particle 

(slugs). 
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«,-§rrr3p - 4./3(0^^)(, 

= 4./8 (/.Q6 k/O'^ 

= 70.7O ^7 

- /55.5^/Q~ 
3Z.~Z, 

<3?. //* 

-Tö^j 3ZÍ/6 

= 4-, 825 X./0 ^s/isy 

AKE ~ 4-.&Z5X-/0 9 
"4 

= Z.035 x-/0~3 */“7 77(/szc 

= 4,4/3 X /ö' 9[5.Z9 x/De- 1/, Zj 

= Z.035 ^/Q-5 ■ft-^/se.c? 

5.Z9k,0&- Vf*' = S46 x/ö* /7 /se.c?' 

V^ = 5.Z8 X ^Aec2 

= 42,090 /rAec 

The atmosphere slows the particle a negligible amount, 

so the assumption of constant velocity was justified. 
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2. billq&U ítoiflfiáfi. 

Readings were taken using a 500 kg load with a 10 mm 

diameter ball. The recorded diameters of impressions made 

in the Ou billet and plates respectively were 2.80 mm and 

2.25 nun. The equation for Brine 11 hardness: 

Bh = ---Ç --- (C-7) 

where P is applied load (kg), D is diameter of ball (mm), 

and d is diameter of the impression in mm. 

Ã, = -,.So°, = áOO~/Z3 
(/O - //00-5./07) 406 

Similarly Bp{ billet = 80 

3. Measurement 2l Crater fifiBÖI, ñM Diameter 

The faces of the thick targets were ground flat and 

parallel prior to the test series. The volumes of the 

craters formed during impact were determined by the follow¬ 

ing technique. A depth gauge was zeroed on the undisturbed 

billet material near the edge of the target. The arm of 

the depth gauge was swung away and penetration oil from 

a 10 ml burette was metered into the crater. The smallest 

controllable drop size was 0.01 ml. Volumes were deter- 
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mined when the point of the depth gauge just touched the 

top surface of the oil in the crater (see Figure 75). 

Figure 75 
Crater Volume Measurement Technique for Thick Targets 

The technique was calibrated by use of "standard" 

volumes drilled into three aluminum cylinders 1" in dia¬ 

meter and 1" in height (see Figure 76). Nominal hole 

size was 1/2" D - 1/2» depth. Fifteen depth readings 

taken with the depth gauge were averaged to compute the 

actual depth. Hole diameters were measured with a ball 

gauge, the dimension of the gauge being taken with a micro¬ 

meter. The volumes were computed using the measured depth 

and diameter. The volumes of these standards were then 
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!■!' ''iWSIiMÉWftiiaw ittwUHMuaaMnaaii;.. 

Figure 76 

Standard Volume 

measured using the penetrating oil technique. Three 

readings were taken of each standard volume and averaged. 

The results and accuracies are indicated in Table XXI. 

No. 
"TISAatlPéd 

Diameter, D 
(in) 

"""M'è'àfltltéd ' 
Depth, d 

(in) 

“TaTc. 
Volume 
cm^ 

Measured 
Volume 
an3 

error 
% 

1 0.5006 . 0..4997 1-61 1-603 0.47% 

2 L ..0.^029 _ 0*4998 1-62 1.607 1.167. 

_3L —0^006 , JLmL -JL6Q3 , - ¢.47¾ 

Accuracy Determination of 
Penetrating Oil Technique 

Table XXI 
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The depths of the craters were measured using the 

depth gauge initially zeroed at the bottom of the crater. 

The needle was then placed at a point on the billet face 

near the edge of the target. The differential readings 

noted on the dial gave the crater depth. 

The crater diameters were measured using the micro¬ 

scope on a Tektron Microtester. The microscope was fo¬ 

cused on the billet surface near the edge. A calibrated 

traveling bed moved the crater under the microscope until 

the focal place was found inside the crater rim. After 

noting the position of the bed on the micrometer gauges, 

the billet was moved under the microscope by the traveling 

bed. When the focal plane was found at a point on the 

opposite rim, bed position was again recorded. The differ¬ 

ence between the readings was the crater diameter. 

4. Conversion of. Gone. Ansié.SJaaadiflPa. 

One steradlan is defined as the solid angle sub¬ 

tended by a surface on a unit sphere equal to the radius 

of the sphere squared'. Consider the drawings below. The 

area S of the sphere subtending solid anglet^at ¿?is given 

by 

(C-8) 

but (C-9 ) 
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therefore -S - (C-10) 

To convert to steradians, divide by r2, 

¿¿/= ^¿7r(/- e^oc) 

This function is plotted in Figure 78, 

5- QrniMSfl.1 2d. D£t.smL£LÍn& Impact Velocity 

?Cga8U£SJ8. 

The graph shown in Figure 79 was used to determine 

impact velocities and peak pressures. For example, Table 

I lists 0,8 Mb as the minimum peak pressure required to 

vaporize cadmium. This pressure is normalized by dividing 

by the characteristic pressure Co2/V0 for cadmium, which 

is 0,515 Mb, The resulting normalized pressure is 1,55. 
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Th® Intersection of the K = 1,67 and the 1,35 normalized 

pressure line occurs at a normalized mass velocity of 0.7, 

Multiplying 0,7 by the sound speed C0 of cadmium give® a 
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product of 0.17 cm/microseconds » 1.7 km/sec. But the 

impact velocity for like materials is double the mass 

velocity (Ref 27:9), so 3.4 km/sec impact velocities are 

required to vaporize cadmium. 

If the impact velocity is known, the peak pressures 

generated may be computed. Copper impacting copper at 

23,000 ft/sec (7 km/sec) causes mass velocities to reach 

3.5 km/sec. Dividing this velocity by C0 for copper results 

in a normalized mass velocity for the impact of 0,884« The 

intersection of the K « 1.50 line and the normalized mass 

velocity *= 0.994 occurs at a normalized pressure value of 

2,0. Multiplying this pressure by the characteristic 

pressure 1.39 gives a product of 2,78 Mb. Since complete 

melting occurs at 1.84 Mb, it is doubtful if vaporization 

of copper occurs at 2,78 Mb. No data weis available to 

confirm this. The velocities computed using the pressures 

from Table I are in good agreement. 
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Appendix D 

Bumpers and Witness Plates Used 

in. £!lS. fifibds. Ci2Mâ Study. 

Figures 80 through 85 are photographs taken of the 

bumpers and witness plates,, The right side plates are in 

the center of each photograph» the left plates on the 

bottom. The single plate below the bumper was placed just 

above the slot on the splitter plate. Since these plates 

were close to the bumper (1.315"), considerable overlapping 

of craters precluded any analysis of individual craters. 

Closeups of these plates are shown in Figure 86 and 87, 

Bumper and Witness Plates» AFML Shot# 2209 
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Figure 81 
Bumper and Witness Plates, AFML Shot// 2205 

Figure 82 
Bumper end Witness Plates, AFML Shotff 1022 
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Figure 83 
Bumper and Witness Plates, AFML Shot# 2199 

Figure 84 
.Bumper end Witness Plates,. AFML Shot# 2214 
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Figure 85 
Bumper and Witness Plates, AFML Shot# 1026 

Figure 86 
Ultness Plates Used in Copper Bumper Tests 
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1 

Figure 87 
Witness Plates Used in Gadmiam Bumper Tests 
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