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ABSTRACT 

An experinn_atal investigation of the manieutum distribution 
within the debris cloud produced by the impart o' 3. 17 mm spheres 
on 0.79 mm tbicU   )lates was conducted.    Two Lidopendent experiments 
with projectile velo  ities ranging from 6,65 km/.iec to 7.25 km/sec 
were completed in an attempt to determine momentum distribution. 
Small metal plates were impacted by the clou»l for measurement of the 
incident momentum,    A ballistic pendulum was used in an attempt to 
capture small segments of the debris cloud and to measure the 
momentum distribution in the cloud itself.    The mr nentum intensity, 
as a function of distance from the center of the debris cloud, was 
determined in each experiment and the results were compared and 
evaluated. 
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MOMENTUM DISTRIBUTION IN THE DEBRIS 

CLOUD PRODUCED BY HYPERVELOCITY 

PERFORATION OP THIN PLATES 

I. Introduction 

To date» manned space missions have been limited to 

near earth orbits. Plans are being made for mans first 

landing on the moon.  Missions away from the near earth 

environment mean an extended exposure of the spacecraft 

and Its passengers to the hazards of meteorold Impact. 

Much work has been done to determine the exact nature of 

the meteorold environment and a best estimate Is shown In 

Pig. 1. 

Once the environment Is known the problem becomes one 

of designing an adequate means of vehicle protection. One 

of the more promising and more extensively Investigated 

protection arrays Is the Whlpple Bumper Concept (Ref 7 

:264). A simulated Impact of a meteorold on a Whlpple 

bumper Is shown In Pig. 2. 

The meteorold approaches the bumper from the right. 

Upon Impact, the projectile and the bumper are shocked and 

heated. Depending upon the properties of the projectile 

and bumper, the resultant debris cloud will be composed 

of different percentages of partlculate, liquid and gas- 

eous debris. Table I demonstrates the different effects 

of pressure on materials with different physical proper- 

ties. Cadmium for example will vaporize at lower Impact 
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Pig. 1. Near Earth Meteorold Environment 
(Ref 7: 243) 

Material Melting Vaporization Pressure Pressure Pressure 
Temp0C    Temp0C   to cause to cause to cause 

Incipient complete vaporlz- 
meltlng  melting  atlon 
(M bar)  (M bar)  (M bar) 

Aluminum 660 2057 0.6 0.9 

Cadmium 321 767 0.4 0.46 0.8 

Copper 1083 2336 1.4 1.8 

Shock Heating Properties 

Table I (Ref 9:231) 
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pressures than either aluminum or copper. The purpose of 

the bumper Is to disintegrate the meteorold and spread Its 

energy and momentum over a large area of the hull plate. 

The momentum of the debris cloud Is some multiple of 

the momentum of the meteorold because, as the projectile 

Impacts the bumper, debris Is thrown upstream as well as 

downstream (see Pig. 3). From conservation of momentum 

MPVP a Pdc - Pu (1-1) 

HULL 

DEBRIS CLOUD 

BUMPER 

MpVp 

Pig. 3. Momentum Multiplication 
Prom Thin Plate Impact 



where P,  is the momentum of the debris cloud, 

P = momentum of upstream cloud, 

and M V = momentum of projectile. 
P P 

Thus P, « M V + P (1-2) 
ac   p p   u 

and Pdr = M V  (1 + —^ ).        (1-3) 
ac   p p      M v- 

As the debris cloud Impacts the hull plate, craterlng 

occurs and debris rebounds causing a second momentum 

multiplication. 

The damage from the Impact of the debris cloud can be 

similar to the damage caused by regular meteorold Impacts. 

The hull plate can fall by penetration, spalllng, or 

buckling (Ref 3:101). The hull plate must then be design- 

ed with sufficient strength to withstand the Increased 

momentum of the debris cloud and to prevent failure In one 

of the three modes. 

Present projectile launching techniques are limited 

to approximately 10 km/sec projectile velocity. Meteorolds 

In space have velocities relative to the Earth of from 

11 km/sec to 72  km/sec (Ref 7:2^4), One problem of the 

experimenter Is to attempt to simulate effects of the 

meteorold Impacts at much higher velocities than can be 

attained in the laboratory. The answer at present lies in 

the correlation of low velocity experimental data with 

hydrodynamic models using Particle in Cell codes 

(Ref 1.).  If this correlation is accomplished, a parti- 

ally verified theory will be available to permit extra- 



polatlon to higher velocities. A reasonable system of 

meteorold protection can then be designed for extended 

space voyages. 

Purpose 

It was the purpose of this Investigation to experi- 

mentally determine the momentum distribution properties 

of debris clouds caused by the hyperveloclty Impact of 

spheres on thin meted plates. The Information obtained 

Is to be compared with theoretical solutions of the 

shield Impact problem for confirmation and an Improved 

understanding of the properties of debris clouds. 

Investigated were the Impacts of 3.17 mm spheres on 0.79 

mm thick plates of like materials. Cadmium, Copper, and 

Aluminum were the materials used. 



II.  XYnfirimental Procedure 

Approach to the Problem 

The attempt to determine debris cloud momentum was 

divided Into two phases.    The first phase Involved the 

use of small metal flyer-plates for measuring the momentum 

experienced by Individual regions of the simulated vehicle 

hull.    This measurement Includes two multiplication 

effects.    A second experiment was designed which could 

eliminate the second multiplication effect by capturing 

small segments of debris clouds within a ballistic pend- 

ulum.    The flyer plate experiments were conducted first 

because of their relative simplicity and the need to 

obtain a preliminary Indication of the actual momentum 

distribution for use In the ballistic pendulum design. 

Flyer Plate Test Series 

A test series of five rounds was conducted to deter- 

mine the experimental configuration best suited for the 

flyer-plate experiment.    Preliminary calculations were 

completed In an attempt to determine the expected vel- 

ocities of the flyer plates.    A total multiplication 

factor of 1.5 and a linear momentum distribution  (Pig,  ^) 

on a plane parallel to the bumper were assumed for a 

copper debris cloud.    The expected dimensions of the 

debris cloud were estimated from work done by Carey 

(Ref 3:37).    The size and material of the flyer-plates was 

determined from stability and handling requirements. 



Aluminum flyer plates (.635 cm x ,635 cm x ,318 cm) 

weighing approximately 350 mg were used In all flyer- 

plate shots. Copper was chosen as the material for use 

In the Initial test series because of Its high mass 

density (8.96 gm/cm3) and low toxlclty In comparison with 

cadmium. 

Two configurations of plate holders were tried. The 

use of a rigid plate to support the flyer plates prior to 

Impact proved unsatisfactory (see Appendix B). The use of 

a thin (.0025 cm thick) aluminum strip to support the 

flyer plates proved satisfactory and was the method used 

on all succeeding rounds. The preliminary calculation of 

Fig. 4. Assumed Momentum 
Intensity Distribution 

8 



expected cloud momentum density proved to be a good 

approximation. Problems encountered with the x-rays 

occupied the remaining five test rounds. 

Primary Flyer-Plate Experiments 

Upon the completion of the test series, three primary 

rounds were completed using the final experiment config- 

uration shown schematically in Pig. 5. The fourteen flyer 

plates were located 10.l6 cm from the bumper (Pig, 6) and 

were arranged along the foil strip as shown In Pig. 7. 

The orientation of the flyer plates was designed to avoid 

debris impacting on the sides of the flyer plates. 

The flight of the Impacted flyer plates was monitored 

with sequential 105 kv flash x-rays* with exposure times 

short enough to prevent motion blurring of the plate Images, 

The x-ray tube heads were located above the flyer plates 

and aimed toward the x-ray film located beneath the flyer- 

plate trajectories. The x-rays were controlled through 

the circuitry shown In Pig. 8. A contact switch was 

mounted on trajectory in front of the bumper plate. The 

contact switch (as described In Appendix A) was construct- 

ed of thin sheets of material that would provide a min- 

imum disruption of the projectile. The x-ray times In 

relation to impact were monitored with an oscilloscope and 

the streak camera winker system (described In Appendix A). 

* Pleld Emission Corporation Model 231. 
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Pig. 6. Orientation of Flyer Plates
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Fig. 7. Photographs of Flyer Plates Prior to Impact
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Results 

The results of the three primary flyer-plate rounds 

will be discussed in the original firing sequence. 

Round No. 2383. A copper sphere (V = 6.652 km/sec) 

impacted a copper bumper. The x-ray results are shown in 

Fig. 9. The time between x-rays was 1.5 x 10"3 sec. The 

change in flyer-plate position was determined by comparing 

the x-ray results with preliminary x-rays of a grid placed 

in the plane of flyer-plate trajectories (see Fig. 10). 

A base line was chosen from the grid and the change in 

position was calculated. The momentum of each plate (Pp) 

was then determined from change in position (L), time 

between exposures (T)f and mass of the plate (MoK 
IA0 L 

PF =  (2-1) F      T 
The momentum intensity (HI) was determined by dividing the 

plate momentum by Its cross sectional area (A): 

A cm^ (2-2) 

Note:  1 tap = 1 gm cm m     1 dyne sec 
sec cm^       cm2 

The projectile Impact was slightly off optimum trajectory 

which caused a requirement for locating the center of the 

momentum distribution. The point of impact was projected 

to the plane of the flyer plates as shown in Fig. 11, The 

distance of each plate from the center of the debris cloud 

was then measured directly from the scale drawing. The 

momentum intensity was thus determined as a function of 

13 



FIk. 9. Sequential Radiofl:raph of Impacted Flyer 
Plates, AFi'IL Round No. 2383

14
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Pig. 11. Location of Debris Cloud Center 

distance (R) from the center of the debris cloud. 

The results for Round No, 2383 are shown In Table II 

and In Pig. 12. The flyer plates from Round 2383 were 

examined after the experiment and were observed to have 

suffered weight losses which were Increasingly large as 

the plate location approached the center.  No spalllng was 

expected or discovered on any of the plates. 

Each plate was retrieved after Impact and rewelghed. 

The second weights were then used In the momentum calcul- 

ations. The use of the post-Impact mass Is Justified be- 

cause of the nature of the debris cloud Impact. The 

duration of the Impulse on the flyer plates Is less than 

1 micro-sec. This was determined by dividing the thickness 

16 



Plate 
Number 

Distance to 
Center of 
Impact (cm) 

Initial 
Mass 
(mg) 

Final 
Mass 
(mg) 

Velocity 
(m/sec) 

Momentum 
Intensity 
(Taps) 

1 5.32 355.4 355.0 3.74 329 

2 ^.37 356.3 355.6 6.71 592 

3 3.^2 341.9 340.5 11.75 992 

4 2.4? 362.3 359.2 17.01 1515 

5 1.52 355.1 350.6 23.28 2024 

6 .67 352.0 339.0 49.57 4l66 

7 .28 354.9 338.4 63.10 5295 

8 1.39 357.0 347.5 38.77 3341 

9 2.3^ 332.7 329.0 22.18 1810 

10 3.29 339.6 336.8 17.75 1483 

11 ^.24 356.0 354.7 9.49 836 

12 5.19 340.7 340.0 6.23 526 

13 6.14 351.0 350.3 4.11 357 

H* 7.09 355.9 355.3 2.49 219 

Data From Round #2383 

Impact of 3.17 mm Copper Projectile Vp» 6.652 km/sec 

Table II 

17 
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Flg. 12, Momentum Intensity vs Distance From 
Debris Cloud Center, AFML Round No. 2383 
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of a cloud segment by its velocity (see Fig. 37). The 

acceleration of the plates to their final velocity Is 

almost Instantaneous. The mass loss Inflicted on the 

plate Is, however, completed prior to any significant 

movement of the flyer plates. Simple calculations of the 

force due to the Impulse of the cloud using Newton's 

Second Law, Indicate that the most severly Impacted flyer 

plate travels 3.15 x 10"3 cm during Impact. 

The momentum Intensity vras concentrated In the center 

and gradually decreased toward the edges. The total mom- 

entum of the cloud was calculated by Integrating the mom- 

entum Intensity curve (Fig. 12) through 360°  using the 

trapezold rule (Ref 11: 551). The cumulative momentum as 

a function of cloud radius Is shown In Fig. 13. The curve 

approximates a straight line but levels off as the 

extreme edge of the measured debris cloud Is approached. 

Total momentum calculations Included only the measured 

section of the cloud. No attempt was made to extend the 

total momentum calculations to points outside the extreme 

flyer plates. The multiplication factor M.F. was cal- 

culated by dividing the total momentum (P) by the Input 

momentum (ri V ) 
P P 

M.F. =  !  (2-3) 

P P 
For Round 2383 (M.F. equaled 1.372). 

Round No. 2^02. The analysis of Round No. 2^02 

19 



Flp:. 14. Sequential Radloa;raph of Impacted 
Flyer Plates, AF.LL Round :\lo. 2402



Plate 
Number 

Distance to 
Center of 
Impact (cm) 

Initial 
Mass 
(mg) 

Final 
Mass 
(mg) 

Velocity 
(m/sec) 

Momentum 
Intensity 
(Taps) 

13 4.58 329.3 329.1 .342 27.9 

14 3.68 332.5 332.1 2.15 177.1 

3 2.73 343.5 343.4 5.18 441 

5 1.80 350.0 349.3 6.97 604 

1 .86 358.3 356.5 12.83 1134 

6 .15 360.0 355.3 22.81 2010 

12 1.17 362.0 359.6 11.99 1069 

2 2.13 354.4 353.4 7.93 695 

9 3.04 353.0 352.4 4.48 391 

4 4.02 337.0 337.0 3.33 278 

11 4.95 334.9 334.8 1.42 118 

10      5.88     329.5  329.6   .290    23.7 

Data Prom Round #2402 

Impact of 3.17 mm Aluminum Sphere Vp - 7.254 km/sec 

Table III 

21 
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(Aluminum-Aluminum Impact, Vp = 7.25^ km/sec) was con- 

ducted In the same manner as that of Round No, 2383. The 

x-ray results are shown in Fig. 14 and the momentum Inten- 

sity data are presented In Table III. The momentum Inten- 

sity distribution Is shown In Pis. 15 and total momentum 

plotted In Fig. 16. As In Round No. 2383 the total mom- 

entum curve levels at the edge of the measured cloud. The 

aluminum did not display cloud symmetry to the same degree 

as did the copper, W.F, for the aluminum was 1,099 which 

as expected was less than that for copper. Because of the 

low momentum Intensity of the aluminum debris cloud less 

mass loss was experienced by the flyer plates In Round 

No, 2^02, Consequently a smaller multiplication effect 

was experienced by the plates Impacted by the Aluminum 

cloud, 

Round No. 2^06. The last flyer plate round was a 

cadmium-cadmium Impact with V » 7.0^5 km/sec. The results 

from the x-rays and momentum Intensity calculations are 

presented In Fig, 17 and Table IV. The momentum Intensity 

and total momentum distributions axe  plotted In Figs, 18 

and 19. The multiplication factor for the cadmium was 

1.635. T^.s value does not Include any estimate of the 

momentum contained outside the radius of measurement. 

The flyer plates were retrieved and rewelghed as In 

the other rounds. The flyer plates Impacted by the cad- 

mium cloud showed signs of very fine craterlng plus 
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Flp-. 17. iiequentlal Radiograph of Impacted 
Flyer Plates, AF.IL Round No. 2406



Plate 
Number 

Distance to 
Center of 
Impact (cm) 

Initial 
Mass 
(mg) 

Final 
Mass 
(mg) 

Velocity 
(m/sec) 

Momentum 
Intensity 
(Taps) 

13 5.80 327.8 328,k 7.77 633 

14 ^.90 329.8 329.7 11.^9 939 

7 3.95 33^.1 333.5 14.87 1229 

2 3.00 33^.5 33^.9 20.23 1680 

5 2.10 351.5 3^9.9 27.^5 2382 

9 1.15 353.6 351.1 41.96 3654 

4 .50 356.3 35^.0 50.37 4422 

3 1.20 35^.5 35^.3 36.65 3220 

10 2.05 353.8 352.1 28.50 2489 

12 3.00 3^0.7 3^0.3 18.52 1563 

11 3.90 335.0 33^.3 14.32 1187 

1 ^.85 331,0 331.6 11.69 961 

8 5.80 329.6 329.8 7.88 644 

6 6.75 328.5 328.9 5.91 482 

Data Prom Round #2406 

Impact of 3.17 mm Cadmium Sphere V ■ 7.054 km/sec 

Table IV 
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plating of cadmium on the flyer plates. Some of the 

flyer plates actually trained mass upon Impact. The plates 

used In the three primary rounds are shown for comparison 

In Pig. 20.

mmmmrmmmmmmmmm
AFM! Sf!vjr»240p

Fig, 20. Photograph of Impacted Flyer Plates



Ballistic Pendulum Measurements 

The main objective of the series of experiments with 

the ballistic pendulum was to determine the Internal 

momentum of the debris cloud Itself, I.e. to remove the 

second momentum multiplication occurring during the 

cloud Interaction with the hull plate. For this to be 

accomplished, a light pendulum capable of capturing 

segments of the cloud debris had to be designed and con- 

structed. The data obtained from the flyer plate experi- 

ments was used as a basis for determining the allowable 

mass of the pendulum. 

The ballistic pendulum consisted of a fiberglass tube 

with an Inside diameter of 5.7 cm, mounted between two 

phenolic plates each measuring 7.62 cm x 7.62 cm x .317 cm 

thick. A third phenolic plate was mounted at the end of 

the 6-32 threaded steel rods which held the pendulum to- 

gether, A sketch of the pendulum Is shown In Pig. 21. 

The suspension system consisted of five lengths of radio 

dial cord attached to a suspension plate shown In Pig. 21. 

The five wire suspension was a modified version of the 

six wire suspension used by Gehrlng (Ref 6: 189). The 

suspension length of 27 cm was dictated by target tank 

height restrictions. 

The pendulum cylinder was lined with polyethylene as 

shown In Pig. 22. Polyethylene had been observed In a 

previous experiment to have the capability of absorbing 
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cloud debris*. Details of the pendulum and plate attach- 

ment methods are shown in Pig. 23. Prior to being placed 

on the hypervelocity range, the pendulum was calibrated 

using the air rifle setup shown in Fig. 24. Details of 

the calibration equipment and procedure are contained in 

Appendix C. The maximum error encountered with the cali- 

bration setup was 4 percent without compensation for pend- 

ulum damping. 

The ballistic pendulum experiment was setup as 

shown in Fig. 25. A steel splitter plate shown in Figs. 

26 and.  2? was set 10.16 cm from the bumper. A movable 

plate was mounted on the front of the splitter plate in a 

position to allow a small section of the debris cloud to 

pass through one of the openings in the splitter plate 

and into the hollow front section of the pendulum. 

The movement transferred to the pendulum was moni- 

tored with an open shutter camera and mirror setup 

depicted in Fig. 25. The camera was positioned (as 

shown in Fig. 25) so that a view of the bottom point of 

the rear phenolic plate was obtained. The detail of the 

mirror, and the view of the camera are shown in Fig. 28. 

The light source illuminated a reference grid and a .159 

cm reflecting aluminum sphere located on the bottom of 

the rear phenolic plate. The first traces of the reflect- 

* Private communication with .lr. P. Denardo of :JA^A Ames 
Research Laboratories, i'offett Field, California. 
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Pig. 23. Ballistic Pendulum Suspension Detail

Pig. 24. Photograph of Pendulum Calibration Setup
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Pig. 27. Photograph of Splitter Plate After Impact: 
Movable Plate Attached

Ing sphere were faint but could Just be analyzed. The 

situation was Improved by substituting a D.C. light source 

(Mass « 4 gm) consisting of a small light bulb and fine 

copper wire circuitry for the reflecting sphere on the 

pendulum.

The reference points used In the reference grid were 

located at predetermined dlstemces from each other. The 

horizontal motion of the pendulum was measured using the 

reference points for determination of the scale. The 

distance of pendulum movement was determined by comparing 

the distance moved by the pendulum light source with the 

known distance between the stationary reference points.
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A film reader capable of resolving one part in 10^ was 

used for all measurements. 

The basic method for determining momentum imparted 

to the pendulum from measurements of pendulum motion is 

to compute the height increase achieved by the pend- 

ulum against gravity. The pendulum kinetic energy 
2 

(1/2 MJVJ ) is equated to the increase in potential 

energy (Mj g h). The required formulation is presented 

as follows. 

The angular motion of the pendulum (0) is deter- 

mined from linear pendulum motion using equation (2-'+) 

sin 6 =  ^  where (2-^) 
2? cm 

X is the horizontal motion in cm and 2? cm is the 

suspension length. 

The vertical motion (h) is then calculated using 

equation (2-5) 

cos 9 = JZi  (2-5) 
2? cm 

Once h is known, the initial pendulum velocity and mom- 

entum are calculated using equations (2-6)and (2-7) 

Vj - (2 g h) 1/2 (2-6) 

PM " MIVI (2-7) 

where g is the acceleration of gravity (980 

cm/sec ), 

Vj is the initial velocity of the pendulum 

and Mj is the pendulum mass. 

The measured impulse is not the true momentum 
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because damping forces are present within the pendulum 

suspension system that must be accounted for. These 

forces were evaluated by determining the loss of 

amplitude per cycle of the free swinging pendulum. 

Successive values of pendulum amplitudes were determined 

from timed exposures of several swings of the pend- 

ulum (see Appendix C). The losses of amplitude were 

expressed as percentages. The measured movement of 

each round constituted only one quarter of a cycle. 

Thus the average loss per quarter cycle for the magn- 

itudes of horizontal movement measured for each round, 

must be considered In momentum calculations. For each 

adjustment made to the pendulum, a new decrement deter*- 

mlnatlon was made. This was done to account for any 

change In the damping forces due to change in the 

experimental configuration. 

Results 

The pendulum series was scheduled for three 

measurements for each of the materials, cadmium, copper, 

and aluminum. The measurements for each were made for 

a distance of 0, 1.27 cm, and 2,5^ cm from the center 

of the debris cloud. For each group of three rounds 

the pendulum was arranged at the appropriate angle to 

assure passage of the debris into the front cylinder 

of the pendulum and to assure impact at the rear poly- 

ethylene surface. 
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The experimental results are shown in Fig. 29 and 

Table V. The Images In the first pictures were faint 

but readable. The third round was an aluminum-aluminum 

Impact with the splitter plate 5.08 cm from the bumper. 

The results were extrapolated to a 10,16 cm spacing 

using the method of similar triangles.  The momentum 

Intensity at the 10.16 cm spacing was assumed to be one 

fourth the Intensity at 5.08 cm because the Intensity 

varies as the Inverse square of the distance.  Perfor- 

ation of the movable plate occurred In Round No. 2^-68 

thus making the measurement of that round suspect. The 

results are plotted but noted as not fulfilling experi- 

mental requirements. 

The capture of significant amounts of cloud debris 

was indicated by close examination of the pendulum 

polyethylene liner. The debris contained in the pend- 

ulum liner was concentrated in the rear section and 

decreased In amount toward the front of the pendulum 

cylinder. The inside of the front phenolic plate did 

Indicate that some debris had returned to the front of 

the cylinder (Fig. 30). 

Deviations from a straight line motion can be 

detected in the pictures of high amplitude swing. These 

deviations were the result of off-center Impact. 

Analysis of the deviations due to the off center Impact 

Indicated that such movements could not be neglected when 
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Photographic Results of 
Ballistic Pendulum iixperiments
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■ ■

Fig. 30. Photograph of Impacted Polyethylene Plate

compared with the total movement of the penduliim. The 

analysis (see Appendix C) Included direct measurement of 

the sideward movement using the pendulum calibration 

system and an Impact angle of 90°.

The pendulum setup was constantly under Improvement 

during the course of the experiment. A TV camera was 

utilized on the last seven rounds to observe possible re* 

bound effects due to pendulum contact with the splitter 

plate. No rebound effects vxere observed.

The reflecting aluminum sphere on the rear of the 

pendulum was replaced by the low mass light source 

described previously. This was done to obtain a more



positive reading of the pendulum motion. The light source 

was energized by two  dry cell batteries of 3 volts each 

connected in series. The circuit was made with fine copper 

wire strung loosely between the light bulb and voltage 

source. Decrement calculations indicated that the light 

source and fine copper wire had little effect on the in- 

efficiencies of the system. 

A small latch device pictured in Fig. 31 was added 

to the pendulum system in an attempt to limit the pendulum 

to one swing. This was done to prevent rewriting of the 

film record due to any rebound of the pendulum after its 

first half cycle. 

The results of the momentum measurements with the 

pendulum are presented in Fig. 32,    The values presented 

were normalized to 6,71 km/sec (22,000 ft/sec) for 

comparison of rounds fired at slightly differing velocities. 

Normalization was accomplished by multiplying original 

results by the ratio of 6.71 km/sec to the projectile 

velocity. Th's linear treatment is dependent upon the 

assumption that no unusual phenomena occur over the range 

of projectile velocities (6,655 km/sec to 6.931 km/sec). 

The error bars in Fig, 32 indicate possible measurement 

error. 
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III. Discussion 2l Results and Conclusions 

The two phases of the Investigation were conducted to 

determine the debris cloud momentum distribution Incident 

upon the hull plate and the momentum distribution within 

the debris cloud Itself. Observations of simulated hull 

plate damage from previous Investigations have Indicated 

concentrations of damage In the center and on the edge of 

the center cone of damage. The flyer plate results Indi- 

cated that the momentum Intensity Is also concentrated In 

the center. Concentrations of momentum at the edge of the 

cloud were not detected. The cadmium cloud, although con- 

taining more total momentum than the copper debris cloud, 

actually possessed less momentum Intensity near the center 

than the copper cloud. This result Is reasonable because 

a more gaseous debris cloud would be expected to spread 

over a larger area of the hull plate. This result Indi- 

cates that If higher velocity meteorolds are vaporized by 

an encounter with an actual spacecraft bumper, the resulting 

momentum would be spread more evenly over a greater area of 

the hull plate than previously observed In laboratory sim- 

ulation experiments. This does not mean that the highly 

vaporized cloud Is not damaging. The total momentum multi- 

plication factor could be In excess of two for vapor gen- 

erating Impacts Indicating that the hull plate would be 

subjected to a dispersed momentum of twice the momentum of 

the Incoming projectile. The total momentum multiplication 
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factor Is the result of two multiplication effects. The 

first momentum multiplication effect results from the im- 

pact of the projectile on the bumper. The second multi- 

plication effect results from the reflection of debris and 

cratering resulting from the interaction of the debris 

cloud and hull plate. A multiplication factor greater than 

two will occur when the gaseous debris cloud is almost 

totally reflected by the hull plate. The first multi- 

plication factor is relatively small as indicated by the 

low velocity and small amount of the upstream debris. The 

hull plate multiplication effect caused by a gaseous cloud 

would be the major contribution to the overall multi- 

plication factor of 2 since it would multiply a momentum 

already somewhat greater than the incident momentum. 

Comparison of the flyer plate results with Carey's 

momentum calculations was possible for only one material, 

copper. The crater volume - energy method of calculating 

momentum could not be used for cadmium because of the fine 

cratering and gaseous composition of the debris cloud. 

Data from Round No. 2383 and Carey's data (Ref 3: 49) 

are presented in Pig. 33. The data points represent the 

momentum within circular sections of the debris cloud, 

with each data point at the center of the section. The 

similarities and differences in the two experiments must 

be noted in any realistic comparison of the two. The 

projectile and bumper materials and the projectile size 

and shape were identical. The bumper used in Carey's 
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experiment was 1.59 mm thick as compared with the 0.79 mm 

thick bumper used In Round No. 2383. A detailed and exact 

comparison of the flyer plate results with Carey's calcul- 

ations is not possible because of the differences in ex- 

perimental parameters and measurement techniques. The 

thicker bumper plate used by Carey absorbed more energy 

and momentum than the thinner bumper plate used In Round 

No. 2383* Because of the vapor and liquid composition 

of the highly shocked center section of the debris cloud 

Carey's readings for the center of the cloud were not 

indicative of the actual momentum. The differences In 

results Indicate that the crater volume - energy method 
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Is not valid for the calculation of the debris cloud 

energy and momentum in vapor and liquid generating im- 

pacts. 

The flyer plates suffered differing degrees of damage 

depending upon the material Impacted. The flyer plates 

impacted by the cadmium debris cloud were plated with 

cadmium with the Impacted surfaces showing signs of very 

fine craters. The mechanism for hull plate failure caused 

by a gaseous debris cloud such as cadmium would be 

buckling and eventual rupture due to the high pressures 

within the cloud. 

Preliminary determination of the expected pendulum 

results Indicated that the pendulum would measure less 

momentum than that measured by the flyer plates for cor- 

responding points within the debris cloud. This was 

found not to be the case. The ballistic pendulum measure- 

ments were consistently greater than those of the flyer 

plates as shown in Pigs. 3^, 35, and 36. The differences 

between expected and actual results could not be explain- 

ed as measurement error. 

The suspected sources of error were accounted for 

with adjustments to the measured value made as determined 

by the decrement calculations. The analysis of the 

pendulum motions due to off center impact indicated that 

they were significant when compared with the total 

measured momentum (see Appendix C). The momentum lost 

to sideward motion was calculated from the deviation 
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measurements and th? results were adjusted accordingly. 

The discrepancy between expected and obtained results 

was first recognized after three rounds were conducted 

with the pendulum oriented along the range axis. Exam- 

ination of sequential photographs of a previous cadmium 

Impact (Round No. 242?, V «7.029 km/sec) yielded a 

possible explanation (see Fig. 37). A late time Jetting 

of debris was observed at 20.8 u sec. 

The late Jetting of debris Is believed to be the 

result of the cloud confinement phenomenon associated 

with the bumper-hull plate system. The cloud confinement 

phenomenon Is defined as the continued accumulation of 

debris along the surface of the hull plate and an 

apparent confinement of the debris within the final cloud 

dimension. This phenomenon had been observed In previous 

experiments but had not been fully Investigated. In Fig. 

37» the buildup of the debris after the debris cloud has 

reached Its maximum diameter can be observed. This build- 

up of debris caused by the continued Influx of debris 

results In an Increase In cloud pressure toward the center 

causing the eventual late Jetting. The mechanism causing 

the confinement of the cloud Is not known. It had been 

observed and Is proposed as the cause for the resulting 

high pendulum measurements. The consequence of the con- 

finement phenomenon Is that the hull plate will experience 

a longer Impulse than previously expected. The exact 

nature of this phenomenon remains to be Investigated. 
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The results of the pendulum experiment Indicate that 

the unconflned debris cloud and the confined debris cloud 

have different momentum Intensity distribution. Thus any 

knowledge of the properties of the debris cloud Itself, 

must be considered In relation to Its reaction with the 

hull plate. 

Two alternative explanations for the unexpected pend- 

ulum results were considered and dismissed as more experi- 

mental work was completed. The possibility of a rebound 

effect from the pendulum impacting the splitter plate was 

definitely eliminated. Observations of the pendulum 

during Impact showed no such effect. 

The possibility of debris and a blast from upstream 

following the projectile and imparting an additional mo- 

mentum to the pendulum was also considered. The baffles 

in the blast tank and closure of the sabot plate should 

have prevented any such effect. The fact that the high 

readings weVe present at points off the range axis indi- 

cated that this did not occur. The bumper plate would 

intercept most of this debris. 

From these observations and the results of both ex- 

perimental phases the following conclusions were drawn: 

(1) The unexpectedly high momentum measurements provided 

by the ballistic pendulum experiment were caused by the 

debris cloud confinement phenomenon. The continued inter- 

action of the debris cloud with the splitter plate result- 

ed in the late time Jetting and the additional measured 

5^ 



   >!    .    . .,....— —■-. 

momentum.     (2) The momentum measured by the ballistic pend- 

ulum realistically reflects the momentum distribution In 

the confined debris cloud because of the elimination of 

the second multiplication effect.    The hull-plate would 

thus experience a momentum intensity greater than that 

measured with the pendulum.     (3) The flyer plates 

measured the momentum distribution of the unconfined 

debris cloud including the multiplication effect due to 

flyer plate craterlng.    The flyer plate results represent 

a high estimate of the actual momentum intensity distri- 

bution within the debris cloud.    The elimination of the 

second multiplication effect in the flyer plate experi- 

ment would allow the measurement of the actual momentum 

distribution within the unconfined debris cloud. 
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IV. RecommendatIons 

The investigation of the cloud momentum distribution 

should be continued after adjustments have been made in the 

experimental techniques. The recommended adjustments are 

the following:  (1) Flyer plates should be used in con- 

Junction with a splitter plate to measure the momentum 

Incident upon the hull plate.  Flyer plates mounted behind 

a splitter plate, but not in contact with it, would experi- 

ence both multiplication effects and the late time Jetting. 

Results could be compared to the already obtained pendulum 

results to determine the second multiplication effect 

caused by cloud confinement.  (2) A specially designed 

splitter plate should be constructed for use with the 

ballistic pendulum.  If constructed properly, it could 

funnel a cloud segment of interest back to the pendulum 

while deflecting the remaining debris to only a slight 

degree. An inverted funnel shaped splitter would divert 

the debris away from the splitter opening and eliminate 

the reading of late Jetting, These measurements could 

then be compared with the flyer plate measurements present- 

ed in this report to isolate the second multiplication 

effect.  (3) A piezoelectric pressure sensing bar (Ref 5« 

28) can be used to obtain pressure versus time profiles 

at various points within the debris cloud. This pressure 

bar could be mounted in a hull plate for measurement of 

the pressure pulse due to cloud confinement.  It could also 
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be used vilth the previously mentioned funnel device to 

measure the unconflned cloud pressure,  (4) The config- 

uration of the pendulum should be modified. The use of a 

longer tube would Insure entrapment of more of the debris 

cloud. An Improved permanent mounting arrangement would 

add to the accuracy and flexibility of the pendulum 

system. The use of a six wire suspension would allow 

easier analysis of sideward pendulum motion. A lighter 

pendulum should be constructed for further investigation 

of the extremes of the debris cloud. The pendulum used in 

this investigation proved to be of more than sufficient 

strength to withstand the debris cloud impact, thus indi- 

cating the practicability of a pendulum with less 

strength.  (5) The addition of another camera to monitor 

the center section of the pendulum may be advisable. The 

exact relative motions of different points on the pend- 

ulum could then be observed for use in corrections for 

off-center Impact. 
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Appendix A 

Description of Equipment 

The facilities of the Air Force Materials Laboratory 

Hyperveloclty Ballistics Range were used for this experi- 

mental Investigation. The main Items of equipment used 

Included the light-gas gun, streak camera winker system, 

and flash x-ray equipment. A description of the ballis- 

tics range and equipment Is contained In Reference 10. A 

brief description of the equipment used Is contained In 

this appendix. 

AFML Light-Gas Gun 

The AFML light-gas gun is shown In Fig. 38. The gun 

uses a 40 mm MK4 piston loaded cartridge as the propellent 

device and Is fired with a remote-control, electrical 

solenoid firing pin. The operation sequence Is shown 

schematically In Fig. 39. 

As the propellent Is Ignited, the piston Is forced 

forward compressing the hydrogen gas.  (Initial pressure 

18.7 bars) When the hydrogen gas reaches a sufficiently 

high pressure a shear disc Is ruptured. The projectile Is 

mounted In the front of a cyllndrlcally shaped plastic 

sabot which fits snugly Into the barrel. The sabot Is 

then forced through the barrel by the expanding gas and 

attains very high velocity. After the sabot enters the 

blast tank It Is separated from the projectile by the 
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aerodynamic forces of the 25 torr pressure In the range. 

The projectile then proceeds through a small opening 

downrange to Impact. A special sabot Impact plate forms 

the small opening which Is closed by the Impact of the 

sabot thus preventing air blast and debris from following 

the projectile downrange. 

Projectile velocity and condition are monitored prior 

to the Impact with camera systems for velocity measurement 

and the assurance of projectile condition. 

Targets used for Impact studies are mounted In the 

target tank located at the end of the range. The target 

tank Is constructed as a (60.8 cm x 60.8 cm x 60.8 cm) 

steel cube with five circular (dla. *  4-0.6 cm) access 

ports. These ports are used for target support and 

observation. 

Streak Camera Winker System 

The streak camera winker system Is shown schematically 

In Pig. ^0. This system Is used for determining relative 

event times and projectile velocity. The film velocity of 

the camera Is known thus allowing time calculations for 

events registered on the film to be made. The xenon 

winker tubes can be triggered by Impact associated events 

so that their relative times can be established. 

Image Converter Camera System 
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High speed Image converter cameras* are used for 

measuring size, shape and velocity of projectiles In 

flight. The cameras are located along axes that are per- 

pendicular to both the range axis and each other for the 

accurate determination of projectile trajectory and 

velocity 

Each camera Is triggered with an Ion switch which Is 

discharged by the presence of the Ionized gas sheath 

surrounding the launched pellet. 

Flash X-ray Svstem 

Two 150 xiV flash x-ray systems with 30 nanosecond 

pulse duration* were used In the experiment. The capabil- 

ities of these x-ray units are detailed In Reference 10. 

Contact Switches 

The contact switches used for the pendulum calibra- 

tion and for triggering of the flyer plate experiments 

were Identical In principal. A voltage Is applied across 

a mylar Insulation located between two strips of aluminum 

foil. Once the Insulation Is broken, an arc closes the 

switch which registers a xenon flash on the streak camera 

film. The switches themselves were made with one strip of 

mylar clamped between foil strips which were connected, 

*Beckman & Whltley Image Converter Camera Model 500. 

♦Field Emission Corporation Model 231. 
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one to ground and the other to plus 600 volts.  (300 volts 

was used for the calibration switches.) 

The switches used with the flyer plate experiments 

were made as thin as possible to reduce projectile dis- 

ruption to an absolute minimum. They consisted of two 

layers of 6.5 U thick aluminum separated by a 6.5 u thick 

layer of mylar plastic (Pig. 41). 
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Appendix B 

Flyer Plate Test Series 

The preliminary experiments for determination of a 

suitable flyer plate experimental arrangement consisted of 

five rounds. Each round was designed for the Impact of 

3,18 mm copper spheres on .79 mm thick copper plates. The 

results of these tests are presented In order of occur- 

rence. 

AFML Round No. 2352 

The rigid plate shown In Fig. 42 was used as the 

support for eleven flyer plates In this test. Unlike the 

primary tests, four of the flyer plates were half the 

standard thickness but had standard cross sectional areas. 

The flyer plates were positioned 10.16 cm from the bumper. 

The x-ray circuitry was the same as that shown In Fig. 8. 

The x-ray films were placed below the flyer plates In two 

12.7 cm x 17.8 cm rigid cassettes. These two films were 

to be exposed sequentially at pre-determlned times. 

A backup plate of 5*08 cm thick styrofoam was used to 

catch the flyer plates after Impact. Some of the plates 

were Imbedded In the styrofoam and others bounced off. 

Styrofoam was used to avoid flyer plate damage and possi- 

ble Invalidation of the rewelghlng data. Fig. 43 demon- 

strates the effect of the debris cloud upon the backup 

66 



Pig. 42. Rigid Flyer-Plate Holder

Pig. ^3. Impact Effect on Backup Plate



plate. The Interesting point Is the shadows of the plates 

on the backup plate Indicating that the flyer plates are 

catching the debris as Intended. Flyer plates very often 

Impacted within their own shadow. 

No results were obtained from the x-ray system.  It 

was later discovered that the time delays were reversed. 

The Impacts of the flyer plates on the backup plate of 

styrofoam were located In an arc with the center plate 

Impacting approximately 10 cm high. This led to the re- 

jection of the rigid plate as a means for holding the fly- 

er plates during Impact. The rigid plate apparently Im- 

parted a vertical velocity to the flyer plates. Weight 

change data for Round No, 2352 are recorded In Table VI, 

AFML Round No. 2357 

A new holder system was designed for use In this test, 

A thin strip of aluminum foil was mounted between two sets 

of plexiglass clamps. This method (see Fig. 5) was used 

In the primary experiments. Two x-ray films (4^ cm x 

11.4 cm) were located lengthwise In place of the other 

cassettes. 

Seven standard size flyer plates were mounted 5,08 cm 

from the bumper for this test. The time delays were ad- 

justed to account for the Increased momentum for each 

plate caused by their closer proximity to the bumper Im- 

pact point. The single x-ray obtained was helpful In 

future experiments and preliminary calculations were 
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proven approximately correct. The spacing (5.08 cm) and 

the use of two separate films proved unsatisfactory. The 

center plate was torn into two pieces with a loss of over 

40 percent of its original mass. Table VII contains data 

from this test. The two velocities shown in Table VII for 

plate No. 4 are the velocities of the two pieces created 

by the intense center impact. 

AFML Hound No. 2365 

A ten-flyer plate configuration was used in this test 

in an attempt to get two x-rays of the plates on one film. 

One of the small cassettes used in Round 2352 was used, 

Only one x-ray fired in this round also. Data from this 

round are shown in Table VIII. 

AFML Round No. 2375 

A new x-ray film cassette (19 cm x 38 cm) was sub- 

stituted for this test round. Fourteen flyer plates in 

the configuration (see Fig. 6) used for the primary rounds 

were used for the first time. One x-ray fired yielding 

the results shown in Table IX. 

AFML Round No. 2380 

In an attempt to obtain good sequential information of 

the flyers in flight, a high speed framing camera was 

added to the experimental setup. Good results were 

obtained with the x-rays and camera. The camera film was 

not analyzed. Data from the x-rays are presented in Table 
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X,    Eight flyer plates were used for this experiment, 

because there were not enough plates available for a four- 

teen plate configuration.    The actual camera setup 

consisted of a mirror through which the camera monitored 

the flyer plates.    The light from a light source located 

next to the camera was reflected by reflecting paper 

mounted below the plane of flyer plate trajectories.    The 

reflected light Illuminated the flyer plates and yielded a 

good picture of the plates. 

The framing camera proved to be highly satisfactory 

for the plate measurements.    The camera Is a source of 

several sequential pictures which can be used for a more 

accurate velocity measurement.    The camera used In this 

test burned a bearing and thus was eliminated from 

further use. 

The final experimental configuration determined by 

these preliminary experiments consisted of the two seque- 

ntial x-rays,  the foil plate holder,  and fourteen flyer 

plates.    The flyer plates used In the test series are 

shown after Impact In Fig.  4^.    The damage distribution 

can be seen In this figure. 
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Fig. 44. Photographs of Impacted Flyer Plates
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Plate 
Number 

Distance to 
Cloud Center 

(cm) 

Initial 
Mass 
(mff) 

Final 
Mass 
da«) 

Velocity 
(m/sec) 

Momentum 
Intensity 
(Taps) 

1 6.56 344 343.5 3.5 298.2 

2 5.60 344.3 343.4 4 341 

3 k,6b 342.4 340.8 6.8 570 

4 3.68 345.1 342.9 9 765 

5 2.72 343.4 335.2 19.25 1600 

6 1.76 330.6 326.6 26 2106 

7 .80 346.2 332.9 46 3756 

8 .32 344.4 334.5 63.8 5288 

9 1.27 325.8 321.7 40 3191 

10 2.23 347.1 343.5 25 2130 

11 3.19 345.5 344.5 19.5 1666 

12 4.15 349.2 348.5 12.5 1080 

13 5.11 348.9 348.2 7.5 647 

14 6.07 350.0 349.5 5.5 477 

Flyer Data APML Round #2375 

Table IX 
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Plate 
Number 

Distance to 
Cloud Center 

(cm) 

Initial 
Mass 
(mg) 

Final 
Mass 
(mg) 

Velocity 
(m/sec) 

Momentum 
Intensity 
(Taps) 

1 ^+.29 345.5 343.6 13.5 1150 

2 3.02 349.3 345.8 18.5 1590 

3 1.75 345.3 338.9 30 2520 

4 .48 339.7 338.9 76.8 6205 

5 ,80 346.9 325.9 61.5 5112 

6 2.07 336.7 332.9 26.0 2146 

7 3.34 343.5 340.2 19 1603 

8 4.61 349.8 349.8 8.8 758 

Flyer Data APML Round #2380 

Table X 
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Appendix C 

Ballistic Pendulum Calibration 

The ballistic pendulum was calibrated with the air 

rifle setup shown schematically In Pig. 45. A projectile 

of known mass was fired through three contact switches 

Into the pendulum. The three switches were connected 

to a pulser unit which registered the contact pulses on 

an oscilloscope (see Fig. 46). The final velocity of 

each projectile was computed assuming an equal loss of 

energy at each switch. The results of the calibration 

are presented In Table XI. The maximum agreement error 

was approximately four percent. 

Logarithmic Decrement 

Damping forces within the suspension system of the 

ballistic pendulum require adjustment of any measurement 

made with the pendulum.  In free swing, the pendulum loses 

part of Its amplitude on each successive swing. It can 

thus be classified In the category of a damped free 

vibration for at least one quarter of Its period, 

The logarithmic decrement Is defined as the log of 

the ratio of the amplitudes of two successive steps. 

where d Is the logarithmic 
d ■ in   -      decrement 

x^ ■ amplitude of swing one, 

and Xg « amplitude of swing two, 

(Ref 12: 51) 
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300 V

300V

300 V

CALIBRATION CIRCUITRY

Fig. ^6. Calibration Circuit Diagram

Pig. ^7. Photographs for Decrement Calculations
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The determination of the decrement was accomplished 

for each amplitude measured and for each pendulum arrange- 

ment. The loss of momentum due to the damping of the 

pendulum was accounted for by the addition of twenty- 

five percent of the momentum loss for one cycle. Figure 

^7 contains photographs of the pendulum movement which 

were used for the decrement calculations. Close obser- 

vation can reveal the successive amplitudes of the swing. 

The decrement measurements were read in the same manner 

as the momentum measurements. Successive amplitudes were 

measured and the decrement for each interval was calcul- 

ated. The correction for one quarter of a cycle was 

then added to measured values to obtain a corrected value. 

Deviation Analysis 

After the detection of obvious deviations of the 

pendulum movement from a straight line motion in the high 

amplitude swings, a test was conducted to establish a 

means of determining the effect of the deviations. The 

calibration range was utilized to fire a projectile into 

the pendulum center of gravity from an angle of 90° to the 

pendulum. A sticky clay compound was used to trap the 

projectile. 

The purpose of the test was to attempt to measure the 

momentum of the projectile by observing the sideward motion 

of the pendulum. This was completed. The vertical motion 

of the pendulum center of gravity was calculated using 
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geometrical relations. The calculated momentum was 

2^70 gra cm/sec which corresponds favorably with previous 

calibration measurements. 

The sideward motions of the pendulum caused by off 

center Impacts were then analyzed In the same manner. The 

movement of the center of gravity was again determined 

from geometrical analysis. The Impacts were to the right 

of the axis of symmetry causing the pendulum to rotate. 

The point of rotation was assumed to be the center of the 

rear Impacted polyethylene plate. The movement of the 

rear phenolc plate was then related to the movement of 

the center of gravity (see Pig. 48). 

:                                            .           RFAR 
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Pig, 48, Geometry of Deviation Analysis 
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The total momentum was then calculated by using vector 

addition of the actual measured momentum and the sideward 

momentum determined from the deviation measurement. The 

pendulum results were then adjusted. 

The actual effect of the sideward motion Is demon- 

strated In Table XII. The required adjustments to the 

measured momentum were minor except for the adjustment 

for Round No. 2W. 
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Round Deviation Vertical Momentum: Measured Corrected 
No,      (cm)   Motion of Sideward Momentum Momentum 

Center of Movement gm cm/sec 
Gravity 
(cm) 

2465 « » 400b 2905 2946 

2466 » * 600b 3719 3771 

246? ♦ * 400b 2731 2769 

2468 .012 .0005 226 2083 2090 

2469 ■» * 400b 2742 2780 

2470 .021 .0008 302 668 698 

2471 .047 .0019 458 1685 1720 

2472 .012 .0005 229 910 932 

2473 .014 .00058 247 981 1000 

2474 .024 .0010 322 303 420 

2475 .082 .0033 600 3460 3530 

* No measurable deviation due to faint traces 

b Indicates assumed deviations 

Results of Deviation Analysis 

Table XII 
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Appendix D 

Table Summary of Flyer Plate 

and Ballistic Pendulum Rounds 

8^ 
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