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ABSTRACT 

Steel sphere« were accelerated to a velocity in the range between 

0.3 KB/sec to 2.63 ka/sec and were impinged normally upon thin targets of 

aluminum. 'Die amount of energy lost by a pellet in perforating a target 

was found to be directly proportional to the kinetic energy of the 

Impinging pellet. The minimum amount of energy required for a pellet 

to perforate Al was found to be an increasing function of target thickness. 

It was also found that the hole diameter Increased as the impact velocity 

Increased. 
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HITRODÜCTION 

The purpose of this report was to determine hov much energy a small 

pellet lost In perforating a thin target and the minimum amount of energy 

of perforation. This infomatlon could be of use for example In regard 

to collisions between satellites and meteorites. It Is theorized that 

a meteorite Is made of a low-strength material and upon impact with a 

surface will break up into many pieces which will, In turn, perforate 

the surface as small fragments. 

If a high velocity pellet comes In contact with the surface, 

it causes an impulsive loading condition to exist on the target. An 

impulsive load is characterized by an almost Instantaneous rise in load 

to a quite high but finite value which is followed immediately by a 

2 
rapid decrease In load . The distribution of the stresses established 

by an Impulsive load will generally be transient and highly localized. 

Impulsive loading Is very difficult to analyze since static methods 

are not applicable. 

This report discusses experimental results obtained In regard to 

the energy lost by a pellet in a target and the minimum energy required 

for perforation. An attempt is also made to theoretically predict how 

the force on the target varies as a function of velocity. 

Baldwin, R. B. "The Face of the Moon", University Press, page vili and 
page 68. 

2 
Rlnehart, J. S. and Pearson, J. "Behavior of Metals Under Impulsive 
Loads", American Society of Metals, Cleveland, Ohio (195^). 
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I 
EXPERMBTIAL PROCEDURE 

Figure 1 staovi the eyetea used for this Investigation. The foils 

were one all thick end were made out of Mylar-". They were used In con- 

Junction with the velocity Measuring system. The target was made of 

aluminum 202h-Tk from thicknesses of 1/16, 1/6, 1/U, and 5/l6 Inch. 

A steel pellet having a diameter of 3/32 Inch and a mass of 55 allllgrems 

was used. 

Acceleration of the Pellet 

A special gun for the acceleration of the pellet was used. It 

consisted of two sections, each 2k  inches long, which were bolted together. 

It had a smooth bore of .218 Inch In diameter and was chambered to fire 

a 220 swift cartridge. 

k 
In order to avoid mass loss, the pellet was accelerated In a sabot . 

The sabot was made of Texlllte with an outside diameter equal to that of 

the bore. It consisted of two halves with the nose drilled to the same 

size of that of the pellet. The pellet was held In place by a small 

coating of vaseline. After leaving the nuzzle of the gun, the two 

halves were forced apart by the air and the pellet was free to continue 

on. 

Velocity Measurements 

Each foil acted as a relay which was nomally open, but could be 

closed by perforating the foil. Referring to Fig. 1, when the pellet 

-^Fullmer, M. D., Masters Thesis (195Ö). 

k 
Partridge, W. S,, Vanfleet, H. B., and Whlted, C. R., Technical Report 
Ho. OSR-9. 





5 
pellet perforated the first foil, a capacitor in the spider' discharged 

across »A resistor causing a voltage pulse to start the counting unit. 

The counting unit was stopped in the stae Banner by foil two.    The 

distance between the first and second foils was 30 as.    Knowing the 

distance and tlae, the iapact velocity V   was found.    The exit velocity 

V   wws found in exactly the saae nanner as the Inpact velocity.    The 

mount of energy lost by a pellet in a target is then given by 

«let ■ 5 "p ^ - O W 

where 

is of the pellet 
f 

V ■ velocity of the pellet prior to striking the target 

V ■ velocity of the pellet after perforating the target 

Two different types of counting units were used as a check against 

each other. Those used were two electronic counters and one Tektronix 

oscilloscope with dual sweeps. Figure 2 shows a photograph of the 

original equipaent used. 

Pellet and Hole Diaaeter Neasureaents 

Neasureaents of pellet and hole diaaeters were made with a 

cathotcaeter, which is shown in Tig. 3* The distance between two 

points was aeasured by placing the internal hairline first on one 

point and then the other, recording the two corresponding readings 

5 See footnote 3, page 2, 
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Flg. 2. Photograph of original setup 



-6- 

Flg. 3. Cathotooeter used for measuring hole and pellet 
diameters 
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on the centlaeter scale.    The difference of these two readings was the 

distance. 

PRESHITATION OF RESULTS 

Pellets were accelerated to a velocity In the range between 0.5 

and 2.6 km/sec and were lapiuged upon targets of Al 2021*-TU.    The 

aaount of energy lost was calculated from Eq.  1 and a relationship of 

energy lost as a function of Impact velocity was plotted In Figs,  h,  5, 

and 6. 

In Figs, k, 5, and 6, the ratio of energy lost to impact velocity 

Increases as impact velocity Is Increased. A factor which could have 

Influenced this was pellet deformation. In order to verify whether 

or not pellet deformation was a factor, pellets were caught at various 

velocities. It was found that the pellets deformed as impact velocity 

was Increased. Figures 7> 8* and 9 show pellets which have perforated 

targets and the corresponding hole which they made. 

In order to reach sane conclusion, tungsten pellets were used 

to perforate the targets.    It was hoped that the tungsten pellets would 

not defonn upon perforating the target.    Tlie purpose of using tungsten 

was to be able to take the following ratio as a function of impact 

velocity: 

E (due to steel pellets,  deformed/ (2) 

E^ (due to tungsten pellets, not deformed) 

If the ratio in Eq.  2 was found to be constant as Impact velocity 

varied from 0.5 to 2.6 km/sec,   the conclusion would have been that 
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Flg. T« Holes made m l/l6-inch Al by above pellets in 
order of increasing velocity from left to right 
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Flg. 8.    Holes made In 1/8-lnch Al by above pellets in 
order of increasing velocity from left to right 
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Fig.  9.    Holes made in 1/4-inch Al by above pei:ets in 
order of increaaing velocity from left to right 
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additional energy loet at higher velocltlet vas not due to the deformation 

of the pellet.    The tungsten pellets, however, disintegrated upon impact 

at high velocities, and no conclusion could be reached. 

In order to determine how energy lost varied as a function of the 

kinetic energy of the pellet, curves were fitted to the points in Figs. 

U,   5, and 6.   A curve-fitting technique called the method of averages 

vas used.    Table I lists the curves found by this method. 

Tlable I 

Target Thickness              E,  . - KV. (joules) 
(inches) l0Bt i  

1/16 E,  , « 12.2 V,2,0 

' lost       i 

1/8 E,   = 18.O V,1*9 ' lost       i 

1/k E?   = 27.0 V,1,6 ' lost       i 

The curves in Tkble I show that for I/16- and 1/8-inch targets, 

the energy lost is approximately a function of impact velocity squared. 

Since no exact method was available for relating the energy lost to 

Impact velocity, the as suction was made that the energy lost varied 

as a function of impact velocity squared given by 

'let ■ ^ (3) 

where 

K = a different coefficient for each target thickness 

Values of K were found such that an optimum fit existed between 

the curves and the points shown in Figs. U, 5, and 6. It appeared 

that these curves satisfactorily described the energy lost as a function 

of impact velocity, and the assumption previously made was correct. 
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It la possible, however,  that the exponent la a function of target 

2 
thickness.    Since the kinetic energy is given by 0,5 n   V    , a direct 

relationship can now be found between the energy lost and the kinetic 

energy of the pellet.    'Dils Is given by 

2 E. 0.5 B V. m Impact ■ pi »    p 
Elost KV,2 ^ 

(M 

In order to determine the nlnlaua energy needed to perforate 

alvmlnum,  steel pellets were accelerated to a velocity which enabled 

them to be able to protrude through the back of the target.    Figure 

10 shows a front and back view of a 1/16-inch aluminum target used 

for determining the minimum energy of perforation. 

Fig.  10.    Front (left) and back (right)  views of 
l/l6-inch aluminum used for minimum 
perforation test 
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Fig.  11.    Cross-sectional view of 5/l6~inch Al 
penetrated by steel pellet 
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The hole marked 33 (see arrow) shovs the pellet protruding through the 

back of the target. The back view also shovs other holes vhlch have 

been perforated or else which have only been penetrated. 

Figure 11 shows two cross-sectional views of 5/l6-inch aluminum 

which was penetrated by a steel pellet having a velocity of I.87 km/sec. 

The markings were made by a milling machine which was used to cut down 

to the crater, pellet, and punchout. This photograph shows how the 

pellet has been deformed as it sheared out the aluminum in the form of 

a punchout. 

A plot of minimum energy of perforation as a function of target 

thickness is ehown in Fig. 12. Table II also shows a comparison of the 

energy, velocity, and thickness. 

Table II 

Target Thickness 
(inches) Vmln (km/8ec) Emin (Joule8) 

1/16 O.i+17 if.8 

1/8 O.816 18.3 

l/k 1.200 39.6 

5/16 1.870 97.^ 

No suitable curve could be found which would fit these points. Fig. 12 

does show, however, that the minimum energy of perforation is an 

increasing function of target thickness. 

Using the cathotcmeter, hole diameters and pellet thickness were 

measured. Pellet thickness means the distance from the back of the 

pellet to the front side which was flattened by impact. Except for 
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Fig. 12. Minimum perforation energy vs. thickness 
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l/U-lnch targets, there vasn't ouch distinction between the entrance 

and exit diaaeters of the holes.    Figure 13 shows a comparison of hole 

entrance diameter to hole exit dlaaeter as a function of Impact velocity. 

Figure Ik shows how the average hole diameter Increases as the 

pellet beccmsimore flat with an Increase In velocity. 

DISCUSSION OF RESULTS 

Energy Lost by Pellet 

It has been found that the energy lost by a pellet as a function 

of Impact velocity can be described by 

Elo.t ■ ""l2 (3) 

where 

K - 12.2 for 1/16-Inch targets 

18.O for 1/8-inch targets 

20.0 for 1/U-inch targets 

It was also found that the relation between energy lost and the 

kinetic energy of the pellet was given by 

Elmpact *   mp (U) 

Elost 

Equation h  shows the amount of energy lost by a pellet in a thin 

target of aluminum is directly proportional to the kinetic energy of 

the Impinging pellet. 

In order to predict the energy lost for any thickness between 

I/16 and ^/l6 inch, a nomograph is shown in Fig. 15. To use the 
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nooograph, place the edge of a straight edge on the particular thick- 

nest desired and also on the desired impact velocity. The energy lost 

is then read directly from the chart. 

Miniman Perforation Energy 

In Fig. 12 it appears that the ratio of miniaun perforation energy 

to target thickness is em increasing function of thickness. One reason 

for this night be due to the deformation of the pellets. It has also 

been suggested that a fluid state might be reached by the pellet where 

it begins to melt and the mass decreases. If this were true, a higher 

velocity would be needed to cause perforation. Since energy is pro- 

portional to mass and the square of velocity, a decrease in mass and 

Increase in velocity would mean a probable Increase in energy. 

Hole Size as a Rinctlon of Energy 

It was found that as the energy of the pellet was Increased, the 

hole size increased. This is shown in Fig. Ik.    Figure lb  shows a 

photograph of 1/U-inch aluminum which has been perforated by a pellet 

traveling at 1.2 km/sec and then at 2.17 km/sec. The  diameter of the 

small hole was the same diameter as the pellet, wnereas, the larger 

hole had a diameter of approximately twice that of the pellet.  It 

has already been established that the volume of a crater Is directly 

proportional to the kinetic energy of the pellet . 

It was also found that the appearance of the hole went from a cone 

to a cylinder as impact velocity was Increased. This  is shown in 

Fig. 13. 

See footnote kf  page 2. 
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Llnear Momentum of Pellet 

In Figs. hf   5f  and 6, the energy lost as a function of lapact 

velocity can, In genera], be described by: 

»p (V1S " Vo2j • hVl2 '5. 

where 

k, = 2 K, vher*  K Is a particular coefficient for a particular 
thickness of aluminum 

V = impact velocity of pellet 

V = exit velocity of pellet after perforating target 

Fig. l6. Left view shows hole mad«, by low velocity pellet 
Right view shows hole made by high velocity pellet 
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The change In linear BOBentum of the pellet can be found from Eq. 3 as 

** " *lV\ (6) 
V4 + V 
i   o 

where 

Av - V4 - V 
1   o 

mAv > change In linear meinen turn 
k.   > Is defined as above 

Equation 6 can also be expressed PS 

\_ 

»*'■ V^o__   V1 (7) 

Figure 17 shows that the ratio of Impact to exit velocity as a 

flinctlon of l^)act velocity appears to be constant for 1/1 & and 1/8- 

Inch targets, but varies for 1/U-lnch targets.    Substituting the 

correct ratio for V. to V    from Fig. 1? Into Eq.  7 and solving for k,. 
10 ' i 

the change In linear acmentum for 1/16- and 1/8-lnch targets vas found 

tu be approximately given by: 

Ul^lSSä       ^^(0.58 x 10'5) Vi (8) 

V8-10^  «AV ^ (1.22 x lO-5) Vi (9) 

The linear menentum change for 1/4-lnch targets was found to be 

approximately given by 

^2.23 x 10^ V1/Vo (10) 

1  + V./V Vi 1   o 

The change In linear momentum as a function of Impact velocity is 

shown in Fig. 18. 
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Predlcted Loading Condition 

An impact load produce« a high but finite value which is followed 

ijmnediately by a rapid decrease.    An attenrpt  is made here to predict 

how this maximum finite value varies as a function of impact velocity. 

Assume that the force on the  target due to the pellet is described 

by some function of time and velocity as F = A Fiv^j  where A is the 

maximum value of F at time t = 0.    For discussion purposes, assume 

that F(v,ty  decreases very rapidly with time.     If it takes a time T 

for the pellet to perforate a target,  then from mechanics the  linear 

impulse equals the change  in  1 inear momentum given by: 

T, A r ] 
/        F(v,t;  dt = mAv 
0 

(n 

where 

A = maximum value of F at time t = 0 

mAv =   linear change in momentum of the pellet 

F = A ¥{v,t> 

A 

0 Time 

Fig. 19>  Approximate curve of force on target 

For a given impact velocity, the change in linear momentum can be 

found by using Fig. l8. The actua time for perforation could be found 
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qulte easily, but for purposes of analysis only, it is sufficient 

to know that as impact velocity is Increased, the perforation time will 

decrease. 

If iapact velocity is increased. Fig. l6 indicates there will be 

an increase in the change of linear momentum. An increase in the change 

of linear aoaentum means the area under the curve F in Fig. 19 also 

increases by Eq. 11.  Since the time for perforation decreases for 

an increasing Impact velocity, Fig. 20 shows that the maximum value of 

F will have to increase fro« A to A« as the perforation time decreases 

from T to T in order for the integral of F from time t = 0 to time 

t ■ T« to give the correct area. 

F(v2,t) 

\F(v1,t, 

time 

'1 

Fig.  20.    Theoretical change In maximum load on 
target as Impact velocity increases. 

Therefore,   the maxlnum load which appears on thf target,  although 

not a function of time is definitely an increasing function of impact 

velocity. 
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Predicted Shear Energy 

Marks has stated that experiments have ahovn It takes approximately 

7 
half as much energy to shear dynaalca.ly as it does statically .     If this 

statement is correct,   then the shear energy as a faction of target 

thickness Is approximately given as shown in Fig.  22*. 

Figure 21 shows a photograph of a punchout which was caught from 

a l/l6-inch target.    This punchout shows almost perfect shear.    Several 

«uch punchouts from l/l6-inch targets were caught and weighed.    The 

mass of a l/l6-inch alumimum punchout having a diameter the same size 

as the pellet was found to be approximately 10 milligrams. 

Fig.  21.    Punchout showing almost perfect shear 
and steel pel let 

Marks,  L.  S.  "Mechanical  Engineers Handbook ,   Fifth Edition,  p.  hl9f 
McGraw-Hill   Publishers. 

* See appendix for calculations. 
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SUMMARY 

It has been found that the energy lost by a pellet in thin almlnua 

targets Is directly proportional  to the kinetic energy of the pellet. 

The mlnimun energy of perforation was found to be an increasing function 

of target thickness. 

The size of the hole was found to increase as the energy of the 

pellet was increased.    This checks with Whited's report on crater 

formation.    It was found that the change in linear mcnentvun increased 

linearly for l/l6- and  1/8-lnch targets as  impact velocity was Increased. 

The mass of the pellet was found to be constant after perforating the 

target up to 2.0 km/sec.    Between 2.0 and 2.5 km/sec the pellet begins 

to disintegrate.    Ihis was verified by weighing pellets which had 

perforated targets. 

Two theoretical predictions were made.    First,  the maximum load 

on the target due to the impinging pellet is an increasing function of 

impact velocity.    Second,  the required amount of energy necessary to 

cause shear of a punchout,  being the same size in diameter as the pellet, 

is approximately one half that of static shearing and increases linearly 

as target thickness increases. 
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APFSHDIX 

Ihe data for the varloui curves are compiled here. With the 

chart nuaber will be given the figure for which the data are drawn 

into a curve. 



- 33 - 

TABLE I 

A. Material: A] 202U-T4, l/l6-lnch thick 

B. Data: 

Round No.        Striking Tlae (MSCCJ    Exit Time (^aec; 

i 5kk 612 
2 628 9U9 
3 c>2 799 
k                                         361 451 
5 3^7 ^16 
6 359 1*35 
7 337 ^36 
8 326 U20 
9 33^ 388 

10                                                2kk 310 
356 375 
230 297 12 

19 386 508 
20 537 80U 
21 5^2 813 
22 56U 860 
2l 778 6,0U5 
25 1,201 III 
26 232 303 

228 26? 3^ 
^ 383 520 
30 28U 366 
31 306 382 
32 308 586 
33 380 503 
^ 36U U62 
35 53^ 69U 

37 L3^ 1'299 

38 260 37Ö 
39 295 380 
10 3^0 ^ 
^1 260 
U2 
^3 

310 
190 270 
210 280 

310 ^^ 230 

u ^ 380 
t 270 320 
^I 520 950 

7^0 
590 
555 

)l 5^0 7Uo 

50 1,90 590 
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TABLE II 

A.   Material:    Al i 302U-TU,  1/8-inch thick. 

B.    Data: 

Round Ho. Striking Time (usec) Exit Tlae (usec) 

1 426 767 
2 86U 1,072 
3 812 933 
k 5U8 6,328 
5 U37 5W 
6 ^55 ?30 
7 239 399 
8 235 390 
9 230 388 

10 393 421 
11 253 1*03 
12 29h I151 
13 32h 1+86 
Ik 310 ^77 
15 335 526 
16 3^2 53^ 
17 3^1 524 
18 3U8 5^1 
19 305 U30 
20 300 uoo 
21 300 U50 
22 2U0 uoo 
23 255 1+10 
2k 2U0 390 
25 260 1+00 
26 260 1+00 
27 3kO 1+1+0 
26 320 1+75 
29 3U0 1+30 
30 kQo ei+o 
31 780 0 
32 600 0 
33 550 0 
3k 610 0 
35 660 0 
36 690 0 
37 300 1+60 
38 2U0 370 
39 230 1+80 
1*0 2U0 390 
Ul 2U0 370 
k2 225 ^55 
U3 220 365 
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TART.E III 

A.    Material: Al  202U-Tii,  1/U-lnch thick 

B.    Data: 

Round No. Striking Time (psec; Exit Tlae (usecj 

1 352 l,kV 
2 336 9ki 
3 j80 :,•<?:( 
k U87 0 
5 283 587 
6 1+08 2,U05 
7 269 (yOk 
8 26? 610 
9 U02 11,9^ 

10 393 1,^7 
11 260 600 
12 310 800 
13 300 710 
Ik 290 460 
15 275 U65 
16 2U5 3^5 
17 270 300 
18 210 380 
19 190 370 
20 220 390 
21 ^17 0 
22 609 0 
23 892 0 
2k U77 0 
25 ki6 0 
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TABLE IV 

A. Material:    Al 2024-TU,   5/^-inch thick. 

B. Data: 

Round No. Strlkin« Time (fiaec) Exit • Tiae  (psec) 
1 
2 
3 
k 

68? 
396 
312 
446 

0 
0 
0 
0 5 

6 293 
266 0 7 

8 255 
268 

TABLE V 

A. Material:    Al 2024.T4,  1/2-Inch thick. 

B. Data: 

Round Wo. 

1 
2 
3 
4 
5 

Striking Time (^gec) Exit Time (usec; 

248 
235 
277 
265 
200 

c 
0 
0 
0 
0 
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Charl   1   (Figure  k, 

Rote:    All   velocities are   In km, sec olid energy   In Joules 

Rd.  No. Vin 

0.92 

Vln 

0.b4 23.1 

v   t      v- 
out 

0.62       O.38 

out 

10.4 

E,     , 
lost 

1 12.7 
2 0.80 0.t-4 '7.6 0.53      0.28 7.6 10.0 
3 0.92 O.85 2:.h 0.6j        0.39 10.8 12.' 
U 1.38 1.90 52.3 1.11 .23 33.9 18.4 
5 1.44 2.07 57.0 1.19 .42 ^9.0 18.0 

« 1.39 1.93 53.0 1.15 .32 i6.3 17.0 
7 U4Ö 2.19 60.2 1.15 • 32 36.3 24.0 
8 : • 52 2.31 63.5 l.io .42 39.0 25.0 
9 1.49 2.22 61.0 1.29 .00 45.7 15.0 

10 2.05 • 4.20 1 15.0 1.61       ; ?.59 71.2 44.0 
11 1.41 J.98 s4  S :.33 L.77 48.7 5.0 
12 2.18 4.75 130.0 1.08      ; 2.82 77.5 52.0 
19 1.30 I.69 46.5 0.96      0.96 26.4 20.1 
20 0.93 0.86 23.0 0.62      0.36 10.5 13.1 
21 0.92 O.85 2j.4 0.62      0.38 10.5 12.9 
22 O.89 0.79 21.7 0.58      0.34 9.4 12.3 
25 
24 

0.64 0.41 11.3 0.08       0.01 0.8 10.5 

25 0.42 «»•».• *  a*  w w tm *• mm                       ■ m m m m . _ _.. -_ __ 

26 2.16 4.66 126.0 1.05       2.72 74.6 53.4 
27 1.90 3.60 98.0 1.48       2.19 60.2 38.0 
28 O.98 O.96 25.4 0.53       0.28 7.6 18.8 
29 1.30 1.69 46.5 0.96      C ).92 25.3 21.2 
30 1.76 3.10 85.4 1.35        1 .82 50.0 35A 
31 1.64 2.69 71.3 1.31        1 .72 47.3 24.0 
32 1.62 2.62 69.4 0.85      C ).72 19.8 49.6 
33 1.31 1.71 47.0 0.98      c ).96 26.4 20.6 
3^ 1.38 1.90 52.3 1.06      : .17 32.2 20.1 
35 0.94 0.88 24.2 0.72      c >.52 14.3 9.9 
36 
37 
38 

0.68 0.46 12.7 0.38      c '.15 4.1 8.6 

1.92 3.69 101.0 1.35      1 .82 50.0 51.0 
39 1.70 2.89 79.5 1.32      1 .74 47.8 31.7 
uo i.47 2.16 59.4 1.14        l • 30 35.7 23.7 
kl 1.92 3.68 101 .0 1.62        2 '.62 72.0 29.0 
U2 2.63 6.92 19c.0 1.85       : .42 94.0 96.0 
^3 2.38 5.66 155.0 :.79       3 .20 66.0 67.O 
hk 2.18 4.75 130.0 1.62           c '.02 72.0 58.0 
^ 1.72 2.96 82.0 1.32       l .74 47.9 34.1 
U6 I.85 3.42 9^.0 1.5'        c .44 '7.0 27.0 
47 0.96 0.92 25.3 0.53      c .28 7.7 17.0 
W 0.93 o.8( 23.6 0.68      c .46 12.6 11.0 
49 1.14 1.30 35-7 0.85        C .72 19.8 15.9 
W 1 .02 1.04 28.6 0.90      C .81 22.3 6.3 
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Cbart 2 (Figure 5J 

v v2 E V v2 E E 
Rd. No. in In in out out out lost 

1 1.17 1.37 37.7 O.65 0.43 11.8 25.9 
2 O.58 0.3^ 9.2 0.47 0.22 6.1 3.1 
3 0.62 O.38 10.4 0.54 0.26 8.0 2.4 
k O.91 O.83 22.8 0.08 0.01 0.0   

5 1.1U 1.30 38.8 0.92 0.84 23.1 12.7 
6 1.10 1.21 33.3 0.94 0.86 2k.0 9.1 
7 2.09 4.37 120.0 1.25 1.56 42.b 77.2 
8 2.13 k.5k 125.0 1.26 1.64 45.0 80.0 
9 2.17 4.70 129.0 1.29 1.66 46.2 83.O 

10 1.27 1.6l 44.3 1.18 1.39 38.2 6.1 
11 1.98 3.92 108.0 1.24 1.54 42.3 65.7 
12 1.70 2.89 79.5 1.11 1.23 33.8 45.7 
13 1.5^ 2.37 65.2 1.03 1.06 29.2 36.O 
Ik 1.61 2.60 71.5 1.04 1.09 30.0 42.0 
15 1.U9 2.22 6l.O 0.95 0.90 24.8 36.0 
16 1.U6 2.13 58.5 0.94 0.66 24.2 34.3 
1? 1.V7 2.l6 59.5 O.96 0.92 25.3 34.2 
18 1.^3 2.0U 56.0 0.93 0.86 23.6 32.4 
19 1.6U 2.69 74.0 l.l6 1.35 37.0 37.0 
20 1.67 2.69 77.0 1.25 I.56 42.9 34.0 
21 1.67 2.79 77.0 1.11 1.23 33.8 43.2 
22 2.08 M3 119.0 1.25 1.56 43.0 76.0 
23 1.96 3.84 105.0 1.22 1.49 41.0 64.0 
21» 2.08 M3 119.0 1.28 1.64 45.0 74.0 
25 1.92 3.69 101.5 1.25 1.56 43.0 58.5 
26 1.92 3.69 101.5 1.25 1.56 43.0 58.5 
27 1.47 2.16 59.3 1.13 1.26 35.2 24.1 
28 1.56 2.kk 67.I 1.05 1.10 30.2 36.9 
29 l.kl 2.16 59-3 l.l6 1.35 37.1 22.2 
30 l.OU 1.08 29.7 0.60 O.36 9.9 19.8 
31 0.61* 0.0 
32 0.84 0.0 
33 0.91 0.0 
3^ 0.82 0.0 
35 O.76 0.0 
36 0.72 0.0 
37 1.67 2.79 76.6 1.09 1.19 32.7 43.9 
38 2.08 M3 119.0 1.35 1.62 50.0 69.O 
39 2.18 ^.75 130.0 1.04 1.08 29.7 100.3 
UO 2.08 M3 119.0 1.28 1.64 45.0 74.0 
kl 2.08 ^.33 119.0 1.35 1.82 50.0 69.O 
U2 2.22 ^.93 135.5 1.10 1.21 33.2 102.3 
^3 2.27 5.15 141.5 1.37 1.86 51.6 89.9 
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Chart  j (Flgure »1; 

2 2 ,,2      „2 V V V V V       -V E, 
Rd. No. In in out out in      out lost 

1 1.42 2.02 0.34 0.12 1 .90 52.2 
2 1.U9 2.22 0.53 0.28 1 .94 53.3 
3 1.32 1.74 O.38 0.14 1.60 44.0 
k 1.02 1.0U 0.0 0.0 1.04 28.0 
5 1.77 3.14 O.85 0.72 2.42 66.5 
6 1.22 I.U9 0.21 0.04 1.4^ 40.0 
7 1.86 3.46 0.82 0.67 2.79 77.0 
e 1.7U 3.03 0.82 0.67 2.36 67.O 
9 1.24 1.54 0.04 0.00 1.54 42.3 

10 1.27 1.61 0.35 0.12 1.49 41.0 
11 1.92 3.70 O.83 O.69 3.01 82.6 
12 1.6l 2.60 O.63 0.39 2.21 6l.O 
13 1.67 2.80 0.6l 0.51 2.29 63.O 
Ik 1.72 2.96 1 .09 1.19 1.77 48.? 
15 :.82 3.31 1.08 1.17 2.14 58.8 
16 2.0k 4.it 1.45 2.10 2.06 56.6 
1? I.85 ^.42 I.67 2.79 O.63 17.3 
18 2.38 5.60 1.32 1.74 3.92 107.5 
19 2.63 6.91 1.35 1.82 5.09 140.0 
20 2.27 5.15 1.28 ..64 3oi 96.5 
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Chart k    (Figure 13) 

Bd. Ho.   Vin    Hole Eatrar-ce Dla.    Hole Exit Dla.   Ratio 

1. lo. Vin 

38 1.92 
kl 1.93 
k2 2.63 
kk 2.18 
ke 1.85 
M O.96 
ke 0.93 
k9 1.14 
50 1.02 
51 0.70 
52 0.59 
53 0.66 

21 1.6l O.38 
17 I.85 0.1*3 0.26 
19 2.63 0.^2 0.1*7 
15 1.82 0.33 0.21* 

0.25       I.52 

1.54 
I .1 
1.36 

Chart 5    (Figure ik) 

Pellet Thickne»* Hole Dia. 

0.27 
0.29 
0.33 

0.22 
0.21 
0.16 
0.20 
0.22 0.3U 
0.21* 0.21* 
0.23 0.21* 
0-23 0.23 
0.21 0.21* 
0.21* 0.24 
0.21* 0.23 
0.21* 0.21* 
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Calculations for Nomograph in Figure  1^ 

A standard form was used for parallel  and non-equidistant 

lines.    This  is given by: 

F3  (c)  = F^a;  + F2(b, 

A = 

-m 

n 

0 

Km F (a) 

Kn F2(b) 

Kmn F (c) 

] 

] 

m + n 

By the method of least squares,   the coefficient of the curves 

in Figs, h,  5, and 6 was found to be a function of target thickness by 

K =  11.U + 36.8 T (l) 

Substituting Eq.  1  for K,  the amount of energy lost as a function of 

impact velocity is given by 

w - (luk *36-8 T) V (2) 

Taking the log of both sides and relating this to the general, the 

determinant becomes 

A = 

-m 

n 

0 

(x)     (y) 

K Log(ll.l*  36.ö T) 

2K Log V 1 

K Log E 
lost 

By choosing m = 9 and n = 1, the scales were best. Ilie arbitrary 

constant K was chosen to equal 2. 

The nomograph wa^ then made. 
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ChArt 6 (Figure 1?) 

1/16 inch 

Bd. lo. Via V    ^ out V4   /V in'  out 

1 0.92 0.62 1.48 
k 1.38 1.11 1.2U 
5 l.U 1.19 1.21 
8 1.52 1.19 1.26 

10 2.05 1.6l 1.27 
J2 2.18 1.68 1.30 
19 1.30 0.98 1.33 
26 2.16 1.65 1.31 
27 1.90 1.U8 1.28 
30 1.76 1.35 1.30 
31 1.6U 1.31 1.25 
39 1.70 1.32 1.29 
J»2 2.63 1.85 1.42 
^3 2.38 1.69 1.33 
UU 2.1Ö 1.62 1.3^ 
U6 I.85 1.56 l.l8 
Jf8 0.93 0.6ti 1.37 
50 1.02 0.90 1.1U 

1/8 inch 

1 1.17 O.65 1.80 
2 O.58 0.U7 1.24 
5 1.14 0.92 1.24 
7 2.09 1.25 I.67 
8 2.13 1.26 1.66 

10 1.27 1.18 1.08 
ll I.98 1.2k 1.60 
12 1.70 1.11 1.53 
13 1.54 1.03 1.50 
1U 1.6l 1.04 1.55 
15 I.U9 0.95 1.57 

1/1* inch 

l 1.^2 0.34 4.17 
3 3.32 0.38 j.47 
5 1.77 O.85 2.08 
6 1.22 0.21 5.80 
7 1.86 0.82 2.27 

10 1.27 0.35 3.63 
11 1.92 0.8? 2.32 
12 1.61 O.63 2.56 
Ik 1.72 1.09 1.58 
16 2.0U 1.45 1.4l 
17 I.85 1.67 l.ll 
18 2.38 1.32 1.80 
19 2.63 1.35 1.95 
20 2.27 1.26 1.77 
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Calculatlona for Shear Energy (Figure 20; 

For aluminum 202^, Modulus of Toughness = k,0k0 In-lb (ij 

2 "^^ Volume of hole = nD    x thickness        (2; 
T 

Using Eq.  1 and 2,  the following was found for static thearlng. 

Tho-ckness Vol. of Hole Energy to Shear 

1/16 1+.38 x ]0'k m3 0.3^3 Joules 

1/8 8.75 x 10"U In3 0.693 Joules 

1/k 17.5 x io'k m3 1.39 Joules 

5/16 21.8 x io'k m3 
1.73 Joules 

The dynamic energy was assumed to be half of the static energy. 


