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Fig.8 Sketch of flow along plume deflector centerline and

scale drawing of nozzle oblique shock wave location in-

ferred from second ¢ peaks on plume deflector centerlines
(i-scale LM RCS nozzle).

in the far field may give very misleading results when
applied to near-field problems.
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Projectile Size and Densily Effects
on Hypervelocity Penetration

R. J. ArEngz, S.J.*
Loyola Unaversity of Los Angeles, Los Angeles, Calif.

Nomenclature

D = diameter of hole in shield or first sheet, in.

d = diameter of projectile, in.

P = depth of penetration of single target sheet, in.

Pr = total depth of penetration of shield and backup sheet, in.

S = sheet spacing, in.

t = thickness of sheet, in.; & for backup sheet; t, for shield or
first sheet; ¢, for single sheet required for quasi-infinite
response

tr* = “ballistic imit”’ = value of ({; + #)/d to resist mechanical
failure on the inner surface

V= velocity of impact, km/sec

p = density of projectile material, g/em?

Introduction

HE current generation of spacecraft has incorporated

meteoroid shielding appropriate for relatively short-term
near-earth and cislunar missions. As planning turns to long
duration space stations and interplanetary vehicles, designs
must take into account the larger particles expected to be
encountered on such extended missions and approaches to the
asteroid belt. The NASA Manned Spacecraft Center re-
cently sponsored an experimental test program at the light gas
gun facility of the Douglas Aerophysies Laboratory.! It
examined the penetration characteristics against dual-sheet
structures of both low-density syntactic foam and aluminum
spheres varying in diameter from 0.125 to 1.22 in. These
results have been augmented with data from small aluminum
projectiles fired at the NASA/MSC Meteroid Simulation
Laboratory, and the scaling effects from both test series are
reported here.

Presented as Paper 69-376 at the ATAA Hypervelocity Impact
Conference, Cincinnati, Ohio, April 30-May 2, 1969; submitted
April 30, 1969; revision received August 27,1969. This work was
sponsored by the NASA Manned Spacecraft Center, Houston,
Texas, under a NASA-ASEE Summer Faculty Research Fellow-
ship. It is a pleasure to acknowledge the suggestion of this re-
search by B. G. Cour-Palais as well as helpful discussions with
him and W. E. McAllum at the Manned Spacecraft Center.

* Assistant Professor, Department of Mechanical Engineer-
ing. Member AIAA.
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Fig. 1 Normalized depth of penetration in 2024-T3
aluminum single-sheet targets impacted by spherical pro-
jectiles; V= 7.2 km/seec.

Two projectile materials were used: 2024-T3 aluminum
with a density of 2.78 g/em3 and syntactic foam having a
density of 0.70 g/em? The latter material consists of tiny
hollow glass spheroids in a plastic matrix. The nominal im-
pact velocity for the tests was 7.2 km/sec. All targets were
of 2024-T3 Al; however, with the exception of the smaller
size sheets used in the MSC tests, they were in the stress-
relieved condition, designated 2024-T351, which has essen-
tially similar mechanical properties to T3.

For the purposes of this analysis, the term “ballistic limit”
will mean the total thickness of the two-sheet structure at
which any mechanical failure (such as a small crack) occurs on
the rear face of the backup sheet. Thus, a bulge on the rear

BC . 200

Fig. 2 Effect of shield thickness on hole size in shield

and spray pattern on the backup shect; Al projectiles,

d = 0.063 in., I = 7.2 km/see; dual-sheet targets,
S/d = 30.
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face is acceptable as long as no structural rupture appears on
that surface even though in this case an internal fracture is
probably present.

Tests with single-sheet targets were made (Fig. 1) to deter-
mine whether the larger particle effects correlate with results
already available for small size projectiles. The results for
aluminum spheres show good agreement with data of Maiden
et al.? against the same target material; P/d for quasi-infinite
(no spalling) targets is 1.96. For the syntactic foam projec-
tiles the quasi-infinite target value is P/d = 1.01.

Results for Dual-Sheet Configurations

The pictures in Fig, 2 show the hole diameter in the shield
increasing with shield thickness. Results for all the test com-
binations are plotted in Fig. 3. The curve for the aluminum
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projectile holes is slightly lower but generally similar to the
following empirical relationship of Ref. 2:

D/d = 045V (t,/d)¥3* + 0.90 1)

However, evaluation of this expression for the larger particles
would produce a growing deviation from the experimental re-
sults in which the exponent of ¢.,/d is slightly less than 3 for
the larger values. For the less dense syntactic foam, this
exponent is smaller, approximately 0.25.

Figure 2 also illustrates the effect of varying shield thick-
ness on the nature of dehris impact on the backup sheet for a
constant projectile size and velocity. The “thin” shield (in
this case, t,/d = 0.096) upon impact tends to liquefy (and per-
haps vaporize), producing a fine spray of small divergence
angle to the backup sheet. The deepest craters are thus
near the center of the spray pattern on the front of the backup
sheet, and the characteristic rear face damage to the backup
is consequently a spall centrally located in the impact region.

In contrast, the “medium’ shield (¢,/d = 0.256), having a
larger hole punched out of it, produces a more divergent spray
and damage pattern on the backup sheet (Fig. 2). Also,
since it is thicker, this shield would require more energy (com-
pared to the thin shield) to liquefy; thus, it generally has
unmelted debris particles around the edge which produce a
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ring of fairly deep craters at the periphery of the spray pat-
tern on the front of the backup sheet. This feature readily
distinguishes it from the case of the thin shield. The damage
pattern will involve plastic deformation of the central part of
the backup if it is thin enough.

Finally, the “thick” shield (t./d = 0.384) has an even
larger hole punched out and often liquefies only slightly s0 that
solid particles of debris from the projectile and shield impact
the front of the backup in a wide pattern (as for the medium
shield) but in a much more random pattern of deep craters.
The rear face of the backup thus typically suffers random spall
damage. ‘

The foregoing considerations proved to be of value in de-
termining the ballistic limits for the various structural com-
binations, particularly for the cases in which hypervelocities
were being achieved for the first time in the laboratory for the
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large size projectiles. Because of the associated experi-
mental difficulties, anomolous penetrations and unsymmetri-
cal impact patterns occurred in numerous test specimens.
The knowledge of the standard damage pattern in a particu-
lar case was used in conjunction with working plots of nor-
malized total penetration pr/d to aid in determining the
ballistic limit. Figure 4 illustrates such a working plot for
two sets of test points for the 0.751-in. aluminum projectiles.

These total penetration curves take on characteristic
shapes dependent on the parameters ¢,/d and S/d, with the
ballistic limit occurring in a reasonably narrow region of
{s/d values for a given set of test parameters. TFrom physical
reasoning, a continuous variation with ¢,/d is expected, so
that these plots aid in eliminating possible anomolous test
points and in interpolating between test values to establish
the ballistic limit with improved accuracy. Most of the
ballistic limit values were bracketed by test points so that
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negligible extrapolation was necessary. Nevertheless, a
certain amount of scatter remains in the data; the accuracy
of ballistic limit determinations is estimated to be within
+5%.

Figure 5 indicates a rapid decrease in ballistic limit ¢{7* as
the sheet spacing ratio S/d inereases from 15 to 30, but very
little additional benefit between 30 and 40. For t./d = 0.213,

tr* « §714(15 < 8/d < 30)

which compares with ¢7% « S707 as reported for some 6061
aluminum targets® at a ¢,/d of 0.25 and a similar spacing
range; since it appears that nothing is to be gained by
S/d > 30, all succeeding comparisons are given for S/d = 30.

Tigure 6 shows ballistic limit thickness requirements in the
neighborhood of optimum shield thickness for aluminum
projectiles. The optimum ¢,/d is approximately 0.25, and all
of the ballistic limits approximately coincide except for the
0.751 in. diam results that are universally higher.

There is more scatter in the syntactic-foam projectile data
(Tig. 7) than in the aluminum; possibly this is the result of
less regular breakup of this composite material, which may
not be completely homogeneous. The optimum t,/d is 0.025,
or ¢% the value for the more dense aluminum. The minimum
{7* is approximately 0.25.

Curves drawn from the origin through the minimum ¢,*
values for the two densities give the summary chart (Fig. 8)
showing the combined effects of density and mass (size).

A ballistic limit expression given by Nysmith? in terms of
the velocity of 3.2-mm-diam Pyrex glass particles (p = 2.23
g/em?) is (in the present notation)

Ve.r. = 0.059(8/d)2(tr*)2 s @)

For the test veloeity of 7.2 km/sec and S/d = 30, this esti-
mate (involving a slightly more rigorous ballistic limit damage
criterion) would require i7* = 1.13. Results of the present
program would predict (7* = 0.47, with optimum ¢./d,
whereas Nysmith used equally thick shield and backup sheets.
Thus, the present results confirm Nysmith’s statement that
his equation should be conservative.

Conclusions

Experimental results at V = 7.2 km/sec suggest that the
penetrating ability of low-density spheres against dual-sheet
structures is directly proportional to diameter. The same is
true of higher density materials (e.g., aluminum) if the particle
mass is less than one gram, but for larger particles the ballistic
limit struetural thickness required to resist penetration ap-
pears to increase at a faster rate than the projectile diameter.

Further investigation of the combined density and size ef-
fects noted in the present study appear to be needed. Since
the impact velocity has considerable influence on the nature
of the debris emanating from the shield, particularly informa-
tive would be data at other velocities. In connection with
future testing, improvement in the methods of launching
large particles at hypervelocity speeds will be advisable.
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