NRL Report 6214
Copy No. :; of 150 Copies

PROGRESS REPORT NO. 15

HYPERVELOCITY KILL MECHANISMS PROGRAM

[ UNCLASSIFIED TITLE]

Sponsored by
Advanced Research Projects Agency

Ballistic Missile Defense Systems Branch
ARPA Order No, 149

Semiannual Technical Progress Report
for period ending 31 Maxrch 1964

October 1964

U. S. NAVAL RESEARCH LABORATORY . . .. . oy
Washington, D.C. A s“... rua aw.,i




CONTRIBUTORS

Aeronautical Research Associates of Princeton
General Electric Company - MSD

U.S. Naval Research Laboratory

U.S. Naval Ordnance Laboratory



CONTENTS

Page Designation

Problem Status ii
Authorization -
PROGRAM SUMMARY

INTRODUCTION
PROGRESS

HKM PROGRESS REPORTS
I. 1IMPACT DAMAGE PHASE

Ballistic Research Laboratories A
U.S. Naval Research Laboratory B

II. AEROTHERMAL PHASE

N

General Electric Company - MSD H
Aeronautical Research Associates
of Princeton L
U.S. Naval Ordnance Laboratory NOLTR
I1II. LIST OF ARPA NO. 149 TECHNICAL REPORTS Y
IV, DISTRIBUTION LIST Z
APPROVED FOR PUBLIC

TION
RELEASE - DISTRIBY
UNLIMITED



PROBLEM STATUS

This is the fifteenth progress report covering
the work of the participants in the Hypervelocity Kill
Mechanisms Program. Work on this problem is con-
tinuing.
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SUMMARY

W. W. Atkins - M. A. Persechino
U. S. Naval Research Laboratory

INTRODUCTION

Progress Report No. 15 is a semiannual technical
progress report covering the work of the participants
in the Hypervelocity Kill Mechanisms Program for the
period beginning 30 September 1963 to 31 March 1964.
Reports covering the work completed during and prior
to this reporting period are listed in Section Y.

The work of this program has involved comprehensive
studies designed to evaluate the feasibility of defeating
the mission of an intercontinental ballistic missile by
fragment impact and/or by subsequent re-entry heating
effects. These effects include: direct kill by /impact,
extent of aggravation or increase in damage caused by
aerothermal effects on an R/V during re-entry, aerodynamic
instability of nose cones caused by damage to the heat
shield and structure, impact and thermal damage to internal
components and warheads, and perturbations on the perform-
ance of ICBM booster vehicles. The HKM Program is divided
into the following four phases of work:

1. Impact Damage. Initially BRL, NRL, AVCO and the
Canadian Armament Research and Development Establishment
were selected to study the effects of hypervelocity impacts
on re-entry body materials and structures. Aerojet-

General was selected to study the impact effects on pro-
pulsion systems. The work of Aerojet has been completed and
the final report has been distributed. The impact work per-
formed by AVCO has also been completed and a final report
was included in Progress Report No. 13. The work completed
by CARDE was reported in Progress Report No. 11. BRL is
preparing a final report for their work on impacts into
ablative structures. Only NRL is presently engaged in im-
pact work for the HKM Program.

2. Aerothermal. 1In the early stages of the program,
AVCO performed a multitude of experiments on cratered heat
shield materials using rocket exhaust and plasma jet facilities
in order to determine the thermodynamic effects on a damaged
vehicle during re-entry. In the later stages of the program,
punctured vehicles (vented and unvented) were analyzed. GE
-and AVCO performed analytical and experimental studies on
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coupled and uncoupled flows, jet impingement, jet diffusion,
and the determination of orifice coefficients for perforated
re-entry vehicles. GE conducted an analytical study to deter-
mine the aerodynamic effects on a damaged vehicle during re-
entry (the aeroballistic ranges and the wind tunnels of NOL
and AEDC were utilized to provide experimental data). An
effective kill mechanism did not evolve from these studies.
During the latter part of the second year's effort ARAP was
added to the participants in the aerothermal work and, at

this time, a strong fundamental research effort on internal
heating was established to determine a rationale for coupled
and uncoupled flows, impinging jets, and wall jets. A flight
test program employing a NASA propulsion and recovery system
has been completed and the details of this program are described
in Item 21 in the list of reports. These tests provided both
external and internal heating data under actual and simulated
environmental conditions.

3. Vehicle Vulnerability. The vulnerability work
initially conducted to determine the vulnerability of re-entry
body, warhead, and associated arming and fuzing components
by BRL and Picatinny Arsenal have been terminated. A final
report on the vulnerability of nuclear warheads to aero-
thermal effects has been prepared by Picatinny Arsenal and
distributed (See Item 22, Section Y).

Aerojet-General, under the technical management of
the Weapons Laboratories, Detachment 4, ASD, Eglin AFB has
completed the investigations to determine the vulnerability
to fragment impact of both liquid and solid rocket propulsion
systems. An analysis of the vulnerability of both the United
States and other vehicles is included in the Aerojet final
report (See Items 24, 25 and 26).

4. Intelligence. The intelligence phase of the work was
designed to provide information and guide lines for the work
performed in the other phases of the HKM Program. A report
entitled "Soviet ICBM Re-Entry Body Study''has .been prepared
by Raytheon. This report provides a description of the
Soviet ICBM based on early Soviet missile tests in the Pacific
(See Item 1). Additional intelligence data are described in
Section T of previous HKM Progress Reports.

PROGRESS

The work described below is a summary of the technical
progress in the remaining phases of the HKM program for the
period ending 31 March 1964.



1. Impact Damage Phase

The investigation by the Ballistic Research
Laboratories of impact damage to composite targets utilizing
aluminum jet pellets fired from an inhibited jet charge is
under completion and a final report describing this work is
expected by the end of the next reporting period. No report
for this reporting period has been received and consequently
is omitted from the text of this report.

The impact work conducted by NRL is reported in
Section B and includes studies of: the effect of projectile
density and angle of impact on ablative hole size, the
minimum energy required for the perforation of flat-plate
and conical structures, and impact damage to foam-filled en-
closures (See Section B9). The projectiles used in these
studies were nylon, aluminum, steel and uranium spheres.

Damage effectiveness of dense projectiles fired at
low impact angles (10°) appear to be much superior to the
lighter projectiles, as indicated by the penetration results
obtained with uranium projectiles. The maximum penetration
capability of residual spall material was determined by
measuring the maximum depth of penetration into aluminum
witness plates and was plotted as a function of velocity.
These results indicate that, for aluminum and steel spheres,
the maximum depth of the spall particle penetrations decrease
as the velocity increases, for velocities greater than 5
km/sec.

Of the metallic projectiles, the more dense pro-
jectiles produced the deepest spall penetrations and the
smallest hole sizes in the ablatives.

Hypervelocity impacts into ablative targets backed
by enclosures filled with polyurethane foam gave a measure
of the effectiveness of these materials for preventing
residual or spall damage. The effectiveness for preventing
spall damage increased as the foam density was increased.

Comparison with normal angle impacts of the hole
sizes in the ablatives made with firings at impact angles
between 45° and 70° indicate very strongly that larger per-
foration diameters are obtained with the angle shots.

More data are to be obtained for thin ablative com-
posite targets with ablative thickness to projectile dia-
meter ratios (t/d values) between 0.5 and 1.0. These data



will be compared with existing hole-size correlations for

t/d values between 1 and 4. An experimental-theoretical
study is planned for determining a physical basis for scaling
projectile and target parameters and for estimating the spall
energy resulting from hypervelocity impact into composite
structures.

2. Aerothermal Phase

In the early phases of the HKM Program, a series of
wind tunnel tests were performed in the Naval Ordnance
Laboratory Hypersonic Wind Tunnel No. 4 to investigate aero-
dynamic stability on a damaged re-entry vehicle. Static
stability coefficients of pitch, yaw, and roll were obtained
at a Mach number of ten on .04783 scale models of a Mark
3 R/V. The impact damage on the models were simulated by
removing portions of the nose and flare sections of the model,
causing configurational assymetry. Performance data obtained
with these models are included in the section of the body of
this report designated as NOLTR 61-84. These results were
used to supplement the previously reported analytical program
conducted by the General Electric Company to determine the
effect on the R/V trajectory of small hypervelocity fragment
impact.

During this reporting period, Aeronautical Research
Associates of Princeton and GE have continued internal heating
and structural studies needed to develop the technology for
assessing the potential of thermal kill of a perforated re-
entry body. Because of contract renewal difficulties the
work by AVCO was temporarily delayed and no report was avail-
able for this period. Previous phases of the AVCO studies
have dealt with the flow and heat transfer of an expanding
jet on the walls of an enclosure. In the next reporting
period the concentration will be on the details of the jet
mixing process. This investigation will extend the theo-
retical and experimental investigations of turbulent com-
pressible jets which had been previously conducted within a
limited range of Mach numbers and initial jet stagnation
temperature to ambient temperature ratios. The AVCO investi-
gation will include higher temperature ratios. With these
results the ability of this analysis to predict jet mixing
processes in the high temperature region will be determined.
An important consequence of the test results of the ARAP and
GE work conducted during this period was the increased effort
directed toward understanding the mechanisms of coupled flow
phenomena. It has been shown experimentally and analytically



that the heat flux entering the interior of a punctured vehicle
under coupled conditions (A/V 2/%>0.05) can be many times greater
than that for uncoupled conditions (A/V ®/27°C0.01) where A is
the area of the hole and V is the internal volume of the per-
forated vehicle. A flow mechanism, which can be shown to ac-
count for heat fluxes of the magnitudes observed in the ex-
perimental test facilities has been developed and verified
experimentally by means of heat flux mapping and flow visuali-
zation techniques. Details of this mechanism which involves a
combination of free shear layer and jet impingement effects are
discussed in Section L.

In Section H, tests conducted in AEDC Tunnel C at Mach 10
and in the Malta Rocket Exhaust Facility at Mach 3 are reported.
The internal heating from these two series of tests conducted
in widely different environments correlated well with turbulent
shear layer theory.

During the past six months the problem of possible counter-
measure against thermal kill was investigated and is also re-
ported in Section H. Lightweight urethane foam was used to
fill the internal volume of the model R/V, and the '"effective
heat of ablation' was used to determine the performance of the
foam. Additional studies are planned in order to develop a
better understanding of the heat protection characteristics of
lightweight foams in vehicles perforated by damage from hyper-
velocity impact. Various types of foam-filled models will be
tested in the GE-RSD 5-megawatt Air Arc and the Malta Rocket
Exhaust Facilities.

A correlation of AEDC and Malta Internal Heating Data for
single perforations and no venting was applied to the C-1
target vehicle (a slender shaped-cone vehicle with a ballistic
coefficient of 3000 1b/ft). Generalized results were obtained
for the value of A/V 2/3 required to cause thermal kill of
representative types of vehicle structures having the above
geometry and a re-entry velocity of 25,000 ft/sec.

Use of the correlation of hole-size and fragment mass
from impact data reported by NRL demonstrated the extreme
sensitivity of lethal fragment mass to the size of the vehicle
under attack (see pages H-37 thru H-39).

Comparisons of characteristics of the flow through
machined orifices and those produced by hypervelocity impact
into ablative structures were made in a test program performed



in AEDC Tunnel D. The mass flow rates were predictable by

a viscous modification to inviscide expansion theory.
Pressure surveys of the supersonic internal jets formed from
tangential approach flow revealed the two-dimensional decay
characteristic of the jets. The existence of two general
types of internal jets, depending on the orifice pressure
ratio, were disclosed by oil film photographs. See pages
H-40 to H-58 for orifice flow tests and results.

The present investigation on structural type damage
by GE is primarily concerned with the effects of openings
caused by impact or local melting subsequent to impact. The
effects of large openings on the load capability of cylinders
subjected to axial and bending loads are being studies in
support of an analytical technique for predicting these
effects. Computational techniques will be applied to hardened
and unhardened ICBM re-entry vehicle designs, and formu-
lation of thermal analysis techniques and structural failure
criteria will begin.
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PROBLEM STATUS

This is a Semiannual Technical Progress Report,
work on this project is continuing.
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SUMMARY

During this period the effect of projectile density on
ablative hole size and minimum perforation requirements was
examined. The projectiles were uranium (with 8.5 % Mo.),
steel, aluminum and nylon. The projectile masses ranged from
1 to 10~gm. The angle of impact was varied from 90° to 10°.
All projectiles were saboted and the velocities varied from
2.5 to 7.8 km/sec with the major portion of data in the 6 to
7 km/sec range. The ablative targets were composite made
from 1/2-inch and l-inch thick astrolite and phenolic nylon
flat plates, nose cone models, and flat-plate ablative
structures in direct contact with polyurethane foam.

Experiments were designed to determine the effect of
projectile density by impacting similar targets with
different density spheres of the same mass and velocity. The
depths of the rear spall penetration into aluminum witness
blocks behind the targets showed that the spall penetration
is greater for the impacts associated with higher density
projectiles. The results also show: the greater penetration
and perforation capability of dense projectiles, such as
uranium, particularly when impacting at low angles e.g. 10°.
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INTRODUCTION

The object of this work is to determine the impact results
on ablative materials and re-entry vehicle structures from
hypervelocity impact with compact projectiles of various
densities. Analytical means are used to explain the experimental
results and to correlate significant parameters so that accurate
and reliable impact predictions can be made. Empirical relation-
ships have been established for penetration, minimum perforation
and complete perforation of various composite materials used in
missile structures. The majority of the impact experiments are
accomplished using targets which closely approximate the outer
structure of actual vehicles. A limited number of impacts are
made into actual vehicle sections.

PROGRESS

Composite targets with ablative thicknesses of 0.5 to
1 inch were impacted with uranium, steel, aluminum and nylon
spheres with masses of 1 to 10 gramsand velocities ranging from
2.5 to 7.8 km/sec with the major portion of firings in the 6
to 7 km/sec range. The target materials were astrolite and
phenolic nylon bonded to steel, aluminum and magnesium in con-
figurations of flat plates, nese cone models, and flat-plate
ablative structures in direct contact with foam blocks. The
santed pgojectiles impacted the targets at angles ranging from
10° to 90°.

The experiments were designed to determine the effect of
projectile densitv on ablative hole size and mininum perforation.
Similar targets were impacted with two-gram: uranium, steel,
aluminum and nylon spheres at twe different velocities of about
5.2 and 7 km/sec. Minimum perforaticn was examined down to a
10° angle of obliquity using beth uranium and steel spheres.
Nose cone model impact wesults were compared to flat plate
target results for similar impact conditions. FPolvurethane
foam with densities of 3.1 and 7 1b/ft3 was examined for de-
termining its effectiveness in stopping the rear spall resulting
from aluminum sphere impacts.

The effective hele diametsrs in the ablative materials were
calculated from areas measured with a polar planimeter. The
data for all the firingsare summarized in Table A and photo-
graphs of the targets are shown in Appendix A. The bond
between the ablative and metal back-up was approximately 1/16-
inch of rubber unless otherwise noted. The avlative thicknesses
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are accurate to *+ 1/32-inch. The uranium projectiles were
made from 91.5% of depleted uranium and 8.5% of molybdenum for
mechanical strength, giving an overall density of 17.4 gm/cc.

EFFECT OF PROJECTILE SIZE AND DENSITY

In order to determine the effects of projectile density and
size on the ablative perforation diameter D, and rear spall
energy, four different density and size projectiles of the same
mass, were impacted normally (90°) into the same type of target
at velocities of 5 and 7 km/sec. The targets consisted of
0.5-inch laminated phenolic-refrasil bonded to 0.125-inch
aluminum (2024-T3) with ~ 0.062-inch rubber bond and epoxy
adhesive. The two-gram spherical projectiles consisted of uranium
(with 8.5% Mo.), steel, aluminum and nylon and impacted the targets
with trajectories normal (90°) to the ablative surface at energy
E equal to approximately 25 and 50 kj. The uranium projectile
was fired only at the lower velocity, ~ 5 km/sec. The ratios of
the ablative thickness t to projectile diameter d were 2.16,

1.6, 1.14, 0.84 for the uranium, steel, aluminum and nylon
spheres respectively. The rear spall was captured by an

8" x 8" x 4" 1100F aluminum witness block with the face of the
block aligned parallel to the rear of the aluminum back-up and
spaced four inches away. Pertinent information is summarized
below in Table I and a more complete description is given:in
Table A and the photographs of Appendix A.

TABLE I
Impact Characteristics in Ablative Structures

Projectile Velocity ~ 5 km/sec

Round No. Projectile t/d D, Dy/d E P Velocity
Material (cm) ki) (em)* _ (km/sec)
4-940 Uranium 2.16 4.6 7.81 24.75 1.28 5.13
4-939 Steel 1.60 4.9 6.13 27.10 0.96 5.20
4-947 Aluminum 1.14 5.3 4.77 23.90 0.62 4.90
4=959 Ny lon 0.84 5.1 3.38 25.90 0.29 5.00
Projectile Velocity ~ 7 km/sec
1-1-98 Steel 1.60 5.10 6.40 56.80 0.90 7.5
1-1-99 Aluminum 1.14 6.00 5.41 58.40 0.37 7.7
4-954 Nylon 0.84 6.50 4.30 47.00 0.47 6.8
4-960 Nylon 0.84 6.25 4.14 46.34 0.61 6.7
4-956 Nylon 0.84 6.60 4.37 42.68 0.49 6.5
4-957 Nylon 0.84 6.10 4.04 40.36 0.43 6.3

* P(cm) depth of penetration of the

the witness plate.
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A plot of ablative hole size D, vs impact velocity V is
shown in Figure 1. For similar projectiles the results in all
cases dwow an increase in hole size with higher velocity. In all
cases the largest projectiles (lowest density and t/d values)
produced a larger perforation with only one exceptionm, the
nylon sphere falls between the steel and aluminum at 5 km/sec.
The slope of the curve for D, vs V decreases as the projectile
density increases. It shoulé‘be noted that the strength
characteristics of these projectiles increase as the density
increases. A possible explanation cf this decrease in slope
is that the weaker material (nylon) may be breaking up earlier
during perforation than the stronger material (e.g. steel) for
the same impact velocity. As a result of disintegrating sooner,
the projectile particles spread laterally at am earlier time
and increase the perforation size at a faster rate than the
stronger material., A plot of ablative perforation diameter
D, / projectile diameter d vs impact velocity in Figure 2 shows
téat the DA/d values increase as the density increases.

To determine the relative penetration capability of the
rear spall produced by these impacts, the maximum penetration
of the spall into an 1100F aluminum block was measured and is
plotted in Figure 3 as P vs impact velocity. At the lower
velocity (~ 5 km/sec) the depth of maximum penetration increases
as the projectile density increases. The spall penetration
decreases at the higher velocity for the steel and aluminum
projectiles and increases for the nyion sphere impacts .

The spall penetration for the aluminum spheres decreases
at a faster rate than for the steel. The situation for nylon is
peculiar in that the spall penetration actually increases at the
higher velocity. Examination of the photographs for these
firings in Appendix A also shows that the amount cof spall im-
pacting the aluminum block increases with the higher velocity
nylon projectile. This is also true for the aluminum projectile
impacts. For the steel projectile, the spall pattern seems to
be more concentrated at the Ilower velocity. The spall pattern
associated with the uranium projectile impact is more con-
centrated than any of the other three projectiles.

An estimate of the size of the hole in the aluminum back-up
can be made by averaging the major and minor measured diameters.
This estimated average diameter is 12.2 cm, 10.3 cm, 9.5 cm,
and 7.6 cm respectively for the nylon, aluminum, steel and
uranium projectile impacts at 5 km/sec.
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MINIMUM PERFORATION FOR LOW ANGLE IMPACTS

A series of oblique impacts were made into phenolic re-
frasil bonded to steel and aluminum back-~ups using steel and
uranium (with 8-1/2% Mo.) spheres. The purpose was to
determine the accuracy of the required minimum perforation
energy as determined from the data reported in Reference 1 and
to examine the effect of projectile density. The data reported
in Reference lwere obtained for steel projectiles impacting
into phenolic refrasil bonded to aluminum and steel back-ups.
Two aluminum projectile impacts into phenolic nylon bonded to
steel back-ups are also included in the discussion.

One of the phenolic nylon targets was a model nose cone
(Round No. 4-935) and the other a flat plate specimen simulating
the model was placed directly in contact with a block of foam
(4-944), (see photographs in Appendix A). The pertinent con-
ditions and results are listed in TableTII. A more complete
description of the data can be found in Table A.

TABLE II
Round No. Target Tt Proj. Proj. Impact Impact E E* Cond.
Material Mass. Matl, Angle Vel, 0 min  of Tar-

(cm) (gm) (km/sec) (kj) (Ref.1)_get
1-1-107 Ast/Al 1.75 5.096 Uranium 10° 5.24 2,11 -- Perf,
1-1-110 Ast/Al 1.75 4.992 Steel 10° 5.97 2.68 1.48 N.P.
1-1-106 Ast/St. 1.75 1.045 Steel 25° 7.40 5,10 4.30 M.P.
1-1-94  Ast/St. 3.81 4.991 Steel 40° 7.03 51.00 56.00 N.P.
4-952 Ast/St. 1.91 1.046 Steel 30° 3.12 1.28 5.70 N.P.
4-944 Ph.Ny/S8t. 1.75 2.650 Aluminum  45° 4.59 13.93 -- N.P.
4-935 Ph.Ny/St. 1.75 2.800 Aluminum 45° 3.78 10.10 -- N.P.
N.P. Not Perforated
M.P. Minimum Perforation Condition
* E_. is defined as the energy required, based on the normal com-

cgﬁgénent of velocity, to just crack the metal back-up.

The superior penetration capability of dense projectiles,
particularly at small impact angles, is clearly shown by the
results obtained with the steel and uranium projectile impacts
at angles of 10°. The targets for these two impacts were the
same type and the projectile masses were approximately equal.
Although the impact velocity for the uranium projectile was lower
than the steel projectile, the target (Round No. 1-1-107) was
completely perforated while the target for Round Number 1-1-110
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impacted by the steel projectile was not perforated (the rubber
bond material in this target was nearly intact). The impact

energy (using the normal ccmponent of velocity to the target
surface) necessary to just crack the back-up is ~ 1.48 kilo-

joules based on the steel projectile impact data reported in
Reference 1. This amount was exceeded in both cases, 2.68 kilo-
joules for the steel and 2.11 kilojoules for the uranium projectile
impact. There are two other aspects of these impacts which can

be seen by an examination of the photographs in Appendix A. In

the case of the uranium projectile (Round No. 1-1-107) impact,

no residual fragments came through the perforation to hit the
witness plate spaced 10 inches from and parallisl to the rear

of the target. However, the witness plates that were 90° to the
target surface and positioned to capture the front spall were
penetrated 0.38 cm by fragments from the uranium while the frag-
ments from the steel projeciile perferated a total thickness of
2,54 cm. It appears that a greater amcunt of projectide particles
traveling at higher velocities ricochet off the target surface
with the steel or the lighter projectiles at this impact angle.

The type of petal formation in the back-up resulting from the
uranium striking the target has several interesting characteristics.
The petals that were formed at 90° to the trajectory (top and
bottom petals in the photograph shown in Appendix A) were broken
off and recovered. The perals formed parallel to the trajectory
and nearest the gun muzzle were bent straight-up, whereas the
petals furthest from the gun muzzle were bent over in the
direction of the projectile flight.

In Round Number 1-1-106 the back-up was cracked open and
represents a condition very close to minimum perforaticn. The
impact energy based on the 25° component of impact velocity was
5.10 kilojoules which is ssmewhat greater than 4.3 kilojoules,
the amount needed for minimum perforation based on the previous
data of Reference 1.

The back-ups for the 30° and 40° impacts were not perforated
by the steel projectile impacts. The 30° result (4-952) is in
agreement with the estimated energy needed, since the impact
energy is much less than the minimum perforation value. The
impact energy from the 40° impact (1-1-94) is about 9% less than
the estimated amount required for minimum perforation and again
perforation did not occur.
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The two impacts listed at the bottom of Table II were obtained
using aluminum projectiles and are included to show the effects
of lower density projectiles. As previously mentioned, one of
these targets was a model nose cone (4-935) and the other was
placed directly in contact with a block of foam (4-944). Although
the impact energy at 45° was much higher than the estimated amount
needed for minimum perforation by steel projectiles, neither
target was perforated. The ablative was perforated and the back-
ups were bulged.

Based on these results, it appears that the determination of
the minimum perforation requirement, particularly for dense pro=-
jectiles at low angles, is not established.

It is also necessary that additional data be acquired to
determine the minimum perforation energy for different density
projectile materials. An analytical approach incorporating both
projectile energy and density and using values of pressure
measured on the rear of the target will be of considerable value
in establishing the minimum perforation requirement.

ALUMINUM PROJECTILE IMPACTS

A number of different target configurations were impacted
with aluminum spheres over a wide range of velocities with im-
pact angles ranging from 90° to 45°. Different correlations
were examined in order to have a common basis for comparing
hole sizes in the ablative materials. In Figure 4, a correlation
for steel impacts into ablative structures is used, that has
previously been reported in Reference 1. As can be seen in this
Figure, the hole sizes for the 90° impacts are very close to the
E/T correlation, except for Round Number 1-1-82. Round Number
1-1-82 did not have a rubbery type bond between the ablative
and steel back-up and this may have been the cause of the larger
perforation. In this plot the hole sizes for the non-normal
impacts, with the exception of Round Number 4-948, are grouped
above the 90° impacts. It was found that the difference between
the 90° and less than 90° perforations could be reduced by
dividing the major diameter of the projection on the front
target surface dp into the ablative perforation diameter Dj.
This is designated as DaMd, and is plotted in Figure 5 for
the same data shown in Figure 4. Although non-dimensional hole
sizes do not completely remove the effects from oblique
impacts, there is a considerable reduction in scatter. Larger
perforation diameters with oblique impacts did not show up
as strongly in earlier firings with steel projectiles pri-
marily because higher t/d values were used. In these data t/d
values are approximately 1.
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Nose Cone Models

Three model nose cones (similar to those used in the
Malta rocket exhaust experiments in the Aerothermal Phase of
the HKM Program) were impacted to produce a perforation in
one side of the cone. The rocket exhaust results obtained
with impacted models were compared with results obtained by
machining a hole of the same size in a similar model and
subjecting it to the same heat flux environment. Before im-
pacting the models, the approximate impact conditions for
producing the required hole size were established by im-
pacting flat plates made of the same materials and thickness
as the nose cone model. The two plates simulating the two
sides of the cone were oriented at the same angle to each other,
as the nose cone angle, with the steel back-ups of the plates
facing each other at the same distance apart. Aluminum pro-
jectiles were selected to minimize residual damage to the
opposite wall ( it was necessary to produce a perforation in
only one side of the cone and have = very little or no damage
to the other side of the cone). An abbreviated tabulation of
the results is listed in Table III. More complete data are
given in Table A and the photographs in Appendix A.

TABLE III
Model Nose Cones

Round No. Impact Proj. Complete Ablative Target Impact

Angle  Mass Perf. Perf. Dy Velocity
(gm) (cm) (km/sec)
4-937 70° 2.83 yes 7.70 1/2"Ph.Ny. 3.77
+ 1/8"st,
4-938 70° 2.83 yes ~ 8.25 " 3.9
4-935 45° 2.83 no 8.30 " 3.78

Simulated Model Nose Cone

4-930 90° 3.01 yes 7.2 1/2"pPh.Ny. 5.62
+ 1/8'"St.
4-931 45° 3.01 yes 11.2 " 5.13

4=-934 45° 2.83 yes 8.4 " 4.50
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In figure 5, the correlation of D,/d vs E/T, the comparison
between the two configurations is shown. The hole sizes in the
nose cone models were slightly larger than those in the flat
plates primarily because of the small radius of curvature in
the nose cone models. In the nose cone model impacts, the
ablative cone always broke loose from the steel liner. This
particular effect of the shock and vibration due to impact can-
not be simulated by a flat plate specimen.

Penetration of Foam Material by Rear Spall Fragments

Impacts were made with aluminum spheres at 45° and 60°
into flat plate ablative targets which were held in tight
contact with a foam block. The targets were the same type as
those used in the simulated nose cone model impacts and the
projectile velocities were slightly higher than the previous
impacts. The foam block was a l-foot cube and was held in an
aluminum box with 0.125-inch walls., Two different density
polyurethane foams were used to show the effect of foam density
on rear spall penetration. One shot was fired without foam
in the foam box (see photos for Round No. 4-948), and two
additional witness plates were placed at the rear of the empty
box. In Round Number 4-955 a steel sphere of similar mass was
used to compare the effects of projectile demsity on rear spall
penetration, but was at a lower velocity than the aluminum pro-
jectiles. The effect of projectile impact angle is shown by
the results of Round Numbers 4-944 and 4-945. Table IV is a
brief summary of the results, further details can be found in
the Table and Appendix at the end of the report.

The ablative hole size in 4-948 where no foam was used
behind the target is smaller than those where foam was used.
These ablative hole sizes are compared with other aluminum
projectile data in Figure 4.

Comparison of an Aluminum Sphere with an Aluminum Jet
Pellet Impact *

The results obtained in Round Number 1-1-108 by impacting
an aluminum sphere into a fiberglas laminate target is com-
pared to the results reported in Reference 2 for an aluminum
jet pellet impact into a:similar target. This l=inch thick
glass-cloth material bonded with permatex to a 1/4-inch 4130
steel back-up plate.was obtained from Firestone (No. 20-16-
09-01). The same type of target was impacted with an aluminum
jet pellet by Firestone in shot number 600-72. The mass of the
two projectiles was approximately the same (3.2 and 3.4 gm)
but the velocity of the aluminum jet was about 1.4 km/sec higher
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Round Number 4-94
Proj. Matl. Al
Mass (g) 2.65
Proj.Vel (km/sec) 4.59
Impact Angle 45°
Foam Density

(1b/ft3) 7.00
Max.Pene. of (1
Foam (cm) 4

Crater Mouth of

Foam (cm) 13.5x1
No. Perf, in

Foam 0
No. Perf. in

Box (Rear) 0
No. Perf. in

Box (Side) 0

Wall Thickness
of 61S Al Box 1/8-in

Condition of Not di
Box torte
Abl.Perf. Dia.
(cm) 9.50

TABLE IV

4 4-945 4-946° 4-948%
Al Al Al
2.65 2.65 2.65
5.42 5.68 5.84
60° 60° 60°
7.00 3.10 None
) Perf. Perf. N.A,
~Same as
1.5 9.30 Abl.,Perf. N.A.
3 14 N.A.
0 1 17
0 1 2

4-955

Steel
2.71

3.80
60°

3.10

Perf.

11.50

2

0

0

ch 1/8-inch 1/8=inch 1/8-inch 1/8-inch

*  B-U not perforated
(1) Caused by bulge in B-U

(2) Rear of box bulged
+ Round No. 4-948 -

@ Round No. 4-946 -

s= Not dis- Not dis-
d (2) (2) torted torted
10.00 10.50 7.20 4.30
and welded seams partially broken
No. perforations of 1lst witness plate = 14
No. perforations of 2nd witness plate =1
No. steel fragments inside box = 10
No. aluminum fragments inside box = 20
No. steel fragments outside box =5
No. aluminum fragments outside box = 65
Total mass steel fragments inside box = 1.9g
Total mass Al fragments inside box = 0.2g
Total mass steel fragments ocutside box = 1.0g
Total mass Al fragments outside box = 1.5g
Total mass of fragments thru the foam = 4g
No. fragments >1/2g thru the foam = 2

B10



than the sphere. The 9.2 km/sec jet pellet produced a hole

of 3-1/4 x 3 inches (7.94 cm. av.) and the 7.8 km/sec sphere
made a hole of 6.9 cm diameter in the glass cloth. Comparing
the glass cloth hole size results on an E/T basis shows good
agreement. Both hole sizes are only slightly lower than deter-
mined by the E/T expression of Reference 1, which gives hole
diameters of 8.35 cm and 7.5 cm for the aluminum jet and the
aluminum sphere respectively. The hole size in the steel back-
up with the jet was 3.2 x 3.8 cm as compared to 7.8 x 4.4 for
the spherical projectile indicating that a much stronger

shock passes through the material for the spherical case.

Uranium Sphere Impacts

Two and five-gram uranium spheres were used to determine
the effects of high density projectiles on the impact results
into ablative composite targets. The velocity varied between
5 and 5.5 km/sec. All impact angles were 90° except for the
10° impact (Round No. 1-1-107) previously discussed. Three
impacts were made into the same thickness target with three
different back-up materials. For approximately the same energy,
a perforation of 10.9 cm diameter was made in the ablative
material with the steel back-up as compared to 4.9 and 5.0
cm for the aluminum and Mg back-ups respectively. It appears
that the steel back-up produces a higher intensity shock re-
flection than with the less dense back-up material. More data
are required in order to determine whether this is a signifi-
cant effect.

In order to compare the uranium sphere impacts with
previous data for less dense projectiles, the ablative hole
diameters were plotted in Figure 6 along with the E/T ex-
pression obtained in Reference 1 for steel projectiles. Ex-
cept for Round Number 1-1-103 with the steel back-up, the
hole sizes for impacts with uranium spheres are smaller than
those produced by the less dense projectiles.

CONCLUSIONS AND FUTURE PLANS

Minimum perforation requirements will be studied in more
detail for projectile density effect, particularly at low
impact angles. Correlations will be established for minimum
perforations using aluminum, steel and uranium projectiles
against composite ablative targets with aluminum and steel
back-ups.

Impact data will be obtained for thin ablative composite
targets with t/d values between 0.5 and 1.0. These data and
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existing information for higher t/d values between 1 and 4
will be examined and compared with existing hole size corre-

lations.

Experiments will be designed to provide information for
theoretical composite structure impact models in order to
determine the validity and accuracy of these models. Current
techniques will be utilized for studying wave propagation and
interaction with the cratering processes in ablative materials.
This experimental-theoretical study will provide a firm
physical basis for scaling projectile and target parameters
and estimating the spall energy resulting from impact.
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