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Abstract

An investigation was made of the use of cubes as fragment-
simulators for armor evaluation and testing. One-quarter inch steel
cubes were launched from a rifled barrel in an attempt to induce stability
through spin stabilization. Specially molded lexan sabots were used
to launch the cubes in the three predominant orientations: flat, edge,
and point. The success rate of impact orientation predictability was
high enough to warrant further consideration of cubes as fragment

' simulators.

VSO ballistic limits were determined for four armor materials
under flat, edge, and point iinpacts. The ballistic limits determined
with .cube: differed considerably from those determined wifh standard
fragment-simulating projectiles of the same mass. Metallic armor
materials failed at h;gher velocities for the' cubes, while fibrous armor
‘_materiall were penetrated at lower velocities by the cubes. An alter-
'nate method for determining ballistic limits with cubes is also presented.

Drag coefficients were determined for the three predominant
orientations over the range of Mach numbers 0.5 to”3. 5 and found to be

generally higher than those previously measured by investigators who

assumed cubes tumbled in flight.
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AN INVESTIGATION OF THE USE OF SPIN-STABILIZED

CUBES AS FRAGMENT-SIMULATORS IN ARMOR EVALUATION

I. Introduction X

The use of fragment-produ;:ing high explosive warheads
against material and personnel in limited warfare has led to extensive
investigation of fragments and their effect on armor materials. The
evaluation of armor materials involves the determination of the depth
of projectile penetration, ballistic limit, and residual velocities of
fragments after armor penetration,

. Bac kEround

In the 1940's, the Watertown Arsenal developed a fragment-

simulator that has since become a standard for armor testing (Ref
23:3). Fig. 1 illustrates the standard fragment-simulating projectile
shape. The geometric similarity to actual projectiles makes them

—_—

| =

Fig. 1. Fragment-Simulating Projectile Used in the Evaluation of
Personnel Armor (From Ref 23:10)
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Heppner and Steedman, with more sophisticated measuring equipment,

-— - Mg— T e —

easily adaptable for launching in conventional gun barrels. All stan-
dard calibers from . 15 ta . 50 and 20 mm are currently available.
Most armor evaluation tests are presently being conducted with this
fragment-simulator geometry.

Muldoon (Ref 23) originally determined the drag coefficients
for the simulators and found good agreement with earlier drag . i

studies conducted with actual bomb fragments (Ref 25). Later,

conducted similar drag studies and compared drag coefficients

obtained with those determined by Muldoon and found the results to be
consistent except in the velocity region below 1500 ft/sec, where
Muldoon's values of CD were slightly higher (Ref 10:10).

The penetration characteristics of standard projectiles are
dependent on the nose shape and velocity of the projectile. Warnis
(Ref 28) fired actual bomb fragments (15 grain) against Nu-wood wall-
board and found that the presented area at impact had no effect on
penetration depth at velocities above 3000 ft/nec. However, at velo-
cities below 1000 ft/sec the presented area did have an effect on the
penetration depth,

Fragments can assume many shapes, but Warnis classified
the fragments according to the ratios of length, width, and depth of

the fragment. The general shapes of all of his fragments, however,

were rectangular parallelepipeds (Ref 28:5).

a4 el o i e A
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Ipson (Ref 13) conducted impact and in-flight orientation studies
using parallelepipeds and found that the projectiles tended to strike
the targets with the large face first, irrespective of the orientation in
which they were launched. Yaw cards were placed along the trajec-
tory to record the gyrations of the projectiles in flight. A system of
measuring the angles and sides of the yaw card perforativns was
devised to record the orientation of the projectiles in flight.

The orientation of the projectile was also classified according
to its predominant orientation as it penetrated the yaw card: as a
flat surface, an edge, or a point. Cubes can also be used to achieve
these orientations, but the method of Ipson cannot be used to study the
actual motion of the cubes. The tri-dimensional symmetry of the
cubes prevents the establi: nt of any type of reference system
using yaw cards for studying their in-flight motion. Cubes, however,
have been studied extensively for use as fragment-simulators.

Hansche and Rhinehart (Ref 9) determined the air drag on one-
quarter and three-eighths inch cubes at Mach numbers 0.5 to 3.5 and
the shape of the drag curves compared very favorably with earlier
drag studies on spheres by Charters and Thomas (Ref 2). Clark and
Harris (Ref 3), May and Witt (Ref 21), and Hodges (Ref 12) all con-
ducted additional drag studies on spheres that further substantiated
the earlier results of Charters and Thomas.

Hansche and Rhinehart made no attempt to determine specific

drag as a function of cube orientation since they assumed that the

i sl

it e s
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cubes tumbled in flight. This assumption was corroborated by exami-
nation of the perforations in the velocity screens (Ref 10;:84). Instead,
they plotted the product CDA from the drag equation (Eq 11) vs. the _—

Mach number. The values of CDA versus Mach number are plotted

in Fig. 2.
3 -
T T T Y Y | 1
eﬂ
09 8
x 6 1
N
| : = - ‘H
- 4
|
< a - i
& 2
o 1 1 L 1 L [
0 | 2 3
MACH NUMBER
1
. ) Fig. 2. CpA vs. Mach Number For 1/4 inch |
Cubes (From Ref 10: 84)

Dunn and Porter (Ref 6:13) and Jones (Ref 15:722), in other
cubg drag studies, also assumed random orientation of the cubes in
flight.

Van Caneghem and Pless, in summarizing the results of a
round-robin armor material evaluation by eight Department of Defense
weapons ranges, noted that cubes were not randomly oriented at
impact (Ref 27:22). The primary purpose of this testing program was

to establish ballistic limit standardization procedures with spheres

and cubes. Only two of the eight ranges kept r.cords of impact
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orientation, but these ranges showed a much higher incidence of flat
impacts. Therefore, the study concluded that random impacts (equal
probability of the three predominant orientations (flat, edge, and point)
were not achievable and recommended that cubes not be used for frag-
ment studies (Ref 27:5). It was also noted that ballistic limit values
varied widely among the ranges for cube impacts, whereas, ballistic
limits were in close agreement with sphere impacts. This result
demonstrated the influence of cube orientation on ballistic penetration
(Ref 27:5).

It should be noted that all cube studies mentioned previously
employed only smoothbore barrels. No attempt was made to stabilize
the cubes or predict their orientation. Hansche and Rhinehart launched
their cubes from . 30 and . 50 caliber smoothbore barrels by stuffing
wads of cloth behind the cubes to act as pushers (Ref 9:83). Dunn and
Porter used a similar method to launch the cubes (Ref 6:13).

Ewing designed a square-bore cube launcher, but his intention
was to devise a means of avoiding sabot contamination of targets
placed close to the gun muzzle (Ref 7:5). Whiteford and Reagan used
this gun to study the penetration characteristics of three sizes of
cubes fired into wallboard, but no correlation to cube impact orienta-
tion was made (Ref 29:9).

Purpose
All of the cube studies performed to date have accepted the

inevitability of a tumbling cube and the inability of the testing agency

o R T
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to accurately predict the orientation of the cube at impact. If it were
possible to accurately predict the orientation of the cube at impact, a
wealth of knowledge could be gained about the characteristics of various
armor materials under fragment impact.

The purpose of this study is to develop a method of predeter-
mining impact orientation of cubes for materials testing and to examine
several armor materials for ballistic limits under the three predomi-
nant impact orientations. In conjunction with this testing, drag coef-

ficients for the three orientations will be determined.
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11, Theorx

Spin-Stabilization of the Cubes

It is an established fact among ballisticians that a projectile

fired from a gun maintains its stability because of the spin imparted to
it by the rifling in the barrel. Without this spin-stabilization, the pro-
jectile tumbles in flight and tends to assume an orientation of maximum
drag (Ref 5:65).

When spin is imparted to a projectile, other forces and
moments are added to the original lift and drag forces. References
17, 18, 19, and 30 thoroughly examine the forces acting on a spinning
J projectile. These forces and moments, in practice, are determined

experimentally and suitable force and moment coefficients are intro-

duced into the stability equations.
A simplified approach to the stability problem states that, for
stability of a spinning projectile, the stability factor, s, must be equal

to or greater than one. The stability factor is defined as o

s = 221
4Cu (Ref 30:27) (1) i
where B is the axial moment of inertia of the body

@ is the projectile spin in rad/sec

C is the transverse moment of inertia of the body

p is the coefficient of overturning moment. This is a !
proportionality factor between the overturning moment,

N, and the angle of yaw, § , where N= psiné. '

7
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¢

Wind tunnel tests or a series of yaw cards can be used to deter-
mine the coefficient, #, for standard projectiles, however, there is
no way to determine the exact motion of a cube as it moves along its
trajectory. The tri-dimensional symmetry of the cube prevents any
study of its motion in flight using yaw cards.

The simplified theory of a sleeping top is often used to deter-
mine minimum spin for the stability of a projectile in flight. This

stability equation states, that for a spinning top to be stable,

2 4Cmga
mZ—Biﬂ—

where w is the minimum spin rate in rad/sec

(Ref 26:440) (2)

C is the transverse moment of inertia of the body
mg is the weight of the top acting through the mass center
o is the distance from the mass center to point of
contact with the surface
B is the axial moment of inertia of the body.
This equation may be adapted to a spinning projectile by sub-
stituting the drag force, D, on a projectile for the weight term, mg,
and letting o be the distance froin the mass center to the center of

pressure on the projectile. The equation thus becomes

2 > 4C0a
8

@
(Ref 26:441) (3)

Eq (3) was used to determine the barrel twist required to

stabilize the cubes in flight so that launch and impact orientations
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would be identical. .Appendix C details the calculations for determining
the {wist required for each of the predominant orientations. Using the
standard one-quarter inch cube dimensions and mass, the required
twists were computed to be one turn in 37 inches for flat impact, one
turn in 31 inches for edge impact, and one turn in 28 inches for point
impact. A barrel with one turn in 28 inches was chosen for the test
firings.

Determination of Cube Impact Orientation

The orientation of the cube at impact can be determined by
placing a yaw card immediately in front of the target. Measurement
of the perforation silhouette reveals the impact orientation of the cube.
Fig. 3 illustrates silhouettes of the three perfect orientation positions:
flat, edge, and point. The exact orientation of any cube impact can be
determined by applying a trigonometric solution.

Impact orientation is expressed as a function of three angles

formed by the three orthogonal edges of the cube with the yaw card

FLAT EDGE POINT

Fig. 3. Yaw Card Impact Silhouettes
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"YAW" CARD PLANE

Fig. 4. Cube Impact Orientation Angles

plane. Fig. 4 illustrates these angles. By convention, the angle §
will always be the smallest angle; the angle ¢, the intermediate
angle; and the angle ¢ , the largest angle.

The cubes do not hit perfectly flat, on the edge or on the point
every time, so predominant orientations are recorded. From Fig. 4
and analytic geometry it is seen that

cos? (90°-9)+ cos?(90°-¢) + cos? (90°—¢) = 1

2

or SiN® 0 + sin2¢ + sin’e = 1

(4)

A Gaertncr micro-slide comparator was used to measure the

edges of the impact silhouettes and the lengths of the parallel edges
were averaged. A perfectly flat impact yields a square silhouette.

Fig. 5 illustrates the method for determining the impact angles for the

edge and point impacts.




GAM/MC/71-8

For the edge impact 6 = 0° (5) 1
and CcoOs[45-¢] = n
or ¢= 45°—cos" ({}) (6)
and € z90°—~¢ (7N
For the point impact COS 8 = d (8)

!

where d is the longest edge of the impact silhouette and £ is the cube

edge length,

=e
cos ¢ ! (9)

where e is the intermediate edge of the impact silhouette,

YAW CARD

Fig. 5. Determination of Impact Angles for Edge and Point Impacts
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and COS € = -i (10)

where f is the shortest edge of the impact silhouette,
l The calculated impact angles are substituted into equation (4).
The errors in measurement of silhouette edges will cause the summa-
tion to be equal to some number greater or less than one. The equa-
tion must be normalized to force the function value to one. This
causes the angles ¢, ¢, and ¢ to change. The angle # is assumed to
have the least percentage of measured error and the angle ¢, the
greatest percentage of measured error. The normalizing procedure
does not affect this characteristic.

The adjusted angles are now used to determine the predominant
impact orientation. The predominant impact orientation is determined
by examining the error angles relative to unit normal, n, to the yaw
card plane. In Fig. 4 the unit vectors 7, j, and k are coincident with
the edges of the cube. The direction of the unit normal, i, is seen to
be sin@7 + iiﬂé]- + sinek.

For perfect flat impacts, the unit vector k will coincide with

g |

the unit normal n. The vector —{ + —k will coincide with the
vzl 7 V2
0 . ‘ - 1 * ‘ =
unit normal for perfect edge impacts and the vector = + + =
? 8 mmp va' '3l '

will coincide with the unit normal for point impacts. Thus. the angles
between each of these vectors and the unit normal can be determined
by taking the dot product of each of these vectors with the unit normal.
These angles represent the error angles for each of the three impact

orientations. The smallest error angle indicates the predominant

12
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orientation. When all three error angles are equal, there is no pré-
dominant orientation. This occurs when 0= 16.4°%, ¢ = 21.5°, and
€= 62.4°.

It is assumed that the yaw cards have negligible influence on
the orientation of the cube during penetration. Karpov notes that
photographic print paper yaw cards have negligible effects on small
conventional projectiles (Ref 16:14). Greenwood and Maroney con-
ducted tests for the effect of yaw cards on stability factors, but most
of their vvork was done on large projectiles with relatively heavy yaw
cards placed in series of ten cards and more (Ref 8:5).

Determination of Drag Coefficients and Impact Velocities

The equation of motion for a projectile in air can be written in

the form
2
- dv _ PAY
0 =-mqy = Cp 2
(11)
where O is the drag force

m is the mass of the projectile
dv . .
d1 is the acceleration

p is the air density
A is the presented area of the projectile
V is the velocity

Cp is the drag coefficient

This equation may be integrated to give

13
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where v is the velocity at X and v, is the velocity at X, and CD is

assumed to be constant over the velocity range considered.

Knowing the velocities at any two points, the drag coefficient
may be calculated from Eq (12). Using this value of CD’ the impact
LI. velocity,VimP“' , may be calculated from Eq (13) if the distance to

t the target is known.

Other Considerations

Projectile spin has been neglected in determining the penetra-
tion characteristics of the cubes. Krafft used . 30 caliber bullets to
show that sliding friction of a spinning projectile accounts for only 3%
of the energy loss of an impacting projectile. At ballistic velocities, |
the event is of such short duration that friction heat cannot be con-
ducted, therefore, the target metal melts and the surface friction is

reduced to just maintain the interface at the melting point (Ref 20:1248). |

14 =
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1II. Experimental Procedures

One-quarter inch cubes, made from 4150 steel, were launched
from a .50 caliber rifled barrel with a one turn in 28 inches twist.
The cubes were machined to 0.250 % . 003 inches and the masses of
the cubes were 31.0 2.7 grains. The hardness of the cubes was
Rockwell C36 £ 2. One-quarter inch cubes were chosen primarily
because they were the largest that would fit the . 50 caliber barrel in
all three orientations.

Pre-molded lexan sabots were used to hold the cubes in the
three preferred launch orientations. A complete description of the
sabots is given in Appendix B.

The cubes were hand-fitted into the two piece sabots and the
sabots were press-fitted into the . 50 caliber barrel. A dual-threaded
connector was used to attach a . 30 caliber chamber to the . 50 caliber
barrel (sce Fig. 15, Appendix A). A circular disc of five mil (0. 005
inch) mylar was coated on each side with vacuum grease and placed
between the barrel and the chamber. The disc was used to assure a
reproducible build up of gases in the chamber. When the disc ruptured,
an even load distribution was imposed on the sabot. 300 H and H
magnum cartridges were modified to fit the chamber by removing the
neck portion of the casing.

Spin-Stabilization of the Cubes

Preliminary testing to study cube stability was done in the

Fragment Simulator Facility (Ref 1:14). Initially, one hundred cubes

15
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were fired through yaw cards to compare the cube orientation in flight
with the launch orientation. In addition to the one turn in 28 inches
barrel, a oue turn in 15 inches, a one turn in 12 inches and a smooth-

bore barrel were tested. High speed photographs were taken of sabot

separation and cube impact. Numerous sabot configurations were
&ll? tried at this time.

The overall results of this testing showéd that the one turn in
28 and the one turn in 15 inches twist barrels had the highest success
rates. The one turn in 12 inches barrel introduced a spiral trajectory
in a large number of shots due to overspin. The smoothbore barrel
was discarded because of inadequate sabot separation. Some wild
shots were fired from the one turn in 15 inches barrel on the long

range, again, presumabl due to overspin of the projectile. The one

it

in 28 barrel afforded the best control aind success rate.

Ballistic Limits o_f Selected Armor Materials

Ballistic limits were determined for four armor materials:
two homogeneous and two non-homogeneous. The materials tested
were

2024 T-351 Aluminum plate (0. 250 inch, 57.6 oz/ft%)
1030 Hot-Rolled Steel plate (0. 125 inch, 81.7 oz/ftz)
Ballistic felt (0. 50 inch, 6.0 oz/ft%)

12-Layer Ballistic Nylon (19.0 oz/ftz).

R

Initial firings were conducted on a range (Fig. 14) that was

35 feet 7-1/2 inches from gun muzzle to target, with three velocity

16
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screens placed at 12-feet intervals. The distance from the Number 3
screen to the target was 3 f;:et 3-3/4 inches.

At velocities below 1000 ft/sec, it was discovered that cube
trajectories werc erratic and as a result, some shots hit the Number 3
velocity screen holder. The range was shortened to 17 feet 3-1/2 inches
with the velocity screens placed at five feet intervals and no further
problems were encountered. The distance from the Number 3 velocity
screen to the target was 9-1/2 inches. Shot numbers in Appendix D
are suffixed with an "L' or ''S" to indicate Long or Short range firing.

Velocities were determined by measuring the times to traverse
the distances between the three velocity screens. Perforation of the
Number | velocity screen started the timing sequence. Perforation of
the Number 2 velocity screen stopped the first timer and started the
second timer. Perforation of the Number 3 velocity screen stopped
the second timer. The velocity ratio of V1 and Vz was used to calcu-
late the drag coefficient and predict the impact velocity. Velocity i
screen distances were measured before and after each day of firing
and no deviations were noted.

If a cube hit the target in an orientation other than its launch
orientation (as determined from the yaw card), this data was used for
the ballistic limit study under the actual impact orientation. It was
assumed that the orientation of the cube did not change appreciably

between the last measured velocity position and the target, thus the

velocity drop to the target was calculated using the appropr.ate drag

17
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data for that orientation, Eq (13) was un;sd for 2!1 vimpact calcula-
tions.

VSO ballistic limits (as defined by the Ballistic Research
Laboratories) were determined for all the materials. The criteria for
a v50 ballistic limit is that the probability of complete penetration of

the target i= 50%. The VSO value is obtained by taking the five highest
partial penetration velocities and the five lowest complete penetration
velocities within a 125 ft/sec spread and averaging the ten values (Ref
4:10).

A 0.020 inch 2024-T3 Aluminum witness plate is placed six
inches behind the target material to provide the protection criteria.
Penetration of the witness plate (such that daylight can be seen) by the
projectile or target debris qualifies as a complete penetration. Failure
in penetration of the witness plate is a partial penetration (Ref 4:8).

In some cases, especially in the lower velocity range, it was not possi-
ble to obtain the required ten shots. Such deviations are noted in the

Results and Discussion section,

Determination of Drag Coefficients

Eq (12) was used to compute the coefficient of drag, C for

D'
the three orientations. Only shots with identical launch and impact

orientation were used in determining C The Mach Number was com-

Du

puted using the projectile velocity at the midpoint in the trajectory,

that is, the mean value of Vl and V2 velocity measurements.
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Velocity losses in velocity screen penetration were considered
negligible. Hansche and Rhinehart used similar screens and found by
ballistic pendulum tests that t.he velocity loss per screen was approxi-
mately three feet per second (Ref 9:83). Several shots in the current
study were fired through the three velocity screens with a dummy
screen set up between Number 2 and Number 3 velocity screens. Velo-
city drop was compared for shots fired with and without the dummy
screen and the screen loss was found to be approximately six feet per
second. These shots were fired in the 1500-1600 ft/sec velocity range.
This velocity loss was considered negligible in light of other probable
errors in velocity measurements.

It was assumed in the drag calculations that the presented area
for each launch orientation remained constant throughout the trajectory.
The Results and Discussion section will discuss this assumption more

fully.

19
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IV. Results and Discussicn

Spin-Stabilization of the Cubes

A total of 273 cubes were fired in this study, The successful
launch rates for each of the three orientations were flats, 89%; edges,
58%; and points, 49%. It was originally fel: that the stability would be
much better at the higher velocities, but examination of Figs. 6, 7,
and 8 reveal that no real ntrengt}.x can be given to this assumption.
Table I gives the percentage of each type of impact for specific launch

orientation.

Table I

Impact Orientations for Specific Launch Orientations

Flat Launch (92) Edge Launch (95) Point Launch ( 86)
Point 1% Flat 9% Flat 14%
Edge 10% Point 33% Edge 37%
Flat 89% Edge 58% Point 49%

Tables lII-V in Appendix D list each shot by launch orientation
and give impact angles and predominant impact orientation. The pre-
fixes "F'', "E", and '"P'" designate flat, edge, and point launches,
respectively.

The original intent of this study was to maintain a five degree
tolerance on the intended perfect impact angles, but it was observed

very early in the study, that except for the flat launches, only a small

20
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Fig. 8. Point-Launched Cube Success Rates

percentage of the shots would be successful. The concept of the error

angles introduced in Section II allowed all the shots in the series to be 3
used for the ballistic limit study.

Yaw cards were used to determine the orientation of the cubes
at impact. Opposite parallel edges of the perforation silhouette were
measured to three significant figures with a Gaertner micro-slide com-
parator and the average value for each pair of edges was used to com-
pute the impact angles.

The impact angles were computed from Eqs (6), (7), (8), (9),
and (10). When the three error angles are equal, that is, no predomi-
nant orientation, the three impact angles are 0 = 16. 40, é=21. 50, and
€ = 62.4°. The standard cube edge dimensions of 0.250 inch were

used in all calculations of impact angles, rather than the actual cube

22




GAM/MC/71-8

dimensions of 0.250 £ . 003 inches. The error introduced by this
assumption allowed the no-predominant-orientation impact angles to

vary as follows:
12.5°< 0 < 18.6°
19.7°< ¢ < 23.2°
62.1°< € < 62.8°

Ballistic Limits 2{ Selected Armor Materials

Table lla gives the overall results of the v50 ballistic limit
testing program. Tables IX-XX in Appendix D give the tabulated
results of the VSO ballistic limit testing.

Figs. 9a, 9b, 9c, and 9d provide a comparison of cube pre-
sented area versus the irnpa;:t velocity for the four materials. The
dashed line represents the estimated boundary between complete and
partial penetrations, thus the ballistic limit of the materials for vary-
ing presented areas. With the exception of the flat impact for the
layered nylon (Fig. 9d), the ballistic limits (Table 1Ib) are in close
agreement with values listed in Table Ila.

Examination of the data points reveal that the presented area
is not the controlling factor in ballistic limits determined with cubes.
Rather, it is the shape factor or geometry of the impacting cube.

It should be noted tlat this method of ballistic limit determina-

tion gives a much better indication than the flat-edge-point concept of

the V50 determination, of the actual ballistic limits of the material.
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d. Unbonded Nylon (12-layer)

Impact Velocity ve. Presented Area
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{ . Table Ila
' V., Ballistic Limits of Selected Armor Materials
|
2024 T-351 1030 Hot-Rolled Ballistic Ballistic
Aluminum Steel Felt Nylon
(0. 250 inch) (0. 125 inch) (0.5 inch) (12-layer) - |
Flat 1470 1632 911 (8) 998 (8)
‘ Edge 1701 1693 748 721(8)
| Point 1765 1719 (6) 760 (2) 738(8)
1}
i * Note: All velocities are in ft/sec. ( ) indicates ten shot series
not obtainable. g 1
Table IIb )

Ballistic Limits of Selected Armor Materials
Based on Presented Area at Impact

2024 T-351 1030 Hot-Rolled DBallistic Ballistic
Aluminum Steel Felt Nylon

i (0. 250 inch) (0. 125 inch) (0.5 inch) (12-layer)
' Flat 1430 1620 930 1170
Edge 1685 1720 755 775
Point 1755 1685 815 760
i Minimum 1430 1620 750 700

(- . A better approach than the V_  method might be to take the

50

| lowest velocity value on the ballistic limit curve and establish a 50

‘ ft/sec band on either side of this point with the requirement for at

least five complete and five partial penetrations to lie within this band. 1

o

In some cases, a ten shot V__ ballistic limit could not be esta-

50
blished. This was especially true in the case of the point impacts,

where the success rate was low enough to require an excessive number :

of shots. 4

26 4




GAM/MC/71-8

at velocities above the ballistic limit, the shearing becomes less sig-
nificant (Ref 14.29).

The range of ballistic limits for the three cube orientations
impacting the thinner steel plate is smaller than was observed during
the aluminum impacts. In this case, the point and edge impacts had
nearly penetrated the plate before the shearing forces on the cube
perimeter reached a maximum. Cube deformation was noted for all
cases of steel impacts, with edge and point impacts exhibiting the
greatest deformation. Little or no deformation was noted for cube

impacts against the aluminum target.

The non-homogeneous materials, such as ballistic felt and
layered nylon, exhibit'ed ballistic limit velocities that were higher for
the flat impacts and lower for the edge and point impacts. It is theo-
rized that, during flat impact, energy was absorbed by the stretching
of the fabrics before rupture, whereas, the edge and point impacts cut
and separated the fibers as the cube passed through the material.

Figs. 10a and i0Ob are plots of ballistic limits obtained by
Cressmer (Ref 4:22-26) using the standard fragment-simulators to
evaluate one-quarter inch 24S-T Aluminum plate and layered (unbonded)
nylon. He used the standard .15, .22, .30, .45, and .50 caliber frag-
ment=simulators with the masses of the projectiles ranging from 5. 8
grains to 207 grains., A comparison of the 31 grain cube ballistic
limits show a higher ballistic limit value for the aluminum and a lower

ballistic limit value for the nylon than Cressmer obtained with the

28




GAM/MC/71-8

[ | v b | | | | g - | v v v v ) 4
: 17oo} A -
| ' ' O FRAGMENT SIMULATOR
1600 O CUBE-FLAT IMPACT 1
le ) -
» e o _ ACUBE-EDGE IMPACT
. s OCUBE-POINT INPACT 1
C ) '300!- r
e
<
& 12001 4
>S tiool y
1000} -
900} J
800+ 4
7°c I 1 B Il | 1 M | 1 1 [ 1 'l 2 1
© 10 20 30 40 50 60 70 60 90 100 10 120 130

PROVECTILE MASS (grains)

L Fig. 10a. Ballistic Limits of 0. 250 inch Aluminum Plate Using
Fragment-Simulating Projectiles and Cubes

L] Ld v L] T v ) ¥ 1§ T ) 4 ¥ L

O FRAGMENT SIMULATOR

O CUBE-FLAT IMPACT -
A\ CUBE- EDGE IMPACT

OCUBE- POINT IMPACT -

Vgg (f/sec)

1o 60 70 80 90 100 110 120 130

PROJECTILE MASS (greins)

- Fig. 10b, Ba)listic Limits of 12-Layer Unbonded Nyion Using
Fragment-Simulating Projectiles and Cubes

29




GAM/MC/71-8

fragment-simulators. The JIBAC study obtained a ballistic limit
against 2024-T351 Aluminum plate of 338. 6 meters per second (1111
ft/sec) for 64 grain cubes (Ref 27:17). The cubes were launched in a
predominantly flat orientation, and approximately 72% of the cubes
impacted in a predominantly flat orientation with no attempt made to
control the orientation of the cube. This indicates that, for the mate-
rials tested, the fragment-simulator is a more efficient penetrator
against homogeneous materials than cubes, but are less efficient
against the non-homog‘eneous fiber materials.

A comparison was made between the change in momentum per

unit area for the flat-faced cube impact and the fragment-
simulator impact. Only the flat face area of the fragment simulator
was considered in the calculation. Assuming that the projectile velo-
cities went to zero at impact, that is, all momentum was transferred
to the plug, it was seen that the net momentum transfer per unit area
for the cubes (both 31 and 64 grain) were only 60% of the net momentum
transfer per unit area for a simulator of equivalent mass, thus giving
higher ballistic limit values for the cube impact.

An attempt was made to correlate the ballistic limit data for
cubes with the penetration model of Heyda (Ref 11). Heyda investigated
the penetration of thin aluminum and steel plates by steel cylinders.
However, the critical factor in Heyda's model is the target thickness
to projectile length ratio. His theoretical model does not hold for a
ratio in the range of 0.5 or greater. Neither of the homogeneous targets

satisfied this criteria.
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Determination _o£ Draj Coéfﬁcientl

Figs. 11, 12, and 13 on the following pages illustrate the varia-
tion of CD with Mach Number for the three cube orientations. The com-
plete results are tabulated in Table VI-VIII in Appendix D.

The general shape of the drag curves was determined by the
superposition of all the data points from the three launch orientations.

It was assumed that the shape of the curve was the same for all orien-
tations.

In the calculation of C_, it was assumed that the cube presented

D
area ta launch remained constant throughout the trajectory and the data
points in Figs. 11, 12, and 13 reflect this assumption. The solid lines
are the drag curves based on this assumption and the actual measured
cube presented areas at launch.

The standard cube presented area for the flat orientation may
vary from 4. 34 x 10.4 ftz (perfect flat orientation) to 6. 68 x 10-4 ftz
(no predominant orientation, i.e., all three error angles equal). Like-
wise, the edge-orientation presented area (Fig. 12) may vary from

2 to 7.16 x 10-4 ft2 and the point-orientation presented

2

5.57'x 107" £t
-4 -4 2

area (Fig. 13) may vary from 6.68 x 10 " ft to 7.53 x 10 ~ ft (perfect

point orientation). The dashed lines indicate the limits of CD for the

variance in presented area.

The lower limits of C., based on the maximum presented area

DD
for the flat orientation (Fig. 11) lie near the lower limits of the figure.

_l
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The high percentage of perfect flat impacts (57%) and the overall suc- =

cess rate (89%), indicated that the cubes were quite stable in the flat
orientation, hence the large possible variation in presented area was
ignored.

The drag curves reveal that the coefficient of drag is greatest
for the flat orientation and least for the point orientation. The drag

! force, D, which is a function of the product of C_ and A, is greatest

D

for the point orientation. It would seem logical to assume that the

cube would tend to fly at this orientation of maximum drag. However,

the experimental results show that this is not the case.

This anomaly can best be explained by observing how the center

1 ' el Attt e it S et St St

of aerodynamic pressure affects the flight of the cube. During point-

forward flight orientation, the center of pressure slips across the three
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forward faces of the cube as it spins, hence the cube is not stable, but
f gyrates continually as the center of pressure shifts,
The center of aerodynamic pressure on the edge orientation

shifts between only two planes, which causes the cube to rock about

the leading edge and retain some degree of stability.

The center of pressure on the flat orientation moves freely

e

about the leading face, but rarely goes off the face. Thus, the flat
orientation is the most stable, despite the lowest drag force of the
three orientations.

i The twist calculations using the Hansche and Rhinehart data

[ was compared to the experimental data of this study. The maximum

value of CD and presented area for each of the three predominant ori-

entations was taken from Figs. 11, 12, and 13, and substituted into

Eq (14), Appendix C. The following values of CDA were used:
CpA(Flat)  =7.31x 1074 g

CpA (Edge) = 8.37 1074 ¢

9. 04 x 1074 ftz.

CDA ( Point)

The required twists were computed:

one turn in 39.6 in.

Twist ( Flat)
Twist (Edge) = one turn in 31.2 in.

one turn in 27.1 in.

Twist ( Point)
The influence of the velocity screens on cube stability needs to
be considered. It was noted that, in almost all instances, the velocity

screen perforation silhouettes were consistent with the impact silhouette.
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Shots that were bad initially (at the first velocity screen) were consis-

tently bad impacts. If the cube passad through the velocity screens in

its launch orientation, the impact silhouette was equally consistent.

It is felt that the veloci.ty screens may have had some influence on cube
stability, but a more critical consideration was the cube-sabot separa-
tion,

The sabot fit into the barrel was necessarily tight so that maxi-
mum spin effect could be derived from the rifling. The cube-gabot fit
was also snug so that the cube would not fall out of the sabot during
insertion into the barrel. Examination of the sabot impact pattern in
the sabot catcher showed that the cube-sabot separation was not always
symmetrical. It was felt that, in these cases, the tight fit and squeez-
ing effect of the barrel caused the cubes and sabots to stick together
long enough to perturb the cube orientation. Several sabots were
recovered with definite cube impressions in the pockets.

This study has not been able to definitely answer the basic ques-
tion of cube spin-stabilization. The preliminary testing definitely demon-
strated that it is possible to overspin the cube and destroy the trajectory,
while smoothbore launchings were not acceptable due to insufficient sabot
separation. The method presented in this study provides positive sabot
separation, adequate trajectories, and acceptable cube impact orienta-
tion predictability. However, it is not clear whether the improvement
in orientation predictability was due to spin stabilization of the cube or
due to cleaner separation characteristics of the sabot as a result of the

epin.
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V. Conclusions and Recommendations

Conclusions

While the launch method used in this study is not presently 100%
effective in achieving desired cube impact orientation, it has been
shown that an acceptable level of success has been achieved by launch-
ing the cube-sabot combination from a rifled barrel.

This study has demonstrated the basic feasibility of using cubes
as fragme'nt-lixnulntors. While the standard fragment-simulators are
a more efficient penetrator of homogeneous materials and thus give
lower ballistic limit velocities than cubes of the same mass, hence,
better protection criteria; the use of these projectiles against fibrous
materials does not give a reliable indication of their resistance to
penetration. The results of this study show that ballistic limits are
dependent on cube orientation but are independent of presented area.

VSO ballistic limits can be determined for each of the three pre-
dominant cube orientations and this information used to define the pro-
tection criteria for various armor materials. An alternate approacﬁh
ioﬂto ;ief’me the ballistic limit by considering the minimum penetraticn
velocity under all orientations.

The drag data of Hansche and Rhinehart (Ref 9) is only valid

*

for cubes with point orientation. The flat orientation product, C

DA'
obtained in this study ig considerably less than the C_A product deter-

D
mined by Hansche and Rhinehart (See Fig. 2).
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The present method of low velocity launching results in many

wasted shots because of the erratic velocity behavior. Velocity varia-

tions of 200 ft/sec with identical powder loads were not uncommon.

Recommendations !

The following recommendations are based on the results and
experimental methods of this study:

a. Additional armor materials should be evaluated with cubes
.and comparisons made with the standard fragment-
simulator data.

b. Consideration should be given to the adoption of the ballis-
tic limit method for cubes discussed in this study in lieu
of the current V__ standard.

50
c. A system should be designed for launching the sabot in a

conventional manner to provide better velocity control at
velocities below 1000 ft/sec. Pressing the sabots into the
casings should solve part of this problem.

d. Further testing should be done with a barrel with a twist of

y one turn in 20-22 inches to examine cube-gsabot separation

and cube stability,

e. Further experimentation with the sabot pocket design
should be considered to achieve better cube-sabot separation.

f. A "soft" velocity measuring system should be developed to

avoid possible perturbation of the cube orientation by velo-

city screen penetration.
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g. The motion of the cube in flight should be studied with

{ sequence photography. Cubes could be marked with various
designs on the faces to study their stability. .

h. Studies should be conducted with cubes launched in a
vacuum to determine if aerodynamic forces have any effect
on cube stabilization.

i. Additional drag studies should be conducted in the Mach

2.0 to 4. 0 velocity range.
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Appendix A

De lcript.ion of Equipment

The Air Force Materials Laboratory Terminal Ballistic Facility,
located in Buildings 44 and 56, Area B, at Wright-Patterson Air Force
Base, Ohio, was used for all testing in this study. The ranges are
operated by the University of Dayton Research Institute under Air Force
contract.

The Fragment Simulation Facility, located in Building 56, was
used for the early part of thisa study to determine the feasibility of pre-
ferred orientation cube launchgs (Ref 1:14). Range Number One of the
Conventional Projectiles Facility, located in Building 44, was used fox
the drag and ballistic limit studies (Ref 1:7). The range equipment
consisted of the gun, sabot catcher, velocity measurement system,
yaw cards, and photographic system. Fig. 14 illustrates the range

layout.

Gun

The gun used was a . 50 caliber barrel rifled for one revolution
per 28 inches of projectile travel. The 48 inches long barrel was
mounted on a steel I-beam by means of two yoke-type pipe vises with
the jaws modified to hold the barrel. The barrel was shimmed to align
its optical axis with the target. The 300 H and H Magnum casings were
loaded with Hercules Unique powder and percussion fired by a remote

control electric solenoid. Fig. 15 illustrates the gun configuration.
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Sabot Catcher

A 20" x 23" x 7" wooden frame packed with several layers of
one-half inch thick ballistic felt was used as a sabot catcher. The
frame was placed six feet from the gun muzzle. The center portion of
the frame was removed and a four inch diameter steel pipe was inserted
to provide additional separation for the sabot pieces and to prevent

velocity screen contamination by the sabot pieces.

Velocity Screens

The velocity screens were composed of 0. 5 mil (0. 0005 inch)
mylar sandwiched between two sheets of 0.5 mil (0. 0005 inch) alumi-
num foil. A potential of 600 volts was applied across the screens,
which triggered an electric pulse when the screens were perforated by

the projectile.

Chronographs

Projectile velocities were determined by measuring the time
required to traverse the distance between three velocity screens,
which were placed twelve feet apart on the long range and five feet
apart on the short range. Perforation of velocity screen Number 1
started the Eldorado Electronics Model 1410-R5 Universal Counter
Timer. Perforation of velocity screen Number 2 stopped the Eldorado
Counter and started the Beckman Universal EPUT and Timer, Model

7360A. Perforation of velocity screen Number 3 stopped the Beckman

timer.
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Yaw Cards

Standard photographic print paper was used for the yaw cards.
The cards were placed five inches in front of the target material,
with the emulsion side facing the gun. The impacting cube shears the
emulsion from the paper leaving a perfect silhouette of the cube orien-
tation at impact. Yaw cards were also placed in the velocity screen
holders to study cube orientation along the flight trajectory during the

initial testing.

Photographic System (Ref 1:12)

Impact orientation photographs were made with a Burke and
James View Camera, operated in the '"open shutter'' mode, and a
Beckman and Whitley Model 5403 Dual Flash Lamp. A Polaroid maga-
zine was mounted on the back of the camera. The flash lamps were
of one microsecond duration and were triggered by perforation of
velocity screen Number 3. Sabot separation photographs were also
made with the above equipment. The triggering system was provided

by photo-electric cells positioned at the gun muzzle.
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Appendix B

Description of Lexan Sabots

Lexan sabots were designed by the University of Dayton

Research Institute and manufactured by Browder Industries of Dayton,

Ohio. Fig. 16 illustrates the overall dimensions of the unpocketed
sabot. Three types of sabots were molded to hold the cubes in each
of the three preferred launch orientations.

Two sabots were cut from each unfinished sabot unit. The
length ot the serrated section was found to be extremely critical for
good sabot separation. Numerous modifications were performed on
the sabots before arriving at the final finished configuration in Figs.

17, 18, and 19. The sabots were turned on a lathe to the dimensions

]

noted.
< 2.500"
¢ 0.500" >} 1.500 ——<-o.soo“-q

A

Fig. 16. Unpocketed Launch Sabot
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Fig. 17. Flat-Launched Cube Sabot Configuration

Fig. 18. Edge-Launched Cube Sabot Configuration
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Fig. 19. Point-Launched Cube Sabot Configuration

All rough edge's and corners were removed with a knife to pre-
vent the cul:e from '"hanging up" in the sabot. The flat and point-
launched sabots required no further alterations, however, it was found
necessary to remove the corners at the base of the "V" pocket in the
edge-launched sabots. Without this modification, the rear corners of
the cube would catch on the sabot pocket and the cube would be launched
in other than the edge-on configuration.

Sabot separation from the cube was accomplished by a combina-
tion of aerodynamic drag and centrifugal forces initiated by the pro-
jectile spin.

!
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where

lations.

of the cube is:

where

Appendix C

Solution of the Projectile Spin Equation

The equation for projectile spin stability can be written as

v

™ T . 2
8 28

(3)
is the minimum rate of spin in rad/sec

is the transverse moment of inertia

is the drag force

is the distance from the mass center to center of
pressure (assumed to be on the leading face for
flat orientation, on the leading edge for edge ori-
entation, and the leading point for point orientation)
is the axial moment of inertia

is the drag coefficient

is the density of air

is the projected surface area

is the velocity.

The standard cube dimensions and mass were used in all calcu-

The moment of inertia about any diagonal through the center

é (Ref 22:399, Ref 24:161)

is the mass

is the length of the cube edge
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A sample calculation for the launches using the maximum value
of CDA obtained by Hansche and Rhinehart (Ref 9:84) and plotted in
Fig.! 2 is presented below. Note that the twist required is independent
of velocity.

Twist will be defined as length per revolution, thus

f fr/sec
TWIST( ) = ;
s rev/sec [0.1592 rod/rcv]
= 6,287

2 _ 3945V2 2CpApV 2ca
TWIsT2 82

. m!? 2
C = B = T = ‘.023 slug—ﬂ

-3
Psrp = 2.3769 X 10 slug/h3

-2
Twist ¢ 0:2878 X 10 “;

V CDAO (14)

From Fig. 2, CDA = 8.25 x 10-4 ftz and the distances from the

center of aerodynamic pressure to mass center are

2FLAT = 0.0104 ft. and TWIST = one turn in 37. 3 in.
2EDGE = 0. 0147 ft. = one turn in 31.3 in.
2POINT = 0. 0180 ft. = one turn in 28. 3 in.

e
—




R

PR T

GAM/MC/71-8

Appendix D

Experimental Data

This appendix contains experimental data from the impact ori- -
entiation studies, the drag studies, and the ballistic limit testing.
Shot number prefixes indicate the cube launch orientation: "F'" - Flat,
"E" - Edge, and ""P" - Point, Shot number suffixes indicate long (L)

or short (S) range firings.

Impact Orientation Study

Tables I1I-V tabulate impact orientation angles and presented
impact area for each shot. The error angle concept described on
page 12, Section II, was used to determine predominant impact orien-
tation. Shot numbers F-71S, E-26L, and E-40L did not have yaw cards
in place. The computer program was run on the IBM 7094 computer.

The Fortran statements for this program are on pages 54 and 55.

Drag Studx

Tables VI-VIII tabulate the drag coefficient, C_, as a function

D
of Mach Number. Only shots with identical launch-impact orientation

were tabulated.

Ballistic Limit Study

Tables 1X-XX tabulate the results of the ballistic limit testing
against the four armor materials mentioned on page 16, Section III.

Complete or partial penetrations are evaluated under the protection
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criteria on page 18, Section III. No.te: * indicates shots used for

ballistic limits.
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