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FOREWORD

The Chief of Naval Material Command (CNM) assigned to a group of
Navy laboratories a program on Soviet ship vulnerability. one of these
laboratories was the Naval Weapons Center (NWC), China Lake. Calif. As a
part of the Soviet Ship Vulnerability Program (SSVP), a serics of technology
homework work unit plans were conducted. This program on effect of nose
shape on penetration by a projectile was one of these technology homework
programs conducted ut NWC and under contract at the Denver Research
Institute.

The work on this task was accomplished by the Denver Research
institute under Contract No. N00123-69-C-1970. This work unit was funded
by CNM through Naval Air Systems Command AirTask
A-350-5321/008B/3F32-353-501. g

This report has been reviewed for technical accuracy by M. H. Keith and
is released at the working level for information only.

Released by Under authority of
M. M. ROGEP.S, Head F. H. KNEMEYER, !lead (Acting)
Weapons Systems Analysis Division Weapons Development Department

13 December 1973
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ABSTRACT

Target vulnerability analyses consider ballistic penetrators which
have various nose shapes. Nose shape often undergoes changes during
the target penetration process due to deformation. It i{s important
that the effects of nose shape upon ballistic perforation dynamics be
known and accounted for in vulnerability analyses. An experimental
firing program was conducted in which rigid penetrators having thkree
different nose shapes were fired against steel plate. Experimental
data generated concerned ballistic limit velocity, residual velocity,
and ricochet obliquity. Experimental data were compared with predictions
of analytic models. The prediction models were modified to reflect the
results of experiments.
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NOMENCLATURE

Exponential coefficient, dimensionless

(22,)

Coefficient in Vg, equation; = T {n 6(52)1/2
4
Plate hardness, Brinell hardness number

, ft/sec

Exponent in empirical Vgn equation, dimensionless
Coefficient in empirical V5p equation, ft/sec

Coefficient in VY50 equation; (0.0396/(EQ)1/2; for steel
plate = 0.000305), dimensionless &

Projectile diameter, inch

Base for natural logarithms, dimensionless
Young's Modulus of plate material, lblin2
Young's Modulus of projectile material, lb/in2
‘“laximum elastic energv in projectile, in-1b

Dvnamic sliding coefficient of friction ( 0.01), dimensionless;
Also used to denote '"function of:

Gravitational constant (386), 1n/sec2

Parameter, descriptive of false nose formed on projectile,
dimensionless

Plate material bulk modulus, lblinz; also used in ricochet
model as a constant of portionalitv, dimensionless

Effective length of projectile, inch
Natural logarithm, dimensionless

Projectile weight, 1b
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M

Vson
Vsondb

(VSOn)s

5}

Weight of plate plug, 1b

The fraction (V5gn - V50ny)/(V50ng ~ V50np) at o = g,
dimensionless; also used as empirical co.stant in ricochet
model, dimensionless

Projectile hardness, Rockwell C scale

Plate thickness, inch

Projectile impact velocity, ft/sec

Ricochet velocity component parallel to plate surface, ft/sec
Ricoéhet velocity component normal to plate surface, ft/sec
Residual velocity, ft/sec

Ballistic limit velocity, ft/sec

Ballistic limit velocity at normal incidence, ft/sec

Voon for blunt rigid projectiles, ft/sec

Voo, for sharp rigid projectiles, ft/sec
Projectile weight (same as Mp), 1b
Weight of equivalent projectile, 1b

Deviation from (V ft/sec

50n)s’

Deviation from (V5 ft/sec

ﬂn)b’

ry
Z = E»[-*—J;——} ! ~, dimensionless
m ot 2E
1+ =
a
Half angle of projectile conical nose (effective conical half

angle of non-conical nose), deg

Valua of o which divides nose angles into sharper and blunter
categories, deg

Total deflection of impact surface due to penetration and
flexure, inch

(VSOn)s - (VSOn? at a = a, ft/sec

Impact obliquitv, measured with respect to plate normal, deg

vii
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Ricochet oblicuitv, measured with respect to plate normal, deg
Specific weight of plate méterial. lh?in3

Specific welght of projectile material, lb/ln)

Static tenslle strength of plate material, lh/in2

Compressive vltimate strength of projectile material, lb/m2

Static compressive shear strength of plate material, lblin2
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INTRODUCTION

There exists a need for a knowledge of the effects of nose shape
upon the ballistic perforation characteristics of projectiles. Vulner-
ability analvses concerned with missile warheads, bombs, penetrating
tvpe projectiles, and projectiles which change nose shape during
perforation due to crushing or fracture must consider the effects of
nose shape upon ballistic limit velocities, residual velocity, and
ricochet angles. Current perforation prediction models analvticallv
define the role of nose shape in ballistic perforation. Data for
correlating these analvtical definitions 1is sparse. It was the objec-
tive of this research effort to experimentally examine the effects of
nose shape upon ballistic perforation and to compare the data thus
generated with predictions of the analytical model. Based upon these
comparisons, modifications to the models would then be made to improve
predictive capabilities where necessary.

A 300-round firing program was conducted in which rigid steel
projectiles having three different nose shapes were fired at three
thicknesses of steel plate. Obliquiiies of 0, 30, and 60 deg were
investigated. The data generated concerned ballistic limit velocities,
residual velocities, and ricochet angles.

Experimental results were compured with predictions of analytical
models. Predictive methods for ballistic limit velocities were modified
to account for unexpectedly dramatic effects of projectile hardness.
These modified methods produce excellent correlations of ballistic
limit velocity and residual velocity data. A model for prediction of
ricochet obliquity was developed.

Reported herein is a description of the experimental procedure
employed during the firing program, a presentation of the experimental
results, and comparisons between predictions of analytical models and
experimetal data.
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EXPERIMENTAL RESULTS AND COMPARISON
WITH MODEL PREDICTIONS

EXPERIMENTAL PROCEDURE

Firing Setup

Special 50-caliber steel projectiles were fired from a standard
Mann Test Barrel having a 15-inch tw'st. The velocity was controlled by
the amount and type of powder used. The projectiles were spin~stahilized
by means of an integral gas seal and rotation band machined on the
projectiles. Yaw cards were empl.yed to monitor projectile stability at
impact. Only data for stable (zero yvaw) projectiles were recorded.
Initial (impact) and residual (post perforation) velocity measurements
were accomplished by systems of contact switches and chronographs.

Projectile Characteristics

Caliber 0.50 projectiles were machined from 4340 steel and heat-
treated to a hardness of Rockwell C 50 to 55. The weight of all test
projectiles was intended to be 410 grains. Due to miscalculations, the
inftial batch of projectiles produced were 445 grains. These were used
in initial test series. All other test projectiies weighed 410 graims.
Projectiles having three different nose shapes were used in the firing
program--two conical-point and one blunt (flat) ended. The conical
points were of 30 and 60 deg interior half angles (a). Figure 1 is a
photograph of the three test projectiles.

FIG. 1. Test Projectiles 0.50 Caliber, 410 Grains, 4340 Steel Heat-Treated to a
Hardness of R¢ 53; Conical Nose Half-Angle (Left to&ight) 30, 60, and 90 Deg.
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Target Plate Malerial

The plate materfal used in the test prog?am was 4130 steel with a
hardness of 220 and 260 BHN. Plate thicknesses used were 0.122, 0.250,
and 0.375 fnch., FEight-inch square plates were firmly clamped into the
target assembly.

Ballistic Limit Velocity Determinalion

The ballistic limit veloerfity (Vsg)--deflned ir this studv as the
impact velocity for which there i{s a 0.5 probability that a projectile
will have zero residual velocity~--was determined by using the six-shot
ballistic limit velocity procedure. Firing was conducted until three
complete and three incomplete perforations were obtained within a
velocitv spread of 100 ft/se¢ or 10% of the ballistic limit velocity
(whichever was lower). These six velocities were then averaged to
obtain the ballistic limit velocity. A complete perforation was defined
as occurring when the projectile completely passed through the plate
(had some measure of residual velocity). This V5g corresponds very
closely to the Navy Criteria Ballistic Limit Velocity. Figure 2 illus-
trates a typical set of Vsg testing data. During the'firing, if a
complete perforation was obtaip.:d, the next test was conducted at a
lower velocitv; {f an incomplcte perforation was obtained, then the
following test was fired at a higher velocity. This practice (within
the limits of producing the desired velocitv changes by means of small
changes in propellent loads) insured staving within the zone of mixed
results once it was found.

Ricochet Obliquity

Limited ricochet tests were fired with the three test projectiles
against 0.250-inch-thick 4130 steel plate at 30 deg obliquity. The
initial velocity was measured by the previously mentioned method. The
angle uf ricochet (defined in the same manner as obliquity; i.e., with
respect to the plate normal) was determined from impacts upon wooden
witness targets. The projectile would ricochet off the target plate
into the wooden witness target, leaving an impact impression. From
the geomet:yv of the plate configuration and the wooden witness target,
the ricochet angles were easily measured by noting the location of the
impression made by the ricocheting projectile. The ricochet trajectory
was essentiallv in the same plane as the cbliquitv angle.
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FIG. 2. Typical Ballistic Limit Velocity Data; 410-Grain, 4340 Steel Projectile (R¢
53). Conical Nose Half-Angle of 30 Deg; 0.125-Inch-Thick 4130 Steel (230 BHN)
Plate, 0-Deg Obliquity.

EXPERIMENTAL RESULTS

Important ballistic perforation parameters which the projectile
nose shape may influence are ballistic limit velocity, residual velocity,
and angle of ricochet. The results of the experimental investigation of
these parameters as functions of projectile nose shape are presented in
the following.

Rallistic Limit Velocity

Ballistic 1limit velocities were determined for fourteen impact
conditions involving various combinations of projectile nose shapes,
plate thicknesses, and obliquities. Table 1 lists the ballistic limit
velocity results of these tests. The projectile nose shape is described
in terns of nose half-angle, (a). Recall that this angle is the interior
half angle of the conical point. A small angle corresponds to a sharp
point, a larger angle to a blunter conical nose. An (a) of 90 deg is
the flat-faced projectile.
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TABLE 1. Experimental Ballistic Limit Velocities Determined for
Rigid Stcel Projectiles and 4130 Steel (230 BHN) Plate.

T, inches | 0, deg | W, grains | «, deg ] V50, ft/sec | Vggn/cos ©
0.125 0 410 30 692 -
0.125 0 410 60 717 -
0.125 0 410 90 651 -
0.125 30 410 30 782 (798)
0.125 30 410 60 787 (827)
0.125 30 410 90 - (750)
0.125 60 410 30 1410 {(1385)
0.125 60 410 60 - -
0.125 60 410 90 - -
0.250 0 445 30 1290 {1 -
0,250 0 450 60 901 -
0.250 0 310 90 893 -
0.250 30 410 30 1422 (1490)
0.250 30 450 60 1232 (1040)
0.250 30 410 90 - -
0.250 60 410 30 - -
0.250 60 445 60 2218 (1800)
0.250 60 410 90 - -
0.375 0 410 30 1536 -
0.375 0 410 60 1193 -
0.375 0 410 90 1297 -

Figure 3 presents normal (0O-deg obliquity) ballistic limit velocity
data as a function of projectile nose half-angle for three thicknesses
(T) of 4130 steel plate~-0.125, 0.250, and 0.375 inch. Seven of the
nine data points represent 410-grain projectiles. The two data points
for the tests with 30- and 60~deg a against 0.250-inch plate were
obtained with 445-grain projectiles. The dashed lines indicate the
trend of the data. The trend line for the 0.250-inch thickness {s
drawn above the two data points for the 445-grain projectiles. As
indicated by the data on Fig. 3, against the thin (0.125-inch) plate,
the effect of nose shape is very slight; the ballistic limit velocities
determined for nose half-angles of 30, 60, and 90 deg show a maximum
difference of 66 ft/sec. Against the thicker plates (0.250 and
0.375 inch), the data indicates a higher ballistic limit velocity for
a nose half-angle of 30 deg as compared to that obtained for half angles
of 60 and 90 deg. Little difference is noted bhetween the data obtained
for projectiles characterized by 60- and 90-deg uose half-angles.
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FIG. 3. Experimental Results; Ballistic Limit Velocity as a Function of Projectile, Nose
Halt-Angles (30, 60, and 90 Deg) Against 4130 Steel (230 BHN) Plate of 0.125-,
0.250-, and 0.375-Inch Thickness, 0-Deg Obliquity. Dashed Lines Show Data Trend.

Figure &4 compares ballistic limit velocity/nose-shape data obtatined
against 0.125-inch thick steel plate at obliquity with data obtained at
normal incidence. This figure contains data points for the a = 30 deg
projectile fired at 30 and 60 deg obliquity and for the a = 60 deg
projectile fired at 30 deg obliquity. The dashed lines labeled 30 and
60 deg obliquity were obtained by multiplying the 0-deg obliquity data
trend line by the secant of the obliquity angle. The oblique data
points correlate very well with these lines. This illustrates that for
projectiles with various nose shapes, the ballistic limit velocity at
obliquity can be closely approximated by multiplying the normal ballistic
limit velocity by the secant of the obliqui:y angle. This procedure
also works well for ogival armor penetrating projectiles and blunt
fragments (Ref. 1).
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FIG. 4. Experimental Results at Obliquity; Ballistic Limit Velocity as a Function of
Projectile Nose Half-Angle; Comparison of Oblique Data With Normal Data; 0.125-Inch
4130 Steel (230 BHN) Plate, 0-, 30-, and 60-Deg Obliquities.

The ballistic limit velocity values experimentally determined for
the a = 90 deg test projectiles were much lower than were anticipated.
Previcus research efforts (Ref. 2) with blunt elongated fragments had
ghown analvtical equations (Ref. 3) for blunt-nosed projectiles to be
very accurate in predicting ballistic limit velocities. The ballistic
limit velocity data obtained for the « » 90 deg projectiles were well
below those predicted by these equations. It became obvious from
inspection nf impacts and perforations made in the target plates that
projectile rigidity had to be playing a major role in the differences
being produced. The rigid (Re 53), blunt (o = 90 deg) projectiles used
in this research effort produced clean, square-bottomed impressions in
the target plates at sublimit velocities. At velocities above the
ballistic 1limit, plate perforations had the appearance of machined-like
holes. Softer (Re = 30) non-rigid fragments, for which the predictive
equations were derived, deform upon impact and expend much more energy
in projectile and plate deformation. To prove that the difference in

experimental ballistic limit veiocities as compared with predictions

v B 0 0 5
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was attributable entirely to projectile rigidity, a test series using
a = 90 deg, 410-grain projectiles having a hardness of Rc 30 was con-
ducted against 0.250-inch steel plate at 0 deg obliquity. This test
series produced a ballistic limit velocity of 1,698 ft/sec. The ballis-
tic limit velocity determined for the Re 53 fragment under exactly the
same conditions was 893 ft/sec. Figure 5 illustrates the physical
difference in the plate and projectile deformations associated with
impacts and perforations by the two types of projectiles. The prcjec-
tiles shown in the photograph are ones recovered after impacting at
velocities just below the ballistic limit velocity. Note the amount of
deformation experienced by the soft (R, 30) projectile. The rigid

(Rc 53) projectiles exhibited no deformation during any of the tests
conducted during this research effort. Compare the plate deformations
for both the incomplete and the complete perforationas. The rigid pro-
jectile, by not deforming, maintains a concentrated shear stress
gradient for promoting plugging. The non-rigid projectile, as it
deforms, becomes a much less efficient penetrator and thereby must have
a much higher impact velocity to achieve perforation.

25() F?(: 5525 cm

"FIG. 5. Effect of Penetrator Harness on Projectile and Plate Daformation at Velocities
Just Below and Above the Bailistic Limit Velocity.
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The stated objective of this project was to study the effects of
nose shape upon the ballistic perforation behavior of rigid projectiles.
The startling Vg results obtained for rigid flat-nosed projectiles
necessitated modifications to the theoretically developed equations for
predicting ballistic limit velocities for rigid prcjectiles with blunt
nose shapes. Prior to this experimental investigation, most data avail-
able pertaining to blunt nose shapes concerned projectiles of a nominal
hardness of 30 Rc. Consequently, efferts to account for nose shape
relied upon data for rigid .armor-piercing projectiles at the sharp end
of the nose-shape spectrum and data for blunt, non-rigid fragments at
the other end of the spectrum. Modifications of the analvtical predic-
tive methods for rigid penetrators of various nose shapes are discussed
in the next section, Comparisons of Experimental Data and Predictions of
Analytical Model (p. 15).

Residual Velocity

Measurements of residual velocity were made for four of the fourteen
test conditions investigated. Figures are included herein which present
projectile residual velocity data as a function of impact velocity.

Also plotted on these figures are the prediction curves of the residual
velocity equation (Ref. 1 and 3) for penetrating-type projectiles.

This equation (which applies to standard armor-piercing projectiles) has
the form:

Vo= v -y (1)

Equation 1 applies to projectiles which perforate plates by displacing
plate material radially rather than by driving a plug from the plate.
For the latter perforation mode (blunt projectiles), the applicable form
of the DRI residual velocity equation includes terms which account for
the momentum of the material ejected from the plate. For the blunt
projectiles (high values of the nose half-angle, o), the DRI residual
velocity equation is:

vV " Vs (2)
r Ms
T
P
where
Mg is weight of the plate plug material, 1b
Mp is weight of the projectile, 1b.

1
1
1
i
|
3
!
i
!
|
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For flat-ended (x = 90 deg) projectiles, Mg is very closely estimated by
the weight of the plate material whict lies in the path of the perforat-
ing projectile, or:

2
Moo= pTd’ T (3)

s 4 cos B

Note that Fq. 2 reduced to Eq. 1 when the Mg term is zero. Ag the nose
half-angle, a, becomes larger (a projectile becomes blunter), there
should be a transition from the penetration mode to the plugging mode
when perforating relatively thin platec. The specific objective of the
residual velocity experiments was to examine the relationship between
Mg and nose shape with respect to accurate residual velocity prediction.
Residual velocity data are presented with the predictions of Eq. 1 (Ms
assumed to be zero) for comparison purposes.

Figure 6 displays residual velocity data obtalned with the sharp
pointed 410-grain, o = 30 deg projectile against 0.125-inch thick 4130
steel plate at 0 deg obliquity. Also plotted on this figure is the
residual velocity prediction curve of Eq. 1. The value used for the Vgg
value is that determined experimentally for this impact configuration.
Figure 6 shows very good agreement between the experimental residual
velocity data and the prediction curve of Eq. 1. Correlation with Eq. 1
indicates that there is very little influence of plate material (Mg)
upon the residual velocity for this impact condition,

3oc0r
i
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g 0
i
! & 2000
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3 1000] — v, '
g .
u !
[-4
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ol - b e B o
0 1000 2000 3000 4000

IMPACT VELOCITY, V, FT/SEC

FIG. 6. Residual Velocity as a Function of Impact Velocity;
0.125-Inch 4130 Stecl Plate (230 BHN); 410-Grain, a =
30-Deg Rigid Projectile (53 R¢), 0-Deg Obliquity.
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Figure 7 presents residual velocity data for the same projectile
but against thicker plate (0.250 inch). These data show good agreement
with the prediction curve of Eq. 1 a4t the lower values of residual veloc-
ity. The deta point at an impact velocity just less than 3,000 ft/sec
is well below the prediction curve. This may indicate that at the
higher velocities even a relatively sharp nose does plug out some plate
material.

§

s ——————— . —

g

RESIDUAL VELOCITY Vv, FT/SEC

4000

7300
IMPACT VELOCITY, V, FT/8EC

FIG. 7. Residual Velocity as a Function of Impact Velocity;
0.250-Inch 4130 Steel Plate (230 BHN): 410-Grain, a =
30-Dcg Rigid Projectile (53 R), 0-Deg Obliquity.

Residual velocity data for the blunter (o = 60 deg) projectile is
shown in Fig. 8. The target plate is 0.125-inch 4130 steel at 0 deg
obliquity. These data also show very good correletion with prediction
of Eq. 1, Plate plugs were recovered from the projectile trap. Figure 9
shows a photograph of a typical plate plug recovered from residual
velocity test series with the (& = 60 deg) projectile and 0.125-inch and
0.250-inch target plates. On Fig. 8, the prediction of Eq. 2 (which
considers the plate plug) 1is also shown (dashed curve). The ratio of
the plate plug mass to the projectile mass (Mg/Mp) is small (0.113) with
this thin plate, and FEq. 2 predicts only slightly lower residual velocity
chan Eq. 1. The effect of the plate plug mass upon residual velocity is
well illustrated by the data obtained with the a = 60 deg) projectile
and the 0.250-inch plate. Figure 10 presents these data together with
the residual velocity predictions of both Eq. 1 and 2. As may be seen,
the experimental data agrees with the prediction of Eq. 2, as it should,
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FIG. 8. Residual Velocity as 2 Function of Impact Velocity;

0.125-Inch 4130 Stcel Plate (230 BHN); 410-Grain, a =
60-Deg Rigid Projectile (53 R¢), 0-Deg Obliquity.

Tlils experimental investigation of the effect of nose shape upon
perforation mode and associated effecL upon residual velocity has shown
that, in the range of plate thickness studied, the (2 = 30 deg) projec-
tile tended to perforate without producing a plate plug and that the
{x = 60 deg) projectile acted in the same manner as a flat-ended
projectile and periorated by the plate plugging process. Allowances
for nose shape when predicting residual velocity are discussed in
detail in the next section, Comparisons of Experimental Data and Predic-

tions of Analytical Model.

Ricochet Obliquity

R LR T WS- 7Y PPy e 2 d g rmacind it KL A ik

Angles of ricochet associated with an impact obliquity of 30 deg
were measure¢ in test firings involving 0.250-inch 4130 steel target
plate and each of the three test projectiles (a = 30, 60, and 90 deg).
Figure 11 presents the ricochet obliquity (0y) data obtained as a
function of impact velocitv. Ricochet obliquity is measured with
respect to the plate normal as is impact obliquity. The data for each
of the three projectiles is differentiated by means of the symbols ;
employed. Note that the ricochet obliquity is large (the ricochet B
direction is nearlyv parallel to the surface of the target plate) at low f
At higher velocities (as the ballistic limit veloc- ;
This occurs as s

e

impact velocities.
ities are approached), the ricochet angle decreases.
the result of plate deformation (flexure and surface penetration}; the ;
i

1

projectile is deflected upward while escaping the impact impression.
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FIG. 9. Conical Nosed Rigid Projectile (a = 60 Deg) and Typical Plate Plugs from
0.125-Inch (Left) and 0.250-Inch (Right) 4130 Steel (230 BHN) Plate; 0-Deg
Obliquity. ;
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Figure 12 1s a plot of the ricochet angle data as a function of the
rati1o of impact velocity to the individual ballistic limit velocity of
the particular projectile involved. Plorting in this manner tends to
group the data and better illustrates the manner in which the ricochet
angle changes with impact velocitv. Datra in Fig. 11 and 12 do not
display anv distinctive differences in ricochet angle due to differences
in nose shape. For rigid projectiles, it would appear from the results
of this study that the angle ot ricochet can be considered as being
independent of nose share. Although this studv was limited to one
impact obliquitv and one plate thickness, if the influence of nose shape
upon ricochet angle was significant, this effect should have been
evident in these experimental results.

COMPARISONS OF EXPERIMENTAL DATA AND
PREDICTIONS OF ANALYTICAL MODEL

In 1970, the Surface Target Vulnerability Program, JTCG/ME (through
the Naval Weapens Center, China lake), supported a research program at
the University of Denver Research Institute {DRI). 1Its objective was
te develop a suitable multiple plate perforation model which could be
used to predict the penetration of large-caliber p.ojectiles, guided
missile warheads, and bombs into ship structures (Ref. 3). This model
incorporates methods fcr considering various projectile parameters such
as nose shape. This present experimental investigation was performed
to obtain data which could be used to improve prediction capabilities
of the ship penetration model (SPM) as related to nose shape. The
prediction models for ballistic limit velocity, residual velocity, and
ricochet obliquity were modified. These models are discussed.

Ballistic Limit Velocity

Predictions of the ship penetration model were inaccurate when
compared with the experimental ballistic limit velocity data generated
in this pregram. This inaccuracv is attributable to the dramatic
influence that projectile deformation exerts upon ballistic limit
velocity. In the original penetration mod2l for rigid penetrators, the
submodel which considered variations in nose shape was based upon con-
siderations of data for armor-piercing projectiles (representative of
sharp penetrators) and fragment-simulating projectiles (representative
of flat-ended or blunt penetrators). Armor-piercing projectiles have a
hardness of 63 R.. Since there was an absence of data fcr rigid, flat-
ended projectiles, fragment simulator data was used. It was felt that
the hardness of these projectiles (29-31 R.) was sufficient to represent
rigid projectiles for the small values of T/d (plate thicknecs/penetrator
diameter) typical during ship penetration. The results of this studyv
illustrate th. strong influence which penetratcr deformation exerts upon

the ballistic limit velocity of steel plates (see previous discussion

related to Fig. S). It has becon shown that rigid projectiles, Lo be
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considered as such, must truly remain rigid (exhibit almost no impact
deformation) and that there can be a dramatic increase in ballistic
limit velocity as projectile hardness decreases.

Based upon the results of the tests with the flat-ended (a = 90 deg)
projectiles, the ship penetration model was modified. In Fig. 13, the
nine circular data points are the same as presented in Fig. 3. The
three triangular points do r.,t represent firing data, but are interpre-
tations of experimental data curves for monobloc projectiles (Ref. 4).
Thev apply to 0.50-caliber, 410-grain rigid projectiles having standard
armor-piercing ogives (equivalent to a conical nose having a nose half-
angle of 14.5 deg; Ref. 3). The three dashed curves shown on Fig. 13
are the predictions of the ship penetration model for 'sharp" rigid
projectiles. This equation (DRI Sharp Projectile Equation) is:

< /o e \ inX
RPN POV TG 750 BN N PRAL Tl “
' sina + fcosa 30n’s sina B
3000 CI7
- - //
2500 . -
' P \
P DRI Sharp
- Projectile Equation
-
2000 -7
H Q¢ P - — _
Q
W
@
-
'S
€ 1500 |- east Squares Dato Fit
B 174
® 075
1000 + 050
V .
S
— ®» 0.25
600 L
& AP (Equivolent g=14.5°)
® Conical Nose
0 I ! 1 1 1 A - ) |
4] 10 20 30 40 50 60 70 80 20
a, DEGREES

FIG. 13. Correlation of Ballistic Limit Velocity Data as a Function of Projectile Nose
Shape; Rigid Steel Projectiles (53 Re): Steel Plate (230 BHN).
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As = increases, the projectile nose geometry changes from '"sharp"
to "blunt."  Obviouslv (frem comparing the prediction of Eq. 4 with the
data points), the transition from "sharp” to "blunt" starts somewheve
between v = 19 deg and 1 = 30 deg, and is essentially complete befcre
a4 = 60 dep (1.e., the experimental results at o« = 60 deg are essentially
the same as at = 90 dez). The three values shown in Fig. 13 for u,
(the c¢ritical nose half-angle) were determined as outlined in the ship
peuetration final report (Ref. 1) (and in the following discussion), and
Are estimates of the boundary between "snarpness' and 'bluntness” (i.e.,
the appearance of plugging during perforation). The three solid curves
in Fig. 13 represent rhe model developed to predict (Vgg)y as a function
of nose shape as characterized by u. Following is a brief description
of the model. {The model will be presented in derail subsequently.)

1. For - 15 dey, tq. & for sharp penctrators is used to predict

(\",0)"-

Joo o Yor 15 dey 1 ug, a computed value of the parameter y (&
linear function of o = 15 deg) is subtracted from the solution
of Eq. 4 o predict (Vsg)g.

3. For ¢ - a - 90 dep, a computed value of the parameter z (an
exponential functisn ot @« ~ ) is added Lo the (V) value
for flat-ended projectiles to predict (Vypp).

4y Tar ao= 90 deg an cquation of the following form {s used to
predict (Vopp):

(Vyng) = Cw/ad)acr/a)b (%)

where a, b, and € are constants which depend upon plate
properties and projectile characteriatics,

Tete that at the lowest /d ovalue (Fig, 13), there s vserv litzle change
in (Vynty with nose whape.  bhata tor lower T/d values are harvd to obtain
due to the low velocitfes fnvolved;, afnce {t was denonsatrated cthat
(Von)p Is fonmkensltive to changes in o at 1/d « 0.25, It was nut neces-
surv Lo perform such low velocity c¢xperimeants.

The data plotted on Hig., 13 pertaln to 1T/d values of 0.25, 0.50
and 0,75, Rigld projectiles which are characterized by low u valueu
tend Lo penctrate by pushilap matertal asfde s0 an to produce a hol2 and
nre referred to as "sharp.”  Rigld project {les which are charncterized
by hilgh v values tend to push material abead so as to produce a plate
plug durfing perforation and are referred to aa "bline.”  Armor=piereing
project I len are "aharp' and flat-ended profectifeos are "blunt:" projec-
tilew having ¢ values in between retale attributes of "sharp” and
"Hlhunt' orofectiles Lo varvirg degrees,
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lquation 4 pertains to projectiles which can be classified as
"sharp.”" As was stated, Eq. 4 was used to generate the three curves
(dashed above o = 15 deg) which rise from left to right on Fig. 13. The
AY (sharp profectile data, triangular symbols) fall on these curves, but
the data at & = 30 deg fall below the three curves indicating that the
assncinted projectiles already exhibit gome attributes of "tluntness.”
Obviously, the projectiles possessing nose half-angles of 60 deg are
behaving essentially as "blunc” proje.tiles. (Plate plugs produced by
o = 60-deg and a = 90-deg projectiles are quite similar in appearance;
aee Fig., 3.) The three dashed curves associated with the circular data
points are least squares fits to the data for the three T/d values.

A prediction model would compute (Vgg), for "sharp' projectiles
using Eq. 4, and would compute (Vgn), values for blunt penetiators using

an equation applicable to o = 90 deg. 1t would accomplish a transition

between the "sharp" and "blunt" predictions for
90 degrecs. The following approach was used to
riglid projectiles which provides the nrediction

a values between 15 and
develop the model fcr
represented by .he solld

curves {n Fig. 13.
Sharp Projectiles. For =2 < 15 deg, Eq. 4 is used.

Flat~tfnded Projectliles. For a = 90 deg and T/d < 1, the following
form correlates data pertaining to flat-ended rigid projectiles:

, o (usady @b
(\SO)n G (W/d7yo(r/d) (5)
where

W o= wedpht of projuectile, 1b

d » diameter .f projectile, in.

T = plate thicknegs, 1in,

¢, a, and b arc vonstants which vary with plat> materifal and

projectile characteristins,

Above 1/d = 1, the projectile is forced to penetrate to considerable
depth before driving a pluz from the plate and the (Vgp), is higher than
that predicted by biq. 5. For L/d = 2 and 4130 steel plate heat-treated
to 230 BUN the following equation applies to the abhove conditions for

uw = 90 deg:

(V) = 930 (T./_d.a'-) 0-61 L1475 (1/0)

0.0l

(6)
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Determinatiovn of the Critical Nose Half-Angle, 0c. A critical
value of the nose half-angle (i.e., a¢) which serves to separate
"sharpness' from "bluntness' can be determined by considering that during
penetration a flat-ended penetrator picks up a false nose (a physical
fact when penetrating thick plates) made up of plate material which
redefines the nose shape. Then, as outlined in Ref. 2, the projectile
can he represented by a sharp projectile with a nose half-angle, Qc¢, a
weight, Wy, equal to the weight of the original projectile plus the
false nose, and a velocity Vj which is (W/W1)(Vsap)--thereby conserving
momentum: (Vgg,) is the limit velocity of the orig’'nil projectile. The
plate thickness in the representation is taken to be 1) which is less
than T due to the transfer of plate material to the projectile. Given
this sharp projectile and thinner plate vepresentation, Eq. 4 can be
used with Eq. 6 to establish a relationship between a. and T/d for given
values of CA, B, and f. That is, since (Vgp), for the representative
projectile must be equal to that of the actual flat-ended projectile,
Eq. 6 can be substituted into Eq. % for (Vsg)p for wherein T is replaced
by Ty, CA is replaced by (W(/W)CA, (Vsp)y 1s replaced by (W/W1)(V50)n,
and a is replaced by ;.

W (i/d + Tl/d)

el 4y e N
W 4 (W/dd)

viere 0 is specific welght of plate material, lb/in3.

1f hyc iy defined as being:

1

Pac = T¢an 3; (8)

and if T/d > hy., then
h
dc
/id = T/d - -B& Q

Tlld T/d 3 (9)

otherwise
(hdC - T/d)3
T,/d = T/d - (h, /3) + ——-7—— (10)
1 dc 3
3 hdc

Making the previously mentioned substitutions into Eq. 4, the
following equation results:
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2.5(CA)(H1/H)(w/d3)
T\/d = G a_ + f cos a) V), (/W)
(Vo) sina
--—.—~—B 50'n [}
~ sin o {n [1 + ( (W, 7W)B )] } (11)

’

Substitution of Eq. 7, 9, and 10 into Eq. 11 results in the aforementioned
relationship between ¢ and T/d which can be resolved by iteration, both
with respect to the variables and the conditions pertaining to Eq. 9 and
10. urves of o versus T/d for various values of B (or plate hardness,
BHN, which is directly related to B) can be constructed so that o, values
can be determined rapidly. The . values applving to the three T/d

values used in this experimental program are shown on Fig, 13. Figure 14
shows the u¢ versus T/d rclationship computed for the 230 BHN, homo-
geneous steel plate used.

BLUNT PROJECTILES (g 90°) e

W rm— - —— = — = —— — —] 61-—-—-——--'—— —————

80 F—
© -0 PSEUDO-BLUNT -
wor PROJECTILES (@ S a <90°)
o
w
- 60}
Q I -
2 R
w 30 } . 2
)
g l
X
40
3 ROLLEC HOMOGENEOUS STEEL PLATE
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E ot
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FIG. 14. Computed Critical Nose Half-Angle (a) as a Function of T/d for Rolled
Homogeneous Steel Plate (230 BHN).
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The Tranmsition from "Sharp” to "Blunt." The change from 'sharp" to

"blunt” as u increases, would not be expected to take place suddenly at
some value, u.; it would be expected to be transitional. Further, the
ahave procedure tor computiag e wmerely provides a reasonable estimate
of the boundarv between "sharpness' and "bluntness." Figure 13 suggests
that (Vgg), values will begin to deviate from the "sharp' curve generated
by Eq. 4 as o becomes larger than 15 deg. As values become larger than
-, plugging should develop rapidly. Consequently, the transition
suggested by Fig. 13 is propused as being representative of observations
and expected behavior. Figure 15 illustrates the transitional model
which utilizes the ballistic limit velocity predictions for sharp
(Vson)s and blunt (Vsgp)p projectiles.

(VSOn)s

A

FIG. 15. Model for Predicting Transitional Values of Ballistic Limit Velocity.

For values which lie between 15 deg and «a¢, the value for (Vs50),
computed by Eq. 4 is diminished by an amount (y) to obtain a transi-
tional value for (V59)p. For values exceeding ac, the (Vs509)n value for
a flat-ended projectile is increased by z to obtain a transitional value
of (V50)n- The parameter /i, represents the difference betweer the
(V50)n value computed by Eq. 4 at & = o and the (Vsg)p value computed
for a flat-ended projectile (Eq. 5); thus (ni.) represents the value of
7z at a4 = a¢c and (1l - n) A. represents the value of v at a = a. (where n
has some value between 0 and 1). Obviously, n is 1 at a = 15 deg and
0 at a = 90 deg. 1If v is assumed to be linear with a, then

- _ » [0 =15 deg
y ( n) bc (uc ~ 15 deg) (12)
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It z is assumed to decrease exponentially with a, then

~a(a - ac) (13)

z=2nH e
c

lLetting a = 0.1 is appropriate with respect to the data plotted on
Fig. 13,

The dasued curves representing least squares fits of Fig., 13 (their
values at a = Q¢) can be used to determine a relationship for n as a

function of .. These three values are plotted along with two other
known values on Fig. 16. The curve on Fig. 16 represents the following

equation:

n = 0.000148(0c - 15 deg)? - 0.0244(a. - 15 deg) + 1 (14)

10
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For "Semi-Sharp' Projectiles, 15 Dep < a < o.. As indicated above,
the (V50)n for semi-srharp projectiles is computed ae follows:

- _ - a - 15 deg c
Wsoln = Vsondg = (- W Ac(ac =15 deg (1%

where (Vsgn)g 18 (Vsg)n as computed using Eq. 4 and A; is the difference
between (Vsgn)g 88 computed by Eq. 4 (at a ~ «.) less (Vsop), as computed
by Eq. 6 (a = 90 deg).
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For "Semi-Blunt" Projectiles, 2. < a < 90 Degp. As indicated above,
the (V50)py for semi-blunt projectiles is computed as follows:

e—O.l (u - uc) (16)

(Vey)

Vsoln = Msonlp 007

b C

where (Vggp)p is the (VSO)n as computed using Eq. 6.

Application and Limitations of the (Vg()n Prediction Model. The
30lid curves cn Fig. 13 were generated using the prediction model out-
lined above. In its present form, the model applies to rigid projectiles
which are characterizod by projectile Jength-to-diameter ratio equal
to 2, It is limited to T/d values less than 1.0 and to steel plates
characterized by BH c¢qnal to 230. It can he used for projectiles having
other (L/d) values and plates with diffcerent characteristics simply by
replacing Eq. 6 by the appropriate equation for flat-ended projectiles
and using this new equation with ¥Eq. 4 to compute ac values as described
above. Alsv the limitasion of T/d can be lifted il Eq. 6 is replaced by
an equatfon valid four 7/d values abuve 1.0,

Residual Velocity

In the previous section, Experimental Results, residual velocity
data generated during the experimental firing program were presented in
graphical form, (Fig. 6, 7, 8, and 10) and compared with the prediction
of Eq. 1 using the experimental value of (Vgy),. Equations 1 and 2
predict reaidual velocity; the applicablility of one or the other is
dependent upon the comparison between o and u.. For "sharp' penetrators
{r¢ < a¢), Eq. 1 applies. For "blunt" penetrators (a > o) Eq. 2 applies.
Figﬁres 17, 18, 19, and 20 compsre residual velocity data with the pre-
diction ot fq. )} or 2, whichever applies. The (V5p), values used in
golutiow of these equations are those predicted by the previously
discussed model and shown on Fig. 13.

Figure 17 presents residual velocity data for the o = 30-deg pro-
Jectile against (J.125-iach thick 4130 steel plate at Q0 deg obliquity.
The critical nose half-angle (0.) predicted for this impact condition is
equal to 53 deg (see ¥ig. 13). Since (o) is less than (o), Eq. 1
applies to the residual velocity prediction. The projectile is assumed
to be behaving as a ""semi-sharp' penetrator and perforating the plate
without formation of a plate plug. Figure 17 shows excellent agreement
between the experimental data and the curve predicted by Eq. 1.
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FIG. 17. Correlation Between Residual Velocity Data and
Prediction of Eq. 1; 0.125-Inch-Thick 4130 Steel (230 BHN)
Plate; 410-Grain, a = 30-Deg Rigid Projectile.

Figure 18 presents the residual velocity data for the (a = 30 deg)
projectile perforating 0.250-inch-thick 4130 steel plate at 0 deg
obliquity; a. for this condition is equal to 33 deg. Since a is again
less than &., Eq. 1l avplies to the residual velccity prediction. As
seen on the figure, the higher velocity test data lie below the predic-
tion curve. These data points suggest that the plate may be plugging
and the momentum of the plate plug detracting from the residual velocity
of the projectile. However, the two lower velocity data points (the
data point at an impact velocity of 1,725 ft/sec should be ignored since
it appears to be an anomaly) correlate well with the prediction curve.
The fact that the predicted critical nose half-angle (33 deg) is so
close to the actual projectile nose half-angle (30 deg) suggests that
*he projectile may be borderline between 'sharp' and 'blunt" behavior
and is performing as a sharp penetratcor at the lower perforation
velocities, but is plugging the test plate at the higher velocities.
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F1G. 18. Correlation Between Residual Velocity Data and
Prediction of Eq. 1; 0.250-Inch-Thick 4130 Steel (230 BHN)
Plate: 410-Grain, a = 30-Deg Rigid Projectile.

Figure 19 compares data with Eq. 2; in this case the critical nose
half-angle (53 deg) is less than the nose half-angle of the projectile
(60 deg). The plate is 0.125-inch-thick 4130 steel. The data plot
slightly above the prediction curve of Eq. 2, showing veryv good agree-~
ment with the prediction curve.

Figure 20 again compares data with the prediction curve of Eq. 2.
For this test condition (0.250-inch-thick 4130 steel plate, o = 60 deg),
the predicted critical nose half-angle (33 deg) is well below the pro-
jectile nose half-angle. There is no doubt that this projectile is
behaving as a "blunt" penetrator as illustrated by the correlation
between the Eq. 2 prediction and the data. The prediction of Eq. 1 for
these data would Se 20% higher than the Eq. 2 curve shown in Fig. 20.
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FIG. 19. Correlation Between Residual Velocity Data and
Prediction of Eq. 2; 0.125-Inch-Thick 4130 Steel (230 BHN)
Platc; 410-Grain, a = 60-Deg Rigid Projectile.
Ricochet Obliquity

The ricochet model incorporated within the Ship Penetration Model
(Ref. 3) provided an average value for the ricochet obliquity angle
(Cy). The ricochet obliquity data are represented in Fig. 21. As dis-
cussed previously, the effect of projectile nose shape upon ricochet
angle as depicted by these data does not appear to be systematic,
deviations appearing to be chargeable to experimental scatter. For the
test condition pertaining to the data in Fig. 21, the ship penetration
model ricochet cbliquity model predicts a ricochet obliquity of 66 deyg,
independent of impact velocity, This predicted value depicts a good
average of experimental results, but does not define the observable
trend of the data wherein the ricoctet obliquity appears to approach
the impact obliquity as the impact velocity approaches the ballistic
limit velocitv.
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FIG. 20. Correlation Between Residual Velocity Data and
Prediction of Eq. 2; 0.250-Inch-Thick 4130 Steel (230 BHN)
Plate: 410-Grain, a = 60-Deg Rigid Projectile.

The following ricochet model was developed for rigid projectiles
and steel plate based upon experimental observations of this and pre-
vious work (Rzf. 5), and the physics of the ricochet problem. This
model incorporates means for including the effects of penetrator defor-
mation--not a consideration herein.

As long as the impacted surface remains undeformed and rigid,
ricochet dvnamics are relativelv easy to predict. The maximum elastic
energy which can be stored within a penetrator is equal teo
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whoere
- . 3
vp T specitic weight of peuetrator material, 1b/in
Sp = compressive ultimate streangth of penetrator material, psi
E, = Young's modulus of penetrator material, psi.

3

In such a ricochet situation the velocity component, Vy, parallel to the
surface changes verv little. The normal component, V., is defeated,
elastic response of the penetrator being responsible for the normal

compenent of the rebound velocitv. Using this model, the two components
of the ricochet velocity become

or

W v osin A (ft/sec) (18)

f

{i {ft/sec) (19)

where

& impact obliquitv, deg

1

g = acceleration of gravitv, 386 in/sec?

The tangent of the-minimum (corresponding to maximum elastic energy)
ricochet obliquity angle, 9,, is then

12 /ggép/g V sin 6

= Vh/\'n = (20)

a
P

tan ¢©

Y
According to this equation, a steel penetrator characterized by Gy =
150,000 psi which impacts a rigid surface at an obliquity of 45 deg,
and atr 200, 500, and 1,000 ft/sec, will exhibit cerresponding minimum
ricochet obliquities (measured with respect to the plate normal) of 59,
77, and 83 deg. The softer the penetrator the more rapidly &, approaches
90 deg. Since the entire projectile will not be stressed to the ultimate
stress, rebound will be less and £, values will be higher. The right
side of Eq. 20 can be multiplied by a proportionality factor, J, to
account for this, and an appropriate value can be determined from

experiments,

Surface deformation will act to decrease ricochet obliquities by
presenting a ramp to the parallel (with respect to the plate surface)
motion, which will reduce the parallel component of ricochet velocity
and increase the normal componert. Surfaces are deformed in two wavs,
bv surface penetration and by plate flexure. Tetting & be the total
deflection due to penetration and flexure, dimensional analvsis leads
to the followirng functional relationship for a non-deforming penetrator:
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. " V2 COSZO
é/d = £ {1/d, £ —-S852 (21)
d3 g3

The total normalized deflection, &8/d, will be the sum of the deflections
due to penetration and flexure. Studies of the respouse of waveguide

to ballistic impact have shown that the permanent flexural deflection is
linear with respect to velocity below the ballistic limit velocity

(Ref. 6). Further, this flexural deflection appears to be inversely
proportional to the square root of the normalized thickness, T/d.
Cratering (penetration) studies have shown that crater volume 1s approx-
imately proportional to the impact energy; thus, deflection due to
penetration is approximately proportional to the cube root of the
kinetic energy. M™easurements of flexure and penetration near the
ballistic limit at normal incidence during tnese experiments (at T/d =
0.5) indicated that the flexural component was over twice as large.
Penetration by a deforming penetrator wil) be related to its deformed
diameter, D. These considerations lead to the following egquation for
deflection:

o/d
K

) (%E/d3)}l2v)2cosze , 47
(T/d) g0

1/3 o1 7d%) 12v) 2eose P2
3 - +0.29 | -—& —_—— (22)
(D/d) g

where K is an empirical constant of proportionality placed on the left
side of the equation for convenience.

1f Eq. 20 (modified by the proportionality coastant, J, mencioned
previously) defines the ricochet obliquity angle for a penetrator impact-
ing a rigid plate, the following equation would be expectad to define the
ricochet obliquity for a penetrator impacting a non-rigid plate: :

12 J /p E V sin 9

o] K
P

tan 0 =
r

Using the data presented on Fig. 11 to plot f[(8/d)/K] versus (5/d)/K
Eq. 23 was found to take the following form (which applies where
(§/d)/K > n/K):

K K

12 J /p E /g V sin 9
vVip'p exp |- (G/d n)] (26)

9 = T—— - =
tan r

where m and n are empirical constants. When (5/d)/K < n/K the exponential
term is replaced by 1.0.
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tor the data platted on Vig, 11 the following values of paramcters
aprles

Mp ot L0906 Thy d v 0.5 g

T = 0,29 in.y o« 30 deg,

" O, 2K lh/(n’; S0 115,600 pyd;y

'Jp

270,000 puly Ep e 30 % 109 prty D/d 3 )

Undny thenwe valaen, Eq, 26 and 22 become

BAS o d n "
tan gy VAP l~m ( KT k)] (25)
- - v/ -~/
kd I I ATV N B O by 439 % 100 v (26)

1
bauation 20 bs subrtituted futo Lg. 295 for (5/d)/K, 1/ Y = 4, m = 3.6,
and n/E o» 2,6, the curve whown on Fig, 2] results; below 415 ft/sec,
CUd)IE 0 200 and the exponenttal term in Eq. 25 {8 1.0, The prediction
curve of g 2% covrelates well with the experimencal data, Flgure 22
tk g plot of the prediction curves of BEq. 25 for varfous values of
frapact oblfquity, This figure shows Lhe predictions of the ricochet
mode) tor Che dupace condi Uiuits of the test data dhown In Fig, 21, Ic
(TTustrates the eftect of fmpact obligulity upon ricochet obliquity.,

The proportionality eonnstant, J, 14 fnveracely related to the ratio
of the actunl elastic evnergy which appears o the projectile to the
mav fmum which could appeary J + 4 {8 probablv a good value for any
rivochet wituation concerning a solfd steel projectile. The constant m
soveras the rate of decny of the exponential, and there {8 no reason Lo
belfeve that fis value would be different for different materials. The
constant oK In the value of (8/d)Y/K wiere plate deflection (deformation
and flezure) beglins to afteet the ricochet obliquity. Though K is
dlmepsfonless, there {65 no Justification for preruming that {t will be
the same for all rlceochet fmpacts (fL probably varies with the strength,
hulk =odulus, and densfty of the plate), lurther, the coefficient 0,2¢
in g, 22 relates to the experiments described herein which involved
rigid projectiies., While the model appears to he capable of general
applicatfon to ricochet predietions, additional data will have to be
analyzed to determine how the cnplrical constants vary,
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SUMMARY

s

Nose shape of rigid penetrators affects ballistic 1limit velocity
and residual velocitv as regards the penetration of steel plates. Nose

shape has little effect upon ricochet cbliquity. The variation in '

ballistic limit velocity with change in nose shape is not large. Rigid -2
projectiles can be categorized in behavior as "sharp” or "blunt." The >
classification of a given nose-shaped projectile as to mode of behavior k-

is accomplished by comparing the equivalent conical nose half-angle to ,
the critical nose half-angle. The critical nose half-angle is predict- e
able by analvtical methods. Blunt-nosed rigid penetrators behave quite .
differently from non-rigid penetrators. Based upon the experimental

data generated in this program for rigid blunt penetrators, prediction

models were successfully modified to provide means of accurately pre-

dicting ballistic limit velocity and residual velocity for rigid pro-

jectiles having various nose shapes. A model wac developed for precicting :
ricochet obliquity for rigid projectiles and steel plate.

by criati
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