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RESUME

En se fondant sur une analogie a&rodynamique impliquant
une 'atmosphére' rigide-plastique, on a &établi un mod&le analytique
de la pénétration et de la formation de cratdres par des projectiles
non-déformants dans des cibles ductiles. On a &galement déterminé
une série de coefficients pouvant servir i la prédiction du com-
portement de projectiles 4 bout conique ou composés de deux sections
coniques. Nos résultats concordent bien avec ceux obtenus expérimen-
talement et démontrent que le mod&le peut servir i optimiser la
Conception d'un pénétrateur pour une gamme spécifique de vitesses
et de matériaux.

ABSTRACT

£,

Aﬁ%ﬁe penetration and cratering process for non-deforming
projectiles impacting ductile targets is modeled analytically on
the basis of an aerodynamic analogy involving a rigid-plastic
'atmosphere'. A set of coefficients is determined which can be
used to predict the behaviour of cylindrical projectiles having
tips that are either purely conical or comprised of two conical
sections. Comparisons made with experiment show good agreement
for a variety of projectile/target combinations and demonstrate
that the model can be used to optimize the design of a penetrator
= for a specific velocity range and target material.”////
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NOMENCLATURE

Cross-sectional area of conical tip.

Cross-sectional area of cylindrical body.
Cross-sectional area at point of re-attachment.
Cross-sectional area of singly tapered penetrator.
Cross-sectional area of crater at depth x.

Ballistic drag coefficient.

Ballistic drag coefficient associated with the conical tip.
Ballistic drag coefficient associated with the shoulder.
Profile drag coefficient.

Diameter of penetrator body.

Diameter of tip - doubly tapered projectile.

Energy increment required to displace a volume of target
material Ap(x)Ax

Energy increment required to displace a volume of target
material A Ax

Kinetic energy increment given to a target layer of thickness
Ax

Initial kinetic energy of the projectile.

Coefficient governing the rate of increase of flow stress
with depth.

Kinetic energy.
Penetrator mass.

Dimencionless number relating inertial forces to the flow stress.
(Ballistic Number).

Value of Ny below which free hole expansion is elastic.
Maximum penetration, measured to shoulder.

Radial distance from axis of penetrator,

Radius of cylindrical body,

Time.

Axial velocity.

Initial velocity

Axial velocity after conical tip is fully immersed.
Idealized radial velocity distribution.

True radial velocity distribution.

Radial velocity of target material at radius
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Inc}emental penetrator volume. A. Ax

Final crater volume.

Distance between free surface and shoulder.
Height of tip cone.

Tip angle of doubly tapered penetrator.

Shoulder angle of doubly tapered penetrator,

Density of target material.
Average flow stress.
Surface yield stress.

Yield stress at infinite depth.
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INTRODUCTION

The penetration of projectiles into metallic targets has been
studied extensively for many years. In general, most researchers have
attemped to develop theories that would allow the prediction of either
the depth to which a projectile will penetrate, or the velocity at which
it will completely perforate a given target, (Refs 1 - 6). It is
recognized that the problem of predicting the behaviour of two bodies
involved in high speed impact is extremely complex. The partition of
the impact energy into, a) the plastic deformation of the two bodies,
b) the formation of energetic fragments and c) the generation of heat
and elastic waves, depends on the geometry of the bodies, the obliquity
and velocity of the impact and most important, the equations of state
for the two materials under the particular conditions of impact. Some
attempts at the rigorous solution of this problem are currently being
made with the aid of large computer codes. However, such is the
complexity of the problem that current limitations in the capacity of
todays computers restricts the class of impact problem to chose which
exhibit axial symmetry i.e. the problem must be effectively two dimen-
sional. Purely analytical attempts at penetration dynamics have in most
cases been restricted in the same way. Generally, the problems which
have been studied, have been limiting cases. The following examples
are characteristic:

a) The hypervelocity impact of a sphere which is treated as
a point source of energy.

b) The hypervelocity impact of a rod which is treated as a
hydrodynamic jet.

c) The low speed impact of a non-deforming projectile which
is assumed to make a hole of the same diameter as the
projectile.

d) The impact of a flat ended cylinder against a thin plate
which punches out a circular disc.

In all of the above cases, normal impact is assumed as well as some
characteristic of the deformation process.

While it is true that in practice normal impact occurs very
rarely, (except in the case of industrial processes), the study of
these special cases has contributed enormously to the understanding of
the more general impact problem. Certainly in most instances, the
perforation of a target by a projectile involves two or more of the
penetration modes which predominate in the examples given previously,
eg. spherical cavity expansion, radial plastic flow or adiabatic shear.

The purpose of the present study is to extend the usual
objective of predicting the depth of penetration, by also predicting
= the shape of the crater that will be formed by the impact of non-deforming
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conically tipped projectiles. In practice, slender ogival projectiles
(Figure la) will penetrate a ductile target without any hole enlargement
due to lateral acceleration of the target material. This results in a

highly efficient usage of the impact energy and maximizes the penetration.

On the other hand, the slender ogive is not an efficient shape for the
attack of oblique targets as ricochet is caused by an initial surface
contact (rather than line or point contact) on impact. To overcome this
effect, the tendency has been to use doubly-tapered conical penetrators
(Figure 1b). We find however, that at high velocity, two other phenomena
arise which degrade the ability of the projectile to penetrate. Firstly,
the relatively|blunt shape causes much higher stresses on impact which
may cause shattering or plastic deformation of the penetrator, and
secondly, if penetrator deformation does not occur, the large lateral
inertia of the;target material as it flows across a conical tip causes
the formation of a crater whose diameter is larger than that of the
penetrator itself. The energy of the impact is directly related to the
crater volume hence any increase in diameter implies a reduction in the
maximum penetration. The object of this study is to relate the crater
profile to the projectile geometry and thus permit the selection of
conically blunted nose shape which will, for a given impact velocity,
produce a uniform crater of the same diameter of the penetrator.

ANALYSIS

Let us first consider a rigid projectile penetrating a homo -
geneous isotropic semi-infinite target. Let the target material have
a density p and an average plastic flow stress ¥. Depending on the
axial velocity V(x), the average target flow stress T and the shape of
the penetrator, the target material may or may not separate from the
shoulder of the projectile. Five possibilities are shown in Figure 2
to illustrate the effect of shape on the resulting profile. In case (a),
the ogival profile produces lateral acceleration of the target material
that diminishes smoothly to zero at the shoulder. The result is that
the 'flow' of plate material remains 'attached' and the crater cross-
section is the same as that of the penetrator. In case (b) the conical
tip produces High lateral acceleration at the shoulder and imparts more
kinetic energy to the target material than can be stored elastically.
The result is that the target flow separates at the shoulder and produces
a crater cross-section greater than that of the penetrator. In case (c),
the penetrator has a doubly-tapered profile and is penetrating at a
velocity that is high enough to cause separation at the first shoulder
and produce a crater cross-section greater than that of the penetrator.
In case (d), the penetrator is of the same profile as in case (¢), but
the penetrati&n velocity is lower. Once again the flow separates at
the first shoulder but is not sufficiently energetic to produce a
crater cross-section greater than that of the penetrator. As a result,
the flow impinges on the second taper, is accelerated a second time and
then finally separates from the rear shoulder. Finally in case (e), we

ey
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have a combination of cases (a) and (d). The profile is a conically
tipped ogive which causes separation at the front shoulder. Here again
the flow is not energetic enough to produce a crater diameter greater
than that of the penetrator. However in this case the flow reattaches
on the ogival surface which produces an acceleration that diminishes to
zero at the rear shoulder and allows the flow to remain attached. It
should be noted that the ogival profile will only produce attached flow
if the ogive radius is made sufficiently large for a given V(x) and G.
If the curvature is too small, then separation can occur.

Let us now assume that the projectile shape is such that the
target material does separate from the shoulder i.e. that target inertia
effects are of the same magnitude as the dynamic flow stress. If we
wish to describe the motion of this projectile, the similarity between
the penetrating projectile and a projectile flying through a fluid medium
immediately suggests an equation of the form:

MX = -0Ac - %QCDACVZ(X), (D
where M is the projectile mass
Ac is the cross-sectional area of the penetrator
and Cp Is the 'profile' drag coefficient which depends only on the

projectile and perhaps the Mach number.

A second analogy which suggests itself is that of an equivalent
non-separating penetrator whose cross section varies with the depth of
penetration in the same manner as the crater profile. We would then
simply write:

MX = -TAL(x) (2)

From experiment, we know that the total kinetic energy of
impact is closely proportional to the final hole volume and that the
constant of proportionality is the average dynamic flow stress, i.e.,

E, = Gvf

where E, is the initial kinetic energy of the penetrator and V¢ is the
final crater volume. Consider now a displacement Ax of the projectile
shown in Figure 3. A known amount of energy AE; will have been used to
displace the volume occupied by the projectile, i.e.

AEC = EAVC = 'alAcAX (3)
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The total increment of energy AEy is unknown because the final area
Ay(x) is unknown. We may write:

AE, = TAL(x)Ax. (4)

Also

2

(AEY)

oy = LEc + AEp, 4"

where AE, is the total kinetic energy increment given to the complete
layer Ax at the point of separation.

The energy AEp may be calculated if the radial velocity gradient is
known. In the sequence shown in Figure 2, it is assumed that there is

no shear interaction between layers and that all target motion is radial.

The sequence of events in as follows:
a) The projectile is at position x, moving with velocity V(x)

b) The projectile has traveled to position x + Ax, slowed
to velocity V(x + Ax) and imparted a radial velocity
Vypo(x + 8x) to the interface of the disc Ax.

c) The disc Ax has moved laterally and is slowing down as its
energy is dissipated by doing work against T

d) Lateral motion is complete

If we assume that the target material is incompressible and
that there is no axial motion, the equation of continuity states that
the radial velocity distribution in the layer Ax at the start of lateral

motion is,

Ve(x,1) = (r/15)Vro (5)

However, this conclusion is physically unacceptable, as it leads to an
infinite energy in each layer. It is clear that boundary displacements
and compressibility will, in practice, combine to produce a bounded
velocity distrﬁbution, Vr*(r,x) as shown in Figure 4. At the present
time these effects cannot be specified hence the function Ve*(r,x) is
also unknown.

@
&
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For the kinetic energy of the layer Ax at the start of lateral
motion, we may write:

AEp(x) = j;odEp(r,x),

where dEp(r,x) = %(2nr)drAxpV;2(r,x),

the energy of an elemental ring at radius r. Then

B (x) nAxovri(x)_/;or((v;z(r,x))/(vro(x)))dr

or BE_ () ﬂAxerg(x)roz L (x/r ) (V_*/V_ ) 2d(r/ro) (6)

Referring to Figure 5, we may express the radial velocity
Vro as a function of the axial penetrator velocity, i.e.,

Vro(x) = (SinB CosB)V(x)

This equation assumes that penetration velocities are sufficiently high
to produce a condition of adiabatic shear on the conical interface and
effectively eliminate friction, (Ref. 3). In other words the absolute
motion of the target material that is in contact with the conical tip
is normal to the interface.

Velocities of interest in this study are considerably lower
than elastic wave velocities in the target, hence wave phenomena will
be unimportant. This suggests that the magnitude of the true radial
velocity at any radius will be directly proportional to the axial
velocity V(x), and we would therefore expect that normalizing this
distribution with respect to Vro would result in a function of X and
B only. This function would probably be in the form of a pro- 0

duct of two separable functions of I and B. For a given depth x, let
To

(VE/V, ) = £(x/r,8)
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Then we may write:

B (1) = ﬂrozAxpSinz Coszsvz(x)L(r/ro)f(r/ro,s)d(r/ro)

<]

Let ZSin28C052§s1f(r/ro,8)(r/ro)d(r/ro) = CB

a function of B only.

2
Then AEp(x) = %AchpV (x)CB (7)

returning now to equations (4) and (4')

2 ~
- 1 -
(AEH(X))max = AEC + 2ACAxpV (x)CB = oAHAx

or Ay(x) = (8E_ + %ACAxpVZ(x)CB)/Eﬁx
From (3) Ag(x) = (BA_bx + %ACAxpVZ(x)CB)/'B'Ax
Aq(x) = A+ (gpAcchz(x))/c?. (8)
D2
Let Ng = 2oV (x)/0
th - 9
en Ag(x) = A_(1+N,C,) (9)

Ng is simply a dimensionless number formed by the ratio of the dynamic
inertial pressure in the target material and the local material flow
strength. It is similar in character to the Reynolds number (a ratio
of inertial to viscous forces) as used in fluid mechanics, except that
in this case, the penetrator is moving through a medium whose elastic
cohesion greatly exceeds forces which are dependent on viscous effects.
Ng will, for convenience, be referred to as the ballistic number.

R

m
24
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From equation (2) and (8), we obtain:
MK = A - 1pA CVZ(x) (10)
c TR ’
where -
L2 2 j
CB = 2Sin"BCos"B 1f(s) Ed ¢
a function of the projectile shape only. Equation (10) which is
exactly the same as Equation (1), gives support to the use of an
aerodynamic analogy and at the same time indicates the assumptions
involved in the use of such an analogy. Equation (10) may be written,
MVAV _ ~ 12
Ix -Ac(o + ZQCSV (xa
which may be integrated directly to give
2 o~
M %DCBV1 + 0
(x kl) e Log — (11)
c’B %DCBV + 0
where V| is the velocity when the shoulder of the penetrator is first
immersed in the target, i.e. the point of the penetrator has moved a
distance x] into the target. Equation (11) yields V{x) explicitly:
1
5 %pcsvl2 +0 2
= - 12
Vix) = |5E oA C.xx )| ° (12)
Bl |ex cB 1
P M ]
C 13
N + 1
or V(x) = 28 Bl BA c -1 . (13)
I DS Lo g (XX
Py~
Combining equations (8) and (12), we obtain:
1 5pc8v12 + T
Ay(x) = Ac 1 + = DACCB(-X—X1)' i
P\
ALCx) - A NBICB + 1
or, H c pACCB(x-xl) (14)
P\ wm

R
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Equation (14) defines the hole profile explicitly in terms of the
position x and indicates that for a given target density the hole profile
is invariant for a given penetrator if the initial ballistic number is
matched. ‘ ‘

Variable Target Resistance
| i
In the ballistic model presented thus far, it has been
assumed that the penetration process starts with the conical tip of
the penetrator immersed in the target material and that the penetrator
encounters the same plastic resistance at all depths. The model will
now be further refined to accomodate the entry phase, a variation of
flow stress with depth, an elastic limit below which permanent hole g
enlargement does not occur and penetrators with doubly-tapered tips. i
|

During the immersion of the conical tip, geometric similarity
prevails, i.e. the vertical component of stress acting on the tip does
not vary with depth but remains constant at some value oc which will j
depend on the angle of the cone. The energy lost by the projectile
during this phase will be directly proportional to the volume displaced,
the constant of proportionality being the flow stress oc, i.e.,

n

AKE = (%-nrOSCotB)oc . - (15)

Hence the remaining energy after nose immersion is,

KE, = KE_ - AKE
1 o

1 1 3
= MV - (g-ﬂro CotB)cC.

[}

The initial velocity of entry of the cylindrical body is then

2 1 3 ]
- 1 1 2
V, = {(2MVO - 3 0T CotB)/zM«}

1

2 3 2
or V. = {Vo - (20c/3M)‘nro COtB} (16)

‘ After the immersion of the conical tip is completed, the flow
stress of the target material should increase with depth in the manner
associated with static punching. As the depth increases, the distortion
zone surrounding the penetrator moves away from the free surface of the
target, the constraint becomes more severe and at great depth (in a
target of semi-infinite extent) the stress state becomes hydrostatic. -
Thus we must anticipate that the flow stress will initially be oc and will
increase and asymptotically approach some maximum stress omax which will
depend on the fundamental characteristics of the target material.




UNCLASSIFIED

9
The variation of stress with depth (as observed in static
punching experiments) may be suitably approximated by an equation of
the form,
O = O - (Omax - cc)exp-(sz/dC) (17)
or o(x) = Omax(l - (1 - (oc/omax))exp—(sz/dc)) (18)

It should therefore be possible to use one target material to determine
the variation of the ratio oc/omax with cone angle and so determine
o(x) for any other values of omax (a second target material) or B.

As the shoulder of the penetrator enters the target, material
is displaced laterally at some velocity Vpo, thus producing a crater
of greater diameter than that of the penetrator itself. It is to be
expected that some limiting velocity Vyo* will exist below which no
permanent enlargement of the hole will result, i.e., an elastic limit
is reached at which the kinetic energy imparted to the plate material
as it is accelerated laterally by the conical shoulder can be stored
as elastic strain. In the earlier development of the aerodynamic
analogy, no assumption was made with regard to the constancy of o(x),
(except on an incremental basis) in obtaining equation (8), hence this
equation remains valid for a target strength which is functionally
dependent on the penetration depth. We may readily modify this equation
to include an elastic limit, i.e., for a given target material, we
simply postulate a minimum value for the ballistic number which will at
all depths be subtracted from the current value of NgCg. Equation (8)
then becomes

- _ *

AH(x) = Ac(l + NBCB NB*), NBC8>NB - (19)
- *

AH(x) = Ac’ NBCB-SNB s

where Np* is the minimum value of the ballistic number at which hole
areas greater than Ac will occur. It should be noted that the stress
o(x) is an average stress acting on the nose of the penetrator. If the
stress was in fact constant we would expect the limiting ratio Ng* (if
based on the radial velocity of the target material) to be equal to
unity. In other words, no permanent expansion would occur if the local
flow stress exceeded the dynamic pressure of the target material as it
left the shoulder. However, it is more reasonable to postulate a
distribution of stress around the nose having a maximum value on the
axis and varying with azimuth angle to a minimum at the shoulder. A
directionally dependent yield stress (as seen by the contact surface) is
compatible with the distribution of plastically deformed and perhaps work
hardened material, (Figure 6). We may therefore expect that Ng* will be
less than unity.
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As obtained previously, the equation of motion of the
penetrator is

MVdV(x) _ 1 2

= = “O(A, - szCCBV (x)
where o(x) is how functionally related to the instantaneous depth of
penetration. The coefficient Cg is still a function of the shape only.
If o(x) is known, the difference equation

AV = -((o(x) + %pCBVZ(x))ACAx)/MV(x) (20)

may be integrated numerically from Xj<X<Xpax and from Vi<V(x)<o.
Knowing the variation of velocity with depth, we may evaluate Np(x) and
so obtain the hole area variation Ay(x) from equation (19).

Doubly Tapered Penetrators

Let us now consider the effect of having a doubly-tapered
penetrator as shown in Figure 7. As before, we may use equations (19)
and (20) to calculate V(x) and Ay(x) simply by making the following
substitutions:

When the velocity of the penetrator drops to the level at which the
crater area is just equal to the penetrator area, the equation of
motion must be changed. As penetration progresses, the separated flow
of plate material from the tip cone will re-attach on the shoulder
cone and once again receive a lateral acceleration. If this secondary
acce}eration is sufficiently strong, re-separation will occur at the
shoulder and hole enlargement will begin again.

This sequence ‘is shown in Figure 7.

When Ay 1(x)<Az, we must write,

MVdV 102 142 ] ¢
=™ [ol(x) + 1oV csl] -(A,-A5) [cz(x) * 2V Coy | (21)

where oy (x) and op(x) are the characteristic flow stresses associated
with linear cones with angles 8] and B respectively. The area Az is
simply

- _ *
Ag = Aj(L + Ny Cop - Ng»)

&
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From (21) we get the difference equation
- _ N *
AV = —Ax'{Alol(l + NB1C81) Aloz(l + NBICBI NB ) (22)
(1 + NgyCgp) + Ayo,(1 + Np,Coo) } /MV

Equation 22 describes the variation of velocity with depth of a doubly-
tapered penetrator as shown in Figure 8, condition (¢). The hole area
variation corresponding to equation (22) is simply:

A(x) = Ay + (Ay-Ag) (Np,Cpn-Np*)
Substituting for Az, we obtain:

= _N *Y_ _N * _N *
Ay = A2(1 + NBZCBZ NB ) Al(l +NB1CBl NB )(NBZC62 NB ) (23)
A step by step sequence showing the formation of a crater is given
scaematically in Figure 9. The preceeding equations have been programmed
in APL to handle singly or doubly-tapered penetrators with separation
occurring either at the front or rear shoulder. A listing of this

- program and a sample solution are given in Appendix A.

- EXPERIMENT

A series of ballistic impacts were performed by firing hard
non-deforming projectiles into semi-infinite ductile targets. A 0.57
inch smooth bore gun was used to launch the projectiles which were
permitted a free flight of thirty inches prior to impact. The short
flight was necessary to ensure a minimum of projectile yaw. Projectile
velocities were measured by means of a disturbed magnetic field technique
with an accuracy of 0.07% (Ref. 7) and, immediately prior to impact, the
attitude of the projectile was monitored by orthogonal flash-radiography.
A typical radiograph is shown in Figure 10.

The following specific experiments were carried out to
investigate the usefulness of the proceeding analysis.

1} A series of 0.4 inch diameter hard steel projectiles with
semi-apical angles from 10° to 90° were fired into soft
aluminum targets to provide data for the determination of
the coefficients Cg and K2 as functions of B, the variation
of the ratio oc/opgx as a function of B, and the value of
the critical ballistic number Np*.

o

A typical projectile in this series (Figure 11), consisted
simply of the hard steel penetrator and a light plastic
sabot. Comparisons made between the craters of projectiles
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2)

3)

4)

5)

with discarding and non-discarding sabots showed that the
sabot caused no measurable change in the deformation.
Non-discarding sabots, which are considerably cheaper to
manufacture, were therefore used throughout the study.

The targets consisted of four inch diameter cylinders of
annealed 65-S Aluminum six inches in length, (Table I,

Type 1). All of the targets used in this experiment were
taken from the same lot of aluminum stock and heat treated
simultaneously to ensure uniformity. An attempt was made
to fire all the projectiles at the same velocity (2500 ft/s)
by using the identical propellant charge weights. However,
round to round variations gave a spread in velocity from
2430 to 2600 ft/s as shown in Table II.

The above experiment was repeated at somewhat lower impact
velocities (Table III) to determine how effectively the
computer simulation could predict the influence of a
velocity change on crater profile and depth of penetration.
No other parameters were changed.

A series of tungsten carbide projectiles with 30° semi-
apical angle were fired into mild steel targets (Table I
Type 2) at velocities from 1653 ft/s to 2985 ft/s to obtain
data on the effect of a change of both projectile density
and target material (Table IV).

The above experiment (No. 3) was repeated with harder steel
targets (Table I Type 3) over a somewhat wider range of
velocities, i.e. 1900 to 3900 ft/s, (Table V).

In the final experiment, a set of doubly-tapered steel
projectiles having semi-apical angles of 60° and 10°,
were fired into the Type 1 targets at velocities of
roughly 2000 and 2500 ft/s (Table VI). Six different tip
diameters were used as indicated in Figure 12. The object
of this experiment was to determine whether or not a
doubly-tapered projectile could be designed to produce a
hole of uniform diameter equal to that of the projectile.
Further, to compare the results with computer simulations
made with the coefficients determined in the first
experiment and if successful, to provide support for the
original hypothesis.

RESULTS

From the analysis described earlier, a set of equations
(14,19 and 20) were developed from which a prediction could be made
of the crater profile and depth of penetration resulting from the
impact of a non-deforming conical penetrator on a ductile target.

!
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Contained in these equations were the following parameters:

Cg, a 'drag' coefficient, dependent only on the shape of the
projectile and directly proportional to the instantaneous
inertial resistance experienced by the projectile at a given
velocity,

0c, the vertical component of flow stress acting on the tip of the
projectile at the surface of the target, dependent on both the
shape of the projectile and the physical characteristics of
the target material,

omax, the maximum flow stress felt by the tip of the projectile at
large depth, dependent only on the physical characteristics
of the target material,

Ko, an exponent controling the rate of increase in flow stress
acting on the projectile with increasing depth, dependent
only on the shape of the projectile, and

Ng*, a limiting value of the ballistic number below which hole
enlargement will not occur, independent of the shape of the
projectile or the type of target material and depending only
on the mode of deformation, i.e. is the hole being generated
by radial plastic flow?

For a given impact, these five parameters must be specified in
order to define the hole profile in terms of:

1) the hole diameter at the surface,

2) the depth at which the hole diameter becomes the same as
that of the projectile,

3) the curvature of the profile where the diameter exceeds
that of the projectile, and

4) the total depth of penetration.

At first glance, it might appear that the use of five para-
meters may, in effect, be over-defining the problem. However, the
following points should be noted:

1) these five parameters must also contend with changes in
impact velocity and in the density of either (or both)
the projectile or target materials.

2) the parameter Np* is a constant for the mode of deformation
under consideration regardless of projectile shape or target
material, and
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3) the parameters Cg, K; and the ratio Oc/0Opmax are all
functions of B8 only and once determined for a given
projectile/target interaction, must be applicable for .
all other combinations that produce the same deformation
mode. '

Experiment No. 1

This' experiment was set up specifically to provide a series
of crater profiles that would allow the determination of the above
parameters. Initially, a series of crater profiles were computed with
arbitrarily chosen values of the parameters to give some insight into
how the profile responded to changes in any specific parameter. An |
experimental profile was then selected and all the parameters varied ’
systematically until a good match was obtained based on the four
criteria mentioned previously. Having established an approximate level
for each parameter, two new cone angles were selected on either side of
the first and the process repeated, starting with the values obtained ;
for the first profile. If it was not possible to obtain a good match, '
(i.e. omax andiNB* were both fixed by the first profile) it was then ;
necessary to return to the first profile and change the values of Cg
and/or Np*. Successive iterations were performed until a good match
was obtained for three adjacent values of 8. At this point, the co-
efficients were plotted as functions of B to provide a gradient for
estimating appropriate values for new cone angles. This process was
continued until all the profiles from 15° to 90° were approximated and
smooth functional distributions were obtained for Cg, Ky and oc. The 5
simulations obtained by this process are compared with the experimental '
profiles in Figure 13 to 28 together with radiographs of the actual
craters. The depths of penetration are compared numerically in Table II.

No simulation was made for B = 10° because in all cases, the point of
the projectile was destroyed during the penetration, (Figure 29). The
final distributions of oc/omax, Cg and Ky are presented in Table VII
and shown graphically in Figures 30, 31 and 32. The variation of flow
stress with depth has been calculated and is given in non-dimensional
form in Figure: 33.

In general, the profile matching yielded good results insofar
as the general shape, point of re-attachment and total depth were con-
cerned. Clearly however, for values of B8 > 20°, the crater diameter
does not decrease in the uniform manner predicted by the simulation.
The rate of change of diameter is certainly not a monotonic function
of the depth and it would require a much more complex flow stress
function to simulate the true variation. On the other hand the co-
efficient distributions are well behaved and physically acceptable.

The ratio of o./op extrapolates to zero with B and tends asymptotically
to unity as B approaches 90°. This is supported by static measurements
made of the deiormation ahead of conical punches which indicate a high

degree of similarity in the target distortion for half-angles in excess
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of 60° (Ref. 8). Figure 34 shows the deformation fields associated with
a series of conical penetrators pressed slowly into laminated clay
targets. It can be seen that up to B = 50°, there is evidence of the
projectile point cutting through the layers. At B = 90° the punch has
formed a cap with a half-angle of roughly 55°. It is not surprising
then to find in the range 60 <B<90° that the ratio oc/omax only varies
from 0.92 to 1.0. It is also of interest to note for B = 90°, that a
constant flow stress gave the best profile match.

As might be expected, the drag coefficient Cg is zero for
B = o and increases monotonically with B to a maximum of 1.5 at B = 90°.
The exponent Ky, which controls the rate of increase of stress with
depth, was itself found to vary exponentially with the semi-apical
angle B, i.e..

Ky = 1.6e7"0381F,

where B is expressed in degrees.

Of the remaining two parameters, Ng* is the most interesting
in that a value of 0.5 gave the best results. One is immediately
tempted to look for some simple relevance to account for this familiar
fraction. However, in the authors opinion, it is more likely to be a
result of the assumptions made in formulating this model than evidence
say of a basic physical relationship between the local flow stress at
the shoulder and that at the stagnation point. Finally, the maximum
flow stress opax was estimated at a value of 87500 1b in-2. This is
approximately five times the value of the conventional ultimate tensile
strength, (Table I).

Experiment No. 2

The coefficients determined in the above experiment were next
used to calculate profiles for the same set of projectiles impacting
the Type 1 target, this time at velocities of the order of 2100 ft/s.
The results of this experiment are again given in Figures 13-28 which
show radiographs of the craters and a direct comparison between the
experimental profile and the computer simulation. Table III shows the
difference between the computed and measured depths of penetration.
Comparison of the experimental profiles with those obtained in the first
experiment indicates that as B increases, there is less dependence of
the initial crater diameter on the impact velocity. As before, the rate
of change of profile diameter is not monotonic for 8 > 20°. Although
the computed profiles do not reproduce the experimental variation in
diameter, they do give a good approximation, particularly with respect
to the point of re-attachment. As seen in Table III, the computed
penetration is generally higher than the experiment by amounts ranging
up to 9.3%.




UNCLASSIFIED
16

Experiment No.' 3

This experiment was selected to determine the predictive
capability of the simulation with respect to changes in target material
and in projectile mass and density. Tungsten carbide singly-tapered
penetrators (B = 30°), were fired into mild steel targets at velocities
from 1650 to 2985 ft/s. Radiographs of the craters are shown in
Figure 35, and a comparison between experimental and computed profiles
is given in Figure 36. In making these simulations, all the coefficients
determined in the first experiment were used, with the exception of
omax which was| re-evaluated for the new target material. No profile
simulation is given for the lowest velocity shot because no hole
enlargement was predicted. Excellent agreement is obtained at the three
highest velocities. The experimental and theoretical values of the
maximum penetration are listed in Table IV and also shown graphically
in Figure 37. The agreement with experiment is generally good. As the
velocity is decreased, the simulation gives depths that are too high,
primarily because it does not predict crater enlargement as great as
is obtained experimentally. It was found that opgx = 500,000 1b/in2
gave the best agreement with experiment.

Experiment No. 4

This experiment was similar to No. 3, except that the target
was made of substantially harder steel (i.e. BHN 302 compared to 125).
The projectile% remained unchanged, but were fired at velocities from
1900 ft/s to 3900 ft/s. Radiographs of the craters are shown in
Figure 38, andia comparison between the experimental and predicted
profiles is made in Figure 39. It was found that at the highest
velocity normal hole enlargement did not occur because of projectile
break-up. This resulted in the brittle equivalent of hydrodynamic
flow of a ductile projectile (Ref. 9) and the formation of a relatively
large and constant diameter crater. As might be expected, there was a
noticeable dec?ease in the penetration depth. Of the remaining four
shots, very good profile matching was obtained at the two higher
velocities. At the lower velocities, virtually no crater enlargement
was predicted. It should be emphasized, that the theoretical model does
not attempt to describe the surface 'crown' crater, but only the hole
enlargement which takes place below the original surface. In Figure 40
and Table V, a comparison is made between the experimental and predicted
depths of penetration. Once again, the agreement is good enough to allow
the simulation|to be used for comparative design studies. However, as-
with the previous steel target, the simulated crater growth at low
velocity is not as extensive as is found experimentally. Hence, the
simulated depths are too large. The value of opyx determined for this
target material was 800,000 1b/in2,
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Experiment No. 5

In the last formal experiment, an attempt was made to use the
coefficients determined for conical profiles of various B, to predict
the penetration and cratering phenomena associated with the impact of
a family of doubly-tapered projectiles (Figure 12). In this experiment,
the original target material (Aluminum Type 1) was impacted with steel
projectiles of B} = 60° and B = 10° having tip diameters varying from
0.20 to 0.40 inch. Tests were made at two velocity levels with each
type of projectile. Exceptionally good impacts were obtained in all
cases, with virtually no yaw either on impact or during penetration
- of the target. All profiles are shown both radiographically and
graphically in Figures 41 to 52. On comparing the predicted profiles
with experiment, we find that in general the agreement is good,
particularly for the smaller values of tip diameter. In these cases
(d¢ = 0.2, 0.24 and 0.28) the model accurately predicted that there
would be little enlargement of the crater. For the higher values of
dt, the relative volumes of the enlarged craters were more closely
simulated than their actual profiles. This of course reflects the fact
that even for a singly-tapered projectile of B} = 60°, the model did
not accurately simulate the diameter/depth gradient. On the other hand,
as indicated by Table VI, the largest error in the computed penetration
for all of these projectiles was only 9.4%, with the closest matching
occurring for the larger values of d¢. It should also be noted that the
diametral scale used for all comparisons has been intentionally
exaggerated to point out the detailed differences between predicted and
experimental profiles. To indicate the true-scale behaviour of the
simulation, the comparison in Figure 50 is also shown with real dimen-
sions.

DISCUSSION

The results obtained in the five experiments described in the
previous section allowed the evaluation of the coefficients Cg, Ky and
0c/0pax as functions of B, as well as the limiting value of the ballistic
number Np*. In addition, it was shown that these coefficients could be
used to predict the profiles and depths of craters for

a) different velocities,

b) different projectile and target materials,
and c) different shapes of projectile.

During the iterative process of establishing the coefficients,
their relative influence on different aspects of the crater profile was

determined. It was found that for a given projectile velocity and target,
that
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a) an increase in Cg increases the hole diameter at the 1
surface, has little effect on the depth at which '
re-attachment occurred and decreases the total depth
of penetration,

b) an increase in o decreases the hole diameter at the surface,
the depth at which re-attachment occurs and also the total !
depth of penetration :

c) an increase in K, decreases the total depth of penetration ;
and the depth at which re-attachment occurs and strongly
influences the crater profile

d) an increase in opyx decreases mainly the depth of penetration
and also the hole diameter at the surface, and

e) an increase in the ballistic number decreases the depth |
at which re-attachment occurs (hole enlargement stops) :
and has no effect on the depth of penetration. This is
shown by the broken line profile in Figure 52.

The particular case for which Ng* = 0, represents a simpler
model in which no allowance is made for the fact that radial expansion
must stop when the inertial pressure of the material moving radially
just equals the flow stress.

Because of the scatter in velocities obtained during Experiment
No. 1, it was not possible to make direct comparisons between the craters
formed by singly-tapered cones of different apical angles. However, with
the coefficients obtained by simulation, we can now use the model to
compare crater profiles for various B. This is done in Figure 53 for
steel projectiles (Vo = 2500 ft/s), impacting the Type 1 aluminum target
for 10°<B>90. As B increases, the crater volume increases until a semi- |
apical angle of 50° is reached. Beyond 50°, the differences in profile
are so small that all remaining profiles can be shown by a single line.
The change in depth of penetration with 8 (Figure 54) is somewhat stronger
than the profile variation between 50 and 90° but still small. Clearly,
there will not be much difference between projectiles within this range
of B. This is of course in keeping with the hypothesis that projectiles
with B>50° acquire a cap of stagnant material that effectively changes !
the semi-apical angle to about 55° and allows the projectile to follow - ?
a minimum energy trajectory through the target. To substantiate this |
hypothesis, two of the Type 1 aluminum targets (B = 60° and 90°) were
sectioned and macro-etched to show the flow conditions immediately ahead
of the penetrators. These are compared (Figure 55) with the results
obtained by the quasi-static punching of a laminated clay target. The
similarity between the flow caused by the two flat ended cylinders is ‘
striking when one considers that there was a difference of over six : i
orders of magnitude in the penetration rate. The strong similarity
between the flow around the 60° and the 90° penetrators is also apparent.
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For the 90° penetrator, the stagnation cone is clearly defined by a
narrow zone of adiabatic shear. In forming a stagnation cone, the
dynamical system is itself selecting a lower energy deformation mode

in order to pursue a minimum energy trajectory. One is then immediately
faced with the question 'why does the system not select a smaller apical
angle?'. As has been shown in this study, deeper penetrations are ob-
tained with smaller values of B i.e. the rate of change of energy along
the trajectory decreases with 8. One might postulate that smaller
apical angles would increase the area of the adiabatic shear surface

and cause a greater loss of energy to shear than is saved by the reduc-
tion in inertial resistance. However, this argument is not satisfactory,
as it can be shown that because of adiabatic heating the interface shear
component of resistance for a preformed cone is very small compared to
all other components. On the other hand, from the photograph in

Figure 55, it is clear that the stagnation cone is behaving exactly

like a preformed cone. The only plausible explanation for the selection
of 55° is that it represents the smallest apical angle with sufficient

structural strength to penetrate a target (of the same material) without
deformation.

It should be noted that the 'total' penetration from original
surface to the point of the projectile is appreciably greater for
B =50 to B = 90 as all measurements of depth in this study are made
to the rear shoulder of the penetrator. The use of the rear shoulder
in defining penetration is adopted to allow the comparisons made with
this type of analysis to be extended to the complete perforation of a
finite target. Some discussion of the finite target problem will be
given later. Returning to Figure 54, we can see that for projectiles
having identical diameter, mass and velocity the penetration (to the
shoulder) for 8 = 10° is approximately 56% greater than for B = 90°.
The reason for this of course is that for 8 = 10°, much less energy
has been expended in crater enlargement. In practical armour piercing
projectiles, this advantage cannot be fully realized because of the
structural strength required by the very slender nose to prevent
deformation on impacting an oblique target. Evidence of this is
available in the present study e.g. Figure 29, in which we see that even at
at normal impact, the nose of the penetrator (B = 10°), has been deformed
during penetration and some projectile yaw has occurred inside the target.
In addition to projectile deformation, it is well known that blunter
nose-profiles are less prone to ricochet on impacting an oblique target.
A shape that has frequently been used is the doubly-tapered conical nose.
We are now in a position to investigate theoretically the possibility
of designing a double-tapered projectile such that the crater enlargement
is kept to a minimum while still presenting a relatively blunt nose-
profile. It should be emphasized that for any given impact velocity
there will be an optimum projectile configuration that depends on the
target material. Simulated profiles have been computed for a set of
doubly-tapered steel projectiles having B = 60° and B2 = 10°. The
mass and diameter were the same as those used experimentally and the
tip diameter ratio was varied from 0.2 to 0.4. These profiles, which
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are compared in Figure 56, show that minimum crater volume will occur
with a tip diameter ratio of approximately 0.65. If we now look at
the penetrations (Figure 57) associated with these profiles, we find,
that the smallest crater volume is not always indicative of the
maximum penetration. However it can also be seen for this particular
velocity, that a value of dt/dc close to 0.6 would give approximately
70% of the penetration advantage of the pure 10° projectile and at the
same time provide a relatively blunt nose profile. If the velocity
level is raised, it is probably better to have a smaller tip diameter.
If it is lowered, then the tip diameter can be increased.

Experimentally, we found that the predicted crater profiles
for doubly-tapered projectiles were not as good as the single-taper
simulations. In most cases, the diameter at the surface was larger
than expected. this may be explained in the following way. In the
analytical model, it is assumed that if the instantaneous velocity is
high enough, the material that is accelerated laterally from the front
shoulder will reach a diameter larger than the body diameter and hence
will never come into contact with the near shoulder. Perhaps this
idealization is not justified. As soon as the material leaves the
front shoulder, it begins to decelerate. Thus as the instantaneous hole
diameter approaches the final value, the radial velocity of the material
also approaches zero. It is therefore to be expected that combinations
of geometry and velocity exist for which re-attachment on the rear
shoulder will occur, not because of inadequate lateral acceleration,
but because of:insufficient time for the target material to get out of
the way of the incoming rear shoulder. Such a secondary impact would
of course impart an additional radial acceleration and produce a larger
diameter hole than would be predicted by the model. It would be entirely
possible to include this time-dependent behaviour in the model. It is
felt however, the increase in complexity would far outweigh any increase
in accuracy or predictive capability.

The following comments relate to the general theme of the
study though not specifically to the five main experiments. It is
always of interest in any analytical study of the penetration process,
to look at the variation of depth with impact velocity for a given
projectile-target combination. Oné of the most common 'rule-of-thumb'’
criteria, is that the depth penetrated is directly proport1ona1 to the
ratio of total kinetic energy to cross-section area. This is of course
derived directly from the assumption that the target flow stress is
constant and that there is no hole enlargement. An equivalent criterion
is the proportlonallty between kinetic energy and total hole volume which
allows for the possibility of the hole enlargement, but requires a know-
ledge of the profile before it can be applied. If we look at Figure 58,
we see that when both the variation in flow stress and hole enlargement
are con51dered‘ the functional relationship between total depth and
impact velocity depends on the angle B. The indicated threshold velocity
at zero depth of penetration again reminds us that the depth is being
measured from the shoulder and that zero depth corresponds to total
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immersion of the nose. We may conclude for the case of B>50°, that
projectile momentum is of much greater importance than kinetic energy.
As B decreases, hole enlargement becomes less dominant in the penetration
process and the depth shows a higher order dependence on velocity,
particularly at the lower velocities. As velocity increases, an
increasing proportion of the energy is used in hole enlargement

(Figure 59), and the rate of increase of depth with velocity decreases.
These results show clearly that there is no simple criterion which can
be used to relate penetration and impact velocity for all 8 unless the
profile is known, in which case, an assumption of proportionality
between energy and volume will give a good first approximation. The
relationship between depth and velocity may be approximated by an
equation of the form

Py = k" (BYV)

where the exponent n is itself a function of both B and V. For small
B and V, n will approach a value of 2, yielding the kinetic energy
criterion. However, if either B or V is large, the exponent tends
toward unity. As we have seen previously, for B>50°, there is little
difference between the hole profiles. Hence we might expect the value
of N to be approximately the same for all values of B above 50°.

The phenomenon of secondary crater growth for doubly-tapered
penetrators was postulated during the development of the simulation.
Although this behaviour was not encountered experimentally, the computer
code is at least able to simulate it. Figure 60 shows the predicted
crater profile for a doubly-tapered steel projectile (8] = 40°, B = 30°,
d¢ = 0.27) impacting a Type 1 aluminum target at 2500 ft/s. The
secondary separation, caused by re-attachment of the primary separated
flow on the rear shoulder, is quite evident. The case shown is quite
extreme, i.e. B1¥B, and indicates that in practice, secondary separation
will not be a major cause of crater growth, particularly for cases in
which B81>>85.

As a further test of the predictive capability of the
simulation, one of the singly-tapered tungsten carbide projectiles
used in experiments No. 2 and 3 was tested against an aluminum Type 1
target. A radiograph of the penetration is shown in Figure 61 and a
comparison is made in Figure 62 between the experimental profile and
the computer simulation. The coefficients used for this simulation
were those developed with steel projectiles in the first experiment
(Table VI). The agreement with experiment is exceptionally good,
particularly with respect to the depth, which was predicted to within
2.6%. Although it is evident from Figure 61 that the projectile tip
passed through the rear surface of the target, it is doubtful if this
significantly affected the penetration since the target was mounted on
a backup plate of the same material. This shot is of particular interest
in that it lends support to the physical significance of Ng* and the
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value determined previously. If we compare this profile to the one
obtained with a lighter steel projectile at a similar velocity
(Figures 19 and 20), we see that the re-attachment is well simulated
in both cases even though there is almost a two inch difference in the
total depth. It is clear that Np* must be dependent only on the
penetration mode.

Finally, some consideration should be given to the application
of this simulation to the perforation of finite targets. Clearly, if
we consider relatively thin targets, (of the order of on projectile dia-
meter in thickness), the model would be of little use in that most of
the deformation would be related to the entry and exit phases of the
perforation. As it has already been shown that the simulation of the
entry phase is perhaps the weakest part of the model, it is very
unlikely that exit simulations would be any better. On the other hand,
if the target is finite but of several diameters thickness, a successful
simulation of the perforation process should be possible by redefining
the stress function to allow for stress relaxation caused by proximity
of the rear surface. Previously we defined the variation in flow
stress as

o -KX/d
c c
Je ,
o
max

o(x) = omax(l—(l—

which says that the stress at the front surface (x = 0) is o, and that

it approaches opax asymptotically at great depth. If we now consider

a finite target of thickness tr, a first approximation to the appropriate
stress function can be written down by assuming that the stress will
vary in the manner described by equation 18 from both sides of the
~target i.e.

-KX/d :
Opax (1 -1 -0 /o e ), x< t,/2 (24

° (XD C max
-K(t-x)/d,

o (x)

O hax (1 -(1 - o /o _ e

¢’ "max > X2 tT/2

Equdtions 24 will yield a maximum resistance at the center
of the target land values of o(x) = oc at the front and back surfaces.
As previously mentioned, a value of X = tT would represent the complete
passage of the shoulder of a conical projectile through the target.
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CONCLUSIONS

1. The penetration and cratering process for non-deforming
projectiles impacting ductile targets has been analytically modeled
on the basis of an aerodynamic analogy involving a rigid-plastic
'atmosphere’'.

2. A set of coefficient (Cg, o./opax and Kp), describing the
resistance of this 'atmosphere' to conical projectiles, have been
defined as functions of the semi-apical angle for 0<g<90°.

3. A non-dimensional ballistic number Np, (instantaneous dynamic
inertial pressure/local flow stress) has been defined. It is shown
that below a critical value (Ng* = 0.5), target separation will not
occur, i.e. the crater diameter will equal that of the projectile.

4. It is shown by comparison with experiment that the model

can give good simulations of the crater profiles for the following
projectile/target combinations: Steel/ soft aluminum, tungsten carbide/
soft aluminum, tungsten carbide/ mild steel and tungsten carbide/ AISI
4340 steel (BHN 302).

5. For a given velocity and mass of projectile, the depth of
penetration varies strongly with B. For example, the depth is 50%
greater for B = 10° than for 8 = 55°.

6. It is shown that for B> 55°, there is virtually no difference
in the hole profiles produced at a given velocity. In addition, the rate
of change of penetration with B is small.

7. For B> 55°, a conical stagnation zone is formed ahead of the
penetrator which effectively changes the semi-apical angle to 55°. This
stagnation cone allows the projectile to follow a minimum energy
trajectory through the target.

8. The model can be used to predict the target response to a
doubly-tapered penetrator and allows the design of a relatively blunt
projectile to minimize ricochet while giving the deep penetration of

a slender cone. Conversely, if an excess of kinetic energy is available,
a projectile can be designed to produce the largest hole possible while
still maintaining adequate penetration

9, Finally, for a specified thickness of a given target material,
the model allows a rapid comparison to be made between a wide variety
of projectiles of singly or doubly-tapered profiles.
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Type

Material

"~ Alum 65-S

-k

Steel 1020
Steel 4340

B
)

10 +
15
20
25
30
40
50
60
90

TABLE I - Target Characteristics

.2% Y.S.
(1b/in?)

6700
46500
132000

TABLE II -

U.T.S,
(1b/in?)

17650

61000
150000

17.5

Experiment No 1

57

Projectile - Singly-tapered conical

Target

Velocity
(ft/s)

2500
2436
2494
2521
2601
2528
2466
2541
2488

Hardness

BHN

38
125
302

Steel, non-deforning, 398 grains

- Aluminum Type 1

Pp(exp.)*
(in)

NN UNWW DO

.40
.00
.67
.39
.48
.92
.58
.63
.40

Pp(theo.)

(in)

.43
.84
.68
.46
.44
.00
.65
.63
.44

Penetration depth was measured from the original surface to the
shoulder of the projectile.

Data questionable because of deformation of the point of the
projectile (see Figure 29).
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- TABLE ITI - Experiment No 2.

Projectile - Singly-tapered conical

Steel, non-deforming, 398 grains

Target - Aluminum Type 1.

B Velocity Pm(exp.)* Pp(theo.)
) (ft/s) (in) (in)
10 + 2132 4.14 4.207
15 2114 3.73 3.91
20 2169 3.65 3.84
25 2146 3.36 3.61
30 2198 3.33 3.60
40 2157 3.00 3.28
50 2119 2.81 3.0
60 2075 2.64 2.83
90 2041 2.54 2.71

t Projectile point deformed during penetration

TABLE IV - Experiment No 3.

Projectile - Singly-tapered conical, B = 30°

Tungsten carbide, non-deforming, 582 grains

Target - Steel Type 2, omax = 500,000 1b/in2
Velocity P (exp) P, (theo)
(ft/s) (in) (in)
1653 .72 .85
1930 .96 1.07
2418 1.44 1.45
2674 1.74 1.65

2985 2.08 1.89
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TABLE V - Experiment No 4.

Projectile - Singly-tapered conical, B = 30°

- Tungsten carbide, non-deforming, 582 grains

Target - Steel Type 3, Opax = 800,000 1b/in2

Velocity P (exp) P, (theo)
(ft/s) (in) (in)
1908 .62 .72
2345 .93 1.003
2990 1.42 1.390
3418 1.82 1.647
3899 1.72 + 1.990

+ Projectile shattered during penetration

TABLE VI - Experiment No 5.

Projectile - Doubly-tapered conical
B1 = 60°, By = 10°

Steel, non-deforming, 398 grains

Target - Aluminum Type 1
de¢/de Velocity P (exp) Pp(theo)
(ft/s) (in) (in)
.5 2481 4.85 5.04
.6 2475 4.55 4.84
.7 2575 4.58 4.86
.8 2829 5.06 5.035
.9 2574 3.98 3.91
1.0 2512 3.61 3.60
.5 2004 3.25 3.48
.6 2016 3.10 3.39
.7 2200 3.48 3.73
.8 2070 2.92 3.07
.9 2018 2.67 2.74
1.0 2010 2.52 2.73
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TABLE VII - Experimentally determined coefficients

Ng* = 0.50

Omax 87500 1b/in? (Aluminum target, Type 1)

B(®) Cg K2 0c/Omax
10 + 0.29 1.10 0.183
15 0.46 0.90 0.274
20 0.63 0.75 0.360
25 0.80 0.62 0.457
30 0.93 0.505 0.549
40 1.15 0.35 0.731
50 1.32 0.24 0.869
60 1.415 0.161 0.966
- 90 1.50 0.050 1.000

~ t Based on extrapolation
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Ogival projectile

Doubly tapered projectile
(a) (b)

FIGURE 1 - Typical projectiles
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FIGURE 2 - Five possible crater formation modes
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FIGURE 3 - Incremental crater enlargement
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FIGURE 4 - Radial velocity distributions
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FIGURE 5 - Definition of radial velocity Vro(x)
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FIGURE 6 - Possible stress and strain distributions
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FIGURE 7 - Geometry of doubly tapered penetrator
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FIGURE. 8 - Re-attachment geometry for doubly tapered penetrator
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FIGURE 9 -« Penetration sequence for doubly tapered penetrator
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FIGURE 10

Flash radiograph showing projectile prior to
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FIGURE 11 - Construction
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FIGURE 13 - Crétérs-produced by 398 grain singly tapered steel projectile;

B = 15°, V5 .= 2436 and 2114 ft/s.
Target, aluminum type 1
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FIGURE 12 - Doubly tapered penetrators. Various tip diameters
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FIGURE 14 - Computer simulations for 398 grain singly tapered steel projectile
B = 15°, Vo = 2436 and 2114 ft/s.
Target aluminum type 1
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I ) .
FIGURE 15 - Craters produced by 398 grain singly tapered steel projectile;

B = 20°, V, = 2494 and 2169 ft/s.

Target, aluminum type 1
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FIGURE 16 - Computer simulations for 398 grain singly tapered steel projectile;
B = 20°, V, = 2494 and 2169 ft/s. -
Target aluminum type 1

FIGURE 17 - Craters produced by 398 grain singly tapered steel projectile;
B = 25°, V, = 2521 and 2146 ft/s.
Target,aluminum type 1
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lo) Experiment V0 = 2521 ft/s i

o Experiment Vo = 2146 ft/s

Computer simulation

Depth, (in)

FIGURE 18 - Computer simulations for 398 grain singly tapered steel projectile;

B =

Target aluminum type 1 ‘ .

FIGURE 19 -

25°, Vo = 2521 and 2198 ft/s.

@
0

Craters produced by 398 grain singly tapered steel projectile;

g = 30°, V, = 2601 and 2198 ft/s.

Target, aluminum type 1 .
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"

O  Experiment V= 2601 ft/s

g Experiment \’o = 2198 ft/s

Computer simulation

Depth, (in)

FIGURE 20 - Computer simulations for 398 grain singly tapered steel projectile;
B = 30°, V, = 2601 and 2198 ft/s. '
Target aluminum type 1

FIGURE 21 - Craters produced by 398.grain singly tapered steel projectile;
B = 40°, V, = 2528 and 2157 ft/s.
Target, aluminum type 1
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FIGURE 22 - Computer simulations for 398 grain singly tapered steel projectile;

B = 40°, V, = 2528 and 2157 ft/s.
Target aluminum type 1

FIGURE 23 - Craters produced by 398 grain singly tapered steel projectile; !

50°, Vo, = 2466 and 2119 ft/s. |

8
Target, aluminum type 1
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FIGURE 24 - Computer simulations for 398 grain singly tapered steel projectile;
B = 50°, Vo = 2466 and 2119 ft/s.
Target aluminum type 1

FIGURE 25 - Craters produced by 398 grain singly tapered steel projectile;
B = 60°, Vo = 2541 and 2075 ft/s.
Target, aluminum type 1
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FIGURE 26 - Computer simulations for 398 grain singly tapered steel projectilé;
B = 60°, Vo = 2541 and 2075 ft/s.
Target aluminum type 1

FIGURE 27 - Craters produced by 398 grain singly tapered steel projectile;
= 90°, Vo = 2488 and 2041 ft/s. -

arget, aluminum type 1
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FIGURE 28 - Computer simulations for 398 grain singly tapered steel projectile;
B = 90°, Vo = 2488 and 2041 ft/s.
Target aluminum type 1

FIGURE 29 - Crater produced by 398 grain singly tapered steel projectile;
B =10°, V, = 2500 ft/s.
Target, aluminum type 1
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FIGURE 32 - Variation of stress exponent K, with cone angle
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FIGURE 33 - Variation of stress with depth; various cone angles
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- Deformation fields for various cone angles.

FIGURE 34

Quasi-static penetration into laminated clay.
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1653 ft/s 1930 ft/s 2418 ft/s 2674 ft/s 2985 ft/s

. FIGURE 35 - Craters produced by 582 grain singly tapered WC projectiles,
B = 30°. Various velocities.
Target, steel type 2
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FIGURE 36 - Computer simulations for 582 grain singly tapered WC projectiles,
B = 30°. Various velocities.
Target, steel type 2
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FIGURE 37 - Variation of penetration with velocity for 582 grain singly tapered
WC projectiles, B = 30°. Target, steel type 2

1908 'ft/s ’ 2345 ft/s 2990 ft/s ) 3418 ft/s. 3899 ft/s

FIGURE 38 - Craters produced>by'582 grain singly tapered WC projectiles,
B = 30°. Various velocities.
Target, steel type 3
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FIGURE 39 - Computer simulations for 582 grain singly tapered WC projectiles,
- B = 30°. Various velocities.
Target, steel type 3
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FIGURE 40 - Variation of penetration with velocity for 582 grain singly tapered
WC projectiles, B = 30°. Target,steel type 3
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FIGURE 41 - Craters produced by 398 grain doubly tapered steel projectile;
By = 60°, By = 10°; d¢ = 0.20 inch. velocities, 2481 and 2004 ft/s.
Target, aluminum type 1 |

1.0~ ‘
O  Experiment v, = 2481 ft/s i
,d Experiment V_ = 2004 ft/s
8l- °
e Simulation
6
4°F : £ { $—O—
!
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0 1 1 1 15 1 1
(o] ol 2 3 5 .
Depth, (in) '

FIGURE 42 - Computer simulations for 398 grain doubly tapered steel projectile,
By = 60°, B, = 10°, d¢t = 0.20 inch. velocities, 2481 and 2004 ft/s.
Target, aluminum type 1
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FIGURE 43 - Craters. produced by 398 gréin doubly tapered steel projectile;
By = 60°, B, = 10°; d¢ = 0.24 inch. velocities, 2475 and 2016 ft/s.
Target, aluminum type 1 : '
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FIGURE 44 - Computer simulations for 398 grain doubly tapered steel projectile,
L B = 60°, By = 10°; d¢ = 0.24 inch. velocities, 2475 and 2016 ft/s.
Target, aluminum type 1
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FIGURE 45 - Craters produced by 398 grain doubly tapered steel prOJectlle,

B = B> = 10°; d¢ = 0.28 inch. veloc1t1es, 2575 and 2200 ft/s.
Targpt alumlnum type 1
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FIGURE 46 - Computer simulations for 398 grain doubly taperéd steel projectile,
By = 60°, B, = 10°, d¢ = 0.28 inch. velocities, 2575 and 2200 ft/s.
Target, aluminum type 1
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FIGURE 47 - Craters produced by 398 grain doubly tapered steel projectile;
B1 = 60°, B, = 10°; dy = 0.32 inch. velocities, 2829 and 2070 ft/s.
Target, aluminum type 1. '

O  Experiment vV, = 2829 ft/s

Bxperiment V_ = 2070 ft/s
o B °

Simulation

£ L=
L4

Crater Diameter, (in)

-~
)

Depth, (in)

FIGURE 48 - Computer simulations for 398 grain doubly tapered steel projectile,
B1 = 60°, By, = 10°, d¢ = 0.32 inch. velocities 2829 and 2070 ft/s.
‘ Target, aluminum type 1
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FIGURE 49 - Craters produced by 398 grain doubly tapered steel projectilé;:
By = 60°, B, = 10°; dt = 0.36 inch. velocities, 2574 and 2018 ft/s.
Target, aluminum type 1 ’
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FIGURE 50 - Computer simulations for 398 grain doubly tapered steel projectilé,
By = 60°, B, = 10°, d¢t = 0.36 inch. velocities, 2574 and 2018 ft/s.
Target, aluminum type 1 : :
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FIGURE 51 - Craters produced by 398 grain doubly tapered steel projectile;

By = 60°, B, = 10°; d¢ = .40 inch. velocities, 2512 and 2010 ft/s.
Target, aluminum type 1

.2~
(o} Experiment Vo = 2512 ft/s
;f Experiment Vo = 2010 ft/s
(Ko of . .
Simulation NB' = 0.5
— e Simulation NB' =0
8

Crater Diameter, (in)
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FIGURE 52 - Computer simulations for 398 grain doubly tapered steel projectile,

By = 60°, By = 10°; d¢ .40 inch. velocities, 2512 and 2010 ft/s.
Target, aluminum type 1
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FIGURE 53 - Simulated crater profiles for 398 grain singly tapered steel pro;ectlles,
B = 10° to 90°, velocity, 2500 ft/s. ,
Target aluminum type 1
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FIGURE 54 - Variation of maximum penetration with cone angle for
398 grain singly tapered steel projectiles.
Velocity, 2500 ft/s. Target, aluminum type 1.
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Vo =.2541 ft/s Vo = 0.1 in/min Vo = 2488 ft/s
Aluminum Target Clay Target Aluminum Target
B8 = 60° 8 = 90° 8 = 90°

FIGURE 55 ~ Comparison of static and dynamic deformation fields
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0o | 2 3 4
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FIGURE 56 - Simulated crater profiles for 398 grain doubly tapered steel projectiles;
. g, = 60°, B, = 10°, d_/d_=0 to 1.0. Velocity 2500 ft/s.
: 1 2. tic
4 Target, aluminum type 'l
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FIGURE 57 - Variation of maximum penetration with
steel projectiles; B = 60°, B} =

10°,

1

cone angle for 398 grain doubly t?pered
dt/dc = 0 to 1.0. Velocity 2500 ft/s.
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FIGURE 58 - Variation of penetration depth with velocity for 398

steel projectile, B = 30°.

Target aluminum type 1.
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FIGURE 59 - Variation of crater profiles with velocity for 398 grain singly tapered
steel projectile, B8 = 30°. Target, aluminum type 1.

Crater Diameter (in)

Depth, (in)
FIGURE 60 - Simulated profile showing secondary crater enlargement for 398 grain

doubly tapered steel projectile, 81 = 40°, B, = 30°, de = .27,
Velocity = 2500 ft/s. Target, aluminum type 1.



Crater Diameter, (in)

FIGURE 61 - Crater produced by 582 grain singly tapered WC projectile,

B = 30°; velocity 2454 ft/s.

Target, aluminum type 1
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FIGURE 62
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- Simulated profile for 582 grain singly tapered WC projectile,'
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30°, velocity 2454 ft/s.
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Target, aluminum type 1.
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APPENDIX A

Computer Simulation 'AHAC'

€ XX ——) e

FIGURE A-1

'ﬁ‘:
The following equations (taken from the main text), have been

programmed in APL to give a numerical solution for projectiles of the
type shown in Figure A-1. The program is branched to handle the follow-

ing cases:
i Singly-tapered cones, (D7 = D)
ii Doubly-tapered cones:

a) Initial separation at the front shoulder produces
crater enlargement greater than the diameter of

the projectile body.

b) Separation at the front shoulder produces crater
enlargement smaller than the diameter of the
projectile body. ‘

The starting velocity, i.e. the velocity corresponding to
total immersion of the conical tip, is given by:

1
- V1 = (Vo® - (nd) (o q)Cot B1)/12 M)? Al

’ Equation A-1 applies to all cases.
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For

The

The

The

For

The

The

The

Cases i and ii a,

variation of target stress is:
|

g, (x) = qmax(l-(1—cc1/cmax)exp-(K21 X/Dl) A-2
velocity decrement at depth x is:
AV(X) =-A Ax(o (x) + zpC V (x))/MV(x) A-3
ballistic number is:
Ny, = 10V2(x)/0) ()
Bl 2= 1
crater area at depth x is:
AH(x) = Al(l + Npp CBl - NB*), NBl CBl > NB* A-4
- *
AH(x) -.Al s NBl CBl < NB
Case i1 b
variation in target stress is:
cl(x) = ‘max(l (1 - Gcl/ max)eXp . (K21( - XX)/DI)) A-5
0,(x) = ax(l_(1 B 0c2/cmax)exp - (K22 x/DZ))
velocity decrement at depth x is:
AV(X) = - AX~{A101(X)(1 + NBICSI)
- - *
A o (x)(l + NBlcsl NB )(l.f NBZCBZ)
+ A202(x)(1 + NBZCBZ)} /MV (x) A-6
ballistic numbers are:
1 2
NBl = 3 .0V (x)ol(x) :
: A-7
2
Ng, = i ov (x)o,(x)
crater area at depth x, for NBZCBZ B , 1is:
Ay (x) =%A2(1 + NpoCoy = Np*)
V‘Al(l + NBlcBl -Ng* )(NBZ 82 ) A-8
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The program is terminated when V(x) becomes negative. The size of the
last increment Ax required to bring the velocity exactly to zero is

then determined by an interpolation based on a volume/energy proportion-
ality involving the local value of oz(x).

In the following pages, a listing is given of the required
inputs indicating the symbol equivalence; the APL program, the matrix
'MCOEF' and a sample solution for a doubly-tapered projectile. The
matrix 'MCOEF' contains the values of Cg, Ky and oc/opgx for values
of B from 0 - 90° in increments of 10°. If intermediate angles are
required, these can be inputted separately, or a new NCOEF can be
constructed by using the coefficient curves, (Figures 30, 31 and 32).

Input Parameters

Omax = SMAX - Characteristic target strength - 1bs/in2
81 = Bl - Semi-apical angle - front cone - deg.
B2 = B2 - " " - rear cone - deg.
Dy = D1 - Base diameter - front cone - in.
Dy = D2 - Base diameter - rear cone - body diameter - in.
W =W - Weight - grains
PTYPE - 'Type of projectile'
TYPE - 'Type of target'

o} = RHO - Density of target material
Dx = DX - Finite displacement step
ocl = SC1 - Flow stress at surface associated with cone of

semi-apical angle Bl
Oc2 = SC2 - Flow stress at surface; associated with cone

of semi-apical angle B2
Cg1 = CB1 - Drag coefficient for semi-apical angle Bl
CBZ = CBZ - tt 13} " A ” B2
K21 = K21 - Stress exponent for semi-apical angle .Bl
K22 = K22 - " " 1 " 1" BZ
Ng* = NBC - Critical ballistic number
Vo = VO - Impact velocity

CMOEF - Coefficient matrix - (see print-out).
Output Parameters
X = X - Displacement vector - in.
\% =V - Velocity vector corresponding to X - kft/s
Ay = AH - Cross-section area of crater - in?
AH/AC = AHBYAC - Ratio of crater area to projectile cross-section
area.

DYy = DH - Crater diameter vector.
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VARAC

{11 *ENTER SMAX B1 B2 VO RHO W(GRAINS) PTYPE TYPE D1 D2!
{2) L[1+4/B12MCOFF[ ;1]
[3l L2~*/B22MCOEF[ 1]
[4] 2224+ J«Kk+1 j
(5] v PARGET' !
el 7777 v
[71 TYPE J RHO ';RHO;' LB/CU IN '
[s] tSMAX Y ;SMAXJ' PSI'
f9l - S 301+o RED SMAXxMCOEP[Ll u);' pSr SC2 '35C2+0 RND SMAXxMCOEF[L2:41];
f10] ix21 '3K214MCOEF(L133]; K22 ' 3K22+MCOEFIL2;3)
(11 wpc sNBC4.5
[12]
[133) 'PRDJFCTILE'-
ST !
[153 PTYPE.' VO ';V0;' FT/SEC W tiW;' GRAINS'
(163 * 1 "3B1;' (o) B2 '"3B2;' (o)!
[17] 'GB1  ';CB1«MCOFF(L1;2];' CB2 ';CB2+MCOEF{L2;2]
[18) ‘b1 tsD1; IN D2; ';D2;' IN'
(19] DX '.DX
(20) +ABC%iD1=D2
(213 xx«(D2-D1)+2xTAN B2
[22] =+ABDxDi#D2
{231 ABC:%X+0
[24] ABD:VO+VvOx12
{251 RHO+RHO+386.51
[26]) A2+6(D2%2)¢4
271 A1+0(D1+2)#4
[28] M«(i4¢386. 51)xu47ooo
[29) N30+(350~v0-2)02x301
[30] X1+«D1+2xTAN 31
(31) VieVRePa((VO22)= (0301x(D1 2)xX146xM))*,5
[(32) AMi+.5%RHO%CBA
[33) W2+ 5%RRO%CR2
[3i4) XN+X¢DH¢AHBYﬂC*0
[3s] NBi*NB*(RHOxw62)02xSCI
[361 AfZ+A1%1+(NBxOP1)«KBE
{37 AH*(AH!(NBxGBl)ENBC)oﬁix(NBxCBi)<NBC ,
£38)] ¢ DISPL. : VELOCITY HOLE ARFA AH/AC HOLF DIA.
fasg)] ¢+ 1IN, ' KPT/SEC 50 IN IN'
C(40) AREAL1D:+ARBABX\(AH<A2)
Tu1) AREAZ:81+5MAX%(1>(1-5C14SMAR ) x»=K21%(XN+DX+2)4D1)
(u2] DVe=(E14Nin(VF-3) )RAA DX MRV
(ud) Ve, vi«eVieDV
Cuu) f#i,iﬁexﬁ+bx
(u8] NBEi«(RHOxVA#2)42x51
(u6] *AREAMi\((ﬂﬂﬂixcﬂi)sNBC)x(A1=A2)
(7] ARN+A1%1 (Nsnxxca1) ¥BC
fus) <ARBA9%\AEN<A?2
(u9) AH+AH ABR i
{56) <ARFAS ‘

BEST POSSIBLE COPY

' PSIY,

&

t

[13 5

L

O

Y




[511]
[52]
[53]
fsu]
{551
(561
£571]
[58]
{591
(601
(611
(621
[63)
[6u]
[65]
[66)
[67]
(681
[69]
(701
[(71]
{721
731
[74]

[751]
[76)
{771
781}
[79]
[80]
r81]
[82]
[83]
(8u]
[(8s5]
[86]
[871
{88]
{89]
[90]
f91]
[92]
93]
{ou4]
[95]
[96]
[97]
(98]
f99]
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AREAU : AH«AH ,AHN<«A2
ARFAS5:+AREA2x1VN>0
ARFA3:AHBYAC+AHtA2

DH+(uxAH+01)* .5

MAT«®R(5,pV)p3 RND X,(V%+12000),AH ,AHBYAC,DH

Vo«V03+12

RHO+RHOx386.51

MAT
XCeXU(pX)-11+(DXx(V[(pV)=-114VL(pV)=1]-VIpV]))+(XXxKV=0)-XXxJJ=0
XM«XC+X1 XXxJJ=0

'*MAX PENETRATION...';3 RND XM;' IN. MFASURED FROM THF POINT'
'*TOTAL NOSFE LERGTH IS ';3 RND X1+XX

'CYLINDRICAL PENETRATION IS ';3 RND XC

'HOLE DIAMETERS CORESPOND TO DISPL. FROM SURFACE'
+AREA13x1(222=0)

‘INITIAL SEPARATION AT THE FRONT SHOQULDFR'

+0
ARFA13:'"INITIAL SEPARATION IS AT THE REAR SHOULDFER'

+0
AREAB:Z2Z27+X+KK+JJ+0

VOLC+o(D1%3)+2uxTAN B1

RH+«(AH#+01)* .5

H1+«(RH-R1«D1#2)+TAN B2
VOLB+(OH14#3)x((R1%2)+(R1xRF)-Rli*2) .

R2+D2+2

H2+«(R2-RH)+TAN B2

VOLA+(OH2+3)x((R2%*2)+(R2xRHE)Y+RH=*2)
DELE+(SC1x(VOLB+VOLC))+SC2xVOLA

VeVN+V1«((VO*2) 2xDELF4M)* .5

NBN1+«NB1+«(RHOXxV122)+2xSC1

NBN2+NR1xSC1+5C2
All+«(A2x1-NBC-NBN2xCB2)-A1x(1-NBC-NBN1xCRB1)x(NBN2xCB2)=-NRC
AREA1:S1+S5MAXx(1-(1-SC145MAX)x*-K21x( (XN XXxKK=0)+DX%2)+D1)
52+5MAXx(1-(1-SC245MAX ) xx K22x((XN-XXxKK=1)4DX+2)+D2)
NBN1«(RHOXVN*2)+2xS1

NBN2+NBN1x514+52

DVe-(DX4MxVN)x(A1xS1x1 NEN1xCP1)+(A2xS2x1+NRN2xCB2) (A1xS2x(1-NBC-NBN1xCB1)x1+NBN2xCB2)

VeV ,VN«VN+DV
X«X ,XN«XNeDX
+ARFEA6x1((NBN2xCB2)<NRC)
+ARFA10
ARFA9:JJ+0
X+«T14X
XNeX(pX]
V+"1+V
VN«V[oV]
+ARFA1
AREA10:AH«AH ,AHN+(A2x1-NBC-NBN2xCR2)-A1x(1 NBC-HBNI&CBI)X(NFH2XCH2)-NBC
+ARFA7

[100JAREA6 : AH«AR ,AHN«A2
[101JAREA7 : +AREA1x1VN>0
[102) +ARFA3

[103] AH

v



UNCLASSIFIED

66

ANGLE
0
10
15
20
25
30
40
50
60
70
80
90

MCOEF
CB

0.29
0.46
0.63
0.8
0.93
1,15
1.32
1.415
1,465
1.49
1.5

X2
1.62
1.1
0.9
0.75
0.62
0.505
0.35
0.2u
0.161
0.109
0.074
0.05

SC/SMAX.
0
0.183
0.274
0.36
0.u457
0.5u9
0.731
0.869
0,966
0.9 &
0.997
1




AHAC

ENTFR SMAX B1 B2 VO RHQ W(GRAINS) PTYPE TYPE D1 D2

ANACL2)

+2
_TARGET
ALUM TYPE 1
SMAX 87500 PSI

RHO 0.1 LB/CU IN

£C1 84500 PST 5C2 31500 PSI
k21 0.161 K22 0.75
NRC 0.5
PROJECTILE
D T CONE Vo 2000 FT/SFC 174
Bl 60 (o) B2 20 (o)
CR1 1,415 CB2 0.63
D1 0.35 IN D2; O.4 TN
DX 0.2
DISPL, VELOCITY

In. KFT/SEC

0 1,993

0.2 1,895

0.4 1.797

0.6 1.699

0.8 1.606

1 1.507

1.2 1.399

1.4 1,282

1.6 1,152

1.8 1.008

2 0.8u2

2.2 0.645

2.4 0.389

2.6 “0.03

350 CGRATHNES

HOLF APRFA
so Ir

0.167
0.156
0.145
0.134
0.126
0.126
0.126
0.126
0.126
0.126
0.126
0.126
0,126
0.126

MAX PENETRATTONM,...2.687 IN, MFASURED FROM THE POTINT

TOTAL NOSE LEMCTH IS 0,17
CYLINDRICAL PFNETRATION IS 2.517
HOLE DIAMETERS CORESPOND TO DICPL.

FROM SURFACFR

JINITIAL SEPARATION AT TIE FRONT SHOULDER

AR/AC

1.331
1,239
1.15

.
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fo ]
~

[ s Ty

UNCLASSIFIED
67

HOLE DIA.
IN

0.u461
0.4u45
0.429

£
[ Y
w
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