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PENETRATION OF A STRONG BARRIER BY A SHAPED CHARGE JET

S. A. Kinelovskii and K. K. Maevskii UDC 539.374

The hydrodynamic theory of detonation quite reliably describes the penetration of a
shaped charge jet (SCJ) at sufficiently high penetration velocities. However, a marked dif-
ference between the theory and experiment [1-5] is seen with a reduction in velocity. This
can be attributed to the actual effect of cohesive forces. An accurate empirical check of
the hydrodynamic theory of penetration was made in [3] and a modification of this theory
was proposed to consider the effect of the strength of the materials of the jet and the bar-
rier (similar results were obtained independently by N. A. Zlatin). This modification con-
sists of introducing "resistance'" into the equation describing flow — the Bernoulli equation.
It was noted in [4]} that in the penetration of an object by an SCJ, the strength of the jet
material need not be considered (a similar proposition was used in [5]). As a result, a
formula is obtained which expresses the connection between the velocity Vj of the jet, the
penetration velocity Vi, and the strength characteristic of the barrier material:

" y- 2H
Vy . N D
Vp - Agi{xhl/u-w ] va—;—l‘j(1—— o ) (1)

§'i
Here, Hp is the effective value of the dynamiec hardness of the barrier material; A = /pJ/pb,
Pj and pp are the densities of the jet and the barrier. The second expression in (1) per-
tains to the case A = 1. Equation (1) (below — model 1) represents one of the most widely
used approaches to allowing for cohesive forces on the process of SCJ penetration.

JJ

In [4], yet another modification of the hydrodynamlc theory was proposed. This modi-
fication leads to the formula (model 2)

A
Vb :mvj V1—‘2HD1/(|()3V2)- (2)

Comparison of (1) and (2) shows that the SCJ ceases to penetrate the barrier at the same
critical jet velocity (VJ ¢2HD7p ) in both models, although the character of the effect
of strength on the penetration process is described differently by each model. Penetration
velocity begins to decrease at markedly lower Jet velocities in model 1 than 1n model 2,
i.e., the latter is characterized by a stronger strength engaging mechanism.'

Novosibirsk. Translated from Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No.
2, pp. 150-156, March-April, 1989. Original article submitted March 21, 1988; revision sub-

mitted May 11, 1988.
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A method involving "recreation of the jet from the characteristics of its penetration
into the barrier'" was proposed in [6] for studying the process of SCJ penetration. The es~
sence of this model is as follows. Let the dependence of penetration depth h(t) on time
be known from experiments -for the same given SCJ in barriers made of different materials.
Using these data, we set the goal of recreating the SCJ — the velocity distribution along
the jet — at a certain moment of time. For example, we might recreate the SCJ for the mo-
ment when the head of the jet touches the barrier (t = 0). If the models of motion and pene-
tration of elements of the jet are both reliable in this case, then the recreated jet should
be the same for all barriers. Conversely, the degree of agreement of the results of the
recreation with each other will make it possible to judge the validity of the chosen models
to a certain extent.

Let us examine the procedure of establishing the relation V;(x), where x is reckoned
from the barrier counter to the jet. Empirical relations h(t) for each test are described
piecewise analytically (such as by a second-degree polynomial). We then use differentiation
to find the dependence of jet penetration velocity Vi on the depth h of the pierced barrier
(similar to [3]). It is sufficient to conduct two or three experiments for each barrier
material. Then the relations Vy(h) are described piecewise analytically by the least-squares
method for each barrier. Sections of approximation are chosen specifically for each bar-
rier material, while the conditions of equality of the values of the functions and the first
derivatives are imposed at the "joints" of the sections. The resulting approximate curves
give an averaged representation of velocity Vp(h) through the depth for each barrier material.

In the calculations, the motion and penetration of the jet are examined in a quasistatic
approximation. In accordance with the latter, the motion and penetration of each element
of the jet occurs as though the entire jet were organized as is the given element [2]. Also,
it is assumed that each jet element moves toward the barrier without a change in its mean
velocity and that a solid jet and a divided jet, consisting of the same elements, identical-
ly pierce the barrier. ’

Depending on the chosen model of penetration, the velocity of a jet element and its
penetration velocity are connected by a certain relation

Vi =1V (3)

The length of the jet element A at the moment of penetration is connected with the incre-
ment of the depth of penetration Ah by the expression [2]

PV el VY (4)
b

Equations (3) and (4) make it possible to find the velocity and length of jet elements that
correspond to each value of h. To recreate the jet, we then need to find the length Ax of
the given jet element at the chosen initial moment of time. These quantities are connected
by the expression A% = Ax + [(x + h)/V-]AVj, which is a kinematic equation expressing the
change in the length of an independent jet element whose ends have the velocity difference
AV: and which moves at the mean velocity Vj. It follows from this that the elongation n
of each element of the jet is determined by the formula

PRVl S vy Ay d AL (5)

To complete the procedure of recreation of the jet, we need to consider the fact that an
axial velocity gradient may separate the jet into individual elements. As has been shown
experimentally, the length of these elements undergoes almost no change after the separa-
tion [7, 8]. It is also known (see [1, 9], for example} that the maximum elongation n, of
the elements is different for different parts of the jet: whereas the limiting elongagion
is approximately equal to two for the leading parts of jets, it increases to 10-15 for the
trailing parts. In the recreation of a jet in [6], the author used a model of constant jet
elongation (n, = const) and noted that the result of the recreation — or at least the quali-
tative character of the distribution Vj(x) -~ is more heavily influenced by the choice of
penetration model than by the choice of the model of jet motion. Nevertheless, we can use

a model of motion of the jet elements which more closely reflects reality than does the con-
stant elongation model: we will assume that the limiting permissible elongation n, for our
jet increases linearly along the length of the jet from the value of 2 in the head of the
jet (x = 0) to, say, 10 at x = 40 mm (which corresponds roughly to the tail of the recreated
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jet). Thus, the initial length Ax of the jet element being recreated and its length AL at
the moment of penetration are connected by the equality

Ax:%Al (n <<my), Ax:—::Al (n=n,). (6)
Equations (3)-(6) make it possible to completely describe the procedure of recreating a jet
at the moment of time when its head touches the barrier. It should be noted that the re-
created jet is to a certain extent hypothetical, in light of the approximate nature of the
models being used. Also, the jet will be hypothetical in the case when the charge is suffi-
ciently close to the barrier; at the moment of time when the head of the jet touches the
barrier, the tail elements of the jet may actually have yet to be formed.

Use of the above-described method allowed the author of [6] to observe that for an SCJ
with a head velocity of 6-7 km/sec, there is an initial penetration section on which the
compressibility of the barrier material must be considered in order for the results of the
recreation to agree for different barriers; for the jet used in [6], the length of this sec-
tion through the depth of the barrier was about 20 mm (the possibility of the existence of
such a section was also noted in [1]). The results were analyzed in [6] with allowance for
the compressibility of the barrier material and use of the hydrodynamic theory of penetra-
tion, i.e., when relation (3) has the form

; 17 ¢
Vi ="V (7)
This analysis made it possible to obtain agreement for a jet section about 15 mm long. Here,
as already noted, the model of constant elongation was used for the motion of the jet elements.

Figure 1 shows similar results obtained from the more realistic model described above,
with an increase in the limiting elongation of the elements toward the tail of the jet in
accordance with a linear law. The different curves pertain to different barrier materials:
1) lead, total depth H, of penetration of the jet 120 mm; 2) aluminum, H, = 165 mm; 3) cop-
per, H, = 105 mm; 4) steel, H, = 80 mm; 5) duralumin, H, = 110 mm. Here and below, the
points are used only for clearer identification of the curves. Analysis of these results
shows that with allowance for compressibility on the initial penetration section, satisfac-
tory agreement is again obtained over a third of the recreated jet for different barrier
materials. However, beginning with x = 15-18 mm, the results for materials of considerable
strength deviate fairly quickly from the curves (1 and 2) which correspond to weaker materi-
als (lead, aluminum). Thus, the next factor which must be considered by the penetration
model is the strength of the barrier material.

Figure 2 shows results of the recreation of a jet by model 1 with allowance for the
strength of the barrier material (the numbers of the curves are analogous to Fig. 1), It
turned out in this case that for the best agreement between the results obtained it is neces-
sary to take the following values for the dynamic hardness of the barrier material Hp (in
GPa) in (1): 1lead, 0; aluminum, 0.4; copper, 4; steel, 7.5; duralumin, 6. Roughly the same
results are obtained with the use of model 2. The resulting valuesof Hp are unrealistically
large compared to those obtained in the penetration of monolithic projectiles, even if it
is assumed that the effective value of the dynamic hardness of metals Hp is higher in the
penetration of SCJ than in the penetration of a projectile. This result can actually be
explained by the fact that approximately half the jet penetrates the barrier after it has
separated into different elements. This was confirmed by photographs of a jet taken on a
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pulse-type x-ray unit. Thus, the "divided jet effect" is in this case superimposed on the
"strength effect," which leads to overestimation of the effect of strength on the penetration
process. As was noted in [4], this is the reason for the overestimate in [10] of the velo-
city of a steel jet (Vi = 4 km/sec) at which the strength of the barrier material begins

to affect the penetration of the jet into a barrier of mild steel.

After a jet separates into individual fragments, these fragments gradually diverge from
one another due to their different velocities. Moreover, since the electrocontact method
usually used to measure penetration velocity determines the mean velocity, then it becomes
evident that the measured penetration velocity for a fragmented jet will, on the average,
be less than the velocity of a continuous jet composed of these fragments. Another phenom-
enon associated with a "'divided" jet is lateral dispersion of the jet elements and their
contact with the walls of the already-pierced hole [1, 11]. The experiments conducted in
[12] and described in [11], involving precision shaped charges (diameter 83.8 mm, 42-radius
copper casing), are very illustrative in this regard. Here, the investigators determined’
the velocity of the jet elements for which penetration ceased. Whereas this velocity was
3.6 km/sec for a focal length of 6 diameters, it was 5.3 km/sec for a focus at 25 diameters
(the tests were conducted with five focal lengths). It is evident that neither the first
nor the last values of velocity associated with '"cessation of penetration" are directly con-
nected with the strength of the barrier.

Thus, in order to most fully study the effect of strength on the process of SCJ penetra-
tion, it is necessary to eliminate the effect of division of the jet in experiments. Shaped
charges with hemispherical linings are very convenient in this regard. The jets obtained
from such charges typically have a fairly low velocity, which is of interest from the view-
point of studying the effect of strength on the penetration process. Also, due to the small
velocity gradient and fairly large diameter, these jets remain intact for a sufficiently
long period of time. In experiments we conducted, we used a shaped charge 48 mm in diameter
with a hemispherical copper lining. The lining was 40 mm in diameter and had a wall thick-
ness of 2 mm. The velocity of the head of the jet, measured by photographing it on a pulse-
type x-ray unit, was 2-2.1 km/sec. The depth of penetration H, for different barriers was
as follows: 1) lead, H, = 105 mm; 2) aluminum AMts, H, = 160 mm; 3) duralumin D16T, H, =
105 mm; 4) copper, H, = 100 mm; 5) steel St3, H, = 61 mm; 6) steel St. 30KhGSA, H, = 52 mm
(the numbers correspond to the curves in Figs. 3 and 4). The mean values of H, and aver-
aged relations Vb(h) were obtained from the results of three tests for each barrier.

In connection with the low jet velocity in the given case, it turned out to be unneces-
sary to consider the compressibility of the barrier material on the initial penetration sec-
tion. Figure 3 shows the results of recreation of the jet with the use of the hydrodynamic
model of penetration (7). It is evident from this figure that about 15 mm of the jet is
reproduced with a high degree of accuracy from the hydrodynamic model for all of the barrier
materials investigated. For steels St3 and 30KhGSA and for duralumin, an appreciable devia-
tion from the hydrodynamic theory is seen at a jet element velocity of about 1.75 km/sec,
while the comparable figure for aluminum is approximately 1.25 km/sec. Now let us see the
result of allowing for strength. Figure 4 shows the results of jet recreation with the use
of penetration model 2 to describe the process. The best agreement for most of the jet is
reached with the selection of the following values for the parameter Hp (in GPa), character-
izing the strength of the barrier material: lead, 0; aluminum, 0.6; copper, 1; 5t3, 3; dur-
alumin, 3.5; 30KhGSA, 4. Here, all of the curves depicting the velocity distribution of
the jet lie in a band whose width is no greater than #57 of the mean value. The agreement
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between the results is poorer for the tail of the jet, which is evidently connected with

the division of this part of the flow. Qualitatively similar results are obtained with the
use of model 1. The best agreement for most of the jet is achieved in this case with the
use of the following values of Hp (in GPa): lead, 0; aluminum, 0.4; copper, 0.6; St3, 2;
duralumin, 2; 30KhGAS, 3. However, the width of the band containing the curves here is +107
of the mean value. It can be concluded from the aggregate of the results that, in a quanti-
tative sense, model 2 describes the experimental results better on the whole than does model
1. On the other hand, analysis of the results shows that both models somewhat exaggerate
the effect of strength on the penetration process for the leading part of the jet. For ex-
ample, this is indicated by the increase in the scatter of the results at x = 0 in Fig. 4
compared to Fig. 3. It can be suggested on the basis of this that the mechanism of "strength
engagement' is actually manifest to a greater extent than in model 2: for the barrier ma-
terials examined here, strength has almost no effect at a velocity of 2 km/sec for the ele-
ments of a copper jet, while the effect of strength is substantial at a velocity of about
1.5 km/sec for barriers of both steels and duralumin,

Thus, the results obtained here confirm the proposition [6] that the method of "re-
creation of a shaped charge jet," with the use of continuous jets, may prove to be a poor
tool for studying the strength characteristics of materials at high deformation rates. In
abstract terms, this method is qualitatively similar to Taylor's method (see [13], for exam-
ple) of determining the dynamic yield point of metals with the penetration of a striker.

The main difference is that one is not solving a direct problem involving the motion of the
striker within the framework of the chosen penetration model., Instead, the inverse procedure
is being performed — the jet is being recreated from the penetration characteristics within
the framework of the chosen models of penetration and motion of the jet elements. It was
found that in the case of penetration by shaped charge jets, the effective values of the
dynamic hardness of the barriers turn out to be somewhat higher than in the case of penetra-
tion by monolithic strikers.
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