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ENHANCEMENT OF A MAGNETIC FIELD
IN A PERFECTLY CONDUCTING MEDIUM
ON PENETRATION OF A HIGH-VELOCITY
JET INTO IT

S. V. Fedorov?, A. V. Babkin? and UDC 533.95
S. V. Demidkov®

We consider the possibility of enhancement of a magnetic field created in a conducting medium on
penetration into it of a high-velocity striker moving across the magnetic-induction lines. For the case
of a perfectly conducting target, an estimate is obtained for the rate of increase of the field intensity
in the region of contact with the head part of the striker. A dimensionless parameter is introduced that
characterizes the relationship between the rates of generation and diffusion of the field on penetration
into a material of finite conductivity. Based on a mode that takes into account the force action of a
compressed field, the special features of the flow that arises on penetration of a high-velocity cumula-
tive jet into a perfectly conducting target with a transverse magnetic field are analyzed.

The motion of a conducting medium with a magnetic field created in it in advance can be accompa-
nied, under certain conditions, by considerable enhancement of it. Here, manifestation of high-power mechani-
cal, thermal, and electromagnetic effects can occur that, in turn, are capable of influencing substantially the
character of the medium motion. Some results of a computational-theoretical investigation of this effect are
presented below.

The possibility of enhancement (generation) of a magnetic field in a moving deformable conducting
medium follows from the equation that describes the magnetic-field evolution [1]:

d BO_ DV

dt %
The first term on the right-hand side of Eg. (1) controls the effect of the "freezing-in" of the magnetic field in
the substance [1], while the second controls the effect of field diffusion. The first of these effects manifests
itself most vividly in a perfectly conducting medium (n = 0) and lies in the fact that the magnetic-flux lines
(magnetic-induction lines) are seemingly "frozen-in" in the medium, that is, they move and deform together
with it, and the magnitude of the quantity B/p changes proportionaly to the change in the length of the de-
formed magnetic lines. For an incompressible medium (p = const) this leads to a linear interrelationship be-
tween the elongation of the material fibers that are oriented along the lines of magnetic induction at the start
of the motion and the change in the induction of the magnetic field B itself in the substance. The effect of the
"freezing-in" of the magnetic field will also manifest itself in a medium that has a finite conductivity: the
magnetic field created before the start of the motion must be enhanced if the motion of the medium is accom-
panied by tensile deformations of its material fibers initialy oriented along the magnetic-induction lines. How-
ever, in media with a finite conductivity, enhancement of the magnetic field is hindered by a diffusiona effect
that leads to weakening of the field generation due to smoothing of its inhomogeneities when they appear. The
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Fig. 1. Schematic diagram of magnetic-field compression in a conducting
target in high-velocity penetration.

more rapidly the deformation of the medium occurs, the larger the enhancement of the field that can be at-
tained, due to a decrease in the role of the factor of its diffusion. The influence of diffusion processes aso
decreases with decrease in the electrical resistance of the medium n due to a sowing down of the diffusion
process.

Generation of a Magnetic Field in a Conducting Target in High-Veocity Penetration. Deformation
conditions that allow one to expect intense magnetic-field generation appear on penetration of a high-velocity
striker into a conducting target in which a transverse (with respect to the direction of motion of the striker)
initial field is created in advance [2] (Fig. 1). Large deformations of the particles of the target [3] in the region
of contact with the head part of the striker, as a result of which they are stretched transversely (along the lines
of induction of the magnetic field created) and are compressed in the direction of penetration, must lead to
compression of the "frozen-in" magnetic field with a sharp increase in its intensity.

Let us evaluate the rate of "pumping" of a magnetic field in the absence of its diffusion on penetration
of a striker into a perfectly conducting incompressible material. We will assume that in the perfectly conduct-
ing target a homogeneous magnetic field with induction By that is oriented parallel to the free surface of the
medium is produced. We restrict ourselves to consideration of a plane scheme of interaction with the motion
of the striker along the normal to the target and we follow the evolution of the magnetic induction in the
particles of the target that are located in the plane of symmetry of the flow at the boundary of contact with the
striker. The material fibers of the target that are oriented transversely and that are located in the plane of sym-
metry only elongate in the process of penetration without changing their orientation (Fig. 1). In conformity
with the "freezing-in" principle, the magnetic field in the plane of symmetry is characterized by a single trans-
verse component whose increase must occur in direct proportion to the transverse elongation of the particles.

Deformation of target particles that are in direct contact with the head part of the striker begins imme-
diately after the appearance of the interaction and persists during the entire process of penetration. In evaluat-
ing the change in the transverse elongation of these particles with time, we assume that the penetration occurs
with a constant velocity u, and that the thickness of the target-material layer involved in the motion in front
of the striker is equal to a value dp that has the order of magnitude of the transverse dimensions of the striker.
Within the limits of the given layer, the velocity of the target particles located in the plane of symmetry has
only a longitudinal component that changes from the value u, at the boundary of contact with the striker to
zero at the opposite boundary. In this case the characteristic rate of longitudinal deformation of the target par-
ticles in penetration is determined as €, = —Uy/dg. From the condition of incompressibility of the material of
the target it follows that the rate of transverse deformation of its particles in the region of deformation in front
of the striker is represented by the equality éy = —¢,. Using this to determine the law of time variation of the
length |, of transversely oriented material fibers at the boundary of contact with the striker (Fig. 1), with ac-
count for the kinematic relation €, = (dl,/dt)/l, we arrive at the differential equation

1dy_ Y
ly dt dy’
Its solution with the initial condition t = 0, Iy = lo,, Where lo, is the initial length of the fibers transverse to the
direction of penetration, makes it possible to establish an exponential character of the growth of the transverse
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elongation of the particles I,/1o, with time; consequently, in the case of perfect conductivity of the material and
a magnetic-field induction in the region of the target in front of the striker we obtain

B= Boll—yzBO exp g tg. )
oy 0 ]

Thus, on penetration into a perfectly conducting medium the magnetic-field intensity at the boundary
with the striker must increase e times in the time T4 = do/Up.

The degree of influence of diffusion processes in a target of finite conductivity on the generation of a
magnetic field can be evaluated by comparing the rates of generation and diffusion. Since the generation of the
field in the medium during penetration occurs in front of the striker in a region of localization of deformations
that has the longitudinal dimension dp, as the time scale of occurrence of diffusion processes we take the char-
acteristic time of diffusion for a layer of the conducting material of the same thickness 14 = uOd%/r] [1]. The
ratio of the characteristic times of generation and diffusion makes it possible to introduce into consideration the
dimensionless parameter

(2fao M 3

Tq p'OdOup ,

from the value of which we can judge the importance of diffusional losses in the process of field generation.
The dimension dy of the region of field generation in the target entering into (3) is associated with the trans-
verse dimensions of the striker. Taking this into account, it is possible to obtain an estimate of the parameter
K for specific conditions of penetration. Thus, for high-velocity strikers that have a transverse dimension of the
order of 1 mm and penetrate with a velocity of severa kilometers per second into a target with a high electri-
cal conductivity (copper, aluminum), the value of K is equal to about 0.01. This is indicative of a substantially
higher rate of "pumping" of the magnetic field under the given conditions as compared with the rate of its
diffusional "dissipation.”

Thus, diffusion processes should not play a determining role in high-velocity penetration that excludes
the possibility of considerable enhancement of a magnetic field created in the target in advance. Under real
conditions, the limits of this enhancement can be associated with therma and mechanical effects whose mani-
festation is possible in strong magnetic fields [4].

Relation (2) that describes the dynamics of field generation in a perfectly conducting medium can be
represented in the form

B=Boexp%% L=udt.
o0

From this it is seen that for strikers whose penetration depth substantially exceeds their transverse dimension
the degree of enhancement of the magnetic field in the target can be very high. Among high-velocity strikers
that offer the highest piercing power there are cumulative jets formed on explosion of an explosive charge that
has a recess lined with a thin metal shell [5]. The velocity of the head part of the cumulative jet can attain 10
km/sec, and the depth of penetration into a metal target exceeds the jet diameter by two orders of magnitude.
When such a jet penetrates into a conducting material with a magnetic field, conditions develop for "pumping”
the field to a level at which its force action becomes comparable to the shock-loading pressure.

Modd of Penetration of a Cumulative Jet into a Target with a Magnetic Field. To elucidate the
specific features of magnetic-field generation in a target on penetration of a cumulative jet into it with allow-
ance for the force action of the field, we consider a model of this process assuming perfect conductivity and
incompressibility of the materials of the target and the jet. In view of the high-velocity character of the inter-
action, we neglect the strength properties of the materials. Remaining as before within the framework of a
plane scheme of the interaction, with the jet moving normal to the free surface of the target, we use as a basis
the hydrodynamic theory of penetration [5].
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Fig. 2. Toward formulation of the problem of penetration of a cumulative
jet into a conducting target with a transverse magnetic field: a) computa-
tional scheme; b) assignment of initial conditions of interaction.

Treating the process of penetration as a collision of two jets of incompressible liquids (Fig. 2a) with
densities p; and pyg, We consider the transverse dimensions of the colliding jets, having denoted their thickness
by 2d. It will be seen from what follows that this quantity plays the role of a parameter that determines the
gpace scale of the region of spreading of the jets in the vicinity of the plane of their collision.

To describe the motion of the jets, we use a rectangular coordinate system with the x axis in the lon-
gitudinal direction and the y axis in the transverse direction (Fig. 2a). As a fundamental hypothesis, we adopt
the hypothesis of plane cross sections, i.e., we assume that the motion of each Lagrangian cross section of the
jets occurs with preservation of its plane shape, and in any cross section within the limits of the singled-out
width 2d all the particles of the jets have the same longitudinal velocity vy, so that dv,/0y = 0. The hypothesis
adopted makes it possible to represent the equation of motion of an arbitrary Lagrangian plane cross section of
the jets in the longitudinal direction in the following form:

dv, _9F, @
ZdDE—E,

where p is the density of the materia in the given cross section (p = p; or p = pyg); Fx is the longitudinal force
acting in the cross section and referred to unit length (Fig. 2a).

The transverse motion of the particles of the jets in each plane cross section is described by the equa
tion

dv __0p )
Pat =5
y

’

where p is the pressure acting in the material of the jets.

Defining the rates of deformation of the particles of the jets in the longitudina and transverse direc-
tions as & = dv,/dx and &, = dvy/dy and taking into account the relation &, = —&, that follows from the con-
dition of incompressibility, we establish linearity of the distribution of the transverse velocity of the particles
vy = —£,y over the cross sections with vanishing of this velocity in the plane of symmetry (y = 0). With this
taken into account, the transverse acceleration of the particles in a Lagrangian plane cross section is repre-
sented in the form

dv, ov, oV, 0, de0O
DMy _ M Moy %y
d "o Woy TV T d
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Integrating, with account for the last relation, the equation of motion (5) over the transverse coordinate
from some current value of it y to the value corresponding to the side boundary of the jets (y = d), we find
the distribution of pressure in a cross section:

d D
pO)=p(d)+ pj Say=p@+2 - - -G ©)

We assume the pressure at y = d to be absent, p(d) = 0

To take into account the electromagnetic forces arising on penetration of the cumulative jet into the
target with the magnetic field, the pressure determined by relation (6) is supplemented with the magnetic pres-
sure pm = B%/20 [4]. It was assumed that the magnetic-field induction vector within the limits of the consid-
ered width of the jets has a single transverse component B, = B that is independent of the coordinate y and
varies only in the longitudinal direction. Assuming the conductivity of the materia to be perfect, the evolution
of the magnetic field in different cross sections of the jet that corresponds to the target was described by the
relation

B __; @)
a - o8

which follows from Eq. (1).
With the prescribed distribution of pressure in the cross sections, the longitudina force entering into
Eq. (4) is determined as

F 2}(p()+pm)d 2lede%¢2 ds%BZB
= y y = -0t ——

and the equation of motion of the cross sections of the jets (4) is reduced to the form

0, d,0 B*O
7 2__ B ®)
pdt ox % e 2u0

dv, i 9
E—I—tdx+£€XdX, ( )
0

which follows from the condition
v, = I g dx +v, (0),

where the longitudina velocity of the cross section with the coordinate x = 0 was set equal to zero (v (0) = 0),
since the origin of coordinates was selected in the target at a sufficient distance from the boundary of contact
with the cumulative jet (Fig. 2a).

At the initial instant of time t = 0 the parameters of the motion of the colliding jets were prescribed as
follows (Fig. 2b). The velocity of the plane of contact of the target with the cumulative jet u, was assumed to
obey the hydrodynamic theory of penetration [5]:

_ N (10)

Upo =
1-FV w/g
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Fig. 3. Distribution of the parameters in the region of interaction in pene-
tration of a copper cumulative jet into an aluminum target in the absence
of a magnetic field.

where vq is the velocity of the cumulative jet. With distance from the boundary of contact the velocity in the
cumulative jet was prescribed to be linearly increasing over the portion Ij from up to vp and the velocity in the
target to be linearly decreasing over the portion lyy from uy, to zero. With the adopted distribution of the ve-
locities of motion over the length of the colliding jets the rates of their longitudinal deformation were different
from zero only in the vicinity of the boundary of contact, where they were equal to €, = —Upo/ lyg in the target
and &, = —(Vo — Upo)/lj in the cumulative jet. In modeling penetration with compression of the magnetic field,
the field induction By at the initial instant of time was prescribed to be uniformly distributed over the length
of the target; in the material of the cumulative jet the magnetic field was assumed to be absent during the
entire process of penetration.

In numerical solution of the system of equations (7)-(9) the difference scheme that approximated them
was similar to that used in [6]. In the course of the calculations, periodic rearrangement of the difference grid
was made in view of the substantia nonuniformity of the deformation of different portions of the jets, which
is associated with localization of deformations in the region of their contact.

Calculation Results: Effect of the Compression of the Magnetic Field in the Target on the Dy-
namics of Penetration of the Cumulative Jet. In analyzing calculation results, it is convenient to use, as a
length scale, the prescribed width of the jets 2d and, as a time scale, the time of penetration to a depth 2d with
the velocity uy of (10) following from the hydrodynamic theory. With this taken into account, in the sequel
we will define the dimensionless coordinate as x = x/2d and the dimensionless time as t = tuy/2d. We will
use the dimensionless quantity &, = 2dg,/ Upo to characterize the longitudinal rate of deformation of the cumu-
lative jet and the target.

The results obtained on the basis of the described model with a cumulative jet moving in a target with-
out a magnetic field actually reproduce the hydrodynamic theory of penetration. The velocity of the boundary
of contact of the cumulative jet and the target up remains invariable and equal to the value uy of (10) through-
out the process of interaction. The possibility of determining the character of the deformation of the jets in the
transition region is a supplement to the hydrodynamic theory, in which at the boundary of contact of the col-
liding jets discontinuity of the parameters of their motion occurs. Figure 3 illustrates the penetration of a cop-
per cumulative jet moving with a velocity vg = 4 km/sec into an aluminum target. As is seen, for different
times of the distribution of the longitudina rate of deformation the response of the materials of the cumulative
jet and the target with their spreading in the transverse direction occurs in narrow layers whose thickness is
close to the haf-width of the jets d. This result agrees with the theory of the collision of jets, from which,
based on the law of conservation of mass, a double decrease in the thickness of plane jets in their spreading at
a right angle follows. It should be noted that irrespective of the prescribed initial dimension of the region of
localization of deformations (l; for the cumulative jet and lyg for the target, Fig. 2b), after a certain small time
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Fig. 4. Specific features of the flow in penetration of a copper cumulative
jet into a copper target in the absence (dashed lines) and in the presence
(solid lines) of a magnetic field in the target: @ change in the parameters
at calculation points 1, 2, and 3 in the target; b) distribution of the pa-
rameters over the length of the target and the jet at different instants of
time. v,, km/sec; B, T.

interval the same (under the given conditions of interaction) distribution of the longitudinal rate of deformation
aong the length of the jets is established, which thereafter remains unchanged.

In smulation of the penetration of a cumulative jet into a target with a magnetic field the distributions
(adlong the length of the interacting jets) of the parameters of their motion and the change in these parameters
at fixed calculation points of the target were analyzed. One of these points was located at the boundary of
contact with the cumulative jet (1, Fig. 2b) and the other two in the depth of the target at invariable distances
I, = 0.25d and I, = 0.5d from the boundary of contact (2 and 3, Fig. 2b). It is evident that point 1 was con-
stantly associated with the same individual particle of the target, while different particles corresponded to
points 2 and 3 during penetration.

Figure 4 illustrates the motion of a copper cumulative jet that has a velocity vg = 4 km/sec in a copper
target for an initial intensity of the magnetic field Bg = 10 T (the dashed lines in this figure correspond to the
case of penetration in the absence of a field). The changes in the velocity of motion, the rate of deformation,
and the induction of the magnetic field presented in Fig. 4a clearly indicate a tendency toward leveling of all
the parameters at the computational points as the penetration progresses. This leveling is accompanied by an
oscillatory process in the course of which the velocities of the target points considered tend to the hydrody-
namic value of the velocity of penetration uy of (10). The rates of deformation, changing sign periodicaly,
progress toward a zero value, while the induction of the compressed magnetic field stabilizes at a level of
about 220 T. We note that in the particles of the target with magnetic-field compression, passage from defor-
mations of compression in the longitudina direction to tensile deformations can occur.

The noted character of the evolution of the parameters of motion at the computationa points is associ-
ated with formation of a "rigid core," i.e., a nondeformable region moving as an entity, in the target directly at
the boundary of contact with the cumulative jet. This is demonstrated more vividly by the distributions of the
parameters along the length of the jets shown in Fig. 4b. As the penetration progresses, the thickness of the
"rigid core" increases continuously in connection with gradual attachment of increasingly new layers of the
target to it.
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Fig. 5. Specific features of the penetration of a cumulative jet into a con-
ducting target with a magnetic field under different conditions of interac-
tion: a) copper jet and target, Vo = 4 km/sec, By = 30 T; b) copper jet and
target, Vo = 2 km/sec, Bp = 10 T; ¢) a copper jet and an aluminum target,
Vo = 4 km/sec, By = 10 T; d) an aluminum jet and a copper target, vo = 4
km/sec, Bo = 10 T.

The physica mechanism of formation of the "rigid core" in the target is rather clear. Compression of
the magnetic field occurs in the process of penetration, first, in the immediate vicinity of the boundary of con-
tact with the cumulative jet, where deformations are localized. The strengthening of the field in this region is
accompanied by the appearance and growth of electromagnetic forces that expand the material of the target.
When these forces attain a certain value, the particles of the target at the boundary of contact with the cumu-
lative jet lose their capacity for further deformations (for compression in the longitudinal direction and exten-
sion in the transverse one), and the increase in the intensity of the field in them ceases. Moving as an entity,
they begin to deform the next layers of the target, into which the region of compression of the field also
moves. Here, because of the inertial properties of the material of the target, the magnetic field in its particles
is "pumped" to a level at which the electromagnetic forces that appear exceed the hydrodynamic pressure that
acts in the process of penetration. As a result, the layers of the target where this occurs begin to expand in the
longitudinal direction, which is the reason for the appearance of the oscillatory process.

Calculations carried out with variation of the velocity of motion of the cumulative jet vy and of the
intensities of the initial magnetic field in the target By for different pairs of materials of the cumulative jet and
the target (copper and aluminum) showed that qualitatively the picture of penetration with formation of a non-
deformable region ahead of the cumulative jet remains unchanged in al cases (Fig. 5). Only the rate of growth
of the "frozen" portion of the target and the intensity of the magnetic field attained in it changed. It turned out
that the magnitude of the magnetic induction By, that is established in the "rigid core" after damping of the
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oscillations corresponds to the intensity of the field that provides equality of the hydrodynamic and magnetic
pressures at the boundary of contact of the cumulative jet and the target:

2 2
P (Vo= Up)” _ Biim (11)
2 21y

Taking into account that the velocity of penetration u, differs little from the value uy of (10) throughout the
process, to calculate the maximum attainable induction of the magnetic field in the region of compression we
obtain

Thus, the force action of the magnetic field imposes limitations on the extent of its compression. In-
crease in the fidd intensity in the target occurs only in the initial stage of penetration of the cumulative jet,
and thereafter the motion of the cumulative jet leads only to an increase in the dimensions of the region where
the intensity of the field attained its limiting value.

The special feature of motion of a cumulative jet in a target with a magnetic field, predicted within the
framework of the model considered, that consists in formation (ahead of the jet) of a continuously increasing
"ballagt" mass of the "rigid core" virtually affects in no way the velocity of penetration, which invariably re-
mains at the level of its hydrodynamic value (10). It seems that this is due to the fact that in the jet model
used the conditions of deformation of deep and face layers of the target are completely identical. Therefore, the
tranglation of the region of localization of deformations into the depth of the target that occurs as the "rigid
core" forms actually changes nothing in the conditions of the cumulative-jet motion.

Apparently, under actual conditions formation of a nondeformable region ahead of the cumulative jet
must be accompanied by a decrease in the penetration velocity up, since deformation of deep layers of the
target that are at a distance from the boundary of contact with the cumulative jet is hindered by the need to
displace considerable additional amounts of the material. According to condition (11), the increase in the hy-
drodynamic pressure of the cumulative jet on the target occurring on decrease of the penetration velocity can
lead to a still greater increase in the intensity of the magnetic field in the compression region ahead of the
cumulative jet. In the limiting case of complete cessation of penetration, the magnetic induction in the target is
limited by the value Bji, = VoVHop;, Which in a first approximation gives the absolute limit of the growth of
the field intengity.

The change in the mechanism of penetration observed on enhancement of the field compressed by the
jet to a level of several hundred teslas creates prerequisites for a decrease in the piercing power of a cumula
tive jet in its interaction with "magnetized” conducting materials.

NOTATION

B, vector of the magnetic field induction; v, vector of the velocity of motion of the medium particles;
t, X, y, time and space coordinates, p, density; py and pj, densities of the materials of the target and the jet;
N, specific resistance of the medium; L, magnetic constant; dg, thickness of the deformed layer of the target;
Up, penetration velocity; up, hydrodynamic velocity of penetration; vo, velocity of the cumulative jet; v, and
vy, longitudinal and transverse velocity components; &, and éy, longitudinal and transverse rates of deformation;
By, transverse component of the magnetic induction; By and B, initia and current induction of the magnetic
field, Bjim, limiting value of the magnetic induction; L, depth of penetration of the striker; 14 and 1q4, charac-
teristic times of generation and diffusion of the magnetic field; k, dimensionless parameter that characterizes
the ratio between the rates of generation and diffusion of the magnetic field; p,,, magnetic pressure; F,, longi-
tudina force; d, half-width of the colliding jets; lig and I, initial length of the deformation portions of the
target and the cumulative jet; T and X, dimensionless time and longitudinal coordinate; €,, dimensionless longi-
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tudinal rate of deformation; |; and |,, distance of the calculation points in the target from the boundary of
contact with the jet. Subscripts: p, penetration; j, jet; tg, target.
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