LIMITING CURRENTS IN THE COMPRESSION
OF MAGNETIC FLUX BETWEEN FLAT AND
COAXIAL CONDUCTORS

E. I. Bichenkov and V. A. Lobanov UDC 538.4

Experiments are described on magnetic flux compression by flat and coaxial conductors. As
the initial current I, is increased the final current I; obtained as a result of flux compression
at first increases proportionally fo I; and then reaches a maximum and remains constant for
further increases in Iy. Analysis of the experiments shows that in coaxial structures when a
small explosive charge accelerates the conductors the limiting current is determined by the
maximum work which a conductor can perform in compressing the magnetic field. In experi-
ments with flat busbars and large explosive charges the limiting currents appear to be de-
termined by the flux losses in short-circuited voids formed in the linking of irregular sur-
faces of the busbars. This assumption is shown to be in qualitative agreement with experi-
ment,

1. The first experiments with flat and coaxial magnetocumulative generators [1, 2] showed that in
each of them only a quite definite final current I; could be obtained; The low mechanical strength of the de-
vices described in [2] prevented discovery of the nature of the limiting current. Subsequently, experiments
were performed with a very simple model of a flat magnetocumulative generator. A eopper busbar 4 cm
wide was bent into circuit 1 of length 14 and a welded cassette 2 containing an explosive charge EC was
placed at its center (Fig. 1). On the outside the busbars were loaded with steel covers or filled with con-
crete. This protected the busbars against displacement by magnetic forces and fixed the geometry of the
cavity in which the magnetic flux compression occurred. A 107%-F capacitor bank with a working potential
of 4 kV was discharged through the busbars. At the instant the current was maximum the explosive charge
in the cassette was fired. The disintegrating walls of the cassette interlocked with the bushars compressing
the magnetic flux. The point of contact of the busbars and the cassette was displaced along the busbars with
a velocity equal to the detonation velocity D.

Some of the experiments were performed with coaxial eonductors made of sections of copper and
Duralumin tubes. The explosive charge was placed inside the smaller-diameter tube.

2. From an electrotechnical analysis of the operation of a magnetocumulative generator [3, 4] it can
be expected that with an appreciable retardation path of a conductor in a sufficiently strong magnetic field
and a small explosive charge the kinetic energy of the conductor will not suffice to compress the field. On

the one hand, the power developed in the detonation of an explosive
charge is gSD, where q is the specific energy of the explosive per unit

b A volume and S is the eross section of the explosive charge. The fraction
I S , Y" X of this energy % which goes into kinetie energy of the conductor depends
N on the ratio of the mass of the explosive to that of the conductor being
EXYYL%’Z/ accelerated [5].

2 On the other hand, in the deformation of a current-carrying cir-
cuit the pondermotive forces of the magnetic field develop a power 1/212 .
Fig. 1 (dL/dx)D. The energy balance leads to the limiting current

Novosibirsk. . Translated from Zhurnal Prikladnoi Mekhanika i Tekhnicheskoi Fiziki, No. 5, pp. 116-
120, September-October, 1975, Original article submitted January 10, 1975,

©1976 Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part of this publication may be reproduced,
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming,
recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $15.00.

770



L1y

- 5 I /’;0 e
! O—— < R ,
Ve o] N .
// /( z / o _Gl
; . ‘o 2 5
s %70 l ! : s 3 :
d ; : i
/ ! ; 0 2 4 45;
0 ! 2a1015 : I,10%
Fig. 2 Fig. 3
U VA U (2.1)
IO - VdL/da:'

For a uniform magnetic field dL/dx = 4ra/h and the field in the gap is B = 4n1/h, where h is the width of the

busbar and @ is the width of the gap. In addition, Ngs is the kinetic energy of a unit length of cassette wall,
e., NgS = pvihA/2, where A is the thickness of the cassette wall. In this case it follows from (2.1) that the

limiting magnetic field determined by the energy of the accelerated conductor is given by the expression

By = v,V wp V 4ATa. 2.2)
In an ideal magnetocumulative generator the flux is conserved LI = Lyl and the final current is
11:}"’]01

where A = Ly/L is the compression factor. The energy condition (2.1) limits the final current to the value
I’ok. Inthe ideal case I, first increases proportionally to Iy to I>|= and then remains constant The experimental
results are conveniently represented in terms of the variables I;/ I:)|< and Mo/ Iy. The broken line in Fig. 2
corresponds to an ideal generator and the solid curve shows the results of experiments with various coaxial
generators. The experimental points for small AL/T, 11e below the curve for ideal generators, but within the
limits of experimental error the energy-limited current I[, isreached asAly/ I?; increases,

3. It follows from (2.1) that the limiting current should increase with a decrease of the linear in-
ductance dL/dx. A series of experiments was performed with flat busbars in which the size of the cassette,
the explosive charge, and the initial length of the busbars!, were fixed, but the distance @ from the cassette
wall to the busbar was varied. The results of this series of experiments are shown in Fig. 3, where points
1, 2, 3 correspond to a = 5, 10, 20 mm, respectively. The limiting current does not depend on the linear
inductance. The results of these experiments are shown in Fig. 4 in terms of the variables I;/ I: andMO/ I,
where curves 1, 2, 3 correspond to ¢ =5, 10, 20 mm,respectively. In narrow gaps the limiting current
T* is from half to two-thirds as large as the energy-limited current I’; .

One can try to explain this result by flux losses in magnetic cumulation. The losses result from the
diffusion of the field into the conductor and because of the capture of flux in voids formed in the joining of
the rough surfaces of the busbars and the cassette walls. The diffusion losses in magnetic cumulation in
narrow gaps was calculated in [6]. The calculation showed that although the flux losses are appreciable for,
magnetic Reynolds numbers of 10-50 the diffusion of the field into the conductor does not by itself lead to a
limitation of the value of the current in the scheme of compression under consideration. In addition, the

fraction of the flux retained in the generator voids depends strongly on
the gap width a; i.e., the final current must depend strongly on a, which

ke ; ; ; ‘ contradicts the experimental results cited (Fig. 3). Let us assume that
i ’ ~ the limiting current arises only because of contact flux losses. In this
1 == —o-——°-  case the estimate of the limiting field obtained in [7] for a constant depth
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shows that at the end of the compression (I — 0) the limiting field depends on the size of the initial field By,
the gap width a, the cross-sectional area of the residual inductance Sy, and as for (2.2) contradicts the ex-
perimental results.

Quite another result is obtained for contact flux losses by taking account of the fact that in strong
magnetic fields the surfaces of conductors are deformed by the large magnetic forces. Let us assume that
the rate of development of irregularities on the surface of a conductor is vy = @va, where v is the Alfven
velocity, @ is some constant, and the time of development of the irregularities is equal to the time the
cassette walls move before colliding with the busbars. Then the average depth of the irregularities is 6 =
CvavA/ v and the equation of contact flux losses can be written in the form

aF L _o8BD = — 22D pe (3.1)

dt v Ving
where v is the average velocity of the cassette wélls, p is the density, B is the magnetie field, and F is the
flux. After changing to the variable ! =17,—Dt and integrating, it follows from (3.1) that

vV ap
= i—t (:JV%)’ £3.2)

iy aB,

where By is the initial field in the gap. Tcward the end of the compression (I —= 0) the limiting field is ob-
tained from (3.2):

Ve
B* =v P (3.3)

which does naot depend on the initial value By or the gap width @, but is determined solely by the velocity v.
This means that for a constant width of the busbars contact losses determine the limiting current T* whose
magnitude is directly proportional to the average velocity v of the cassette walls and does not depend on I
and a. Equation (3.3) obtained for the limiting field is very similar to Eq. (2.2) for the energy-limited

field. The difference is that o in (3.3) is assumed constant and the factor var/a depends on the distance a
between the busbars and the cassette walls and the thickness of the cassette walls A, The experiments de-
scribed in the present section show that under certain conditions the limiting current is smaller than the
energy-limited current (Fig. 4) and does not depend on the distance a between the busbars and the cassette;
i.e., it favors the assumption of current limitation by contact losses in accordance with the scheme presented
for the development of irregularities.

4. To test the dependence of the limiting current * on the velocity and thickness of the cassette
walls experiments were performed in which the geometry of the gap with the magnetic field was fixed and
the thickness of the cassette walls and the weight of the explosive chosen were varied, leading to different
velocities of the cassette walls and different values of their kinetic energies. The busbars of the generators
were initially parallel to the walls of the cassette and at the end were bent at a small angle and approached
the cassette, separated from it by a thin layer of insulating material. The linear inductance of such a gen-
erator was decreased toward the end and the limiting current I can be very large.

The experiments were performed for an initial velocity of the cassette walls vy = 1.4, 1.9, and 2.5
km/sec and wall thicknesses A = 2, 2, and 1 mm, respectively.
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The results of these experiments are shown in Fig. 5 in terms of the variables I;/v, and Iy/vy, where
curves 1, 2, 3 are for vy = 1.4, 1.9, 2.5 km/sec, respectively. In spite of the different thicknesses of the
cassette walls the ratio I;/v, remained the same, which contradicts the energy estimate (2.2).

Thus in the compression of a magnetic field by flat busbars there is a limiting current T* whose
magnitude does nhot depend on the way the conductor is slowed down in the magnetic field nor on its kinetic
energy; i.e., the nature of this current is different from the nature of the energy-limited current I: clearly
observed in experiments with coaxial conductors, and probably can be related to contact flux losses in ac-
cordance with the scheme proposed.

The dependence of the limiting currents T on v, in the last two sets of experiments is shown in Fig. 6.
On the basis of these experiments the coefficient @ is 1.3, while other estimates of o give 0.7...0.9 [8].
Better agreement with [8] can be obtained for average velocities of the conductor less than vg.

The experiments performed showed that in the compression of the magnetic field the limiting currezlt
is determined either by the energetic possibilities or by contact flux losses. Of the two possible values I,
and I* the smaller is realized in experiments.
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