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POSSIBILITY OF APPLYING ELECTROMAGNETIC
ACCELERATORS TO INVESTIGATE PROCESSES
OCCURRING IN THE HIGH-VELOCITY COLLISION
OF SOLIDS

V. F. Agarkov, A. A. Blokhintsev, UDC 538.323 : 534.2
S. A, Kalikhman, V. I. Kuznetsov,
V. N. Fomakin, and A. A. Tsarev

Experiment on the high-velocity collision of structure specimens with particles of less than a millimeter
in size at 1-15-km/sec speeds are necessary for the investigation of material properties by the application of
mechanical forces. Promising accelerating apparatus are electromagnetic accelerators that use the powerful
action of an electromagnetic field on conductors with current. I turns out to be possible to accelerate cylin-
drical conductors of less than 1-mm diameter to velocities exceeding 10 km/sec [1] in the regime of separate
regulation of the accelerating magnetic field and the current in the conductor. ‘

1. Quite important to the quantitative estimate of high-velocity action is the question of the size of the
body being accelerated at the time of the collision. ¥ the current density is less than the limit according to
the fusion condition, and the conductor diameter is much less than the equivalent depth of penetration (Ao =
V2/woug, where w is the circular frequency of the discharge current, and o, u, are the conductivity and mag-
netic permittivity of the conductor material), then sausage~type instabilities cannot develop [2] and the diam~
eter can be considered constant. The length of the conductor diminishes because of thermal processes at the
sites of arc contact with the current-carrying rails during the acceleration. Heating occurs by the current
flowing in the conductor (volume source) and because of the heat flux from the electrical contact are (surface
source). An analysis (see Appendix) shows that the combined effect of the volume and surface sources islimited,
in practice, to a layer of thickness 2vat, where ¢ is the coefficient of thermal diffusivity and t is the time. Out-
side this layer, heat transfer from the contact zone can be neglected and it can be considered that the heating
ocecurs only because of the volume source. We use this assumption to compute the evaporation rate and the
diminution rate of the length of the conductor being accelerated because of evaporation., The maximal acceler-
ation time and the corresponding limit velocity according to the heating conditions are determined by the time
the conductor achieves a certain minimal size according to the conditions of the experimental investigations.
Therefore, the energy balance equation has the form

Kuibyshev and Cheboksary. Translated from Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No.
5, pp. 26-31, September-October, 1982. Original article submitted September 2, 1981.
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where qt)=[jU!| is the specific power of the surface source; j, current density; U(; , equivalent pressure drop
near the electrode, which equals U, and U} for the anode and cathode, respectively [3]; vy, evaporation rate;
Ty, temperature of the evaporation surface; Ly(T,), specific energy of evaporation; and v, c, g are, respectively,
the density, specific heat, and specific resistance of the conductor material.

The integral in the right side of (1) depends on the temperature change in time and should be computed
with both the surface and volume sources taken into account. We represent it approximately by the sum of
two components

t t T
A, o P (., .2 at
5129 (T {®))dr = 5]“90 exp ("‘é%‘ S ]"dz) dv 4 20, (Ty) ZVatz 2)
(1] [} 1]

Yy

where p, (Ty) =pggll +a, (T —T,) is the specific resistance of the liquid phase on the evaporation front, T, is the
melting temperature, and py, @, pyg, &, are, respectively, the initial value of the specific resistance and the
temperature coefficient of the resistance of the solid and liquid phases.

The first term in @) is the energy per unit volume because of heating by just the volume source, the -
change in the specific resistance is taken into account only under the effect of the volume source, the second
term is the energy being liberated by the volume source on the evaporation wave front, where the extent of
the front is taken to be equal to the zone of combined influence of the surface and volume sources. After manip-
ulation, we obtain from (2)

|7U8|+2j292 (T1) VEZ \
7 . (3)

P (.
vel'y + Ly (T,) — % [EXP (-—-—-c(; S‘ ]2dT) - 1]
. 0

The temperature dependence of the specific evaporation energy has a form in conformity with [4]

Ly(Ty) = Lyl — T,/To)'P, @)

v (t) =

where T, is the critical temperature.

For the thermal rupture mechanism the evaporation rate follows the surface temperature, always re-
maining in equilibrium with respect to this temperature. Taking account of the reverse particle flux for the
Einstein model of a solid, the expression for the evaporation rate has the form [5]:

vy(Th) = K(BITy)exp(—T*/Ty); )

where B=3Mﬁ/2eR; T* =L,M/vR; u is the mean sound speed in the solid; M, atomic mass; e, base of natural
logarithms; R, universal gas constant; and k € [0, 1], a constant determined by the reverse particle flux,
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For known values of the constants and a given current density function, the relationships (3)-(5) form
a closed system of equations whose solution for the anode 2ind cathode ends, respectively, of the conductor
can determine the total diminution (erosion) of the conductor length because of evaporation:
t

L= | @1+ 10 dr.
0

In the case being considered of a moving electrical contact arc, the magnitude of the reverse particle
flux will depend on both the electrode polarity and the velocity of body displacement. At the anode end the
electrical field produces an ion flux from the electrode, while ions are kept at the surface at the cathode end.
As the motion velocity increases, the reverse particle flux will diminish, and the value of the coefficient k will
tend to unity. To analyze the influence of the polarity and velocity experiments were performed to determine
cathode and anode erosion for a fixed and moving conductor. The results of experiments with aluminum con-
ductors (Fig. 1, lines 2 and 4 for the fixed conductor, 1 and 3 conductor moving at the mean velocity 1.8 km/
sec, j=83°1075in75.4 *10% (A/M),, 1 and 2 anode erosion, 3 and 4 cathode erosion) showed that for current
densities and times of action characteristic for the high~velocity projectile process, erosion of the cathode
end is substantially less than of the anode end in the case of a fixed conductor. Values of the constant for the
anode k, =1 and cathode k, =0.5 were computed from the experiment results, and which were later assumed
unchanged in all the acceleration regimes.

The results of computations on a digital computer by using the method proposed for the case of a sinus-
oidal change in the current density j =j,sinwt were compared with the results of experiments on accleration
of conductors. The experiments were performed on the installation EMU-1 described in [1]. The erosion was
determined by the x-ray diffraction pattern of the conductor being accelerated. A pulse apparatus with a three~
electrode tube of Bopen" type similar to that described in [6] was used for the x-ray diffraction. The photo-
graphic film was at a distance less than 15 mm from the conductor, which assured sharpness of the image.
Because of the change in the time delay between the beginning of acceleration and the delivery of the pulse to
the x-ray tube, x-ray patterns were obtained at different times, including even for collision with an obstacle,
A typical x-ray pattern is presented in Fig. 2, where 1 is the conductor and 2 is the current-carrying rail.
The magnitude of the erosion can be determined as the difference ¢aking the scale into account) between the
conductor lengths on corresponding  x-ray patterns by comparing the pattern for the fixed conductor before
the beginning of acceleration and during the motion. The results of computations and experiments for the
sinusoidal current case, presented in Fig. 3 the lines are the computation for aluminum, U;,a =19 V, Uéc =
9 V, the experiment results are the points I and If, j; =70 and 100 kA/mm?, w=157,000 and 220,000 sec™!, re-~
spectively, the vertical lines correspond to melting of the conductor under the effect of the volume source;
lines 1-4 correspond to j, =250, 170, 100, 70 kA/mm?, 1-3) w =220,000 sec™, 4) w=157,000 sec™! are in good
agreement. The system of equations obtained in combination with the equation of motion [1] permits com-
putation of the parameters of a cylindrical body at the time of interaction with an obstacle.

2. Experiments on the high-velocity action of cylindrical bodies on structural materials were performed
on the experimental apparatus EMU -2 (nominal voltage 50 kV, energy capacity 150 kJ, oscillation frequency
62 kHz). Aluminum wire segments of 4-6 mm initial length (final length 2.3 mm) and 0.2-0.4 mm diameter
were used as thebody being aécelerated, The collision velocity was determined by using SFR-patterning of the
acceleration process. Moreover, the maximal possible velocity in the experiment @ithout taking account of”
the diminution in magnetic field induction because of thermal and mechanical destruction of the coil) was com-—
puted by the oscillograms of the current in the coil and in the conductor being accelerated.
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A photograph of the cavern obtained because of the collision between an aluminum conductor of 0.24-mm
diameter at a velocity of 11.3 km/sec with a specimen of M1 copper the method of measuring the velocity is
described in [1]) is presented in Fig. 4. The cavern is oval in shape since the conductor length is muchgreater
than its diameter.

The results of the experiments showed that the length 7 of a conductor being accelerated influences the
cavern parameters as follows: for ;/d, =3, where d; is the conductor diameter, the cavern width is practically
independent of the conductor length, and the cavern depth diminishes negligibly as the conductor length increases
while its diameter remains unchanged.

Dependences of the relative cavern depth h* and width D* on the collision velocity vj are constructed ac-
cording to experimental results for the aluminum alloy AMgé and copper M1, h* =h/d,, D* =D/d;, where h is
the absolute value of the cavern depth, and D is the absolute value of the cavern width, and the cavern param-
eters were measured at the level of the specimen plane.

By analogy with [7], the results of the experiments (Figs. 5 and 6, 1 — AmG6, 2— M1) were approximated
by curves varying according to the law

3,75 3y
hF = ao}/vg, D* :b‘,y/vi’iZ ®)

where ay, by are constant coefficients. The experimental results obtained in the case of cylindrical aluminum
impactors for 3-12-km/sec collision velocities agree best with the analytical expressions (6) for values of the
approximation coefficients: For specimens from the material AmG6 —a,=0.75 (sec/m)?/?, by=2.75 (sec/m)*/?,
from copper M1 —a,=0.45 (sec/m)%/3, by=1.7 (sec/m)?/.

Therefore, the analytical expressions (6) with appropriate values of the approximation coefficients can be
used for both spherical {7] and cylindrical impactors.

By using electromagnetic accelerators of conductors, the modeling of a collision between structural mate-
rials and compact bodies of cylindrical shape is possible for velocities exceeding 10 km/sec. For velocities
greater than 3 km/sec and the conductor length [> 3d, extension of the results of collisions with cylindrical
bodies to spherical impactors is possible by converting the approximate coefficients ay and b,.

APPENDIX

To examine the combined action of surface and volume sources, we first find the temperature field with-
out taking account of conductor evaporation. Considering the temperature one-dimensional and neglecting heat
exchange with the environment, we write the heat~conduction equation and boundary conditions in the form

ATi0t = a®T/022 + (woley)(t + aT); (A1)
g = AT(, 1t A2)



where w; = =i Py Q= []Ugf are, respectlvely, the volume and surface source powers; j, current density; p,, initial
value of the specific resistance; UO, equivalent near-electrode voltage drop; o, temperature coefficient of re-
sistivity; c, v, «, and\, respectively, the specificheat, density, thermal diffusivity, and heat conduction; 7, coordinate
of the conductor boundary.

To eliminate differential operations with respect to the time, we apply the Laplace integral transform
to (A1) and (A2) [8]. Then the transformed equation for the transforms has the following form in the case of
constancy of the current density:

T (s)/dz? + T(s)(woa/h — s/a) + wy/sh + Tofo = 0. (A3)

The solution of (A3} that is symmetric relative to the origin and with the boundary condition taken into
account has the form
w o
gch (xl/f.— 0 )
Y e 1 SR Lo
s woa s W s W _wa
‘hl/?“ KSh(l‘/?{ x) alr—=) =3

We apply the inverse Laplace transform to (A4). Making the change of variable p =s—a, and expanding
the function [sinh (biwfp)]'1 in a series of exponential functions [8], we obtain by using the convolution theorem

T:

V ny foyur' 4av 4at

t -]
Tz, t) = %‘i ffp_(fj_T) 2 {exp [_ M:f)_z] -+ exp[ M]} dt + —é— {exp (a;t) — 1] + Toexp (a,2), (AD)
0

where a; = wyley, by = UV a.

The first term in (A5) determines the combined action of the surface and volume heat sources. Com-
putations for parameters characteristic for the process of conductor acceleration in a pulsed magnetic field
show that the zone of combined influence can be taken equal to 2vat with an acceptable error (10-20%) for
computations of the acceleration regime.
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