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APPLICATION OF METHODS OF THE MECHANICS OF HETEROGENEOUS MEDIA TO
DESCRIBE DISPERSION PROCESSES IN AN ELECTROMAGNETIC FIELD

S. Yu. Arutyunov, I. N. Dorokhov, UDC 538.4:621.926.085.54-185
V. V. Kafarov, V. G. Korniichuk,
and V. P. Solov'ev

The authors of [1, 2] found equations describing the thermohydromechanics of a two-phase
polydisperse medium which take into account refinement of the particles of the disperse phase.
Here, we use the methods of the mechanics of heterogeneous media [3] and fundamental equa-
tions of electrodynamics [4] to obtain a mathematical description of the refinement process
in an electromagnetic field (EMF) which considers the collision, destruction, and formation
of disperse-phase particles and the effect of the EMF on these events.

1. The assumptions used in [1-3] are adopted here to study the motion of a hetero-
geneous mixture of three phases in an EMF. The first phase is the carrier phase (liquid or
gas), while the second and third phases are in the form of individual particles of a material
undergoing refinement and bodies of different sizes undergoing fragmentation.

We introduce the volume contents of the phase oi and the mean densities Py (i =1, 2,
3) at each point of the volume occupied by the mixture:

R R, R R,
%+§ﬁﬂnW+gunmwp=L o=p1+ [ p¥f, () dr+ | oluf, () ds.

0 1 0 R,
Here, the polydispersity of the second phase is characterized by the function f,(r)dr {the
number of particles undergoing refinement per unit volume whose dimensions (volumes) are
within the range (r, r + dr)], while the polydispersity of the third phase is characterized
by the function f,(u)dp [the number of bodies undergoing fragmentation per unit volume whose
dimensions (volumes) are within the interval (u, @+ dw)l; the subscripts 1, 2, and 3 per-
tain to the carrier phase, the disperse phase, and the phase comprised of bodies being frag-
mented; R, > R. Following [1, 2], we introduce the notion of an r-phase as an aggregate of
particles whose dimensions lie within the interval (r, r + dr). We also introduce the no-
tion of a u-phase as an aggregate of fragmenting particles whose dimensions lie within the
interval (uy, p + du). Each phase represents a charged, electrically-conducting, polarized,
and magnetized medium in the EMF.

2. In constructing models of continua interacting with an EMF, various methods of for-
mulating the equations of electrodynamics can be used — depending on the expressions used
for the local field strengths E,, E,(r), Ey(p) and H,, Hy(r), Hy(p) . However, after one of these
formulations is chosen, all of the conservation laws of mechanics must be considered with
allowance for this formulation. The formulation of the equations of electrodynamics cur-
rently in widest use is the Chu model [5]. We assume that

E; + ey X v, =E,, H: —&E, X v, =H,,
E: (n+ W H, () X vy (1) = E, (1), H; (rn— g, (1) X vy (r) = H, (1),
E3 () + ol (1) X vo (1) = By (), H () — e, (1) X v, (1) = H, (u).

Then the electrodynamical equations take the form

Moscow. Translated from Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No, 4
pp. 140-145, July-August, 1988. Original article submitted May 6, 1987.

b

0021-8944/88/2904-0583$12.50 © 1989 Plenum Publishing Corporation 583



op H, _ on M

rot E, + 9t gt 1 — rot (ueMyv,) — §; — Ayvy,
580E1 aP1 .
rot Hy — —4= = — + 1ot (P, X vy) + i + v, + myvy,

div(peH,) = A; — div(poM,), div(eeEy) = ¢, + ny + div Py,

op H_ ( 0l M,
rot By () + 02— 2oZe 0o M (1) ¢ va (0 — () — A () Vs (),
o E, (r) P, (1) s g
rot Hy (r) — —2— = —2— + 10t [Py (r X v, (141, (492 () + 15 (1) v2 (1),
div(peH,(r)) = Ay(r) — div(poMy(r)),
div(goE,y(r)) = q5(r) + Ma(r) + divPy(r),
ap L, (0) M, (n)
10t By () + —to7— = —2— — 10t [pyM; () X V5 (1)]—"Ps (1) —As () V5 (1),
oe,E () 9P, () .
rot Hy (n) — ——0— = —2— + rot [Py (1) X v, ()] +1ip () + v5 (1) + 15 (1) V5,

div(peHs(p)) = Ag(p) — div(peMs(p)),
div(eoEy(p)) = golp) + ng(n) — div Py(u),

where Ei, E; (), E; (w), Hy, H5 (), H; (1) are effective values of the local strengths of the electric
and magnetic fields in the carrier, r-, and p-phases measured in a system of reference moving
at the velocities vy, vu(r), vg(u); €0 and y, are the permittivity and permeability; 1y, Pa(r), bs(u),
Ay, Ay(r), Ay(n) are the magnetic current and charges in each phase, respectively; vy, v,(r), vs(n), My,
Mo(r), na(jt) are the additional electric currents and charges in each phase; iy, 1(r), is(p), g5, ga(r),
qg3;(p) are the electric currents and charges in the phases; Py, Py(r), Py(n), My, My(r), My(p) are
polarization and magnetization vectors in the phases.

3. We will introduce the probability A(r, u, &) of destruction of a particle of the r-
phase by two fragmenting bodies & .and the u-phase in their collision. We also introduce the
probability density B(r, Y, U, &) of the formation of aparticle of the r-phase in the destruc-
tion of a y-phase particle by two fragmenting bodies £ and the p-phase in their collision.

Then the equations of conservation of the mass of the carrier, r-, and p-phases take the
form

%p;+div(p1vl)=0; (3.1)
57 [0%f () du] + div [ 030, (1) v, () dp] = O; (3.2)

2 [o3rf, () dr] + div [o3rf, () va () dr] =
R R R R R

== Ietrtaar] | XA(r b, ) dEdp + j [ [ A nBe, v D0 (3.3)

TRy n

The first term on the right side of Eq. (3.3) characterizes the reduction in the mass of the
r-phase due to destruction of particles with the volume r. The second term characterizes
the increase in the mass of the r-phase due to the formation of particles with the volume r
in the destruction of particles with the volume y. The momentum conservation equations for
the phases in differential form appear similar to the form in [1].

4. We will write the momentum conservation equations of the phases in the form

iJ e
pl dt

R 2

L div Gy + X v — | ol () Lagdr — | 03/ () Lugds +
0 R,

2 RR,R,

]
i O3 (8115 00 £ 07309 [0 1) — 03 (1, §] dEdu + §{ 1 et Ae, w1 o () didpdr—

0 R

+

mf_"}w

[y

3ty

R R, R,
~Jor (VA uoBr v 9 L@ 0010, v 8,8 %
o R, p )

1
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X dudyd&dr + pp, X Ef + Ughymy X Hf,
R

do, (1) J, (r) :
fu) 25020 Ly (L, e
92“R1
RR R,

+ H J A BB 1w B 0 7o () [03(r, 7, 1, §— 0, ()] dE du dy +

1 w

+ fo (D) pa(r) X E-: (r) + uofe (my (r) X Hz (r),

R
de,(u) J, (1)
o0 — 0 L o L
E

B,

f E@,8) f;(w) fs (s)J (1) [03 (1, B) — 03 ()] €& + fo (1) s () X B3 () + profs () my () X B ().

].
Here, J,, J,(r), J;(n) are the moments of inertia per unit mass of the carrier, r-, and u-
phases, respectlvely; @y, 0,(r), o4(n) are vectors of the angular velocity of the carrier, r-,
and p-phases; o, (u, §) is the vector of the angular velocity of a fragmenting body of the vol-
ume p after an inelastic collision with another fragmenting body of the volume £; o, @-v,p,g)
is the vector of angular velocity of a particle of volume r formed in the destruction of a
particle of volume Y; Ly, Ly, Lyy(r, u) are the moments of interaction per unit mass between the
phases; G, is the tensor of the moment stresses in the carrier phase.

5. We will adopt the hypothesis of additivity of the main thermodynamic and electro-
dynamic characteristics with respect to the masses of the phases. Proceeding similarly to
[1-3], we obtain differential equations for the internal energies of the phases:

B B,

au, _ 9 : 0 i LAy

Pr—gi =} 02rfy(r) @ () dr + | PsWufz (W) gsr(w) du — div g, — po, 7 o +
0 ‘ B, '

R E,
+ j 07 f2 (1) £y (Ve (r) — il dr + _Y O35 (1) far [v5 (1) — V1] dpp +
0 R,

R 32 B
+ § 0%ty () Lysfo, — o, (9] dr + [ 030t (1) Ly, fo;, — @, (W] di + 7, : Grad ey — o (T X 1) +

L RI R 4

RR,R, iy ( \

v, (r) —v, ]2 T r)— @
+ ([ §otrne aeup{l2 0 LD g guar +
0 RI'I‘-
R_R

272
- e (v, W)y — v T o) e, (1) — e,]2
+§ [ otk 8 @ {0l AW O gy gy
w

R].
. dp * dp_m .
+ E, + (Pl'd_; —o; X plpl)'El + (Pl gt L—o; X 91M0m1>'H1,
R2
0 du, (r) 0 :
09rfs () T2 = — 001, (1) 000 () — | s 1) s +
By
RER,R,
+ g § A 9B 71w 8 £ () Uz (1) — Us ()] dE dp dy —
0 By

gy
= ool (o) + [ e 0 a0 — a1
. : By

 § a1 0 () — 0y () s +

Rl
RR,R, , . .
+ por ” 5 A OB w5 fL0) {[v2 i ”’-i)— L
r R

=
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(erwd—v? T e rypd—o,0f
— : D) + 3 = —

X

',t)(r) m.',("v%ﬂ.-&)“‘@ 2 d
— [ 2 3 = 1]}d§dudv+

=]

1

Rﬁ
[ ernerac,e 0l +
®
+E () + B (] + 2 [Hl + Hi(r) + Hy (W] + pem, (D HZ () +

RR,R,

+ B0 dsdp o [ [ 401,980,108 ) [ 8 4

r Rip.
+ H; () + Hj (u)] +35 o [EL + Ez () + B3 (W] + pom, () H; () +

p2(>

+ 0 (VB ()] didudy + B () B, () + [pzrfz 0)

Pauts = — P53 1fa (1) 4o () + 5923 (r ) dr —
¢

—04(1) X ¥ 1) p, (r)] EL () + [pzm 0) 222 — 00 4) X 7 (1) oy ()] 2 ),
R

ol = — 3 fa 1) G (8) + | g, ) dr —

- PPgﬂMM)f;(-;) “‘ Oirfa () Alr, 1, 5 Uy (1) dg dr —. fpzrf f A, H By O LE) U, () didydr +

+jpsuK(u, SYAMYNCRIAE LA S A bk )

J(n [o; @9 —0 P 7 m[0) w1 —e,@] :
3 3 : 5 (1 5 ) .
+ 3 1 A L —— ]}c_l§+1§(u)E§(u)+

()

d|
+ [pgws () pdt 22 7 m)

— 05 () X p3ufs (1) Py (u)] -E3 (W) + [osub (W — @ (1) X p3nfs () pemg (u)] H; (p),

where the sign (:) denotes a scalar product of two tensors; g, is the external heat flux per
unit volume of the mixture; q,;(r), qs;:(1), q,3(xr, n) are the specific heat fluxes between
the phases; U,(r), U,(y) is the internal energy of disperse-phase particles of the volumes r
and Y.

Thus, we have obtained a mathematical description of a system (carrier phase, particles
undergoing refinement, fragmenting bodies, EMF) which describes the motion of a three-phase,
charged, polarized, and magnetized mixture in an EMF with allowance for refinement.

6. Additivity of the entropy of the mixture follows from the additivity hyopothesis
stated earlier. Then, using the Gibbs relations, we write the expression for the entropy
derivative of the mixture

ps DS \ . e N
Ppr =10 —5" 2 (l,])+03+2 2 o3 (i, ) +
=1 j==i i—)j—~z‘+1
2 3
+’21'p2-;- 0, (i, j) -+ o, +06+0,+2 Us(z)+209(z)+0w+ad+af (6.1)
i= i i=1

The last two terms in (6.1) characterize the entropy of the mixture resulting directly from
the destruction and formation of particles. The driving forces in the destruction of par-
ticles of the r-phase and in the formation of r-phase particles with the destruction of y-
phase particles have the form

Foy P _ 1 ,()——‘ J, () |, (r) ~o}?
Xp=()‘} [T (') TI]'*‘f’gl‘l]z("){T (] T (l)}+0"‘ {[ ) ] -+ 2 l 2::') 0l] }+

{ZT Gro; [ET + E3 () + B3 ()] + ,p XA m[ul LR () + B2 ()] +T = [, (VB () + p,(r)F»(n)]} (6.2)
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ALUBNEY I LR [v,ir v 08—, ]
X — o' AL | 2 _» 2 (ry ¥ 1. 5) !
o= {[T,l ® T,J + [T. T, ' + oprU ’(’f’)[r W T (:)] + 0br { 2T, () ==

_lnerrnov, o  L0fecrny o]

2T, (r) _ 27, ()
J (’) wl (l'., Y. K1, E) —® (7') 2 OGT%E 3
AL 27, ) : ]}+{>0T()[E1+E()+h§(}l)]+

Vot o

iﬁqm+mm+mm]p

+ 3,7

7 Tame 03 ) + v (VS (0] (6.3)
The experimental studies [6, 7] demonstrated the dependence of the refinement process

in an EMF on the strength of the disperse-phase particles, the energy of the fragmenting

bodies, and the energy of the electromagnetic field. This finding is consistent with the

structure of the equations (6.2), (6.3) obtained here for the driving forces.
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TEMPERATURE DEPENDENCE OF THE DYNAMIC STIFFNESS OF MATERIALS

B. I. Abashkin, I. Kh. Zabirov, UDC 620.172:620.171.3
E. F. Krapivina, and V. I. Semenov

Several investigations have examined the effect of temperature on the cleavage strength
of structural materials. In connection with certain technical problems encountered in real-
izing intensive shock loading and performing the necessary measurements, in conditions of
high temperature, the authors of [1] did not consider the effect of the temperature of pre-
heating on the form of the equation of state, while it was argued in [2] that the reduction
in pressures and tensile stresses due to changes in the properties of materials at high tem-
peratures is negligible.

Here, we derive a formula to evaluate dynamic stiffness for a material from its known
coefficient of thermal expansion and we propose an empirical method of obtaining this formula
for any material by studying the cleavage fracture which takes place in the collision of cold
and hot specimens in a gas gun. We also compare calculations and experimental results for
aluminum alloy AMgé6.

In experimentally studying the temperature dependence of the cleavage strength of mate-
rials by the method of high-speed collision of a striker with a hot target made of the test
material, it is necessary to determine the following slightly increasing function of tempera-
ture

(1 SaT)C c
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