SHOCK WAVE STRUCTURE IN A BINARY MIXTURE OF
VISCOUS GASES
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Shock wave structure was studied in [1] using Struminskii's model [2] with the
assumption that viscosity and thermal conductivity exist only as interactions
between components. The present study will obtain asymptotic solutions of the
problem of shock wave structure in the Navier—Stokes approximation.

1. The system of equations describing the flow of a binary gas mixture in the one-
dimensional nonsteady state case has the form [2]
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where p4, u;, Tj, my, pj4 are the mean density, velocity, temperature, volume concentrationm,
and true density of the i-th component. The quantities Fij and Qjj consider interaction be-
tween the components and are taken in the form

Fij = K(u; — wy), Qs = Kus(u; — ugl® + o(T5 — T)),
Hy + uy = 1.

We will assume that Ri, K, %45 495 M4, *i, Ciy are some positive constants. In the future we
will consider a mixture of monatomic gases, so that y, =y, = y, where y§ = 1 + Rj/c4ivy.

Assuming that all the unknown functions of system (1.1) depend on £ = x — Dt, where D is
the shock wave velocity, we obtain
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where c4 are integration constants and Vy = uj — D.
We introduce dimensionless variables as follows:
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where y, is the dedimensioning viscosity factor, which may, in particular, coincide with the
mixture viscosity ahead of the shock wave.

Substituting Eq. (1.3) in Eq. (1.2) and dropping the bar above the dimensionless quan-
tities, we find
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where A = ca(cy + c2)/c3, af = ¢i/(ecs + c2) (i =1, 2) is the mass concentration of the i-th
mixture component ahead of the shock wave.

We pose the following boundary problem for system (1.4): to find a solution V5(&), T{(&)
of system (1.4) which will tend to a constant value at infinity, i.e., as § + —,

ViV, Ty T%, dVy/dE—0, dT;/dt— 0, (1.5)
as § > + =,
Vi=Vi T;~T}, dVy/dE—0, dT;/dE— 0.

The necessary condition for the existence of such a solution is obviously the requirement
that V4 = V;, T; = T{ and Vi = Vi, T; = Ti be equilibrium positions of system (1.4). This
will occur if V2P =V2=Wo, IO =0 = T0 = VO({ — V?), Vi=Vi=V'=2y/(y +1)—=V°, T1 = T3 = T
= V{1 — V1), V0 = p,D%/(p,D? + p,) » Where po, po are the mixture density and pressure ahead of

the shock wave. It can easily be proved that the points (v°, T®, (V', T') exist and are
unique by directly solving system (1.4) with all derivatives with respect to £ set equal to
zero. For the future we will assume that thermal conductivity coefficients may be neglected,
i.e.y Az = 0, A = 0.

2. We will consider the case where strong velocity interaction exists, i.e., 1/K << 1.
With this assumption in the zeroth approximation we may rewrite Eq. (1.4) in the form
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Integrating system (2.1) with the condition that V(0) = (V® + V')/2, we obtain
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Using Eq. (2.2), we write Eq. (2.3) in the form
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where
N =(mip — ;) (v* — 1)/(2m3miu).

Equations (2.2)-(2.4) define a solution of system (2.1) satisfying boundary conditions
(1.5), as may be verified by direct transition to the limits as V + V% or V- V', TIn the
general case the integral in Eq. (2.5) may be expressed in terms of hypergeometric functions
of two variables. It is evident from Eq. (2.5) that at n = 0 or m{us = m3u, Tz = T,, while
at "=07,=T7,. Wewill consider the case n > 0. It follows from the last equation of
Eq. (2.1) that dT,/df > O, i.e., Ty(£) is a monotonically increasing function at —» < £ < +w.
At small (V° — V) is can easily be shown from Eqs. (2.4), (2.5) that T, — T° ~ K, (V® — V),
while at small (V — V') T, — T ~ XK, (V—V), if a > 1, and T, — T* ~ Ko (V — V)a, {if
a < 1, where K;, K, are positive constants. Consequently at o < 1 dT,/df changes sign.
Figure 1 qualitatively shows the possible behaviors of the functions T,(£), T.(£), and V(£).
We will consider the limiting functions Tj(£) and V() as pi = 0. Taking u:/u=> = k, in the
limit we obtain
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It follows from the expressions obtained for n > 0 that T°<< T = q0) < T*, T3 = ¢5(0) > 1" > 1"

The limiting behavior of T2(£), Ti(£), and V(§) is shown in Fig. 1b. When n < 0 it is necessary
to interchange T, and T, in Fig. 1. Thus in the limit as uj - O the solution has a discon-
tinuity with subsequent continuous temperature relaxation zone, with the size of the dis-
continuity depending on the ratio u,/u. = k.

3. We will consider the case of intense heat exchange between the components, i.e.,
1/q << 1. The formulation of the last equation of system (1l.4) then simplifies and will
have the form T, = T, = T. Moreover, we will assume that my ~ 0, af ~ my, g1 ~ my for i <<
ml, K ~ m}. TIf XK >> m?, we obtain the intense velocity interaction considered in Section 2.
Considering these approximations and dropping terms of higher order smallness, we transform
Eq. (1.4) to the form

av, V2 av
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Integrating the first two equations of system (3.1), we find

T = Vit — Vo) — [ -+ DUV — Vo)V, — V),
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while V,(&) is defined, like V(&) of Section 2, by Eq. (2.2), with u replaced by p,. We will
seek a solution of the last equation of system (3.1) for V;(%) with the assumption that ¢ =
v® — v is small, i.e., assuming a weak shock wave. To do this we introduce new dimensionless
velocities v; and temperatures 7; defined by

i
Ve 34 & P P ot SNl (3.2)
optt 2w T (v+D T ° 4°

Now V; = Ve, Ty = T° correspond to vi =1, 14 =1, while V; = vt, T; = T' — v; = —1, T4 = 1.

As a result, in the =zeroth approximation in e for v,, Vs and t; = T2 T we will have

1) 1—-v .3
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Integrating the last equation of system (3.3) we find
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where V; are roots of the quadratic equation Eﬂ;? + [(1 — yo)/pIv — K =0, while v, > o,

vz < 0. The integrals appearing in Eq. (3.4) are expressible in terms of hypergeometric
functions. Transforming from the expressions obtained to the limit as u. > 0 with finite fia,
we have -

[ 1_2Kv+(v—1)v1 &

1, £<<0, , E<<O,
n={ 0, £=0,v=] IR (3.5)
'—'17 §>01 ‘_1——2 1’——1_(? )v2eV2§, §>07
YUYy (Y Vy)
T = —v,

Moreover, it can easily be shown from Eq. (3.5) that lim v, = v} = lim vy s and lim dv, | lim dv;
- g0 E-+0 Eo—0 5 T b0
Ky+@—1v

where v:=1—_——~—-————- The qualitative form of the functions of Eq. (3.5) is shown in
TV (Y Ve)

Fig. 2a, where curves 1-3 correspond to possible behaviors of the function vi(8): 1
yo > 2y —1, 2) yo <2y —1, 3) mky* + y(c — 1)(y —1) < 0. If we let pj >0 (i = 1, 2)

we then obtain for v;

1, E<0,

2 —
1+JL.YT)-E) 'Vgﬁ’ §>0 for ‘Y0’>1,
yd—oa v
v, =0y for y0 =1, 1;12{ 1— 2"'1‘:?_6 , §<C0,

for yo < 1. 1In Fig. 2b curves 1-4 show the function v, (&) as Ui > 0 for the cases
vo>2y —1, y<y0<2y—1, 1<y0<<y, and yo< 1. Thus the shock wave appears as a dis-

continuity with subsequent continuous relaxation zone at yo > 1, while for yo < 1 the con-
tinous solution ends in a discontinuity.

We will consider pi; ~ 0, pz >> pi. Representing v; as a function of v, and expressing_
£ in terms of vz from Eq. (3.3), after several simple transformations we obtain for small yp,,
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Fig. 4
v =U2+2('1 2)7(0’——1) y“ﬁd.‘! for ?0_>1 (3.6)
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where o = 2yp,/((y + 1)%), p = vK/(y6 — 1) . The functions v, and v, are then related by the
equation

do,  (y—1)(+3 ——1)—}—2aB(yo’—1)(v ——v)

A
dv, (vo—1) (v —1)

(3.7)

Results of a qualitative study of the integral curves of Eq. (3.7) in the plane (v, v2) with
consideration of Eqs. (3.3), (3.6) are shown in Flg 3, with curves 1, 2 corresponding to the

function vi(£); 1) for oKy <y — 1, yo < 1 or omy<ya—1 1< yo<2y, and2) for those
inequalities not satisfied.

Thus, at a low concentration of the light component (¢ < 1) nonmonotonic behavior of the
light component velocity is possible.

4. We will consider the shock wave structure for a low concentration of one of the mix-
ture components, without assuming strong velocity or temperature interaction. As in Section

3, we let m$ ~ 0, o ~ m?, us ~ m% or p; << m$, K ~ my, q ~ my. Considering these assump-
tions in the zeroth approximation in m} we reduce system (1l.4) to the form

av, 2

v av. (4.1)
2+__‘1+”2d§1 11T2+—23=A+”2V2d_§21

dV a(1,/V,) v,

d§+ égl (V"V)‘l'lhdgg,

4 dr, T 4V,

dv_\2
V—1E+V dE K(V—V1)2K1+Q(T’_T1)+p’1(d§1)’
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where q = q/miy, K = K/my, Uy = u,/m3.

The first two equations of system (4.1) have the same form as Eq. (3.1), and thus can be
integrated explicitly. We will find a solution for the last two equations of system (4.1)
for the case of weak shock waves. We transform to new dimensionless velocities and tempera-

tures with Eq. (3.2). Substituting Eq. (3.2) in Eq. (4.1) and dropping terms of higher order
in €, in the zeroth approximation we obtain

11— (v + 1)’ (4.2)
BT BT T e
do Il dr dv ~ ~ d*p
1 1
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Integrating the last two equations of Eq.

(4.2) with consideration of boundary conditions
(1.5) we have
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where vy < vz < 0 < vz are roots of the equation

y(v)zv3+[(v——1)§'——6:1]v2—{~£+ E(—E—“i—l@—_—njv—(—y—_:ilﬁq—=0.
Wy 9} Thy By

The order in which these roots are located follows from the inequalities:
yv = —(y — 1jg) >0, y(0) <0, y(-+00) > 0. The expressions for v; and T, are of complex form

and in the general case may be found numerically or expressed in terms of hypergeometric
functions. Taking the limit ug 0 (i =1, 2) in Eq. (4.2), we obtain

1, §<0,
U2(§)= O; E=Ov Tg = — Us.
—"1: §>Oa

If ¢ > 1, then
1, E<O,

[ 2 I?Ew—n = ~(v—1)2) vE
v1(§)=%| ”(i—o)(vl—vg){( M A
|

1

(Kq(v 1)+K+q(v—1)) ] E~0,

2

where v; < vy < 0 are the roots of the equation

‘g =0. (4.4)

(o—1)v2+[1~§+q~(vﬁ—1)v;1]v+(v—i)

If 0 < 1, then
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. 2 Rotw —1 ~ N2
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where vz < 0 or vs > 0 are roots of Eq. (4.4) at o < 1.
The qualitétive behavior of the functions v;(£), t4(£) as u; > 0 is shown in Fig. 4a, b

for the cases o > 1 and ¢ < 1 respectively. Thus, in the case of a low concentration of the
heavy component (Fig. 4a) the mixture is in equilibrium right up to the shock wave front,
after which the velocity and temperature of the heavy component relax to equilibrium values
with no discontinuity. The heavy component temperature distribution in the shock wave is
nonmonotonic. With a low concentration of the light component the mixture on both sides

of the shock tramsition is in nonequilibrium conditions, tending to equilibrium as & - +w=,
The temperature and velocity profiles of the light component are nonmonotonic.
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SPALL DAMAGE TO A LIQUID METAL ACCOMPANYING
PULSED ACTION OF RADIATION

S. N. Kolgatin, A. M. Stepanov, and
A. V. Khachatur'yants UDC 532.595.2

The study of spallation accompanying the appearance of short-duration tensile
stresses in a material, exceeding the material's tensile strength, is widely used to
investigate the dynamic strength of solids [1]. Such stresses appear, in particular, in the
presence of thermal shocks — pulsed volume liberation of energy in a material accompanying
pulse durations tp satisfying the condition tp $ 7/c, where 7 is the characteristic size of
the region of energy liberation and ¢ is the wvelocity of sound in the material. As shown in
[2], instantaneous thermal shocks (corresponding to the more stringent condition tp << /e),
can lead to spalls with energy inputs significantly lower than the heat of fusion and,
especially, the heat of evaporation of the material. In experiments modeling thermal
shocks, laser radiation is usually used as the course of energy liberation for weakly ab-
sorbing media and relativistic electron beams (REB) are used for metals [3, 4]. Experiments
with REB correspond, as a rule, to the weaker condition tpigl/c.

Negative stresses and spalls can be observed not only in solids, but also in liquid
metals [4]. The possibility of spalls must be taken into account, in particular, in setting
up liquid-metal shielding of the first wall of pulsed thermonuclear reactors [5]. The action
of fluxes of charged particles and x-ray radiation on a liquid metal usually leads to strong
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