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STRUCTURE OF A COMPRESSION SHOCK IN TWO-PHASE MEDIA

A. M. Grishin and G. G. Tivanov UDC 532.529:518.5

Shockwaves originating in supersonic two-phase flows can be considered to consist of two
zones — the compression shock that is realized at the shock velocity greater than the frozen
speed of sound [1, 2], and the relaxation zone. Although the structure of the relaxation zone
has been investigated in sufficient detail [1-5], the structure of the compression shock has
not.

It is generally understood that a lifting medium is described by Hugoniot relationships
during passage through a shock, while particles "ignore'" the compression shock. Meanwhile,
experimental data [3] display a sufficiently strong influence of the compression shock on
heterogeneous inclusions if the particle size does not exceed 20-25 um.

For sufficiently intensive shocks, shocks originate in the domain with as large as a two-
phase medium flows around a solid boundary, where the stream parameters change substantially
within distances commensurate with the dimensions of the inclusions. Models of a continuous
medium do not hold in these zones and the structure of such flows can be investigated only
within the framework of kinetic theory {6]. On the other hand, for a weak shock intensity the
thickness of the compression shock can exceed the dimensions of the inclusions by an order and
more, which permits utilization of the approximation of a continuous medium to investigate the
compression shock structure.

Here we consider the structure of a compression shock by using the kinetic and hydrody-
namic descriptions of a two-phase medium. It is shown that the presence of particles results
in an increase in the compression shock thickness, where the particles exert the greatest in-
fluence on the density and velocity profiles. It is found that taking account of the dissipa-
tive components on both the kinetic and the hydrodynamic level broadens the limits of applic-
ability of these approaches somewhat.

1. Since a compression shock especially influences fine particles, for simplicity in
our analysis we shall henceforth limit ourselves to a study of small size inclusions (not more
than 10 um, for instance), which permits utilization of the diffusion approximation in indi-
vidual cases.

We consider a two-phase medium as a dynamic system of interacting particles. We write
the kinetic equations for the particles of each phase (subscripts i, j) in the form

Dfi/Dt = Q(fs, f3). (1.1)

Here Q is the interaction integral, and f(t, x, v) is the particle distribution function of
one phase.

Two interaction scales, short-range and sliding collisions, can be separated for an anal-
ysis of Q in application to a two-phase mixture [7]. For the short-range collision, direct
contact occurs between two (or more) particles with an exchange of mass, momentum, and energy.
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During sliding collisions there is no interparticle contact, but an exchange of momentum and

energy is effected by means of the particles of the other phase. On the hydrodynamic level,

this is analogous to the interaction of two or more closely located particles through a lift-
ing medium [8] for heterogeneous inclusions. Representing the integral as the sum

Q = Q* + Q,

where Q% is the contact interaction integral and Q is the component taking account of the
sliding collisions, and considering the effect of intermediate collisions as a continuous se-
quence of small random changes in the velocity and coordinates, we obtain [7]
3 .
O 9 of o ) 2
0= (—“p———n” D g2 0 e
i,v2=1 0v; 1 v, " Gv; Tf+axinda‘”v oz; ).

Here v is the velocity, and 7,1 are the coefficients of friction r and diffusion d in the
phase space (p, q). A simila? expression for Q can be obtained if the source in the Langevin
equation is considered a function of not only the velocity but also of the coordinates (91,
which denotes taking account. of dissipative processes at the microlevel. The coefficients.
7.1 have the form (the derivation of these coefficients is the same as for the Fokker—Planck
eguations [10], and is not presented here)

a% =M, | fapdy, =% =M, [ agdy, (1.2)
ar =M, fprdy, ny =M, f fAqdy; y ={z, v},
where Ap, Aq are the characteristic magnitudes of the momentum and coordinates, and M;j is the
interaction transformant.

If the kinetic equation can be written as
Df/Dt = Qle

(e is a small quantity), then according to the method of Struminskii [11], when using the Max-
well distribution in a zero approximation, we find

n§ = ApPAQurqh, nh = Aw*eq, = AdR¥e)
nd = ApAgw*eq, »* = 3,2 (2kT/m),

where I is the Boltzmann constant, m is the particle mass, T is the temperature, and ¢ji is
the consistency coefficient determined from experimental data or additional hypotheses’

We write the integral Q* in the form [12]

N
0* = X | W_tf — W1 dydy,
We =2 | Ma)v-nlvay,

where n is the normal N is the total number of particles, D) denotes summation over all the
o
arriving (or departing) particles at the time of contact interaction.

If the interaction transformant M, is considered for specular interaction of pairs of
particles, then Q* degenerates into the Boltzmann integral [13].

2. To investigate the structure of a compression shock we initially use the Mott-Smith
approach [14] according to which

f=af.taify,a. +ap=1. (2.1)

Here a_ and a4 are weight coefficients, f_ and f; values of the distribution function before
and after the shock. Taking the square of the velocity v? as the trial function in the gen-
eralized transport equation (which is obtained by traditional means and is not presented
here), we obtain in conformity with the relations (2.1)

au

a

— = —fPa_(1— a.) — 2nlp_v_ -~ 6nj (3104 + a-p-),

p = al2 v R(T. — Z‘_,_)]'l, . (2.2)
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o= { (0* — v 14 (0) j- () B(O, V) dBdedv,dv,
B8, V) = s(8, V)V sin 6,

where s is the differential scattering section, V is the thermal velocity, the subscript * is
mute, and p is the density. Assumptions are made in deriving (2.2) which are used later: the
flow of the two-phase medium is stationary and one-dimensional, the interaction processes are
Markovian in nature, the interaction transformants correspond to a specular collision, there
are no phase transformations, the coefficients 7.1 are calculated under the assumption that
the distribution functions in (1.2) are Maxwellian, and the two-phase medium is considered ip
the diffusion approximation.

The last two assumptions are made to simplify the analysis. The solution of (2.2) has
the form

_ LA B*+ (B* — 1) exp (21Pz¥)
- 1 4 exp (2ipz*) *

. (2.3)
l2=—lg—+(p'2—é-——§), a+=1"a-—_1; §=6“3(P——‘P+)z
n==6

oL, BF= B—;‘s—g, z* = ¢ 4+ consi.

The coordinate x* is introduced for convenience in the selection of the origin of the coordi-
nate system. Integral relationships on the shock, whose derivation is presented below, are
used in solving (2.2). Taking account of the solution (2.3) and the integral relationships
on the shock, the equations for the running values of the parameters on the compression shock
re as follows: - ;
are pz) = p-lps/o- + a_(1 — pu/p )], v(@) = p_v lp(x),

e(x) =e_ +v2/2 — 2 (z)/2.
The coefficient ¢,d is determined from (2.3) and the condition s for the velocity in the com-

pression shock by using experimental data [3]. It is later assumed that all the coefficients
are constant and equal to ¢pd.

Taken as the momentum scale Ap is the sound velocity in a heterogeneous mixture
Ap = mV dp*ldp,

multiplied by the particle mass m, and the particle diameter of heterogeneous inclusions as
the characteristic dimension Aq.

The Liepmann method [15] is used within the framework of the kinetic theory to study the
shock structure in the second approach, whereupon (1) is reduced to the form

d d d d
v-aL = v (fo—1) + e n§L Ly,

e - .S‘ zalj' SrdrdcpMajdy, y = Nrb/vg,

fom— 2 fE f { rardopt.tray

with the boundary conditions f(x = #») = 0. Without examining different particular cases of
the analytic solution of (2.4), which are presented in [16], it is solved nunmerically with
iterations in f, and v, where the Maxwell distribution is again used for the function f in a
zero approximation.

(2.4)

Since the appropriate moments and integral relations for the shock must be used in the
Mott-Smith method, it is necessary to represent the results in terms of hydrodynamic variables
(including also for the Liepmann method). We note that the majority of experimental data on
the shock structure is presented in precisely hydrodynamic variables.

The characteristics of ‘a two-phase flow in a compression shock, obtained by the Mott-
Smith and Liepmann methods, respectively, for different external stream parameters are repre-
sented in Figs. 1 and 2; all the quantities are referred to the parameters ahead of the shock.
Polystyrene particles of 2 um diameter were selected as heterogeneous inclusions. Given for
comparison in Fig. 1 are the curves 6-8 in v, T, p for pure air for M_= 10, 1, 2, 4 in g, T,
v for M_ = 10 for a two-phase flow; 3, 5 in T, v for M_ = 5. The mean free path was deter-
mined from the relationship
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A= (u_tp )w/(2RT )12

It follows from Fig. 1 that the presence of particles results in weak asymmetry in the density

and velocity profiles in the shock upon application of the Mott-Smith method, and on the other

hand, diminishes the asymmetry in the density profiles when using the Liepmann method (Fig. 2;

see Fig. 1 for explanation). In both approaches the heterogeneous phase results in an increase
in shock thickness, which is computed from the dependence

. 04— 0.
- (dpldz)max. ‘

If a criterion is introduced that characterizes the degree of particle influence

s lro/rn—- T/T_
Fo/Pn

where I' is the hydrodynamic parameter whose profile is considered, T, is the value for the
lifting medium without inclusions, and I'y is the value for the homogeneous medium before the
shock, then it is seen that the particles exert the greatest influence on the velocity and
density. The change in the temperature profile because of the presence of particles is insig-
nificant: 1-57 for both approaches for M_ = 1.01-10.

L

, (2.5)

3. It is seen fromananalysis of Figs. 1 and 2 that within the framework of the diffu-
sion approximation with small free stream Mach numbers the extent of the compression shock con-
siderably exceeds the mean free path. The shock is still not blurred here. Consequently,
it is expedient to consider the shock structure in the hydrodynamic formulation also. There-
fore we express the stationary mass, momentum, and energy conservation equations in one-dimen-
sional formulations, which are obtained as the appropriate moments of the kinetic equation

(1.1) (the normalization condition is ffdu==p):
d * w 0 _qd’p q dp
T u=A*1)+ AT (1) + A (1)+.gwﬂdﬁ—gtn =3 (3.1)
%(puz+Pp——§-p%);—A*(u)+AW(u)+AQ(u)+ (3.2)

p d _du du du dPpu
+.[ Tiylld o P g — TdRa — o — P g + 81vla PR

d du ¢ d - du q du q d qdu ]
~%ﬁﬁP%*MMEQE+MWErﬂWEW+WWH,

af 4 . du (3.3)

%{@+ﬁmmw_mgf—§muﬁ]=A#wy+AWwy+

. pd dE » &E » dE g £Ep
+ AQ(E) + ( Twlla g7 P g Tt S — PTle — F Syl — =
d dE d _dE d’E doE
— I p = 7.2 552 q o280
glvnd az p ax glvnd daz P dz + pglvnd d$2 glnr dz +

dE 2
+ gipn} T{;)z P = @gPg + PpPps E =e+u*/2
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€ = Qgeg + Ppép, Ay = Qghg + (pp?\.m pu = @g (PU)g + @p (PU)ps
Tip =TTy, 8y = Ei1fyy A*(P) = j. VO*du,
A" (@) = [ 40wdu, AQ(p) = | $0Quu.

Here 14, gi are the process characteristic time and length, u is the viscosity, and P is the
pressure. After conversion of (3.1)-(3.3), we have the first integrals

p(u+ gad) — g 2 — p_u_ 4 @™, (3.4)
4 d| 2
ou(u + gind) + (rzynfip + giyidp — = u) j—i — gt 4 Pyt Ty = poul + Py O (3.5)
ar 4 di . dE dEp
PuE—-W ——guug'i+fzvﬂ59 e glvﬂgd— +
z z (3.6)
+ 28030 2 1 glpE + Jp = p_u_E_ + gilp_E_ + DF,
where
pdu p du d2 q du
Ju= PTzvﬂd = + prnf == e pndgh, —gpni == - | dz;
Jeg= j [(P"Ttvﬂd — Pgwﬂd) + (PTzﬂr - gzpﬂq) %—} dz;
cD‘°=j[_ 1(A}"__A;*z, ]dz; Ay =A;
=
3 .
AP = A ) + A () + A2 ()
From (3.3)-(3.5) we obtain integral relationships for the compression shock
ou = p_u, + O™ (3.7)
pu2+P,,=p_u?.+Pp..+CDu; (3.8)
ouE = pu E_ | OF. (3.9)

To close the system (3.1)-(3.9) we write the equation of state within the framework of
the diffusion approximation [1]:

Pp = pRpT, Rp = R/(1 + %), # = pp/pe. (3.10)

4. The solution of (3.4) for ¢p = const and taking account of the dependences (3.6)-
(3.8), (3.10) is the following

C .
__ln]czu2+c3u—|—c4|+(——— )Vc T er, X

2cu+c —Vca—4cc
2c2u -+ e+ Vca — 4626
€y = glvng (q)-m + p_u_).,J e, = p¥y
R
= (p._u_ =+ (Dm) (L — Ry/2cp)y ¢, = ‘?E' (p_u_E_ + (I)E)Ji
14

= z - const,

X In

(4.1)

m
¢ = gind (p_u— + O™) — gry§ 20— + Ju—(p-u2 + D* + P,.),
4
= TGP + GuTiap — =5~ M.

Another solution for

2
dege >3
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has no physical meaning. The solution of (4.1) is realized by iterations in the integral N
and conditions ahead of the shock and the Maxwell distribution were selected in a zero approx-
imation.

A particle-Maxwell sphere model, i.e.,

[ 90M_ - (M2 —1)? VP ]rl

3+M2 16ML — (34 M2)?
was taken in all the computations presented, as were also the characteristic quantities on
the micro- and macrolevels, equal to

T = Aqm/Ap, g1 = Aq.

Figure 3 shows the change in the relative shock thickness as a function of M_ for clean
and dusty air (dashed and solid lines, respectively). Again polystyrene with a 2 pm particle
diameter and 0.0! volume concentration was chosen as particles. As for the kinetic descrip-
tion, the presence of particles results in an increase in compression shock thickness. If
(2.5) is considered for this approach, we see that the particles exert the greatest influence
on the velocity and density, as in the kinetic approach.

Figure 4 shows a comparison of the results obtained when utilizing the kinetic and hydro-
dynamic approaches, and experimental data [17, 18] are presented for a pure gas. Lines 1-3
are the results of the hydrodynamic approach, the Mott-Smith method and the Liepmann method,
respectively, for a flux with 2-um-diameter polystyrene particles (0.01 volume concentration).
Given for comparison are the dependences of the dimensionless transit length (A/L) on M_ for
pure air without taking account of the dissipative terms (4 is the hydrodynamic approach and
5 is the Mott-Smith model). Curves 6 and 7 are data for pure air with dissipative terms
taken into account (the hydrodynamic approach and the Mott-Smith model). It can be noted
that within the framework of the approach used above the domain of application of the models
is increased somewhat: the range of the hydrodynamic description of the shock structure grows
to M_ = 2.5, while the kinetic models describe a shock to M_ = 2 more accurately. This clo-
sure of the application of the models can be explained by taking account of the dissipative
components in the kinetic equation, which results, in turn, in the appearance of additional
diffusion and convective transfer terms in the mass, momentum, and energy conservation
equations.,

LITERATURE CITED

1. A. N, Kraiko, R. I. Nigmatulin, V. K. Starkov, and L. E. Sternin, Mechanics of Multi-
phase Media [in Russian], Hydromechanics, Science and Engineering Surveys No. 6 (1972).

2. A. M. Grishin and V. M. Fomin, Conjugate and Nonstationary Problems of the Mechanics of
Reacting Media [in Russianl], Nauka, Novosibirsk (1984).

3. N. N. Yanenko, R. I. Solukhin, A. N. Papyrin, and V. M. Fomin, Supersonic Two-Phase Flows
Under Particle Velocity Nonuniformity Conditions {in Russian], Nauka, Novosibirsk (1980).

. 4. 5. §8. Kutateladze and V. E. Nakoryakov, Heat and Mass Transfer and Waves in Gas—Liquid

Systems [in Russian], Nauka, Novosibirsk (1984).

5. V. F. Mymrin and S. E. Khoruzhnikov, Nonstationary Wave Processes in Aerosols, Preprint
No. 864, Fiz. Tekh. Inst. Akad. Nauk SSSR, Leningrad (1983). :

6. V. V. Struminskii and Yu. V. Velikodnyi, "Structure of shockwaves,'" Dokl. Akad. Nauk
SSSR, 226, No. 1 (1982).

262



7. K. Cherchin'yani, Theory and Application of the Boltzmann Equation [Russian translation],
Mir, Moscow (1978).

8. G. Batchelor and G. Green, "Hydrodynamic interaction of two small freely moving spheres
in a linear flow field," [Russian translation], Mekhanika, No. 22 (1980).

9. Yu. L. Klimontovich, Statistical Physics [in Russian], Nauka, Moscow (1982).

10. L. D. Landau and E. M. Lifshits, Theoretical Physics {in Russian], Vol. 10, Nauka, Moscow
(1979).

11. V. V. Struminskii, "On a method of solving a system of kinetic equations for gas mix-
tures,' Dokl. Akad. Nauk SSSR, 237, No. 3 (1977).

12. B. V. Alekseev, Mathematical Kinetics of Reacting Gases [in Russian], Nauka, Moscow (1982).

13. R. G. Barantsev, Rarefied Gas Interaction with Streamlined Surfaces [in Russian], Nauka,
Moscow (1975).

14. H. Mott-Smith, '"Solution of the Boltzmann equations for a shock," Mekhanika [Russian
translation], 17, No. 1 (1953).

15. H. W. Liepmann, K. Narasiwha, and M. T. Chahine, "Structure of a plane shock layer,"
Phys. Fluids, 5, No. 11 (1962).

16. G. G. Tivanov, '"On certain exact solutions of a kinetic equation of Boltzmann type,"
Izv. Vyssh. Uchebn. Zaved. Fiz., No. 4 (1984). (Dep. in VINITI, No. 1567-84).

17. B. Schmidt, "Electron beam density measurements in shock waves in argon,'" J. Fluid Mech.,
39, No. 2 (1969).

18. M. N. Kogan, Dynamics of a Rarefied Gas [in Russian], Nauka, Moscow (1967).

DYNAMICS OF DROPLET BREAKUP IN SHOCK WAVES

V. M. Boiko, A. N. Papyrin, and S. V. Poplavskii UDC 532.529.5/6

Study of the principles of acceleration and fragmentation of droplets during interaction
with a high speed gas flow is of interest because of its important practical applications (for
example, atomization of liquids in various technological processes, energy generation equip-
ment, detonation wave propagation in gas—droplet systems, etc.). In particular, the problem
of heterogeneous detonation in a gas—droplet system requires detailed study of the processes
of acceleration, deformation, fragmentation, ignition, and combustion of droplets within
shock waves at Mach numbers M = 2-6 for Weber numbers We = pu?dyo”* > 10% and Reynolds num-
bers Re = pudyu™' > 10°. Here p, u, p are the density, velocity and viscosity of the gas,

d, is.the initial droplet diameter, and ¢ is the liquid surface tension.

Numerous studies of droplet interaction with shock waves are reflected in reviews
[1-3], which considered characteristic regimes of droplet breakup and indicated corresponding
parameter ranges. Thus, according to [2], for We > 10%, Re > 10%, corresponding to the ex-
plosive droplet decay range, the following pattern exists. Over a time interval 0 < t < t,
(where t, = dop %" %(pu?)~°"%, p, being the liquid density) a droplet collapses into a disk of
size d ~ 3d,. At time t ~ (0.1-0.5)t, a thin layer of liquid begins to break away from the
equatorial region of the deformed drop and then breaks into pieces. The dimensions of the
microparticles thus formed are in the range d ~ 1-10um [4, 5]. Due to instability of the
phase separation boundary at t = t, explosive decay of the disk begins, reaching its greatest
velocity at t ~ (1.5-2)t, and ending at t ~ (4-5)t,. The dimensions of the particles formed
by this explosive decay are of the order of the thickness of the disk into which the droplet
was deformed at the time of maximum deformation d ~ (0.1-0.2)d, [1]. The nucleus of the dis-
integrating drop moves along a trajectory xd, ' ~ (0.5-1.4)t%t,"? [6]. However, despite the
large number of experiments which have been performed, many questions concerning droplet
breakup in shock waves remain little studied. Among these, in particular, are the effect of
viscosity on droplet destruction dynamics, the size of the microparticles formed, the process
of evaporation of the disintegrating droplet, etc.

Novosibirsk. Translated from Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 2
pp. 108-115, March-April, 1987. Original article submitted January 16, 1986.

2

0021-8944/87/2802-0263$12.50 © 1987 Plenum Publishing Corporation 263



