STRUCTURE OF SHOCK WAVES IN TWO-PHASE MIXTURES OF A GAS WITH FLUID DROPS

T. R. Amanbaev and A. I. Ivandaev UDC 532.529

During propagation of a shock wave (SW) in a gaslike medium (the mixture of a gas with
small particles and drops) the strong velocity and temperature phase nonequilibrium features
lead to formation of a wave relaxation zone, where mass, momentum, and energy exchange occur
between the gas and disperse phases, gradually equating the phase velocities and temperatures.
The SW relaxation zone was treated in [1] for gaslike, solid, inert particles. It was noted
that the interphase friction process usually affects fundamentally the relaxation zone, while
the heat-exchange process affects it much less. The effect of phase transitions (in the
absence of drop breakup) on SW structure in gas—drop mixtures was investigated in [2].

In the present study we investigate SW structure in vapor—gas—drop mixtures in the
presence of drop breakup processes (by the mechanism of surface layer stripping) and mutual
phase transition processes. A mathematical model is suggested, describing the flow of a gas—
drop mixture with account of the effect of stripped small drops (with the surface of large-
scale drops).

1. Basic Assumptions and Equations. For the mathematical description of the flow of
gas—drop mixtures we use the fundamental assumption of mechanics of heterogeneous media: the
distances over which the flow parameters change substantially are much larger than the charac-
teristic drop size. It is further assumed that the drops are incompressible and do not
collide; viscosity and thermal conductivity effects are important only during phase interac-
tion processes; breakup of large-scale drops occurs under certain conditions by the stripping
mechanism, in which case small drops, whose sizes are substantially less than those of the
original drops, are stripped in this case from the surface of the large-scale drops; part of
the stripped small drops, incident in a warm gas flow, evaporates (with the evaporation
process occurring in equilibrium); if the breakup conditions do not apply, the large-scale
drops (to the extent that their surface layer starts warming up) also start evaporating.

A mixture of a gas with small drops and their vapor is considered as a single-temperature
and single-velocity continuous medium with special thermophysical properties. This medium
will be further called an effective gas. Its parameters are denoted by the subscript 1, and
the parameters of the large-scale drops — by the subscript 2. The parameters of the gaslike
components of the effective gas, corresponding to the gas (the "passive" component, not
hindering phase transitions) and the vapor (the "active" component, appearing during evapora-
tion of fluid drops), are denoted by the subscripts 1g and 1v, respectively, and the parame-
ters of the fluid component of the fluid gas (small drops) — by the subscript 12.

Let a,; be bulk content of the gaslike phase, and let a;,, @, be the bulk contents of
small and large-scale fluid drops in the mixture. We have oy == tjg = Gy, O = Gyy + Gy, O
-+ oy = 1, a, = nnd®/6, where @;, and a,, are the bulk contents of the gas and the vapor, a; is
the bulk content of the effective gas, and n and d are the number of large-scale drops in a
single mixture and their diameter. The true (denoted by the superscript 0) and reduced
(smeared over the volume of the whole mixture) densities of wvarious components of the gas—
drop medium under consideration are related by

P1g = O‘np(l,gv P10 = Oﬁupgm P12 = O‘mpg: Py = %Pgs (1.1)
P11 = P1g + Q1o = O‘upgl, P11 + P12 = O1. '

The mass conservation equations of the gas, vapor, small and large-scale drops, as well
as the conversation equation of the number of large-scale drops for one-dimensional stationary
motion with planar symmetry can be written in the form
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Here v, and v, are the velocities of the effective gas and of large-scale drops, j, is the
intensity of mass removal from the surface of an isolated large-scale drop (the superscripts
of v and s refer to the evaporation and stripping intensities, respectively), and jV, the
evaporation intensity of small drops. Combining the first three equations (1.2), with account
of (1.1) we obtain a mass conversation equation of the thermodynamically equilibrium vapor—
gas—drop medium, called above the effective gas:

d|
S = g} + (1.3)

The following mass integral follows from (1.3) and (1.2):
P1Vy ~F PsVs = const. (1.4)

The momentum conversation equations for the gas, vapor, and small drop mixture (moving
with the same velocity v,;) is written as

d
P1U1;Z%1‘= — oy~ e — njs (vs —v,) + nz (v —

dv
Pals d_:c2 = nfi, — nj; (U; - Uz) — njs (V; - Vz)f

(1.5)

where p is the pressure, f,, is the force by the effective gas acting on a single large-scale
drop, and vj and v} the characteristic velocities of the stripped and evaporating fluids on
the surface of large-scale drops. We further put u; =13 =y, and therefore Eqs. (1.5) have
the simpler form

dv d dv,
Plvl’gx"l = _p__ nfys + (njz + njs) (Ve — vy), Pz”zgf = nfia. (1.6)

The complicated momentum equation (1.5) or (1.6) with (1.3) and (1.2) gives the momentum
integral of the mixture

1V + 0,03 + p = const, , (1.7)

The thermal flux equation for large-scale drdps and the total energy conversation equa-
tion of the whole mixture can be written in the form
d92 o .
pzvzﬂ' = — Rfzz — Nj, (123 — 1y),
(1.8)
d
a{Pﬂ’l (31 + Ui/z) + Da¥s (32 + 03/2) + (aw; + avy) pl = 0.

Here e,, e, are the internal energies of the effective gas and of large-scale drops, i, is
the enthalpy of large-scale drops (the additional subscript s refers to the saturated state),
and q,» is the intensity of thermal flux toward the surface of the large- scale drop from
within. From the second of Eq. (1.8) follows the energy integral

o0y (ey + v3/2) + 0,0, (e, + v3/2) + (ayvy + Ualy) p = comst, (1.9)

We provide the equations of motion of the mixture components. The components of the
gaslike phase will be assumed to be calorically a perfect gas, while the condensed phase is
treated as an incompressible medium with a constant heat capacity

P = (2elg + 210R0) 01T, €3 = cvaTy (1.10)
(evi = Tigeyvg + ZT1oCyy -+ Trala, Trg = P1e/P1s Tro = P1o/P1r L1z = P1a/P1);

pg = const, e, = csz (Rgv R,, Cyg Cvey Co = const), (1.11)

where T,, T, are the temperatures of the effective gas and of large-scale drops; Rg, R, cve, cCyou
are the gas constants and heat capacities at constant volume, c, is the heat capacity of the
condensed phase, and z,4, %;,,» %12 mass fractions of the gaslike components, small drops, and
effective gas.

2. Specific Laws of Interphase Interaction in the Presence of Drop Breakup. The review
[3] of experimental and theoretical studies shows that drop breakup at substantial velocities
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Fig. 1

of relative flow is realized in the regime of their surface layer stripping. An expression-
for the intensity of mass removal (under the action of gas flow) from the drop surface by a
stripping mechanism, satisfying the experimental data described, was obtained in [4, 5]:

i =k (pg)l/G (d/2)3/2 (v, — v, ]1/2 (2.1

(k 1s a constant coefficient). For the mixtures often encountered in practice of air or
vapor with water drops k = 1.3-2 kg%/8/(m3/2-sec/?). Analysis of the experimental data
makes it possible to draw the conclusion that the fundamental criterion characterizing the
realization condition of the stripping mechanism is the Weber number VVem=:gﬁd[v1——v2PﬂL
where ¢ is the surface tension coefficient of the drop. In this case the drop in the gas
flow starts being stripped only when We,, reaches a certain critical value We, [3, 6]. The
stripping intensity is assigned with account of this fact:

S {O’ WelZ < Wec;
A=l (2.2)
U2 Welz = We,

(j3% was determined, for example, according to (2.1)). There exists a number of recommenda-
tions on determining the generation conditions of surface layer stripping [3]. We note the
recommendation [7]

We, = 0.5 Refy’, Reyy = 09d [, — 05 [/phy1 (2.3)
where Re;, is the Reynolds number relative to the drop flow, and u,; is the dynamic viscosity
coefficient of the gas.

To determine the intensity of phase transitions between small drops and the vapor it is
assumed that they occur along the saturation line T, = T,

0, 012 =0,
jl’2=}0’ I <Ts, (2.4)
ffz*» P12 7= 0;
Tize = J124 (9e1/01,, Oe,/0xg, dp/dz, ATs/dp, .5, T1g, Nfys, NG1z, 1j3 (2.5)

v o .,
Njay Oy, Py P14 U1y Vs, Ly, Loy fqpg).

Here T is the saturation temperature, g3 is the intensity of heat flux toward the surface
of the large-scale drop from the side of the carrying phase, and i,y¢ is the vapor enthalpy
at the saturation temperature. Due to its awkwardness the expression for jY¥, is not provid-
ed. For known f,, ¢q,s, js, j» and known dependence T,(p) Eq. (2.5) can be used to determine
j12 in terms of dp/dx. 1In the limiting case of absence of large-scale drops, when jor jas Fias
9z =0 and there exists only an equilibrium mixture of the vapor with small drops, we obtain

de (-1
2 1 dp %P ar
Jiog = — | 77— {A "f}, A= — Uy | Crp = |
* liﬁxlz} dx p(l,vvl Py | Cvo ap

255



Pf; Y b L
_\\K\T/z_, =
/
07_\\ <Z Z
} ~ N
\\ \\
o, I,
55 -
Jf1 —— i
- D :
L7 _’0__\._ o 7 Z, m
0 -
— o
/’ -
\ /f’z
0 7 x, m
Fig. 2

For a given intensity of phase transitions on the surface of a large-scale drop it is
assumed that in the presence of stripping they do not occur:

0 .S=O
gl 2TR (2.6)
01 ,7'2?&0-
The intensity of phase transitions j;, determined by the thermal balance relation at the drop
surface [3, 8]
Jor = (@1z + qax)/! 2.7

(2 is the heat of vapor formation).

Experiments show [3, 5] that secondary microdrops, stripped from the surface of large-
scale drops, are quite small and flow with the large-scale drop, following the gas flow
lines. Therefore, direct collisions between secondary microdrops and the original large-scale
drops can be neglected.

The force acting on the large-scale drop from the side of the carrying phase and the
intensity of the heat flux toward its surface were assigned in the form

f12 = (nd?*/3) chdl vy — Uy | () — V), (2.8)
CJTZ = qnudhy; Nuy (T — T'3), qu = nidhy Nuy (T, — T's).

Here C; is the resistance coefficient of the drop, A;;, A; are the thermal conductivity
coefficients of the vapor—gas mixture and of the drop, Nu;, Nu, are the external and internal
Nusselt numbers, and Ty is the surface temperature of the phase separation (usually Ty = T,

(3, 8]).
In the presence of drop deformation and breakup one can use for G; the relation [3, 6]

27Rer”*, 0 << Re;, << 80,
Cy = 10.27Reis",  80<C Re,, << 104, (2.9)
2, 10* < Rey,.

The external Nusselt number is found from the ordinary Rance-Marshall equation
Nu; = 2 + 0.6RelZPr}®,  Pr; = cpyii/Mis (2.10)

where Pr; is the Prandtl number, and c,;; is the heat capacity of the gas phase at constant
pressure. In determining the internal Nusselt number of the drop we took into account the
nonstationary effect of the enhanced characteristic width of the temperature boundary layer

inside the drop:
diAd, Ad<0.1d,
N =lgo,  Aa>04d (Ad=} ). (2.11)
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Here v¢ is the temperature conductivity coefficient of the drop, and t is time, referred to
the time of drop incidence on the SW front.

Estimates show that the rate of decrease of the drop diameter due to stripping is much
higher than the propagation rate of the temperature wave inside the drop. Therefore, in the
presence of breakup the drop temperature remains practically constant, since the temperature
wave cannot penetrate the limits of the layer of the stripped fluid. For given heat-exchange
intensities q,3 and q,5 this fact can be accounted for by putting

ol s *

. f=0, (0%, 7 =0,

g={ _qw:i‘-’-z e (2.12)
(O: j2 # 09 o O, j2 WE 07

where q; and q,5 were determined, for example, according to (2.8).

3. Statement of the Problem. 1In infinite space, filled by a gas—drop mixture, let
there propagate a SW with velocity vy, and v;,>a) of (af and aj are the frozen and equi-
librium sound velocities in the mixture ashead of the wave [9, 10}). The SW then undergoes a
jump in the gas, on which the gas parameters satisfy the Rankine-Hugoniot relations (the drop
effect on the gas parameters directly at the jump can be neglected [2]), while the drop
parameters practically do not change. Thus, at the jump we have the following boundary
conditions

o1 _ (1, +HM Dy 2 (?10~1M+_L),
Prg 2+, UM al M tilo 2 M

\ ) (3.1
—"1),: Pgp = Papy  Vap = Usgps Top =Ty, M'”:;]fﬁ-
/ [63

2
Py _ Vi 1 ( 2y,,M
Py Vi1 1 Tt

Here the additional subscripts 0 and f refer to the parameters ahead and following the jump,
the parameters 0if, Oafy Vrf Vo, Py determine the boundary conditions at the point x = x¢, cor-

responding to the position of the jump condensation, and makes it possible to calculate the
structure of the relaxation zone in the region x > x,.

Let now 4 <<v;,<<a). The SW has than no jump ahead of itself, i.e., the mixture parame-
ters in the condensation wave vary continuously from the equilibrium state ahead of the wave
to an equilibrium state behind the wave [9]. In this case, to state boundary conditions one
can use the linear solution of Egs. (1.2)-(1.11) near the initial state in front of the wave.
Thus, we have boundary conditions for calculating the structure of a totally diffuse condensa
tion wave:

j— . i ! - !
L= 0y,= P10 F O3y Vi =gy + vy, D;=py+ o

p2f=p20+p;s U2/=v20+7);, T2f=T20+T;, (32>

where p; UL o, p; v; Zé are small perturbation parameters of the mixture, determined by
solving the linearized system of equations of motion. We note that drop breakup can be
neglected in linearizing (1.2)-(1.11), since the perturbed parameters can be arbitrarily
small, so that the breakup conditions do not apply.

4. FEstimates of Characteristic Relaxation Times and Analysis of Breakup Conditions, We
estimate the characteristic relaxation times of the velocity and temperature of a constant
size drop. It is well known that for large Reynoclds numbers (Re;, >> 1), when the Newtonian

flow conditions concerning drop flow are realized (C; = 0.44, Nu, = 0.6Rel;?Pr}®), the charac-

teristic relaxation times of the drop velocity r} and temperature 7} are
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Estimates show that t7/t) > 1 , i.e., for Re;;, >> 1 the characteristic time of equating the

gas and drop temperatures exceeds substantially the characteristic time of equating their
velocities.

In the presence of stripping of the surface layer of the drop it makes sense to introduce
a characteristic time 7, of variation in drop mass. It can be shown that the characteristic
time, following which the drop mass decreases due to stripping by e = 2.71 times, is

Tm 22 p3ds /1 (p3,) 8 1122, (4.2)

It follows from expressions (4.1) and (4.2) that the following conditions are satisfied in
the investigated regions of variation of the decisive parameters 10% < Rey,, << 10%, 0.7 > M < 3

between the characteristic times 7¥ and 7

N1, 108 Regy 10,
%2 {>> L Regs < 10 .

~1, 103 <<Reys < 105,

Tm

It is noted in this case that the expression for r¥ (4.1) was obtained without account of the
effect of decreasing drop diameter due to stripping. Therefore, the comparison carried out
between 13 and r, (4.3) is of a basic methodological nature.

To analyze the similarity conditions of SW structures we consider three cases.

A. There is no drop breakup during the phase transitions, i.e., Jjs, j5 = 0.. In this case
the basic similarity criteria of the flow are the three dimensionless parameters:
V1o = Cp1o/Cvipy, M = vm/a& M = 0,,/01, (4.4)

(m is the relative mass content of drops ahead of the wave).

B. There is no drop breakup (j§ = 0), but phase transitions occur on the separation
surface (;2-£0); among the similarity parameters (4.4) we have the dimensionless heat of
vapor formation L = £/(aj)“.

C. Drop breakup occurs (j§ = 0). The similarity of SW structures is then basically
guaranteed by six criteria: vy,,, M, m, K, We,,, We, (K = k/(p%)*2plfs, Wegs = pod, (a})*/0).

5. Several Calculation Results. The structure of condensation waves was investigated in
a mixture of water drop with air. Situations were considered in which ahead of the wave the
mixture is in thermodynamic equilibrium (v,5 = vy, Tyy = Tpy) at pressure -0.1 MPa. The
equations of motion given in Sec. 1 for a vapor—gas—drop mixture with the closure relations
(2.1)-(2.12) and boundary conditions (3.1), (3.2) were integrated numerically by the modified
Euler method. The calculation accuracy was controlled by satisfying the first integrals of
mass, momentum, and energy (1.4), (1.7), and (1.9).

We investigated the effect of the drop breakup process, as well as of the decisive
parameters (wave intensity, mass content, and drop diameter) and various parameters on the
nature of mixture flow in the wave relaxation zone. The calculations were carried out for
waves with Mach numbers from 0.7 to 3. The relative drop mass content m = p,,/p;, and the
drop diameter d, were varied, respectively, from 0.2 to 5 and from 60 to 600 pm. Several
calculation results are shown in Figs. 1-3. Figure 1 illustrates the effect of drop breakup
on the structure of a strong SW (with a front-end jump) for M = 1.5, m = 2, d; = 200 um, the
solid lines correspond to presence of breakup, and the dashed — to its absence. It is seen
that breakup leads to substantial shortening of the length of the SW relaxation zome. In the
presence of drop breakup their reduced intensity ;z = p,/P1p (Fig. la) in the wave relaxation
zone behaves nonmonotonically: initially it decreases, then it increases, and at the same
time it always increases monotonically in the SW in the absence of breakup. This is related
to the fact that two substantial factors affect the reduced density of large-scale drops:
surface layer stripping of drops, and their damping. Sripping causes a decrease in ;éL.and
damping, leading to an increase in large-scale drop concentration — to an increase in p,.
Therefore, depending on which of these factors predominates, the reduced density of large-
scale drops in the relaxation zone of a condensation wave can either increase or decrease.

It is noted that due to heat losses by the gas during the heating of stripped small drops the
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gas temperature T, = T,/T,, decreased substantially (Fig. 1b), and small drops could not
evaporate. In this connection the effective gas composition included small drops, leading to
substantial increase of its reduced density p; = p;/py-

Figure 2 shows the effect of drop breakup on the structure of a weak SW (diffuse, i.e.,
without a front-end jump) for M = 0.95, m = 2, and dy = 200 um (the notations are the same as
in Fig. 1). As is seen, the reduced density of large-scale drops behind the weak wave is sub-
stantially lower than behind the strong one, i.e., the total effect of stripping in a weak
wave can be substantially more clearly manifested in a weak wave than in a strong one.

So far there exist no experimental studies of the effect of drop breakup on SW structure.
In this connection it is interesting to compare calculated and experimental wave structures
in gaslike solid inert particles. In Fig. 3 we compare typical experimental pressure oscil-
lograms, obtained in [11] (solid lines), with calculations. The experimental oscillogram in
Fig. 3a for m = 1.0 corresponds to a SW with a front-end jump (M = 1.16). The oscillogram in
Fig. 3b with m = 1.7 corresponds to a totally diffuse wave with M = 0.99. The particle
diameter in the mixtures used in the experiments varied from 3 to 9 um.

Calculations were carried out for monodisperse mixtures of the corresponding mass con-
tents for various particle diameters: 3 (dashed lines), 6 (dashed-dotted), and 9 (dotted) um.
Good agreement is observed between theoretical and experimental structures, while best agree-
ment with experiment is observed for calculations with particle diameter 3 um. Since there
exist no data in [11] on the particle distribution function over size, one may conclude that
the mass content of particles with diameter 3 um predominates in the gaslike structures used.
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