Journal of Applied Mechanics and Technical Physics, Vol. 48, No. 5, pp. 671-679, 2007

SELF-SIMILAR SOLUTION OF THE ONE-DIMENSIONAL PROBLEM
OF THERMOCAPILLARY MOTION OF AN EMULSION

A. G. Petrova UDC 517.946

It is proved that the problem of one-dimensional motion of an emulsion under the action of thermo-
capillary forces has a self-similar solution in a semi-infinite interval. The behavior of the solution
is illustrated by numerical examples for aluminum—-lead emulsions, in which the carrier phase is lead
or aluminum. The solution is compared with the solution of the self-similar problem linearized in the
low impurity concentration.
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1. Formulation of the Problem. In 1995, Voinov and Pukhnachev formulated a model for the motion
of an emulsion in a field of microaccelerations and thermocapillary forces [1]. This model (the stability of simple
solutions, the problem of emulsion solidification in linearized formulations, simple discontinuous solutions) has been
the subject of a number of studies; a review of the main results is given in [2]. However, even in the one-dimensional
case, the model is very complex and insufficiently studied. It is of interest to find and study nontrivial exact
solutions of the complete problem, in particular, the self-similar solution with the variable ¢ = 2/v/t. We note that
a self-similar solution of the linearized problem of emulsion solidification is considered in [3].

The constitutive equations of the Voinov—Pukhnachev model [1] are written as

de

5 + div (cu) = 0,

(1 —c¢)

B +div((1 —¢)v) =0,

pdc(%—? —l—u-Vu) + pm (1 —c)(% +uv- Vv)

= =Vp+div (um (1 + eN)(Vv + (Vv)*)) + pacg + pm (1 — c)g,

ar ar
pdAdC(E tu- VT) + pmAm(1 — ) (E tv- VT) = div (k(c)VT);

u—v=Kg+LVT. (1.1)

Here ¢ <« 1 is the dispersed-phase concentration, 7" is the total temperature, u and v are the averaged velocities of
the dispersed and carrier phases, respectively, p is the pressure, p is the density, p is the dynamic viscosity, A is the
specific heat, k is the thermal conductivity, and

2 _
N = Hm+5pa/2 i — 2B (pa = pm)(pn + pra) I 2Rkmor

o + pg 3t (2pbm + 3pa) (2ptm + 311d) 2k, + kg)’
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where R is the radius of spherical inclusions and or is the derivative (with the inverse sign) of the surface tension
with respect to temperature; the subscripts d and m denote the parameters of the dispersed and carrier phases,
respectively.

The thermal conductivity of the mixture was determined using a linear approximation (with respect to
small values of ¢) of the Maxwell formula. Since the model of [1] was constructed under the assumption of a low
concentration of the dispersed phase, the use of the linear approximation is reasonable and justified. In the case
considered, it is more convenient to use nonlinear thermal conductivity k(c). Its value is bounded from below and
from above: min (kq, k) and max (kq, k). Let max |k’(c)| < P. For simplicity in obtaining estimates, we assume
that P/ min (kq, km) < 5 although the Maxwell formula yields a more accurate estimate.

In the case of one-dimensional motion with plane waves, the problem reduces to the system of two equa-
tions [2]

%+(%{[ (Kg+LZ—T)—f](1—C)}=0,

8T) or 0

ptae + o= )] (G + £ 50) + (pida = o )elt o) (Ko + L) 50 = k5 (1= Me) 31,

where g = |g| and f = f(t) = cu+ (1 —¢)v is the volume averaged velocity of motion of the emulsion. To determine
it, one needs to specify an additional boundary condition, for example, f = 0, for the case where the flow has a
plane of symmetry or an impenetrable wall.

If Kg =0 and f(t) = v/, the one-dimensional problem admits the self-similar formulation

& de (( oL dT_ )dc d*T

(1.2)
(=5 ) adict pudn(i o) % + (1= ¢)(pada — pmAn) (L fg) = d%(k(c) %),

where & = 2/V/t, ¢ = c(¢), and T = T(§).
The most natural boundary-value problem for system (1.2) arises for the case v = 0 under the boundary
conditions

¢(00) = Coo, T(0) = To, T(00) = Too,s To > Teo (1.3)
and corresponds to a sudden temperature rise on the left boundary. The less natural but simpler boundary-value
problem

¢(0) = o, LT(0) = 6 (1.4)

corresponds to the specification of a constant concentration different from the initial one and a temperature gradient
of special form one the left boundary. We introduce the following notation: 6(§) = L dT/d€. This quantity will be
called the self-similar relative velocity [see (1.1)]. Everywhere below, v = 0. System (1.2) can be written as

& de dc do
—gd—f‘f'((l—QC))d_g‘f'c(l_c)df 0’
. p (1.5)
=5 (padac & pmdn(1 = )6 + e(1 = &) (pada = )8 = 22 (R(©)0).

We linearize system (1.2) with respect to the low concentration, as was done in [3] for the problem of impurity
solidification. As a result, the system breaks up, and the concentration is found from the equation

& de  de dT d’T
S T - = 1.
2d§+d§ i +Cd§2 0, (1.6)

where T'(€) is a solution of the equation

¢ T d(k dT). (1.7)

y Pmn ge = g \Fm g
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The solution of problem (1.6), (1.7), (1.4) is written as

13
2
7(6) =T+ 00 [[exp (- 222
0
(1.8)
EpmAm exp (—E2pmAm [ (4k,))
() = coex 90/ T oo o B pe i) %)
where
b0 = (T = To) | [ ex0 (=€ pra /()
0
(1.9)

EpmAm exp (—E2pmAm /[ (4km))
€07 oo NP 90/ ki — 2kl exp (—E2pmAm/ (dkim))

dg) .

Uunlike in the linearized problem, the existence of the solution of the complete self-similar problem (1.2),
(1.3) is not obvious. Before proving the solvability of this problem, we consider the simpler auxiliary problem (1.5),
(1.4).

2. Auxiliary Boundary-Value Problem. Solving system (1.5) with respect to the derivatives, we obtain
the equations

do _ f _g(pd)\dc + pm)\m(l - C))/2 + C(l B C)(pd/\d - pm)\m)e
s 9(5 —(- 26)9) €k(c)/2 — (k(c)(1 —2¢) — K/ (c)e(1 — ¢))f ’
de o1 — )o—ﬁ(pd)\dc + pmAm(1 =) /2 + ¢(1 — ¢)(pard — pmAm)LO (2.1)
¢ §k(c)/2 = (k(c)(1 = 2¢) = K (c)e(1 — ¢))0
We introduce the functions
B /2 — (1—2¢)8 .
Y60 = a2 R — 20— K @e(l— )b’ 22
 —€lpadac+ pruAn(1l = €))/2 % (1 = &) (padd — prmAm)0
G0 = T2~ K@ - 20) — R @e(l - )0 22
and write system (2.1) as
z—z = —g (,Od)\dC —|— pm)\m(l — C))@d) + C(l - C)(pdAd - pmAm)Hz’Ir/)(fv c, 0)3
(2.4)
de
T = cll = (&, c.0).
For system (2.4) in the interval [0, c0), we consider the boundary-value problem (1.4), which becomes
¢(0) = co, 6(0) = 6y. (2.5)
We seek the classical solution of problem (2.4), (2.5) in the interval [0, c0);
c € [0,c"], (2.6)

where ¢* < 0.1 is a positive number. It should be noted that constraint (2.6) does not complicate the problem since
the examined model is constructed under the low concentration assumption.

The following result follows from the classical theorems for ordinary differential equations.

Lemma 2.1. Problem (2.4), (2.5) with boundary conditions satisfying (2.6) has a unique solution which
depends continuously on the initial conditions and is bounded in the interval [0, 00).
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Lemma 2.2. For the solution of problem (2.4), (2.5) with boundary conditions satisfying (2.6), the following
representations

9
bnexp (=5 [ we(parac + pmrn(1 - ) de)

0(¢) = 0 : ; (2.7)

3
1 6, / (1 &)para — prdmesp (3 / Un(padac + pmh(1 — ) dn) d
0 0

N~

(€)1 = ¢(€)) = co(1 — o) exp (1 - 20)0(€)p(€, ¢, 0) dg) (2.8)

o\m

and inequalities
6 <0, c>0 (2.9)

are valid.

Formulas (2.7)—(2.9) follow directly from Egs. (2.4) and boundary conditions (2.5). The remaining properties
of the solution ¢(£) and 0(€) depend greatly on the sign of the difference pgAy — pmAm. Formulas (2.3), (2.7),
and (2.8) imply that in the case pgAq — pmAm > 0, the functions ¢(§) and 6(€) are monotonically increasing; if
PdAd — PmAm < 0, they have minima in the interval considered, which slightly complicates the proof.

3. Estimates of the Self-Similar Relative Velocity. The following statement is checked directly.

Lemma 3.1. If conditions (2.6) are satisfied, the function ¥ given by formula (2.2), is a smooth function
of its arguments and satisfies the inequality

a <P cb) < B, (3.1)
where
B 0,64 B 4
-~ max (kg, ki)’ ~ min (kq, k)

at ¢ € [0,c¢*], ¢* <0.1, and P/ min (kq, km) < 5.
Lemma 3.2. In the range of applicability of Lemma 3.1, the negative function 6, which is a solution of
problem (2.4), (2.5), satisfies the inequalities

|90|exp(—§25pd/\d/4)/ (1+ 00|c* B(para — pmAm) /eXp & pmAmar/4) d&)
0
< 10| < |6o] exp (—E2apmAm /4) (3:2)
in the case pgAg — pmAm > 0 and
60| exp (—€2pmAmB/4) < [6] < 2|60] exp (—€2padacr/4) (3.3)
for
160] < 1 / (26(pm/\m — pada)c® / exp(—€2paga/4) dg) (3.4)
0

in the case pgAg — PmAm < 0.
Lemma 3.2 is proved by using representation (2.7) for the function 6(§) and estimates (3.1) for the function .
4. Estimates of Concentration. The following statement is checked directly.
Lemma 4.1. In the case pghg — pmAm > 0, the following relations are valid:

_aS(pSOa

PmAd + (PaAd — pmAm)c” 4c*(pada — pmAm)).

@ = max ( min (kq, km) © min (kq, k)
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in the case pghqg — pmAm < 0, the following relations are valid:
4¢*(pmAm — pada)

0<p() < win (g, o) at £ <& (4.2)
PmAm ..
—m <) <0 at £>& (4.3)

here £ is a root of the equation (&, c(£),0(£)) = 0.

Lemma 4.1 is proved by using estimates (3.1) for the integral representations (2.7) and (2.8).

Lemma 4.2. For the function c¢(§) which is a solution of the auziliary problem (2.4), (2.5), the following
estimates hold:

— in the case pgAg — pmAm > 0,

¢
o(1 o) < (€)1~ e(€)) < eo1 — o) exp (160l / aexp (~E2apmAn/4) dE ) (4.4)
0

— in the case pgAg — pmAm < 0,

PmAm )
— pada)ct/
Proof. To obtain a lower-bound estimate for the case of pgAg — pmAm > 0, it is sufficient to notice that the
function c(¢) does not decrease monotonically, and to obtain an upper estimate, one needs to use representation
(2.8), estimate (3.2) for the function 6, and estimate (4.1) for the function (.
To obtain estimates for the case pghg — pmAd < 0, we write representation (2.8) as

co(1 —co)exp (—1) < e(€)(1 —c(§)) < co(l — co) exp (4(,0m/\ (4.5)

5

(€)1~ e(€)) = colt — co)exp ([ (1= 20)600(6,.0) g + [ (1= 20600(6,c.0) ) (46)
0 é
where £* is a root of the equation ¢(&, ¢(£),0(£)) = 0. Relation (4.6) implies the inequality
¢
()1~ e(€)) = enl1 — co)exp ([ (1= 206(€)(6.c.0) ).
0

which, together with estimates (3.3) and (4.2), leads to the lower estimate in (4.5). To obtain an upper estimate,
we discard the first (negative) term in the argument of the exponent in equality (4.6). As a result, we obtain the
inequality
()1~ c(€)) < col1 — co)exp ([ (1= 2080(6,.0) ).
5*
Thus, in view of (3.3) and (4.3), inequality (4.5) and Lemma 4.2 are proved.
5. Existence of a Self-Similar Solution of the Primal Problem. We return to problem (1.2), (1.3)

in the case v = 0. We integrate (2.7) in the interval from 0 to co and substitute £ = oo into formula (2.8). As a
result, we have the equations

TOO—T(): %/ade —F(HQ,CQ),
0

Coo(1 — Coo) = co(1 — cp) exp / (1 —=2¢)0(&)p(&,c,0) dn) = G(bo, co)-
0
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Let us consider the case pgAqg — pmAm > 0. Estimates (3.2) imply the inequality

6ol fexm—s%pdxd/@ d¢ /| L(1+ [Bole* Bpara = punin) 7exp (~€2pmAmar/4) d¢ ) |
0 0
90,00 S 707 apm m/4)d§7
0

from which, by virtue of the continuity of F' and the conditions F(0,¢p) = 0, it follows, that for any Tp and To,
satisfying the conditions

vV PmAmQ
T = B LBe (pada — prdm)”
and for any ¢y € (0, c*], there exists 6y < 0 such that
TO - Too = F(@Q, C()). (52)

We denote by 0y(co) the smallest (in modulus) solution of Eq. (5.2).
Using estimate (4.4), we obtain

0<Ty— (5.1)

co(1—co) < G(fo(co), co) < co(l —co)exp (|90(00)| /GGXP(—ﬁzaPm)\m/‘l) d§)~
0

Because the function G is continuous and vanishes for ¢y = 0, it follows that for any c, satisfying the conditions
0<coo <c* (5.3)
there exists a value ¢y € (0, co) such that the equation
Coo(1 = ¢c) = G(o(co), o) (5.4)

has a solution. Thus, the existence of a solution of system (2.1) for the initial data of the problem satisfying
conditions (5.1) and (5.3) is proved. The temperature distribution is found from the formula

¢
€)= [ 0dE+To. (5.5)
/

Hence, the following theorem is proved.
Theorem 1. Let pghg — pmAm > 0. Then, for any Ty, Teo, and co satisfying conditions (5.1) and (5.3), the
following relations are valid:

VPmAma
= VpraB LA (pia — pdm)
here ¢* is any number in the interval (0,0.1). In this case, problem (1.5) has a classical solution bounded over the
entire interval [0, 00).
Let us consider the case pgAg — pmAm < 0. Inequality (3.3) of Lemma 3.2 leads to the estimate

0<Ty— 0 < oo <

@ /exp(—€25pm)\m/4) d¢ < F(6y,cp) < @ /eXP(—fzan/\dM) dg
J 0

In view of constraints (3.4) on the value of 6y and the continuity condition for the function F(6y, co), it is concluded
that for any Ty and T, satisfying the conditions

1
0 LBc*(pmAm — PdAd)

and for any ¢y € (0, c¢*], there exists a value §y < 0 that is a solution of Eq. (5.2). As above, by 6p(co) we denote
the smallest (in modulus) solution of Eq. (5.2).
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Estimate (4.5) of Lemma 4.2 leads to

co(1 = co) exp (=1) < G(bo(co), co) < co(1 — co) exp ( e ) *)

— Y C
4(pmAm — PaAd

From this, we conclude that for any c., satisfying the conditions
0 < Coo(l —exo) < (1 —c")exp(—1), (5.7)

there exists a value ¢y € (0, ¢o) such that Eq. (5.4) has a solution. The temperature is found from formula (5.5).
Thus, the following theorem is proved.

Theorem 2. Let pghg — pmAm < 0. Then, for any Ty, Teo, and ¢y satisfying conditions (5.6) and (5.7), the
following relations are valid:

1

0<Ty—Tx < )
0 L3c* (pm/\m - pd)‘d)

0< ool —€oo) <c™(1—c")exp(—1);

here c¢* is any number in the interval (0,0.1). In this case, problem (1.5), (1.4) has the classical solution bounded
over the entire the range [0, c0).

Remark 1. In Theorems 1 and 2, the constraints imposed on the initial data can be refined but in the form
presented here they also do not complicate the problem and hold in most real cases, as follows from the examples
considered below. In the case pgA\g = pmAm, there are no upper-bound constraints on the difference Ty — T .

6. Examples of Numerical Calculations. Since the numerical solution of the problem of motion of an
emulsion is a subject of separate research, we restrict ourselves to examples of numerical solution of the Cauchy
problem for the system of ordinary differential equations (of the auxiliary problem) obtained using the MathCad
software. We consider two typical cases corresponding to the conditions of Theorems 1 and 2. The constants
characterizing the thermal properties of the elements are taken from [4]; the value of R was set equal to 107> m.
The results corresponding to the conditions of Theorems 1 and 2 are given below. In particular, in the examples
(see below), the auxiliary problem was solved subject to the conditions ¢y = 0.001 and 6y = —0.025 m/sec!/2.

Example 1. The carrier phase is lead, and the dispersed phase is aluminum. The values of the parameters
para = 2,584,911 J/(K-m?), pmAm = 1,431,855 J/(K-m?), kg = 62 J/(K-m-sec), ky, = 19.77 J/(K-m - sec),
L = 0.00000608m?/(K - sec) [4] correspond to the condition of Theorem 1. In Fig. 1, this solution corresponds to
the monotonic concentration profile which reaches the asymptote ¢ = 0.0062028163 (curve 1). The temperature
difference was 27.442 K. In the case considered, ¢* < 0.007 and condition (5.1) is satisfied.

The solution of the problem linearized in the low impurity concentration [formulas (1.8)] corresponds to
curve 2 in Fig. 1. Differences are observed only for very small arguments (of the order of 10~%). However, even in
the scale of Fig. 1, it is evident that the solution of the linearized problems reaches an asymptote that is slightly
below the asymptote of the solutions of the complete problem (¢ = 0.0061825704).

Example 2. The carrier phase is aluminum, and the dispersed phase is lead. The values of the parameters
parg = 1,431,855 J /(K -m?), pudm = 2,584,911 J/(K-m?), kg = 19.77 J/(K-m-sec), k, = 62 J/(K-m-sec), and
L = 0.00000568 m?/(K - sec) [4] correspond to the condition of Theorem 2.

In this case, the asymptotic value is ¢ = 0.005116193 and the temperature difference is 38.206 K. From
the calculation results it follows that in the vicinity of zero, the concentration changes nonmonotonically (¢pin =
0.0009999948). In this case, ¢* < 0.006 and conditions (5.6) and (5.7) and constraint (3.4) are satisfied. As in
example 1, the solution of the problem linearized in the low impurity concentration is given, to which curve 3 in
Fig. 1 corresponds. The solution of the linearized problems is strictly monotonic and reaches an asymptote which
is slightly below the asymptote of the solutions of the complete problem (¢ = 0.0051252821), to which curve 4 in
Fig. 1 corresponds.

Example 3. Two emulsions under the same conditions (1.3). Since the concentration profiles in the complete
and linearized problems are practically indistinguishable in the scale of Fig. 1, we examine the initial-boundary-
value problem (1.3) for two emulsions for the same initial data (¢ = 0.01, Tox = 1173 K, and Ty = 1153) by
calculating the corresponding values of 6y and ¢y using formulas (1.9). For the lead—aluminum emulsion, ¢ = 0.002
and 6y = —0.01822 m/sec'/?, and for the aluminum-lead emulsion, ¢y = 0.0029206 and 6y = —0.013 m/sec'/?.
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10 &-10*

4 5 ¢10°

Fig. 1. Concentration distribution in the linearized (1 and 3) and com-
plete (2 and 4) problems: curves 1 and 2 refer to the aluminum con-
centration in a lead-aluminum emulsion and curves 3 and 4 refer to
the lead concentration in an aluminum-lead emulsion.

c10°
10

0 1 2 3 €107

Fig. 2. Concentration distribution in the linearized problems for the
same initial data: curve 1 refers to the aluminum concentration in a
lead—aluminum emulsion and curve 2 refers to the lead concentration
in an aluminum-lead emulsion.

Figure 2 shows curves of ¢(€) for the two emulsions (curve 1 is the concentration profile in the linearized
problem for the lead—aluminum emulsion, and curve 2 is the same for the aluminum-lead emulsion). In this scale,
the plots of the solution of the complete problems differ little from the corresponding plots of the solutions of the
linearized problems. Differences are observed for higher concentrations, for example, ¢ = 0.05.

This work was supported by the Grant of the President of the Russian Federation on the State Support of
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