DIFFUSION IN DISPERSE MEDIUM WITH HETEROGENEOUS
TRANSFORMATIONS

Yu. A. Buevich, A. Yu. Zubarev, and
S. L. Komarinskii UDC 532.72

Mean macroscopic diffusion equations are obtained for a medium with foreign
spherical inclusions in the presence of a source and a concentration discontinuity
at their surfaces, and a method for closure of these equations is given.

The problem of mean description of the effective mass transfer in heterogeneous media,
which is sufficiently difficult even when there are no mass sources, is even more compli-
cated when chemical or phase transformations occur in the phase volumes or at their inter-
faces. In the latter case, there arises the general question of the extent to which the
diffusional and mass-transfer characteristics obtained for a medium without transformations
are suitable for the description of diffusion in the same medium in the presence of chemical
reactions or phase transformations. It is also unclear how correct traditional concepts
following from Fick's law, which lead to a parabolic diffusion equation in a homogeneous
medium, are in analyzing significantly nonsteady mass transfer in heterogeneous media.

A constructive solution of these problems is of interest for many applications. Only
one of the most important problems is considered here: modeling catalytic reactors with a
disperse or porous catalyst [1l, 2]; in investigating this problem, it is found that the
parameters characterizing mass transfer in the same systems in the presence and absence of
reaction may differ very greatly. Theoretical analysis of related problems also leads to
the conclusion that mass and heat sources at the phase interface exert a fundamental in-
fluence on the heat and mass transfer in disperse media [3]. Both the heterogeneity of the
medium and the given sources result in change in the type of nonsteady diffusion or heat-
conduction equation, which becomes elliptical or hyperbolic [4]. In addition, in some
situations, this equation ceases to be local in time: memory integrals which depend on the
previous history of the transfer process appear [4]. The utility of introducing these
integrals for more adequate description of the diffusional processes follows from [5, 6].

Below, the given problem is considered for a moderately concentrated disperse medium
containing jdentical spherical inclusions. The material of the inclusions and the continuous
matrix is assumed to be homogeneous. For the sake of simplicity, the two phases are regarded
as motionless, or in any case the Peclet number based on the relative velocity of the phases
is assumed to be small in comparison with unity. This offers the possibility, when using a
coordinate system associated with the volume-mean velocity of the dispersion medium, of
neglecting the convective mass transfer by the mean fluxes, the convective dispersion due
to pulsations, and also some convective cross effects discussed in [7]. It is natural to
conduct the analysis by the universal method of averaging over the configurational ensemble
of the particle system, using the basic concept of self-consistent field theory [8, 9].
However, this method must be generalized to the situation in which the concentration and
flux of diffusing impurity undergo discontinuities of the first kind at the particle sur-
faces; that forms the subject of the present work.

The presence of discontinuities at the particle surfaces is taken into account by intro-
ducing a thin surface layer in which the detail concentration C(t, R), flux Q(t, R), and
power density of the volume sources H(t, R) vary continuously between the corresponding
boundary values, while the thickness & of this layer subsequently tends to zero. This pro-
cedure corresponds to one of the possible methods of introducing generalized functions and
is sufficiently well developed [10].
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Introducing the structural functions

G RIR;) =1 —Zn(a+8 — R—Ry), (1)
6;RIR) =1—3In(a—8 — R—Ry),

where n(x) is the Heaviside function and the summation is taken over all the particles,
the Fick diffusion equation, valid in each of the phases outside the § layers at the
particles, is written in the common form
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The quantities ©, and ©; vanish inside spheres with centers at the points Rj (i = 1,
2, ..., N, where N is the total number of particles) and radii a+ 8, and a — §,, respec-
tively, and are equal to unity outside these spheres, § = §,+ §,;; the relation between §,
and §, may be arbitrary. In Eq. (2), the approximate equality sign is used; this reflects
the fact that accurate equality is achieved as § -+ 0.

Multiplying Eq. (2) by @, and 1 — 0,, averaging over the ensemble of configurations
(positions of the particle centers), and passing to the limit as § » 0, the following result
is obtained, making use of the transition properties of the operators of ensemble averaging
and differentiating with respect to the time and the coordinate (here and below, da/dt & O is
assumed)

um% (OC) = lim{—y (Q> + (1= O)Q> + (8, ),
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Taking account of Eq. (2), it is found that
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The formulas of [8, 9] hold for the means over the discrete phase with excluded or
added surface § layers
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where the integration is taken over the positions R' of the center of the isolated (trial)
particle, and f* denotes the result of averaging an arbitrary detail fumction F(t, R) over
the configurations in which the position of the center of one of the particles (the trial
particle) is fixed. Hence

(©—O)F) =n [ f*(t, RIR)dR".
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When 8, and §; tend to zero, means of the form <{(1-8,)F> transform to those considered
and investigated in [8, 9]. The corresponding limits of the means of type <(6,-6,)F> are now
calculated. If F(t, R) is continuous at the particle surfaces or has a discontinuity of the
first kind, then these means evidently vanish as § = §; + §; = 0. If F = VC, however, where
¢(t, R) has discontinuities of the first kind at the particle surfaces, then introducing the
notation

lim C(t, R) = cﬁ‘,ﬁ lim C(t, R)=Cr,

By=1R—R;{—a—0 1=a—|R—R;{~0

and taking account of the definitions in Eq. (1), it is found that

61”? ((@—0PvC) = éifr;{v ((©y— 0,)C) —(LCy(0y;—8y) ) } =

= —lim ( 3Cfnid (@ + 8 — R—R1) + lim ¢ 3Crmd(a—8,~R—R,) ) =
-0

80

——n | @, RIRY—c*(, RIR) 2'dR,
|R—R "|=a

where c*t, c*~ are the results of averaging C¥, C~ over conditional configurations with a
fixed position of the center of the trial particle; §(x) is a delta function. Therefore,

introducing the means over the mixture as a whole and over its individual phases in the
usual manner, according to the equations

c=cecy+oe;= (C), scozalinoi (8,C ),
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{the detail and mean values are denoted by the same symbols, but upper or lower case,
respectively), the total mean impurity flux due to diffusion is obtained in the form
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Completely analogously
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Here w*t and q*  denote the limiting values of the flux at the surface of a trial particle
when [R - R‘| = a + 0, respectively. Thus, the diffusion equation following from Eq. (2),
which determines the mean concentrations in the continuous and discrete phases, is written
in the form

{0c,)
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{dcy)
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where the mean flux q, the density of interphase transfer u, and the density of surface im-
purity sources hg are formally defined in Egs. (3) and (4).

The densities of volume sources hy; and h; are assumed to be specified functions of the
time and coordinates (ultimately, they may also depend on the mean concentrations cg,and c).
Complete determination of the density of surface sources entails, generally speaking, con-
sidering the kinetics of the processes of impurity emission and absorption in the § layers.
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So as to be specific, these processes are modeled at the external and internal §-layer sur-
faces as first-order chemical reactions [11]. Then the surface-source density at the i-th
particle may be written in the form

Hy i m —ky[C(t, R)— Cyl 6 (a + 8, — IR—Ryl) —4 [C (¢, R) — 40} 8(a — 8 —R—Ry)),

and the detail surface-source density in the source is the sum of Hg j over all the particles.
Averaging the latter quantity and passing to the limit as § - O, the above method gives the
result

hg = _nlé RSq {kolc*+ (¢, RIR") —cyol —ky [c* (¢, RIR")—c,l}dR’. (6)

Here the equilibrium concentrations cy, and c,; have been introduced for each phase; they
are uniquely determined by the temperature and pressure in the system.

Comparing the last relation in Eq. (4) and Eq. (6), it follows from the additivity of
the integral over the source that

0 (g5 — qF) = —hy (€% — Cag) — B (%" — ). o)

In addition, in the presence of impurity absorption from both phases at the phase boun-
dary, the following conditions must be satisfied separately

l'l,q*‘*' = ko (C*+ — C*o), n’q*_ =k (C*_ - C*l) (8)

This is the situation when chemical reaction with the participation of impurity mole-
cules from both phases occurs at the particle surfaces and also in cases where there is no
reaction but sorption—desorption processes do not reach equilibrium on both sides of the
surface layer.

In systems which are in a state of complete thermodynamic equilibrium, it must be the
case that cp=c**=Cu, ;=C""=Cs1 ; if so, there is obviously no transfer at all.

If thermodynamic equilibrium is established on only one side of the phase interface,
the concentration is homogeneous in the corresponding phase and coincides with the equili-
brium value, while a condition of the type in Eq. (8) is retained for the other phase. This
situation is usual for systems with phase transitions, for example, for drop suspensions in
the presence of evaporation and condensation at their surfaces. In this case, the mean
concentration in the discrete phase c; = c;, is simply equal to the homogeneous density of
the liquid, and the condition of the type in Eq. (8) in a vapor—gas mixture describes the
kinetics of evaporation—condensation; c,, uniquely determines the partial pressure of
saturated vapor at the specified temperature and pressure in the mixture.

If, finally, thermodynamic equilibrium is not attained in the volumes of both phases,
but there is no heterogeneous transformation (i.e., hy = 0), and the surface layer is in a
state of local equilibrium (i.e., adsorptional equilibrium is established on both sides of
this layer), the condition of continuity of the normal component of the flow at the particle
surfaces follows directly from Eq. (7). The second condition follows from the requirement
of local equilibrium, according to which c*~ = ac*t, where o is the known equilibrium distri-
bution coefficient of the impurity. Note that a is not necessarily unity, as is groundlessly
assumed in many investigations.

The requirement k,c,; = kicy;, relating the properties of the equilibrium state with
the kinetic coefficients characterizing the rate of establishment of this state, is not im-
posed here, in contrast to [11l]. From a physical viewpoint, there is no basis to expect that
a relation of this type will exist, and therefore such a requirement is incorrect.

Systems in which the particles are either completely impermeable to the impurity and do
not conduct it (D; = 0) or contain a uniform concentration of impurity (as is the case, for
example, for drop suspensions in vapor—gas mixtures) are now considered in more detail. In
this case, taking account of Eqs. (3) and (6), the system in Eq. (5) yields a single equation
for the mean concentration in the continuous phase (for simplicity, volume sources are
neglected)
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Note in this connection an alternative approach to describing diffusion in heterogeneous
media with inert (in diffusional terms) particles: D; = 0, hg = 0, This approach is based on
solving the problem of effective transfer in a system of permeable particles with no surface
transformation, in conditions of continuity of the concentration and the normal component of
the impurity flux at the particle surfaces, using the transition to the limit D,/D, » 0 in
the final results. Ih this case, the mean flux q is expressed in terms of the integral
(over the volume of the trial particle) of the concentration gradient inside the particle.

It may be shown that, in steady conditions, both approaches are equivalent, but this is not
the case for nonsteady diffusion processes.

To close the system in Eq. (5), the quantities defined in Eqs. (3) and (4) must be
written in the form of functions or functionals of unknown fields of mean concentrations
co(t, R) and c,(t, R). 1In accordance with the general method [8, 9], the requirement of self-
consistency of the theory is used for this purpose, and a special problem concerning the
perturbations introduced into the mean field by the trial particles is formulated in order to
find the conditional means in the integrands in Egs. (3) and (4). Within the framework of
this approach, it is usual to use Fourier (or Laplace) transformation, which offers the
possibility of limiting consideration at first to functions rather than functionals. Fourier
transformations of g, u, and hg with respect to the time are represented in the form of linear
functions of transformations of the concentrations c, and c; (and also in the general case,
of cogs C14) with coefficients depending only on the parameters and not on the Fourier
variable w. Such nonlinear dependences between Fourier transformations of different func-
tions reflect functional linear relations between the functions themselves.

For the sake of simplicity, only the model of a disperse medium with moderate concentra-
tion, when the fact that the particles do not overlap may be neglected, is considered here.
This is equivalent to neglecting the existence of a layer of reduced particle concentration
close to the surface of the trial particle. In this case, the equations for the conditional
means of the concentrations c¥ and c% in the vicinity of the trial particle are the same as
the equations for the unconditional means c, and c¢,. Note however that, even in this case,
e*t in Eqs. (6)-(8) must be understood to mean the quantity c¥t associated with the continuous
phase, because in fact the conditional particle concentration p* at the trial-particle
surface when R — R' = a vanishes. The generalization to a high-concentration system is not
considered here, since it may easily be undertaken using the results in [8, 9].

Following discussions analogous to [12], the linear relations between the Fourier trans-
formations (retaining the notation of the corresponding untransformed quantities) are written
in the form

q=—Dycy, hg=K(Cyo—co) + K'csa— Leg, u=—Moc,.
(10)

Terms proportional to c; are not introduced in Eq. (10) since these quantities may al-
ways be expressed in terms of c, from the Fourier-transformed second relation in Eq. (5).

The coefficients D, K, K' and L, M depend on the transformation parameter w. Using Egs. (5)
and (10), and supposing that € does not depend on the time and the coordinates, the following
equation is obtained for the Fourier transformations of the mean concentrations c¥ and c¥ in

the continuous and discrete phases in the vicinity of the trial particle and the impurity
concentration c* inside this particle

—DAc} =—(ico + K + L 4+ M)cF + Kcyo + K'coq -+ eh¥, (11)

ipock = Mc¥ + ph¥, r =R —R'| >a; DiAc* = iwc* — Hy, r<<a
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(the coordinate origin is at the center of the trial particle). The boundary conditions on
the solution of the first and third relations in Eq. (11) take the form

cf (0, R)=>cy{w, R—R'), r—>00; c*<Coo, r=0; (12)
ngrt = —Dn'yed = —ko (cF — Cyo), N'q* =—Din'ye* = ky (c*—cya), =0,

while the conditions on the fluxes follow directly from Eq. (8). The unconditional mean con-
centration c, in the continuous phase is understood to be the external expansion of the con-
ditional mean concentration c¥ when r >> a. The quantity c%¥ is found in terms of the known
c% from the second relation in Eq. (11).

The solution of the problem in Eqs. (11) and (12) completely determines the expressions
for the Fourier transformations of the quantities appearing in the integrands in Eqs. (3) and
(4), also Fourier-transformed. Calculating the integrals, representations for the Fourier
transformations of q, u, and hg depending on D, K, K', L, and M as parameters are obtained.
Equating these results to the corresponding expressions in Eq. (10) yields a system of equa-
tions — transcendental in the general case — whose solution determines the parameters
introduced in Eq. (10). Then applying an inverse Fourier transformation to Eq. (10), a
functional dependence is obtained between the mean fluxes and densities of the interphase
mass transfer and surface sources and the unknowns ¢, and c; of Eq. (5); this completely
closes the given system. Both time derivatives of higher than first order and memory inte-
grals may appear here in Eq. (5), as noted in [4, 12].

The solution of the problem for a trial particle and analysis of the system of mean
diffusion equations for systems of specific classes will be undertaken in the future. Note,
in conclusion, that the generalization of the theory here developed to more complex situa-
tions, in which the heterogeneous reaction includes several simultaneously diffusing
materials or simultaneous heat and mass transfer processes are significant but the kinetics
of the transformation at the particle surfaces may be linearized, is associated with fairly
unwieldy computations but does not involve any fundamental difficulties.

Equally, it is simple to consider situations of partial equilibrium: in this case, the
boundary conditions when r = a in Eq. (12) must be replaced by other, simpler, conditions,
in accordance with the discussion following Eq. (8).

NOTATION

a, particle radius; c, impurity concentration; c,, equilibrium concentration; D, diffu-
sion coefficient; h, density of sources; k, rate constant of reaction; n, numerical concen-
tration of particles; n', n;, unit vector of external normal at the surfaces of the trial and
j~th particles; R, t, radius vector and time; R', Rj, radius vectors of centers of trial and
j-th particles; r = R — R'; u, density of interphase mass transfer; a, impurity distribution
coefficient; § = 8§, + §,, thickness of surface layer; £, volume fraction of continuous phase;
O¢, 01, structural functions; p = 1 — €; w, parameter of Fourier transformation with respect
to the time; the results of averaging detail functions denoted by upper-case letters are
denoted by the corresponding lower-case letters; subscripts 0 and 1 denote the continuous
and discrete phases, respectively; s, particle surface; angle brackets denote averaging over
a configurational ensemble; *, conditional means.
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CLOSURE OF A CAVITY IN POLYMER LIQUID

Z. P. Shul'man and S. P. Levitskii UDC 532.5:532.135

The closure of a spherical cavity in a relaxing polymer liquid with nonlinear
rheological equations is investigated.

Known experimental results indicate anomalous dynamics of bubbles in liquids containing
polymer additives. As well as the integral effect of suppression of cavitation of various
types in solutions of high-molecular compounds [1], slowing of the collapse of individual
inclusions has been noted {2], together with stabilization of the spherical form and retar-
dation of the development of microjets in the closure of bubbles close to solid boundaries
[3]. The theoretical model of cavity growth and collapse in a polymer medium was formulated
in [4, 5], respectively, within the framework of a spherically symmetric formulation of the
problem. To describe the rheology of the liquid, the Oldroid equation with an upper convec-
tive derivative was used [6]. The equations of gas-bubble oscillation in this liquid were
obtained in [7]. Note that nonlinear pulsations of the bubbles in a viscoelastic liquid
were also numerically investigated in [8-10], but instead of the corresponding invariant time
derivative the ordinary derivative d/dt was used for the tensor quantities in [8, 9] and
the partial derivative 8/3t in [10].

Numerical calculations of the nonlinear dynamics of a cavity in a relaxing polymer medium
on the basis of integrodifferential equations [4, 5] are sufficiently difficult (in [5], be-
cause of the development of numerical instabilities, only the initial stage of collapse was
calculated), which complicates the use of such equations, in particular, for the description
of collective phenomena. It is shown below that integrodifferential equations of the type in
[4, 5] may be reduced to equivalent differential equations, and on this basis the features of
cavity closure in polymer liquid are analyzed.

The equation of radial bubble motion in an incompressible non-Newtonian liquid takes the
form

Izpco_pg_l“QO’R‘l:Sa IZP(RR"I"_;"‘RZ)’

S =2 {(Ts— Tgy) 3y + RO~ dy. (1)
4]
For T, a rheological equation of Oldroid type is adopted [6]

T:T("+T<2), T(2)=2T](1——[3)D, (2)
T 4 A [DTO/Df — o (T). D+ D.TW)] — 2D,
When 1/2 < a < 1, Eq. (2) provides a qualitatively correct description of the elongational

flow of polymer solutions and follows from various structural models; the equations adopted
in [4, 5] are identical to Eq. (2) in the particular case when o = 1. Using the kinematic
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