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Abstract

Based on the method of direct statistical simulation, a physical-mathematical model has been developed for gas
mixture mass transfer in a highly porous body under the conditions of condensation of one of the components and
trapping of a non-condensable admixture. Distributions of gas velocities and densities in a porous layer and in the space
above it are found, as well as distributions of flows of a condensable component and absorbable admixture along the
depth of the porous layer. The efficiencies of the absorption of the admixture in a porous layer and on a plane surface

are compared. © 1998 Elsevier Science Ltd. All rights reserved.
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Nomenclature

f velocity distribution function of molecules

I density of resultant flow of molecules

1, density of flow of molecules incident on unit surface
of model spheres

k Boltzmann constant

Kn Knudsen number

L dimension of computational domain along the x
coordinate

L, thickness of a porous layer

m mass of a molecule

n numerical density of gas

n, number of immovable particles per unit volume of a
porous body

Q evaporation heat (per 1 atom)

rradius of immovable particle

S surface area of immovable particles per unit volume
of a porous body

T, temperature of evaporation surface

T, temperature of a porous layer

* Corresponding author

v mean numerical velocity of gas
x, y, z Cartesian coordinates.

Greek symbols

& porosity

A, mean gas-dynamic free path of molecules of Com-
ponent 1

A, mean free path of gas molecules with respect to
immovable particles

¢ velocity of gas molecules.

Subscripts

i=1, 2 evaporating component and non-condensing
gas, respectively

e saturated vapour

0, o boundaries of computational domain.

1. Introduction

In investigation of the problems connected with sub-
stance condensation from a gas mixture, when one of its
components is non-condensable under given ther-
modynamic conditions, it is usually assumed that the

0017-9310/99/$ - see front matter © 1998 Elsevier Science Ltd. All rights reserved

PII: S0017-9310(98)00303-2



2064 S. Stefanov et al./Int. J. Heat Mass Transfer 42 (1999) 2063—2069

molecules of this component do not enter the condensate
[1-5]. However, in cryogenic engineering, a phenomenon
of cryotrapping is often utilized, when the molecules of a
non-condensable component enter the condensate (they
are ‘trapped’ by a growing condensate layer) in con-
densation of an easily condensable component [6, 7]. The
presence of cryogenic temperatures is not important in
this case. Low temperatures are required only to realize
a sufficiently large flow of a condensing substance. It is
precisely this flow that determines the probability of the
trapping of the molecules of a non-condensable compon-
ent. The phenomenon of the trapping of admixture mol-
ecules in condensation of a basic component can prove
to be highly essential in many fields of modern technology
(production of especially pure substances, doping of a
forming condensate by specific molecules in creation of
microelectronics elements, separation of gas mixtures
during their pumping through porous bodies, puri-
fication of a gas phase from ecologically injurious admix-
tures, etc.).

In [8, 9] a simple model is suggested allowing one to
take into account the effect of the trapping of admixture
molecules (including those which do not condense under
given thermodynamic conditions) during condensation
of an easily condensing substance. In this model both the
concentration of admixture molecules in a condensate
and the trapping coefficient of these molecules depend
substantially on the condensation rate. It also follows
from the expressions obtained that under definite con-
ditions the condensation of one component can increase
the concentration of another component [10]. In [§-10]
the case of a free molecular regime of gas flow was con-
sidered for simplicity. It should be noted that an
approach similar to that of [8§-10] was also applied in
work [11], in which the growth of an aerosol particle was
investigated in condensation from a gas mixture in the
regime of a continuous medium.

In the present work we investigate the flow of a two-
component gas mixture in a model highly porous body
on the basis of direct statistical simulation, which allows
one to take into account both the interaction of com-
ponents in a gas phase and their interaction with the
walls of pores, as well as to analyze an influence of mass
transfer in the porous body on the processes of con-
densation and trapping. Note that in [12] a kinetic prob-
lem was considered for flow of a one-component gas with
condensation in a highly porous body and escape into a
vacuum.

2. Formulation of the problem

Let us consider the problem of mass transfer for a
mixture of two gases in a model porous body with con-
densation of one component and trapping of the other

component, which is a non-condensing gas. The geo-
metric scheme of the problem is presented in Fig. 1.

Component 1 evaporates (sublimes) from the surface
x = 0. Above this surface there is a highly porous layer
of thickness L,, which is modelled by a homogeneous
system of randomly distributed immovable spherical par-
ticles of radius r (a ‘dusty gas’ model) [13, 14, 9].

The mean free path of gas molecules with respect to
fixed particles of the porous body skeleton is equal to

— 4 8 o
c T3

and the number of immovable particles per unit volume
and the area of their surface are, respectively, equal to

A

€y

n, = 3(1—¢)/4nr’ )
S =3(1—¢)/r. (3)

Let us formulate this problem as a boundary problem
of the kinetic theory of mass transfer of a mixture of
gases in a domain consisting of a porous layer and a part
of the space above it. The dimensions of the com-
putational domain are the following: L = 500/, along the
x-coordinate, 5004, along the y-coordinate, 1004, along
the z-coordinate. In this case the thickness of the porous
layer is equal to L, = 3504,. On the evaporation surface
(x = 0) we prescribe the Maxwell distribution function
for the molecules of Component 1 entering the com-
putational domain

. ho\*? ,
x=0; f{(>0)=n(To) (;) exp {—hy&*} 4

and the condition of diffuse reflection of molecules of
Component 2:

x=0 fiE >0 =m, <’n> oxp{—he} ()

where hy = m, 2k Ty, n, (T,) is the density of the saturated
vapour of Component 1 at the temperature 7, and n,, is
determined from the non-leakage condition for Com-
ponent 2.

On the upper boundary of the computational domain
(x = L) we prescribe the following conditions for the
distribution functions of the components (conditions at
infinity):

x=1L;, fi((,<0)=0;

1 3/2
fE <0 =ns, <1;> exp { Mo’} (©)

with the assigned parameters n,., and T, = T,. The quan-
tities n,., and v,,, as well as v, should be determined
from the solution of the problem.

As scales for dimensionless density, temperature,
velocity, flow density and length, we select, respectively,
the following quantities: n,,, Ty, hg '/, n,,hg %, 2,, Where
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Fig. 1. Geometric scheme of the problem.

Ay = (ﬂnh,ndf)‘ ', d, is the diameter of molecule 1. By
definition,

n o= Jf}(é) d¢, n=n,+n, (7

Ui = nljéf:(f) dé, v=(n +v.m)/(n +n,). 3

The temperature of the porous body skeleton is sup-
posed to be T, < T, i.e., condensation of Component 1
on the particles of the porous body is possible during the
process of mass transfer. We will also take into account
the process which is analogous to cryotrapping [6, 7] and
which consists in the fact that when a condensing gas and
a gas not condensing at a given temperature are supplied
simultaneously to the surface, the latter gas is absorbed.
Mathematically the process of trapping can be described
by means of the expressions for the densities of the net
flows of each component into the condensate which is
supposed to be solid [8, 9]:

=1 I . I I; kT, 0;
=) — 7. = [ — 7 X —
S A +12]’ “ L +1 s an,.e p kT,

€)
where 7, is the resultant density of molecules in the con-
densate which is supposed to be a constant quantity, I,
is the density of the flow of molecules incident on the
condensate surface.
Note that for the trapping of admixture to be a quan-
titatively noticeable process, i.e., for the resultant admix-
ture flux

o '. ® | condensation
zone
PY o
o
I, = L I <1 10
z_]+j2/[1 L <) (10)

not to be negligible, the process of phase transition should
be substantially non-equilibrium. For this purpose, as
follows from equation (10), it is necessary to increase the
net flux of the condensing component and to decrease
the value of j,, which characterizes the re-evaporation
probability for the admixture molecules. Besides, in the
case of a porous layer, the characteristics of this layer
(its thickness L, and specific surface S), as well as the
conditions of mass transfer are of importance.

It is assumed that the thickness of the condensate layer
on the particles of the porous body is negligibly small
throughout the process. The boundary of the con-
densation zone (Fig. 1) is determined from the condition
I, =0; in a dry zone (where I, < 0) we assume in cal-
culations that I, = 0 and consider diffuse reflection from
the surface of model spheres.

The formulated problem (4)—(6) and (9) has a station-
ary solution.

3. Method of solution and input data

The present problem of the kinetic theory of gases
(4)—(6) and (9) was solved by means of direct statistical
Monte Carlo simulation [15, 4]. The numerical procedure
includes two stages. At the first stage, mutual collisions
of gas molecules are calculated both inside and outside
of the porous body without account for the movement
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of molecules. At the second stage of free flow, in contrast
to the usually applied method, we include the collisions
of molecules with the porous body skeleton [12, 16]. The
dimensions of a calculating cell along the directions x, y,
z were selected to be 2.5 x 500 x 14, i.e., the number of
calculating cells in the present computational domain
was equal to 200 x 1 x 100. Note that in calculations the
movement of molecules is considered in three directions
(i.e., along x, y and z), but macroscopic parameters
change in the main along the direction x, with the period-
icity condition being used along the z-axis. The problem
was solved by a stationarity-approach technique.

We assume that there are 1247 model spheres in the
computational domain of the porous layer with the
dimensions 350 x 500 x 1004,. Then on the basis of these
data, prescribed porosity ¢ = 0.9 and expression (2) we
determine the radius of a sphere: r = 1.01872-10"* m
and from the correlation (3) we find the surface area of
spheres per unit volume: S = 3-10°m~".

We select naphthaline (C,(Hg) as evaporating (sub-
liming) substance and consider the temperature of the
evaporation surface to be equal to 7, = 325 K. Then at
a given temperature the pressure of saturated vapour is
equal to p,, = 1 mmHg [17], ie., n,, =2.96-102 m~>.
The other data necessary for Component 1 are:
m, =2.1278-10% kg, d,=72-10""" m, Q, =
6.68-107* J atom™', A, = 1.4668-10° m, n, = 1-10*
m~7,

As the substance is non-condensing under the given
thermodynamic conditions (Component 2) we select car-
bon dioxide (CO,) with the following characteristics:
my,=731-10"*kg, d, =3.2-10""m, 0, =4.0-1072J
atom™' [17, 18]. Here we will consider two cases: Case
A, when n,, = 0.5n,, and Case B, when n,,, = 0.05n,,.
The Knudsen number defined as Kn = 4,/4, [where 4, is
calculated according to equation (1)] is equal to
Kn =1.2-107% However, it must be kept in mind that
intermolecular collisions outside of the porous body are
determined mainly by the density of the second com-
ponent n,. The temperature of the porous layer is
assumed to be equal to 7, = 290 K.

4. Discussion of results

Case A. The distributions of the macroscopic flow
parameters determined according to equations (7) and
(8) are presented in Figs 2-4. The thickness of the con-
densation (and trapping) zone corresponds approxi-
mately to 1004,. The density n, in the porous layer
decreases with an increase in x, with the sharpest decrease
being observed in the condensation zone where not only
the resistance of the porous body, but also the con-
densation induced depletion of Component 1 influence
the profile of n,(x). Moreover, absorption of Component
2 in this zone causes the appearance of the gradient 7,(x)
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Fig. 2. Distributions of the macroscopic quantities of Com-
ponent 1 in Case A (the vertical dash—dotted line in this and
other figures denotes the boundary of the porous layer).
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Fig. 3. Distributions of the density and flux density of absorbed
molecules for Component 2 in Case A.

and consequently, the transfer of this component to the
zone of trapping (Fig. 3). Since the mixture density n
changes weakly in the porous layer (Fig. 4), diffusion
resistance increases for Component 1. For this very rea-
son the velocity v,, decreases in the condensation zone
(Fig. 3), as well as the mean mixture velocity v, (Fig. 4),
because n,0,, is a small quantity. On the boundary of the
porous layer nuw,, < 0, i.e., the resultant flow of Com-
ponent 2 is directed into the porous body. Note that in
this case vy, < v;,.
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Fig. 4. Distributions of the density and numerical velocity of the
gas mixture in Case A.

The use of the method of direct statistical simulation
made it possible to obtain the profiles of the resultant
flows I, (Fig. 2) and I, (Fig. 3) in the condensation (trap-
ping) zone. Attention should be paid to the fact thatina
stationary regime the dependence I,(x) is not a mon-
otonic function. The thing is that the process of trapping
of a non-condensing gas in a sufficiently dense gas me-
dium (Kn ~ 107?) is determined not only by the intensity
of condensation of Component 1 (i.e., by the value of 1)),
but also by the ‘transportation’ of Component 2 to the
condensation surface, i.e., by mass transfer in the porous
layer. In our problem, at small values of x the value of I,
is large, but the values of n, are very small. Therefore,
the intensity of trapping near the evaporation surface is
small. Further, with an increase in x the value of flow
L,(x) increases, passes through the maximum and then
begins to decrease because the quantity 7, near the bound-
ary of the condensation zone is very small, although the
values of n, are large.

Case B. The distributions of the basic macroscopic
parameters in the porous layer are presented in Fig. 5. In
this case the gas medium is more rarefied, the diffusion
resistance is smaller and the escape of the mixture of
gases from the porous layer is more intense than in Case
A. The condensation zone is about 1554,. Note that the
density of molecular flow of Component 1 in the con-
densation zone exceeds the flow density of condensing
molecules (n,v,, > I;) by a much greater value than in
Case A, i.c., a substantial portion of the molecules of the
condensing gas passes through the porous layer without
condensation.
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Fig. 5. Distributions of macroscopic quantities in Case B.

Now, let us compare the efficiencies of the absorption
of non-condensing gas molecules by the porous layer and
the plane surface. We will present the values of some
quantities which are necessary for numerical estimations:

2kT,
1)

S=43-10"2/4,=3-10°m""

kT,
Jo=n;, |——exp(—Q,/kT) =43-10"m=2s~".
2nm,

Case A. Since the dimension of the condensation (trap-
ping) zone along the z-axis is approximately 1004,, the
volume of the portion of the porous body, in which the
trapping of the molecules of Component 2 occurs, is
equal to 100 x 500 x 1004,. Then the number of the mol-
ecules absorbed per 1 s is equal to

Ny, =59-10*m2s7",

2kT,

l()()/‘.g
I2por =Ny, J [2 (x) dx- 500),1; ° IOO/lg
0

431072
X —————
Vs

~8.8-10"% s
g

For a plane surface, the flow density of deposited mol-
ecules I, should be calculated from equation (10) and the
result obtained should be multiplied by the value of the
area 500 x 1004,. Here to estimate the value of the dimen-
sional one-sided flow density of incident molecules the
following expression in used:

2kT,

1)

I,, =0.085n,,

where the coefficient 0.085 represents an approximate
value of the dimensionless one-sided flow density of Com-
ponent 2 (its dimensional quantity is determined as

inzW/(SkTo/nmz)=%'0.5nle 8kT,/mm,). To esti-

mate the quantity /; in (10), its calculated value at small
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values of x was used: I, ~ 0.1n,,/(2kT,/m,). As a result
we have I, = 7.4-10" s~'. Thus, although I, and L,
are the quantities of the same order of magnitude, in the
given case the porous layer absorbs by about 16% more
molecules of a non-condensing admixture than a plane
surface.

However, it is necessary to emphasize the following.
For the porous layer in the given problem geometry we
considered the worst (in the sense of absorption
efficiency) variant of steady regime, when the ‘trans-
portation’ of the molecules of Component 2 to the zone
of intense condensation is inhibited. As a matter of fact,
in a non-steady regime at initial times the density n, near
the surface x = 0 is close to 0.57,, and the intensity of
absorption of the non-condensing gas molecules is much
higher than in the steady-state regime. Thus, it should be
expected that in the case when the density of admixture
molecules 7, is comparable with the density n,,, the num-
ber of non-condensing gas molecules absorbed by the
porous layer can considerably exceed the number of the
molecules absorbed by the plane surface.

Case B. From estimates similar to those given above it
follows that in the present case a porous layer in a station-
ary regime absorbs the molecules of a non-condensing
gas much worse (by more than an order of magnitude)
than the plane surface. In the first place this is connected
with the fact that in Case B there is a significant drop of
the density n in the porous layer and the flow density
of the first component nv,, exceeds I, (Fig. 5), i.e., a
considerable portion of the molecules of Component 1
passes through the thin porous layer without conden-
sation. As a result, the intensity of condensation and
consequently, of trapping is much smaller than in
Case A.

5. Conclusions

(1) Based on the method of direct statistical simulation,
a physical-mathematical model has been developed
for gas mixture mass transfer in a highly porous body
under the conditions of condensation of one of the
components and trapping of a non-condensable
admixture.

(2) The profiles of the macroscopic quantities in the
porous body have been obtained. It is shown that,
generally speaking, in a stationary regime the profile
of the resultant flow L® of the ‘trapped’ component
is not a monotonic function in the condensation
(trapping) zone. The thing is that the process of trap-
ping of a non-condensing gas is determined not only
by the intensity of condensation of Component 1
(i.e., by the value of I;), but also by the ‘trans-
portation’ of Component 2 to the condensation
surface, i.e., by mass transfer in the porous layer.

(3) It follows from comparison of the efficiencies of the

admixture absorption in the porous layer and on the
plane surface that in the case when the admixture
density n, is comparable with n,,, the number of the
molecules of the non-condensing gas absorbed by the
porous layer can considerably exceed the number of
the molecules absorbed by the plane surface. In the
case of n, « n,, the trapping efficiency substantially
decreases as the density of molecular flow of Com-
ponent 1 in the condensation zone exceeds the result-
ant flow density /,(n,v,, > I;) by amuch greater value
than in a previous case, i.e., a substantial portion of
the molecules of the condensing gas passes through
the thin porous layer without condensation.

(4) The efficiency of absorption of a non-condensing gas
by a porous layer can be increased by changing the
characteristics of this layer (by increasing the specific
surface S), as well as by changing the process of mass
transfer in it (in particular, by arranging the inflow
of both components into the porous layer from the
side of the evaporation surface). With an increase of
AT = T,— T,, not only I, increases, but also the width
of the condensation (trapping) zone.
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