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MOTION OF A BINARY GAS MIXTURE IN A POROUS MEMBRANE WITH A STRAIGHT
CHANNEL

B. A. Ivakin, V. M. Malakhin, B. T. Porodnov, - UDC 530.6.11:082.32:541.128.13
and V. D. Seleznev

The diffusional baric effect at a porous barrier with a straight channel is
investigated theoretically and experimentally with an arbitrary ratio of the
channel and pore diameter to the free path length of molecules of the gas
mixture.

Porous membranes with straight channels of diameter considerably differing from the
characteristic dimensions of the pores are widely used in various technological processes.
The straight channels are used for sharp reduction in the diffusional and hydraulic resis-
tance in drying friable and porous materials, and with heterogeneous catalysis in the cores
of the thermal tubes. A finely porous membrane with broad penetrating channels combines -
high specific surface with large conduction. ZExpansion of the region of application of such
membranes is delayed by the limited study of their properties, especially at intermediate
Knudsen numbers.

In the present work, a method of determining the effective kinetic coefficients of mo-
tion of binary gas mixtures in such membranes over a wide range of Knudsen membranes is de-
scribed and experimentally tested.

1. Effective Kinetic Coefficients for a Gas of Any Degree
of Rarefaction

Consider the isothermal motion of a binary gas mixture under the action of pressure
and concentration differences in a porous cylindrical membrane of length £ and radius R,
along the axis of which there is a straight cylindrical channel of radius r, (Fig. 1). Sup-
pose that the lateral surface of the membrane is impermeable, while the mean pore radius is
equal to r. With variation in gas-mixture pressure in the membrane with r « r,, the follow-
ing combinations of flow conditions may be realized: r « r, « A, free-molecular conditions
in the whole membrane; r <« ry, ~ A, intermediate conditions in the straight channel and free-
molecular conditions in the pores; r « A « r,, viscous flow conditions in the straight
channel and free-molecular conditions in the pores; r ~ A « ry, viscous conditions in the
straight channel and intermediate conditions in the pores; A <« r « ry, viscous flow condi-
tions in the whole membrane.

S. M. Kirov Ural Polytechnic Institute, Sverdlovsk. Translated from Inzhenerno-
Fizicheskii Zhurnal, Vol. 54, No. 5, pp. 725-732, May, 1988. Original article submitted
January 16, 1987.

480 0022-0841/88/5405-0480 $12.50 e 1988 Plenum Publishing Corporation



—_— . . <7

¢ s,

Fig. 1 Fig. 2

Fig. 1. Geometry of the membrane: 1) porous section; 2) im-
permeable shell.

Fig. 2. Dependence of flow rate on the inverse Knudsen num-
ber; §,P and Q®/Q®(§,; ~ 0) are dimensionless.

For such membranes, it is possible to obtain a relatively simple method of calculating
the effective kinetic coefficients of isothermal motion of the binary mixture, under the
condition that the membrane length ¢ is much larger than its radius R. In this case, the
ratio of characteristic times of establishing equilibrium and a steady state along Ty and
across TR the membrane is considerably larger than unity (i.e., Tg/tg >» 1). This allows one
to hope that, with steady motion of the mixture in an arbitrary, infinitely small, sec-
tion of the membrane enclosed between the planes z and z + dz, conditions of local equili-
brium — characterized by negligibly small transverse concentration and pressure differences
in comparison with the corresponding longitudinal values — are observed. With local equili-
brium, the longitudinal pressure and concentration distributions in the straight channel
and the porous part of the membrane will coincide. 1In this case, the longitudinal fluxes
of the components in any element dz of the membrane must be considerably larger than the
transverse fluxes. Therefore, it may be expected that, for these fluxes, the expressions
of nonequilibrium thermodynamics for homogeneous membranes with an impermeable lateral sur-
face will be approximately valid.

In the straight channel, the projections of the mean velocities of motion of the com-
ponents of the binary gas mixture at the z axis, ﬁlZCh and ﬁzZCh are related to the pressure
(dp/dz)ch and concentration (dc,/dz)Ch gradients producing them through the kinetic coeffi-
cients LijCh [1]

—¢h —ch dp \®  ch de, \°h
lifg\cl + Uyzle = ’_“L?P <i> "“[—412,0 ( : ) ’
dz | . dz (1)
- — h [ h o h
uih_ l»l‘_fczh-‘-'—‘ —Lgl (f;iE_)C__ngp ( 5:;1 \Jc.
2 Z

For the porous part of the membrane, the analogous expressions take the form

- _ ' do \; )
- (- (2],
dz . dz )

(2)

— B P dp \P /ode, O
“E”MD:L_LN(Jg)‘“LﬁLj;-fﬂ

If the local-equilibrium condition holds in an element dz of the membrane, the concen-
tration and pressure gradients over the porous medium and over the channel will be

i&l)p “7<:g£_)ch_.ﬁgl ( de, )pvﬁ_( de, \eh  de,
( dz dz dz ’ dz \ dz J T dz

481



In this case, effective kinetic coefficients Li-M may be introduced for the membrane, and
relations of the same form as Egs. (1) and (2) may be written

ety ube, = — L!1w1ﬁ — LYsp dcy ,
dz dz
[ Y . NS
dz dz

The relation between the effective kinetic coefficients of the membrane Lji:M and the
kinetic coefficients Lijp and LijCh is determined by the condition that the flux of gas mix-
ture through the membrane is equal to the sum of fluxes through its porous section and
through the straight channel. A relation may be found between LllM, Lllch, and L,,P for the
motion of a single~component gas under the action of the pressure difference. The fluxes of
gas mixture through the membrane QM, the channel QCh, and the porous medium QP are deter-
mined by the expressions

Q= 'Ll L g SRER L, QP SR, U2
dz dz dz

From the conditions QY = QP + Q¢h and sM = sch 4+ 3P, it follows that
h.ch - _p,P
o SL+ ST

]} = ————————————

Sch SP

Performing analogous calculations for the other coefficients LijM, it is simple to ob-
tain a general expression for determining LijM in the form

h ch
v SL1 ST (3)
ij SCh-—I—SP .

The effective kinetic coefficients allows the fluxes of gas-mixture components through
the membrane and the distribution of concentration and pressure fields in the membrane to
be determined, and allow the separation of the mixture on passing through the membrane and

the diffusional baric effect arising there to be described. The methods of solving these
problems are analogous to those developed for homogeneous membranes [2].

Calculation of LijM from Eq. (3) requires a knowledge of the kinetic coefficients of
motion of the gas mixture in the straight channel and the porous medium.

2. Kinetic Coefficients of Motion of the Gas Mixture
in the Straight Channel

The kinetic coefficients L;;(8,,) characterizing the motion of a binary mixture of gas-
es in a channel of radius r, witﬁ arbitrary Knudsen numbers Kn were calculated in [3]. The
expressions for their calculation are fairly complex, and are not always convenient for
practical use. It often proves sufficient to know the simple superpositional formulas giv-
ing accurate values of Lij(élz) within the limits of the viscous and free-molecular flow
conditions and values in satisfactory agreement with experiment in the intermediate region
[2]. These expressions are given for a long cylindrical channel.

The motion of a gas mixture under the action of a pressure gradient is described by a
coefficient L,;(8;,) of the form

2r,

re 1 26,
Ly (812) = ‘é‘r%; + ~3}7—(01011 + CaUyy) T 2% , if 8, <5

1+ 2.4568,, ' (4)

2 N
4 .
Ly1(8y5) = —é%;‘(l + —5“1‘2‘) . 8>3,

‘ (5)

88, _pro m; . I/SkT _ 1 9
6”#%&+q@’®# nil/ZM”U“~ nm’lﬁh )

The coefficients L,;(8;,) and L;,(8,,) are related to the cross phenomena of separation
of the gas mixture on passing through the membrane and the appearance of a pressure differ-
ence between the volumes in gas mixing through a membrane (diffusional baric effect). In
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accordance with the Onsager reciprocity rule, L,;(8:5) = L1,(8;,). In viscous, free-molecu-
lar, and intermediate flow conditions of the gas, the values of these coefficients are

LLUE s L12 (612"‘0) = 23rp0

Ly, (612 —> 00) =

(U3¢ — Uay),

(6)
1 I 1

= + i
Lys (810~ 1) Ly (612 0) Lyz (8,2 > 00)

The most rigorous expressions for calculating the diffusional-slip coefficient ¢ were
obtained in [4]. The value of o may be approximately calculated from the formula
dy —d,

ST .93
my —+ my o dytdy

Gas mixing under the action of the concentration difference is described by the kinetic
coefficient 1,,(8,,) calculated from the formula

o= 1.17

Lyy (815~ c0) =

Dz 1, 8 > 0) = o ( Yy O )
¢1Cap 3p

(7)

—

1 1

= + )
Loa (812 ~ 1) Lys (8,2 0) Ly (813 — 00)

3. Kinetic Coefficients of Motion of a Gas Mixture
in a Porous Body

The kinetic coefficients L;iP describing the motion of gas mixture in a porous medium
may be determined on the basis of some model of the medium. The most widespread models
take the form of a set of parallel capillaries or spherical filling. The first model is
preferable for the present problem, since it allows the calculation of Lj;P to be reduced
to the use of Egs. (4)-(7) for a straight channel. In the simplest version of identical
capillaries, this model contains two free parameters: the radius rg and the number of chan-
nels N per unit area of the porous medium. The use of experimental data on the pressure
dependence of the gas flow rate through a sample of a homogeneous porous medium is proposed
for their determination. Experimental data in the form of the ratio of the flow rate with
arbitrary pressure to the flow rate in free-molecular conditions (reduced flow rate) must
be compared to the theoretical dependence of the reduced gas flow rate in the capillary on
the rarefaction parameter §,P = 2rg/A (continuous curve in Fig. 2) [5]. The radius of cap-
illaries of the model rg may be interpreted as the mean hydraulic radius of the pores. It
is selected from the condition of best description of the experimental dependence by the
theoretical curve. The specific number of channels N may be determined from the condition
of agreement between the free-molecular flow rate according to a model set of capillaries
of known radius rg and the experimental flow rate through the sample Q®(§,P > 0) of cross-
sectional area SP according to the formula

_ @03 i

N 2nard 5P 8kT -~

With known N and rg, the kinetic coefficients of the porous medium Li-P are determined
from the formulas analogous to Eqs. (4)-(7), with the replacement of r, by rg

Liy = NLy; (7).

This method of finding Li;P with arbitrary KnP requires the selection of two parameters
whose values are independent of the flow conditions of the gas. This favorably distinguishes
the present method from that proposed by Deryagin [6], in which it was proposed to deter-
mine various sets of empirical coefficients for free-molecular, intermediate, and viscous
flow conditions.

4., Diffusional Baric Effect at a Porous Membrane
with a Straight Channel

To test the validity of the assumption of local equilibrium in the element of membrane
length and the efficiency of the given algorithm for calculating LijM, experiments are under-
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Fig. 3. Baric effect in a Kr—Xe mixture: 1, 2) membranes
with SP/sch = 0,16 and 2. 03, respectively. The dashed curves
correspond to calculation from Eqs. (4)-(8) and the continu-
ous curves to calculation for a channel withry =0.163 mm with
impermeable walls. Apy, Pa; SIZCh, §,,P are dimensionless.

Fig. 4. Baric effect for a Kr—Xe mixture in viscous condi-
tions: 1, 2) membranes with SP/SCh = 0,16 and 2.03. The
dashed curves correspond to calculation from Egs. (4)-(8)
and the continuous curves to calculation for a channel with
ro = 0.163 mm with impermeable walls. Appp, Pa2; Knch is di-
mensionless.

taken to measure the diffusional baric effect at porous membranes with a straight channel
over a wide range of Knudsen numbers. The diffusional baric effect consists in the appear-
ance of a pressure difference between volumes connected by a membrane and initially filled
to the same pressure with gas mixtures of different composition. The pressure difference
appears in the course of gas mixing on account of the difference in mean rates of penetra-
tion of the mixture components through the membrane.

As is known [2], the maximum pressure difference Ap, and the time for its attainment
ty are determined by all three kinetic coefficients of gas-mixture motion in the membrane

Apm 2pﬁ0L12
p [_’,2 B, (exp (Brtm) — exp (Batm)),

. | (8)
_ 1 ﬁz B S
= " BT

B2 = PPy (— L% — 0.25L% + V (L¥5)2 - (L% — 0.95L3,)2).

The possible errors in determining any of the coefficients must lead to errors in Apy.
Therefore, measurement of the diffusional baric effect may be used for the required verifica-
tion.

Experiments are undertaken on two membranes differing in the cross-sectional area of
the porous section. The membranes of required geometry are prepared by sintering nickel
powder. A steel wire of diameter 0.3 mm is laid along the sample axis before sintering.
After sintering, the membrane pores are filled with rosin, and then the steel core is re-
moved. The radius of the straight channel is r, = 0.163 mm. Then the resin in the pores
adjacent to the channel is dissolved by passing acetone through the channel. The time for
solution is determined by the thickness of the porous section of membrane free from rosin.
For the two membranes used in the experiment, the cross-sectional area of the porous medium
is S,P = 0.165¢h and S,p = 2.03sch, where SCh = qr, 2. The porosity of the membrane and
the hydraulic radius of the pores is determined for a control sample without a straight
channel obtained under the same sintering conditions, from the same powder. The experimen-
tal and theoretical (continuous curve in Fig. 2) dependences, when logs,P > 1, the relation
between the gas pressure and the inverse Knudsen number in the pores §;P is established:

1g 8, — lg p -+ 0.475.
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Using Eq. (5), the hydraulic pore radius is determined: rg=3.6 um. The porosity of
the control sample I = 0.52 is determined by a gravimetric method. The number of channels
per unit area of the porous medium may conveniently be related to the porosity I and hydrau-
lic radius rg as follows:

Nar? = 4SS 1T,

The fitting factor A = 0.2 is determined from the helium flow rate in free-molecular condi-
tions.

The measurements are performed on an apparatus analogous to that described in [7], con-
sisting of two identical volumes connected by a membrane. The pressure in the inflow system
is measured by a mercury or oil U-tube manocmeter. The pressure difference between the cham-
ber volumes is regulated by a capacitative differential micromanometer [8].

5. Comparison of Theory and Experiment for Diffusional
Baric Effect

In Fig. 3, experimental data are shown for the magnitude of the baric effect App aris-
ing in mixing Kr and Xe through a porous membrane with a straight channel. The inverse
Knudsen numbers of the straight channel and the porous medium §,,¢D and §,,P are plotted
along the horizontal axis. The light and dark points show the experimental data obtained
for membranes with a ratio of the porous section to the area of the straight channel sp/sch =
0.16 and SP/Sch = 2,03, respectively. The continuous curves show App, as calculated from
Eq. (8) for a straight channel of radius r, = 0.163 mm with impermeable walls. The dashed
curves in Fig. 3 correspond to calculation of Apy, in complex membranes with the given thick-
nesses of the porous layer from the effective kinetic coefficient of the membrane LijM.

It is evident from a comparison of the theoretical and experimental values that, with
any flow conditions and ratio of the cross-sectional areas of the porous section and the
straight channel, the deviation of the theoretical predictions from experiment is no more
than 107Z. The difference is a maximum at intermediate 612Ch. The coincidence of the exper-
imental curves of App, for both membranes and the channel with impermeable walls in the re-
gion where logélzch < —0.6 shows that, in the region of free-molecular flow, the baric ef-
fect does not depend on the geometry in all the channels of the membrane.

The greatest deviation in the behavior of Ap, for membranes of the given type from the
analogous quantity for a channel with impermeable walls is observed in the realization of
intermediate or viscous flow conditions in the pores. In this region, it is convenient to
compare the dependences of Appp on Kn€h determined from r, (Fig. 4). A channel with imper-
meable walls gives a linear relation between the quantities. Experiments on a porous mem-
brane with a channel lead to qualitatively different results. As is evident, three charac-
teristic sections may be distinguished in the behavior of Apyp for complex membranes (points
in Fig. 4):

a) Kn¢h > 0.1, where the behavior of Appp for a straight channel and a complex membrane
are practically parallel, i.e., the properties of the membrane are determined by the proper-
ties of the straight channel;

b) KnCh < 0.02, where a linear dependence of Apyp on Knch is observed with a slope
significantly different from that of the straight line calculated for a channel with imper-
meable walls. On this section, the influence of the porous component on the membrane proper-
ties appears more strongly and is more considerable as the cross-sectional area of the porous
medium increases;

c) 0.02 < Kn®h < 0,1, a transitional section corresponding to intermediate flow condi-
tions in the pores, in combination with viscous flow in the straight channel.

The theoretical curves calculated from the effective kinetic coefficients (dashed curves
in Fig. 4) give good predictions of the magnitude of the baric effect of the membrane, which
confirms the basis for the assumption of local e&uilibrium in an element of membrane length
used in deriving expressions for calculating Lij
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NOTATION

2, R, length and radius of membrane; r, characteristic pore size; r,, radius of straight
channel; N, rg, number of channels of model set of capillaries per unit area of the porous
medium and their radius; A, mean free path length; T;,®R, T;,P, Ui,'!, projection of mean
velocity of motion of molecules of the i-th component in the channel, porous medium, and
membrane, respectively, onto the membrane axis; p, T, n, pressure, temperature, and number
density of mixture particles; mj, dj, mass and diameter of molecules of the i-th component;
cy, concentration of i-th component of mixture; n;,, ni, viscosity of mixture and its i-th
component, respectively; D,,, o, mutual diffusion coefficient and diffusional-slip coeffi-
cient; k, Boltzmann constant; SCh, sP, SM, cross-sectional area of channel, porous medium,
and membrane; QCh, QP, QM, volume flow rate of gas mixture through channel, porous medium,
and membrane; Q®, experimental volume flow rate of gas mixture; KnP, Knch, Knudsen number in
pores and in channel; §;,P, 612Ch, inverse Knudsen number in pores and in channel; I, porosi-
ty; Apps tps, maximum magnitude of baric effect and time for its attainment; V, chamber vol-
ume.
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HEAT TRANSFER IN VAPOR CONDENSATION ON LAMINAR AND TURBULENT LIQUID
JETS, TAKING ACCOUNT OF THE INLET SECTION AND VARIABILITY OF THE FLOW
RATE OVER THE JET CROSS SECTION

N. S. Mochalova, L. P. Kholpanov, and V. A. Malyusov UDC 536.423.4:532.522.2

The results of numerical modeling of heat transfer in phase transition at jets
are outlined.

In [1], condensation at jets was investigated, under the assumption of constant liquid
flow rate over the jet cross section. In the present work, this investigation is expanded
to the case of variable flow rate.

It is assumed that the liquid jet with initial temperature T, and specified (at x = 0)
velocity distribution over the cross section of a circular aperture of radius R, issues into
a space filled with vapor of the same liquid, with saturation temperature Tg; the radical
component of the temperature gradient is much larger than the axial component. Correspond-
ingly, the momentum and energy equations for the flow of the liquid jet take the form
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