in particular, through the action of laser radiation on the gas [9}.

NOTAT ION

k, Boltzmann's constant; Tg, gas temperature; mi, ni, Qj, mass of a molecule, density
of molecules in the condensate and heat of evaporation of a molecule, respectively, of com-
ponent 1i; Ngjs density of molecules of component i in the gaseous phase; L, r, length and
radius, respectively, of the cylindrical channel; I = L/r; Dy, Knudsen c0eff1c1ent of diffu-
sion of component i; %, dimensionless coordlnate.
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INTERNAL RELAXATION IN PHASE INTERACTION IN A DISPERSED SYSTEM

E. M. T°1“‘a°h"-“’ | | - . UDC 536,70:529.5

Corrections have been made to the relaxation times for heat and mass transfer be-
tween phases in dispersed systems, which incorporate the thermal conduction and
diffusion within the particles.

‘The relaxation fofmalismkinnthe thermodynamics of irrevéfsible procesées has been de-
veloped most fully by Meixner [1] and 1eads to expressions of the form
r—x ‘
=yY® + =, 1)
L 1+ iot S
which allow one to calculate the generalizéd susceptibility x® for a thermodynamic system in
relation to the frequency of varlatlon of the parameters and the values of the susceptlbllity
in two limiting states: equilibrium ¥° and frozenrln x™ together with the relaxation times
for the corresponding process.

‘ Recently, the relaxation approximation has been fairly widely used to describe the be-
havior of dispersed systems subject to external perturbations [2-5]. One then obtains for-
mally expressions of the type of (1) with the following assumptions: a) the dispersed system
is a single-phase medium with internal degrees of freedom that describe the exchange between
phases; b) each of the phases is in internal equilibrium, even if there is no equilibrium
between the phases; and ¢) it is assumed in calculating the relaxation time that the thermal
or diffusion Biot number is negligibly small, and that this is caused not by smallness in the
heat or mass transfer coefficients but by large values of the thermal conductivity or diffu-
sion coefficients for the particles. Clearly, assumptions b and c are related.

In fact, the thermal conduction or thermal diffusion within the particles may be the
rate-limiting processes, particularly for relatively large particles. 1In the relaxation
approximation, this does not alter the general form of (1) but influences the relaxation time

Kirov Urals Polytechnical Imstitute, Sverdlovsk, Translated from Inzhenerno-Fizicheskii
Zhurnal, Vol. 37, No. 4, pp. 609-612, October, 1979. Original article submitted November
21, 1978.

1156 0022-0841/79/3704-1150%07.50 ©® 1980 Plenum Publishing Corporation



7. This effect can be incorporated correctly by considering precisely the propagation of
heat in a particle, whose shape is taken as spherical and whose surface temperature varies
harmonically. The diffusion problem can then be considered by simple replacement of the
thermal characteristics by diffusion ones, by virtue of the identity of the differential
equations and boundary conditions.

We therefore have the following thermal-conduction equation for spherical symmetry:

%, _, 1 0 ( 2 5_91) ‘ 9
"5?_.‘1‘1 rr or r or (2)

with the boundary condition
0y (R, t) = 8T, exp (int). (3)

The solution to (2) that satisfies the boundary condition is

shx

By (r, ) = 8Ty £S X exp ({of), : {4)
where .
B xr1/ B
x=r o X=R l/lh (5)
The amol{nt_of heat absorbed by a particle in unit time is given by the Fourier law
g(f) = — 4nR% — 98, 1 6)
. or l=Rr
or on the basis of (4)
' L
g (f) = 4aR*\0T 4 zam . (X) exp (fof), N
1
where
i
X)y=cthX — —- {8)
LX)=c¢ X

is a Langevin function [6].

The temperature distribution of (4) describes the temperature wave propagating into a
particle and decaying in accordance with sinh x/x; we can, as is usual [7], introduce the pene-
tration depth 8{(w) of the temperature wave and assume only that a spherical layer of thick-
ness S(w) participates in the heat transfer to the surrounding phase. It is more convenient
however, to consider the particle as a whole as having a bulk temperature equal to the sur-
face temperature and incorporate the nonuniform temperature distribution via an effective
specific heat (p,c,)¥ via the expression

4 . .
7= %‘ RS ()" S ae‘ = - AR (puey)” ibT 1o exp (f0) 9)
r=R
where (3) has been used.
Comparison of (7) and (9) gives
3
(pscy)® = ety X L(X). (10)

The following are the limiting relations for the effective specific heat:
(psc1)* = 11m (Pse)® = picss (PsC)” = lim (04¢1)® =0. (11

The temperature-relaxation time Tq is found usually from the heat balance equation for a par-
ticle with Newtonian heat transfer at the surface:

4 a0
2 aRpe)* | - —anrea (e, —6y). (12)
3 a 1r=R
We then get the effective temperature-relaxation time as
(Pc)® R 3 .
0= — g = 1:2 ~ LX), (13)
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where 1% is the equilibrium temperature-relaxation time from the viewpoint of internal equi-
librium, Then the generalized susceptibility for the dispersed medium takes the form
x—x ’
1 4 iw1©
In a case of temperature relaxation, the dispersion term (1 + iwt®)~! is written on
the basis of (13) as

X =%~ 4 (14)

1 ‘ 1.
TFiot® — . . o3 o
9 14 zco'rg—)—(— L(X)

(15)

We use the expansion of the Langevin function’[6]' to get for small values of w on the basis
of (5) that

1 1

r el — N ~ . - 16
e TR a
where ' 1+ s
' .TA=R2/15111 (17)

may be called the internal temperature-relaxation. time.
The Langevin function differs little from unity at high frequencies, so from (13) we have

1 1 1 '

T Fiote — 1+Vl<0 310 Va! T Ve w "

(18)

where

= ‘—/—"’O%‘i‘— : | 19

Note that(/wy;)~* is the modified Biot number for a stationary-periodic state [7].

Therefore, the dispersion law of (16) differs little from the ordinary law of (1) for
low frequencies if the thermal conductivity of the particle material is not too low, where-
as there is a substantial change at high frequencies.

NOTATION -

X, generalized susceptibility; w, angular frequency; T, relaxation time; t, time; T,o,
mean surface temperature of a'particle;bsTlo, amplitude of surface temperature variation; 6,
relative temperature; r, radial coordinate; R, particle radius; a, thermal diffusivity; p.,
particle density; c, specific heat; A, thermal conductivity; q, heat absorbed by a particle
per unit time; o, heat-transfer coefficient. Superscripts: w, dynamic quantity; 0, equilib-
rium state (w + 0); =, for w -+ .. Subscripts: 0, motion phase; 1, particles, q, heat trans-
fer; ), heat conduction. i :
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