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Abstract

Unsteady cooling problem with conduction and two-phase radiation are numerically analyzed here for a spherical
two-phase (gas—particle) medium exposed to the rarefied cold environment. Two-phase radiative transfer equation
(RTE) affected by both gas and particle phases is taken into consideration. This nonlinear integro-differential RTE is
solved by using the discrete ordinates method (DOM, or the so-called Sy method). A parametric study is performed by
changing the conduction-to-radiation parameter, optical thickness, convection-to-radiation parameter, gas and particle
absorption-to-extinction ratio, wall emissivity and heat capacity ratio. Thermal characteristics are discussed through
spatial temperature distribution, transient mean temperature variation, and radiative heat loss. The results confirm the
significant effects of the two-phase radiation on the unsteady thermal characteristics for two-phase medium. © 2001

Elsevier Science Ltd. All rights reserved.

1. Introduction

A combined conductive and radiative heat transfer
problem in a spherical geometry has been constantly
attractive to many researchers. However, most previous
works have dealt with a single-phase medium [1,2], while
much less attention has been paid to two-phase mixture
with gas and particles. Since the particle suspended gas
has a higher heat capacity than gas only and no phase
change occurs in the flow, the two-phase mixture is
expected to be used for enhancing heat transfer in en-
gineering applications [3,4]. Typical application lies in
cooling of high temperature porous ceramic insulating
media and waste heat dissipation technique for an or-
biting space power plant [5,6].

In order to understand the combined heat transfer in
two-phase medium, it is essential to rigorously treat the
radiation exercised by gas and particles together. Nev-
ertheless, only a limited number of works regarding two-
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phase radiation are available whereas many studies have
been performed for single-phase radiation in the past
decades. Previously, when treating the two-phase radi-
ation, the absorption and emission by one of two phases
have been neglected. That is to say, it is usually assumed
that only the gas participates in absorption and emission
while particles in scattering, or only the particles are
involved in absorption, emission, and scattering while
the gas is transparent to the radiation. However, this
approach is not complete in the sense of dealing with the
two-phase radiation so that some error is incurred in
predicting the radiation effect [7]. Consequently, differ-
ent from the previous studies, complete radiation by gas
and particles are taken into account in this study. It is
done by deriving the radiative transfer equation (RTE)
considering the thermal nonequilibrium between gas and
particles and by introducing the separate divergence of
radiative heat flux by gas and particles into respective
energy equation for gas and particles [7].

In this study, the two-phase radiation is examined in
the problem of a transient cooling of a gas—particle two-
phase medium in spherical shape, when it is exposed to
the rarefied blackbody environment. Inside the medium,
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Nomenclature

Gy specific heat at constant pressure
I radiative intensity

np number density of particles

q° conductive heat flux

ar radiative heat flux

t time

T temperature

Greek symbols

J relative specific heat (= C,,,/Cp.e)
n loading ratio (= a,/0,

0 dimensionless temperature

K absorption coefficient

A conductivity

u direction cosine

o concentration

0B Stefan—Boltzmann constant
s scattering coefficient

TR optical thickness (= ffR)

Superscript
* dimensionless quantity

Subscripts

m mean value

g gas phase

p particle phase
0 reference value

both radiation and conduction redistribute the thermal
energy. The energy equations are discretized using the
implicit finite volume method, while the RTE is solved
by using the discrete ordinates method (DOM). For a
more systematic analysis of combined heat transfer in
gas—particle two-phase medium, the effects of such
thermal parameters as the conduction-to-radiation
parameter, optical thickness, convection-to-radiation
parameter, gas and particle absorption-to-extinction
ratio, wall emissivity and heat capacity ratio are sought.
Actually, the combined heat transfer problem in a gas—
particle two-phase medium is so complicated that such a
systematic approach is essential. A complete two-phase
radiation due to gas and particles is now considered,
which is different from the previous studies and to our
best knowledge, it has not been done yet.

2. Analysis
2.1. Governing equations

The present study focuses on the transient cooling of
hot two-phase medium of radius R which is instan-
taneously exposed to the cold rarefied environment as is
shown in Fig. 1. The boundary wall is fixed and its
emissivity can be adjusted to satisfy the heat balance of
the overall system by changing the coating substance [8]
and the two-phase medium is initially at uniform tem-
perature Ty. At the boundary the medium emits the en-
ergy by radiation only, whereas the conduction and
radiation interact to internally redistribute thermal en-
ergy. Since only the radiative heat loss to the sur-
rounding is assumed, there would be no conductive or
convective energy transfer to the surrounding at the
boundary. The incoming radiation from the surrounding
is neglected due to its very low temperature.

Rarefied
Cold
ﬁ Environment
Heat Loss
by [ ] [ ] Y

Radiation Conduction

Only +Radiation

| e

Fig. 1. Schematic of the problem.

Under the above physical consideration and as-
sumption of constant physical properties, the gas and
particle energy conservation equations considering the
conductive and radiative heat transfers can be expressed
as follows:

gas energy equation

oT, 1, O o7, ~
0iCru =22 2 (rza_j) by (Ty — ) — V-3,
(1)

particle energy equation

or,

pCop w

= hdsny (T, — T,) — V - q‘l‘;, 2)

where the divergence of radiative heat flux for gas and
particles are, respectively, given by [7]



S.W. Baek et al. | International Journal of Heat and Mass Transfer 44 (2001) 2345-2356 2347

V-G =1, (471]17g - / IdQ), (3a)
4

V. Z]’l; = Kp (47rlbp - / ]dQ>. (3b)
4

The energy from the inner region can pass through the
outer boundary only by radiation, for the boundary of
the medium joining the rarefied surrounding is externally
insulated with regard to the conduction portion of the
energy transfer. Therefore, the boundary condition at
outer boundary at R for Eq. (1) is zero temperature
gradient. At the center of the medium in spherical shape,
the symmetric condition is imposed so that
%:0 at » =0 and R. 4)
or

The boundary conditions for the particle energy
equation are not necessary, because once the local gas
temperature is determined, the particle temperature can
be subsequently calculated using the particle energy
equation, Eq. (2).

2.2. Radiative transfer equation

To analyze the radiation in two-phase medium in a
sphere, a mixture of the gas and particles is assumed to
be gray, but their temperatures are different, i.e., at
thermal nonequilibrium. For a gray, emitting, absorbing
and isotropically scattering two-phase medium in ther-
mal nonequilibrium, the RTE can be written by [7]

2
ol +1 u g

For r  Ou

1
Os
= Kglog + Kplop + bl /1 I(r, ;) dp;, (%)

+ (kg + Kp + 05)]

where Iy, and Iy, are the blackbody emissive power
corresponding to each local temperature for the gas and
particles, respectively. As noted in the above equation,
while all of the emission, absorption, and scattering are
considered for the particles, the scattering for the gas is
neglected. Furthermore, it is noted that the time deriv-
ative term of the radiative intensity is neglected, since it
is smaller than the other terms by speed of light. The
boundary condition for the outer wall, which is assumed
to be a diffusely reflecting and emitting one, is given by

1 — &y ~
Iy = eylygw + / 1(5)
T iy -5i <0

for 7ty -5, > 0 (6)

de;

Ty - 8

where ¢, is the wall emissivity and 7, is the unit normal
vector to the wall. The contribution to the radiative in-
tensity by particles at the wall is neglected, since the
particle volume fraction therein is negligible. The sym-
metric condition is imposed at the center of medium
such that

I=1 foru=—y atr=0 (7)

2.3. Nondimensionalization

Two energy equations (1) and (2) and the radiative
transfer equation (5) can be nondimensionalized as fol-
lows:

a0 1 d (00
S = Mo s o (725 ) M (0

1
— @y TR (02—%/ I d,u) (8)
-1

. 20 , L
Ongf = NVR (Gg — 9}7) — (DpTR (9‘; — i / I d/l) (9)
-1
1 arr 1—p?or
— I
TR (”ar* + r* @,u) +
o [
a0+ a0+ 5 [ 0 de (10)
-1

by introducing the dimensionless variables and param-
eters:

HZE 925 }"*zi t*=4GBT€ . _ nl
R P R’ 0,CpeR opTy
g _ hAsn,R
R 40']3T(;R7 VR 4(7']3,77037
‘C:ﬁ}"7 ‘CR:ﬁR7 ﬁ:Kg+Kp+O-S7 (11)
s _ Kg
Ws = , Wg = s
Kg + Kp + 05 Kg + Kp + 05
_ Kp
®p

Ky + Kp + 05

In the above expressions Ncr is the conduction-to-
radiation parameter and Nyg is the convection-to-radi-
ation parameter, while f is the overall extinction
coefficient by gas and particles. Similar to the definition
of the scattering albedo, ws, the parameters @, and @,
are newly defined as above in Eq. (11) and named as the
gas absorption-to-extinction ratio and the particle ab-
sorption-to-extinction ratio, respectively. Physically,
each absorption-to-extinction ratio represents the rela-
tive importance of absorption or emission by gas or
particles.

2.4. Supplementary relations

Since particles are discretely distributed in the gas
medium, the total heat flux along the radial direction
consists of conductive and radiative heat fluxes as follows:

C+ R i
. = 60*’+1/I*(ﬁ-§)d§2, (12)
4n

o Ty R O m
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In order to evaluate the respective contributions of
radiation by gas and particles to each type of energy
equation, the dimensionless form of the divergence of
radiative heat flux for each phase can be denoted by

* B 1 .

(V-qu) :4a)g‘cR(027E/ml d.Q), (13)
* B 1 .

(V-af) :4”‘”“(9}@/4”1 dQ). (14)

The dimensionless gas and particle mean tempera-
tures across the medium can be defined as

1
Opm = /0 0,(r)* dr, (15a)

1
Opm = / 0,(r*) dr* (15b)
0

which implies the ratio of the remaining energy at any
time to the initial energy in each phase. This is con-
venient to describe the cooling behavior of the system.

3. Numerical methods

The gas and particle energy equations (1) and (2) are
discretized and solved using the implicit finite volume
method [9]. Because of strong nonlinearlity of the radi-
ative flux, special care must be taken on the radiative
divergence terms in Egs. (1) and (2) to guarantee a good
convergence of the solution.

The RTE, Eq. (5), is solved by using the DOM, which
spans a full range of the total solid angle 47 only in a
finite number of ordinates directions with corresponding
direction cosines ¢ and weighting factors w”. Since the
derivation of discretized form of RTE is already de-
scribed before [1,10], its detailed procedure is omitted
here for brevity. The resulting expression for the radia-
tive intensity at a local point P in the mth directional
ordinate is obtained as follows:

1 ={ | (AD} + 204y = A fw fot-12

+ (1 - f)aerl/Z}I;kl/z + 4fS(r*7:um)V}/{2|:um|AS€
+ Z(An 7As)/wm(am+l/2 + OCmfl/Z) + 4f‘CRV} (16)

with
m A1 = f)+Au 1T for w, >0,
(Al = { Au(1 = 1) + A7 for <0, (1T
|4, forupu, >0,
Ase = {AS for u, <0, (18)
ws
S, 1w, =R |:a)g1gg + oply, + ﬁ Z W Z" | (19)
mi=1

V:47r/3(}";3 _”:3)7 A, =4t A, = 4w, (20)
where 0,1/, is a coefficient for the angular derivative
term and f'is an interpolating coefficient for two facial
intensities in one cell which is determined to prevent a
negative intensity from occurring at P. The boundary
condition for the outer wall embedded in DOM is

Iy = eylhgw + 1 — &y /7 Z Wl* (r\i,,ﬁ,-) Ty .§,-‘
g5 <0 (21)

for ny, - §; > 0.

A numerical procedure starts by solving the RTE
with an initially assumed temperature distribution at one
time step. Then, the divergence for radiative heat flux for
gas and particles is calculated and substituted into the
two energy equations. Thereby, a new temperature field
is obtained. This process is repeated until the following
convergence criterion is satisfied for all variables;

+1
(;b?J - d’?l
+1
b7

where ¢ is 0, or 0, and the iteration step is denoted by n.
Then, the numerical procedure proceeds to the next time
step.

In order to verify the present program for solving
radiation, a nonscattering benchmark solution is con-
sidered, which is a problem of combined conduction and
radiation between two concentric cold black spherical
boundaries separated by radiating medium with uniform
temperature. In Fig. 2, the numerical solutions for
radiative heat flux are presented for various absorption
coefficients and compared with the analytical ones by
Viskanta and Merriam [11]. The present Sg results are in

<107, (22)

Exact solution 1
08 - Present S .

I : o

1.2 Y IR SRR R R
0.0 0.2 0.4 0.6 0.8 1.0

(r=r)/(ro=r;)

Fig. 2. Comparision of the present DOM (S¢) with exact
solution.
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good agreement with analytical ones so that a higher
order approximation than S¢ would not be necessary.

4. Results and discussion

Unless otherwise specified, all the calculations pre-
sented below are carried out for the following con-
ditions; conduction-to-radiation parameter Ncgr = 1;
convection-to-radiation parameter Nyg = 1; optical
thickness tgr = 1; gas absorption-to-extinction ratio
g = 0.3; particle  absorption-to-extinction  ratio
@, = 0.3; outer boundary emissivity &, = 1; a ratio of
specific heat for particle to that for gas 6 = 100; a mass
loading ratio of particle to gas n =0.01. Since the
scattering effect in cooling problem is previously dis-
cussed [12,13], its effect is not examined here and ws is
set to be 0.4. The initial dimensionless temperatures for
gas 0, and particles 0, are assumed to be I.

Fig. 3(a) illustrates a transient temperature variation
along radial direction for various conduction-to-radia-
tion parameters, Ncg while the other parameters are
fixed. Since the two-phase medium is exposed to the
rarefied cold environment, the internal energy of the
spherical medium begins to decrease due to the radiative
loss at the boundary. As the medium cools down near
the boundary, the temperature gradient is created
therein. As Ncgr increases, the gas temperature becomes
more uniform at each dimensionless time step, for the
stronger conduction plays a role in smoothening out the
temperature gradient. However, the effect of the con-
duction-to-radiation parameter, Nck on the particle
temperature is seen to be minor in the figure, since it
usually occurs through the convection-to-radiation
parameter, Nyr between gas and particles which is now a
constant value of 1. In the figure, the particle tempera-
ture near the boundary is shown to be lower than the gas
temperature. This results from the fact that the two-
phase medium at the boundary cools down due to
radiative heat loss only to the rarefied environment, but
the gas at boundary is heated up by the conduction.
That is also why the gas temperature deeper inside the
sphere is lower than the particle temperature.

In order to better understand the combined conduc-
tion and radiation, a transient variation of conductive,
radiative and total heat fluxes is plotted in Fig. 3(b). The
fact, which is common to all the figures, is that the
radiative heat flux is much more dominant over
the conductive one for the conditions given as seen in the
scale in figures. Furthermore, the radiative heat flux is
shown to continuously decrease as time goes on, while
the conductive heat flux shows a different behavior. For
the case for Ncg = 0.01, the conductive heat flux in-
variably increases as time passes. Consequently, the
position of the maximum temperature gradient migrates
into the inner region with its value getting larger. On the

other hand, as Ncgr increases, the conductive behavior
changes such that the conductive heat flux initially in-
creases and then decreases, since the conduction plays a
more significant role for larger Ncg.

The local radiative heat loss per unit volume in gas and
particle phases can be described in terms of the divergence
of radiative heat flux for gas and particles, respectively.
Their temporal variations are plotted in Fig. 3(c). In the
inner region of medium, V - g3 islarger than V - g5, which
means that the net radiative flux for particle phase out of
corresponding control volume is larger than that for gas
phase. But therein, the energy in gas phase is transferred
by conduction as well as by radiation while the conductive
heat flux increases reaching its maximum as shown in
Fig. 3(b). On the other hand, the particle phase has only
one heat transfer mechanism so that the gas temperature
becomes lower than the particle temperature in inner re-
gion. Different from the inner region, at the vicinity of the
boundary adjoining the rarefied cold environment, the
conduction in gas phase decreases to zero so that the heat
delivered from inner region is converted to radiant energy.
This leads to the fact that the divergence of radiative flux
for gas phase becomes larger than that for particle phase
as shown in Fig. 3(c).

The effects of convection exchange between gas and
particles are investigated in Fig. 4(a). The values used
for convection-to-radiation parameter are Nyg = 0.1, 1
and 10. As Nyr increases, the local temperature differ-
ence rapidly decreases due to the stronger thermal in-
teraction between two phases. Similar to the effects of
Ncr mentioned above, Ny is found to affect the internal
temperature distribution only in the system, while the
other thermal characteristics such as the total heat loss
to cold environment and the mean temperature varia-
tions remain nearly unchanged. For example, the tem-
poral variations of the particle and gas mean
temperature are almost the same regardless of Nyg as
presented in Fig. 4(b). These mean temperatures actually
imply a residual energy left in the sphere.

In Fig. 5(a), the effects of optical thickness on the
temporal variation of gas and particle temperatures are
plotted for tzx =0.5,1 and 10. For a small optical
thickness of 7g = 0.5, the temperature distribution is
seen to be uniform except for the particle temperature
near the outer boundary. However, as tr increases,
more energy is emitted to the surrounding cold en-
vironment so that the gas temperature more rapidly
decreases approaching to the outer boundary. Simulta-
neously, the particle temperature conspicuously drops
near the boundary. Thereby, the gas temperature gra-
dient increases, which then results in an increase of the
conductive heat flux in gas phase as in Fig. 5(b). In this
figure it is also observed that the total heat flux at the
outer boundary is the largest for tg = 10 initially.
However, as time passes, it quickly reduces, since the
temperature therein decreases as seen in Fig. 5(a).
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Fig. 3. (a) Transient gas and particle temperature variations along radial direction for various Neg for Nyg =1, 1 = 1, @, = 0.3,
@, = 0.3, 6 = 100 and n = 0.01. (b) Transient conductive, radiative, and total heat flux variations along radial direction for various

Ner for Nyvg =1, 1 =1, @y = 0.3, @, = 0.3, 6 = 100, and 5 = 0.01. (c) Transient variations of divergence of radiative heat flux along
radial direction for various Ncg for Nvg =1, 17 = 1, @, = 0.3, @, = 0.3, 6 = 100, and n = 0.01.

In Fig. 5(c), the corresponding gas and particle mean
temperature variations are drawn to compare an overall
cooling rate for various 7. As 1 increases, the medium

near the outer boundary can emit more radiation into
the cold environment. Therefore, the dimensionless
mean temperature is lower for higher 1z during the en-
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@, =0.3, 06 =100, and n = 0.01. (b) Transient gas and particle mean temperature variations for various Nyg for Ner =1, 7 =1,
g = 0.3, ®, = 0.3, 6 = 100, and # = 0.01.
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for Nep =1, Nyvg = 1, @, = 0.3, @, = 0.3, 6 = 100, and n = 0.01. (c) Transient gas and particle temperature variations for various 7z
for Ner =1, Mvg =1, @, = 0.3, @, = 0.3, 6 = 100, and # = 0.01.

lower than the gas mean temperature for the conditions
of @, = @, and né = 1. In addition, the gas temperature
gradient in the present study is found to be far smaller

tire cooling time. While the gas and particle mean tem-
peratures are almost the same for tg =1 and 10, the
particle mean temperature for g = 0.5 is seen to be a bit
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Fig. 5 (continued)

than that for the cooling problem of gas only medium
[14], since the radiative heat loss by gas phase becomes
smaller due to the partial allotment of the total radiative
heat loss into each phase in two-phase mixture.

As mentioned above, the absorption-to-extinction
ratio of each phase represents the emitting fraction of
total radiation by gas or particles. Figs. 6(a) and (b) il-

1.00

lustrate the transient temperature variations for
(g, @) = (0.1,0.5),(0.3,0.3), and (0.5,0.1). In Fig.
6(a) it is found that a phase with the larger absorption-
to-extinction ratio emits more heat and cools down
faster. It is also observed in the figure that as @, in-
creases, the radiative heat flux in gas phase decreases
while the total heat flux in the system is not changing.
That is why a severe temperature gradient in particle
phase is induced as seen in Fig. 6(a). Besides, the particle
temperature is seen to respond more sensitively to the
variation of particle absorption-to-extinction ratio due
to the lack of conduction than the gas temperature does
to the variation of gas absorption-to-extinction ratio.
In Fig. 6(b) the mean temperature corresponding to
the phase with larger absorption-to-extinction ratio is
clearly seen to decrease faster as time goes on. Conse-
quently, when the ratio of @,/@®, = 0.2, the particle
mean temperature is much lower than the gas mean
temperature and vice versa for @,/@®, =5.0. On the
other hand, when ®,/®, = 1.0, two mean temperatures
are seen to be overlapped against time. A similar vari-
ation in two mean temperature variations are shown in
the figure such that the transient behavior in 0,,, for

0.95

.
@ 0.90

0.85

0.80

(b) t*

Fig. 6. (a) Transient gas and particle temperature variations along radial direction for various combinations of &, and @, for Ncg = 1,
Nyr =1, 1R =1, =100 and n = 0.01. (b) Transient gas and particle mean temperature variations for various combinations of &, and

(Z)p for NCR = 1, NVR = 1, TR = 1, 0= 100, and n= 0.01.
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(g, @p) = (0.1,0.5) is nearly equal to that in 0, for
(g, @p) = (0.5,0.1). It also applies to the variations of
Opm for (&g, @) = (0.5,0.1) and 0O,y for (@,,d,) =
(0.1,0.5). This is because #6 =1 is used, which inter-
prets that the heat capacity of gas phase is equal to that
of particle phase.

The effect of outer boundary emissivity is plotted in
Figs. 7 (a) and (b) for &, =0.8,0.9 and 1.0. When as-
suming no transmissivity, the emissivity ¢, =0.8,0.9
and 1.0 correspond to the reflectivity p, = 0.2,0.1 and
0.0. As the outer boundary emissivity decreases, the re-
flection of the incoming radiative intensity toward the
inner medium increases so that more radiation is ab-
sorbed by the medium. This then results in the slower
cooling of the medium as seen in Fig. 7(b) and leads to
the more uniformization in temperature distribution as
in Fig. 7(a). Moreover, due to the geometrical charac-
teristics of sphere such that the volume of outer region is
proportional to 7, there exists the so-called ‘volume
effect’ [9] so that the cooling rate of the medium dras-
tically decreases with a decrease in ¢, or an increase in
Pw- When ¢ is 0.75, the heat loss to the surrounding
becomes almost negligible.

In Figs. 8(a)-(c), the effects of the heat capacity
ratio, 1o, on the cooling characteristics are shown. By
definition, #é = ¢,C,,/0,Cp, represents a ratio of heat
capacity of particle phase to that of gas phase. Fig. §(a)
illustrates the transient gas and particle temperature
variations along radial direction while the transient
radiative heat loss variation at outer boundary is
drawn in Fig. 8(b) and the transient mean temperature
variations are in Fig. 8(c). As nd increases, especially
the cooling rate in particle phase slows down as in
Figs. 8(a) and (c), which then results in a decrease in
gas phase cooling rate even though the magnitude of
the radiative loss at the outer boundary increases as in
Fig. 8(b). The reason for this is as follows. An increase
in 7o brings about an increase in the heat capacity of
the medium so that the rate of decrease in temperature
decreases. Simultaneously, the temperature gradient in
both phases decreases, which then leads to a reduction
in conductive heat flux. The resulting higher tempera-
ture for higher 50 is then attributed to the higher ra-
diative heat loss. In Fig. 8(c) it is also observed that
when 76 = 1, two mean temperature variations are al-
most the same. When 56 = 10, the particle mean tem-
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Fig. 7. (a) Transient gas and particle temperature variations along radial direction for various outer boundary emissivity, €, for
Ner =1, N\g =1, R =1, @y = 0.3, @, = 0.3, = 100, and # = 0.01. (b) Radiative heat loss variations for various outer boundary

emissivity, €y for Ne = 1, Nyg = 1, r = 1, 6 = 100, and n = 0.01.
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Fig. 8. (a) Transient gas and particle temperture variations along radial direction for various 576 for Necx =1, Nyg = 1, 1 =1,
@y = 0.3, @, =0.3, 6 =100, and # = 0.01. (b) Radiative heat loss variations for various 76 for Ner =1, Nyg = 1, 7 =1, @, = 0.3,
@, = 0.3. (c) Transient gas and particle mean temperature variations for various 76 for Neg = 1, Nvg = 1,7 = 1,0, = 0.3, @, = 0.3.

perature is seen to be higher than the gas mean tem-
perature.

5. Concluding remarks

A numerical study is performed on the transient
cooling phenomena of gas—particle two-phase medium
in a spherical shape exposed to the rarefied cold en-
vironment. The DOM is used for solving the radiative
transfer equation, while the finite volume method for the
gas and particle energy equations. Especially, the two-
phase radiative transfer equation, which takes account
of absorption and emission by both gas and particles in
addition to scattering by particles, is taken into consid-
eration in this study. Its two-phase cooling characteris-
tics are investigated for various parameters. The results
obtained are as follows:

1. As Ncr increases, the gas temperature becomes more
uniform, since the stronger conduction smoothens
out the temperature gradient.

2. Ny affects the internal thermal structures only while
the overall mean temperature variation is the same,

since the entire heat loss to surrounding occurs by
radiation only.

3. As 1R increases, the radiative heat loss near the
boundary increases due to the larger emission.

4. The phase with a larger absorption-to-extinction
ratio cools down more rapidly and the particle tem-
perature responds more sensitively to the variation
of absorption-to-extinction ratios.

5. As gy decreases, the energy loss to the surrounding
rapidly decreases so that the cooling process slows
down.

6. For a higher nd, the heat capacity of the medium
becomes larger so that the slower cooling rate results
even if the radiative heat loss at the outer boundary is
higher.
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