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Transient Coupled Radiation–Conduction
in Semitransparent Spherical Particle

L. H. Liu¤ and H. P. Tan†

Harbin Institute of Technology, 150001 Harbin, People’s Republic of China
and

T. W. Tong‡

George Washington University, Washington, D.C. 20052

A method to analyze transient coupled radiation–conduction in a semitransparent spherical particle surrounded
by isothermal black walls was developed. The radiative transfer coef� cients were deduced using the ray tracing
method in combination with Hottel and Saro� m’s zonal method. The radiative heat source term was calculated
by the radiative transfer coef� cients, and the transient energy equation was solved by an implicit � nite difference
method. The effects of the related parameters on the transient radiative heat source and temperature distribution
were analyzed.The results showthat the peak ofdimensionless radial radiativeheat source can locate in the interior
shell of the particle or droplet with small optical thickness when heated by surrounding radiation.Treating volume
radiation as surface radiation results in large transient temperature distribution errors for the particle with small
optical thickness.

Nomenclature
C p = speci� c heat
E = directional spectral radiative energy
Hi = radiative heat source of volume i; 4¼r 2

i 1rhi

h = radiative heat source
I = radiative intensity
k = thermal conductivity
m = complex index of refraction,n ¡ i·
N = conduction-to-radiation parameter, k¯=.4n2¾ T 3

0 /
n = refractive index
Q = radiative heat absorption
R = outside radius of particle
r = radial coordinate£
SVi

¤
¸

= spectral radiation transfer coef� cients of
surrounding vs volume i

T = temperature
Tsur = temperature of surroundings
T0 = initial temperature
t = time
u; v = coef� cient de� ned in Eq. (5)£
Vi V j

¤
¸

= spectral radiation transfer coef� cients of volume i
vs volume j

x = size parameter, 2¼ R=¸
xmax = size parameter based on the wavelength

¸max; 2¼ R=¸max

y = dimensionless radial coordinate, r=R
®¸ = spectral absorptivity de� ned in Eq. (32)
¯ = absorption coef� cient, 4¼·=¸max

2 = dimensionless temperature, T=T0

µ = angle
· = index of absorption
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¸ = wavelength in vacuum
¸max = wavelength corresponding to the maximum spectral

emissive power at the surrounding temperature Tsur

» = dimensionless time, k¯2t=.½C p/
½ = density of particle substance,
½k = parallel polarized component of re� ectivity
½? = perpendicularpolarized component of re� ectivity
¿ = optical thickness variable, ¯r
¿0 = optical thickness of particle, ¯ R
8 = dimensionless radiative heat source, h=.4n2¯¾ T 4

0 /
Á = angle
! = angle
!1 = angle de� ned in Eq. (21)

Subscripts

b = blackbody
i = volume and node i
¸ = at a given wavelength
k = parallel polarized component
? = perpendicularpolarized component

Superscript

m = time step

Introduction

T RANSIENT coupled radiation and conduction in a semitrans-
parentsphericalmediumis oneof thepervasiveprocessesin en-

gineeringapplications,suchas spraycombustion,1¡3 spraycooling,4

spray drying, spray forming,5 and so on. Temperature distributions
within semitransparent materials can be strongly affected by in-
ternal emission and absorption of radiant thermal energy. This is
importantfor translucentmaterialsat elevatedtemperatures,in high-
temperaturesurroundings,or with large incident radiation.Because
of its complexity,thermal radiationabsorptionof particleswas often
considered to behave like bulk materials; consequently, the absorp-
tion processwas treated strictly as a surface interaction.In the spray
processing of a semitransparent medium, the transient behavior of
particles or droplets must be examined because translucence can
result in internal temperature responses that are much more rapid
and that have different distributions than by heat conduction alone.

Recently, much attention has been focused on the determining
of the transient effects of radiation and conduction heat transfer in
semitransparentmaterials. Siegel’s detailed review6 of the literature
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surrounding the subject over the past 40 years found that despite
the relatively large amount of interest in transient coupled radiation
and conduction in a semitransparentmedium, most of the work has
focused on slab geometrical systems. Only a limited amount of re-
search is available on transient coupled radiation and conduction
in semitransparentspherical geometrical systems. Sitarski3 studied
heat transport inside an irradiatedslurrydroplet. In this research, the
transient energy equation was solved by a � nite differencemethod,
and the radiant heat source was calculated using the Mie scattering
theory. Tsai and Ozisik7 consideredcombined transient conduction
and radiation in an absorbing, emitting, and isotropicallyscattering
solid sphere with a black boundary. An implicit � nite difference
method was applied to obtain temperature distributions from the
transient energy equation including heat conduction. The colloca-
tionmethodwas used for evaluatingthe radiativesourcedistribution.

A transient solution of coupled radiation–conduction involves
two parts: the evaluation of the spatial distribution of the radia-
tive energy source at each time and the solution of the transient
energy equation. For transient heat transfer problems in the semi-
transparentparticles or droplets, the key dif� culty is in determining
the local radiant source term in the transient energy equation. Lage
and Rangel1 and Tuntomo et al.8 applied electromagnetic theory to
study the internal radiant absorption � eld of a small spherical parti-
cle. Dombrovsky and Ignat’ev9 studied the temperaturedistribution
of large semitransparentparticles of a material of low thermal con-
ductivity during their motion in a gas jet. The radiation inside a
particlewas calculatedby use of the geometrical optics approxima-
tion in combination with the modi� ed differential approximation.
Based on electromagnetic theory, Mackowski et al.10 presented se-
ries expressions for the radial dependent absorption cross section
and heat source function in a strati� ed sphere. Dombrovsky11 deter-
mined the radial pro� le of the radiationheat source inside a particle
not only by use of the Mie theory but also by use the radiation
transfer equation. A comparison with the Mie theory calculations
for isothermal particles shows that the geometrical optics approxi-
mation is suf� ciently accurate, even for particles that are not very
large (size parameter is greater than 20), both for the particle emis-
sivity value and for the heat generation pro� le. Generally, the local
radiant heat source within single spheres can be handledby electro-
magnetic theory or Mie theory (see Ref. 12). However, computation
using electromagnetic theory or Mie theory is complex and time
consuming.Mie’s theory can be approximatedwith ray optics when
the sphere diameter is much larger than the wavelength.

Tan and Lallemand13 studied coupled radiation and conduction
in a glass slab using the ray tracing method in combination with
Hottel and Saro� m’s zonal method.14 Recently, Wang et al.15 ex-
tended this method to study the coupled radiation and conduction
in a semitransparent composite slab. Their studies showed that this
method is accurate, and the key to the method is in determining the
radiative transfer coef� cients.

Because of the different geometrical features of a sphere and a
slab, the behavior of transient coupled conduction–radiation within
a semitransparent spherical particle differs from a slab’s. The ob-
jective of the present work is to extend the ray tracing method and
the zonal method to study transient coupled conduction–radiation
within semitransparent particles. The particle is surrounded by
isothermal black wall, and the space between the particle and the
surroundingwall is a vacuum.The radiative transfercoef� cients are
deduced using the ray tracing method in combination with Hottel
and Saro� m’s zonal method.14 The radiative heat source term is
calculated by the radiative transfer coef� cients, and the transient
energy equation is solved by an implicit � nite difference method.
The effects of the related parameters on the transient radiant heat
source and temperature distribution are analyzed.

Physical Model and Formulation
Physical Model

We consider a semitransparent spherical particle with radius R.
The particle is surrounded by isothermal black wall, and the space
between the particle and the surrounding wall is a vacuum. The
particle is initially at a uniform temperature T0. In addition, the
following assumptions are made in analysis:

Fig. 1 Grid system.

1) The particle is composed of an isotropic and homogeneous
medium.

2) The medium emits and absorbs but does not scatter thermal
radiation.

3) The particle surface is optically smooth.
4) The complex indexof refractionm D n¡i· , density½, speci� c

heat C p , and conductivity k of medium does not depend on the
temperature.

5) The complex re� ective index does not depend on wavelength.
The energy equation for transient coupled radiative and conduc-

tive heat transfer in a semitransparentparticle is given by

½C p
@T .r; t/

@t
D

k

r 2

@

@r

µ
r 2 @T .r; t/

@r

¶
C h.r; t/ (1a)

with the boundary and initial conditions, at r D 0;

@T .r; t/

@r
D 0 (1b)

at r D R,

@T .r; t/

@r
D 0 (1c)

and at t D 0,

T .r; t/ D T0 (1d)

The semitransparentparticle is divided into M uniform control vol-
ume elements in a radial direction as shown in Fig. 1. Using an
implicit central differenceapproximation,a control volume form of
the energy equation can be obtained by considering the integration
of Eq. (1a) over a mesh cell within one-dimensional spherical ge-
ometry.The fully implicit discretizedenergy equationof the control
volume i is obtained as
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¡
T m C 1

i ¡ 1 ¡ T m C 1
i

¢
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i D M (2c)

where Hi is the local radiative heat source term given by

Hi D 4¼r 2
i 1rhi (2d)

Radiative Heat Source Term

The key to solving the transient energy equationis to compute the
local radiative heat source term Hi . We use the ray tracing method
to deduce the detailed computation formulas for the radiative heat
source term. The local radiativeheat source term within a semitrans-
parent particle includes three parts: 1) absorption of surroundings
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Fig. 2 Ray tracing of radiation emitted by the surroundings.

irradiation, 2) absorption of internal radiation, and 3) internal self-
emission.

Consider irradiationof a sphericalparticlewith incidenceangleµ .
As shown in Fig. 2, the refraction angle Á is related to the incidence
angle and the complex refractive index through Snell’s law as

sin Á D .1=n/ sin µ (3)

The re� ectivities of external specular re� ection are16;17

½?.µ/ D .cos µ ¡ u/2 C v2

.cos µ C u/2 C v2
(4a)

½k.µ/ D .u cosµ ¡ sin2 µ/2 C v2 cos2 µ

.u cosµ C sin2 µ/2 C v2 cos2 µ
½?.µ/ (4b)

where ½? and ½k are perpendicular and parallel polarized compo-
nents, respectively, and u and v are the coef� cients given by16;17

u2 D 0:5f[.n2 ¡ ·2 ¡ sin2 µ/2 C 4n2·2]0:5 C .n2 ¡ · 2 ¡ sin2 µ /g
(5a)

v2 D 0:5f[.n2 ¡ ·2 ¡ sin2 µ/2 C 4n2· 2]0:5 ¡ .n2 ¡ ·2 ¡ sin2 µ/g
(5b)

To derive the computational formulas of the local absorption of
surroundings irradiation, we trace an incident ray from the sur-
roundings with an incidence angle µ . The ray enters the spherical
particle with the initial refraction angle Á. After entering the parti-
cle, the ray undergoesmultiple re� ections and refractions.Through

1I sur;a
? D

1X

k D 0

1I sur;a
?;k D

I sur
?;0

©
exp

£
¡2x·

¡
cosÁ ¡

p
y2 ¡ sin2 Á

¢¤
¡ exp

£
¡2x·

¡
cosÁ C

p
y2 ¡ sin2 Á

¢¤ª

1 ¡ ½?.µ/ exp.¡4x· cos Á/
(13)

symmetry, Á becomes the incident angle for all internal re� ections,
and 2R cosÁ is the distance traveled between consecutive surface
encounters.The re� ectivitiesof internalspecularre� ectionare equal

1I sur;a
k D

1X

k D 0

1I sur;a
k;k D

I sur
k;0

©
exp

£
¡2x·

¡
cos Á ¡

p
y2 ¡ sin2 Á

¢¤
¡ exp

£
¡2x·

¡
cos Á C

p
y2 ¡ sin2 Á

¢¤ª

1 ¡ ½k.µ/ exp.¡4x· cos Á/
(14)

to thatof externalspecularre� ection if expressedin termof the angle
µ . For the unpolarized incident radiation from the surroundings,the
relation between the radiative intensities of the initial incident and
refracted rays is determined by energy equilibrium as

0:5[1 ¡ ½?.µ/]Ib¸.Tsur/ cos µ2¼ sin µ dµ D I sur
?;0 cos Á2¼ sin Á dÁ

(6a)

0:5[1 ¡ ½k.µ/]Ib¸.Tsur/ cos µ2¼ sin µ dµ D I sur
k;0 cos Á2¼ sinÁ dÁ

(6b)

where Ib¸.Tsur/ is the spectral radiative intensity of the incident ray
from the surroundings and I sur

?;0 and I sur
k;0 are the perpendicular and

parallel polarized components of radiative intensity of the initial
refracted ray, respectively.They are rewritten as

I sur
?;0 D 0:5[1 ¡ ½?.µ/]Ib¸.Tsur/

sin µ cosµ dµ

sin Á cos Á dÁ
(7a)

I sur
k;0 D 0:5[1 ¡ ½k.µ/]Ib¸.Tsur/

sin µ cosµ dµ

sin Á cos Á dÁ
(7b)

For the perpendicularcomponent,after the � rst internalre� ection,
spectral radiative intensity of the re� ected ray becomes

I sur;½
?;1 D I sur

?;0½?.µ / exp[¡.4¼·=¸/2R cosÁ]

D I sur
?;0½?.µ/ exp.¡4x· cos Á/ (8)

where x is the size parameter de� ned as

x D 2¼R=¸ (9)

After the kth internal re� ection, the perpendicularspectral radiative
intensity component of the re� ected ray is given as

I sur;½
?;k D I sur

?;0[½?.µ/ exp.¡4x· cos Á/]k (10)

During the kth and (k C 1)th internal re� ection, the perpendicular
spectral radiative intensity component absorbed by the sphere with
radius r in the particle is written as

1I sur;a
?;k D I sur

?;0[½?.µ / exp.¡4x· cosÁ/]k

£
©
exp

£
¡2x·

¡
cos Á ¡

p
y2 ¡ sin2 Á

¢¤

¡ exp
£
¡2x·

¡
cos Á C

p
y2 ¡ sin2 Á

¢¤ª
(11)

where y is the dimensionless radius de� ned as

y D r=R (12)

The absorptionof theperpendicularspectralradiativeintensitycom-
ponent in the in� nite seriesof internalre� ectiontraversalsof a single
ray is summed as

Similarly, the absorptionof the parallel spectral radiativeintensity
component in the in� nite series of internal re� ection traversals of a
single ray is written as

After integrating over the total surface of the particle and the
range of the solid angle while considering the symmetry, we derive
the following relation for spectral radiation absorption of a sphere
with dimensionless radius y in the particle:
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Qsur.y; ¸/ D
Z Áend

0

4¼ R2
¡
1I sur;a

? C 1I sur;a
k

¢
cos Á2¼ sin Á dÁ

(15)

Substituting Eqs. (7a) and (7b) and Eqs. (13) and (14) for Eq. (15),
we have

Qsur.y; ¸/ D 4¼ 2 R2 Ib¸.Tsur/

£
Z

µend

0

©
exp

£
¡2x·

¡
cos Á ¡

p
y2 ¡ sin2 Á

¢¤

¡ exp
£
¡2x·

¡
cos Á C

p
y2 ¡ sin2 Á

¢¤ª

£
»

1 ¡ ½?.µ/

1¡ ½?.µ/ exp.¡4x· cos Á/
C 1 ¡ ½k.µ/

1 ¡ ½k.µ/ exp.¡4x· cos Á/

¼

£ sin µ cos µ dµ (16)

Here, µend is determined as follows:

µend D 0:5¼; if 1=n < y · 1 (17a)

µend D sin¡1.ny/; if 0 · y · 1=n (17b)

From Eq. (16), the spectralradiationtransfercoef� cient of surround-
ing vs volume i is expressed as

[SVi ]¸ D
Qsur.yi C 0:51yi ; ¸/ ¡ Qsur.yi ¡ 0:51yi ; ¸/

¼ Ib¸.Tsur/
(18)

To derive the computational formulas of the local absorption of
internal radiation, we trace an emitting ray from the differential
volume dAi 1ri at site A of the sphere surface with radius ri . Here,
dAi is the differential area in the surface of the sphere with radius
ri . As shown in Fig. 3, the ray hits the particle surface with the
incidence angle Á. After that, the ray undergoes multiple re� ection
and refraction. The incidence angle Á is related to the emittance
angle ! as

Á D sin¡1.yi sin !/ (19)

If r j ¸ ri , any rays emitted by site A of sphere surface with radius
ri will intersect with the sphere with radius r j . The length of the
path AC is given by

SAC D R.y j cos !1 ¡ yi cos !/ (20)

where the angle !1 is given by

!1 D sin¡1.yi sin !=y j / (21)

The directional spectral radiative energy absorbed by the spherical
shell with thickness 1r j at the location of r D r j is expressed as

Fig. 3 Ray tracing of radiation
emitted by the media within the par-
ticle.

1E in
0 D

³
4¼·

¸

´2

n2 Ib¸.Ti / dAi 1ri exp

³
¡4¼·

¸
SAC

´
dSAC

dr j
1r j

D 4.xn·/2 Ib¸.Ti / exp[¡2x·.y j cos !1 ¡ yi cos !/]

£
y j 1y jq

y2
j ¡ sin2 Á

dAi 1yi (22)

Before undergoing multiple re� ection and refraction, the ray
emitted by the differential volume dAi 1ri reaches the particle’s
internal surface with the directional spectral radiative energy E0

given by

E0 D 4x·

¸
n2 Ib¸.yi / dAi 1ri exp

µ
¡4¼·

¸
SAC

¶
(23)

When Eqs. (19–21) and (23)are combined,Eq. (23) can be rewritten
as

E0 D
4x·

¸
n2 Ib¸.yi / dAi 1ri exp[¡2x·.cos Á ¡ yi cos!/] (24)

Similar to the absorptionof the radiationof the surroundings,during
multiple re� ectionsand refractions,thedirectionalspectralradiative
energy absorbed by the spherical shell with thickness 1r j at the
location of r D r j is expressed as

1E in
multi D 4.nx·/2 Ib¸.Ti /

n
exp

h
¡2x·

±
cos Á ¡

q
y2

j ¡ sin2 Á

²i

C exp
h
¡2x·

±
cos Á C

q
y2
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²io

£ 0:5

»
½?.µ/

1 ¡ ½?.µ/ exp.¡4x· cos Á/

C
½k.µ/

1 ¡ ½k.µ / exp.¡4x· cosÁ/

¼

£ exp[¡2x·.cosÁ ¡ yi cos !/]
y j 1y jq

y2
j ¡ sin2 Á

dAi 1yi (25)

The relation between the angles Á and µ is determined by Snell’s
law. For the re� ection of the ray emitted by internal medium of
particle, the angle for total re� ection, Ácr , is de� ned as

Ácr D sin¡1.1=n/ (26)

If Á < Ácr , the re� ectivities used in Eq. (25) can be calculated by
Eqs. (4a) and (4b); otherwise, ½? D ½k D 1. Summing Eqs. (22)
and (25), integrating the sum over the total surface of the sphere
with the radius ri and the range of the solid angle, and dividing it by
¼ Ib¸.Ti /, we derive the following relation for the spectral radiation
transfer coef� cient of volume i vs volume j as

[Vi V j ]¸ D 32¼ R2

Z ! D ¼

! D 0

³n
exp

h
¡2x·

±
cos Á ¡

q
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j ¡ sin2 Á

²i

C exp
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±
cos Á C
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²io

£ 0:5

µ
½?.µ/

1 ¡ ½?.µ/ exp.¡4x· cos Á/

C ½k.µ/
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£ exp[¡2x·.cos Á ¡ yi cos !/]

C exp[¡2x·.y j cos ¯1 ¡ yi cos!/]
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£
y j 1y jq
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y2
i 1yi .nx·/2 sin ! d! (27)
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According to the relativities of the spectral radiative transfer
coef� cients, we have

[Vi V j ]¸ D [V j Vi ]¸ (28)

Using the spectral radiative transfer coef� cients, the radiative heat
source term of the control volume i is expressed as

Hi D
Z 1

0

(

¼ Ib¸.Tsur/[SVi ]¸ C
MX

j D 1

¼ Ib¸.T j /[V j Vi ]¸

¡ 16¼ 2r 2
i 1ri

³
4¼·

¸

´
n2 Ib¸.Ti /

)

d¸ (29)

where the third term on the right side of Eq. (29) is the self-emission
of the volume i .

Method for Solution
Equations(1–29) providethe completemathematicalformulation

for the problem of transient coupled radiation and conduction in a
one-dimensional semitransparent particle. An iterative process is
needed to solve the problem because the energy equation involves
the radiativeheat sourceterm,whereasthe radiativeheat sourceterm
requires the temperaturedistribution.Equation (29) for the radiative
heat source term was approachedby numerical integration, and the
discretizedenergyequation(2a)was solvedby the tridiagonalmatrix
algorithm method. At each time step, the temperature convergence
criteria was taken as follows:

max

­­­­
T new ¡ T old

T new

­­­­< 10¡6 (30)

where superscriptsnew and old denote the present and the previous
iteration values, respectively.

Because of its complexity, thermal radiation absorption of parti-
cles was often considered to behave like bulk materials, and con-
sequently, the absorption process was treated strictly as a surface
interaction. For comparison, the transient heat transfer process, in
which the volume radiation is considered as a surface interaction,
was solved numerically. The corresponding transient energy equa-
tion is written as

½C p
@T .r; t/

@t
D

k

r 2

@

@r

µ
r 2 @T .r; t/

@r

¶
(31a)

with the boundary and initial conditions, at r D 0,

@T .r; t/

@r
D 0 (31b)

at r D R,

¡k
@T .r; t/

@r
D

Z 1

0

®¸¼ [Ib¸.Tw/ ¡ Ib¸.Tsur/] d¸ (31c)

and at t D 0,

T .r; t/ D T0 (31d)

where the spectral absorptivity ®¸ is de� ned as

®¸ D
Qsur.1; ¸/

4¼ 2 R2 Ib¸.Tsur/
(32)

From Eqs. (16) and (32), it can be seen that, if the complex refractive
index is independent on the temperature, the spectral absorptivity
®¸ is a function of n, · , and x and is independentof the temperature
of the particle and the surroundings. An implicit central difference
scheme was used to solve Eq. (31a).

Results and Discussion
A computer code based on the preceding calculation procedure

was written. Grid re� nement and time step sensitivity studies were
also performed for the physical model to ensure that the essential

Fig. 4 Comparison of spectral absorptivities calculated by the Mie
theory and the geometrical optics.

Fig. 5 In� uences of optical thickness on the dimensionless radia-
tive heat source distribution in the case of N = 1, n = 1:5, · = 0:001,
Tsur = 2000 K, T0 = 300 K, and » = 0:002.

physics are independent of grid size and time interval. To validate
the formulas derived in this paper to some extent, we calculated
the total spectral absorptance ®¸ by Mie theory and ray tracing
method, respectively. The results of Mie theory are computed by
using the program BHMIE given in the Appendix A of Ref. 12.
Comparisons of these results are shown in Fig. 4. When the size
parameter of the particle is greater than 30, the results of the ray
tracing method is close to that of Mie theory, and the Mie theory
can be approximated accurately with the geometrical optics if the
size parameter of the particle is greater than 400. This proves the
formulas for radiativesource term derivedin this paper to be correct.
Because the geometricaloptics can approximateMie theorywell for
larger particles, in this paper, we consideronly the transientcoupled
radiation–conduction processes in the particle with size parameter
xmax ¸ 50. The size parameter xmax is based on the wavelength ¸max

at which the spectral blackbody emissive power is a maximum for
a given temperature Tsur of the surroundings.

From Eqs. (16), (27), and (29), we can see that the size parameter
and the complex refractive index of the particle affects the radial
distribution pro� les of the radiative heat source inside the particle;
hence, it affects the transient heat transfer processes. The formulas
deduced in this paper are general and can be used to compute the
radiative heat source for the case of variable complex refractive
index, but only the results bound by the assumption of constant
complex refractive index are discussed.

Figure 5 shows the dimensionlessradial radiativeheat sourcedis-
tributions within a semitransparent particle for three different par-
ticle optical thicknesses in the case of N D 1, n D 1:5, · D 0:001,
Tsur D 2000 K, T0 D 300 K, and » D 0:002. From Fig. 5, we can � nd
the peak dimensionless radial radiative heat source is located in the
interior shell of the particle or droplet with small optical thickness.
This phenomenonmay be related to the internalburst or overheating
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Fig. 6 In� uence of optical thickness on the dimensionless tempera-
ture distribution in the case of N = 1, n = 1:5, · = 0:001, Tsur = 2000 K,
T0 = 300 K, and » = 0:002.

Fig. 7 Effects of refractive index n on the dimensionless radiative
heat source distributions in the case of N = 1, · = 0:001, ¿0 = 1:0, Tsur =
2000 K, and T0 = 300 K.

of particles or droplets during radiant heating because the interior
of particle is the � rst to reach the phase change temperature and un-
dergoes phase change or overheating.Also, this phenomenon is not
found in a homogeneoussemitransparentslab irradiated uniformly,
in which the radiationabsorptionof the homogeneousnonscattering
layer close to the slab surface is always greater than that of the slab
center due to Beer’s law.

Figure 6 shows the dimensionless radial temperature distribu-
tions corresponding to Fig. 5. For comparison, the dimensionless
temperature distributionswhen the volume radiation was treated as
a surface interactionare also shown in Fig. 6. As shown in Fig. 6, for
the particle or droplet with small optical thickness, the inner tem-
perature is larger than the surface temperature.Treating the volume
radiation as a surface interaction results in a large error for temper-
ature distribution, especially in the case of small optical thickness.
For the particle or droplet with large optical thickness, the error is
mainly located in a site close to the surface. Only in the case of
¿0 À 1 can the volume radiation be treated as a surface interaction.

The effects of refractive index n on the dimensionless radiative
heat source and temperature distributions in the case of N D 1,
· D 0:001, ¿0 D 1:0, Tsur D 2000 K, and T0 D 300 K are shown in
Figs. 7 and 8. Because refraction focuses the incoming rays close
to the particle center, with the increases of the refractive index n,
in the initial period the peak of dimensionless radiative heat source
and temperature moves forward to the particle’s center.

Figure 9 shows the dimensionless transient temperature evolu-
tions in the case of n D 1:5, · D 0:001, ¿0 D 1:0, N D 10, Tsur D
2000 K, and T0 D 300 K. Treating the volume radiation as a surface
interaction results in a large error for the dimensionless tempera-
ture evolution curves. As shown in Fig. 9, when the radiation is
treated as volume processes, the inner temperature is larger than the
surface temperature,but when the radiationis treatedas surfacepro-
cesses, the inner temperature is less than the surface temperature.

Fig. 8 Effects of refractive index n on the dimensionless temperature
distributions in the case of N = 1, · = 0:001, ¿0 = 1:0, Tsur = 2000 K, and
T0 = 300 K.

Fig. 9 Dimensionless transient temperature evolutions in the case of
n = 1:5, · = 0:001, ¿0 = 1:0, N = 10, Tsur = 2000 K, and T0 = 300 K.

N = 10

N = 1000

Fig. 10 In� uence of conduction-to-radiation parameter N on the di-
mensionless radiative heat source and temperature distributions in the
case of n = 1:5, · = 0:001, ¿0 = 1:0, Tsur = 2000 K, and T0 = 300 K.
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This mainly results from the differentdistributionof radiative soure
term when different treatments of radiation processes are used.

The conduction-to-radiation parameter N characterizes the rel-
ative importance of conduction with regard to radiation. Figure 10
shows the in� uences of conduction-to-radiation parameter on the
dimensionless radiative heat source and temperature distributions
in the case of n D 1:5, · D 0:001, ¿0 D 1:0, Tsur D 2000 K, and
T0 D 300 K. As shown in Fig. 10, with an increase of conduction-
to-radiation parameter, the dimensionless radiative heat source and
temperature distributions become more uniform. Although, when
N D 1000, for the particle with small optical thickness, due to the
different distribution of the radiative source term, the computed re-
sults of volume radiation differ signi� cantly from those of surface
radiation.

Conclusions
A method to analyze the transient coupled radiation–conduction

in a semitransparent spherical particle surrounded by isothermal
black walls was developed.The radiative transfer coef� cients were
deduced using the ray tracing method in combination with Hot-
tel and Saro� m’s zonal method.14 The radiative heat source term
was calculated by the radiative transfer coef� cients, and the tran-
sient energy equation was solved by an implicit � nite difference
method. The effects of the related parameters on the transient ra-
diative heat source and temperaturedistributionwere analyzed.The
main conclusions can be summarized as follows:

1) The peak of dimensionless radial radiative heat source can
be located in the interior shell of the particle or droplet with small
optical thickness when heated by surrounding radiation.

2) Treating the volume radiationas a surface interactionresults in
large error of transient temperaturedistributionfor the case of small
optical thickness. The volume radiation can be treated as a surface
interaction only in the case of ¿0 À 1.

3) With increases in the conduction-to-radiation parameter, the
dimensionless radiative heat source and temperature distributions
become more uniform. Although, when N D 1000, for the particle
with small optical thickness, due to the different distribution of
the radiative source term, the computed results of volume radiation
differ signi� cantly from those of surface radiation.
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