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Transient Coupled Radiation-Conduction
in Semitransparent Spherical Particle

L. H. Liu* and H. P. Tan'
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and
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A method to analyze transient coupled radiation-conduction in a semitransparent spherical particle surrounded
by isothermal black walls was developed. The radiative transfer coefficients were deduced using the ray tracing
method in combination with Hottel and Sarofim’s zonal method. The radiative heat source term was calculated
by the radiative transfer coefficients, and the transient energy equation was solved by an implicit finite difference
method. The effects of the related parameters on the transient radiative heat source and temperature distribution
were analyzed. The results show that the peak of dimensionless radial radiative heat 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

specific heat

directional spectral radiative energy
radiative heat source of volume i, 47”;2 Arh;
radiative heat source

radiative intensity

thermal conductivity

complex index of refraction,n — ix
conduction-to-radiaion parameter, k8/(4n*c 1))
refractive index

radiative heat absorption

outside radius of particle

radial coordinate

spectral radiation transfer coefficients of
surrounding vs volume i

temperature

temperature of surroundings

initial temperature

time

coefficient defined in Eq. (5)

spectral radiation transfer coefficients of volume i
vs volume j

size parameter, 27t R /A

size parameter based on the wavelength
Amaxs 2 R/)‘max

dimensionlessradial coordinate, /R
spectral absorptivity defined in Eq. (32)
absorption coefficient, 47k /Apax
dimensionless temperature, T/ Tg

angle

index of absorption
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wavelength in vacuum

wavelength corresponding to the maximum spectral
emissive power at the surrounding temperature 7,
& = dimensionlesstime, k8%t /(pC,)

A‘l”ﬂBX

o = density of particle substance,

o = parallel polarized component of reflectivity

oL = perpendicularpolarized component of reflectivity
T = optical thickness variable, Br

70 = optical thickness of particle, BR

P = dimensionlessradiative heat source, i /(4n’Bo T04)
¢ = angle

w = angle

W = angle defined in Eq. (21)

Subscripts

b = blackbody

i = volume and node i

A = ata given wavelength

I = parallel polarized component

1 perpendicularpolarized component

Superscript

m = time step

Introduction

RANSIENT coupled radiation and conductionin a semitrans-
parentsphericalmediumis one of the pervasiveprocessesin en-
gineeringapplications,suchas spray combustion, = spray cooling *
spray drying, spray forming,> 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 translucentmaterials at elevated temperatures, in high-
temperature surroundings,or with large incidentradiation. Because
of its complexity, thermal radiation absorptionof particles was often
considered to behave like bulk materials; consequently, the absorp-
tion process was 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 review® of the literature



44 LIU, TAN, AND TONG

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. Sitarski® studied
heat transportinside an irradiated slurry droplet. In this research, the
transientenergy equation was solved by a finite difference method,
and the radiant heat source was calculated using the Mie scattering
theory. Tsai and Ozisik’ considered combined transient conduction
and radiationin an absorbing, emitting, and isotropically scattering
solid sphere with a black boundary. An implicit finite difference
method was applied to obtain temperature distributions from the
transient energy equation including heat conduction. The colloca-
tionmethod was 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 difficulty is in determining
the local radiant source term in the transient energy equation. Lage
and Rangel' and Tuntomo et al.} applied electromagnetic theory to
study the internal radiant absorption field of a small spherical parti-
cle. Dombrovsky and Ignat’ev® studied the temperature distribution
of large semitransparentparticles of a material of low thermal con-
ductivity during their motion in a gas jet. The radiation inside a
particle was calculated by use of the geometrical optics approxima-
tion in combination with the modified differential approximation.
Based on electromagnetic theory, Mackowski et al.'® presented se-
ries expressions for the radial dependent absorption cross section
and heatsource functionin a stratified sphere. Dombrovsky!! deter-
mined the radial profile of the radiation heat 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 sufficiently 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 profile. Generally, the local
radiant heat source within single spheres can be handled by 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 approximated with ray optics when
the sphere diameter is much larger than the wavelength.

Tan and Lallemand"? studied coupled radiation and conduction
in a glass slab using the ray tracing method in combination with
Hottel and Sarofim’s zonal method.'* Recently, Wang et al.'> 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 coefficients.

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 transfer coefficients are
deduced using the ray tracing method in combination with Hottel
and Sarofim’s zonal method.!* The radiative heat source term is
calculated by the radiative transfer coefficients, and the transient
energy equation is solved by an implicit finite 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 7. In addition, the
following assumptions are made in analysis:

K, Ar
)
12! Iz} }M-IM

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 index of refractionm = n —i«, density p, specific
heat C,, and conductivity k of medium does not depend on the
temperature.

5) The complex reflective index does not depend on wavelength.

The energy equation for transient coupled radiative and conduc-
tive heat transfer in a semitransparentparticle is given by

aT(r,t) k 8 [ 0T @, 1)
C— = —— | p2— h(r,t 1
Pat 2or| " or +ht D (1a)
with the boundary and initial conditions, at r =0,
oT (r, t
aIwn _, (1b)
ar
atr =R,
oT (r, t
ey _ (10)
ar
and att =0,
T(r,t)=T, (1d)

The semitransparentparticle is dividedinto M uniform control vol-
ume elements in a radial direction as shown in Fig. 1. Using an
implicit central difference approximation,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 discretized energy equationof the control
volume i is obtained as

2 m+1 _ gpm+1
4rpC,r Ar (T.”‘“ 3 T.”‘) _ 47Tkr,-+%(Ti+1 T; )
At ! ! Ar
dmkr? (T3 = TY)
+ T7 + Hm™* 1
Ar !
2<i<M-1 (a)
4rkr? (Tt —Tm+!
47T/Ocllri2Ar (T_m+l _ Tm) — i+%( i+l ' ) + H_m+l
At ! ! Ar !
i=1 (2b)
2 4nkr_2 TI_WLJrl_TiMJrl
471,06:tr,.Ar(7;m+1_7;m): ,7%( Arl )+Hi”‘+'
i=M Q20
where H; is the local radiative heat source term given by
H = 4nr,.2Arh,- (2d)

Radiative Heat Source Term

The key to solving the transientenergy equationis to compute the
local radiative heat source term H;. We use the ray tracing method
to deduce the detailed computation formulas for the radiative heat
source term. The local radiative heat 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.

Considerirradiationof a spherical particle with incidenceangle 6.
As shownin Fig. 2, the refraction angle ¢ is related to the incidence
angle and the complex refractive index through Snell’s law as

sing = (1/n) sin@ (3)

The reflectivities of external specular reflection are'®!”

(cos6 — u)? + v?
o) = —— 2 T 7 4
pL(O) (cos O + u)? + v? (42)

(ucosf — sin® )% + v2cos? 0
0 0 (4b)
al) = (u cos6 + sin® 0)? + v2 cos? L( )

where p, and p are perpendicular and parallel polarized compo-
nents, respectively,and u and v are the coefficients given by'®!”

15 4+ (n® — k% — sin )}
(5a)

v? = 0.5{[(n* — k* — sin® 0) 4 4n’k>1"> — (n® — Kk — sin® H)}
(5b)

u? = 0.5{[(n> — k* — sin® 6)* + 4n’«>

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 6. The ray enters the spherical
particle with the initial refraction angle ¢. After entering the parti-
cle, the ray undergoes multiple reflections and refractions. Through

AL = ZAlbura _

Ij'_L_‘B{exp[—ZxK (cos¢ —+/y? —sin? ¢)] - exp[—2x1< (cos¢ +/y? — sin? ¢)]}

0.5[1 — p1 (0) 2 (Tiur) cos 027 sin € dO = 17" cos ¢2m sinp dg
(6a)

0.5[1 = py (0) s (Tsur) c0s 027 sin 6 6 = I} cos 27 sing d¢p
(6b)
where 1, (Ty,,) is the spectral radiative intensity of the incident ray
from the surroundings and /" and Iy are the perpendicularand

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

sinf cos 6 df

I =0.5[1- /OL(Q)]IM(TW)W (7a)
sur sinf cos6 df
15 =0.5[1 —py (@]hx(hﬂm (7b)

For the perpendicularcomponent,after the firstinternalreflection,
spectral radiative intensity of the reflected ray becomes

I = 1" p, (8) expl—(4mic /A)2R cos ¢ ]
= I}")p. (8) exp(—4xk cos }) 8)
where x is the size parameter defined as

x = 2R /A )]

After the kth internal reflection, the perpendicularspectral radiative
intensity component of the reflected ray is given as

Isur P Isu{) [)OJ_ (9) CXP( —4xK cos ¢)] (10)

During the kth and (k + 1)th internal reflection, the perpendicular
spectral radiative intensity component absorbed by the sphere with
radius r in the particleis written as

ALY = 1 [pL(0) exp(—4xk cosp)]*
X {exp[—ZxK(cos¢ — v y? —sin’ ¢)]
—exp[—ZXK(cos(b + v/ y? — sin? ¢)]} an

where y is the dimensionless radius defined as
y=r/R (12)

The absorptionof the perpendicularspectralradiativeintensity com-
ponentin the infinite series of internalreflectiontraversalsof a single
ray is summed as

symmetry, ¢ becomes the incident angle for all internal reflections,
and 2R cos ¢ is the distance traveled between consecutive surface
encounters.The reflectivities of internal specularreflectionare equal

(13)

1 — p, (0) exp(—4xk cos¢)

Similarly, the absorptionof the parallel spectral radiativeintensity
component in the infinite series of internal reflection traversals of a
single ray is written as

N Z N I {exp[—ZxK(cos¢ —/y2 —sin® ¢)] — exp[—ZXK(cos(b ++/y? — sin? ¢)]}
I k=

1 — p;(0) exp(—4x«k cos )

to thatof external specularreflectionif expressedin term of the angle
0. For the unpolarizedincidentradiation from the surroundings,the
relation between the radiative intensities of the initial incident and
refracted rays is determined by energy equilibrium as

(14)

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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Pend
o™y, 4 = / 47 R (AL + AL )cos ¢27 sin ¢ dep
0
(15)

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

O™ (y, M) = 4m° R* I, (T,)
Bend
X / {exp[—ZxK(cos¢ — v y?2 —sin? ¢)]
0
— exp[—ZXK(cos(b ++/y? —sin® ¢)]}

y 1—p.0)
1— p1(9) exp(—4xk cos¢)

10 }
1 — p;(6) exp(—4x« cos ¢)

X siné cos O do (16)

Here, 0.,4 is determined as follows:

Oena = 0.577, if I/n<y<l1 (17a)

Bena = sin”~' (ny), if 0<y<l/n  (17b)

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

sur(y, 4+ 0.5Ay;, A) — 0% (y; — 0.5Ay;, A
[SVI_]A:Q (y Yi,A) — O™ (y Vi, M) (18)
nlb)»(Tsur)

To derive the computational formulas of the local absorption of
internal radiation, we trace an emitting ray from the differential
volume dA; Ar; at site A of the sphere surface with radius r;. Here,
dA; is the differential area in the surface of the sphere with radius
r;. As shown in Fig. 3, the ray hits the particle surface with the
incidence angle ¢. After that, the ray undergoes multiple reflection
and refraction. The incidence angle ¢ is related to the emittance
angle w as

¢ = sin"!(y; sinw) (19)

If r; > r;, any rays emitted by site A of sphere surface with radius
r; will intersect with the sphere with radius r;. The length of the

pathﬁ is given by
Sac = R(y; cosw; — y; cosw) (20)
where the angle w, is given by
w; = sin™'(y; sinw/y;) (21)

The directional spectral radiative energy absorbed by the spherical
shell with thickness Ar; at the location of r =r; is expressed as

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

2
) drk drk dS,c
AE" = | — | n%1,,(T)) dA; Ar; ——S —Ar;
0 ( 3 ) 1 (T7) CXP( 3 AC) ar, b

= 4(xnk)* 1, (T)) exp[—2x«k (y; cosw; — y; cos )]
AV
x —22Y% A Ay, (22)
yi— sin’ ¢
Before undergoing multiple reflection and refraction, the ray
emitted by the differential volume dA; Ar; reaches the particle’s

internal surface with the directional spectral radiative energy E,
given by

4 4
E,= %nzlbh(yi)dAiAri CXP|:_ ZK SAci| (23)

When Eqgs. (19-21) and (23) are combined, Eq. (23) can be rewritten
as
dxi
E, = Tn I, (y:) dA; Ar; exp[—2xK(cos ¢ — y; cosw)]  (24)

Similar to the absorptionof the radiation of the surroundings,during
multiplereflectionsandrefractions, the directionalspectralradiative
energy absorbed by the spherical shell with thickness Ar; at the
location of r =r; is expressed as

AEp = 4(nx’<)21b/\(Ti){eXp[_ZXK (COS¢ ' yj? — sin’ ¢>]
+exp[—2x1< (cosqﬁ + 4/ y? —sin ¢ ’] }

{ pL(6)
x 0.5
1 — p, (0) exp(—4xk cos p)
0y(0)
1 — p; () exp(—4xk cos¢)

Vi AY;

VY —sin’ ¢

The relation between the angles ¢ and 0 is determined by Snell’s
law. For the reflection of the ray emitted by internal medium of
particle, the angle for total reflection, ¢, is defined as

Ger = sin™' (l/n) (26)

If ¢ < ¢, the reflectivities used in Eq. (25) can be calculated by
Egs. (4a) and (4b); otherwise, p, = p; =1. Summing Eqgs. (22)
and (25), integrating the sum over the total surface of the sphere
with the radius r; and the range of the solid angle, and dividing it by
7 1, (T;), we derive the following relation for the spectral radiation
transfer coefficient of volume i vs volume j as

[ViVil, = 327 R? f“:” ({exp[—Zxx(cos¢ —4/ y.? — sin? ¢>]

x exp[—2xk(cos¢p — y; cosw)] dA;Ay;  (25)

0=0
+exp[—2x1< (cosqﬁ + 4/ y? —sin® ¢ ’] }
. 0.5[ pi(6)
1 — p.(0) exp(—4xk cos p)

p1(6)
1 — py(6) exp(—4xk cos¢)

X exp[—2x«k(cos¢ — y; cosw)]
+ exp[—2xk(y; cos B1 — yi cosa))])

Ay,
x Myisz; (nxk)? sinw dw (27)

VYi—sin®¢
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According to the relativities of the spectral radiative transfer
coefficients, we have

ViVil =1V Vil (28)

Using the spectral radiative transfer coefficients, the radiative heat
source term of the control volume 7 is expressed as

oo M
H; = f 7l T[SVl + Y wly (THLV, Vil
0

j=1
4
— 167 Ar, (%)n%(m dx (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 complete mathematical formulation
for the problem of transient coupled radiation and conductionin a
one-dimensional semitransparent particle. An iterative process is
needed to solve the problem because the energy equation involves
the radiative heat source term, whereas the radiative heat sourceterm
requires the temperaturedistribution. Equation (29) for the radiative
heat source term was approached by numerical integration, and the
discretizedenergy equation(2a) was solvedby the tridiagonalmatrix
algorithm method. At each time step, the temperature convergence
criteria was taken as follows:

Trew _ Told

T <107 (30)

max

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

aT(r,ty ko[ ,0T(r,1)
C)y— == r— 31
P ot r2 or d or (31a)
with the boundary and initial conditions, at r =0,
oT (r, t
& =0 (31b)
ar
atr =R,

aT(r,1)
ar

—k / O[)»n[lb)»(Tw) - Ib)»(Tsur)] da (31C)
0

and at =0,
T, t) =T, (1d)
where the spectral absorptivity «; is defined as

0% (1, 1)
=" 32
T R, (Ty) (32)

From Egs. (16) and (32), it can be seen that, if the complex refractive
index is independent on the temperature, the spectral absorptivity
o, is afunction of n, k, 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 refinement and time step sensitivity studies were
also performed for the physical model to ensure that the essential

—— Mie Theory

------ Geomeirical Optics

n=15

0.0 T
0.1 1.0 100  100.0 1000.0

X

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

1600.0
i 7, =0.1
1200.0 4
800.0
m=l
400.0
0.0 T
00 02 04

Fig. 5 Influences of optical thickness on the dimensionless radia-
tive heat source distribution in the case of N=1, n=1.5, k =0.001,
Tsur =2000 K, 7y =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 forradiative source term derivedin this paper to be correct.
Because the geometrical optics can approximate Mie theory well for
larger particles, in this paper, we consideronly the transientcoupled
radiation-conduction processes in the particle with size parameter
Xmax = 50. The size parameter x,,,, is based on the wavelength X,
at which the spectral blackbody emissive power is a maximum for
a given temperature T, of the surroundings.

From Egs. (16), (27), and (29), we can see that the size parameter
and the complex refractive index of the particle affects the radial
distribution profiles 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 radiative heat source dis-
tributions within a semitransparent particle for three different par-
ticle optical thicknesses in the case of N =1, n=1.5, x =0.001,
T,.: =2000 K, Ty =300 K, and £ =0.002. From Fig. 5, we can find
the peak dimensionlessradial radiative heat source is located in the
interior shell of the particle or droplet with small optical thickness.
This phenomenonmay be related to the internal burst or overheating
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Fig. 6 Influence of optical thickness on the dimensionless tempera-
ture distribution in the case of N=1,n=1.5, k =0.001, T, =2000 K,
Ty=300 K, and £ =0.002.

800.0

20007 £=4x10"

1---- e=4x10
0.0 — T T T T 1
00 02 04 06 08 1.0

Fig. 7 Effects of refractive index n on the dimensionless radiative
heat source distributions in the case of N=1, kK =0.001, 7 = 1.0, Ty, =
2000 K, and T = 300 K.

of particles or droplets during radiant heating because the interior
of particleis the first to reach the phase change temperature and un-
dergoes phase change or overheating. Also, this phenomenonis not
found in a homogeneous semitransparentslab irradiated uniformly,
in which the radiationabsorption of 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 distributions when the volume radiation was treated as
asurfaceinteractionare also shown in Fig. 6. As shownin 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 interactionresults 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
7o > 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 =1,
k =0.001, 1o =1.0, Ty, =2000 K, and 7, =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 dimensionlessradiative 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=1.5, k =0.001, 7p=1.0, N =10, Ty, =
2000 K, and T;, = 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 temperatureis larger than the
surface temperature,but when the radiationis treated as surface pro-
cesses, the inner temperature is less than the surface temperature.

4.0 _
£=4x107 —__n=15

- n=25

Fig. 8 Effects of refractive index n on the dimensionless temperature
distributions in the case of N=1, Kk =0.001, 79 = 1.0, T, = 2000 K, and
Tp =300 K.
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0.0 0.1 0.2 0.3

Fig. 9 Dimensionless transient temperature evolutions in the case of
n=1.5,k=0.001,7=1.0, N=10, T, =2000 K, and 7, =300 K.
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Fig. 10 Influence of conduction-to-radiation parameter N on the di-
mensionless radiative heat source and temperature distributions in the
case of n =1.5, k =0.001, 7 = 1.0, T, =2000 K, and 7)) =300 K.
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This mainly results from the different distribution of radiative soure
term when different treatments of radiation processes are used.

The conduction-to-radigion parameter N characterizes the rel-
ative importance of conduction with regard to radiation. Figure 10
shows the influences of conduction-to-radiaion parameter on the
dimensionless radiative heat source and temperature distributions
in the case of n=1.5, ¥k =0.001, 7,=1.0, T, =2000 K, and
T, =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 =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 significantly 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 coefficients were
deduced using the ray tracing method in combination with Hot-
tel and Sarofim’s zonal method.!* The radiative heat source term
was calculated by the radiative transfer coefficients, and the tran-
sient energy equation was solved by an implicit finite difference
method. The effects of the related parameters on the transient ra-
diative heat source and temperature distribution were 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 interactionresultsin
large error of transienttemperature distributionfor the case of small
optical thickness. The volume radiation can be treated as a surface
interaction only in the case of 7o > 1.

3) With increases in the conduction-to-radidion parameter, the
dimensionless radiative heat source and temperature distributions
become more uniform. Although, when N = 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 significantly from those of surface radiation.
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