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Abstract-A numerical method is presented for predicting radiation heat transfer from axisymmetric bodies 
consisting of numerous arbitrary ring elements. Each ring element has the combined characteristics of 
specular and diffuse surfaces. The accuracy of the method was verified using a simple configuration. Good 
agreement between the present numerical and analytical solutions was obtained, and the effect of specular 
reflectivity was investigated. As a numerical example, radiation heat transfer of the Czochralski crystal 
growth apparatus was presented. The effect of specular reflection on temperature distribution on the 
various surfaces was examined. The present radiation transfer method was combined with the finite 
element package ABAQUS for conduction analysis, and the effect of specular reflectivity on temperature 

distribution and surface heat flux was investigated. 

1. INTRODUCTION 

PRECISION heat-transfer control of Czochralski (CZ) 
crystal growth furnaces has been in great demand 
because of recent increases in the diameter and quality 
of semiconductor crystals. Kotake et al. [l] developed 
a computation system for the combined heat transfer 
analysis of a CZ furnace using inter-university 
networks. 

Radiation heat transfer is important for the pre- 
cision heat-transfer control of a CZ furnace. The pro- 
file of the furnace is complicated and changes with 
processing time. Accordingly, applying a radiation 
heat-transfer analysis for a simple configuration is 
difficult. Several existing studies 12-51 have been done 
on radiation heat transfer of CZ furnaces ; however, 
these are applicable only when the surfaces are diffuse. 

Surfaces are not always diffuse, but may be specular 
or have a combination of specular and diffuse charac- 
teristics. The surfaces of silicon solid and melt are 
generally specular, and meta vessels containing the 
furnace are usually specular. The existing radiation 
analysis for diffuse surfaces may contain substantial 
error, and precise estimation of radiation flux and 
temperature on the specular surfaces is difficult. There 
have been methods for radiation heat transfer between 
specular surfaces proposed by Sparrow et al. [6] and 
Masuda [7] ; however, these are restricted only for 
very simple configurations in practical applications. 

Recently, the finite element method (FEM) and 
boundary element method (BEM) have become popu- 
lar tools for computer aided engineering (CAE). These 
methods can be applied to almost any geometrical 
config~ation by a single computer program without 
any special knowledge, such as that required for tak- 

ing pictures by an idiot camera. Also recent improve- 
ments in computer technology enable us to treat a 
large matrix calculation. 

The authors presented a simple numerical method 
for analyzing radiative transfer from three-dimen- 
sional bodies of arbitrary contiguration, and proposed 
an effective radiative exchange area for simplifying 
the analysis IS]. One of the authors introduced a new 
definition of absorbing and diffuse reflection view fac- 
tors for analyzing radiative transfer of three-dimen- 
sional arbitrary bodies with specular and diffuse sur- 
faces. The bodies comprise numerous polygons, and 
temperature or heat flux is arbitrarily specified on each 
surface 191. 

The above-mentioned three-dimensional method 
can be applied to axisymmetric bodies. However, the 
calculation time needed is proportional to the square 
of the number of total surface elements. Conse- 
quently, the efficiency of calculation is extremely low 
if one constructs an analysis model from three-dimen- 
sional polygons. 

In the present study, we propose a new calculation 
method applicable to arbitrary axisymmetric bodies 
consisting of numerous ring elements. The accuracy 
of the present method was compared with analytical 
solutions using a simple toleration, and the effect 
of specular reflection on heat transfer characteristics 
was investigated. 

Finally radiation heat transfer of a CZ crystal 
growth furnace was investigated and the effect of 
specular reflectivity was estimated. The present 
method of radiation heat transfer was combined with 
the finite element package ABAQUS for conduction 
analysis. The effect of specular and diffuse reflection 
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4 surface element or area of the element .Y, z coordinates in radial and axial 
F,., view factor from element Ai to A, directions, Fig. 2. 
r;;:: absorption view factor, 

equation (3) Greek symbols 
KY diffuse reflection view factor, absorptivity and emissiv~ty 

equation (4) 2; numerical error of a view factor, 
F view factor matrix equation (18) 
G, irradiance B polar angle measured from normal 
nH, ndi partition number of rays in A and 41 vector of a surface 

directions PD diffuse reflectivity 

% partition number of a surface PS specular reflectivity 
N total number of surface elements Stefan-Boltzmann constant 

4; dimensionless heat fluxes, QX/QT ; circumferential angle. 

Q-r heat transfer rate of thermal emission, 
A,EcT~~, Fig. 1 Subscripts 

QX heat transfer rate of net heat loss, 6 j values on surface element Ai and A, 
Fig. 1 respectively 

Q heat transfer rate vector T, X values due to thermal emission and net 
r, surface temperature heat loss. 

on the surface heat lktx and temperature distribution 
was investigated. 

2. METHOD OF ANALYSIS 

Radiation heat transfer between surfaces in non- 
participating media is a classical problem. Most of the 
analyses assumed a gray and diffusely emitting and 
reflecting surface, and introduced the view factor of a 
surface element A, as follows : 

cos Bi cos 6 
-kdA_dA_ 

Td 
1 I 

where P is the distance between elements dAi and dA, 

The above expression for the view factor is a geo- 
metrical function of only the relative positions of sur- 
face elements. The analytical procedure for obtaining 
the view factor is simplified ; however, radiation trans- 
fer using the view factor in equation (1) becomes very 
complicated [9] when the system includes specular 
surfaces or specular and diffuse surfaces, as shown in 
Fig. 1. 

FIG. I. A ring element with a specular and diffuse surface 
and heat balance of radiation and net heat loss. 

The basic definition or physical meaning of the view 
factor is introduced in the present study. Then, an 
absorption view factor F,$ and a diffuse reflection view 
factor Ff;: are introduced as follows : 

I$: the fraction of the radiation leaving surface 
element A, that is absorbed by surface A, 
c;: the fraction of the radiation leaving surface 
element Ai that is diffusely reflected by surface A,. 

Since a fraction of the specular reflection is either 
absorbed or diffusely reflected by other surface 
elements after several specular reflections. the specular 
fraction is not added to the view factors. The ray 
emitted from A, may be reabsorbed by the same 
element Ai after specular reflections on the other 
elements. 

In order to simplify the problem, the following 
assumptions are introduced. 

(1) Each surface element has constant temperature. 
heat flux and emissivity over the surface element. 

(2) The surface is gray and opaque against thermal 
radiation. 

(3) The reflectivity and emissivity of a surface 
element are inde~ndent of the incident angle. as 
shown in Fig. 1. 

The reflectivity and emissiv~ty are not constant on 
actual surfaces near 0 = n/2. However, the effect of 
the dependence on heat transfer is considered to be 
small because of the nature of the cosine law of the 
emission. Silicon crystal at room temperature is trans- 
parent against radiation whose wavelength is larger 
than I. 1 pm. However, ham-temperature silicon solid 
and melt can be treated as opaque against thermal 
radiation [lo]. In general, reflectivity of a solid surface 
is dependent on the wavelength. However, the spec- 
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FIG. 2. Analysis model of arbitrary ring elements and emis- 
sion of radiation. 

tral dependence is not so critical in the visible and 
infrared regions compared with that of absorption 
coefficient and emissivity of gas. Consequently, it is 
considered that the assumption (2) gives reasonable 
approximation in the present case. 

According to the assumptions and referring to Fig. 
1, the reflectivity of element Ai is divided by the two 
components of diffuse and specular reflectivity as fol- 
lows : 

pi =p:+py = l-a, = l_Ei. (2) 

Considering equation (2) and the definition of view 
factors, F$ and F: can be written as follows : 

where j,, dw expresses integration over the hemi- 
spherical solid angle, and Jj(& #) is the fraction of 
the ray emitted from dA, in the direction of (@,4) that 
is intercepted by AT As shown in equations (3) and 
(4) and Fig. 2, the present view factor is a function 
not only of the geometrical configuration, but also of 
emission and reflection characteristics. 

Recent progress in computer graphics has accel- 
erated improvement in the ray tracing method for 
visualizing calculated data. A radiation ray tracing 
method has been used for analyzing the directional 
emission characteristics of an involute reflector [I 11, 
The radiation ray tracing method can result in a sub- 
stantial saving of calculation time f12] compared with 
the Monte Carlo method. In the present analysis, the 
radiation ray tracing method is adopted for estimating 
the absorption view factors and the diffuse reflection 
view factors discussed in the previous section. 

An analysis model for the present axis~metric 
system is shown in Fig. 2. Arbitrary bodies are con- 

structed by numerous ring elements a’ (i = 1,. . , N). 
These elements are parts of a circular disc, cylinder or 
cone, and expressed as follows : 

a(x2+y2)+b(z-c)2 = d 

Circular disk : a = 0, d = 0, 

Cylinder : b = 0, 

~ 

(5) 

Cone: d=O,a>O,b<O 

Consider a crosssection of a ring element in the x- 
z plane, and let the start and end points be s, and sz, 
respectively. The surface area of element i and the 
centroid is expressed by the following relations. 

52 

Ai=27r x&r s (6) 
SI 

s2 32 

A&i = s is x2 ds xds 
SI SI 

(7) 

where s is a distance along the element in the x-r 
plane. 

The radiation energy is emitted from the centroid 
of element Ai, and is divided into (I + n,y+,) bundles 
of rays whose initial intensity is l/(1 +nen,). The initial 
direction (0, #Jo) of the ray is expressed as follows. 

81 = 4, = 0 

Bi = {sin-‘[(1 +in,-r~+,)/(n,n~+ l)]“.’ 

fsin-‘[(l +in,)/(n+n,+ 1)]“.5}/2 

+j=2zx(j-l)/n6, for(i# 1,jZ 1) ~ 

. (8) 

The rays emitted from Ai according to equation (8) 
are shown in Fig. 2, for the case of na = 3, n+ = 7. 
Each ray has uniform intensity, and angular density 
of emission is high near the normal direction. 

The pencil of the ray is traced numerically according 
to the following process: 

(1) When the ray emitted from element Ai strikes 
surface A,, the intensity of the ray is divided into the 
absorbed fraction dZA, diffusely reflected fraction dZD, 
and specular reflected fraction dZs according to equa- 
tion (2). 

(2) Then, dZA and dZD are added to F,$ and F,!$, 

respectively, and the reflected ray with intensity dZs is 
traced again, 

(3) When the ray strikes the surface Af, the absorbed 
and diffusely reflected portions are added to F& and 
Z’$ respectively, and the specular fraction is traced 
again until the ray is attenuated to less than 1% of its 
initial strength or absorbed completely. Note that the 
specular fraction of the ray carries with it the infor- 
mation on the intensity and the element i from which 
the ray was originally emitted; however, the ray is 
oblivious to the procedure by which element the ray 
was reflected. It should be noted that the model is 
axisymmetric ; however, the ray tracing should be car- 
ried out in a completely tree-dimensional system. 
Otherwise, the tracing of a skew ray cannot be treated 
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properly, and the analysis may cause a substantial 
error. 

After tracing the rays from all the surface elements, 
F:, and Fy, can be obtained automatically. It should 
be noted that the ray tracing method described above 
is not only suitable for a supercomputer with a vector 
processor, but is also effective for computers with 

parallel processors because the procedure can be per- 
formed independently. 

2.3. Radiation tram@ 

For analyzing radiation heat transfer between 
specular and diffuse surfaces, the diffuse radiosity JDj 
is defined as follows : 

f,,, = B,oT,~ +pfG, (9) 

where G, is the irradiance on surface A,. The diffuse 
radiation heat transfer rate Q,, is expressed as 

Q,, = A,&, = A,(E,# +p:G,). (10) 

The net rate of heat loss Qx, can be derived from 
the heat balance on surface Ai, as shown in Fig. 1, 

Q,, = &,(oTf -G,). (11) 

Consider the closed enclosure system composed of 
N surface elements. Defining the irradiation energy 
and emissive power on element A, as QG8 = A,G, and 
QT, = A,c,aTP, and using FJ: and F,: from the pre- 
vious section, the irradiation energy and absorption 
energy can be expressed as follows : 

PP~, = i CQ,, 
,= I 

A,@, = i F;s~,,- 

(12) 

(13) 
,= 1 

Hence, equations (10) and (11) can be rewritten as 
follows : 

Qfr = Q~,+ li F;Q, (14) 
,= I 

,- I 

If we express F,,, as matrix F and Q, as vector Q, 
and eliminate Q,, from equations (14) and (15), the 
following relationship can be obtained : 

FxQT = IQx (16) 

where 

F, = I-F*(I-FD)-’ (17) 

and I and ( ) ~’ are the unit matrix and inverse matrix, 
respectively. Consider the case when each element is 
specified temperature T, or heat flux qx, ; the unknown 
components of qx, or T, are obtained, respectively, 
by solving equation (16). Details of the numerical 
processes were described in the previous report [9]. 

Introducing the rate of heat transfer vector Q. 
instead of usual heat flux qi and temperature r,, and 
introducing FD and F*, the analysis from equation 
(16)- (21) becomes purely algebraic. Therefore. the 
numerical procedure can be simplified, and the con- 

ventional algebraic tools for a computer can be easily 
utilized. 

3. RADIATIVE TRANSFER OF A SIMPLE 

CONFIGURATION 

3.1. Viewfktor 

The present radiation ray tracing analysis for 
obtaining view factors was applied to a simple con- 
figuration, as shown in Fig. 3. The round container is 
composed of a circular disk #l and a hollow cylinder 
#2. The radius of the disk and the height of the cylinder 
are unity. 

The view factor from differential area dA, to A:. 
F dl.21 was calculated for various numbers of ray par- 
titions n+ n,. The analytical solution of the view factor 
(Fdi,& was obtained analytically [ 131. The numerical 
error is expressed by the following relationship. 

AFdl.1 = Fu/(Fw)~ - 1. (18) 

AFd2,1 can be defined in a similar manner. Figure 4 
shows the accuracy of F,,,z and Fdz,, when rl$ = u,,. 
The abscissa expresses the position of dA, and dA, 
along the x and z axes. The accuracy of the view 
factors improves gradually with increasing n, and +,. 
However, the calculation time increases almost lin- 
early with fan x nH. Therefore, a compromise must be 
made between accuracy and calculation time. In the 
present case, sufficient accuracy is obtained for 
ncb = wt, 2 40, and ng = n,, = 40 was chosen for the 
following calculation. The accuracy of the view factors 
was discussed in detail elsewhere [ 141. 

3.2. Heat tramfkr 

In order to investigate the effect of element size on 
the accuracy of radiation heat transfer, the radiation 
exchange of the configuration, as shown in Fig. 3. was 
calculated using the present numerical method. Each 
panel was divided into nP elements. Constant tem- 
perature is assumed on the surfaces, and the ambient 

FIG. 3. Radiation model of a simple configuration consist of 
a disk and a cylinder. 
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FIG. 4. Accuracy of Fd,,2 and Fd2,, for various ray partitions when n, = nO. 

is assumed to be black and 0 K. The emissivity on the 
panel and ambient is unity. The outer surfaces in Fig. 
3 are assumed to be adiabatic. 

Figure 5 shows the distribution of the net radiative 
heat flux along the surface elements for various par- 
tition numbers nP. The net rate of heat transfer Qx is 
expressed in dimensionless form q$, because the sys- 
tem is linear against Qr. 

The solid line in Fig. 5 is a semi-analytical solution 
obtained as follows. Each surface element #l and #2 
was divided into 100 zones (n, = 100). Then, the view 
factors 4,j were obtained analytically [ 131. Radiation 
heat transfer was obtained in the same manner ex- 
plained in Section 2.3. It is noted that the semi- 
analytical method is only applicable for diffuse 
surfaces. Therefore, the specular reflectivity is set to 
zero in the present numerical simulation, and the 

numerical results were compared with the semi- 
analytical solutions. 

The numerical solutions with small partition num- 
ber show relatively good agreement with semi-ana- 
lytical solutions independent of the partition number. 
The case of nP = 1, still, shows reasonable agreement 
with the semi-analytical solution without divergence 
or any numerical instability. These characteristics are 
similar to FEM or BEM, and are important for the 
analysis of arbitrary configuration. 

3.3. Effect of specular reflectivity 
Radiation heat exchange of the configuration in 

Fig. 3 was calculated for various specular and diffuse 
reflectivities. The emissivity is fixed at 0.1, and the 
specular reflectivity was changed from 0 to 0.9. The 
dimensionless net heat flux 4% along the surfaces of a 
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Surface @ Surface @ 
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FIG. 5. Effect of element size on accuracy of radiation heat transfer between diffuse surfaces. 
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FIG. 6. Effect of specular reflectivity on net heat flux along surfaces I and 2 (constant temperature) 

constant temperature channel is shown in Fig. 6. The 
semi-analytical solution explained in the previous sec- 
tion for the diffuse surfaces is also plotted in the figure. 

If one compares qg with diffuse and specular 
surfaces, the value with specular surface is larger than 
that with diffuse surface on surface #l. The opposite 
can be seen on surface #2. The flux on surface #2 is 
maximum for p D = ps = 0.45. For a three-dimen- 
sional model with unit squares, net heat flux increases 
monotonously with increasing specular reflectivity [9]. 
The effect of specular reflectivity for the case of the 
three-dimensional channel is not as complicated as the 
present axisymmetric case. 

4. RADIATION HEAT TRANSFER OF A CZ CRYSTAL 

GROWTH FURNACE 

4.1. Analysis model 
The heat transfer analysis model of a Czochralski 

furnace for silicon crystal growth is shown in Fig. 7. 
The diameter of the silicon crystal is 250 mm, and the 
inner diameter of the crucible is 500 mm. Solid silicon 

in the crucible is assumed in order to simplify the 
problem. The distance between the top of the crystal 
and the bottom of the crucible is 525 mm. A graphite 
heater of 650 mm inner diameter surrounds the 
crucible. The entire furnace is contained in a metal 
chamber whose inner diameter is 800 mm and height 
is 750 mm. 

The radiation transfer model composed of ring 
elements is shown in Fig. 8. The silicon surface is 
divided into 12 elements. The crucible and heater are 
divided into 20 and 16 elements, respectively. The 
total number of ring elements is 88. The emissivity of 
each surface is specified by Miyahara el al. [4]. For 
the emissivity of the chamber, we adopt the value of 
stainless steel. Two surface conditions are considered 
on the silicon surface and the metallic chamber. One 
is the diffuse case as has been studied by many 

researchers, and the other is the specular surface with 
the same emissivity. The value of emissivity and sur- 
face conditions are listed in Table 1. 

The temperature of the heater is constant at 1000 
K. A wide variety of boundary conditions may be 
considered at the metal chamber. Strictly speaking, 
one has to take account of the heat transfer on the 
outer surface of the chamber. For simplicity of the 
problem, the bottom and side of the chamber are 
adiabatic, and the top surface is assumed to be at 300 
K. These boundary conditions of each surface are 
indicated in Fig. 8. The ray partition is set at 
nb = II@ = 80 for the present model. For generation of 
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Rr;. 8, Boundary condition and surface condition on surface 
elements. 

The present method can easily be combined with 
a calculation package for conduction analysis. The 
present radiative trander anaIysis was combing with 
a ge~~~~-~~s~ f&ite ejement ~aiys~s promo 
ABAQXJS. The co~erged solution of combined heat 
transfer was obtained by the iteration process between 
radiation and conduction analyses. Once the cal- 
culation of view factors is completed, the calculation 
time for obtaining T and & is shurt. These charac- 
teristb of t.he preseat an&y& are SuitaHe for the 
iterating process for 8 given con%gm”ation. Total 
calculation time for the view factors lxnd radiative 
transfer of the above case was 320 s (for 1 CPU) by 
CRAY-YMP8/418. 

Prior to the anaiysis of combined heat transfm, 
radiative transfer of adiabatic surfaces was conducted. 
The surfaces of the silicon and crucible are assumed to 
be adiabatic, and surface temperatures are calculated. 
The tem~rature d~s~but~on of adiabatic surfaces is 

expressed in three”~ime~siona~ form ia Fig. 9, and 
the surface ~~~~F~~~~~s atong the s%con crystal are 
&own in Fig. IO. 

Figure 9 compares the temperature ~s~butions of 
diffuse surfaces and diffuse and specular surfaces. The 
temperature on the Gamber and the outer surfaces of 
the crucible does not change substantially with surface 
conditions. However, a marked decrease in tem- 
perature With speculr surfaces on fificoa crystal an& 
the inside wall of the crucible is observed. 

The same trend WI be seen in Fig. 10, and the 
specular surfaces represent 30 K lower temperature 
than the diffuse surface at maximum. The tem~~~ure 
on the &5u&r of&e crystal (region Af is ~emarkab~y 
iow. ~~nt~n~~ of t~~~~~ at the border 
between regions A and B is due to the assumption of 
arr adiabatic surface ore the crystal. The difference 
between temperature distributions far the cases of 
diffuse and specular surfaces is small in r&an A. 

The etrect of specular retrectivity is smalf when the 
~o~~gu~t~on is simple; however7 &e efFect is marked 
when the shape has a concave part such as regions 3 
and C. This tendency is the same as that in the three- 
dimensional case [9] investigated on a connecting rod 
of an automobile. As have been discussed in the Sec- 
tion 3.3, the effect of spseet&r refl~tiv~t~ on surface 
tiptoe and surface heat &IX is ~~~den~ ou the 
shape of the bodies, 

4.3, Combined heut traqt‘& model 
Conduction and radiation combined heat transfer 

ana&& of the f=Z furnace, as shown in Fig. 7, was 
~~du~t~, The heat &IX smd ~~~a~ure d~st~bu~on 
on the surfaces are shown in Pig. I I. The difference 
in temperature on the crystal between specular and 
diffuse cases becomes smaller compared with the case 
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t, /, I I I ’ 

--o--- Specular Surfaces 
-+- Diffuse Surfaces 

FIG. 10. Temperature distribution along the surface of the silicon crystal for the case of adiabatic condition. 

of adiabatic walls. Yet, the specular surface shows 
lower temperature in regions B and C of Fig. 10. The 
heat flux on surface elements is shown by arrows in 
Fig. 11. The heat flux in region B is very small and 
cannot be expressed in Fig. 11. The flux on regions A 
and C is large for both diffuse and specular cases. As 
far as the heat flux is concerned, the effect of specular 
reflectivity is not very marked. 

Temperature distributions in the cross section of the 
silicon solid and crucible are compared in Fig. 12, for 

diffuse surfaces and specular and diffuse surfaces. The 
effect of specular reflectivity is very small in the cru- 
cible because the surfaces are diffuse for both cases. 
However, the temperature distribution in silicon solid 
with specular surfaces shows a lower value than that 
with diffuse surfaces. This tendency is marked in the 
silicon in the crucible and region C of Fig. 10; and 
the difference in temperature is about 10 K. Due to 

FIG. 11. Temperature distribution and surface heat flux on 
various surfaces of radiation/conduction combined heat 

transfer model. 

the effect of conduction, the difference in temperature 
distribution between specular and diffuse surfaces 
decreases. 

5. CONCLUSIONS 

A numerical method was presented for radiation 
heat transfer of a Czochrabki crystal growth furnace. 
The model consists of numerous arbitrary axi- 
symmetric ring elements ; and the temperature con- 
dition can be specified arbitrarily on each surface. 
Each ring element has combined characteristics of 
specular and diffuse surfaces. The method can be 

Diffuse Surfaces * Specular and Diffuse 

faces 

Temperature Distribution 

FIG. 12. Temperature distribution in the cross section of 
silicon crystal of the combined heat transfer model. 
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easily combined with FEM or other heat transfer 
analyses. 

Its accuracy was verified for a simple configuration, 
and good agreement with analytical solutions was 
obtained. The effect of specular reflection on heat 
transfer was examined using the configuration; the 
effect depends on the shape of the surface, and is more 
complicated compared with that of a three- 
dimensional channel [9]. 

The heat transfer of the CZ model was investigated 
for the case of adiabatic surfaces. If specular reflect- 
ivity is considered on a metal chamber and silicon 
surfaces, temperature on the silicon surfaces becomes 
lower than that when all the surfaces are diffuse. This 
temperature decrease is marked when the surfaces 
construct a concave. 

The method of radiation heat transfer of the CZ 
furnace was combined with a general purpose finite 
element method for conduction heat transfer. The 
effect of specular reflection on the temperature dis- 
tribution becomes small compared with the one for 
adiabatic surfaces. Yet, the temperatures on the specu- 
lar surfaces and in the cross section of the crystal show 
lower values than that for the diffuse case. The effect 
of specular reflection on the surface heat flux is small 
for the present model. 
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