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Effects of Radiative Transfer
Modeling on Transient
Temperature Distribution
in Semitransparent Glass Rod
This paper presents a method of modeling the radiative energy transfer that takes
during the transient of joining two concentric, semitransparent glass cylinders. Sp
cally, we predict the two-dimensional transient temperature and heat flux distribution
a ramp input which advances the cylinders into a furnace at high temperature. In
paper, we discretize the fully conservative form of two-dimensional Radiative Tra
Equation (RTE) in both curvilinear and cylindrical coordinate systems so that it can
used for arbitrary axisymmetric cylindrical geometry. We compute the transient temp
ture field using both the Discrete Ordinate Method (DOM) and the widely used Ro
land’s approximation. The comparison shows that Rosseland’s approximation fails b
near the gap inside the glass media and when the radiative heat flux is dominant at
wavelengths where the spectral absorption coefficient is relatively small. Most prior s
ies of optical fiber drawing processes at the melting point (generally used Myers’ two
band model at room temperature) neglect the effects of the spectral absorption coef
at short wavelengths~l,3 mm!. In this study, we suggest a modified band model t
includes the glass absorption coefficient in the short-wavelength band. Our results
that although the spectral absorption coefficient at short wavelengths is relatively s
its effects on the temperature and heat flux are considerable.@DOI: 10.1115/1.1565081#
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1 Introduction
The manufacture of optical fibers often requires joining tw

concentric glass cylinders, in which the partially joined cylinde
initially at room temperature are moved into the furnace at a te
perature typically in the neighborhood of the glass melting te
perature~between 1500 K to 2500 K!. Since the glass conductiv
ity is very small, radiation is the dominant mode of heat trans
During the transient, sufficiently large temperature gradient co
result in cracking at the interface. As direct measurement of
temperature field is often impossible, the design and control of
joining process has been accomplished by extensive trial-a
error methods. The ability to predict the thermally induc
stresses caused by the transient heating offers a means to opt
the design and improve process speed, which requires a g
understanding of the transient temperature distribution. In this
per, numerical methods are developed to predict the transient
perature field and its gradient within the semitransparent glas

An accurate prediction of the temperature distribution depe
on the solution method, and the approximation of the models
scribing the radiative properties of the medium for a given se
boundary conditions. Over the past two decades, a numbe
researchers have investigated methods to predict energy tran
in glass processing, most notably in applications of optical fi
drawing. Because glass is semitransparent to radiation, emis
and absorption exist throughout the medium. The simplest
proach, perhaps, has been to assume the participating mediu
optically thick ~or commonly known as the Rosseland’s appro
mation! such that the radiative energy contributions from t
boundary and the far away portions of the medium can be
glected. Rosseland’s optically thick approximation reduces the

Contributed by the Heat Transfer Division for publication in the JOURNAL OF
HEAT TRANSFER. Manuscript received by the Heat Transfer Division June 3, 20
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tal radiative flux to a simple temperature diffusion term; an effe
tive radiative conductivity can then be used. This approach
been used by a number of researchers~Paek and Runk@1#; Homsy
and Walker@2#; Myers @3#; Choudhury et al.@4#! to reduce the
overall problem to a more tractable form in modeling mul
dimensional radiative heat transfer in glass. Homsy and Wa
@2# pointed out that the Rosseland’s assumption would br
down at the surface, but no method was suggested to correc
the errors. An alternative approach is to solve the radiative tra
fer and the energy equations simultaneously using numer
methods. Lee and Viskanta@5# investigated combined conductio
and radiation in a one-dimensional glass layer. By comparing
discrete ordinate method and the Rosseland approxima
method, Lee and Viskanta@5# concluded that the diffusion ap
proximation greatly underpredicts the temperature and heat
when the thickness or the opacity of the layer is small. In a d
ferent study, Yin and Jaluria@6# employed a zonal method to
investigate the radiative exchange within the neck-down profile
a glass perform for an assumed radial temperature profile. T
simulation results suggested that Rosseland’s approximation
derestimates the heat flux only when the radial temperature va
tion within the preform is substantial as compared with t
zonal method. In these studies, only steady state solutions w
considered.

The solution to the radiative transfer equation requires an
propriate model to describe the spectral absorption coefficien
the glass medium. Myers@3# introduced a two-step band model t
describe the spectral absorption coefficients of a fused silica g
which has been commonly used in the prediction of radiat
transfer in optical fiber drawing processes. Myers’ band mo
neglects the absorption at short wavelengths (l,3.0mm), which
has a relatively small value about 0.001;0.3 cm21 for semitrans-
parent glasses. However, the spectral intensity of a blackbody
diation given by Planck’s function~see for example Modest@7#!
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suggests that more than 60% of radiative energy concentrate
the band 0.2mm<l,2.8mm near the melting temperature rang
of glass (1500 K;2500 K). The effects of radiation absorptio
could be considerable in this short-wavelength band, although
absorption coefficient is small. Since the values for the spec
absorption coefficient of fused-silica glass at temperatures
the softening point were not known, Myers’ two-step band mo
has been based on data taken at room temperature. Recent e
ments~Endrys@8#; Nijnatten et al.@9,10#! on typical glasses sug
gested that the absorption coefficient in the 2.8mm<l,4.8mm
band near the melting temperature is generally 10;25% lower
than that at a room temperature of 25°C.

In this paper, we use the discrete ordinate method~DOM! to
analyze the radiative transfer during the transient stage as
partially joined, concentric glass cylinders are moved into the
nace. Jamaluddin and Smith@11# used the DOM to predict radia
tive transfer in gas flame in axi-symmetric cylindrical enclosur
They showed that the results for DOM withS4 quadrature ap-
proximation was in good agreement with the experimental d
and thatS6 approximation did not provide significantly better pr
dictions but required 60% more computer time. More recen
Lee and Viskanta@12# used DOM to predict the spectral radiativ
transfer in a condensed cylindrical medium and have obtai
good agreement with the exact solutions. The main contributi
of this paper are summarized as follows:

1. We present the radiation model and the solution method
predicting the two-dimensional transient temperature gra
ent in joining two concentric glass cylinders as they a
advanced into a furnace at a high temperature. The mo
and solution method serve as a basis for the prediction of
thermally induced stress intensity factors at the tip of
interface.

2. Unlike prior works by others~Jamaluddin and Smith@11#,
Lee and Viskanta@12#!, which used grid face areas in th
discretized equation in orthogonal cylindrical coordina
system, we present the fully conservative form of the tw
dimensional RTE in both curvilinear and cylindrical coord
nates systems so that the numerical scheme can be use
arbitrary axisymmetric cylindrical geometries.

3. We compare the popularly used Rosseland approxima
and the numerical DOM in solving RTE for a two
dimensional transient heat transfer problem. Chung e
@13# compared the accuracy between the Rosseland and
approximations. Since the P-1 approximation drops hig
order terms of the Fourier series for intensities, deviat
from the exact solution~especially when the dimension o
the glass is small! is considerable. Unlike prior compariso
by Chung et al. @13# that consider steady-state on
dimensional glass layer for which the exact integration
lution is available, this study offers additional insights f
the two-dimensional cylindrical glass rod with an interi
gap.

4. We show the considerable effect of spectral absorption
efficient at short wavelengths (0.2mm<l,2.8mm) in pre-
dicting the temperature field, which has been neglected
the previous studies on fiber draw process.

2 Analysis
Consider radiative transfer in a glass rod formed by a pair

concentric fused-silica glass cylinders as shown in Fig. 1. The
between the two cylinders is very small as compared to the di
eter of the cylinders. As the rod~initially at room temperature! is
translated axially at a relatively slow, constant speed into a cy
drical furnace at a specified temperature profile, the cylinders
come soft and join together at the gap. The interest here i
predict the transient temperature field of the glass rod as it en
the furnace. In addition, it is desired to determine the tempera
gradient near the tip of the gap.
636 Õ Vol. 125, AUGUST 2003
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Glass is considered a homogeneous material, and scatterin
radiation can be neglected in comparison to absorption and e
sion ~Viskanta@14#!. It is semitransparent to radiation in the spe
tral range 0,l,5 mm and is almost opaque beyond 5mm. In
addition, the following assumptions are made in the followi
formulation:

1. The system is axisymmetric and two-dimensional.
2. The refractive index of the medium is uniform and does n

depend on temperature in the considered range.
3. The furnace walls are gray and diffuse.
4. We consider the case where the inner and outer surface

the glass interface and in the gap are diffuse for radiat
reflection and transmission since the glass rod~called pre-
form in industry! is not polished.

5. During the transient, the glass has not melted. The effect
the small deformation of the glass rod on the view facto
can be neglected.

2.1 Formulation. The radiative transfer in a spectrall
absorbing-emitting medium is modeled using the following rad
tive transfer equation~RTE!:

s•¹I l~r ,s!5kl@nl
2I bl~T!2I l~r ,s!# (1)

where the spectral radiative intensityI l(r ,s) is a function of the
position vectorr , orientation vectors, and wavelengthl; I bl(T) is
the spectral intensity of a blackbody radiation given by Planc
function; kl is the spectral absorption coefficient; andnl is the
spectral index of refraction.

The divergence of the spectral radiation heat flux can be
tained by integrating Eq.~1! over the whole solid angle (V
54p), which yields

¹•ql54pklnl
2I bl~T!2klE

V54p
I l~r ,s!dV (2)

By solving the RTE forI l(r ,s), the spectral radiative heat flu
can be calculated from Equation~3!:

ql5E
V54p

I l~r ,s!n"sdV (3)

Fig. 1 Schematics illustrating the transient process
Transactions of the ASME
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wheren is the normal vector of the surface. The correspond
total radiative heat flux is then given by

q5E
0

`

qldl (4)

Since there is no glass flow during the transient, the ene
equation for control volume fixed with the glass~no advection!
only includes conductive and radiative heat transfer as show
Eq. ~5!:

rC
]T

]t
52¹•~2k¹T1q! (5)

subject to the boundary conditions

]T/]r 50 at r 50 (5a)

2kn•¹T5qrad,opa at the surface (5b)

where r, C, and k are the glass density, thermal capacity a
conductivity, respectively;n is the normal vector of the glass su
face, qrad,opa is the net radiative flux at the opaque band on
glass surface. Natural convection of the air is neglected as c
pared with the radiative exchange.

The radiation intensity, through emission of the glass mediu
depends on the temperature field and, therefore, cannot be de
pled from the overall energy equation. In addition, the solution
Eq. ~1! depends on the approximation methods, the boundary c
ditions and the glass radiation properties. We discuss below
methods to solve for the transient temperature distributi
namely Rosseland approximation and a numerical scheme u
the DOM.

2.2 Rosseland Approximation „RA…. In the Rosseland’s
approximation~Modest@7#!, the glass is assumed to be optica
thick such that the radiative energy contributions from the bou
ary intensities and the far away portions of the medium are
glected. Thus, the total radiative flux can then be treated a
simple ‘‘radiative conduction’’ as follows:

q>2
16n2sT3

3kR
¹T52krad¹T (6)

where the Rosseland mean absorption coefficientkR can be evalu-
ated from the integration of the spectral absorption coeffici
with the weighting ofdIbl /dT:

n2

kR
5E

0

`S nl
2

kl
D dIbl

dT
dlY E

0

` dIbl

dT
dl (7)

It can be seen thatkR depends on temperature.
The radiative conductivity in Eq.~6! can be added to the mol

ecule conductivity in the energy Eq.~5! to account for the radia-
tive heat transfer. Although the RA results in extremely con
nient form, it is worth noting that this diffusion approximation
not valid near a boundary and the optically thick assumpt
should be used with caution.

2.3 Numerical Computation Using DOM. The radiative
intensities can be solved numerically from Eq.~1! using the DOM
~Modest@7#!. Once the intensities have been determined in e
time step, the corresponding radiative heat flux inside the g
medium or at a surface can be solved from Eqs.~3! and ~4!, and
the temperature distribution from the energy equation, Eq.~5!.

2.3.1 Discrete Ordinate Equation.In the DOM, Eq. ~1! is
solved for a set of directionsŝi , i 51,2, . . . ,N. For an axisym-
metric cylinder, the RTE along each of theN discrete directions
can be expressed as

m i

r

]~rI l
i !

]r
2

1

r

]~h i I l
i !

]c
1j i

]I l
i

]z
5kl@nl

2I bl~T!2I l
i # (8)
Journal of Heat Transfer
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wherem i , h i , andj i are the direction cosines ofŝi as shown in
Fig. 2; and

m5sinu cosc (9a)

h5sinu sinc (9b)

j5cosu (9c)

Then the spectral radiative flux inr andz directions can be cal-
culated from

ql,r5(
i 51

N

wiI l
i m i (10)

ql,z5(
i 51

N

wiI l
i j i (11)

and the total radiative fluxes from

qr5(
i 51

M

ql i ,r (12)

qz5(
i 51

M

ql i ,z (13)

wherewi is the quadrature weights associated with each direc
ŝi ; N is the number of the ordinate directions; andM is the num-
ber of the wavelength bands. Based on the study of Jamalu
and Smith @11#, we choose the completely symmetr
S4-approximation quadrature which integrates the zero, fi
~half and full range!, and second-order moments of the intens
distribution.

2.3.2 Transformations and Discretization of RTE.Due to the
diameter variation near the bottom of the glass rod, Eq.~8! is cast
into the fully conservative form in a general curvilinear coordina
system~a,b!

]@rB~m ia r1j iaz!I l
i #

]a
1

]@rB~m ib r1j ibz!I l
i #

]b
2B

]~h i I l
i !

]c

5klrB@nl
2I bl~T!2I l

i # (14)

wherea r , az , b r , andbz are the grid metrics and the JacobianB
is given by

B5
]~a,b!

]~r ,z!
5Ua r az

b r bz
U (15)

Fig. 2 Coordinates for two-dimensional axisymmetric cylinder
AUGUST 2003, Vol. 125 Õ 637
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Fig. 3 Schematics illustrating the boundary conditions: „a… interface of the glass rod; and „b… gap between the two
cylinders.
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The angular derivative term in Eq.~14! can be discretized by
using the direct differencing technique proposed by Carlson
Lathrop @15#:

]~h i I l
i !

]c
>

§ i 11/2I l
i 11/22§ i 21/2I l

i 21/2

wi
(16)

where i 51,2, . . . ,Ni for every fixedj. The geometrical coeffi-
cient § i 61/2 depends only on the differencing scheme, which
independent of radiative intensity and has the following recurs
formula:

§ i 11/25§ i 21/21m iwi (17)

where§1/250 whenc1/250.
Using finite volume method to discretize the transfer Eq.~14!,

we have

@rB~m ia r1j iaz!I l
i #e2@rB~m ia r1j iaz!I l

i #w

1@rB~m ib r1j ibz!I l
i #n2@rB~m ib r1j ibz!I l

i #s

2B
~§ i 11/2I l

i 11/22§ i 21/2I l
i 21/2!

wi

5rBkl~nl
2I bl2I l

i ! (18)

where the subscriptse, w, n, and s indicate the values in the
brackets are evaluated at the eastern, western, northern and s
ern grid faces, respectively. In order to reduce the numbe
unknowns, step scheme is used to relate the intensities on the
faces with the nodal values. This spatial differencing scheme
guarantee the intensities positive.

2.3.3 Boundary Conditions.The boundary conditions for the
DOM are given below.

Symmetry of the Cylinder. The i th direction along the axis of
the cylinder is given by

r 50: I l
i 5I l

i 8 , m i5m i 8 (19)

where m i is the cosine of the angle between thei th and ther
directions.

Interface of the Glass Rod. Figures 3~a! and 3~b! illustrate the
transmission and reflection at the interface of the glass rod, an
Õ Vol. 125, AUGUST 2003
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the gap between the cylinders respectively. The assumption
the interfaces of the preform are diffuse for both transmission
reflection implies the following:

r 5R2: I l
i 5

Jl
2

p
5

tl
1Hl1rl

2ql,r
1

p
m i,0 (20a)

z501: I l
i 5

Jl
2

p
5

tl
1Hl1rl

2ql,z
2

p
j i.0 (20b)

z5L2: I l
i 5

Jl
2

p
5

tl
1Hl1rl

2ql,z
1

p
j i,0 (20c)

wherej i is the cosine of the angle between thei th direction and
the z direction; the superscripts ‘‘1’’ and ‘‘ 2’’ refer to the quan-
tities at the outer and inner surfaces of the cylinder respectiv
tl , rl , andJl are the diffuse transmissivity, reflectivity and ra
diosity respectively;ql,r

6 , ql,z
6 are the one-way spectral fluxes i

the glass in ther and z directions respectively; andHl is the
irradiation on the outer surface. Similarly, the radiosities at
surfaces just outside the cylinder

r 5R1: Jl
15tl

2ql,r
1 1rl

1Hl (21a)

z502: Jl
15tl

2ql,z
2 1rl

1Hl (21b)

z5L1: Jl
15tl

2ql,z
1 1rl

1Hl (21c)

The one-way spectral fluxes are calculated as follows:

ql,r
1 5(

i 51

N/2

wiI l
i m i m i.0 (22a)

ql,z
2 5(

i 51

N/2

wiI l
i uj i u j i,0 (22b)

ql,z
1 5(

i 51

N/2

wiI l
i j i j i.0 (22c)

The irradiationHl is the sum of the energy contribution from a
the other surfaces that include the furnace, the cylinder outer
face, and the top and bottom disk openings.
Transactions of the ASME
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Fig. 4 Band model for absorption coefficient: „a… Myers’ band model; and „b… band model used in this study.
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Hl,i5(
j 51

K

Jl, jFi 2 j (23)

whereFi 2 j is the diffuse view factor from surface elementi to j.
K is the total number of the surface elements. Equations~20! and
~21! are for the semitransparent band. Whenl.5 mm where the
glass is considered to be opaque, the radiosities on the outer
face of the glass rod must be calculated from

Jl,i5«Ebl,i1~12«!Hl,i (24)

where« is the emissivity of the surface; andEbl,i is the blackbody
emissive power in thei th surface element. Since the furnace
opaque, its radiosities are also calculated from Eq.~24! in all the
spectral range.

Gap Between the Two Cylinders. The transmission and reflec
tion on the gap interfaces between the two cylinders should
considered:

I l,e
i 5

qr
2t2t1~r21t2r1t1!qr

1

p
, m i,0 (25a)

I l,w
i 5

qr
1t2t11~r21t2r1t1!qr

2

p
, m i.0 (25b)

Since the gap is very thin, it disappears when the glass melts

2.3.4 Method of Solution.The computation of the intensity
begins at the grids adjacent to the boundary surfaces along
specified direction with estimated boundary intensities and p
ceeds into the medium. Once the intensities in all the directi
are obtained, the one-way fluxes at the boundaries are calcu
and substituted into Eqs.~21a! to ~21c!, and the linear equation
for the radiosities on theK surface elements of the outside encl
sure are solved. Irradiations on the outer surface of the glass
now be calculated in Eq.~23! and are substituted into Eq.~20a! to
~20c! to update the estimated inner surface radiosities. The o
way fluxes at the gap are also updated in the process. Iterati
needed for these updating processes.

The energy equation~Eq. ~5!! was solved using the finite vol
ume method with a fully implicit time marching scheme. Sin
the divergence of the radiative flux is strongly dependent on
temperature, an inner iteration for the temperature is carried o
each time step. The time derivative term is discretized by seco
order one-sided difference scheme.
nal of Heat Transfer
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A common spatial grid is used in solving both the energy eq
tion and the RTE. The grid is fixed on the glass rod and mo
with the rod. The new position of the grid and the view factors
the glass surface are updated at each time step. In this way,
is no convection due to zone traverse since the glass does
move relative to the grid.

In this study, a uniform initial temperature of 300K was used
sensitivity study showed that a time step of 1 second is enough
the transient problem. The grid spacing is more condensed
the bounding interfaces and the gap to account for the steep
tial change in the physical variables expected in these region
grid-refinement study showed that 155337 ~in z andr directions,
respectively! grids is enough for the simulation.

2.4 Models of Radiative Properties. The accuracy of the
solution to the RTE, or Eq.~1!, depends significantly on the
knowledge of the radiative properties. Specifically, care must
exercised to appropriately quantify the absorption coefficient
the glass and the reflectivity at the glass surfaces at the oper
temperature.

Myers’ Band Model for Spectral Absorption Coefficient. Figure
4~a! displays the Myers’ bands@3# for the spectral absorption
coefficient of fused silica glass. The bands commonly used in
prediction of radiative transfer in fiber drawing process are giv
below:

kl50, l<3 mm;

kl54 cm21, 3 mm,l<4.8 mm;

kl5150 cm21, 4.8 mm,l<8 mm;

Myers approximates the absorption coefficient at a small wa
length (l,3.0mm) as zero, and consequently the radiative tra
fer at that band is not considered. Although the absorption coe
cient is small ~in the order of 0.001 to 0.3 cm21! for
semitransparent glasses at this band, more than 60% of the e
sive power concentrates in these shorter wavelengths for the g
at the~melting! temperature between 1000K and 2500K~see for
example, blackbody emissive power spectrum in Modest@7#!.
Consequently, the effect of the absorption coefficient in this ba
on radiative transfer is considerable and cannot be neglecte
will be shown in our results. It is worth noting that in Myers’ ban
model, the absorption coefficient at the middle band (3.0mm
,l,4.8mm) was based on room temperature.
AUGUST 2003, Vol. 125 Õ 639
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Modified Absorption Band Model Used in This Study.The
spectral radiative energy is negligible for short wavelengthsl
,0.2mm in the operating temperature range. In the range
0.2mm<l,2.8mm, taking the multiple reflections into accoun
the average internal transmitivityt i of a silica glass slab can
be calculated from the tabulated data of the apparent
reflectivity and transmissivity in~Touloukian et al.@16#!. With the
approximation of

t i ,l5e2kld (26)

whered is the thickness of the slab, the average absorption c
ficient for 0.2mm<l,2.8mm is determined to be 0.0243 cm21.

The absorption coefficients of typical glasses near the mel
temperature were measured experimentally by Endrys@8# and
Nijnatten et al.@9,10#; both published data suggest that the a
sorption coefficient in the 2.8mm<l,4.8mm band near melting
temperature is generally 10;25% lower than that at a room tem
perature of 25°C. In this study, we estimate the absorption c
ficient in the 2.8mm<l,4.8mm band to be 3.4 cm21.

For l.4.8mm, the absorption coefficient is large and the sp
tral radiative flux is relatively small. Thus, the glass is conside
opaque for that band. The modified band model is shown in
4~b!. The optical thicknessesdl for each band based on a ro
radius of 4.5 cm are given as

dl50.1094, 0.2mm,l<2.8 mm;

dl515.3, 2.8 mm,l<4.8 mm;

dl→`, 4.8 mm,l;

Surface Reflectivity. The external surface reflectivity can b
calculated from the experimentally tabulated data for the air
media interface by the following curve fit~Egan and Hilgeman
@17#!:

r1520.439910.70993nm20.33193nm
2 10.06363nm

3

(27)

The corresponding internal surface reflectivity for any diffu
media-to-air interface is given by

r2512
~12r1!

nm
2 (28)

wherenm is the index of refraction of the medium. In this stud
an average refractive index over the whole spectrum is usednm
51.42). The consequent reflectivity and transmitivity of the e
ternal surface are 0.08 and 0.92, respectively. Those for the in
nal surface are 0.54 and 0.46.

3 Results and Discussions
In order to investigate the effects of the approximation meth

and the models describing the glass radiative properties on
transient temperature distribution, a MATLAB program wi
C11 subroutines has been written to simulate the process sh
in Fig. 1.

3.1 Validation. Exact integral solution of RTE is availabl
for the one-dimensional semitransparent cylinder whose temp
ture and heat flux only varies in the radial direction~Kesten@18#!.
In order to validate our two-dimensional solution with this int
gral solution, the boundary conditions are modified in the code
obtain an equivalent one-dimensional solution as follows: the
ameter of the cylinder is constant; both the top and the bot
interfaces of the cylinder are assumed to be optically smooth w
unity reflectivities; the temperatures in the glass and the furn
wall are assumed to be uniform so that the radiation intensity d
not vary in the axial direction. Figure 5 shows comparisons of
S-4 DOM solutions and the integral solutions under different gl
640 Õ Vol. 125, AUGUST 2003
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temperatures and cylinder diameters. The radial flux is normali
by the furnace blackbody emissive power. As shown in Fig. 5,
computed results agree with the exact solutions.

3.2 Simulation and Discussion. In this study, we compare
the following simulations:

Fig. 5 Comparison of the DOM and the integral solutions „dif-
ferent cylinder diameters, TfÄ2000 K…: „a… TgÄ500 K; „b… Tg
Ä1000 K; and „c… TgÄ1500 K.
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Fig. 6 Temperature distributions: „a… DOM, new band model; „b… Rosseland; and „c… DOM, Myers’ band model.
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1. DOM with a modified absorption band model given in F
4~b!

2. RA method with the modified absorption band model
3. DOM with the Myers’ band model given in Fig. 4~a!.

Simulations 1 and 2 compare the effects of the optically th
assumption on the radiative transfer. Simulations 1 and 3 inve
gate the effects of absorption band models. Of particular intere
to compare the following:

1. The temperature distributions of the glass cylinders as
played in Fig. 6,

2. The heat fluxes in both axial and radial directions at the
of the gap in Fig. 7.

3. The transient temperature gradient at the tip of the gap
Fig. 8.

The values of the parameters used in the simulation are give
Table 1. The temperature distribution of the furnace is parab
along its wall, and has a maximum value of 2400 K at the mid
and a minimum value of 1500 K at both ends. The glass rod
length 0.5 m is fed with a constant speed of 0.75 mm/second
the furnace fromZ50 to Z50.5L.

Figure 6 compares the temperature distributions at different
cations and time. The total heat fluxes, which are defined in E
~11–14!, are compared in Fig. 7, where a positive axial flux ind
cates heat flowing in the positivez direction, but a positive radia
flux indicates heat flowing toward the center of the rod~or nega-
tive r direction!.

Effects of the Optically Thick Assumption. As shown in Fig. 6,
the RA method highly underestimates the temperature due to
assumption that the glass medium is optically thick. Recall t
the optical thickness is a function of both the characteristic dim
sion and the absorption coefficient. The followings are two cau
of the error:
rnal of Heat Transfer
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1. The characteristic dimension is relatively small, particula
inside the gap. These results are consistent with thos
~Lee and Viskanta@5#! that was computed for glass slab; th
RA underpredicts the radiative heat flux even when
thickness of the layer is larger than 1 m.

2. Although the absorption coefficient is relatively large in t
middle band (3.0mm,l,4.8mm), most radiative energy
concentrates in the low wavelength band that is charac
ized by a very small absorption coefficient of 0.0243 cm21.

Another obvious difference occurs at the gap between the
inders. Based on several observations made in Figs. 7~a! and 7~b!,
the RA incorrectly predicts the heat flux as explained below:

1. Whent586 seconds~or Z50.13L), the major portion of the
glass rod is outside the furnace and thus the rod is he
mainly by the axial radiative flux from the bottom~indicated
as ‘‘A’’ in Fig. 1 !. As shown in Fig. 7~a!, the radial flux is
negative~or flowing outward! since heat dissipates to th
environment from the somewhat heated rod as expected
a result, the radial temperature gradient at the tip of the
is negative as reasonably predicted by the DOM with
modified band model in Fig. 8. Note that the RA underes
mates the temperature and fails to predict this negative ra
heat flux. Furthermore, it predicts an incorrect temperat
gradient in the radial direction as shown in Fig. 8.

2. As the glass rod translates further into the furnace, the ra
flux becomes positive~or flowing toward the center! and
increases withr, as simulated by DOM with the modified
band model, as expected. The axial flux, however, decre
with r because the view factor is larger at the center of
bottom than that at a larger radial distance. Note that si
the axial flux is significantly larger than the radial flux at th
tip of the gap, the temperature gradient in the radial direct
AUGUST 2003, Vol. 125 Õ 641
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Fig. 7 Radiative flux distributions at zÕLÄ0.15: „a… DOM, new band model; „b… Rosseland; and „c… DOM, Myers’ band
model.
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is positive but small. In RA, the temperature inside the inn
cylinder is underestimated. As a result, the correspond
axial temperature gradient and thus the axial heat flux
larger than that in the outer cylinder as shown in Fig. 7~b!.
Figure 8 shows that the temperature discontinuity in the
results in a large positive temperature gradient at the tip
the gap. Consequently, there is a peak of radial radiative
near the tip. The sharp drop of the temperature gradient a
the temperature is elevated is due to the combination of
factors: radiative conductivity is proportional toT3; the Ros-
seland mean absorption coefficient decreases shapely w
the temperature is increased.

3. It is interesting to note that the axial flux att5428 is smaller
than that att5214 in Fig. 7~a!. This is because as the glas
is heated near the temperature of the furnace, the em
flux by the glass medium is comparable to the flux from t

Fig. 8 Transient radial temperature gradient at the tip of the
gap „aÕRÄ0.22; and d ÕLÄ0.15….
Õ Vol. 125, AUGUST 2003
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furnace. Thus, the net radiative flux inside the glass as
process approaches steady state is smaller than that a
initial transient.

Effects of Band Models of Absorption Coefficient. Several ob-
servations can be made in Figs. 6~c!, 7~c!, and 8:

1. In Myers’ two-step band model, the glass absorption coe
cient at short wavelengths (0.2mm<l,2.8mm) has been
neglected. As a result, the heat flux at that band is not
sorbed~or attenuated! by the glass medium and thus th
temperature is underestimated during the initial transient
sponse as shown in Fig. 6~c!.

2. In addition, as only the radiative energy at the middle ba
(3.0mm,l,4.8mm) is absorbed by the glass in Myer
model that has akl more than 100 times larger than that
the short-wavelength band, the radiative flux at the mid
band from the furnace is greatly attenuated along the p
into the glass medium. Consequently, a very large temp
ture gradient is formed in the radial direction as shown
Figs. 6~c! and 8.

3. The total flux in the solution using Myers’ band model
somewhat larger than that using the new band model s
the flux at the short wavelength band is not attenuated~ab-
sorbed! by the glass media in Myers’ model.

As mentioned earlier, sufficiently large temperature gradi
due to the transient heating could result in cracking at the in
face and predictions of thermally induced stresses requires a g
understanding of the transient temperature field and its gradie
the interface. Both Rosseland approximation and the neglec
the absorption coefficient in the 0.2mm<l,2.8mm band have
led to erroneous prediction of temperature gradient. Most imp

Table 1 Parameters used in the simulation

a/R 0.22 b/L 0.15 Tf ,max 2400 K
R/Rf 0.75 R/L 0.09 L/L f 1
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tantly, they fail to predict the negative temperature gradient at
earlier stage of the transient, where cracks at the join interface
most likely.

4 Conclusions
The transient temperature and heat flux distributions in the p

cess of heating two concentric, semitransparent glass cylin
have been presented. Specifically, we have compared two d
ent methods in modeling the radiative transfer; namely, the
crete ordinate method and Rosseland’s approximation. In addi
we have investigated the effects of the absorption coefficien
short wavelengths (0.2mm<l,2.8mm) on the radiative trans
fer, which has been neglected in the commonly used Myers’ t
step band model.

Our results show that although the spectral absorption co
cient at short wavelengths is relatively small, its effects on
temperature are considerable since most of the radiative pow
at this short-wavelength band under the elevated temperat
The temperature is highly underestimated during this initial tr
sient and its radial variation is overestimated with the Myers’ ba
model.

The comparison between the predictions using DOM and
widely used Rosseland approximation shows that Rosseland’s
proximation fails miserably when the characteristic dimension
small, particularly at the gap between the cylinders even when
temperature variation is small. In addition, the assumption of
tically thick must take into account the glass absorption coe
cient at short wavelengths where the radiative transfer
dominant.

The solutions of the temperature field can be further used in
prediction of the thermal stress intensity near the tip of the in
face which is important for the design and control of the ma
facturing process.
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Nomenclature

Symbols

B 5 Jacobian of the curvilinear coordinates transformati
Eb,l 5 blackbody emissive power
Gl 5 spectral incident radiation
Hl 5 spectral irradiation in W/~m2 mm!
I l 5 spectral radiative intensity in W/~m2 mm sr!

I bl 5 spectral blackbody intensity in W/~m2 mm sr!
Jl 5 spectral radiosity in W/~m2 mm!
T 5 temperature in K

krad 5 radiative thermal conductivity in W/~m mm!
nl 5 spectral index of refraction
q 5 total radiative heat flux in W/~m2!

ql 5 spectral radiative heat flux in W/~m2 mm!
w 5 quadrature weight

Subscripts and Superscripts

e 5 east side of the control volume
f 5 furnace
g 5 glass
n 5 north side of the control volume
r 5 radial coordinate direction
Journal of Heat Transfer
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s 5 south side of the control volume
n 5 normal unit vector of the surface
r 5 location vector
s 5 unit direction vector

V 5 solid angle in sr
tl 5 spectral diffuse transmissivity
rl 5 spectral diffuse reflectivity
kl 5 spectral absorption coefficient in m21

« 5 emissivity
m i 5 cosine of the angle between thei th direction and the

r direction
j i 5 cosine of the angle between thei th direction and the

z direction
dl 5 optical thickness

~a,b! 5 general curvilinear coordinates
w 5 west side of the control volume
z 5 axial coordinate direction

max 5 maximum value
1 5 positive coordinate direction for flux; outer surface a

the interface
2 5 negative coordinate direction for flux; inner surface

the interface
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