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1 Introduction tal radiative flux to a simple temperature diffusion term; an effec-
The manufacture of ootical fibers often requires ioining tw ive radiative conductivity can then be used. This approach has
P q J 9 een used by a number of researchi®aek and Runkl]; Homsy

concentric glass cylinders, in which the partially joined cylinder. : i
initially at room temperature are moved into the furnace at a terﬁegrzl\llalkreo%lzgh'\%eras [ni]érght?;gtggzg ?ct)r?#[ﬁ]n) trgorg;?nce rF:SIti-
perature typically in the neighborhood of the glass melting ten, P 9

perature(between 1500 K to 2500 K Since the glass conductiv- dimensional radiative heat transfer in glass. Homsy and Walker

ity is very small, radiation is the dominant mode of heat transfér?] pointed out that the Rosseland's assumption would break

. . . . wn at the surface, but no method was suggested to correct for
During the transient, sufficiently large temperature gradient cou ge errors. An alternative approach is to solve the radiative trans-
result in cracking at the interface. As direct measurement of t ; pp

o9 X . . er and the energy equations simultaneously using numerical
temperature field is often mpossnble,_ the design and (_:ontro_l of t fethods. Lee andg\);iskgnté] investigated comb)ilned cgnduction
joining process has been accomplished by extensive trlal-an'Hﬁd radiation in a one-dimensional glass layer. By comparing the
error methods. The ability to predict the thermally induce@iS rete ordinate method and the Rosselénd a imati
%h pproximation

stresses caused by the transient heating offers a means to optimiz od, Lee and Viskants] concluded that the diffusion ap-

the design and improve process speed, which requires a 968 S :
understanding of the transient temperature distribution. In this p%r_oxmatlon .greatly underpredlc.ts the temperature and heat ﬂux
vIWen the thickness or the opacity of the layer is small. In a dif-

per, numerical methods are developed to predict the transient tem- ’ .
perature field and its gradient within the semitransparent glassPTerent study, ¥in and Jalurig6] employed a zonal method to

An accurate prediction of the temperature distribution depen%ﬁ"sves“g""te the radiative exchange within the neck-down profile of

on the solution method, and the approximation of the models O%_glass perform for an assumed radial temperature profile. Their

scribing the radiative properties of the medium for a given set (g*mulatlon results suggested that Rosseland’s approximation un-

boundary conditions. Over the past two decades, a number questlmates the heat flux only when the radial temperature varia-

researchers have investigated methods to predict energy trans§8ﬂalwr'::tnhc;[3eInprtﬁfgsr? SltlSJ dis;sbs(t)irlma}sltezz ngﬁeafgutivgahs twhgre
in glass processing, most notably in applications of optical fibéP sidered ' » only y

drawing. Be(_:ause glass IS semltransparen_t to radlathn, emlsSri:gﬁ]he solu:[ion to the radiative transfer equation requires an ap-
and absorption exist throughout the medium. The simplest ap-

e . “propriate model to describe the spectral absorption coefficient of
proach, perhaps, has been to assume the participating mediu Ry ) )
optically thick (or commonly known as the Rosseland’s approxi € glass medium. Mye{8] introduced a two-step band model to

mation such that the radiative energy contributions from thgescrlbe the spectral absorption coefficients of a fused silica glass,

boundary and the far away portions of the medium can be r]\ghlch has been commonly used in the prediction of radiative

, . . o z:ansfer in optical fiber drawing processes. Myers’' band model
glected. Rosseland’s optically thick approximation reduces the ttéeglects the absorption at short wavelengths 8.0 «m), which

. 1 . )
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suggests that more than 60% of radiative energy concentrates in R
the band 0.2em=\<2.8 um near the melting temperature range <
of glass (1500 K-2500 K). The effects of radiation absorption :
could be considerable in this short-wavelength band, although the ;
absorption coefficient is small. Since the values for the spectral i
absorption coefficient of fused-silica glass at temperatures near !
the softening point were not known, Myers’ two-step band model !
has been based on data taken at room temperature. Recent experi- :
ments(Endrys[8]; Nijnatten et al[9,10]) on typical glasses sug- ;
gested that the absorption coefficient in the 2B<\<4.8 um i
]
1
]
)
]
]
]
]
]
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band near the melting temperature is generally-26% lower
than that at a room temperature of 25°C. L
In this paper, we use the discrete ordinate mett@@M) to
analyze the radiative transfer during the transient stage as two
partially joined, concentric glass cylinders are moved into the fur-
nace. Jamaluddin and Smithl] used the DOM to predict radia-
tive transfer in gas flame in axi-symmetric cylindrical enclosures.
They showed that the results for DOM with, quadrature ap-
proximation was in good agreement with the experimental data, ZT
y
|
]
.
]

w

b

and thatS; approximation did not provide significantly better pre-
dictions but required 60% more computer time. More recently, Y
Lee and Viskant12] used DOM to predict the spectral radiative
transfer in a condensed cylindrical medium and have obtained
good agreement with the exact solutions. The main contributions
of this paper are summarized as follows:

>

]
P R.
1. We present the radiation model and the solution method for "~ L 1
predicting the two-dimensional transient temperature gradi-
ent in joining two concentric glass cylinders as they are  Fig. 1 Schematics illustrating the transient process
advanced into a furnace at a high temperature. The model
and solution method serve as a basis for the prediction of theGlass is considered a homogeneous material, and scattering of
thermally induced stress intensity factors at the tip of theadiation can be neglected in comparison to absorption and emis-
interface. sion (Viskanta[14]). It is semitransparent to radiation in the spec-
2. Unlike prior works by otherg¢Jamaluddin and Smithll], tral range G<A\<5 um and is almost opaque beyondi&n. In
Lee and Viskant412]), which used grid face areas in theaddition, the following assumptions are made in the following
discretized equation in orthogonal cylindrical coordinatermulation:
system, we present the fully conservative form of the two- ) . . . .
dimensional RTE in both curvilinear and cylindrical coordi- 1+ The system is axisymmetric and two-dimensional.

nates systems so that the numerical scheme can be used i The refractive index of the medium is uniform and does not

arbitrary axisymmetric cylindrical geometries. depend on temperature in the considered range.

3. We compare the popularly used Rosseland approximation: The furnace walls are gray and diffuse.
and the numerical DOM in solving RTE for a two- 4. We consider the case where the inner and outer surfaces at

dimensional transient heat transfer problem. Chung et al. the glass interface and in the gap are diffuse for radiation
[13] compared the accuracy between the Rosseland and P-1 feflection and transmission since the glass (called pre-
approximations. Since the P-1 approximation drops higher _ form in industry is not polished.

order terms of the Fourier series for intensities, deviation - During the transient, the glass has not melted. The effects of
from the exact solutioriespecially when the dimension of the small deformation of the glass rod on the view factors
the glass is smallis considerable. Unlike prior comparison can be neglected.

by Chung etal [13] that consider steady-state one- 331 Formulation. The radiative transfer in a spectrally

dimensional glass layer for which the exact integration sQisorbing-emitting medium is modeled using the following radia-
lution is available, this study offers additional insights fokjye transfer equatiotRTE):

the two-dimensional cylindrical glass rod with an interior )

gap. - VI\(r,9)=ry[ X1 pp(T) = 1\(r,9)] @
4. We show the considerable effect of spectral absorption co- o . .

efficient at short wavelengths (0@n=<\<2.8 xm) in pre- where the spectral radiative intensity(r,s) is a function of the

dicting the temperature field, which has been neglected RpSition vector, orientation vectos, and wavelength; [, (T) is
the previous studies on fiber draw process. the spectral intensity of a blackbody radiation given by Planck’s

function; «, is the spectral absorption coefficient; ang is the
spectral index of refraction.
2 Analysis The divergence of the spectral radiation heat flux can be ob-

tained by integrating Eq(1) over the whole solid angle
Consider radiative transfer in a glass rod formed by a pair 03477) wyhich ygi]eldsg ac) gledt

concentric fused-silica glass cylinders as shown in Fig. 1. The gap

between the two cylinders is very small as compared to the diam- _ 2

eter of the cylinders. As the raghitially at room temperatupeis Voo =4yl on(T) — x, thlh(r's)dﬂ @
translated axially at a relatively slow, constant speed into a cylin-

drical furnace at a specified temperature profile, the cylinders B8y solving the RTE forl,(r,s), the spectral radiative heat flux
come soft and join together at the gap. The interest here is @an be calculated from Equatid8):

predict the transient temperature field of the glass rod as it enters

the fyrnace. In add'ition, it is desired to determine the temperature qth' [,(r,s)n-sdQ) (3)
gradient near the tip of the gap. Q=4r
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wheren is the normal vector of the surface. The corresponding
total radiative heat flux is then given by

Q=f 0y dA (4)
0

Since there is no glass flow during the transient, the energy
equation for control volume fixed with the glagso advection
only includes conductive and radiative heat transfer as shown in
Eq. (5):

T
pC—r=—V-(~kVT+q) ()

subject to the boundary conditions
gTIr=0 atr=0 (5a) i

—Kkn-VT=(q0pa at the surface
) ) Fig. 2 Coordinates for two-dimensional axisymmetric cylinder
where p, C, and k are the glass density, thermal capacity and

conductivity, respectivelyn is the normal vector of the glass sur-
face, Oraq,0paiS the net radiative flux at the opaque band on the

glass surface. Natural convection of the air is neglected as COMcre ' # and ¢ are the direction cosines & as shown in
pared with the radiative exchange. Ko 17

The radiation intensity, through emission of the glass mediurﬁfg' 2, and
depends on the temperature field and, therefore, cannot be decou- w=sin 6 cosy (9a)
pled from the overall energy equation. In addition, the solution to
Eq. (1) depends on the approximation methods, the boundary con- n=sindsiny (9b)
ditions and the glass radiation properties. We discuss below two
methods to solve for the transient temperature distribution; §=cosd (9¢)
namely Rosseland approximation and a numerical scheme usifigen the spectral radiative flux inandz directions can be cal-
the DOM. culated from

2.2 Rosseland Approximation (RA). In the Rosseland’s N
approximation(Modest[7]), the glass is assumed to be optically N rzz wil (10)
thick such that the radiative energy contributions from the bound- =]
ary intensities and the far away portions of the medium are ne- N
glected. Thus, the total radiative flux can then be treated as a P
simple “radiative conduction” as follows: q“:; wil\ & (11)

q=— 16n°0T? VT=—k.VT (6) and the total radiative fluxes from
3KR rad "

where the Rosseland mean absorption coeffioigntan be evalu- 9,= 2 O, r (12)
ated from the integration of the spectral absorption coefficient i=1

with the weighting ofdl,, /dT:

M
nZZJ’W(:_f) dlb}\d)\/ J’Wdlb)\d)\ % QZ:; A\, 2 (13)
A

KR 0 dT o dT . . . . N
wherew; is the quadrature weights associated with each direction
It can be seen thatg depends on temperature. §; N is the number of the ordinate directions; avds the num-

The radiative conductivity in Eq(6) can be added to the mol- ber of the wavelength bands. Based on the study of Jamaluddin
ecule conductivity in the energy E(p) to account for the radia- and Smith [11], we choose the completely symmetric
tive heat transfer. Although the RA results in extremely conves;-approximation quadrature which integrates the zero, first
nient form, it is worth noting that this diffusion approximation is(half and full rangg and second-order moments of the intensity
not valid near a boundary and the optically thick assumptiatistribution.
should be used with caution.

2.3.2 Transformations and Discretization of RTEDue to the
2.3 Numerical Computation Using DOM. The radiative diameter variation near the bottom of the glass rod,(Byjis cast
intensities can be solved numerically from E). using the DOM into the fully conservative form in a general curvilinear coordinate
(Modest[7]). Once the intensities have been determined in easlistem(«,B)
time step, the corresponding radiative heat flux inside the glass i i i i i i i
medium or at a surface can be solved from E&s.and (4), and drB(p et &ay)ly] N IrB(u' B+ & B)I\] 5 (')
the temperature distribution from the energy equation, (Eg. da B 20

2.3.1 Discrete Ordinate Equation.In the DOM, Eq.(1) is :K}\rB[nilb}\(T)_li)\] (14)
solved for a set of direction§, i=1,2,...N. For an axisym- ) )
metric cylinder, the RTE along each of thediscrete directions Wherea,, a;, B;, and, are the grid metrics and the Jacobin

can be expressed as is given by
phorly) 1 a(q'ty) o aly ) i _dap) | ag
N TN M _ = = 15
ror r oy +& 97 KNI (M =11 (8) ar.z) B, B, (15)
Journal of Heat Transfer AUGUST 2003, Vol. 125 / 637
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Inside surface ~ Outside surface ~ Outside surface
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Semitransparent band Opaque band
O0<A<5um A>5um
(a)
Fig. 3 Schematics illustrating the boundary conditions: (a) interface of the glass rod; and (b) gap between the two
cylinders.

The angular derivative term in E§14) can be discretized by the gap between the cylinders respectively. The assumption that
using the direct differencing technique proposed by Carlson attte interfaces of the preform are diffuse for both transmission and

Lathrop[15]: reflection implies the following:
(9(77i|i)\) gi+l/2|i)\+1/27gi71/2|i}\*1l2 . J; T)J\rH)\‘f‘p)Tq;rr .
= 1 =R7: l\=—=——"""" ,4'<
P ™ (16) r=R I\ - - ©'<0 (201)
wherei=1,2,... N; for every fixedé. The geometrical coeffi- I mHytpidr,
cient s'*%2 depends only on the differencing scheme, which is z=0": l\=—=—"—"—"""% ¢>0 (2)
independent of radiative intensity and has the following recursive & ™
formula: I NN P TN NP
gt gim12y iy (17) z=L: h=—=—""— ¢<0 (20c)
wheres?=0 wheny*?=0. where ¢' is the cosine of the angle between fffedirection and
Using finite volume method to discretize the transfer Bd), the z direction; the superscripts+” and “ —” refer to the quan-
we have tities at the outer and inner surfaces of the cylinder respectively;
i i i1 i i i 7\, Pr, andJ, are the diffuse transmissivity, reflectivity and ra-
[rBlplar T Eaz)lilem[rB(part &az)l\]w diosity respectively;:ﬁr , qf,z are the one-way spectral fluxes in
B! B+ € BN In—[rB(1' B+ € B)1\]s the glass in the and z directions respectively; andi, is the

irradiation on the outer surface. Similarly, the radiosities at the

(g2l gim121-1/2) surfaces just outside the cylinder

w; r=R": Jl=70,,+pyH, (21a)
_ 2 i
e mln b 0o =07 I =riay o (210)
where the subscripte, w, n, and s indicate the values in the N . . N
brackets are evaluated at the eastern, western, northern and south- z=L": Jy=1,05,tpy Hy (21

ern grid faces, respectively. In order to reduce the number of

. . s .Jhe one-way spectral fluxes are calculated as follows:
unknowns, step scheme is used to relate the intensities on the gri

faces with the nodal values. This spatial differencing scheme can N2 o _
guarantee the intensities positive. q;,r:.zl w;l ! u'>0 (22a)
=
2.3.3 Boundary Conditions. The boundary conditions for the N2
DOM are given below. B D :
Symmetry of the CylinderThe i direction along the axis of q“:Zl wily| & §<0 (220)
the cylinder is given by =
_ _, ) » N/2
| r=0: =1y, p'=p (19) q;z=21 willgd  &>0 ()
where u' is the cosine of the angle between tH& and ther "
directions. The irradiationH, is the sum of the energy contribution from all

Interface of the Glass RodFigures 8a) and 3b) illustrate the the other surfaces that include the furnace, the cylinder outer sur-
transmission and reflection at the interface of the glass rod, andate, and the top and bottom disk openings.
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Fig. 4 Band model for absorption coefficient: (a) Myers’ band model; and (b) band model used in this study.

K A common spatial grid is used in solving both the energy equa-
H)\,i:E IniFis (23) tion and the RTE. The grid is fixed on the glass rod and moves
j=1 with the rod. The new position of the grid and the view factors of

the glass surface are updated at each time step. In this way, there

whereF;_; is the diffuse view factor from surface elemerto j. is no convection due to zone traverse since the glass does not

K is the total number of the surface elements. Equati@dsand move relative to the grid.

(21) are for the semitransparent band. When5 .m where the In this study, a uniform initial temperature of 300K was used. A

?alzzsolfstﬁce)ngslfsesrergdtombuif qucﬁéjr;ergdf;gi;“es on the outer ¥ rﬁsitivity study showed that a time step of 1 second is enough for

the transient problem. The grid spacing is more condensed near
Jy i=eEpy i+ (1—&)H, (24) the bounding interfaces and the gap to account for the steep spa-
’ ’ ’ tial change in the physical variables expected in these regions. A
wheres is the emissivity of the surface; afig, ; is the blackbody grid-refinement study showed that 2837 (in z andr directions,
emissive power in thé" surface element. Since the furnace isespectively grids is enough for the simulation.
opague, its radiosities are also calculated from @4) in all the L .
spectral range. 2.4 Models of Radiative Properties. Tht_a accuracy of the
Gap Between the Two Cylinderghe transmission and reflec-Solution to the RTE, or Eq(1), depends significantly on the
tion on the gap interfaces between the two cylinders should KBowledge of the radiative properties. Specifically, care must be

considered: exercised to appropriately quantify the absorption coefficient of
the glass and the reflectivity at the glass surfaces at the operating
g 7 T (p +7 p g’ : temperature.

I\e= - , <0 (2%) Myers’ Band Model for Spectral Absorption CoefficieRigure
4(a) displays the Myers’ bandg3] for the spectral absorption

oo T (p g _ coefficient of fused silica glass. The bands commonly used in the

W= - , um'>0 (2%) prediction of radiative transfer in fiber drawing process are given
below:

Since the gap is very thin, it disappears when the glass melts.
Kky=0, A<3 um;
2.3.4 Method of Solution. The computation of the intensity

begins at the grids adjacent to the boundary surfaces along each Ky=4 cml 3 um<A<4.8 um;
specified direction with estimated boundary intensities and pro-
ceeds into the medium. Once the intensities in all the directions k,=150 cm'l, 4.8 um<A<8 um;

are obtained, the one-way fluxes at the boundaries are calculated
and substituted into Eq$21a) to (21c), and the linear equations Myers approximates the absorption coefficient at a small wave-
for the radiosities on th& surface elements of the outside enclofength \ <3.0 um) as zero, and consequently the radiative trans-
sure are solved. Irradiations on the outer surface of the glass d¢anat that band is not considered. Although the absorption coeffi-
now be calculated in Eq23) and are substituted into E(R0a) to  cient is small (in the order of 0.001 to 0.3 cnf) for
(200 to update the estimated inner surface radiosities. The orsemitransparent glasses at this band, more than 60% of the emis-
way fluxes at the gap are also updated in the process. Iteratiorsiiee power concentrates in these shorter wavelengths for the glass
needed for these updating processes. at the(melting temperature between 1000K and 250Q#€e for

The energy equatiofEq. (5)) was solved using the finite vol- example, blackbody emissive power spectrum in Mod&st
ume method with a fully implicit time marching scheme. Sinc€onsequently, the effect of the absorption coefficient in this band
the divergence of the radiative flux is strongly dependent on tlo& radiative transfer is considerable and cannot be neglected as
temperature, an inner iteration for the temperature is carried outvt be shown in our results. It is worth noting that in Myers’ band
each time step. The time derivative term is discretized by secondedel, the absorption coefficient at the middle band &1
order one-sided difference scheme. <\<4.8um) was based on room temperature.
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-

Modified Absorption Band Model Used in This Studyhe

spectral radiative energy is negligible for short wavelengths ool
<0.2um in the operating temperature range. In the range of © integral solution
0.2 um=\<2.8 um, taking the multiple reflections into account, 08
the average internal transmitivity, of a silica glass slab can 07
be calculated from the tabulated data of the apparent slab

0.6}

reflectivity and transmissivity iiTouloukian et al[16]). With the
approximation of

miy=e ad (26)

whered is the thickness of the slab, the average absorption coef-
ficient for 0.2um<\<2.8 um is determined to be 0.0243 ¢th

The absorption coefficients of typical glasses near the melting
temperature were measured experimentally by End8}sand
Nijnatten et al.[9,10]; both published data suggest that the ab-
sorption coefficient in the 2.8m=<\<4.8 um band near melting

Dimensionless radiative flux, q/E, ;.

temperature is generally +25% lower than that at a room tem- ' "R
perature of 25°C. In this study, we estimate the absorption coef- (a)
ficient in the 2.8um=<\<4.8 um band to be 3.4 ci. ;

ForA>4.8 um, the absorption coefficient is large and the spec- — l34 DOM so;u"on
tral radiative flux is relatively small. Thus, the glass is considered 5 0.9
opaque for that band. The modified band model is shown in Fig.

fur

; ) 0.8}
4(b). The optical thicknesses, for each band based on a rod T = 2000K
radius of 4.5 cm are given as 0.7F Tmma°e=1000K

glass

5,=0.1094, 0.2um<A=<2.8 um;
6,=15.3, 2.8um<\=4.8 um;
O—», 4.8 um<\;

Surface Reflectivity The external surface reflectivity can be
calculated from the experimentally tabulated data for the air-to-
media interface by the following curve fiEgan and Hilgeman

Dimensioniess radiative fiux, q /Eb

[17]): et
p*=—0.4399+0.7099< n,,— 0.3319x n2 +0.0636x nZ, 0 02 “ r % 08 !
27) b)

The corresponding internal surface reflectivity for any diffuse 1 . .

media-to-air interface is given by —__ S5-4 DOM solution
5% | o mntegalsolution

_ (l_er) I 0.8t
p=l-— (28) =
m £ 07} Tiumace = 2000K

wheren,, is the index of refraction of the medium. In this study, ® o6l Tiass = 1500K

an average refractive index over the whole spectrum is usgd ( % )

=1.42). The consequent reflectivity and transmitivity of the ex- G osf

ternal surface are 0.08 and 0.92, respectively. Those for the inter- prd 4

nal surface are 0.54 and 0.46. 8 o4r G
S os}
[
c
& o2}

3 Results and Discussions a ol

In order to investigate the effects of the approximation methods
and the models describing the glass radiative properties on the 05 1

transient temperature distribution, a MATLAB program with
C++ subroutines has been written to simulate the process shown
in Fig. 1.

I . . . . Fig. 5 Comparison of the DOM and the integral solutions dif-
3.1 \Validation. Exact integral solution of RTE is avallablefe?ent Cy"ndgr diameters,  T,=2000 K): (g) T,=500K; (b)( T,

for the one-dimensional semitransparent cylinder whose tempesat0oo K; and (c) T,=1500 K.
ture and heat flux only varies in the radial directigtesten[18]).

In order to validate our two-dimensional solution with this inte-

gral solution, the boundary conditions are modified in the codes to

obtain an equivalent one-dimensional solution as follows: the di-

ameter of the cylinder is constant; both the top and the bonﬁgnperatures and cylinder diameters. The radial flux is normalized

intgrfaces Of t_h.e cylinder are assumeq to be optically smooth wj the furnace blackbody emissive power. As shown in Fig. 5, the
unity reflectivities; the temperatures in the glass and the furnag mputed results agree with the exact solutions '
wall are assumed to be uniform so that the radiation intensity does ’

not vary in the axial direction. Figure 5 shows comparisons of the 3.2  Simulation and Discussion. In this study, we compare
S-4 DOM solutions and the integral solutions under different glagise following simulations:
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Fig. 6 Temperature distributions:  (a) DOM, new band model; (b) Rosseland; and (c) DOM, Myers’ band model.

1. DOM with a modified absorption band model given in Fig. 1. The characteristic dimension is relatively small, particularly

4(b) inside the gap. These results are consistent with those in
2. RA method with the modified absorption band model (Lee and Viskant§5]) that was computed for glass slab; the
3. DOM with the Myers’ band model given in Fig(a). RA underpredicts the radiative heat flux even when the

thickness of the layer is larger than 1 m.
2. Although the absorption coefficient is relatively large in the
middle band (3.um<A<4.8um), most radiative energy
concentrates in the low wavelength band that is character-
ized by a very small absorption coefficient of 0.0243¢m

Simulations 1 and 2 compare the effects of the optically thick
assumption on the radiative transfer. Simulations 1 and 3 investi-
gate the effects of absorption band models. Of particular interest is
to compare the following:

1. Th istributi f the gl li is- . .
pla(;etgr}:]pgirgtuge distributions of the glass cylinders as dis Another obvious difference occurs at the gap between the cyl-

2. The heat fluxes in both axial and radial directions at the ttﬁders. Based on several observations made in Figsand 7b),
of the gap in Fig. 7. e RA incorrectly predicts the heat flux as explained below:

3. T_he transient temperature gradient at the tip of the gap in1. Wwhent=86 secondsgor Z=0.13.), the major portion of the
Fig. 8. glass rod is outside the furnace and thus the rod is heated

The values of the parameters used in the simulation are given in malunly_by the axial radiative flux from the bottofindicated
Table 1. The temperature distribution of the furnace is parabolic @S “A’in Fig. 1). As shown in Fig. 7a), the radial flux is
along its wall, and has a maximum value of 2400 K at the middle ~ negative(or flowing outward since heat dissipates to the
and a minimum value of 1500 K at both ends. The glass rod of ~€nvironment from the somewhat heated rod as expected. As
length 0.5 m is fed with a constant speed of 0.75 mm/second into @ result, the radial temperature gradient at the tip of the gap
the furnace fronZ=0 to Z=0.5_. is negative as reasonably predicted by the DOM with the

Figure 6 compares the temperature distributions at different lo- modified band model in Fig. 8. Note that the RA underesti-
cations and time. The total heat fluxes, which are defined in Eqs. Mmates the temperature and fails to predict this negative radial

(11-14, are compared in Fig. 7, where a positive axial flux indi- heat flux. Furthermore, it predicts an incorrect temperature

cates heat flowing in the positiedirection, but a positive radial gradient in the radial direction as shown in Fig. 8.

flux indicates heat flowing toward the center of the fodnega- 2. As the glass rod translates further into the furnace, the radial

tive r direction. flux becomes positivéor flowing toward the centgrand
Effects of the Optically Thick Assumptiois shown in Fig. 6, increases withr, as simulated by DOM with the modified

the RA method highly underestimates the temperature due to the band model, as expected. The axial flux, however, decreases
assumption that the glass medium is optically thick. Recall that  with r because the view factor is larger at the center of the
the optical thickness is a function of both the characteristic dimen-  bottom than that at a larger radial distance. Note that since
sion and the absorption coefficient. The followings are two causes the axial flux is significantly larger than the radial flux at the
of the error: tip of the gap, the temperature gradient in the radial direction
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Fig. 7 Radiative flux distributions at  z/L=0.15: (a) DOM, new band model; (b) Rosseland; and (c) DOM, Myers’ band
model.

is positive but small. In RA, the temperature inside the inner  furnace. Thus, the net radiative flux inside the glass as the
cylinder is underestimated. As a result, the corresponding process approaches steady state is smaller than that at the
axial temperature gradient and thus the axial heat flux is initial transient.

larger than that in the outer cylinder as shown in Fig).7
Figure 8 shows that the temperature discontinuity in the gaép
results in a large positive temperature gradient at the tip £
the gap. Consequently, there is a peak of radial radiative flux1, |n Myers’ two-step band model, the glass absorption coeffi-
near the tip. The sharp drop of the temperature gradient after  cient at short wavelengths (O@Zm<\<2.8 um) has been
the temperature is elevated is due to the combination of two neglected. As a result, the heat flux at that band is not ab-

Effects of Band Models of Absorption Coefficier8everal ob-
rvations can be made in Figgck 7(c), and 8:

factors: radiative conductivity is proportionalT@; the Ros- sorbed (or attenuated by the glass medium and thus the
seland mean absorption coefficient decreases shapely when temperature is underestimated during the initial transient re-
the temperature is increased. sponse as shown in Fig(d.

3. Itis interesting to note that the axial fluxtat 428 is smaller 2. In addition, as only the radiative energy at the middle band
than that at=214 in Fig. Ta). This is because as the glass (3.0um<A<4.8um) is absorbed by the glass in Myers’
is heated near the temperature of the furnace, the emitted model that has &, more than 100 times larger than that at
flux by the glass medium is comparable to the flux from the  the short-wavelength band, the radiative flux at the middle

band from the furnace is greatly attenuated along the path
into the glass medium. Consequently, a very large tempera-
ture gradient is formed in the radial direction as shown in
200 T " - T T T T T Figs. Gc) and 8.
e 3. The total flux in the solution using Myers’ band model is

v i somewhat larger than that using the new band model since

150+ g Tl the flux at the short wavelength band is not attenusadd

/ sorbed by the glass media in Myers’ model.

" DOM. new band model As mentioned earlier, sufficiently large temperature gradient

----- Rosseland approximation due to the transient heating could result in cracking at the inter-
— - - DOM, Myers band model

face and predictions of thermally induced stresses requires a good
understanding of the transient temperature field and its gradient at
the interface. Both Rosseland approximation and the neglect of
the absorption coefficient in the Oudn<\<2.8 um band have

led to erroneous prediction of temperature gradient. Most impor-

Temperature gradient (K/cm)
~

1 1 1 i £ 1 1 1 1
0 100 200 300 4T°,° : 5C;° 600 700 600 900 Table 1 Parameters used in the simulation
ime (sec

a/lR 0.22 b/L 0.15 Tt max 2400 K
Fig. 8 Transient radial temperature gradient at the tip of the R/R¢ 0.75 R/L 0.09 L/L; 1
gap (a/R=0.22; and d/L=0.15).
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s = south side of the control volume
n = normal unit vector of the surface
r = location vector

s = unit direction vector

4 Conclusions Q = solid angle in sr

The transient temperature and heat flux distributions in the pro- ™ ~ spectral d!ffuse trahsnysswnty
cess of heating two concentric, semitransparent glass cylinders P = Spectral diffuse reflectivity
have been presented. Specifically, we have compared two differ- ¥x = Spectral absorption coefficient in H"
ent methods in modeling the radiative transfer; namely, the dis- € = €missivity o
crete ordinate method and Rosseland’s approximation. In addition, #' = cosine of the angle between tfth direction and the

tantly, they fail to predict the negative temperature gradient at the
earlier stage of the transient, where cracks at the join interface are
most likely.

we have investigated the effects of the absorption coefficient at r direction

short wavelengths (0.2m=<\<2.8um) on the radiative trans- &' = cosine of the angle between tith direction and the
fer, which has been neglected in the commonly used Myers’ two- z direction

step band model. 5, = optical thickness

Our results show that although the spectral absorption coeffie.8) = general curvilinear coordinates
cient at short wavelengths is relatively small, its effects on the W = west side of the control volume
temperature are considerable since most of the radiative power is Z = axial coordinate direction
at this short-wavelength band under the elevated temperatureghax = maximum value
The temperature is highly underestimated during this initial tran- + = positive coordinate direction for flux; outer surface at

sient and its radial variation is overestimated with the Myers’ band the interface o _
model. — = negative coordinate direction for flux; inner surface at
The comparison between the predictions using DOM and the the interface

widely used Rosseland approximation shows that Rosseland’s sterences
proximation fails miserably when the characteristic dimension Is

small, particularly at the gap between the cylinders even when théll Eaeeli(énubgr'i'nangu?#:cké %ranilinlgz;?' ;ﬁ’i:f::ci%'e?sef‘?"zr Olf tgiy’\ng'DOW“
temperature variation is small. In addition, the assumption of op-  ary 4o 9 o APRL PP
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