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Optical fibers are drawn from preforms (fused silica glass rods) typically made up of two
concentric cylinders (the core rod and the clad tube), which are usually joined in a
separate fusion process. The setup time and hence manufacturing cost can be significantly
reduced if the two cylinders can be joined in the same furnace in which the fiber is drawn.
A good understanding of the transient temperature distribution is needed for controlling
the feed rate to avoid thermally induced cracks. Since direct measurement of the tempera-
ture fields is often impossible, the geometrical design of the preform and the control of the
feed rate have largely been accomplished by trials-and-errors. The ability to predict the
transient temperature distribution and the thermally induced stresses will provide a ra-
tional basis to design optimization and feed rate control of the process. In this paper, we
present an analytical model to predict the transient conductive-radiative transfer as two
partially joined, concentric glass cylinders with specular surfaces are fed into the furnace.
Finite volume method (FVM) is used to solve the radiative transfer equation (RTE). The
specular surface reflectivity is obtained by the Fresnel’s law and the Snell's law. The
boundary intensities are obtained through the coupling of the interior glass radiative
transfer and the exterior furnace enclosure analysis. The model has been used to numeri-

cally study the transient conductive-radiative transfer in the advanced melting zone
(AMZ) of an optic fiber drawing process. This problem is of both theoretical and practical

interest in the manufacture of optical fibers. The computational method for the radiation
transfer developed in this paper can also be applied to the simulation of the fiber drawing
process and other glass-related manufacturing proceq$2®l: 10.1115/1.1751426

Viskanta[5] investigated combined conduction and radiation in a
one-dimensional glass layer. By comparing the results from the
exact integral solution and the Rosseland approximation method,
hey concluded that the diffusion approximation greatly underes-
fates the temperature and heat flux when the thickness or the
opacity of the layer is small.
Recently, the finite volume methodVM) has been investi-

. . L ; ““gated for modeling semitransparent, emitting and absorbing me-
time and thus lower the manufacturing cost, it is desired to el ium. The methodghas a erxiEiIity t(; lay outgthe spatial ané] an-

nate this 'tir_n_e-consuming fusion process by advanc_ing the tVgﬁ)ﬂar grids and can solve the radiative transfer equatiRTE)
cylinders (initially at room temperatupeat a predetermined feed numerically without any assumption. Chai et [#] presented the

rate into the same furnace that the fiber is drawn. The tradeoffS caqure of the FVM and tested the method with benchmark
that sophisticated feed rate control is needed to avoid large teffigpiems of two- and three-dimensional enclosures with partici-
perature gradient in the advanced melting z6AZ), which  nating media. The results demonstrated that the method is accu-
could result in cracking at the interface before the glass cylinderisia and efficient when compared with the exact solution or dis-
softened. As direct measurement of the temperature fields afdte ordinates metha@OM). Liu et al.[7] compared the FVM
thermal stresses is often impossible, the geometrical design of {gy the DOM on benchmark problems in body-fitted coordinates
preform and the control of the feed rate have largely been accogy-cartesian geometry. Their results from both methods show rea-
plished by trials-and-errors. The ability to predict the transieRfonaply good agreements and in some cases, the FVM outper-
temperature distribution and the thermally induced stresses Wikms the DOM. Baek and Kini8] presented the FVM in an
provide a rational basis to design optimization and feed rate cofkisymmetric cylindrical geometry and obtained accurate solution
trol of the process. o for benchmark problems. Most of the studies in these problems

Radiation is the dominant heat transfer mode in this process diigve relatively simple boundary conditions, either a bounding
to the high temperature of the furnace. Because glass is semitragjsaque wall or an environment with a uniform temperature.
parent to radiation, emission and absorption exist throughout theThe solution of the RTE requires well defined boundary inten-
medium. A number of researche@aek and Runkl], Myers[2], sities at all the interfaces. The optical condition of the interfaces
Xiao and Kaminski[3], Choudhury et al[4]) have used Rosse- has significant effects on the radiative transfer through the sur-
land’s approximation, which assumes the participating mediumfigces. In the prior works on the fiber drawing simulation, Yin and
optically thick, to model the radiative transport in the steady statRiuria[9], Siegel and Spuckldi0] assumed the interfaces of the
fiber drawing process that follows the AMZ process. Lee angreform are diffuse to irradiations when the preform has not been
polished. It is of interest to investigate the effect of surface con-
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“This paper was previously published 126(2) May 2004 with incorrect figures. &€ optically smooth. For an ideally smooth surface, _S_n_e” s law
We are republishing it with the correct figures. and Fresnel’s law can be used to calculate the reflectivities of the

1 Introduction

Optical fibers are drawn from preformgelting fused silica
glass rodstypically made up of two concentric cylinde(the core t
and the claddingin a furnace operating at a temperature near tq
glass melting pointbetween 1500 K to 2500)KThe core and the
cladding are usually joined in a separgpeeheating fusion pro-
cess that is typically carried out manually. To minimize the set
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i When scattering of radiation is negligible as compared to the ab-

i sorption and the emissiofViskanta[12]), the radiation intensity
v I,(r,s) in Eq. (2) can be solved from the radiative transfer equa-

tion (RTE):
Fig. 1 Schematic illustrating the transient process

S VI (1,9 =r[Nlp(T) = 1,(r,9)] ©)

] ] ) N As the natural convection of the air is negligible in comparison
surface(Lee and Viskant§5]). Since the boundary intensities andto the radiative exchange, the boundary condition for the heat
the reflectivities depend on directions at specular surfaces, densgiiation is essentially the continuity of the conductive heat flux

angular grids are required at the surfaces in order to address &g the net radiative flux at the opaque band given as follows:
direction tracing of each reflection and refraction.

In this paper, we use the FVM to predict the transient —kn-VT=0rad,0pa (4)

conductive-radiative transfer as two partially joined, concentrigqyations(1) to (4) are solved numerically for the transient tem-
glass cylinders with specular surfaces are moved into the furnaggrature distribution in the AMZ. Specifically, the heat equation or
The numerical model provides an effective means to predict apgy (1) can be solved by using the standard spatial FVM with a
visualize the temperature field, upon which practical methods fgemi-implicit time-marching scheme. However, the solution to
reducing the transient temperature gradig@mtd thus the thermal Eq. (1) requires solving the RTE, the closed form solution for

crack can be developed. The computational method for radiatifhich is not available. Thus, the RTE is solved numerically in the
transfer developed here can also be applied to the simulationtgfiowing subsections.

the fiber drawing process and other glass-related manufacturing
processes. 2.1 Radiative Transfer Computation. The following as-
sumptions are made in solving the RT@® Glass is semitrans-
2 Heat Transfer Model of the Advanced Melting Zone Parent in the spectral range<d<5 pm and is almost opaque
(AMZ) beyond 5um. (b) The refractive index qf the medium is uplform
and does not depend on temperature in the range consideyed.
The geometry of the thermal system characterizing the AMZ iBhe furnace walls are gray and diffuge) The inner and outer
shown in Fig. 1. The thermal system is axisymmetric and twaurfaces at the glass interface and in the gap are optically smooth
dimensional(2D). As shown in Fig. 1, the system consists of dor radiation reflection and transmissioe) The glass has not
cylindrical furnace that has a parabolic temperature distributionelted during transient, and the effects of the small deformation
with a maximum at the middle, and a fused silica glass assemhdy. the glass rod on the surface reflection and transmission is
The glass assembligalled preform in industryis made up of a negligible.
core rod and a clad tube of radiiandR respectively, where the  To allow for axi-symmetric but arbitrary non-uniform cross-
gapd between the two concentric cylinders is very small as congection, the RTE or Eq3) is transformed in a cylindrical curvi-
pared to the radii. The cylinders are initially joined for a shorlinear coordinate systerw,£) in the strong conservative form:
lengthb at the bottom. The cladding tube has a taf@mley) at

the bottom. The preforninitially at room temperatupeis trans- 7 (—anrJr’an) + 7 rl —a§r+ﬁfz - E i( N
lated axially into the furnace till the lower end of the rod reaches a7 | * J g N J J T
the middle of the furnace, where the gap is sealed under heat. In

the following analysis, the symbols for the parameters and vari-  _ rﬁ(l -1 (5)
ables are defined in the nomenclature. J e

The rate of change of energy stored in a glass element is cQhh
tributed by both conductive and radiative transfer as characterizg
by the heat equation:

ere (a=sin#cosy, y=sin#siny, B=cosl) are the direction
ines of the intensity orientation vec®(see Fig. 2, (7, ,7,)
and ¢ ,&,) are the grid metrics; and is the Jacobian of the
d transform. The derivation of Ed5) is attached in the appendix.
pC—r=—V:(=kVT)—V-q (1)  From now on we drop the subscript for convenience, but it
should be kept in mind that the intensities and the median radia-
In Eq. (1), the divergence of the total radiation heat flux is givefion properties are all spectral values and are evaluated in different
by (Modest,[11]): bands of the spectrum.
- The RTE is solved using the FVM. The method involves divid-
V~q=J
0

477Kx”f|b>\(T)—K>\J I,(r,s)dQ |dx  (2) ing the 2D spatial domain into finite control volumes, each of
Journal of Manufacturing Science and Engineering NOVEMBER 2004, Vol. 126 / 751

O=4x

which has a local orientation coordinate system as shown in Fig.
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(a)

P Fig. 4 Schematics illustrating the boundary conditions: (a)
ke 14 Gap between the two cylinders;  (b) Interface of the glass rod

Fig. 3 Representative control solid angle in the local coordi-

nate system . .
y Slncelgfc‘v'syn and appear in Eq(6), supplementary re-

lationships between these intensities and the nodal inteHBity
are required to solve the discretized equation. In order to ensure
np%sitive intensity solution, the step schef@aek and Kim[8]) is
gsed to relate the facial and edge intensities to the nodal intensity.

Im,ntl/Z
P

2. The whole solid angle space in each local coordinate syste
further divided into finite control angles as shown in Fig. 3. Th

control angle is defined b&an:w:ffzzf sin édédy. The RTE 2.2 Boundary Conditions for the RTE and the Enclosure
is then solved along each direction of the control angle in ea@flysis. The solution of the RTE requires an appropriate set of
control volume. The advantage of the FVM is that the contrdjoundary intensities that start from all the inner surfaces of the
angles can be arbitrarily specified pertaining to each problem de@i2ss media and at the symmetry axis. Along the axis of the sym-

with. Equation(5) is spatially discretized by central difference andnetry, or at

then integrated over each of the control angles, which leads to r=0 I/=I, for B'=8 and a'=—a 11)
1 , . . . . . .
2 ”nnDimn_.z |imnDimn_ _(am,n+1/2| gﬁ,n+1/2 \llvherel}\ is along the reflection direction of an incident intensity
I=e,n I=W,S A

For optically smooth glass, the direction of the refracted inten-
Ik i , .
_gmn-172 rg,n—l/Z): T(Ib_ | A QM ©) sity at a surface follows the Snell’s law:
n; siné;=n,siné, (12)

where the superscripta andn denote the discrete polar and aZiyyheren is the index of refractions is the angle between the

muthal angles o, m=1,2,...M; n=12,...N; & n.wands jyensity and the normal vector of the surface; and the subscripts 1

denote the east, north, west and south faces of the control VOlurHﬁd 2 represent either the glass or the air media. The reflectivity

and the subscriptJ” denotes the center node of the control VO"from media 1 to media 2 at the interface can be obtained by the

ume. In Eq(6), D{""=r; [ yomrA;-sd{) is the face intensity weight Fresnel’s law:

given by
) ) _1[[nycosf—n, cosel)z (nl cosé;—n, 00502>2}
i(”riD$n+ D" for i=e,w 1-272 |1\ n, cosé,+n, cosb, n, cosé;+n, cosd,
I
D= O wh (61)=py.1(6,) and th (6) t tth
i mn mn L wherep,.,(61) = p,.1(6,) and thus we uspg o represent the
J_i(ériDcr +&iDe; for i=s,n specular reflectivity.
Figures 4a) and 4b) illustrate the transmission and reflection
where at the gap between the cylinders and at the surface respectively. In
L Fig. 4a), I, 1(s;) andl, o(s,) are the incident radiation intensities
Dgn:f f (sin 6 cosy)sin d od (8) onto the gap from within the glass media. Consider the multiple
e reflections between the two outer surfaces at the gap. The bound-
o o ary intensities leaving the inner surfaces 1 and 2 at the gap and
D= f f cos sin adad (9) pointing toward the interior of the glass media can be obtained by
Y om-
. mn=1/2 . _ . . B (1_ps(0))2
Sincea™"= "'~ are the geometric coefficients for the intensities on INi(rs)=| 1+ —————|ps(O)],(r,s)
the faces of the control angle, they do not depend on the intensi- 1-ps(6)

ties. The following recursive relation can be obtained by assuming

_ 2
all the facial and nodal intensities in E¢6) are equal to the +M

l(rs) i,j=1.2 (24)

blackbody emission intensity: 1—p§( 0)
qmn+L2_ am,nllz_J( 2 Dmn_ 2 p™|—p™ (10) \I/vh((ereag is along the reflection direction of the incident intensity
. i ~ i cr N r,si .
e e Figure 4b) illustrates the boundary conditions for two separate
subject to the boundary conditia™N*?=0. bands. In the semitransparent bafd<A<5 um), |, ¢(s;) and
752 /| Vol. 126, NOVEMBER 2004 Transactions of the ASME
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K
A>5 um J}\’iZa‘gEb}\(Tg)-i-(l—sg)ElJ)\’jFi,j (19)
=

where g is the emissivity of the glass surface; apg is the
diffuse reflectivity at the glass outer surface. Equati¢hig to
(19) are solved simultaneously, then the incident intensity from
the furnace is obtained by

(e sp) =J5(rs )/ (20)

3 Results and Discussions

A MATLAB program with C++ subroutines was written to
simulate the AMZ(Fig. 1). The same spatial grids are used for
solving both the heat equation and the RTE. In order to account
Fig. 5 Determination of the incident intensity unit vectors s f fo.r .the.Steep spatial _chan_ge in the physical variables near the
and s joining interfaces, a grid-refinement study has led to the following

¢ scheme: It was found that 1587 spatial gridgin r andz direc-
tions respectivelyis sufficient for the simulation, each of which
consists of &6 control angles for the polar and azimuthal angles

I, o(s,) are the incident radiation intensity from the furnace Waﬂespectively. The control angle at the boundary is further divided

and from within the glass media. The boundary intensity leavir] to 3x3 pixel solid angles to allow for the arbitrary intensity
the inner surface and pointing to the glass interior is made up @féctions after the reflections and refractions at the interfaces.

the transmission of, ((s;) and the reflection of, 4(s,). The iterative computation of the intensity begins at the grids
adjacent to the boundary surfaces along each specified direction
1R(r.sp)=[1—ps(0)1(Ng/N2)%l5 (¢ ,S) with the guessed boundary intensities and proceeds into the me-
, dium. Once the intensities in all the directions are obtained, the
+ps(0)1\g(r,§) for n-g;<<0 (15 jinear equations for the radiocities on thesurface elements of

wheres] is along the reflection direction of the incident intensityn€ furnace are solved. The boundary intensities at the glass inner
l.o(S), andn is the outward unit normal vector at the g|as§urface can now be updated from Ef5). The intensities at the
surface. Note that the transmitted intensity is multiplied by a fa@@p are also updated from E@.4). . . _

tor of (n,/n,)? for a transmission from media 1 to media 2 due to 1he values ofifused silica glass properties are available in
the change of the solid angle caused by the refraction. published literature. Specifically, the band model for the spectral

Based on the geometric relationships among the direction v@Rsorption coefficienk, of the glass is given in Wei et al13]. -
tors at the glass surface as shown in Fig. 5, the angles between tHg 2verage refractive indexof glass over the entire spectrum is
intensities and the unit normal vector and the incident intensify™ N The average glass emissivity at the'op.aque. band E6u8
orientation unit vectors are determined by ukian et al.[14]). The furnace gray emissivity is 0.7Blyers

[2]).
01=cos '(—n-s)), B,=sin" [ (ng/n,)sin(6;)] The objectives of the simulations ai® to validate the numeri-
, , cal model, and(2) to study the effects of the key parameter
=S~ 2(nsy)n (16)  changes on the temperature distribution during transient. Since

Sin(6,— 6;) Sin(6,— 6,) direct measuremerttemperature or thermal stregs the preform
2 TV i 2 7 is extremely difficult, the validation of the model has thus focused
tan(6,) sin(6) on two parts; verification of numerical computation, and qualita-
The locationr; on the furnace where the intensity ((r;,s) tive examination of the specular surface assumption against an
starts off can be determined by tracing in thedirection fromr ~ €Xxperimental observation.

onces is determined. In order to obtain the valuelgfy(ry ), 3.1 Numerical Validation. Exact integral solution of the

we solve for the furnace radiocities in the following enclosurgre s only available for the one-dimensional semitransparent
analysis. The furnace wall, the glass interface, and the top aiinder where the temperature and heat flux only varies in the
bottom opening disks form an enclosure. In order to make th&qia| direction(Kesten[15]). In order to validate our 2D solution
analysis tractable, the glass outer surface is assumed to be diffy$@ this published integral solution, we adapted the boundary
for radiation exchanges. This assumption does not introduce e gitions to simulate the 1D solution as follows: Both the top
siderable error since the furnace has a small reflectivity and smgll§ the pottom interfaces of tHeonstant diametgrcylinder are
view-factors to the glass surface such that the intensities from thesmed to be optically smooth with unit reflectivity. In addition,
glass only contribute a small part of the furnace radiosity. Thge glass and the furnace wall have uniform temperature such that
enclosure is divided inté& small elements. The furnace radiosity;e yadiation intensity does not vary axially. Figure 6 compares

St=| cog 0,— 01) +

is given by the FVM solution and the integral solutions under different glass
K temperatures and cylinder diameters. The radial flux is normalized
AN iZSfEm(Tf)Jr(l—sf)z Iy iFisj (17) to the furnace blackbody emissive power. As shown in Figa) 6
' =1 and Gb), the computed results agree well with the exact solutions.
The radiosity at the glass outer surface is giver(4se Fig. 4b)) 3.2 Qualitative Experimental Verification. In order to ex-
amine the specular surface assumption, the temperature distribu-
0<\<5 um JM=J [1—ps(0)] tion during transient was numerically simulated and compared
Q=2m,n5>0 against that with diffuse surfaces. The formulation of the bound-
2 ary conditions for diffuse surfaces can be found in Jamaluddin and
X(Na/ng)ly ¢(r,5)N-5,d € Smith[16] and Yin and Jalurif9]. The effects of the temperature
K gradient can then be analyzed qualitatively, and compared against
+Pd2 I iFie| (18) experimental observations. For this study, the glass rbd (
=1 =0.55m) was fed at a constant spe@d 7.5 mm/min into the
Journal of Manufacturing Science and Engineering NOVEMBER 2004, Vol. 126 / 753
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Fig. 7 Effect of temperature gradient on thermal crack: (a) Ra-

dial temperature gradient at the tip of the gap; (b) Experimen-
tally observed crack

(b)

would make the crack grow inward in the core rod. Experiments
Fig. 6 Comparison of the FVM and the integral solutions: (@ showed that when the preform cracks during the AMZ, the crack
Tg=500 K; (b) Tg=1500 K starts at the joint tip between the core rod and the clad tube and
propagates towards the preform surface as illustrated in Hiy. 7
The fact that the crack grew outward suggests that the specular
furnace fromz=—0.16; to Z=0.5L;. The rod had an initial Surface assumption is reasonable in the prediction of the tempera-
temperature of 300K. Other values of the parameters are giverf#i€ gradient. . . o
Table 1. To provide a better understanding, the radial temperature distri-
The radial temperature gradients at the tip moved along tR&tions around the tip for the two different surface conditions are
axial direction were computed for two different surface assumgompared in Fig. 8. The preform temperature with diffuse surfaces
tions. The results are compared in Figa)7 The diffuse surface Increases much faster than that with specular surfaces. For a dif-
preform displays aegativemaximum-temperature-gradient whenfuse interface, the transmitted intensity is uniformly distributed in
most of the preform is still outside the furnace, while the speculdf! the directions regardless of the incident directions and thus a
surface preform exhibits apositive maximum-temperature- Significant part of the incident radiative flux at the surface area
gradient in the middle of the feeding process. Since the cragktside the furnace is redirected backward to the lower portion of
occurs due to the tensile stress developed at the joint tip, a pd§ie preform. The relatively high temperature difference between
tive radial temperature gradient would make the crack grow oufe glass and the environment results in a large heat flux dissipat-

ward in the clad tube, while a negative radial temperature gradidi@ to the environment through the side surface, which explains
the large negative radial temperature gradient when most of the

preform is still outside the furnace as shown in Figp)7As the
preform moves further into the furnace, the heat flux from the side

Table 1 Parameters used in the baseline simulation surface is balanced somewhat by the conductive flux due to the
RIL 009 aR 022 b/L 014 /L 009  hegative temperature gradient and as a result, the positive gradient
X 63° R/R; 075 L{/L 083 Timx 2400K Isnotas high as thatin the preform with a specular surface. The

abrupt drop of positive temperature gradient in the diffuse surface

754 | Vol. 126, NOVEMBER 2004 Transactions of the ASME
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preform as shown in Fig.(@) is due to the sealing of the gap after
the temperature exceeds the softening point of the glass. For a
specular surface, the incident ray is refracted in a single direction,
and part of the intensity originally from the furnace is reflected
from the glass surface into the environment. The preform thus
develops a much lower temperature and heat flux. As the specular
surface preform has a much lower negative temperature gradient
at the beginning of the AMZ, a huge positive temperature gradient
is developed as the preform goes further into the furnace.

3.3 Parametric Studies on Temperature Gradient. To re-
duce the temperature gradient near the tip of the gap without
sacrificing the total feeding time, the effects of the following pa-
rameter changes on the temperature gradient have been studied
numerically:

(1) Baseline simulation: Table 1

(2) Normalized initial joint lengthb/L: 0.08, 0.14 and 0.2

(3) The taper tilt angley: 45°, 63° and 75°;

(4) The feed profile: (a) constant feed rates of
5, 7.5 and 15 mm/min
(b) two-stage feed rate

To aid visualizing how the temperature gradient is developed,
the temperature distributions and the divergence of the radiative
flux at three instants of time are graphed in Figs. 9 and 10 respec-
tively. In these figures, the axial coordinate begins at the furnace
entrance and the negative divergence corresponds to a net inflow
of radiative energy into the control volume.

Figure 9 shows a temperature discontinuity at the gap, which
has an isolating effect on the heat flux propagation between the
two cylinders. The computation of reflectivity in EQL3) shows
that about only one half of the incident radiative flux is transmit-
ted through the gap from both sides, and the remainder is reflected
back. The conductive heat flux is also blocked by the gap but
indirectly transferred by the radiative exchange in the opaque
band between the two surfaces of the gap. A local peak of radial
temperature gradient is developed near the tip due to the tempera-
ture discontinuity. When the temperature gradient is greater than
some critical value, a crack could develop due to the thermal
stress concentration at the tip.
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Fig. 9 Temperature contours in the baseline simulation

(unit: K): (a) t=500 sec, Z/Lf

=—0.03; (b) t=1170 sec, Z/Lf=0.16; (c) t=1700 sec, Z/Lf=0.3
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Figure 10 illustrates the divergence of the radiative flux at threke botton), the clad tube has a larger view factor to the furnace
different time instants. When the rod is outside the furnace, masgall than the core rod due to the taper geometry, which results in
of the heat is transferred from the bottom. As shown in Figal,l0 a higher radial temperature gradient at the tip than that in the
the core rod has a high&t-q since most of the radiative intensi- baseline case.
ties from the bottom are trapped inside the core. On the otherFigure 12 shows the temperature gradient decreases ywith
hand, the clad tube has a large view-factor to the environment awwthen y is small, the furnace radiation intensities reaching the
dissipates heat. Thus, the temperature of the core rod increasemjgér surface have a smaller incident angle that corresponds to a
a faster rate and subsequently it is higher than that of the clad tuamer transmitivity. Furthermore, the intensity have a shorter dis-
as shown in Fig. @). Consequently, the radial temperature gratance to pass through before reaching the tip and thus, it is less
dient at the tip is negative. As the rod moves further into thattenuated. Consequently, the radial temperature gradient is
furnace, the heat flux from the furnace through the clad tube bamaller at the tip.
comes larger. This leads to a large positive temperature gradient ilAs shown in Figs. 11 and 12, both of these geometrical param-
the clad tube except the upper region which is still far outside tteters have a relatively small effect on the magnitude of the maxi-
furnace. Since only a part of the radial heat flux is transferredum temperature gradient.
through the gap, the temperature of the core rod increases at
relatively slow rate, resulting in a positive radial temperature gr
dient at the tip. Since the glass self emission decreases as
temperature is lowery-q in the core rod is largefin absolute
value than that in the clad tube as shown in Figs(tid@nd 10c)
as suggested in E@2).

i} %ffects of Feed Rate.Two different feed rate control methods
?Q{ reducing the temperature gradient are discussed here as illus-
trated in Fig. 13; namely, a constant feed rate and a two-stage feed

The baseline simulation demonstrated the effectiveness of th 4 i ' ' ' ' "
numerical model for the prediction and visualization of the tem- ggug} | — b=0.
perature field, upon which several methods for reducing the tran = =i,
sient temperature gradient were developed. Among thes€lpre 300 L— b=0.
optimizing the perform design by changing the taper angl€2) E 3o00}
monitoring the length of initial jointb, during the initial manual =
fusion process; an(B) mechanically controlling the feed process. :Em
The relative effects of these methods are analyzed as follows. & |

Effects of Geometry. Two geometrical parameters were con- 4 e |
sidered; namely, the initial joint length and the taper anglg. g
The change ib requires additional manual preheating of the pre- £ 1000 3
form. Figure 11 shows that an increase or decreask lés a | /
tendency to increase the magnitude of the maximum temperatut s . -
gradient. Whenb is large, the region around the tip is heated (] B R e
mainly by the radial heat flux since the axial heat flux from the -
bottom is greatly attenuated along the path before reaching the tiy 85— 4 o 21 T 35 o 05
As a result, the temperature of the clad tube is higher than that c It
the core rod and hence a significantly high radial temperature
gradient is developed. Whdnis small(or that the tip is closer to Fig. 11 Effect of initial joint length
756 / Vol. 126, NOVEMBER 2004 Transactions of the ASME
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Fig. 12 Effect of taper angle )
9 P 9 Fig. 14 Effect of feed rate

rate. Figure 14 shows the temperature gradient at the tip, wherg,,
three different constant feed rates are compared. The maxim
temperature gradient decreases as the feed rate decreases sinc
glass has more time to reduce the gradient through heat trans
To avoid any crack at the tip, the initial feed rate during thE-:mu.
transient must be limited. The tradeoff is that a longer feedirz
time is needed. = 25001
An alternative approach is to use multi-rate feeding control. Z
can be seen from Fig. 14 that the temperature gradient reaches{ 2000
maximum and starts to decrease after the glass rod has moE‘
some distance into the furnace. A slower feed rate can be usg '%0f
initially to reduce the maximum temperature gradient followed b
faster feed rate to reduce the overall feeding time once the teE—mu'
perature gradient is within an acceptable range. As shown in F®
13, the two-stage feed profile takes 32 minutes to feed the glé
for the first 40% of the distance while takes only 8 minutes for th ol ;
rest 60% of the distance. Figure 15 compares the temperat

T T T r r T

= Constant feed e
---- Two-stags feed rla

500

gradients for the two feed profiles in Fig. 13. The result shows th  _san TP . . " "
with the two-stage feed profile, the maximum temperature grac 02 -04 0 01 0z 03 04 05
ent is reduced by about 35% without sacrificing the overall feeu- Z

ing time.
The above studies have suggested that the multi-stage feed FR§e15 Comparison of radial temperature gradient at the tip of
control is superior in reducing the temperature gradient as cothe gap

0.5 : ; : pared to those focused on geometrical changes. Experiments have
been done for the baseline case and the case using the two-stage
feed profile(Fig. 13. It was found experimentally that the pre-

04ar — Conetant feed rate 1

---- Twl-slape feed rale

form fed at a constant rate cracked in the middle of the process,
while the perform fed with multi-rate control did not crack

0.3 4 throughout the process.

& | 4 Conclusions
b An analytical model has been developed to predict the transient
[t}

0ap

500 1000 1500 2000

t{sec)
Fig. 13 Different feeding profiles
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2500

conductive-radiative transfer as two partially joined, concentric
glass cylinders are fed into the furnace. The FVM was used to
solve the RTE for arbitrary axisymmetric cylindrical geometries
with specular interfaces. Transient temperature distribution and its
gradient at the tip of the gap are predicted and analyzed under
different process parameters.

Our results show that optical conditions at the surface of the
preform have a significant effect on the temperature and its gra-
dient during the transient. Preforms with specular surface result in
a positive radial temperature gradient near the tip of the gap.
Excessive positive radial temperature gradient would lead to ther-
mal crack radially outward. This numerical prediction was found
consistent with experimental tests on sample preforms with specu-

NOVEMBER 2004, Vol. 126 / 757
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lar surfaces. On the other hand, simulation results suggest thidmenclature

negative radial temperature gradient would develop in preforms

with diffuse surface at the early stage of the transient.
Parametric studies show that multi-rate preform feeding control A = grid face area vector

can be effectively used to avoid cracks. Specifically, a two-stage C = glass thermal capacity in(g K)

control scheme has been tested numerically and experimentally, D = control volume face intensity weight

which shows that an initially slow rate followed by a fast rate can E = emissive power in W?)

be used to avoid large temperature gradients without significantly F = diffuse view factor

sacrifice the overall feeding time. An optimization algorithm can H = irradiation in W{m?

be developed to further reduce the temperature gradient and the | = radiative intensity in Win? um sp

feeding time. For a given furnace design and the core/clad diam- J = Jacobian of the curvilinear transformation

eters, preform geometrical parameters have relatively small ef- = radiosity in W(m? um) in Section 2.2

fects on the temperature gradient at the tip of the gap. L = preform length in m
It is expected that the model and the analysis presented here Ly = furnace length in m

will serve as a rational basis for design optimization and feed rate R = preform radius in m

control of the process. The computational method of the radiation Ry = furnace radius in m

heat transfer model developed in this paper can also be applied to T = temperature in K

the simulation of the fiber drawing process and other glass-related Z = distance from the entrance of the furnace to the bot-

Capitalized Symbols

manufacturing processes. tom of the preform
Lower-case Symbols
Acknowledgments a = radius of the core

mn*t1/2 _ ¢ ;i H it
This research has been funded by Of@mer Lucent Tech- a = geometric coefficients for face intensities

nologies. The authors are deeply indebted to Serge Tchikanda, b B |n||t|al Joint Ielrngthh
Steve Jacobs, Rob Moore, and Mahmood Tabaddor for their tech- & B glass taper lengt
nical inputs d = gap thickness
' k = molecular thermal conductivity in W K)
n = index of refraction
Appendix n = normal unit vector of the surface
q

) . o ) = total radiative heat flux in W?)
: Th_e RTE fgr tpﬂedZD ii(|§ymmetrlc cylindrical coordinate sysaradvopa: radiative flux at the opaque band in Wim
em is given by ModesftL1]: r = position vector
ad(rly) 1a(yly) aly s = unit orientation vector of the intensity
T T oy +BE=K>\[|b,\(T)—|>\] (A1)  (r,z) = axisymmetric cylindrical coordinates
We introduce the relationships among the grid metrics for th%reek Symbols
general curvilinear transformatigil7]: z,= 7, /3, —r.=n,/J,
-z,=§&/J and r,=¢,/J. Noting that (azg,]—,Brg,yf azg,
+Br¢,)=0, the 1st and 3rd terms on the left-hand-side of Eg. d an
(A1) can be rewritten as emissivity
= wavelength inum

a d aly , m,, &, & = grid metrics
TE(”)\)“FIBE+J|)\(C¥Z§,7_Br§77_az§n+ﬁr§7]) e Tz r(nyf; = gurvilinear coordinates
p = glass density in kg/fin Eq. (1)
= reflectivity in Section 2.2
x = absorption coefficient in m*
a, B, y = direction cosines o

J
+JIA(9—§ (—az,+pr,) Superscripts and Subscripts
- a = air in free space
Upon substituting B = boundary

a(rly) - a(rly) . arly) = east, west, south and north side of the con-

N r, trol volume
ar an 23 = furnace

arly)  a(rl a(rl glass
() _ atrhy) 7+ () 8 index of the discrete polar angle
9z an 9E

specular
and the grid metrics into the above expression, we have diffuse
= index of the discrete azimuthal angle
Ei(“ )+ I _J 9 l (“”r+'3772) total number of the polar angles
ror M gz rang| N J
Jd g+ B¢,

total number of the azimuthal angles
r o€ J

= wavelength inum
blackbody
= center node of the control volume
By substituting the above result into EgAl) and then multiply-
ing r/J on both sides of the resulting equation, we obtain [g.
Note that Eq.(5) is in strict conservation form since the gridReferences
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discretization. 44174422,

polar angle ofs
= azimuthal angle o8
solid angle in sr

>0 O o
Il

_aﬁ(nx) B arly)
T o T a2

J
+JIA%(az§—,8r§)
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=
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