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1 Introduction sion (optically thick medium assumption would fail at the

A number of industrial processes, such as Czochralski Crysgé1rface—an assumption commonly used in many early studies

- . ) X ' “due to its simplicity in solving the radiative transfer in the semi-
growth, VAD preform stretching, and optical fiber drawing, in- . ) e
volve free surface flow coupled with complex radiative transfer iansparent glass. Wei et @.5] confirmed this finding in a study
f radiative transfer modeling on a moving glass rod. They also

semitransparent materials. In manufacturing optical fibers, diff- . - .
culties in making practical measurements in the furnace domain&qmer'cally solved the radiative transfer equayBiTE) using the

the drawing process have motivated manufacturers to look gpcrete ordinate method@OM) to predict the temperature gradi-

numerical tools to facilitate the design of new processes for draer-]t built up during transient. In addition, their analysis showed
. ; : X 9 pr Yhat the glass absorption coefficient in the short-wavelength band
ing optical fibers at high speed from large-diameter prefor}%nnot be neglected and proposed a modified band model that

(glass rogl. Significant efforts have been directed toward the mo hcludes the glass absorption at short-wavelengths. However, only

eling of a_flt_)er-drawmg process for th_e_ past three decades. M% bined radiation and conduction with relatively simple geom-

of the existing models assume a Dirichlet boundary COﬂdItIOél[ry (concentric, uniform glass ropisvere considered

(DBC) f.it the furnace exit. This formulation s valid f‘?r.‘.’raW'F‘g. The desire to improve productivity has motivated researchers to

small-diameter preform as long as the glass fiber solidifies with velop a 2D model that is more accurate for drawing of large-

the fur_nace. As larger preforms are drz_av_vn at hlg_her speeds, Smeter preforms at high speeds. Among these, Lee and Jaluria

fiber diametefor speedat the furnace exit is essentially unknow 64 and Choudhury and Jalurfd] assumed a free-surface profile
the calculation to solve for the velocity and temperature field.

. Using intermediate free-surface profiles, Choudhury ef8].

drawn is challenging in that the momentum and energy equatlogaved the 2D stream-vorticity governing equations, where a

characterizing the drawing process are strongly coupled and nQlls, | giameter preform of 1.2576 cm drawn at a relatively slow
linear due to the highly temperature-dependent viscosity of t% eed of 3 m/s was conside.red Xiao and Kamifigkattempted
glass and the effects of the. radiative heat transfer. During the I? Csolve the 2D conjugate problém of glass and gas flow with free
pl)?gt?IZn?: Sv;?: S:::-L?gi%?j’ l;/ agonujmizee(;tfegg;?fhgrztlf/%i{:lr??r:glr erface using the commercial finite-element code FIDAP. They
Paek and Runkl], H y d Walkef2], M 3] ! d Vasil- %ind it difficult to obtain convergencghat was sensitive to the
raekand Runkl, Homsy and Walkeps], Myers|s), and vasil- - yo¢ormation meshas the number of radiative macrosurfaces in-
jev et al.[4]. These studies primarily focused on one-dlmensmn%f

. . eased. More recently, Yin and Jaluri®] and Cheng and Jaluria
(1D) models for drawing fibers from small-diameter preforms at [911] investigated the effects of process parameters on high-speed

relatively slow speed. : :
i~ ; . . _fiber drawing(up to 20 m/$.
et Lanler s e ot moce ol et et i WEFor crauing lrge-iameter preorms a igh speeds, t was
p ) ’ found that the computed glass temperatures were well above the

c g " glass melting point at the furnace exit. This may imply that the
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tioned problems encountered in simulating the free-surface profile I
of melting glass in the furnace domain, we offer the following in . R

this paper: Preform

1. A complete 2D numerical model is presented for solving the I T
neck-down shape of melting glass in the furnace domain, i
I{z

which does not require specifying a value to the glass speed.
Instead, a Neumann boundary conditioBC) at the fur-
nace exit is assigned, where the velocity gradient can be
more practically computed from the controlled draw tension.
The model presented here can be applied to optimization of
the high-speed draw process with large-diameter preforms.

2. This represents the first attempt to solve the RTE directly
using DOM for the radiation intensities in the problem of
predicting the neck-down shape of a fiber-draw process. The
solution does not assume that the glass is optically thick and
does not neglect the glass absorption at the short-wavelength
band. More specifically, we extend our earlier woE{ to
solve the full coupled 2D problem involving the combined
radiation and conduction with viscous flow in the melting
glass with an unknown free surface.

3. This paper introduces a robust and efficient computation
scheme to solve for the free-surface flow in fiber-draw pro-
cess based on the use of staggered grids. This staggered-grid
scheme guarantees strict energy conservation and as a result,
a much smaller grid number than those used in the previous

studies is needed for a specified preform diameter. In addi- - I._,
tion, the explicit boundary condition of the pressure is not
required at the free surface for this grid.
4. The numerical model presented here has been experimen-
tally validated. Unlike previous studidd] and[8], where
comparisons were made against experimental data obtained

% Furnace

R
i

Post-
chamber

for a small-diameter preforrfi cm) drawn at a slow speed
(1 m/9, we compare our numerical prediction against an L
experimentally measured neck-down profile for a large pre- » .= 125 10
form of 9 cm in diameter drawn at a high speed of 25 m/s. Fiber Ly

As will be shown, both the numerical results and experimen- L 4

tal data are in excellent agreement.

Fig. 1 Schematic of free-surface flow in the furnace and post-
chamber

2 Analysis

Figure 1 shows the melting of a fused-silica glass (@form
with free surface inside the cylindrical furnace and the subsequent

cooling inside a postchamber. The interest here is to solve for the o ‘9_“ +pu ‘7_u + pv 8_u _ a_p + E i ( 2ur 8_u) _ Z,ui
geometry of the neck-down shape so that the glass radius at the"™ dt ar Jz ar ror ar 2
furnace exit can be determined. For this purpose, a complete 2D
model is developed for the furnace-draw process. The following A 2
assumptions are made in the formulation: az| ™M 9z 7 ar @
1. The system is axisymmetric and two-dimensional. Only the Jv Jv v p 1 au dv
furnace domain is considered, where the furnace walls are p—+pu—+pv —=——+— —[,u (— + —)
gray and diffuse. ot ar Jz Jdz r or Jdz  or
2. The glass flow is Newtonian and incompressible. The glass 9 v
is semitransparent to radiation in the spectral ranga €5 +—=(2u —) +pg 3)
pm and is almost opaque beyondu®n. The scattering of 9z 9z
radiation can be neglectéifiskanta[12]). The glass refrac- oT aT aT\ 1 9 aT ol aT
tive index is uniform and does not depend on temperature. pCp(— +u—+v —) =— —( r—) + —( —)
3. The inner and outer surfaces at the glass interface are treated ot —gr - dz) rar\ or] dz\ Iz
as diffuse for the radiation reflection and transmission. This _v.
V-grt u® 4

assumption is based on the fact that the surface of the melt-
ing preform may undergo wavy hydrodynamic instabilitiesvhere
with magnitude in the order-of-radiation wavelengths.

2.1 Fluid Dynamic Model. The 2D fluid dynamic govern- =2 +

au\2 [u\? [ov)2
EREEE
ing equations for the glass flow, which include the continuity,
Navier-Stokes, and energy equations, are given below in the @rd gy is the radiation heat flux in the participating glass media,
lindrical coordinatesr(,z) system[13]: the solution of which will be described in Section 2.2. Other sym-
bols in the above equations are defined in the Nomenclature.

au v\
— + —
9z or

Ei(r u)+ i( v)=0 1 The artificial compressibility methoACM) [14] is used to
ror P oz P solve the pressure-velocity coupled Navier-Stokes equations nu-
714 | Vol. 126, OCTOBER 2004 Transactions of the ASME
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merically in the glass domain. An artificial time derivative of the
pressure is added to the continuity equation as follows:

m» . d w)_, .
at arﬁr(ru) dz| ®)

wheret is a fictitious time andh is the artificial compressibility
factor.

The full 2D fluid dynamic model has five variables to solug;
v, p, R, andT. The momentum and energy equations are strongly
coupled because the viscosity of the glass changes by several
orders of magnitude with temperature. Furthermore, the energy
equation is highly nonlinear due to the radiative heat transfer be-
tween the furnace and the glass. The coupled equat®r$5)
are solved numerically along with the following boundary

conditions. ) ) ) Fig. 2 Intensity orientation vector in the 2D axisymmetric cy-
Since the system is axisymmetric, we have along the centerlingirical coordinates system
or at
0 0 o 0 il 0 6
r = u = _— —_—
. u=0, —-=0, (6) ©
) at z=L¢, ——=—— 13
At the furnace inlet or at ©odz 3umRE, (13)
Fa whereF; is the specified draw tension on the fiber. It is worth
z=0, u=0, v=uvj,, EZO' R=R, (7)  noting that the glass may not reach the specified diameter at the

furnace exit; thus, the glass velocity at the furnace exit is often an
whereu;, is the feed rate anR, is the preform radius. The glassunknown. On the other hand, the value of the draw tenBioran

temperature is extrapolated at the furnace inlet since no significi6 measured and controlled immediately after the postchamber.
differences were found in the simulations even when a more dgdecause the glass diameter is very small after it exits the furnace,
tailed temperature boundary condition was modeled. its inertia and gravitational effects between the furnace exit and

The boundary conditions at the free surface are as follows: the tension measuring point are negligible in EtB). The glass
radius at the furnace exFRLf is known once the free surface is

Vv Vv i
Normal force balance: py—pa+ §K=2,uga—n" _ZMaa_nn determined.

g § 2.2 Radiation Model. The energy equation requires the di-

®) vergence of the radiation heat flagg that can be obtained by

. IV, IV, ©
Tangential force balance: pg—— =pa—— ~0  (9) V.qR:f [477Kmf|m('r)—mfﬂ [,(r,9)dQ |d\ (14)
g a 0 =47

o aT where the spectral radiative intensity(r,s) is a function of the

Net heat flux continuity: —ky—r =0rag,0pa™ dcon position vector, orientation vectos, and wavelength; I, (T) is
9 10 the spectral intensity of a blackbody radiation given by Planck’s
(10) function; «, is the spectral absorption coefficient. The radiative

JR  OR intensity is obtained by solving the RTE:
i i ition: — +v-——u=
Kinematic condition praaii u=0 (11) @ d(rly) 1 a(yl,) R

B—=rx[la(T) =111  (15)
where{ is the surface tension aneis the surface curvatura/, roor v 9z

and.\/t are the normal and tgngential components of the velqcity @where (a,7,8)=(sin # cosy,sin fsin y,coss) describes the direc-
the interfacen is the magnitude of the normal vect@,q 0pa iS  tion cosines of the orientation vectsrand 6 and ¢ are defined in
the net radiation heat flux in the opaque bagg;,, is the natural Fig. 2.

convection heat flux from the air; the subscrigtanda denote the Due to the arbitrary change of the free interface, @§) is cast
glass and air, respectively; aiis the radius of the glass, which into the fully conservative form in a general curvilinear coordinate
is a function ofz. In Eq. (8), the surface tension and the normakystem(#,£)

stress of the air can be neglected because they are several orders

smaller than the other termp;, is set to O as a reference. Equa-  9[FG(an +B7,)1,] . rG(aé+BEHN] _ alyly)

tions (8)—(11) can be used as the boundary conditions for vari- an € G oY
ablesu, v, T, andR(z), respectively. 5
At the furnace exit, the glass temperature is extrapolated, as the = KxIGINIpn(T) =1, ] (16)

downstream temperature of the glass outside the furnace does\pRkre (;, ,7,) and (& ,&,) are the grid metrics; an is the
have considerable effect on the upstream temperature of the glasSopianof the transformation. ’

p 2T Equation(16) is solved numerically with the following bound-
at z=L;, u_ . —=0 (12) ay conditions. Along the axis of the cylinder or at

iz gz
r=0 |I,=I, for B=pB', a=-a' a7

Because the temperatures of the preform and the ambient outside

as;uming an arbitrary value for Fhe glgss velocity at th.e furnaﬁ(‘ae furnace are much lower than that within the furnace, we can
exit; often, the value of the specified fiber draw speed is used ﬁ%glect the intensities from the outside of the furnace '

published literature The NBC can be obtained from the elonga-
tion model for the draw tensioft]: at z=0, |,~0 for 8>0 (18)

In addition, we use the NBC for the axial velocifinstead of
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and Implementation of the Free Surface Boundary Conditions.
_ _ Using the following definitions for the normal and tangential ve-
atz=Ly, 1L,~0 for <0 (19) locity components at the free surface, E@.and(9) are imple-
For a diffuse interface, the radiation intensity at the inner glassented using the staggered grid; appropriate discretization and
surface pointing inward is given by manipulation are required to ensure stable and robust convergence
in the computation

1-p)H, +py (q) . r+a,.2)-n
|)\(F,S)=( py ) H oy (dy r+ay, sn<0 (20)

T V,=v-n=u LMJ”’ 7/211 (24)
where p¥ and p; are the reflectivities at the outer and inner Jg™ Jg™
surfaces, respectivelyq;“’r, q;{l are the one-way spectral fluxes
in the glass in the positiveandz directions, respectively) is the Vi=vet= —u Mz +u e (25)
unit normal vector at the free interface pointing outward; &hd ! Joit 7 gt

is the irradiation on the outer surface.
In order to obtain the irradiatioH,, in Eq. (20), the radiosities Where n=(n,,n,)T and t=(t,,t,)" are the unit vectors in the
of the furnace wall must be determined. For this, we consider th@rmal and tangential directions at the free surface; and the grid
enclosure formed by the glass outer surface, the furnace wall, andtric tensomgtl= 7;,2+ 7;?.
the top and bottom disk openings. The radiosities on the glassSubstituting Eqs(24) and(25) into Egs.(8) and(9) and trans-

outer surface are given by forming them into the z,£) coordinates, the following expressions
can be derived:
Kh=(1=p (AT +0 ) n+plHy 0<A<E pm
(1) 2p | 19 n n 129 n B'u—CP
Jy=¢Ep +(1—&)H, A>5 um (22) ek g (MUTN2)+ G755 (NU+ )~ Blu=Clo

wheree is the emissivity of the surface, aiif, is the blackbody o4 26
emissive power. Since the furnace is opaque, its radiosities are =Pgt LK (26)
also calculated from Eq22) in all the spectral range. The enclo- P P
sure is divided intaK small ring elements, and thus, the irradia- glla_(_nzu+nrv)+glz(9_(_nzu+nrv)+G(9_(an+ now)
tions can be expressed as 7 ¢ ¢

K —B'u—C'v=0 27

Hm:;l IiFi| 23 uhere
whereF;_; is the diffuse view factor from surface elemenb j. TR 159
Substituting Eq(23) into Eqs.(21) and(22) followed by applying B'=g ﬁ(”ng (7_5(”0 (28a)
the resulting equations on each surface element, a system of linear
equations for the radiosities can be obtained. Once the radiosities n 10
are solved, the irradiations can be determined from(E8§. The C'=g - (N)+g a_g(nz) (280)
formula derived by Myer$3] is used to calculate the view factors K
from the glass surface to the furnace wall. The view factor from 9 9 J
one furnace element to another is obtained by numerical integra- Bt=g”&—(fnz)+glza—(fnz)+G a—(nr) (28c)
tion considering the block of the view by the preform. 7 § §
In this study, the discrete ordinate meth@OM) is used to P 9 P
solve EQ.(16). A detailed procedure of the method and the ab- Cl=g™—(n)+g**=(n,)+G—(n,) (28d)
sorption coefficient band model can be found . an 23 23
The grid metric tensorg'?= 7,£,+ 7,6, and the Jacobian

Numerical Meth
3 Numerical Method G=né&,— &,

The staggered grifiL5] is used in solving for the free surface The first derivatives of the velocity components in E¢25)
due to the following advantages: and(27) must be evaluated along the free surface. We defiat
e surface and half a grid away from the boundary. In order to
Sintain the second-order accuracy in the differencing, the glass
can be used omain is e>_<tend<_ad outward by half a grid size, and a fictit_’mus '
2. The fluctuatibns in the solutiofespecially at the free sur- component is defined on the new boundary as shown in Fig. 3 in
' dashed lines. The second-order accurate finite differencing can be

face due to the central differencing of the first derlVat'velmplemented on the gray-colored control volume right on the free
terms are avoided.

3. There is no need for the explicit boundary condition f0§urface with the grid molecules shown in FigaBas

1. The method guarantees the strict energy conservation in m
finite volume discretization so that a smaller grid numbe&

pressure at the free surface. au
The staggered grid scheme, though it requires tedious interpola- an 1.3p = 2UwH0-Sww (2%)
tions of variables, is robust and efficient.

Since the free interface has an arbitrary neck-down profile, the @70 5(Ug—Uy) 20
governing equations and boundary conditions are transformed into g TS N (2%)
a curvilinear coordinates syste(w,£). Second-order accurate fi-
nite differencing is applied to discretize the equations. The linear dv
equations are in semi-implicit form, as the source term is evalu- (9_,]:0'5(Une+vse_vnw_vsw) (2%)
ated at every previous time step. In solving the Navier-Stokes
equations, the pressure in B§) is updated explicitly by an arti- dv
ficial time-marching scheme at each real time step. The pressure {9—§=0-5(Usw+ Use™ Unw ™ Une) (29d)
derivative term vanishes when this iteration converges so that the
continuity equation is satisfied. and with the grid molecules shown in Figb3 as
716 / Vol. 126, OCTOBER 2004 Transactions of the ASME
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(a) control volume for u at the free surface (b) control volume for v at the free surface
Fig. 3 Grid molecules for the staggered grid at the free surface a) control volume for u at the free surface b)
control volume for v at the free surface
) a. Solve the Navier Stokes equations using ACM time march-
an =(vp—vw) (30a) ing scheme.
K b. Update free surface profile using kinematic condition, Eq.
(1D.
w =0.25vsutvs— Unw—Un) (300) c. Regenerate the curvilinear grid.
23 d. Repeat Step 3a until a steady state has been reached.
Ju Step 4: Free surface outer iteration
—=0.51.50,—2up,+ +1.5us— 2ug,t 30c ) . .
an S(L-8n = 2Unu Unui s~ 2Uswt Usww) (300) a. Save the free surface profile obtained in Step 3.
b. Compare it with the last result saved in Step 4.
au c. If the relative change between two consecutive computed
a_gz(us_ Un) (30d) free surface profiles is less than 10 the final result is

obtained; otherwise go back to Step 2.

Equations(29) and (30) are substituted into Eq$26) and (27),
respectively, and the resulting linear equations are used as }

boundary conditions for the velocity components and vp, duced by separating the temperature iteration and the free surface

respectively. . ; ! . .
For the temperature boundary condition in Et0), the radia- iteration. This results in a more robust and faster convergence in
P Y ' tglse computation.

tion flux in the opaque band can be obtained, after the radiositi
are solxed in the enclosure analysis, a}nd is simply given W Results and Discussions
Orad,opa=Jopa— Hopa- The natural convection heat flay,,, can ] ) ) )
be calculated numerically from the natural convection of the air in A MATLAB program with C-+ subroutines was written to simu-
the open-ended channel. It is necessary to include the postch&#te the free surface of a draw process. Numerical results were
ber along with a detailed boundary condition at the entrance. obtained for two geometries, where the values of the parameters
The axial derivative of the radius in E€L1) can be discretized are shown in Table 1. Case 1 was selected for validating the com-
as dR/9z=(Rs—R,)/dz, where the nodes foR; and R, are lo- putational model. Case 2 was designed to study the effect of pre-
cated between every two adjacentomponents as shown in Fig.form diameter on the computational model for a specified fiber
3(a). In this way,Rs and R, are adjacent and the numerical fluc-diameter, draw speed, and tension on the fiber.
tuations due to the central differencing using every other two In both cases, the physical properties of the fused silica are
nodes are avoided. The component in Eq(11) can be interpo- taken from Fleming16] and the three-band absorption coefficient
lated at the location ofi, using the adjacent four componentmodel for the RTE can be found i%]. Since the glass surface
values. velocity is small and the air temperature is close to the glass
) ) temperature in the furnace domain, the convective heat flux is
Computation Scheme.The free surface and the velocity andmych smaller than the radiation flux. Hence the use of an approxi-

temperature fields are solved using the following procedures: mate heat transfer coefficiehtshould not affect the accuracy of
Step 1: Input the initial free surface profile and the values of the

primitive variables p,u,v,T).

h@s shown in the above procedures, the degrees of freedom
uniknown variablesduring the computation are effectively re-

Step 2: Temperature iteratidgwith a given free surface and the Table 1 Parameters used in the simulation
velocity field).
. Parameters Case 1 Case 2
a. Calculate the view factors. Soeced e P 5
i i i iti pecified fiber diameteR; (um .
b. f?é)(lavien tE?fé%:g) iteratively to solve for the intensities at the Spodified draw speea, ( i, 5 E
: . Specified draw tensiork;, (grams) 110
c. Then calculat&/’ - qg using Eq.(14). '
d. Solve the energy equation using implicit time marchingreform radiusR, (m) 0.045 0.09
scheme. , ) Furnace peak temperaturB, may (K) 2,400 2,460
e. Repeat Step 2a until a steady state is reached. Furnace minimum temperaturé; i, (K) 1,700 1,760
X i i . . Furnace radiusR,, (m) 0.06 0.12
Step 3: Free surface inner iteratigthe temperature field is Furnace lengthl_¢,, (m) 0.45 0.7
fixed):
Journal of Heat Transfer OCTOBER 2004, Vol. 126 / 717
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Fig. 4 Intermediate free-surface profiles during the outer 1.25 T j T N ]
iteration 2 0 .
12} —ur\:
115} //" j
the solution significantly; however, the computation can be greatly 11}t / .
reduced. A sinusoidal variation df varying from 30 W/mK at - V. |
the furnace inlet to 50 W/AK at the exit was used. This was '_E 108 — using NBC for v
based on the combination of the experimental data in Phjeknd = ---- usingDBCforv e
simulation data from Yin and Jalur{d0]. The average air tem- Lising DEIC for s v Viecous iealing
perature inside the furnace was estimated to be 1900 K. 095r ]
The numerical model developed here has the advantage of fast 09 i
convergence. A nonuniform grid is used with a denser spacing ’
near the interface. A grid-size study showed no noticeable changes 085} .
in the results when the grid number is larger thax&5 (in zand
r directions, respectively This is much smaller than 4621 08 02 04 08 08 1
used by Choudhury et dI8]. One of the reasons for the efficiency z/z,,
is that the staggered grid guarantees strict energy conservation in (b) Centerline temperatures

the finite volume discretizaiton and reduces fluctuations in the
s_olution. It usuglly takes about 300 outer ite_rations to arrive at t%. 5 Comparison of results  (Case 1) (a) Neck-down profiles
final results; this means 2.5 h of computation with a desktop R) centerline temperatures

(AMD1700 CPU with a 512M RAM. If a less strict convergent

criterion is usedsay, from 10° to 10°%), it only takes 40 outer

iterations(or 45 min. However, the temperature iteration usually )

converges within 150 step®r the relative change between twochange of view factors. The handle of the preform was then held
steps is less than 18). The inner free-surface iteration in Step Y 2 fixture and moved vertically at a constant speed while its
may take as much as 4000 steps to reach a relative error residligmeter was measured by a laser scanner. ]

of 10, Since the temperature data is only intermediate, a maxi-19ures #a and 3b) compare the free-surface profiles and the

mum iteration limit of 1500 steps can be set in the inner iteratigiia! temperature distributions of the glass computed using two
to reduce computational time. different boundary conditions at the furnace exit:

4.1 Simulation Case 1. The values for Case 1 were data 1+ Neumann boundary conditidNBC) or Eg.(9), as proposed
provided by OFS so that models and numerical results can be I this paper, which specifies the derivative of the glass
validated experimentally. Thus, the temperature distribution of the ~ €Xit velocity by computing it from the draw tension:

furnace wall was experimentally measurgk¥] using a M9OR dv/dz=F/(3umRE ).
single-color infrared thermometéMIKRON, Inc.), which mea- 2. Dirichlet boundary conditiofDBC), commonly used, which
sures the radiosities at 0.@8n wavelength. This was followed by assumes the draw speed as the glass velocity at the furnace

a radiation analysis on the enclosure to obtain the emission inten- exit: v=wv;.
sities and consequently, the temperature of the furnace wall. The o ) .
temperature distribution is parabolic with the maximum at thg€ Sensitivity of the free-surface profile and the axial tempera-
middle and minimum at both ends. ture dlstrlbytlons to the c_hanges of the heat transfer coeffitient
Figure 4 shows some intermediate free surface profiles duriﬁ?’o%) is illustrated in Figs. @) and &b). The radial tempera-
the outer iteration. It is noticed that the free surface profile cofle distribution is given in Fig. 7. _
verges very fast. There is not noticeable change in most part of the 19uré &) compared the computed neck-down shape against
neck-down region after the 15th iteration. The diameter of tHd€ Measured profile, where those predicted with NBC as sug-

glass at the exit may vary during the iteration due to the Neumaﬂﬁsred in this study is in excellent agreement with the experimen-
boundary condition used far. tal measurement. Those calculated using the DBC deviate signifi-

cantly from the measurement, particularly near the furnace exit
Model Validation. The steady-state surface profile of the glaswhere the glass was assumed to move at the specified draw speed
rod was experimentally measured for the purpose of validating ther equivalently, the specified diameter at the exds compared
model. The preform was moved out of the furnace in a very shart Fig. 5b) where the temperature is normalized to the melting
time (less than 1 mipto prevent shape deformation due to theoint of 1853 K, we note that the glass temperature increases
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exit. Hence, we conclude that the DBC is invalid for drawing

1
large preforms at high speeds, where the fiber freezes well outside
09r the furnace domain. Alternatively, draw tension can be utilized to

08} obtain an appropriate NBC for specifying the derivative of the

glass velocity in Eq(13). NBC is thus used in the rest of the
0.7¢ simulations.

06} As shown in Fig. 6, the solution is insensitive to the changes in
o h except near the furnace exit where the air convection becomes
= 051 more pronounced. Figure 7 shows that the glass absorbs heat flux

04} near the furnace inlet and dissipates heat flux at the furnace exit.

03} 2-D Glass Flow. The glass flow of a large preform exhibits

02 2D characteristics that are not predicted with a 1D model. In order

: to provide a better understanding of the effects of the 2D velocity

0.1 variation on the glass flow, a program utilizing the computed 2D

5 . . ) ) velocity field was written.
0 02 04 06 08 1 Figure 8 shows the distributions of the radial and axial velocity
L, components. Figure(8 shows an interesting radial variation of
(@) Effect of h on neck-down profiles the glass axial velocity. Near the furnace inlet, the glass melts
125 , , , from the surface due to the positive radial temperature gradient
(Fig. 7) while it remains largely solid at the center. Hence, the
12¢ surface velocity is higher than the centerline velocity. The glass

115 completely melts in the neck-down regidat about 1/3L+), the

) surface velocity becomes much slower than the centerline veloc-

11 ity. The radial variation of the axial velocity is small near the

= furnace exit where the molten glass is highly viscous and has a
= 1.05 very small diameter. Figure(B) shows that the glass velocity
= 1 increases exponentially in the neck-down region. Figufe) 8
shows that the radial velocity is linear withr near the furnace

0.95 exit, which is governed by the continuity equation with the almost

09 1D distribution ofv. In the neck-down region, the distribution of

: u is nonlinear due to the radial variation of

0.85 The visualization program tracks a group of fictitious infinitesi-

mal particles originally distributed at the same cross-section plane

0-80 072 04 06 08 1 in the preform as they travel through the neck-down region. Snap-

g, shots of the particles can be graphed from the following integral:

(b) Effect of & on centerline temperatures

Fig. 6 Effects of heat transfer coefficient h (a) Effect of h on t

neck-down profiles  (b) Effect of h on centerline temperatures r(t)y=r(0)+ f V[r(s)]ds (31)
0

dramatically near the furnace exit in the case of DBC and as a

matter of fact, reheating occurs and keeps it well above the glaggiere the location vectaris obtained by integrating the velocity
melting point. The drastic increase in the glass temperature Rastor v along a path in the-z coordinate system: anglis a
been traced to the viscous heating induced by the unrealistic hi%hu*mmy integration variable representing time. Figure 9 shows
axial velocity gradient as the glass diameter converges rapidly ig\y the particles travel through the neck-down region from the
the assumed fiber diameter. This phenomenon is clearly in confliginace inlet(or atz=0), where the dashed lines represent the
with the assumption that the glass moving at the draw speed igsgsrface between the core rod and the cladding tube. As predicted
solid fiber having the desire@Constant diameter at the furnace j, Fig. 9a), the particle distributions become dramatically dis-
torted once they move past 1/3 of the furnace length where the
glass axial velocity is faster in the center than that near the sur-
1.025 " T ; face. Although the radial variation of the axial velocity is small, it
—— 2, =0.14 P causes a distortion of the particle distribution due to the exponen-
102+ _ Z/L'“'=U.34 i tial increase in the axial velocity in thedirection as shown in
w Fig. 8b). Simple 1D models are not able to capture this 2D par-
~1015+ A =092 V. ticle flow pattern. This visualization could be used to track the
I --- My, =0 o change in the gap geometry, which occurs between two stacked
cores in the glass preform. The study, however, requires extending
the computation domain to the solidification of the fiber and is
beyond the scope of this paper.

4.2 Simulation Case 2. The effects of a large-diameter pre-
form on the computational model were studied using Case 2. Two
numerical updating-schemes are compared, where the furnace
. . temperature and geometry were modified appropriately to accom-
0 0.2 0.4 0.6 0.8 1 modate the large preform and to keep a reasonable furnace length.

1. Semi 2D solution using radially lumped 1D axial velocity
Fig. 7 Radial temperature distributions and mass conservatig].
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2. Complete 2D solution using kinematic boundary conditiothe velocity of the glass is smaller, as shown in Fig(bl0Osince

in Eq. (1D).

Comparisons are shown in Figs.(apto 10(c). As shown in Fig.

the mass flow rate is conserved in the axial direction. The axial
mass advection is weaker as the velocity is smaller, which results
10(a), the diameter of the preform in the neck-down region prdl & lower temperature near the exit in the semi-2D solution as
dicted by the semi-2D model is smaller than that from the 28hown in Fig. 10c). It can be expected that the difference will be
modell cOnsequenﬂy, the temperature in that region is h|gher Cﬁjgniﬁcant fOr the prediCtiOh Of the |Ocati0n Where the g|aSS turns
to the higher view factors to the hot spot of the furnace. At thigto fiber if the postchamber is included in the computation do-
bottom of the furnace, the diameter of the glass from the semi-2dain. This prediction is important for the industry to determine

model is larger than that in the full 2D model. As a consequendie necessary length of the postchamber.
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Fig. 9 Particle flow tracking

L L i " L
411 088 067 D4 D02 O

L ) L L
02 044 087 089 1M

riR

the rectangular region ina )

720 / Vol. 126, OCTOBER 2004

" "
03 Q22

L "
on 022 033

0
riR

(b) zoom in the rectangular region in a)

a) complete snapshots at different instants of time

b) zoom in

Transactions of the ASME

Downloaded 24 Jun 2011 to 218.199.85.117. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



07

T sar;;D eol:ninn
— full 2-D solution

o9

06
08t
07p 05

08|

RR

0s

v (mis)

2
w

0.4
03
02t
0.1

---- gemi 2-D solution
~—— full 2-D solution

L L T
05§ 06 07
7

0 01 02 03 04 08 09 1 O o1 02

fur

(a) Free surface profiles
1.25 T

03

04 0S5 07 08 09 1
.

0e

fur
(b) Axial velocity distribution

12

semi 2-D solution
—— full 2-D solution

8 08

0.2 04 0.
Z,L‘Ilr

(c) Centerline temperature

Fig. 10 Comparisons between semi-2D and full 2D models
velocity distribution  (c) Centerline temperature

5 Conclusions

(a) Free surface profiles (b) Axial

Acknowledgments
A complete 2D numerical model for the high-speed fiber- This research has been funded by Lucent/OFS. The authors

drawing process in the furnace domain has been presented. Msild like to thank Shunhe Xiong for his technical inputs.

model uses the controlled draw tension to calculate the Neumann
boundary condition at the furnace exit, and thus, it does not rRromenclature
quire specifying an assumed value to the glass speed as most
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tion of the free-surface flow. The computation scheme is shown to Fiej
be efficient and robust. The required grid number is much smaller
than that used in the previous study although the preform is larger Fi
and the furnace is longer. G
The predicted free surface with NBC has been experimentally H
validated. The experimentally measured profile well agrees with Ix
that derived numerically. We have also noted that the free surface N
calculated using the DBC deviates significantly from the mea- Ji
sured profile, particularly near the furnace exit. As the glass cools L
to form solid fiber after leaving the furnace, the actual diameter R
(and, hence, the speedf the glass at the furnace exit is essen- Ry
tially unknown. This implies that assigning an arbitrary value to R,
the glass speed at the furnace exit may not be valid for drawing R,
large preforms at high speed. T
The effects of the preform diameter on the free-surface calcu- Vi, Vq
lation with a draw speed of 25 m/s have also been examined.
Comparisons between the full and semi-2D models show that the a
difference is considerable when the preform has a large diameter. o]
This difference is particularly significant if the interest is to pre- gt g*?
dict the location where the glass converges to form the fiber of k
125 um in diameter. Our next step is to extend the computation n
domain to include the postchamber, and the conjugate problem of n
the glass flow and the natural convection of the air in the chamber p
will be solved. ar
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