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Abstract

The index of refraction is an important property of optical fibers, since it directly affects the bandwidth and optical loss during infor-
mation transmission. The refractive index is governed by the dopant concentration distribution across the fiber cross section, which is
strongly influenced by the processing conditions. An understanding of the effects of process parameters on the dopant concentration pro-
file evolution is important to design the drawing process for tailored refractive index and optical transmission characteristics. Although
the heat and momentum transport in optical fiber drawing have been studied extensively, little has been reported in the open literature on
dopant concentration and index of refraction profile development during processing. This paper presents a two-dimensional numerical
analysis on the flow, heat and mass transfer phenomena involved in the drawing and cooling process of glass optical fibers using a finite
difference approach based on primitive variables. The effects of several important parameters are investigated in terms of nondimensional
groups, including: fiber draw speed, inert gas velocity, furnace dimensions, gas properties, and dopant properties on the flow, temper-
ature and dopant concentration distribution.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Optical fibers, both multimode and single mode, are
critical media for transmitting light signals used as infor-
mation carriers in the communications industry. For
multimode fibers, the two basic parameters governing the
transmission behavior of the waveguides are fiber core
diameter and core refractive index profile. The refractive
index profile must be carefully controlled in order to
achieve its optimal information carrying capacity [1]. For
single mode fibers, cladding diameter is also an important
parameter, and a minimum value must be maintained to
avoid excessive losses [2]. The refractive index of optical
fiber is modified by doping pure silica (SiO2) with materials
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such as oxides of germanium, phosphorous and boron.
Germanium (Ge) and phosphorous (P) increase the refrac-
tive index of SiO2, while boron (B) decreases it. Since a
fiber can guide light only if the refractive index of the core
is higher than that of the surrounding region, most fibers
consist of a cladding region of pure SiO2 and a core doped
with GeO2 or P2O5 to increase its refractive index, while in
some fibers the core is pure SiO2 and the cladding is doped
with B2O3 to decrease its refractive index.

The manufacturing process for optical fibers involves
preform fabrication, optical fiber drawing, cooling and
coating. The preform is preferentially made by the so-
called modified chemical vapor deposition process, which
includes the deposition of dopants within a fused quartz
glass tube by oxidation of gaseous halides at temperatures
of 1700–2100 K and subsequent collapsing of the tube into
a rod [3]. The preform is then heated to above its melting
temperature, while an axial tension is simultaneously
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Nomenclature

c dopant concentration expressed as a mass frac-
tion

cp specific heat (J/kg K)
D diffusion coefficient (m2/s)
h heat transfer coefficient for natural convective

cooling (W/m2 K)
k thermal conductivity (W/m K)
kB Boltzmann constant (1.3807 · 1023 J/K)
l length of the drawing and cooling regions (m)
n refractive index
p pressure (N/m2)
Pe Peclet number for dopant diffusion
Pr Prandtl number
r radial coordinate, radius (m)
Re Reynolds number
T physical temperature in absolute scale (K)
u axial velocity component (m/s)
v radial velocity component (m/s)
z axial coordinate (m)

Greek symbols

b dimensionless axial coordinate in drawing and
cooling region

g dimensionless radial coordinate
l dynamic viscosity (N s/m2)
m kinematic viscosity (m2/s)
q density (kg/m3)
h dimensionless temperature

Subscripts
a inert gas
c cooling gas
dr drawing region
f fiber
F furnace
fc forced convection cooling region
m melting point of fiber
nc natural convection cooling region
w wall temperature of the cooling channel
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applied to draw the preform into a fiber, a process called
drawing. The heating is usually accomplished by feeding
the preform into a concentric, cylindrical electric furnace
where radiation is the dominant mode of heat transfer
[4]. It is during this process that the preform/fiber encoun-
ters a drastic change in diameter, temperature, and dopant
concentration distribution. Upon exiting the furnace, the
fiber undergoes a cooling process, where its temperature
is lowered from around its melting temperature of approx-
imately 1900 K to below 500 K [5] through convection and
radiation. If the drawing speed of the fiber is very high,
forced convective cooling is necessary since natural convec-
tion alone will be insufficient to reduce the fiber tempera-
ture to the level required by the subsequent coating
process. In the coating process, a jacket of polymer mate-
rial is added to encase the fiber and protect it from
scratches that would weaken the fiber’s strength. Since
the diffusivity of the dopant is very small at low tempera-
tures, the dopant distribution is essentially stabilized at
the end of the cooling section and remains unchanged in
the coating process. Therefore, the main focus of this study
is on the transport phenomena in the optical fiber drawing
and cooling regions of the manufacturing process.

In the last three decades, there have been several studies
on the temperature profile evolution during the drawing
and cooling steps [4–21]. Paek [17] numerically simulated
the drawing and cooling process of optical fibers assuming
a lumped temperature distribution along the radius, a pre-
scribed temperature for the fiber at the furnace exit, and a
prescribed heat transfer coefficient between the fiber and its
environment. Jaluria and coworkers [5–9,15,20] have car-
ried out more rigorous studies on the neck-down region
by solving the coupled convection, conduction and radia-
tion transport between the furnace muffle and the necked
preform. Their results provide detailed information on
the heat transfer mechanism in fiber drawing, but in these
studies the momentum equations were solved using the
stream function–vorticity approach, which is limited to
two-dimensional analysis.

Glicksman [11] performed analytical and experimental
studies on the cooling process of optical fibers. In his
model, a lumped capacity method was used to predict the
transient temperature variation in the fiber, while the Nus-
selt number for the natural convective cooling process was
simulated using the Reynolds analogy. Choudhury et al. [5]
carried out numerical simulation on the forced cooling of
optical fibers prescribing a uniform initial temperature dis-
tribution at the entrance of the cooling section. The com-
plete two-dimensional momentum and energy equations
for the fiber as well as the cooling gas were solved using
a finite difference method based on stream function–vortic-
ity approach. Gossiaux et al. [12] studied forced cooling of
optical fibers using a nitrogen–helium mixture as the cool-
ing gas. The effects of the cooling tube diameter and cool-
ing gas property on the cooling rate were studied.

Scarce information is available in the open literature on
the theoretical, computational, or experimental study of
dopant diffusion during the optical fiber manufacturing
process and, consequently, the refractive index prediction.
Palmer [22] analytically studied the evolution of tempera-
ture and dopant distribution in the cooling of optical fibers
assuming a heat transfer coefficient between the fiber and
the forced cooling gas.

These studies have provided much information on the
heat transfer phenomena during the fiber manufacturing
process, but the models have generally ignored the com-
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Fig. 1. Schematic of an optical fiber drawing process along the furnace
and the cooling zone.
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bined effects of the drawing and cooling processes, instead
relying on an assumed temperature variation at the
junction of the drawing and cooling sections. In order to
provide a more realistic solution to the temperature evolu-
tion in preform and fiber, this research investigates the
conjugate heat transfer problem during the drawing and
cooling processes. This study also seeks to address the need
for rigorous investigation of dopant diffusion during the
manufacturing process of optical fibers, which is presently
lacking in the literature.

The objective of this study is to develop a mathematical
model for the prediction of the temperature and dopant
concentration evolution during the drawing and cooling
processes, and the refractive index profile in the fiber. To
this end, the model describes the convection, conduction,
radiation and species transport during the combined draw-
ing and cooling process. Allied with this objective is the
development of a computational framework, which solves
the mathematical model formulated in terms of primitive
variables, using a control volume based finite difference
scheme. Parametric studies are presented to illustrate the
effects of the various dimensionless parameters on the tem-
perature and dopant concentration evolution, and the
refractive index profile in the paper. Section 2 describes
the formulation of the governing equations and the numer-
ical solution procedure. The results of the study are pre-
sented and discussed in Section 3.

2. Analysis

Fig. 1 shows a schematic of the drawing and cooling sec-
tions considered for the modeling. In the drawing process,
laminar axisymmetric flows of the glass preform/fiber and
inert gas in a cylindrical furnace are studied. For simplicity,
it is assumed that the flow and temperature fields are not
significantly affected by the dopant, which is taken as
GeO2 in this study.

Considering the process to be at steady state, the gov-
erning equations for mass, momentum, energy and dopant
transport can be expressed as
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Dopant diffusion equation:
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where all the terms are defined in the nomenclature. The
above equations are applicable for the entire drawing and
cooling sections, with the exception of the energy equation
(Eq. (4)), in which viscous dissipation is negligible in the
inert gas in the furnace and cooling sections.

2.1. Drawing region

In the furnace, the diameter of the preform changes
drastically in the axial direction. The glass preform has a
streamwise variation in radius r(z) as it undergoes necking
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into a fiber. This profile depends on the forces acting at the
surface and should be obtained as a part of the solution.
However, in the interest of reducing the computational
intensity of the simulations, a known necking shape
reported in the literature is assumed. Both natural convec-
tive cooling and forced convective cooling are studied; for
natural convective cooling, a known convective coefficient
is assumed here using experimental results cited in existing
literature, whereas for forced convective cooling, the com-
plete governing equations are solved for fiber and cooling
gas. In this study, the neck-down profile is chosen to be
consistent with available data from the literature. The
lengths of the furnace and the preform are both taken to
be 0.3 m, the necking occurs between the distance of
0.04 m and 0.22 m. The necking shape of the preform/fiber
is described as the logarithmic function of an eighth-order
polynomial [15].

For z6 0:04 m: rðzÞ¼ 0:006288 m

For z P 0:22m: rðzÞ¼ 0:000059 m

For 0:04 m6 z6 0:22 m:

log10rðzÞ¼�6:66531�106ðz�0:02Þ8þ1:5152�107ðz�0:02Þ7

�6:20906�106ðz�0:02Þ6þ1:56512�105ðz�0:02Þ5

þ3:0826�105ðz�0:02Þ4�4:71803�104ðz�0:02Þ3

þ7:884�102ðz�0:02Þ2þ15:7224ðz�0:02Þ
�22:31642

ð6Þ
The complex physical domain is transformed into a right
cylindrical domain amenable to a computational imple-
mentation using the Laudau’s transformation applied to
the preform/fiber and inert gas within the furnace.

For preform/fiber:

b ¼ z
ldr

and g ¼ r
rðzÞ ð7Þ

For inert gas:

b ¼ z
ldr

and g ¼ rF � r
ra

¼ f ðkr; raÞ ð8Þ

where

kr ¼ rF=ra and ra ¼ rF � rðzÞ
One side effect of the coordinate transformation as de-
scribed in the above paragraphs is that the mass, momen-
tum and energy conservation are not preserved when
control volume based finite difference method is applied
to solve the generated governing equations, since the veloc-
ity field is not orthogonal to the computational domain.
This problem can be resolved by the use of curvilinear
velocities, which preserves mass, momentum, and energy
conservation in the total flow field [23–26]. Therefore, the
following velocity transformations are employed:

For preform/fiber:

�u ¼ u and �v ¼ �g
drðzÞ

dz
uþ v ð9Þ
For inert gas:

�u ¼ u and �v ¼ g
drðzÞ

dz
u� v ð10Þ

In order to describe the flow, energy, and mass transport in
a more generic way, the governing equations are also non-
dimensionalized by using the following nondimensional
groups:
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where ua,0 is the inert gas velocity at the entrance of the
furnace.

Thermophysical properties are nondimensionalized
using those at the reference temperature, the melting tem-
perature of the fiber
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The nondimensionalized governing equations in the pre-
form/fiber can be expressed as

Continuity equation:
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Energy equation:
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Dopant diffusion equation:
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This set of equations applies to the preform and fiber in the
drawing region. The equations for inert gas can be easily
derived from Eqs. (16) to (19) by replacing g with kr�g

kr�1
.

Clearly, the dopant diffusion equation does not apply to in-
ert gas, and the nondimensionalized form of the other gov-
erning equations for the inert gas can be derived from the
nondimensionalized governing equations for preform/fiber
by simple mathematical manipulation.

At the entrance to the furnace, the temperatures of the
preform and the inert gas are taken as constant at room
temperature. The axial velocities of the preform/fiber and
inert gas are uniform, while the radial velocities are zero.
The dopant concentration is expressed as mass fraction
of the dopant, and is assumed to follow a step function as

c ¼
c0 for 0 < g 6 0:1

0 for 0:1 < g 6 1

�
ð21Þ

where the initial dopant concentration in the preform core
c0 is set to 0.2 in this study.

The velocity normal to the interface of the preform/fiber
and the inert gas is zero, while the velocity along the inter-
face is continuous on both sides. Velocity is obtained by
applying the continuity of shear stress at the preform/
fiber–inert gas interface. The temperature is continuous
and the heat flux satisfies the following condition:

k
oT
on

� �
fiber

¼ k
oT
on

� �
gas

þ qrad ð22Þ

where the radiation heat flux at the surface of the preform/
fiber, qrad, is computed using the same approach proposed
by Lee and Jaluria [15]. The radiation heat transfer is stud-
ied using an enclosure model proposed by Lee and Jaluria
[15], with the enclosure composed of furnace wall, outer
surface of preform/fiber, and the inlet and outlet of the
inert gas. The gas within the radiative enclosure is treated
as nonparticipating. The furnace is taken as a diffuse gray
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surface with a constant diffusivity of 0.75 [16]. The inlet
and outlet of the inert gas are treated as black surfaces at
an ambient temperature of 300 K. The silica preform is
assumed to be a diffuse and spectral surface, and its hemi-
spherical, spectral emissivity is represented by a fifth-order
polynomial [15]:

e ¼ 1:73734� 10�3ð2arÞ5 � 2:7� 10�2ð2arÞ3

�0:545ð2arÞ2 þ 0:999788ð2arÞ
�4:3003� 10�3 for 2ar 6 5

e ¼ 0:8852646 for 2ar P 5

where the absorption coefficient, a, is obtained using the
band approximation [4] assuming that outside of the band
between 3 and 8 lm, the fiber is perfectly transparent. The
absorption coefficient, a, for different wavelength, k, is as
follows: for k < 3 lm and k > 8 lm, a = 0; for 3.0 lm <
k < 4.8 lm, a = 400 m�1; and for 4.8 lm < k < 8.0 lm,
a = 15,000 m�1.

The radiative transport within the preform/fiber is taken
into account using diffusion approximation. Under this
approximation, the apparent thermal conductivity of the
preform/fiber is the sum of the nonradiative conductivity,
kcond, and radiative conductivity, krad, expressed as

krad ¼
16n2rT 3

3a
ð23Þ

where n is the refractive index of silica glass, r the Stefan–
Boltzmann constant, and a the absorption coefficient of
silica glass.

Zero flux condition is applied to all the transport vari-
ables at the centerline of the preform/fiber. A fully devel-
oped condition is used for the flow and temperature for
the inert gas at the outlet of the furnace.

2.2. Cooling region

When exiting the furnace, the fiber is near its melting
temperature, and has to be cooled before coating can be
applied. As seen in Fig. 1, the fiber is first cooled by natural
convection to the surrounding air. However, in high speed
drawing, natural convection alone is usually insufficient to
lower the fiber temperature to the level required by the
coating process, and supplemental cooling using forced
convection is necessary. The governing equations in the
cooling region are much simpler since the speed and radius
of the fiber are constant; as a result, no coordinate or veloc-
ity transformation is needed in this region. The nondimen-
sionalized governing equations for energy transport and
dopant diffusion in the fiber are
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Dopant diffusion equation:
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Note that since the fiber is moving with a constant, known,
velocity and further since there is no fluid motion within
the fiber, continuity and momentum equations are not
needed to describe the fiber domain. The governing equa-
tions for the surrounding cooling gas include the continu-
ity, momentum, and energy equations as presented below
in their nondimensional form

Continuity equation:
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Momentum equations:
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Energy equation:
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A prescribed convection coefficient in the range of 150–
300 W/m2 K [17] is applied to the fiber surface at the natu-
ral convective cooling region and the boundary conditions
at the fiber/gas interface is given by

oh
og
¼ Biðhinf � hÞ; Bi ¼ hrf

kf

ð30Þ

where Bi is the Biot number for natural convection as
defined above.

For forced convective cooling, the gas enters the cooling
tube with a uniform axial velocity at room temperature. A
no slip condition is applied to the cooling gas at the wall,
where constant room temperature is assumed. At the inter-
face of the fiber and the cooling gas, a continuity condition
is applied to the velocity and shear rate, temperature and
heat flux, and a no-penetration condition is applied to
the dopant concentration. At the outlet of the cooling
region, the velocity, temperature and dopant concentration
profiles are considered to be fully developed such that their
axial gradients are zero. At the junction of the drawing
region and cooling region of the fiber, a continuity
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condition is applied to temperature, dopant concentration,
heat flux and mass flux. The heat flux leaving the outlet
interface of the drawing region through conduction equals
the heat flux entering the inlet interface of the cooling
region through conduction, and the dopant diffusion at
the outlet interface of the drawing region equals the dopant
diffusion at the inlet interface of the cooling region.

All the thermophysical properties of the preform/fiber,
the inert gas, and the cooling gas are taken to be tempera-
ture dependent. In particular, for GeO2 doped glass optical
fiber, a few different diffusion coefficient equations are
available in the literature. Among them the most widely
used equation is the Arrhenius relation, which can be
expressed as [27–29].

D ¼ D0e�E=kBT ð31Þ
where D0 is the inert diffusion constant, E is the activation
energy, and kB is the Boltzmann constant. The values of D0

and E are obtained from the literature as D0 = 1.875 · 104

m2/s and E = 7.69 · 104 J.
The refractive index of the fiber can be expressed as a

function of the dopant concentration using the Lorentz–
Lorentz equation [30].

n ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2/
1� /

s
and / ¼

P ðn2
i �1Þci

ðn2
i þ2ÞqiP ci
qi

ð32Þ

where ni, ci and qi are the refractive index, mass fraction
and density of component i, respectively. The refractive
indices for pure SiO2 and GeO2 are 1.458 and 1.603, respec-
tively [30].

The conservation equations of mass, momentum,
energy, and species are coupled in the drawing region
and cooling region since the properties of the preform/fiber
and inert gas are all temperature dependent. Dopant diffu-
sion introduces another layer of coupling since the proper-
ties of preform/fiber depend on the dopant concentration.
For the purposes of this study, it is assumed that the effects
of dopant concentration on the properties of preform/fiber
are small, allowing for a decoupling of the energy and
momentum equations from the dopant diffusion equation.

A control volume based finite difference method is used
to solve the governing equations and boundary conditions.
A nonuniform grid mesh was used in the entire computa-
tional domain, and a staggered grid structure was used in
Table 1
Typical mesh grids for (a) velocity, temperature, and (b) dopant diffusion field

(a) For velocity and temperature fields Drawing region

Preform/fiber Inert ga

Number of grids in axial direction 102 102
Number of grids in radial direction 42 62

(b) For dopant diffusion field Drawing region

Number of grids in axial direction 102
Number of grids in radial direction 102
solving the Navier–Stokes equations to avoid unrealistic
velocity solutions. The power law scheme [31] was used
to represent the transport properties on the control volume
surfaces, and a SIMPLER algorithm was adopted to solve
the Navier–Stokes equations [31]. The coupled flow and
temperature field in the drawing and the cooling regions
were solved for using the following procedure: (a) an initial
temperature and velocity fields were assumed for the pre-
form/fiber, inert gas and cooling gas in the drawing and
cooling regions; (b) the temperature and velocity in the pre-
form/fiber and inert gas in the drawing region were solved
for using the governing equations; (c) the temperature and
velocity at the interface of the preform/fiber and inert gas
were determined using the boundary conditions; (d) the
temperature of the fiber was solved for in the natural con-
vective cooling region; (e) the temperature of the fiber and
cooling gas, and the velocity of the cooling gas were solved
for in forced convective cooling region; (f) the temperature
at the interface of the fiber and cooling gas was solved for
in forced convective cooling region; (g) the temperature at
the junctions of drawing and natural convective cooling,
and natural and forced convective cooling region was
determined; (h) the temperature and velocity fields for all
the regions were updated; and (i) steps (b)–(h) were
repeated until convergence.

The temperature and velocity field obtained were used
to solve for the dopant concentration. The governing equa-
tions in the drawing and the cooling regions differ signifi-
cantly in terms of complexity due to the large variation
in radius in the drawing region, therefore the computation
is carried out in two separate regions simultaneously, and is
coupled as follows: (a) an initial dopant concentration is
assumed at the interface of drawing and cooling regions;
(b) the dopant concentration is solved for in the drawing
region; (c) the dopant concentration is obtained in the cool-
ing region; (d) the dopant concentration at the interface of
drawing and cooling regions is updated using the continu-
ity conditions in dopant concentration and mass flux; and
(e) steps (b)–(d) are repeated until convergence. The con-
verged solution is used in Eq. (32) to get the refractive
index profile in the fiber. In all the calculations, the conver-
gence criterion of the numerical solution for the tempera-
ture, velocity and dopant concentration fields was that
the relative errors between two consecutive iterations are
less than 10�7.
s

Natural cooling region Forced cooling region

s Fiber Fiber Cooling gas

42 82 82
18 18 22

Natural cooling and forced cooling regions

202
36
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Fig. 2. (a) A comparison of the surface temperature profile in the furnace
region predicted by the present model and available numerical data for an
optical fiber drawing process, and (b) a comparison of the surface
temperature decay predicted by the present model and available numerical
data for an optical fiber cooling process.

2104 Y. Yan, R. Pitchumani / International Journal of Heat and Mass Transfer 49 (2006) 2097–2112
To best capture the evolution of the temperature, the
velocity, and the dopant concentration fields while mini-
mizing computational effort, different grid schemes were
used in discretizing these fields. Linear interpolation was
used to obtain the temperature and velocity values under
the different grid scheme in solving the dopant concentra-
tion equations. For the parametric study described in the
following section, a typical number of mesh grids is shown
in Table 1. For the cases studied, the total computation
time for a typical case was about 20 h on a SPARCstation

10 UNIX machine with a single processor.

3. Results and discussion

The formulation in the previous section described the
governing equations and boundary conditions representing
the mass, momentum and energy transport in the preform/
fiber, inert gas and cooling gas during the drawing and
cooling steps of an optical fiber drawing process. The over-
all goal of the analysis is to predict the dopant concentra-
tion distribution and refractive index in the optical fiber.
The computational results obtained from the analysis are
presented in this section. The model is first verified by com-
parison with existing data in the open literature. With the
validated model as basis, parametric studies are reported
to elucidate the effects of several nondimensional parame-
ters on the thermal and mass transport during the
processes.

Since no numerical or experimental results are available
in the open literature on dopant diffusion in the drawing
and cooling regions or on conjugate temperature field in
the combined drawing and cooling regions, the validation
is limited only to the temperature field for individual draw-
ing and cooling processes. For the drawing region, the sur-
face temperature is compared with numerical data from
Choudhury and Jaluria [8]. The result is shown in
Fig. 2a, in which the neck-down shape of the fiber is the
same as that described in the previous section, the radius
and surface temperature of the furnace are 1.9 cm and
2500 K, respectively, and the inert gas is air with an inlet
velocity of 5.2824 cm/s. Fig. 2a shows that in the upper
neck-down region, the temperature increases rapidly from
the ambient temperature to near the furnace temperature,
and remains essentially constant through the neck-down
region. Overall, the current model prediction is seen to
compare well with the simulation results of Choudhury
and Jaluria [8] throughout the domain.

For the cooling region, the present simulations were
compared with results obtained by Choudhury et al. [5]
for a glass fiber cooled by helium, and the result is shown
in Fig. 2b. In this process, the diameter of the fiber is
150 lm, and the speed of the fiber is 1.67 m/s. The initial
temperature of the fiber at the entrance is uniform, and
the length and width of the cooling channel are 5 and
600 times of the fiber radius, respectively. The velocity of
the cooling gas, helium, is twice the fiber speed at the
entrance. In the figure, the temperature is defined as
h ¼ T�T1
T 0�T1

, where the fiber temperature at the entrance,T0,
is set to be 868 K, and the ambient temperature, T1 is
set to be 300 K. The dimensionless distance is defined as
L ¼ z

rf
. Here comparisons were made for constant proper-

ties taken at two different temperatures, 298 K and
868 K, respectively. Fig. 2a and b show that the results of
the current model are in close agreement with those avail-
able in the open literature.

The validated simulation model was used to investigate
the effects of several nondimensional parameters on the
mass, momentum and thermal transport during the draw-
ing and cooling of optical fibers in order to determine the
dominant parameters and their physical effects on the pro-
cess. The ranges of nondimensional groups used are based
on typical practical situations for fiber drawing and cool-
ing. The results on temperature and dopant distributions
are presented and discussed; however velocity fields are
omitted here in the interest of brevity. For all the results
shown, unless otherwise specified, the following conditions
are employed: The properties of the fiber and gas are taken
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Fig. 3. Effects of fiber Reynolds number on (a) preform/fiber surface
temperature, (b) preform/fiber centerline dopant concentration decay, and
(c) fiber refractive index profile.
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to be temperature dependent. The reference temperature
for fiber and inert gas is the fiber melting temperature,
1900 K, while the reference temperature for cooling gas is
taken as ambient temperature, 300 K. The fiber velocity
is 3 m/s, and the inert gas velocity at entrance is 200 times
that of the preform velocity. The entrance temperature for
preform, inert gas and cooling gas is 300 K. The width of
the cooling channel is 0.8 cm, and the lengths of the natural
and forced convective cooling section are 0.5 m and 1 m,
respectively. The convective coefficient is taken as 300
W/m2 K. The inert gas is taken as air, and the cooling
gas is taken as helium. The nondimensional groups used
in the parametric study presented in Figs. 3–11 are as
follow: Ref = 1 · 10�7, Rea = 300, Rec = 500, RF = 400,
hF = 1.2105, Bi = 0.0053, Rc = 200, Kc,f = Kc/Kf = 0.04,
and Pe = 7.28 · 109, unless otherwise noted in the figures.

3.1. Effects of fiber Reynolds number

The effect of fiber Reynolds number on the temperature
field, dopant concentration distribution, and refractive
index profile is examined first. Three different fiber Rey-
nolds numbers, 4 · 10�8, 1 · 10�7, and 2 · 10�7, are con-
sidered. Fig. 3 shows the surface temperature (Fig. 3a)
and centerline dopant concentration (Fig. 3b) as a function
of dimensionless length, b, and the refractive index profile
as a function of dimensionless radius, g, in Fig. 3c. The sur-
face temperature decays exponentially in the natural con-
vective cooling region, as shown in Fig. 3a. In the forced
convective cooling region, the surface temperature drops
rapidly near the entrance because of a high convective coef-
ficient and large temperature difference between the fiber
and the cooling gas. The surface temperature decay slows
down along the cooling channel because of the decreasing
temperature difference between the fiber and cooling gas.
Fig. 3b shows that the dopant concentration at the center-
line of the fiber remains essentially constant at the upper
neck-down region. This is due to the fact that the diffusion
coefficient is very small at low temperatures. The centerline
dopant concentration starts decreasing when the tempera-
ture increases.

As the fiber Reynolds number increases, the fiber
remains in the furnace for a shorter time and, therefore,
the temperature rise is slower and smaller, as evident from
Fig. 3a. Similarly, a shorter residence time in the cooling
region results in a slower surface temperature decay. It
follows that when the fiber Reynolds number exceeds a
certain value, the fiber temperature will not be able to rise
to above its melting point and therefore, the drawing pro-
cess will not be able to take place. On the other hand, more
effective cooling techniques have to be resorted to at high
fiber Reynolds numbers. Fig. 3b shows that dopant diffu-
sion decreases with fiber Reynolds number. This is due to
the decreasing dopant diffusion coefficient as a result of
the decreasing temperature, and the shorter time period
for diffusion. Fig. 3c shows the refractive index profile in
the final fiber, and illustrates two important properties:
the maximum refractive index difference between the core
and cladding increases with fiber Reynolds number, and
consequently, the core radius decreases with fiber Reynolds
number.

3.2. Effects of inert gas Reynolds number

Fig. 4 represents the effect of inert gas Reynolds
number on the surface temperature, centerline dopant



Fig. 4. Effects of inert gas Reynolds number on (a) preform/fiber surface
temperature, (b) preform/fiber centerline dopant concentration decay, and
(c) fiber refractive index profile.
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concentration, and refractive index profile of the fiber.
Three different inert gas Reynolds numbers, 60, 300 and
600, are examined. For the cases studied, as the Reynolds
number of the inert gas increases, fiber surface temperature
in the drawing region decreases, as seen in Fig. 4a. How-
ever, as the inert gas Reynolds number gets smaller, this
effect gets smaller and the surface temperature is hardly
affected by the inert gas Reynolds number. When air is
used as the inert gas, the surface temperature of the fiber
is higher than that of the adjacent inert gas, and therefore,
the inert gas absorbs heat from the fiber. The amount of
heat absorbed by the inert gas increases with the inert
gas Reynolds number due to the increased convection,
and consequently, the surface temperature of the fiber
decreases with the inert gas Reynolds number. However,
since the dominant mode of heat transfer in the furnace
is the radiation between the fiber and furnace wall, the
effect of convection decreases as the Reynolds number of
the inert gas decreases. When the inert gas Reynolds num-
ber is small enough, the surface temperature of the fiber
becomes essentially independent of the convective heat
transfer between the fiber and the inert gas. Fig. 4a also
shows that the effect of the inert gas Reynolds number
on the fiber surface temperature is restricted in the drawing
region, namely, the temperature decay in the cooling region
is hardly affected by the Reynolds number of the inert gas.

Fig. 4b shows the centerline dopant concentration for
three different Reynolds numbers of the inert gas. As seen,
the inert gas Reynolds number has an interesting effect on
the centerline dopant concentration. As the Reynolds num-
ber of the inert gas increases, the centerline dopant concen-
tration decreases at first, but starts increasing when the
inert gas Reynolds number is increased further. This is
due to the complex effect of the inert gas Reynolds number
on the temperature field. As the Reynolds number of the
inert gas increases, the centerline temperature of the fiber
also decreases, but the temperature difference between the
surface and the centerline may decrease or increase depend-
ing on the axial location of the fiber, which again, affects
the dopant diffusion. Fig. 4c represents the refractive index
profile for three different inert gas Reynolds numbers. Lit-
tle difference exists for Rea = 60 and Rea = 300, while the
maximum refractive index difference between the core
and the cladding is higher for Rea = 600.

3.3. Effects of cooling gas Reynolds number

The effect of cooling gas Reynolds number is investi-
gated using three different values of 100, 500 and 1000.
As seen in Fig. 5a, the effect of cooling gas Reynolds num-
ber on the fiber surface temperature field is restricted to the
forced convective cooling region, which suggests that the
heat transfer in the cooling region is dominated by advec-
tion due to the large speed and relatively low thermal con-
ductivity of the fiber. As the cooling gas Reynolds number
increases, the fiber surface temperature decay becomes
rapid due to an increase in the local Nusselt number, but
as the cooling gas Reynolds number increases further, tem-
perature decay starts decreasing. This can be explained as
follows: although the local Nusselt number increases with
the cooling gas Reynolds number, the temperature of the
adjacent cooling gas also rises, which results in an overall
effect of decreasing heat transfer, and therefore, a decrease
in the surface temperature decay. For the cases studied, as
seen in Fig. 5b and c, the effects of cooling gas Reynolds
number on the centerline dopant concentration and the
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final refractive index profile are very small. When the cool-
ing gas Reynolds number increases from 100 to 1000, the
centerline dopant concentration increases slightly, as does
the maximum refractive index difference between the core
and cladding of the fiber. No distinguishable difference
exists in centerline dopant concentration and final refrac-
tive index profile when the cooling gas Reynolds number
varies from 100 to 500.
Fig. 5. Effects of cooling gas Reynolds number on (a) preform/fiber
surface temperature, (b) preform/fiber centerline dopant concentration
decay, and (c) fiber refractive index profile.
3.4. Effects of furnace radius

Fig. 6 shows the effect of furnace radius on the surface
temperature (Fig. 6a), centerline dopant concentration
(Fig. 6b), and refractive index profile of the fiber
(Fig. 6c). Three different dimensionless furnace radii, 300,
400, and 500, are examined. When the furnace radius
increases, the view factor of the fiber with respect to the
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Fig. 6. Effects of furnace radius on (a) preform/fiber surface temperature,
(b) preform/fiber centerline dopant concentration decay, and (c) fiber
refractive index profile.
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furnace is decreased slightly. This results in a smaller radi-
ation transport between the furnace and the preform/fiber,
which, in turn, decreases the surface temperature of the
preform/fiber. The volumetric flow rate of the inert gas also
increases because of the larger furnace radius, enhancing
the convection transport between the preform/fiber and
the inert gas. This again results in a decrease in the surface
temperature of the preform/fiber. However, the magnitude
of the effect of furnace radius on the surface temperature is
very small in the cases studied, as seen in Fig. 6a. Fig. 6b
shows that the centerline dopant concentration decay
decreases with the furnace radius, due to a decrease of
the diffusion coefficient resulting from a reduced fiber tem-
perature. Fig. 6c shows that the maximum refractive index
difference between the core and cladding of the fiber
increases with the furnace radius because of the decreased
dopant diffusion.
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3.5. Effects of furnace wall temperature

In order to investigate the effect of furnace wall temper-
ature, three different levels of constant furnace wall temper-
ature were examined, i.e., 2100 K, 2300 K and 2500 K, or
1.1053, 1.2105 and 1.3158, in dimensionless form. As
shown in Fig. 7a and b, the furnace wall temperature has
a strong effect on the temperature and dopant concentra-
tion distribution of the fiber. As the furnace wall tempera-
ture increases, Fig. 7a shows that the surface temperature
of the fiber increases due to the increased radiation trans-
port between the preform/fiber and the furnace wall. This
results in an increase in the dopant diffusion, which is rep-
resented by greater decay in the centerline dopant concen-
tration as seen in Fig. 7b. Consequently, Fig. 7c indicates
that the gradient of refractive index within the core of
the fiber decreases. When the furnace wall temperature is
very low, the dopant diffusion becomes very small, and
the final refractive index of the fiber takes essentially the
same profile as that of the preform.
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Fig. 7. Effects of furnace wall temperature on (a) preform/fiber surface
temperature, (b) preform/fiber centerline dopant concentration decay, and
(c) fiber refractive index profile.
3.6. Effects of Biot number of natural convection

The effect of the Biot number of natural convective cool-
ing is shown by considering three different Biot numbers,
0.0027, 0.0053 and 0.0080. As shown in Fig. 8a, the effect
of Biot number on temperature distribution is felt only in
the cooling region. As expected, the temperature decays
faster with the increasing Biot number of the natural con-
vective cooling. Fig. 8b shows the effect of Biot number on
the dopant concentration; as the Biot number increases, the
dopant concentration also increases due to a decrease in
the dopant diffusion due to the increasing Biot number.
The maximum refractive index difference between the core
and the cladding increases with the Biot number of the nat-
ural convective cooling because of the reduced dopant dif-
fusion, as seen in Fig. 8c.
3.7. Effects of cooling channel radius

Fig. 9 shows the effect of cooling channel radius for
three different dimensionless cooling channel radii, i.e.,
100, 200, and 400. Fig. 9a shows that as the cooling channel
radius decreases, the temperature gradient at the surface
increases resulting in greater temperature decay near the
entrance of the forced cooling. This effect is reversed
toward the end of the cooling channel due to a decreased
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Fig. 8. Effects of Biot number of natural convective cooling on (a)
preform/fiber surface temperature, (b) preform/fiber centerline dopant
concentration decay, and (c) fiber refractive index profile.
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Fig. 9. Effects of cooling channel radius on (a) preform/fiber surface
temperature, (b) preform/fiber centerline dopant concentration decay, and
(c) fiber refractive index profile.
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temperature gradient resulting from the temperature rise in
the cooling gas. The overall effect of cooling channel radius
on the temperature distribution is seen to be small within
the range studied. Although cooling channel radius has
some effect on the temperature distribution in the forced
convective cooling region, its effect on the dopant diffusion
is minimal as noted in Fig. 9b. Since the dopant diffusion
coefficient is very small for low temperatures, which is
the case for the forced convective cooling region, the dop-
ant diffusion is hardly affected by the cooling channel
radius. Similarly, the final refractive index profile of the
fiber is also relatively unaffected by the cooling channel
radius, as seen in Fig. 9c.
3.8. Effects of cooling gas thermal conductivity

The effect of cooling gas properties is investigated
by considering three different cooling gas thermal



Fig. 10. Effects of cooling channel thermal conductivity on (a) preform/
fiber surface temperature, (b) preform/fiber centerline dopant concentra-
tion decay, and (c) fiber refractive index profile.
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conductivities, 0.012, 0.040, and 0.068, in dimensionless
form defined as Kc;f ¼ kc

kf
. As the cooling gas thermal con-

ductivity increases, the surface temperature decay in the
fiber increases. This is because the thermal diffusion within
the cooling gas is much stronger for larger cooling gas ther-
mal conductivity. This suggests that different cooling fluids
can be used to control the cooling rate. Although cooling
gas thermal conductivity has a significant effect on the sur-
face temperature decay in the forced convective region, its
effect on the dopant diffusion is very small due to the small
dopant diffusion coefficient at low temperatures. As seen in
Fig. 10b, decreasing the cooling gas thermal conductivity
increases the centerline dopant concentration decay
slightly; however, the centerline dopant concentration
decay remains unchanged when the cooling gas thermal
conductivity is decreased further. This analysis also applies
to the final refractive index profile of the fiber, whose
results are shown in Fig. 10c.
3.9. Effects of dopant Peclet number

The effect of dopant properties is examined by consider-
ing three different dopant Peclet numbers, 3.64 · 109,
7.28 · 109, and 3.62 · 1010, and the results are shown in
Fig. 11. Since it has been assumed that the flow and tem-
perature fields are not affected by the dopant, the surface
temperature is independent of the dopant Peclet number,
as seen in Fig. 11a. Fig. 11b shows that the centerline dop-
ant concentration decay increases with the dopant Peclet
number, as expected. The maximum refractive index
between the core and the cladding of the fiber increases
with the dopant Peclet number as shown in Fig. 11c; con-
sequently, the core radius of the fiber decreases with dop-
ant Peclet number. This suggests that different dopant
can be used to achieve the desired refractive index profile.

The results in this section provide a comprehensive anal-
ysis of the effects of various nondimensional groups on the
evolution of the fiber surface temperature, dopant concen-
tration, and index of refraction profile during the optical
fiber manufacturing process. The results could be used as
guidelines in analyzing and designing for the final index
of refraction profile while simultaneously satisfying other
quality constraints. In a future work, optimum parameter
combinations for specific design specifications will be deter-
mined by integrating the present model with a numerical
optimization procedure. In the present study, the neck-
down shape of the preform/fiber is approximated as a spec-
ified profile in the interest of minimizing computational
effort; a more accurate neck-down shape during a drawing
process could be solved for by performing a force balance
at the preform/fiber surface. Further simplification of the
numerical computation resulted from a decoupling of the
temperature and velocity fields from the dopant concentra-
tion in the solution procedure. It was assumed that pres-
ence of dopant does not alter the thermophysical
properties significantly, while the temperature, velocity
and dopant concentration fields need to be solved together
as a conjugate problem for an exact simulation. An effec-
tive use of physics-based models for practical design calls
for incorporation of the inherent parameter uncertainty
in a manufacturing environment into the simulations. To
this end, stochastic modeling and analysis under uncer-
tainty is presently being developed and will be reported
in a forthcoming publication.
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Fig. 11. Effects of dopant Peclet number on (a) preform/fiber surface
temperature, (b) preform/fiber centerline dopant concentration decay, and
(c) fiber refractive index profile.
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4. Conclusions

In this study, a detailed numerical investigation on the
flow, heat and mass transfer phenomena in the drawing
and cooling process of glass optical fibers has been carried
out using a finite difference approach based on primitive
variables. A prescribed neck-down profile based on exper-
imental results in the literature has been used, and a coor-
dinate transformation is employed in the drawing process,
with the use of covariant curvilinear velocity.

Different nondimensional parameters, namely the
Reynolds numbers of fiber, inert and cooling gas, radius
of furnace and cooling channel, furnace wall temperature,
Biot number of natural convective cooling, cooling gas ther-
mal conductivity and dopant Peclet number, were varied to
investigate their effects on the thermal and mass transport
during the drawing and cooling process of optical fiber.
Based on the results and discussion presented above, it is
found that the fiber Reynolds number, the furnace wall
temperature and the dopant Peclet number have significant
influence on the temperature field, dopant concentration
distribution and refractive index profile, while the Reynolds
numbers of inert and cooling gas, radius of furnace and
cooling channel, Biot number of natural convective cooling
and cooling gas thermal conductivity have minor effects.
The results provide valuable insight for optimization of
the process for tailored index of refraction profiles.
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