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Abstract

The optimization of thermal systems and processes has received much less attention than their simulation and often

lags behind optimization in other engineering areas. This paper considers the optimization of the important thermal

manufacturing process involved in the drawing of optical fibers. Despite the importance of optical fibers and the need

to enhance product quality and reduce costs, very little work has been done on the optimization of the process. The

main aspects that arise in the optimization of such thermal processes are considered in detail in order to formulate

an appropriate objective function and to determine the existence of optimal conditions. Using validated numerical mod-

els to simulate the thermal transport processes that govern the characteristics of the fiber and the production rate, the

study investigates the relevant parametric space and obtains the domain in which the process is physically feasible. This

is followed by an attempt to narrow the feasible region and focus on the domain that could lead to optimization.

Employing standard optimization techniques, optimal conditions are determined for typical operating parameters.

The study thus provides a basis for choosing optimal design conditions and for more detailed investigations on the fea-

sibility and optimization of this complicated and important process.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The demand for high quality optical fiber at reduced

costs is pushing the design limits of the current fiber

drawing technology. Various efforts are being directed

at improving the fiber manufacturing system, with the
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goal of producing new and higher quality products at

increased production rates and, thus, at lower cost.

Optimizing the thermal system for fiber drawing is an

important consideration in this effort. To optimize

the fiber drawing process, careful formulation of the

optimization problem and the use of an appropriate

optimization technique, coupled with accurate numeri-

cal modeling, are needed.

Even though the importance of optimizing fiber

drawing systems has been cited by many investigators,

much of the research has been limited to the description

and simulation of the physical behavior of the process
ed.
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Nomenclature

Cp specific heat at constant pressure

Ed, Ep activation energies in Eq. (7)

F general function to be optimized

FT draw tension

g magnitude of gravitational acceleration

H mean surface curvature

K thermal conductivity

k Boltzmann constant

L height of furnace; length of fiber

nd, np0 concentration of E 0 defects and initial pre-

cursors, respectively

R radius of preform, fiber, furnace

r radial coordinate distance; absolute toler-

ance in Eq. (17)

Sr radiative source term

t time; parameter in Eq. (16)

T temperature

Tm glass softening point, typically around

1900 K for silica glass

u radial velocity

U objective function for fiber drawing

v axial velocity

X independent variable

z axial coordinate distance

Greek symbols

d absolute tolerance in X

l dynamic viscosity

m kinematic viscosity

�m frequency factor in Eq. (7)

U viscous dissipation

q density

f surface tension between glass and purge gas

Subscripts

f fiber

F furnace

l lower

lag difference in values at center and surface

u upper
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[1–3]. Among the large number of simulation and exper-

imental studies, very few have applied the results to the

optimal design of the fiber drawing system. As an exam-

ple, Nicolardot and Orcel [4] recently reported design

work on the draw furnace by maximizing the thermal

efficiency, using commercially available software. At

the same time, feedback control systems, coupled to a

fiber drawing system, have also received some attention.

Both experimental measurements on a draw tower and

numerical simulations of the drawing process can be

used to provide the basis for an appropriate feasible de-

sign [5]. Mirho [6] developed a measurement-based feed-

back system to compensate for variations in draw speed,

feed rate and draw diameter during the drawing process

and to achieve the desired fiber quality, consistency and

efficiency.

Compared to numerical techniques, experimental

work for optimization is obviously very time consuming

and expensive. Usually, only a small number of runs and

a fairly limited design space exploration are possible.

However, validated and accurate numerical models of

the flow and the heat transfer, coupled to a proper opti-

mization algorithm, can be effectively used for design, as

has been done for other thermal manufacturing systems

[7].

Since not much effort has been directed at the optimi-

zation of the fiber drawing system, there is a strong need

for determining appropriate optimization procedures

and for an efficient coupling of optimization techniques

to the transport models. A preliminary study is carried
out here to examine the possibility of optimization of

the furnace-drawing system for optical fiber fabrication.

Due to the complexity of the problem, essentially no

prior optimization efforts are available in the reference.

Therefore, the first goal of this work is to investigate

the possibility of optimization and to give guidelines

for the formulation and selection of an objective func-

tion based on the current understanding of the behavior

of the system. The optimization procedure employs an

objective function, which characterizes the fiber quality,

productivity and operational costs, based on important

measures indirectly derived from the drawing parame-

ters, such as draw temperature, draw speed and heat-

zone length. The general characteristics of the objective

function being optimized are then examined using sim-

ple exhaustive search and curve-fitting techniques. A

much larger parameter space, than that considered ear-

lier, is based on existing knowledge of the feasible do-

main [5]. Automation of the optimization procedure

using univariate search and Golden-section algorithm

is then pursued.

A typical fiber drawing furnace, shown in Fig. 1, is

used for the investigation. The neck-down shape of the

fiber is iteratively obtained as a result of the force bal-

ance at the free surface. Optimal operation conditions

are determined within the initially known feasible

parameter space, followed by evaluation of the optimal

conditions using the Golden-section method for univar-

iate search to obtain a global minimum based on a cho-

sen objective function.



Fig. 1. A typical optical fiber manufacturing system.
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2. Analysis and numerical solution

The transport phenomena in a cylindrical graphite

furnace have been investigated for high-speed optical

fiber drawing. A conjugate problem involving the glass

and the purge gases is considered. Laminar flow is as-

sumed due to the high-viscosity of glass and the typical

low velocities of the gas flow. The transport in the two re-

gions is coupled through the boundary conditions at the

free surface. Thus, coupled conduction, convection and

radiation heat transfer mechanisms are involved in the

analysis. Several earlier papers have presented the analy-

sis and the numerical scheme [8–14] and only a few

important aspects are included here for completeness.

For further details, these references may be consulted.

The governing equations for axisymmetric condi-

tions, developed in cylindrical coordinates for both the

glass and the purge gas, are given as [15]:
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Here, Sr is the radiative source term. The viscous dissi-

pation and the radiative source terms are only kept

for the glass flow due to their relative importance. The

material properties, particularly glass viscosity, are

strongly temperature dependent. A band model is used

for approximating the radiative absorption coefficient

of glass [16–18]. Thus, the equations are coupled because

of property variation and viscous dissipation. For the

convenient implementation of the finite difference

method, the flow domains for the glass and purge gas

are transformed into cylindrical ones [15,19]. The

boundary conditions for a free surface, arising from

the force balance, are employed here at the interface be-

tween the glass and the purge gas in order to determine

the neck-down profile. A more detailed discussion about

the governing equations and the boundary conditions

can be found in the preceding references.

Draw tension, which is crucial to fiber quality and

process feasibility, is determined by considering the con-

tribution of the viscous force, surface tension, inertia

force and gravity, resulting in the equation:
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where the forces acting at a horizontal cross-section of

the preform/fiber are considered to determine the draw

tension. A low value of the tension is desirable from

fiber quality considerations and a large value could re-

sult in viscous rupture of the fiber [8,13].

A thermally induced defect, known as the E 0 point

defect, is generated due to the breaking of the bond be-

tween silicon and oxygen and is of particular interest in

fiber quality. The generation of these defects is strongly

dependent on the temperature history of the fiber. The

defect generation–recombination process is analyzed

by the model given by Hanafusa et al. [20], on the basis

of the thermodynamics of lattice vacancies in crystals,
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and the resulting defect concentrations in the fiber are

calculated. The equation, modified to a point mass mov-

ing along the streamline, is:

v
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where, nd is the concentration of E 0 defects, and np0 is

the concentration of the initial precursors, Ed and Ep

are corresponding activation energy of these, �m is the fre-
quency factor, and k the Boltzmann constant. The val-

ues of the constants are given by Hanafusa et al. [20].

For pure silica, the initial concentration of E 0 defects

is taken as zero. Thus, using this kinetics equation, the

concentration of defects at various locations in the pre-

form/fiber can be calculated.

The radiation transfer is a volume phenomenon in

semi-transparent glass and the zonal model is used to

compute the radiative source term. Details of the

method and the radiative properties used are given in

[16–18]. In order to avoid computation of the direct

exchange areas every time the neck-down profile is cor-

rected, since this is very time-consuming, the optically

thick approximation is first used to generate the neck-

down profile [21,22]. This profile is used as the initial

guess to generate the final neck-down profile with the zo-

nal method. This strategy is based on the observation

that the difference between the results obtained by using

the optically thick approximation and by the zonal

method is moderate. The neck-down profile is corrected

after every 4–10 thousand steps of temperature and

velocity calculations, in order to reduce the CPU time.

Thus, each iterative step in the neck-down profile deter-

mination involves substantial computational effort.

The conjugate problem, outlined above, is solved by

a finite difference method, using the alternating direction

implicit (ADI) scheme [23]. Two discretization schemes

are used. A finer one is adopted for the stream function,

vorticity and energy equations and a coarser one for the

radiation analysis using zonal method. Non-uniform

grids are employed for the transport equations because

of dramatic changes in the physical variables, particu-

larly viscosity. Finer grids are used wherever large veloc-

ity and temperature gradients are expected. The optimal

grid sizes for all cases are experimentally determined by

obtaining mesh-independent results. For a 5 cm diame-

ter and 50 cm long preform in a 7 cm diameter furnace,

a grid-optimization study resulted in a 669 · 41 (axial

and radial, respectively) non-uniform grid in the pre-

form/fiber and 669 · 61 non-uniform grid in the purge

gas. The radiation grid is also obtained as 51 · 6. Be-

cause the radiation grid is coarser than that for the en-

ergy equation, the radiative source term at the grid

points for the energy equation is obtained by bi-linear
interpolation from the results at the radiation grid

points. The convergence to steady state conditions is

indicated by the invariance of all the physical variables.

This is ensured by the infinite norm of the change in all

physical variables between adjacent iterations becoming

less than a prescribed convergence criterion. The crite-

rion was varied to ensure that results are independent

of the values chosen. The optimal criteria may change

somewhat depending on the drawing conditions, i.e.

the drawing speed, the drawing temperature, and the

dimensions of glass preform and draw furnace.

The analytical and numerical modeling was validated

by comparisons with earlier results on optical fiber draw-

ing. Experimental results at relatively low draw speeds

of up to 3 m/s and for isothermal and parabolic temper-

ature distributions for relatively short furnaces of length

around 30 cm were employed. Several of these compari-

sons have been given in earlier papers [13,21,24,25] and

are not repeated here for conciseness.
3. Existence of optimal conditions

Optimization of the system and the process involves

determination of optimal drawing conditions that mini-

mize fiber defects, while keeping the productivity high.

Due to the complexity of the physical problem, very lit-

tle work is available to guide the optimal design of the

fiber drawing system in actual practice. However,

the first question to be answered by observations of

the behavior of a fiber drawing system is if it is possible

to optimize such a process, which is defined by the draw-

ing parameters such as draw temperature, draw speed

and furnace dimensions.

The effect of draw furnace dimensions is first investi-

gated. The heat zone length is varied from 25 to 50 cm,

while the furnace diameter is kept as 7 cm. A parabolic

temperature profile with maximum of 2500 K in the

middle and minimum of 2000 K at the two ends is pre-

scribed at the furnace wall. The dimensionless tempera-

ture profile is kept the same for all furnace lengths. Two

draw speeds, 15 and 25 m/s, are considered for compar-

ison. Constant properties are assumed for the aiding

Argon gas flow at 0.1 m/s. Both the preform and the

purge gas are assumed to enter the furnace at 300 K.

These values are chosen from typical operating condi-

tions for fiber drawing on medium-sized, graphite fur-

nace, draw towers, one such tower being available to

us for experimentation [24,25].

It is known that the temperature difference, or lag,

between the surface and the centerline describes the ther-

mal response in the glass. Fig. 2(a) shows the variation

of the maximum temperature lag in the drawing process.

It is seen that the heating zone length affects the lag level

only slightly. But, the influence of draw speed is quite

significant. The difference between the surface and



Fig. 2. Maximum (a) temperature, and (b) velocity difference,

or lag, between glass surface and centerline.

Fig. 3. Dependence of (a) average concentration of E 0 defects

at the furnace exit, and (b) draw tension on furnace length at

two draw speeds.
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centerline temperatures increases about 30% when the

draw speed goes up from 15 m/s to 25 m/s. This result

suggests that the residence time of the glass rod inside

the heating furnace is the dominating factor in control-

ling the radial temperature difference, since a longer res-

idence time causes the preform to be more uniformly

heated. Additional results also show that the tempera-

ture lag in the fiber is basically dominated by the condi-

tions at the furnace entrance and preform diameter,

rather than by the thermal evolution inside the draw

furnace.

The radial non-uniformity in the temperature in the

preform noticeably affects the velocity field, because

glass viscosity is an exponential function of the temper-

ature [15–17]. This can cause the redistribution of the

material dopants and impurities and, therefore, impact

the fiber quality [13,20,22]. The variation of the maxi-

mum velocity lag in the neck-down region is shown in

Fig. 2(b). Interestingly, the velocity lag is very sensitive

to the furnace dimensions. The lag decreases signifi-

cantly with an increase in the furnace length. The differ-

ence at the two draw speeds is large only for shorter

furnaces, and diminishes as the heating zone increases.

Fig. 3(a) shows the average concentration of E 0 de-

fects in the fiber at the furnace exit. The defect concen-

tration monotonically increases with an increase in the

heating zone length and with a decrease in the draw
speed. It is because a longer residence time of fiber inside

the heating furnace will cause more frequent occurrences

of Si–O bond breakage in the precursors. The draw ten-

sion strongly affects optical and mechanical properties of

the fiber in terms of index of refraction, residual stresses,

and transmission losses, ultimately influencing the fiber

strength and optical quality. A draw tension kept under

a specified threshold is critical to achieving continuous

pulling of optical fibers without breakage [26]. Fig.

3(b) shows the dependence of draw tension on the fur-

nace length and draw speed. It is found that the draw

tension decreases dramatically with an increase in the

furnace length for a given temperature profile. The rea-

son is that a longer heating zone gives rise to relatively

smaller rate of change of radius with distance and the

viscosity also changes more gradually. Therefore, the

draw tension is reduced. This result also indicates that

a moderate furnace length is desirable to achieve low

fiber tension particularly for high-speed fiber drawing.

From the figure, it is also found that a high draw speed

can cause a high draw tension.

From these results, it is very interesting to point out

that the heat-zone length and draw speed demonstrate

opposite effects on the fiber quality, especially in terms

of velocity lag, defect concentration, and draw tension.

This observation strongly suggests the existence of a



X. Cheng, Y. Jaluria / International Journal of Heat and Mass Transfer 48 (2005) 3560–3573 3565
trade-off between draw speed, which determines the pro-

duction rate, and furnace dimensions in order to balance

the requirements of quality and productivity in the fiber

fabrication process.

The dependence of the preform/fiber characteristics

on the draw temperature is only investigated for a typi-

cal draw speed of 15 m/s. A fixed furnace length of

30 cm is employed. The imposed temperature profile is

still parabolic while only the maximum temperature at

the mid-point of the furnace is changed, ranging from

2200 K to 3000 K.

The maximum temperature and velocity lag in the

glass are shown in Fig. 4. It is seen that the temperature

lag decreases slightly when the draw temperature in-

creases. The velocity lag variation with the draw temper-

ature shows a minimum. The lag levels are all above 30%

at the two extreme draw temperatures of 2200 K and

3000 K. However, the reasons for this are a little differ-

ent. The former temperature almost reaches the lower

temperature boundary of the feasible drawing domain

for the given furnace, and, therefore, the weak heat

input at the glass surface results in slow thermal re-

sponse at the center. On the contrary, a temperature as

high as 3000 K causes a rapid change in velocity at the

glass surface due to the intense heat flux applied there.

However, the effect does not propagate to the center

immediately due to thermal inertia.
Fig. 4. Variation of maximum (a) temperature, and (b) velocity

lag with the furnace wall temperature.
Fig. 5(a) shows the generation of E 0 defects in the

fiber for different maximum furnace temperatures. These

defects in the fiber are very sensitive to the drawing tem-

perature. The average defect concentration at the fur-

nace exit increases by almost two orders in magnitude

when the draw temperature goes up from 2200 K to

3000 K. This result suggests that minimizing the drawing

temperature is not only desired for increasing the life-

span of the draw furnace, but also for decreasing the

point defects in the optical fiber to an acceptable level.

The variation of draw tension with the draw tempera-

ture is shown in Fig. 5(b). Due to the exponential depen-

dence of the glass viscosity on the temperature, the draw

tension decreases dramatically with the increase of the

furnace temperature. Thus, increasing the draw temper-

ature becomes important for tension control.

These results show that most physical variables char-

acterizing the quality of the fibers depend strongly on

the dimensions and temperature of the heating furnace.

In terms of thermal and geometrical configuration, the

optimum design of the draw furnace is also possible by

considering a trade-off between these characteristics. It

is especially clear that a longer heating furnace with a

higher temperature has a positive effect on the draw

tension. However, the length and temperature of the

furnace are obviously constrained by the dramatic in-

crease in defect concentrations. Simultaneously, the
Fig. 5. Effect of the furnace wall temperature on (a) the average

concentration of E 0 defects, and (b) the draw tension.
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change in radial uniformity also becomes a concern for

the best fiber performance.

Overall, the previous observations indicate that opti-

mization of the drawing conditions, as well as optimal

design of the draw furnace, for high-speed optical fiber

drawing can be achieved by constructing an objective

function from velocity lag, defect concentration and

draw tension, since the temperature lag is not very sen-

sitive to variations in the drawing conditions over the

ranges considered here.
4. Formulation of objective function

The design and optimization of the fiber drawing sys-

tem follows well-established procedures for thermal sys-

tems, as described by Jaluria [27]. System requirements,

design variables and constraints can be selected for the

process under consideration.

A number of parameters, specified as design vari-

ables, are to be varied to satisfy a number of system

requirements. These variables cover both the hardware

and the operating conditions. The hardware includes

the geometry and the dimensions of the furnace,

arrangement of the heating and cooling zones, flow con-

figuration for the purge gas, and other system parame-

ters. The operating conditions include variables, which

can usually be changed without varying the hardware.

These include draw speed of the fiber, or feed rate of

the preform, heat-zone temperature or heat input at

the furnace wall, composition and flow rate of the purge

gas and inlet temperature conditions of the preform and

the purge gas. Although the design variable list could be

much larger, most hardware variables are predetermined

and generally kept fixed for a typical fiber drawing sys-

tem. A sensitivity analysis is used to determine the dom-

inant quantities. Operating conditions can be further

simplified by considering the most important variables.

System constraints are typically physical limitations

and conservation principles that arise in thermal sys-

tems, such as conservation of mass and energy and

momentum–force balance, temperature and stress limi-

tations of the materials, flow limitations and others.

Using the description of the problem, as given earlier,

we can proceed to determine the main quantities of

interest. For the fiber drawing system shown in Fig. 1,

quantities of interest include product quality (Q) or de-

fect in the product (D), production rate (P) and operat-

ing cost (C). However, there are many possibilities to

formulate the objective function to be minimized or

maximized. For instance, one possible formulation is

obtained by writing the objective function (U) as the

product of different design quantities. Thus,

U ¼ Operation cost

Product quality� Production rate
ð8Þ
or,

U ¼ Operation cost� Product defect concentration

Production rate

ð9Þ

These quantities are considered as independent vari-

ables, because it is difficult to determine the relationships

between them in a fiber drawing system.

Unfortunately, several considerations make it very

difficult to evaluate the operating costs for such a com-

plicated system, even though the draw speed, vf, is a

good measure of the production rate of the fiber. Very

little data are available to simply model the operating

costs of a fiber drawing system for various drawing con-

ditions. In addition, the evaluation of the system opera-

tion costs involves the heating rate and purge gas

consumption inside the furnace, as well as the operation

of the subsequent cooling and coating sections outside

of the furnace. Any change in operating conditions, par-

ticularly draw speed and furnace temperature, will inev-

itably affect the technical and operational costs in the

post-drawing procedures, even though the hardware of

draw furnace is kept fixed.

In this study, the objective function is used to

emphasize the product defects, i.e. product quality. A

special defect index is chosen to characterize the quality

of fiber product. As was mentioned earlier, three phys-

ical quantities, namely the maximum velocity lag, aver-

age E 0 defect concentration and average draw tension,

quantify the mechanical and optical attributes of the

fiber. After a detailed consideration of factors contrib-

uting to the objective function, an explicit form of the

objective function can be proposed as given below.

Then, the drawing conditions are taken as optimal, in

terms of fiber quality, when the objective function reach

a minimum.

U ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
vlag
�vlag

� �2

þ nd
�nd

� �2

þ F T

F T

� �2
s

ð10Þ

This form of the objective function represents equal

weighting for each dimensionless design quality, i.e. it

is assumed that all three factors contribute equally to

the design. However, each physical variable is scaled

by a reference value, which is empirically picked from

a well-known threshold or a physically significant refer-

ence point. For example, the reference for draw tension,

F T is set as 150 g, which is a tension threshold of contin-

uous fiber drawing in practice. The scale, �nd, is the E 0 de-

fect concentration of fiber at a static and equilibrium

state of 2000 �C. The reference value for radial velocity

lag, �vlag, is chosen as 0.25. This is a reasonable threshold

that indicates significant velocity lag and thus requires a

2-D or a 3-D model, instead of a simple lumped model,

to solve the velocity distribution and obtain an accurate

neck-down profile.
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It is clear that the optimal drawing conditions may

change due to the empirical choice of these reference val-

ues. However, this arbitrariness cannot change the fact

that the fiber drawing conditions can be optimized based

on the proper formulation and design of the application.

Also, different criteria for optimization can be consid-

ered separately in order to develop a strategy for

multi-criteria optimization of the process.

We need to emphasize two additional points. First,

the quantities employed in constructing the objective

function can be combined in other ways, for example,

weighting these using exponentials. For this study, the

proposed simple form of the objective function is suffi-

cient to demonstrate the feasibility of optimization of

a fiber drawing system. Second, the temperature lag, a

possible design quality, is screened out from our formu-

lation by a sensitivity analysis. Another reason for

neglecting it is that it is strongly dependent on the inlet

thermal boundary conditions, as discussed earlier, and

these are not changed here.

All the design qualities in the objective function

implicitly depend on two important drawing parameters,

i.e. draw speed vf and draw temperature TF. Therefore,

these parameters are chosen as the design variables to

optimize the fiber drawing system. Due to the physical

limitations and constraints on the fiber and draw fur-

nace, these two design variables are limited to the fol-

lowing ranges in which fiber drawing is numerically

and practically feasible:

Draw temperature:

2200 K 6 T F 6 3000 K ð11Þ

Draw speed:

1 m=s 6 vf 6 30 m=s ð12Þ

Therefore, optimum operating conditions are to be

determined in this domain of parameters.

The possibility of optimizing the draw furnace is also

discussed in terms of the heat zone length later. The

range of furnace length L used for typical drawing con-

ditions is:

Furnace length:

0.25 m 6 L 6 0.5 m ð13Þ
5. Optimization algorithm

Search methods, which are based on selecting the

best design from the acceptable space, are among the

most widely used methods for optimizing thermal

system. Search methods are used for a wide variety

of problems, ranging from simple problems with uncon-

strained single-variable optimization to extremely

complicated systems with multiple constraints and

variables.
There are several approaches that can be employed

in search methods, depending on whether the problem

considered is a constrained or an unconstrained one,

and whether it involves a single variable or multiple

variables. In elimination methods, the uncertainty do-

main, in which the optimum lies, is gradually reduced

to a desired level by eliminating regions that are deter-

mined not to contain the optimum. The initial interval

of uncertainty is defined by the acceptable ranges of the

variables. The Golden-section method is one of the

search schemes based on elimination for single-variable

problems [27]. Hill-climbing techniques involve trying

to find the shortest way to the maximum or mini-

mum of the objective function. This approach is

more involved than the elimination methods, but

generally more efficient in terms of convergence. Uni-

variate search, an extension of elimination methods

for multivariable problems, is one of the widely used

hill-climbing techniques because of its simplicity [28–

30].

Since at least two design variables are involved in a

typical fiber drawing system, univariate search is first

used for this study to divide the multivariable problem

into two single-variable problems. Golden-section

method is then employed to automate the optimum

search for each simple problem.

5.1. Curve fitting in optimization

Curve fitting is a useful approach to obtain the opti-

mum in many optimization analyses. It is assumed that

the behavior of the objective function can be described

by a simplified, continuous, and differentiable curve in

the given domain. Polynomial functions are commonly

employed for the curve fitting. The optimum can then

easily be found from the determination of the minimum

or maximum point in the curve, where the first deriva-

tive of objective function is equal to zero.

Curve fitting can also be used to reveal the general

characteristics of the objective function being optimized

and therefore it is useful for circumstances where the

basic trends of the objective are not known because of

the complexity of the problem or because it is a new

problem with little prior information. Optimization of

the fiber drawing system is one of these cases. The effects

of drawing parameters are not easy to predict due to the

dependence of system behavior on the fiber material,

whose properties vary strongly with temperature and

are then affected by the flow and heat transfer process.

Thus, the curve fitting approach can be used to initially

determine the behavior of the objective function by

employing a small number of runs. An automated

approach can be considered later, using the obtained

information, if the computational cost is acceptable.

However, the curve-fitting method is essentially an

exhaustive search method, which is not an efficient
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strategy to determine the optimum, since it covers the

entire domain uniformly.

5.2. Golden-section method for single-variable

optimization

The Golden-section method is a popular and auto-

mated algorithm to numerically solve the optimization

problems for functions of one variable [27–30]. It uses

the well-known Golden ratio, 0.618, to locate the trial

runs in the search for the optimum. The strength of

this method is that the accuracy and convergence of

the scheme can be guaranteed. However, the weakness

is the relatively large number of function evaluations

necessary to reach the solution. The algorithm is given

in Fig. 6. In this figure, F represents the objective func-

tion to be optimized with the independent variable X.

Xl and Xu are the lower and upper bounds, respec-

tively. Fl and Fu are the corresponding values of the

evaluated function. Two intermediate points X1 and

X2 (X1 < X2) are picked according to the following

relations:

X 1 ¼ ð1� tÞX l þ tX u ð14Þ

and

X 2 ¼ tX l þ ð1� tÞX u ð15Þ

where t is

t ¼ 3�
ffiffiffi
5

p

2
¼ 0.38179 ð16Þ

F1 and F2 are the function values at these intermediate

points.

An acceptable solution for this method is controlled

by a relative tolerance, r, which is defined by the ratio

of an absolute tolerance in X, d, and the initial interval.

r ¼ d
X u � X l

ð17Þ

By recognizing that the interval is reduced by a fraction

h on each iteration, an easy way to ensure convergence is

to convert the tolerance r to a maximum number of

function evaluations, in addition to the three that are

required to evaluate Fl, Fl and Fu. The total number of

function evaluations, N, in the iterative procedure can

be given as:

N ¼ lnðdÞ
lnð1� hÞ þ 3 ¼ �2.078 lnðdÞ þ 3 ð18Þ

From above expression, it is easy to determine that 10

iterations in total are needed to reduce the interval to

less than 5% of the initial one.

After the interval satisfies the convergence criteria,

the optimal value of design variable can be obtained

by an average of the lower and upper bounds of the

new interval:
X opt ¼ ðX l þ X uÞ=2 ð19Þ

The Golden-section method to optimize one-variable

function is popular for several reasons. First, the func-

tion need not have continuous derivatives due to the

unimodality assumption. Secondly, the rate of conver-

gence for the Golden-section method is known, as op-

posed to curve-fitting techniques. In addition, this

method is pretty easy to program. Finally, it has been

proved to be reliable for poorly conditioned problems.

However, the negative aspect is that a relatively large

number of function evaluations are needed.

Two assumptions are important in the theory for the

development of above optimization algorithms. The

function must be unimodal to find the optimum. That

is, the function must have only one optimal value in
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the region of our search. In addition, the functions are

taken as continuous together with continuous first and

second derivatives in the theory. It is known that, in

practice, the unimodality and continuity assumptions

are good for most applications.

5.3. Univariate search for multi-variable unconstrained

optimization

A thermal system is normally governed by more than

one independent variable. However, many practical

thermal systems can be well characterized in terms of

two or three dominant variables, because the complexity

of the optimization problem rises dramatically as the

number of variables increases [27]. As an example, a

fiber drawing system may be taken as dominated by

two parameters, i.e. draw temperature TF and draw

speed vf, for a given drawing furnace with fixed

dimensions.

Among many methods for multivariable, uncon-

strained optimization, univariate search is particularly

useful for optimizing thermal systems with discrete

values of the design variables [28,29]. Univariate search

reduces the multivariable problem into a series of single-

variable optimization problems by optimizing the objec-

tive function with respect to one variable at a time. For a

system with two independent variables, one of the

variables, x, is first held constant, and the function is

optimized with respect to the other variable y in the fea-

sible domain. After the optimum with respect to y is ob-

tained, y is held constant at the optimal point and the

function is then optimized with respect to x. This

optimization procedure is repeated by alternating the

independent variables, until the overall optimum is ob-

tained in terms of the specified convergence criterion.

The Golden-section method can be used to solve the

single-variable problem. Generally, a starting point for

univariate search is chosen on the basis of available

information on the system or as a point away from the

boundaries of the region.

A univariate search may fail in certain circumstances,

such as ridges and very sharp changes occurring in the

objective function [29]. However, it is possible to over-

come such difficulties by varying the starting point,

interval of search and the single-variable search strategy.

Constrained multivariable problems are the most

complicated ones encountered in the optimization of

thermal systems. The inequality constraints generally de-

fine the feasible domain and the equality constrains

often arise from conservation principles. Because of their

complexity, efforts are made to include the constraints in

the objective function, thus obtaining an unconstrained

problem. In this study, the constraints are already used

in the formulation and simulation of the fiber drawing

system, and only a multi-variable, unconstrained optimi-

zation problem needs to be solved here.
6. Results and discussion

6.1. Optimal drawing conditions

In this section, the results on optimal drawing condi-

tions are first considered on the basis of the univariate

search and the Golden-section scheme. A typical draw

furnace, with fixed dimensions, is used for the numerical

experiments. The length of the heat zone is kept fixed

at 30 cm, and the inner diameter at 7 cm. A parabolic

temperature profile, with the maximum in the middle

and minimum at the two ends, is prescribed at the inner

wall of the draw furnace. The minimum temperature is

set at 2000 K. The maximum temperature, as well as

draw speed, are varied for determining the optimal

conditions.

As discussed earlier, we have a multivariable, uncon-

strained optimization problem for the fiber drawing sys-

tem, and the objective function is of the form given in

Eq. (10). Univariate search is first used to reduce the

multivariable problem into two single-variable optimiza-

tion problems. The Golden-section method is afterwards

employed to optimize the objective function with respect

to one variable at a time. In this study, the objective

function is initially optimized with respect to draw tem-

perature in the feasible domain of Eq. (11) by holding

the draw speed constant. The Golden-section search

algorithm, described in Fig. 6, is used to solve this sin-

gle-variable optimization procedure. After the optimum

is obtained for draw temperature, the function is then

optimized in a similar way with respect to draw speed,

while keeping the draw temperature constant at the opti-

mal point. This optimizing procedure is repeated by

alternating the independent variables until the overall

optimum is reached, as given by a specified convergence

tolerance.

In this study, the optimum search originally starts at

draw speed of 15 m/s. The relative convergence toler-

ances of the Golden-section search are set as 5% for

draw speed and 2% for draw temperature because of

the consideration of computational expense. From Eq.

(18), such a tolerance means that at least 10 or 12 func-

tion evaluations are necessary to complete an optimum

search procedure for the corresponding variable. It is

very CPU expensive, because even one typical function

evaluation, using neck-down profile calculations and

the zonal method, costs more than 20 CPU hours on

various high-performance computing facilities (includ-

ing CRAY C90, CRAY T90, HP SPP2000 and

SPP2200, Sun E10K, and a RCG Cluster). Therefore,

at most one more step of optimum evaluation is tried

for each independent variable, except the initial one.

However, the results are good enough for us to test

the applicability of our formulation and to learn more

about the system behavior during the optimization pro-

cedure. In general, a global optimum is obtained in that



Fig. 8. (a) Iterative search interval of draw temperature using

Golden-section method, and (b) variation of draw tension and

E 0 defect concentration at a speed of 15 m/s.
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the optimums evaluated both by two design variables

satisfy the given accuracy requirements.

Fig. 7 shows the evaluation procedure of the optimal

draw temperature at a starting draw speed of 15 m/s. In

this figure, all other available data from the previous

studies are also presented except those evaluated using

Golden-section search. Evolution of the search interval

using Golden-section search is given in Fig. 8(a) for

every iteration step. It is very interesting to see from

the search path that the objective function behaves in

such a consistent way that an optimum of the draw tem-

perature is easy to determine from the trends. When the

temperature goes up from 2200 K to 3000 K, the func-

tion dramatically decreases in value, first reaching a min-

imum and then gradually increasing. This trend can be

explained in terms of Fig. 8(b). The draw tension be-

comes much more dominant compared to the defect

concentration in the objective function because of the

viscosity change in the fiber material at low drawing

temperatures. On the other hand, the magnitude of draw

tension decreases exponentially when the draw tempera-

ture increases and finally becomes a secondary effect,

compared to the contribution of defect generation. It

is because the defect concentration in the fiber is also

very sensitive to the furnace temperature but changes

in the opposite direction.

The optimal draw temperature at this step can be ob-

tained as 2489.78 K by averaging the upper and lower

bounds of the converged search interval [2484.51 K,

2495.04 K]. One thing to be emphasized is that the best

trade-off between draw tension and defect generation is

not the point of optimum due to the role of the maxi-

mum velocity lag in the objective function.

Fig. 9 shows the evaluations to search for the optimal

draw speed at a fixed temperature of 2489.78 K, the

optimal just obtained in the previous step. Fig. 10(a)

also gives the evolution of the search interval at each

step when Golden-section method is used. It is seen that
Fig. 7. Evaluation of the optimal draw temperature using

Golden-section method at a draw speed of 15 m/s.

Fig. 9. Evaluation of the optimal draw speed using Golden-

section method at a draw temperature of 2489.78 K.
the behavior of the objective function is basically para-

bolic when it is correlated to the independent variable

of draw speed. Compared to the effects of draw tension,

defect generation plays a more important role in fiber

quality at lower draw speed, but more of a secondary ef-

fect at higher speed. This observation, seen in Fig. 10(b),

can be explained by the variation of the residence time of

the preform inside the heating furnace. As discussed ear-

lier, this residence time is determined by the speed of



Fig. 10. (a) Iterative search interval of draw speed using

Golden-section method, and (b) variation of draw tension and

E 0 defect concentration at a draw temperature of 2489.78 K.

Fig. 11. (a) Evaluation of the optimal heat-zone length, and

(b) variation of draw tension and E 0 defect concentration with

the heat-zone length, at a draw temperature of 2500 K and a

draw speed of 15 m/s.
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feed of the preform (or the draw speed of fiber), for a

given furnace. As long as the preform resides for a

longer time inside the heating furnace, it is more uni-

formly heated to a higher temperature and, therefore,

demonstrates a significant difference in the level of draw

tension and drawing-induced defects. From Figs. 8(b)

and 10(b), it is also found the concentration of E 0 defects

experiences a change of one order in magnitude for the

complete search domain whatever the draw temperature

or the draw speed. However, draw tension undergoes a

change of two or more orders of magnitude in the same

domain.

By comparing Fig. 7 with Fig. 9, it is also interesting

to notice that the function value changes more sharply

with the draw temperature than that with the draw

speed. The objective function becomes especially insensi-

tive to the draw speed at the bottom of the curve, which

is around the optimal interval of [14.69 m/s, 15.69 m/s].

Due to this sensitivity difference, it is reasonable that a

higher convergence tolerance of 5% is adopted for draw

speed evaluation, instead of the value of 2% used for

draw temperature.

An additional evaluation step is scheduled at the

most recent optimal draw speed of 15.19 m/s in order

to obtain a more accurate value of the optimal draw

temperature. As expected, very similar results, as pre-
sented for 15 m/s, are observed for draw tension, defect

concentrations, velocity lag and thus the objective func-

tion. A new temperature of 2483.27 K is found to be a

better option. Since both draw temperature and draw

speed have already converged to the optimal interval,

in the sense of acceptable tolerance, a global optimal

design of drawing conditions has been reached. For

the given constraints of the fiber drawing system, a draw

temperature of 2483.27 K and a draw speed of 15.19 m/s

are the best drawing parameters in the feasible domain

of Eqs. (11) and (12).

6.2. Optimal furnace dimension

Besides the efforts to determine optimal drawing

conditions for a given furnace, it is also important to

optimize the design of the draw furnace [31]. A draw fur-

nace, with only the length taken as a design parameter, is

discussed here for this preliminary study. An inner diam-

eter of 7 cm is set for the furnace, while the heat zone

length is varied between 25 and 50 cm. A parabolic tem-

perature profile, with a maximum of 2500 K in the mid-

dle and a minimum of 2000 K at the two ends, is

prescribed at the furnace wall. To compare the results,

the dimensionless temperature profile is kept the same
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for all the furnace lengths. A typical draw speed of 15 m/

s is used for this consideration.

Employing the same objective function as given in

Eq. (10), the curve-fitting method based on the available

data is used to investigate the behavior of the objective

function with respect to the heat zone length. Due to

the high CPU time and the complexity of computational

mesh adjustment, the Golden-section search is not con-

sidered. The objective function, curve fitted from the

available computational data, is shown in Fig. 11(a). It

is found that the objective function changes only slightly

in the domain above 30 cm. Draw tension and defect

concentration change by same order of magnitude, but

in the opposite direction, as seen in Fig. 11(b). However

the value rises sharply when the heating zone length gets

too short in terms of the given drawing parameters, i.e.

2500 K in temperature and 15 m/s in speed. It is reason-

able because a very short heat zone will reduce the resi-

dence time of the preform and decrease the heat input

significantly. A much larger draw tension is thus caused,

which contributes more to the value of objective func-

tion than the other factors. As a result, an optimal fur-

nace length can be obtained between the 30 cm and

35 cm for the given drawing conditions.
7. Conclusions

As optimal design of the fiber drawing system is of

great interest and demand in the optical fiber industry.

Effective numerical models of the flow and thermal

transfer, coupled with proper optimization algorithms,

are very critical for achieving this goal. This work first

investigates the possibility of the optimization of the

drawing system. The results show that most physical

variables, characterizing the quality of the fiber, strongly

depend on the dimensions and temperature of the heat-

ing furnace. In terms of thermal and dimensional config-

uration, an optimal design of the draw furnace is

possible by considering a trade-off between these as-

pects. As an example, a longer heating furnace with a

higher temperature helps in the control of the draw

tension. However, the length and temperature of the

furnace are limited by the concentration of defects

generated.

The formulation guidelines for the objective function

are given next, based on our understanding to the

behavior of the drawing system. The objective function,

characterizing the fiber quality, is defined using the

velocity lag, defect concentration and draw tension,

which are all derived quantities dependent on the draw-

ing parameters. Within the large feasible domain ob-

tained earlier, the objective function is examined using

the simple exhaustive search and curve fitting tech-

niques. Automation of the optimization procedure is

achieved using univariate search and Golden-section
scheme. The optimal drawing conditions, defined by

draw speed and draw temperature, and optimal furnace

dimension are obtained for given constraints. The obser-

vations during intermediate evaluations are also dis-

cussed in terms of the physical characteristics of the

process.
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