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ABSTRACT

The manufacturing process of glass fibers used for the reinforcement of composite material consists in drawing
a glass melt at high temperature through an array of thousands of small orifices (i.e., the bushing plate) into
fibers using a winder. This process is sensitive to numerous disturbances that can cause a fiber to break during
the drawing process. This paper analyzes how the stress in the fiber depends on the controlling parameters
of the process. The approach relies on numerical simulations and sensitivity analysis. Both a semi-analytical
one-dimensional model and a more complex two-dimensional axisymmetric model are used. It is first found
that radial variations across the fiber are small compared to changes in the axial direction and that the one-
dimensional approximation is accurate enough to describe the major trends in the process. Sensitivity analyses
on some physical parameters controlling the heat transfers and on process parameters are then performed to
identify strategies to reduce the axial stress. In particular, it is shown that, for a given fiber diameter, the
stress is minimized if the glass melt temperature and the drawing velocity are increased. This approach is then
applied to quantify the effect of inhomogeneous heat patterns on a bushing plate with a large number of fibers.

KEY WORDS: Manufacturing, Materials and food processing, Radiation, Convection, Glass fiber drawing, Glass
process simulation

1. INTRODUCTION

The industrial process to manufacture glass fibers consists in continuously drawing and cooling a glass melt
into fibers. The liquid glass is delivered by an upstream furnace to the bushing positions, which consist of a
metal container with thousands of small orifices in the plate situated on its lower side. These holes have a tube
shape with a diameter of 1 to 2 mm, and are hereafter referred to as “tip” (see Figure 1). The typical number of
tips varies from 800 to 8000. Once the melt has flowed through these orifices, the liquid glass is transformed
into a free jet which is quickly cooled to reach the glass transition and then wound at high velocity. The diameter
of the final fiber is between 6.5 and 34 um depending on the product. During this process, a forming fiber may
break, which leads to the failure of all fibers of the same bushing position. As a result, the position must be
taken off-line for several minutes and a large quantity of glass is wasted, which can amount to up to 20% of
the total glass production. The origins of the fiber breaking are multiple, such as a stone from refractories,
gaz bubbles or other heterogeneity convected in the glass melt, thermal effects on the bushing plate leading to
a too low or too high viscosity, instabilities... However, their underlying physical mechanisms are not totally
understood. Since the efficiency of the manufacturing process is strongly limited by the fiber breakage, the
overall objective of the present research is to characterize the physical effects that lead to such a failure, and
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to identify a strategy to reduce it. As a first step, the physics of the drawing process for a single filament is
investigated both numerically and experimentally.

Fig. 1 View of the bushing plate including four tips and the corresponding forming fibers.

Different studies have already been performed on the physics of fiber glass drawing, but unfortunately many of
the results still remain confidential within industrial companies. During the 1960’s, Glicksman [1] used a one-
dimensional Newtonian fluid model to understand the behavior of the fiber during the manufacturing process.
Neglecting two-dimensional effects was justified by the very small slope of the free surface in the central
region, i.e. far away from the tip. His theorical study was compared to experimental data and good agreement
was found, thus validating the one-dimensional assumption for the central region. However, this simplification
is not adequate to accurately represent the region very close to the tip. Huynh and Tanner [3] solved numerically
the two dimensional problem using a finite element method. They showed that radiation is the dominant mode
of cooling in the vicinity of the tip exit and they proposed to use a non-constant effective emissivity in order to
take into account the radius attenuation along the axial direction. Purnode [4, 5] also used a two-dimensional
finite element model and relied on both steady and unsteady simulations. His results confirmed that radiation is
the main heat transfer mechanism near the tip exit, while convection becomes dominant further away. Von der
Ohe [6] performed a numerical parametric study for different glass types and process conditions as drawing
speed, melt temperature and surrounding air. She pointed out that the drawing speed and cooling conditions
of the surrounding air are important, in particular for the final product properties. Unfortunately, the results
obtained cannot be directly applied in industrial production.

On the other hand, the experimental study by Rekhson [7] on a bushing plate with about hundred holes indi-
cates that fiber break is mostly due to inhomogeneous heat patterns on the bushing plate. More recently, Liu
[9] investigated numerically the variations of the final fiber diameter due to variabilities in the process and
identified the temperature of the ambient air and of the furnace as their main cause. These findings led to the
development of a control system to reduce the variations of the fiber diameter by adjusting the winder velocity.
Finally, Chouffart et al. [13] have characterized numerically the most important factors impacting the cooling
rate of the fiber. They have also studied the fiber stress variations in several cases of realistic process conditions.

Since Purnode [4], studies have been largely focused on the development of a physical two-dimensional ax-
isymmetric model and on its numerical resolution. The good agreement between numerical solutions and
experimental data found by many authors seems to indicate that such a model is sufficient to accurately de-
scribe the process. However, it has not yet been used to improve the robustness of the process. The industrial
production can draw thousands of fibers on the same bushing position. As a result, each fiber is formed under
varying and often sub-optimal conditions. This is particularly true regarding the tip temperature. To date, no
numerical study has taken into account the typical variability occurring in the process, and which is observed
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to be critical.

The goal of this paper is to fully exploit such a model to understand the physics controlling the forming of
the fiber and to identify the key process parameters. The influence of different physical parameters controlling
heat transfers and several realistic industrial conditions are analyzed. Since the ultimate objective is to reduce
the fiber break, the different sensitivity analyses focus on the axial stress.

Additionally, as many simulations are required, a semi-analytical one-dimensional model based on Glicks-
man’s model [1] is also considered. Although its solution is essentially analytical, a numerical treatment is
still required to obtain the full solution. Nevertheless, it has the advantage of being much faster than the full
two-dimensional model with a small impact on the solution accuracy, at least in terms of the quantities of
interest here. Additionally, the semi-analytical model explicitly demonstrates the influence of some physical
parameters.

This paper is organized as follows. The physical two-dimensional model and its mathematical formulation
is described in section 2, while the one-dimensional approximation is summarized in section 3. Section 4
presents the results. First, the accuracy of the one-dimensional model is assessed in 4.1. The sensitivity of heat
transfers on physical parameters is then presented in 4.2. Finally, sections 4.3 and 4.4 analyze the influence
of the process conditions and of the spatial variations of the bushing plate temperature when many fibers are
considered. Conclusions and future work can be found in section 5.

2. TWO-DIMENSIONAL AXISYMMETRIC MODEL

Free Surface

G=dconv*qrad

Winder

\ I

Fig. 2 Schematics of the drawing process for a single fiber with the computational domain (indicated by the
dotted frame on the left) and boundary conditions.

2rf

Glass fiber drawing involves various complex physics including the transition from liquid to solid state. Based
on this, the fiber can be divided into three main regions, as illustrated in Figure 2. The first region is situated
near the tip exit where the glass is still in the liquid phase and can be considered as a Newtonian viscous fluid.
The heat transfers with the surrounding environment are dominated by radiation and convection. This region
has the particularity of exhibiting a cone shape, which results from the strong acceleration of the glass melt.
The second region is located around the transition point where the glass behaves like a viscoelastic material.
The radiation becomes negligible because of the much lower fiber temperature and the cooling is mostly due
to convection. Except for temperature, little change in the physical properties of the fiber is observed. Finally,
the last region corresponds to the part of the fiber where the glass is in a solid state. Note that the defining
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characteristics of these three regions change smoothly and continuously, so that their boundaries are only
qualitative. This work focuses on the first region, i.e. where the glass is in the liquid state, because most of the
variations of the key quantities occur in this region.

Governing equations

The model used is based on following assumptions: the glass material is modeled as an incompressible Newto-
nian viscous fluid, the flow is assumed to be axisymmetric, and only the steady state is considered. The liquid
glass can be described by the basic governing equations of mass, momentum and energy conservation:

V.-v =0, ey
p(v-V)v=V.T, @)
pcpv-VI'=1:Vv+ V. (kVT) -V -q, 3)

where v is the velocity vector, 7' the temperature, T the stress tensor, and q, the radiative heat flux. The material
considered here is the Advantex® glass'. The density p, the specific heat capacity c¢p and the conductivity
k are considered constant as their temperature dependence for this glass is weak in the temperature range
considered (this assumption is further discussed in section 4). For a Newtonian fluid the stress tensor is equal
to T = —pl + 2nD, where p is the isotropic pressure and D = 1/2(Vv + Vv1) the strain-rate tensor. The
dependence of the viscosity 1 on the temperature 7" is given by Fulcher’s law:

B

n=10"""7m1 )

where A, B and T are three constants that depend on the material. The temperature interval considered in the
present simulations ranges from 1300°C to 800°C, which leads to viscosity variations of more than ten orders
of magnitude. Note that the velocity and stress fields only depend on the temperature through the viscosity.
The glass melt is a semi-transparent medium for some range of wavelengths. Therefore, not only conduction
but also internal radiation contribute to internal heat transfers. An accurate radiation model would be required
to obtain the precise internal temperature profile and surface radiative flux. However, this effect is neglected
here and the radiative internal heat flux g, in Eq. (3) is set to zero.

Boundary conditions

A two-dimensional axisymmetric domain is considered, which includes the fiber and the glass flow inside the
tip. At the tip inlet, the volumetric flow rate () is imposed based on the height H of the glass column above it
and the viscosity of the melt [10]:

m (dp\ 4 n [ pgH 4
0 8N <dz> "0 8n ( L ) )

where dp/dz is the static pressure gradient, g the gravity constant and ro and L are the tip radius and length,
respectively. In practice, the viscosity at the tip should be approximately 1000 Poise to ensure fiberization,
which corresponds to a temperature called 73 (since log;yn = 3). Therefore, a temperature 7j around the
value of T3 (generally between log;om = 2.5 and log,om = 3) is used as boundary condition for the tip walls,
where a no-slip condition is imposed for the velocity field. At the outlet, a constant drawing velocity vy is
imposed in the axial direction. The final fiber diameter is thus directly controlled by the inlet volumetric flow
rate and the drawing velocity.

! Advantex(®) is a registered trademark of Owens Corning used under license at 3B-Fibreglass.
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Along the free surface, the interface condition is given by

n -1, =yn(V-n), (6)
v-n =0, @)

where v is the surface tension assumed constant, T, the interface stress for glass, and n the surface normal.
Note that the stress interface for the air is neglected here.

Both convective and radiative heat losses take place at the free surface. The heat flux leaving the fiber can thus
be written as

st - Cjconv + (jrad = h (Ts - Tcxt,conv) + €0 (Ts4 - Télxtyrad) ) (8)
where h is the convective heat transfer coefficient, 7§ the surface temperature, Toxt cony the ambient air tem-
perature around the fiber for convection, Tyt raq the surrounding temperature for radiation, € the emissivity of
the fiber surface and o the Stefan-Boltzmann constant. The convective cooling is induced by the high drawing
velocity of the fiber (of the order of 20 m/s). The air is heated in the vicinity of the bushing plate (whose
temperature is around 73) and is entrained downwards by the fiber. As a result, experimental measurements
show a non-constant value for Text conyv along the fiber as discussed below. Tey raq 18 considered constant and
generally set to 25°C for the case of a single fiber.

The convective heat transfer coefficient A is approximated by Kase and Matsuo correlation for a thin cylinder
moving axially [11]:

ka - 0334

h =042 —Re""% | ©)]

2r
where k, is the air conductivity and r(z) the fiber radius, and the Reynolds number is defined as Re = v,2r/v,,
with v, and v, the air kinematic viscosity and the fiber axial velocity at the surface, respectively. This relation
has been used in many previous studies and seems to be adequate [4, 6, 7].

The governing equations are solved numerically. The numerical solver is ANSYS POLYFLOW [14] using a
finite-element computational fluid dynamic method. The free surface is treated with an Arbitrary Lagrangian-
Eulerian (ALE) formulation. In order to ensure a grid-independent solution, the number of nodes in each
direction has been doubled. The resulting solution shows a maximum variation of 0.1% compared to the initial
case. Additionally, the global conservation of mass, momentum and energy has been verified over the entire
computational domain.

3. ONE-DIMENSIONAL SEMI-ANALYTICAL MODEL

The model described above can only be solved numerically. Nevertheless, an analytical solution can be found
if several simplifications are made. The resulting formulation is useful to understand the dependencies be-
tween all the parameters in the model. The other advantage of this approach is the reduced computational cost
compared to the 2D model. Hence, a higher number of case studies can be performed. The model is based on
Glicksman’s [1] and considers a uniaxial extensional Newtonian flow where all variables depend only on the
axial direction z. For simplification, the surface tension is neglected.

Conservation of mass in the axial direction leads to

pv(2)mr(z)? = pQo = const, (10)



IHTC15-1234

while conservation of momentum at steady state gives
F(2) = 1..(2)mr(2)? = pQov. — const, an
where T, is the total stress (i.e., including the isotropic normal component) and F'(z) the axial force.

For a uniaxial extensional Newtonian flow, the total stress can be approximated in the region away from the

cone by
v, dv,
- _ ) —n.—=Z 12
TZZ p + n az T]e dZ ) ( )
where ne(2) = 3n(2) is the extensional viscosity. Note that the viscosity also depends on z through equation (4)
such that n(z) = 1 (T'(z)). For the specific conditions considered here, the axial force F'(z) is approximately

constant along the fiber (see also [2]), which leads to

dv, dlnv

F(z) = mr(2)?3n(2) P 3Qon(z) p  ~ const = F. (13)
This relation can be integrated to yield
F /z 1 ,
v,(z2) =vpexp | — dz'| , (14)
=¢(2)

where vg = Qo/ (m“%) is the velocity at the tip. Evaluating expression (14) at the coordinate where the drawing
force is applied, z = z¢, one obtains

p =30, <”f> : (15)
Qg Vo
with
® —cp(z)—/Zf L a (16)
¢ ! o n(#) .
Expression (15) for F' can now be used to obtain
9(2)/®g
0a(2) = 16 (”) | (17)
Vg
—¢(2)/20g
r(z) =g (”) , (18)
Vo
T..(2) = iv (2)In <vf> (19)

The integral @(z) represents the variation of viscosity along the fiber. Since the glass viscosity behaves ac-
cording to Fulcher’s law (4), its value is highly dependent on the temperature field, especially in the lower
temperature range. Consequently, a small variation in the fiber temperature generates a large impact on the
viscosity, and thereby on the flow. The integrals ¢(z) and @, are the only link between the flow dynamics and
the heat transfers. They require to solve the energy equation (3) to obtain the temperature profile:

dT(z) _  2mro . ( <vf>_‘p(z)/2‘pg

Vo

5 (20)

dz pcpQo %12

where ¢s(z) is given by (8) with Ty = T'(2).
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Qo [m?/s] 7o [m] H [m] T [°C] vg [m/s]
Base case 2.1255- 1077 0.66 - 103 0.3 1300 27.1
Sensitivity analysis - [0.55 —0.86] -1073 [0.15 —0.87] [1253 —1382] [9.4 — 55.3]

Table 1 Process parameters used in this study and ranges of variation for the sensitivity analysis: volumetric
flow rate Qq, tip radius g, height H of the glass column, tip temperature 7, and drawing velocity v.

The solution of the one-dimensional model is not entirely analytical since equation (20) requires a numerical
solution. This is solved with a simple finite difference discretization for the axial temperature derivative. Be-
cause each variable depends on the integral over the entire computational domain, @, an iterative method is
necessary. An arbitrary value for ¢, is first chosen, equation (20) is then solved numerically and a new guess
for @ is computed. The procedure is repeated until convergence is reached.

4. RESULTS AND DISCUSSION
4.1 General solution and comparison between the semi-analytical model and the 2D model

The 2D model has already been validated with two different sets of experimental data in a previous study
[13]. The solution for the radius profile along the axial component was compared with experimental data from
both the literature and measurements provided by an in-house experimental unit. For both cases, the data of
the radius have been extracted from picture of the forming zone. Good agreement was found in each case.
Unfortunately, the radius is the only parameter which can be experimentally measured due to the very different
and small scales of the forming fiber. The aim here is to compare the solution obtained with the simpler one-
dimensional model (section 3) with that of the axisymmetric model (section 2). The chosen test case is based
on process conditions very similar to the industrial production of 10 wm fibers, as summarized in Table 1.
Text,conv 18 considered constant for this test case and is set to 600°C as a first approximation (see below).

Figure 3a shows the axial temperature profile along the fiber and illustrates the rapid cooling of the glass
during the process, as the temperature decreases by approximately 500°C over a distance of 8 cm. Moreover,
the cooling is most intense in the region near the tip where heat losses are mainly due to radiation (i.e., the
region of steepest slope in Figure 3a, from 2 = 0 to z = 0.005 m). This cooling is also compounded by
the decrease of the fiber radius. As the temperature decreases, the viscosity and, thus, the velocity strongly
increase. As a result of mass conservation, a strong attenuation of the fiber radius is observed, as illustrated by
the well-known conical shape of the forming fiber (see Figure 1). Note that radius attenuation is mostly driven
by non-isothermal effects and is thereby exacerbated by large cooling rates. After about 5 mm, heat transfers
are then mainly controlled by convection [13]. Figure 4a shows that the velocity and, thus, the radius converge
to a constant value at a distance of about 3 to 4 cm from the tip.

In order to assess the importance of the radial variations across the fiber (i.e., two-dimensional effects), axial
profiles along both the free surface and the centerline obtained from the 2D model are plotted in Figures 3a and
4a. These profiles are also compared with the profiles obtained from the one-dimensional model. The relative
variations across the fiber and the relative discrepancies between the 2D and 1D models are very small, in
particular for the velocity. This is more clearly seen in Figures 3b and 4b, which show the actual difference
between these different profiles. The temperature difference between the free surface and the symmetry line
reaches a maximum of 16°C very close to the tip, while a maximal difference of 20°C is observed with the
1D model. This difference is very small compared to the absolute magnitude of the temperature and to the
overall temperature range. Radial variations of the velocity are even smaller, as demonstrated by Figure 4b.
This can be explained by the free surface condition imposed, which leads to a very flat radial velocity profile.
The small velocity variations are solely due to variations of the viscosity, themselves driven by the small radial
temperature variations.
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Fig. 3 (a) Axial temperature profile 7'(z) as a function of the distance z from the tip for the axisymmetric 2D
and extensional 1D model (blue); for the 2D model, profiles are taken along both the free surface (red) and the
symmetry line (black). (b) Difference of temperature 7'(z) between the solution from the 2D model and the 1D
model at the symmetry line (blue) and at the free surface (red); the difference between the two profiles from
the 2D model is also represented (black).
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Fig. 4 (a) Axial velocity profile v,(z) as a function of the distance z from the tip for the axisymmetric 2D and
extensional 1D model (blue); for the 2D model, the profiles are taken along both the free surface (red) and the
symmetry line (black). (b) Difference of velocity v,(z) between the solution from the 2D model and the 1D
model at the symmetry line (blue) and at the free surface (red); the difference between the two profiles from
the 2D model is also represented (black).
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In conclusion, neglecting radial variations (i.e, two-dimensional effects) leads to relative errors on the temper-
ature of the order of 1.2% with a maximum of 4% very close to the tip. The final axial stress, which is used as
main quantity of interest in this study, shows a deviation of about 1% at the fiber surface to about 10% at the
centerline (not shown). Although the discrepancy is not negligible at the centerline, the maximum stress, which
is the relevant quantity, is situated at the surface where the one-dimensional approximation is quite accurate.
Finally, it can be demonstrated using the 2D model that the force F' in this region varies only slightly (~ 3%),
which is consistent with Von Der Ohe [6].

In light of the many other approximations made, these error levels are deemed acceptable to study the relative
influence of the different parameters and to optimize the operational window. Moreover, the semi-analytical
approach is computationally much more efficient and robust. Nonetheless, one has to keep its limitations in
mind, especially in the region near the tip. Finally, the surface tension, neglected here, should be considered
for unsteady cases as it can destabilize the drawing process [5].

2D simulations have also been used to assess the validity of the constant properties assumption. The relative
variations of the density, specific heat and thermal conductivity over the entire temperature range are approx-
imately 2%, 4.2% and 13.6%, respectively. These variations lead to a relative difference of 1.7%, 3.7% and
1.5% in the final axial stress. In light of these small variations, the assumption of constant properties seems
adequate.

4.2 Sensitivity analysis of physical parameters controlling heat transfers

The cooling of the fiber is due to both radiative and convective heat transfer mechanisms. Specifically, the heat
flux leaving the fiber surface is given by (8). This flux is controlled by four different parameters: the convective
coefficient h, the surrounding temperatures Text conv and Tyt rad, and the emissivity € of the fiber surface. The
convective coefficient is the most complex parameter since it is related to the fiber radius, the fiber velocity,
and the air properties. Considering equation (9) with (17) and (18), one has

0.334 0.666 [ Ut 0'666%
b = o (1) 1) 0% (1) , @

where hg = 0.42k, /v2-33* depends on the air kinematic viscosity v, and the air conductivity k,. As mentioned
above, the radiative heat flux is larger than the convective heat flux in the region very close to the tip. Further
away, as the temperature decreases, the convection rapidly becomes the main cooling mechanism.

In order to understand the impact of these mechanisms, the sensitivity of the heat flux and normal stress on
the convective coefficient hg and radiation emissivity € has been analyzed. The parameter hq characterizes the
contribution of the surrounding environment properties. The range of variability of these two parameters is set
to approximately +25%. The air temperature is initially taken as a constant to remove any effect its variation
may have, and the stress is chosen as quantity of interest since it controls directly the fiber breaking [8]. Figure
5 shows the final value of the axial stress (i.e., at the location where the drawing force is applied), which is

defined as 5
Tt — 2 uin (”) | (22)
©

g vo
For each parameter value, an increase in fiber cooling (i.e., larger € or larger hg) increases the final value
of the stress. In this case, results show a greater variation of the stress when € varies compared to hg. As
z increases, the viscosity increases dramatically, and thus, from (16), its contribution to the integral ¢(z)
becomes negligible. As a result, @(z) reaches a plateau after a few centimeters. From this observation and
relation (19), it can be seen that the stress also exhibits a constant plateau given by (22) as both the velocity
and @(z) become constant. A higher cooling leads to a larger viscosity variation, and thus to a lower @, and,
from (22), to a larger stress. This also demonstrates that the final stress depends on the distribution of the heat
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Fig. 5 (a) Final axial stress T ¢ as a function of the convection coefficient kg from equation (21) for different
values of the emissivity €. (b) Final axial stress T, ¢ as a function of the emissivity € for different values of
ho. The extreme values of the respective parameter are indicated next to the blue and green lines.

flux and not on the final temperature since this temperature continues to decrease after the stress plateau has
been reached. Additionally, the sensitivity of g is larger at high temperature (i.e. at lower viscosity), which
corresponds to the region close to the tip where radiation dominates. It is therefore conjectured that the stress
is more affected by radiation than convection.

Many previous studies have considered a constant ambient air temperature. However, experimental measure-
ments show a strong gradient of Tty cony along the vertical coordinate z, due to the heating of the entrained
air by the bushing plate. Figure 6a shows experimental measurements of the air temperature 7oyt cony around
a single fiber obtained on an in-house experimental test bench. The measured temperature can be interpolated

by an exponential as
Text,conv(z) =T+ (Tb - Too)e_az s (23)

where T’ is the room ambient air temperature far away from the busing plate and 73, the air temperature at the
tip. Note that temperature 7oyt cony has been measured close to the fiber, but outside of its thermal boundary
layer (which has a thickness of approximately 1 mm at z = 0.01 m [15]). In the measurement region, Zex conv
is constant over a radial distance of about 8 cm before decreasing to Tt far away from the fiber, which shows
that variations in Tex¢ cony Stem from the heating at the bushing plate and not from the convection process
itself. On the other hand, it raq 1S assumed constant. Finally, it is important to mention that the correlation
(9) has been developed for a constant external temperature, so that its use with a varying Tex conv 1S €xpected
to induce some error. However, this error is likely smaller than if variations of Tyt conv are neglected.

Similar results as above are obtained if the variations of the surrounding air temperature are considered: the
larger the cooling rate, the larger the final stress. Variations in the final axial stress of the same order of magni-
tude as in the previous case are also observed when the parameters controlling the surrounding air temperature
are varied, i.e., (1}, — T) and a in equation (23), as illustrated in Figure 6b. Overall, the axial stress seems
to increase with higher heat transfers at the fiber surface. A more gradual cooling could represent a strategy to
reduce fiber breaking.

4.3 Influence of the process parameters

The efficiency of the process (e.g., low breaking rate) strongly depends on the operating window. This window
is controlled by following process parameters: flow rate QQq, tip temperature 7 and drawing velocity vs. In turn,

10
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Fig. 6 (a) Measured air temperature 7yt conv in the surrounding environment of a single fiber as a function of
the axial distance z from the tip (symbols) and exponential fit (dashed line). (b) Final axial stress T, ¢ as a
function of the coefficient a from equation (23) for different values of AT = T}, — Two.

the volumetric flow rate )y depends on the glass height H above the tip, the temperature Tg (i.e., viscosity)
of the glass at the tip and the tip geometry r¢ and L. In order to better understand how the definition of the
operating window impacts the process, the one-dimensional model is used to study the sensitivity of the stress
on four control parameters: Ty, H, vs and ro. The same test case is used as previously, except for Toy rad,
which is set to 600°C to take into account the presence of finshields around the fiber.

In a first step, each parameter is varied within a given interval (as indicated in Table 1), while keeping the
other parameters constant. These intervals have been defined such that the final fiber diameter ranges between
7 and 17 pum for a nominal value of 10 um. Figure 7a shows the final stress T, ¢ as a function of the inverse
of @, (i.e. the average viscosity variation by unit of length) for the four parametric cases considered. One can
observe that the parametric curves for rg, H and 7j (i.e., controlling the flow rate) almost collapse onto one
curve, which appears to be linear in (pgl. This can be explained by looking at equation (22), which shows that
the final stress is, up to the factor In(v¢/vg), linear in o 1 (when vy is kept constant). Despite changes in vg
with the flow rate, the variations of the factor In(v¢/vg) are very small, leading to this almost linear behavior.
The largest range of axial stress, from 2 MPa to 62 MPa, is obtained by varying 7. This is due to the large
sensitivity of @, on the viscosity near the tip, as already mentioned in the previous section. Temperature T is
thus a critical parameter in controlling the process. On the other hand, variations of v¢ lead to small changes
in @g, as indicated by the almost vertical curve. In this case, the final stress is almost linear in v¢. Figure 7b
represents the same data, but as a function of the final radius 7.

This previous analysis assumes that each of the four parameters can be changed independently to steer produc-
tion. However, g and H are design parameters that cannot be modified during production. Moreover, the final
radius is typically imposed by the customer. As a consequence, only 7 are v are actual production control pa-
rameters. Furthermore, these two parameters are not independent since any variation of one without adjustment
of the other would change the final fiber radius. This is illustrated in Figure 8 where T is varied from 1250°C
to 1310°C and v is adjusted to keep a constant final radius. Three typical diameters found in the industry are
considered, i.e., 10, 12 and 17 um. The chosen range of temperature leads to a decrease by a factor of two of
the final stress across the entire interval.

It is clear that the stress level increases when the fiber diameter is reduced, explaining the difficulties encoun-
tered when drawing very thin fibers. Furthermore, this analysis also shows that the axial stress is minimized for
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Fig. 7 Final axial stress T, ¢ as a function of (a) 1/¢,, and (b) the final radius r, for four parametric cases.
Each color corresponds to the variations of one parameter while keeping the others constant. The closed sym-
bols correspond to the maximum value of the respective parameter.
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Fig. 8 Final axial stress T ¢ as a function of the winder velocity vf while keeping the final diameter constant.
For each curve, the range of T} is [1250 — 1310]°C (the highest temperature corresponds to the lower right end
of each curve).
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Fig. 9 (a) Distribution of the tip temperature 7y for a bushing plate with 6000 fibers (from [12]). (b) Final
fiber diameter resulting from the temperature distribution shown in (a). (c) Axial stress T, ¢ resulting from the
temperature distribution shown in (a). The mean and the standard deviation are indicated by the continuous
and dashed red lines, respectively. The green line indicates the value corresponding to the mean temperature.

a large drawing velocity whereas equation (22) and previous analysis seems to predict the opposite. This can
be explained by the largest impact of a high temperature 7y that reduces the stress. As a result, increasing the
bushing temperature and the drawing velocity accordingly (i.e., increasing the flow rate) allows to reduce the
stress levels in the fiber. Unfortunately, this optimization strategy is limited because a too high tip temperature
leads to hydrodynamic instabilities preventing the drawing of the fiber [5].

4.4 Temperature inhomogeneity of the bushing plate

Previous sections considered a single fiber. However, in the industrial process the bushing plate is typically
composed of thousands of fibers. Although each of these fibers is drawn at the same velocity v¢, their corre-
sponding tip temperature 7 can strongly vary due to spatial temperature gradients of the bushing plate. These
variations of T across fibers lead to variations in the flow rates and, consequently, to a broad distribution of
final fiber diameters around the target value.

This effect is quantified here for a bushing plate with 6000 fibers. The spatial temperature inhomogeneities of
the bushing plate are obtained from numerical simulations [12], as illustrated in Figure 9a. In this case, the
temperature spread is about 40°C, with most fibers in the lower temperature range. This temperature distri-
bution leads to the distribution of final diameter and stress shown in Figures 9b-c. The final diameter ranges
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from 9.2 um to 12.1 pm, and the stress from 9 MPa to 24 MPa. The mean of the distribution and one standard
deviation from the mean are indicated by the continuous and dashed red lines, respectively. In Figures 9b-c, the
green line corresponds to the final diameter and axial stress for the mean temperature. While the mean radius is
almost identical to the radius of the mean temperature, this is not the case for the stress, highlighting the very
nonlinear dependence of the stress on the temperature. This distribution illustrates the large range of stress for
a same bushing position. Note that these variations are larger than those observed in section 4.2.

During production, the break of a single fiber causes the entire bushing position to shut down. Therefore, in
order to reduce the breaking rate, the tails of the distribution should be reduced: in the lower Ty range to
minimize the stress, and in the higher range to avoid hydrodynamic instabilities. This analysis demonstrates
the importance of reducing as much as possible any temperature inhomogeneity at the bushing plate.

5. CONCLUSIONS

The process of continuous glass fiber drawing involves many physical phenomena such as fluid dynamics
and heat transfers. In particular, the glass flow is highly dependent on the temperature field through the non-
constant viscosity. The process is investigated here through numerical simulations from the perspective of
industrial production. In particular, it is attempted to identify strategies that minimize the fiber stress so as to
reduce the fiber breaking rate.

Both a two-dimensional axisymmetric model and a semi-analytical one-dimensional model are considered
here. In the latter case, the forming fiber can be modeled as a pure extensional flow where all variables are
solely a function of the axial component. It is shown that the one-dimensional model is computationally much
more efficient and leads to results accurate enough for the optimization of the process operating window. It is
therefore used for different sensitivity analyses. Nevertheless, radial effects can be important near the tip exit
and the one-dimensional approximation should be used with care in this region.

The effect of physical parameters controlling heat transfers, such as the radiative emissivity, the convective
heat transfer or the environment air temperature, have been investigated. Overall, it is found that larger heat
transfers lead to a higher axial stress. The semi-analytical model shows the dependance of the stress on the
cooling through the viscosity variation over the whole domain. In particular, the viscosity at the tip exit has a
strong effect on the stress.

The subsequent sensitivity analysis on the process parameters also demonstrates that the key parameter is the
glass temperature at the tip. Additionally, it is shown that the stress for a given final diameter can be mini-
mized by increasing the tip temperature and drawing speed. However, this strategy is limited by hydrodynamic
instabilities that start to form when the temperature is too high. As a consequence, the spatial variations of
temperature over the bushing plate are very critical as they lead to a broad distribution of stress. This illustrates
the importance of considering the entire bushing plate in the study of the process, and not simply a single fiber.

Future work will focus on improving the physical modeling by considering internal radiation, and on character-
izing the stress leading to the failure of the fiber. A special attention will be paid on the convective coefficient
in case of non constant ambient temperature. In addition, unsteady effects will be investigated to identify the
limits of instabilities.
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