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ABSTRACT

Multiphasic optical fibers are promising systems to developp new optical devices. The main issue for their
optimization is the control of the structure of the phases. To improve the structuring capabilities, fiber drawing
has been evidenced to modify the size and shape of the multiphasic structure of optical fibers. This possibility
comes from the occurence of capillary effects during the flow of the material during the fiber drawing. To use
the fiber drawing as a structure tailoring step, the main hindrance is the lack of informations on the physical
properties of the systems of interest. To that aim, this article presents the work done to measure these properties.
Based on experimental results, the characterization of the flow of the fiber drawing of silica-based optical fibers
containing nanoparticles is presented. A numerical model for the simulation of the flow of particles and its
validation are detailled. Preliminary results of the deformation of particles of various properties in the flow of
the fiber drawing are finally presented, indicating a possible non-newtonian behaviour of the particles.
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1. INTRODUCTION

Particle-rich and multiphasic optical fibers are of great interest for the development of new optical devices.
Indeed, compared to homogeneous optical fibers, the presence of nanoparticles may provide various properties,
such as tailoring spectroscopic properties of luminescent ions or modifying light propagation in the media [1–5].
Regarding these applications, in addition to composition, the shape, size and spatial distribution of particles or
domains are key parameters to optimize their effects. Recently, the fiber drawing, final step of fabrication of an
optical fiber, has been evidenced to induce strong modifications of the structure of particles/domains compared
to the parent optical preform [6,7].

During the fiber drawing, the heated material of the optical preform is viscous and flows. During this flow,
the particles or domains present inside the material undergo capillary effects, a competition between the viscous
stresses of the flow and the surface tension of the interfaces [7]. This dynamic is usually quantified by the
capillary number, Ca=ηε̇R/γ, with η the viscosity of the material, ε̇ the deformation rate of the material, R the
radius of the particle and γ the surface tension coefficient of the interface. Also important, are the viscosity ratio
λ=ηp/ηm, viscosity of the particle ηp divided by the viscosity of the matrix ηm, and the nature and evolution
of the flow (e.g., extensional, stationnary...). Based on these physical properties, several studies characterized
the evolution of particles in simple stationnary flows [8–12]. However, in the case of the fiber drawing, surface
tension, viscosity ratios and material behaviours are unknown. This lack of data impedes the prediction of the
evolution of the particles in the flow.

Our work focuses on assessing the structuring abilities of capillary effects that occur during the fiber drawing.
To that end, our strategy first lies in determining the physical properties of our glass systems, a mandatory
knowledge to enable this study. Following this strategy, the viscous stresses of the fiber drawing, ηε̇, will be
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characterized experimentally. Analysis of the neck-down region will be performed to retrieve the evolution of
the viscosity and the deformation rate. Then, the use of a numerical model and simulations will be presented,
as a mean to assess the physical parameters of our systems (material features). By comparing experimental and
numerical results, it would be possible to determine the surface tension stresses σ/R. Numerical methods and
validations will be presented, and finally, preliminary results will be discussed.

2. EXPERIMENTAL PART

Experimental procedure

A silica-based optical preform was fabricated following the MCVD process (Modified Chemical Vapor Deposi-
tion) [13] to match the fabrication of the fiber sample 1 of Ref. [6]. The porous silica core was doped with GeO2

and underwent 3 evaporating doping of 5 mL of an ethanol-based solution containg 0.1 mol.L−1 of MgCl2 and
10−4 mol.L−1 of ErCl3 [2]. The optical preform was then fiber drawn in standard conditions at a temperature of
approximately 1950 ◦C, a drawing tension of around 0.28 N and a drawing speed of 0.36 m.s−1. The fiber was
coated with a UV-curable polymer (Desolite 3471-3-14, DSM). The diameter of the uncoated fiber was 125 µm.

The neck-down region, the part of the material which extends from preform to fiber, was analyzed to measure
the flow of the fiber drawing. To diminish alteration of its shape, at the end of the fiber drawing, the temperature
was quickly diminished after the drawing tension ceased to be applied. The neck-down region (also named ’fiber
cone’ in this article) was then analyzed by SEM (Scanning Electron Microscopy). Around 13 cm of the region of
interest of the fiber cone were selected. Due to the finite size of the SEM sample chamber, the fiber cone sample
was cut in two pieces.

The SEM results were segmented to obtain the edge of the fiber cone [14]. The longitudinal evolution of
diameter was recovered as the maximal distance between the edges, normal to the longitudinal axis of the fiber,
for each longitudinal position. The evolution of the radius was then fitted for the two parts of the fiber cone.
The fiber side of the cone was arbitrarly fitted with an exponential function. The preform side was arbitrarly
fitted with a tenth-degree polynomial function. The first 2 polynomial coefficients were chosen to insure the
continuity of the radius and its derivative, with respect to the longitudinal position, at the position of the cut of
the fiber cone.

2.1 Experimental results and discussions

An optical fiber was fabricated and drawn in agreement with the 0.3 N part of the La3 sample of Ref. [6]. The
objective of this fabrication was to determine the flow of the fiber drawing for a nanoparticle doped optical fiber,
drawn in standard conditions.

Based on the work of Paek [15], it is possible to determine the viscous stresses, i.e., flow of the fiber drawing,
by knowing the drawing tension and speed. Indeed, the deformation rate ε̇ is equal to,

ε̇ =
∂V (z)

∂z
=

F

3η(z)πr2(z)
(1)

with z the longitudinal position, V(z) the speed at position z, F the drawing tension, r the radius of the fiber
cone and η the viscosity. The viscosity is defined as,

η(z) =
Fr(z)

−6Qr′(z)
(2)

With Q the flow, experimentally determined as Q=Vfiber × πr2fiber. Eq. 1 and Eq. 2, are based on the
main approximations that the viscosity of the material is newtonian, the flow is extensional, and the viscosity is
radially homogeneous.

In order to measure the evolution of the radius on the fiber cone, the fiber cone was prepared and analyzed as
described in part 2. SEM analyses and image treatment allowed to determine the evolution of the radius, which
was then fitted. Figure 1 shows the evolution of the fitted radius of the fiber cone with the longitudinal position.
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Figure 1. The figure shows in the semilog scale the evolution of the radius of the fiber cone with the longitudinal position,
preform side on the left, and fiber side on the right. The radius of the preform side (left side) is close to 0.5 cm and 62
µm on the fiber side (right side).

The junction between the two cut parts of the fiber cone is around the position of 6 cm. It is approximated that
there is no abraded part from the cut of the fiber cone.

Then based on the experimental measurements of the drawing speed, and the drawing flow, as well as the
radius and its derivative, equations 1 and 2 were used to obtain the viscosity and the deformation rate as a
function of the longitudinal position. Left curve of figure 2 shows the evolution of the viscosity in semilog scale
as a function of the longitudinal position. Along the analysed part of the fiber cone, inside the furnace, the
viscosity first decreases from 106 Pa.s to less than 2.105 Pa.s in the hot part of the furnace. Then, leaving the
hot part, the viscosity increases up to more than 8.106 Pa.s. Viscosity is in the same orders of magnitude as found
by Paek [15]. The evolution of the deformation rate is plotted on the right curve of figure 2. The deformation rate
increases from 10−3 s−1 up to around 7 s−1 and then decreases while getting close to the fiber side. Inflexions
points around 6 cm correspond to the location of the cut and junction of the fitted radius functions. Overall,

Figure 2. Graphics are in semilog scale and show the evolution of the viscosity (left) and the Deformation rate (right) as
a function of the longitudinal position of the fiber drawing cone inside the furnace.

during the fiber drawing, viscosity goes down to around 2.105 Pa.s, the deformation rate increases up to around
7 s−1, and it takes approximatively 5 mins for a particle on the preform extremity to reach the fiber extremity.

3. NUMERICAL PART

The flow of the fiber drawing has been characterized and can therefore be used for numerical modelling. The
objective is now to run simulations of the deformation of particles of various properties in the flow of the fiber
drawing.

3



3.1 Numerical methodology

The numerical method is based on ICI-tech CFD software, based on the Finite Elements Method (FEM). Con-
sidering an incompressible flow of a newtonian fluid in a 3D domain Ω of boundary ∂Ω, Stokes equations are
used for conservation of momentum 3 and mass 4 [16]:

η∇2v = ∇p− f in Ω (3)

∇.v = 0 in Ω (4)

With ∇2v the laplacian of the velocity, ∇.v its divergence, ∇ p the pressure gradient, and f the volume forces.

Modeling is done based on the immerse volume method. One set of Stokes equations is solved for the whole
domain. The two phases (particle and matrix) are treated as a single fluid with varying local properties [17].

The construction of the fields of properties is done based on the level set approach. Let’s consider in the
domain Ω, the subdomains of each phases, Ωp domain of the particle and Ωm domain of the matrix and their
interface Γ. We have,

Ω = Ωp +Ωm and Ωp ∩ Ωm = Γ (5)

The level set approach enables to represent the interface between the phases and the rest of the domain as
the zero level of a signed distance function Φ. For each node at a position x in the computional domain Ω,
by convention, Φ is positive inside the considered phase α (particle or matrix), and negative in the rest of the
domain.

Φα(x) > 0 if x ∈ Ωα (6)

Φα(x) = 0 if x ∈ Γ (7)

Φα(x) < 0 if x /∈ Ωα (8)

To improve numerical stability, the distance function Φ is modified into a smooth distance function Φε of
thickness ε. For each phase α,

Φε,α = ε tanh(
Φα

ε
) (9)

Then, the smoothed distance function Φε,α is used to build the Heaviside function H.

H(Φε,α) = 1 if Φε,α > ε (10)

H(Φε,α) =
1

2
(1 +

Φε,α

ε
+

1

π
sin(

πΦε,α

ε
)) if |Φε,α| < ε (11)

H(Φε,α) = 0 if Φε,α < −ε (12)

Heaviside function is used as the support of the mixing law, the law used to specify the properties in the
domain. For each node of the computational domain properties are determined as a function of the properties
of the particle and matrix, denoted with subscript p and m, respectively :

η(x) = ηmHm + ηpHp (13)

Hp = 1−Hm (14)

Surface tension force is expressed as [18],
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Fst = γKn (15)

with γ the surface tension coefficient between the phases. n is by convention np the gradient of the level set
function of the phase of the particle, and K its curvature (by construction, defined at the interface):

np =
∇Φε,p

‖∇Φε,p‖
(16)

K = −∇.np (17)

Formulation of Finite Elements, is based on volume integrals, whereas surface tension force is a surface force.
Therefore, a Dirac function δ is used to integrate the force on the volume:

< δΓF,w >=

∫
Γ

γKn.w =

∫
Ω

δΓFst.w (18)

with w the space of the test functions of the FEM, and δΓ the dirac function of the interface Γ, derivative of the
smoothed heavisides,

δΓ = δp = δm =
∂Hα

∂Φε,α
(19)

δ(Φε,α) =
1

2ε
(1 + cos(

πΦε,α

ε
)) if |Φε,α| < ε (20)

δ(Φε,α) = 0 if |Φε,α| > ε (21)

Neglecting the gravity, volume force are equal to surface tension Finally, the level set functions are transported
after finding the solution of the Stokes equations:19

∂Φε,α

∂t
+ v.∇Φε,α = 0 (22)

(23)

with t the time. Also discussed in Ref. 19, the advection equation is modified to include a reinitialization
algorithm that insures the preservation of the metric properties of the levelset.

To summarize the numerical methodology, from a time t=0, level set functions are used to construct the field
of properties (equation 14) and surface tension forces (equation 15). One set of Stokes equations is then solved
for the whole domain, giving the velocity field (equations 4 and 3). Then, depending on the numerical time step,
level set is transported following equation 23. Time is then incremented and the procedure is repeated until final
time of the simulation is reached.

3.2 Numerical validation

Validation of the numerical model, presented in the previous part, was performed on two experimental cases of
deformation of particle in flow. The main observable parameter is the aspect ratio of the particle that is defined
as the longest center-to-edge distance, L divided by the initial radius of the particle.

The first case is based on the deformation of a particle in shear flow with a capillary number of 0.4, a
confinement of 0.5 and a ratio of viscosity of 1 [20, 21]. Confinement is defined as the radius of the particle
divided by the length of the domain in the direction of the gradient of velocity. Numerical results shown in
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brown on left part of figure 3 agree well with both the experimental results of Sibillo and numerical results of
Renardy. Indeed the evolution of the aspect ratio follows well the dynamic and kinetic of the reference cases.

The second case is an extensional flow at a capillary number of 0.187 and a viscosity ratio of 0.056 (viscosity
of the particle divided by the viscosity of the matrix) [22]. As for the shear flow case, right part of figure 3
confirms the good agreement between the numerical and experimental results.

Figure 3. Evolution of the aspect ratio as a function of time for 2 validation cases, shear flow on the left and extensional
flow on the right. Shear flow case is done with a capillary number of 0.4, a confinement of 0.5 and a viscosity ratio of 1.
Respectively, results in green and yellow correspond to the numerical and experimental results presented in Ref. [20, 21].
Curve in brown corresponds to results of the present study. Extensional flow case is done with a capillary number of
0.187, a confinement of 0.05 and a viscosity ratio of 0.056. Results in yellow and brown correspond to the experimental
results presented in Ref [22] and the numerical results of the present study, respectively.

3.3 Preliminary results

After validation of the numerical model, and analysis of the flow of the fiber drawing, simulations of particles in the
flow of the fiber drawing have been launched. Although, radius, viscosity and deformation were experimentally
characterized as a function of the longitudinal position, it is easier to consider it as a function of time for numerical
simulations. As a conversion from longitudinal position, time is recovered for each longitudinal position based
an incremental process and volume conservation:

t(z = 0) = 0 (24)

t(z + dz) = t(z) +
πr2(z) ∗ dz

Q
(25)

The deformation rate ε̇ and viscosities are now functions of time for the simulations. Viscosity of the matrix is
defined as the viscosity of the material, and the viscosity of the particle is the viscosity ratio λ multiplied by the
viscosity of the material.

ηm(t) = η(t) (26)

ηp(t) = η(t) ∗ λ (27)

3D simulations are made on a domain of 200x20x20 µm with a particle radius of 0.5 µm. 25 cases are launched
with viscosity ratios of {1; 10−1; 10−2; 10−3; 10−4} and surface tension coefficients of {0.01; 0.03; 0.1; 0.3; 1}
N.m−1, to cover a wide range of possible values of both surface tension coefficients [8] and viscosity ratios. First
preliminary result is now discussed.

Top image of figure 4 shows an SEM image of a particle inside an optical fiber [6]. Although accuracy is
limited, the Q-tips shape of the particle is noticeable. Respectively, second and third image of figure 4 show
the shapes of particles that were obtained by numerical simulation of viscosity ratios of 1 and 10−4, and surface
tension coefficients of 0.01 N.m−1. The case where λ=1 has typical rounded extremities usually expected for
standard deformations of this range of viscosity ratios. The case where λ=10−4 also has pointy extremities as
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usually expected for this range of viscosity ratios. The fact that no preliminary results of shape correspond to
Q-tips shape, might come from the fact that the flow has not been fully undergone. However, it is also possible
that it indicates a viscoelastic behaviour of the particle [23].

Figure 4. Top image corresponds to a SEM image of a lanthanum rich particle in an optical fiber [6]. The second image
corresponds to numerical simulation of a particle that has partially experienced the fiber drawing flow. For the simulation,
parameters are a radius of 0.5 µm, a viscosity ratio of 1 and a surface tension coefficient of 0.01 N.m−1. Actual time is
290.3 s over the final time 297.9 s. The second image corresponds to numerical simulation of a particle that has partially
experienced the fiber drawing flow. For the simulation, parameters are a radius of 0.5 µm, a viscosity ratio of 10−4 and
a surface tension coefficient of 0.01 N.m−1. Actual time is 293.4 over the final time 297.9 s.

4. CONCLUSION

In conclusion, multiphasic optical fibers offer new possible properties. One main issue for the improvement of
their properties is the control of the structure of the phases. The fiber drawing appears as a good candidate
to tailor the shape and size of particles or phase domains. However there is a lack of experimental data on
the properties of the materials. This issue impedes the prediction of the evolution of the particles or phases
during the fiber drawing. To that aim, the strategy of this work has been presented. First to characterize the
flow of the fiber drawing and then to numerically simulate the evolution for particles of various properties, to
compare with numerical and experimental data. After analysis of the shape of the fiber drawing cone, the flow
of the fiber drawing has been determined based on a newtonian material, and extensional flow approximations.
From that flow, simulations of particles of various capillary properties have been launched. Whereas final
results of simulations are not available, preliminary results have been discussed. The shape of the extremities
of the numerical simulations does not match the Q-tips shape of the particles observed inside the optical fibers.
Although this might come from the fact that simulations did not cover the whole flow of the fiber drawing, this
observation could highlight a non newtonian behaviour of the particles.
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