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Abstract: Simulation of co-flowing behavior in a coaxial geometry (based on the designed spin pack) has been performed
using properties of two immiscible liquids to represent flowing regime while passing through the spinneret for production of
liquid core fiber (LCF) by one single step high-speed melt-spinning process. Computational Fluid Dynamics (CFD)
simulations confirmed the continuous liquid core channel, obtained in bicomponent melt-spinning of LCF. Also different
interface morphologies could be observed: from jetting to dripping and transition core-annular regime, based on the
simulation parameters, affecting the driving forces. Results showed different co-flow regimes by systematic variation in non-
dimensional parameters (flow rate ratio, viscosity ratio, Reynolds number, Weber number and Capillary number),
individually. Also diameter of the core liquid is reduced in a logarithmic mode by increasing the outer liquid’s flow rate.
Flowing morphologies at different conditions were plotted in 2D state diagrams, illustrating transition from dripping to jetting
regime by changing two different parameters. This CFD analysis bears potential for simple ways of controlled jet breakup in
microfluidic devices, which currently primarily rely on Rayleigh-Taylor breakup. Notably this work highlights the melt-flow
regime in the spinneret to realize developed fiber core structures at different conditions during bicomponent melt-spinning.
Using various materials with different properties in liquid core fiber production promises many applications for this new
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generation fiber in very near future.
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Introduction

The scientific analysis of co-flowing liquids has started
from a long time ago and its understanding is still not
complete due to the mathematical complexity of the underlying
physical theories [1,2]. The flowing behavior of the inner
liquid (disperse phase) and its transition from jetting to
dripping was an interesting subject for studying [3-5]
particularly in microfluidic devices where droplet formation
[6,7] has become a key for many applications [8-10]. The
stability of co-flow is also important in many industrial
processes e.g. food and cosmetic industry [4], polymer
processing [11,12] and core/sheath bicomponent fibers melt-
spinning [13-15].

The co-flowing behavior of liquid jets is reviewed by
Eggers et al. [3], emphasizing the importance of non-
dimensional numbers e.g. Reynolds, Weber and Capillary
number which depend on viscosity, flow rate and interfacial
tension of two liquids flowing in coaxial channels with
defined dimensions. The Rayleigh-Plateau instability model
[1,2] describes jet breakup driven by interfacial tensions.
Co-annular flowing topology is also investigated by Meister
et al. [16,17] and other researchers [18,19]. Cramer ef al. [4]
experimentally studied the influence of different parameters
(e.g. flow rate and viscosity ratio) on dripping behavior of
two immiscible liquids, flowing through two coaxial
channels. They investigated whether the drops peel off
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directly at the needle tip (dripping) or break off from liquid
jets (jetting). They realized that increasing the velocity of the
continuous outer phase and lowering the interfacial tension
cause a decrease in the droplet size. Also all parameters
enhancing the drag force of the continuous fluid and
increasing the momentum of the disperse phase provoke the
generation of a liquid jet. Utada ef al. [20] investigated the
dripping-to-jetting transition for a liquid passing through
into another immiscible liquid. It is shown that in a co-
flowing stream, the transition, in their flow device, can be
characterized by a state diagram which depends on the
Weber number of the inner fluid and the Capillary number of
the outer fluid.

In the same line coaxial bicomponent melt-spinning is a
well-established technique for production of thermoplastic
fibers which two molten polymers come together within,
either at the outlet of the spinneret to make core/sheath
configurations [13,21-23]. Furthermore coaxial electrospinning
also benefits from the same co-flow technique for production of
synthetic fibers in nanoscale [24-27]. In this regard, our
interest in the co-flow of two immiscible fluids is motivated
by our aim, which is the processing of a molten polymer and
a liquid of interest at elevated temperatures to obtain a
bicomponent liquid core fiber (LCF) via high-speed melt-
spinning process [28,29]. During the bicomponent fiber
melt-spinning [13] the molten polymer and the core liquid
are concentrically merged inside the designed spinneret
(described in detail elsewhere [29,30]) using a microfluidic
nozzle. Melt-spun LCFs, produced after passing several
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steps, can exhibit a range of transport or dissipation performance
depending on liquid’s rheological properties, which promise
many applications e.g. damping [31,32], drug delivery [29,
33] etc. It is obviously impossibible to observe the buried
polymer-liquid interface during real melt-spinning process.
Heuberger et al. [5] studied the co-flow behavior of two
fluids in a developed coaxial needle-tube setup by using
transparent glass cylinder. They carried out this analysis in
macro scale (mimmic the geometry of extrusion die). There
is no observation or analysis on flowing regime during the
melt-spinning trial yet. Thus we decided to realize a simulation,
with the same spinning geometry (in micro scale).

CFD analysis of co-flow behavior of two immiscible
liquids is a valuable tool to study the flowing regime, like
droplet formation [4,34], dripping-to-jetting transition [5,
20] etc. [35]. COMSOL Multiphysics is a suitable software
for tracking the interface between two immiscible fluids [36-
38].

Here we present a systematic CFD analysis on co-flowing
behavior of immiscible liquids in the mentioned coaxial
spinneret [29] for the melt-spinning of bicomponent LCF.
Experimental parameters in coaxial spinning of polymer
(sheath) and liquid (core) were used as a basic data for
simulation. In fact, the purpose of the present work is to give
more understanding about the co-flow behavior in the
micro-channel of spin-pack and highlight the effect of
different parameters (e.g. viscosity ratio, flow rate ratio,
Reynolds and Weber numbers etc.) on inner liquid’s flowing
regime. Furthermore the actual aim of this project was to
produce a polymeric fiber with continuous channel filled
with liquid core. Thus CFD analysis identifies the processing
conditions in which desired jetting regime could be achieved.

Simulation

Theoretical Background

In a co-flow system, the core liquid can make a continuous
jet (jetting) or pinch-off to the droplets (dripping), while
flowing together with another immiscible liquid (sheath) as
a co-flow system.

Force Balance in Co-flowing

Drop formation has three steps (filling, necking and
pinching-off) which different forces affect the process. The
balancing forces of a co-flow system is categorized into two
groups: 1) detaching forces and 2) attaching forces [39]. As
shown in Figure 1 different forces (e.g. gravity (Fg), drag
(Fp), momentum (F,), inertia (F)), interfacial (Fr)) determine
the flowing regimes (dripping, jetting etc.) in a co-flow
system.

According to the Figure 1 Fg, F, Fy and Fy; act as detaching
forces while Fr is an attaching force. Balancing between
aforementioned forces are presented in Equation (1).

F, gravitation+};}nertia1+F drag+F momentum:F interfacial (1)
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Figure 1. Force balance in a co-flow system [39].

It should be noted that interfacial tension can be determined
by difference between two liquids’ surface tensions (Antonov
law) [40].

Non-dimensional Numbers

Based on Buckingham 7 theorem, different parameters
can summarized in non-dimensional numbers (e.g. diameter
ratio, velocity ratio (flow rate ratio), viscosity ratio, Reynolds
and Weber number etc.) for a systematic study on the co-
flowing behavior, which are introduced in Equations bellow,
respectively:

d
Diameter ratio = j ?2)
vU
Velocity ratio = ™ 3)
. .M
Viscosity ratio = — 4)
Re = pvd )
)7
Vvid
We =LY 4 (6)
Y
Ca=wly (7

where d is the diameter of channels, v is the velocity of
fluids, u is the viscosity, p is the density and y is the
interfacial surface tension between two liquids. All these
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numbers are resulted from balancing between two forces, for
instance Weber number is the balance between inertial and
interfacial force.

In addition to the previous works on experimental study of
biphasic flow [5], coaxial extrusion trial [31] and bicomponent
melt-spinning process [28,29], a simulation analysis for
evaluation of the co-flow behavior inside the spinneret can
add more scientific value to this project.

Computational Fluid Dynamics (CFD)

A systematic CFD analysis was performed using COMSOL
Multiphysics 5.2 (level set method [41]), in order to
investigate the co-flowing behavior in the spin pack (with
Newtonian fluid assumption, simplifying that nonlinear
viscosity effects (e.g., viscoelasticity) of the sheath are not
represented here). Since the experiment was performed in
high temperature and high shear rate and molten polymer

Liquid from high l

1L pressure syringe pump Molten polymer

from extruder

Fiber to quenching chamber

. and draw-off units

o1

Figure 2. Sectional view of the designed spin pack with a close-up
from co-flow channels of spinneret (dimensions are in mm).
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was placed in sheath, this simplification in CFD can predict
the real co-flowing conditions [42,43]. Simulation is
designed in the way to mimic the geometry of the spinneret
(Figure 2) which is described in detail elsewhere [28,29]
enabling the co-flow spinning of a molten polymer and a
liquid. Running cases were performed by level set method,
using the finest base grid and the adaptive grid option from
the software menu for the computation. It took about 12
hours (average) to simulate a case using computer: Intel ®
Core™ i5 - 3330 - CPU @ 3.00 GHz-3.20 GHz and RAM
4G.

It is notable that for co-flow in the mentioned spin pack,
the injection ratio ,/A4,/4, in this work is about 0.2, which is
larger than the ratios typically used in most previous
modeling [44] and related simulation works [45,46], where
the injection ratio had been between 0.002 and 0.02. Also
this simulation is based on actual work, aiming to run melt-
spinning trials to develop a liquid-filled core/sheath bicomponent
fiber.

The spin pack geometry implies a flow column with finite
size which is illustrated in Figure 3 along with the boundary
conditions in 2D symmetric CFD.

According to the materials’ properties (provided data
sheet) and processing condition [28,29], the experimental
parameters are listed in Table 1.

These parameters were used in equations (1)-(7) to
calculate the non-dimensional numbers (Table 2) for simulation
of the co-flow in experimental condition.

We have been able to reproduce the results for the co-flow
in experimental conditions using the COMSOL Multiphysics
package. Also transient morphologies were simulated,
which depend strongly on the inflow boundary conditions of
the two phases. In this regard all the simulation parameters
(non-dimensional numbers) have been changed individually
in a systematic way which is described in Table 3.
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Figure 3. General geometries (left) and boundary conditions (right) in 2D symmetric simulation.
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Table 1. Materials and processing parameters based on the melt-spinning experiment

. . Density Viscosity at 200 °C Flow rate Velocity Interfacial tension
Fluid/Properties (g/em’) (Pa-s) (cm?/min) m/S) (N/m)
Outer (Polypropylene) 0.950 150 4.5 0.113 0.014
Inner (Complex Ester) 0.910 0.003 0.66 0.355 '

Table 2. Simulation parameters (non-dimensional numbers) according
to the experimental trial
d/sdi v 00
5 0.318 6.7

o/l Re; We; Ca,
50000 22.48 1.71 1210

Table 3. Range of changes for the non-dimensional parameters in
simulation

Flowrate  Viscosity = Reynolds Weber
Parameter ratio ratio number number
(0,/0) (Lo/15) (Re;) (We))
Rangeof 15515 0.1-50000 92248 02304.23.04
change 224.8

Results and Discussion

For a systematic CFD analysis, the experimental data
(shown in Table 1 and 2) were assumed as the standard
condition and all effective parameters were changed
individually, while the other parameters were constant
(Table 3).

CFD Results

The CFD simulation using experimental (melt-spinning)
parameters resulted in a jetting behavior through the standard
co-flowing system, illustrated in Figure 4.

Figure 4 shows a jetting flow in the core channel, which
the continuous liquid core, obtained in experimental process
of melt-spun LCF [28,29] is a confirmation for this
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Figure 4. Co-flow behavior in standard condition (Table 2).

achievement. The higher viscosity of the outer fluid (viscosity
ratio of 50000), resulting in a lower drag force, is the main
reason for this jetting behavior.

After analyzing the co-flow behavior in actual spinning
condition, the effect of different non-dimensional parameters
(e.g. flow rate and viscosity ratio, Reynolds number etc.) on
flowing regimes (e.g. jetting, dripping, core-annular etc.) is
discussed in next section.

Co-flow Regimes

Flow rate ratio as an important and controllable factor can
affect the co-flowing behavior and diameter of the inner
fluid (Figure 5).

As shown in Figure 5 increasing the flow rate ratio in
actual viscosity ratio does not change the jetting behavior,
while higher flow rate ratios causes lowering the inner jet
diameter. This is attributed to increasing the drag force by
increasing the velocity of the outer fluid (flow rate ratio) and
reduction in diameter of the inner jet due to the external
pressure. Variation of the inner jet at the exit point by
changing the flow rate ratio is illustrated in Figure 6 which
shows a logarithmic mode reduction.

As shown in Figure 7 variation of the flow rate ratio, in
lower viscosity ratios, also can change the co-flow regime.

(c) (d) (e)
t(S)= 0.12 ol 0.090 0.068 015 0.024 0.035 0041
0. l-l] .7 . 5 ]41 & 7 42
Oo (mlfm]n)

Increasing Flow rate ratio

>

Figure 5. The effect of flow rate (velocity) ratio on co-flow
behavior: 4,=150 and ££=0.003 Pa.s (constant viscosity ratio of
50000), Q;is 0.66 (m//min) while the flow rate ratio varies (a)
0.215, (b) 1.06, (c) 2.15, (d) 6.7, (e) 21.5, () 67, (g) 107.5 and (h)
215.
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Figure 6. Diameter of the core jet at the exit point versus flow rate
ratio.
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Figure 7. The effect of flow rate ratio on co-flow behavior:
14,=0.015 and £4=0.003 Pa.s (constant viscosity ratio of 5), Q;is
0.66 (m//min) while the flow rate ratio is (a) 0.215, (b) 2.15, (c)
6.7,(d) 21.5, (e) 67 and (f) 107.5.

According to the Figure 7 droplet formation is visible at
low flow rate ratios and increasing the flow rate ratio causes
changing to jetting behavior in inner fluid. In other words,
increasing the flow rate of continuous phase (outer fluid)
creates an external force, reducing the diameter of core
channel which causes small droplets to connect, leading to a
jetting regime. This is in accordance with previous
experimental studies [4,39,47].

Comparing Figure 5 and Figure 7 shows that variation of
the flow rate ratio changes the co-flow regime in low
viscosity ratios, while in high viscosity ratio (actual condition)
mostly the jetting regime can be seen. Therefore the
viscosity ratio is very important factor in co-flow systems.

Studying the effect of viscosity ratio was carried out by
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Figure 8. The effect of viscosity ratio on co-flow regime: Q,=4.5
and Q;=0.66 m//min (constant flow rate ratio of 6.7), & is 0.003
Pa.s and the viscosity ratio varies (a) 0.1, (b) 1, (¢) 5, (d) 10, (e) 50,
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Figure 9. The effect of Reynolds number on co-flow regime by
lowering it in inner fluid (Re;) in order of (a) 224.8, (b) 22.48, (c)
6.7, (d) 2.248, (e) 0.2248 and (f) 0.02248 while the viscosity ratio
is kept constant at 5, flow rate ratio is 6.7 and interfacial surface
tension is 14 mN/m.

changing the shear viscosity of the outer fluid (while the
inner fluid viscosity and flow rate ratio were constant) which
resulted in different flowing regimes, illustrated in Figure 8.

As shown in Figure 8 dripping regime is obtained in low
viscosity ratios, but increasing the viscosity ratio caused in
changing the flowing regime to jetting behavior. Investigating
the Figure 5 and Figure 8 also indicates the importance of
viscosity ratio in co-flow behavior.
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The other effective non-dimensional parameter on flow
behavior is the Reynolds number. The effect of Reynolds
number in high viscosity ratios (more than 50) was
negligible, while variation of the co-flow regime versus
Reynolds number (by changing the inner fluid’s viscosity) at
viscosity ratio of 5 is illustrated in Figure 9.

According to the Figure 9 increasing the viscosity of the
inner fluid (while the viscosity and flow rate ratios are
constant) causes a laminar flow in the coaxial system. This
laminar flow which is one of the characteristics in melt-
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1 10 14 50 100
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Decreasing Weber number

Figure 10. The impact of Weber number on inner liquid’s flowing
behavior: constant viscosity ratio of 5 and flow rate ratio of 6.7,
while increasing the interfacial tension causes the Weber number
to be changed consequently (a) 23.94, (b) 2.394, (c) 1.71, (d) 0.4788
and (e) 0.2394.
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spinning process changes the co-flowing behavior from
dripping to the jetting regime. The reason for this variation is
the increasing of detaching momentum force in higher
Reynolds numbers which can conquest to attaching interfacial
force in a critical point.

Weber number is the other effective non-dimensional
parameter in co-flowing systems which according to the
equation (12) affiliated by velocity (flow rate) and interfacial
tension between two liquids (in addition to the density of
liquid and channel’s diameter). Figure 10 shows the flowing
regimes at different Weber numbers by variation of the
interfacial tension.

Lowering the attaching force (due to the increasing the
interfacial tension) is the main reason for changing the co-
flow regime from jetting to dripping by decreasing the
Weber number (Figure 10). This phenomenon also causes
bigger droplets to be formed in a lower frequency.

Discussion

This is resulted that all non-dimensional parameters are
effective in co-flowing regime. For more investigation and
better understanding on flowing behaviors at different
conditions, the flowing regimes can be shown in a 2D graph
by changing two different parameters.

For instance changing from dripping to a transition phase
and forming a continuous jet by increasing the flow rate and
viscosity ratios is illustrated in Figure 11.

According to the Figure 11(left), by increasing the
viscosity ratio, dripping regime in core liquid is changed to
the jetting behavior. The same behavior can be seen by
increasing the flow rate ratio. As shown in transition line
(core-annular regime), jetting is dominant behavior after a
critical flow rate and viscosity ratio, which experimental
condition will placed in this area. As shown in Figure 11
(right) increasing both the flow rates of the outer and inner
fluids cause the co-flow regime to be changed from dripping
to jetting. The reason for this transition is that increasing the
outer fluid’s flow rate increases the mass and external force
around the inner fluid which causes the core channel

* Drop
12 4 Core-annular (transition)
= Jet
a L] (]
o
6
e]
e I Jetting "
3 Dripping ™ .
.
0 .
o 1 2 3 4 5

Figure 11. The variation of co-flow regimes by changing viscosity ratio versus flow rate ratio (left) and flow rate of the outer fluid versus

inner fluid at constant viscosity ratio of 5 (right).
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diameter to be decreased, leading to the jetting regime.
Increasing the flow rate of the inner fluid increases its
volume in the core channel and attaching forces cause a
transition to jetting behavior. Reynolds number (which is the
balancing between momentum and drag forces) is the other
parameter with an obvious effect in low viscosity and flow
rate ratios. Figure 12 shows the effect of Reynolds number
along with the flow rate and viscosity ratios on co-flow regime.

According to the Figure 12(left) in addition to the flow
rate ratio (mentioned before) manipulation of the Reynolds
number affects the flowing behavior. Increasing the inner
fluid’s Reynolds number (while the flow rate and viscosity
ratios are constant) causes a dripping regime due to the
turbulent inner flow (more instability). In contrast, decreasing
the Reynolds number (increasing the viscosity of the inner
fluid) makes a laminar flow, leading to the jetting regime.

Figure 12(right) also shows a similar trend between
variation of Reynolds number and viscosity ratio on co-
flowing regime. Increasing the viscosity ratio and decreasing
the Reynolds number resulted in a jetting regime while the
inverse action causes a dripping behavior.

The other non-dimensional parameters are Weber number

and Capillary number. Figure 13 shows the effect of inner
fluid’s Weber number versus the viscosity ratio and Capillary
number of the outer fluid, separately.

According to the Figure 13(left), increasing the Weber
number of the inner fluid (by lowering the interfacial
tension) has the same effect as the viscosity ratio on co-
flowing behavior (changing from dripping to jetting regime).

Figure 13(right) which is similar to the work by Utada et
al. [20] indicates a similar transition (from dripping to
jetting) as the inner fluid’s Weber number for Capillary
number of the outer fluid.

As a summary, the most important simulation result is
transition from dripping to jetting regime due to the two
reasons: first, increasing the attaching force and second,
decreasing the detaching forces. Also the most important
factor in flowing behavior is the viscosity ratio to be
changed from jetting to dripping (other parameters are only
effective in low viscosity ratios). Flow rate ratio, Reynolds
number and interfacial tension (Weber number) are the other
parameters. These results (various flowing regimes at
different conditions) are in accordance with literatures [4,5,
20,39].
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Conclusion

This systematic study is designed to better understand
basic features of the co-flow morphology inside the
bicomponent spinneret. CFD analysis showed that every
individual non-dimensional parameter affects the flowing
regime. It is resulted that increasing the flow rate and
lowering the interfacial tension cause a decrease in the
droplet size, leading to dripping-to-jetting transition. Also
the inner jet shows a logarithmic reduction by increasing the
flow rate ratio. Viscosity ratio is an important factor in co-
flow behavior and higher viscosity of molten polymer causes
a dominant rheological properties during experimental process,
assuring a continuous liquid core (jetting) in melt-spun LCF
which is a confirmation for previous experimental achievements.
Parity parameters showed different flowing regimes in state
diagrams. Increasing the inner fluid’s Reynolds number
caused the flowing regime to be changed from jetting to
dripping behavior (in contrast with viscosity ratio) due to the
increasing of detaching momentum force against the attaching
interfacial force. Increasing the attaching force is the reason
for changing the co-flow behavior from dripping to jetting
by increasing the Weber number of the inner fluid.
Increasing the Capillary number of the outer fluid has the
same effect as the Weber number which are shown together
in a diagram.
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