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This study has successfully demonstrated that a proper combination of novel spinneret designs and
spinning parameters can effectively counteract the die swell as well as flow instability phenomena, i.e.
extrudate distortion, in the hyperbranched polyethersulfone (HPES) hollow fiber spinning. Attempts are
also made to unravel the die swell and flow behavior differences between HPES and linear polyether-
sulfone (LPES) membranes spun using various spinneret designs and spinning conditions. In terms of
flow stability, it is revealed that short conical spinnerets with a flow angle of 60° as well as short round
flow channel spinneret with a flow angle of 30°, can reduce or eliminate extrudate distortions. Apart
from spinneret designs, this study also accentuates the importance of a proper choice of spinning con-
ditions for each specific spinneret to achieve flow stability and reduce die swell, namely: (1) bore fluid
composition; (2) dope flow rate; (3) spinning temperature; and (4) take-up speed. Experimental results
concluded that a proper combination of spinneret design and these four spinning parameters is the key
to stabilize the spinning process. It is found that a high take-up speed spinning and a high non-solvent
concentration in the bore fluid can fully eliminate die swell and enhance flow stability in the HPES hollow
fiber spinning using short and conical or round spinnerets.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The importance of hollow fiber spinning technology for vast
membrane applications has been well recognized for decades.
To date, both melt and solution spinning are the most widely
implemented techniques in hollow fiber membrane fabrication
[1-13]. Due to the complexity of spinning processes, the under-
standing of material rheology and its flow behavior through an
orifice die are utmost critical to obtain desirable hollow fiber
membranes at a reasonable production rate. Clearly, from an eco-
nomical point of view, the fiber’s production rate is one of the
major parameters to determine maximum production capacity
and profitability in the membrane industry. However, limitations
caused by instabilities in the polymer flow will lead to technical
problems within the production line itself or fabricate undesirable
final products which possess the potential to increase produc-
tion costs. Thus, advances in spinning technology and knowledge
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on polymeric materials are the keys to overcome the instability
problem.

Some of the issues encompassed within the fiber spinning
instability include: (1) draw resonance; (2) necking; (3) capillary
break-up; (4) irregular cross-section and (5) melt fracture or extru-
date distortion [14-21]. The first four phenomena, which have been
investigated previously by many researchers [4,14,15], most likely
lead to fiber breakage during the spinning process or generate a
non-uniform cross-sectional diameter along the spun fibers. It is
believed that their mechanisms are exacerbated by the fluctuations
in polymer jet flows, which are themselves resultant of drawing or
capillary forces.

The last type of spinning instability, which will be the focus of
this manuscript, normally takes place in the form of a distorted,
gross or wavy polymer flow [14-16]. The first melt fracture insta-
bility was investigated by Nason who observed a wavy polystyrene
extrudate at Reynolds numbers in the range of 800-1000 [22]. In
fact, the mechanism of extrudate distortion in melt spinning is one
of the most controversial issues in fiber spinning and has been
heavily debated among rheological scientists [5,14-17,23]. It can
be summarized that the proposed mechanisms of extrudate dis-
tortion implicate one or more of the following parameters [15]: (1)
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fracture; (2) Reynolds turbulence; (3) thermal effects; (4) die entry
and exit effects; (5) rheological effects; and (6) slip at the die wall. As
arule of thumb, most researchers agree that the distortions of poly-
mer extrudate most likely appear when the recoverable shear sg,
which is defined as the ratio of the die wall shear stress to the elastic
shear modulus, reaches a critical value of 1-10 [14,15]. Therefore,
any effort to reduce or completely eliminate the distortions in the
polymer flow must take into consideration some major parame-
ters when spinning hollow fibers from a polymer solution, namely:
(1) spinneret designs; (2) dope solution flow rate and rheology; (3)
spinning temperature; (4) air gap distance; and (5) take-up speed.

Apart from the technical related parameters, the extrudate
flow behavior is very much depending on the polymer mate-
rial characteristics. In particular, the extrusion behavior of linear
and branched polymers with nearly identical viscosity functions
demonstrates major qualitative flow distinctions [5,24-26]. Gen-
erally, polymers tend to relax by motion along their backbones.
However, in the branched polymers, this motion is hindered by
branch points, thus the relaxation time increases dramatically [27].
The magnification of polymer chain relaxation time can possibly
amplify flow instability and also can be a major contributor to the
die swell effect [24,25]. For reader’s information, the term flow
instability used in the later discussion in this manuscript refers to
the extrudate distortion behavior.

In the recent years, polymers with highly branched structures
are gaining more popularity due to their large number of func-
tional groups and high surface reactivity in contrast to their linear
analogues [28]. Among the various classes of branched polymers,
hyperbranched materials, an outgrowth of the invention of den-
drimer, are considerably new materials, and little is known of
their rheological properties [27]. Although much progress has been
achieved in the structural understanding and the synthesis of
hyperbranched polymers, much of the fundamental understand-
ing, especially the industrial application of these hyperbranched
polymers are still in a stage of infancy [28-30]. In addition, few
studies were conducted to systematically compare hyperbranched
polymer properties with their linear analogues [31], but the differ-
ences between hollow fiber membranes spun with the linear and
hyperbranched counterparts were not clearly indicated. The hyper-
branched polymers possessing higher intrinsic solubility, lower
melt or solution viscosity and lower entanglement in their struc-
tures have been expected to be easier to process [32], which is
extremely important for hollow fiber membrane spinning in large
scale.

Our group conducted an investigation previously [24,25] to
identify the unique properties of hyperbranched polyethersulfone
(HPES) as compared to linear polyethersulfone (LPES). Rheological

studies on the molten HPES and LPES materials show that HPES has
a larger molecular weight and a wider molecular weight distribu-
tion compared to its linear analogue. Furthermore, the rheological
characterization reveals that the HPES dope solution has a longer
relaxation time thanits linear counterpart. Hence, the HPES nascent
fiber spun with conventional straight spinnerets shows a more pro-
nounced die swell and flow instability, i.e. flow distortion, occurring
at the spinneret’s exit.

Although the residence time of a polymer solution flowing
through the annular channel of spinneret (a few millimeters long)
is very short, the flow-induced shear stress can affect the rheo-
logical behavior of the polymeric solution, i.e. relaxation time, die
swell effect, and molecular orientation [8,25,33-37]. For straight
annular spinnerets, the highest shear stress usually occurs along
the die wall since the dope solution is normally a polymeric
non-Newtonian fluid [38]. Therefore, it is crucial to understand
the design principles behind engineering a spinneret for spin-
ning a hyperbranched polymer for improved flow stability and
reduced die swell effect. To the present, membrane researchers
have attempted to modify their spinneret designs for multi-
ple purposes, namely: (1) to tailor pore size distribution and
control pure water permeability of ultrafiltration hollow fiber
membranes by fabricating spinnerets with different flow angles
[8]; (2) to approximately double the surface area of hollow fiber
membrane for gas separation by designing a spinneret with micro-
fabricated inserts to create corrugated patterns in the outer fiber
perimeter [20]; (3) to induce interlayer diffusion in the inter-
face of dual-layer hollow fiber membrane in order to eliminate
delamination [39].

Based on the fundamental understanding of relaxation mecha-
nism in the HPES polymer, other than the common spinneret with
a L (die length)/AD (die channel) ratio of approximate 10, we have
fabricated various other spinnerets with modified exit channels
to reduce shear rate (stress) towards polymer solution inside the
spinneret. Furthermore, the flow and shear behaviors inside the
common and modified spinneret designs were simulated. In this
regard, our objectives are: (1) to extensively examine and com-
pare the effects of spinning parameters on the die swell effect and
flow stability of LPES and HPES polymer solutions; (2) to over-
come the die swell and flow instability problem with the aid of
modified spinneret designs, particularly in the HPES hollow fiber
membrane fabrications. It is believed that the fundamental knowl-
edge obtained in this study not only provides useful guidelines for
academia and industries in fabricating hollow fiber membranes
from hyperbranched polymers but also introduces state-of-art
spinneret designs to counteract die swell and flow instability in
fiber spinning.

Fig. 1. The chemical structures of: (a) linear polyethersulfone (LPES); (b) hyperbranched polyethersulfone (HPES); (c) polyvinylpyrrolidone (PVP).
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Fig. 2. Polymer/NMP/non-solvent ternary phase diagram [24].

2. Experimental
2.1. Materials

LPES (Ultrason® E6020P, Ultrason is a registered trademark of
BASF SE) composed of 100 mol% linear unit and HPES composed of
2 mol% branching unit and 98 mol% linear unit were kindly supplied
by BASF SE, Germany. Their chemical structures were shown in
Fig. 1.

N-methyl-2-pyrrolidone (NMP) (Merck, Singapore), iso-
propanol (IPA) (Merck, Singapore) and polyvinylpyrrolidone
(PVP) (Merck, Singapore) with an average M,, of 360,000 Da were
employed as a solvent, coagulant, and additive, respectively, for
hollow fiber membrane spinning.

2.2. Characterization of rheological properties of spinning
solutions

The physicochemical properties, phase diagrams, molecular
weights, shear viscosity and relaxation at low shear rates of LPES
and HPES polymers have been studied by Yang et al. [24,25]. In
summary, they have very similar melt points, thermal degrada-
tion temperatures, and contact angles. Fig. 2 describes the bimodal
curves of LPES and HPES polymer solutions in the presence of non-
solvent, i.e. water and IPA [24]. Interestingly, these two materials
exhibit very similar phase diagrams. However, HPES has a larger
molecular weight and a wider molecular weight distribution com-
pared to its linear analogue. As a result, the HPES dope solution has
a longer relaxation time than its linear counterpart at low shear
rates.

The shear viscosity at high shear rates (up to 15,000 s~!) of LPES
and HPES polymer solutions was measured by a capillary rheome-
ter SMART RHEO 2000 from CEAST. The diameter of the capillary
dies was 1mm and the lengths of capillary dies are 10 mm and
30 mm. The elongational viscosity was calculated according to the
method proposed by Cogswell based on the measurements of pres-
sure drop as a function of flow rate for a polymer melt or solution
flowing through a thin capillary die [40].

2.3. Spinning process of hollow fiber membranes

The LPES and HPES polymer solutions at a composition of
16/10/74 wt% (polymer/PVP/NMP) were prepared following Yang
et al.’s work [24]. A dry-jet wet spinning process was conducted
with detailed spinning conditions listed in Table 1. The dope solu-
tion and bore fluid were extruded at a specified flow rate through
a spinneret using two ISCO syringe pumps. The nascent fibers exit-

Table 1
Spinning parameters of HPES and LPES hollow fiber membranes.

Spinning parameter Condition

Dope composition (wt%) 16/10/74 (polymer/PVP/NMP)?

Dope flow rate (ml/min) 1;2;3;4;5

Bore fluid composition (wt%) 0/100; 30/70; 55/45; 80/20; 95/5
(NMP/water)

Bore fluid flow rate (ml/min) 1.5

Air gap length (cm) 20

External coagulant (wt%) Pure IPA

Spinning temperature (°C) 25; 60; 80

Humidity (%) 60

Take-up speed (m/min) 5.8 (free fall); 8 m/min

Spinneret Common spinneret 0; modified 1;

modified 2; modified 3; modified 4

2 Polymers are HPES or LPES.

ing from the spinneret were snapshot by a Canon EOS 350D digital
camera equipped with a micro lens (MP-E 65 mmf/2.8 1-5x). A
more detailed spinning procedure has been described elsewhere
[24].

In this work, other than using a common straight spinneret with
an L/ AD ratio of ~10, spinnerets with various exit channel designs
described in Fig. 3 were utilized. In the fiber spinning process, the
purpose of having a L/AD ratio of ~10 in the conventional spin-
neret design as shown in Fig. 3a is to achieve a steady shear and
fully developed flow [41,42]. However, this spinneret is not suitable
for hyperbranched polymers because it promotes a long relaxation
time in the nascent fiber after exiting from the long annular flow
channel. Consequently, it can induce a more pronounced die swell
and distorted flow caused by an incomplete polymer chain relax-
ation as elaborated in the later section. Therefore, we have designed
four modified spinnerets with a reduced shear stress as shown
in Fig. 3b-e to encounter the aforementioned problems. Modified
spinneret 1 was to reduce shear experience, while modified spin-
neret 2 was fabricated with an enlarged channel to induce further
polymer chain relaxation inside the spinneret channel. Modified
spinnerets 3 and 4 were designed with a 60° converging chan-
nel and 30° round channel, respectively to shorten the flow length
and minimize shear rate induced molecular orientation inside the
spinneret.

2.4. Computational fluid dynamics (CFD) simulation

The commercial computational fluid dynamics (CFD) package
Fluent 6.3.26 (ANSYS Inc.) was used to simulate the polymer solu-
tion flow through the spinneret. Each fluid domain of four different
spinneret configurations (as shown in Fig. 3a-e) was reconstructed
and meshed by the software package of Gambit 2.3 (ANSYS Inc.).
All the dimensions were exactly the same as used in the experi-
ments. Mesh was kept uniform with the maximum size of 0.1 mm
to ensure accurate results.

The flow was assumed to be axisymmetric and follow the Navier
Stokes equation, which is valid due to the nature of spinneret
geometry. The polymer solution was assumed to be homogenous
with density and viscosity of 1.5 g/cm3 and 19.11 Pas, respectively.
The boundary conditions were set as the following. The inlet was
defined at a flow rate of 2 ml/min, while the outlet was applied
as the pressure outlet boundary at constant atmospheric pressure.
Axis boundary condition was also applied at the centre symmetry
line.

The shear rate of the fluid was calculated locally as spatial func-
tion throughout the spinneret geometry as the following:

on
ol

(1)

N =

Y =
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Fig. 3. The exit channel designs of common spinneret and four different modified spinnerets.

Fig.4. Simulated velocity profile near the exit channel of different spinneret designs: (a) modified spinneret 1; (b) modified spinneret 2; (c) modified spinneret 3; (d) modified
spinneret 4 (the dope’s viscosity, density and flow rate of 19.11 Pas, 1.5 g/cm?® and 2 ml/min, respectively, were applied as the boundary conditions in this simulation).
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Here, e is the symmetric tensor for the rate of fluid strain
element. For a Newtonian fluid with axisymmetric property in
cylindrical coordinate, e is defined as the following:
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The tensors include the normal strain effects, represented by the
diagonal terms, as well as the strains due to the shearing effects.

3. Results and discussion

3.1. The effects of spinneret designs on die swell and flow stability
of LPES and HPES polymer solutions

The die swell can be considered as a consequence of the memory
effect exhibited by a non-Newtonian polymeric fluid, and this phe-
nomenon has been investigated extensively by many researchers
[7,43-45]. In fact, the extrudate swell behavior through a short
channel depends on both the material characteristics (linearity,
molecular weight, molecular weight distribution and elasticity)and
the die geometry. In this section, LPES and HPES polymer solutions
with similar dope viscosity were extruded through spinnerets with
various die designs. The polymer solution velocity profile through
the various die designs was simulated using Matfluent 6.3 and
Gambit 2.0 software as shown in Fig. 4. The velocity profile for

Fig. 5. The comparison of shear and elongational viscosities as a function of shear
and elongational rates of LPES and HPES dope solutions.

the spinneret O (i.e., the common straight spinneret) is not shown
because its pattern is similar to that of spinneret 1. It shows that the
dope solution extruded through spinnerets 0 and 1 has the highest
velocity among other spinneret designs, particularly in the centre
region, which in turn affects polymer chain orientation and relax-
ation of the extruded polymer solution. This will be discussed more
details in the following sections.

Fig. 6. Comparisons of die swell and flow stability in the HPES and LPES polymer dope solutions spun with common and modified spinnerets (a) common spinneret 0; (b)
modified spinneret 1; (c¢) modified spinneret 2; (d) modified spinneret 3; (e) modified spinneret 4. Dope flow rate: 2 ml/min, bore fluid composition: 55/45 wt% NMP/water;

take-up speed: free fall.



148 N. Widjojo et al. / Chemical Engineering Journal 163 (2010) 143-153

Fig. 7. Simulated shear rate profile near the exit channel of different spinneret designs: (a) modified spinneret 1; (b) modified spinneret 2; (c) modified spinneret 3; (d)
modified spinneret 4 (the dope’s viscosity, density and flow rate of 19.11 Pass, 1.5 g/cm? and 2 ml/min, respectively, were applied as the boundary conditions in this simulation).

Fig. 5 shows the rheological properties of HPES and LPES dope
solutions in terms of shear and elongational viscosities. Both dope
solutions show shear and strain thinning behavior over the shear
and elongational rates tested. Furthermore, it is interesting to
notice that LPES and HPES dope solutions exhibit similar shear
viscosity. However, the HPES dope solution has a significantly
higher elongational viscosity as compared to that of LPES which
consequently results in different chain alignments and relaxation
responses when extruding from the spinneret. A higher elonga-
tional viscosity in HPES solutions also can be indirectly related to a
longer relaxation time which has been reported previously by Yang
et al. [24]. According to their observation, the HPES/PVP/NMP dope
solution (the same composition as this work) exhibits alonger char-
acteristic relaxation time (7 =12.02 s) than that of LPES/PVP/NMP
dope (t=8.96s) which was calculated from dynamic frequency
tests at 1% strain at room temperature [24]. Clearly, HPES requires
a longer time to return its random coil chains as compared to that
of LPES when extruded through the spinneret during the spinning
process. Based on the aforementioned hyperbranched polymer
properties, several modified spinnerets with different shapes of exit
channels were designed to reduce the degree of chain alignment
and facilitate chain relaxation which can significantly improve flow
behavior and stability of extruded nascent hollow fibers.

Fig. 6 shows the typical die swell phenomenon during polymer
extrusion via various spinneret designs. Generally, the HPES solu-
tion has a larger die swell in comparison with the LPES solution
because of its higher entanglement density and normal stress [46].
The more pronounced curvature in the HPES nascent fiber could be
explained by its slower relaxation development after leaving the

spinneret due to its longer chain re-entanglement time or longer
characteristic relaxation time [24].

In comparison among spinneret designs, modified spinneret
2 results in the most pronounced die swell for both LPES and
HPES polymer solutions. This is because the polymer solution
experiences more relaxation in the enlarged channel of modified
spinneret 2 before contacting with the bore fluid. On the contrary,
the inner structure of fibers in the other spinneret designs has been
partially fixed by the bore fluid once exiting from the spinneret
channel due to the rapid phase separation in the lumen-side. Hence,
it retards the flexibility of polymer chain to relax which in turn can
minimize the die swell effect.

In view of flow stability, Fig. 6 presents that modified spinneret
1 results in more pronounced flow instability as compared to that
of common one. This may be due the fact that modified spinneret
1 might not be able to accomplish a fully developed steady state
shear flow due to a shorter die length, thus the combination of
chain relaxation and unsteady state flow may magnify the flow
instability.

Among all spinneret designs, it appears as if that the flow
stability is enhanced in modified spinnerets 2, 3 and 4 in compar-
ison with that of the common spinneret and modified spinneret
1. Table 2 describes the mean value of hollow fiber dimensions
spun using common and modified spinneret. It can be seen that
common spinneret and modified spinneret 1 are likely to have a
broader variation on the fiber diameter and thickness as compared
to those of modified spinneret 2, 3, and 4 which further confirms our
visual observation on the flow instability in common spinneret and
modified spinneret 1. This enhancement in flow stability may be
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Fig. 8. The effects of bore fluid compositions (water; 30/70 NMP/water; 55/45 NMP/water; 80/20 NMP/water; and 95/5 NMP/water) on the die swell and flow stability of
HPES hollow fiber spinning (a) common spinneret; (b) modified spinneret 1; (c) modified spinneret 2; (d) modified spinneret 3; (e) modified spinneret 4. Dope flow rate:

2 ml/min; take-up speed: free fall.

attributed to the modified die geometry in the exit channels of mod-
ified spinnerets 2,3 and 4 which generate areduced shear stress and
a compression flow as simulated in Fig. 7. The reduced shear stress
may decrease molecular orientation and memory, while the com-
pression flow with the aid of lumen-side phase precipitation may
stabilize the flow. Interestingly, modified spinneret 2 facilitates
an additional chain relaxation through its diverging flow channel
before the bore fluid is in touch with the lumen-side of fiber and
initiates phase separation. This is coherent with the infinitesimal
shear rate profiles near the exit channel of modified spinneret 2

as observed in Fig. 7b. As a result, there is no much resistance for
chain relaxation after exiting the die and the die swell phenomenon
is therefore magnified.

Based on the spinneret design, the most pronounced die swell
to the least one can be ranked in the sequence of modified spin-
neret 2>common spinneret 0=modified spinneret 1=modified
spinneret 3 =modified spinneret 4. Furthermore, the order of the
flow behavior in the spinneret from unstable to stable can be ranked
as follows: modified spinneret 1>common spinneret 0> modified
spinneret 2 > modified spinneret 3 = modified spinneret 4. In short,

Table 2

The mean value of hollow fiber dimensions spun using common and modified spinneret.
Spinneret ID OD (pm)? % Deviation ID (um)? % Deviation Thickness (pm)? % Deviation
Common 1024 + 38 3.71% 744 + 36 4.84% 168 + 34 20.00%
Modified 1 1080 + 56 5.19% 792 + 42 5.25% 164 + 36 21.46%
Modified 2 1520 + 42 2.76% 1190 + 42 2.35% 186 + 16 8.60%
Modified 3 1176 + 24 2.04% 868 + 22 2.53% 184 + 18 9.78%
Modified 4 1146 + 14 1.24% 858 £ 19 2.26% 174 + 16 9.20%

Each mean value is calculated from five measurements.
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Fig. 9. The effects of dope flow rate (1, 2, and 3 ml/min) on the die swell and flow stability of HPES hollow fiber spinning (a) common spinneret; (b) modified spinneret 2;
(c) modified spinneret 3; (d) modified spinneret 4. Bore fluid: 55/45 NMP/water; take-up speed: free fall.

Fig. 10. The effects of spinning temperature on the die swell and flow stability of HPES hollow fiber spinning using common spinneret: (a) 25°C; (b) 60°C; (c) 80°C. Dope
flow rate: 2 ml/min; take-up speed: free fall; bore fluid: 55/45 NMP/water.
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Fig. 11. The effects of increasing take-up speed (free fall to 8 m/min) on the die swell and flow stability of HPES hollow fiber spinning spun using: (a) common spinneret; (b)
modified spinneret 2; (c) modified spinneret 3; (d) modified spinneret 4. Bore fluid: 55/45 NMP/water; dope flow rate: 2 ml/min.

the origin of improved flow stability may stem from the reduced
overall shear stress and enhanced compression stress in combina-
tion with the lumen-side phase precipitation in the spinnerets 3
and 4.

3.2. The effects of bore fluid composition and dope flow rate on
die swell and flow stability of HPES hollow fiber spinning

Fig. 8 depicts the effects of bore fluid composition on the die
swell and flow stability of HPES spinning process. Surprisingly, flow
instability in the extrusion of HPES dope solution can be observed
in all ranges of bore fluid composition for fibers spun with common
spinneret 0 and modified spinneret 1.

However, an interesting finding can be noticed in these two
spinnerets. A more pronounced flow instability in the extruded
HPES dope solution can be observed when the content of solvent
(NMP) in the bore fluid increases from 55 to 95 wt%. This phe-
nomenon is partially due to the slower precipitation rate induced
by the NMP solvent. In comparison, the flow instability noticeably
increases when the NMP content in the bore fluid reduces from 55
to 0 wt%. It is indicative of the fact that a low or no solvent concen-
tration in the bore fluid leads to a significantly faster precipitation
rate, which in turn is the resultant of forming a fiber with two
different surfaces, where the inner surface has solidified but the
outer surface remains in its viscous solution phase. Consequently,
this results in a different relaxation rate between the lumen and
shell sides of fibers which facilitates distorted flow. Hence, it can
be inferred that there is a critical bore fluid composition to achieve a
relatively better flow stability during fiber spinning using common
spinneret and modified spinneret 1.

In view of die swell effect, the bore fluid composition seems to
have alittle or no effect on the die swell in the HPES extrusion using
common spinneret or modified spinnerets 1, 3 and 4. However, in
the modified spinneret 2, a pronounced die swell observed at the
HPES extrusion spun with bore fluid 95/5 wt% NMP/water. How-
ever, this severe die swell and flow distortion can be significantly
eliminated when the bore fluid composition reduces to 100 wt%
water. Clearly, the chain relaxation under a constrained bound-
ary within the diverging section and the bore fluid chemistry play
important roles on the die swell and flow stability of modified spin-
neret 2. When the bore fluid chemistry is pure water or 70% water,
the rapid precipitation can clearly suppress the relaxation and sta-
bilize the flow because the previous relaxation under a constrained
boundary within the diverging section may already remove most of
the flow stress and memory. On the other hands, spinnerets 3 and

4 demonstrate stable flows in various bore fluid compositions. This
suggests that designing spinnerets with proper geometry may pro-
vide an effective solution to subdue this instability phenomenon.

In conjunction, the effects of dope flow rate on the die swell and
flow instability were further investigated. It is found that the die
swell and flow instability behavior become more apparent when
the polymer dope flow rate increases from 1 to 5 ml/min as shown
in Fig. 9. Although the residence time of a polymer solution flow-
ing through the annular channel is very short, the flow-induced
stresses can affect the rheological behavior of the polymeric solu-
tion because most highly concentrated polymeric solutions are
viscoelastic non-Newtonian fluids [8,38]. Consequently, a higher
dope flow rate generates a higher stress inside the spinneret which
results in a larger degree of die swell as well as flow instability.
Therefore, the die swell and flow instability in the HPES hollow
fiber spinning process can be reduced by decreasing the polymer
dope flow rate with the aid of a proper spinneret design and the
optimal bore fluid composition.

3.3. The effects of spinning temperature and take-up rate on die
swell and flow stability of HPES hollow fiber spinning

In the literatures, high temperature spinning of polymeric solu-
tions has been utilized to achieve diversified objectives in the
hollow fiber fabrication, namely: (1) to increase production speed
and produce finer fibers because of the low polymer solution viscos-
ity at high temperatures; (2) to attain a less defective selective skin
layer when the volatile non-solvent or solvent is incorporated in
the spinning dope solution [11]; (3) to eliminate delamination phe-
nomenon in the dual-layer hollow fiber membranes by enhanced
interlayer diffusion[39,47]. The notable decrease in shear and elon-
gational viscosities at high temperatures implies a dramatic loss
in polymer chain entanglement and a fast relaxation rate of poly-
mer chains, both of which could overshadow the shear/elongation
induced polymer chain orientation along the spinneret channel
[35-37,48]. Hence, it can subdue the die swell effect as well as
enhance flow stability. Fig. 10 represents the effects of spinning
temperature on die swell and flow instability of HPES hollow fiber
membranes spun with a common spinneret 0, modified spinnerets
1 and 4 which confirm our hypothesis. Both die swell and flow insta-
bility significantly lessen with increasing spinning temperature.

Another viable approach to reduce die swell and flow instabil-
ity can be done by adjusting the take-up speed. The take-up speed
in the fiber spinning is a crucial parameter which plays an impor-
tant role on hollow fiber dimension and morphology because of
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Fig. 12. The effects of increasing take-up speed (free fall and 8 m/min) on the die swell and flow stability of HPES hollow fiber spinning spun using modified spinneret 4

with: (a) bore fluid: pure water; (b) bore fluid: 55/45 wt% NMP/water.

the external work (or elongational stress) on the as-spun fibers
[36,37,49-52]. This work (or stress) along spinning direction may
counterbalance the instability force in the transversal direction,
thus align the polymer chains in the spinning direction and sup-
press the flow instability and smoothen any distortion. As a result,
it can be expected that less die swell and better flow stability can
be achieved. However, the highest take-up speed that we could
achieve using the stated spinning conditions is only 8 m/min. In
the work by Yang et al. [24,25], the extensional viscosity character-
izations show that hyperbranched polyethersulfone (HPES) has a
more strain hardening effect due to its branched structure as com-
pared to its linear counterpart. As a result, the HPES asymmetric
film breaks more easily under high extensional strain and HPES
hollow fiber has a weaker mechanical strength. This could be the
reason why it is relatively difficult to achieve higher spinning speed
in our work.

Fig. 11 illustrates the effects of take-up rate on die swell and
flow instability in HPES hollow fiber spinning using various spin-
neret designs and pure water as a bore fluid. When a higher take-up
speed spinning is carried out, both die swell and flow instability
can be reduced prominently. This tendency applies for all spinneret
designs as stated in Fig. 11. As an exception, modified spinneret 2
was not displayed in Fig. 11 because it originally did not show any
die swell or flow instability at a low take-up rate as depicted in
Fig. 8c.

Furthermore, a combination of high take-up speed spinning and
non-solvent rich bore fluid composition shows an effective strategy
toreduce die swell and enhance flow stability. In this case, modified
spinneret 4 was chosen for further study. Fig. 12a displays their
flow behavior where pure water was used as the bore fluid and
the take-up rate was 8 m/min. The as-spun nascent fibers show no
die swell as well as excellent flow stability. Fig. 12b shows that the
fibers spun with NMP/water 55/45wt% as bore fluid at a higher
take-up rate exhibit a slight die swell with enhanced flow stability
as compared to the fibers spun under free fall conditions. Clearly, a

proper selection and combination of bore fluid composition, take-
up speed and spinneret geometry is crucial in counteracting the die
swell of spinning hyperbranch PES materials as well as enhancing
their hollow fiber spinning stability.

4. Conclusion

The coupling effects of spinneret design modifications and spin-
ning variables on the die swell effect and flow instability in the
HPES and LPES hollow fiber spinning have been comprehensively
investigated. A reduced die swell and improved flow stability can
be accomplished by designing proper spinneret geometry together
with adjusting spinning parameters. Hence, the following conclu-
sions can be drawn from our study:

1. In terms of die swell effect, common spinneret and modified
spinnerets 1, 3 and 4 result in less die swell for both LPES and
HPES polymer solutions as compared to modified spinneret 2.
However, in view of flow stability, modified spinnerets 2, 3 and
4 exhibit a relatively more stable flow as compared to other
designs due to their lower stress inside the spinneret channel.

2. The effects of bore fluid composition on flow instability can
be noticed prominently in the common spinneret and modi-
fied spinneret 1. It is found that there is a critical bore fluid
composition to attain a more stable flow for the two correspond-
ing spinneret designs. Interestingly, the bore fluid composition
seems to have a little or no effect on the die swell in the HPES
extrusion using common spinneret or modified spinnerets 1, 3
and 4. However, in the modified spinneret 2, the die swell effect
transformation can be observed when the solvent in bore fluid is
subsequently reduced from 95/5 wt% NMP/water to pure water.

3. The die swell and flow instability behavior become more appar-
ent in all spinneret designs when the polymer dope flow rate
increases from 1 to 5 ml/min since a higher dope flow rate gen-
erates a higher overall stress inside the spinneret.
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4. Both die swell and flow instability significantly lessen with
increasing spinning temperature in the HPES extrusion using the
common spinneret and modified spinnerets 1 and 4.

5. A proper combination of high take-up speed spinning and non-
solvent rich bore fluid composition can fully eliminate die swell
and flow instability in the HPES hollow fiber spinning using the
aid of modified spinnerets 3 and 4.
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