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bstract

In this paper by proposing a novel mechanism, we reveal one of the most controversial issues in the hollow fiber fabrication process regarding
he instability leading to the deformed cross-section of fibers fabricated through non-solvent induced phase separation. We have analyzed possible
nstability mechanisms based on our experimental observations and then postulated that the principal instability occurs in the external coagulation
ath where the pressure induced in the nascent fiber outer layer as a result of diffusion/convection, precipitation, densification and shrinkage

uckles the rigid precipitated polymer shell in the dope and bore fluid interface. In addition, the effect of some spinning conditions such as air-gap
istance, bore fluid composition, take-up speed, external coagulant and dope concentration on the final shape of the fiber cross-section have been
nvestigated. The proposed mechanism is in good qualitative agreement with all our observations.

2007 Elsevier B.V. All rights reserved.
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. Introduction

A membrane is a selective barrier between two adjacent
hases that separates specific components in them by preferen-
ially transporting some species relative to others [1]. Among
ifferent existing geometrical shapes of membranes, hollow
bers are of great interest because of their high surface area
er unit volume and ease of module fabrication. Comprehen-
ive reviews on hollow fiber membrane fabrication process can
e found in Refs. [2–5]. However, similar to conventional spin-
ing processes, the fabrication of hollow fibers is inherently
ccompanied by instabilities that can lead to technical prob-
ems in the production line or undesirable final products that can
ncrease production costs. Therefore, understanding the nature
f these instabilities as well as methods for controlling them is
xtremely important. However, these subjects have been often
reated as proprietary know-how in the membrane industry and

arely openly discussed in the membrane literature.

The major instabilities encountered in fiber spinning are
raw-resonance, necking, capillary break-up and irregular fiber

∗ Corresponding author. Fax: +65 67791936.
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ross-section. The first three phenomena are rather similar in
ature and lead to fiber breakage during the spinning or a nonuni-
orm cross-sectional diameter along the spun fibers. These
nstabilities have been investigated theoretically and experimen-
ally by many researchers and a reasonably good understanding
f their mechanism and controlling methods has been outlined
n the literature. They are mainly attributed to the amplification
f small fluctuations in polymer jet flow as a result of drawing or
apillary forces. Larson, Petrie and Lipscomb [6–8] have given
omprehensive reviews on this subject.

The last type of spinning instability is related to the nonuni-
orm wall thickness and the irregular cross-section of the as-spun
ollow fibers. The severe nonuniformity of the fiber wall thick-
ess is considered to be major impediment for some membrane
pplications. For example, in high pressure-driven membrane
rocesses, the thin regions in the fiber cross-section are con-
idered as mechanically weak points that are easily collapsed.
n addition, the reduced inner cross-sectional area may lead
o high pressure drop in treatment of liquid streams flowing
hrough the fiber lumen. On the other hand, if a good control of

he phenomenon is achieved, it might be possible to purposely
reate favorable geometries to the spun fibers that can highly
nhance the separation performance of the membranes. For
xample, hollow fibers with wavy inner or outer wall could be

mailto:chencts@nus.edu.sg
dx.doi.org/10.1016/j.memsci.2007.04.045
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we were able to take high magnification pictures of the poly-
mer dope and bore fluid flow geometries in the air-gap region.
An EOS 350 digital Canon camera with an MP-E65mm high
magnification lens was utilized for the digital visualization.

Table 1
Spinning conditions of hollow fiber membrane fabrication

Parameters Value

Dope flow rate (ml/min) 2.0
Bore fluid NMP-water (NMP wt. %) 0, 20, 40, 60, 80
Bore flow rate (ml/min) 0.5
Length of air-gap (cm) 0, 3.5, 7, 12, 17, 20
External coagulant Water, isopropyl alcohol
S. Bonyadi et al. / Journal of Me

referable because of their high mass transfer area per unit vol-
me. Recently, both Nijdam et al. [9] and Widjojo and Chung
10] fabricated hollow fibers with wavy geometries at their outer
urface, while Koros and co-workers [2] and Santoso et al. [11]
bserved hollow fibers with a wavy inner skin.

Fibers with wavy geometries might potentially help to
ncrease the flow turbulence and reduce concentration and tem-
erature polarizations. Therefore, a more thorough understand-
ng of the governing mechanisms and approaches to controling
he wavy phenomenon are of great interest. However, as far as we
now, there are very few studies on this subject. Van’t Hof [12]
bserved the deformed inner layer in the polyethersulfone (PES)
bers fabricated for gas-separation applications. He noticed that

he addition of solvent or a weaker coagulant to the bore fluid
akes the irregularity more pronounced. Borges and co-workers

13] observed the same phenomenon in spun polyetherimide
PEI) and PES fibers. They found that delayed precipitation
nduced by the addition of a solvent to the bore fluid and
ncreased air-gap distance impeded the deformation of the fiber
ross-section. Both of these studies [12,13] attributed the insta-
ility to the competitive effects caused by die-swell (which tried
o reduce the bore volume) and by bore liquid (which tried to fill
ut or expand the bore volume). However, this mechanism does
ot explain some the observations reported in the present paper.

In this paper, we intend to conduct experiments on the cor-
ugation phenomenon using various polymeric materials and to
nvestigate the factors influencing the underlying instability that
auses these patterns. We also propose a novel mechanism that
s in good qualitative agreement with our new observations. It is
elieved that the proposed mechanism can be potentially applied
o mathematically model and predict the instability, which will
e described in a subsequent paper.

. Experimental

.1. Materials

Polyacrylonitrile (PAN) and polyvinylidine flouride (PVDF)
ere used for the fabrication of the hollow fiber membranes.

AN is a highly hydrophilic polymer that is widely used
n pressure-driven membrane processes, whereas PVDF is a
ydrophobic polymer that has often been used in membrane
ontactors. We chose these polymers as extreme ranges of
ydrophilicity and hydrphobicity in order to have a database for
urther investigation. PAN was kindly supplied by Profs. J.Y. Lai
nd H.A. Tsai at Chung Yuan Christian University of Taiwan,
hile the commercial PVDF Kynar 761 was purchased from
rkema Inc. N-Methyl pyrrolidone (NMP) was used as solvent

nd supplied by Merck.

.2. Dope preparation

The polymers were dried at 60 ◦C under vacuum overnight

efore they were used for dope preparation. Different concen-
rations of PAN/NMP and PVDF/NMP spinning solutions were
repared by stirring the solutions at 65 ◦C and ambient temper-
ture, respectively, over a period of 12 h.
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The prepared solutions were degassed overnight before they
ere used for spinning. The viscosity of the solutions was mea-

ured using an ARES Rheometric Scientific Rheometer with a
5 mm cone and plate at ambient temperature.

.3. Fiber spinning

The hollow fibers were prepared by both wet-spinning and
he dry-jet wet-spinning processes using the spinning system
escribed elsewhere [14,15]. The discharged flow of polymer
olution and bore fluid passed through air-gap distances rang-
ng from 0 to 20 cm depending on the experimental conditions
efore entering the external coagulation bath. To investigate
he effect of air-gap and bore fluid composition, for each bore
uid composition we tried different air-gap distances. In addi-

ion, to investigate the effect of take-up speed, we varied the
ake-up speed from a low value at which only gravitational
orce acted in the axial direction to a high value while other
onditions remained constant. Moreover, PAN/NMP solutions
ith different concentrations and viscosities were used in order

o study the effect of viscosity and concentration. The details
f the spinning conditions for the experiments can be found
n Table 1. The as-spun fibers were immersed in water for
pproximately 2 days for solvent exchange. In order to remove
he residual solvent, fibers were immersed in methanol twice,
ach time for 30 min. The same treatment was carried out
sing hexane. Afterwards, the fibers were dried by air at room
emperature.

.4. Morphology study of hollow fibers by SEM

Hollow fiber cross-sections were observed by taking SEM
ictures using a JEOL JSM-5600LV scanning electron micro-
cope. Fiber samples were immersed in liquid nitrogen, fractured
nd then coated with platinum using a JEOL JFC-1300 coater.

.5. Polymer flow observation in the air-gap region by a
igh magnification camera

By making use of the transparent nature of PAN dope solution
xternal coagulant temperature (◦C) 25
pinneret dimensions (mm) 0.85/0.5 (OD/ID)
pinneret temperature (◦C) 25
ake-up speed (ml/min) Free fall, 404, 515, 626, 737, 848, 958
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ig. 1. Irregular shape in the cross-section of the PAN 17% (left) and PVDF 2
0% NMP/water (NMP wt.%), free fall take-up rate.

.6. Video microscopy flow visualization

A drop of dope solution was sandwiched between two micro-
cope slides. Afterwards, a drop of water as a coagulant was
ntroduced to the gap between the two slides by a syringe. The
iffusion, precipitation and solidification fronts of water into
he dope solution were observed and video-recorded under an
lympus BX50 polarizing optical microscope. These experi-
ents may provide the basic morphological evolution of the

hase inversion process.

. Experimental observations

Fig. 1 shows the cross-section morphology of PAN and PVDF
bers spun through a wet spinning process. It is clearly observ-
ble that the inner contour of the fibers is deformed in a way that
he wall thickness of the fibers is not uniform circumferentially.
n addition, the cross-sectional view of different sections along
he fiber shows that the deformation had a similar shape all along
he fiber. This shows that in contrast to draw-resonance, the insta-
ility is not axially periodic and occurs consistently throughout
he spinning process.
The effect of the air-gap distance on macroscopic morphol-
gy of the fibers was investigated. The SEM micrographs in
ig. 2 shows the cross-section of the spun PAN hollow fibers
or different air-gap distances ranging from 0 to 20 cm. It is

t

s
w

Fig. 2. Cross-section of spun fibers from 17 wt.% PAN solution,
ight) hollow fibers fabricated through wet spinning, bore fluid composition of

bserved that by increasing the air-gap distance, the number
f corrugations in the inner contour of the fibers decreases
rom 5 (in the zero air-gap) to 1 corresponding to a circle
in the 20 cm air-gap). In another experiment with no air-gap,
e observed that by increasing the solvent concentration in

he bore fluid from 0 to 60% the number of corrugations in
he inner layer increases from 2 to 8. However, by further
ncreasing the solvent concentration to 80% no deformation is
bservable (Fig. 3). The same trend was observed for higher
ir-gaps. In addition, we observed that by replacing a strong
xternal coagulant such as water with a weaker one such as
PA, while keeping other conditions unchanged, no deforma-
ion was observed in the cross-section of fabricated fibers. The
EM micrographs in Fig. 4 shows this behavior. The effect of

ake-up speed was also investigated. The SEM micrographs in
ig. 5 shows that by increasing the take-up speed at a constant
ir-gap distance, the number of waves increased at first from 3 to
. However, by further increasing the take-up rate, it decreased
o that a circular cross-section appeared ultimately. Finally, we
bserved that by increasing the dope concentration from 13 to
7 and 22 wt.%, the number of waves decreased from 6 to 4
nd 1, respectively. The SEM micrographs in Fig. 6 shows this

rend.

The same experiments were carried out using a PVDF dope
olution and very similar trends but with different number of
aves were observed in these experiments. Fig. 7 shows the

40 wt.% NMP Bore fluid with different air-gap distances.
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Fig. 3. Cross-section of wet spun fibers from 17 wt.% PAN solution with different solvent amount in the bore fluid.

Fig. 4. Cross-section of wet spun fibers from 17 wt.% PAN solution and 40 wt.% NMP bore fluid using different external coagulants: (A) IPA and (B) water.

Fig. 5. Cross-section of spun fibers with different take-up rates from 17 wt.% PAN solution, 40 wt.% NMP bore fluid, 7 cm air-gap.
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Fig. 6. Cross-section of spun fibers from different concentrations of PAN solution, 40 wt.% NMP aqueous mixture as bore fluid, with 3.5 cm air-gap and free fall:
(A) 13 wt.% PAN solution, (B) 17 wt.% PAN solution and (C) 22 wt.% PAN solution.

lution, 40 wt.% NMP Bore fluid with different air-gap distances.
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Fig. 7. Cross-section of spun fibers from 20 wt.% PVDF so

ffect of air-gap distance on the corrugation of PVDF fibers as
n example.

. Theory

To propose a suitable mechanism for our observations, we
ried to find out in which step of the fiber-fabrication process the
nstability arises. The cross-sectional micrographs of as-spun
bers in Fig. 8 shows that the deformation happens in the fiber-
pinning line. Therefore, the deformation cannot be attributed
o the drying or post-treatment stages of the fiber fabrication.
revious studies [12,13] postulated that the competitive flow
irection between dope solution and bore fluid in the die-swell
egion is the responsible for this phenomenon. In order to eval-
ate this hypothesis, we took pictures with high magnifications
t the die-swell region. Because of the translucent nature of the
AN solution, we could observe the flow interface between the
ope and the bore fluid in the die-swell region. The pictures in

ig. 9 shows the two-phase flow of the PAN solution and the
ore fluid after discharging from the spinneret. The location of
he interface between the two streams agrees with the spinneret
imensions used in the spinning. Therefore, we confirm that

Fig. 8. Cross-section of wet as-spun hollow fibers from 17 wt.% PAN solution
and bore fluid containing 40 wt.% NMP.
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ig. 9. Magnified die swell pictures of spinning with 17 wt.% PAN solution, Bo

he interface observed in the pictures is not affected by light
cattering. These pictures show that the interface between the
wo streams is not corrugated. Therefore, other factors might be
esponsible for the instability rather than the competitive force
etween the dope and the bore fluid.

.1. System description

As polymer dope discharges from the spinneret and contacts
ith the bore fluid in the die-swell region, the solvent–non-

olvent exchange between the bore fluid and dope flow leads
o the formation of three phases in the nascent fiber during the
ry-jet wet-spinning. Using flow visualization photos taken from
he video microscopy on a flat membrane inversion as an exam-

le, the innermost phase, shown as I1 in Fig. 10, is formed as a
esult of vitrification induced by the bore fluid. The intermediate
hase I2 lies between the solidification and precipitation fronts.
n this region, the solution divides into polymer-lean phase and

4

c

ig. 10. (A) Penetration of coagulant into the casting solution after 0.2 s using flo
chematic regions in the extruded nascent fiber.
d containing 40 wt.% NMP and 7 cm air-gap distance, different bore flow rates.

olymer-rich phases either by nucleation and growth of the
olymer-lean phase or by spinodal decomposition. The third
egion is between the precipitation and diffusion/convective
ronts where macrovoids propagate and grow [16,17]. The pic-
ures in Fig. 10(A) clearly show the solidification, precipitation
nd diffusion/convective fronts and the regions associated with
hem.

.1.1. Phases I1, I2 or O1, O2

Because of the rapid precipitation of polymer in I1 and I2 (or
1 and O2) phases, they can be approximated as one pseudo
omogeneous elastic cylindrical shell, Is. Therefore, Von Kar-
an elasticity theory will govern the mechanical behavior of

his phase [18].
.1.2. Phase I3 or O3

Since this phase is not fully solidified, we treat it as a vis-
oelastic fluid with varying density and rheology that progress

w visualization photos taken on flat membrane inversion as an example, (B)
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ith the solvent–non-solvent exchange between the dope solu-
ion and the bore fluid (or the external coagulant for O3 phase),
nd the consequent phase separation. For a detailed description
f mass transfer in membrane formation one can refer to Refs.
19–21].

Since the total density is changing in this phase the following
quations of continuity and motion can be applied. In writing the
ollowing equations, we have assumed a convected coordinate
ystem at the velocity of the interface between the dope and
he bore fluid with the positive axial coordinate (z) in the flow
irection.

∂ρ

∂t
+ ∇ · ρ�u = 0 (1)

∂ρ�u
∂t

+ ρ�u · ∇ · �u = −∇ · P − ∇ · τ (2)

here ρ is the total density, �u the velocity vector (ur, uθ , uz), t
he time, P the hydrodynamic pressure and τ is the stress tensor.
ccording to the continuity equation (1), velocities are induced

n the r, θ and z directions as a result of density change, die swell,
on-uniform progresses of diffusion/convective fronts, and rapid
recipitation and densification. Therefore, in the corresponding
quation of motion (2), a pressure term has to be introduced
n order to balance the momentum convection and accumula-
ion terms in the left-hand side of this equation. In a simplified
xplanation, pressure is generated in this phase mainly as a result
f density change.

.2. Possible instability mechanisms

As it was mentioned before, our system involves elastic,
ydrodynamic, mass transfer and solidification phenomena.
herefore, the instability could arise from any of these processes.

n the following we analyze the possibility of these mechanisms
ccording to our experimental observations.
A pure hydrodynamic instability such as those observed in
olymeric flows, which mostly initiate from nonlinear viscoelas-
ic behavior of polymer solutions or viscosity stratifications in
wo-phase flows is probably not responsible for the observed

b
h
e
a

Fig. 11. Instability associated with proposed hyd
ne Science 299 (2007) 200–210

nstability shown in Figs. 2–7. The strong evidence for this argu-
ent is the important effect of the bore fluid composition on the

nstability. The results section indicated that different deforma-
ions of spun fibers were observed depending on the solvent
mount in the bore fluid, which translates into a different mass
ransfer driving force. On the other hand, it is known that the
ensity and viscosity of the NMP as the solvent are very close
o those of water. Therefore, it seems that the effect of mass
ransfer, convective flow and solidification must be taken into
ccount in the stability analysis.

Hence, one possibility is the initiation of an instability that
rises from the combined hydrodynamic, mass transfer, convec-
ive flow and phase-separation processes. In the following, we
escribe this possible mechanism qualitatively.

.2.1. Hypothesis 1 (mass transfer and hydrodynamic
nstability)

In this hypothesis, the principal instability is described by
he equations of continuity, motion and mass transfer in phase
3, assuming negligible resistance by the elastic cylindrical shell
n phase Is. This assumption is probably valid if the instability
ccurs very fast before the rigidity of the elastic shell in the inter-
ace between the bore fluid and the dope becomes so high. In this
ase the perturbations occurring in the interface will divide the
olymer solution matrix into some regions with different pene-
ration and contact area with the bore fluid. As shown in Fig. 11,
he regions associated with the inward movement of the inter-
ace have a deeper penetration and increased contact area with
he bore fluid. As a result, the solvent–non-solvent exchange rate
etween the dope and bore fluid will be faster and the pressure
nduced by precipitation/densification in these regions will be
igher compared to the other regions. Subsequently, the gener-
ted pressure in regions associated with inward movement would
avor the deformation until a new stable state is reached.

This hypothesis provides a good explanation for the insta-

ility initiation. However, it is believed that without a strong
oop shrinkage force resulting from the solvent–non-solvent
xchange between the dope flow and the external coagulant,
nd if the dominant motion and force are in gravity direction,

rodynamic and mass transfer mechanism.
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ig. 12. Schematic picture showing the exertion of inward radial forces generat

he initial instabilities may not be able to grow significantly. This
rgument is in agreement with our observations in Figs. 4 and 9,
hich show no corrugation occurrence in case of a weak exter-
al coagulant and in the air-gap region respectively. Therefore,
e postulate that the initial instabilities occurring as a result of
ensification induced pressure in phase I3 will be magnified in
he external coagulation bath by polymer shrinkage and expo-
entially growth of the dope solution density, while a higher
iscosity can be considered as a stabilizing factor.

Another possibility is that the elasticity governs the instabil-
ty, which will be discussed in the next section as our second
ypothesis.

.2.2. Hypothesis 2 (elastic and buckling instability)
In this hypothesis, the principal instability is attributed to

he buckling of the elastic cylindrical shell in phase Is, rather
o a hydrodynamic instability. We postulate that the instability
ccurs in the external coagulation bath where the inward radial
orce resulting from the shrinkage of the dope outer layer and

he density-induced pressure in regions I3 and O3 exceeds the
ritical buckling pressure of the elastic cylindrical shell in phase
s (defined in Section 4.1.1). Therefore, the instability can be
educed to the buckling of a thin elastic cylindrical shell in the

s
p
F
2

Fig. 13. Close agreement between the spun fibers cross-sectional geometry (A) a
the shrinkage of nascent fiber outer layer in the external coagulation bath.

nterface between the bore fluid and dope solution under a uni-
orm external pressure. This assumption is probably valid if the
esistance by the elastic polymeric shell in phase Is becomes
ominant. Fig. 12 shows this mechanism schematically.

The stability of a long elastic cylinder under external pres-
ure was first studied by Levy [22]. He reduced the stability
roblem to an algebraic equation involving elliptic integrals
nd described the critical pressure required for buckling by the
ollowing equations:

∗ = (k2 − 1)
B

R3 (3)

= Gh3

12(1 − v2)
(4)

n the above equations P* is the buckling critical pressure, B
he flexural rigidity, G the Young’s modulus, h the thickness of
hase Is, v the Poisson’s ratio and k is the buckling mode or the
umber of circumferential waves observed in the postbuckling

hape. Later, using elastic theory, Greenhill [23] integrated the
ost-buckling shapes corresponding to each equilibrium state.
ig. 13 shows these shapes corresponding to buckling modes
–5. It is observable that these shapes agree very well with the

nd the predicted postbuckling shapes of a long elastic cylindrical shell (B).
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addition, the mass transfer driving force may not be high enough
ig. 14. Energy as a function of the dimensionless group including the external
ressure for various modes of deformation.

ross-section of our spun fibers. Fig. 14 shows the energy of
n elastic cylinder as a function of system variables for various
uckling modes as proposed by Tadjbakhsh and Odeh [24]. This
gure shows that as the pressure increases, the energy of the
ystem increases until it reaches a critical bifurcation point at
hich the equilibrium path changes its stability and divides into

ome stable and unstable branches.
It is worthy to note that the spinneret eccentricity, non-

niform rigidity of the inner precipitated shell as a result of
on-uniform formation of macrovoids and the initial small defor-
ations by the mass transfer-hydrodynamic instability in the

ir-gap region may lead to the deviation of the fibers cross-

ectional shapes from those theoretically predicted in Fig. 13(B).

In the following sections, we explain our observations
hrough the proposed hypotheses.

t
n
c

Fig. 15. Equilibrium state transitions of the buckled e
ne Science 299 (2007) 200–210

.3. Effect of air-gap distance

One possible reason for this trend is that by increasing the
ir-gap distance, there will be a longer contact time as well as
reater solvent exchange between the bore fluid and the dope
ow before entering the coagulation bath. As a result, the elastic
ylindrical shell in phase Is may become more rigid, phase I3
ay become more viscous and the initial instabilities may be

amped out during the air-gap region at a point in the exter-
al coagulation bath where the radial inward shrinkage force is
xerted. In addition, for higher air-gaps the cross-sectional area
f the dope flow decreases before it enters the coagulation bath.
herefore, the precipitated shell radius, R, in the inner contour of

he fiber decreases accordingly. Each of these factors decreases
he tendency for the instability to occur. The combination of the

entioned factors could be responsible for the decreasing trend
n the corrugation numbers or buckling modes associated with
he elastic shell as the air-gap distance increases. Fig. 15 illus-
rates the relationship between P*R3 and the flexural rigidity

as a function of buckling mode k and shows the stable and
nstable regions corresponding to Eq. (3). The transitional path
f the shell equilibrium states as a function of air-gap distance
s shown qualitatively by the symbol of circles in this figure.

.4. Effect of bore fluid composition

As the solvent amount in the bore fluid increases, the inner
ascent fiber becomes less viscous and the flexural rigidity of the
nner elastic shell decreases accordingly. Therefore, assuming a
onstant external pressure, the corrugation mode is expected to
ncrease. However, in spinning with a bore fluid containing about
0 wt.% NMP, no nascent solidified inner layer is formed. In
o create the initial instabilities. As a result corrugation does
ot happen for this condition and the cross-section maintains a
ircular shape.

lastic shell as a function of spinning conditions.
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.5. Effect of external coagulant

The fact that using a weak external coagulant such as IPA
nhibits the instability might be due to the fact that a weak coag-
lant induces a slower solvent exchange, diffusion/convection
ows, densification rate and shrinkage which lead to a lower

nduced external pressure. Therefore, the induced inward radial
orce could be lower than the critical force required to buckle
he elastic shell in phase Is or amplify the initial instabilities in
hase I3.

.6. Effect of take-up speed

The increasing and subsequent decreasing trend in corruga-
ion mode as a function of take-up speed can be explained as
ollows: a higher take-up rate translates into a shorter contact
ime and solvent exchange between the bore fluid and the dope
ow in the air-gap region that leads to a less rigid inner elas-

ic shell. This might be the reason for the initial increase of
he buckling. However, as the take-up rate increases further,
he cross-sectional diameter of the dope flow decreases con-
equently. Therefore, the rigid elastic shell will have a smaller
adius, greater molecular orientation, and consequently greater
esistance to buckling. The smaller radius (i.e., smaller R value)
nd higher molecular orientation (i.e., higher B value) of the
lastic shell resulting from higher take-up rates compensates for
he shorter contact time between the bore fluid and the dope
ow and produces similar and comparable effects that domi-
ate for lower take-up speeds (i.e., mainly higher B value). The
quare symbol in Fig. 15 shows the qualitative instability path
ssociated with the inner elastic shell as a function of take-up
ate.

.7. Effect of dope concentration

The stabilizing effect of higher concentration or higher vis-
osity of the spinning solution may be due to the fact that the
igidity and chain orientation of the inner precipitated shell could
e higher for a concentrated dope compared to a dope with
low concentration. As a result, there is less mass transfer-

ydrodynamic instability and the inner shell with a higher
igidity will be more resistant to buckling.

. Conclusion

In this paper, we systematically analyzed the possible mech-
nisms for the instability occurring in hollow fiber fabrication
rocess leading to the nonuniform cross-section of hollow fibers.
ecause it takes only a fraction of second for a nascent fiber trav-
ling through the air-gap region, the hydrodynamic instability
ay not have enough time to magnify its effects. Therefore,
e postulated that the hydrodynamic instability may be the

nitial stage of causing instability and the elastic and buck-

ing instability is the magnifying stage for the development
f nonuniform cross-section of hollow fibers. In other words,
he pressure induced in the nascent fiber outer layer as a result
f diffusion/convection, precipitation, densification and shrink-
ne Science 299 (2007) 200–210 209

ge will buckle the rigid elastic shell formed in the interface
etween the bore fluid and the dope solution. To prove our
ypothesis, the effects of key spinning parameters such as
ir-gap distance, bore fluid composition, take-up rate, exter-
al coagulant and dope concentration on the final shape of
he fibers cross-section have been conducted and investigated.
he proposed hypothesis is in good qualitative agreement with
ll our observations. More rigorous mathematical analyses on
he hypothesized mechanism will be carried out in the future
ork.
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Nomenclature

B flexural rigidity (Pa m3)
G Young’s modulus of elasticity (Pa)
h shell thickness (m)
k buckling mode
P dynamic pressure (Pa)
P* critical buckling pressure (Pa)
r radial coordinate (m)
R cylinder radius (m)
t time (s)
�u velocity vector (m/s)
U potential energy (kg m/s2)
v Poisson’s ratio
z axial coordinate (m)

Greek letter
θ angular coordinate
ρ density (kg/m3)
τ viscous flux (Pa)
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