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A simplified analytical solution for the flow of power-law liquids through a conical
annulus was derived to estimate the flow profile, wall shear rate, and elongation rate
in the spinneret during the spinning of hollow fiber membranes. The velocity profiles
and shear and elongation rates of the power-law fluid showed good agreement with
those obtained from computational fluid dynamic simulations. Although the actual
spinneret is characterized by an annulus with a converging cross section, most studies
to date have used a geometrical concentric annulus for the sake of simplicity. The
results of the current work indicate that neglecting the converging characteristics of
the actual spinneret can lead to significant underestimation of the wall shear rate.
Using the equations derived in our work, we were able to predict not only the velocity
profile but also the wall shear rate and the elongation rate; the influence of the spin-
neret design on the membrane morphology and properties were also examined. © 2011
American Institute of Chemical Engineers AIChE J, 58: 122-131, 2012
Keywords: power-law fluid, converging annulus, conical spinneret, hollow fiber

membrane, shear rate

Introduction

Because of the simplicity and low cost, membrane techni-
ques have been used in a wide range of applications to sepa-
rate gaseous and liquid mixtures. Two different configura-
tions of membranes are generally used: flat plate membranes
and hollow fiber membranes. Although these two types of
membranes show equal performance for separation purposes,
hollow fiber membranes possess more advantageous charac-
teristics, such as (1) a higher membrane packing density
than flat membranes and (2) the ability to be self-supported
and back flushable.'
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The parameters controlling the spinning of hollow fibers
are quite complicated and very different from those used to
prepare flat plate membranes. In the case of hollow fiber
spinning, membrane researchers have focused on various
aspects to obtain hollow fiber membranes exhibiting excel-
lent separation performance. These aspects include the com-
position of the dope solution, the composition of the bore
liquid and external coagulant, quench conditions, the air gap
length, bore fluid flow rate, humidity, and fiber take-up
speed.z_18 When the polymer dope is pumped through the
spinneret during hollow fiber spinning, the highest shear
stress is located at the wall of the spinneret. Thus, the rheo-
logical conditions existing in the spinneret during hollow
fiber spinning are essential to control the final membrane
morphology and properties. Many researchers have studied
the effects of the dope extrusion rate on dry-jet wet spun
hollow fibers. Aptel et al.'* found that increasing the dope
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extrusion rate could reduce the permeability. Chung et al.'*'°
have also investigated the effect of the shear stress and
shear rate within the spinneret on the morphology and
properties of the hollow fiber membranes. Their results
revealed that the fibers had a lower permeability due to the
greater molecular orientation but a higher selectivity with
increasing shear rates. They also found that when the dope
extrusion rate exceeded a critical value, the performance
was no longer significantly affected.'”'® This observation
has also been confirmed by using infrared reflection spec-
troscopy.lg_21 However, a quantitative analysis is needed
to systematically study the effects of the flow conditions
during spinning on the final morphology and properties of
the hollow fiber membranes.

Shilton** was the first to present a methodology to estab-
lish the flow profile in the spinneret during the spinning of
hollow fiber membranes. The flow equations were derived
for a power-law fluid passing through a concentric annulus
spinneret. To characterize the effects of shear stress in the
spinneret, Qin and Chung'’ worked with a spinneret with a
high aspect ratio of the die length and flow channel gap to
calculate the shear rate at the outer wall of the concentric
annulus during hollow fiber membrane spinning. This partic-
ularly high aspect ratio was used to neglect the end effects
in the tapered exit for the theoretical analysis. However, for
the sake of simplicity, the most widely theoretically studied
geometry is generally a concentric annulus, although the
actual spinneret is characterized by an annulus with a con-
verging cross section. Wang et al.>® further extended the
analysis of straight annular spinnerets to conical ones, and
they experimentally showed that the response of the macro-
voids was different for various flow angles in the spinnerets.
They concluded that the flow angle in the spinneret was
another variable controlling the morphology of the hollow
fiber membranes.

To date, due to the complexity of non-Newtonian hydro-
dynamics in a converging cross-section annulus, the analyti-
cal study of polymeric fluid flows in a conical spinneret with
a converging cross-section is still elusive. Computational
fluid dynamic (CFD) methods have been widely used in the
membrane module design.z“_29 Cao et al.** were the first to
use CFD methods to simulate the flow profile of a doped so-
lution in a spinneret having three different flow angles. The
shear and elongation rates at the spinneret outlet were ana-
lyzed. On the basis of simulation results, they proposed a hy-
pothetical mechanism for the change of polymer conforma-
tion at large elongation and shear rates. The degree of poly-
mer alignment was increased with increasing shear rate and
the presence of elongational kinematics in the flow direction
led to further extension of the polymer chains. Although
CFD simulations can be used to calculate the shear and elon-
gation rates in the spinneret to understand the polymer chain
alignment behavior, an analytical method seems to be more
convenient for engineers to be applied to predict the flow
behavior in a hollow fiber spinneret as well as the design of
a new spinneret.

In this study, a simplified analytical method to predict the
flow behavior of a power-law fluid through an annulus spin-
neret with a converging cross section is proposed. This
method allows us to estimate the flow and wall shear-rate
profiles in the spinneret during the spinning of hollow fiber
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membranes. Using the derived equation, we could predict
not only the velocity profile, but also the shear and elonga-
tion rates; the effect of the spinneret design on the mem-
brane morphology and properties could also be examined.
The calculated velocity profiles and the shear and elongation
rates in the spinneret were also compared for a power-law
fluid with CFD simulation predictions as well as with CFD
results from the literature.

Theoretical Study

In this theoretical study, both an analytical method and
CFD simulations were used to analyze the hydrodynamics in
the conical annulus spinneret during the spinning of hollow
fiber membranes. The following assumptions were made in
the theoretical derivation and in the simulations: (1) laminar
flow, (2) steady state, (3) no-slip boundary conditions at the
wall, (4) power-law fluid, and (5) isothermal. An additional
assumption was used for the theoretical derivation: that of a
fully developed flow for any cross section along the flow
direction.

Analytical derivation

A schematic diagram of the converging annulus spinneret is
shown in Figure la. To facilitate the mathematical treatment,
the annulus was divided into three sections, including a con-
verging section between the first and the third sections; the
corresponding geometrical variables are defined as follows.

Geometrical Variables. We introduce the following
dimensionless variables in an axisymmetric cylindrical co-
ordinate system:

z

d:
anCR

(r2) = (&0 E=7 M

The slope ¢ of the converging section can be defined using
the dimensionless variables, (&, {), as follows:

¢=1-¢l (@)

The inner radii of the annulus for Section I and Section
IIT in Figure la are R and oR, respectively, and the length of
the converging section is fR. The relationship between the
geometrical variables «, f§, and ¢ can be expressed by:

8:1;06. 3)

The inner radius for Section II in Figure la is R, so the
geometrical variable ¢ can be expressed as:

d=1-¢l. “

It should be noted that the variable ¢ is a function of (,
i.e., a function of z.

Momentum Balance. To facilitate the mathematical treat-
ment of the momentum balance, the annulus was divided
into three sections, with a converging middle section in
Figure 1la. In the limit of very slow, it is reasonable to adjust
the maximum velocity such that the amount of fluid flowing
through each cross section is constant.
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Figure 1. Schematic diagram of the conical annulus
spinneret: (a) ideal system, (b) simulation
system, and (c) mesh type.

Section 1. When a fluid is pumped through an annulus, the
z-component of the momentum balance equation may be
written in cylindrical coordinates in terms of a shear rate®’:

1d dP

0=———(rt.) ——.
rdr(”“) dz

)

If the maximum velocity occurs at » = AR, Eq. 5 can be

integrated to give
AP (ZR)?
Ty = i (’ - , . (6)

The variable 4 is an underdetermined constant in Section I
of Figure la and scales with {, i.e., z, in Section II of Figure
la. The stress rate of deformation relationship of the poly-
mer solutions for spinning is assumed to be of the general-
ized power-law form, et
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(n—1)/2

D:D
D, @)

2

where D is the rate of deformation tensor. For a simple shear
flow, the generalized power-law model for the spinning of
polymer solutions can be simplified as follows:

n—1 dV:
<W) - (3)

Because dV./dr is negative in tube flow, the Eq. 8 can be
further rearranged as a power-law model:

dv.\"
T, = m(— dr) . )

The velocity profile of the spinning flow can be solved by
substituting Eq. 9 into Eq. 6 and using the boundary condi-
tion V, = 0 at r = kR and r = R, which leads to:

T=—m

dav.

Tp = —m|——
dr

¢

s 2 s
VZ,IZR(%)/<%—5> dé for k< &<, and

(10a)
APR\® [ A\’
. =R|— —— f A< E<L] 1
va=r(5e) [(¢-5) @t o 2<e<i aom
4
where s = 1/n. The parameter / can be determined by

numerically solving the following equation:
/ (iz y)sdé /l ( iz)xdé (11
——&)di= [ &= )dc
¢ / <
K L

The volumetric flow rate of the power-law fluid in an
annulus can be calculated according to:

R IR R
o= / 2nrV.,dr = / 2nrV.,dr + / 2nrV.,dr
KR KR IR
apRN | fF o ’
=27R*( — .
i <2mL) / / (p )dpédé
A 11 5 s
PR\ /
() [ -2
2mL p
S

- gTEsde (12)

1
R (APR) s / ‘Hl
B 2mL

K

The shear rate at the outer wall in Section I of Figure la

is:
C[(APR\' [ s
=) -7

0 (1-22)

n nR3 f;\l |/L2 _ §2|“‘+15—5d€'

dav,
dr

13)
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This equation was derived by Frederickson and Bird.**
Shilton?* was the first to apply this methodology to estimate
the shear rate induced in a spinneret during the spinning of
hollow fiber membranes by assuming that the spinneret was
an annulus with a constant cross-sectional radius.

Section II. Because the amount of fluid flowing through
each cross section is a constant,

Or = QO (14)

The velocity profile can then be modified as follows:

¢ s
APR\*® )2
VZA,H:R( >/<%—i) dé for k< &<, and

i
K (15a)
PR\ [ 2\
v:H—R(2 L) / (z—?) de for << ()
C (15b)

The parameter 4 can be determined by numerically solv-
ing the following equation:

PR () s
/(é—é) dé:/ (5—”—) dc. (16)
¢ / 4

K

The volumetric flow rate can be expressed as:

R /R OR

On = / 2nrV.,dr = / 2nrV.,dr + / 2nrV.,dr

R

2 N
(i - p) dpcd¢
P

)
APR\* 2\
3 [ [ —
ok <2mL> / / (p p) dpeds
P

0
:nR3<A£) /}/12—52|Hlé’sdc’. (17)

The local shear rate at the outer wall in Section II of
’dvz

Figure la is thus:
, APR\'[. 2
V|r:5(z)R = |7 =\57)0—=
dr |, s 2mL o

N (18)
o (0-%)
= 7R3 f(s ‘22 B fzrﬂfﬂd&.

The local shear rate at the inner wall in Section II of
Figure la is:
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This equation can be used to estimate the local shear rate
induced in a spinneret with a converging cross section dur-
ing the spinning of hollow fiber membranes. Details of
MATLAB programs for modeling calculation are given as a
Supporting Information.

CFD simulations

Simulation System. To understand the transport phe-
nomena for various spinneret structures, a commercially
available CFD software package (FLUENT) was used to
calculate the flow field. The simulation system and
computational cells (10,000) for a converging annulus
spinneret are illustrated in Figures 1b, c. In this two-
dimensional (z-r plane) axisymmetric simulation study of
the flow profile in a converging annulus spinneret, the
wall effects in the O-direction were neglected. Therefore,
the assumption of zero velocity in the 0-direction is
explicitly stated in this work. Figure 2 shows a three-
dimensional view of the meshes used to approximate a
real hollow fiber spinneret. To examine the validity of
the analytical estimation method, the analytical results
were compared not only with the simulation data for
the ideal conical spinneret shown in Figure 1 but also
with those obtained for a real hollow fiber spinneret
(Figure 3).

Governing Equations for Fluid Flow. The flow field
was obtained by solving the continuity equation and
the momentum-balance equations of the system. The
flow of fluid in the domain of this study was
assumed to be steady state and isothermal. In addition,
the spinneret structure was assumed to have the no-
slip boundary condition. The governing equations for
steady-state fluid flow in the converging annulus spin-
neret are the equation of continuity and the equations
of motion. The continuity and momentum equations for
the two-dimensional axisymmetric simulation system are
as follows™:

Continuity Equation

0 0 oV,
r z = Ui 2
ar(PV)JraZ(PV_)Jr ; 0 (20)

Momentum Equation

19

10
3 (rpV.V.) + T (roV,.V.)

__a_P_;’_lg r 28‘/:_% avl_ka‘/r_k&
T oz "M% T3\ o T or Ty
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o {’“(ar o )>] (21a)
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Figure 2. Schematic diagram of the 3-D calculation
grid of the conical annulus spinneret used in
the numerical simulation.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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where u is apparent viscosity of non-Newtonian-power-law
fluid. It can be expressed as

n—1
p=m (— av‘") : 22)

or

where m is a measure of the average viscosity of the fluid (the
consistency index); n is a measure of the deviation of the fluid
from non-Newtonian (the power-law index). The boundary
conditions for Eqgs. 20 and 21 are:

Velocity Inlet
V.=V, V,.=0, (23)
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Walls of Converging Annulus Spinneret
V.=V, =0. 24)

The differential equations of interest, such as the general
conservation of mass and momentum, were integrated over
each control volume, assuming a power-law functional form
for the variations of the dependent variables between adja-
cent nodes to evaluate the integrals.

The semi-implicitly method for pressure-linked equations-
consistent algorithm with a power-law difference scheme
and a single direction sweep solution method were used in
this study. This method basically involves dividing the cal-
culation domain into a number of nonoverlapping control
volumes, each containing a cell node at its center. The result
for each control volume is an algebraic equation containing
unknown values of the dependent variables for the central
grid and its immediate neighbors. The algebraic equations
corresponding to all control volumes in the calculation
domain are then iteratively solved to obtain discrete values
for the dependent variables. The sum of the normalized
residuals for all variables converges to less than 1 x 1074
within 7000-8000 iterations.

Section 1

it 1
T

& Section I1

e

Figure 3. Schematic diagram of the conical annulus
spinneret: (a) three real systems and (b) a
simulation system.
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Table 1. Dimensions of the Conical Annulus Spinnerets

Variables Values
R (mm) 1.983
oR (mm) 0.600
PR (mm) 3.800
KR (mm) 0.300

Results and Discussion

In this study, the analytical solutions for both straight and
ideal conical spinnerets (Table 1) were compared with CFD
simulations. For the real conical spinneret, the effect of various
flow angles on the shear rate, elongation rate, and velocity pro-
file is thoroughly discussed in the following sections, which
also compare the analytical and CFD simulation results.

Validity of the analytical solutions

A theoretical study is a convenient way to estimate the
effect of the spinneret geometry on the shear rate, elongation
rate, and velocity profile for a power-law fluid flowing
through a spinneret. In addition, it constitutes a useful tool
to improve the spinneret design. In this study, we first
chose to investigate the flow in a straight spinneret, even
though this model has already been well studied in the lit-
erature. The shear-rate distribution in a straight spinneret
can be calculated by considering the rheological data n;
the geometrical dimensions of the spinneret, R, aR, fiR,
and xR; and the flow rate of the dope fluid, O, in the
theoretical analysis. Furthermore, numerical calculations
were performed using commercial software (MATLAB).
Figure 4 shows the radial shear-rate distribution in a
straight spinneret for various values of n for the dope fluid.
Values for ¢ of 0.5 and 1 represent the locations at the
inner and outer walls, respectively. The result show that
the analytical solutions agreed well with CFD simulation
results because the fully developed assumption in the ana-

54
Analytical CFD n
o O 08
- e 10
27

Shear rate (1/s)
[=]
|

27—
=54 1 | 1 | 1 | 1
0.500 0.625 0.750 0.875 1.000
40

Figure 4. Comparison between the analytical solution
and CFD simulations for the shear-rate distri-
bution in the exit of the straight spinneret for
various n values (Q = 0.1 mL/min).
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Figure 5. Comparison between the analytical solution
and CFD simulations for the shear-rate distri-
bution in the converging spinneret exit for
various dope fluid flow rates (n = 1).

lytical solution was a good approximation of the flow in a
straight annulus. In addition, we observed that the shear-
rate distributions were different for different values of n.
These differences are mainly due to the fact that a shear-
thinning fluid (i.e., n = 0.8) tends to flow more easily
under a high shear stress than a shear-thickening fluid.
Considering the flow in the straight spinneret, the shear
stress is higher at the wall and approaches zero near the
center of the flow channel. As a result, for a shear-thinning
fluid, the shear rate is higher near the wall and lower near
the center of the flow channel. This increase in the shear
rate near the wall is critical because it can force the poly-
mer chains to align with the flow direction, which can lead
to a decrease in the permeability and increase in the selec-
tivity of the resulting hollow fiber membrane.

The effect of the flow rate on the radial shear-rate distri-
bution in a converging spinneret is illustrated in Figure 5.
The results show that the analytical results and the CFD sim-
ulation data agree with each other when the liquid flow rate
is low. However, a deviation of about 12% can be observed
in the region near the walls at high flow rates. The analytical
solution underestimated the shear stress at the inner wall
and overestimated that at the outer wall. The discrepancy
between these two methods can be attributed to the fact that
the velocity in the r-direction is neglected in the analytical
calculation. The velocity in r direction is vanished for a one-
dimensional flow in a straight spinneret, but the effect of the
velocity in r direction would become more pronounced in a
converging spinneret. In addition, as the flow rate of the
dope fluid was increased, we also observed that the shear
rate increased because of the higher fluid velocity.

Figure 6 shows the shear-rate distribution in the axial
direction at the inner and outer walls of a converging spin-
neret. The parameter { denotes the distance from the en-
trance of the spinneret. In this figure, we show that the ana-
Iytical solution underestimates the shear rate of the fluid at
the inner wall and overestimates that at the outer wall, com-
pared with the CFD simulations; the discrepancy between
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Figure 6. Comparison between the analytical solution
and CFD simulations for the shear-rate distri-

bution at the inner and outer walls of the con-
verging spinneret (n = 1, Q = 0.1 mL/min).

these two methods increases along the direction of flow. At
the entrance of the spinneret, the boundary conditions are
the same for the two methods and consequently, no devia-
tions are observed. However, these deviations become more
apparent along the z-axis because we have neglected the ve-
locity in the r-direction in the analytical solution. In addi-
tion, both the analytical and CFD simulation results show
that the absolute values of the shear rate increase along the
axial direction before reaching a maximum at the exit of the
spinneret. This is due to the decrease of the annular surface
area in the converging spinneret along the direction of flow,
which results in a higher fluid flow rate.

Effect of various flow angles on the shear
rate for real conical spinnerets

To confirm the validity of the theoretical analysis, the ana-
lytical solutions were compared with the work by Cao
et al.** and Shilton.?* The geometry of the real conical spin-
neret used in the study of Cao et al.** is shown in Figure 3.
The rheological properties of the dope solution can be
described using the power-law expression:

7 =129.667"4%3 (25)

Figure 7 shows a comparison between the analytical solu-
tions and the CFD simulations for the shear-rate distribution
in a real conical spinneret for a flow angle of 90°. The ana-
Iytical and simulation predictions are in good agreement
with the calculations by Cao et al.>* and Shilton.” In addi-
tion, we observe that the shear rates calculated using the
method of Cao et al.** are in good agreement with those pre-
dicted by Shilton.”> In the study of Cao et al.,** the results
showed that the simulation predictions disagreed with the
data of Shilton?? for n = 0.7026, which is the inverse of
1.423. Therefore, we believe that there may be some errors
in the simulation parameters reported by Cao et al*
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The shear-rate distribution along the z-axis at the inner and
outer walls of real conical spinnerets was also investigated for
various flow angles using an analytical method and CFD simu-
lations. The results are shown in Figures 8a, b. A dimension-
less distance along the z-direction was used instead of {, due to
the different values of R obtained when the angle of the spin-
neret was varied. A discrepancy was observed between the an-
alytical solution and the CFD simulations at the entrance of the
spinneret because of the different boundary conditions used in
these two calculations. The actual flow profile of the dope fluid
at the entrance of the real conical spinneret is quite complex,
whereas the analytical solution simply assumes that the fluid
has already achieved its fully developed profile at this location.
The difference between these two methods was observed to
vanish along the z-axis when the spinneret angle was 90°.
However, for angles of 60° and 75°, the velocity in the r-direc-
tion had to be considered because of the varying annulus sur-
face area, leading to a disagreement between the two predic-
tions. The absolute value of the shear rate was found to be
underestimated at the inner wall and overestimated at the outer
wall by the analytical solution, which was confirmed by the
results obtained for the converging spinneret.

The difference of the position of the maximum velocity
along the z-axis in Section II of Figure la of the spinneret
between the simplified analytical solution and the CFD simu-
lation has also been illustrated in Figure 9. This discrepancy
is caused by the neglect of the velocity in the r-direction.
Although, the velocity in the r-direction had to be consid-
ered because of the varying annulus surface area, the maxi-
mum errors of the shear rate (dV./dr) at the outer wall
obtained between the simplified analytical solution and the
CFD simulation are only 0.56%, 4.39%, and 13.61% for
angles of 90°, 75°, and 60°, respectively, as shown in Figure
8a; the maximum errors of the shear rate (dV./dr) at the
inner wall are only 0.90%, 0.81%, and 12.82% for angles of
90°, 75°, and 60°, respectively, as shown in Figure 8b. These
estimations proved that the proposed simplified analytical
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Figure 7. Comparison between the analytical solution
and CFD simulations for the shear-rate distri-
bution in a real conical spinneret for a flow
angle of 90° (n = 1.423, Q = 0.2 mL/min).
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solution is a good approximation for predicting the fluid
flow behavior in the converging annual spinneret.

Effect of various flow angles on the elongation
rate of real conical spinnerets

A straight spinneret lacks elongation flow because the ve-
locity profile is constant along the z-direction. As a result,
the elongation rate has rarely been investigated using compu-
tational models because most past studies have focused on
straight spinnerets. In this study, the elongation rate distribu-
tion in a conical spinneret was calculated for different flow
angles using both an analytical method and CFD simula-
tions. The elongation rate is defined as:

Elongation rate = 8_V (26)

0z
Evaluation of the elongation rate involves calculating the
axial velocity profile at different axial positions. It should be
noted that because a steady-state assumption was adopted in
this theoretical modeling derivation, the Lagrangian unsteadi-
ness, especially evident for the time-dependent viscoelastic
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Figure 11. Effect of various flow angles on the elonga-
tion rate at the exit of a real conical spin-
neret (n = 1.423, Q = 0.2 mL/min).

fluid, is not taken into consideration in this study. Figures
10a, b show the axial velocity distribution of a conical spin-
neret in the r-direction at four different axial positions for the
two flow angles 75° and 60°, respectively. Note that the four
{ values in Figure 10a correspond to the same axial positions
as in Figure 10b; any discrepancy in the two values is due to
the difference in R values for the two flow angles. The axial
velocity increases with increasing radial distance and reaches
a maximum value. The position of the maximum velocity
depends on the ratio of the radii of the inner and outer walls,
and therefore varies along the axial direction. In addition, the
value of the maximum velocity increases with increasing (
because the annular area in a conical spinneret becomes
smaller along the axial direction. When comparing Figures
10a, b, it is expected that the velocity for a given axial posi-
tion decrease with decreasing flow angle because of the larger
annular area at smaller flow angles.

Figure 11 shows the effect of various flow angles in real
conical spinnerets on the elongation rate distribution at the
exit of the spinnerets. We observe that the elongation rate
vanishes when the flow angle equals 90° because the axial ve-
locity is constant along the direction of flow. In addition, the
absolute value of the elongation rate at the outer wall clearly
increases when the spinneret flow angle is reduced. Cao
et al.** reported that an increase in the elongation rate of the
dope fluid led to a stretching of the polymer chains and an
enhancement of chain packing in the outer skin of hollow
fiber membranes, resulting in better membrane selectivity and
reduced membrane permeance for gas separation applications.
In other words, the selectivity and the permeance of a hollow
fiber membrane can be controlled by the flow angle of the
spinneret. In Figure 11, we also show that the analytical
results are roughly equivalent to those obtained from CFD
simulations for flow angles of 90° and 75°. However, the dis-
crepancy becomes much more pronounced for an angle of
60°, and the analytical solution overestimates the elongation
rate. The discrepancy between these two methods is mainly
attributed to the fact that the velocity in the r-direction is
unknown for the analytical solution.
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Conclusions

In this study, the effect of various flow angles on the shear
and elongation rates was investigated using an analytical
approach and CFD simulations. An analytical solution for a
power-law fluid flowing through a converging annulus was
derived to investigate the flow and the wall shear-rate profiles
in a spinneret during the spinning of hollow fiber membranes.
The results show that the analytical solution tends to overesti-
mate the shear stress at the outer wall and to underestimate
that at the inner wall for a converging spinneret. In case of a
real conical spinneret, there is a discrepancy at the entrance of
the spinneret because different boundary conditions were used
for the analytical and CFD methods. However, in most of the
flow regions, the analytical solution was in good agreement
with the CFD simulation results, and the derived equation
could conveniently predict the pressure drop, velocity profile,
shear rate, and elongation rate during spinning. As a result,
this theoretical technique constitutes a useful methodology to
optimize the membrane morphology and properties. As future
work, we will use plane-polarized infrared spectroscopy to
measure the molecular orientation in the active layer of hollow
fiber membranes and check the validity of the current results.
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Notation

the rate of deformation tensor, 1/s

= annulus length, m

= power-law model consistency, Pa.s”

= power-law index, dimensionless

= Pressure, Pa

= flow rate of the dope fluid, L/s

flow rate of the dope fluid for section i, with i € (I, II, III), L/s
= radial coordinate, m

outer radius of the annulus of Section I in Figure la, m
power-law constant, dimensionless

time, s

Temperature, K

velocity of fluid at the inlet, m/s

velocity of fluid along the i-coordinate direction, with i € (r, z), m/s
axial coordinate, m

Greek letters

N SN . e ~P0 v I ~U
Il

o = ratio of the inner radius of the outer tube of Section III in Figure
la to the radius of Section I in Figure la in a conical annulus

f = ratio of the converging section length to the inner radius of

theannulus in Section I of Figure la

shear rate, 1/s

angular coordinate

= ratio of the outer radius of Section II to that of Section I in a
conical annulus in Figure la

¢ = slope of the converging section in a conical annulus

dimensionless axial coordinate

Kk = ratio of the outer radius of the inner pipe to the inner radius of the

outer pipe in Section I of Figure la in a conical annulus

dimensionless radial position at which the shear stress vanishes

apparent viscosity of non-Newtonian-power-law fluid, Pa s

dimensionless radial coordinate

density, kg/m*

= shear stress, N/m2

7
0
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