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Abstract

The free surface model was introduced to describe the shell side fluid flow in a transverse flow hollow fiber membrane contactor, and a new
method was developed to calculate the shell side hydraulic diameter, the effective average velocity, and the Reynolds number. An empirical
shell side mass transfer correlation was presented for commercial Liqui-Cel® Extra-Flow contactors on the basis of the experimental data
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eported by Sengupta et al. The data were correlated very well with maximum discrepancies of±10% between the predicted and obser
esults.
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. Introduction

A membrane contactor is a device that achieves gas/liquid
r liquid/liquid mass transfer without dispersion of one phase
ithin another. This is accomplished by passing the fluids on

he opposite sides of a microporous membrane. Through the
areful control of the pressure difference between the fluids,
ne of the fluids is immobilized in the pores of the membrane
o that the fluid/fluid interface is located at the mouth of each
ore[1]. Usually, two types of modules, calledparallel flow
ndtransverseorcross floware used. It has been reported that

he transverse flow module has a number of advantages such
s a larger shell side mass transfer coefficient, minimal flow
hanneling, better scale-up characteristics and more precise
erformance prediction[2]. The main features of the trans-
erse flow module have been summarized by Gabelman and
wang[1] and Sengupta et al.[2].
The most well-known transverse flow module, which is

chematically shown inFig. 1, is the Liqui-Cel® Extra-

∗ Corresponding author. Tel.: +86 571 879 52605; fax: +86 571 879 51773.

Flow module commercialized by CELGARD LLC (Ch
lotte, USA). Celgard® microporous polypropylene hollo
fiber membranes used in this module have been woven
fabric to allow more uniform fiber spacing, which in tu
leads to high mass transfer coefficient. The Extra-Flow m
ule contains a central shell side baffle, a feature that o
two advantages: (1) the baffle can improve the mass tra
efficiency by minimizing shell side by-passing; (2) it provid
a component of velocity normal to the membrane surfa
which results in a higher mass transfer coefficient than
achieved with strictly parallel flow[2].

Generally, mass transfer in a hollow fiber contactor
be described using a resistance-in-series model[1]. The tube
side mass transfer can be described with the Lévêque equatio
and the membrane resistance can be calculated from k
membrane parameters such as membrane thickness, to
ity and porosity. However, mass transfer correlation for s
side fluid flow has not been well established up to now
conventional approach is to use the empirical correlatio
the following form:

β 0.33
E-mail address:xuzk@ipsm.zju.edu.cn (Z.-K. Xu). Sh = αRe Sc (1)
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Fig. 1. Sketch of the Liqui-Cel® Extra-Flow membrane contactor (redrawn from Ref.[2]).

where the constantsα andβ are determined from experimen-
tal results. Based on this equation, some empirical correla-
tions have been proposed for transverse flow modules[3–14].
However, there are only three correlations have been found
applicable for commercial Liqui-Cel® Extra-Flow membrane
contactors, as listed inTable 1. Among them, the correlations
reported by Scḧoner et al.[10] and Baudot et al.[11] were
derived directly from liquid–liquid extraction experiments
using a 2.5 in.× 8 in. Liqui-Cel® Extra-Flow contactor. The
correlation suggested by Kreith and Black[12], which was
originally for a closely packed shell-and-tube heat exchanger,
was found to give a good prediction of the shell side mass
transfer coefficient in the Liqui-Cel® contactors in some stud-
ies [13,14]. Sengupta et al.[2] studied the shell side mass
transfer in the large-scale application of membrane contactor
for gas stripping with Liqui-Cel® modules. These investiga-
tions indicated that the shell side mass transfer coefficient
is proportional toQ0.38–0.45(Q is the feed flow rate into the
module)[2]. However, they did not present a correlation in
the form of Eq.(1).

Besides, different methods were used for the calculation
of the effective shell side velocity, the hydraulic diameter, and
thus the Reynolds number[10–11,13–16]. This is due to the
fact that there is no fundamental mathematical description of
the shell side flow in a transverse flow contactor. Regarding to
Seibert and Fair’s work[17], the shell side flow was assumed
t ot et
a es.

tive
t
T ntric
c ugh
a ts of

one of the rods in the assemblage and the outer cylinder of a
fluid enveloped with a free surface[18]. In previous studies
[19–21], the free surface model was adapted to describe the
shell side fluid flow in a parallel flow hollow fiber membrane
contactor. In fact, the free surface model can also be applied
to the case of transverse flow[18]. The only difference is
that, for the transverse flow, the boundary condition is that
the fluid radial direction velocity (ur), the fluid angular direc-
tion velocity (uθ) and the free surface velocity (uc) hold the
following relationship at the free surface[18]:

u2 = u2
r + u2

θ, ur = u cosθ, uθ = −u sinθ (5)

The present work extends the idea of free surface model
to the case of a transverse flow module. It is expected to de-
rive expressions for the calculation of the shell side effective
velocity and the hydraulic diameter, which can then be used
to calculate the Reynolds number. It is also aimed to find an
applicable correlation to predict the shell side mass transfer
coefficients in the commercial Liqui-Cel® Extra-Flow mem-
brane contactors. This part of the work is based on the exper-
imental results reported by Sengupta et al.[2].

2. Theory

In order to study the shell side fluid flow in a transverse
fl all,
e free
s t was
a rs be-
t This
m ases
f r the

T
M

C

(
(

(

d-tube
o be perfectly mixed. However, as commented by Baud
l.[11], this is not true for fluid flow through the fiber bundl

In the literature, a method describing viscous flow rela
o the arrays of solid rods is Happel’s free surface model[18].
his model was developed on the basics that two conce
ylinders can serve as the model for fluid moving thro
n assemblage of cylinders. The inner cylinder consis

able 1
ass transfer correlations for transverse flow modules

orrelation no. Correlation

2) Sh = 1.76Re0.82Sc0.33

3) Sh = 0.56Re0.62Sc0.33

4) Sh = 0.39Re0.59Sc0.33b

a Applied for Celgard Liqui-Cel® Extra-Flow 2.5 in.× 8 in. contactor.
b Kreith and Black equation, originally for a closely packed shell-an
ow module, the fiber bundle was firstly divided into sm
qually spaced cells with one fiber in each cell. And a
urface was presented at the imaginary cell boundary. I
ssumed these flow cells are regularly arranged in laye

ween the center feed tube and the wall of the module.
eans that the fiber number in the layer gradually incre

rom the layer near the center feed tube to the layer nea

Brief conditionsa Reference

Feed flow rate 0.2–200× 10−6 m3/s [10]
Feed flow rate 0.2–200× 10−6 m3/s [11]

Feed flow rate 10–50× 10−6 m3/s [13]
Feed flow rate 33× 10−6 m3/s [14]

heat exchanger[12].
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Fig. 2. Schematic representation for the flow cell: (a) in the cross-section
division, (b) of module with free surface.

module wall. The division of module cross-section and the
flow cell with free surface are sketched inFig. 2.

The cell diameter (dc) can be determined by assuming that
the cell and the module have the same packing fraction:

dc = df√
ε

(6)

wheredf is the outer diameter of the hollow fiber,ε is module
packing fraction which can be calculated as:

ε = Nd2
f

d2
m − d2

t
(7)

wheredm is the inner diameter of the module,dt is the outer
diameter of the center feed tube, andN is the total number of
the hollow fibers.

In a transverse flows module, the feed fluid flows from the
porous center tube passes through the fiber layer around the
tube to the layer near the module wall. In each fiber layer,
the total fluid flow is equally distributed between the cells.
As a result, the local cell free surface velocity in each fiber
layer is dependent on the number of fibers number in the
layer. Therefore, the average cell free surface velocity (uc,m)
is defined as the free surface velocity in a layer, which has
the log-mean number of the fibers. It has:

u

h -
u ffle,
F yer,
d

N

w the
m er
a

N

Nmin = (dt + dc)2 − d2
t

d2
f

ε (11)

For the flow cell, when the velocity in the free surface (uc,m) is
determined, we can calculate the effective cell velocity (also
can be considered the effective shell side velocity,ue) using
the method proposed in Refs.[10,14]. It has:
∫

ue dr =
∫

Q

Nlm

1

2π(leff/2)jr
dr =

∫
uc,mrc

r
dr (12)

Integral Eq.(12) from fiber radius (rf ) to cell radius (rc), the
following relationship can be obtained as:

ue = dc ln(df/dc)

df − dc
uc,m (13)

Combining Eqs.(8)–(13), the effective cell velocity can be
expressed as:

ue = ln ε

4(
√

ε − 1)

ln[(2dm − dc)/(2dt + dc)]

(dm − dt − dc)

Q

π(leff/2)
(14)

In order to calculate the Reynolds number, it still needs to
know the hydraulic diameter (dh). For the flow cell, the hy-
draulic diameter is defined as the ratio of four times the cross-
sectional area to the wetted perimeter as usually done:

d

U er-
w def-
i

R

S

E ule
( tube,
d the
p ics.
T ical
c cient
i

3

3
v

d for
t tive
v -
b been
u first
c,m = Q

Nlmπdc(leff/2)
(8)

ereQ is the feed flow,leff/2 is effective length of the mod
le (the module is divided into two chambers by the ba
ig. 1);Nlm is the log-mean number of fibers in the fiber la
efined as:

lm = Nmax − Nmin

ln(Nmax/Nmin)
(9)

hereNmax is the number of fibers in the layer nearest to
odule wall, andNmin is the number of fibers in the lay
round the center feed tube:

max = d2
m − (dm − dc)2

d2
f

ε (10)
h = four cell void volumes

wetted surface of the cell
= d2

c − d2
f

df
= 1 − ε

ε
df (15)

sing Eqs.(14)and(15), the Reynolds number and the Sh
ood number can be calculated in term of the following

nitions:

e = dhueρ

µ
(16)

h = kdh

D
= 1 − ε

ε

kdf

D
(17)

qs.(14)–(17) incorporate all the parameters of the mod
diameter of the module, diameter of the center feed
iameter of the fiber, effective length of the fiber and
acking fraction) that affect the shell side hydrodynam
hese will be helpful in developing a desirable empir
orrelation to describe the shell side mass transfer coeffi
n the transverse flow module.

. Results and discussion

.1. Methods for the calculation of shell side effective
elocity

In the literatures, several methods have been reporte
he calculation of hydraulic diameter and shell side effec
elocity in the Liqui-Cel® Extra-Flow hollow fiber mem
rane contactors. There are mainly two equations have
sed to calculate the effective shell side velocity. The
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one is that proposed by Schöner et al.[10]:

ue = Q

π(leff/2)

ln(dm/dt)

dm − dt
(18)

The second one, suggested by Mahmud et al.[14], is a cor-
rection incorporating the module packing fraction (ε):

ue = 1

1 − ε

Q

π(leff/2)

ln(dm/dt)

dm − dt
(19)

In the present study, the effective shell side velocity was
calculated with Eq.(14). Because the outer diameter of the
hollow fiber and the diameter of the free surface are much
smaller than the inner diameter of the module (dm) and the
outer diameter of the feed tube (dt), Eq.(14)can be simplified
as:

ue = ln ε

4(
√

ε − 1)

ln(dm/dt)

(dm − dt)

Q

π(leff/2)
(20)

Comparing Eqs.(15)–(17), it can be found that these three
equations describe in quite different ways for the influences
of the module packing fraction on the effective shell side
velocity. The discrepancy among these three equations is also
illustrated inFig. 3. In this figure,Y-coordinate is labeled as
η, a dimensionless parameter defined as:

η = ue
π(leff/2) dm − dt (21)

w -
t

no
fi
t e ef-
f at
i ou-
s , Eq.
( ses
w city
w ly

F rent
m

tightly packed (ε → ∞). It seems that only the influence of the
decrease in module void area, which caused by the increase
of module packing fraction, on the effective shell side ve-
locity is taken into consideration in Eq.(20). Whereas, these
authors might overlook the resistance enhancement caused
by the packing fraction increase.

The method developed in this work indicates that the ef-
fective shell side velocity decreases slightly with the increase
of the module packing fraction, as shown inFig. 3. This can
be contributed to the combination of two factors: (1) the de-
crease of the module void area; and at the same time, (2) the
fast increase of the flow resistance caused by the increase
of the module packing fraction[18]. It also can be observed
from Fig. 3that, the dimensionless effective shell side veloc-
ity is slightly higher than 1 and this should not be the true.
This result is due to that it was assumed that the cell diameter
become infinity forε → 0 in model development (Eq.(6)).

3.2. Methods for the calculation of hydraulic diameter

In the studies of the shell side mass transfer, the Reynolds
numbers have normally been calculated based on either the
outer diameter of the fiber (df ) [10,16]or the hydraulic diame-
ter (dh) [10,11]. And the hydraulic diameter can be calculated
as:

d

A c
d acked
b iame-
t t
E f
h that
t fibers
a on of
h

3

ules
w n
r ndi-
t i-
o s. It
w was
p nt
a sults
o an
e ans-
v tors
u -
r s
o
T ere
Q ln(dm/dt)

hereue is calculated according to Eqs.(18)–(20) respec
ively.

Eq. (19) was derived on the assumption that there is
ber in the module. As a result, it can be seen fromFig. 3that,
he module packing fraction does not affect the shell sid
ective velocity at all. Therefore, it is difficult to imagine th
t (Eq. (19)) can be applied to the module packed with th
ands upon thousands hollow fibers. On the other hand
20) indicates that the effective shell side velocity increa
ith the increase of module packing fraction, and the velo
ill become infinity (η → ∞) when the module is extreme

ig. 3. Dimensionless shell side effective velocity defined with diffe
ethods.
h = d2
m − d2

t − Nd2
f

Ndf
(22)

s commented by Schöner et al.[10], the use of hydrauli
iameter (in this case, the fiber bundle was treated as a p
ed of fibers) is more reasonable than the use of outer d

er. When introducing Eqs.(7) into (22), it can be found tha
q.(22) is the same as Eq.(15), which gives the definition o
ydraulic diameter by the free surface model. It indicates

he method regarding the module as a packed bed of
nd the free surface model deduce to the same definiti
ydraulic diameter.

.3. Shell side mass transfer correlation

Mass transfer in the shell side of transverse flow mod
as studied by Sengupta et al.[2]. In their study, oxyge

emoval from water was performed in excess sweep co
ions through Liqui-Cel® Extra-Flow contactors with var
us dimensions from lab scale to industrial using one
as found that the shell side mass transfer coefficient
roportional toQ0.38–0.45[2]. However, they did not prese
mass transfer correlation. Here, the experimental re

btained by Sengupta et al.[2] were adopted to develop
mpirical correlation for the shell side mass transfer in tr
erse flow module. Detailed specifications for the contac
sed in their experiment work are listed inTable 2. The sepa
ation characteristics (oxygen removal rate,E) under variou
perating conditions (shell side feed flow,Q) are cited in
able 3. And then the overall mass transfer coefficients w
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Table 2
Dimensional details for the Liqui-Cel® Extra-Flow contactorsa

Nominal contactor
size designator

Average cartridge
i.d. (m)

Average cartridge
o.d. (m)

Effective fiber
length (m)

Fiber packing
fraction

Total contactor area
(based on fiber i.d.) (m2)

2.5× 8 0.022 0.050 0.16 0.45 1.2
4× 28 0.032 0.088 0.62 0.43 14.9
4× 13 0.032 0.085 0.25 0.43 5.7
10× 28 0.114 0.245 0.61 0.43 103.8

a Nominal fiber inside diameter (i.d.) = 240× 10−6 m; nominal fiber outside diameter (o.d.) = 300× 10−6 m. All data were reported by Sengupta et al.[2].

calculated by the following equation[2]:

k = Q

A
ln

[
1

1 − E

]
(23)

whereA is the total contact area based on fiber inner diameter
(Table 2). For the oxygen removal process in excess sweeping
conditions, the main resistance to mass transfer is mainly
located in the shell side. In other words, it is reasonable to
assume the shell side mass transfer coefficient is equal to
the overall mass transfer coefficient calculated by Eq.(23).
Following this assumption, it is possible to get a shell side
mass transfer correlation.

On the other hand, the shell side Reynolds number was
calculated according to Eqs.(14)–(16)using the known data
of feed flow (Table 3) and module dimensions (Table 2). Sher-
wood number was calculated using Eqs.(15) and(17) when
the mass transfer coefficient was already calculated by Eq.
(23). Results for the calculated Reynolds number and Sher-
wood number are also summarized inTable 3.

Further examination of the relationship between the
Reynolds number and the Sherwood number reveals that the
data can be correlated as follows:

Sh = 2.15Re0.42Sc0.33 (24)

The correlation is valid in the Reynolds number from 0.8
t

Fig. 4. Comparison of the shell side mass transfer predicted by the pro-
posed correlation (Eq.(24)) to experimental data[2] for various Liqui-Cel®

contactors.

shows that this correlation relates with the experimental re-
sults very well. It can be seen that the maximum discrepancy
between the correlation predictions and the experimental data
is within 10%. This indicates that mass transfer data reported
by Sengupta et al.[2] can be described by an empirical cor-
relation that uses the definitions of the effective shell side ve-
locity, hydraulic diameter, Reynolds number and Sherwood

T
E number

2 4× 13 Contactor 10× 28 Contactor

W
fl
(

Water
flowa

(×106 m/s)

Oxygen
removala

(%)

Reb Shb Water
flowa

(×106m/s)

Oxygen
removala

(%)

Reb Shb

.72 126.2 98.48 1.410 17.20 3195 99.59 4.778 32.04

.91 252.3 93.89 2.817 22.95 5665 97.90 8.471 39.92
1 .32 378.5 89.68 4.226 27.98 7904 95.60 11.82 45.03
1 .07 504.7 85.58 5.634 31.82 10168 93.39 15.21 50.39

.36 630.8 81.67 7.042 34.85 11689 91.38 17.48 52.27

.15 757.0 77.93 8.460 37.28 13279 89.54 19.86 54.69

.94 883.2 74.37 9.860 39.13

.67 1009.3 70.97 11.27 40.64

.98

.52

.19

.65

elation
o 20, subject to the experimental conditions (Table 3). Fig. 4

able 3
xperimental data[2] and calculated Reynolds number and Sherwood

.5× 8 Contactor 4× 28 Contactor

ater
owa

×106 m/s)

Oxygen
removala

(%)

Reb Shb Water
flowa

(×106 m/s)

Oxygen
removala

(%)

Reb Shb

32 96.14 0.842 14.85 252.3 99.68 1.162 18
63 89.32 1.658 20.09 315.4 99.41 1.453 20
26 79.12 3.317 28.15 504.7 98.24 2.324 26
89 70.42 4.975 32.82 630.8 97.18 2.905 29

757.0 95.96 3.487 31
946.3 93.89 4.358 34

1009.3 93.15 4.648 34
1261.7 90.10 5.811 37
1514.0 87.06 6.972 39
1577.7 86.33 7.263 40
1766.3 84.27 8.134 42
2018.7 81.97 9.297 44

a Experimental data reported by Sengupta et al.[2].
b Calculated Reynolds number and Sherwood number with the corr
 s developed in this work.
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Fig. 5. Comparison of various correlations applied to the 2.5 in.× 8 in.
Liqui-Cel® Extra-Flow contactor.

number developed in present study. Such correlation will be
very helpful in the design of membrane contactor processes
using Liqui-Cel® modules.

The Reynolds exponent in Eq.(24)is 0.42, which can well
fit the experimental data (k∝Q0.38–0.45) reported by Sengupta
et al.[2]. A value larger than 0.33 indicates that the transverse
flow module provides a component of velocity perpendicular
to the hollow fiber surface, which results in a higher mass
transfer coefficient than that achieved with the parallel flow
module. On the other hand, the value is lower than 0.66. It in
fers that the shell side flow cannot reach the turbulence flow in
the tested Reynolds range (0.8–20). In the literatures, simila
Reynolds exponents were also reported by Wickramasingh
et al. [3] (Sh ∝ Re0.47) and Wang et al.[4] (Sh ∝ Re0.46)
for cross flow modules fabricated in their laboratories by
wrapping hollow fiber fabric around a central pipe, as in
the case of the commercial Liqui-Cel® Extra-Flow module
[16].

The shell side mass transfer correlations listed inTable 1
were also used to fit the experimental data provided by Sen
gupta et al.[2]. The results are shown inFig. 5. For com-
parison, the predictions by Eq.(24) are also shown in this
figure.

It should be noticed that, in Kreith and Black’s correlation,
the shell side Reynolds number and the Sherwood numbe
were defined in term of the fiber outer diameter. The shel
s
r ide
e ated
b
a
R
S -
t m,
b who
m ad
h ture

[11,16]. Therefore, the correlation suggested by Schöner et
al. was corrected with the membrane surface porosity (γ) as
follows when it was plotted inFig. 5:

Sh = 1.76γRe0.82Sc0.33 (25)

It can be seen fromFig. 5 that, except the correlation
proposed by Scḧoner et al., the shell side mass transfer co-
efficients show similar Reynolds exponent dependency in
other three correlations. On the other hand, the correlations
of Scḧoner et al.[10], Baudot et al.[11] and Kreith and
Black [12] predict lower mass transfer coefficient than that
observed by experiments[2]. More recently, in the study of
liquid–liquid extraction with Liqui-Cel® Extra-Flow contac-
tor, Soldenhoff et al.[16] found that the experimental overall
mass transfer coefficients were much lower than the predicted
values. The prediction was performed with the conventional
resistance-in-series model, where the shell side mass transfer
was estimated with the correlation proposed by Baudot et al.
[11], and the tube side mass transfer with Lévêque equation.
The authors stated that the difference is due to the contribution
of extraction chemical kinetics at or very close to the interface
[16]. Whatever, we think the mass transfer in a liquid–liquid
extraction is more complex than that in a gas stripping or ab-
sorption process. In other words, it is much easier to reach the
condition that the overall mass transfer coefficient is equal to

tion
the

side
tor.
shell
nd

sed
ex-

per-
n
n
that
ab-
the
the

nly

om
pore
ide effective velocity was calculated by Eq.(19). In the cor-
elations of Scḧoner et al. and Baudot et al., the shell s
ffective velocity and the hydraulics diameter are calcul
y Eqs.(18) and(22) respectively. As a result, inFig. 5, X
ndYcoordinates were labeled as feed flow (Q) (but not the
eynolds number), mass transfer coefficient (k) (but not the
herwood number) respectively. Besides, inFig. 5, the equa

ion of Scḧoner et al. was modified from its original for
ecause the authors used the pore area but not the
embrane surface as the contact area, and it would le
igh mass transfer coefficients as pointed in the litera
-

r
e

-

r
l

le
to
s

the shell side mass transfer in a gas stripping or absorp
process and thus it is a suitable system for the study of
complex shell side mass transfer.

4. Conclusions

Free surface model was applied to describe the shell
flow in a transverse flow hollow fiber membrane contac
Based on this, a method was developed to calculate the
side hydraulic diameter, the effective shell side velocity a
the Reynolds number. An empirical correlation was propo
to relate with the mass transfer data (oxygen stripping in
cess sweep conditions) reported by Sengupta et al.[2]. The
discrepancies between the correlation predictions and ex
imental data were within 10%. Additionally, it was show
that the correlation come out from liquid–liquid extractio
predicts lower shell side mass transfer coefficients than
obtained by experiments. It indicates that gas stripping or
sorption experiment is a suitable system for the study of
complex shell mass transfer, where we can easily reach
condition that the overall mass transfer coefficient is mai
located in the shell side.
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Nomenclature

A total contact area offered by the membrane
contactor (m2)

dc diameter of the cell (m)
df fiber outer diameter (m)
dh hydraulic diameter (m)
dm inside diameter of the cartridge (m)
dt outside diameter of the center feed tube (m)
D diffusion coefficient (m2/s)
k shell side mass transfer coefficient (m/s)
leff effective length of the fiber (m)
N total number of the fibers
Nlm log-mean number of the fibers in fibers layer
Nmax number of the fibers in the layer nearest to the

wall
Nmin number of the fibers in the layer nearest to the

feed tube
Q volumetric flow rate of shell side (m3/s)
rc free surface radius (m)
rf fiber radius (m)
uc,m average cell free surface velocity (m/s)
ue effective shell side velocity (m/s)
ur radial direction velocity (m/s)
uθ angular direction velocity (m/s)

Greek letters
α,β constants in Eq.(1)
γ membrane porosity
η dimensionless shell side effective velocity, Eq.

(21)
ε module packing fraction
µ viscosity of shell side liquid (Pa s)
ρ density of shell side liquid (kg/m3)
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