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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 nev
method was developed to calculate the shell side hydraulic diameter, the effective average velocity, and the Reynolds number. An empirice
shell side mass transfer correlation was presented for commercial LigRliERéia-Flow contactors on the basis of the experimental data
reported by Sengupta et al. The data were correlated very well with maximum discrepanti3%6between the predicted and observed
results.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Membrane contactors; Transverse flow; Mass transfer; Hydrodynamics; Free surface model

1. Introduction Flow module commercialized by CELGARD LLC (Char-
lotte, USA). Celgar microporous polypropylene hollow

A membrane contactor is a device that achieves gas/liquid fiber membranes used in this module have been woven into
or liquid/liquid mass transfer without dispersion of one phase fabric to allow more uniform fiber spacing, which in turn
within another. This is accomplished by passing the fluids on leads to high mass transfer coefficient. The Extra-Flow mod-
the opposite sides of a microporous membrane. Through theule contains a central shell side baffle, a feature that offers
careful control of the pressure difference between the fluids, two advantages: (1) the baffle can improve the mass transfer
one of the fluids is immobilized in the pores of the membrane efficiency by minimizing shell side by-passing; (2) it provides
so that the fluid/fluid interface is located at the mouth of each a component of velocity normal to the membrane surfaces,
pore[1]. Usually, two types of modules, call@dérallel flow which results in a higher mass transfer coefficient than that
andtransverser cross floware used. It has been reported that achieved with strictly parallel floj2].
the transverse flow module has a number of advantages such Generally, mass transfer in a hollow fiber contactor can
as a larger shell side mass transfer coefficient, minimal flow be described using a resistance-in-series mddeThe tube
channeling, better scale-up characteristics and more preciseide mass transfer can be described with #nque equation
performance predictiof2]. The main features of the trans- and the membrane resistance can be calculated from known
verse flow module have been summarized by Gabelman andnembrane parameters such as membrane thickness, tortuos-

Hwang[1] and Sengupta et dR]. ity and porosity. However, mass transfer correlation for shell
The most well-known transverse flow module, which is side fluid flow has not been well established up to now. A
schematically shown irFig. 1, is the Liqui-CeP Extra- conventional approach is to use the empirical correlation of

the following form:

* Corresponding author. Tel.: +86 571 879 52605; fax: +86 571 87951773. 033
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Fig. 1. Sketch of the Liqui-C8l Extra-Flow membrane contactor (redrawn from R2f).

where the constantsandg are determined from experimen-  one of the rods in the assemblage and the outer cylinder of a
tal results. Based on this equation, some empirical correla-fluid enveloped with a free surfa¢&8]. In previous studies
tions have been proposed for transverse flow modaiesa]. [19-21] the free surface model was adapted to describe the
However, there are only three correlations have been foundshell side fluid flow in a parallel flow hollow fiber membrane
applicable for commercial Liqui-CBIExtra-Flow membrane  contactor. In fact, the free surface model can also be applied
contactors, as listed ifable 1 Among them, the correlations  to the case of transverse fldd8]. The only difference is
reported by Scbner et al[10] and Baudot et al[11] were that, for the transverse flow, the boundary condition is that
derived directly from liquid—liquid extraction experiments the fluid radial direction velocityy), the fluid angular direc-
using a 2.5inx 8in. Liqui-Cel® Extra-Flow contactor. The  tion velocity (Uy) and the free surface velocityd) hold the
correlation suggested by Kreith and BlgdR], which was following relationship at the free surfa¢e3]:
originally for a closely packed shell-and-tube heatexchanger,
was found to give a good prediction of the shell side mass “
transfer coefficientin the Liqui-CBlcontactors in some stud- The present work extends the idea of free surface model
ies [13,14] Sengupta et al2] studied the shell side mass to the case of a transverse flow module. It is expected to de-
transfer in the large-scale application of membrane contactorrive expressions for the calculation of the shell side effective
for gas stripping with Liqui-C& modules. These investiga-  velocity and the hydraulic diameter, which can then be used
tions indicated that the shell side mass transfer coefficientto calculate the Reynolds number. It is also aimed to find an
is proportional toQ%-38-045(Q is the feed flow rate into the  applicable correlation to predict the shell side mass transfer
module)[2]. However, they did not present a correlation in  coefficients in the commercial Liqui-CRExtra-Flow mem-
the form of Eq.(1). brane contactors. This part of the work is based on the exper-
Besides, different methods were used for the calculation imental results reported by Sengupta e{2].
of the effective shell side velocity, the hydraulic diameter, and
thus the Reynolds numbgr0-11,13-16]This is due to the
fact that there is no fundamental mathematical description of 2. Theory
the shell side flow in atransverse flow contactor. Regarding to
Seibert and Fair's worKL7], the shell side flow was assumed In order to study the shell side fluid flow in a transverse
to be perfectly mixed. However, as commented by Baudot et flow module, the fiber bundle was firstly divided into small,
al.[11], thisis nottrue for fluid flow through the fiber bundles. equally spaced cells with one fiber in each cell. And a free
Inthe literature, a method describing viscous flow relative surface was presented at the imaginary cell boundary. It was
to the arrays of solid rods is Happel's free surface m{tiil assumed these flow cells are regularly arranged in layers be-
This model was developed on the basics that two concentrictween the center feed tube and the wall of the module. This
cylinders can serve as the model for fluid moving through means that the fiber number in the layer gradually increases
an assemblage of cylinders. The inner cylinder consists of from the layer near the center feed tube to the layer near the

= urz + ug, Uy = u COSH, ug = —u Sind (5)

Table 1
Mass transfer correlations for transverse flow modules
Correlation no. Correlation Brief conditiohs Reference
Sh = 1.76Re%%5c° eed flow rate 0.2— m3/s
2 h = 1.76Re0-825:0-33 Feed fl 0.2-200 10-6 md/. 10
3) Sh = 0.56R0-625.:0-33 Feed flow rate 0.2-200 10~® m3/s [11]
4 Sh = 0.39Re0-595.0-33b Feed flow rate 10-50 10-% m¥/s [13]
Feed flow rate 3% 108 m3/s [14]

a Applied for Celgard Liqui-Cé& Extra-Flow 2.5inx 8in. contactor.
b Kreith and Black equation, originally for a closely packed shell-and-tube heat excHagager
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(di + de)? — d?
d? ¢

min = (11)

For the flow cell, when the velocity in the free surfaggd) is
determined, we can calculate the effective cell velocity (also
can be considered the effective shell side velocigyusing

the method proposed in Ref40,14] It has:

\::\ . ,:::’ 1
e /uedr:/ 0 fdrz/uc,mrc dr (12)
,,,,,,, Nim 2rc(lett/2)jr r
Flow cell

(a) (b) Integral Eq.(12) from fiber radius ) to cell radius £¢), the
following relationship can be obtained as:

Fig. 2. Schematic representation for the flow cell: (a) in the cross-section

division, (b) of module with free surface. de In(ds/de)
Ue = ﬁuc’m (13)
module wall. The division of module cross-section and the o ¢ ) ]
flow cell with free surface are sketchedFiy. 2 Combining Eqgs(8)13), the effective cell velocity can be
The cell diameterdg) can be determined by assuming that expressed as:
the cell and the module have the same packing fraction: Ine  In[(2dm —dc)/(2dt +dc)]  Q
d. — ds ©6) 4(Ve—1) (dm — dy — dc) m(left/2)
=
Ve In order to calculate the Reynolds number, it still needs to
whered is the outer diameter of the hollow fiberis module ~ know the hydraulic diametedy). For the flow cell, the hy-
packing fraction which can be calculated as: draulic diameter is defined as the ratio of four times the cross-
, sectional area to the wetted perimeter as usually done:
&= (7) fourcellvoidvolumes d2—d? 1—¢
d2, — d? dh =<1 = —dr (15)

~ wetted surface of the cell d
wheredn, is the inner diameter of the moduld,is the outer
diameter of the center feed tube, ax 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 dhitep

Using Eqs(14)and(15), the Reynolds humber and the Sher-
wood number can be calculated in term of the following def-
initions:

tube to the layer near the module wall. In each fiber layer, Re = w (16)

the total fluid flow is equally distributed between the cells.

As a result, the local cell free surface velocity in each fiber ¢;, _ kdn _ 1—ekdr (17)

layer is dependent on the number of fibers number in the D e D

layer. Therefore, the average cell free surface veloogy:) Eqs.(14)<(17) incorporate all the parameters of the module

is defined as the free surfacg velocity in a layer, which has (diameter of the module, diameter of the center feed tube,

the log-mean number of the fibers. It has: diameter of the fiber, effective length of the fiber and the
0 packing fraction) that affect the shell side hydrodynamics.

Uem = = (8) These will be helpful in developing a desirable empirical

im7tdc(lef/2)

correlation to describe the shell side mass transfer coefficient
hereQ is the feed flowe/2 is effective length of the mod-  in the transverse flow module.

ule (the module is divided into two chambers by the baffle,

Fig. 1); Nim is the log-mean number of fibers in the fiber layer,

defined as: 3. Results and discussion

Nmax — Nmin . . .
Nim = - (90 3.1. Methods for the calculation of shell side effective

In(Nmax/len) H

velocity
whereNmax is the number of fibers in the layer nearest to the
module wall, and\imin, is the number of fibers in the layer In the literatures, several methods have been reported for
around the center feed tube: the calculation of hydraulic diameter and shell side effective
42 — (dm — do)? velocity in the Liqui-CeP Extra-Flow hollow fiber mem-

Nmax= —m— M 7¢ ¢ (10) brane contactors. There are mainly two equations have been

2 i ) ) .
df used to calculate the effective shell side velocity. The first
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one is that proposed by Saher et al[10]: tightly packed § — oc0). It seemsthat only the influence of the
decrease in module void area, which caused by the increase
Q  In(dm/dr) , : ; .
Ue = (18) of module packing fraction, on the effective shell side ve-
7(left/2) dm — dy locity is taken into consideration in E(R0). Whereas, these

The second one, suggested by Mahmud €[4, is a cor- authors might overlook the resistance enhancement caused
rection incorporating the module packing fractia ( by the packing fraction increase.

1 0 In(dm/dy) T_he methqd develo.ped in this worl§ indicaFes thgt the ef-
Ue = (29) fective shell side velocity decreases slightly with the increase

1—enle/2) dm —dy of the module packing fraction, as showrfiig. 3 This can

In the present study, the effective shell side velocity was be contributed to the combination of two factors: (1) the de-
calculated with Eq(14). Because the outer diameter of the crease of the module void area; and at the same time, (2) the
hollow fiber and the diameter of the free surface are much fast increase of the flow resistance caused by the increase
smaller than the inner diameter of the modulg)and the  of the module packing fractiofi8]. It also can be observed
outer diameter of the feed tubgh), Eq.(14)can be simplified from Fig. 3that, the dimensionless effective shell side veloc-

as: ity is slightly higher than 1 and this should not be the true.
Ine  In(dm/dy) O 20 This resultis due to that it was assumed that the cell diameter
Ue = 4( /e — 1) (dm — dy) 7(left/2) (20) become infinity fore — 0 in model development (E¢6)).

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 Int:he srt]udles of the”Sh;" side r1a|sst t:jagsfer,dthe Ri%noﬁs
illustrated inFig. 3. In this figure,Y-coordinate is labeled as numbers have normally been cajculated based on either the

; ; ; . outer diameter of the fibed() [10,16]or the hydraulic diame-
n, & dimensionless parameter defined as: ter (dn) [10,11] And the hydraulic diameter can be calculated

3.2. Methods for the calculation of hydraulic diameter

as:
n=u 21
¢ 0 In(dm/dt) ( ) d2 — 4% — Nd?
whereug is calculated according to EqEl8)(20) respec-  dh = W (22)
tively.
Eq. (19) was derived on the assumption that there is no As commented by Sémer et al[10], the use of hydraulic
fiber in the module. As aresult, it can be seen fiéig 3that, diameter (in this case, the fiber bundle was treated as a packed

the module packing fraction does not affect the shell side ef- bed of fibers) is more reasonable than the use of outer diame-
fective velocity at all. Therefore, it is difficult to imagine that  ter. When introducing Eg¢7) into (22), it can be found that

it (Eq. (19)) can be applied to the module packed with thou- Eq.(22)is the same as E(L5), which gives the definition of
sands upon thousands hollow fibers. On the other hand, Eghydraulic diameter by the free surface model. Itindicates that
(20) indicates that the effective shell side velocity increases the method regarding the module as a packed bed of fibers
with the increase of module packing fraction, and the velocity and the free surface model deduce to the same definition of
will become infinity ) — oo) when the module is extremely  hydraulic diameter.

100 ¢

_ F —e— This work // 3.3. Shell side mass transfer correlation
% [ —&— Mahmud et al. [14] 4
Ke! | —=— Schoner et al. [10] / . .
[ I A Mass transfer in the shell side of transverse flow modules
_j‘%’ ol A was studied by Sengupta et §]. In their study, oxygen
é ; / removal from water was performed in excess sweep condi-
o [ N A tions through Liqui-C& Extra-Flow contactors with vari-
3 I T ous dimensions from lab scale to industrial using ones. It
§ . hy‘A,,k/‘/"‘/ was found that the shell side mass transfer coefficient was
§ F tee . . - otoonomomEEE proportional toQP-38-0-45[2]. However, they did not present
F o ——— ¢ . .

g e e a mass transfer correlation. Here, the experimental results
= obtained by Sengupta et §2] were adopted to develop an
= empirical correlation for the shell side mass transfer in trans-

0.1 PR s

0.0 02 Y Y T verse flow module. Detailed specifications for the contactors
used in their experiment work are listedliable 2 The sepa-
ration characteristics (oxygen removal ra&eunder various

Fig. 3. Dimensionless shell side effective velocity defined with different Operating conditions (shell side feed flo@) are cited in
methods. Table 3 And then the overall mass transfer coefficients were

¢ (Module packing fraction)
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Table 2
Dimensional details for the Liqui-C8|Extra-Flow contactofs

Nominal contactor Average cartridge Average cartridge Effective fiber Fiber packing Total contactor area
size designator i.d. (m) 0.d. (m) length (m) fraction (based on fiber i.d.) (A
25x8 0.022 0.050 0.16 0.45 a

4x 28 0.032 0.088 0.62 0.43 Bl

4x13 0.032 0.085 0.25 0.43 B

10x 28 0.114 0.245 0.61 0.43 1@3

a Nominal fiber inside diameter (i.d.) = 24010-¢ m; nominal fiber outside diameter (0.d.) =30A.0-% m. All data were reported by Sengupta eta].

calculated by the following equatid@]: 60
}E/
1 o
k= g In {] (23) 50 - //D/Y
A 1-F . D/‘:
[ ]
whereA s the total contact area based on fiber inner diameter 40 |- . }DA/ a *

(Table 9. 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

o
30 .‘D)V‘

Sherwood number

assume the shell side mass transfer coefficient is equal to 201 ¥ ®  Experimental data of module 2.5 x 8
the overall mass transfer coefficient calculated by &8). o ® Experimental data of module 4 x 28
Following this assumption, it is possible to get a shell side 04 A EXPefime“:a: gata 0; m°3”:9 140" 1238

. v Xperimental aata or moaule X
mass transfer correlation. O Predictions of Eq. (24)

On the other hand, the shell side Reynolds number was 0 . | . : . ; . : .
calculated according to Egd.4)«16) using the known data 0 2 4 6 8 10 12 14 16 18
of feed flow (Table 3 and module dimensiongéble 3. Sher- Reynolds number
wood number was calculated using E(kb) and(17) when
the mass transfer coefficient was already calculated by Eq.Fig- 4. Comparison of the shell side mass transfer predicted by the pro-
(23)_ Results for the calculated Reynolds number and Sher- posed correlation (E424)) to experimental datg?] for various Liqui-CeP
wood number are also summarizediable 3 contactors.

Further examination of the relationship between the gp,,\ys that this correlation relates with the experimental re-
Reynolds number and the Sherwood number reveals that they ;5 very well. It can be seen that the maximum discrepancy
data can be correlated as follows: between the correlation predictions and the experimental data
is within 10%. This indicates that mass transfer data reported
by Sengupta et aJ2] can be described by an empirical cor-

The correlation is valid in the Reynolds number from 0.8 relation that uses the definitions of the effective shell side ve-
to 20, subject to the experimental conditiomalfle 3. Fig. 4 locity, hydraulic diameter, Reynolds number and Sherwood

20

= 2.15Re""Sc™
Sh = 2.15Re%425.033 (24)

Table 3
Experimental dat§2] and calculated Reynolds humber and Sherwood number

2.5x 8 Contactor 4x 28 Contactor 4« 13 Contactor

1& 28 Contactor

Water Oxygen Ré& SH  Water Oxygen Ré SH  Water Oxygen Ré&  SH  Water Oxygen Ré& SH
flow? removaf flow? removaf flow? removaf flow? removaf
(x1° mis) (%) (x1CP mis) (%) (x10P mis) (%) (x1CPm/s) (%)
32 96.14 0.842 1485 252 99.68 1.162 18.72 12B 98.48 1410 17.20 3195 99.59 4.778 32.04
63 89.32 1.658 20.09 315 99.41 1.453 20.91 252 93.89 2817 22.95 5665 97.90 8.471 39.92
126 79.12 3.317 28.15 504 98.24 2.324 26.32 3™ 89.68 4226 27.98 7904 95.60 11.82 45.03
189 70.42 4975 3282 63 97.18 2.905 29.07 504 85.58 5634 31.82 10168 93.39 15.21 50.39
7570 95.96 3.487 31.36 638 81.67 7042 34.85 11689 91.38 17.48 52.27
946.3 93.89 4,358 34.15 7507 77.93 8460 37.28 13279 89.54 19.86 54.69
10093 93.15 4.648 34.94 883 74.37 9860 39.13
12617 90.10 5.811 37.67 10(® 70.97 1127 40.64
15140 87.06 6.972 39.98
15777 86.33 7.263 40.52
17663 84.27 8.134 42.19
20187 81.97 9.297 44.65

a Experimental data reported by Sengupta ef2jl.
b Calculated Reynolds number and Sherwood number with the correlations developed in this work.
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50 [11,16] Therefore, the correlation suggested by @ur et
Q +gchznfr ft 7/i1[1]0] al. was corrected with the membrane surface porogihaé
—O— Baudot et al. . P .
€ 40| —A— Kreith and Black 2] . follows when it was plotted ifrig. 5:
< —s7— This work -
= ® Experimental data [2] - Sh = 1.76)/Reo'825€0'33 (25)
T 30t "
2 /c/ — It can be seen fronfrig. 5 that, except the correlation
§ g/v/v/ proposed by Sdabner et al., the shell side mass transfer co-
5 20F i /A/A/A efficients show similar Reynolds exponent dependency in
g «V/: /A/A/A other three correlations. On the other hand, the correlations
= 10} v”/v‘ /D/A/A of Sclbner et al.[10], Baudot et al[11] and Kreith and
s J /éfiof Black [12] predict lower mass transfer coefficient than that
= & observed by experimenf8]. More recently, in the study of
0 0 . 100 . 200 I 300 I 400 . 500 ||qU|d—||qU|d extraction with L|qU|-C£ EXtra-.Flow contac-
Shell side flow  (X10°m?s) tor, Soldenhoff et a.[.1.6] found that the experimental overgll
mass transfer coefficients were much lower than the predicted
Fig. 5. Comparison of various correlations applied to the 2.5 @in. values. The prediction was performed with the conventional
Liqui-Cel® Extra-Flow contactor. resistance-in-series model, where the shell side mass transfer

was estimated with the correlation proposed by Baudot et al.
number developed in present study. Such correlation will be [11], and the tube side mass transfer witveque equation.
very helpful in the design of membrane contactor processes I € authors stated that the difference is due to the contribution
using Liqui-CeP modules. of extraction chemical kinetics at or very close to the interface

The Reynolds exponent in E@4)is 0.42, which can well [16]. V\/_hatgver, we think the mass trqnsfer ina quu?d—liquid
fitthe experimental dat& 6c Q°-38-043 reported by Sengupta extraptlon is more complex than t_hfat inagas s?rlppmg or ab-
etal.[2]. Avalue larger than 0.33 indicates that the transverse SOrPtion process. In other words, itis much easier to reach the
flow module provides a component of velocity perpendicular condition that the overall mass transfer cpefﬁuent is equal'to
to the hollow fiber surface, which results in a higher mass the shell side mass transfer in a gas stripping or absorption
transfer coefficient than that achieved with the parallel flow Process and thus itis a suitable system for the study of the
module. On the other hand, the value is lower than 0.66. Itin- COMplex shell side mass transfer.
fersthat the shell side flow cannot reach the turbulence flow in
the tested Reynolds range (0.8-20). In the literatures, similar
Reynolds exponents were also reported by Wickramasinghe4. Conclusions
et al.[3] (Sh o« Re®#7) and Wang et al[4] (Sh o« Re®46)
for cross flow modules fabricated in their laboratories by ~ Free surface model was applied to describe the shell side
wrapping hollow fiber fabric around a central pipe, as in flow in a transverse flow hollow fiber membrane contactor.
the case of the commercial Liqui-&eExtra-Flow module Based on this, a method was developed to calculate the shell
[16]. side hydraulic diameter, the effective shell side velocity and

The shell side mass transfer correlations liste@iahle 1 ~ the Reynolds number. An empirical correlation was proposed
were also used to fit the experimental data provided by Sen-to relate with the mass transfer data (oxygen stripping in ex-

gupta et al[2]. The results are shown ifig. 5. For com-  Cess sweep conditions) reported by Sengupta ¢2alThe
parison, the predictions by E¢R4) are also shown in this  discrepancies between the correlation predictions and exper-
figure. imental data were within 10%. Additionally, it was shown

It should be noticed that, in Kreith and Black’s correlation, that the correlation come out from liquid-liquid extraction
the shell side Reynolds number and the Sherwood numberpredicts lower shell side mass transfer coefficients than that
were defined in term of the fiber outer diameter. The shell obtained by experiments. It indicates that gas stripping or ab-
side effective velocity was calculated by E#9). In the cor- sorption experiment is a suitable system for the study of the
relations of Schner et al. and Baudot et al., the shell side complex shell mass transfer, where we can easily reach the
effective velocity and the hydraulics diameter are calculated condition that the overall mass transfer coefficient is mainly
by Egs.(18) and(22) respectively. As a result, iRig. 5, X located in the shell side.
andY coordinates were labeled as feed fld&@) (but not the
Reynolds number), mass transfer coefficidgt(but not the
Sherwood number) respectively. Besidegig. 5 the equa- ~ Acknowledgements
tion of Scloner et al. was modified from its original form,
because the authors used the pore area but not the whole The authors gratefully acknowledge the support from
membrane surface as the contact area, and it would lead toAgency of Science, Technology and Research of Singapore
high mass transfer coefficients as pointed in the literatures (A*STAR) to fund the IESE program.
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Nomenclature

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

dc diameter of the cell (m)

o fiber outer diameter (m)

dn hydraulic diameter (m)

dm inside diameter of the cartridge (m)

d outside diameter of the center feed tube (m)

D diffusion coefficient (m/s)

k shell side mass transfer coefficient (m/s)

leff effective length of the fiber (m)

N total number of the fibers

Nim log-mean number of the fibers in fibers laye

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 (fs)

re free surface radius (m)

re fiber radius (m)

Uc.m average cell free surface velocity (m/s)

Ue effective shell side velocity (m/s)

Uy radial direction velocity (m/s)

Ug angular direction velocity (m/s)

Greek letters

a,B constants in Eq(1)

y membrane porosity

n dimensionless shell side effective velocity, Eq.
(21)

e module packing fraction

m viscosity of shell side liquid (Pas)

0 density of shell side liquid (kg/®)
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