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ABSTRACT: Several analyses of hollow fiber reverse os-
mosis (RO) modules in which permeate water flows from
the outer to the inner side of the membrane have been
attempted over the past 20 years. In our previous work,
an FCP (Friction Concentration Polarization) model
showed good agreement with a wide range of actual per-
formance data of a hollow fiber RO membrane module of
radial flow type. In this work, this analytical model was
applied to axial flow type hollow fiber modules. The per-
formance of the axial flow type module with high packing

density of hollow fibers was analyzed, taking into consid-
eration the axial concentration profile in the module. It
was confirmed that this model showed good agreement
with experimental data for an axial flow type RO mem-
brane module. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci
123: 463-471, 2012
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osmosis; axial flow type module

INTRODUCTION

The reverse osmosis (RO) separation process has
become important as an energy saving process (no
phase change) for brackish water and seawater
desalination. Hollow fibers have been selectively
employed in industry because of their economical ef-
ficiency when compared with several other mem-
brane types."> Hollow fiber membrane modules are
separated into two classes on the basis of the direc-
tion of permeated water flow, the outside-to-inside
type, and inside-to-outside type modules. It is well
known that outside-to-inside type modules typically
have a number of advantages, such as higher effec-
tive membrane area and lower pressure loss on the
feed side, compared with inside-to-outside type
modules. Consequently, outside-to-inside type mod-
ules are used in typical RO membrane modules due
to higher operation pressure.

Several analyses of hollow fiber RO membrane
modules in which permeate water flows from the
outside to the inside of the hollow fiber have been
attempted over the past 20 years. Gill and Bansal®
proposed a mathematical model in which the pres-
sure drop inside the fiber and constant salt rejection
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were considered, assuming no concentration polar-
ization. Gill et al.** improved this model by intro-
ducing the solution-diffusion model. In their work,
the membrane transport model was improved based
on a constant rejection model and became more real-
istic. Ohya et al.® proposed a simple and practical
model by considering concentration polarization,
which was neglected by other researchers. However,
the pressure drop inside the fiber was ignored in
this model. The transmembrane pressure was conse-
quently overestimated, reducing the pure water per-
meability coefficient in the calculation. The FCP
model (Friction Concentration Polarization model),
in which both concentration polarization and the
pressure drop inside the fiber were considered, has
already been presented as an analytical model of a
hollow fiber RO module, and its validity has been
proven by Sekino et al. through verification with a
wide range of actual performance data on a hollow
fiber RO membrane module.””®

In the aforementioned models hollow fiber mod-
ules of the radial flow type were analyzed, because
most commercialized hollow fiber RO membrane
modules are of that type, especially for seawater
desalination at high pressure and brackish water
desalination at medium pressure. One of the typical
radial flow type modules with hollow fiber RO
membranes is the cellulose triacetate hollow fiber
module. The schematic structure and flow of a rep-
resentative radial flow type module (HA3110;
Toyobo Co.) is shown in Figure 1. The cellulose



464

Pressure Vessel

KUMANO AND MATSUYAMA

Hollow fiber

2

v s

Feed

IE 11

Permeate

ﬁ‘ Concentrate

Figure 1 Schematic structure and flow pattern of typical radial flow type module. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

triacetate hollow fibers with outer diameter 175 pm
(and total number of 1 x 10° to 1 x 10° fibers) are
arranged around a porous tubular core. Both ends of
the cylindrical fiber bundle are potted with epoxy
resin and one or both sides are then sliced vertically
to give open hollow fibers. The permeation solution
flows through the fiber bore to the opening. The
bundle is finally inserted into a pressure vessel and
sealed.

Several axial flow type RO membrane modules
are used at low pressure, in addition to radial flow
type modules. Recently, some axial flow type RO
modules have been used, especially at low operating
pressure, for purification and desalination of brack-
ish water. The schematic structure of an axial flow
type module (HK2105; Toyobo Co) is shown in Fig-
ure 2. This module with hollow fiber RO membranes
is also made from cellulose triacetate hollow fibers.
These hollow fibers with outer diameter 175 pm are
arranged in the pressure vessel as follows. One end
of the cylindrical fiber bundle is potted with epoxy
resin and one side is then vertically sliced to give
open hollow fibers. The permeation solution flows
through the fiber bore to the opening. The bundle is
finally inserted into a pressure vessel and sealed.

The axial flow type module has the advantages of
higher flow velocity on the shell side of the module
than is obtained in radial flow type modules. Thus,
the axial flow modules operate stably and maintain
highly efficient RO performance, even at unusually
high recovery.

Feed Pipe

Although an analytical model (FCP model) for
axial flow hollow fiber RO membrane module was
published by Sekino et al.,” the module that was an-
alyzed had much lower hollow fiber packing density
(about 1%) than that (>50%) of practical modules,
and neglected the axial concentration profile in the
module.

In this study, we analyze the RO performance of
the axial flow type hollow fiber module with high
packing density of hollow fibers, taking into account
the axial concentration profile in the module. The
mass transfer correlations for an axial flow type hol-
low fiber module were derived, and the validity of
the model was confirmed by comparing with experi-
mental data.

Analysis
FCP model for axial flow type module

The FCP model was the first analytical model of a
hollow fiber RO membrane module in which the
pressure loss inside the hollow fiber was taken into
account by the Kimura-Sourirajan membrane trans-
port equation.’® A schematic diagram of the FCP
model for the radial flow type module is shown in
Figure 3. The model is composed of a series of dif-
ferential equations which consist of permeate flow
equations in a hollow fiber, feed flow equations and
so on. In this model, the mass transfer coefficient k
was estimated by the following dimensionless
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Figure 2 Schematic structure and flow pattern of typical axial flow type module. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Figure 3 Schematic diagram of the FCP model in radial flow type module. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

equation, which was derived for radial flow type
hollow fiber RO membrane modules, with consider-
ation of the radial and axial concentration profiles.”

Sh = 0.048Re%® Sc'/3 (1)
Sh, Re and Sc are Sherwood number, Reynolds num-
ber, and Schmidt number, respectively.

The previous analytical (FCP) model on axial flow
hollow fiber RO membrane module was conducted
at much lower packing density (1%) of hollow fibers
than the practical packing density (>50%) and
neglected the axial concentration profile in the mod-
ule. Under these conditions, the following dimen-
sionless equation for mass transfer correlation was
derived.”

Sh = 0.20Re"® Sc'/3 ()

The solution-diffusion model is based on the follow-
ing membrane permeation equations:'’

Jw = A(AP — AIl)
Js = BAC

®)
4)

Jw, Js, A, B, AP, AIl, and AC represent water flux
through membrane, solute flux through membrane,
pure water permeability coefficient, solute transport
coefficient, pressure difference, osmotic pressure dif-
ference, and concentration difference, respectively.
Solutes accumulated on the membrane surface
gradually develop a concentration polarization layer.
The material balance in the layer is described by’

(Cm — Cp)/(Cp — Cp) = exp(Jv/k) (5)

where
Jv=0Uw+Ts)/py (6)
Cp=Js/lv ()

Cm, Cp, and Cp represent concentrations at mem-
brane surface, in permeated water and in bulk
water, respectively. k, [, and pp are mass transfer
coefficient, solution flux through membrane and
density of permeate, respectively.

The pressure drop inside the fiber is expressed by
the Hagen—Poiseuille equation:

dP _ 128,Qp
nd}

e 8)

P, Qp, and , represent pressure, flow rate and
viscosity of permeated water, respectively. z is
the axial coordinate, which means axial direction
of the hollow fiber bundle as shown in Figure 4
and d; represents the inner diameter of the hollow
fiber.

The material balance within a fiber is given by:

dQp

7 =ndoJv, Ls<z<Ls+L

©)
where dp, Ls, and L represent outer diameter of the
hollow fiber, length of hollow fiber submerged in
tube sheet, and effective length of hollow fiber in a
bundle, respectively.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Schematic diagram of the FCP model in axial flow type module. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Differentiation of eq. (8) and substitution into eq.
(9) gives the following equation.

2P 128y,

The material balance in the hollow fiber bundle is
given by

Qs _

e —n/4D3(1 - 0)Jy{ 0 < r < Do/2 (11)
@ = —n/4D5(1 — 0)JyCpl 0 < r < Do/2 (12)

where o is packing density of fiber bundle. { and Qp
represent the membrane surface area per unit vol-
ume and flow rate of bulk water, respectively.

In the module, membrane area can be expressed

by:

dS = ndpNdz (13)
where S and N represent surface area of mem-
brane and number of hollow fibers in bundle,
respectively.

Numerical analysis

The 12 equations from (2) to (13) were simultane-
ously solved using the finite difference method.
The axial direction of the hollow fiber bundle

(z-direction) was divided into “n” segments. In

Journal of Applied Polymer Science DOI 10.1002/app

this analysis, numerical analysis was conducted by
ignoring concentration profiles in the radial direc-
tion. However, the axial concentration profile was
considered.

An axial flow type module is divided into
two types, co-current and countercurrent. In this
calculation, the counter-current type module
was analyzed. A schematic diagram of the FCP
model for axial counter-current flow is shown in
Figure 4.

Equations (3) and (4) are developed as the follow-
ing equations:

Jw = A[(Pg — Pp) — (Ilp — Ip)]

APy~ ) —od(Cy— Cp)] D
Js = B(Cm — Cp)
— BO(Cy — Cy) (15)
where
M= oC (16)
® = (Cy —Cp)/(Cp — Cp) 17)

o and @ represent osmotic pressure proportionality
constant and concentration polarization coefficient,
respectively. The membrane permeation flux Jy; in
the Az region (j-th component) of the hollow fiber is
expressed by the following equation.

Jvi = (Jwj +Jsj)/ pp;

(18)
= A[(Ppj — Ppj) — (aA — B)®;(Cpj — Cp;)]/pp;
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The concentration polarization coefficient factor ®; is
expressed by the following equation.

®; = exp(Jy;/k;) (19)

The solute concentration in the
expressed by the equation

permeate is

Crj = Jsi/Ivji = Jsippi/ Uwj + Is;) (20)
The pressure inside the hollow fiber, Pp;, is obtained
from the following equation derived from egs. (8)
and (9)

128 AZ?d
P ij HP] (@]

va, (1)

In the tube sheet of RO membrane element, the fol-
lowing equation is applied because there is no per-
meation in this region.

128}1 LsAZdo
Ppy — Py le4 Z Jvi (22)
Is

djs is the inner diameter of hollow fiber in the tube
sheet, and Py is the pressure of permeated fluid at
the open-ended position of the hollow fiber element.

The following mass balance equations are derived
from egs. (11) and (12)

Qi1 = Qs — Silyj (23)
Cpj1+1Q8j+1 = CpiQpj — S{Cpilv (24)

The membrane surface area S; in the j-th component
is derived from eq. (13).

S]' = TELdoN/I‘l (25)

Calculation method

Hollow fiber properties (A, B, d;, dis, do), hollow fiber
bundle dimensions (Do, L, Ls, N), properties of RO
operation conditions (P, Rc, Tr) and the feed solution
(Cr, D, W, p) are known before calculation. eqgs. (14),
(15), and (18-22) were solved by convergence calcula-
tion through the axial direction of the hollow fiber
bundle (z-direction) divided into “n” segments,
because [y, k, and ® are linked with each other.

After calculation up to j = n, the overall flow rate
and solute concentration are obtained by summing

]Vj/ Cp] and Sj

n

Qrr =Y _ (JvS)) (26)

=1
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n

Cpr = Z(ij]Vij) /Qpr (27)

j=1

A computer calculation flow chart for obtaining Qpr
and Cpr is shown in Figure 5. The simulation starts
with the calculation on the feed solution inlet in the
axial direction. The calculation was started from
the fiber opening end to the end of fiber bundle. The
iteration proceeds by changing the initial pressure at
the fiber bundle end until the calculated pressure at
that end becomes the same as the permeate outlet
pressure.

In the calculation of each segment, ®; and Cp;
were initially assumed before calculating Jy; k;, ®;
and Cp;. This calculation was repeated until the
assumed ®@; Cp; values were equal to the calculated
values. Thus, Jy; ,Cp; and Pp; were finally given for
one segment. Then the calculation was done for the
next segment in the axial direction. The calculation
is advanced mesh by mesh to the concentrate outlet
in the axial coordination, and Jy; and Cp; in each seg-
ment are determined.

As the number of segments n is increased, outlet
values will be more accurate but calculation time
will be longer. The value for n increased until the
convergence value within 0.2% was obtained.

Qpr and Cpr were obtained by egs. (26) and (27)
Then the recovery ratio defined as the ratio ofQpr to
Qr was obtained. The calculation was repeated until
the initially assumed recovery ratio.

Set up DATA
Membrane & Bundle-Dimensions, Operation Condition

e

!
»"__ assume Q,, Cg, Pp,
j=1.n

| calculate J,, C, k, @ |

*umare with assumed @
=

[ Calculate QF CrPr |

* =
I Calculate C,, Py I

compare with setting C
#*= =

| CalcuEatf; Qp, Re |

—¢

END

Figure 5 Computer flow diagram for the analytical
method.
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TABLE I
Characteristics of Hollow Fiber Membranes
do 175 x 107° (m)
d 85 x 107° (m)
A 11 x 1077 (kg m 2 s~' Pa™)
B 1.8 x 10°® (m/s)

EXPERIMENT

Permeability coefficients of hollow fiber
membrane

The hollow fiber, with outer diameter 175 pm, was
made from cellulose triacetate. The permeability
coefficients A and B of the hollow fiber membrane
were determined experimentally. A 1 m long U
shaped small fiber bundle, made of several hundred
hollow fibers, was installed in a one inch diameter
pressure vessel. In this experiment, the feed velocity
was greater than 5 x 107> m s~ ; the permeate flow
rate and salt rejection did not depend on the velocity
because no concentration polarization was gener-
ated. Coefficients A and B were determined by
extrapolating the data to the point where the pres-
sure drop inside the fiber was assumed to be zero.
The A and B values obtained are given in Table I to-
gether with values of dp and d.

Hollow fiber membrane module

The hollow fiber membrane module (Fig. 2) used in
the experiment was the axial flow type (HK2105;
Toyobo Co). In this module the feed solution flows
parallel to the axial direction of the hollow fiber
from the fiber opening end to the end of the fiber
bundle for counter-current flow. The characteristics
and geometric specifications of the hollow fiber
modules are given in Table II. dj, shown in the Table
is an equivalent hydraulic diameter and will be
defined in eq. (29) later.

For the desalination experiments, the feed solution
was an aqueous sodium chloride solution with con-
centration 0.5 kg m °. The applied pressure ranged
from 0.29 to 0.49 MPa. The recovery ratio was 20 to
60%; the feed solution temperature was 298 K.

TABLE II
Characteristics and Geometric Specifications of Hollow
Fiber Modules (HK2105)

Do 0.051 (m)
L 0.245 (m)
Ls 0.034 (m)
dn 12.35 x 107° (m)
N 43,200(—)
) 0.51(—)

Journal of Applied Polymer Science DOI 10.1002/app
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RESULTS AND DISCUSSION
Mass transfer coefficient

Sekino and Fujiwara (1991) analyzed the experimen-
tal data of 8-in. diameter hollow fiber modules of ra-
dial flow type, and presented the mass transfer coef-
ficient correlation equation as described above. In
addition, Sekino (1995) analyzed the experimental
data of very low packing density hollow fiber mod-
ules of axial flow type neglecting the axial solute
concentration profile in the module, and obtained
the correlation equation for the mass transfer coeffi-
cient. In other work, mass transfer correlation equa-
tions were reported for liquid-liquid contactors
using hollow fiber membranes.'" Prasad and Sirkar
(1988) obtained shell-side mass transfer correlation
equations for membrane extractors in axial flow,
using xylene and water with acetic acid and packing
densities of hollow fibers from 4 to 40%.

With these correlation equations as a guide, in this
study the correlation as ShSc~ " versus Re was obtained
based on the performance data of the axial flow type
module with high packing density in two pressure
cases with considering the axial solute concentration
profile in the module. A mass transfer coefficient was
obtained by a trial and error method in which the esti-
mated module performance by the analytical model
discussed above agreed with experimental data. Here
the mass transfer coefficient was a local value and was
calculated in each segment in the module.

The relationship between ShSc™” and Re is shown
in Figure 6. In this figure, Re shows the value calcu-
lated b3y mean of bulk flow rate in the module.
ShSc™'” shows the value obtained by mass transfer
coefficient corresponding to mean of bulk flow rate
in the module at each experiment condition. The
correlation equation for the data is expressed as
follows.

10

e
A Experiment 0.3MPa 7
B Experiment 0.5MPa s <
This study 7
. ol
———— Sekino(1995) 7
—
o
S
!
Q
2
5]
1
10 100 1000

Re [-]

Figure 6 Correlation of mass transfer coefficient in axial
flow module. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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TABLE III
Correlation Equations for Mass Transfer Coefficient in Axial Flow Modules

System Reverse osmosis Reverse osmosis Liauid extraction (Liquid-Liquid)
Authors Sekino (1995)° This stud Prasada and Sirkar (1998)!!
Correlations Sh = 0.20Re%®Sc'/3 Sh = 0.17Re%5c/3 Sh =5.85(1 — o)(dy/L)Re®®Sc'/®
Flow range 40 < Re < 1000 20 < Re < 200 0 < Re < 500
Fluids Inner side permeate permeate acetic acid, etc
Outer side NaCl solution NaCl solution xylene, etc

Module type RO mini-fiber modules
Membrane materials Cellulose triacetate
Packing density (%) 1

Handmade extractor
Polypropylene, etc
4-40

Toyobo RO module
Cellulose triacetate
51

Sh = 0.17Re"*5¢!/3 (28)
Here, the characteristic length in the Reynolds and
Sherwood numbers was not the outer diameter of
hollow fiber, but an equivalent hydraulic diameter
dy, defined by the following equation.

d, = 4(cross — sectional area of flow)/wetted perimeter
(29)

Although the powers of the Reynolds and Sherwood
numbers in eqgs. (1), (2), and (28) are the same, the
constants on the right side of the equations are dif-
ferent. In Figure 6, the results from eq. (2) obtained
by Sekino’ are shown by the dotted line. These
results are a little higher than the experimental data.

The constant on the right side of the mass transfer
correlation equation depends on the module struc-
ture, packing density of hollow fibers, fluid flow
patterns and analytical model. In particular, the
packing density of hollow fibers can be one of the
most influential factors. When the packing density is
very low, the hollow fiber module may have suffi-
cient spaces among the hollow fibers for the feed
solutions to be distributed uniformly to almost all of
the membrane surfaces. On the contrary, if the pack-
ing density is very high all membrane surface areas
cannot be utilized effectively. When the flux is eval-
uated as permeated mass volume divided by the ge-
ometrical membrane area, it will be smaller than the
actual flux. Hence, the calculated mass transfer coef-
ficient is lower than the intrinsic value in the high
packing condition.

In addition, in the case of high packing density of
hollow fibers, especially in a practical module, sev-
eral hollow fibers compose a fiber group and the
mass transfer occurs in two stages. One is the mass
transfer around the fiber groups, and the other is
that among the fiber groups.'” Thus, the constant on
the right side of the mass transfer correlation equa-
tion becomes smaller because mass transfer cannot
occur sufficiently among the fiber groups. For these
reasons, the constant in eq. (28) is smaller than that
in eq. (2).

Prasad et al. showed the correlation of mass trans-
fer coefficient for the axial flow module with
various packing densities, although mass transfer
was not considered for RO membrane but for liquid
extraction. In addition, they derived a mass transfer
correlation equation that depended on the packing
density of hollow fibers, o, as shown in Table III.
Figure 7 shows a comparison of the correlations as
ShSc™*/? versus Re by three mass transfer correlation
equations for the axial flow module in the conditions
of module dimensions and operation for this study.
The mass transfer coefficients obtained in this study
are between the data from the equation of Sekino
et al. and those of Prasad et al.

In this work, the concentration profile of NaCl in
the axial direction was considered. Figure 8 shows
the calculated results of Cr and Cp changes against
the axial distance. The Cr and Cp values increased
with the increase of the axial distance. In addition,
when the recovery ratio Rc is high, the increases of
Cr and Cp became more pronounced.

Module performance and verification of the model

The usefulness of the analytical model presented

here was verified by comparison with the
100 >
s | This study z "
- -
= = =2.Sekino(1995) . -
Y -
T — — 3.Prasad et al.(1988) -
e 10 =
o
9 i
~
~
-~
~
0.1
1 10 100 1000
Re [-]

Figure 7 Comparison of mass transfer coefficients by three
correlation equations. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 8 Relation between solute concentrations and
axial distance. (a) Feed concentration, (b) Permeate concen-
tration. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

experimental data for a 2-in. hollow fiber RO mod-
ule (HK2105; Toyobo Co). The specifications of this
module are given in Table IIL

The flow rate of permeated water Q, is plotted
against recovery ratio Rc in Figure 9. The data in
two cases with different applied pressures are
included in this figure. The flow rate decreases

5.0
B Experiment (0.29MPa)
A Experiment (0.49MPa)
40 Calculation (0.29MPa)
) = Calcuration (0.49MPa)
~
«™
£ 30 —————
‘©
= 20
% L B Ea—
1.0
0.0

0 01 0.2 03 04 0.5 0.6 0.7

Re [-]
Figure 9 Relation between flow rate of permeated water
and recovery ratio. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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slightly as the recovery ratio increases, because the
solute concentration increases and solution velocity
decreases in the module, as the recovery ratio
increases. The results calculated by the model equa-
tions are shown in this figure as solid lines. The cal-
culated results agreed well with the experimental
data.

Figure 10 shows the relationship between the
NaCl rejection R; and R. The solute rejection
decreases with increase of R, because solute concen-
tration increases and solution velocity decreases, as
the recovery ratio increases (as for flow rate depend-
ence on recovery ratio). The agreement between the
calculated results and the experimental data was
again satisfactory. Thus, the model derived in this
work can be applied to analysis of an RO membrane
module of the axial flow type.

If the axial concentration profile is not considered
in the FCP model, the module performances shown
in Figures 9 and 10 cannot be calculated. For exam-
ples, when the feed solute concentration Cr is con-
stant, the recovery ratio Rc becomes zero. The value
of Cr must be increased in the case of increased R,
as shown in Figure 8.

CONCLUSIONS

The FCP model was applied to analysis of a hollow
fiber RO membrane module of the axial flow type.
In this analysis, the axial solute concentration profile
in the module was considered. The mass transfer
correlation equation was derived for an axial flow
type module with high packing density of hollow
fibers. The calculated results for water flow rate and
NaCl rejection agreed satisfactorily with experimen-
tal data. This model will be applied to the practical
modules with a high packing density.

1.00
A
095 —t—
] A
|
0.90 \
il
. 085
®
0.80 B Experiment (0.29MPa)
A Experiment (0.49MPa)
0.75 Calculation (0.29MPa)
Calcuration (0.49MPa)
0.70

0 0.1 0.2 0.3 04 05 0.6 0.7
Re [-]

Figure 10 Relation between NaCl rejection and recovery
ratio. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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NOMENCLATURE Greek letters
A pure water permeability coefficient o osmotic presgure proportionary constant
(kg'm %s VPa ) (Pa/(kg/m?))
B solute transport coefficient (m/s) A difference (-)
C solute concentration (kg/m?) ¢ membrane area per unit volume (1/m)
Do outer diameter of fiber bundle (m) u viscosity (Pa s)3
D diffusion coefficient (m?/ s) p density (kg/m?”)
dy, hydraulic diameter defined by Eq. (29) c packing density of fiber bundle (-)
(m) 0] concentration polarization coefficient (-)
d inner diameter of hollow fiber (m) )
dr inner diameter of hollow fiber at tube Subscripts
sheet (m) B bulk (shell side)
do outer diameter of hollow fiber (m) L F feed (shell side)
Js SOhitle flux through membrane (kg'm j j-th component at axial coordinate
S — M membrane surface
Jv sollitllon flux through membrane (m”m P permeate (bore side)
s 5 S solute
Jw wa’cff flux through membrane (kg'm™ T total
S t tube value
k mass transfer coefficient (m/s)
L eff(ect)ive length of hollow fiber in bundle References
m
Lg length of hollow fiber submerged in tube 1. Li N. N.; Fane G. A.; Winston Ho, S. W.,; Matsuura, T.; Adv
sheet (m) Mem Technol Appl; Wiley: Hoboken, 2008, Chap. 2.
. . 2. Baker, R. W. Mem Technol Appl, 2th ed; Wiely: Chichester,
N number of hollow fibers in bundle (-) 2004, Chap. 3.
p pressure (Pa) 3. Gill, W. N; Bansal B. AIChE ] 1973, 19, 823.
Py pressure of permeate at exit (Pa) 4. Dandavati, M. S.; Doshi M. R.; Gill W.N. Chem Eng Sci 1975,
Q flow rate (1’1’13/5) 5 ?I)(O’b87d7'. V. N.; Doshi M. R.; Gill, W, M. Ch Eng C
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