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ABSTRACT

Ultrafiltration (UF) membrane provides an effective means of removing particles and micro-
bial contaminants by size exclusion with the requirement of smaller footprints with conven-
tional pretreatment processes. Although a few works have been done to optimize UF
membrane modules and systems for drinking water treatment and membrane bioreactor
(MBR), little information is available on UF design for pretreatment of seawater/brackish
water desalination. This study focuses on the design of hollow fiber UF membrane modules
for pretreatment processes in desalination plants. A theoretical model was developed and
applied to predict the filtration efficiency of hollow fiber UF membranes. Typical conditions
for pretreatment of feed solution to reverse osmosis desalination were considered. The effect
of module dimensions and fiber packing density on pressure drops was also analyzed using
the model. It was found that fiber thickness and module size are important as well as inner
diameter and length of the fiber.
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1. Introduction

As available water sources are gradually depleted
due to water scarcity as well as quality deterioration,
seawater desalination has been gaining popularity as
a feasible option for sustainable water supply [1,2].
High pressure reverse osmosis (RO) processes have
been the technology of choice for seawater desalina-
tion [3,4]. RO has many advantages over other desali-
nation techniques, including low energy requirements,
low operating temperature, small footprint, modular

design, and low water production costs. However, a
stringent pretreatment is required to ensure high
performance of RO membranes.

The use of microfiltration or ultrafiltration (MF/UF)
has been studied by researchers since the mid-1990s and
cost reduction in these technologies in the mid-2000s led
to the installation of MF/UF pretreatment in seawater
desalination plants [5]. The cumulative capacity will
approach 9,000,000m3/d by the end of 2012, with
annual installed capacities to exceed 2,000,000m3/d.
The single largest pretreatment capacity currently
contracted (Magtaa Seawater Desalination Plant in
Algeria) requires over 1,000,000m3/d of pretreatment
membrane capacity [6].*Corresponding author.
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It is well known that the efficiency of hollow fiber
MF/UF modules depends on the fiber/module
dimensions and operating conditions [7]. Thus, a few
works have been done to optimize MF/UF membrane
modules and systems for drinking water treatment
and membrane bioreactor (MBR) [7–10]. However, lit-
tle information is available on UF design for pretreat-
ment of seawater/brackish water desalination. In case
of UF pretreatment for RO desalination, a pressure-
type module is preferred, while previous researchers
have mostly focused on the optimization of sub-
merged MF/UF modules.

This study focuses on the design of hollow fiber
UF membrane modules for pretreatment processes in
desalination plants. A theoretical model was applied
to analyze the filtration efficiency of hollow fiber UF
membranes. The effect of module dimensions and
fiber packing density on fouling rate was examined
using the model. Although this study was originally
intended to design a membrane module for pretreat-
ment of RO desalination, the findings may be applied
to the similar applications, including wastewater recla-
mation and potable water treatment.

2. Theory

We have applied the hydrodynamic model equa-
tions for pressure drop outside and inside hollow
fibers to predict the performance of dead-end UF over
a wide range of conditions. Fig. 1 shows the flow and
geometry in a hollow fiber UF membrane module.
The feed flows inside the shell of the module, and the
permeate flows inside the fibers. The permeate outlet
and the feed inlet are at opposite ends of the module.
The feed and permeate flow rates are identical since
the module operates in the dead-end mode.

In this module, there are two kinds of pressure
drop by water flows. In the shell side, a longitudinal
pressure drop is created by the feed flow in the bun-
dle of hollow fibers [11]. Accordingly, the pressure
distribution in the shell side is given by [10]:

dpsðxÞ
dx

¼ � 8ggðeÞ
ped2mdhdo

QsðxÞ ð1Þ

where ps is the shell-side pressure; x is the distance
from feed inlet; g is the viscosity of water; g(e) is the
sparrow function; dm is the inner diameter of the
module; dh is the hydraulic diameter; do is the outer
diameter of the fiber; and Qs is the feed flow rate in
the shell side.

The pressure drop within a hollow fiber is given
by the Hagen–Poiseuille law [9]:

dpfðxÞ
dx

¼ �128g
pd2i

QfðxÞ ð2Þ

where pf is the pressure inside the hollow fiber; di is
the inner diameter of the fiber; and Qf is the permeate
flow inside the fiber. Since dead-end filtration is
assumed, the permeate flux is given by:

dQsðxÞ
dx

¼ dQfðxÞ
dx

¼ �npdoJðxÞ ð3Þ

where J is the local flux.
When the feed liquid is clean water, the above sys-

tem of equations has an analytical solution. The local
flux is given by the following equations [10]:

pðxÞ ¼ ðpsðxÞ þ pfðxÞÞ

¼ ðða coshðcLfÞ þ bÞ coshðcxÞ þ ða sinhðcLfÞÞ sinðcxÞÞðaþ bÞ
ða2 þ b2Þ coshðcLfÞ þ abð2þ cLf sinhðcLfÞÞ

ð4Þ

Fig. 1. Sketch of the flow and geometry in a hollow fiber
UF membrane module: (a) module geometry and (b) flows
outside and inside a fiber.
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a ¼ 8ggðeÞ
ped2mdhdo

ð5Þ

b ¼ 128g
pd2i

ð6Þ

c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8ggðeÞ
ped2mdhdo

þ 128g
pd2i

� �
npdo
gRm

s
ð7Þ

where Lf is the effective fiber length. In order to con-
sider pressure drop through the potting part, the
Hagen–Poiseuille law may be applied:

ppot ¼ �128gLpot

pd4i
Qfjx¼Lf

ð8Þ

where Lpot is the length of the potting part. Thus, the
average permeate flux, Javg, is given by:

Javg ¼
Z Lf

0

JðxÞdx ¼
Z Lf

0

psðxÞ þ pfðxÞ þ ppot
gRm

dx ð9Þ

Due to the pressure drops in the shell side, fiber,
and potting part, the permeate flux from Eq. (9) is
different from the ideal flux calculated from the
membrane resistance. Thus, the ratio of the perme-
ate flux in the module to the ideal flux is used to
quantify the efficiency of module design, which is
defined as:

k ¼ Javg
Jideal

¼
R Lf
0

psðxÞþpfðxÞþppot
gRm

dx
DP
gRm

¼
Z Lf

0

psðxÞ þ pfðxÞ þ ppot
DP

dx ð10Þ

where DP is the applied pressure.
The above equations were simultaneously solved

using Matlab. After solving the set of equations, the
flux and the ratio of the calculated flux using the
model to ideal flux were compared under various
conditions.

3. Results and discussion

3.1. Local pressure and flux distribution

To begin, the local distributions of transmembrane
pressure and permeate flux were estimated using the
model as shown in Fig. 2. For this calculation, di was
700lm and do was 1,300 lm, which are similar to com-
mercially-available hollow fiber UF membranes. Due

to pressure drop inside the fiber, the transmembrane
pressure at the end of the fiber is lower than that at
the outlet of the permeate, which results in a difference
in the local flux along the fiber. Although the average
flux is 171 L/m2h, the local flux is lower than 50L/
m2h in approximately 50% of the fiber. This suggests
that the pressure drop inside the fiber may be substan-
tial and affect the overall efficiency of the membrane
filtration.

Fig. 3 shows the local transmembrane pressure and
permeate flux at di = 1,400 lm and do = 2,300 lm. Since
the di is larger than the previous one, the pressure drop
in the lumen side is smaller. Nevertheless, the larger do
leads to higher packing density, resulting in an
increase in the shell-side pressure drop. Accordingly,
the local transmembrane pressure and the flux at the
feed inlet are larger than those at the permeate outlet.
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Fig. 2. Variations of local transmembrane pressure and flux
with x position. Modeling conditions: di = 700lm; do = 1,300
lm; Am=75m2; dm=8 inch; T= 20�C; Lf = 2m; Lpot =
0.3m; Rm=1011m�1; Dp= 50 kPa. (a) Local transmembrane
pressure. (b) Local flux.
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The average flux is estimated to 298L/m2h and the
ratio of the calculated flux to the ideal flux is 16%.

3.2. Effect of fiber dimensions

It is clear from the above results that the fiber
dimensions such as di, do, and Lf are important factors
affecting the performance of a UF membrane module.
Fig. 4 illustrates the relationship between di and the
flux as well as the module efficiency. The thickness of
the fiber (d) was fixed to 600lm for this calculation.
Although the membrane resistance is fixed at
1011m�1, the flux increases from 32L/m2h to 390 L/
m2h as increasing di, which results in a reduced pres-
sure drop in the lumen side. Moreover, the efficiency
ratio increases from 2 to 22%. The do also increases as
the d is constant, but the shell-side pressure drop

seems to be less important than the lumen-side pres-
sure drop in this case.

Fig. 5 shows the effect of do on the flux and the
efficiency ratio. In this case, di is fixed to 900lm,
implying that the lumen-side pressure drop is not sig-
nificantly changed with do. Accordingly, the shell-side
pressure drop dominates the changes in flux and effi-
ciency ratio. As do increases from 900 to 1,800 lm, the
permeate flux decreases from 225L/m2h to 119L/
m2h, which corresponds to approximately 50% reduc-
tion. This also suggests that pressure drop inside a UF
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Fig. 3. Variations of local transmembrane pressure and
flux with x position. Modeling conditions: di = 1,400lm;
do = 2,300lm; Am=75m2; dm=8 inch; T= 20�C; Lf = 2m;
Lpot = 0.3m; Rm=1011m�1; Dp= 50 kPa. (a) Local
transmembrane pressure. (b) Local flux.
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module is smaller at constant di with smaller mem-
brane thickness. Nevertheless, it should be noted that
decreasing the fiber thickness is not easy because it is
related to its mechanical strength as well.

3.3. Effect of intrinsic membrane resistance

One of the key issues in membrane manufacturing
is to develop technologies to improve membrane per-
meability or, in other words, reduce membrane
hydraulic resistance. Fig. 6 shows how the flux and
efficiency ratio change with membrane resistance. It is
evident from the figure that a decrease in membrane
resistance results in an increased flux. Nevertheless,
the relationship is not linear. If the membrane resis-
tance is over a certain value, its effect on the permeate
flux is becoming less important. This is attributed to
the fact that the permeate flux is determined not only
by the membrane resistance but also the pressure
drop inside the module. At high membrane resis-
tances, the efficiency ratio approaches 1.0, indicating
the effect of pressure drop is less important.

3.4. Effect of module geometry

As the module length increases, the pressure drops
inside both shell side and lumen side increase. Thus,
the flux and the efficiency ratio decreases with
increasing the module length, as presented in Fig. 7.
Nevertheless, a decrease in the module length leads to
decreased membrane area per a UF module, thereby
reducing the compactness of the overall system.

In the above simulation, the packing density is
constant even with changing the module length. On
the other hand, the results in Fig. 8 show how the
packing density affects the flux and efficiency ratio by
varying the membrane area. The module diameter
was fixed at 8 inch for this calculation. As expected,
the flux significantly decreases with the membrane
area or the packing density.

In Fig. 9, the effect of module diameter was exam-
ined for two different membrane fibers: the first fiber
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has di = 700lm and do = 1,400 lm and the second fiber
has di = 1,400 lm and do = 2,400lm. Since the fiber with
larger do results in a higher packing density, the opti-
mum module diameter seems to be different for dif-
ferent do. For the first case, the optimum dm appears
to be 8 inch while the optimum one seems to be 7 inch
for the second case.

3.5. Optimum fiber dimensions

To further investigate the effect of fiber dimensions
on UF module performance, contours of constant flux
and efficiency ratio are shown as a function of di and
do. As shown in Fig. 10(a), the flux increases with di
and decreases with do. At low di values, the effect of
do is less significant since the lumen-side pressure

drop is dominant. At high di values, the flux is becom-
ing highly dependent on do due to increased shell-side
pressure drop. Accordingly, the fiber with lower
thickness is preferred for high flux UF membrane if
possible. With the given conditions, the maximum
efficiency ratio is 30% at di = 1,500lm and
do = 1,700 lm, as illustrated in Fig. 10(b).

Fig. 11 shows the average flux and efficiency ratio
as a function of di and Lf. The membrane thickness is
fixed at 500lm and the membrane area per a module
is proportional to the fiber length. The model calcula-
tions indicate that the flux increases as decreasing di
and Lf. This graph can be used to determine the
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maximum fiber length for given fiber dimensions. For
example, assuming that the efficiency ratio should be
larger than 15%, the maximum fiber length at
di = 600 lm is 1m. At di = 1,000 lm, the maximum fiber
length increases to 2.35m.

In summary, the fiber dimensions of UF membrane
should be determined by considering the lumen-side
and shell-side pressure drops. It is desired to have
small inner diameter and large outer diameter for

reducing pressure drops. This eventually requires
membranes with small fiber thickness, which is lim-
ited by the mechanical strength of the fiber. The fiber
length should be determined to consider both lumen-
side pressure drop and the compactness of the
membrane module (or the unit membrane area).

4. Conclusions

In this work, theoretical analysis was carried out
to optimize hollow fiber UF modules for the pretreat-
ment of feed water to RO desalination plants under
non-fouling conditions. Fiber thickness and module
size are found to be important as well as inner diame-
ter and length of the fiber. Of course, further works
will be required to simulate UF membrane modules
under fouling conditions.
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Fig. 11. Contour diagrams of average flux and efficiency
ratio at different inner diameter and fiber length. Modeling
conditions: T= 20�C; Lpot = 0.3m; d= 600 lm; Rm=1011m�1;
p= 50 kPa.
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