
The Analysis and Design of a Both Open Ended Hollow
Fiber Type RO Module

Nobuya Fujiwara,1,2 Hideto Matsuyama1

1Department of Chemical Science and Engineering, Kobe University, Rokkodai, Nada-ku, Kobe 657-8501, Japan
2Desalination Membrane Operating Department, TOYOBO Co., Ltd., Dojima Hama, Kita-ku, Osaka 530-8230, Japan

Received 27 March 2008; accepted 9 June 2008
DOI 10.1002/app.28828
Published online 12 August 2008 in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: The use of seawater desalination plants
using RO technology has spread and the scale of the
plants has increased. In such a situation, a larger-sized RO
module has been strongly required. The conventional hol-
low fiber type RO element is a single open-ended (SOE)
structure. That is, one side of the hollow fibers in the mod-
ules is opened and the other side is closed. In this SOE
structure, the increase in the flow pressure loss of the per-
meated water which flows in the bore side of the hollow
fibers prevents development of a large-sized (longer) RO
element. In this work, a both open-ended (BOE) element

was devised which can reduce the flow pressure loss of
the permeated water. It has been confirmed by analysis
and experiment that the permeate flow rate of BOE is
greater by about 30% than that of SOE. Furthermore, the
large-sized RO module with high volume efficiency was
designed using the performance analysis method that was
confirmed to be applicable to BOE. VVC 2008 Wiley Periodicals,
Inc. J Appl Polym Sci 110: 2267–2277, 2008
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INTRODUCTION

Performance requirements for the reverse osmosis
(RO) modules for desalination plants include high
salt rejection ratio, resistance to pressure, durability,
and elimination of biofouling. In addition to these
performance requirements, the current growth of
larger desalination plants based on the RO method
have demanded greater economical efficiency. This
efficiency is pursued increasingly toward both lower
initial plant construction costs and long-term operat-
ing costs. For example, to reduce construction cost
of the pretreatment facilities, a high recovery system
was developed.1 In view of the plant construction,
the seawater intake/outfall and pretreatment facility
are said to account for 40% of the cost and installa-
tion space.2 The capacity of the pretreatment facili-
ties can be decreased to two thirds by increasing the
recovery from 40% for a conventional system to 60%
recovery. This high recovery system was applied to
the largest desalination plant in Japan and is work-
ing favorably.3 Concerning the reduction of opera-
tion costs, reduction of energy cost is most effective.
It is important to recover energy efficiently from the
high-pressure brine discharged by the RO module.

In addition to the conventional energy-recovery de-
vice, such as a Pellton turbine, the energy-recovery
method based on a new concept has been put in
practical use.4

In this situation, to reduce plant construction costs
and operating costs further, a large-sized RO module
has been strongly required.5 By enlarging the RO
module, the number of RO modules to be installed
can be significantly reduced and additional advan-
tages, such as reducing the number of piping con-
nections to RO modules, and more simple design of
the RO unit can be achieved.
An RO module consists of one or more RO ele-

ments and a pressure vessel. Since the number of
replacement RO elements decreases in the case of
large-sized RO module because of less numbers of
installed RO modules, maintenance costs can be
reduced. Furthermore, the design of the large-sized
RO module leads to optimization of its volume effi-
ciency that makes it possible to reduce the footprint
of a building and therefore, the construction cost of
the RO plant.
There are two methods to make the large-sized

RO module, one is to increase diameter of the RO
element and the other is to extend the length of the
RO element. The developments towards increasing
the diameter were progressed by others, and the
large diameter elements were put in practical use in
a small-sized plant of the 10,000 m3/d capacity.6,7

However, the method of increasing a diameter has a
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weak point. If a diameter is increased, since it is nec-
essary to increase thickness of a vessel wall and end
plates greatly, the cost of a pressure vessel goes up
significantly, especially in the seawater desalination
case which needs to be operated at high pressure.
On the other hand, in lengthening a pressure vessel,
since thickness does not change, the cost of a pres-
sure vessel does not increase so much. Therefore, we
conducted development of a large-sized module
towards lengthening the RO element.

The conventional hollow fiber type RO element is
a single open-ended (SOE) structure. That is, one
side of the hollow fibers in the bundle is opened
and the other side of fibers is closed. In this SOE
structure, the increase in the flow pressure loss of
the permeated water which flows down the bore
side of hollow fibers prevents development of a
large-sized RO element. If the RO element length is
extended, the permeated water channels of bore side
of hollow fibers become longer and the pressure loss
of permeated water will increase and the perform-
ance efficiency will drop. Therefore, to obtain greater
performance efficiency, the new both open-ended
(BOE) element structure was devised.

Since both ends of the hollow fibers are open in the
BOE element, even if the element length is the same as
the SOE element, the permeated water channel of a hol-
low fiber bore side is reduced by half, and reduces flow
pressure loss. In this work, it is confirmed by experi-
ment that the performance analysis model devised for
the analysis of the SOE element could also be applied to
a BOE element. The large-sized RO module with high
volume efficiency was designed using this performance
analysismethod.

EXPERIMENTAL

Performance tests of BOE and SOE elements

The performance tests of the SOE and BOE were car-
ried out using the same element. The RO module
used for the test is the Toyobo HJ9155 type which has
one element in one pressure vessel. HJ9155 type is a
medium size RO module. The field test with this mod-
ule was carried out in the Middle East Arabian Gulf
and the reliability was confirmed.8 The specification of
HJ9155 is shown in Table I and a schematic drawing
is shown in Figure 1(a). As shown in Figure 1(a), both
ends of HJ9155 are opened, and each of both ends has
a permeated water port. In the test of the BOE, perme-
ated water was taken out from the port of both ends,
and the total of the permeate flow rates from both
ends was the permeate flow rate as a module. Water
quality was the average of the water quality of the
permeated water obtained from both ports.

In the SOE test using the same module tested by
BOE, one permeated water port was closed by a

blind plug as shown in Figure 1(b). The permeated
water was taken out only from one permeated water
port and the permeate flow rate and water quality
were measured. To perform comparison with the
analysis, the operating conditions were changed and
the performance was measured. The feed water pres-
sure was set as 5.5, 6.0, 6.5, and 7 MPa levels, and the
recovery showing the percentage of a permeate flow
rate to feed water flow rate was changed to 30, 40,
and 50% levels. The temperature of the feed water
was controlled at 258C, using the sodium chloride so-
lution adjusted to 35 kg/m3 as feed water.

RESULTS AND DISCUSSION

Performance analysis of BOE hollow fiber
membrane

The structures of conventional SOE and newly
developed BOE are shown in Figure 2. In the SOE
structure, only one end of the hollow fibers is open,
the opposite end is closed. In the manufacturing
process of a hollow fiber type RO module, both ends
of hollow fibers are once bonded by resin. In the
SOE structure, the surface of the resin layer of one
side is cut and an end of hollow fibers is made to
open. In the BOE structure, both resin layer ends are
cut to open both ends of hollow fibers.
In hollow fiber RO membrane, seawater flows

through the shell side of hollow fibers, and water
permeates into the bore side through the wall of hol-
low fibers. Since the flux of the water to permeate is
very small and is about 4 � 10�7 m/s, the perme-
ated water flow rate which flows through the
bore side of a hollow fiber is small as about 3 �
10�10 m3/s. However, since the bore of a hollow

TABLE I
Specification of RO Module HJ9155

Module specification
Length of module 2.05 m
Outer diameter of modulea 0.27 m
Initial product flow rateb 34 m3/d
Initial salt rejectionb 99.6%
Number of elements 1

Element specification
Material Cellulose tri-acetate
Length of element 1.61 m
Outer diameter of element
(at Tube-sheet)

0.24 m

Outer diameter of element
(at Hollow fiber bundle)

0.22 m

Inner diameter of element 0.04 m
Membrane surface area 870 m2

a Cylindrical body of FRP pressure vessel.
b Feed water (NaCl solution) 35 kg/m3, Pressure 5.5

MPa.
Temperature 258C, Recovery 30%.
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fiber is as small as 53 lm and hollow fiber length
generally exceeds 1 m, the flow pressure loss
becomes large in the SOE structure.

In the BOE structure, since both ends are open, even
if hollow fiber length is the same, the channel length of
the permeated water which flows through the bore side
of a hollow fiber becomes half, and flow pressure loss is
reduced. A simple calculation method of pressure loss
of bore side of hollow fiber and the effect which it has
on permeatedwater flux is explained below.

Generally, the solution diffusion model can
explain the performance of RO module.9 The solu-
tion diffusion model can express the permeated
water flux JW and salt flux JS by the eqs. (1) and (2)
shown below.

JW ¼ AðDP� DpÞ ¼ A
�ðPF � PPÞ � ðpF � pPÞ

�
(1)

Here, A is a pure water permeability coefficient, PF

is feed seawater pressure at shell side of hollow
fiber, PP is a permeated water pressure at bore side
of hollow fiber, pF is an osmotic pressure of the feed
seawater, and pP is an osmotic pressure of perme-
ated water.

JS ¼ BDC ¼ BðCF � CPÞ (2)

Here, B is a salt permeability coefficient, CF is a feed
seawater concentration, CP is a permeated water
concentration. The volume flux JV which added salt
flux JS to JW can be expressed as follows.

JV ¼ ðJW þ JSÞ=qP (3)

The Hagen-Poiseuille equation can be applied to the
flow pressure loss in bore side of hollow fiber from the
analysis result of Hermans, Orofino and Sekino.10–12

dPP

dz
¼ 128 � lP �QP

p � di4 (4)

Here, lP is viscosity of permeated water, QP is per-
meated water flow rate, di is inner diameter of hol-
low fiber and z is axial coordinate.

Figure 2 Comparison between single open-ended (SOE)
and both open-ended (BOE) hollow fiber membrane.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 1 Schematic drawings of RO module HJ9155 for BOE (a) and for SOE (b). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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The mass balance equation in a hollow fiber is as
follows.

dQP

dz
¼ p � dO � JV (5)

The eq. (5) is substituted for the differentiated eq.
(4), and the following equation is obtained.

d2PP

dz2
¼ 128lP

di4
� dO � JV ¼ 128lP

di4
� dO � JW þ JS

qP
(6)

Here, a boundary condition is PP ¼ 0 at Z ¼ 0.
Since JS is much smaller compared with JW, JS can

be neglected in this simple calculation method.
Besides, in the eq. (1), since pP which is an osmotic
pressure of permeated water is much smaller than
pF of feed seawater, pp can be neglected. Therefore,
in the simple calculation, the eq. (6) will become the
following eq. (7).

d2PP

dz2
¼ 128lP � dO

di4qP
� AðPF � PP � pFÞ (7)

In the SOE structure, an eq. (7) is applicable for the
full length of a hollow fiber. In the BOE structure,
the center of hollow fiber length is assumed to be
equivalent to the closed end of hollow fiber in the
SOE structure, namely, the hollow fiber length is

assumed to be half. The remaining hollow fiber por-
tion becomes symmetrical with the half length hol-
low fiber portion that was calculated.
The calculation results obtained by the calculus of

finite differences are shown in Figures 3 and 4. In
the calculation, the hollow fiber was divided equally
in the direction of z of the length direction. Figures
3(a) and 4(a) show the profiles of permeated water
pressure in bore side of hollow fiber. Figures 3(b)
and 4(b) show the profiles of PF � PP � pF which
expresses a driving force in the eq. (1). Figures 3(c)
and 4(c) show the profiles of JV. In this calculation,
the full length of the hollow fiber was assumed 1.5
m which is the general length of Toyobo hollow
fiber type RO modules. Other conditions are shown
in Table II.
In the SOE structure, as clearly shown in Figure

3(a,c), it turns out that the permeated water pressure
at the end which the hollow fiber closed exceeds 1
MPa, and JV decrease greatly by the effect of high
permeated water pressure. In the BOE structure, as
shown in Figure 4(a,c), although permeated water
pressure becomes the maximum in the central part
of full length, the pressure does not exceed 0.4 MPa.
Therefore, the average of JV of BOE becomes higher
compared with that of SOE.
From these results, it was predicted that the BOE

structure can bring out the more efficient perform-
ance of a hollow fiber compared with SOE structure.

Figure 3 Profiles of permeated water pressure (a), driv-
ing force (b) and flux (c) in single open-ended (SOE)
hollow fiber membrane (PF ¼ 5.5 MPa, CF ¼ 35 kg/m3, T
¼ 258C).

Figure 4 Profiles of permeated water pressure (a), driv-
ing force (b) and flux (c) in both open-ended (BOE) hollow
fiber membrane (PF ¼ 5.5 MPa, CF ¼ 35 kg/m3, T ¼ 258C).
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Performance analysis method of BOE element

The aforementioned analysis method is a simplified
method and can be applied for the hollow fiber
membrane. However, the performance analysis
method of RO element which bundled one million
or more hollow fibers becomes more complicated.
The schematic diagram of BOE element system is
shown in Figure 5. The seawater pressurized by the
high pressure pump is distributed in the radial
direction in an element from the distributing core
tube set in the element central part. Supplied sea-
water is separated into permeated water and a
nonpermeated concentrate in the process distrib-
uted in the radiation direction. Permeated water
flows into bore side of hollow fibers, passes
through the bore in hollow fibers, and is dis-
charged from both ends. On the other hand, a con-

centrate flows through the space between hollow
fibers, and is discharged via the annular channel
between hollow fiber bundle and the pressure ves-
sel. Seawater is gradually concentrated in the pro-
cess which flows radially, and pressure loss is also
generated in the process which flows through the
outside of hollow fibers.
We devised the analysis model called a friction-

concentration-polarization model (FCP model) for
the SOE structure hollow fiber module by previous
study and reported it in detail.12–15 Performance
analysis of the BOE element was conducted by using
this analysis method of SOE element as a base. Since
the details of the FCP model were already reported,
an outline is shown below.
The solution diffusion model used in the analysis

of one hollow fiber in the preceding section was
applied to the basis of the analysis of RO module
performance. However, as shown in the upper right
in Figure 5, concentration polarization phenomena
by which salt is concentrated at membrane surface,
should be taken into consideration. The concentra-
tion polarization factor f can be expressed by the
following equation.

/ ¼ CM � CP

CB � CP
¼ expðJV=kÞ (8)

Here, CB is a salt concentration of bulk solution, CM

is a salt concentration at membrane surface. The
mass transfer coefficient k in the right side of the
equation can be expressed by the following
equation.

TABLE II
Specification of Hollow Fiber and Other Conditions
Used in the Calculation of Results in Figures 3 and 4

Hollow fiber specification
Outer diameter of hollow fiber 1.37 � 10�4 m
Inner diameter of hollow fiber 5.3 � 10�5 m
Pure water permeability coefficient, A 3.0 � 10�10 kg/

(m2 s Pa)
Salt permeability coefficient, B 1.3 � 10�9 m/s

Conditions
Feed pressure 5.5 MPa
Feed concentration
(NaCl solution)

35 kg/m3

Temperature 258C
Length of a hollow fiber 1.5 m

Figure 5 Schematic diagram of both open-ended (BOE) module.
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Sh ¼ kdO
D

¼ ShðRe; ScÞ (9)

Here, dO is outer diameter of a hollow fiber and D is
diffusion coefficient.

The following equation have been obtained from
the experimental result in Toyobo hollow fiber RO
modules.5

Sh ¼ 0:048 � Re0:6 � Sc1=3 (10)

Therefore, mass transfer coefficient k can be calcu-
lated by the following equation.

k ¼ 0:048 � Re0:6 � Sc1=3 ðD=dOÞ (11)

JW and JS expressed by eqs. (1) and (2) become the
following equations when the increase of salt con-
centration at the membrane surface is taken into
consideration.

JW ¼ A
h
ðPB � PPÞ � ðpM � pPÞ

i

¼ A
h
ðPB � PPÞ � a/ðCB � CPÞ

i
ð12Þ

JS ¼ BðCM � CPÞ ¼ B/ðCB � CPÞ (13)

Here, the pressure PB at the shell side of hollow
fibers is a pressure which deducted the pressure loss
generated when seawater flows through a hollow
fiber bundle from feed seawater pressure. a is an os-
motic pressure constant and the osmotic pressure p
is calculated by p ¼ aC.

Salt concentration CP of permeated water is calcu-
lated by the following formula.

CP ¼ JS
JV

(14)

Besides, Ergun equation is applied for concerning
the flow pressure loss of a hollow fiber bundle.16

dP

dr
¼ 150 1� eð Þ2

e3
� lB
1:5dOð Þ2 � VS

þ 1:75 1� eð Þ
e3

� qB
1:5dOð Þ � V

2
S ð15Þ

Here, e is void fraction, lB is viscosity of bulk solu-
tion, VS is superficial velocity, qB is density of bulk
solution and r is radial coordinate.

As shown in Figure 5, analysis was done by divid-
ing into a certain number equally in the hollow fiber
length direction (Z), and dividing into a certain
number equally in the radial direction (r) of a hol-
low fiber bundle. In the upper left graph in Figure 5,
subscript ‘‘i’’ shows the i-th division portion in the

radial direction and subscript ‘‘j’’ shows the j-th divi-
sion portion in the length direction. S is a membrane
surface area.
In Figure 5, the both ends of an element bonded

by resin are called the tube sheet. Since a tube sheet
portion (LS) does not contact seawater, RO phenom-
enon does not occur, but the flow pressure loss in a
hollow fiber is generated. In the portion of LA, RO
phenomenon occurs and flow pressure loss is also
generated. In analyzing the simultaneous equations
of the aforementioned mathematical model, the nu-
merical-analysis method by calculus of finite differ-
ences was used. In the analysis of BOE, the element
length is assumed to be a half, same as the analysis
method for a hollow fiber in the preceding section.
Performance distribution of the remaining portion is
symmetrical with the calculated performance of the
half length of the element.

Analysis and experimental result of BOE and
SOE element

To judge whether the FCP model devised for the
analysis of a SOE element is also applicable to a
BOE element, the RO performance obtained by the
using the actual element was compared with the
analysis result of SOE and BOE, and validity was
evaluated.

Analysis result of BOE and SOE element

The analysis of HJ9155, which is a single element of
BOE, was carried out. The specification of HJ9155 is
shown in the Table I. In this analysis, the element
was divided into 10 equally in the hollow fiber
length direction, and 10 in the radial direction. An
analysis result is shown in Figure 6. Distribution of
PP, JV, and CP in the length direction (z) at the fifth
division portion from an inner side, mostly at the
middle portion in the radial direction is shown in
Figures 6(a,b,c) as a sample of the analysis result. In
SOE, the left-hand side of the Figure 6 is open end,
and right-hand side is closed end. As shown in Fig-
ure 6(b), JV in BOE is large and flat compared with
that in SOE. In addition, as shown in Figure 6(c),
permeated water concentration CP is better quality
compared with SOE result. It is clear that these
results are due to the low permeated water pressure
in BOE as shown in Figure 6(a).

Experimental result of BOE and SOE element

HJ9155 which is a single element of BOE structure
was used for the test. To eliminate the error by the
individual differences of element performance, SOE
and BOE were tested using the same element. In the
examination of BOE, the module was evaluated as it
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was. In SOE, one permeated water port was closed
by a blind plug, and thus permeated water was
taken out only from one permeated water port. The
relation between a permeated water flow rate (QP)
and the feed pressure, and the relation with perme-
ated water concentration (Cp) are shown in Figure 7.
The lines are results of analysis and the plots are ex-
perimental values. In both BOE and SOE, the simu-
lation values and the experimental values are in
good agreement. In addition, it turns out that the
permeate flow rate of BOE is larger by about 30%
compared with SOE. Besides, it was confirmed in
the analysis and the experiment that permeated
water concentration of BOE is lower by about 25%
compared with SOE.

The analysis and experimental result concerning a
relation of RO performance and a recovery are
shown in Figure 8. Clearly from the result of Figures
7and 8, the permeated water flow rate and quality of
BOE are much better than SOE, and the capability of
hollow fibers is realized more efficiently in BOE.
Finally, it was confirmed that the FCP model
devised for the performance analysis of SOE can be
used for the analysis of BOE.

Design of large-sized RO module for seawater
desalination

The scale of seawater RO desalination plants are
increasing rapidly. To reduce construction costs of a

plant and maintenance costs, enlargement of the RO
module has been required. However, it is difficult to
lengthen the element length of SOE due to the
increase of bore side pressure loss of permeated
water flow. Since bore side pressure loss can be
reduced in BOE, it has the possibility of enlargement
of an element and a module by increasing the
length. Therefore, the optimal design of the large-
sized RO module was carried out.
As for the conventional largest Toyobo RO

element with SOE structure, outside diameter was
0.28 m and length was 1.35 m. RO module consists
of a pressure vessel which bears the feed pressure of
7–8.4 MPa and two elements inserted in it. In the
simulation of optimization, the outside diameter of
the element was fixed to 0.28 m and only the length
of the element was changed. The specification of the
hollow fiber used for the simulation and the

Figure 6 Typical profiles of permeated water pressure
(a), flux (b) and permeated water concentration (c) in sin-
gle open-ended (SOE) and both open-ended (BOE) module
(Module ¼ HJ9155, PF ¼ 5.5 MPa, CF ¼ 35 kg/m3, RC ¼
30%, T ¼ 258C).

Figure 7 Comparison of both open-ended (BOE) with
single open-ended (SOE) in relationship between
feed pressure, and permeated water flow rate and concen-
tration (Module ¼ HJ9155, CF ¼ 35 kg/m3, RC ¼ 30%, T
¼ 258C).

Figure 8 Comparison of both open-ended (BOE) with
single open-ended (SOE) in relationship between recovery,
and permeate water flow rate and concentration (Module
¼ HJ9155, PF ¼ 7 MPa, CF ¼ 35 kg/m3, T ¼ 258C).
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specification of an element are shown in Table III.
The outside diameter of the hollow fiber is 137 lm
and the bore diameter is 53 lm. Concerning the ele-
ment, the outer diameter of a tube-sheet part is 0.28
m, but the outside diameter of hollow fibers layer is
0.26 m, and the inner diameter is 0.08 m. The FCP
model that was confirmed applicable to BOE was
used for the simulation.

The relation between element length and a perme-
ated water flow rate is shown in Figure 9. In SOE,
when element length exceeds 2 m, even if element
length is lengthened, the permeated water flow rate
hardly increases. It is because the bore side pressure
of permeated water flow increases and the net driv-
ing force decreases. Although a membrane surface
area increases by lengthening an element, it is can-
celed by reduction in driving force. On the other
hand, in BOE, in the range of 3.5 m of element
length, a permeate flow rate increases as element
length becomes greater.

The relation between element length and perme-
ated water salt concentration is shown in Figure 9.
Permeated water salt concentration increases as ele-
ment length becomes long in both cases of BOE and
SOE. However, the degree of the increase is remark-
able in SOE case. Judging from Figure 9, it was con-
firmed that the element length of more than 3 m can
be used in BOE.

However, the degree of increase of a permeated
water flow rate decreases as the element length
becomes longer. Therefore, the simulation which
considered volume efficiency was carried out. The
volume of an element is calculated based on the
outer diameter of the tube-sheet part of an element,
and the permeate flow rate divided by the element
volume (VEL) is shown in Figure 10. When element
length is short, efficiency is low because tube-sheet
part does not contribute to RO performance. In a
tube-sheet part, hollow fibers are bonded by resin,
and do not contact seawater. For example, in case
element length is 0.5 m, since 0.16 m of both ends

does not contribute to RO performance, effective ele-
ment length is 0.34 m. As shown in Figure 10, it
turns out that efficiency has a maximum at the ele-
ment length of about 0.9 m in SOE and about 1.25 m
in BOE.
Although about 1.25 m is the optimal length as

taking the volume efficiency of only an element into
consideration, the volume efficiency of RO module
in which the pressure vessel is also taken into con-
sideration is more important in the actual RO plant.
Therefore, optimization of the volume efficiency of

TABLE III
Specification and Dimensions of Hollow Fiber and

Large-Sized Element Used for RO Module Simulation

Hollow fiber specification
Outer diameter of hollow fiber 1.37 � 10�4 m
Inner diameter of hollow fiber 5.3 � 10�5 m
Pure water permeability
coefficient, A

3.0 � 10�10 kg/
(m2 s Pa)

Salt permeability coefficient, B 1.3 � 10�9 m/s
Element specification

Outer diameter of element
(at Tube-sheet)

0.28 m

Outer diameter of element
(at Hollow fiber bundle)

0.26 m

Inner diameter of element 0.08 m
Length of tube-sheets 0.16 m

Figure 9 Relationship between hollow fiber length, and
permeate water flow rate and concentration in single
open-ended (SOE) and both open-ended (BOE) element
(DO ¼ 0.28 m, PF ¼ 5.5 MPa, CF ¼ 35 kg/m3, RC ¼ 30%, T
¼ 258C.

Figure 10 Relationship between element length and vol-
ume efficiency of element in single open-ended (SOE) and
both open-ended (BOE) element (DO ¼ 0.28 m, PF ¼ 5.5
MPa, CF ¼ 35 kg/m3, RC ¼ 30%, T ¼ 258C.
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RO module which equips two elements which are a
standard of a Toyobo large-sized module was con-
sidered. As for a pressure vessel, the resistance to
pressure of 7–8.4 MPa is required for the working
pressure range of the RO module, depending on the
specification of a desalination plant. Generally, the
material of the cylindrical body is FRP and the mate-
rial for end plates is metal, such as stainless steel
and aluminum. End plates are thick to bear a high
pressure. Besides, shearing stress is also generated
in FRP fixing the end plates which receive a load.
Therefore, to bear the stress, sufficient length is
required for the distance from a fixing point of an
end plate to the end of FRP cylindrical body.

The schematic drawing of a side port type BOE
RO module is shown in Figure 11. In the case of a
side port, a space is also necessary between an ele-
ment and an end plate. Therefore, in consideration
of the aforementioned required length, the final
length of the RO module is a sum of about 0.8 m
and the length of two elements. For example, when

the length of RO element is 1.25 m, the length of RO
module becomes 3.3 m.
The RO module volume efficiency was calculated

by dividing the permeated water flow rate of two
elements by the RO module volume (VMO) using the
outside diameter of 0.32 m of the cylindrical body.
The result is shown in Figure 12. As for element
length, a maximum appears in nearly 1.3 m in SOE
case. In case of BOE, since a maximum point is not
sharp, it can be said that it is between 1.5 and 2 m.
Considering the construction cost of a plant, the
module with a large permeated water flow rate can
reduce the required number of modules, and can
reduce piping cost. Therefore, the module with high
volume efficiency and a large permeated water flow
rate is the most efficient. From this viewpoint, the
length of the new BOE type element for a large-sized
module was determined as 2 m. Module specifica-
tion is shown in Table IV. The permeated water flow
rate of the BOE module is about 100 m3/d. Alterna-
tively, the permeated water flow rate per element is

Figure 11 Schematic drawing of large-sized both open-ended (BOE) RO module. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

Figure 12 Relationship between element length and vol-
ume efficiency of module in single open-ended (SOE) and
both open-ended (BOE) element (DO ¼ 0.28 m, PF ¼ 5.5
MPa, CF ¼ 35 kg/m3, RC ¼ 30%, T ¼ 258C).

TABLE IV
Specification of Large-Sized RO Module (HU10255)

Module specification
Length of module 4.80 m
Outer diameter of modulea 0.32 m
Initial product flow rateb 100 m3/d
Initial salt rejectionb 99.6%
Number of elements 2

Element specification
Material Cellulose tri-acetate
Length of element 2.00 m
Outer diameter of element
(at Tube-sheet)

0.28 m

Outer diameter of element
(at Hollow fiber bundle)

0.26 m

Inner diameter of element 0.08 m
Membrane surface area 1400 m2

a Cylindrical body of FRP pressure vessel.
b Feed water (NaCl solution) 35 kg/m3, Pressure

5.5 MPa.
Temperature 258C, Recovery 30%.
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about 50 m3/d, and is twice the flow rate of a con-
ventional-type element. In periodical element
replacement, since the number of the element
replaced compared with a conventional type
becomes half, not only a construction cost but a
maintenance cost can be reduced.

The new large-sized RO module which is
equipped with a BOE type element will be used for
the 205,000 m3/d Rabigh seawater desalination plant
and the 240,000 m3/d Shuqaiq plant in Saudi
Arabia.17 Operations will be started in 2008 and
2010, respectively.

CONCLUSIONS

The BOE element, a new structure which reduces
the flow pressure loss of the permeated water which
flows through the bore side of a hollow fiber, was
successfully devised. It was confirmed by basic
experiments that the FCP model established for the
performance analysis of SOE can be also applied to
BOE. The permeate flow rate of BOE is greater by
about 30% compared with SOE and the permeated
water concentration of BOE is lower by about 25%
compared with SOE. Furthermore, the large-sized
RO module with high volume efficiency was
designed using a performance analysis method.

These large-sized RO modules containing BOE ele-
ment structures are already planned to be used in
huge seawater desalination plants which have capa-
bility to produce water capacity of more than
200,000 m3/d in Saudi Arabia. Further use of these
highly volume efficient RO modules is expected to
meet future needs for desalination plants in the Mid-
dle East.

NOMENCLATUTRE

Symbols

A Pure water permeability coefficient [kg/
(m2 s Pa)]

B Salt permeability coefficient (m/s)
CB Salt concentration of bulk solution (kg/

m3)
CF Feed seawater concentration (kg/m3)
CM Salt concentration at membrane surface

(kg/m3)
CP Permeated water concentration (kg/m3)
D Diffusion coefficient (m2/s)

DO Outer diameter of element at tube-sheet
(m)

di Inner diameter of hollow fiber (m)
do Outer diameter of hollow fiber (m)
JS Salt flux [kg/(m2 s)]
JW Water flux [kg/(m2 s)]

JV Volume flux (m/s)
k Mass transfer coefficient (m/s)

PF Feed seawater pressure (Pa)
PP Permeated water pressure (Pa)
PB Pressure at the shell side of hollow fiber

(Pa)
QP Permeated water flow rate (m3/s)
r Radial coordinate (m)

RC Recovery (%)
Re Reynolds number (-)
S Membrane surface area (m2)
Sc Schmidt number (-)
Sh Sherwood number (-)
T Temperature (8C)

VEL Element volume (m3)
VMO Module volume (m3)
VS Superficial velocity (m/s)
z Axial coordinate (m)

Greek letters

a Osmotic pressure constant (Pa m3/kg)
DC Salt concentration difference, CF � CP (kg/

m3)
DP Pressure difference, PF � PP (Pa)
Dp Osmotic pressure difference, pF � pP, (Pa)
e Void fraction (-)
f Concentration polarization factor (-)
l Viscosity (Pa s)
p Osmotic pressure (Pa)
q Density (kg/m3)

Subscripts

B bulk
F feed
i i-th division portion in the radial direction
j j-th division portion in the length

direction
M membrane surface
P permeate
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