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Abstract—Effects of the characteristics of membrane such as water permeability-coefficient, solute permeability-coef-
ficient, and membrane resistivity on the performances of the spiral wound module in the PRO system have been stud-
ied numerically. Fluxes of water and solute through membrane, and concentrations and flow rates in the channels were
obtained. The water flux through membrane increases almost linearly with the water permeability-coefficient, but it is
insensitive to the solute permeability-coefficient. Decreasing the membrane resistivity makes the water flux through
membrane and the power density increase. Effects of the membrane resistivity on the water flux through membrane
and flow rates in the channels are small when the difference between the inlet-pressures of draw- and feed-channel is
large and vice versa. The power density increases and then decreases as the channel-inlet pressure difference increases.
The maximum power density is 16 W/m?at 14 atm of the channel-inlet pressure difference in our system.

Keywords: Pressure Retarded Osmosis (PRO), Water Permeability Coefficient, Solute Permeability Coefficient, Mem-
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INTRODUCTION

Fossil fuels are being exhausted rapidly because of global popu-
lation growth and industrial development. Since using fossil fuel
has bad influences on the environment, a solution has been sought
to replace fossil fuel with renewable energy sources like wind, solar,
ocean, and hydraulic power. One renewable energy is salinity power,
which can be obtained from the ocean [1-3]. It can be exploited
from the entropy of mixing fresh water and seawater, which have
different salinities [4], and explained by two basic principles: osmo-
sis [1-3,5] and electro-dialysis [6,7]. The membrane process using
osmosis is operated in two ways as forward osmosis (FO) and pres-
sure retarded osmosis (PRO). In the PRO system, the operating
pressure is 11-15 bar, which is less than that in the FO system.

When fresh water passes through a channel, part of it perme-
ates through the membrane into the seawater-channel by osmosis
due to the concentration differences across membrane [8]. The per-
meated water raises the pressure in the seawater-channel, and the
pressurized seawater comes out through the central tube as brack-
ish water. Power can be obtained from the pressurized seawater.
Part of the pressurized seawater recycles to the pressure exchanger
to pressurize the seawater-channel where the typical operating pres-
sure is 11-15 bar, which is less than the seawater osmotic pressure,
35 bar. So the system is named the PRO system.

The PRO has been studied since Pattle et al. [9] did researches
on harvesting energy using a salinity gradient in 1950%s. The con-
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cept of PRO was established by Loeb in 1975 [10]. After about two
decades, Gerstandt et al. [11] studied the membrane processes for
an osmotic power plant and Statkraft company in Norway did re-
search on the PRO to generate power in 1997 [12].

The key point in operating the PRO system is to tailor the mem-
brane structure on which the significant portion of efforts to improve
the PRO conditions by decreasing the internal concentration polar-
izations has been concentrated. Yip et al. [5] and Achilli et al. [13]
studied fluxes of water and solute through membrane, including con-
centration polarizations which affect these fluxes in the PRO system.
They also calculated power density accounting for the pressure from
the calculated water flux. Similarly, Sundramoorthy et al. [14] car-
ried out an analytical one-dimensional model for the reverse osmosis
(RO) system with a spiral wound module. In our previous study, the
PRO spiral wound module was studied by two-dimensional mod-
eling where streams of seawater and fresh water were cross-flows.
The water flux and the solute flux across membrane were calculated.
In addition, changes in concentration, flow rate, and pressure of chan-
nel-fluids were obtained [15]. The effects of the inlet-pressure differ-
ences between feed-channel and draw-channel were also studied [16].

The main characteristics of membrane which affect the mem-
brane performance are the water permeability-coefficient (A), the
solute permeability-coefficient (B), and the membrane resistivity
(K). So, effects of the characteristics of membrane on the perfor-
mances of the PRO power system were studied in a two-dimen-
sional cross-flow system.

THEORETICAL

The spiral wound module is the most common type (Fig. 1) [8,
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Fig. 1. (a) The schematic diagram of the PRO system. (b) The dia-
gram of the unfolded system. Fresh water flows in the circu-
lar direction and gets out through the central tube. On the
other hand, seawater flows parallel to the center axis of the
central tube.

17,18]. There is a draw-channel, a membrane and a feed-channel.
As mentioned, the PRO system uses osmotic pressure between fresh
water and seawater. The fresh water in the feed-channel flows in
the circular direction around the central tube. On the other hand,
the draw solution, seawater, in the draw-channel flows in the axial
direction of the module. While two solutions flow in each chan-
nel, part of the fresh water in the feed-channel, circulating around
the central tube, permeates through the membrane in the radial
direction of the module, mixes with the seawater in the draw-chan-
nel, and flows along the axial direction of the module. The rest of
the fresh water flows continuously and is collected in the perfo-
rated central tube. Then it flows in the axial direction of the tube
and leaves the module [19].

The water and the solute (salt) permeate through the membrane
due to the osmotic pressure corresponding to the concentration
difference. Seawater in the draw-channel gets pressure because of
the fresh water penetrating through the membrane. Power is ob-
tained from the increased pressure of the seawater. According to
the van't Hoff equation, the osmotic pressure (7) is proportional to
the concentration difference between that in the draw-channel and
the feed-channel [20]. At 20 °C for a 35 g/l salt solution, i.e., seawa-
ter, the theoretical osmotic pressure is 29 bar. Once water pene-
trates through the membrane, the water flux through membrane
caused by the osmotic pressure difference has decreased. This is
because salt has deposited on the surfaces of the membrane and
the support layer.

The distribution of salt concentration is shown in Fig. 2. The z-
directional water flux (J,) through membrane is from the feed- to
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Fig. 2. The distribution of solute (salt) concentration in the system.
The subscripts d, f, m, and b mean draw-channel, feed-chan-
nel, membrane, and bulk fluid, respectively. J,, and J, are the
water flux and the solute flux through membrane, respec-
tively. F; and F, are the flow rates through the feed-channel
and the draw-channel, respectively.

the draw-channel. On the other hand, the z-directional solute flux
(J) is the reverse. The general equation of water flux is expressed
as follows [21].

]w:A(Aﬂ-m_ APm) (1)

Here, A [m/(atm-s)] is the water permeability-coefficient across
membrane. Az, [atm] and AP, [atm] are the osmotic pressure dif-
ference and the local pressure difference across the membrane,
respectively. McCutcheon et al. [22] modeled the water flux in the
forward osmosis (FO).

Although the membrane rejects the majority of salt, a small amount
permeates through membrane into the water-channel because of
the concentration gradient. The solute flux is expressed as follows
[23]:

J==B(C4n=Cy) @

Here, B [m/s] is the solute permeability-coefficient. C;,, and C;,,
are concentrations on the membrane surfaces at the draw- and the
feed-channel sides, respectively.

In the PRO system, the concentration polarization due to an in-
creased osmotic pressure at the membrane active layer surface is
detrimental to the water flux as shown in Fig. 2 [24]. There are two
concentration polarizations: the internal concentration polariza-
tion (ICP) within the membrane, and the external concentration
polarization (ECP) on the outside surfaces of membrane. They can
be significant for the high performance of the PRO membrane
which should have small membrane structural parameters and large
water fluxes [25]. The membrane in the PRO system should have
a large water permeability-coefficient (A) and a small solute per-
meability-coefficient (B) in order to obtain more power. In addi-
tion, the inner structure of the membrane must not allow salt to
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accumulate inside the membrane significantly.

Yip et al. [5] obtained the water flux (J,) and the solute flux ()
through membrane including those two concentration polariza-
tions. J,, in Eq. (1) is expressed as follows:

TT1€Xp (— ]EW) — Tjexp (I—;;)

w m

1+ I%{exp(%) - exp(— ]EW)}

riexp(~2) - mexp(1,K)
=A —-AP

1+ %{ exp(J,,K) - exp(— IEW)} ’

Here, subscripts d, f, and m stand for draw-channel, feed-channel,
and membrane, respectively. AP, is the local pressure difference
across the membrane. k [m/s] is the mass transfer coefficient, D
[m?s] the bulk diffusion coefficient of solute, and S (=t 7/¢) [m]
the structure parameter of membrane; t, 7 and ¢ are thickness,
tortuosity, and porosity of the support layer, respectively. The ratio
of S to D (§/D) is the membrane resistivity (K). So J,, can be also
expressed as a function including K as shown in Eq. (3). The mem-
brane in a module must have a design that reduces the thickness
of the support layer to a minimum [10].

The solute flux through membrane (J,) in Eq. (2) including con-
centrations across membrane (C, and C)) is expressed as follows.

Cdexp(— ]KW) - Cfexp(%)

B
1+ %{exp(%% - exp(— lﬁ—’)}

In the PRO system, power is generated with the hydraulic pres-
sure of the draw fluid increased by the water flux from the feed-
channel through membrane. The power density (Pp) is obtained
by multiplying the water flux through membrane and the pressure
difference between the draw-channel and the feed-channel (AP,,)
[5].

P,=],AP,, ©)

The transport properties such as the coefficients of water per-
meability (A) and solute permeability (B) of the PRO membrane
can be determined experimentally [4,5]. The water permeability-
coefficient (A) is determined by measuring how much water per-
meates through membrane at an applied hydraulic pressure. The
solute permeability-coefficient (B) is also measured experimen-
tally in a similar way [26]. The membrane resistivity (K) is calcu-
lated with the diffusion coefficient and values of thickness, porosity
and tortuosity of the membrane. These values in our study were
taken from the references.

MODEL DEVELOPMENT

A schematic diagram of the system for the modeling is shown
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Fig. 3. The schematic diagram of the system for the modeling. L is
the length of cylindrical membrane and W is the width of
the unfolded membrane. t,, t,,, and t; are thicknesses of the
draw-channel, the membrane, and the feed-channel.

Table 1. Characteristic values of the PRO system used in the mod-

eling
Dimensions Values
Length of the membrane, L [m] 1
Width of the membrane, W [m] 84
Thickness of the membrane, t,, [m] 4x107°
Thickness of the feed channel, t; [m] 8x107*
Thickness of the draw channel, t; [m] 5%x107*

in Fig. 3. The length and the width of membrane are L and W, re-
spectively. In each channel, fresh water in the feed-channel flows
in the y-direction and seawater in the draw-channel flows parallel
to the axis of the tube in the x-direction. There are fluxes of water
(J,) and solute (J,) in the z-direction through pores in the mem-
brane as in Fig. 2. Here, J,, has a positive value and J, has a negative
one. Fresh water in the feed-channel and seawater in the draw-chan-
nel are cross-flows. In the module, the membrane which consists
of a thin active layer supported by a thick layer of porous polymer
and fabric support is wound around the central tube. The mem-
brane studied in this research was made of polyamide and its charac-
teristic values are in Table 1. In each channel, z-directional changes
of pressure, concentration, and velocity were neglected. They change
only in x- and y-directions. In addition, diffusion in channels was
assumed negligible compared with convection.

The total mass balance and the mass balance of salt in the draw-
and the feed-channels including the water flux through membrane
are as follows:

dF
—d;dzwlw b at x=0 &all y, E=F, ©
dF

3y =-1J, b.c. at y=0 &all x, F,=F, 7)

Since the water flux through a membrane is a positive value, it in-
creases the draw-flow rate in Eq. (6) and decreases the feed-flow
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Table 2. Parameter values of the PRO system used in the modeling

[13,28,29]
Parameters Values
Water permeability-coefficient, A, [m/(atm-s)] 9.5x1077
Salt permeability-coefficient, B, [m/s] 8.5x107"
Structural parameter of the membrane, S=t,7/&[m]  3.5x10™*
Diffusion coefficient of salt, D [m?/s] 1.5x107°
Membrane resistivity, K, (=5/D) [s/m] 2.3x%10°
Mass transfer coefficient of salt, k [m/s] 85%x107°

Friction parameter in the channels, b [atm-s/m*] 8500

Inlet flow rate of the feed-flow, Fy, [m?/s] 1.0x107°
Inlet flow rate of the draw-flow; F;, [m?/s] 1.0x107°
Inlet pressure of the draw-flow; P, [atm] 29

rate in Eq. (7). The pressure drop in the draw-channel is propor-
tional to the flow rate by Darcy law [27] as follows:

b.c. at x=0 &all y, P,=P,, ®)

Here, b (atm-s-m™*) is the friction parameter [28]. The pressure
drop in the feed-channel can be also expressed in a similar way.

Parameter values used in the modelling (Table 2) were taken from
the references [13,28,29]. Calculations were by the finite difference
method. The length, L, in x-direction and the width, W, in y-direc-
tion were divided into 20 and 40 elements, respectively. The water
flux was calculated with Eq. (3) at first. Then the solute flux was
calculated with the calculated value of water flux. Concentrations,
flow rates, and pressures in the channels were calculated. The power
density was also calculated. When parameter values were changed,
the expected changes of performance were estimated. In addition,
trends and reasons for the changes have been explained.

RESULTS AND DISCUSSION

Characteristic values of the membrane affect the performance
of the PRO system. In this research, effects of the water permeabil-
ity-coefficient (A), the solute permeability-coefficient (B), and the
membrane resistivity (K) on the performances of the spiral wound
module in the PRO system have been studied numerically. The fluxes
of water and solute through the membrane were calculated. Fur-
thermore, changes and distributions of concentrations and volu-
metric flow rates in the channels were obtained. Power density was
also evaluated.

1. Effects of Water Permeability-coefficient

The water flux through membrane (J,) depends on the water
permeability-coefficient (A) as in Eq. (3). In addition, the solute
flux through membrane (J,) also depends on A, since J,, is included
in the equation of J; as in Eq. (4). Changes of J,, and J, with A are
shown in Fig. 4. Both J,, and ], were calculated at the channel-inlet
concentration difference of 35g NaCl/L and the channel-inlet pres-
sure difference (AP,,,) of 1 atm. Here, the channel-inlet differences
mean differences between those at the feed- and the draw-chan-
nel entrances. The reference value of the water permeability-coeffi-
cient, Ag, is 9.5x107 [m/atm-s]. It is natural that a large value of A
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through membrane versus the dimensionless water perme-
ability-coefficient (A/A,) at A,=9.5x10"” m/atm-s.

gives a large value of J,, as in Eq. (3). ], increases almost linearly
with A. In our system, the areal average of J,, is 2x10™° m/s at A,
and it increases 63% at 2A,.

On the contrary, J, driven by the concentration difference across
the membrane decreases with A, because the direction of J; is oppo-
site to that of ], So the solute transfer is hindered by the large opposite-
directional water flux. It can be also explained in another way. The
increase of water permeability (A) increases the water flux through
membrane. This increased water flux causes to decrease the differ-
ence between concentrations at both sides of membrane. Because the
concentration difference is decreased, the solute flux becomes small.
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Fig. 5. Changes of the flow rate in the feed-channel along the direc-
tion of flow at different water permeability-coefficients of
the membrane at A,=9.5x10” m/atm-s.
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The volumetric flow rate of water in the feed-channel (F;) decreases
along the direction of fluid, since part of water (J,) penetrates into
the membrane. Changes of F; along the y-direction at different val-
ues of A are shown in Fig. 5. As expected from the large J,, at a large
A, the flow rate in the feed channel (F;) decreases about 17% at A,
and about 27% at 2A, in our system while the fluid passes through
the channel. At the same time, the flow rate of seawater in the draw-
channel (F,) increases almost the same amount as the decreased
amount of F; while the fluid passes through the channel.

2. Effects of Solute Permeability-coefficient

The solute permeability-coefficient (B) affects mainly J, as in Eq.
(4). Changes of J,, and J; at different values of B are shown in Fig. 6.
Calculations were done at B, (i.e., 8.5x10™" m/s) and 35 g NaCl/l
of the channel-inlet concentration difference. As B increases, J, in-
creases and J,, decreases. The increase of B makes J; increase as in
Eq. (4). However, it decreases the osmotic pressure difference cor-
responding to the concentration polarization. Hence, it makes J,
decrease a little.

], is not sensitive to B as in Fig. 6 compared with A as in Fig, 4.
J,, increases 63% when the value of A changes from A, to 24, in
Fig. 4. However, it decreases only 0.3% when the value of B changes
from B, to 2B,. On the other hand, J; is affected deeply by both A
and B. It decreases about 21% when A is doubled, and increases
90% when B is doubled in our system.

The flow rates in the channels (F; and F,) are affected more by
J,, than by J.. Hence, as J,, is insensitive to B, it can be expected that
the flow rates in channels will not change much due to the size of
B. In Fig. 7, the flow rate in the feed-channel (F) decreases about
16.8% at B, and about 16.2% at 10B, in our system while the fluid
passes through the channel. The difference between the decreased
amounts of Fyat B, and 10B, is very small (0.6%) as expected. Even
though the difference is very small, the flow rate in the feed-chan-
nel at 10B, decreases less than that at B, due to a small J,, at 10B,
while the fluid passes through the channel.
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Fig. 7. Changes of the flow rate in the feed-channel along the direc-
tion of flow at different solute permeability-coefficients of
the membrane at B,=8.5x10"" m/s.

3. Effects of Membrane Resistivity

The ratio of S to D (S/D) is defined as the membrane resistivity
(K). Here, S [m)] is the structure parameter and D [m’/s] is the bulk
diffusion coefficient. The structure parameter S (=t,7/¢) involves
support layer’s thickness (t,), tortuosity (7), and porosity (&). These
values have an effect on J,, in Eq. (3), J; in Eq. (4) and the distribu-
tions of concentrations and flow rates in the channels. The areal
average water fluxes through membrane (J,, .,,) vs. the channel-inlet
pressure difference (AP,,,) at different values of membrane resistiv-
ity are shown in Fig. 8. The reference value of the membrane resis-
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Fig. 8. The average water flux through membrane (J,, .,) versus the
inlet pressure difference (AP,,,) at different values of mem-
brane resistivity at K,=2.3x10° s/m and AC,=35 g/L.
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Fig. 9. Distributions of the water flux through membrane (J,) at two
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2.3x10° s/m.

tivity (K,) is 2.3x10°s/m. The concentration polarization in the
PRO system is related to the membrane resistivity. So the increase
of the membrane resistivity causes a decrease of osmotic pressure,
and, as a result, the decrease of J,, as in Fig. 8. When AP,,, is small,
the effect of the membrane resistivity on J,, is clearly seen. On the
other hand, when AP, is greater than 5 atm, it is very small.

Seawater in the draw-channel flows in the x-direction and fresh
water in the feed-channel flows in the y-direction. They are cross-
flows in our spiral wound module. Distributions of ], at two values of
membrane resistivity (K, and 2K,) are shown in Fig. 9. When thick-
ness and tortuosity of membrane are large and porosity of mem-
brane is small, membrane resistivity is large. So J,, is small at a large
membrane resistivity. Therefore the contour plane of J,, at 2K, is
under that at K in Fig. 9. Furthermore, the change of J,, along the
direction of fresh water (y-direction) is very small. But, that along
the direction of seawater (x-direction) is large at both K, and 2K,
in Fig, 9.

The increase of concentration of solute in the feed-channel is
due to the inflow of J,. But the concentration in the feed-channel is
very low. So the effect of ], on the increase of concentration in the
feed-channel is small. On the other hand, the decrease of concen-
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of flow at two different inlet-pressure differences and two
different values of membrane resistivity in the feed-chan-
nel at K,=2.3x10° s/m.

tration of solute in the draw- channel is due to the inflow of J,. So
the decrease of the concentration of solute in the draw-channel is
large. Since J,, is due to the difference of the concentrations in the
draw- and the feed-channel, it is affected more by the change of
concentration in the draw-channel rather than by that in the feed-
channel. So J,, in Fig. 9 changes more along the direction of seawa-
ter (x-direction).

At 1atm of AP, in Fig. 9(a), J,, at 2K, is much less than that at
K,. However, at 11 atm of AP,,, in Fig. 9(b), ], at 2K, is about 3%
less than that at K, This is because the increase of J,, due to an in-
crease of AP, is bigger than that due to a decrease of K. In other
words, J,, is big already at a large AP, So the increase of J,, due to
a decrease of K is a small portion of the whole J,. As a result, the
effect of membrane resistivity on J,, appears small at a large AP,,.

The flow rate in the feed-channel (F;) decreases due to the out-
flow of J,. So K and AP, affects F;in the same way as how they
affects J,. The membrane resistivity affects F little at a large AP,,,
since the effect of large AP,,, on J,, is big already. This can be con-
firmed by observing the changes of F; along the direction of flow
at different values of K and AP,,, in Fig. 10. At a small AP,,, of 1 atm,
F; decreases about 17% at K, and about 3% at 2K, in our system
while the fluid passes through the channel. However, at a large AP,
of 11 atm, F,decreases about 11% at K, and 10% at 2K, in our sys-
tem while the fluid passes through the channel. There is no big dif-
ference between F/s at K, and 2K, when AP, is large. So it can be
concluded that effect of K on F; is large at a small AP,,, and vice
versa.

The difference of concentrations in the feed- and the draw-chan-
nel induces J,. In addition, the difference between concentrations
in channels becomes smaller quickly at a small K, since J,, is large.
As a result, ], and, as a result, F; decrease along the direction of
flow quickly at a small K. So it is confirmed again that effects of K
on the flow rates in channels are large at a small AP,
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Fig. 11. Distributions of the dimensionless concentration (C/C,,) (a) in the feed-flow and (b) in the draw-flow at AC,=35g/L and AP,,,=

1 atm.

The concentration of solute (salt) in the draw-fluid decreases
along the direction of fluid because of the inflow of ], as shown in
Fig. 11(a). It decreases 14% at K, and 5% at 2K, in our system while
the draw-fluid passes through the channel. Since J,, is large at a small
K, the concentration of solute at K, decreases more than that at 2K,
does. However, the concentration of solute in the feed-fluid increases
slightly along the direction of fluid due to the inflow of J, as shown
in Fig. 11(b). Here, the effect of the membrane resistivity is small.
4. Power Density

In the PRO system, power is generated with the hydraulic pres-
sure of the draw fluid increased by the water flux from the feed-
channel through membrane. The power density (Pp) in Eq. (5) is
obtained by multiplying J,, and the difference between pressures in
the draw-channel and the feed-channel (AP,,). Here, J,, is depen-
dent on the local AP,, as shown in Eq (3). Furthermore, AP,, de-
pends on AP, (AP,, at the channel-inlet). So it can be said that J,,
and Pj, are dependent on AP, The water flux through membrane
and the power density vs. the difference between the inlet-pres-
sures of channels (AP,,,) at K, and 2K, are shown in Fig. 12. J,, at
K, decreases continuously as AP, increases. On the other hand, J,

25 ’ ’ 20
£ 20 16
i -]
= =
% 8
¢ 15 12 g
Ed
]
2 10 g °
E g
= EM
& 05 4 =
-
0.0 . : . . . 0
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Fig. 12. The average water flux through membrane (J,, ;) and the
power density (Pp,) versus the inlet-pressure difference (AP,,,,)
at AC,=35 g/L.
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at 2K, increases at first and then decreases. Effects of K on J,, in
Fig. 12 were explained already in Fig. 8. In addition, P}, increases
at first because of the increasing AP,,, and decreases later because
of the decreasing J, at both K, and 2K, The maximum power den-
sity is 16 W/m” at 14 atm of the channel-inlet pressure difference
in our system.

If ], is small, the variation of AP, is small. So the areal average
of AP, at 2K, is a little larger than that at K. As a result, P}, at 2K,,
which is the multiplication of ], and a little larger AP,,, appears a
little bigger than Pj, at K, as shown in Fig. 12. However, when AP,,,,
is larger than 5 atm, J,, at 2K, is a little smaller than that at K, Then
the variation of AP,, at 2K, is a little smaller than that at K. In other
words, the areal average of AP,, at 2K, is similar to that at K. So,
as shown in Fig. 12, Pj, at 2K, is a little smaller than that at K. It can
be concluded that the effect of K on Py, is small when AP, is large.

CONCLUSIONS

Characteristic values of the membrane are important for the good
performance of the PRO system. Effects of the water permeability-
coefficient, the solute permeability-coefficient, and the membrane
resistivity were studied in the two-dimensional mathematical mod-
eling.

The water flux through a membrane increases almost linearly
with the water permeability coefficient (A). On the other hand, the
solute flux decreases with A. When the value of A becomes twice,
J,, increases 63% more and the flow rate in the feed-channel de-
creases about 59% more in our system while the fluid passes through
the channel.

The solute permeability-coefficient (B) affects mainly J. As B
increases, J, increases and J,, decreases. However, J,, is insensitive to
B compared with A. As a result, the flow rates in channels are also
insensitive to B.

Decreasing the membrane resistivity (K) makes J,, and the power
density (Pp,) increase. But the increase of ], due to the decrease of
K is a small portion of the whole J,. So effects of K on J,, and the
flow rates in the channels (F;and F,) are small when AP,,,, is large
and vice versa.

The concentration of solute in the draw-fluid decreases 14% at
K, and 5% at 2K, in our system while the fluid passes through the
channel. However, the effect of K on the concentration of solute in
the feed-fluid is small. Pj, increases at first because of the increas-
ing AP,,, and decreases later because of the decreasing J,, at both
K, and 2K,, The maximum power density is 16 W/m” at 14 atm of
the channel-inlet pressure difference in our system. When AP, is
small, P}, is a little large at a large K. However, when AP,,,, is large,
the effect of K on Pp, is small.
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NOMENCLATURE

A :solvent (ie., water) permeability-coefficient [m/atm-s]

B :ssolute (i.e., salt) permeability-coefficient [m/s]

b :friction parameter [atm-s/m"]

Cy Cy: concentrations of salt in the channels [kg/m’]

D :diffusion coefficient in the porous support layer [m’/s]
E,, F; : volumetric flow rates in the channels [m?/s]

], :water flux [m/s]

I : solute flux [mol/m’s]

k : mass transfer coefficient of solute [m/s]

L : x-directional length in the feed channel [m]

P, Py P, : pressures in the channels and on the membrane [atm]
P, :power density [W/m’]

R :gas constant (=0.082) [atm-m’/(mol-K)]

S (=t,7/¢) : structure parameter of the support layer [m]

ty t; :thicknesses of the channels [m]

t, :thickness of the membrane [m]

W :y-directional width in the draw-channel [m]

X  :x-directional distance along the flow in the draw-channel

(m]

y  :y-directional distance along the flow in the feed-channel
[m]

Greek Letters

A :difference between the draw-channel and the feed-channel
&  :porosity of the support layer
T :tortuosity of pores in the support layer

Subscripts

d : draw-channel

f : feed-channel

m  :membrane

o : at the inlet of the channel
s : solute (salt)

w  :solvent (water)
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