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ABSTRACT

In this paper, we perform two-dimensional simulations of cross-flow
forward osmosis (FO) membrane modules in the presence of draw and
feed channel spacers. For this purpose, the equations corresponding to
the conservation of mass, momentum, and convection-diffusion for the
mass fraction of solute are solved using a commercial finite volume flow
solver. We consider six configurations of channel spacers being
constructed by the symmetric and asymmetric placement of cavity,
submerged, and zigzag arrangements. We will study the effect of the
spacers’ geometrical parameters such as diameter and relative distance
in these configurations as well as the solute resistivity of the porous
support layer on the performance of the FO membrane modules in terms
of water flux, external concentration polarization (ECP) factors, and
pressure drop per unit length of the membrane. Our results reveal that
increasing the solute resistivity of the porous support layer has an
adverse effect on the water flux, whereas the impact on the ECP factors
is positive. In addition, it turns out that the submerged configurations,
where the spacer filaments are not in direct contact with the membrane
surface, produce the highest water flux through the membrane;
however, they have an adverse effect on the pressure drop along the
membrane surface.

Keywords: Forward Osmosis, Concentration Polarization, Channel Spacer, Computational Fluid Dynamics.

1. Introduction

Exponential population growth and rapid
industrialization have severe impacts on the
world’s freshwater resources. Due to uneven
freshwater demand and supply around the
world, more than one-third of the world’s
population is living in water-stressed regions
[1]. Therefore, the production of freshwater
from other resources has become more crucial
in recent years. Seawater desalination and
wastewater treatment are among the alternatives

* Corresponding author: Alireza Jalali

School of Mechanical Engineering, College of
Engineering, University of Tehran, North Kargar Avenue,
Tehran,1439957131, Iran

Email: arjalali@ut.ac.ir

to deliver freshwater in the regions with
serious water scarcity problems.
Pressure-driven membrane-based
separation technologies, such as
nanofiltration (NF) and reverse osmosis
(RO), are the most widely used techniques to
produce high-quality freshwater from
seawater and wastewater [2]. These processes
require a massive amount of energy to
provide the net external pressure required to
overcome the difference in osmotic pressure.
On the other hand, forward osmosis (FO), a
new osmotic-driven membrane-based
separation technique, has received significant
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attention in the past decade due to its lower
energy requirements. In this process, a
concentrated draw solution with a high
osmotic pressure draws water molecules
through a semi-permeable membrane from a
feed solution. The diluted draw solution is
then recovered to maintain the higher osmotic
pressure on the draw side, and produce high-
quality pure water. Since the driving force is
only the difference in the osmotic pressure of
the two solutions, there is no need to consume
extra energy sources.

In the RO process, the high pressure
applied on the concentrated side of the
membrane causes the rejected salt to
accumulate in the vicinity of the membrane
surface. This phenomenon, which leads to a
difference in the concentration of salt
between the membrane surface and the bulk
solution, is known as the external
concentration polarization (ECP). In addition,
the dilute solution traveling through the
porous support layer causes a minimal
difference in the salt concentration between
the two sides of the support layer, referred to
as the internal concentration polarization
(ICP). In the FO process; however, water
penetrates from a low concentrated solution
into a highly concentrated solution. As a
result, the dilutive and concentrative ECP
(i.e., DECP and CECP) occur on the two sides
of the membrane, followed by a strong ICP in
the porous support layer. In FO, the
concentration polarization may considerably
reduce mass transfer by lowering the effective
driving force for water permeation. A
standard practice in the production of spiral
wound membranes (SWMs) uses channel
spacers to keep the membrane leaves apart,
enhancing mass transfer through the
membrane.

To study the effect of different geometrical
parameters of the spacers on mass transfer, it
is possible to take advantage of computational
fluid dynamics (CFD). With the recent
advancements in computational power and
thus, the capability of performing simulations
on high-resolution meshes, very accurate
predictions of transport phenomena in
membrane processes can be obtained [3].
Using CFD, the field properties such as flow
velocity and salt concentration can be
computed at arbitrary points of a
computational domain. Additionally, CFD
enables us to investigate the effect of different
thermo-physical properties and geometrical

arrangements on membranes’ performance
without the need to create the cases in reality
[4,5].

In several studies, CFD has been
employed to study transport phenomena in
FO membranes. Park et al. [6] developed a
finite element method (FEM). The model
successfully determined a constant membrane
structure parameter that is solely dependent
on the membrane’s intrinsic parameters such
as thickness and the porosity and tortuosity of
the support layer, as opposed to experimental
studies that produced various values for the
same membrane properties. Sagiv and Semiat
[7] used a two-dimensional FEM model to
solve the mass and momentum transport
equations for FO desalination with NaCl
solutions. They discovered that the major
reduction in water permeation through the
membrane comes from the CP layer on the
draw side; therefore, draw solution
concentration must be optimized to obtain an
effective driving force. With the inspiration
received from the modeling of pressure-
driven RO systems and analytic flux
modeling, Gruber et al. developed a powerful
CFD model to simulate FO asymmetric
membranes without spacers [8]. Their model
revealed that, unlike common assumptions,
the ECP on the porous surface of asymmetric
FO membranes is not negligible in realistic
conditions. Later, Park and Kim [9] used a
two-dimensional CFD model to study the
impact of spacers on the concentration
polarization in a FO process. They
investigated the effect of spacers’
configurations in various concentration
conditions and introduced an index named
CPI to compare the degree of CP between
different spacer arrangements. However, they
did not address the effect of spacers’ diameter
and relative distance on FO membrane
performance. Their study showed that the
boundary layer compression is the most
effective mechanism to reduce CP in FO
membranes in contrast to RO systems where
boundary layer disruption is effective. Also,
Sagiv et al numerically investigated the
performance of a FO membrane with a
composite channel structure by solving two-
dimensional fully coupled fluid flow and
mass transfer equations [10]. The composite
structure comprised feed and draw channels,
as well as the membrane’s active and support
layers. Their model was capable of
considering co-current and counter-current
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operations where the active layer of the
membrane faces the feed or draw solutions.
The results indicated that FO operation in
counter-current mode, while the active layer
faces the draw solution leads to a slight
improvement in water flux and reduced
migration of feed and draw solutes. In another
study, Gruber et al. presented an optimized
open-source three-dimensional CFD solver
for the steady-state and transient simulation
of RO and FO membranes [11]. They
demonstrated the capability of their solver for
FO by investigating the effect of different
flow and geometry parameters on the
performance of a lab-scale membrane
module. The results suggested that varying
the inlet angle, or the number of inlets, have
little influence on the total mass transfer.
They also showed that the model is capable of
evaluating mass transfer for different
arrangements of spacers by the analysis of
how spacer geometry affects dead volumes
with low flow in the module. Quite recently,
Kahrizi et al. employed two approaches to
study a FO process [12]. A mathematical
formulation based on mass transfer
resistances and  bulk  concentration
differences was used in the first approach. A
more sophisticated approach based on the
CFD modeling of the membrane in two-
dimensions was utilized to provide a more
realistic representation of the FO membrane.
They evaluated the forward water and reverse
salt fluxes using both approaches. Their CFD
results revealed that these fluxes are
dependent on the ratio of membrane porosity
to its tortuosity. Therefore, it is possible to
control ICP and reverse salt diffusion by
careful tuning of this parameter.

In this paper, we will develop a two-
dimensional CFD model of a cross-flow FO
system with feed and draw solution channels.
The six spacers’ arrangements introduced in

\ : Water Flux
\ : Reverse Solute Flux

Park and Kim’s study [9] are used to
investigate the effect of spacers’ diameter and
relative distance alongside the solute
resistivity of the porous support layer on FO
membrane performance. Specifically, the
water permeation flux, the pressure drop
along the membrane, the dilutive ECP in the
draw channel, and the concentrative ECP in
the feed channel are the parameters by which
we will compare different modules'
performances with each other.

2. Numerical Simulation

In this study, ANSYS Fluent 19.4 was
employed to perform a finite-volume-based
numerical simulation of the FO process in a
composite membrane system with channel
spacers. In this section, we will describe the
geometry of the problem considered,
including the channels and spacers’
configurations. Also, we will explain the
equations governing the physics of the
problem, along with the appropriate boundary
conditions. Finally, we will introduce the
parameters of the membrane by which we will
evaluate the performance of the process.

2.1. Simulation domain

The geometry of the domain, being simulated
in this paper (Fig. 1), is comprised of feed and
draw channels with different arrangements of
spacers.

The membrane is operated in the counter-
current mode, i.e., the flow direction in the
feed and draw channels with an equal height
of h is opposite. The membrane thickness,
which includes a porous support layer and an
active layer, is not resolved in this study.
Nevertheless, the effect of the porous layer is
considered by an appropriate boundary
condition, as will be discussed later.
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Fig. 1. Schematic representation of the geometry of the FO membrane with channel spacers
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In two-dimensional simulations of RO
membranes, three spacer configurations in the
feed channel are used: cavity, submerged, and
zigzag [13,14]. However, six spacers’
configurations introduced by Park and Kim
[9] are investigated due to the importance of
ECP in both channels of FO membranes.
These configurations are made by symmetric
and asymmetric placements of the cavity,
submerged, and zigzag configurations with
respect to the membrane surface, as shown in
Fig. 2. These configurations are named by

two letters: the first letter determines
symmetric or asymmetric placement (S and
A), and the second letter refers to

configuration type (C, S, and Z). In the cases
of the cavity and zigzag configurations, the
sharp angle created near the contact points
with the membrane or channel walls results in
highly skewed cells in the mesh, which
hamper the convergence of the numerical
solution. Therefore, the diameter of the spacer
filaments, dg, is extended by 1% to make a
minuscule overlap with those surfaces. It
should be noted that a lower amount of
extension, unnecessarily escalates the
computational cost and difficulty by
producing a high number of minute and
sharp-angled cells. This strategy, which has
successfully been applied for the simulation
of RO membranes [15], prevents the
formation of highly skewed cells in the mesh
with no considerable error in the results. Each
channel includes ten spacers with a relative
distance of A; and equal diameters. In each
case, the height and length of each channel are
set to h = 2d and L = 94 (for AC and AS
configurations L = 9.51;), respectively. An
entrance length of 5 mm is provided for each
channel to ensure that the inflow is not
obstructed by the spacer filaments. Also, the
length of the channels is extended by 20d;
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from the end to prevent the influence of outlet
boundary condition on the flow.

2.2.Governing equations and boundary
conditions

The flow in the membrane is assumed to be
steady, laminar, Newtonian, and isothermal.
The governing equations that describe the
transport phenomena in the membrane
channels include the conservation of mass,
momentum, and convection-diffusion
equation for the mass fraction of solute in
two-dimensions:

v-(pV) =0 (1

V-(pV V) =—VP+V )
(u(vV +viT)]

V- (pVmy) = V-[pDas(Vmp] =0 3

where p is the fluid density, V = (w,v) is the
velocity vector, P is the fluid pressure, u is the
fluid dynamic viscosity, my, is the solute mass
fraction, and D,p is the solute mass
diffusivity.  For  lab-scale  cross-flow
membrane chambers, where initial volumes
of draw and feed solutions getting
recirculated, the modeling should be carried
out in transient mode, since the water
permeation from the feed side to the draw
channel and the reverse solute flux from the
draw side to the feed channel cause the draw
and feed solutions get diluted and
concentrated over time, respectively.
However, our modeling was performed in the
steady-state condition to represent the flow in
actual cross-flow FO membrane elements,
such as Spiral-Wound Modules (SWMs),
where a constant flow of draw and feed
solutions with a fixed concentration is
available at the module’s inlets.

o .. O O O
s ® 7 @@ @ § e e
Symmetric Zigzag (SZ) Symmetric Cavity (SC) Symmetric Submerged (SS)
O O O O O
Q O @) @ QO O O

Asymmetric Zigzag (AZ)

Asymmetric Cavity (AC)

Asymmetric Submerged (AS)

Fig. 2. The six configurations of channel spacers for FO membrane
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The fluid density, viscosity, and solute
mass diffusivity are assumed to be dependent
on the mass fraction of solute based on an
empirical relation reported by Geraldes et al.
[16] for a NaCl solution at 25°C:

p=997.1+ 694 m, 4)
u=089 x1073(1 + 1.63 m,) (5)
Dyp = (6)
X(161><10“%1-—14nu))
,1.45 x 1072

At the inlet of each channel, a uniform
mass fraction of solute is considered. Also,
the fully-developed velocity profile at the
inlet of the two channels is given by:

—6il (172 @)

u= 607 (17 h)
where u is the x-direction velocity
component, U is the average velocity in the
channel, and h is the height of each channel.
Note that due to the counter-current
arrangement of the membrane, the negative
and positive terms correspond to the upper
and lower channels, respectively. At the
outlets, a gauge pressure of zero, P = 0, is
specified, and the gradient of the solute mass
fraction is assumed to be zero along the
channels (i.e., dmy/dn = 0). On all non-
membrane walls of the domain, the no-slip

condition, V= 0, and a zero normal gradient
of solute mass fraction, 9m, /dn, are imposed
as boundary conditions.

As noted before, the membrane is
modeled as a zero thickness plane, which
separates the two channels. Considering that
the presence of a porous support layer
influences the concentration of solute and
thus the osmotic pressure across the
membrane, additional information must be
incorporated to make the model mimic the
real condition of the membrane. For this
purpose, a well-accepted analytic model,
developed by Leob ef al. [17], is utilized to
describe the effect of the porous support layer

on water permeation flux, J,:
5 1 B+Amng,m ®)

e N T+

where A is the water permeability coefficient,
B is the solute permeation coefficient, and K
is the solute resistivity of the support layer.

The constants A, B, and K are determined
experimentally for a membrane. In addition,

T4 m 1S the membrane osmotic pressure on the
draw side, and 7¢ , is the membrane osmotic
pressure on the feed side. It is assumed that
the osmotic pressure at any point is linearly
dependent on the solute mass fraction. An
empirical relation for NaCl solution at 25°C
suggests that m = 805.1 x 10°m, [16]. Note
that Eq. (8) gives the water permeation flux
implicitly and thus Ridder’s root finding
method [18] is applied for each point on the

membrane to get J,,. The water flux is used
to set the membrane boundary velocity in the
normal direction, 7i;. The no-slip boundary is
enforced in the tangential direction.

To provide a boundary condition for the
solute mass fraction, we pay our attention to
the solute flux through the membrane. The

total solute flux, fs , 1s obtained as the sum of
the convective and diffusive fluxes as:

> amy )
Js = —PmDap End

+ pmmA,m ] w

where subscript m refers to the properties
evaluated at the membrane surface. Equation
(9) must be satisfied on both sides of the
membrane. Assuming a linear relation
between the osmotic pressure, 1, and solute
concentration, C, Gruber et al. [8] argued that
5 B .
Js=———Jw (10

¢.A
where ¢ is the constant of proportionality
between the osmotic pressure and solute
concentration (i.e., T = ¢.C). For the NaCl
solution considered in this study, ¢p = 805 X
102 Pam3 kg~1. Having computed the water

flux, the boundary condition for the solute
mass fraction is readily available by Eq. (9).

2.3. Performance Parameters

To evaluate the performance of FO
membranes  with  different  spacers’
configurations, several parameters are
calculated based on the numerical solution.
These parameters include the averaged water
flux across the membrane, dilutive and
concentrative ECP, and pressure drop along
the feed channel.

The water flux going through the
membrane is obtained by Eq. (8). The
averaged flux of water is computed in each
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case to assess the capability of the membrane
for water permeation.

The averaged mass fraction of solute is
computed on the feed and draw sides of the
membrane to calculate measures of dilutive
and concentrative ECP. These averaged

values are denoted by (774 f)m and (ﬁA,d)m
for the feed and draw sides, respectively. In
addition, the averaged values of bulk mass
fractions, denoted by (ﬁA,f)band (ﬁA,d)b,
are computed on the horizontal mid-lines of
each channel at y = +h/2. Having computed

the averaged mass fractions, DECP and
CECP factors can be obtained as:

m (11)
DECP = M
(Maa) b
(mA.f) b

To investigate the effect of spacers’
geometry on the pressure drop, the averaged
pressure on the inlet and outlet of the feed
channel can be attained (P;,, and P,,;). Since
the membrane length varies with the relative
distance of spacers, the pressure drop is
divided by the membrane length to provide a
more rigorous estimate of geometry effect on
the pressure drop.

3. Results and discussions

The simulation results presented in this
section were run on a personal computer with
an 15-2450M CPU at 2.5 GHz. In all cases, the
convergence process continues until the L,-
norm of residuals corresponding to the
steady-state continuity, momentum, and
species transport equations drops below
107. It was also ensured that the change in
the solute mass fraction on the feed side of the
membrane is less than 10 ~* when the solution
is reached. The results include the verification
case performed for the governing equations
and boundary conditions, grid convergence
study carried out to find the proper mesh size,
and the study of the effect of different
membrane module parameters on FO module

performance. = The  membrane  water
permeability and  solute  permeation
coefficients are assumed to Dbe
A=10"2m (s.Pa)™ 1, and B=

1077 m.s~1. Also, the averaged velocity

ma_gnitude in both the feed and draw channels
isU = 0.1 m.s™1, in all cases.

3.1. Verification

To verify the correct implementation of
governing equations and boundary conditions
discussed in Section 2.2, we consider a two-
dimensional FO membrane without spacers,
which was thoroughly studied by Gruber et al.
[8]. The governing equations and boundary
conditions in their study are identical to the
ones mentioned in this paper.

For this test case, the length and height of
the two channels are L = 14 mm, and h =
3 mm, respectively. In the model developed
by Gruber et al. [8], a Cartesian mesh with
cells having a size of approximately 0.05 mm
near the channels’ walls, and with a height of
5 um near the membrane surface was used.
However, in our model, the same mesh
routine implemented for the spacer-filled
channels, which will be described in Section
3.2, is utilized. The verification is carried out
by considering two sets of simulations; each
includes 9 cases. In the first set, the mass
fraction of solute at the feed inlet is set to
my = 0 while my, values at the draw inlet
vary from 0.01 to 0.09 at the feed inlet. In the
second set, my = 0.09 is kept constant at the
draw inlet while m, values are changed from
0.01 to 0.09. The solute resistivity of the
porous support layer is assumed to be K =
0.5 s.um™!. Figure 3 compares the water
mass flux through the membrane between our
study and Gruber ef al. [8] in each case. As
expected, the increase in the osmotic pressure
difference across the membrane results in a
water flux increase. In addition, the values
obtained by our model are in good agreement
with Ref. [8], wverifying the correct
implementation of equations and boundary
conditions in our work.

3.2. Grid Convergence Study

To find out the proper mesh size for the
simulation of FO membranes with different
spacers’ arrangements, the sensitivity of some
outputs to the mesh size was investigated. For
this purpose, we considered a membrane with
K = 0.5 s.um™! and spacers’ arrangement of
SZ (symmetric zigzag) where dg = 0.5 mm,
and A; = 4.5 mm. The solute mass fraction,
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my, at the inlets of feed and draw channels
were set to 0.001 and 0.06, respectively.

The domain was tessellated with
unstructured meshes. The regions near the
membranes and spacers are also appropriately
refined to capture the gradients of flow
properties (Fig. 4).

243

For grid independency study, the meshes
are systematically refined so that the length
scale is almost reduced by a factor of two in
each level of refinement. Table 1 shows the
water flux in terms of litre per meter squared
per hour (LMH), and also the averaged solute
mass fraction on the feed and draw sides of
the membrane for three different mesh sizes.
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Gruber et al. [8]

Water Flux [kg.m?2.h"]
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Fig. 3. Effect of the solute mass fraction difference on water mass flux
(verification of our model results with Ref. [8])
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Table 1. Grid Convergence Index (GCI) of output parameters for a FO membrane with SZ spacers’
configurations

Mesh No. of Cells Water flux (LMH) () (M),
Coarse 31654 6.361053 0.001103  0.057528
Medium 119659 6.349721 0.00111  0.057355
Fine 420144 6.327175 0.00112  0.05701
GCI (%) 0.3836 1.7779 0.6452

For theses meshes, the grid convergence
indexes (GCls) for the output parameters
have been tabulated. The reported indexes
show that the medium mesh with 119,659
cells, where the averaged cell size is 0.02 mm
near the membrane with the growth rate of
1.15 and 0.05 mm elsewhere, is fine enough
to resolve the flow field properly. So, we
decompose the other computational domains
with the same mesh size.

3.3. Membrane parametric study

In this section, we turn our attention to the
effect of some membrane parameters on the
performance of FO modules. In particular, we
consider solute resistivity of porous support
layer (K values) as well as spacers’ diameter,
and relative distance for  different
configurations introduced earlier. In all cases,
the mass fraction of solute at the inlets of
draw and feed channels are 0.06 and 0.001,
respectively.

Figure 5 depicts the effect of spacers’
diameter and relative distance in AC
configuration on the water flux through the
membrane at three different K values. As K
decreases, the water flux through the

J,, (LMH)

T T T T
10 —=—K=0.2 s.um™ 1
— -1
- —e— K=0.5s.um
9 i —A—K=0.8 s.um™]
. 8+ 4
T
-
=z 74 i
=
_,
o
.
6 —o— e A
54 A 00 4 000 ]
e,
4 T T T T
025 050 075 1.00

d, (mm)

(a) Water flux vs. spacers’ diameter for different

K values (A, = 4.5 mm)

membrane increases. The amount of ICP in
the membrane porous support layer declines
as K decreases. So the concentration
difference between the two sides of the
membrane increases, which leads to an
increase in water flux. As seen in Fig. 5a
where Ay = 4.5 mm, increasing dg augments
the volume of the dead zone in the vicinity of
the interface between the spacers and
membrane in AC configuration.
Consequently, the solute accumulation in the
dead zone leads to the reduction of
concentration  difference  across  the
membrane and thus water flux. The
accumulation of solute in the dead zone can
also be generalized to the other configurations
where the spacers are in contact with the
membrane. As seen in Fig. 5b where dg =
0.5 mm, the variation of the relative distance
between spacer filaments does not have a
significant effect on the water flux as it
changes the concentration difference between
the two sides of the membrane only slightly.
As the distance increases, the volume of the
dead zone per unit length of the membrane
surface decreases; thus, the water flux
somewhat increases.

T T T T T T T
—=—K=0.2 s.um
104 —e—K=0.5s.um? 8
—4—K=0.8 s.um
= 5 &8 —— *®
8 - -
L S SE—
6 i
A A A A
4 T T T T
35 40 45 5.0
Lg (mm)

(b) Water flux vs. spacers’ relative distance for
different K values (dy = 0.5 mm)

Fig. 5. Effect of spacers' geometry on water flux in the AC configuration
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Likewise, we can compute the values of the
CECP and DECP factors for the AC
configuration at three different K wvalues.
Figure 6 shows these factors versus the two
geometrical parameters. As the distance
between the spacers increases, the CECP
factor decreases while the DECP factor
increases, which can be explained by the
reduction of dead zone volume where the
solute is trapped. So in a certain length of the
membrane, a lower amount of solute is
trapped in the interface between the spacers
and membrane on the feed side, leading to a
decrease in CECP. Also, the spacers on the
draw side of the membrane hinder a proper
recirculation of water; thus, the draw solution
dilutes locally, leading to an increase in the
DECP factor. However, with a further
decrease in the distance between the spacers,

2.0 T T T T T T T
—=—K=0.2 s.um?
—eo—K=0.5s.um*
184 a4 K=08s.um? 1
1.6 g
o
O
w
O
1.4 g
e
1.2 - g
e
-
e
[ 8
1.0 T T T T
0.25 050 075 1.00

d (mm)

(@) CECP vs. spacers’ diameter for different K

values (1, = 4.5 mm)

1.00 T T T T
A —8—K=0.2 s.um*
e e K=0.5s.um*
—4—K=0.8 s.um™
0.95 -
3]
D 0.90 1 -
a
0.85 4
0.80 T T T T
0.25 0.50 0.75 1.00
d, (mm)

(c) DECP vs. spacers’ diameter for different K

values (A, = 4.5 mm)

the high amount of turbulence created by the
spacers restricts further increase in CECP and
decrease in DECP by augmenting
recirculation in the dead zone. As the
diameter of the spacers increases, the amount
of the dead zone per unit length of the
membrane increases, which leads to an
increase in CECP and a decrease in the DECP
factor. The variation of CECP and DECP is
more pronounced in low values of K as the
reverse solute flux, J, increases due to lower
ICP and higher concentration difference. So,
a higher amount of solute is trapped in the
dead zone, leading to an increase in CECP.
Also, the value of water flux, J,,, increases as
K decreases, leading to more dilution of the
draw solution in the vicinity of the spacers in
the draw channel.
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Fig. 6. Effect of spacers' geometry on external concentration polarization factors in the AC configuration
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To investigate the effect of spacers’
arrangement on the performance of the
membrane, the values of the water flux are
compared among the six arrangements at a
constant value of K = 0.5 s.um™1. Figure 7
shows how the water flux changes in terms of
spacers’ diameter and relative distance for
each arrangement. The cavity configurations
have the least water flux among the
configurations as they have the highest
volume of dead zone per unit length of the
membrane surface, which notably decreases
the effective concentration difference
between the two sides of the membrane. The
zigzag configurations have higher water
fluxes comparing with  the cavity
configurations. The reason is that in the
zigzag configurations, fewer spacers are in
contact with the membrane surface, so the
volume of the dead zone per unit length of the
membrane is smaller. In addition, the
turbulence caused by the spacers that are not
in contact with the membrane surface
augments recirculation in the draw and feed
solutions, mitigating the detrimental effect of
the dead zone. The submerged configurations
have the highest water flux since there is no
dead zone available on their membrane
surface. As the distance between the spacers
increases, less turbulence is created in the
channels, which leads to an increase in ECP
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on both sides of the membrane and decreases
the water flux. As the diameter of the spacers
increases, the depth of the channels increases
accordingly (the depth of the channels is
twice as large as the spacers’ diameter). So
the wvelocity gradient in the channels
decreases, and subsequently, the shear stress
on the membrane layer decreases, which leads
to a slight reduction of the water flux.
Nevertheless, when the diameter increases to
Imm, the high amount of turbulence created
by larger spacers dominates and increases the
water flux slightly.

Similarly, the values of the CECP and
DECP factors can be computed for each
configuration. Figure 8 shows these factors in
terms of spacers’ geometry. The behaviour of
the ECP factors can be explained exactly by
the conclusions drawn for the behaviour of
the water flux in each configuration.

To study the effect of solute resistivity of
the porous support layer on the performance
of FO membranes, the water flux can be
computed for each configuration (Fig. 9). As
seen, all of the configurations follow similar
behaviour as ICP is the foremost cause of
water flux decline in FO, and the value of K
is directly related to the amount of ICP. It
should be noted that the effect of tangent
spacers in water flux reduction is insignificant
compared with the impact of K.
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Fig. 7. Effect of spacers’ arrangement on water flux
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The subsequent tangible influence of the
tangent spacers on the membrane surface is
membrane fouling, rather than water flux
decline. Water flux is basically controlled by
the intensity of ICP and the concentration
difference between the draw and feed
solutions. The value of water flux decreases
with the increase of K as higher solute
resistivity augments the value of ICP in the
membrane porous support layer and declines
the effective concentration difference across
the membrane active layer. The amount of
water flux decline is less severe in the high
values of K.

In Fig. 10, the values of CECP and DECP
have also been computed at different values
of K for all the configurations with dg =
0.5mm and A; = 4.5 mm. As K increases,
the value of the ICP in the porous support
layer increases, which yields lower effective
concentration  difference  across  the
membrane active layer. The decrease in the
effective concentration difference causes a
reduction in the reverse solute flux, /s, which
subsequently causes fewer amounts of solute
to get trapped in the dead zone. In addition,
the decrease in the effective concentration
difference leads to the decline of the water
flux, J,,, which in turn causes less dilution of
the draw solution in the dead zone of the draw
channel. In the submerged configurations
where there is no dead zone, the latter
explanation about the less concentration of
the feed solution and dilution of the draw
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solution on the membrane sides is valid,
similarly. The difference between the CECP
and DECP values among the different
configurations at the same K value is
attributed to the difference in the amount of
the dead zone, which was discussed earlier.
Finally, we investigate the effect of
spacers’ arrangement on the feed channel
pressure drop per unit length of the
membrane. Figure 11 depicts this parameter
for different configurations at K =
0.5 s.um™1. Initially, the relative distance
changes for dg; = 0.5 mm. As the distance
between the spacers decreases, at a fixed
spacer diameter, the pressure drop per unit
length of the membrane increases. The reason
is that the fluid flow faces more obstacles
(spacers) in a certain length of the membrane.
Also, the effect of different spacers’
diameters is studied for A; = 4.5 mm. As the
diameter of the spacer decreases at a fixed
spacer distance, the pressure drop per unit
length of the membrane increases, which can
be explained by the fact that when the
diameter of the spacer decreases, the width of
the channels decreases accordingly (twice as
large as the diameter). Therefore, at a smaller
width of the channel, the velocity gradients on
the channel wall and membrane surface
increase, leading to an increase in the shear
force exerted on the channel wall and
membrane surface. Hence, the pressure drop
per unit length of the membrane increases.
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Fig.10. Effect of the solute resistivity of the porous support layer on external concentration polarization factors
in different configurations (d;, = 0.5 mm and A, = 4.5 mm)
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The submerged configurations have a
considerably higher pressure drop compared
with the other configurations. In the
submerged configurations, spacers are
positioned in the middle of the channels and
produce similar and symmetric eddies that
augment the shear force on the membrane and
wall surfaces. In submerged configurations,
each spacer contributes to the increase in the
exerted shear force on the membrane surface
and channels wall, and the amount of the
increase in the shear force on the membrane
surface and the channel wall is higher than
those of the other configurations. Despite
having the minimum ECP and maximum
water flux, the submerged configurations
show a significantly higher pressure drop per
unit length of the membrane. Since the input
energy for FO membrane modules is low, the
increased pressure drop per unit length of the
membrane does not impose a considerably
higher cost. However, the use of these spacers
while maintaining adequate mechanical
support for membrane sheets, and keeping
them apart, is impractical. Thus, providing
longitudinal filaments in the membrane
modules with submerged spacers is
necessary.

4. Conclusions

In this paper, we presented a two-dimensional
numerical study of the FO membranes with
feed and draw channel spacers. The steady-
state equations corresponding to the
conservation of mass, momentum, and
transport of solute mass fraction were solved
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using ANSYS Fluent solver. The appropriate
boundary conditions for each equation, and
also the geometry of the problem were
described.

In this work, we evaluated the
performance of FO membrane modules in
terms of the spacers’ geometrical parameters
such as diameter and relative distance, as well
as the solute resistivity of the porous support
layer for different configurations. Six
different types of spacer configurations were
considered, which are obtained by the
symmetric and asymmetric placement of
cavity, submerged, and zigzag configurations.
The definition of each type and how the
corresponding geometry is created were
discussed thoroughly. The performance of the
membranes was assessed by the water flux,
external concentration polarization factors
(CECP, and DECP), and pressure drop per
unit length of the membrane in the feed
channel.

The correctness of the CFD simulations
was verified by comparison with a previously
published CFD work in the literature. Also,
grid convergence indexes were calculated for
the output parameters to find the appropriate
mesh size required to resolve the flow
features.

Our results showed that increasing the
solute resistivity of the porous support layer
decreases the water flux. Increasing the
spacers’ diameter reduces the water flux,
although the relative distance between the
spacers has a negligible effect. Also, as the
solute resistivity increase, CECP decreases,
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Fig.11. Effect of spacers’ arrangement on pressure drop per unit length of the feed channel



250 Alireza Jalali & Naeem Niknafs / Energy Equip. Sys. / Vol. 8/No. 3/Sep. 2020

and DECP increases. The same pattern is
observed when the distance between the
spacers increases. However, CECP increases,
and DECP decreases with spacers’ diameter
increase.

Among the spacers’ configurations, the
submerged arrangements provide the highest
water flux and DECP, while producing the
least amount of CECP. The trends continue
with the zigzag and cavity arrangements
afterwards. The cavity configurations showed
the highest CECP, and the least DECP
factors, due to their highest volume of the
dead zone per unit length of the membrane.
Although the volume of the dead zone per unit
length of the membrane was found to be the
major parameter affecting the ECP factors,
the amount of ICP was shown to be the
limiting factor in water flux decline. It was
shown that the variation of the water flux
among the different configurations, having
different dead zone volumes, was negligible
compared to that with the solute resistivity of
the porous support layer. Finally, it was
observed that the submerged configurations
produce the highest pressure drop per unit
length of the membrane as they impose more
shear force on the membrane surface and the
channel wall.
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