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ABSTRACT

The purpose of this work is to develop a mass transfer model that incorporates all relevant
factors—migration, diffusion, and convection—to predict ion transfer in electrodialysis cells
more completely than conventional models, which neglect convection. As a demonstration
of this approach, the study develops a three-dimensional model that incorporates the factor
of convection to predict NaCl mass transport through a rectangular electrodialysis cell. The
equations used in the model—the complete Navier–Stokes, continuity, and steady-state
Nernst–Planck equations—are solved by the finite difference numerical method in the
particular control volumes. The equations in the dilute chamber are numerically solved
using techniques from computational fluid dynamics (CFD). In order to evaluate the
reliability and accuracy of the model, the results are compared with theory as calculated by
the Nernst–Planck equation. We discovered that the developed model is capable of
predicting the velocity distribution, separation percent, ion concentration distribution, and
electrolyte potential in the chamber, with results that closely align with the theory. Addi-
tionally, by considering all three contributions, the developed model could predict a
detailed distribution of concentration and potential drop in both the x- and y-directions.
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1. Introduction

Water is one of the most important natural
resources in the world, and without it life cannot exist.
The presence of a safe and reliable source of water is
essential. Fresh water, however, is scarce—the U.S.
Geological Survey reports that only 0.8% of Earth’s
water is considered to be fresh [1–4]. Therefore, it is
essential to find alternative water sources.

For producing drinking water from nontraditional
sources, one of the most promising methods is desali-
nation, the process of turning brackish or sea water
into fresh water. All natural waters contain dissolved
salts at different concentrations, and water with ele-
vated salt levels is available almost everywhere
around the world. Recent technological advancements
suggest that the wide-scale desalination of these salt
water sources could mitigate the impact of freshwater
scarcity [3]. To reduce the salt content of saline water,
several processes are available, including distillation,
ion-exchange (IE), reverse osmosis (RO), nanofiltration*Corresponding author.

1944-3994/1944-3986 � 2015 Balaban Desalination Publications. All rights reserved.

Desalination and Water Treatment 57 (2016) 22290–22303

Octoberwww.deswater.com

doi: 10.1080/19443994.2015.1123195

mailto:azadeh12@nmsu.edu
mailto:aghassem@nmsu.edu
mailto:pka@nmsu.edu
mailto:rfoudazi@nmsu.edu
http://dx.doi.org/10.1080/19443994.2015.1123195


(NF), membrane distillation (MD), electrodialysis (ED),
and neutralization dialysis (ND) [2].

The present research focuses on ED, a membrane
separation process in which IE membranes are
employed to separate ions from an aqueous solution
under the influence of an electrical driving force. This
technique has been applied for over 50 years in the
desalination of natural water and represents one of
the most important desalination methods [1–9]. A
schematic view of an ED cell is outlined in Fig. 1.

As can been seen from Fig. 1, an ED cell consists
of a series of anion- and cation-exchange membranes
(CEMs) arranged in an alternating pattern between an
anode and a cathode. When DC potential is applied to
the system, cations move toward the cathode, passing
the CEMs but becoming trapped by the anion-
exchange membranes (AEM), while anions move
toward the anode, passing the AEMs but becoming
trapped by the CEMs. This pattern of ion movement

creates two alternating types of chambers between
membranes: a dilute chamber, in which ions have lar-
gely been removed, and a concentrate chamber, where
trapped ions are amassed.

In the ED process, the ion transport model is
important since it can lay out the entire picture of
electron transport in the ED cell. This makes it
possible to describe the ion transport and predict the
performance of the ED system. To describe mass
transport phenomena in ED, the Nernst–Planck
equation can be applied [5]:

Ji ¼ �Drci �DziFci
RT

r; � vci (1)

The first term in this equation represents diffusion
due to a concentration gradient, the second term is
migration due to an electrical potential gradient, and
the third term is convection due to a pressure
gradient.

Many theoretical studies based on the
Nernst–Planck equation have been carried out to
investigate transfer processes through IE membranes
[10–31]. For the sake of simplicity, these studies have
neglected the convection term. For example, Kim et al.
developed a mathematical model to simulate the
steady-state transport of three ions in an ED cell on
the basis of diffusion and migration. However, the
research team ignored the effect of convection on the
Nernst–Planck equation [32]. Other studies have
developed a semi-empirical model that is based on
Nernst–Planck and that has been tested for

Fig. 1. Schematic of ED System.

Fig. 2. Model geometry.
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consistency against experimental data from various
hydrodynamic conditions [10,14,30]. Existing models
of the transfer process have not yet incorporated the
convection term, leaving the models incomplete.

The purpose of this study is to develop a
complete model that considers all three contributions
—diffusion, migration, and the previously ignored
term of convection—that play a role in ion transfer
in ED cells. In order to provide a complete model
that estimates the effects of different parameters on
ion separation, the Navier–Stokes, continuity, and
Nernst–Planck equations in two dimensions are used
for the dilute chamber. To solve the set of
equations, the finite difference method is employed.
Current density is considered to be constant in each
run.

2. Model development

A mass transfer model is developed to simulate
ion transport for NaCl in an ED cell pair. The model
is based on steady-state, isothermal, and two-
dimensional mass transfer.

The model domain includes a two-dimensional cell
pair where current flows in the y-direction and water
flows in the x-direction. Fig. 2 shows more details of
the computational domain, including the channel
geometry and the associated coordinate system. The
control volume is composed of three ion-selective
membranes (the top and bottom membranes are
permeable only to cations, and the middle membrane
is permeable only to anions), two compartments (a
dilute compartment where the ion concentration will
decrease, and a concentrate compartment where the
ion concentration will increase), and four boundary
layers.

Table 1
Ionic concentration and potential drop in the boundary
layer near CEM

y:c2 ¼ z1 k1 y� d1ð Þþ cb1 þ cb2½ �
z1 � z2

(11)

x: c2 ¼ z1 k1xþ cb
2½ �

k3 þ z1 � z2

(12)

y: D; ¼ ;y � ;y¼d1 ¼ ;�RT
z1F

ln c1
cb
1

� �
(13)

x: D; ¼ ;x � ;x¼0 ¼ �RT
z1F

ln c1
cin
1

þ ðy2 �H2

2 ÞDp
2lLD1

� �
(14)

k1 ¼ I
z2D2F

(15)

k3 ¼ z1
D2

� z2
D1

� � ðy2 �H2

2 ÞDp
2l

� �
(16)

Table 2
Ionic concentration and potential drop in the boundary
layer near AEM

y: c1 ¼ z2 k2 y� d2ð Þþ cb1 þ cb2½ �
z2 � z1

(17)

x: c1 ¼ z2 k2xþ cb1½ �
k4 þ z2 � z1

(18)

y: D; ¼ ;y � ;y¼d2 ¼ �RT
z2F

ln c2
cb
2

� �
(19)

x: D; ¼ ;x � ;x¼0 ¼ �RT
z2F

ln c2
cin
2

þ ðy2 �H2

2 ÞDp
2lLD2

� �
(20)

k2 ¼ I
z1D1F

(21)

k4 ¼ z2
D1

� z1
D2

� � ðy2 �H2

2 ÞDp
2l

� �
(22)

Table 3
Ionic concentration and potential drop in the membrane

Ionic transport in a CEM Ionic transport in an AEM

D; ¼ RT
FQCEM

Dc1 � I
z1FDm

1
ðDyÞ

h i
(26) D; ¼ RT

FQAEM
Dc1 � I

z2FD
m
2
ðDyÞ

h i
(27)

Table 4
Dimensionless governing equations

Ux
@Ux

@X þ Uy
@Ux

@Y ¼ 1
Re

@2Ux

@X2 þ @2Ux

@Y2

� �
� @P

@X
Momentum transport (28)

Ux
@Uy

@X þ Uy
@Uy

@Y ¼ 1
Re

@2Uy

@X2 þ @2Uy

@Y2

� �
� @P

@Y þ fy
@Ux

@X þ @Uy

@Y ¼ 0 Continuity equation (29)

Ux
@C
@X þ Uy

@C
@Y ¼ 1

Pe
@2C
@X2 þ @2C

@Y2

� �
� @C

@t
Mass transport (30)

fy ¼ eERT
zj jFHquy

@2;
@Y2

Body force (31)

J ¼ � @C
@Y � c @;

@Y � PeðUCÞ Nernst–Planck (32)

D; ¼ lnðCy¼0;H

C Þ Donnan potential drop (33)
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In the present study, two ion species are consid-
ered: sodium (Na+) and chloride (Cl−). The sodium
ions in the feed solution are transported through the
CEM and the chloride ions are transported through
the AEM. Therefore, at the CEM, the chloride ion flux
is zero; at the AEM, the sodium ion flux is zero. We
assume electroneutrality in the system.

2.1. Theory of the model

Ionic transport in two directions (x and y) is
described below, while in Kim et al. model the simula-
tion was in one direction [32]. For transport along the
flow path (the x-direction), the convection term is con-
sidered in each control volume, while the convection
term in the y-direction is small enough to be
neglected.

2.1.1. Ionic transport in bulk

It is assumed that the fluid bulk is completely
mixed, eliminating the diffusion term. Consequently,
the ionic flux equation (Eqs. (2) and (3)) can be written
with migration and convection [32]. The current density
(i) can be calculated using Faraday’s law as in Eq. (4):

Table 5
Equations used in modeling

@2u
@y2 ¼ bfsinhða u

fÞ Poisson–Boltzmann [34] (34)

a ¼ ezf
kbT

[34] (35)

b ¼ ðxHÞ2
a

[34] (36)

x ¼ 1
k ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
8pn0e2z2
DkbT

q
Debye–Huckel [34] (37)

Fig. 3. Process modeling algorithm.
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x : ji ¼ �DziFci
RT

d;
dx

� 1

2l
ci y2 �H2

4

� �
dp

dx
(2)

y : ji ¼ �DziFci
RT

d;
dy

(3)

i ¼ F
X
i

ziJi (4)

Therefore, the potential drop can be written as follows:

x :
d/
dx

¼ � RTi

Dijzi2F2cb
� RTA1

ziFDij
y2 �H2

4

� �
(5)

y :
d/
dy

¼ � RTi

Dijzi2F2cb
(6)

A1 ¼ Dp
2 lL

(7)

For ionic species i (1 for cation and 2 for anion), j is
the molar flux (mol/m2/s), z is the ionic charge, D is
the diffusivity (m2/s), c is the molar concentration
(mol/m3), T is the absolute temperature (K), ϕ is the
potential (V), i is the current density (A/m2), F is the
Faraday constant (96,485 C/mol), and R is the univer-
sal gas constant (8.314 J/mol/K).

2.1.2. Ionic transport in the boundary layer

In the boundary layer, all three contributing transport
factors are present: diffusion, migration, and convection.

The Nernst–Planck equation, which considers con-
vection from flow along the membrane, was employed
in the steady-state mass balance equation, as in Eq.
(8); and for transport toward the membrane, the con-
vection term can be ignored as in Eq. (9). For a system
consisting of a membrane and solutions, the condition
described by Eq. (10) is called electroneutrality:

x : Ji ¼ �D
dci
dx

�DziFci
RT

d;
dx

�
y2 � H2

2

� �
ci

2 l
dp

dx
(8)

y : Ji ¼ �D
dci
dy

�DziFci
RT

d;
dy

(9)

X
i

zici ¼ 0 (10)

For a given transport number, the steady-state mass
balance equation (Eqs. (8) and (9)) can be integrated
and solved for the concentration and potential drop in
the boundary layers near the CEM and AEM. For
additional information, see Tables 1 and 2.

2.1.3. Ionic transport in membrane

Assuming a homogeneous distribution of ionic
charges in the CEM and AEM, the steady-state mass
balance equation is written with Eqs. (23) and (24) for
the CEM and AEM, respectively [32].

The IE membrane is assumed to be occupied only
by the species under consideration. Therefore, the
ionic concentration is equivalent to the IE capacity
(QCEM or QAEM), as in Eq. (25):

Table 6
Parameters of the mode

cin 1,000 (ppm) Initial feed concentration
DNa 1.334e-9 (m2/s) Diffusion coefficient for Na+

DCl 2.032e-9 (m2/s) Diffusion coefficient for Cl–

D 80 (–) Dielectric constant
da 0.6e-2 (m) Anion-exchange membrane thickness
dc 0.6e-2 (m) Cation-exchange membrane thickness
E 15 (v) Applied voltage
H 0.4e-3 (m) Channel width
L 0.08 (m) Channel length
i 50 (Amp/m2) Current density
Q 110 (ml/min) Flow rate
QCEM −2.1 (meq/gr) Cation-exchange capacity
QAEM 2.63 (meq/gr) Anion-exchange capacity
Re 50 (–) Reynold number
T 298.15 (k) Temperature
μ 8.98e-4 (Pa s) Water viscosity
ρ 1,000 (kg/m3) Water density
ζ (–0.03–0.03) (v) Zeta potential
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dc1
dy

þ z1F

RT
c1
d/
dy

¼ � I

z1FDm
1

(23)

dc2
dy

þ z2F

RT
c2
d/
dy

¼ � I

z2FDm
2

(24)

c ¼ �QCEM

z
(25)

Table 3 shows the potential drop in the CEM and
AEM.

Membrane-phase diffusivity, Dm, was approxi-
mated as one-tenth of the diffusivity in the infinitely
dilute solution [33].

2.2. Model equations

Table 4 shows the conservation of momentum and
mass equations that were used to model, in Cartesian
coordinates, the movement of ions and water in the
ED cell.

In these equations, U is the velocity vector, P is
pressure, ε is dielectric constant, E is electric field, and
ρ is density of fluid.

Additional equations used to develop the model
are shown in Table 5, which contains Eqs. (34)
through (37). The Poisson–Boltzmann equation
(Eq. (34)) can be used to describe the electric potential
distribution in the cell. In this equation, α is the ionic
energy parameter and β is a variable. In Eq. (36), ω is
the Debye–Huckel parameter, which is the inverse of
Debye length (λ). In Eq. (37), e is the electron charge

(C), kb is the Boltzmann constant (j/k), and n0 is ion
density (mol/m3).

2.3. Boundary conditions

The boundary conditions at the boundaries
between the membranes and the solution are
described in Sections 2.3.1 and 2.3.2 [27].

2.3.1. Fluid boundary conditions

At the inlets of the channels, the fluid velocity is
uniform and specified:

uxð0; yÞ ¼ ui; uyð0; yÞ ¼ 0

p 0; yð Þ ¼ pin;
@pðL; yÞ

@y
¼ 0

At the AEM and CEM, the no-slip boundary condition
is applied for velocity. Consequently,

uxðx; 0Þ ¼ uyðx;HÞ ¼ 0

pðx; 0Þ ¼ pðx;HÞ ¼ 0:

2.3.2. Mass boundary conditions

At the inlets of the channels, the salt concentration
is constant and specified:

Fig. 4. Comparison between concentration profile in dilute chamber for (a) Na+ and (b) Cl− predicted by this model and
the theory.
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c 0; yð Þ ¼ c0 ¼ cNa ¼ cCl:

At the end of the channels, there is no diffusion flux;
thus:

@cðL; yÞ
@x

¼ 0:

At the AEM there is only anion flux, while at the
CEM there is only cation flux. These conditions can be
written as follows:

@cNaðx; 0Þ
@y

¼ i

FD

@cClðx;HÞ
@y

¼ i

FD

The model equations, including continuity, Navier–
Stokes, and Nernst–Planck, were solved numerically,
along with their appropriate bounding conditions,
using MATLAB software.

2.4. Numerical procedure

In the implicit finite difference method for approxi-
mating the solutions to the continuity, Navier–Stokes,
and Nernst–Planck equations, we have followed the
sequence of steps shown in Fig. 3.

The process begins at “Initial Value” with the
experimental identification of ED parameters, such
as pressure, velocity, concentration, and membrane
thickness, among others. After the identification of
the system parameters, the boundary conditions are
chosen, and then the intermediate velocity is calcu-
lated. Next, to determine pressure, the pressure Pois-
son equation is applied, and an iterative use of the
finite difference method is employed to solve the
equation approximately. So long as ε1 (Eq. (38)) is
larger than the predetermined error value, the itera-
tions continue.

When ε1 is smaller than the predetermined error
value, the identified value for pressure is used in

Fig. 5. Fluid and mass boundary layers thickness in dilute
compartment (Re = 50).

Fig. 6. Velocity distribution in dilute compartment along
the Y-coordinate (Re = 50).

Fig. 7. Three-dimensional velocity profile in dilute com-
partment (Re = 50).
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another iterative loop of the finite difference method
to calculate the final value for velocity. So long as ε2
(Eq. (39)) is larger than the acceptable error value,
the iterations will continue. At this point, velocity
and pressure have been determined for the whole
domain, and their values are applied in the mass
equations. As long as ε3 and ε4 (Eqs. (40) and (41))
are larger than the acceptable error value, the itera-
tions will continue. Lastly, when the mass equation

is solved, the concentration and potential profile can
be determined:

e1 ¼
XNx
i¼1

XNy
j¼1

Pkþ1
i;j � Pk

i;j

			 			 (38)

e2 ¼
XNx
i¼1

XNy
j¼1

Ukþ1
xi;j

�Uk
xi;j

			 			 þ Ukþ1
yi;j

�Uk
yi;j

			 			 (39)

e3 ¼
XNx
i¼1

XNy
j¼1

Ckþ1
1i;j

� Ck
1i;j

			 			 (40)

e4 ¼
XNx
i¼1

XNy
j¼1

Ckþ1
2i;j

� Ck
2i;j

			 			 (41)

3. Results and discussion

The model parameters have been calculated using
General Electric (GE) membrane type GE-AR908 as an
anion removal membrane and GE-CR67 as a cation
removal membrane. Table 6 shows the parameters
used for the model. All the results are dimensionless
quantities.

3.1. Model validation

To assess the accuracy of the developed model,
model validation was carried out by comparing the

Fig. 8. Streamline and pressure contour in dilute compart-
ment (Re = 50).

Fig. 9. Concentration distribution (a) for Na+ and (b) for Cl− in dilute compartment along the x-axis at constant density
(I = 50) and constant Re number (Re = 50).
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developed model with the extended Nernst–Planck, as
shown in Eqs. (11) and (17). The results are shown in
Fig. 4. As can be seen in this figure, the results from
theory and from the developed model align very clo-
sely. Notably, a major advantage of the developed
model is that it predicts a detailed distribution of
concentration and potential drop in both directions by
considering all three contributions (migration,
diffusion, and convection).

3.2. Fluid flow analysis in dilute chamber

The fluid profiles in Figs. 5 through 8 are
simulated by solving the Navier–Stokes equation.

Fig. 10. Concentration contour (a) for Na+ and (b) for Cl− in dilute compartment at constant current density (I = 50) and
constant Re number (Re = 50).

Fig. 11. Potential contour at constant density (I = 50) and
constant Re number (Re = 50).

Fig. 12. Potential distribution at constant density (I = 50)
and constant Re number (Re = 50).

Fig. 13. Potential distribution at different current densities
and Re = 50.
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Fig. 5 shows the momentum and mass transfer
boundary layers for Re = 50. The thickness of the mass
boundary layer on an AEM is larger than that on a
CEM because the mobility of chloride ions is higher
than that of sodium ions.

Figs. 6 and 7 show the velocity profile along the
channel length. As can be seen from Fig. 6, the chan-
nel velocity profile before X = L/16 is not parabolic
because of the short transient time; after X = L/16, the
parabolicity becomes more apparent as the process
continues and the fluid flow in the channel becomes
fully developed.

Fig. 8 shows the streamlines and pressure
contours in the dilute compartment for Re = 50. As
can be seen, the pressure decreases along the flow
path and also decreases from the center toward the

membrane wall; the streamlines become parallel after
a short distance.

3.3. Concentration and potential drop distribution in dilute
chamber

Fig. 9 illustrates the concentration distribution for
sodium and chloride in the dilute compartment along
the x-axis at different distances from the membranes
at a constant current density (I = 50) and constant Re
number (Re = 50).

As can be seen from this figure, the concentra-
tion distribution for both sodium and chloride ions
decreases along the channel. With increasing
distance from each membrane surface, separation
percentage increases. The reduction in Cl− concentra-

Fig. 14. Concentration distribution in dilute compartment at different current densities and Re = 50 (a) for Na+ along the
x-axis, (b) for Cl− along the x-axis, (c) for Na+ along the y-axis, and (d) for Cl− along the y-axis.
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tion is more pronounced than the reduction for Na+

because the mobility for Cl− is higher than the
mobility for Na+.

As can be seen from Fig. 9(a), sodium ions’
concentration is highest at Y = 0.95 H, a point close to
the AEM. The reason for this is that sodium ions can-
not pass through the AEM. Fig. 9(b) shows that the
chloride ion concentration is highest at Y = 0.1 H
because chloride flux is zero at the CEM.

Fig. 10 shows the concentration contour (a) for Na+

and (b) for Cl− in the dilute compartment at constant
current density (I = 50) and constant Re number
(Re = 50).

As can be seen from Fig. 10(a), at a constant distance
from the inlet, the concentration of sodium ions will
increase with increasing distance from the CEM. This is
expected because sodium flux is zero at the AEM. In
Fig. 10(b), the opposite trend is shown for chloride.

At a constant distance from each membrane, the
concentration of both ions will decrease along the
channel length.

Figs. 11 and 12 show the ED system’s
potential contour and three-dimensional potential dis-
tribution, respectively, at constant current density
(I = 50) and constant Re number (Re = 50). As can
be seen, in both x- and y-directions, potential increases
with increasing distance from the inlet and CEM. The
potential gradient in the boundary layer close to the
CEM is greater than that close to the AEM.

3.4. Effect of current density on potential drop and ion
separation

Fig. 13 shows the potential distribution at different
current densities and constant Re numbers (Re = 50)
along the y-axis at half of the cell length. There are
five regions in this figure: AEM, CEM, two boundary
layers, and bulk. As can be seen, in each individual
current density, the main part of the potential drop
occurs in the boundary layers because these regions
have higher concentrations of ions than the other
regions. With increasing the current density, potential
increases. Also, as can be seen, the slope of each
region increases with the increase in current density.
This means the potential drop also will increase.

Fig. 14 shows concentration distribution in the
dilute compartment at constant Re number (Re = 50)
and different current densities for Na+ and Cl− along
the x-axis and the y-axis. This figure illustrates the
effect of current density on ion concentration distri-
bution at constant Re number. According to Fig. 14,
increasing the current density causes an increase in
the concentration gradient, and therefore causes
higher ion separation (higher separation percent).
This occurs because a greater current density means
a higher driving force to the system, so ions are
forced to move more and transfer across and along
the channel.

In terms of how current density affects separation
percentage, (separation% ¼ C0 � Cð Þ=C0 � 100), the

Fig. 15. Potential distribution at different Re numbers and I = 50.
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developed model predicts that a doubling in current
density (50–100 A m−2) will roughly double the
separation percentage. These predictions are close to
the results reported by Shaposhnik et al. [27], who
found separation percentage to increase from approxi-
mately 50–80% when current density was doubled
(10–20 A m−2).

3.5. Effect of convection on potential drop and ion
separation

Fig. 15 shows the potential distribution for differ-
ent Re numbers along the y-axis at half of the cell
length. As can be seen, with increases in the Re num-

ber, the boundary layer thickness will decrease and
the residence time will decrease, causing a decrease in
the potential drop.

Fig. 16 illustrates the effect of Re number (inlet
velocity) on concentration distribution at constant
current density (I = 50). In theory, by increasing the
Re number, boundary layer thickness will decrease
and mass transfer will increase. The increase in
mass transfer is not observed in Fig. 16(a) and (b).
However, because the fluid had a shorter contact
time with the membrane surface, the ions did not
have enough time to diffuse through the mem-
branes. Across the channels, different Re numbers
did not have a significant effect on ion separation,
as shown in Fig. 16(c) and (d).

Fig. 16. Concentration distribution in dilute compartment at different Re numbers and I = 50 (a) for Na+ along the x-axis,
(b) for Cl− along the x-axis, (c) for Na+ along the y-axis, and (d) for Cl− along the y-axis.
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As can be seen from Fig. 16(a) and (b), when the
Re number is decreased (150–50), our model predicts
the separation percent to increase about 70%. This
finding is broadly consistent with the work of
Sadrzadeh et al. [35], who showed that at lower
flow rates (i.e. lower Re numbers), the amount of
salt separation increases and separation performance
increases; the mathematical and experimental results
from Sadrzadeh et al. show the separation percent
to increase about 60% when the flow rate is
decreased to 1/3 (0.6–0.2 mL/s). The difference in
the degree of change for predicted separation per-
cent can be attributed to the inclusion of the convec-
tion term in our model.

4. Conclusions

This study develops a three-dimensional model
that completes previous models by incorporating the
factor of convection to predict NaCl mass transport
through a rectangular ED cell. The equations used in
the model were solved by the finite difference numeri-
cal method, using appropriate fluid and mass bound-
ary conditions in the particular control volumes.

In order to verify whether the developed model
accurately represents the behavior of ED systems, the
model was compared with theory. The results proved
to be very consistent with the predictions of theory.
The model also expands on the information given by
the Nernst–Planck equation, offering information
about the distribution of concentration and potential
drop in both directions, as compared to the one
direction considered in previous studies. This suggests
that including the convection term results in a more
complete model; therefore, when accuracy is desirable,
the convection term should not be neglected.

The ability to calculate concentration distribution
in two axes also yielded an interesting finding: regard-
less of the levels for the Re number and current den-
sity, the changes in ionic concentration along the x-
axis (flow direction) were greater than the relatively
small changes along the y-axis (current direction).

In addition to its theoretical implications, the
model has practical use for the design and operation
of ED systems: with this model, the user provides
input parameters, such as membrane characteristics
and system dynamics, and the model then predicts
velocity distribution, separation percent, ion
concentration distribution, and potential distribution
in the dilute chamber.

To further investigate the accuracy of the
developed model, future studies could compare its
predictions with experimental results.
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Removal of calcium and magnesium hardness by elec-
trodialysis, Desalination 149 (2002) 343–349.

[3] L. Greenlee, D. Lawler, B. Freemana, B. Marrotc, P.
Moulin, Reverse osmosis desalination: Water sources,
technology, and today’s challenges, Water Res. 43
(2009) 2317.

[4] P.H. Gleick, in: S.H. Schneider (Ed.), Water Resources
in Encyclopedia of Climate and Weather, 2, University
Press, New York, NY, 1996, pp. 817–823.

[5] W.S. Walker, Improving Recovery in Reverse Osmosis
Desalination of Inland Brackish ground waters via
Electrodialysis, The University of Texas at Austin,
August 2010.
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