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Barriers to electrodialysis implementation: maldistribution
and its impact on resistance and limiting current density

Jack Ledingham®', Kyra L. Sedransk Campbell®, Ben In ’t Veen®, Lucas Keyzer®, alasdair N. Campbell?,

* Department of Chemical and Biological Engineering, The University of Sheffield, Sheffield, S1 4AA, United

Kingdom

®Shell Global Solutions International B.V
! Present address

Highlights:

e Fluid dynamics simulations in 3D uncovered significant flow maldistribution in ED
e A rigorous analytical model captured maldistribution through a dimensionless metric
e Stack design and operation significantly impact maldistribution

e There is a detrimental effect on both limiting current density and stack resistance

e The effect on limiting current density is much greater than resistance

Abstract: Electrodialysis is an emerging low-energy membrane-based water-treatment technology with strong
potential for industrial use. However, various engineering challenges have prevented widespread utilisation. The flow
maldistribution in electrodialysis has been evaluated through computational fluid dynamics simulations in Ansys
Fluent. A typical lab-scale stack geometry with ten cell pairs was simulated, and significant flow non-uniformity was
found. An analytical model showed good agreement with simulations and was used to quantify the maldistribution
through a single dimensionless number. The inlet flow rate and stack geometry were varied to investigate the
distribution of flow. Maldistribution was exacerbated when the inlet flow rate, channel width, distributor angle, or
number of cell pairs was increased. Further, the effect of maldistribution on the limiting current density (LCD) and
stack resistance was evaluated using a one-dimensional model. Maldistribution was found to significantly impact the
LCD, with a reduction of 23% found for the typical geometry relative to uniformly distributed flow. The resistance
was impacted much less, showing an increase in resistance of only 2%. This highlights that maldistribution is a
localised issue rather than a global one and goes some way to explaining why there has been a distinct lack of research

into flow maldistribution in electrodialysis.
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1. Introduction

Electrodialysis (ED) is an emerging electromembrane technology with broad applications in salt separation processes
such as desalination, resource recovery, and wastewater treatment [1]. As the global water crisis worsens, it is
becoming more important to conserve natural freshwater resources [2]. Brackish water and brine desalination can
provide an alternate source for potable water, and the removal of pollutants from industrial and municipal
wastewaters prevents the contamination of already depleting sources of freshwater. Currently, reverse osmosis (RO)
is the most common form of water treatment due to its reliability and ease of membrane manufacturing [3]. There
are many inherent advantages to ED over RO, stemming from the fact that in ED, it is the minority species (the salt)
which is transported, whereas in RO it is the majority species (water) [4]. These advantages therefore include a higher
rate of separation, lower susceptibility to fouling, greater membrane lifespan, and a higher recovery ratio. The high
customisability of ED using alternative membrane types has led to a great many potential applications such as the
use of bipolar membranes to change the pH of a stream by electrochemical means. However, significant engineering
challenges underpinning ED limit their efficacy. Elimination of these challenges would ensure greater prevalence

throughout industry as well as drive process electrification.

In ED, a potential difference is employed to drive the transport of ions though ion exchange membranes (IEMs) [5].
These act as semi-permeable barriers, theoretically permitting the selective transport of either cations or anions only,
depending on the identity of the fixed charges in the membrane pores. In conventional ED, anion and cation exchange
membranes (AEMs and CEMs) are layered in an alternating pattern, creating channels though which salt solutions
flow (Figure 1a). The electric field drives ion transport from one channel (diluate), through the appropriate IEM and
into the other (concentrate) (Figure 1b). Several sets of membranes and channels (cell pairs) are held between two

electrodes, comprising the separation system referred to as an ED stack.

Recent advances in IEM technology have improved performance and reduced costs to the point where large scale
ED applications are becoming commercially viable [6]. An analysis of 100 recent ED publications (published
between 15/02/21 and 15/11/21) revealed that most papers (68%) focus on applications of ED to new systems, or in
conjunction with other technologies. Novel membrane manufacturing was the next most prevalent (15%), with
foundational research (10%) and model development (7%) being the least. The overwhelming focus on the proof-of-
concept for new applications is characteristic of an emerging technology, but the depth of this research is limited
since understanding of underlying ED phenomena is incomplete. This can be seen from the wide use of empirical
models to analyse ED behaviour and predict the LCD rather than phenomenological ones. Models are resultantly

accurate only for the system they were derived for and global ED insights cannot be ascertained. The fundamentals
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of ED underpin all aspects of operation, and so a lack of insight limits the extent of optimisation that is achievable.
There is therefore significant value in building knowledge through mathematical modelling and foundational studies.
Reducing inefficiencies and improving overall performance and robustness will lead to greater uptake of ED
throughout industry for the applications investigated in the published literature [7—11]. Resultantly, the inherent

benefits of ED as a separation technology could be realised for both industrial and municipal applications.

One ubiquitous assumption in both ED modelling and experimental data analysis is that of channel uniformity. This
allows for simplification of models to consider only one channel or cell pair, the results of which can be scaled to
infer conclusions about global stack performance. In the case of computational fluid dynamics (CFD) models which
utilise the Nernst-Planck equation, this greatly decreases computational expense. However, the validity of this
assumption has seldom been explored. Gurreri et al [12] simulated a 50 cell-pair stack in two dimensions (2D) with
0.2 mm thick channels and 0.5 mm width manifolds, and found significant flow maldistribution. It was concluded
that a more homogeneous distribution can be obtained by increasing channel pressure drop, decreasing manifold
hydraulic losses, and reducing total flow rate. While these insights are valuable, the geometry of the manifold and
distributors cannot be accurately represented in 2D, and so conclusions about real ED operation are extrapolations.
Cruz-Diaz et al [13] investigated the effect of the manifold on flow distribution in a single three-dimensional (3D)
channel through tracer-based residence time distribution (RTD) experiments and CFD modelling. It was found that
assuming homogeneous flow with dispersion did not accurately predict RTD results, but a segregated flow laminar
model did. These studies identified that flow distribution both between channels and within a single channel is not
uniform, and that the geometry of the stack has a significant effect on maldistribution for simplified cases. This study
aims to expand this to a more accurate representation of an ED stack and study the effects of maldistribution in

greater depth.

Significant insight into the flow distribution in ED stacks is found by considering investigations into plate-and-frame
heat exchangers (PFHEX) due to their analogous geometries. The study of flow maldistribution in PFHEX and fuel
cells is frequently studied [14], often using CFD to also understand its effects on operation [15-22]. One useful result
from these studies is an analytical flow distribution model developed by Bassiouny and Martin [20]. A dimensionless
number, m, is used to quantify the extent of maldistribution and to recreate the channel velocity distribution given

appropriate geometrical and operating parameters. The details of the model are found in section 2.2.

Analysing the effect of maldistribution on ED is crucial to ascertain the extent to which operational efficiency is

impacted. One key performance metric is the limiting current density (LCD). In ED, transport is fastest in the I[EMs
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due to the high ion concentration, and so ions deplete at the diluting side of the membrane and accumulate at the
concentrating side through a process known as concentration polarisation [23] (Figure 1c). The magnitude of
concentration polarisation grows as the applied voltage and ion flux are increased. A point is reached where the
concentration at the diluting side of the membrane vanishes, and the flux of ions cannot be increased further. This is
referred to as the LCD and is associated with a large increase in electrical resistance. Increasing the voltage beyond
this point induces water-splitting to provide additional ion flux, leading to wasted energy and undesired changes in
the pH of streams. It is therefore imperative to operate below the LCD, with any reduction in it having significant
consequences for process intensification. The LCD is reached when the interfacial concentration anywhere vanishes,
which occurs first in the slowest channel where the residence time and ion depletion are the greatest. The effect of
maldistribution on LCD was studied by Tanaka [24—26], assuming a normal distribution of the stack velocity. The
standard deviation was used as a quantification of maldistribution when calculating the LCD, and the minimum
velocity was assumed to be three standard deviations below the mean. This approach is, however, at odds with the
maldistribution model of Bassiouny and Martin [20], which suggests a hyperbolic-cosine distribution. The strengths
of these two approaches to maldistribution will be combined in this study to provide a dimensionless measure for

maldistribution in ED, which is then used as a more rigorous metric when determining the impact on the LCD.

Variation in residence times between channels has the potential to be very detrimental to ED performance and thus
this research is of great value. Beyond the studies mentioned, the presence and consequences of maldistribution have
been neglected in published ED models. This study aims to quantify flow maldistribution in an ED stack using a
dimensionless number, as well as how it is affected by geometrical and operating parameters. Crucially,
quantification of the effect maldistribution has on overall stack resistance and limiting current density is also
investigated. Three-dimensional fluid dynamics simulations in ANSYS Fluent were conducted on a representative
lab-scale ED stack (Figure 1d). Several aspects of the flow geometry including channel width, manifold area,
distributor angle and the number of cell pairs were varied independently to investigate the effect on maldistribution.
The inlet stack flow rate was also varied. An analytical model adapted from Bassiouny and Martin [20] is used to
quantify and compare the extent of the maldistribution through a dimensionless number, with centreline channel
velocities used as the basis of comparison. Furthermore, the effect of maldistribution on ED operation through the

LCD and overall stack resistance is determined though a one-dimensional model.
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2. Model Development

2.1.  Ansys Fluent CFD Model

ANSYS Fluent 2020 R2 was used in this study to generate 3D flow profiles for an ED stack while varying the flow
rate and geometry. A bench-scale ED stack with ten cell pairs was selected as this is by far the most common studied
in published literature. It is also the simplest geometry that can be simulated while still being representative of a what
is practically used at larger scales. Analogies will be drawn to pilot and industrial scale stacks, which tend to have
much higher flow rates, a smaller number of large manifolds, a much greater size, a length to width (L/D) ratio of
2.0 (bench scale is typically 1.0) and many more channels, on the order of 50-200. However, different scale stacks
do have a similar intermembrane spacing of 0.8 mm to 1.0 mm. A typical lab-scale ED geometry (Figure 1d) consists
of cylindrical manifolds used to distribute the fluid feed to the channels (bottom) and collect the treated streams (top).
Distributors at the bottom and top of the channel connect it to the manifold and tend to vary significantly in shape. It
should be noted that only one of the two streams was simulated, as the two flow regions are rotationally symmetrical.
The standard case geometry used in simulations (Figure 1d) has channel dimensions of 1 mm by 80 mm by 80 mm,
a distributor angle of 90°, and four manifolds, each of diameter 5 mm. The standard inlet flow rate was 45 L/h,
equivalent to an inlet velocity of 0.159 m/s, and liquid water was chosen as the simulated fluid. These values were
chosen to represent the geometry of that used in lab-scale ED stacks commercially manufactured for academic

research.

To generate the flow profiles, Fluent solves the Navier-Stokes and continuity equations to account for conservation

of momentum and mass, respectively.

v
pa+p(v-v)v:pg—VP+uV2v (1
dp
il = 2
o+ V() =0 2

Here, v is the vector velocity, p and pu are the fluid density and viscosity, respectively, g is the gravitational
acceleration vector, and P is the pressure. The flow was assumed to be steady and laminar to decrease model
complexity. Reynolds numbers were calculated post-simulation and were found to be approximately 30 in channels
and a maximum of 1000 in the manifolds, which quickly drops as flow is distributed to the channels. Critical
Reynolds numbers for spacer-filled channels have been reported at between 140 and 1800 [27,28]. Since the channels
simulated in this study are spacer-free, the transitional Reynold’s number is likely much higher. Manifold flow is

analogous to pipe flow, and so the critical Reynolds number is 2300. Simulations using k-epsilon turbulence
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modelling gave near-identical flow fields to ones using laminar solvers. The assumption of laminar flow is therefore

valid.

Boundary conditions of a given inlet velocity, zero wall velocity and zero outlet gauge pressure were applied:

vlp =nW, vl =0 Pl,=0 (3,4,5)
Here, W, is the stack inlet velocity, 7 is the unit vector normal to the inlet surface, and the subscripts 0, e, and w
refer to the inlet, outlet, and wall boundaries, respectively. Channel velocities were obtained by sampling a
distribution of seven points across the centreline of the channel at 10 mm intervals on rake surfaces. The mean of
these seven points gave a value for the average channel centreline velocity. Table 1 shows the geometrical parameters

varied independently. Where appropriate, the inlet velocity was adjusted to maintain a constant flow rate across all

channels of 4.5 L/h.

Table 1. The operating and geometrical parameters independently varied for the simulations. The range of variation is given along with the nominal value at
which a parameter is set while others are adjusted.

Parameter Range Nominal

Inlet velocity 0.04-0.32 0.16 m/s
Channel Width 02-1.8 1.0 mm
Distributor angle 0-180 90 °
Number of manifolds 2-6 4

Number of cell pairs 10 - 45 10
Length-to-width ratio 1,2 1

Fluent auto-meshing was used to construct the simulation mesh with 2.4 million polyhedral cells used for the standard
case. This was found to be appropriate by conducting simulations on a range of mesh densities and selecting the
smallest number of cells (i.e., the least computationally demanding) which showed a minimal difference to meshes

with higher densities.

2.2. Dimensionless Maldistribution Model

Determining the flow distribution in ED through CFD simulations is computationally demanding, with the nominal
case simulation taking approximately 1.5 hours to solve. Therefore, an analytical model which uses a single,
predictable dimensionless number to describe the maldistribution would be invaluable. A model for the distribution
of flow in ED was adapted from one developed by Bassiouny and Martin [20] for a PFHEX. The model is based on
mass and momentum balances, taken around junctions between the channels and the feed and exhaust manifolds
(Figure 2a). It is assumed that the (vertical) z-component of the channel velocity is equal to the manifold velocity for
the feed, and zero for the exhaust. For the PFHEX, the impact of this assumption was tested by comparing the results
of models which did and did not consider it. Both approaches gave similar answers, demonstrating that this

assumption is appropriate.
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Combination of the mass and momentum balances and subsequent conversion into dimensionless form results in the

following second order differential equation.

d2
—dZV: —m2w =0 (6)

Here, w is the dimensionless manifold axial velocity, normalised to the inlet velocity (W;), z is the dimensionless
axial coordinate, normalised to the manifold length (L), and m is the maldistribution number. The following equation

defines m:

o ()

Here, n is the total number of channels, A, and A,, are the cross-sectional areas of the channel and manifold,
respectively, and ¢ is the general friction coefficient, which is found through the mean channel pressure drop (AP,,.)

and velocity (Upy,.) [21].

2P,
pUS.

®)

The general friction coefficient is related to the Darcy friction factor (fp) through the channel length (L) and the

hydraulic diameter (dp,).

fa=¢— (€))
The boundary conditions used to solve Eq. (6) are the non-dimensional inlet velocity (w(0) = 1) and the fact that
the flow at the far end of the manifold is zero (w(1) = 0). The value of m? determines the curvature of the profile

connecting the two boundary points, with higher values leading to greater curvature (Figure 2b). This is related to

the distribution of channel velocities through the dimensionless mass balance

_ (Am)dw 10
e = nd,) dz (10)

where u, is the dimensionless channel velocity, normalised to the manifold inlet velocity (W;). A higher value of m
leads to greater curvature of the axial velocity profile, which leads to a wider distribution of 1, and hence more

maldistribution.

Eq. (6) can be solved analytically, assuming m? is positive. The equation for w(z) can then be differentiated to one

for u.(z) using Eq. (10), and dimensional variables can be reintroduced to give an equation for the channel velocity.
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ue. = Uy /W, z=Z7/L w=W/W, (11,12,13)

_ (Am\ mcosh(m(1 — z)
Ye = <n Ac) sinh(m) 19
3 A, mcosh(m(l —Z/L)) (15)
Ue =Wy <nAC ) sinh(m)

Eq. (15) gives a simple analytic expression for the distribution of flow between channels. The ratio between the
velocity of the fastest channel (Z = 0 | z = 0) and the slowest channel (Z = L | z = 1), is determined from Eq. (15)

to be simply cosh(m), further highlighting the power of m to describe maldistribution.

The strength of this model is that it allows for a single non-dimensional number to quantify flow maldistribution
which has a well-defined and rigorous physical basis. Further, m retains enough information to reconstruct velocity
distribution profiles using minimal geometric data and the inlet velocity. Below, the model will be fitto a simulation
of a 3D ED stack for the first time to test the applicability of this potentially powerful model and then to quantify the
extent of maldistribution. Importantly, m can be used in ED process design or targeted models to calculate the LCD
and resistance as the independent variable. This is superior to other maldistribution metrics such as the standard
deviation or percentage-difference between the fastest and slowest channels, which do not have a physical basis and

are therefore of limited practical use.

The centreline channel velocities are calculated in Fluent (Section 2.1) and exported to MATLAB R2020b. The
function ‘Isqnonlin’, a least-squares non-linear optimisation tool was used to obtain a best fit of the model to the flow
profiles, tuning the values of m and Wj,. Fitted velocity distribution profiles could then be compared those simulated

in Fluent, and the value of m used as a non-dimensional metric for the degree of maldistribution.

10
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Figure 2.a) A schematic representation of the control volumes used in the derivation of the maldistribution model. The feed (left) and exhaust (right) manifolds
are shown. Based on a schematic from Bassiouny and Martin [20] b) A graphical representation of how the dimensionless axial manifold velocity (w) is
affected by the maldistribution number, m. The boundary conditions are w(z=0) = 1 and w(z=1) = 0 for the inlet manifold velocity and zero flow at the end of
the manifold, respectively. The channel velocity for a given value of z is proportional to the negative of the gradient of the curve.

2.3. Limiting Current Density Model

The limiting current density is an important operational parameter in ED as it represents a practical upper bound for
ion flux. Transport is fastest in the membranes and is significantly slower in diffusional boundary layers.
Consequently, ion depletion and accumulation occurs at the diluting and concentrating sides of the membrane,
respectively (Figure 1c) [23]. Concentration gradients resultantly form adjacent to the membrane surfaces through a
phenomenon known as concentration polarisation. As the current density is increased, concentration polarisation is
exacerbated and the diluate interfacial concentration decreases until it vanishes. This point is referred to as the LCD
and coincides with a steep increase in electrical resistance. A further increase in the current density would initiate
water splitting, leading to wasted energy, unwanted pH changes of streams, and in the most severe cases, membrane
damage. It is therefore desirable to operate below the LCD; thus, the LCD is a key parameter for the design and
operation of ED stacks. It is therefore crucial for the wider deployment of ED that the effect maldistribution has on

LCD is evaluated.

This work utilises mass transfer coefficients and linear representations of diffusional boundary layers to compute an
estimate for the LCD. It is assumed that the LCD will be reached at the point where the concentration in any channel
vanishes [24] which will first occur at the exit of the slowest diluate channel since it has the greatest residence time.
Assuming a constant flux over the entire membrane (suitable for short stacks with a low residence time), the LCD

may be calculated by the following equation.

11
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Here, 1 is the LCD, ¢ is the current efficiency, F is the Faraday constant, C; is the inlet concentration, u, is the

1=

(16)

velocity of the slowest channel, d is the intermembrane spacing, L is the channel length, and § is a dimensionless

parameter of physical properties. The value of § is determined as follows.

0.29

2
B =7z Yp/uD3 (17)

The value of u;, may be determined using Eq. (15), setting the value of Z /L equal to unity.

An ) m (18)

= (W,
to ( OnAC sinhm
Therefore, this is a model that can estimate the LCD as a function of the maldistribution number, m. The full
derivation of this model may be found in the electronic supplementary information file (Section S1). Egs. (16) and

(18) were solved directly in MATLAB R2020b for a range of m between 0 and 6 for the nominal geometry and inlet

flowrate defined in Table 1.

2.4. Resistance Model

The overall stack resistance is an important consideration as it directly impacts both the operating cost through the
energy consumption and the capital cost through overall membrane area required. It is therefore important to
investigate how the stack resistance changes with the degree of maldistribution. Ohm’s law shows how, for a given
overall charge transfer rate (i.e., current, often process fixed), a higher resistance (R in [Q m?]) must lead to either a

higher voltage (V/), or greater membrane area (4).

Charge transfer rate = iA = VA/R (19)
Voltage is the work done per unit charge, and so is proportional to the specific energy consumption of separation.
Hence, an increase in resistance will ultimately lead to an increase in either the capital costs through greater

membrane requirements, or operating costs through a greater energy consumption.

To evaluate the stack resistance, a circuit-based model is used. Differential mass balances are used to evaluate the

evolution of the concentration inside the channels.

dc 1 .
S — & (20)
dx ud

The stack is imagined as a set of resistors in series, the total resistance of which is used to relate variables such as the

voltage and current density to the ion flux through Ohm’s law and Faraday’s law. These resistors correspond to the

12
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membrane, the bulk electrolytes (diluate and concentrate) and the diffusional boundary layers. Membrane resistance
is assumed to be constant. The electrolyte resistance is calculated from the conductivity which in term is assumed to
be directly proportional to the electrolyte concentration. A more detailed description of this model can be found in

the ESI (section S2). In this model, it is assumed that the cell voltage (V,.;;) is fixed at 1.2 V.

This system of algebraic and differential equation was solved in MATLAB R2020b using the function ode45. Sodium
bicarbonate was used as the species of study, specified by using value of 13.6 mS cm™ (mol/m*)"! for the molar
conductivity. It should be noted that very similar results may be obtained with alternate species, specified through

using the appropriate value of the molar conductivity.

3. Results — Quantifying Maldistribution

This section explores and quantifies the extent of inhomogeneous flow distribution observed in the simulated flow
profiles. Maldistribution results are presented in graphs of channel number versus channel velocity. A numbering
convention is taken here representing the channel’s distance from the inlet and outlet ports. ‘Channel »’ is the nth
closest to the inlet, with channel 1 being the closest. The points on the distribution profile graphs (typically part b in
figures) represent the magnitude of the centreline velocity averaged over several points (shown in Figure 1d),
simulated in Fluent. Unless otherwise stated, the lines represent the maldistribution model (Eqs. 4 and 5) fit to the

Fluent distribution using the MATLAB function Isqnonlin.

3.1. Maldistribution Model Validation

To determine the applicability of the maldistribution model derived for a PFHEX to that of ED, it was compared to
a standard-case simulation using the nominal conditions described in Table 1. This simulation was also used to

confirm the existence of maldistribution in typical ED systems.

A value for the maldistribution number, m, was determined in two different ways: calculation using channel data and
Egs. (7) and (8), and by fitting the model (Eq. (15)) directly to the flow distribution profile (Figure 3a). This was
done to evaluate both the applicability of the model and how representative the calculated value of m is. To calculate
m, values for AP,,. and Uy, were computed directly from the Fluent simulation results and subsequently used to find
m to be 1.30. To fit the maldistribution model (Eq. (15)) to the velocity distribution, a MATLAB non-linear least-
squares fitting tool (Isqnonlin) was used to find optimum values of W, and m. These were determined to be m =

1.33 and Wy = 0.157 m/s. The closeness of the fitted and calculated values (Table 2) shows that Eq. (7) is a good
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representation of the maldistribution number for ED. It also shows, for the first time, that this model is a powerful

tool for predicting the distribution of flow in an ED stack.

The simulated flow profile reveals that the velocity is greatest in channel one and decreases in each subsequent
channel at a decreasing rate (Figure 3b). Significant maldistribution is seen, with the greatest channel velocity nearly
twice that of the slowest. Channel one will therefore have just over half the residence time of channel ten, and so the
performance between channels will vary significantly. It can therefore be concluded that maldistribution is significant
in the simulated standard ED stack under reasonable operating conditions with a flow rate of 45 L/h (average of 4.5

L/h per channel).

Maldistribution is pronounced because there is a higher flow rate in the manifolds nearer to the stack entrance and
exit. The flow rate subsequently decreases along the manifold (and the z-coordinate) as fluid is distributed to the
channels. Therefore, a greater momentum is transferred to lower numbered channels and the flow takes the path of

least resistance.

For the model using the calculated value of m, a better fit is seen for lower numbered channels with higher flow rates
(Figure 3c), with the model over-predicting high-channel velocities. This could be partly due to the assumption of
negligible wall friction. The effect would be small for channels close to the entrance but lead to a non-negligible

reduction in momentum for late channels.

Both the calculated and fitted models show good qualitative and quantitative agreement with the simulated data and
very low root-mean-square (rms) relative errors (Table 2). This gives confidence that the maldistribution model
provides an accurate representation of the overall flow distribution. Fitting of the model to the flow profiles gives an
accurate representation of the flow distribution. Comparison of the trend in m to what is expected from Eqgs. (7) and
(8) is useful in determining the underlying causes of these trends. This model will be used for quantification of

maldistribution in simulations and used to recreate flow profiles for the LCD and resistance models below.

For comparison, Kumar and Singh [21] computed m to be 0.54 for a PFHEX with 27 plates. It would be expected
that m would be significantly less for PFHEX than for ED due to the much larger manifolds used and thus much
greater value of 4,,. However, a similar order of magnitude result gives further confidence in the applicability of this

result.
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Figure 3. a) A flow chart showing the process through which the calculated and fitted values of the maldistribution number are determined using Fluent
simulation data. b) The distribution of velocity between the ten channels of the standard-case stack with the calculated model (Eq. (15)) and the fitted model
predictions shown. Channels are numbered with one being the channel closest to the inlet and outlet, and ten being the farthest. c) the model predicted velocity

plotted against the fluent simulated velocity for both the calculated and fitted models.

Table 2. The calculated and fitted values for the maldistribution number (m) and inlet velocity (W,), as well as the relative root mean square (rms) error
between the maldistribution model and simulated velocities.

Calculated  Best-fit
m 1.30 1.33
Wy (m/s) 0.159 0.157
rms relative error 2.1% 0.4%

3.2. Inlet Flow Rate

The inlet flow rate to the ED stack is an important parameter as it determines the total process throughput. For a

given process, the overall throughput is typically fixed by other unit operations, and so instead can be altered by

using multiple stacks in parallel and splitting the flow between them.

A stack with the standard geometry (Figure 1d) was simulated, and the manifold inlet velocity was varied between

0.04 m/s and 0.32 m/s. It is shown in Figure 4 that increasing inlet flow rate increases the degree of flow

maldistribution between channels. Higher flow rates can be seen to increase the value of m, but at a decreasing rate,

and the distribution of velocity can be seen to broaden (Figure 4a). The velocity in individual channels appears to
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increase linearly (Figure 4b), suggesting that the velocity of each channel is proportional to the inlet flow rate. This

agrees with what is predicted in Eq. (15).

The increase in maldistribution can be explained using the analytical model by combining Eqgs. (7) and (8):

m & Upc /\/Apmc 21
The inlet flow rate is approximately proportional to the median channel velocity, U,,.. However, accompanying the
increase in mean channel velocity is a non-linear increase in the channel pressure drop, resulting in a non-linear

relationship between the inlet flow rate and maldistribution number.

The consequences of this are that the flow maldistribution may be significantly reduced by decreasing the inlet flow
rate. Industrial scale stacks tend to have flow rates three orders of magnitude higher (10 — 100 m*/h), and so from

this effect it would be expected that they would experience greater maldistribution.
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Figure 4.a) Fitted values of the maldistribution number (X, left y-axis) and a box-and-whisker diagram showing the distribution of the velocity across the
stack (right y-axis) for simulations where the inlet velocity was changed. Targets ( @) give the median velocity, boxes represent the interquartile range, and
lines show the overall range of velocity. b) The distribution of flow between channels for a varying inlet flow rate with channel one being the closest to the

stack inlet. Also shown is the fitted maldistribution model for each flow rate (Eq. (15)).

3.3. Channel Width

A series of simulations were run where the width of the channel was varied between 0.2 mm and 1.8 mm to determine
the effect of this geometric parameter on maldistribution. The manifold inlet flow rate was maintained at 45 L/h, and
so the velocity in each channel should increase as the intermembrane distance decreases. The intermembrane distance
determines the channel width and is directly controlled by the geometry of the spacer. Both bench-scale and
industrial-scale stacks tend to have a very thin channels on the order of 1 mm. This is because the electrolyte
resistance is proportional to its length in the direction of the electric field. Hence, thinner channels should

theoretically have lower electrical resistances, all else being equal. Thinner channels do, however, have a higher flow
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resistance, requiring greater pumping power and increasing the risk of solution leakage. Further, the risk that

membranes will touch and short-circuit is increased.

Increasing the channel width increases the degree of maldistribution (Figure 5). Wider channels have a lower velocity
since inlet flow rate is held constant. A greater maldistribution is seen from the broader distribution of velocities
between channels. This is confirmed by the trend in m which increases substantially as channel width is increased.
The 0.2 mm thick channel experienced very little maldistribution and with a value of m of only 0.10, but this

increased to 2.44 as the channel width is increased to a maximum of 1.8 mm.

The relationship between m and channel width appears to be near-linear with only slight convex curvature over the

range studied. A proportional relationship would be expected from Eq. (7) since

A, =d X wy, (22)
For this to hold, the friction coefficient must be constant. For laminar flow, the friction coefficient is found from the

Reynolds number correlation for the Darcy friction factor as a consequence of Poiseuille’s Law:

f, = 64/Re (23)
— .i —_ 6_4 -i 24
{=fa 4, _ Re dy (24)

The mean channel Reynolds number is proportional to the product of the velocity and the channel width (assuming

dp, is twice the intermembrane space).

Rexu-d (25)
The channel volumetric flowrate, Q. is held constant and is the product of u and A.. Therefore, the Reynolds number

is expected to be constant

Re o« Qc/wm, (26)
Thus, if laminar Poiseuille flow is assumed, the friction coefficient would be expected to be inversely proportional

to dj, (Eq. 24). This would result in m having the following relationship with dj,

m o d2/? 27)
and Figure 5a showing a non-linear trend, which is not the case. It can therefore be concluded that the fluid dynamics

deviates significantly from ideal Poiseuille flow, with phenomena such as entrance effects having a significant effect.
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374 It has been shown by the results that a reduction in the channel width can reduce the degree of maldistribution. This
375  would, of course, contend with other factors such as the pressure drop which would affect the mechanical stability,

376  pumping power, and solution leakage.
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378 Figure 5. a) Fitted values of the maldistribution number (X, left y-axis) and a box-and-whisker diagram showing the distribution of the velocity across the
379 stack (right y-axis) for simulations where the channel width was changed. Targets ( ®) give the median velocity, boxes represent the interquartile range, and
380 lines show the overall range of velocity. b) The distribution of flow between channels for a varying channel width with channel one being the closest to the
381 stack inlet. Also shown is the fitted maldistribution model for each channel width (Eq. (15)).
382 3.4. Distributor Angle
383 The geometry of the distributor connecting the manifolds to the channels varies widely across ED applications. It is
384 controlled by the spacer design, and so any feasible geometry can be easily created. This study looks at the effect of
385 the distributor geometry on maldistribution by changing the angle the distributor makes with the horizontal manifold
386 centreline. To do this, two points on the horizontal diameter of the manifold were set, each 0.5 mm away from the centre (

387  Figure 6a). From these, two lines were drawn up to the channel with a specified angle made to the vertical. The angle
388  recorded is that of intersection between the two lines, equivalent to twice the angle the lines make with the vertical.

389  All other aspects of the geometry were maintained at the nominal values, and the inlet flow rate was held at 45 L/h.

390 It is suggested by the results that wider distributors, with a larger angle, lead to greater maldistribution. Profiles from
391 simulations with wider distributor angles have a broader velocity distribution (

392 Figure 6b & 6c). This observation is repeated in the trend of the maldistribution number, which shows a smooth
393 curve with a positive but decreasing gradient. It is seen from the results that the increase in the maldistribution slows
394 at higher angles. There is a difference in the value of m of 0.57 between the 0° and 45°simulations, but only 0.07

395 between 135° and 180°.
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The geometry of the distributor is not directly accounted for in the maldistribution model since a two-dimensional
approximation is taken in its derivation (Section 2.2). This is one of the key limitations of simulating ED in 2D as
the distributor geometry clearly has a significant effect on flow distribution. However, the effect on maldistribution
number is captured through the channel pressure drop. It can be seen from Egs. (7) and (8) that m is inversely

proportional to the square root of the pressure drop.

m o 1//APy. (28)

Narrower distributors will have a larger associated pressure drop, and so would be expected to have less
maldistribution. A physical interpretation of this is that due to the higher pressure drop of the distributor, a lower
proportion of the manifold flow momentum is transferred to the channels nearer the entrance and exit, and so the
fluid is distributed more uniformly. The flow is essentially held back in the manifold due to the restrictive distributor.
The consequence of this is that maldistribution may be reduced by changing the spacer geometry to have narrower
distributors. However, this also comes with an increase pressure drop and thus increased pumping power and greater
solution leakage between channels. Spacers used at both the bench and industrial scales have very varied geometries
from narrow groves in the spacer to wide-open distributors. Therefore, this may be an important lever when it comes
to reducing maldistribution. This may also present a potential solution to maldistribution in ED. The angle of the
distributor be increased in subsequent channels to artificially restrict flow in early channels and manipulate individual
pressure drops. This may be tuned to counteract the effect of a higher manifold flowrate in early channels. The exact
nature of this solution is, however, not trivial to determine, and would lead to an overall increase in the pressure drop.

The latter increases the pumping power required, and the probability of solution leakage.

An additional important caveat to reducing distributor angle is the appearance of jetting effects at the channel inlet (

Figure 6d). They arise due to the increased velocity present in the distributor because of the reduced flow area, and
lead to stagnant flow regions either side of the distributor. Ion depletion occurs rapidly in these stagnant zones, and
results in a reduction in the effective membrane area and other negative effects of operating beyond the limiting

current density (pH changes, wasted energy and potential membrane damage from an extreme pH).
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423 Figure 6. a) A schematic representation of the distributor geometry and how the angle is defined. b) Fitted values of the maldistribution number (X, left y-axis)
424 and a box-and-whisker diagram showing the distribution of the velocity across the stack (right y-axis) for simulations where the distributor angle was
425 changed. Targets ( @) give the median velocity, boxes represent the interquartile range, and lines show the overall range of velocity. c) The distribution of flow
426 between channels for a varying distributor angle, with channel one being the closest to the stack inlet. Also shown is the fitted maldistribution model for each
427 distributor angle (Eq. (15)). (d) A contour plot showing the centreline velocity profile in the fastest channel for three distributor angles, 0°, 90° and 180° from
428 left to right
429 3.5.  Number of Manifolds

430  The number of manifolds in a bench-scale stack is typically between four and six, but it is common for large-scale

431  instillations to have only one. The number of manifolds is built into the stack design, and so is not as easily
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manipulated in practice as other parameters. These simulations were run by changing the geometry of the simulated
stack to increase the number of equally spaced manifolds and reducing their spacing. The manifolds were moved off-
centre, so that if the manifolds of the other stream were present, the stack would be symmetrical. The inlet velocity
was subsequently scaled to maintain the same overall flow rate to the stack. All other parameters including the

distributor geometry and channel width remained unchanged.

It is shown by the results that a greater number of manifolds leads to a lower degree of maldistribution (Figure 7).
Increasing the number of manifolds from two to six reduces the maldistribution number from 1.62 to 1.00. This is

expected from the maldistribution model (Eq. (7)), where m is inversely proportional to the manifold area.

An explanation for why maldistribution worsens with a lower number of manifolds is due to the higher velocity
present in the manifold. The manifold inlet flow rate is constant, so reducing the manifold area leads to an increase
in the velocity. Similar to the case of increasing flow rate (Section 3.2), the fluid in the manifolds has a higher
momentum, and so will transfer a greater proportion of it to the channels nearer the entrance, with less left over for

those farther away.
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Figure 7. a) Fitted values of the maldistribution number (X, left y-axis) and a box-and-whisker diagram showing the distribution of the velocity across the
stack (right y-axis) for simulations where the number of manifolds is changed. Targets ( @) give the median velocity, boxes represent the interquartile range,
and lines show the overall range of velocity. b) The distribution of flow between channels for a varying number of manifolds, with channel one being the
closest to the stack inlet. Also shown is the fitted maldistribution model for each case (Eq. (15)).

3.6. Number of Cell Pairs

A repetitive geometry is one of the key strengths of ED, making it modular and easily scalable. It allows for relatively
consistent designs of stacks to be used for different throughputs, with the number of cell pairs being scaled to maintain
a consistent residence time. Bench-scale stacks tend to use between ten and twenty cell pairs, whereas pilot-scale can

reach 50, and industrial-scale can be over 200 pairs.
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A set of simulations was carried out, varying the number of flow channels between 10 and 45. Attempts at simulations
with a greater number of cell pairs failed to converge, presumably due to the high velocity gradients in manifold-
channel junctions close to the entrance and exit. It was revealed by the simulations that increasing the number of cell
pairs significantly increased maldistribution (Figure 8a). The value of m ranged from ~1 when ten cell pairs were
used, to more than 9 with 45 cell pairs. The effect of the number of cell pairs on maldistribution was significantly

more than any other parameter investigated.

It is indicated by Eq. (7) that m is directly proportional to the number of cell pairs, and so the trend observed in Figure
8a is expected. The strong dependence of m on the number of cell pairs is notable due to the very high number used
at an industrial scale. Maldistribution is expected to be worse when more cell pairs are used, and so this shows the

importance of leveraging the other parameters mentioned to prevent it becoming unmanageable.

A caveat is revealed by these results; the goodness of fit of the model is reduced for simulations of a high number of
cell pairs in the slower channels (Figure 8b). The maldistribution model predicts that the velocity should tend to zero
in this case, but the Fluent model shows that instead a steady value of around 0.01 m/s is reached, or that the velocity
increases in further channels. Therefore, there is inaccuracy in either the Fluent simulation or the maldistribution
model. Simulating a high number of cell pairs in Fluent is very computationally demanding, as the volume of the
domain increases, and denser meshes are required around junctions to account for the very steep velocity gradients
between early channels and the manifolds. The total number of mesh cells therefore increases at an increasing rate.
The velocity profile can be seen to oscillate slightly, indicating numerical instabilities. Additionally, the validity of

the assumption of negligible wall friction would decrease as a higher number of cell pairs are considered.

0.16 0.14 4
9 x
A 10
0.14 = 20
8l - 012 ¢ 30
-3 2
| I = L] 40
. . 0.12 ; 3 o1 Fitted Models | |
= > .
£ s 3
S6r 101 2 S
z ol % 2 o008t
8 {008 € 2
> = c
o @ @
24t 5 £ 0.06 |
7] 10.06 O
S o o}
= =
{004 5 £ 004
21 0] 0]
(@] (&)
10.02 0.02
i :
ol ‘ ‘ ‘ ‘ ‘ ‘ g 0 ‘ ‘ A
10 15 20 25 30 .35 40 45 0 0.2 0.4 0.6 0.8 1
(a) Number of Cell Pairs (b) Fractional Channel Number

22



475
476
477
478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494
495

Figure 8. a) Fitted values of the maldistribution number (X, left y-axis) and a box-and-whisker diagram showing the distribution of the velocity across the
stack (right y-axis) for simulations where the simulated number of cell pairs was changed. Targets ( @) give the median velocity, boxes represent the
interquartile range, and lines show the overall range of velocity. b) The distribution of flow between channels for a varying number of cell pairs with channel
one being the closest to the stack inlet. Also shown is the fitted maldistribution model for case (Eq. (15)).

3.7. Length-to-Width Ratio

All previous simulations were carried out on an L/D of 1 since this is typical for lab-scale stacks. However, pilot and
industrial stacks typically have an L/D of 2 to increase channel residence time and reduce the impact of localised
effects such as stagnant regions. A comparative flow simulation was conducted on two stacks, identical except for

one having double the channel length (16 cm) of the other.

It is shown by the results that the maldistribution is slightly less for the longer flow path (Figure 9), with an L/D of 1
and 2 resulting in a maldistribution number of 1.20 and 0.99, respectively. The reasoning of this is the same as that
of the distributor angle, where longer flow paths lead to higher pressure drops and thus a lower proportion of the

momentum of the manifold flow is transferred to the channel.

As aresult, the higher L/D used at industrial scale would go some way to reducing the maldistribution, but the effect
is relatively low compared to other parameters studied. A similar effect would be expected from the presence of a
netted spacer, which can, on average, increase the pressure drop by about 55% [29]. Eq. (28) shows how m is
inversely proportional to the square root of the mean channel pressure drop. It can therefore be estimated that the

presence of a spacer would reduce the value of m by about 20%.
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Figure 9. The velocity distribution for simulations where the length-to-width ratio (L/D) was changed. The simulated velocities are shown as points. Also
displayed are the results of the fitted maldistribution model, shown as lines.
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4. Consequences of Maldistribution

It has been shown in Section 3 that maldistribution exists in ED and that it is affected by stack geometry and inlet
flow rate. It can be shown from the maldistribution model that the ratio of the velocity of the fastest channel to the
slowest channel is cosh m. A value of m of 1.3, which could be considered moderate, would lead to twice the flowrate
through the fastest channel compared to the slowest, and thus the fluid would have half the residence time.
Understanding the effect this has on ED operation is vital as it raises the question ‘to what degree maldistribution is
an issue that needs addressing?’ It is expected that performance decreases as maldistribution worsens; this section
investigates to what degree this is true. Two operational metrics were chosen for this investigation, the LCD and

stack resistance, as these represent local and global effects, respectively.

4.1. Limiting Current Density

The LCD is a practicable upper bound for ion flux, and thus reductions in LCD are detrimental for process
intensification purposes. The one-dimensional model outlined in section 2.3 was used to determine the change in
LCD with maldistribution. It is clear from the results that the limiting current density decreases significantly as
maldistribution worsens (Figure 10a). The LCD as a function of m is plotted, where the LCD has been scaled to a
case of uniform flow distribution (m = 0). This non-dimensionalisation was done to remove the effects of variables
such as the inlet concentration, channel residence time, and current efficiency. Hence, the y-axis represents the LCD
as a fraction of that for a uniformly distributed case. As m increases, the scaled LCD rapidly drops before
asymptotically approaching zero. An inflection point is seen at m = 1.63, where the LCD has fallen to 67% of the

uniform distribution value.

The reason LCD decreases as maldistribution worsens is because it is reached first when the membrane-electrolyte
interfacial concentration for the slowest channel vanishes. Concentration polarisation is always greatest at the end of
the slowest diluting channel, since it has the longest residence time, and thus the greatest amount of salt removed. As
m increases, the velocity in the slowest channel decreases, the residence time increases, and hence the outlet
concentration decreases. Therefore, a zero interfacial concentration is reached with a lower flux, and the LCD is

lower. It can be seen from Eq. (18) that the velocity of the slowest channel decreases as m increases.

Uy (29)

sinhm
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The sinhm term grows much faster than m, leading to an overall decrease in the slowest channel velocity which
tends to zero as m gets large. This is expected from the broadening of the velocity distribution. The residence time

subsequently increases and so a lower flux is needed to achieve a zero interfacial concentration.

The magnitude of the reduction in LCD resulting from maldistribution is large, with a ‘moderate’ maldistribution of
m = 1.3 leading to a 23% reduction in the LCD. This has significant consequences for process intensification.
Generally, it is desirable to operate just below the LCD since a higher current density results in a higher ion flux.
There is a subsequent reduction in required membrane area and unit size, leading to lower costs. A reasonable increase

in maldistribution leads to a marked reduction in the LCD, significantly hindering performance.

The effect that maldistribution has on LCD is not one that has been studied much before, despite its apparent
prevalence. Tanka [25,26] modelled how the LCD decreased as the standard deviation of the stack velocity increased.
It was assumed that the slowest flow path has a velocity three standard deviations below the mean. While this was
useful to show the effects of maldistribution, the velocity distribution in a stack is far from normal, and so the

application of a dimensionless maldistribution number gives a more realistic depiction.

It is suspected that the lack of research into maldistribution in published literature may be because of the large number
of confounding variables in ED. The LCD is typically accounted for in both modelling and experimental papers as
an empirical power law, with the inlet concentration and occasionally the velocity as variables. All contributing
phenomena to the LCD are therefore lumped into a single model, the effects of which are subsequently obscured.
Many phenomena that are difficult to quantify have been identified as leading to a reduced LCD including solution
leakage [29] and ionic shortcuts [30]. The degree of turbulence in the channel also significantly affects the thickness
of the laminar boundary layers, which alters the LCD in a non-linear way. It is therefore reasonable that
maldistribution and its effects have gone unnoticed, as it is challenging to measure experimentally, and its effects

may be obscured by many confounding variables.

4.2. Stack Resistance

The stack electrical resistance is important to the overall performance of ED. An increase in resistance will lead to
an increased cost either in terms of a greater required membrane area or higher voltage to achieve the same charge

transfer rate (Eq. (19)).

Figure 10b shows the scaled resistance as a function of m for a series of different inlet concentrations. Like the
analysis performed for the LCD (Figure 10a), the y-axis gives the ratio of the resistance to a case of uniform flow
distribution (m = 0). This is again to remove the effect of confounding variables. Maldistribution leads to an increase
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in overall resistance, which grows rapidly as m is increased. It can also be seen that the increase in resistance is
greater for lower inlet concentrations. The effect on resistance is less severe than the effect on LCD. A moderate
maldistribution with m = 1.3 has a 23% reduction in the LCD, however experiences only a 2% increase in overall

stack resistance for a 50 mol/m? inlet concentration.

Figure 10 c and d show the corresponding velocity and channel resistance profiles, respectively. It is shown by these
figures that the lower the channel velocity, the higher the resistance. The electrolyte resistance is inversely
proportional to concentration, and so a reduction in average channel concentration from a longer residence time leads
to a large increase in absolute resistance. Due to the reciprocal nature of the relationship, the effect of decreasing
concentration has a larger relative effect than increasing it. Hence, higher numbered channels are seen to deviate in
resistance more from the uniformly distributed case, and so the sum of the channel resistances is higher. When m is
increased, the velocity distribution broadens, and so the resistance distribution broadens also. These two effects
combined show why resistance increases with maldistribution. The greater increase in resistance for lower inlet
concentrations is also because electrolyte resistance is inversely proportional to concentration. The same absolute

change at a lower concentration has a much greater proportional effect.

The effect on resistance is less severe than the effect on LCD because resistance is global whereas LCD is local. The
channels slower than the average lead to increase in resistance, but this is partly counteracted by the faster channels
having lower resistances. The slowest channel in the case where m = 3 (severe maldistribution) has about 70%
higher resistance than the average channel (Figure 10c & 10d), but the faster channels balance this out and lead to an
overall increase in resistance of only 20%. The effect on LCD only considers the slowest channel and so the effects

will always be more extreme. In the given case of m = 3, the LCD is reduced by about 75%.

This highlights that the effects of maldistribution may be more of a localised problem than a global one. It also further
explains why ED maldistribution has not had much attention historically. The issues of lower LCD and increased
localised concentration polarisation can be explained by many confounding phenomena and obscured in empirical

modelling. Whereas a significant increase in resistance is one that is less likely to go unnoticed.

One caveat with the resistance model is that although it accounts for concentration polarisation, there is no
consideration for the LCD or associated phenomena such as water-splitting. As a result, as interfacial concentrations
approach zero, boundary resistances blow-up to infinity. The resistance would significantly increase only until water-

splitting occurs. It is therefore implicitly assumed that these simulations occur below the LCD.
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Figure 10. a) A graph of the scaled limiting current density (LCD) as a function of the maldistribution number. The LCD is normalised to a case of uniform
flow distribution (m = 0) to remove the effects of confounding variable such as inlet concentration and current efficiency. b) The calculated resistance of a
multi-channelled one-dimensional stack as a function of the maldistribution number for different inlet concentrations. The resistance is normalised to a case of
uniform distribution (m = 0). ¢) The profile of channel resistance for different values of the maldistribution number. d) the velocity profile for different values
of the maldistribution number. Low numbered channels are closer to the entrance and exit of the stack.

5. Conclusion

Maldistribution in ED was investigated through CFD simulations of a stack with varying geometrical and operating
parameters. It was determined that the distribution of flow between channels is far from uniform. Therefore, the
ubiquitous assumption of channel uniformity in ED modelling has been shown to be inaccurate. Further, a rigorous
analytical model was found to accurately capture the distribution of flow between channels and represent the degree
of maldistribution using a dimensionless number, m. The strong physical basis of this model allowed for the
clarification of observed trends in simulations and provided a useful metric of maldistribution for use in one-

dimensional models.
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The simulations revealed that changes which increased the manifold velocity (reducing the number of manifolds,
increasing the number of cell pairs, and increasing the inlet flow rate) increased maldistribution. This is because
channels nearer to the entrance are adjacent to a higher velocity in the manifold, and so a greater amount of
momentum is transferred to those channels. This increases the proportion of flow to the channels closer to the
entrance and subsequently reduces the channel velocity of those farther away. Additionally, alterations which
increase the channel pressure drop (reducing the width of the distributor, reducing the channel width, and increasing
the L/D ratio) were found to reduce maldistribution by encouraging flow to remain in the manifold. From these
conclusions, it can be extrapolated that maldistribution will likely worsen at larger scales due to the much higher
number of membranes and larger flow rates. However, this must be confirmed either experimentally or through
simulations due to the large number of confounding influences present. This shows that maldistribution in ED is

likely ubiquitous, and so this research is important for all applications.

The impact of maldistribution on ED operation was investigated through two performance parameters. The LCD was
chosen as a representation of localised effects, and the stack resistance to represent global impacts. The effect of
maldistribution, through m, on these parameters was determined using a one-dimensional model. The results showed
that although the resistance was increased slightly, the impact on the LCD was significant. The maldistribution of
the standard geometry led to a 23% reduction in LCD, relative to a case where no maldistribution is present. This
highlights that the issues caused by flow maldistribution manifest at a localised level rather than a global one. It
further shows that maldistribution is an important phenomenon which significantly reduces the performance of ED

by limiting process intensification.

Flow maldistribution in ED has not had particularly much attention because the most significant effects, on LCD,
can be obscured by modelling it empirically and the presence of many confounding variables. This study has shown
that maldistribution in ED exists and that its effects are significant. Maldistribution should therefore be investigated

further, both experimentally and computationally across many scales to fully explore its prevalence and effects.
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6. Nomenclature

Symbol | Meaning
A Membrane area
A, Channel area
An Manifold area
C Concentration of ionic species
D Manifold diameter
d Intermembrane distance
dp Hydraulic diameter
D Mass diffusivity
Er Dimensionless ratio of convection to
electromigration
F Faraday constant
fa Darcy friction factor
g Gravitational acceleration vector
i Current density
i Limiting current density
k Mass transfer coefficient
L Channel length
m The maldistribution number
my Molar conductivity
n Number of channels
N Ton molar flux
P Pressure
p Dimensionless pressure
Re Reynold’s number
R Electrical resistance
Sc Schmidt number
Sh Sherwood number
t Time
u Channel superficial velocity
U, Channel velocity
U, Dimensionless channel velocity
v Vector velocity
|4 Cell voltage
w Manifold axial velocity
w Dimensionless axial velocity
Wy, Membrane Width
W, Manifold inlet velocity
X Coordinate for channel flow direction
Z Axial distance coordinate
z Dimensionless axial coordinate
Zg Ion charge number
Greek Meaning
Symbol
Ty Wall friction coefficient
A Change
B Physical property parameter
) Boundary layer thickness
¢ Channel friction coefficient
K Conductivity

29



619

620
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622
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625
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u Fluid dynamic viscosity
p Fluid density
o) Current efficiency
Subscript | Meaning
* Referring to the exhaust manifold
aem Anion exchange membrane domain
b Referring to the turbulent mixed zone of
the channel
BL Referring to the boundary layer
c Referring to the channel domain
cem Cation exchange membrane domain
con Concentrate domain
cell Referring to a variable across one cell pair
dil Diluate domain
e exit
i The interface between electrolyte and
membrane
mc Mean Channel
min The minimum of a set
w Wall Boundary
0 inlet
10 Referring to the slowest channel

Abbreviation | Meaning

AEM Anion Exchange Membranes
CEM Cation Exchange Membranes
CFD Computational Fluid Dynamics
ED Electrodialysis

IEM Ion Exchange Membranes

LCD Limiting Current Density
PFHEX Plate-and-Frame Heat Exchanger
rms Root Mean Square

RO Reverse Osmosis

RTD Residence Time Distribution
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