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ABSTRACT

Salinity Gradient Power by Reverse Electrodialysis (SGP-RE) technology allows the produc-
tion of electricity from the different chemical potentials of two differently concentrated
salty solutions flowing in alternate channels suitably separated by selective ion exchange
membranes. In SGP-RE, as well as in conventional ElectroDialysis (ED) technology, the
process performance dramatically depends on the stack geometry and the internal fluid
dynamics conditions: optimizing the system geometry in order to guarantee lower pressure
drops (AP) and uniform flow rates distribution within the channels is a topic of primary
importance. Although literature studies on Computational Fluid Dynamics (CFD) analysis
and optimization of spacer-filled channels have been recently increasing in number and
range of applications, only a few efforts have been focused on the analysis of the overall
performance of the process. In particular, the proper attention should be devoted to verify
whether the spacer geometry optimization really represents the main factor affecting the
overall process performance. In the present work, realized within the EU-FP7 funded
REAPower project, CFD simulations were carried out in order to assess the effects of
different parameters on the global process efficiency, such as the choice of spacer material
and morphology, and the optimization of feed and blowdown distribution systems. Spacer
material and morphology can affect the fluid dynamics inside each channel. In particular,
the appropriate choice of net spacer material can influence the slip/no-slip condition of the
flow on the spacer wires, thus significantly affecting the channel fluid dynamics in terms
of pressure drops. A Unit Cell approach was adopted to investigate the effect of the differ-
ent choices on the fluid flow along the channel. Also, the possibility of choosing a porous
medium to substitute the net spacer was theoretically addressed. Such investigation focused
on the porosity and the fiber radius required to respect the process constrains of pressure
drops and mechanical stability. On the other hand, the overall pressure drops of a SGP-RE
or ED stack can be considered as resulting from different contributions: the pressure drop
relevant to the feed distributor, the pressure drop inside the channel, and the pressure
drop in the discharging collector. The choice of the optimal stack geometry is, therefore,
strongly related to the need of both minimizing each of the above terms and obtaining the
most uniform feed streams distribution among the stack channels. In order to investigate
such aspects, simulations were performed on a simplified ideal planar stack with either 50
spacer-less or 50 spacer-filled channels. The effect of the distribution/collector channel
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thickness and geometry on single-channel flow rates and overall pressure drops in the
system was analyzed and a significant influence of distributor layout and size on the over-

all process performance was found.
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1. Introduction

In recent years, several research efforts have been
devoted to find alternative renewable energies which
could be sustainable and economically competitive.
Renewable energies based on inexhaustible resources
as sun and water are the most attractive. In this
regard, the salinity gradient power (SGP) is a renewable
energy form which can be drawn by the chemical
potential difference between two different salt-concen-
trated aqueous solutions. It was estimated that the
global potential power from the mixing of seawater
and river water is 2.6 TW [1].

Reverse electrodialysis (RE) is a SGP technology
based on the controlled mixing between two different
concentrated solutions. This can be obtained by means
of ionic exchange membranes. The consequent ions
transport generates an electric potential difference
which can be drawn as electric power [2].

The optimization of this technology is essential to
guarantee its development and spreading. The EU-
FP7 funded REAPower project fully addressed this
issue by aiming at the development of a multiscale
approach, which just starts from the Computational
Fluid Dynamics (CFD) analysis of spacer-filled chan-
nel and fluid flow behavior within a SGP-RE stack.

The fluid flow features and conditions strongly
affect the process performance. The pressure drops
along the entire system (including the distributor, the
spacer-filled channel, and the collector) should be
minimized in order to reduce the pumping power. On
the other hand, the driving force has to be maximized
by keeping the concentration polarization as low as
possible (e.g. by including a spacer within the chan-
nel). In addition, flow rates distribution within a stack
of 100 up to 1,000 channels represents an issue which
cannot be neglected [3,4]. All these aspects confirm
the need to investigate the fluid flow of SGP-RE appa-
ratuses by a powerful tool as the CFD.

Despite these considerations, to the authors knowl-
edge, a very little attention has been paid to the CFD
analysis of SGP-RE processes so far: only Dirkse et al.
[5] addressed this topic by developing a model based
on potential flow theory in order to predict the veloc-
ity and pressure field in flat-sheet geometries to be
employed for SGP-RE applications. On the other

hand, many works have been devoted to the CFD
modeling of spacer-filled channels designed for other
processes, such as: reverse osmosis, membrane distil-
lation, ultra-filtration, etc. [6-13]. In accordance with
these studies, the presence of the spacer significantly
influences the fluid flow inside the channel in terms
of pressure drops, concentration polarization, distribu-
tion of vortexes, recirculation zones, and shear stress.

Karode and Kumar [7] were the first adopting a
CFD model to predict the fluid flow field in rectangular
spacers filled channels for membrane modules. Their
model was able to correctly predict the experimental
dependence of the total drag coefficient on the Rey-
nolds number. Moreover, for spacers with a low interfi-
lament distance to filament diameter ratio, they stated
that: (i) the fluid bulk flows parallel to the spacer wires
and (ii) the pressure drop was mainly due to an abrupt
change in the direction of the velocity vectors across
the plane of spacer filaments intersection.

According to Ranade and Kumar [8], a spacer-
filled channel can be considered as a set of connected
periodic cells. They proposed to model via CFD one
of these representative periodic cells (Unit Cell
approach) in order to allow fine computational grid to
be employed and small-scale flow structures to be
consequently predicted. They quantified the different
contributions of form and viscous drag to the total
drag. Also, they investigated spacers with different
cross-sections in order to minimize the form drag.

The same Unit Cell approach was adopted by Kout-
sou et al. [9] who performed direct numerical simula-
tions of the flow within diamond spacer-filled channels.
The simulation was carried out by setting the ratio of
the distance between parallel filaments to the filament
diameter (L/D) and the angle between the crossing fila-
ments (ff). The results showed that there are recircula-
tion zones, which may trap the fluid and consequently
affect concentration polarization effects. Also, they
found that an increase of the L/D ratio and/or a
decrease of the f angle lead the pressure drops along
the channel to decrease. Finally, they stated that the
presence of a spacer inside the channel causes maxima
of time-averaged local wall shear stresses to be notably
higher than those corresponding to empty channels as a
confirmation of the increased mixing in the channel.
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Li and Tung [13] deeply investigated the impact
that the choice of different unit cells has on the
CFD simulation of spacer-filled channels. They
found that some unit cell types are suitable only for
symmetric spacers, while may be unreliable for the
case of asymmetric spacers. According to their find-
ings, the most reliable unit cell is a domain periodic
portion, where the filaments overlap at the center of
its lateral faces, because only in this case the lateral
areas can be judged as being equivalent. Finally,
they investigated a full-scale module and stated that
simulating a very low number of unit cells can be
sufficient to predict with high accuracy the experi-
mental pressure drop values of the full-scale mod-
ule.

Most literature works addressing fluid dynamics
aspects in spacer-filled channel mainly aim at finding
the spacer allowing the best compromise between
pressure drop reduction and polarization minimiza-
tion. Nevertheless, there are many aspects which have
not been taken into account yet.

® Spacers can be made of different materials: Spacer
material characteristics influence the sliding of the
fluid along the spacer wire surfaces thus likely
modifying the channel fluid flow and the relevant
pressure drops. This effect may be not negligible at
low overall flow rates (corresponding to the lami-
nar regime) as those typically encountered in SGP-
RE channels.

* There are many commercially available porous
media which couple a high open porosity with a
high mixing promotion: the possibility to substitute
a commercial spacer with one of these porous
media should be addressed. In particular, a med-
ium of fibers provides a very large number of loca-
tions for the membranes, thus assuming some
“corrugated” aspect. For the case of ElectroDialysis
and SGP-RE applications, this is likely to promote
turbulence near their surfaces and consequently
reduce concentration polarization phenomena [14].

¢ Although the contribution of the spacer geometry
and/or the channel features to the process perfor-
mance cannot be certainly neglected, a not suffi-
cient attention has been paid to verify whether
these are the main factors controlling the entire
process. In this regard, according to some authors
[5,15], the pressure losses in the manifolds and in
the feed channel can be very larger than those
recorded in the membrane-equipped-channel.
Moreover, in SGP-RE applications the layout of the
entire stack (distributor channels-collector) and the
relevant flow rate distributions may affect the per-
formance of the process.

The present study aims at filling these gaps in the
literature by addressing each of these aspects for the
case of a stack devoted to SGP-RE applications.

2. CFD modeling
2.1. Governing equations

The motion governing equations of a Newtonian
and incompressible fluid are the continuity and
momentum equations:

V.i=0 (1)

pil Vil = — Vp + Vil (2)

where u is the velocity, p is the density, p is the
dynamic viscosity, and p is the pressure. The fluid
dynamics regime within the system under study in
this work can be considered as being laminar at all
the flow rates investigated [16]. As a consequence, no
turbulence models have been employed and only lam-
inar steady state simulations were carried out. Thus,
the time-dependent term was not included in the
momentum equation. Also, the fluid buoyancy was
neglected.

In the present work, porous media filled channels
were also investigated. In these cases, a source term

corresponding to Darcy’s generalized law was
included in the momentum equation:
§M = _%ﬁ_klossguﬁ (3)

where k is the permeability and ki is the loss coeffi-
cient which takes into account the possible deviations
from the linear Darcy law for fluid flow with high
Reynolds numbers. The linear term of this expression
refers to viscous losses, while the quadratic term con-
cerns inertial losses. Notably, the porous media were
considered as being isotropic.

2.2. Numerical method

The finite volume code Ansys-CFX 13 was
employed to discretize and solve the former equa-
tions. The high resolution scheme was used for the
discretization of the convective terms and shape func-
tions were used to evaluate spatial derivatives for all
the diffusion terms. A coupled algorithm was adopted
for the pressure-velocity coupling.

A different number of iterations depending on
flow rate values, system geometry, etc. were used for
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the present steady state simulations. These numbers
were chosen in order to guarantee that all the round
mean square residuals settle at values lower than
10°°.

The simulated fluid was pure water
p=997kg/m’ and u=8.899E—4 Pas.

The present work will be divided in different sec-
tions according to its aim, i.e. addressing three differ-
ent unexplored aspects concerning the fluid flow of
the reverse electrodialysis process:

with

¢ assessing the effect of the spacer material on the
pressure drops along the channel;

* evaluating whether a porous medium could substi-
tute the most commonly adopted net spacers; and

* investigating an entire system aiming at addressing
the effect of some parameters (distributor thickness,
channels thickness, presence of a spacer, and
layout configuration) on the SGP-RE process fluid
dynamics.

Each section will present details on both numerical
description and results discussion.

3. Effect of net spacers material
3.1. Spacer features

Two different double layer symmetric net spacer
topologies were investigated: a commercial spacer
made of woven wires and a corresponding ideal
spacer made of overlapped filaments (Fig. 1). The
diameter of each filament is 190 um (the channel
diameter is 380 um), the distance between two subse-
quent coplanar filaments is 1.1 mm, the angle between
two crossing filaments is 90°, and the angles between
the main liquid flow direction and the filaments are
45°.

Notably, the size of these spacers was chosen
according to that commonly adopted in small-scale
electrodialysis plants.

Fig. 1. Double layer net spacers sketch: (a) overlapped
spacer 380 pm thick and (b) woven spacer 380 pm thick.

3.2. Unit Cell approach

The fluid flow analysis of the spacer-filled chan-
nels was performed by adopting the Unit Cell
approach. According to this approach, the simulation
of a periodic repetitive unit can be considered as
being representative of the fluid flow within the entire
spacer-filled channel, with the exceptions of the zones
near the lateral walls. Several studies have demon-
strated the soundness and the reliability of this
approach [8,9,13]. Translational periodic boundary
conditions were imposed along the main flow direc-
tion (Z-axis in Fig. 2) and along one of its perpendicu-
lar directions (X-axis). The membrane areas and the
wires surfaces were simulated as walls. Either no-slip
or free-slip conditions were imposed on the wires sur-
faces in order to assess the effect of the spacer mate-
rial on the results (for full details see Section 3.3). A
sketch of one of the adopted unit cell is depicted in
Fig. 2.

According to the Unit Cell approach, a pressure
gradient has to be imposed along the main flow direc-
tion in order to allow the fluid to move within the
channel [13].

The two unit cells relevant to each spacer-filled
channel were discretized by means of hybrid meshes
mainly composed by hexahedral elements: because of
the geometrical complexities due to the spacer wires,
parallelepipeds were built around each filament and
discretized with tetrahedrons while all the rest of the
computational volume was discretized with mapped
hexahedral elements. According to the literature,
hexahedral grids lead to results being more reliable
and closer to the experimental data [16-18]. Notably,
all the meshes were finer in the proximities of domain
walls (e.g. spacer wire surfaces).

-
omoes 000075

Fig. 2. Unit cell for the case of the 380 pm thick overlapped
spacer.
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A sensitivity analysis of the results dependence on
the discretization degree was performed: both local
and global quantities (e.g. the average velocity in the
whole domain) were compared as a function of the
number of computational elements for the case of
the highest velocity investigated. As a result, the
coarsest grid allowing results being “practically
unaffected” (i.e. discrepancies of global quantities
lower than 2%) by any grid dependence was found
for all the three unit cells. The features of these grids
are summarized in Table 1.

One of this grid dependence analyses is shown in
Fig. 3 as an example.

3.3. Results and discussion

Different materials are used to produce commer-
cial spacers (e.g. PET, PP, and PA). Materials with dif-
ferent characteristics may influence the system fluid
flow patterns. As an example, completely hydrophobic
and completely hydrophilic spacers offer a different
resistance to the sliding of the water along the wire
surfaces. Nevertheless, independently of the material
constituting the spacer, the wire surfaces are very
often defined as walls with no-slip boundary condi-

Table 1
Summary of the employed grids for the Unit Cell
approach

Unit cell Number of % of volume
elements discretized with
hexahedral
elements
380 pm woven spacer ~534,000 76.0%
380 pum overlapped spacer  ~519,000 94.3%
0.080 F
0.070 |
0.060 f
@ E
20050 | “‘\‘\.
$0.040 [ e
§0.030
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tions in the literature [7,8,10,12]. Under turbulent con-
ditions, the effect of this simplification may be
considered as being small or even negligible. On the
contrary, at the low flow rates corresponding to a lam-
inar regime as those typically employed in SGP-RE
channels, this influence cannot be passed over.

In order to investigate the spacer material effect,
the unit cells relevant to the two 380 pm spacer-filled
channels (i.e. the woven and the overlapped one)
were simulated by imposing either no-slip or free-slip
boundary conditions on the filaments surfaces. These
can be considered as the two opposite conditions at
which different materials may lead.

Some different pressure drops were imposed and
the corresponding flow rates were provided by the
code. The corresponding results are shown in Fig. 4:
the free-slip condition leads to lower pressure losses
for both the two cases as expected because of the
viscous stresses reduction. In particular, at a given
flow rate, a large average discrepancy, calculated as
(AP/lno—slip - AP/lfree—slip)/AP/Lno-slip/ can be observed
for the two different conditions: for the case of the
overlapped spacer it was about 42%, while it was
about 46% for the case of the woven spacer.

Also, it can be observed that the pressure drops
along the channel caused by the woven spacer are
fairly higher than those relevant to the overlapped
spacer: this average difference is of about 41 and 36%
for no-slip and free-slip conditions, respectively.

According to these findings, it can be stated that
the spacer material may affect the pressure drop
slightly more than the geometric shape thus suggest-
ing that the proper attention should be paid to the
choice of the spacer material for SGP-RE applications.
In particular, the adoption of hydrophobic materials,
which intrinsically do not hold the water and reduce
wall viscous stresses, should be preferable.

J‘\-

Fig. 3. Grid dependence analysis and the adopted mesh for the case of the 380 um thick woven spacer.
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Fig. 4. Pressure drop per unit length in unit cell for
overlapped and woven spacers both with free-slip and no-
slip conditions on the filament surface. Notably,
Q=1E-05kg/s in the unit cell corresponds to 38.7 ml/min
within a channel 10 cm wide.

Fig. 4 shows that the relation between water flow
rate and pressure drops is linear only at the smallest
flow rates. Similarly, the drag coefficient (Cq) vs. Rey-
nolds number (Re) curves (not reported here) show
that C4 is proportional to Re ™' only up to a given flow
rate. Despite this lack in linearity at high flow rates,
the flow field regime is however laminar since the
velocity vs. time trends did not show any chaotic fluc-
tuation in the flow rate range investigated in the pres-
ent work [16]. This nonlinear behavior is due to the
spacer presence, which causes the flow field not to be
auto-similar as the flow rates increases [16].

4. Porous spacer

A suitable porous medium filled channel would
guarantee a good mixing, thus sensibly reducing con-
centration polarization phenomena. On the other
hand, its structure allegedly would yield very large
pressure drops. In this regard, CFD simulations of a
channel filled with a purposely manufactured porous
medium were carried out by Tamburini et al. [16]:
results showed that the pressure drops along the
channel were very larger than those relevant to net
spacer filled channels, thus leading the authors to
judge the porous medium as likely being unsuitable
for SGP-RE processes.

As a consequence, this section is devoted to iden-
tify the characteristics that a porous medium must
have to provide pressure drops along the channel
comparable to those relevant to the formerly pre-
sented net spacers (see Section 3.1).

There are several analytical methods allowing to
relate the microstructure of a porous medium with its

permeability. The permeability of a fibrous medium
depends on different factors:

e fiber size, e.g. the fibers radius a;

¢ fiber concentration, usually expressed as solid volu-
metric fraction or as porosity ¢ (clearly ¢=1—¢);
and

e fiber arrangement.

At a given fiber arrangement, the relation between
permeability and the other two variables can be
expressed as follows:

k
= =f9) @)

In accordance with the most commonly adopted theo-
retical approach [19-26], a porous medium can be ide-
ally considered as a matrix of rods in order to explicit
the function f(¢).

Porous media made of random fibrous structure
were already investigated as possible fillers of chan-
nels devoted to SGP-RE processes [16]. As a conse-
quence, theoretical relations being suitable and valid
for this kind of porous media were adopted in the fol-
lowing. In particular, two different analytical models
were employed: the Jackson and James model [19]
and the model by Tomadakis and Robertson [20].

According to the first one, the random medium
permeability is considered as being equivalent to the
permeability of a cubical lattice made of the same
material. This results in the following expression for
the dimensionless permeability:

k 1
a_f%(—lw—o.%l +o(lng)™) ®)

Conversely, Tomadakis and Robertson [20] developed
an analytical model based on electrical conduction
principles aiming at predicting the permeability of
porous media made of random fiber structures. The
corresponding relation for the dimensionless perme-
ability was:

k_ e (e SP)HZ (6)
@ 8(Ine)® (1—g,)"[(x+1)e — &)

where ¢ is the medium porosity, ¢, is the percolation
threshold, and « is a constant. For three-directional
random overlapping fiber structures, &,=0.037 and
a2=0.661. Full details can be found in the relevant
work [20].

Egs. (5) and (6) are plotted in Fig. 5. As it can
be seen, these provide the similar dimensionless
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Fig. 5. Dimensionless permeability as a function of solid
volume fraction.

permeability for solid volume fraction higher than 0.2,
while for ¢ lower than 0.1, the lower the ¢ value, the
larger the values of dimensionless permeability
obtained by the relation by Tomadakis and Robertson
[20] with respect to the Jackson and James equation
[19].

In order to find the characteristics of a fiber struc-
ture porous medium providing pressure drops com-
parable to those relevant to a net spacer, three
different fiber radius values (i.e. a;=0.1um, a,=1pm,
and a3 =10 pm) were investigated. The relevant perme-
ability as a function of the porosity is shown in Fig. 6
for the case of the two former equations.

These values were adopted along with a given
flow rate Q=5x10"°kg/s and a cross-section
A=0.38 x 1.556 mm? (equal to the one used in the unit
cell CFD simulations) to calculate the corresponding
pressure losses by Darcy’s law. Fig. 7 shows the
obtained pressure drop values. Notably, the pressure
drops relevant to the two “completely hydrophilic”
spacer (i.e. no-slip condition) filled channels (the
woven and the overlapped spacer) are also reported
for comparison purposes.

Results show that the lower the fiber radius, the
higher the porosity required to provide pressure
drops along the channel AP, similar to those relevant
to the spacer. As an example, a fiber radius equal to
10pm would require a porosity higher than 95%,
while a porous medium made of 1um fibers would
require values of ¢ larger than 99%. A low fiber radius
along with a very large porosity are likely to be
requirements incompatible with the mechanical stabil-
ity of the membrane-equipped-channels. On the other
hand, AP, comparable with the net spacers may be
obtained by employing porous media made of very
large fiber radius whose size should be about one
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&

Fig. 6. Permeability as a function of the porosity for three
fiber radius values.
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Fig. 7. Pressure drop as a function of the porosity for three
fiber sizes, for a flow rate Q=5 x 107° kg/s, and a cross-
section A=0.38 x 1.556 mm”.

hundreds microns, thus assuming the same features
of a common wire made spacer.

Summarizing, these considerations suggest that a
“feasible” porous medium made of small fibers
(whose size is lower than typical spacer wire size)
allegedly provides pressure drops along the channel
very larger than those relevant to a typical spacer,
thus allegedly being unsuitable for SGP-RE applica-
tions.

5. Simplified entire stack
5.1. Geometrical features and numerical details

In order to evaluate the contributions of manifolds
on the overall pressure loss as well as the effect of
stack layout and geometry on the flow rate distribu-
tion within the channels, an ideal 50-channels stack
was devised: it is a “not-cylindrical” stack (distributor
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and collector are rectangular channel) with only a
computational cell along the X-axis, so that it can be
somewhat considered as a planar-like (2D) stack.

This numerical simplification of the real 3D geom-
etry is adopted in view of its large computational sav-
ings: the simulation of an entire 3D stack would
require very large computational resources, especially
for the case of channels filled with a spacer. However,
this simplification can be considered reasonable as the
fluid dynamics along the unconsidered direction (X-
axis) is not crucial for the pressure drop contributions
estimation and for the flow rates distribution assess-
ment.

Therefore, only a sheet (along the X-axis) of the
entire stack was modeled by using a single computa-
tional cell along this direction. The channels length
was equal to 10cm. Conversely, two different channel
thicknesses were investigated: either 100 pm or 200 pm
in accordance with the idea of designing stacks as
compact as possible. The distance between two subse-
quent channels was set to 300pum for the case of
100 um channel, while it was 400 um for the case of
the 200um channels. Three different distributor
widths s were simulated: s;=0.2mm, s,=0.5mm, or
s3=1.0mm. Full details of the 2D stack are shown in
Fig. 8.

Both the empty and spacer-filled channels were
investigated: in particular, for the case of the 200 um
channels, the effect relevant to the presence of the
woven spacer was addressed. As a consequence, an
ideal woven spacer 200 pm thick, similar to the 380 um
one previously presented, was employed in this sec-
tion. A Unit Cell approach along with a relevant grid
dependence analysis was preliminary performed for
this spacer. A hybrid mesh of 1,200,000 elements was
found to be more than sufficient to avoid any depen-
dence of results on discretization degree.

e

20 |=

FLOW DIRECTION /

30

_=05mm—

Fig. 8. 2D geometry stack with 50 channels 200 um thick
and distributor and collector width equal to 0.5 mm.
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Fig. 9. Pressure drop per unit length along the unit cell
for: woven spacer 200pm thick and equivalent porous
medium.

However, it is not possible to simulate the effect of
a spacer in a 2D geometry by considering only a sheet
of the spacer. This problem was tackled by filling the
channels with a fictitious porous medium able to pro-
vide pressure drops along the channel identical to
those provided by the presence of the corresponding
spacer. More precisely, first the pressure drops along
the 200 pm thick spacer-filled channel were evaluated
as a function of the flow rates by means of the Unit
Cell approach and a relevant AP/l vs. average u,
(velocity component along the main flow direction)
graph was provided (Fig. 9). Then, these results were
fitted by a second-order equation composed of two
parameters (Fig. 9): these two parameters are consid-
ered as the k and ks (see Eq. (3)) of the correspond-
ing fictitious porous medium.

As far as boundary conditions are concerned, a
uniform normal velocity corresponding to the flow
rates investigated (see Table 2) was set as inlet condi-
tion, a pressure equal to the atmospheric one was set
as outlet condition, symmetry boundary conditions
were imposed on the surfaces perpendicular to the
neglected direction. All other stack surfaces were
defined as walls along with no-slip boundary condi-
tions.

Two different inlet-outlet configurations were
investigated:

* a configuration A with a single inlet and a single
outlet and
* a configuration B with two inlets and two outlets.

These two configurations are depicted in Fig. 10.

Notably, a summary of the different features/con-
ditions investigated for the case of this simplified
entire stack are reported in Table 2.



398 L. Gurreri et al. / Desalination and Water Treatment 48 (2012) 390-403

“% o S0 e %o A grid dependence analysis was performed also
PE P E o E for the case of the simplified entire stack and it is not
SIBEBE presented here for brevity. The chosen grids range
o E o 2 o o from a minimum of 534,000 to a maximum of
gEg8g8¢% 1,365,000 computational elements because of the dif-
e s T ferent geometrical features under investigation. It
could appear as surprising that the entire stack
requires a grid as fine as those relevant to a singular
2 unit cell. Actually, the channels constituting the stack
- — . . . . e
> D are either empty or filled with the fictitious porous
3 > > . . .
é g o o medium, .there are'no spacers thus resulting in low
computational requirements.
5.2. Results and discussion
3 f: The geometry of the entire stack may significantly
§ o affect the SGP-RE process performance. As a matter of
Q Sé, fact several factors influencing the net power produc-
%0 S tion depend on the stack geometrical features: concen-
o - i tration polarization phenomena, driving force across
2 = < the membranes, short-cut currents, channels electrical
§ g 2 resistance, total pumping power, and flow rate distri-
& E 5 bution are the most crucial among these factors.
§ "5 Tg In this section, the dependence of some fluid flow
s 3 3 aspects (i.e. the flow rate distributions within the chan-
o <« n nels, the overall pressure drop, and its different con-
tributions within the stack) on some of the stack
geometrical features (i.e. the distributor, collector and
channel size, the presence of the spacer, and the feed
o o configuration at three different feed flow rates) is
= investigated by carrying out a number of CFD simula-
tions on the simplified 50 channels entire stack.
All the variables and their relevant values investi-
gated are summarized in Table. 2: notably simulations
s encompass all the possible combinations of these vari-
= able values.
~ o) @
g g 2
2 5. =
2 12 § 5.2.1. Flow rate distribution
=] — i1 e
4 * 2 4 The flow rate value within each channel clearly
] o 72 . .

_LE = RO £ depends on the pressure difference between the dis-

&g g g o tributor and the collector. Thus, the flow rates distri-

S|E & & e bution along the channels can be inferred by the

s % s g8 A & former pressure difference as a function of the Y-coor-

?D a2 dinate.

"é RS In this regard, two lines parallel to the Y-axis were

= g = placed in the middle of both the distributor and the

@ o e o ElS collector as it can be seen in Fig. 11. As an example,

f c oS = 5% the behavior of the total pressure along these two

ol =~ c Q . . . . . .

S5 E - g lines is shown in Fig. 12 for the simulation case rele-
~ ‘g E :9), £ = 5 vant to flow rate Quyer2=2E—5kg/s, distributor/col-
2 £ o= Y lector width s,=0.5mm, and spacer-less channel
25232 9 £ . .

ERIA0E & & o EE thickness w,=200pm. The corresponding collector—
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Fig. 10. The two different inlet-outlet configurations tested:
(left) single inlet-single outlet (conf. A); (right) double
inlet-double outlet (conf. B).
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Fig. 11. Indication of the lines parallel to the Y-axis placed
in the center of the distributor and collector.

distributor pressure differences trend (as a function of
the Y-coordinate), which can be inferred from the fig-
ure, suggests that the flow rate distribution along the
channels is not uniform. As a matter of fact, the flow
rate shows a minimum which is always relevant to
the central channel for the case of the configuration B,
while it can vary its position as a function of collec-
tor/distributor width and overall flow rate for the
case of configuration A.

From Fig. 12, it appears that the total pressure
curves relevant to the configuration B are perfectly
symmetric, thus suggesting that this configuration
leads to a symmetric flow rates distribution along the
channels. And also in accordance with the geometrical
symmetry of this configuration it is not surprising.

Flow rates distribution as a function of all the
investigated parameters is provided in Figs. 13 and
14: in particular, the flow rates relevant to some chan-
nels only (the 1st, 13th, 26th, 38th, and 50th) are pre-
sented.

In Fig. 13, the dependence of flow rates distribu-
tion on channel features and stack configuration is
shown. The flow rates distribution relevant to the
spacer-less 100 pm channel is the most uniform. For
the case of the 200 um channels, in general the flow
rate distribution is poorer and a difference between
the spacer-filled and the spacer-less channel is

1200 r
F Distributor, Case A
L Collector, Case A
1000 I ~_ = ------ Distributor, Case B
L Collector, Case B
800 [
T R
A, 600 [ TTTTmmmmm—emeoT
a [
400 f
200 |
O L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40
Y [mm]

Fig. 12. Total pressure along two lines parallel to the
Y-axis and placed in the middle of the distributor and the
collector, respectively. Simulation case with flow rate
Qover2=2E—-5kg/s, distributor/collector width s, =0.5mm,
and spacer-less channels thickness w, =200 pm.

highlighted. In particular, the presence of a spacer
leads to an enhancement of the flow rates distribution
uniformity with respect to the corresponding spacer-
less channels. This indicates that the higher the pres-
sure drops along the channels (spacer-less 100 um
channel provides the highest pressure drops), the
more homogeneous the corresponding flow rates dis-
tribution. In fact, the pressure difference between the
distributor and the collector is the driving force to the
water flow inside each channel. Therefore, with refer-
ence to Fig. 12, the larger the distance between the
two pressure curves (the one relevant to the collector
and that relevant to the distributor), the more uniform
the distribution of the “driving force” along the stack
and thus the more uniform the flow rates distribution.

The effect of the distributor/collector width and of
total flow rate on the flow rates distribution is pre-
sented in Fig. 14 for the case of the spacer-filled chan-
nels 200 pm thick.

As regards the effect of the distributor/collector
width s, the figure shows that a higher s correspond-
ing to lower pressure losses along the entire stack
results into a better flow rates distribution for both
the configurations. As far as the pressure drops along
the distributor/collector reduces because of an
increase of their width, the corresponding total pres-
sure vs. Y-coordinate (Fig. 12) curves tend to flatten,
thus resulting into more homogeneous pressure differ-
ences along Y (i.e. more uniform flow rates distribu-
tion).

As far as the influence of the overall flow rate on
its distribution degree along the various channels is
concerned, results of Fig. 14 show that an increase of
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Fig. 13. Flow rates distribution in some channels (1st, 13th,
26th, 38th, and 50th) for the case of flow rate Qgver
»=2E-5kg/s and distributor/collector width s,=0.5mm.
Notably, Q=4E—07kg/s in the 2D stack corresponds to
24.07 ml/min within a stack 10 cm wide.

the Qover yields a worse flow rate distribution along
the channels, especially for the case of the configura-
tion A, while a very little influence was observed for
the symmetric configuration. However, it is worth not-
ing that the effect of the overall flow fate on its distri-
bution along the channels is not significant with
respect to the effects relevant to distributor/collector
width and channel features, thus suggesting that
investigations should focus on these last two effects.

As previously anticipated and as also observed in
Figs. 13 and 14, the employment of the configuration
B always leads to a symmetric and more uniform flow
rates distribution thanks to its intrinsic geometrical
symmetry.

5.0% f —
45% F
4.0% F ;X
35% [ '/
o 3.0% [
N
E 25%
5 :
S 20% §
1.5% F -
1.0% f—e—s1,Q1 == 51,02 -0 51,08
0.5% F—=—5s2,Q1 --%--s2,Q2 G--s2,Q8
' F—<—s3Q1 -->-s3Q --5- s3Q3
0.0% © : :
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Channel number

On summarizing, it can be concluded that the flow
rate will be distributed more uniformly in stacks char-
acterized by higher pressure drops along the channels
(lower channels thickness and presence of spacers) or
lower pressure drops along the distributor and collec-
tor (configuration B, higher distributor and collector
width).

Notably, the flow rates distribution may affect the
total SGP-RE process performance: in this regard, the
results provided by the present CFD simulation were
used as input data for a process simulator [4]. In
accordance with the results obtained by this process
simulator, a bad flow rates distribution leads to a
reduction of the power density, especially at low over-
all flow rates [4].

5.2.2. Pressure losses along the entire stack

The contribution of the distributor to the overall
pressure losses APy, was addressed. For the case of
the configuration A, this APg4jsr was calculated as:

Apdistr = Pinlet - PSO (7)

where Pj: is the total pressure at the inlet surface and
Ps is the pressure just afterward the 50th channel.
Similarly, for the case of the configuration B:

APdiz;tr = Pinlet - Pmin (8)

where Ppyn is the minimum total pressure in the dis-
tributor, it is achieved midway between the 25th and
the 26th channels.

Relevant results and comparison are provided in
Fig. 15. APgjs, is linearly dependent on the overall
flow rate on the basis of the laminar regime and it
reduces as the distributor width increases as expected.
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45% F
4.0% f
35% F
3.0%
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1.5% £ :
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Channel number

Qnormallzed

--s1,Q3
--s2,Q3
- s3,Q3

Fig. 14. Flow rates distribution in some spacer-filled channels 200 pm thick (1st, 13th, 26th, 38th, and 50th). Left:

configuration A and right: configuration B.
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Fig. 15. Pressure losses along the distributor and average
pressure drop along the spacer-filled channel. Notably,
Qover=1E—06kg/s in the 2D stack corresponds to
60.18 ml/min within a stack 10 cm wide.

Fig. 15 shows also that in some cases, APg;s is of the
same order of magnitude of the average pressure drop
along the channel AP, (calculated as the arithmetic
average of the pressure drop along the various chan-
nels), thus suggesting that both the contributions are
important and should be taken into account. In partic-
ular, for the case of the stack with the smallest distrib-
utor width s; (i.e. 5y=0.2mm) and the configuration
A, APy is about twice as AP, while they are practi-
cally the same for the configuration B. As a difference,
in all the other cases AP, corresponds to the main
contribution to the overall pressure drops. Also, the
configuration B always leads to APgi being lower
than those relevant to the configuration A.
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Fig. 16. Overall total pressure drops along the entire stack
for the case of spacer-filled channels. Notably, Qqver=
1E-06kg/s in the 2D stack corresponds to 60.18 ml/min
within a stack 10 cm wide.
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Fig. 17. Overall pressure drops along the entire stack at a
given distributor/collector width (s;=0.5mm). Quyer=
1E—06kg/s in the 2D stack corresponds to 60.18 ml/min
within a stack 10 cm wide.

A linear dependence of the overall total pressure
AP yor (calculated as Pinje — Pouner) ON the overall flow
rate can be observed in Fig. 16. The trends corre-
sponding to the distributor width s, and sz are similar,
since for these two cases, the main contribution to
APyyer is due to the pressure losses along the channel
AP,. Conversely, the case relevant to the distributor
thickness s; exhibits a larger AP, because of the
main contribution due to the distributor.

Fig. 17 shows that the channel geometrical features
(i.e. thickness and spacer presence) also significantly
affect AP,yer. In particular, both a decrease of the
channel thickness and the presence of a spacer lead
APyer to increase as expected. Clearly, at a given dis-
tributor/collector thickness, the choice of channel geo-
metrical features resulting in larger APy, causes the
distributor contribution of AP, to be less important.

6. Conclusions

Analysis and CFD simulations of a simplified stack
including spacer-filled channels for reverse electrodial-
ysis applications were carried out in order to assess
the influence of different aspects on the fluid flow per-
formance of the process.

In particular, three different aims were pursued:

¢ assessing the effect of the spacer material on the
pressure drops along the channel;

® evaluating whether a fiber structure porous med-
ium may substitute the most commonly adopted
net spacers;
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¢ addressing the effect of some parameters (distribu-
tor thickness, channels thickness, presence of a
spacer, and layout configuration) on the fluid
dynamics of a simplified SGP-RE system.

Results show that the spacer geometry optimiza-
tion may not be the main factor affecting the overall
process efficiency.

At a small scale, the spacer material can affect the
sliding conditions of the fluid on the spacer filaments
thus modifying the flow field along the channel and
the relevant pressure drops. In particular, a suitable
perfectly hydrophobic material able to avoid any fric-
tion between the flowing water and the spacer wires
would provide a significant reduction (about 40%) of
the pressure drops along the channel with respect to a
spacer made of a perfectly hydrophilic material pro-
viding water to filaments no-slip conditions.

As far as the possibility of adopting a suitable por-
ous medium instead of a net spacer is concerned, a
theoretical analysis of porous media characteristics
was performed. In particular, two different theoretical
approaches (based on the simplification of considering
the porous medium as a rods matrix) were adopted in
order to assess the porosity and the fiber radius that a
porous medium should have to provide AP, similar
to those caused by typical net spacers. A low fiber
radius along with a very large porosity would lead to
AP, similar to those provided by the spacers, but
they are likely to be two slight compatible properties.
On the other hand, large fiber radius may also be suit-
able to accomplish the desired task, but the fiber
radius size should be so large that the porous medium
shape would become the same of a commercial net
spacer. These findings suggest that a feasible porous
medium made of small fibers (whose size is lower
than typical spacer wire size) allegedly provides pres-
sure drops along the channel very larger than those
relevant to a typical net spacer, thus likely being
unsuitable for SGP-RE applications.

At a larger scale, fluid flow performance depends
not only on the channels characteristics, but also on
stack geometry and layout. The dependence of some
fluid flow aspects (i.e. the flow rate distributions
within the channels, the overall pressure drop, and
local pressure drops APgisiy and AP.,) on some fea-
tures of the stack (i.e. different distributor, collector
and channel size, spacer presence, feed configuration,
and overall feed flow rate) was investigated by carry-
ing out a number of CFD simulations on a simplified
50 channels entire stack. Results indicate that all the
parameters considered can affect the stack fluid
dynamics.

* A more homogeneous distribution of liquid flow
rates can be obtained by: (i) increasing the pressure
drops along the channel (i.e. decreasing channels
thickness and/or adding a spacer), (ii) decreasing
hydraulic losses in the distributor (i.e. decreasing
distributor/collector width), and (iii) reducing the
total flow rate.

* An analysis of the overall pressure losses along the
stack has shown that a fluid flow optimization of a
SGP-RE apparatus must not focus on channel fea-
tures only. In fact, in some cases the pressure drops
along the distributor were found to be larger or of
the same order of magnitude of the average pres-
sure drop along the channel.

The adoption of a symmetric feeding configuration
along with an increasing number of inlets is suggested
to provide better flow rates distribution and lower
pressure losses, although it is intrinsically more com-
plex and expensive from a construction point of view.

Finally, it is worth noting that all the results pre-
sented in this work have been employed as input data
in a process simulator [4] aiming at developing an
integrated approach able to allow an overall optimiza-
tion of SGP-RE processes.
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Notations

A —  cross-section (m?)

a — fiber radius (m)

Cq — drag coefficient (-)

dn — hydraulic diameter (m)

k — permeability (m?)

Kioss — empirical loss coefficient (m ™)

p — pressure (Pa)

P — total pressure (Pa)

Ps — total pressure just afterward the
50th channel (Pa)

Pintet — total pressure at the inlet (Pa)

Prin — minimum total pressure in the
distributor (Pa)

Poutiet — total pressure at the outlet (Pa)

Q — mass flow rate (kg s ")

Qover — overall flow rate in the simplified
entire stack (kg s™")

Re — Reynolds number (-)
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s — distributor/collector width (mm)

Sm — source term for porous domain (kg
m2s?)

u — velocity (ms™")

i, — velocity component along the main
flow direction (m s ')

w — channels thickness (um)

AP/l — total pressure drop per unit length
(Pam™)

AP gistr — total pressure drop in distributor
(Pa)

APgyer — overall total pressure drop in the
stack (Pa)

Greek letters

o — constant in dimensionless
permeability expression (-)

& — volume porosity (-)

&p — percolation threshold (-)

u — dynamic viscosity (Pa s)

p — density (kg m ™)

¢ — solid volume fraction (-)
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