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ABSTRACT

Renewable energy can be obtained from mixing waters with different salinity using reverse electro-
dialysis (RED). To obtain a high power per membrane area, combined with a low power consumption for
pumping the feed water, RED is preferably operated using small intermembrane distances and low flow
rates. However, the diffusive boundary layer near the membranes induces a significant (non-ohmic)
resistance at lower flow rates. This is even more pronounced when a spacerless design, with profiled
membranes, is used. This research presents how the non-ohmic resistance in RED can be reduced, and
consequently the obtained power can be increased, without compromising the power consumed for
pumping. Experiments were conducted using several designs, with and without mixing promoters such
as twisted spacers and additional sub-corrugations on the membrane, to investigate the effect of
additional mixing in the diffusive boundary layer on the obtainable power in RED. The results show that
these mixing promoters are not effective at the low Reynolds numbers typically used in RED.
The distribution of the feed water inflow, however, has a major impact on the non-ohmic resistance.
The design with profiled membranes without sub-corrugations has the best performance, which is

almost twice the net power density obtained with a design with normal spacers.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Reverse electrodialysis (RED) is a technology to capture the
available energy when waters with different salinity mix, for
example where river water is discharged into the sea. This source
for renewable energy is unused at the moment, while the
theoretical potential is huge. In theory, the global discharge of
river water into the sea can generate sufficient electricity to cover
the worldwide electricity consumption [1,2]. The relatively low
obtained power per membrane area (i.e. power density) so far
inhibited commercial application of this technology, although pilot
plants to capture salinity gradient energy have been built or are
planned [3,4].

The principle of reverse electrodialysis relies on ion exchange
membranes, which are selective for either cations (cation
exchange membrane, CEM) or anions (anion exchange membrane,
AEM). When waters with different salinity are on either side of
such a selective ion exchange membrane, a Donnan potential is
created over the membrane. When these membranes are stacked
alternately, with compartments for seawater or river water in
between, the Donnan potentials over each membrane cumulate to
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a voltage that can be used for electricity generation. The electrodes
at both ends of the stack convert the ionic flux into an electrical
current, using a (reversible) redox reaction [5,6] or using ion
storage in capacitive electrodes [7].

In traditional designs for RED, the power density is limited
mainly by the weakly conductive river water compartments [1,8]
and the non-conductive spacers in the compartments [9]. The
electrical resistance of the river water compartments can be
minimized using very thin feed water compartments, at the cost
of higher power consumption for pumping the feed water [1,10].
The pumping power is further increased due to the presence of
spacers, which create a tortuous flow [1,11,12]. The spacers (often
non-conductive polymeric fabrics) are used between the ion
exchange membranes to create a constant intermembrane dis-
tance and create extra mixing of the flow within the feed water
compartments. However, the non-conductive material of the
spacers partly covers the membrane area (and the feed water
compartment) and disables that area for ion exchange. This is
referred to as the spacer shadow effect [9].

A design without spacers can be created using membranes with
a corrugation, i.e. profiled membranes [12,13]. Experiments
showed that these profiled membranes have a lower ohmic
resistance (i.e. AC resistance) and a four times lower pumping
power consumption, compared to a similar design with flat
membranes and spacers [12]. However, the non-ohmic resistance,
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sometimes referred to as concentration polarization, was higher in
the case of profiled membranes. This non-ohmic resistance is due
to concentration changes in the feed water compartments, which
are most pronounced in the diffusive boundary layer near the
membrane surface, when an electrical current is allowed. When
the non-ohmic resistance of the design with profiled membranes
would decrease to the level as for the design with spacers, the net
power density would almost double [12].

The high non-ohmic resistance in the absence of spacers was
attributed to reduced mixing near the membrane-water interface
[12]. The slow refreshment of the feed waters near the membranes
lowers the concentration difference over the membrane and
therefore decreases the electromotive force. This results in a
non-ohmic resistance. Previous research for other applications
showed that additional mixing can be obtained using spacers with
a twisted (i.e. helical) structure [14-17] or other static mixing
spacers [18]. Also spacerless systems can be equipped with mixing
promoters, by adding micro-corrugations such as herringbone
structures, on the membrane surface [19,20]. This suggests that
with such flow geometry a decrease of the non-ohmic resistance
in RED could be obtained.

Alternatively or additionally, a poor water distribution within
each feed water compartment causes a higher non-ohmic resis-
tance. In a design with spacers, the feed water is homogeneously
distributed in all directions in each feed water compartment,
while the profiled membranes guide the water through narrow
channels. When a local blockage occurs somewhere in a profiled
channel (e.g. due to an air bubble or a locally thicker membrane),
the whole channel is unavailable, while using a design with
spacers the water can re-distribute in case of a local blockage.

To distinguish the cause of the high non-ohmic resistance of
profiled membranes, and to improve the obtained power density
in RED, this research investigates two novel designs with mixing
promoters. One of the mixing promoters includes spacers while
the other type of mixing promoter can be used in a spacerless
system. These two novel designs are compared with designs with
traditional (straight, non-conductive) spacers and traditional pro-
filed membranes. The performance is evaluated by electrical
measurements as well as experimental flow visualization for one

of the novel designs with mixing promoters. This research reveals
the individual effects of different types of mixing promoters, for
designs with spacers as well as for designs with profiled mem-
branes. Consequently, this research shows how the (non-ohmic)
resistance can be reduced and a significantly higher (net) power
density can be obtained in RED.

2. Experimental setup
2.1. RED designs

Four different RED stacks were built, from which two designs
comprised flat membranes with a spacer in between the mem-
branes and two designs comprised profiled membranes. The
stacks contained several cells, each composed of a CEM, an AEM,
a compartment for river water and a compartment for seawater.
All designs used commercial Ralex membranes (MEGA, Czech
Republic); type CMH-PES was used as CEM and type AMH-PES
was used as AEM. Both stacks with spacers were composed of
5 cells and both stacks with profiled membranes were composed
of 6 cells. For a fair (scale independent) comparison, the effect of
the electrodes was subtracted using a blank measurement with
zero cells (i.e. only electrodes, electrode compartments and one
CEM that separates the final cell from the electrodes).

The designs with spacers had either symmetrical spacers
composed of filaments of 143 pm in both directions (Fig. 1A) or
asymmetrical spacers composed of single wires of 64 pm as a weft
and two twisted wires of 64 um as a warp (Fig. 1B). The twisted
structure of this warp creates a helical structure. Each feed water
compartment contained two layers of this twisted spacers, to obtain
a similar thickness as the normal spacers (Table 1). The spacer type,
porosity and open area of both spacers are given in Table 1. Both
spacer types were not ion-conductive.

Both designs with profiled membranes included straight ridges
in the direction of the feed water flow on one side of the
membrane. When the membranes were stacked, these ridges
created straight channels of 230 pm high and 1 mm in width.
These channels were straight and uniform for one design (Fig. 1C),
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Fig. 1. Images obtained from a scanning electron microscope (SEM, magnification: 75 x ), for normal spacers, twisted spacers and profiled membranes without or with sub-

corrugations.
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Table 1
Specifications for spacers and membrane profiles.
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Normal spacer

Twisted spacers

Profiled membrane Profiled membrane+ sub-corrugations

Type of spacer 1 layer of Sefar 07-300/46

2 layers of Sefar

No spacer No spacer

IEM 07-750/83

Membrane thickness (wet) (um) 580 + 25 580 + 25 475 + 15 (excluding profiles) 520 + 20 (excluding
profiles and sub-corrugations)
Compartment thickness (wet) (um) 245+5 223+7 230+ 11 230+ 10
Open area (%) 46 83 83 83
Porosity (%) 72 88 83 81
Electrode :
Outflow Brackish Feed water
manifolds water compartment
Electrode OUtﬂOW /(/spacer or profile)
gasket [
CEM
Gasket
Gasket Gasket 4 o
Spacer \ Brackish Seawater
Repeating Profiled water g ¢
Flat AEM inflow
cell unit / 8 £EM outflow
[ 4 _
— Profiled —
-~ ek =
Qk&fig%ctrode gasket @
y . | Vinflow
— (L e River water manifolds

inflow

Fig. 2. Composition of RED stacks in case of (A) spacers and (B) profiled membranes (for clarity both stacks are drawn here with only 1 repeating cell unit). (C) represents a
cross-sectional top view showing the manifolds and one feed water compartment; in this case a river water compartment. The seawater compartment is oriented

perpendicular to the river water compartment.

while the other design had additional, smaller, corrugations in
a triangular shape with a height of 50 pm, perpendicular to the
flow through the channel (Fig. 1D). These sub-corrugations were
added to disturb the uniform flow and create extra mixing in
the concentration boundary layer near the membrane surface.
To ensure that the sub-corrugations were aligned with the
channels created by the larger profiles, the sub-corrugations were
only added at one side of the profiled membrane. Both types of
profiled membranes (with and without sub-corrugations) were
prepared by hot pressing the membranes into a mold, at 140 °C
and 200 bar, as explained in more detail in previous research [12].
The membranes were conditioned in 0.5 M NaCl afterwards and
the thickness of the membranes and corrugations was measured
(Mitutoyo 547-401, Japan); see Table 1.

2.2. Feed water

An artificial solution of 0.508 M NaCl (technical grade, ESCO,
The Netherlands) was used as seawater and 0.017 M NaCl was used
as river water. These feed waters were supplied through a
manifold and such that the flow directions of the feed waters
were oriented 90° with respect to each other (i.e. cross-flow), as
shown in Fig. 2.

The inflows as depicted in Fig. 2 allowed the feed water to
redistribute in the wide manifold and ensured uniform pressure
over the full width of the feed water compartments.

The membranes had a dimension of approximately 7 cm by
7 cm. A gasket of 1 cm was used at both sides to prevent river
water entering the seawater compartments and vice versa (Fig. 2A
and B). Hence, the effective area for ion exchange was 5cm by

5 cm. All membrane stacks, either with spacers or profiled mem-
branes, were packed between a Ti/Pt mesh electrode of 5cm
by 5cm (MAGNETO Special Anodes B.V., The Netherlands) and
a poly(methyl methacrylate) (PMMA) casing (STT Products,
The Netherlands).

The measurements were performed at several flow rates,
between 0.5 and 100 ml/min per cell, which are equivalent to
Reynolds numbers between 0.5 and 100. The Reynolds number
based on half the channel height, Re;, (dimensionless), for a wide
channel and corrected for the volume filled by spacer or mem-
brane profile (i.e. including porosity) is defined as

_UDpp 2ap
a " beu

In which uis the average flow velocity (m/s), Dy, is the hydraulic
diameter (m), p is the density of water (kg/m?3), x is the (dynamic)
viscosity of water (kg/(mes)), @ is the flow rate per feed water
compartment (m>/s), b is the width of the feed water compart-
ment (m) and ¢ is the compartment porosity (dimensionless).

Rep, (1)

2.3. Electrical measurements

To benchmark the obtained power density obtained in each
RED stack, chronopotentiometry was applied. A galvanostat (Ivium
Technologies, The Netherlands) was used to measure the voltage
at a 0.1 s sample rate for current densities of 4, 8, 12, 16, 20, 24 and
28 A/m?, each for a duration of at least 4 times the residence time
of the feed water, to ensure a stable voltage. Each stage in current
density was preceded and followed by a stage with open circuit
(open circuit voltage, OCV). The stack resistance (Rstack, in € cm?)
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is then determined from the difference between the stable voltage
at each current density and the OCV. The total electrical resistance
of the stack can be divided into an ohmic (Ronmic) and a non-ohmic
resistance (Rnon-ohmic), both in @ cm?:

Rstack = Rohmic + Rnon—ohmic (2)

The ohmic resistance originates from the membrane resistance
and the limited conductivity of the feed water. The non-ohmic
resistance is due to concentration changes within each compart-
ment, which are oriented perpendicular to the membrane (due to
a concentration boundary layer) as well as along the feed water
flow (due to a slowly changing bulk concentration). As the ions are
transported from the seawater compartment to the river water
compartment, the concentration difference over the membranes
decreases, which slowly decreases the electromotive force. This
decrease in voltage, divided by the current density, determines the
non-ohmic resistance.

The ohmic resistance is determined from the sudden jump in
voltage when an electrical current is interrupted. The remaining,
time-dependent voltage change during the current interrupt is
due to the non-ohmic resistance [1].

The obtained gross power density Pgross (W/m? of membrane
area) is calculated from the open circuit voltage (OCV, in V) and
the stack resistance:

ocv?

Pgross B 4NmRstack (3)
in which N;, represents the number of membranes (dimension-
less). This paper focuses on the obtained power density rather
than the energy efficiency, as the non-ohmic resistance influences
the power density unambiguous while the energy efficiency can
still be high with significant non-ohmic resistance when using
multiple stages [21]. For large scale applications, high energy
efficiency can be obtained without compromising the power
density when using multiple (small) stages, e.g., using segmented
electrodes [22].

All measurements are duplicated, from which the average
values and the standard errors are shown.

2.4. Flow visualization

In addition to the electrical measurements in a stack, a cell with
a single flow compartment was used to visualize the flow through
the channels with sub-corrugations. The flow compartment contained
one membrane with sub-corrugations only (approximately 60 pm in
height), both at the bottom and top side, glued to a PMMA casing.

Lamp@

Water +
particles Flow cell
[£ = ]
1 == —

High speed \.’_ - -
camera /;\
Membrane
o\ \;/60pm\ /
300 ”mII Water flow ——> \
Vil A Ay

N «— > /
N — 500um__ -~

—_——

Fig. 3. Experimental setup for flow visualization.

These membranes only contained the sub-corrugations without the
larger corrugations, such that the flow compartment could be
visualized from the side (Fig. 3). A glass window was installed at
one side of the cell, to ensure a good optical path. The flow
compartment was 4 cm in width, 24 cm in length, and approximately
300 um in height. A solution with 0.25M NaCl and polystyrene
particles with a diameter of 5 pm (Dantec Dynamics, Denmark) was
pumped through the flow compartment.

A light source was installed at one side of the flow compartment,
while a high-speed camera (Photron Fastcam SA1.1, United States)
was installed at the other side. Images were recorded using a
resolution of 1024 pixels x 1024 pixels, corresponding to an image
size of approximately 1.5 mm. Frame rates of 250 fps (Re,=10) and
2000 fps (Rep,=100) were used. The movement of the micro-
particles in two subsequent images was used to calculate the local
flow velocity, using a technique known as particle tracking veloci-
metry (PTV). Approximately 5000 subsequent images were pro-
cessed to obtain an average flow field. The images were processed
in Matlab (Mathworks, v2010b), searching for cross-correlation
peaks of tracked particles, with an interrogation window of 64 pixels.
A time-average vector field was created by distributing the vectors
over a regular grid of 80 x 80, which corresponds to a final resolution
of 19 pm.

3. Results
3.1. Power density

The experimentally obtained gross power density is shown in
Fig. 4 as a function of the Reynolds number for all four designs.

As expected, the gross power density increases with increasing
Reynolds number (Fig. 4). The concentration difference over each
membrane remains highest when seawater and river water are
rapidly refreshed (i.e. high Rey,). For lower Reynolds numbers, thus
lower flow rates, the ion transport from seawater compartments to
river water compartments lowers the salinity difference over the
membrane and therefore lowers the gross power density. In other
words, the non-ohmic resistance decreases when the Reynolds
number increases, and hence the power density increases.

Average flow velocity (cm/s)
0 5 10 15 20

Profiled membranes

o
®

¥ Twisted
% — —% — ¢ - — ¥ spacers
224

Gross power density (W/mz)
o o
EN o

o
(V)
.

0 20 40 60 80 100
Reynolds number (=)

Fig. 4. Gross power density for RED-stacks with normal spacers, twisted spacers,
profiled membranes and profiled membranes with additional sub-corrugations as
function of the Reynolds number.
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The stack with twisted spacers has a significantly higher power
density than the stack with normal spacers. However, the stack
with profiled membranes with sub-corrugations obtains a slightly
lower power density than when profiled membranes without sub-
corrugations are used. Although both twisted spacers and sub-
corrugations were expected to generate more mixing, i.e. a lower
non-ohmic resistance, and thus a higher power density, the effect
of these mixing promoters on the power density is contradictive.
To investigate this in more detail, the ohmic and non-ohmic
resistance are analyzed and discussed in more detail hereafter.

3.2. Ohmic resistance

The total electrical resistance of the stack is decomposed into
an ohmic and a non-ohmic resistance, according to Eq. (2). The
ohmic resistance, due to the membrane resistance and the ohmic
resistance in the feed water compartments, is shown as a function
of Rey, for all designs in Fig. 5.

Fig. 5 shows that the ohmic resistance is rather independent of
the Reynolds number, as was demonstrated also in previous
research [9,12]. The ohmic resistance is only slightly lower for
very low Reynolds numbers, which is caused by the higher
conductivity of the river water compartments. This effect is
strongest for low Reynolds numbers, because lower flow rates
imply larger residence times, which result in accumulated trans-
port of ions from the seawater into the river water compartments.
Since the low conductive river water compartment contributes
more to the ohmic resistance than the seawater compartment, the
ohmic resistance slightly decreases at low Reynolds numbers.

The stack with twisted spacers shows a significantly lower
ohmic resistance than the stack with normal spacers. This is due to
the more open structure of the twisted spacer, which can be
quantified by the higher open area and porosity, compared to the
normal spacers (Table 1). The more open structure of the twisted
spacers reduces the spacer shadow effect. Therefore, the ohmic
resistance is lower for the stack with twisted spacers in compar-
ison to that with normal spacers. In addition, the twisted spacers
are slightly thinner than the normal spacers, which would give a
little lower resistance for the compartments filled with twisted
spacers than those with normal spacers [1]. Based on previous
research [10], the difference in spacer thickness decreases Ronmic

Average flow velocity (cm/s)
0 5 10 15 20

(&)}
o
L

Normal spacers

v
VYV~ - - -V — —-v |
?7 Twisted spacers
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N
o

w
o

Profiled membranes

N
o

-
o
L

Ohmic resistance per cell (Q-cmz)
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Reynolds number (=)

Fig. 5. Ohmic resistance per cell for RED-stacks with normal spacers, twisted
spacers, profiled membranes and profiled membranes with additional sub-corru-
gations as function of the Reynolds number.

by approximately 5%, and consequently the difference in open area
and porosity are responsible for the latter 15% decrease in Ronmic
for the stack with twisted spacers, relative to stack with normal
spacers.

Both designs with profiled membranes have a lower ohmic
resistance than both designs with spacers (Fig. 5). This is due to
the absence of the spacer shadow effect in stacks with profiled
membranes, as the use of (non-conductive) spacers is obsolete in
the designs with profiled membranes. The difference in ohmic
resistance between the stacks with profiled membranes and the
stack with normal spacers is even more pronounced than demon-
strated in previous research [12], which is caused by the slightly
thicker membranes (i.e. higher resistance) for the stack with
spacers compared to the thinner profiled membranes (Table 1).
Considering the actual differences in membrane resistance
(approximately 5 Q cm? higher for the cells with normal spacers
compared to previous research), these results are in fair agreement
with previous research [12]. In all cases, the stacks with spacers
have a significant higher ohmic resistance than the stack with
profiled membranes.

The stack with additional sub-corrugations has a slightly higher
ohmic resistance than the stack with profiled membranes without
sub-corrugations, although this difference is only significant for a
few data points (Fig. 5). The small differences in ohmic resistance
of this stack with sub-corrugations re attributed to the slightly
thicker profiled membranes with sub-corrugations, compared to
the profiled membranes without sub-corrugations (Table 1).

3.3. Non-ohmic resistance

The non-ohmic resistance (Rhon-onmic) as a function of Rey, is
shown for all designs in Fig. 6.

The ohmic resistance (Fig. 5) dominates the non-ohmic resis-
tance (Fig. 6) for all Reynolds numbers and all cases. At a moderate
flow rate corresponding to Rep=10, Ronmic iS approximately
3.5 times higher than Ryon-onmic for designs with profiled mem-
branes, and even 10 times higher for designs with spacers.

Furthermore, the non-ohmic resistance (Fig. 6) decreases
strongly with increasing Reynolds number. Since the non-ohmic
resistance is due to concentration changes within the feed water
compartments, the non-ohmic resistance decreases when the

Average flow velocity (cm/s)
0 5 10 15 20

— ¥ — Profiled + sub-corrugations |
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Fig. 6. Non-ohmic resistance per cell for RED-stacks with normal spacers, twisted
spacers, profiled membranes and profiled membranes with additional sub-corru-
gations as function of the Reynolds number.
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residence time is lower, i.e. when the feed water flow is higher.
Moreover, higher Reynolds numbers imply higher velocity shears
near the membrane-water interface, which decrease the concen-
tration boundary layer (i.e. diffusive boundary layer) [23]. In other
words, the concentration near the membrane-water interface is
more similar to the inflow concentrations for higher flow rates,
and consequently the non-ohmic resistance decreases for higher
Reynolds numbers.

The non-ohmic resistances of the stacks with twisted spacers
and sub-corrugations are similar or even higher than those for the
comparable designs with normal spacers and profiled membranes
without sub-corrugations. This result shows that the obtained
power cannot be improved by adding these types of mixing
promoters (twisted spacers and sub-corrugation) to reduce the
non-ohmic resistance.

Previous research on (multilayer) spacers did show significant
improvement in mass transfer using helical spacer structures
[14,15]. The absence of a decrease in Ryon-onmic for the designs
with twisted spacers and sub-corrugations in the present research
can be explained by two factors. First of all, the distribution of the
feed water inflow dominates Ryon-ohmic- The non-ohmic resistances
for the stacks with normal spacers and profiled membranes
(without sub-corrugations) are much lower in this research than
in previous research with such stacks at similar residence time
[12]; 27% lower for normal spacers and 44% lower for profiled
membranes. This decrease is due to an improved flow design with
a wide inflow and outflow manifold for the feed water, whereas
previous research used a single hole for the inflow of each feed
water type [12]. Wide manifolds ensure a more uniform feed
water distribution over the membrane area, while inflow and
outflow from a single point as in previous research can create
more preferential channeling and dead zones [24]. This effect is
major, as demonstrated by the significant decrease in Ryon-ohmic il
this research compared to previous research. In other words, the
additional mixing that is generated due to the twisted spacers, for
example, is insignificant compared to the effect of the feed water
distribution over the membrane.

A second reason why the twisted spacers and sub-corrugations
do not reduce Ryon-onmic 1S the low Reynolds numbers that are
typically used in RED. Previous research on helical spacer struc-
tures [14,15] was performed at Re, > 100, while RED is typically
operated at Re, <100 and preferably even Re,<10 [1,10,12].
At higher Reynolds numbers, unsteady vortices could be generated
from disturbances such as spacer filaments or sub-corrugations
[14,25,26]. Vortices at Re, <100 are reported in spacer-filled
channels [14,26], but are steady and limited to a small region near
the spacer yarn only. Consequently, the effect is minor.

3.4. Flow visualization

To visualize the feed water flow at the relatively low Reynolds
numbers that are typical for RED, particle tracking velocimetry
(PTV) was applied for the case with sub-corrugations. The experi-
mentally obtained, time averaged, flow field of the design with
sub-corrugations is shown in Fig. 7 for the case with Re,=10 and
Re,=100.

Fig. 7 shows that the flow bends around the sub-corrugations
at both Reynolds numbers. The flow velocity at the tips of the sub-
corrugations is lower compared to that at positions in between
two sub-corrugations at the same height for Re, =10, whereas at
Re,=100 the velocity magnitude is even highest near the top of
the sub-corrugations (indicated by the yellow or darker gray color
near the sub-corrugations at the top). At low flow rate (Re,=10),
the water can follow the geometry of the sub-corrugated mem-
branes, while at high flow rates the inertia of the water is larger
and the flow is funnelled near the sub-corrugations, which
produces a locally intensified flow velocity near the membrane
surface. However, the flow is still fully laminar in both cases. The
local minima and maxima in velocity magnitude near the center-
line of the compartment are insignificant (due to particles out of
focus). No vortices are observed behind the sub-corrugations,
as shown in Fig. 7, not for Re,=10 and neither for Re,=100.
The sub-corrugations create a dead zone in front and behind the

0 200 400 600 800 1000
T T T T cm/s
— Re, =10 Membrane with sub-corrugations
S 2
=
=)
@ 15
D
5
© 1
c
2
[ 0.5
o
cm/s
£ 20
3
=
2 15
[
e
2
Ke] 10
©
c
i}
3 5
o

0 200 400 600

800 1000

Position along membrane (um)

Fig. 7. Experimentally obtained velocity field of flow between sub-corrugated membranes for Re,=10 and Re,=100. The colors indicate the velocity magnitude in cm/s,
while the vectors indicate the flow direction and magnitude. The shading indicates the velocity magnitude in cm/s, while the vectors indicate the flow direction and
magnitude. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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sub-corrugations, rather than introducing additional mixing due
to vortices. Therefore, sub-corrugations are not suitable to pro-
mote mixing in the diffusive boundary layer in RED.

Higher Reynolds numbers could generate vortices in the
diffusive boundary layer, but higher flow rates are unfavorable
for application in RED due to the corresponding increase in power
consumed for pumping [1]. Higher Reynolds numbers can be
applied in electrodialysis (ED) applications, which is in general
associated with larger intermembrane distances. As a conse-
quence, these sub-corrugations may be useful to generate extra
mixing for ED. Moreover, corrugated surfaces are known to
enhance the onset for the overlimiting current (i.e. a lower voltage
is required to start an overlimiting current) in cases of ED [27]. As
RED always operates at underlimiting current, in absence of
phenomena such as electroconvection [28], this effect does not
benefit the obtained power in RED.

3.5. Net power density

The previous results showed that the feed water distribution
throughout each compartment, regulated by the inflow and out-
flow, mainly determines the non-ohmic resistance. The system for
inflow and outflow also influences the pressure drop over the feed
water compartments, and thus the net power density (i.e. the
obtained gross power density minus the power density consumed
for pumping the feed waters). The pressure drop and the net
power density for the four stacks investigated are shown in Fig. 8
as a function of the Reynolds number.

Both designs with profiled membranes have a pressure drop
which is close to the theoretical pressure drop for laminar flow in
a (finite) rectangular channel, considering the porosity (¢) and the
finite width [10,29]. The small difference between the theoretical
pressure drop and the experimentally obtained pressure drop can
be due to slight pressure losses in the manifolds distributing the
water [30], although this effect is much smaller in the wide
manifolds used in this research compared to previous research
[12].

The pressure drop, and thus the power consumed for pumping,
is nearly an order of magnitude higher for both designs with
spacers compared to both designs with profiled membranes
(Fig. 8A). The spacer yarns give substantial extra friction to the
feed water flow through the compartments, as was observed
before [12,31]. The large standard errors of the stacks with spacers,
caused by the local (and unpredictable) imprint of the spacers in
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the membranes, do not allow to conclude which spacer corre-
sponds to the lowest pressure drop. However, despite the slightly
thinner spacers, the pressure drop for the twisted spacers can be
considered rather lower than higher compared to the normal
spacers. The high porosity and the corresponding large warp size
seem to compensate for the slightly smaller thickness of the
twisted spacers (Table 1).

The high pressure drops for the stacks with spacers (Fig. 8A) are
indirectly related to the low non-ohmic resistances for those
stacks (Fig. 6). The high pressure drop in the spacer filled
compartment ensures a more uniform flow distribution, as the
pressure drop in the manifolds becomes insignificant [30]. There-
fore, the feed water distributes more evenly over the full width of
the feed water compartments, which reduces the non-ohmic
resistance. As a consequence, the stacks with the lowest pressure
drops rank opposite for the non-ohmic resistance.

Due to the higher gross power and the relatively low pumping
power consumption for stacks with profiled membranes, the net
power density is significantly higher for stacks with profiled
membranes than for stacks with spacers, as shown in Fig. 8B.
The net power densities for the stacks with profiled membranes
are higher compared to previous research, due to the improved
feed water design in the present research. The net power density is
maximum 0.8 W/m?, which is almost twice the maximum net
power density for the stack with normal spacers, and approxi-
mately 40% higher compared to the stack with (highly porous)
twisted spacers. The addition of sub-corrugations results in gen-
eral in a slightly lower net power density. Therefore, the use of
sub-corrugations is considered not beneficial for RED.

4. Conclusions

This research investigates the power density obtained from
mixing seawater and river water solutions in reverse electrodia-
lysis (RED) using designs with and without mixing promoters in
the feed water to reduce the diffusive boundary layer. RED stacks
with spacer yarns in a twisted structure outperform stacks with
normal spacers, due to a higher open area and porosity of the
twisted spacers. However, the non-ohmic resistance, which was
expected to reduce due to additional mixing in the case of the
twisted spacers, was similar to or even higher than that for stacks
with normal spacers. For a spacerless design with profiled mem-
branes, the addition of 50 pm sub-corrugations on the membrane
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Fig. 8. (A) Pressure drop over feed water compartment and (B) net power density for all designs of this research as a function of the Reynolds number. The shown theoretical

pressure drop in panel A corresponds to the case of profiled membranes.
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surface as mixing promoters also did not show a decrease in non-
ohmic resistance. Flow visualization of the profiled membrane
with additional sub-corrugations showed that the corrugated
surface does not create vortices at typical Reynolds numbers for
RED applications (Re, < 100). Moreover, the non-ohmic resistance
is sensitive for the flow distribution of the feed water. Ensuring a
uniform feed water flow by providing wide manifolds for the
distribution of the feed water makes the non-ohmic resistance
inferior to the ohmic resistance in all cases. Therefore, mixing
promoters such as twisted spacers or sub-corrugations do not
yield additional mixing that results in a significantly higher power
density for RED. Overall, considering the net power density, stacks
with profiled membranes without sub-corrugations perform
slightly better than the design with additional sub-corrugations
and outperform stacks with spacers with 40% or even more.
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