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� Experimental study of mass transport
in small-scale redox flow batteries.

� Corrugated walls greatly enhance
mass transport of electrolytes in the
electrode.

� Limiting current scaling with Re0.74.
� Net power density doubled in com-
parison to the conventional flow-by
configuration.
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a b s t r a c t

We propose a facile, novel concept of mass transfer enhancement in flow batteries based on electrolyte
guidance in rationally designed corrugated channel systems. The proposed fluidic networks employ
periodic throttling of the flow to optimally deflect the electrolytes into the porous electrode, targeting
enhancement of the electrolyte-electrode interaction. Theoretical analysis is conducted with channels in
the form of trapezoidal waves, confirming and detailing the mass transport enhancement mechanism. In
dilute concentration experiments with an alkaline quinone redox chemistry, a scaling of the limiting
current with Re0.74 is identified, which compares favourably against the Re0.33 scaling typical of diffusion-
limited laminar processes. Experimental IR-corrected polarization curves are presented for high con-
centration conditions, and a significant performance improvement is observed with the narrowing of the
nozzles. The adverse effects of periodic throttling on the pumping power are compared with the benefits
in terms of power density, and an improvement of up to 102% in net power density is obtained in
comparison with the flow-by case employing straight parallel channels. The proposed novel concept of
corrugated fluidic networks comes with facile fabrication and contributes to the improvement of the
transport characteristics and overall performance of redox flow battery systems.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

With rising awareness and scientific evidence that human

activity plays a major role in global warming, the demand for
replacement of fossil-fuel-based energy sources in favour of
renewable sources in both mobile and stationary applications has
greatly increased. However, most of the renewable energy sources
available suffer from intermittent energy output during operation,
as is the case of solar and wind power, for example, rendering them* Corresponding author.
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unsuitable for covering most of the energy demand by themselves.
To overcome this challenge, development of efficient energy stor-
age technologies is considered to be crucial [1,2]. One attractive
option is the redox flow battery (RFB), mainly due to its charac-
teristic decoupling between the amount of energy stored (related to
the electrolyte tank volume) and the rated power (related,
considering all other conditions the same, to the size of the cell) [3].
This technology was pioneered by NASA-Lewis Research Center
with the Fe/Cr concept [4,5], but the research started gaining
commercial momentum after the invention of the all-vanadium
flow battery [6]. A typical RFB usually consists of stacks of several
cells responsible for converting electrical energy into chemical
energy and vice versa.

In addition to large-scale applications, miniaturization of RFBs
could open up new applications, helping the technology to over-
come the cost barrier that has prevented it from gaining wide-
spread usage [7]. Among the applications that could benefit from
distributed and miniaturized RFBs, the electronics industry is
highlighted. The integration of RFBs with electronic components
could allow for a dual function application in which the redox flow
cell is responsible for both power delivery and cooling. In data
centres, for example, there is a prospective enhancement in energy
efficiency by combining heat removal [8] and power delivery in a
single module. This system would work simultaneously as a com-
bined RFB and heat exchanger capable of complementing or even
completely substituting conventional technologies. The direct
integration of power-delivering RFBs with electronic components
on the same substrate allows to reduce the number of power
connections, voltage transformation steps, and total wiring length
[9]. These characteristics could lead to more space for logical con-
nections and reduced cost of the energy supply to data centres
[10e12].

The aforementioned integration requires an effort to reduce the
size of RFBs to match the footprint of the electronic devices (i.e. of
the order of cm2 for a microprocessor) and also to increase the
power density to cope with the high demand for electrical input.
The downscaling also can potentially decrease the cost of the cell
due to a smaller area of the expensive membrane and overall cell
size [13,14]. This need imposes a different emphasis in comparison
with mainstream research in RFBs, which targets predominantly
energy and voltage efficiencies rather than power density. This
assertion can be stressed noticing that most power densities pre-
viously reported in the literature for RFBs are substantially less than
1 W cm�2 [15e18]. However, the benefits of high power density
RFBs are not restricted to the particular application in electronic
devices, and some groups have pursued higher power densities in
their works as a means to achieve cost reduction [19e21].

With maximum power density as the primary objective and
analysing the polarization curve performance of such cells, there
are three main contributions to the deviation from ideal flat po-
larization curves: kinetic losses, ohmic losses, and mass transport
deficiency. Additionally, the pressure drop becomes a crucial factor
in the overall performance of cells with small channels, since it is
directly proportional to the pumping losses. From the aforemen-
tioned loss mechanisms, the mass transport deficiency is the main
focus of this work. Amajor strategy for enhancingmass transport in
an RFB is a rational design of the fluidic networks directing the flow
of electrolytes. Amongst the designs of fluidic networks reported in
literature, three of them are highlighted here. The first one is the
basic flow-through, in which the entire volume of electrolyte flow
is forced to enter a porous electrode placed within a channel. This
design allows for the lowest mass-transport-related losses, but has
the serious disadvantage of being restricted to lower flow rates due
to high pressure drops imposed by the porous medium [22,23]. The
other extreme in this trade-off between mass transport and

pressure drop is the flow-by concept. Usually applied either with
parallel or serpentine channels, it offers, in the parallel case, the
poorest mass transport performance because the flow-by concept
relies mostly on diffusion. Its most beneficial feature is having very
small pressure drops in comparison with the flow-through
approach [15,23e25]. An intermediate approach between the two
aforementioned is the interdigitated fluidic network [23,25,26]. It
aims at a better balance between the flow-through and the flow-by
configurations by positioning parallel channels alternately with
one of the ends of the channel closed. This way the fluid still flows
mostly inside open channels, while being forced to eventually cross
through the porous electrode positioned on top of the fluidic
network to the adjacent channel. This approach rendered very good
results, with a power density of 1.3 W cm�2 being reported for an
all-vanadium redox flow battery [19]. More recently, improvements
of the interdigitated conceptwere proposed by adding tapering and
multiple-passing [27]. The tapering was introduced to homogenize
the flow and, hence, to reduce the mass transport resistance due to
depletion of electrolytes in certain areas of the carbon paper. The
multiple-pass strategy is aimed at raising the conversion of the
electrolyte beyond the single-pass limit and effectively increased
the superficial velocity within the porous domain of the electrode.
Promising results were achieved with a maximum produced power
of 1.4 W cm�2 reported for an alkaline quinone flow battery
chemistry [27].

The present work proposes a novel perspective on fluidic net-
works with the introduction of corrugated channels alternating
periodically between a constriction and an expansion in contrast to
commonly used straight channels. Corrugated fluidic networks
have already been reported [28,29]. However, the previously
studied wavy patterns were perpendicular to the membrane plane,
in contrast to the parallel configuration employed in this work. This
design is intended to partially deflect the electrolyte flow into
porous electrode. The basic wave chosen to construct each wall is
trapezoidal. Our corrugated channel concept combines advantages
of previously reported fluidic networks, as all the previously
mentioned geometries can be considered as extreme cases driving
none or the entire flow through the porous electrode. With the
choking of the flow at the narrowest sections of the present
corrugated channels, only part of the electrolyte flow is driven
through the porous electrodes, whilst the remaining liquid stays in
the channel. This offers significant flexibility in optimizing the
design between maximizing mass transfer and minimizing pres-
sure drop.

To investigate the postulated mass transport enhancement
mechanism with the introduction of the corrugated channel
concept, first, a computational fluid dynamics (CFD) analysis was
conducted. Based on computational findings, 3D-printed fluidic
networks with the novel geometry were subsequently fabricated
with different degrees of narrowing of the flow path. Currently
available rapid prototyping techniques were chosen to allow for
inexpensive and versatile manufacturing of the fluidic networks
[30]. In total, four different fluidic networks were compared. The
flow-by configurationwith straight, parallel channels was used as a
benchmark, since its characteristics are well known. The other
three are detailed in the sections to follow. Initially, low concen-
tration measurements with the alkaline quinone redox chemistry
[18] were carried out due to the dominance of mass-transport-
related overpotentials at low concentrations. This fact allows for a
direct assessment of the mass transport characteristics with the
help of the limiting current density. Subsequently, high concen-
tration measurements, close to saturation of the catholyte, were
performed and the polarization curves were measured and ana-
lysed for each design iteration of the fluidic networks. The effect of
the fluidic network on the overall performance of the RFB,
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considering minimizing concentration polarization as the main
adjustable parameter was thoroughly investigated. The scaling of
current density at a certain potential with a characteristic Reynolds
number is also presented. Finally, the balance between produced
power and pumping power as a function of volume flow rate is
discussed. Each design supports a distinct optimum range of
operation, and overall all designs exhibited a significant perfor-
mance improvement in comparison to the flow-by fluidic
networks.

2. Experimental

2.1. Flow cell

Following the design indicated in Fig. 1b, fluidic networks were
manufactured by 3D-LABS GmbH (St. Georgen, Germany) using a
3D Systems machine (ProJet HD 3000Plus) with VisiJet EX200
Plastic. The corrugated wall channels were arranged in a space-
efficient interlocked manner. The different designs were labelled
according to the dimensions indicated in the detailed view shown
in Fig. 1b, and are summarized in Table 1. Henceforth, these labels
shall be used to refer to the different sizes. The horizontal segment
of the trapezoid, indicated as L in Fig. 1b, has a length of 500 mm for
all the cases studied. To avoid any preferable path for the fluid that
would lead to low flow rates in some channels, the design was
carried out with 51/2 periods of the basic trapezoidal wave pattern.
This design decision aims at putting the same number of features
(nozzles or expansions) in the flow path inside each channel,
ensuring all parallel channels present the same pressure drop to the
flow in order to ensure an equal distribution of the flow. The di-
mensions of the area occupied by the corrugated wall structures
were 1 cm� 1 cm, the channel walls thickness was 250 mm, and the
channel height was 600 mm. The aforementioned area of 1 cm2 shall
be used as reference to report the electrochemical measurements
data. The commercially available DuPont Nafion 115, that was
pretreated as described in Ref. [18], was used in the low concen-
tration experiments, whilst DuPont Nafion 211, also treated and
stored in the same manner [18], was used for the high concentra-
tion experiments. Two porous electrodes (Spectracarb 2050A-1050
by Engineered Fibers Technology, LLC, USA, pretreated by baking at
400 �C in air for 30 h) were cut with the dimensions of
1.8 cm � 1 cm and placed on each side of the membrane. Fig. 1a

illustrates a section of the mounting of the most important func-
tional parts of the cell along with an indication of the direction of
the flow of both the catholyte and anolyte. In the dilute concen-
tration experiments, current collection and sealing was realized by
two resin-filled graphite plates (FC-GR347B by Graphtek LLC, USA),
that were machined to fit the 3D-printed parts. For the high con-
centration measurements, current collection was achieved by four
600 mm thick expanded graphite current collectors (Sigracell TF6,
kindly supplied by SGL CARBON GmbH, Germany), two on each
side, which were cut to fit the fluidic networks. Spacers made of
glass fibre-reinforced PTFE (Maagtechnic AG, Switzerland) were
placed around the electrodes in order to achieve an electrode
compression of around 25% and also for sealing purposes. Custom
designed PVC manifolds were placed on both ends and the whole
system was held together with the help of bolted aluminium end
plates. To ensure reproducible contact resistance and sealing, four
M8 bolts positioned near the four vertices of the aluminium end
plates were tightened until a torque of 5 N m was reached.

2.2. Flow loop and pressure measurements

PFA tubing in combination with stainless steel fittings (Swage-
lok, USA and Serto AG, Switzerland) were used in the assembly of
the flow loop. The flow of both positive and negative electrolytes
was achieved with magnetically coupled gear pumps (Fluid-o-Tech
s.r.I., Italy) and the volume flow rate was measured with two Co-
riolis flow meters (Cubemass DCI by Endress þ Hauser AG,
Switzerland and Optimass 3000 by Krohne GmbH, Germany). To
measure the pressure drop, a differential pressure gauge (PD23 by
Omega Engineering Inc., USA) was positioned on a T-fitting at the
in- and outlet of one half-cell of the electrochemical system. A
schematic drawing of the flow loop is given in Supplementary
Fig. SI1. Electronic terminal blocks (Beckhoff Automation,

Fig. 1. Corrugated wall fluidic network concept. (a) Illustration of a section of the most important functional parts of the cell. The flow direction and the postulated flow path
within the porous electrode are also indicated (not to scale). (b) Isometric and detailed view of the design of the 3D-printed fluidic networks. The pattern of each channel wall is of a
trapezoidal wave. Dimensions are indicated in the detailed view, d is the width of the channel at the widest section, w the width of the channel at the narrowest section, and L is the
length of the horizontal segment of the trapezoid.

Table 1
Definition of labels for the different designs tested. L ¼ 500 mm for all designs.

Label d (mm) w (mm)

500e500 (flow-by) 500 500
600e400 600 400
700e300 700 300
800e200 800 200
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Germany) in combination with a LabVIEW interface were used for
parts of the data acquisition.

2.3. Electrochemical measurements

A recently reported alkaline-based redox system [18] was cho-
sen for these experiments for its non-toxic, inexpensive and rather
fast kinetics in comparison with most of the previously reported
chemistries [31,32]. 2,6-dihydroxyanthraquinone (2,6-DHAQ) was
purchased from AK Scientific Inc., USA (95% purity) and potassium
hexacyanoferrate(II) trihydrate (potassium ferrocyanide) was ac-
quired from Sigma-Aldrich (�98.5% purity). Both were dissolved as
received in KOH solutions prepared by dilution from 44% KOH
(Technic France, VLSI grade). For the dilute concentration experi-
ments, the catholyte solution was prepared with 5 mM of
K4Fe(CN)6, while the anolyte solution had 2.5 mM of 2,6-DHAQ. The
supporting electrolyte was 1 M KOH. The high concentration so-
lutions consisted of 0.4 M K4Fe(CN)6 prepared with 1 M KOH so-
lution for the catholyte and 0.2 M 2,6-DHAQ prepared with 2 M
KOH solution for the anolyte. The reason for the concentration of
2,6-DHAQ being half of the one for K4Fe(CN)6 in the two experi-
mental campaigns is to respect the stoichiometric balance of the
overall reaction. The use of a supporting electrolyte with higher
concentration in the 2,6-DHAQ solution is intended to better bal-
ance the concentration of potassium ions on the two sides of the
flow battery. The justification for this decision is the introduction of
4 M of potassium ions for each M of K4Fe(CN)6 [18]. All polarization
curves, electrochemical impedance spectroscopy (EIS), and also
charging of the solutions were performed using a BioLogic (France)
SP-300 potentiostat including a booster kit. Polarization curves
were obtained by scanning from open-circuit voltage to 0.005 V at
50 mV s�1.

3. Modelling of the mass transport phenomena

The geometry in Fig. 2 was proposed as a basis for both the fluid
flow and mass transport models that are described in the following
sections. The geometry consists of parallel channels with walls
constructed with 5 1/2 periods of a trapezoidal wave pattern. Only
one half cell was evaluated with the electrolyte properties equiv-
alent to the species with the lowest diffusivity, which indicates the
most mass-transport-limited side. The negative of the channel
walls, needed for CFD purposes, is presented in Fig. 2b. The iso-
metric view of Fig. 2a shows the placement of the electrode on top
of the wave pattern equivalent to the configuration in Fig. 1a. The
dimensions assumed in the model were the same as those used in

the experimental investigation.

3.1. Fluid flow model

For the free fluid flow between the channel walls, standard
steady-state, with negligible body forces, incompressible 3D con-
tinuity and Navier-Stokes equations were used as detailed below:

V$u ¼ 0 (1)

ðu$VÞu ¼ �1
r
Vpþ nV2u (2)

where u is the velocity vector for the flow of electrolytes within the
channels, r is the electrolyte density, p is pressure, and n is the ki-
nematic viscosity.

As for the fluid flow inside the porous electrode, the Darcy-
Brinkman model was deemed the most adequate and can be
written as [33e36]:

V$up ¼ 0 (3)

0 ¼ �1
r
Vpp þ n

ε

V2up � nK�1up (4)

where up is the volume averaged velocity vector for the flow of
electrolytes within the porous electrode, pp is the volume averaged
pressure within the porous electrode, ε is the porosity, and K is a
diagonal permeability matrix that takes into account the different
through-plane and in-plane permeability of the porous electrode.

Referring to Fig. 2a, the boundary conditions for fluid flow were
a prescribed mass flow rate (consistent with 1/13 of the flow rate
for a whole cell) at the inlets, null manometric pressure at the
outlet (applied to the opposite faces relative to the inlets in the
figure), periodic boundary condition between the two lateral faces,
continuity of velocity and stress at the interface between the free
flow and electrode with an effective viscosity for the porous side
(neff ¼ n=ε) [36] and no slip wall boundary condition to the
remainder.

3.2. Mass transport model

The governing equations for species conservation for the flow
inside the channels can be written as:

u$Vc ¼ DV2c (5)

where c is the local concentration of the species and D is the
diffusivity of the species.

Within the porous electrode, the model is similar to the one
shown in Eq. (5), except for the introduction of the concept of
effective diffusivity and the presence of a source term. Such amodel
is presented below:

up$Vcp ¼ DeffV
2cp þ S (6)

where cp is the volume averaged concentration of the species, Deff
is the effective diffusivity and S is the source term. The effective
diffusivity can be determined from the diffusivity of the species
with the following Bruggeman model [37]:

Deff ¼ ε
1:5D (7)

The source term is related to the convective mass transport and
the consumption of the reactant at the reaction sites during

Fig. 2. CFD model of the proposed geometry. (a) Isometric view with indication of
the positioning of the porous electrode, the applied boundary conditions, and the mid-
plane inside the electrode (in blue). (b) Bottom view detailing the proposed corrugated
wall channel geometry. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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discharge. It consists of a semi-empirical relation stating that the
reaction rate is proportional to the difference between the bulk
concentration of the species and the concentration at the reaction
site. To investigate the mass transport in an isolated manner, it was
proposed that the limiting current density conditions are applied
and the concentration at the reaction site was considered to be
zero. In other words, it was assumed that the electrolyte is
instantaneously consumed when in contact with the fibre of the
electrode. This assumption is appropriate given a large timescale
difference between delivery of electrolytes to the reaction sites and
the consumption of electrolytes via the electrochemical reactions.
Such a timescale difference is typical of mass transport limited
regimes. The final expression then stays as follows [38]:

S ¼ �akmcp (8)

where a is the specific surface area of the porous electrode and km is
the convective mass transport coefficient. The latter can be deter-
mined with the help of the following empirical correlation for
fibrous porous media [39]:

km ¼ 7
D
df

���up
��df
n

�0:4

(9)

where
��up

�� is the magnitude of the velocity vector within the
porous electrode and df is the fibre diameter.

We refer to Fig. 2a to establish the appropriate boundary con-
ditions for the equations of conservation of species presented so far
in this section. At the inlet, a uniform concentration of 0.2 M of an
electrolyte involved in a two electron reaction (consistent with the
2,6-DHAQ reaction) was applied, while a no diffusive flux condition
was applied to the outlet, that is localized at the exact opposite side
relative to the inlets. Periodic boundary conditions were applied
between the two lateral faces. For all the other external faces an
impermeable wall conditionwas used. At the interface between the
porous media and the free flow domain, both continuity of con-
centration and flux of electrolyte were imposed.

3.3. Modelling parameters

To complete the modelling process, the set of properties sum-
marized in Table 2 was assumed for the electrolyte solution.

3.4. Meshing and solution procedure

A finite element analysis is conducted with the described model
using the commercial software COMSOL Multiphysics 5.2. The mesh
was based on tetrahedral elements whose sizes were

monotonically decreased to obtain numerical convergence of the
limiting current. In the faces subjected to no-slip wall condition, an
inflatedmeshwith 5 layers was applied to capture the big gradients
of the boundary layer. The solution is divided in two steps. The first
is responsible for the fluid flow solution and the second for the
mass transport model. For both of them the iterative GMRES solver
is used.

3.5. Post-processing

A parameter termed volumetric current density is introduced as
a local measurement of electrolyte availability and mass transport
capability. The expression for this current density, considering the
oxidation of 2,6-DHAQ, is given by:

i ¼ 2akmcpF (10)

where i is the volumetric current density and F is Faraday's constant
(96485 C mol�1).

4. Results and discussion

4.1. Simulation results

Fig. 3aed compare the proposed 600e400, 700e300 and
800e200 (refer to the d-w labelling from Table 1 and Fig. 1b)
corrugated wall fluidic networks to the flow-by fluidic network
with parallel channels. The figures show the mentioned volumetric
current density distribution at the mid-plane of the porous elec-
trode (shown in blue in Fig. 2a) for a total volumetric flow rate of
200 ml min�1 for a cell with 13 channels. It is evident that the novel
geometry is superior in providing higher volumetric current den-
sities. Moreover, the novel fluidic network also mitigates the con-
centration of current generation near the entrance when
comparing the corrugated fluidic networks cases (Fig. 3bed) with

Table 2
Properties of the electrolyte and the porous electrode.

Electrolyte properties

Quantity Symbol Value Unit Source

Density r 1096.7 kg m�3 [27]
Diffusivity of 2,6-DHAQ D 4.8 � 10�10 m2 s�1 [18]
Kinematic viscosity n 1.37 � 10�6 m2 s�1 [27]

Electrode properties

Quantity Symbol Value Unit Source

Porosity ε 0.7 e Estimated
Fibre diameter df 10 mm Estimated
Specific surface area a 73308 m�1 Estimated
In-plane permeability e 2 � 10�11 m2 Estimated
Through plane permeability e 6 � 10�12 m2 Estimated

Fig. 3. Fluid flow and mass transport comparison between the novel geometry and
the flow-by configuration for a total volumetric flow rate of 200 ml min¡1 in a cell
with 13 channels. (a) Volumetric current density distribution in the mid-plane within
the electrode (shown in blue in Fig. 2a) for the flow-by configuration with straight
parallel channels case. (b) Volumetric current density distribution in the mid-plane
within the electrode (shown in blue in Fig. 2a) for the 600e400 corrugated wall flu-
idic network. (c) Volumetric current density distribution in the mid-plane within the
electrode (shown in blue in Fig. 2a) for the 700e300 corrugated wall fluidic network.
(d) Volumetric current density distribution in the mid-plane within the electrode
(shown in blue in Fig. 2a) for the 800e200 corrugated wall fluidic network. (e) Velocity
arrows in the mid-plane within the electrode (shown in blue in Fig. 2a) for the
600e400 corrugated wall fluidic network. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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the flow-by case with straight channels (Fig. 3a). The distribution of
the volumetric current density in the corrugated fluidic networks
(Fig. 3bed) seems to concentrate above the walls just before the
beginning of the zonewith the narrowest channel cross section (i.e.
before the nozzle). To better understand this phenomenon, Fig. 3e
shows the velocity vectors for the 600e400 fluidic network in the
same plane where the volumetric current density is plotted in
Fig. 3b. It is observed that the fluid tends to cross the porous
electrode zone when confronted with a constriction, whereby this
crossing takes place either above the channel walls into an adjacent
channel or above the nozzle into the next channel expansion. The
appearance of the former path, i.e. above the convergent channel
walls leading to the nozzle, is attributed to a lower pressure loss in
the adjacent channels undergoing expansion. On the other hand,
the latter path, above the nozzle itself, acts as a shortcut to the
broader channel section ahead in the same channel and is preferred
by the fluid to minimize energy losses. By taking into account these
two flow paths, both the electrolyte availability and the superficial
velocity within the porous electrode are increased. These two im-
provements yield a superior mass transport behaviour in compar-
ison to a mostly diffusion-dominated regime in the parallel flow-by
case, which translates into higher volumetric current densities.
Similar reasoning can be applied to reach the same conclusions for
the other two fluidic networks depicted in Fig. 3c and d and
Supplementary Figs. SI2a,b. A simple integration of the volumetric
current density over the volume of the porous electrode suggests a
~150% improvement in limiting current density when the 600e400
corrugated wall design is employed, in comparison to the flow-by
design with straight channels. This increase of limiting current
density reaches up to 4�when the 800e200 design is compared to
the flow-by case. The enhancement with narrower nozzles is
attributed to the increased flow of electrolytes which crosses either
the walls or the nozzles, and visualizes the underlying mechanism
of mass transport enhancement.

A depletion effect is observed as the fluid flows downstream
from the inlet. This phenomenon is attributed to the time and
distance required to reach a developed flow regime in which the
same pattern repeats itself periodically. However, this observation
refers only to a localized depletion of the electrolytes, since the
predicted current densities were still much lower (3.6 A cm�2 for
the 800e200 case) than the total chemical input assuming full
conversion (130 A cm�2). This difference in current densities in-
dicates that the larger portion of the fluid stays between the
channels walls all the time without undergoing electrochemical
reactions.

4.2. Electrochemical characterization at low concentrations

In Fig. 4a the polarization curves obtained at low electrolyte
concentrations (5 mM K4Fe(CN)6 and 2.5 mM 2,6-DHAQ) and a
volume flow rate of 200 ml min�1 are presented. From the polari-
zation curves, we conclude that the introduction of the proposed
corrugated geometry significantly increases the performance in
comparison to the benchmark parallel flow-by configuration. In
fact, the mass-transport-limited current (referred to here as
limiting current) experiences roughly a fivefold increase with the
relatively small change from the 500e500 to the 600e400
configuration (following the d-w nomenclature according toTable 1
and Fig. 1b). Similar improvements are seenwhen comparing these
two configurations with the 700e300 and 800e200 cases as they
show a 9� and 12� increase in the limiting current in comparison
with the 500e500 configuration, respectively. These results un-
derscore the efficacy of the proposed geometry. Table 3 summarizes
the limiting currents obtained both numerically and experimen-
tally for a volumetric flow rate of 200 ml min�1 for all the cases

studied. The simulation results are found to be significantly inac-
curate, especially for the corrugated fluidic networks with relative
errors of up to 61%. Possible shortcomings of the model include
neglection of edge effects, uncertainties regarding electrode prop-
erties, and deviation from the nominal dimensions due to fabrica-
tion imprecision. However, themodel is assumed to be qualitatively
close to reality.

In addition to the limiting current improvement, Fig. 4a shows a
remarkable enhancement in power density with the use of the
corrugated channels architecture. The gain in maximum produced
power goes from ~4� when comparing the 600e400 design to the
benchmark 500e500 design, to up to ~6� for the 800e200 design
versus the flow-by case.

Fig. 4b shows the limiting current behaviour with respect to the
Reynolds number based on the smallest cross section of the
channels in a double-logarithmic graph. Such a limiting current
plot provides further insight into the benefits of the proposed
channel geometry in comparison to the parallel channel flow-by
configuration. The choice for the definition of the Reynolds num-
ber is substantiated by the indication of Fig. 3b,e, i.e. the mass
transport enhancement mechanism acts mainly at the entrances of
the narrower portions of the channels. The velocity used in the
definition of the Reynolds number is determined assuming that the
volume flow rate is distributed evenly amongst the channels and
that only a small fraction is able to enter the electrode. Again, a
rather abrupt improvement is observed with only a slight change
from the 500e500 to the 600e400 fluidic network, as it was
already highlighted in the previous paragraph. In fact, a consistent
overall improvement is observed in the limiting current with nar-
rower nozzles. This increased limiting current indicates that the
narrowing indeed increases the flow of the electrolyte through the
porous electrode, which leads to a higher fluid volume being swept
within the electrode. The mass transport enhancement is observed
to diminish with each successive narrowing of the nozzle aperture
from the flow-by (500e500) towards the 800e200 design, espe-
cially when comparing the 700e300 and 800e200 fluidic net-
works. The flow-by 500e500 fluidic network exhibits a scaling
close to Rew0.33 at low Reynolds numbers, as expected for flat solid
electrodes under laminar flow conditions [40]. However, as the
Reynolds number increases, the scaling starts to diverge from the
laminar diffusion-limited scaling. This behaviour may be due to the
increased pressure needed to flow the electrolyte at higher flow
rates, allowing a bigger portion of fluid to enter the porous elec-
trode [41]. The other three fluidic networks tested show a much
steeper scaling, of roughly Rew0.74, through all the Reynolds numbers
in the range studied. This difference in scaling regimes is an
important indication of a significant change in the mechanism of
mass transport within the porous electrode. We attribute the
scaling improvement to the change between diffusion- to
advection-dominated (observed numerically) when comparing to
the benchmark flow-by design at the lower Reynolds numbers.

4.3. Electrochemical characterization at high concentrations

The efficacy of the mass transport enhancement of the proposed
corrugated wall fluidic networks is further tested with concen-
trated electrolyte solutions (0.4 M K4Fe(CN)6 and 0.2 M 2,6-DHAQ)
and the corresponding polarization curves are presented for vol-
ume flow rates of 100 ml min�1 and 300 ml min�1 in Fig. 5a and b.
In order to eliminate the influence of fluctuations in the ohmic
resistance of the cell between measurements and to directly
compare the mass transport regions of the polarization curves, the
polarization curves are presented in their IR-corrected forms (the
raw polarization curves are given in Supplementary Figs. SI3a-d). In
other words, to each voltage, the product of the ohmic resistance
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(measured via electrochemical impedance spectroscopy at
200 kHz) and the measured current is added the same way it was
done in Ref. [15]. After this correction, the only two contributors to
the deviation from a flat, ideal polarization curve are expected to be
reaction kinetics and mass transport. Since the chemistry and the
electrode employed do not change between the different experi-
ments, the only attribute that makes a difference in the polarization
curves presented is assumed to be mass transport.

From Fig. 5a and b we observe that there is a significant

improvement in the mass transport characteristics when moving
from the 500e500 (straight channels in flow-by configuration)
design to the 800e200 (refer to the d-w labelling from Table 1 and
Fig. 1b). The change between the 500e500 and the 600e400 po-
larization curves is rather abrupt for the mild difference between
the two designs as previously noted in the low concentration re-
sults. This observation suggests, again, a change in the mechanism
of mass transport from being heavily diffusion-limited to include
advection as a more relevant factor. The evolution is less pro-
nounced for higher flow rates as the polarization curves for all the
different corrugated wall fluidic networks tend to collapse. Such a
saturation behaviour indicates the exhaustion of the working
principle and the start of a dominance of the reaction kinetics in the
IR corrected polarization curves. Additionally, the evolution of the
mass transport improvement starts to fade when moving towards
narrower nozzles. The 500e500 case never reaches a very good
performance even at flow rates as high as 300 ml min�1. We
attribute this fact to poor utilization of the porous electrode volume
and localization of the reactions mostly near the interface between
the free flow of electrolytes and the carbon paper. The power

Fig. 4. Experimental polarization and power curves and limiting current scaling employing low concentration solutions (5 mM K4Fe(CN)6 and 2.5 mM 2,6-DHAQ). (a)
Polarization and power curves of all tested designs at a volumetric flow rate of 200 ml/min. Polarization curves and power curves are shown in solid and dashed lines, respectively.
(b) Scaling of the limiting current density with the Reynolds number. The Reynolds number Rew is based on the hydraulic diameter of the narrowest section of the channel. The
dotted line represents the scaling Rew0.33, while the solid black line represents the scaling Rew0.74. Symbols are included on the curves for every measured point.

Table 3
Comparison between theoretical and experimental limiting currents for dilute
concentration conditions at a volumetric flow rate of 200mlmin�1 (5mMK4Fe(CN)6
and 2.5 mM 2,6-DHAQ).

Theoretical limiting current
(mA/cm2)

Experimental limiting current
(mA/cm2)

Relative
error

8.0 10.2 22%
21.8 55.3 61%
35.3 91.6 61%
55.2 122.4 55%

Fig. 5. Experimental IR-corrected polarization and non-IR corrected power curves for the four different designs employing high concentration solutions (0.4 M K4Fe(CN)6
and 0.2 M 2,6-DHAQ). (a) Volume flow rate of 100 ml/min. (b) Volume flow rate of 300 ml/min.

K.M. Lisboa et al. / Journal of Power Sources 359 (2017) 322e331328



density produced also grows significantly with the use of the
corrugated fluidic networks. The comparison between the
600e400 and the flow-by case shows an enhancement of 57% in
maximum power produced. This enhancement can be of up to 96%
when a comparison between the 800e200 design and the bench-
mark case is made. The results qualify the proposed fluidic net-
works as a viable option for power density enhancement in RFBs.

Comparing the maximum power taken from the IR-corrected
polarization curves and the non-IR corrected power density
curves for the 800e200 case at 300 ml min�1 (Fig. 5b), we notice
the importance of ohmic resistance reduction to the overall per-
formance improvement of redox flow cells. While the raw non-IR
corrected power density curve shows a maximum value of
roughly 1.2 W cm�2, an ideal cell without ohmic resistance would
result in a power density of 3.6 W cm�2 based on the results of
Fig. 5b. Among the strategies to achieve smaller ohmic resistances,
a reduction of the membrane resistance would be considered
particularly beneficial for the electrochemical system studied in the
present work. The membrane is likely to account for the biggest
fraction of the ohmic resistance [27] due to the fact that it is not
optimized for alkaline systems [42,43]. The Nafion 211 is one of the
thinnest membranes available (nominal thickness of 25 mm) and
decreasing the thickness further might compromise the separation
of chemicals and affect the open-circuit voltage of the cell and
mechanical stability of the membrane. Therefore, decreasing the
membrane thickness would not be a viable option. Alternatively, a
change in the flow battery chemistry to an acid-based electrolyte,
like the all-vanadium redox system, would overcome this problem.
However, a comparison between the two redox flow batteries
chemistries with cell sizes comparable to the one presented here
has yet to be realized.

4.4. Scaling of current density at high concentrations

Taking the experimental IR-corrected polarization curves for all
flow rates (Fig. 5a and b and SI3a-d) into account, the current
density at a potential of 1.2 V is plotted in Fig. 6 against the Rey-
nolds number, defined in the same manner as for Fig. 4b.

It is expected that the mass transport contribution vanishes as
the Reynolds number tends towards infinity and the scaling of the
current density with Reynolds becomes more closely determined
by the stoichiometric limit (~Re1). At the other extreme, when the
Reynolds number tends to very small values, the mass-transport-
related polarization is expected to become the main factor
limiting the current density. With that in mind and observing the
behaviour of the current density presented in Fig. 6, we notice a
tendency towards a Rew0.87 scaling for high Reynolds numbers. This
scaling is already very close to being linear, as expected for the
stoichiometric limit. The points at the very bottom of the graph
show a tendency, in the case of the parallel flow-by fluidic network,
to follow the scaling Rew0.33. This scaling is an indication that the
current density is under a laminar diffusion-dominated regime
[40]. The rate at which the scaling of current density tends to the
stoichiometric-limited regime is different for each design. For all
the situations tested, the 800e200 design (refer to the nomencla-
ture of Table 1 and Fig.1b) follows the Rew0.87 scaling, fromwhich we
conclude that the transition to that behaviour occurs even below a
Reynolds number of around 200. The 700e300 case has similar
features, even though its transition to an almost linear scaling oc-
curs at a higher Reynolds number. The small difference between the
curves for the 700e300 and the 800e200 fluidic networks in-
dicates a saturation of the benefit of mass transport enhancement
as was observed previously with the IR-corrected polarization
curves. For design purposes, this result is very important, since it
leads to the conclusion that a further narrowing of the nozzles
might be pointless from the point-of-view of an enhancement of
mass transfer. As for the 600e400 design, the same type of tran-
sition as in the 700e300 case occurs at even higher Reynolds
numbers and a regime with a smaller slope related to a mass-
transport-dominated scaling is identified for small Reynolds
numbers. The points with the smallest current densities are
representative of the flow-by geometry with straight channels
(here labelled 500e500). These points show a trend very close to a
scaling with 1/3 in the two first measured points, while starting to
transition to a regimemore dominated by kinetics in further points.
However, due to limitations of the experimental setup, no mea-
surement at higher Reynolds numbers was done in order to identify
a second scaling regime.

4.5. Net power density

With the effort of miniaturization, the pumping power and,
consequently, the pressure drop gain importance when analysing
the overall performance of redox flow cells. With that in mind, the
pressure drop is measured for the four different designs using
water as the working fluid (see Supplementary Fig. SI4). The
pumping power is then theoretically calculated from this mea-
surement by multiplying the flow rate by the measured pressure
drop. Assuming laminarity of the flow, a correction is applied to
account for the real viscosities of the electrolytes [18,27]. To allow a
direct comparison with the produced power density, the result is
normalized to the footprint of 1 cm2.

To verify how the different designs deal with the balance be-
tween produced power and pumping power, the net power density
is used as a figure of merit. It consists of the difference between the
maximum produced power for a prescribed volumetric flow rate
and the pumping power density associated with it
(Pnet ¼ Pmax � Ppump). The first could be readily obtained from the
polarization curves (see Supplementary Figs. SI3a-d). However,
slight variations in the ohmic resistance between the different as-
semblies could compromise the comparison of the fluidic networks
from the perspective of mass transport only. Therefore, the polar-
ization curves are IR-corrected using the mean measured value for

Fig. 6. Experimental dependency of the current density with Reynolds number for
high concentration solutions (0.4 M K4Fe(CN)6 and 0.2 M 2,6-DHAQ) at an IR-
corrected voltage of 1.2 V. The Reynolds number used is based on the hydraulic
diameter of the narrowest section of the channel, Rew. The dotted line represents a
scaling of the current density with Rew0.33, while the solid black line represents a scaling
of the current density with Rew0.87. Symbols are included on the curves for every
measured point.
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the ohmic resistance that is 0.344U cm2 across all cells. Fig. 7 shows
the result, whereby the net power density at 400 ml min�1 for both
the 700e300 and 800e200 designs are omitted because they are
negative. In other words, these two situations require more
pumping power than they are able produce with the electro-
chemical reactions.

Observing Fig. 7 in more detail, the flow-by configuration with
straight channels configuration, even though generating the
smallest pressure drop of all tested configurations, provides a
smaller net power compared to the proposed corrugated wall
configuration. The net power density curves for the corrugated
designs show a clear range of volume flow rates for optimum
application and also a shift of this optimum range towards smaller
flow rates as the nozzle portion of the channel becomes narrower.
This adjustable shift is the main advantage of the proposed fluidic
networks in comparison with previously developed fluidic net-
works, like the interdigitated and the interdigitated with tapering.
The mechanism for performance improvement is based on a
continuous ratio between the widths of the widest and narrowest
cross sections of the channel. This finding contrasts discrete alter-
natives with number of passes for the interdigitated design
[19,26,27], for example. The novel corrugated channel design also
allows for variation of the number of nozzles, adding to the pa-
rameters that can be used to further optimize the fluidic network.
The effects of the number of nozzles has yet to be investigated, but
it is expected to have a similar effect as multiple-passing for the
interdigitated fluidic networks [27]. These two parameters open
the opportunity to fine tune the fluidic network to accomplish
optimumperformance at an arbitrary operational volume flow rate,
having the net power density as the main metric of performance.

Another interesting message from Fig. 7 is that the narrowing of
the nozzle brings a net benefit when it comes to the maximum net
power density regardless of the volume flow rate at which it occurs.
Narrower channels are able to yield an ohmic-limited regime at
lower flow rates (see Supplementary Figs. SI3a-d) and at the
expense of similar pressure drops to broader ones at higher flow
rates (see Supplementary Fig. SI4). But since the pumping power is
the product of the pressure drop and the flow rate, the pumping
power required to flow the electrolyte solutions will be consider-
ably smaller. This finding is a good indicator that working at the

lowest possible flow rate and tailoring a fluidic network for this
purpose might be beneficial from the point-of-view of maximizing
net power. However, this beneficial behaviour seems to fade as the
difference in the maximum net power density decreases as one
advances from the 500e500 design towards the 800e200 design.
We attribute this finding to the facts that the produced power
density also saturates as the cell becomes limited by ohmic resis-
tance and the pumping power starts to become negligible at lower
flow rates. Themaximum net power density of the tested situations
is attained with the 800e200 design and its value is 757 mW cm�2,
which represents a gain of 102% in comparisonwith the benchmark
flow-by case.

5. Conclusions

We reported a facile and useful alternative to optimizing fluidic
networks to specifically address the problem of mass transport
polarization in miniaturized redox flow batteries.

A theoretical analysis showed and quantified the mass transport
enhancement mechanism through regulating the constriction size
of the channel corrugation. These fluidic networks caused a pre-
dicted 4� increase in limiting current density when comparing the
800e200 corrugated channel design to the flow-by parallel straight
channel configuration.

The experiments with dilute concentrations proved a change in
scaling of the limiting current with the Reynolds number from
Rew0.33 (flow-by geometry at low Reynolds numbers) to Rew0.74,
indicating a significant enrichment of the mass transport mecha-
nism. The theoretical predictions were found to be inaccurate,
predicting an increase of limiting current by 7� for the 800e200
corrugated fluidic network in comparison to the flow-by with
straight parallel channels. This result considerably underestimates
the experimentally determined enhancement of 12�. High con-
centration experiments were also conducted. The same abrupt
improvement in performance based on the change from the flow-
by design with straight channels to the 600e400 corrugated
channel design was observed in IR-corrected polarization curves.
Diminishing of the mass transport enhancement with progressive
nozzle narrowing was present in all cases. With this we reach the
conclusion that a further narrowing of the nozzles does not bring a
significant benefit in produced power density to justify the added
design complexity.

Investigating how the net power density varies with the volume
flow rate, two main features were identified. The first is a shift in
maximum net power density towards smaller volume flow rates
with decreasing nozzle region size. Therefore, a fine adjustment of
the maximum net power density is possible. The second is the in-
crease of the maximum net power density with narrowing of the
nozzles of the channels. These findings underscore the importance
of this work, by enabling an optimized design to be realized for
custom operational conditions when net power density is the key
performance metric.
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Fig. 7. Semi-empirical net power density variation with the volume flow rate.
Behaviour of the maximum produced power density after subtraction of pumping
losses (Pnet ¼ Pmax � Ppump) for the four different fluidic networks as a function of flow
rate. Symbols are included on the curves for every measured point.
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