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HIGHLIGHTS

e Simulations on electrolyte distribution
is performed over cell sizes 100-2025
cm?.

e Uniform flow characteristic of serpen-
tine flow field is retained with cell size.

e Substrate flow and residence time of
electrolyte increased with cell size.

e Proposed marginal modifications sup-
port the use of serpentine for large size
cells.

e Alternate channel dimensions and par-
tial slice in electrode are studied.
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ABSTRACT

Vanadium redox flow batteries are promising devices for large-scale and long duration energy storage. The in-
dependent rating of power and energy of these batteries enable customized scalability. Nevertheless; the low
energy density of these systems hampering their penetration into energy market. Flow field on bipolar plate
enable efficient transportation of electrolyte through electrode and increases degree of utilization of electrolyte
leading to enhanced extraction of its intrinsic energy. Serpentine flow field is well-known for uniform flow
distribution, however on lab-scale cells of size up to 100 cm?. In view of stack-scale requirement, the features of
serpentine are explored in the cell size window of 100-2025 cm?. Studies revealed that the uniform distribution
feature is retained over the cell size, however with increase in substrate flow and residence time of electrolyte
species leading to reduced electrochemical performance. The proposed marginal design modifications, in the
form of alternate wide and narrow channels and segmenting traverse distance of electrolyte in electrode, pro-
duced 17 % and 3 % higher energy density and energy efficiency, respectively compared to conventional
serpentine. These marginal design modifications enable the translation of beneficial features of serpentine flow
field in the scale-up of redox flow batteries.
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1. Introduction

The modern energy sector is diversifying its verticals and energy
storage is occupying major share in it. An energy storage system requires
long life, high efficiency, scalability, safety and low cost [1]. Electro-
chemical energy storage systems are more supportive to guarantee the
resilience and stability of the electrical supply, especially at large-scale
and long-duration [2]. Redox flow batteries (RFB) are more prominent
for large-scale and long duration storage needs. These batteries are
distinguished from conventional solid-state batteries like Li-ion and
Lead-acid in terms of power to energy ratings. Power is translated from
number of cells in a battery stack and energy is rated from the amount of
electrolyte that stored outside the stack. This independency in the design
of power to energy ratio enabling inherent modularity and flexibility for
energy storage users to scale the system for diverse applications like data
centres, dwellings, charging stations and several grid-scale applications
including backup power, voltage support, peak shaving and frequency
modulation [3-7]. The RFB market share is expected to reach billions of
dollars by 2031 [8]. Among several RFBs; vanadium redox flow battery
(VRFB) is the most researched and successful technology and has
reached effective commercial fruition. This has been accomplished by
VRFB due to usage of same metal ion in both positive and negative
electrolytes avoiding cross-contamination of electrodes and due to
long-life of electrolyte attributed to negligible self-discharge [9-11].

In spite of successful deployment; the VRFB systems are facing dif-
ficulty to penetrate into modern energy market due to high capital costs,
which are closely associated with low power density and suboptimal
electrolyte utilization. Several studies on VRFB cells have been reported
with considerable improvements in performance characteristics, with
most of them explored at cell size of up to 100 cm? and very few beyond
this size. On the stack-scale applications which are required to meet the
real-time dynamics; cell size should be as large as possible typically in
the window of 600-1500 cm? and beyond subject to material properties
and system adaptability [12-15]. Performance metrics of the VRFB have
been improved through material treatments [16-18], controlling oper-
ating conditions [19-21], and design of stack layout [7,22]. These
methods involve significant additional material cost and vigorous sys-
tem management. There is another approach of improving performance
characteristics without involving additional cost and management,
which is by engraving a flow field on bipolar plate. In order to achieve
high power density and extract maximum possible amount of intrinsic
energy of electrolyte in a charge-discharge life cycle, the active area of
electrode should be fully and equally supplied with electrolyte reactant
species and the products of electrochemical reaction should be removed
without accumulation. This distribution mechanism can be tailored by
employing a flow field on bipolar plate [23].

Xu et al., [24] explored the performance metrics of VRFB with
serpentine flow fields (SFF) on a cell area of 16 cm? and found that the
efficiency was increased by 5 % with flow fields compared to the case
without flow fields. Maurya et al., [25] compared the performance with
and without flow field by employing serpentine and interdigitated
configurations on a cell area of 25 cm?. It was posted that the flow fields
have given low pumping losses (pressure drop) and improved electro-
chemical performance, and recommended serpentine for better flow
uniformity towards high current density operations. Messaggi et al.,
[26] performed experimental and computational investigations on a cell
area of 25 cm? with serpentine and interdigitated flow fields and
demonstrated superior electrochemical performance for serpentine and
reduced pressure drop for interdigitated. Similar results were reported
by Kumar and Jayanti [27] on a cell area of 100 crnz, that the over-
potentials are reduced with flow fields attributing to improved electro-
lyte distribution and resulted 30 % higher power density compared to
cells without flow field, with recommendation of serpentine for uniform
distribution of electrolyte over interdigitated. Macdonald and Darling
[28] were performed simulation studies on cell area of 100 cm? with
serpentine and interdigitated, and through velocity contours in the
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electrode and flow channels; the study reported lower non-uniformity of
electrolyte over the electrode for serpentine compared to interdigitated;
however, at the expense of higher pressure drop. Similarly, several other
studies demonstrated uniform distribution of electrolyte with high
pressure drop as feature of serpentine and uneven electrolyte distribu-
tion with low pressure drop as feature of interdigitated flow fields
[29-32].

There have been only few studies reported on the impact of flow
fields and their design towards stack-scale applications which typically
demand the cell size in the window of 600-1500 cm?. Knudsen et al.,
[33] through their numerical study on the analysis of flow behaviour in
high-power flow batteries up to a cell size of 400 cm?, recommended
flow structure visualization as an important tool to determine the
quality of electrolyte distribution. Although their study demonstrated
non-linear scale-up of pressure drop with cell size, they appealed
extended studies on large size cells in the range of 1000 cm? for further
optimization in the cell design. Sun et al. investigated various pathways
like; geometric similarity, channel length extension, maintaining same
pressure drop and splitting the flow field; to scale-up the flow fields to a
cell size of 900 cm?. In this process, it was recognized that the splitting
phenomenon outperformed the other scaling methods, however at the
cost of increased pressure drop. In the other pathways, the increased
number of channels attributed to channel length extension, wider
channels attributed to geometric similarity resulted in reduced unifor-
mity of electrolyte distribution at large cell size of 900 cm? [34]. Similar
investigation; through numerical simulations using serpentine flow field
on a cell size of 1225 cm?, was reported by Su et al. by involving channel
length extension, geometric similarity, multi-parallel channels, splitting
into subzones and combination of splitting and parallel channels.
Although the authors claimed that the “shortening of supply path” and
“enhancing the supply rate” would be the key factors in determining
uniform distribution of electrolyte, their results show that multi-parallel
structure outperform others. As the pathways of “splitting into sub-
zones” and the combination of “split-area & parallel channel” lead to
shortening the electrolyte path from inlet to outlet, these configurations
could have been given better performance than the claimed
multi-parallel structure. This hypothetical conflict might be due to the
validation of model with experimental results on cell size of 9 cm? and
then evaluating the metrics of performance through model on the cell
size of 1225 cm? [35] where the dynamics of distribution changes
significantly and differently compared to that of on 9 cm? The flow
distribution and the required electrolyte supply rate for a serpentine
flow field is proved to be dependent on cell area and the fraction of
electrolyte that penetrate to electrode from flow field [36]. At equal
area-specific supply rate, the local momentum increases with cell size
and therefore the penetration of electrolyte through electrode increases
leading to requirement of lower area-specific flow rates on larger cells
compared to smaller cells. This dynamic dependence of cell performance
on supply rate and corresponding electrolyte penetration fraction
through porous electrode should be considered in the model to predict
performance with serpentine flow field in the scale-up from lab-scale to
stack-scale. Our earlier studies on large cell size up to 1500 cm? [37] also
recommended splitting of the flow field as better pathway to attain
considerable uniformity of electrolyte distribution with reduced
pumping losses to achieve standard electrochemical performance of the
cells.

Any flow field design should enable unform electrolyte distribution
through the electrode with possible quick evacuation of reaction prod-
ucts from it, shorter electrolyte flow paths through electrode, low
pressure drop, low ohmic contact resistance between bipolar plates and
electrode, high mass transfer coefficient and low fabrication cost.
Important configurations which enable these features are dimension of
flow channels (length, width and depth) and dimension of electrode
(thickness and compression ratio). The coupled transport process be-
tween flow field and electrode is an important element to investigate in
achieving high power density through high operating and limiting
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current densities. In view of low permeability of electrode, velocity of
electrolyte is much smaller in it than in the flow channels and therefore;
volumetric penetration of electrolyte through electrode will be less in
general. This reflects the availability of reactants in due course of re-
action along the flow path of electrolyte through electrode and conse-
quently affects the cell performance if the products of reaction are not
evacuated with simultaneous replenishment of active sites with fresh
reactants. In addition to this, electrolyte penetrates more near the inlet
zone compared to outlet zone attributed to higher momentum near the
entrance [14,38-43]. In order to extract larger amount of intrinsic en-
ergy of electrolyte at low parasitic losses, electrolyte distribution within
the porous electrode should be well designed by understanding the
convective transport of electrolyte through the electrode and exchange
of products and reactants between the flow field and electrode associ-
ated with concentration driven diffusive transport and pressure driven
convective transport.

Specific flow field designs like detached serpentine, rotary serpen-
tine, split-merged serpentine, blocks and obstructions in flow field,
enhanced-split in flow field, wide and narrow channels in flow field, and
bio-inspired patterns have been investigated to understand and improve
the transport of electrolyte in the porous electrode [44-52]. Sun et al.,
[44] proposed detachment of serpentine flow field between bipolar plate
and porous electrode in such a way that inflow of electrolyte through
bipolar plate while the outflow; only through porous electrode on a cell
area of 9 cm? In view of the forced convective transport from flow
channels to porous electrode, the operating current density and energy
efficiency both were increased compared to conventional serpentine.
For a current density of 100 mA cm ™2 at flow rate of 2 ml min~'. cm™2,
the detached configuration achieved 66.5 % energy efficiency. The re-
sults also claimed better performance at low electrode compression (at
20 %) and at high electrolyte flow rate (at 2 ml min~’. cm™2). In view of
recommended electrode compression ratio of 35-50 % [39,53] and
electrolyte flow rate of 0.6-1.5 ml min~'. cm™2 for improved electro-
chemical performance with reduced parasitic losses [10,21], energy
efficiency in the window of 70-75 % [12,21,36,54] at the operated
current density for stack-scale operations, this design may not be rec-
ommended for scale-up, unless fine-tuned for larger cell size. Lu et al.,
[45] introduced rotary design in the serpentine configuration which has
continuous flow path similar to conventional serpentine but moves back
and forward between the inlet and outlet. This study on a cell area of
100 cm? through a 3-D multi-physical model (which is validated using
conventional serpentine) predicted better electrochemical performance
and improved distribution of species over the electrode area for rotary
design compared to conventional serpentine. However, the flow rates
used for prediction are in the window of 1.2-9 ml min~'. em~? which
are futile for stack-scale applications. The design needs to be explored
experimentally for real-time performance and at the standard required
flow rates. Sharma and Kumar [46] investigated split-merge combina-
tion of serpentine on a cell area of 10 cm? by employing the flow rates
from 3 to 18 ml min~!. em~2. Although the results claim to have low
charge-transfer resistance for the designed configuration compared to
conventional serpentine, the study needs to be explored at larger cell
size and at practically possible stack-scale flow rates. Partial blocks;
restricting the channel depth, were introduced near the U-turn of the
serpentine flow path on a cell area of 100 cm? and the corresponding
simulation studies resulted 3.7 % higher energy efficiency compared to
conventional serpentine [47]. Another numerical study on cell area of
13 cm? investigated in-plane gradient in the channel width becoming
wider to narrow or vice versa from inlet to outlet. The gradience in the
channel width enhanced the pressure difference and resulted in
improved convective transport of species from flow channels to porous
electrode and in view of this, the configuration predicted 3 % higher
operating current density compared to conventional serpentine [49].
Recently, bionic and nature-mimicking flow fields are investigated,
through numerical simulations, on the cell areas of 4 cm? and 9 cm? to
achieve more uniform distribution in the porous electrode. The local
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branching and diversions of the channel flow improved local uniformity
and predicted improved performance compared to conventional flow
fields [51,52]. However, the similar uniformity index should be
explored at relevant cell size to use the nature inspired flow fields in
redox flow batteries.

In view of increased pressure drop and decreased flow uniformity
with cell size irrespective of configuration of flow field, the coupled
distribution of electrolyte across the flow field and porous electrode
should be well investigated to achieve flow uniformity with possible
reduction in pressure drop. Although the split design in the flow field is
recommended for stack-scale applications to reduce pressure drop, it
suffers in achieving local uniform convective transport and exchange of
species between flow field and electrode. Other design variants [44-52]
which could able to improve uniformity of transport of electrolyte
through porous electrode; are explored at small cell sizes (below 100
cm?) and at very high flow rates. The scale-up of respective designs need
further investigation and should be configured to operate at practically
suitable electrolyte supply rates. In view of much-needed flow field
configurations for stack-scale, the present study introduces marginal
design changes in conventional serpentine towards larger cell size.

In view of impact of local geometrical modifications of flow field on
the cell performance, this study involves the incorporation of marginal
design changes to the serpentine flow field (SFF) and assessing their
influence on hydrodynamic and electrochemical performance. The
proposed design changes are the incorporation of wide and narrow
channel combination and creating partial slicing in the porous electrode.
Conventional SFF has been experimentally characterized on cells of area
100 cm? and 625 cm? by measuring pressure drop, charge-discharge life
cycles and power density curves. In order to experience the effect of
increase in cell area on electrolyte distribution using SFF, computational
fluid dynamic (CFD) simulations have been performed. Calibration of
simulations is carried out with the experimentally measured pressure
drop on cells of 100 cm? and 625 cm? and further simulations have been
produced to a cell size of 2025 cm? in order to investigate the pressure
drop and electrolyte distribution pattern. The proposed design modifi-
cations have been explored on cell size 625 cm? through both compu-
tational and experimental routes and discussed in detail. These proposed
designs retain the beneficial feature of serpentine, which is uniform flow
distribution across the electrode, and can enable quick exchange of
product and reactant species between the flow channel electrolyte and
porous electrode electrolyte.

2. Materials and methods

Characterization of large-scale redox flow battery cells requires
thorough hydrodynamic understanding in addition to electrochemical
measurements. Flow uniformity and electrolyte substrate through
porous electrode cannot be measured experimentally and thus compu-
tational predictions play significant role. And, these simulations should
be validated with corresponding experimentally measurable quantities
like pressure drop and cell voltage. The VRFB cells have been fabricated
using graphite bipolar plates (SGL R7650) on which the designed flow
field is engraved, graphite felt electrodes (SGL GFD 4.65 EA) and Nafion
117 membrane. The assembled cell has been given an electrode
compression ratio of 35 %. Vanadium electrolyte solution (Oxkem) of
concentration 1.6 M is used to characterize the cells. Pressure drop has
been measured experimentally using air filled inverted U-tube
manometer by circulating electrolyte through the assembled cell. The
measured pressure drop is used to validate the CFD simulations. Single
cell in operation is shown in Fig. 1. A 3-deminsional geometry as shown
in Fig. 2a has been developed using ANSYS 2022 R2. The porous nature
of graphite felt led to intrusion of its body into cross-section of flow
channel as shown in Fig. 2b, ¢ & d. The depth of intrusion of porous
electrode is a function of width of flow field channel engraved on
graphite bipolar plate and the extent of electrode compression. This
feature is considered in the computational design and the corresponding
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hydrodynamic simulations have been carried out to predict the velocity
and distribution pattern of electrolyte through flow field channels &
porous electrode including the associated pressure drop. The required
input parameters for the simulations like permeability of electrode,
viscosity and density of electrolyte has been measured experimentally.
Conventional serpentine flow field is designed with channel dimension
(4 x 3 x 3) (channel width x rib width x channel depth). The channel
width of 4 mm with 35 % electrode compression has given approxi-
mately 1 mm intrusion depth of electrode intrusion [38]. For the
measured compression ratios of 18 % and 35 % for under the channel
electrode and under the rib electrode of conventional SFF, respectively,
the permeabilities are determined as 5.07 x 107! m? and 3.36 x 10~
m?2. The density and viscosity of the electrolyte are specified as 1447 kg
m~3 and 0.004 Pa s, respectively [39].

The boundary conditions for simulations are specified as equal ve-
locity at the inlet pipe, fully developed flow, zero gauge-pressure at the
outlet and no-slip boundary condition on the walls of the fluid domain.
Flow in the electrodes and channels is obtained by solving the steady,
incompressible, Reynolds-averaged Navier-Stokes equations with
porous media transport terms included in the porous region. Porous
media modelling applied only to the flow on the electrode side. In order
to demonstrate sufficient grid resolution (the solution would not
significantly change on further refined grid), a grid independency test
was conducted. A grid size of 0.25 mm achieved a grid independency
from which a further refinement in grid size produced minor variation in
results as shown in Fig. 2h. In addition, the grid size of 0.2 mm has
produced huge number of grid elements of about 27 million which is
twice the number of elements produced by the grid size 0.25 mm. In
view of computational resource and time taken to run simulations, the
grid size of 0.25 mm was taken as the optimal one and was used to
simulate CFD predictions for all other configurations.

Mass conservation

V.(pu)=0

Momentum conservation for non-porous flow
V.(puu) = V.( - psu(Vu+ (Vu)"))

Momentum conservation for porous flow

V.(puw) =V.(—ps+pu(Vu+(Vu)")) + (%)u
here, p is static pressure, u is the velocity vector, p is density, p is vis-
cosity of the fluid, & is Kronecker delta function and K is the permeability
of the porous medium.

In view of the identified feature of serpentine flow field which is

Fig. 1. Single cell in operation with two peristaltic pumps used to circulate the
electrolyte from two separate reservoirs to positive and negative side and
measuring the electrochemical performance through a battery cycler system.
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fractional split of flow between flow field channels and porous electrode,
it is noted that the fraction of electrolyte that is entered into porous
electrode; continue to transport convectively through the electrode as a
substrate with minimal diffusional exchange with the electrolyte flow-
ing through the flow channels [38]. As the split of electrolyte from flow
field to electrode occurs in the very first channel and have possibility of
recombining hydrodynamically only in the last flow channel, the resi-
dence time for electrolyte species in the electrode increases with in-
crease in cell size. Thus, the product species in the electrolyte of
electrode may accumulate leaving the major portion of electrode, which
is away from the inlet section starving for reactants. Therefore, there
should be a provision to increase exchange of electrolyte species be-
tween flow field channels and porous electrode. This study proposes two
such provisions. One by having alternate wide and narrow flow field
channels as shown in Fig. 2f and another by creating partial slice in the
porous electrode as shown in Fig. 2g. The channel width is changed from
a constant value of 4 mm to a combination of 5 mm and 3 mm to get
wider and narrow combination. In view of change in channel width, the
intrusion depth of electrode has been measured to be 1.5 mm and 0.8
mm approximately for the channel widths 5 mm and 3 mm as shown in
Fig. 2c and d, respectively at electrode compression ratio of 35 %. Other
dimensions like channel depth and rib width kept constant. Although
reducing channel depth increase the local momentum, it leads to
decrease in the open volume of channel flow in view of intrusion of
electrode and can result in huge pressure loss [38]. On the other side,
increasing channel depth is detrimental in two aspects as this lead to-
wards increase in thickness of bipolar plate and decrease in local mo-
mentum, of which both are not recommended. The other design retains
the conventional serpentine configuration on bipolar plate followed by
the creation of partial manual slicing in the porous electrode at identi-
fied distances along the width of electrode. The number of locations of
slicing increases with cell size. In the present study, the traverse distance
of electrolyte through electrode is segmented to 1/4th by creating a
slicing after every eight flow channels. Through this, a cell area of 625
cm? with electrode cross section of 25 em x 25 cm, creating a slicing
after every 8 flow channels resulted three number of slicing which
created four segmentations as show in Fig. 2g. All the input parameters
used for performing CFD simulations using conventional SFF has been
used for the proposed configurations except the permeability of intruded
electrode. the permeabilities are determined as 6.32 x 107! and 2.82 x
107! for the 5 mm and 3 mm channel intrusions, respectively.

The electrolyte which is penetrated into the porous electrode is
forced to transport back to the flow field channels due to the developed
convective pressure gradient between the adjacent flow channels by the
proposed alternate wide and narrow channel combination in the flow
field. Thus, it enhances the exchange of electrolyte between flow field
channels and porous electrode. In view of added convective transport of
electrolyte along with the existing concentration driven diffusive
transport between the electrode and flow field, it is assumed to increase
the probability of evacuating the reaction products from the electrode
and simultaneously replenish the active cites with reactants both by
diffusive and convective transport. The provision of slicing in the porous
electrode; breaks the path of continuous substrate flow of electrolyte in
the electrode and allow merging of it hydrodynamically with electrolyte
of the corresponding flow field channel and therefore the subsequent
portion of electrode can receive electrolyte consisting of more reactant
species compared to the earlier portion of electrode. The flow distribu-
tion in these two designs is explored through CFD simulations and
compared with that of conventional serpentine. Complimentary exper-
imental studies have also been performed and discussed in detail.

3. Results and discussion
3.1. Validation of CFD simulations

In order to validate the simulations, redox flow battery cell of active
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Electrode under the rib

(h)

0 0.1 0.2 0.3 0.4 0.5 0.6
Grid size (mm)
Fig. 2. (a) 3-Dimensional model of flow field and electrode combination, Intrusion of porous electrode into cross-section of flow field channel (b) for channel width

of 4 mm, (c) for channel width of 5 mm, & (d) for channel width of 3 mm, (e) Conventional SFF with constant channel dimension (f) alternate wide and narrow flow
channels in serpentine flow field, (g) partial slicing of electrode at identified locations and (e) grid independency for CFD simulations.

electrode area of 100 cm? (10 cm x 10 cm), with engraved conventional terms of head difference in the inverted U-tube manometer. In view of
serpentine flow field on bipolar plate, has been assembled and vanadium the importance of cell size in electrolyte distribution, measurements
electrolyte is circulated through the cell at area specific flow rates in the have been carried out for a cell size of 625 cm? (25 cm x 25 cm). CFD

window of 0.2-1.4 ml.min lem™2 and pressure drop is measured in simulations are performed at the mentioned flow rates to predict
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corresponding pressure drop and the results are compared in Fig. 3a and
b with error bars. The maximum deviation between the prediction and
measurement is 14 % at both the cell sizes. Similar simulations have
been carried out across various cell sizes like 100, 225, 400, 625, 900,
1225, 1600 and 2025 cm? for a flow rate of 1.0 ml.min 'cm~2 and the
predictions are reported in Fig. 3¢, d & e. Pressure drop increased with
cell size as shown in Fig. 3c and this leads to increase in parasitic losses
and reduce the net energy efficiency of a charge-discharge life cycle. In

(a)

Measured pressure drop (Pa)

0

0 1000 2000 3000 4000
CFD predicted pressure drop (Pa)
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view of this, large size cells may not be recommended with conventional
SFF. Velocity of electrolyte in the porous electrode is calculated at the
mid depth of electrode and it is averaged by taking at middle, bottom
and top sections of electrode. As the inlet flow rate is area specific,
average velocity in the porous electrode should remain constant across
the cell sizes. However, as can be seen from Fig. 3d, it is changing and
increasing with cell size. In view of increased momentum in the flow
field channels attributed to their constant cross-section across the cell

75000

(b)
60000

45000

30000

o
e

15000

Measured pressure drop (Pa)

0
0 20000 40000 60000 80000

CFD predicted pressure drop (Pa)

210000
(c)
—~ 180000
£ 150000
53
£ 120000
(]
590000
60000
™~ 30000
0
0 500 1000 1500 2000 2500
Cell area (cm?)
0.012 2.1
(d) (e)
0.01 1.8
%, 0.008 5 15
éi 0.006 52142
3 0.004 3 0.9
2 = 0.6
= 0.002 2
03
0 0

0

Fig. 3. Comparison of experimentally measured and CFD predicted pressure drop with error bars at various flow rates in the window of 0.2-1.4 ml.min'cm 2 over
the cell size (a) 100 cm? and (b) 625 cm?, CFD predicted parameters for a flow rate of 1.0 ml.min ‘em 2 across different cell areas (c) pressure drop, (d) electrolyte

500 1000 1500 2000 2500

Cell area (cm?)

0

velocity through porous electrode, and (e) electrolyte velocity through flow field channels.

6

500 1000 1500 2000 2500
Cell area (cm?)
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areas, the fractional split of electrolyte from flow field channels to
electrode increases with cell size and it reflects as increased velocity in
the electrode with cell size. The constant cross-section of flow field
channels across the cell size and increased requirement of volumetric
flow rate with cell size, velocity through flow channels should increase
and the same is depicted in Fig. 3e. As the fractional split to porous
electrode increases with cell size, the increase in flow channel velocity
became moderate and therefore resulted in lower increments of velocity
through flow channel in cell size towards the larger areas compared to
corresponding change in smaller area window. In view of high relative
velocity through the flow channels compared to electrode region,
pressure loss is majorly governed by the flow through flow channels.

3.2. Electrolyte distribution with conventional serpentine

The fluid flow distribution feature of serpentine flow field can be
visualized through Fig. 4. As shown in Fig. 4a, it can be observed that the
flow is splitting between the flow field channels and porous electrode
with high relative velocity through flow field. The flow of electrolyte
through electrode can be best visualized through 3-D fish vectors as
shown in Fig. 4b. Electrolyte species that flows through the electrode
only will participate in the electrochemical reaction during charge-
discharge process, while the same flowing through flow field channels
remains unreacted. In order to displace the product species in the elec-
trode, the substrate flow should be discontinued in the electrode and the
electrolyte species should travel back to the flow channel. Simulta-
neously, the same section of electrode should be replenished with the
unreacted electrolyte species flowing through flow channels. In view of
this, higher number of fishes should be exchanged between flow field
channel and electrode and lesser number should flow as a substrate
through the electrode to achieve better electrochemical performance.
Fig. 4 b, depicts that a smaller number of fishes are exchanging between
electrode and flow channel while many are continued to swim through
electrode as substrate. This could impact extraction of intrinsic energy of
electrolyte and efficiency of charge-discharge life cycles. The fractional
distribution of electrolyte through electrode and flow channels can be
obtained by determining the velocity quantity throughout the area. The
quantum of velocity though electrode region is determined by creating a
plane across the depth which traverse through the width of electrode (in
the direction of inlet to outlet). Similar planes have been created at the
top, middle and bottom portion of electrode (along the length direction)
and average of all three is reported as the predicted value. The pattern of
electrolyte velocity through the electrode can be captured through this
plane and the same is reported in Fig. 5a and b for the cells of active
electrode area 100 cm? and 625 cm?, respectively. Similar analysis has
also been carried out for flow field channels and the patterns are shown
in Fig. 5¢ and d. The velocity profile shown in Fig. 5a and b depicts
uniform availability of electrolyte across the width of electrode. The sine
wave in the profile reflects the extent of velocity in the electrode with
maximum peak for under the rib and minimum for under the channel
electrode portions. In the flow path of electrolyte through porous elec-
trode; velocity is not becoming to near zero while it is moving from
under the rib zone to under the channel zone. It conveys that the elec-
trolyte in the electrode is moving continuously as a substrate (as shown
in Fig. 4b) having minimal exchange of species with the electrolyte
flowing through the flow field channels. And this exchange is being
driven by diffusion mass transfer attributed to concentration gradient in
the electrolyte. Similar understanding can be obtained from Fig. 5c and
d that the velocity across the flow field channels is constant except in the
first and last channel. The feed electrolyte splits from flow field channel
to electrode in the first channel itself and have the possibility to
recombine only in the last flow channel. This phenomenon can be
observed more clearly on 625 cm? cell shown in Fig. 5d compared to
Fig. 5c attributed to the increased fractional split to the electrode with
cell size. Once the flow enters into porous zone, it travels as a substrate
in the electrode, with minimal and approximately constant exchange
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with that of flow channel fluid. This led to the constant electrolyte ve-
locity across the flow field channels. Maximum peak of the sine wave in
Fig. 5c and d represents velocity near the mid depth of flow field channel
and the minimum represent velocity near the wall of the flow field
channel towards the rib.

In order to experience the electrolyte distribution pattern with con-
ventional serpentine flow field on scale-up in cell size, velocity profiles
through the electrode have been captured and plotted in Fig. 6. The
feature of uniform electrolyte distribution across the cross-section of
electrode is retained, as shown in Fig. 6, by the conventional SFF across
the cell sizes from lab-scale to industrial scale in the window of 100
cm?-2025 cm?. Beyond this size, local current distribution, requirement
of sophisticated power electronics to deal high current vs. low voltage,
material adaptability, leakage due to non-uniform torque and other is-
sues will arise and lead to difficulty in the system management. The
pattern of distribution shows flow uniformity and supply of electrolyte
species across the entire cross section of electrode in the stack-scale cell
sizes with conventional SFF as flow field. In view of the retained flow
uniformity and ease of fabrication of such simple serpentine compared
to several split designs and complex flow fields, SFF is highly recom-
mendable if pressure drop and electrochemical performance are in the
desired window. In view of the substrate flow of electrolyte through
electrode, residence time of electrolyte species increases with cell size
and need provision to evacuation of products from active sites and
simultaneous replenishment with reactant species flowing through flow
field channels. Therefore, marginal design modifications are introduced
without altering the direction and continuous path way of electrolyte of
conventional serpentine with objectives to reduce residence time of
products in the electrode and to improve exchange of electrolyte be-
tween the electrode and flow field channels. Provision of alternate wide
and narrow channels and provision of partial slice in the porous elec-
trode are the proposed marginal designs.

3.3. Electrolyte distribution with proposed marginal design changes

The proposed designs have been introduced into the conventional
serpentine and the simulations are carried out to explore the impact on
hydrodynamics across the electrode and flow field channels. The pre-
dictions are described in Fig. 7. The wide and narrow channel combi-
nation enable immediate increase in exchange of porous electrolyte with
that of flow field electrolyte as shown in Fig. 7a. The differential mo-
mentum created between the flow channels attributing to change in
velocity is forcing the exchange of electrolyte between the porous
electrode and flow field channels. As can be seen from Fig. 4c, high
number of fishes are moving to flow channel from the electrode under
wider channel compared to the electrode under narrow channel, with
low and high substrate flow through the respective electrode sections. As
the evacuation of electrolyte species from the active sites of porous
electrode increased, this could lead to low residence time of reaction
products and the simultaneous replenishment of electrode sites with
reactants from flow field electrolyte; together should give us improved
reaction kinetics and increase in energy transaction in a charge-
discharge life cycle. The impact of second approach which is creating
a partial slice in the porous electrode by retaining the conventional
serpentine on bipolar plate is described in Fig. 7b. The fractional elec-
trolyte splitting into porous electrode demonstrates its substrate flow
characteristic until it finds break in the form of slice cavity in porous
electrode. At this location, majority of the electrolyte species of elec-
trode merge with electrolyte species flowing through flow channels as
can be seen from Fig. 4d. Till this; as the electrolyte spends considerable
residence time in the electrode, the substrate must have added product
species in the path line. This creates huge concentration gradient be-
tween the electrode and flow field channels and enable diffusional ex-
change of species. With this forced convective transport of electrolyte
between the flow channel and electrode attributed to the creation of
segmentation in the substrate flow path line and diffusional exchange of
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Fig. 4. (a) Velocity vectors showing split flow of electrolyte between flow field channels and electrode. Description of flow through electrode with (b) conventional
serpentine flow field, (c) wide and narrow channel combination and (d) Electrode having partial slice.
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Fig. 5. Electrolyte distribution for a flow rate of 1.0 ml min—'. cm 2 in a flow battery cell equipped with conventional serpentine, in the (a) porous electrode of cell
area 100 cm? (10 cm x 10 cm), (b) porous electrode of cell area 625 cm? (25 cm x 25 em); and (c) flow field channels of cell area 100 ecm?, (d) flow field channels of

cell area 625 cm?.

species together at the slice location; the subsequent electrode portion
might receive an electrolyte stream consisting more reactants compared
to immediate electrode preceding the slice cavity. The cell of active
electrode area 625 cm? involves three such slice creations in the elec-
trode and this reduces residence time of substrate species compared to
the electrode without slice creations. The impact of these designs on
electrochemical characteristics is measured experimentally on this cell
size and corresponding improvement in energy density and energy ef-
ficiency of a life cycle is discussed.

3.4. Electrochemical characterization

A cell of active area 100 cm? has been assembled with conventional
serpentine flow field subjected to electrode compression ratio of 35 %
and 100 ml of electrolyte volume is taken on each side of reservoirs.
Peristaltic pumps are used to circulate electrolyte through the cells.
Battery cycler of the capacity 9 V-120 A (Biologic) is used to charge and
discharge the cells. The charge-discharge life cycles have been con-
ducted for a current density of 90 mA. cm™2 at a flow rate of 1.0 ml
min~!. em ™2 These tests will give energy transaction during charge and
discharge with corresponding energy efficiency of the cycle. Voltage cut-
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Fig. 7. Electrolyte distribution for a flow rate of 1.0 ml min~'. cm~2 in flow battery cell of active area 625 cm? engraved with simple conventional serpentine flow
field incorporated with (a) wide and narrow channel combination and (b) partial slices in the porous electrode.

off limits are defined as 1.8 V for charging and 0.8 V for discharging. In
view instability of V2 in presence of oxygen, nitrogen gas is bubbled
through the negative electrolyte to avoid oxidation of electrolyte species
during these tests. Three other VRFB cells of active area 625 cm? are
assembled each having same materials of membrane, electrode, elec-
trolyte and designed at equal electrode compression ratio of 35 %. Only
the difference between these three cells is the type of flow field
configuration. The first cell is engraved with conventional serpentine,
second one with conventional serpentine incorporating alternate wide
and narrow channel combination and the third one retain conventional
serpentine as of first cell but the electrode is subjected to partial slices as
mentioned in Fig. 2g. All the three cells have been subjected to equal
operating conditions and the electrochemical measurements are per-
formed. Electrolyte volume of 625 ml is taken on each side of reservoirs.
Results of these experiments are plotted in Fig. 8.
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Every cell has been demonstrated with 40 charge-discharge life cy-
cles for a flow rate of 1.0 ml min~'. cm~2 at current density of 90 mA.
em2, and Fig. 8a & b are plotted with 3rd cycle. As can be depicted from
Fig. 8a, the discharged capacity per litre of electrolyte has been
decreased from 25 Ah. L™} to 22.4 Ah. L™} as the cell size increased from
100 to 625 cm? keeping all the design and operating conditions same.
This can be attributed to increased fractional split of electrolyte from
flow field channels to the electrode leading to more substrate flow and
high residence time of product species in the electrode, with cell size.
Similar results have been reported in our earlier studies [36]. As can be
seen from Fig. 8b, difference in the cell voltage across the cells is
becoming higher towards the end of life-cycle. During initial stage of
charge and discharge process, the state of charge of electrolyte is high
with the corresponding reactants (VO?* and V®* during charge and VO3
and V2* during discharge at positive side and negative side,
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respectively) and eventually these are getting converted to products
(VO3 and V2* during charge and VO?* and V3" during discharge at
positive side and negative side, respectively) on the active cites of
electrode. Due to high substrate flow of electrolyte species in the elec-
trode with low exchange with that of electrolyte flowing through flow
channels in the conventional serpentine, it is subjected to early mass
transfer polarization compared to other cells. In view of increased
probability of exchange of species between electrode and flow field, the
second and third cells have been delayed in mas transfer polarization
and able to extract increased amount of intrinsic energy with the same
amount of electrolyte compared to first cell. The quantitative metrics in
the form of capacity are 14 Ah, 15.37 Ah and 16 Ah, respectively for the
first, second and third cells. The same when converted to energy (by
integrating capacity with cell voltage), these have given 19.4 Wh, 21.7
Wh and 22.7 Wh which becomes as 31.1 Wh. L™, 34.7 Wh. L™'and 36.4
Wh. L™ when represent in the form of energy density, respectively for
the cells. The cell designed with partial slice in the electrode (third cell)
without altering the conventional serpentine flow field on bipolar plate
has been given an increment of 17 % in energy density. Energy efficiency
has also been measured through coulombic and voltage efficiencies, and
these obtained as 71.8 %, 73.6 % and 74.8 % respectively for the cells at
the operated current density of 90 mA. cm™2. On the parasitic loss front,
the proposed designs have not seen significant benefits. The measured
pressure drops in these three cells at the chosen flow rate of 1.0 ml min™?
cm 2 are 48.6 kPa, 52.1 kPa and 46.7 kPa, respectively. The slight in-
crease in pressure loss in the cell with wide and narrow channel com-
bination is attributed to local head losses between the adjacent channels.
The inclusion of pumping losses in finding net energy efficiency of life
cycles gave 71.2 %, 72.8 and 74.3 %, respectively. During the demon-
strated 40 life cycles, the observed capacity fade is approximately
similar in these three cells and it is about 0.4 % per cycle. Although the
fade in capacity is a function of crossover of electrolyte species through
membrane, parasitic side reactions and material degradation; the effect
of creating cavity on electrode on the capacity fade need to be investi-
gated through prolonged life cycles. In addition to life cycles tests, po-
larization studies are conducted on these three cells to determine
maximum power density, and the results are presented in Fig. 8c. In
view of current rating limitation in the battery cycler, the measurement
is limited up to a current density of 200 mA. cm™2. The cell with partial
slice in the electrode could able to obtain a power density of 217 mW.
cm™2 at a current density of 200 mA. cm ™2 and still has the provision to
operate for higher currents as the cell voltage has reached only to 1.08 V
having its cut-off voltage at 0.8 V. Whereas the first cell with conven-
tional serpentine has seen 190 mW. cm ™2 as peak power density at a
current density of 190 mA. em ™2 and commenced downfall at current
density of 200 mA. cm™2.

The early onset of mass transfer (concentration) polarization with
simple conventional serpentine in view of its substrate flow with mini-
mal exchange of species between electrode and flow field posing limi-
tations to adapt it for large-scale cell sizes. The proposed marginal
design changes assisted in improving the exchange of species between
electrode and flow field channels. The proposed design of having partial
slice in the electrode without altering the conventional serpentine flow
field on bipolar plate is highly recommendable for application in large-
scale vanadium redox flow batteries. However, further studies are rec-
ommended to streamline the location of segmentation of substrate flow
in the electrode, the effect of loss of number of active sites on the effect
of electrochemical reaction. An electrochemical model incorporating
the hydrodynamics could provide the speed of reaction and concentra-
tion profile of species between the electrode and flow field channels, and
supported electrochemical investigation is needed especially at larger
cells for fine-tuning the proposed design.

4. Conclusions

Serpentine flow field is proved to be superior in extracting better
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electrochemical performance compared to other flow fields when used
in lab-scale vanadium redox flow batteries. Nevertheless, these have not
been explored at large size cells which is imperative for the industrial
stacks. This study involves thorough understanding on the features of
serpentine flow field, subsequent impact with scale-up in cell size and
suitable modifications needed to adapt it for application in large-scale
vanadium redox flow batteries. Following conclusions can be drawn
from the present study.

e Investigation on conventional serpentine flow field demonstrated
that the uniform distribution feature has been retained during the
scale-up of cell size from lab-scale to stack-scale, however with in-
crease in substrate flow of electrolyte through electrode and parasitic
pumping losses.
The proposed alternate wide and narrow channel combination in the
geometry of serpentine flow field enabled increased exchange of
electrolyte between the electrode and flow field, yet with marginal
increase in pressure loss
e The proposed creation of partial slice in the electrode without
altering the conventional serpentine flow field enabled merging of
electrolyte substrate of electrode with flow field electrolyte and can
supply electrolyte stream of higher reactant concentration to the
subsequent portion of electrode compared to immediately preceding
electrode
Electrochemical experiments revealed advantage of the proposed
designs by extracting more amount of intrinsic energy per litre of
electrolyte at higher energy efficiency. Creation of partial slice in the
electrode at identified locations gave 17 % enhancement in the en-
ergy density and 3 % increment in the energy efficiency of a life cycle
e Thus, creation of cavity through partial slicing in the porous elec-
trode combined with conventional simple serpentine flow field is
highly economical and suitable for application in large-scale vana-
dium redox flow batteries.
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