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The integration of renewable energy necessitates advanced storage solutions, with redox flow
batteries (RFBs) exhibiting significant potential. However, conventional RFBs with enlarged
electrode areas suffer from nonuniform electrolyte distribution, increasing internal resistance,
and degrading performance. In this study, we address this limitation through a redesigned RFB
structure incorporating graphite flow field plates and carbon felt electrodes. Finite element
method simulations were performed to evaluate critical parameters: electrode area (10 cm?),
polygonal geometry (hexagonal), and slope channel angle (7°). Results showed that this
configuration—employing chemically resistant graphite for structural components and high-
surface-area carbon felt for electrodes—optimizes the flow field distribution uniformity. The
7°-sloped hexagonal channels significantly reduce flow maldistribution compared with
traditional designs. This geometric and material optimization directly enhances electrochemical
performance by mitigating resistance issues, providing a viable approach for scaling RFB
systems.

1. Introduction

Although the discovery of energy resources has catalyzed the Industrial Revolution and
spurred advancements in science and technology, global energy demand has continued to rise in
tandem with increasing energy consumption. This growing demand has resulted in elevated
carbon emissions, primarily owing to the extensive use of finite fossil fuels such as coal, oil, and
natural gas.!) On the other hand, renewable energy exhibits unstable power generation
dependent on the natural environment and geographical conditions. Therefore, to solve this
problem, energy storage system (ESS) devices must be used to allocate and dispatch power
effectively to maintain grid stability and energy allocation requirements.”®) ESS devices can be
classified into mechanical, chemical, electrochemical, electrical, and thermal categories on the
basis of the form of energy stored in them. Electrochemical energy storage devices include
lithium batteries, lead-acid batteries, sodium-sulfur batteries, and redox flow batteries (RFBs).)
RFBs are easier to recycle than lead-acid batteries; additionally, RFBs have the advantages of
high safety, long cycle life, and good stability compared with lithium batteries.*->)

*Corresponding author: e-mail: chuckkuo@nkust.edu.tw
https://doi.org/10.18494/SAMS5838

ISSN 0914-4935 © MYU K K.
https:/myukk.org/


mailto:chuckkuo@nkust.edu.tw
https://doi.org/10.18494/SAM5838
https://myukk.org/

4738 Sensors and Materials, Vol. 37, No. 10 (2025)

RFBs store electricity through redox reactions among active materials constituting
electrolytes. They are classified into various types according to the different electrolytes, such as
vanadium, iron/chromium, vanadium/bromine, zinc/bromine, and zinc/nickel, and their output
characteristics depend on the redox reaction of each electrolyte. Furthermore, RFBs can be
customized for specific applications, demonstrating good flexibility in system design. Because
the size of the stack that determines its output power and the size of the electrolyte storage tank
that determines its energy storage capacity are separated and independent of each other, RFBs
are suitable for large-scale ESS devices.®~? The operating current and voltage determine the
output power of the batteries. To increase the output power of the batteries, enlarging the
electrode area and increasing the number of batteries in series are the traditional design methods
of the battery stack. When the electrode area is enlarged owing to the increase in the required
operating current, the electrolyte is often unevenly distributed in the electrode area, resulting in
improper electrolyte circulation.!%-11)

The performance of an RFB depends on several factors, including the battery geometry, flow
field channel size, flow velocity, and charge/discharge rate. Traditionally, the flow field design
and inlet/outlet position were changed, while the typical square battery geometry was
maintained.(!>"19 Therefore, the battery geometry has yet to be thoroughly studied. In recent
years, advancements in the output power and efficiency of RFBs have been achieved primarily
through structural optimization and the refinement of flow channel designs in the channel frame
plate. For example, the structural optimization achieved through geometric design, along with
the incorporation of sloped flow channels, can enhance the uniform distribution of electrolytes
within the electrode reaction region and expand the effective active surface area, thereby
maximizing the actual reaction output of RFBs.(13716) In this study, to consider factors such as
electrode area, geometric structure, and slope channel angle, COMSOL Multiphysics 5.6 was
used to calculate and compare the velocity field of the RFB model. Moreover, the uniformity of
the internal flows of the electrode geometric model was discussed to select the best design.

2. Experimental Procedure
2.1 Governing equations

The set physical quantity was considered to be the porous media in the reaction area of the
central electrode. It is described on the basis of Darcy’s law, as shown in Eq. (1). The remaining
inlet and outlet channels were free-flow areas regarded as comprising a single-phase fluid in the

laminar flow. This is described by the Navier—Stokes equation, as shown in Eq. (2). The basic
equation of fluid mechanics can be used to describe the flow of fluid in this area.('”)

v= (k/ ue)Vp Q)]
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Here, v is the fluid velocity (m/s), k is the permeability (m?) of porous media, y is the dynamic
viscosity coefficient (Pa-s), ¢ is the porosity, p is the pressure (Pa), and p is the fluid density (kg/
m3).

2.2 RFB geometries

The battery model structure used in this study was based on the battery’s traditional flow
channel frame plate. The traditional battery comprises vertically symmetrical flow channels and
electrodes, and carbon felt with a reaction area of 100 cm? (10 x 10 cm?) was used as the
electrode material. The electrolyte in the flow field model structure has a Z-type flow, which
enters from the lower left inlet, flows through the main channel, enters the electrode reaction
arca through the subchannel, and finally flows out from the upper right outlet. The thickness
(4.50 mm) of the electrode, the depth (1.00 mm) and width (2.00 mm) of the main channel, and
the length (3.00 mm) and width (1.50 mm) of the subchannel remained unchanged (Fig. 1).

First, eight design models with different electrode reaction areas of 1, 5, 10, 25, 50, 100, 200,
and 600 cm? were designed [Figs. 2(a)-2(h)]. Square electrodes are widely used in experiments
and simulations as a standardized geometric reference. Their design ensures the generalizability
and comparability of results, enabling direct comparison between studies. The mean flow
velocities at 25 discrete points within each region were calculated to evaluate the effect of
electrode area on flow field uniformity [Fig. 3(a)]. From the simulation results of different
electrode areas of 1, 5, 10, 25, 50, 100, 200, and 600 cm?, the polygonal structural design was
determined using the optimal flow velocity corresponding to each electrode area. Then, three
design models with square, diamond, and hexagonal structures were compared on the basis of
different polygon geometries. The mean flow velocities at equally divided points in each area
were calculated to compare the effects of different polygon geometries on the flow field
uniformity, as shown in Figs. 3(a)-3(c).

Finally, from the simulation results of square, diamond, and hexagonal structure design
models with different polygon geometry structures, we determined the flow channel angles with

Fig. 1.  (Color online) Flow field model size.
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Fig. 2. (Color online) Design models with electrode reaction areas of 1, 5, 10, 25, 50, 100, 200, and 600 cm?.




Sensors and Materials, Vol. 37, No. 10 (2025) 4741

(b)

© (@

Fig. 3. (Color online) Schematic diagram of models with different polygon geometries and slope angles.

different slopes using the optimal values of the different polygon geometry structures. Then, a
total of 21 sets of design models were designed with angles ranging from 0 to 10° increasing in
steps of 0.5° in accordance with the different slope channel angle designs. As shown in Fig. 3(d),
the mean flow velocity, the standard deviation of mean flow velocity, and the flow resistance in
the electrode area were calculated on the basis of the simulation numerical results to compare the
effects of different slope channel angle design values on flow field uniformity.

2.3 Numerical details

To reduce computational requirements, simplified boundary conditions were applied in the
three-dimensional simulation model for half-cell fluid dynamics and flow field analysis (Fig. 4).
For the different electrode areas, the velocity at the electrolyte inlet was customized on the basis
of the 2 ml/min flow rate per square area (Table 1). The electrolyte outlet was set as the
atmospheric pressure outlet boundary, while all remaining wall boundaries were specified to be
under no-slip conditions. The flow field simulation parameters are shown in Table 2.9
Regarding model assumption, the basic equations of fluid mechanics can be used to describe the
fluid flow in this area. Moreover, the simulation analysis is predicated on the assumption that the
electrolyte flow rate in the vanadium RFB has saturated under prolonged, stable operating
conditions. The basic assumptions of this model are as follows.(1)
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Fig. 4. (Color online) Boundary condition settings for flow field analysis.

Table 1
User-defined inlet flow velocities for different electrode areas.
Electrode area Flow per square area Total flow Inlet flow velocity
(cm?) (ml/min) (m>/min) (m/s)
1 2 333x10°° 0.017
5 10 1.67 x 1077 0.083

10 20 3.33x 1077 0.167

25 50 8.33x 1077 0.417

50 100 1.67 x 107° 0.833
100 200 3.33x107° 1.667
200 400 6.67 x 107° 3.333
600 1200 2.00 x 1073 10.000
Table 2
Flow field simulation parameters.(lg)
Symbol Material property Value Unit
p Fluid density 1300 kg/m’
I Dynamic viscosity coefficient 4.93E-3 Pa-s
I3 Porosity of carbon felt 0.93 —
K Permeability of carbon felt 8.625E-9 m?
T Temperature 298 K
p Out pressure 0 Pa

(1) The electrolyte is an incompressible flow.

(2) The viscosity coefficient and fluid density are constant.

(3) The porosity of porous carbon felt is uniformly distributed.

(4) The effects of the gravity and temperature fields can be ignored.
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3. Results and Discussion

Because the electrolyte distribution considerably affects the uniformity of the internal flow
field and the electrode reaction area is the main place for the electrochemical reaction, the
electrolyte distribution is a key factor affecting the battery performance. In this study, the
geometric model design of the electrode was mainly modified, and the effects of electrode area,
polygon geometry, and slope channel angle as well as the simulation results obtained on the basis
of the different influential factors mentioned above were analyzed and are discussed below.

3.1 Effects of electrode area on electrolyte distribution

The flow velocity distributions within the electrode reaction regions were analyzed and
compared across design models with electrode areas of 1, 5, 10, 25, 50, 100, 200, and 600 cm?
The streamline direction in the electrode area showed a diagonal flow trend from the bottom left
to the top right, and the flow velocity also decreased with the change in flow trend direction; the
main reason was that there is flow inertia when the electrolyte flows from the inlet to the outlet.
As a result, the flow velocity of the electrolyte is higher in the left half than in the right half of
the electrode area. The flow velocity distributions for different areas, as shown in Fig. 5, reveal
that the velocity at the electrolyte inlet in the lower left corner of the electrode area is maximum.
The velocity at the opposite corner of the electrolyte inlet in the lower right corner is minimum,
indicating that it is perpendicular to the direction of the electrolyte flow. The length of the main
channel and the number of subchannels made it impossible for the electrolyte to enter the
electrode area from left to right at the same time, so the electrolyte could only flow through a
specific area, resulting in the uneven distribution of the flow field; therefore, a dead zone is
easily formed. Consequently, the velocity of the electrolyte cannot be updated in a timely
manner and the supply of active substances is incomplete in the low-velocity area.

Table 3 presents the flow velocity distribution data for different electrode areas, with mean
velocities calculated from 25 equally divided sampling points within each area. The results
indicate that the mean flow velocities corresponding to electrode areas of 1, 5, 10, 25, 50, 100,
200, and 600 cm? are 0.18, 0.42, 0.82, 1.21, 2.58, 3.61, 7.8, and 14.9 mm/s, respectively. Similarly,
the flow velocity differences for these areas are 0.2, 1.16, 2.29, 4.79, 11.1, 20.8, 55.3, and
88.6 mm/s, respectively. The trend diagram of the mean flow velocity and the upper and lower
limits of the flow velocity in different areas, as shown in Fig. 6, reveals that the mean flow
velocity is linear for areas smaller than 10 cm?, and the mean flow velocity continues to decrease
with an increase in electrode area. The trend diagram of the flow velocity difference in different
areas, as shown in Fig. 7, reveals that the flow velocity difference tends to be linear for electrode
areas smaller than 25 cm?; the larger the electrode area, the greater the flow velocity difference.
The comparative analysis indicated that the optimal electrode area was 10 cm?; therefore, the
electrode area of 10 cm? was selected as the representative reaction area for subsequent
investigations.
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Fig. 5. (Color online) Velocity distributions for electrode areas of 1, 5, 10, 25, 50, 100, 200, and 600 cm?.
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Table 3
Data for different electrode areas.
Electrode area Mean flow velocity ~ Max. flow velocity Min. flow velocity Flow velocity
(cm?) (mm/s) (mm/s) (mm/s) difference (mm/s)
1 0.18 0.31 0.11 0.20
5 0.42 1.27 0.11 1.16
10 0.82 2.51 0.22 2.29
25 1.21 5.01 0.22 4.79
50 2.58 11.6 0.5 11.1
100 3.61 213 0.5 20.8
200 7.80 56.3 1.0 55.3
600 14.29 90.6 2.0 88.6
100 ) E
E 75| 8, 4
£ g ]
~— g -
3 ”E i/l/
3 50| ‘ 1
g ' ) E\ecllvideare;s(cmz) K ®
2
o
[N
25 4
]
o wm®— 4 _
1 1 1 | 1 | 1
0 100 200 300 400 500 600

Electrode area (cm?)

Fig. 6. Trends of mean flow velocity and upper and lower limits of flow velocity for different electrode areas.
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Fig. 7. Trend of flow velocity difference for different electrode areas.
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3.2 Effects of different polygon geometries on electrolyte distribution

The electrode reaction area of 10 cm? determined the polygonal structure design. Different
geometries of the polygonal design models, including square, diamond, and hexagonal
structures, were used for data comparison. Figures 5 and 8 show the flow velocity distributions
of various model designs in the electrode reaction region. The typical square structure of a flow
battery presents a diagonal flow trend in the electrode area from the bottom left to the top right.
The flow velocity decreases in accordance with the direction of the flow trend. The simulation
results showed that there is significant pressure at the electrolyte inlet in the high-flow-velocity
area of the model, which leads to a significant flow velocity difference compared with the low-
flow-velocity area, resulting in an uneven distribution of the flow field, which is improved
through the modification of structural geometry, that is, the modification of the streamline
direction from the bottom left to the top right to a bottom-up flow trend direction, forming a
diamond structure. The flow velocity distribution exhibited a relatively uniform pattern,
symmetric about the central axis. Because the simulation results showed the minimum flow
velocity on both sides of the center of the model, the places with the minimum flow velocity,
such as the corners on both sides of the center, were removed so that the polygonal geometry
forms a hexagonal structure, which is helpful in improving the overall mean flow velocity in the
electrode area and in further improving the uniformity of the flow field distribution.

Combined with the data comparison of different polygon geometries, the mean flow velocity
of different polygon geometries was improved from 0.82 to 1.21 mm/s through the modification
of the geometries. The flow velocity difference of different polygon geometries was reduced
from 2.29 to 1.47 mm/s. From the comparison of the velocity distributions in different polygon
geometries (Fig. 9), the hexagonal structure was selected as the electrode geometry after model
modification. The results showed that the overall mean velocity is improved and the maximum
and minimum velocities are closer to the median, which indicates that the uniformity of the flow
field distribution can be improved.

r

@ ©)

Fig. 8. (Color online) Flow velocity distributions of diamond and hexagonal structures.
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Fig. 9. (Color online) Velocity distributions of different polygon geometries (10 cm?).
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Fig. 10. Trend chart of flow resistance with different slopes.

3.3 Effects of different slope channel angles on electrolyte distribution

A total of 21 sets of design models were designed with angles ranging from 0 to 10°
increasing in steps of 0.5° in accordance with different slope channel angle designs. The
simulation results demonstrated that the various channel slope angles yielded relatively uniform
flow velocity distributions across the entire flow field model as well as within the electrode
region. When the slope flow angle was changed, the mean flow velocity in the electrode area
changed minimally, approximately 1.21 mm/s; the sharp velocity gradient mainly occurs in the
flow channel. The larger the channel angle, the lower the flow resistance (Fig. 10). The results
showed that the slope channel angle of 7° is the optimal design value, and the minimum standard
deviation of the mean flow velocity is 0.389, indicating that the flow velocity difference is
relatively small (Fig. 11).
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Fig. 11. (Color online) Trend chart of standard deviation of mean flow velocity with different slopes.
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Fig. 12. (Color online) Design combination of new battery modules.

In summary, the new battery design has a hexagonal electrode area of 10 cm? and a slope
channel angle of 7°, as shown in Fig. 12. The stack is assembled by arranging and combining
independent single cells. The operating voltage can be achieved by connecting the single cells in
series to achieve the required target or by connecting the single cells in parallel to achieve the
necessary operating current.

4. Conclusions

The flow characteristics of RFBs were simulated and analyzed, and the effect of electrode
model geometry on electrolyte distribution was described. The design of the batteries can
considerably improve the uniformity of the flow field distribution and address the uneven
distribution of electrolytes in the electrode reaction area that occurs with the traditional square
geometry. The optimal design values of the new batteries in this study were as follows: an
electrode area of 10 cm?, a hexagonal structure as the polygon geometry, and a slope channel
angle of 7°.
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Through the design of the battery flow channel frame plate and fluid simulation analysis
technology, the improper circulation of electrolytes caused by the uneven distribution of
electrolytes in the electrode area of a traditional large-area flow battery is prevented, reducing
the mean velocity error and flow resistance in the electrode area and improving the uniformity
of the flow field distribution. The finite element method was used for numerical computation,
and the geometry of the proposed optimized structure was found to be a promising alternative to
the traditional RFB design. Experimental verification can be conducted in the future to assess
the predicted flow distribution and its impact on RFB performance. The novel battery module,
which allows the flexible stacking of individual cells in series for higher voltage or in parallel for
increased current, enables adaptable system configurations to meet diverse application
requirements. This flexibility will facilitate the comprehensive evaluation of the module’s
performance under various operating conditions and system designs.
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