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Abstract: As the demand for electrical energy increases worldwide, the amounts of harmful gases in
the atmosphere, such as carbon dioxide released by burning fossil fuel, are continuously increasing.
As a result, the interest in renewable energy resources has been growing. However, renewable energies
have fluctuating output characteristics according to local conditions such as the natural environment
and geographical characteristics, which is a major factor deteriorating output quality. Recently,
energy storage systems (ESSs) have been actively studied as a solution to this problem. A redox flow
battery (RFB) is a system in which an active material dissolved in an electrolyte is oxidized/reduced to
charge/discharge. A RFB mainly consists of an electrolyte tank, which determines the capacity, and a
cell stack, which determines the output. As these components can be independently controlled, a RFB
provides the advantages of a large capacity and a long lifespan. In this study, a new flow channel
was designed to maximize the reaction area and reduce the pump loss to improve RFB performance.
Computational fluid dynamics (CFD) and visualization experiments were used to analyze the internal
flow characteristics of vanadium redox flow battery (VRFB). Additionally, we used the variability
range coefficient and maximum velocity deviation to check if the flow discharged to the electrode was
uniform. In the conventional flow frame, the flow discharged to the electrode has a non-uniformity
distribution in the left and right, due to the S-shaped path of the inlet channel. In addition, it was
confirmed that the outlet area into the electrode was reduced to 50%, resulting in a high pressure drop.
To address this problem, we proposed a design that simplified the flow channel, which significantly
improved flow uniformity parameters. The maximum velocity deviations for the existing and new
flow channels were 11.89% and 54.16%, respectively. In addition, in the entire flow frame for the new
flow channel, the pressure drop decreased by 44% as compared with the existing flow channel.

Keywords: computational fluid dynamics (CFD); vanadium redox flow battery (VRFB); flow frame;
flow channel characteristics; uniformity; electrode; pressure drop

1. Introduction

As the demand for electric energy is rising worldwide, the amounts of harmful gases, such as
carbon dioxide, generated from fossil fuels are increasing. Accordingly, the interest in various new
and renewable energy sources is growing [1]. The output characteristics of new and renewable
energy fluctuate according to location conditions, such as the natural environment and geographic
characteristics, which mainly affect the output quality [2]. To solve this problem, energy storage
systems (ESSs), which are one of the technologies for storing and supplying new and renewable energy,
have attracted considerable attention. ESSs are a stand-alone system that produces, stores, and supplies
electricity at the kWh scale. An ESS is divided into mechanical and electrochemical energy storage
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devices according to the configuration type. An example of a mechanical energy storage device is a
non-battery type device that uses pumping-up power generation and compressed air energy storage.
In addition, lead-acid batteries, NaS batteries, lithium batteries, and redox flow batteries (RFBs) are
a few examples of electrochemical energy storage devices [3,4]. A long cycle life, energy efficiency,
and low construction cost are required to build a large capacity ESS using a chemical energy storage
device. RFBs are attracting considerable attention as the most suitable devices for this purpose [5].
One of the main characteristics of the RFBs is that they can be used in large-capacity storage devices.
In terms of power and energy, the system has a wide operating range, which is suitable for stationary
applications where a large amount of stored energy is required [6], for example, energy can be stored
during periods of low energy demand and used for periods of high energy demand, regardless of
weather conditions [7].

A RFB is a representative ESS that generates or stores energy using the oxidation/reduction
reaction between the active materials that constitute the anode and cathode electrolyte, and its output
characteristics are determined accordingly. RFBs can be designed for the specific applications because
the size of the stack that determines the output and the size of the electrolyte tank that determines the
capacity are controlled independently of each other [8]. As the RFB supplies the stored electrolyte
through a pump, the shape of the flow channel can affect the system efficiency [9]. Flow channel design
is a critical part of the flow battery system development process, and there are two aspects that can be
considered to improve the power and efficiency of the RFB.

First, the overall efficiency of the RFB decreases when the electrolyte enters the electrode at an
extremely low velocity or when there is reverse flow [10]. This can be solved by maximizing the
reaction area by making the flow of the electrolyte uniform through an appropriate flow channel
design, thereby improving the output. Second, the power consumption of the pump can be reduced by
minimizing the pressure drop using a simplified flow channel [11].

Currently, many chemical species, such as zinc bromine, iron-chromium, bromine polysulfide,
and vanadium are employed as RFB redox couples in ESSs [12]. Among them, vanadium with an
electromotive force of 1.4 V, provides the advantages of a relatively high energy efficiency and relatively
low ion crossover.

Studies for improving the system efficiency of the RFB are as follows: Chen et al. [13] confirmed
the flow field of the parallel structure of the flow battery through computational fluid dynamics
(CFD) and experiments, and the flow battery performance was calculated according to the flow of
the electrolyte. Escudero-González et al. [14,15] defined a formula for evaluating the non-uniformity
of electrolyte and proposed a cell design that minimized the non-uniformity by using a commercial
code verified by the experimental pressure drop data. Ma et al. [16] analyzed the battery capacity and
system efficiency characteristics according to the electrolyte flow rate of a vanadium redox flow battery.
Zhu et al. [17] investigated the effect of electrolyte concentration distribution, electrolyte flow rate,
electrode compression, and electrode temperature on performance through the COMSOL program.
Moreover, Messaggi et al. [18] analyzed the electrolyte distribution in the porous electrode of a
vanadium redox flow battery (VRFB) through tests and numerical analysis. Bortolin et al. [19] proposed
various performance indicators for the flow distribution and pressure drop of a membrane electrode
assembly through computational fluid dynamics (CFD) analysis. However, studies on the improvement
of the efficiency of RFBs based on the flow uniformity and pressure drop of the electrolyte in the flow
frame are insufficient. In addition, the analysis of internal flow characteristics through experiments
and numerical analysis according to the channel type of flow battery is also insufficient.

In this study, the flow characteristics inside the VFRB unit cell were analyzed through flow
visualization experiments and CFD. Additionally, the flow characteristics were analyzed for various flow
channel shapes to maximize the reaction area and improve the efficiency of the VRFB. The relationship
between battery performance and uniformity was analyzed by evaluating the uniformity of internal
flow based on a flow uniformity evaluation variable. For this purpose, the commercial code ANSYS
fluent was used, and the velocity and pressure fields for the model were calculated and compared.
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2. Problem Formulation

2.1. Computational Domain and Boundary Conditions

This study used an existing flow frame, which was composed of vertically symmetric flow
channels and electrodes, as shown in Figure 1. Only one side of the unit cell was considered, the size of
the unit cell was 392 × 382 × 5 mm, and the size of the electrode was 362 × 260 × 5 mm, which accounted
for approximately 63% of the total computational domain. The inlet channel of the flow frame acted as
the flow path through which the electrolyte from the manifold was sent to the electrode. The inlet
channel was S-shaped, and it contained 90 outlets and guides located at equal intervals to uniformly
distribute the electrolyte to the electrode. In terms of the flow direction, the electrolyte entered the
electrode through the inlet channel at the bottom and was discharged through the outlet channel at the
top, after oxidation and reduction. The outlet channel contained 90 inlets and guides.
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Figure 1. Computational domain for flow frame of vanadium redox flow battery.

For flow analysis, ANSYS Fluent, a commercial code, was used and the three-dimensional
incompressible flow was considered throughout the whole region. In addition, as shown in Figure 2,
the Reynolds number was calculated at three locations in the inlet channel, and laminar flow (Re < 2300)
was considered based on a Reynold’s number of 537 (the highest value), as shown in Table 1. Since the
operating flow rate through the VRFB was 60 L/min for a total of 60 cells, the electrolyte of 1 L/min
based on the single cell was used as inlet condition, as shown in Table 2. For the outlet, we used
the atmospheric absolute pressure condition. In addition, the non-slip condition was used as the
wall condition.
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Figure 2. Locations for Reynolds number calculation.

Table 1. Reynolds numbers at different locations.

Point 1 Point 2 Point 3

Reynolds number 385 537 360

Table 2. Boundary conditions for numerical analysis.

Inlet condition 1 L/min (0.025 kg/s)
Outlet condition Atmospheric absolute pressure (0 atm)

The flow channel and electrodes were composed of a tetrahedral and hexahedral grid, respectively,
based on a hybrid unstructured grid system. As shown in Figure 3 of the grid independence study
result, the difference in pressure drop decreases as the cell average size decreases. When the cell
average size is less than 0.1, the pressure drop converges to 0.32 bar. Therefore, the analysis was
performed based on the average cell size of 0.1 (Figure 4). The number of grids for each channel
is 1,677,450.
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Figure 3. Grid dependency result for average cell size.
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Here µ is the dynamic viscosity coefficient, and I is the unit tensor.
The electrode in the VRFB was simulated using the porous media model, as shown in Equation (4) [20]:
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The porous media model can be obtained by adding an extinction coefficient (
→

S ) to the existing
Navier–Stokes equation. The first term is defined by Darcy’s law, and the second term is the loss of
inertia, which represents the pressure drop along the flow direction. Here, η is the permeability of the
fluid and Rik is the resistance to the loss of inertia in all directions.

In addition, a volume of fluid (VOF) multiphase flow model, which is a type of numerical analysis
model, was used to compare the flow characteristics with the results of a flow visualization experiment.
The VOF model predicts the behavior of a fluid by tracking the interface of two or more immiscible
fluids, and it is given by Equation (5) [21]:

1
ρq

 ∂∂t
(αqρq) + ∇ · (αqρq

→
v q) =

n∑
p=1

(
.

mpq −
.

mqp)

 (5)

n∑
q=1

αq = 1 (6)

where
.

mqp and
.

mpq are the mass flow rates transferred from phase q to p and phase p to q, respectively.
In this model, the equation for the primary phase is not solved, and Equation (6) is established.

2.3. Porous Modeling of the Electrode

The electrode of the VRFB was fabricated from carbon felt material. It can be applied through a
porous medium in numerical analysis. Porous media properties can be calculated through pressure
drop tests on carbon felt. In order to simplify the electrode, we assume the carbon felt as a porous
medium that has the viscosity resistance 1/α and the inertial resistance. Three velocities of the
electrolyte (0.05, 0.15, and 0.25 m/s) were used in the experiment. The variation in the pressure drop
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with velocity is shown in Figure 5. The porous medium permeability and the inertia factor are derived
from Equation (7) [20], as shown in Table 3.

∆Py =
µ

α
v∆ny + C2

1
2
ρv2∆ny (7)

where µ is the viscosity coefficient, ρ is density, and ∆ny is the thickness of the electrode in the
y direction.
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Table 3. Porous medium factors (viscous and inertial resistance).

µ
α∆ny 13,700

C2
1
2ρ∆ny 88,826.56

Viscous resistance factor 1/α = 1.37 × 109 (1/m2)
Inertial resistance factor C2 = 17,792 (1/m)

2.4. Evaluation Variable for Flow Uniformity

The flow uniformity in the electrode is evaluated by using the variability range coefficient (Ri),
and maximum velocity deviation (Dv) as shown in Equations (8) and (9):

Ri[m/s] = vmax − vmin (8)

Dv[%] =
Ac−outvelectrode.avg

Aelctrodevinlet.max
× 100 (9)

where Ac−out is the area of the outlets of the inlet channel, Aelectrode is the vertical cross-sectional area of the
electrode, and v is the velocity within the electrode or the velocity entering the electrode. The variability
range coefficient (Ri) is the calculated as the difference between the maximum and minimum velocity
of the electrode. It can be seen that the larger the value is, the greater the non-uniformity of the
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electrolyte discharged into the electrode. The maximum velocity deviation (Dv) represents the velocity
ratio across the 90 electrode inlets of the flow frame channel.

2.5. Experimental Setup

Flow characteristics were analyzed through a flow visualization experiment and compared
with numerical analysis results. A simple experimental device was constructed to observe the flow
characteristics, and only the flow rate was measured through a flow meter. For the flow visualization
experiment, a single cell was configured with only the symmetry channels and electrode, and the
change in flow according to the injection of the electrolyte was observed. In the experimental method,
electrolyte was supplied from the tank to the unit cell through a pump, and a flow meter was installed
between the pump and the unit cell to fix the flow rate at 1 L/min. The experimental setup was
constructed as shown in Figure 6, and the specifications of the devices used for the experiment are
listed in Table 4. The density and viscosity of the vanadium solution were 1500 kg/m3 and 0.007 kg/m·s,
respectively. In addition, to verify the numerical analysis code for the experiment, flow analysis was
performed using the VOF multiphase [21], under the same conditions as those used in the experiment.
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Table 4. Instruments used for the experiment.

Model Accuracy

Rate flow meter Dwyer, RMA-25_SSV ±4%
Liquid pump KNF, NF 1300 ±1%

3. Results and Discussion

3.1. Flow Characteristics through Flow Visualization Experiment and Numerical Analysis

Figure 7 shows the flow of the electrolyte in the flow visualization experiment. The electrolyte
passed through the flow channel, and it was first discharged from the outlets on the right owing to
the shape of the flow channel, as shown in Figure 7a. Subsequently, as more electrolyte was added,
it was discharged from the outlets on the left and the flow was spread throughout the area, as shown
in Figure 7b.
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The flow characteristics obtained through numerical analysis are shown in Figure 8. The results of
the experiment and numerical analysis were in good agreement. In particular, the flow in the electrode,
which was not visualized in the experiment, was initially concentrated at the outlets on the right.
The distribution of the electrolyte throughout the electrode became uniform over time (Figure 8a,b).

The results of the flow visualization experiment and numerical analysis show that the vertical
guides before the final outlets create vertical flow and induce the electrolyte to enter the electrode from
the right. As a result, flow may be non-uniform from right to left.
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3.2. Internal Flow Characteristics of Conventional VRFB (Numerical Analysis)

For analysis of flow characteristics inside the unit cell, we proceeded with laminar steady-state
analysis. In the case of the VOF model, transient analysis was performed to observe the change
over time. However, in the case of flow uniformity, steady-state analysis was applied to observe the
characteristics after the electrolyte was filled. The internal flow characteristics of the conventional
VRFB were analyzed, as shown in Figure 9. The velocity distribution in the entire VRFB is as shown in
Figure 9a. The maximum velocity in the channel was 2.3 m/s, and the electrode average velocity was
0.035 m/s. In addition, there were dead zones, where flow was stagnant, close to the curved part of the
flow channel, as shown in Figure 9b.

Dead zones were formed at each outlet as flow changed from horizontal to vertical, as shown
in Figure 10a. In addition, dead zones were formed owing to vena contracta [22] as the flow in the
channel changes vertically. The vena contracta is the reduction in the area/diameter of a fluid jet after
it emerges from a circular aperture in a pressurized reservoir. The reason for this phenomenon is
that fluid streamlines cannot abruptly change direction. When the electrolyte exited the electrode,
dead zones were not formed at the beginning of the outlet channel but at its end, as shown in Figure 10b.
Such dead zones interfere with flow and increase the pressure drop.
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To analyze the flow rate of the electrolyte discharged from the inlet channel outlet to the
electrode, the average velocity distribution was determined at three locations, as shown in Figure 11.
Calculate location A was the starting point of the electrode, where the characteristics of the flow
discharged from the inlet channel to the electrode were observed. Location B was located at the
distance of 10 mm from the start of the electrode, where the change in flow owing to the porosity of
the electrode was observed. Finally, Location C was located at the center of the electrode, where the
average flow characteristics in the electrode were analyzed as the electrolyte flowed upward.
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Figure 11. Locations for calculation velocity in electrode of vanadium redox flow battery.

Figure 12 shows the profiles of the average y-velocity at the three locations. The maximum velocity
was at the outlet on the right at location A, where the channel and electrode were connected, and the
velocity distribution was uniform toward the left, as shown in Figure 12. This indicates that the flow in
the final part of the curved path was deflected to the right because of the square vane located in the
curved path and the shape of the flow channel, as shown through the preceding flow visualization.
The average velocity at location A was higher than that at locations B and C. This was because the
total area of the outlets was approximately 50% of the area of the electrode, and the average velocity
increased owing to the reduction in area at the same flow rate. In addition, the uniformity of flow
significantly increased from location A to C owing to the characteristics of the porous medium in
the electrode.

Flow uniformity was evaluated based on the variability range coefficient (Ri) and maximum
velocity deviation (Dv) given by Equations (8) and (9) through the discharge flow rates at 90 outlets of
the inlet channel. When the variability range coefficient (Ri) was calculated for electrode, the position
A exhibited the highest value of 0.072 m/s. The maximum velocity deviation (Dv) was 11.89%,
which indicated low uniformity. The maximum velocity into the electrode was 0.15 m/s at the first
outlet on the right, and the area of the outlets was 50% of the area of the electrode.
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The pressure drop in the electrode was approximately twice as high as that in the inlet and outlet
channels, as shown in Table 5. It was inferred that the pressure drop increased, because of the square
vane in the middle of the inlet and outlet channels and because the guides of the outlets blocked 50%
of the total area of the outlets.

Table 5. Pressure drop in inlet and outlet channels, electrode, and entire flow frame.

Pressure Drop (Pa)

Inlet channel 44,320
Electrode 96,150

Outlet channel 45,970
Entire region 186,440

3.3. Shape Configuration for Analysis of Various VRFB Flow Frames

The conventional VRFB flow frame, the maximum velocity deviation (Dv) of the electrolyte
entering the electrode reached 11.89%. It means very low non-uniformity. Owing to the S-shaped flow
channel of the existing VRFB, the flow velocity of the electrolyte entering the electrode from the inlet
channel was the highest at the outlet on the right, and the difference between the velocities decreased
toward the left. Because each channel and the electrode were directly attached to 90 outlets and
guides, the pressure drop increased, owing to the decrease in the area of the flow channel. As stated
earlier, the maximum velocity deviation (Dv) in the existing VRFB flow frame indicated low uniformity.
To address this problem, a flow analysis was conducted for various flow frames and the changes in
flow uniformity and the pressure drop were analyzed.

Two cases were considered to improve the shape of the flow frame, as shown in Figure 13. In CASE
1, the shape of outlets was the same as that in the existing flow frame, as shown in Figure 13a. However,
the number of outlets was reduced to 45 and the area per outlet was increased to decrease the pressure
drop. In addition, to eliminate the stagnation points close to the curved parts of the flow channel,
a 1/4 elliptical shape was applied to enable the electrolyte to flow smoothly. The lengths of the outlets
were gradually decreased from the right to left to change the flow channel resistance depending on the
locations of the outlets.
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In CASE 2, the initial inlet was divided into five sections, as shown in Figure 13b. The flow
rate was the same for each section. A mixing zone with the characteristics of a porous medium and
high resistance was installed to combine the flow of the electrolyte from each section. In particular,
an elliptical structure was installed in the first section to prevent the flow from being discharged
vertically and spread it to the left and right. The size of the ellipse is 4 mm in width and 2 mm in length.

3.4. Flow Characteristics of Various VRFB Flow Frames

Figure 14 shows the flow distribution for CASE 1. The maximum velocity in the channel was
1.449 m/s. In particular, the flow from the channel inlet did not move upward owing to the influence of
the first outlet guide and moved toward the left. Figure 15 shows the velocity distribution at position
A for CASE 1. The velocity was the highest at the first outlet of the inlet channel and the lowest at the
second outlet because the electrolyte was not discharged smoothly owing to the influence of the first
outlet guide; this was in agreement with the previously observed flow characteristics. The maximum
velocity into the electrode was 0.091 m/s, and the total area of the outlets was 1/2 of the electrode area.
According to this, the variability range coefficient (Ri) decreased from 0.072 to 0.030 m/s at position A.
The maximum velocity deviation (Dv) was 19.27%, which was increase as compared with the previous
value of 11.89%. This was an improvement over the existing result; however, flow uniformity was
still low. Nevertheless, the flow path in the channel was simplified as compared with the existing
shape, and the area per channel outlet was doubled, indicating a decrease in the overall pressure
drop. However, there was still a problem with an increase in pressure drop due to vena contracta.
Table 6 shows the pressure drop in each section. In the electrode, the pressure drop did not change
significantly. However, in the channels, the pressure drop decreased up to 93.02% and, in the entire
flow frame, the pressure drop decreased 44.89%.
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Table 6. The difference in pressure drop between conventional design and CASE 1.

Conventional Design (Pa) CASE 1(Pa) Difference (%)

Inlet channel 44,320 3630 91.81
Electrode 96,150 95,890 0.270

Outlet channel 45,970 3210 93.02
Entire region 186,440 102,730 44.89

Figure 16 shows the flow distribution for CASE 2. The maximum velocity of the channel is
2.289 m/s in the entrance area located at the bottom. In the top section, the flow at the inlet was vertically
discharged and distributed to the left and right owing to the elliptical structure. Figure 17 shows the
velocity distribution at the position A for CASE 2. The deviation in the flow velocity was significantly
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reduced as compared with the conventional design. The maximum velocity into the electrode was
0.0508 m/s, and the total area of the outlets was the same as the area of the electrode. According to this,
the variability range coefficient (Ri) significantly decreased from 0.072 to 0.0073 m/s at the position
A. The maximum velocity deviation (Dv) was 54.16%, which was an increase as compared with the
previous value of 11.89%, which was significantly improved as compared with the existing flow frame.
Table 7 shows the pressure drop. The electrolyte from the five inlet sections was evenly distributed
throughout the channel. In the channels, the pressure drop decreased up to 92.8% as compared with the
existing design, and the pressure drop in the entire flow frame decreased by 44%. As described above,
flow uniformity increases and the pressure drop decreases depending on the flow frame configuration.
In addition, the overall system efficiency can be increased owing to an improvement in the output and
the resulting reduction in pump energy loss.
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Table 7. The difference in pressure drop between conventional design and CASE 2.

Conventional Design (Pa) CASE 2 (Pa) Difference (%)

Inlet channel 44,320 5121 88.45
Electrode 96,150 95,950 0.201

Outlet channel 45,970 3310 92.79
Entire region 186,440 104,381 44.01

4. Conclusions

The flow characteristics of VRFBs were analyzed, and flow channel shapes were proposed to
enhance the system efficiency. The shapes were examined to quantify the flow non-uniformity of the
electrolyte discharged to the electrode. Numerical analysis showed that uniformity was improved by
the proposed flow channel shapes. Thus, the pressure drop was decreased. This reduced pump energy
consumption and increased the overall system efficiency.

The visualization experiment and CFD analysis of a conventional VRFB indicates that the flow
path causes the unbalanced problem, which reduces the active surface area of the electrode. According
to the analysis of the conventional design problems in the existing S-shaped flow channel, dead zones
were formed and the electrolyte flow to the electrode was concentrated at the outlets on one side.
In addition, there was an increase in the pressure drop because the electrolyte was discharged to the
electrode via 90 outlets. To resolve these problems, the initial inlet of the flow channel was divided
into five sections and an elliptical guide was installed the first section.

The maximum velocity deviations for the existing and proposed shapes were 11.89% and 54.16%,
respectively. This indicated that the proposed shape increased flow uniformity. In addition, the pressure
drop in the entire flow frame was reduced by 44% for the proposed shape as compared with the existing
shape. The aforementioned results show that the overall efficiency of the RFB can be increased by
increasing the maximum active surface area and the pump efficiency can be increased by understanding
the flow characteristics of the flow channel and modifying its shape. However, as the factors that
affect the actual battery system performance vary, it is considered that additional charging/discharging
experiments must be performed according to flow uniformity. In addition, it is necessary to verify the
system performance of the VRFB according to the flow uniformity through charging and discharging
experiments on the unit cell and stack configuration.
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