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Abstract. The al vanadium flow redox battery (VRB) has been widely studied and is one of the
most compelling storage technologies. Here, A new channel structure, that is, a composited arched
flow channel, is presented and compared with rectangular, serpentine channel. Numerical
simulations are used to study the effects of channel structures on the concentration field, the
temperature field, the pressure field and the charge-discharge curves in batteries. The results are
analyzed based on the field synergy principle, which indicate that the composited arched channel
has the advantages of homogeneous flow and low pumping costs and is more beneficial to battery
performance.

Introduction

Since the 20th century, the energy crisis has become a serious impediment to sustainable
development. play an important role in rapid economic development. The most compelling of such
rechargeable batteries is the all-vanadium redox battery (VRB), which has important applications in
many fields [1, 2]. With the rapid development of VRB, mathematical model studies on VRB cell
have also been conducted [3, 4]. In this paper, various flow channel configurations for a VRB are
developed in this paper. The configurations include rectangular, serpentine, and composite arched
channels. The principle of field synergy is used to analyze the results microscopically.

Model assumption

Geometry model
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Fig. 1 Geometry models of VRB with different flow channels: (a) rectangular, (b) serpentine, and (c)
composite arched channel structure

This work first examines the cell membrane-electrode assemblies (MEA) of a VRB to simplify
the mathematical model. Sulfuric acid solutions containing vanadium oxide ions and vanadium ions
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are used as the positive and negative electrolyte, respectively, and are circulated to the battery by
pumping. Fig. 1 shows three geometric models with different flow channel configurations: (a)
rectangular, (b) serpentine, and (c) composite arched. Along x direction in (&) or the z direction in (b)
and (c), the various regions are as follows (in mm): negative electrode (0<x(or z)<3); membrane
(3<x(or z)<3.25); positive electrode(3.25<x(or z)<6.25).The composite arched channel is composed
of two single arched channels, and the electrolyte flow rate in each channel is equal to half of the
total flow rate. The inlets and outlets of these models are shown in Fig. 1.
Equations

The following assumptions have been made: (i) The fluid flow is treated as incompressible; (ii)
The physical properties of the electrode, the electrolyte and the membrane are isotropic; (iii) Side
reactions are not considered. Based on these assumptions, the governing equations are as follows:

Continuity: V-v =0

Momentum conservation: %6 = —VP (electrode)

“wy2zp =0 (membrane)

Hw

Among above, ¥ is the velocity of the electrolyte flow, m/s, K is the permeability, m% Pis the
pressure, Pa.

Boundary conditions

The all models were solved by using the commercia package COMSOL Multiphysics © with an
instantaneous iterative solver. The models were coupled with the momentum equation, mass
equation, energy equation and global ODEs and DAESs options. The model was divided by a
triangul ation method, and the relative error was set to 1* 10°°. The flow rate of electrolyte is 0.5¥10°
m?>/s, pressure of outlets is O pa, surface area of electrode is 5¥10* m? volume of electrolyte is
3¢10° m°.

Results and discussion

Charge-discharge curves
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Fig. 2 A comparison of (a) smulated and experimental voltage values in a rectangular channel, (b)
charge-discharge curvesin different channels

Fig. 2a shows a comparison between the simulation and experiment values at different applied
current densities in a rectangular flow channel. 0< t <210 min corresponds to a charging process,
212 min< t <422 min represents a discharging process, and in each case the simulation included a
2-min rest period with zero current before discharge. The maximum error is 1.5%, demonstrating
that the model captures the trends extremely well. The sources for the errors may be the
assumptions that al pores in electrode are considered to be of the same size, and the physica
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properties are isotropic. In readlity, the sizes of the pores are not quite the same, and the properties
are actually anisotropic.

Fig. 2b shows the influence of the flow channel structure on the charge-discharge curve. The
results indicate that the polarization in the rectangular channel is the largest, while the battery
performance in the composite arched channel is the most stable. Compared with the others,
although the flow rate is low in the composite arched channel, the electrolyte flow is regular, the
resistance is small, and the cell works stably. Moreover, the calculations show that the energy
efficiency is 81.38%, 83.8% and 80.7% in the composite arched, serpentine and rectangular
channels, respectively.

Concentration fields

For this paper, the concentration distribution of V3" at the negative electrode at a particular time

(t=10 min) during charging was selected as an example. For discharge, the trends are reversed.

(@ (b) (©)
Fig. 3 The concentration field in different flow channels

Fig. 3 (a), (b) and (c) show the concentration field of V** in the rectangular, serpentine, and
composite arched channel models, respectively. The concentration decreases as electrolyte flows
from the inlet to the outlet, and farther from the electrode-membrane interface, the concentration
gradient is steeper. As the reaction takes place at the electrode surface, V**as a reactant is consumed.
This consumption produces a concentration gradient and promotes a liquid transfer process.

Notably, at the corner of the ridge in (b) and (c), the concentration varies sharply, and the
concentration gradient in (b) is relatively steeper. When the electrolyte flows through, it encounters
greater resistance than does the internal flows. Compared with the serpentine channel, the shape of
the ridge in composite arched channel is an arc, and the electrol yte flows homogeneously.

Temperaturefields

(@ (b) (©)
Fig. 4 Temperature field in different flow channels
The temperature variations at t=10 min during charging were selected examples. For discharge
the trends are reversed. Fig. 4 shows the temperature fieldsin the (a) rectangular, (b) serpentine, and
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(c) composite arched models. In addition, the temperature drops gently through each system, but the
gradient varies sharply near the electrode surface. It is notable that the temperature is more stable in
(c) than the others. During charging, the cell absorbs heat energy to make electrical energy convert
to chemical energy for storage. Therefore, the influence of the temperature field on the battery is
less significant as the time goes on.

Pressurefield
3@ (b) (c)

Fig. 5 Pressure field in different flow channels

The steady-state form of Darcy's law is applied for momentum conservation. Thus, the pressure
distribution is constant in time. Fig. 5 shows the pressure field in the different flow channel models
of (a) rectangular, (b) serpentine, and (c) composite arched. As is shown above, the electrolyte
pressure decreases gradually from the inlets to outlets. Comparing the figures above, the order of
pressure drop is the following: rectangular < composite arch< serpentine, with values of 1700 Pa,
46 kPa and 16 kPa, respectively. During operation, pumping provide an electrolyte static pressure,
which is converted into kinetic energy to make the electrolyte flow between the storage tank and the
battery. Therefore, the higher the pressure drop, the greater the energy consumption of the pump.

According to the comprehensive analysis above, the composite arched channel is more stable and
is more suitable for the long-term cycle of a VRB than the other configurations because the
composite arched channel reduces the polarization and side reactions that can occur at higher
current densities.

Field synergy analysis

The interaction between different fields to strengthen the process is known as the" field
synergy " . That is, the intensity of one process not only depends on the magnitude of the field
vector but also the angles at which the different fields interact with each other [5].

MEA isaprocess in which heat transfer, mass transfer and electrochemical reactions are coupled.
Factors affecting mass transfer primarily include the chemical potential gradient (concentration
gradient), the temperature gradient (Soret effect), and the velocity field. The angle of the chemical
potential gradient between all speciesis maintained near 0° ; therefore, the synergistic relationship
remains the same and will not be further considered here.
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Fig. 6 Synergic relationship in different flow channels.

Fig. 6a shows the synergic relationship in a rectangular channel. As shown above, the red, blue
and black arrows represent the velocity field, the concentration gradient field of VV** at the negative
electrode, and the temperature gradient field, respectively. The arrow directions represent the
directions of the fields and the lengths of the arrows represent the intensities of the fields. The angle
of concentration gradient and the velocity field is close to 90°; therefore, the synergistic relationship
is smaller; meanwhile, the angles of the concentration gradient and temperature gradient are nearly
0°, meaning that the synergistic relationship is larger. That is to say, a more effective way to
improve mass transfer is to change the synergy angles of the concentration gradients and the
velocity fields. In terms of heat transfer, the temperature gradient and velocity fields become
vertical, which weakens the heat transfer effect and is good for battery performance.

Fig. 6b shows the synergic relationship in a serpentine channel. In terms of heat transfer, the
angle of the temperature gradient and the velocity field is close to 90°, which is beneficial to battery
performance. Compared with a rectangular channel, there are many differencesin mass transfer. On
one hand, the angles of the velocity field and concentration gradient field are larger than 90°, which
could strengthen the mass transfer. On the other hand, the Soret effect weakens the internal mass
transfer and is adverse to the battery performance. Due to the overall temperature changes being
smaller, the influence of the Soret effect could be ignored in this case.

Fig. 6¢ shows the synergic relationship in a composite arched channel. The synergic relationship
is similar to that observed in a serpentine channel. However, compared with Fig. 6b, the electrolyte
flows more homogeneously, and the synergic angles of the concentrate fields and velocity fields are
larger, both of which strengthen the mass transfer.

Conclusion

Membrane-electrode models of a VRB with rectangular, serpentine and composite arched flow
channel configurations are developed in this paper. The comprehensive analysis of economic
efficiency and operating performance analysis demonstrate that the composite arched flow channel
has the advantages of a small flow resistance, a short flow path and is more suitable for the overall
performance of a VRB. Moreover, the field synergy principle analysis indicates that the use of a
composite arched channel will effectively change the synergy angle of the field in the cell and
largely strengthen the mass transfer process. In short, the composite arched channel configuration
provides a greater improvement in battery performance compared to the other two configurations.
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