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Abstract 
A mathematical model is developed to study the effect of performance parameters on the 
velocity profiles in a vanadium redox flow battery. The effects of flow rate, viscosity, 
porosity, electrode thickness, and the effect of channel height on the velocity profile in a 
vanadium redox flow battery are studied. Quantitative analysis of velocity profiles at the 
mid-height of the channel, at the channel-electrode interface, and mid-height of electrode 
thickness is done. The channel height, thickness and porosity are found to have a substantial 
effect on the velocity profiles across the battery. It was found that the velocity at the 
electrode-channel interface is about three orders of magnitude lower than the velocity in 
the channels. Model results are compared with experimental data and found to agree well.  
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Introduction 

Because of global energy use and the issues of mitigating climate change, the number of energy 

storage devices for regenerative energy has steadily increased in recent years. On the other hand, 

renewable energy sources do not normally have a stable and immediate supply due to their 

intrinsically fluctuating nature, which leads to electricity grid destabilization [1]. As a result, deploying 

an effective and promising energy storage system (ESS) is necessary. In this respect, redox flow 

batteries (RFBs) have received great attention for ESS applications because of their flexible design, 

high efficiency, and long service life [2]. Vanadium redox flow batteries (VRFBs) are the most promising 

RFB technologies for large-scale energy storage [3]. The VRFB is an electrochemical device that stores 

energy in a vanadium-based electrolyte made by dissolving vanadium oxides or salts in sulfuric acid. 

Pumps transport the electrolytes from the reservoirs to the electrochemical cell or cell stack. At the 

anode and cathode, an ion exchange membrane separator allows protons to diffuse while preventing 

direct cross-mixing of electrolyte solutions from the two reservoirs in a typical cell. 

A flow battery cell performance is influenced by two flow transport processes in particular. To begin 

with, the pressure drops necessary to move reactants across the system is an issue that affects the 
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system performance. Secondly, mass transfer to reaction sites on the surface of porous electrodes is 

directly influenced by the velocity distribution within a flow field and electrode. If a flow dead zone 

develops within a porous electrode, mass transport is limited to diffusion and migration. When 

compared to other places where reactants are actively supplied through convection, this can 

significantly reduce local current density. The pumped electrolyte flows through the electrode in a 

traditional flow battery since no flow channels are on the electrode felt. This could result in dead 

zones, bypassing, and unequal distribution of active species, resulting in a high concentration over-

potential [4]. For a cell with flow fields, the use of channels can improve the flow distribution through 

the electrodes and lower flow resistance [5]. With a proper flow field design and low parasitic pumping 

loss, mass transport can be improved. Thus, the significance of reactant transport in flow batteries 

necessitates a thorough understanding of fluid flow within these cells.  

Researchers have explored several flow parameters by creating a serpentine flow field (SFF), 

parallel flow field (PFF), and interdigitated flow field (IFF) in order to attain the aforementioned 

goals. Some research focuses on improving the VRFB performance by modifying battery materials, 

particularly electrode materials [6-8]. To provide uniform distribution of reactants in the porous 

electrodes, we must offer an acceptable flow field design. To increase the performance of VRFB, 

extensive research has been carried out to optimize the flow rate and flow field design. The majority 

of these researches are numerical simulations employing the mesoscopic lattice Boltzmann method 

[9,10] and macroscopic finite element method [11,12]. 

Xu et al. [13] compared the performance of VRFBs with and without flow field in their cell 

structure. They found that the VRFB with a flow field has a higher energy efficiency and a larger 

pressure drop than the VRFB without a flow field. Messaggi et al. [14] investigated interdigitated 

and serpentine flow field performance. According to their findings, the interdigitated flow field has 

a superior ability to uniformly transport the electrolytes, whereas the serpentine flow channels 

function better at significant pressure drops. Houser et al. [15] suggested various novel types of flow 

field designs and investigated performance and pressure drop under a variety of operating 

situations. Knudsen et al. [16] numerically investigated electrolyte flow and pressure drop in a wide 

range of designs of flow fields with porous electrodes. The results revealed that the design of flow 

fields for various area cells had a substantial impact on pressure drop and electrolyte distribution. 

On a cell active area of 5 cm2 with serpentine flow design, the effect of electrolyte penetration into 

porous electrodes on battery performance was investigated by Ke et al. [17,18]. You et al. [19] 

investigated the design optimization of an interdigitated flow field. On a cell active area of 25 cm2, 

Mayura et al. [20] investigated the effect of flow fields (interdigitated, multiple serpentines, and 

conventional) and electrolyte flow velocity on the performance of VRFB. According to their 

simulations, the electrolyte velocity in the electrode in SFF is an order of magnitude larger than in 

IFF. A few studies have reported on flow fields for large cell areas up to 900 cm2 [19], 918 and 

1495 cm2 [21]. Stack findings for 1500, 1800, and 2714 cm2 cells were reported by Li et al. [22], Wu 

et al. [23], and Park et al. [24], respectively. Irrespective of the flow field design, the uniformity of 

velocity distribution in the electrode is a critical parameter in limiting the electrochemical perfor-

mance of VRFB cells. The majority of studies in the literature focused on the performance of VRFB 

batteries employing serpentine and other flow fields, carbon paper alone, and channel width and 

electrode thicknesses of less than 3 mm. They also reported velocity profiles in the middle of the 

channel and electrodes. It is also crucial to understand the distribution along the channel-electrode 

interface. Only few papers studied the effects of channel height, electrode thickness, porosity, and 

viscosity on velocity profiles. However, velocity profiles near the interface have not been studied 
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much in the literature. Since measuring experimental velocity profiles in the electrode and at the 

interface is challenging, there is no experimental data regarding velocity profiles in the literature. 

Computational fluid dynamics (CFD) simulations are used to study the velocity distribution in order 

to better understand it. In our research, we looked at velocity profiles near the interface and the 

impact of channel height, electrode thickness, porosity, and viscosity on velocity profiles in 

serpentine flow fields.  

Modelling procedure  

Model assumptions 

The assumptions made in the three-dimensional model presented are given below. 

1. The steady-state model, i.e., time-variant phenomena are not taken into account. 

2. An isothermal condition is assumed for all domains, i.e., no temperature variation is taken into 

account.  

3. The fluid flow is treated as incompressible flow. 

4. The electrode and electrolyte are considered isotropic and homogeneous. 

5. Effects from gravity are neglected. 

Model equations and numerical simulations 

COMSOL Multiphysics® software 5.3a with a free and porous medium flow module was used to 

forecast velocity profiles in the serpentine flow field. This module was created specifically for 

calculating fluid flow in porous medium and channels. The Brinkman equations were employed to 

depict the slower flow profile in a porous medium, whereas the Navier–Stokes equations were 

utilised to describe the fast flow profiles in the channel. Equations (2) and (3) show the Navier–

Stokes and Brinkman equations, respectively. To get velocity distributions in the channels and 

porous electrode, the following mass and momentum conservation equations were solved. 

• Continuity equation (1): 

u = 0 (1) 

• Navier Stokes equation in channels (2): 

(u) u =[-pl + (u + (u)T] + F (2) 

• Brinkman’s equations in porous media (3) 
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The electrode is considered a porous media with a certain permeability (K) to calculate the 

pressure drop during flow through it. Darcy's equation (4) was used. 
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The dependence of the permeability of a porous material on its porosity is often described by the 

Kozeny-Carman equation (5) [25] that is used by many authors in the literature [26,27]. 
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In the above equations, u represents the velocity of electrolyte flow,  represents the electrolyte 

density,  denotes the porosity of the carbon felt electrode,  represents the viscosity, F represents 

the Forchheimer drag coefficient, which was neglected in the present work, and F is volume force 
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vector, which is zero because gravity is not taken into account. k denotes the permeability of the 

porous electrode, df denotes fiber diameter, Kck denotes the Kozeny-Carman constant.  

There is very little research on the permeability of a conventional carbon fibre electrode. 

According to Gostick et al. [28], this value might be 0.1 m2, while Weber et al. [29] claimed 0.2 m2. 

Based on the compression of the electrode, several researchers have discovered that permeability 

values range from 0.119 to 0.75 m2 for various compression ratios [30]. 

The values of fibre diameter, porosity, and the Kozeny-Carman constant are substituted into 

equation (5) to calculate permeability in our model. All designs in this project employed a constant 

permeability of 0.033 m2. The values suggested for various simulation settings are listed in Table 1 

and Table 2. With a relative tolerance of 0.001, the nonlinear iterative solver GMRES was used. 

Table 1. Geometrical and channel dimensions used in simulations 

Channel 
width, mm 

Rib width, 
mm 

Channel 
height, mm 

No. of 
channels 

Width of the 
electrode, mm 

Length of the 
electrode, mm 

Electrode 
thickness, mm 

Active 
area, cm2 

No. of mesh 
elements 

3 2.875 3 9 50 50 6 25 186649 

Table 2. Operating parameters used in simulations 

Paremeter Value 

Electrode length 50 mm 

Electrode width 50 mm 

Electrode thickness 6 mm 

Channel size 2 and 3 mm 

Density of electrolyte 1350 kg m-3 

Viscosity of electrolyte 0.005 Pas 

Kazney-Carman constant 4.28 

Carbon fiber diameter 17.6 mm 

Porosity 0.7, 0.8, 0.9 

Permeability 33 m2 

Flow rate 30, 50, 70, 90, 110 ml min-1 

Boundary conditions  

No-slip boundary criteria were applied to both channel and porous medium walls. A slip boundary 

condition is applied at the interface between channels and porous electrode surfaces. A flow rate 

was specified at the inlet. The pressure boundary conditions are established at the flow channel 

output, and the gauge pressure is 0 Pa. 

Geometries used in simulations  

The electrode utilised here has a 5050 mm surface area and a thickness of 6 mm. The porous 

electrodes and square channels make up this shape. In these designs, channels are placed next to the 

porous electrode. Rib width refers to the distance between adjacent channels. Serpentine channel 

designs are with ratio of channel width to rib width is more than one. Figure 1 depicts the selected 

flow field geometry. The ratio of channel width to channel depth was kept constant throughout all 

simulations. The geometries, channel diameters, and rib-width details are shown in Table 1. 

Meshes 

Meshes for the flow design with a 3 mm channel width were created using COMSOL Multiphysics 

software version 5.3a. There are 186649 mesh elements in total. Tetrahedral pieces make up the 

majority of the mesh in flow designs, seen in (Figure 1b).  
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Figure 1. (a) Schematic diagram of the serpentine flow field and (b) meshes used in simulations 

Results and discussion 

Effect of flow rate on velocity profiles 

We employed flow designs with a ratio of channel width to rib width of 1.043 to investigate the 

effect of flow rate. The channel depth is equal to the channel width. Flow rates range from 30 to 

110ml min-1, with a 20 ml min-1 step size. Tables 1-2 contain all geometric details and simulation 

parameters. The flow distributions are depicted as velocity magnitudes based on CFD simulations of 

flow via serpentine channels attached to graphite electrodes. The velocity contours for the 25 cm2 

active area cell at 90 ml min-1 are shown Figure 2.  

 
Figure 2. Velocity contours in a serpentine flow field for a - channel middle, b - interface and  

c - electrode middle 

The predicted velocity contour planes are obtained in the middle of the channels, at the interface, 

and in the middle of the electrode, and the results are shown in Figure 2. As is typical of laminar 

flow in rectangular cross-section channels, the channel velocity is higher towards the entry and 

outlet, as well as in the channel centre (Figure 2a). The electrode-channel interface has a velocity 
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that is about three orders of magnitude lower than the velocity in the channels due to the porous 

medium flow characteristics (Figure 2b). With more fluid flow inside the porous media, we may see 

a 4-order of magnitude decrease in velocity compared to velocity in the channels. Due to pressure 

dips along the channels and fluid being urged to flow through the electrode towards downstream 

channels, the electrode velocity is highest in places not directly beneath the flow channels. 

The influence of flow rate on velocity profiles is investigated by altering flow rate and plotting 

graphs in the middle of the channel (along the Z line shown in Figure 1), at the interface, and in the 

middle of the electrode. Figure 3 shows the corresponding results.  

  
Figure 3. Effect of flow rate on velocity profiles in a serpentine flow field for (a) channel middle,  

(b) interface, and (c) electrode middle 

It can be seen that the anticipated velocity in the second and following parallel channels is slightly 

lower than that in the inlet channel and that the successive channels in between the inlet and outlet 

channels have a more uniform parabolic velocity distribution with a smaller magnitude (Figure 3a). 

This is due to the crossflow across the porous medium. Another observation is that the intensity of 

velocity magnitude peaks rises as the flow rate increases. We can also see minor velocity magnitude 

peaks under the rib region, indicating that crossflow is occurring beneath the ribs (Figure 3b). The 

velocity profiles drawn at the electrode midpoint are shown in Figure 3c. The velocity distribution 

exhibits oscillatory behaviour with a mean amplitude of 0.0013 m/s across the entire length for a 

flow rate of 90 ml/min and lesser values for low flow rates. 
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Effect of channel height on velocity profile 

Channel heights were varied from 1 mm to 4 mm to investigate the influence of channel height. 

Flow designs with a ratio of channel width to rib width of 1.043 were chosen. Tables 1-2 contain all 

other simulation settings. The thickness of the electrodes is kept constant at 6 mm. For a flow rate 

of 90 ml/min, Figure 4 shows the effect of channel height on velocity profiles along the mid-plane 

of the channel, at the interface, and in the mid-plane of the electrode. The anticipated velocity 

profiles reveal that as channel height increases, the peak intensity of velocity decreases. This is 

because the pressure loss increases as the channel height decreases. When the depth of a channel 

is increased while the width remains constant, the hydraulic diameter of the channel increases, 

giving the fluid greater space to flow through it. As a result, the pressure drop is significantly 

reduced. In serpentine channels, pressure drop and velocity profiles are directly related. The velocity 

through the serpentine flow field decreases from inlet to outlet (Figure 4a) with increasing in 

channel height. Similar observation also seen in Figure 4b is a decrease in velocity with an increase 

in channel height, but a decrease in velocity magnitude is more at the interface compared to 

channels. Except for the initial and last flow passages with higher velocity, the velocity profiles are 

nearly consistent across the breadth of the cell. Except for relatively modest fluctuations related to 

local convection from the channel to the porous substrate and vice versa, which exhibit oscillatory 

behaviour, the velocity distribution in the electrode felt is uniform (Figure 4c). The electrolyte 

velocity in the electrode is significantly lower than that in the channels, as seen in Figure 4c. 

  
Figure 4. Influence of channel height on velocity profiles in a serpentine flow field for (a) channel middle,  

(b) the interface and (c) the electrode middle 
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Effect of electrode thickness on velocity profile 

The thickness of an electrode has the greatest impact on both voltage efficiency and pumping 

power, and it should be considered from the beginning of the system design. Flow batteries 

frequently employ carbon felt as an electrode. The thickness of this felt is usually between 1.5 and 

8 mm [31]. The influence of porous electrodes with four different thicknesses, namely 2, 4, and 

6 mm, on velocity profiles in a serpentine flow field was investigated in this work. For a channel 

width of 3 mm, Figures 5a and 5b show the effect of electrode thickness on velocity distribution 

contours. These contour planes are shown for electrode thicknesses of 2 mm (Figure 5a) and 3 mm 

(Figure 5b) at the interface. As indicated in Figure 5b, the lowest velocity magnitude is recorded for 

the electrode thickness of 3 mm. According to Darcy's law, the pressure drop through the electrode 

is proportional to the electrode length (L) and inversely proportional to the electrode thickness, as 

shown in equation (4). Similarly, Figure 5c and Figure 5d show the mid of electrode contour planes 

for thicknesses of 2 mm and 3 mm, respectively. As demonstrated in Figure 5d, the velocity 

magnitude is smaller in the case of thickness 3mm than in the case of thickness 2mm, but the 

intensity of the velocity distribution increases and dead zones decrease. When the electrolyte flows 

from the interface to the centre of the electrode, the same behaviour is observed.  

 

Figure 5. Velocity contours in serpentine flow field for electrode thicknesses of 2 and 3 mm:  
(a) and (b) at the interface, (c) and (d) in the middle of the electrode  

Figure 6a shows predicted velocity profiles along the centreline in the width direction for electrode 

thicknesses of 2 mm, 4 mm, and 6 mm at mid-flow field height, at the interface in Figure 6b, and at 

mid-electrode depth in Figure 6c. The profiles were collected at a flow rate of 90 ml/min. The larger 

velocity magnitude is observed in the inlet and gradually diminishes as it goes through the successive 

channels, maintaining a uniform magnitude before reaching the outflow. The parabolic profiles are 

shown in the centre of the channels. Another finding is that velocity reduces as electrode thickness 

increases, as illustrated in Figure 6a. As illustrated in Figure 6b, crossflow velocities emerge under the 

rib region, and the intensity of the velocities diminishes as the thickness increases. The velocity profiles 

at the mid of the electrode are given in Figure 6c, and it can be seen that the velocity stability increases 

as the electrode thickness increases while the velocity magnitude drops. 
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Figure 6. Influence of electrode thickness on velocity profiles in a serpentine flow field for (a) channel 

middle, (b) the interface, and (c) the electrode middle 

Effect of porosity 

We used the simulation parameters listed in Tables 1-2 in the following research. The heights of the 

channels are the same as the widths of the channels. The thickness of the electrode is 6 mm. The effect 

of porosity is studied by varying porosities 0.7. 0.8 and 0.9 and corresponding permeabilities are 0.172 , 

0.5792 and 0.330 m2, respectively. The effect of porosity is studied using the above permeability values 

in the following section. Figure 7 shows the effect of porosity on velocity distribution contour planes 

obtained in the centre of the channel, at the interface, and in the middle of the electrode for a 90 ml 

min-1 flow rate. Figure 8 shows corresponding velocity profiles at the same locations. The flow enters 

the serpentine channel and splits among many parallel pathways before reuniting to emerge via the 

outlet. This is shown in Figure 7 in the form of velocity magnitude contour plots in Figures 7a and 7b for 

porosities 0.7 and 0.8, respectively. For porosity 0.7, the magnitude of velocity contours is greater than 

for porosity 0.8. The velocity changes are confined to flow channels due to the wall effect, and the flow 

distribution is uniform across the cross-sectional area of the whole channel. The velocity at the interface 

is higher for porosity 0.8 (Figure 7d) than for porosity 0.7 (Figure 7c). This is because if the porosity is too 

low, the flow penetration through the electrode will be low, which will result in poor cell performance. 

It also raises the impedance to electrolyte flow. The contour planes of velocity magnitude taken at the 

electrode midpoint are shown in Figures 7e and 7f. In comparison to porosity 0.7, the velocity for 

porosity 0.8 (Figure 7f) is higher than porosity 0.7 (Figure 7e). This is owing to the fact that when porosity 

increases, permeability also increases, which leads to an increase in velocity magnitude. We can also see 

that as velocity increases, the uniform velocity distribution increases and the number of dead zones 

reduces. The performance of the battery will improve owing to this.  
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Figure 7. Effect of porosity on velocity contours in a serpentine flow field for porosity 0.7 and 0.8 for (a) and 

(b) in the mid of the channel, (c) and (d) at the interface, (e) and (f) in the middle of the electrode.  
Colorbar: Velocity, m s-1 

The influence of porosity on velocity profiles can be evaluated quantitatively. Figure 8 shows the 

profiles collected in the middle of the channel, at the interface, and in the middle of the electrode 

for a flow rate of 90 ml min-1. The magnitude of the velocity is shown to be greatest for a porosity 

of 0.7 and lowest for porosity of 0.9. The flow along the channels in SFF (Figure 8a) fluctuates in 

direction but is usually uniform over the width. The velocity at the interface is higher for porosity 

0.9 than for porosity 0.7 (Figure 8b). When compared to the velocity through the channel, the 

velocity distribution in the electrode is two orders of magnitude lower. This is owing to the 

significant influence of porosity. The velocity profiles taken at the middle of the electrode are shown 

in Figure 8c. The velocity appears to rise as the porosity increases. 

Effect of viscosity on velocity profiles 

We used the simulation parameters listed in Tables 1-2 in the following study. The height of a 

channel is the same as its width. The thickness of the electrode is 6 mm. For a 90 ml min-1 flow rate, 

the effects of viscosity on the velocity distribution profiles taken in the centre of the channel, at the 

interface, and in the middle of the electrode are shown in Figure 9.  
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Figure 8. Influence of porosity on velocity profiles in a serpentine flow field for electrode thickness of 6 mm 

for (a) channel middle, (b) the interface, and (c) the electrode middle 

 
Figure 9. Effect of viscosity on velocity profiles in a serpentine flow field for (a) channel middle, (b) the 

interface, and (c) the electrode middle 

It is noted that velocity is higher in the input channel and drops as it advances toward the channel 

outlet. Between the channel inlet and outlet, the velocity profile follows the same pattern. As shown 
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in Figure 9a, the intensity of the peak of velocity profiles increases as the viscosity of the electrolyte 

in the channel increases. This is because velocity is affected not only by pressure drop and 

permeability, but also by fluid viscosity. Increased viscosity increases flow resistance in a porous 

material and channel flow, resulting in increased pressure drop. Pressure losses will also be driven 

by higher viscosities, but only with a sub-linear viscosity scaling. 

When we compare velocity profiles to channels at the interface, we see that they behave 

differently. Figure 9b shows the crossflow velocity under the rib section. 

The velocity profiles taken at the middle of the electrode are shown in Figure 9c. The magnitude 

of the velocity reduces as the viscosity increases, and this effect becomes more pronounced as the 

fluid flows deeper into the electrode. This is owing to the increased flow resistance of the fluid. 

Comparison of modeling results with experimental data 

Experimental values for the velocity field are not available in the literature, and it is very challenging 

to measure velocity profiles at the interface and in the electrode. As a result, we are unable to make 

a comparison between simulated and experimental velocity profiles. Therefore, we compared simula-

tion results to experimental data of pressure drop available in the literature for serpentine flow fields. 

The schematic diagram and geometric details of a serpentine flow field are shown in Figure 10, which 

is composed of squared channels (equal channel width and channel height) placed on the top of the 

electrode. 

 
Figure 10. Schematic diagram of the serpentine flow field configuration studied for validation 

The electrode active area is 2525 mm. Each flow field consists of flow channels with a cross-

sectional area of 11 mm (channel width and height) and a rib width of 1 mm between them. The 

original thickness of the carbon felt was 2.5 mm. We used two layers of carbon felt and kept the 

experiment in the same conditions. In our simulation, we assume the channel height will be reduced 

by 58 %. The pressure drop between the cell input and output was measured using water (density 

and viscosity similar to the electrolytes used in VRFBs) flowing through the flow field at inlet 

Reynolds numbers ranging from 0 to 1720. Density and viscosity of water are assumed to be 

998.2 kg/m3 and 0.001003 Pas, respectively because it is the working fluid. Simulation was carried 

out in the same way as the experiment [30]. The experimental data [30] validates the numerically 

expected pressure reduction in a serpentine flow field. The operational conditions were set to match 

those of the experiment. Figure 11 depicts the comparison of numerical and experimental results. 
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In Figure 11, it can be observed that the numerical model accurately matches the trend using experi-

mental data at low flow rates. The permeability values were obtained from the literature [31-34]. 

 
Figure 11. Comparison of experimental and numerical data of pressure drop in serpentine flow field [30]. 

Permeability 0.75 m2 

Conclusion 

A mathematical model is developed to study the effect of operating and design parameters on 

the velocity profiles in a vanadium redox flow battery under serpentine configuration. Simulation 

results showed that with reduced channel depth, the velocity profiles of the redox liquid are 

enhanced. On similar lines increasing flow rates, reduced electrode thickness and increasing 

porosity of the electrodes enhance the redox liquid velocity profiles. This can enable the reduction 

of stagnant zones in the battery and in the electrode, enhancing battery performance. Since 

experimental values of the velocity profiles in the battery are not available in the literature, pressure 

drop versus flow rates (experimental vs. theoretical) was compared and found to agree well.  

Nomenclature 

u Velocity of electrolyte flow, m/s 

 Electrolyte density, kg m-3  
p Pressure of the fluid, Pa 

 Porosity 

 Viscosity, Pas 

F Forchheimer drag coefficient 

F Volume force vector, N 
k Permeability 
Kck Kozeny-Carman constant 
df Fiber diameter 

L Length of the electrode 
W Width of the electrode 
T Thickness of the electrode 

 Del operator 
RFB Redox flow batteries 
VRFB Vanadium redox flow battery  
ESS Energy storage system 
SFF Serpentine flow field 
PFF Parallel flow field 
IFF Interdigitated flow field 
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