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Abstract: Redox flow batteries provide high flexibility and scalability for large-scale energy storage
systems due to their safety, low cost and decoupling of energy and power. While typical flow frame
designs usually assume all parts are standard, the industry can suffer from irregularity and manufac-
turing tolerances of cell components, such as the shape or dimensions of the flow frame and porous
electrode. This paper evaluates the impact of side gaps and porosity differences of the graphite felt
due to irregularity and manufacturing tolerances on the electrolyte flow in the active cell areas. A
three-dimensional hydraulic model with parameterised multi-cell stack geometry has been developed
in COMSOL to compare the cell velocity distributions and pressure losses of a vanadium redox flow
battery with flow-through electrodes. The results indicate that the side gaps and porosity segments
can result in preferential flow within low-resistance areas, leading to significantly lower flow rates for
other cell areas compared with standard flow frames. Proposed countermeasures of adjusting channel
locations and applying dimples protruding into the cell cavity from the flow frame show good potential
to avoid stagnant zones and maintain theoretical flow rates for the active cell areas.

Keywords: redox flow battery; hydraulic stack model; flow frame design; side gap; felt porosity variation

1. Introduction

Increasing growth in renewables, together with the intermittent nature of solar and
wind generation, has dramatically increased the need for large-scale energy storage to
alleviate the grid’s potential for instability. A leading contender for large-scale, long-
duration energy storage is the vanadium redox flow battery (VRFB) system pioneered
by Skyllas-Kazacos et al. at UNSW Australia in the 1980s. The system provides high
efficiency, low cost, no fire/explosion hazard and a long-demonstrated cycle life [1–3].
Flow battery systems store all energy in liquid electrolytes, which are contained in external
reservoirs. The electrolytes are circulated through the battery stacks, which either charge
the electrolyte or extract power from the electrolytes during the discharge process. The
power and capacity can be varied independently, where the electrolyte volume determines
the system’s capacity, and the size and number of battery stacks determine the system’s
power. The decoupling of capacity and power provides high flexibility and scalability for
large-scale energy storage systems.

The vanadium redox flow battery system utilises vanadium ions supported in sul-
phuric acid in the positive and negative electrolytes, as vanadium ions can exist at four
different oxidation states. In the negative electrolyte, the V(II)/V(III) redox couple is used,
and in the positive electrolyte, the V(IV)/V(V) redox couple is utilised [4]. Using the same
metallic ion in both electrolytes negates issues due to cross-contamination as periodic
remixing of the electrolytes restores system capacity and provides an indefinite life for the
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electrolytes. The half-cell reactions for the VRFB are described below, with a schematic of a
3-cell VRFB illustrated in Figure 1.

Batteries 2023, 9, x FOR PEER REVIEW  2  of  19 
 

remixing of the electrolytes restores system capacity and provides an indefinite life for the 

electrolytes. The half-cell reactions for the VRFB are described below, with a schematic of 

a 3-cell VRFB illustrated in Figure 1. 

Negative: 

𝑉ଷାሺ௔௤ሻ ൅ 𝑒ି ⇌ 𝑉ଶାሺ௔௤ሻ                             𝐸଴ ൌ െ0.26𝑉  (1)

Positive: 

𝑉𝑂ଶ
ା
ሺ௔௤ሻ ൅ 2𝐻ା

ሺ௔௤ሻ ൅ 𝑒ି ⇌ 𝑉𝑂ଶାሺ௔௤ሻ ൅ 𝐻ଶ𝑂       𝐸଴ ൌ ൅1.00𝑉  (2)

 

Figure 1. Schematic of a 3−cell stack in vanadium redox flow battery system. 

While  the standard cell potential  is 1.26 V, systems employing approximately 2 M 

vanadium in 5 M sulphuric acid will have an open circuit voltage of approximately 1.4 V 

at a 50% state of charge [4]. The overall cell voltage is given by: 

𝑉௖௘௟௟ ൌ 𝐸஼ ൅ 𝐸஺ െ 𝜂஺ െ 𝜂஼ െ 𝑖𝑅௖௘௟௟  (3) 

where  𝐸஼   and  𝐸஺   are  the  cathode  and  anode half potentials  (V),  𝜂஺    is  the  activation 
overpotential being the additional potential required to overcome the activation energy 

barrier  for  the  reactions  in  both  the  cathode  and  anode  (V),  𝜂஼   is  the  concentration 
overpotential,  which  is  the  additional  potential  needed  to  overcome mass  transport 

limitations at the electrode/electrolyte  interface at both the cathode and anode  (V),  𝑖  is 
the current density (A cm−2),  𝑅௖௘௟௟  is the ohmic resistance of the cell for a specific electrode 

area (Ω cm2).   

As flow battery systems typically utilise flow-through porous graphite felt with high 

surface  area  for  electrode  materials  to  facilitate  electron  transfer  at  the 

electrode/electrolyte  interface,  the  activation  overpotential  becomes  insignificant  [1]. 

Concentration overpotential is affected by the electrolyte flow rate. It is more evident at 

high  states  of  charge during  charging  and  low  states  of  charge during  the  discharge 

process when the concentration of reactants is low. For a given current, the rate of transfer 

of reactants to the electrode surface may be less than the transfer of electrons across the 

electrode/electrolyte interface resulting in a high concentration overpotential. For optimal 

performance, it is critical to supply enough reactants to the electrode/electrolyte interface 

across  the  entire  cell  active  area  and all  cells within  a battery  stack.  In  addition, flow 

uniformity across the entire cell area is critical to avoid any local regions of inadequate 

flow, which could contribute to high localised concentration overpotential or undesirable 

gassing side reactions. 

Figure 1. Schematic of a 3−cell stack in vanadium redox flow battery system.

Negative:
V3+

(aq) + e− 
 V2+
(aq) E0 = −0.26V (1)

Positive:

VO+
2 (aq) + 2H+

(aq) + e− 
 VO2+
(aq) + H2O E0 = +1.00V (2)

While the standard cell potential is 1.26 V, systems employing approximately 2 M
vanadium in 5 M sulphuric acid will have an open circuit voltage of approximately 1.4 V at
a 50% state of charge [4]. The overall cell voltage is given by:

Vcell = EC + EA − ηA − ηC − iRcell (3)

where EC and EA are the cathode and anode half potentials (V), ηA is the activation over-
potential being the additional potential required to overcome the activation energy barrier
for the reactions in both the cathode and anode (V), ηC is the concentration overpotential,
which is the additional potential needed to overcome mass transport limitations at the
electrode/electrolyte interface at both the cathode and anode (V), i is the current density
(A cm−2), Rcell is the ohmic resistance of the cell for a specific electrode area (Ω cm2).

As flow battery systems typically utilise flow-through porous graphite felt with high
surface area for electrode materials to facilitate electron transfer at the electrode/electrolyte
interface, the activation overpotential becomes insignificant [1]. Concentration overpoten-
tial is affected by the electrolyte flow rate. It is more evident at high states of charge during
charging and low states of charge during the discharge process when the concentration
of reactants is low. For a given current, the rate of transfer of reactants to the electrode
surface may be less than the transfer of electrons across the electrode/electrolyte interface
resulting in a high concentration overpotential. For optimal performance, it is critical to
supply enough reactants to the electrode/electrolyte interface across the entire cell active
area and all cells within a battery stack. In addition, flow uniformity across the entire cell
area is critical to avoid any local regions of inadequate flow, which could contribute to high
localised concentration overpotential or undesirable gassing side reactions.

Flow battery technology has been widely investigated and developed over decades
by researchers worldwide [5]. Researchers have developed numerical models from the
early 1D to the current 2D or 3D to predict and optimise the performance of VRFB systems.
In terms of 1D models, Tang et al. proposed a lumped VRFB stack model to optimise the
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flow rates and system efficiency [1], and Barton et al. developed a more comprehensive 1D
VRFB stack model to facilitate high-throughput system-level analysis [6]. Recent research
by Mourouga et al. also presented 0D models for dimensionality reduction to provide
faster predictions for battery performance, such as cell voltage and power density in terms
of current density or state-of-charge [7], whose model can also be used for membrane
optimisation [8].

In addition to the well-established 1D model focusing on the stack and system perfor-
mance, 2D or 3D models have also experienced rapid growth in detailing the electrolyte
flow and concentrations within battery cells. Shah et al. proposed a transient 2D model
based on mass, momentum and charge conservation and a kinetic description for vanadium
reactants [9]. The model was then extended to include the thermal effects by adding the
energy balance equation [10], with extra consideration of the gassing side reactions, such
as the hydrogen evolution [11] and oxygen evolution [12]. Shah et al. also presented a
dynamic unit cell model relating the process time and conditions to the state of charge
(SOC) [13]. With Shah’s transient 2D models, Ma et al. extended the stationary 2D cell
model proposed by You et al. [14] to a stationary 3D model for a negative half cell of
VRFB [15]. Later researchers, such as Gurieff et al., adapted this 3D half-cell model to
optimise the flow batteries with flow-through porous electrodes [16,17]. To extend the
cell model to a stack level, Darling et al. developed a comprehensive 2D stack model in
conjunction with the traditional equivalent-circuit stack models, focusing on edge corrosion
due to shunt currents [18]. Moreover, Zhang et al. reported a coupled 2D stack model for
VRFB with flow-through electrodes considering the nonuniformity of electrolytes in the
flow frame [19].

Recent research also showed interest in flow-by electrodes with flow frame designs to
intensify the flow battery performance [20–23]. Aaron first proposed a zero-gap serpentine
flow field with carbon paper, considerably enhancing the power density of VRFB with a
potentially lower cost [24]. Messaggi et al. developed a 3D model with experimental validation
to investigate the performance of serpentine and interdigitated flow channels, pointing out
that the serpentine distributor performs better than the interdigitated distributor despite
the lower pressure drops and more uniform reaction rate in the interdigitated design [25].
The latest study extended the 3D model to improve the serpentine flow frame by adding
baffles [26] with another research analysing the effect of the uneven electrode deformation in
parallel, serpentine and interdigitated flow field designs [27]. Although the cell or flow frame
designs can be different, the principles of their 2D/3D modelling are common.

Flow field optimisation is one of the crucial aspects of VRFB, which can improve
flow uniformity, battery metrics and efficiencies [28–30], with many comparative studies
performed between different flow field designs. Xu et al. compared the performance of
flow-by electrodes with serpentine and parallel flow channels to flow-through electrodes
numerically [31] and experimentally [32], demonstrating slightly higher round-trip and
energy efficiencies for the serpentine flow field. Similarly, Kumar and Jayanti experimen-
tally compared the serpentine, interdigitated and conventional (flow-through) channels,
showing the highest efficiency for the serpentine design [33]. However, when comparing
the conventional flow-through electrode with the interdigitated and serpentine flow-by
porous electrodes using both experiments and modelling, Maurya et al. pointed out that the
performance gap between flow field designs can vary significantly under certain conditions,
which should be evaluated case by case [34].

Even though the flow-by electrode with flow field design can be a promising devel-
opment field, flow-through porous electrodes using graphite felt are still dominantly used
for commercial-scale applications. For flow-through electrodes, typical flow frame designs
usually assume that the felts are attached tightly to the cells’ cavity walls, while in practice,
manufacturing tolerances or irregularities can lead to bypass flows in the side gaps between
the felt and the cavity walls. From the authors’ knowledge, no available literature to date has
considered the side gaps for flow-through porous electrodes. Moreover, porosity differences
or felt thickness variations due to the manufacturing tolerances of the porous carbon felt
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electrodes may further lead to low-flow-rate regions or dead zones within the cells, potentially
resulting in localised concentration overpotential or undesirable gassing side reactions. No
literature has examined this practical problem due to its uncertainty by nature.

To this end, this paper evaluates the effect of side gaps and porosity differences of the
flow-through porous graphite felt due to the irregularity and manufacturing tolerances
by comparing the cell velocity distributions and pressure losses using the 3D hydraulic
stack model developed in COMSOL. The model focuses on the hydraulic aspects to make
it easier to scale up to a stack level, considering flow-related electrochemical factors. The
results indicate that the side gaps and porosity segments can result in preferential flow
within low-resistance areas, leading to significantly lower flow rates for other active cell
areas. Proposed countermeasures of slightly oversizing the felt, applying a higher inlet flow
rate, adjusting the vertical channels towards the centre and designing multiple dimples
in the flow frame to protrude into the two edges of the cell cavity show good potential to
reduce stagnant zones and maintain theoretical flow rates for the active cell areas.

2. Mathematical Model

A three-dimensional hydraulic stack model has been developed to determine the flow
of electrolytes in various regions within a battery stack to understand how a particular bat-
tery stack design will perform or operate. COMSOL Multiphysics and High-Performance
Computing (HPC) platform, Katana, have been used for efficient numerical modelling and
simulation of the flow in the stack-manifold arrangements, with the velocity distributions
and pressure losses of different components in the battery stack determined. COMSOL
Multiphysics has advantages with its advanced CFD and Battery Design Modules, which
provide a user-friendly graphical interface to facilitate the modelling of redox flow batteries,
while Katana can offer sufficient computational resources for efficient multi-task simula-
tions of different scenarios. COMSOL Multiphysics utilises the finite element method (FEM)
to discretise the geometry into mesh elements defined by a set of shape functions. The
physics-controlled mesh has been applied for the simulation, with the Newton–Raphson
iteration utilised to approximate the solutions to the physical problem with the provided
boundary conditions until the solution residuals satisfy the convergence criteria.

2.1. Assumptions

The following assumptions have been made to develop the 3D hydraulic stack model
in COMSOL:

1. The electrolyte is an incompressible Newtonian fluid fully filled in the system with
constant volume, density and viscosity.

2. The electrolyte flow is within the laminar regime.
3. The electrolyte and porous electrode are assumed to be isotropic and homogeneous.
4. The electrolyte is assumed to be balanced, so no ion diffusion or water transport

across the membrane is considered.
5. Gassing side reactions, self-discharge reactions and shunt currents are assumed to be

negligible.
6. Constant temperature is assumed for the system with the heat transfer and thermal

effects neglected.
7. The gravitational effect of electrolytes is assumed to be negligible.

2.2. Geometry

A 3D parameterised stack geometry has been built with an interface that allows
input parameters to be varied for different system designs and chemistries. The geometric
parameters, such as the number of cells, cell size, manifold and channel sizes, are fully user-
defined. The inlet manifolds and channels sit at the bottom, while the outlet manifolds and
channels are at the top of the stack. Between the inlet and outlet flow frames is a cell cavity
with porous felt, which can be further modified to include the secondary manifolds before
and after the felt. The secondary manifold is a void chamber between the vertical channels
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and the graphite felt, commonly used in research or industrial cell designs to improve the
flow uniformity within the felt. When multiple vertical channels are considered in the
design, the length of the horizontal channel directly connected to the vertical channels has
been fixed at the entire cell width to cater for any number of vertical channels. The side
gaps on two sides of the felt are an undesirable feature that could arise due to irregularities,
while felt segments are used to define porosity difference due to felt thickness variations
within manufacturing tolerances, which can typically be up to ±0.5 mm. Figure 2 shows
the parameterised 3D geometry examples of a single cell and a 10-cell battery stack with the
abovementioned geometric features. Depending on the research requirements, researchers
can simulate different scenarios to predict and optimise the hydraulic performance of
battery cells.
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2.3. Governing Equations

When the Reynolds number, the dimensionless ratio of inertial forces to viscous forces
in a fluid, is lower than a critical value, a flow tends to be dominated by laminar flow. As
the Reynolds number increases to a higher value, the flow tends to have more disturbances,
leading to a transition to turbulent flow. The critical Reynolds number varies with physical
models, with the critical value of pipe flow known to be approximately 2000, as a classic
example. For pipe flow, the Renolds number Re is generally defined as:

Re =
ρQDH

µA
(4)

where ρ is the fluid density (kg m−3), Q is the volumetric flow rate (m3 s−1), µ is the dynamic
viscosity of the fluid (Pa s), A is the cross-sectional area of the pipe (m2), DH is the hydraulic
diameter of the pipe (m), which is the inside diameter for a circular pipe (such as the primary
manifolds) or four times the pipe’s internal cross-sectional area divided by the inner perimeter
for a rectangular pipe (such as the channels, secondary manifolds and side gaps).

Since the flow rate of the battery stack is properly controlled, the Reynolds number
of the flow in the manifolds, channels and porous electrodes tends to be lower than 2000
(typically for vanadium redox flow batteries). In the case of a higher Reynolds number, the
standard k-epsilon turbulence model may be applied to model the unsteady flow in the
flow frame, which is not detailed in this paper. Laminar flow physics has been selected
to model the flow within the battery stack, with the Reynolds numbers of the manifolds,
channels and side gaps always checked to be lower than 2000 for the simulations.
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Since constant flow rates were applied for the entire state-of-charge (SOC) range of the
charging and discharging processes, stationary analyses have been performed to compute
the velocity and pressure fields of the single-phase fluid in the laminar flow regime. The
equations solved for the single-phase fluid flow in the manifolds, channels and side gaps
are the Navier–Stokes equations, which consist of the conservation of momentum:

ρ(
→
u ·∇)→u = −p + µ[∇→u + (∇→u )T ] (5)

and the continuity equation for the conservation of mass:

∂ρ

∂t
+∇·

(
ρ
→
u
)
= 0 (6)

which can be simplified for the stationary incompressible flow:

∇·→u = 0 (7)

where
→
u is the flow velocity of the electrolyte (m s−1), ρ is the density of the electrolyte

(kg m−3), µ is the dynamic viscosity of the electrolyte (Pa s), p is the absolute pressure of
the electrolyte (Pa), T is the temperature (K).

For the electrolyte flow in the porous electrode of the cells, the Fluid and Matrix
Properties are applied to the electrode domain to model the flow in porous media. The
equations solved for the flow are the Brinkman Equations extended from Darcy’s Law, with
the simplified form for the single-phase incompressible flow:

µ

κ

→
u = −p + µe f f [∇

→
u + (∇→u )T ] (8)

and the conservation of mass:
∇·→u = 0 (9)

where the permeability of the porous electrode κ can be determined by the Kozeny–Carman
equation [35]:

κ =
d2

f

16kKC

ε3

(1− ε)2 (10)

where µe f f is the effective viscosity (Pa s); d f is the fibre diameter of the carbon electrode
(m); kKC is the Kozeny–Carman constant; ε is the porosity of the porous electrode.

2.4. Boundary Conditions

No-slip walls are assumed for the wall boundary of the flow frame with no leakage
of electrolytes through the surfaces. The outlet is located at the top of the stack, which
is assumed to be connected to the atmosphere with zero relative pressure (the reference
pressure equals 1 atm), while the inlet is set at the bottom of the stack, assuming the flow is
fully developed with the constant applied flow rate calculated from:

Qapplied = FlowFactor× n×Qtheoretical (11)

where Qapplied is the applied flow rate of the stack (m3 s−1), FlowFactor is the dimensionless
multiplier used to manipulate the magnitude of the flow rate, n is the number of cells in the
stack, Qtheoretical is the theoretical flow rate of a cell (m3 s−1), which is to ensure sufficient
reactant for chemical reactions to generate the charging or discharging currents and can be
derived from Faraday’s Law of Electrolysis as below:

Qtheoretical =
I

z·F·creactant
(12)
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where I is the charging or discharging current (A), z is the electrons involved in the reaction,
F is the Faraday constant, which is 96,485.3 (C mol−1), creactant is the reactant concentration
(mol m−3).

Since the simulations use a vanadium redox flow battery with the electrolyte assumed
to be balanced (i.e., neglecting the side reactions and ion diffusions or water transport
across the membrane), the concentrations of vanadium species can be estimated using the
state of charge (SOC) of the battery as follow:{

cV3+ = cV4+ = cVT ·(1− SOC)

cV2+ = cV5+ = cVT ·SOC
(13)

where cV2+ , cV3+ , cV4+ , cV5+ are concentrations of vanadium ions V2+, V3+, V4+, V5+,
respectively (mol m−3), cVT is the total vanadium concentration (mol m−3), SOC is the state
of charge of the electrolyte.

Since the simulations utilise constant inlet flow rates, the selected flow rate to supply
sufficient reactants for chemical reactions throughout the entire SOC range should be
the maximum theoretical flow rate, which can be obtained at the end of the charging or
discharging processes when the reactant concentrations are lowest. Thus, the constant
applied flow rates at the inlet for the charge or discharge process can be solved by combining
Equations (11)–(13), giving:

Qcharge
applied = FlowFactor× n× I

z·F·cVT ·(1−SOCupper)

Qdischarge
applied = FlowFactor× n× I

z·F·cVT ·SOClower

(14)

where SOCupper and SOClower are the SOCupper limit and SOClower limit, respectively.

2.5. System Specifications

The simulations started with the validation (case 1) using similar flow battery configu-
rations as the battery stack from the literature to compare simulated stack pressure drop
against the reported experimental values. After the validation of the 3D hydraulic model,
this work studied typical flow frame designs (case 2) with the primary manifold, horizon-
tal and vertical channels, secondary manifold and flow-through electrode, assuming the
graphite felt is isotropic and homogeneous with no side gaps between the felt and the cell
cavity. However, since the industry can suffer from bypass flows in the side gaps between
the felt and the cavity due to unavoidable felt and flow-frame irregularities, the impact
of the side gaps on the electrolyte flow within the active cell areas has been investigated
by adding small gaps attached to two sides of the porous electrode (case 3). Additionally,
the effect of the porosity difference within the cells due to the manufacturing tolerances of
the felt has also been studied by randomly distributing porosity segments across the felt
(case 4) in combination with the effect of the side gaps.

For the validation study (case 1), the battery stack employs a geometry as shown in
Figure 2b, with the same electrode (felt) area of 1500 cm2, cell number of 10, cell cavity
thickness of 6 mm, an inlet flow rate of 6 L min−1 and total vanadium concentrations
of 1.5 M as the early UNSW 1 kW VRFB stack [36] to provide a fair comparison. Since
the literature does not precisely specify the flow frame sizes, the rectangular channels
are assumed to be 10-mm wide by 3-mm deep (half the cell cavity thickness), with inlet
vertical channel length estimated to be 4 cm and horizontal channel length assumed to
be half the cell width plus an offset of 4 cm from the manifold. The circular manifold has
an estimated length of 17.2 cm, considering the thicknesses of electrodes, membrane and
bipolar plates of the ten cells, with the manifold’s cross-sectional area determined by the
sum of the channel’s cross-sectional area. The porosity of the graphite felt is assumed
to be 0.9, corresponding to a compression ratio of 10% for the graphite felt. Other stack
parameters are adapted from the previous UNSW research investigating the same stack [1],
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with the electrolyte density of 1354 kg m−3, electrolyte viscosity of 4.928 mPa s, electrodes’
fibre diameter of 17.6 µm and Kozeny–Carman constant of 4.28.

In the study cases (cases 2–4), the battery employs a base geometry, as shown in
Figure 2a, to investigate the effect of channels, secondary manifold, side gaps and porosity
difference of the felt on the electrolyte flow within the flow-through electrode. Since the
cells perform similarly across the stack for these hydraulic studies, this work simulates only
one cell of the stack to save computational time and resources. Unless specified otherwise,
the default cell input parameters, mainly adapted from literature [1,17], have been used to
simulate the hydraulic performance of a negative half cell of vanadium redox flow battery,
as detailed in Table 1.

Table 1. Default system specifications used for cases 2–4.

Parameter Symbol Value Unit

number of cells in stack n 1
inlet vertical channel length 10 mm

vertical channel width 3 mm
horizontal channel width 6 mm

channel depth 2 mm
total length of inlet manifold 38 mm

manifold diameter 8 mm
porous electrode thickness 3 mm

porous electrode height 0.3 m
porous electrode width 0.5 m

electrode porosity (for 25% compression felt) ε 0.88
(if applicable) secondary manifold height 1 cm

(if applicable) side gap width 1 mm
(if applicable) dimple radius 2 mm

fluid density ρ 1354 kg m−3

fluid dynamic viscosity µ 4.928 mPa s
charging current I 120 A
current density i 80 mA cm−2

flow factor FlowFactor 2
total vanadium concentration cVT 2 mol L−1

SOCupper limit of charging process SOCupper 0.9
fibre diameter d f 17.6 µm

Kozeny–Carman constant kKC 4.28
temperature T 293 K

3. Results and Discussion
3.1. Case 1: Validation

Figure 3 shows the 3D pressure plot of the 10-cell stack and the 2D velocity plot on
the half-electrode cut plane of the last cell in the stack. As mentioned in Section 2.5, the
simulation employed the same electrode (felt) area of 1500 cm2, cell number of 10, cell
cavity thickness of 6 mm, flow rate of 6 L min−1 and total vanadium concentrations of
1.5 M as the early UNSW 1 kW VRFB stack with assumptions about some stack features.
The simulated stack pressure drop of 73.2 kPa from inlet to outlet, as shown in Figure 3a,
correlates well with the pressure observations in the UNSW experimental stack, whose
value is approximately 80 kPa [36] under the same flow rate and similar stack conditions.
The discrepancy of 8.5% is associated with the unknown parameters of the experimental
stack, such as the uncertain permeability of the porous felt electrode and the gravitational
effect. Figure 3b presents the simulated non-uniform velocity distribution within the porous
felt electrode of the early cell design, mainly due to the single channel layout, which can be
improved by flow frame optimisation.
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3.2. Case 2: Typical Flow Frame

Typical flow frame designs with the primary manifold, horizontal and vertical chan-
nels, secondary manifold and flow-through electrode, which were widely used for the early
experimental cell settings in the UNSW laboratory and the redox flow battery industry,
have been simulated to determine the configurations of the vertical and horizontal channels
together with the secondary manifolds at the inlet and outlet of the porous electrode.

3.2.1. Case 2.1: Horizontal Channels

Initially, three horizontal channels with three vertical channels were simulated for
the battery cell, as shown in Figure 4a,b, with a cell pressure drop of 197 kPa. This value
can be reduced to 172 kPa by applying two horizontal channels, as shown in Figure 4c,d.
However, a shorter channel with a lower pressure drop can be suitable for a single-cell
setup but may lead to higher shunt current losses for a multi-cell stack [37]. The actual
length of the channels is subject to the number of cells in a stack, which should be evaluated
on a case-by-case basis. Trade-offs between the pressure drops and shunt currents should
be carefully considered to achieve a high system efficiency [1]. The simulated flow within
the active cell area in Figure 4a,c also shows an uneven flow distribution with a noticeable
velocity gradient next to the vertical channels and dead zones at four corners and the areas
between the vertical channels.

Since the COMSOL Multiphysics utilises the finite element method (FEM) to discretise
the geometry into mesh elements defined by a set of shape functions, the simulations
should pass a mesh-independence test, which ensures the results remain unchanged as the
number of mesh elements increases. Figure 5 presents the pressure profile along the middle
line of the cell in Figure 4b under four meshes for the mesh independence study. The study
employed the same simulation conditions except for the number of mesh elements. As can
be seen, the simulations require at least a fine mesh with 495,617 mesh elements (the red
line) to obtain mesh-independent results for the given geometry. The relative error of the
pressure between the finer and fine mesh is less than 1%. Thus, this study employs fine
mesh for all simulations.
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3.2.2. Case 2.2: Vertical Channels

To increase the uniformity of electrolyte flow and reduce dead zones within the active
cell area, more vertical channels of the same size have been simulated, as shown in Figure 6.
As vertical channels increase from 3 to 20, more uniform flows with fewer dead zones
can be observed. The dead zones at four corners, as demonstrated in Figure 6a–e, are
eventually eliminated when the design includes vertical channels at the two ends of the
porous electrode, as demonstrated in Figure 6f.
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Furthermore, another benefit of a higher number of vertical channels is the consider-
ably lower cell pressure drop, as illustrated in Figure 7. The cell pressure drops significantly
decrease from 172 kPa with three vertical channels to 97.8 kPa with twenty vertical chan-
nels. These results indicate that more vertical channels are desirable for both uniform flow
distribution and lower cell pressure loss.
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3.2.3. Case 2.3: Secondary Manifold

Rather than attaching the vertical channels directly to the porous electrode, some flow
frame designs apply small void chambers to the inlet and outlet of the porous felt electrode.
These small void chambers acting like infinite vertical channels are called secondary (dis-
tribution) manifolds, commonly used in research or industrial cell designs to improve the
flow uniformity within the felt. The electrolyte distribution resulting from introducing a
secondary manifold is shown in Figure 8. It can be observed that the flow spreads across
the 1-cm secondary manifolds and tends to be uniform within the porous electrode with few
dead zones. Since the cell pressure drop moderately descends from 101 kPa with one vertical
channel to 90 kPa with twenty vertical channels connected to the secondary manifolds, as
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demonstrated in Figure 8b,d, more vertical channels attached to the secondary manifolds tend
to perform better in reducing pressure loss. Additionally, the cell pressure drop decreases by
8.4 kPa from 98.4 kPa without the secondary manifolds to 90 kPa with the secondary mani-
folds by comparing Figure 7e with Figure 8d. These simulation results imply that secondary
distribution manifolds can be a feasible approach to reduce the cell pressure drop and improve
the uniformity of the electrolyte flow within the porous electrode, even though it may need a
protective cover to fix the felt and membrane firmly.
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3.3. Case 3: Side Gaps

Since manufacturing irregularities and tolerances can lead to side gaps between the
felt and the cavity wall, the effect of the side gaps on the electrolyte flow within the active
cell areas has been studied by adding 1-mm gaps to both sides of the porous electrode.

3.3.1. Case 3.1: Side Gaps on Flow Frame

In case 2 above, Figures 6f and 8c demonstrate the best hydraulic performance re-
garding flow uniformity and pressure loss for the flow frame designs without and with
secondary manifolds, respectively. However, these typically used ‘optimal’ designs are
susceptible to side gaps. For example, applying 1-mm side gaps to these two cases results
in preferential bypass flow within the side gaps, leading to significantly slower flow within
the felt, as shown in Figures 9 and 10. The actual flow velocity in the active cell area, nearly
4 mm s−1, is only half the theoretical flow velocity of 8 mm s−1. A flow rate lower than the
theoretical value constrains the supply of reactants to the electrode surface for the chemical
reactions at higher SOCs, potentially increasing the concentration overpotential and con-
tributing to premature voltage cutoff and capacity loss. Even worse, low flow rates may
increase the risk of gassing side reactions, such as hydrogen and oxygen evolutions, due
to an insufficient supply of electroactive species to the electrode surface. Moreover, after
adding the side gaps, the cell pressure drops dramatically decrease from 97.8 kPa (without
side gaps) to 64.9 kPa (with side gaps) for the former case and from 90 kPa (without side
gaps) to 61.4 kPa (with side gaps) for the latter case, mainly due to the bypass flows.
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3.3.2. Case 3.2: Countermeasures against the Side Gaps

Countermeasures against the side gaps must be considered to maintain the theoretical
flow rate and provide adequate reactants for the redox reactions. The approaches to cope
with the bypass flow in the side gaps include utilising slightly larger felt than the cell
cavity to minimise the side gaps or applying a marginally larger flow rate to the inlet to
compensate for the bypass flow. Additionally, in this paper, semicircular dimples of a
radius of 2 mm are proposed and applied to two sides of the cell cavity to control the flow
in the assumed 1-mm side gaps, as shown in Figure 11.
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Figure 11. Semicircular dimples of a 2−mm radius applied to two sides of the flow frame to protrude
into the cell cavity to restrict the bypass flow in the side gaps.

Simulation results in Figure 12a,b demonstrate the velocity plots when applying two
dimples on each side to constrain the bypass flow in the side gaps observed for case
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3.1. Faster flow within the felt with noticeable velocity gradients next to the dimples can
be observed compared to the case with no countermeasures. If secondary distribution
manifolds are not utilised in the flow frame design, such as in Figure 12b, adjusting the
vertical channels from two edges towards the centre can also reduce the bypass flow in the
side gaps and increase the flow rate in the active cell area, as shown in Figure 12c, even
though there were still small dead zones near the side gaps. The dead zones can, however,
be reduced by applying more dimples, as showcased in Figure 12d–f, when the number of
dimples for each side is increased to 10. The flow rates in the felt of these three cases rise
considerably compared with Figure 12a–c, with the average flow velocity of the active cell
area close back to the theoretical flow velocity of approximately 8 mm s−1.
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Figure 12. The velocity plots for the countermeasures against the side gaps: (a) Secondary manifolds
with two dimples on each side, (b) vertical channels to two ends with two dimples on each side,
(c) vertical channels not to two ends with two dimples on each side, (d) secondary manifolds with
10 dimples on each side, (e) vertical channels to two ends with 10 dimples on each side, (f) vertical
channels not to two ends with 10 dimples on each side.

Furthermore, for the simulations with secondary manifolds, the cell pressure loss
decreases from 90 kPa (no side gaps) to 61.4 kPa (with side gaps) and then climbs back
to 75.1 kPa (two dimples) and even 87.4 kPa (10 dimples). Similarly, for the simulation
without secondary manifolds, the cell pressure loss decreases from 97.8 kPa (no side gaps) to
64.9 kPa (with side gaps) and then jumps back to 79.4 kPa (two dimples) and even 93.8 kPa
(10 dimples), whose values, by adjusting the vertical channels towards the centre, can
further increase to 90.3 kPa (two dimples) and 96.7 kPa (10 dimples), respectively. Overall,
the cell pressure drops show a similar trend as the actual flow velocity in the graphite felt,
mainly due to the dominant role of the porous electrode towards the cell pressure drop.
These simulation results suggest that adjusting channel locations and applying dimples
protruding into the cell cavity from the flow frame can effectively deal with the side gaps.

3.4. Case 4: Porosity Segments

The impact of the porosity difference of the graphite felt due to manufacturing tol-
erances has also been studied by randomly distributing porosity segments across the felt
in combination with the effect of the side gaps. The cell cavity used in the simulation is
3-mm thick, while the thickness of the felt from manufacturers can have a tolerance of
4 ± 0.5 mm, corresponding to felt compression from 14.3% for 3.5-mm felt in a 3-mm cavity
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to 33.3% for 4.5-mm felt in the 3-mm cavity. Felt compressions can be used to estimate the
porosities of the graphite felt [16,38], which are assumed to be 0.89, 0.88 and 0.87 in this
study, corresponding to 20%, 25% and 30% compression within the abovementioned felt
compression range. The porosities are also assumed to have random distribution across the
graphite felt with the porosity segments shown in Figure 13.
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Figure 13. Random porosity distribution within the porous electrode using graphite felt.

Figure 14a,d shows the velocity plots when applying the porosity segments to the
standard flow frame assuming no side gaps. Preferential flows were generated in the
areas with high porosity of 0.89. In contrast, moderately lower flow rates can be observed
for the areas with low porosity of 0.87, in which the flow velocity is slightly lower than
the theoretical velocity of 8 mm s−1. The side gaps can further worsen the flow rates, as
demonstrated in Figure 14b,e, which may be resolved by utilising the proposed dimples as
shown in Figure 14c,f. It is worth mentioning that the flow frame designs with secondary
manifolds tend to be more sensitive to the side gaps, as observed in Figure 14e, which
implies the necessity for dimples in the flow frame internal edges or other countermeasures
against the side gaps for the design.
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Figure 14. Velocity plots for the simulations with random porosity segments plus (a) no secondary
manifold without side gaps, (b) no secondary manifold with side gaps, (c) no secondary manifold
with side gaps and dimples, (d) secondary manifold without side gaps, (e) secondary manifold with
side gaps, (f) secondary manifold with side gaps and dimples.
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Figure 15 summarises the pressure drops for Figure 14a–f, with the comparison against
previous pressure drop results under the same condition but without porosity segments.
As can be seen, the cell pressure drop significantly decreases by adding the side gaps and
jumps back by utilising dimples to constrain the bypass flow. The results also show that
the random porosity distribution assumed in this study has minimal effect on the cell
pressure drops, although the actual porosity distribution can be uncertain and hard to
predict. In summary, the results indicate that the porosity difference of the graphite felt
due to manufacturing tolerance can have less impact than the side gaps on the flow rates
and pressure drops.
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4. Conclusions

Regarding standard flow frame designs for redox flow battery stacks, the secondary
distribution manifolds with more vertical channels connected to the cell cavity can reduce
the cell pressure drop and improve the electrolyte flow uniformity within the porous
electrode. However, these designs are sensitive to the side gaps and porosity segments
from felt and flow-frame irregularity or manufacturing tolerances, which can result in
preferential flow within low-resistance areas, leading to significantly lower flow rates for
other cell areas. Proposed countermeasures of slightly oversizing the felt, applying a higher
inlet flow rate, adjusting the vertical channels towards the centre and designing multiple
dimples in the flow frame to protrude into the two edges of the cell cavity can effectively
maintain theoretical flow rates for the active cell areas to avoid capacity losses induced by
high concentration overpotential or gassing side reactions in the low-flow-rate regions or
dead zones. The porosity difference of the graphite felt due to manufacturing tolerance
can have less impact than the side gaps on the flow rates and pressure drops, despite the
uncertainty of its distribution by nature.

The simulations have been performed for a single cell of vanadium redox flow battery
as an illustration. Still, the hydraulic model has incorporated a parameterised geometry
for a multi-cell battery stack with an input interface that allows input parameters to be
varied for different chemistries and designs. The model can demonstrate the flow within
the cells’ cross-sessional area and the flow to individual cells within a battery stack, which
can thus assist in evaluating different design parameters and concepts for flow battery
stack optimisation.
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