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Abstract – Two and three dimensional modeling of a single cell of vanadium redox ﬂow battery has been
done thoroughly according to electrochemical and ﬂuid mechanic equations in this study. The modeling
has been done in stationary state and its results have been presented in three chemical, electrical and
mechanical sub models. The parametric analysis on some of important factors in cell operation demonstrated that increase in electrode and membrane conductivity and electrode porosity contributes to electric
potential increase in cells. Also operational temperature increase leads to decrease in cells‘ voltage. Better
ﬂuid distribution on the electrode surface area results in better cell operation, therefore the electrolyte
ﬂow distribution form in cell has been studied by designing diﬀerent ﬂow frames. Modiﬁed Navier-Stokes
equations have been used in these calculations for porous media. The most coverage on electrode surface
and low pressure loss had been the best case criteria.
Key words: Vanadium redox battery / stationary model / computational ﬂuid dynamic / porous media /
electrolyte distribution

1 Introduction

Some of the advantages of VRB can be mentioned as
follow:

Energy storage technologies are going to have a more
extensive operation in eﬃcient energy providing systems
in near future. Vanadium redox ﬂow battery is one of the
most exclusive technologies to be used in renewable energy generators as peak shaving and electric load leveling
in energy storage ﬁeld.
Consequently VRB integration with wind and photovoltaic power plants of which production rate is variable
due to environmental, seasonal and climatic conditions
could increase grid reliability in additional to electric output stability. Utilizing electric photovoltaic electricity and
wind production methods along with VRB energy storage
recourses deducts unnecessary development in transmission and distribution systems. Since electrical current is
utilized near the location, it decreases electricity transmission from the grid to remote areas and ﬁnally deducts
excessive expenses and investment in transmission and
distribution [1–3].
a
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– high energy eﬃciency, low and controllable losses, not
terminating of battery life due to discharge, cyclic operation without decline in energy storage ability, not
having chemical declination because of corrosion;
– possibility of electrolyte provision without oxidation,
possibility of probable oxidized electrolyte recovery
using chemical/electrochemical processes, unlimited
electrolyte lifetime without elimination, possibility of
electrolyte recovery for other applications [4–6].
Electrolytes do not exist inside the cells and are stored
outside the cells, the tanks and their electrolyte solution
can be easily replaced so the characteristic of this kind
of battery is too ﬂexible. It is found simple to increase
the electrolyte amount or exchange it. In addition it is
possible to optimize the entered electrolyte to the system
considering the resource size if required [7, 8].
One of the most important technologies in VRB is that
the power of vanadium battery has to do with the whole
electrolyte ﬂow on stack electrodes’ surface, while the accessible stored energy has to do with charged electrolyte
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Nomenclature
a
A
c
CFD
d
df
D
E
f
F
H
i
i0
I
j
k
kCK
km
n
N
P
Q
r
R
S
T
u
v
VRB
W
X
z

Speciﬁc surface area [m2 .m−3 ]
Speciﬁc area [m2 .m−3 ]
Concentration [mol.m−3 ]
Computational Fluid Dynamics
Electrode thickness [m]
Carbon electrode ﬁber diameter [m]
Diﬀusion coeﬃcient [m2 .s−1 ]
Nernst or equilibrium potential [V]
External body forces acting on the ﬂuid
Faraday’s constant [C.mol−1 ]
Cell height [m]
Current density [A.m−2 ]
Exchange current density [A.m−2 ]
Applied current density [A.m−2 ]
Faradic interfacial current density [A.m−2 ]
Reaction rate constant [m.s−1 ]
Kozeny Carman constant, dimensionless
Local mass transfer coeﬃcient [m.s−1 ]
Outward normal vector
Flux [mol.m−2 .s−1 ]
Liquid pressure [Pa]
Volumetric ﬂow rate [mL.min−1 ]
Darcy’s law resistance matrix
Universal gas constant [J.mol−1 .K−1 ]
Source term [mol.m−3 .s−1 ]
Temperature [K]
Velocity vector [m.s−1 ]
Velocity of the electrolyte ﬂow [m.s−1 ]
Vanadium Redox ﬂow Battery
Cell width [m]
Identity matrix
Charge of the ionic species, dimensionless

volume. Therefore it is possible to increase the stored
energy by merely increasing the volume of the charged
electrolyte and without changing the size of the stack.
In addition the stacks do not have to be discharged by
the same voltage they had been charged. The possibility
of discharge of a stack still exists while another stack is
being charged [9–13].
The research done by Weber et al. [14] according to
Frias-Ferrer and Codina [15, 16] studies which demonstrate the relation between the ﬂuid ﬂow and VRB efﬁciency, can be mentioned in hydrodynamic ﬁeld.
More precise studies have been about VRB by Ma
et al. [17] and Secanell et al. [18]. These studies have focused on details such as inﬂuence on electrode eﬀective
area, ﬂuid ﬂow velocity of electrolyte on battery performance, power and eﬃciency, battery‘s lifetime and electrochemical polarization.
The eﬀect of electrolyte ﬂow on performance in the active layer has been noticed in the study done by Jeorisson
et al. [3].
On the other hand the importance of uniformity of
electrolyte distribution in cell to energy eﬃciency increase
has been presented by Moyabayashi et al. [19].
Although even when the ﬂow is homogenous, some of
the eﬀective changes on velocity are noticed on electrodes’
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α
β
ε
η
φs
φl
κ
σ
κeﬀ
lm
μ
δ
ρ
a
c
e
eﬀ
f
H+
i
in
l
m
neg
out
pos
s
x
y

Greek
Transfer coeﬃcient, dimensionless
Permeability coeﬃcient
Porosity, dimensionless
Over-potential [V]
Electronic potential [V]
Ionic potential [V]
Permeability [m2 ]
Electronic conductivity [S.m−1 ]
Conductivity of membrane [S.m−1 ]
Dynamic viscosity [Pa.s]
Characteristic pore size [m]
Constant density [kg.m3 ]
Subscript and Superscript
Anodic reaction quantity
Cathodic reaction quantity
Electrode
Eﬀective value
Fixed charge quantity
Proton property
+
Species i ∈ { V2+ , V3+ , VO2+ , VO+
2, H }
Inlet value
Electrolyte quantity
Membrane quantity/property
Negative electrode quantity/property
Outlet value
Positive electrode quantity/property
Solid or electronic property
Component in the x direction
Component in the y direction

surface. This can cause extreme changes in PH along with
other factors.
Bengoa et al. [20] and Wragg and Leontaritis [21]
demonstrated the importance of ﬂuid ﬂow velocity. The
results of these studies indicated that reversed ﬂow zones
are created around the cell’s inlets.
In addition, Bengoa et al. [20] indicated that the ﬂow
distribution is asymmetric due to inlet design in the active
zone. Therefore this zone has the least homogeneity rate
in the ﬂow.
The mass value coeﬃcient has been measured in
cells bearing baﬄes in variaus geometries by Wragg and
Leontaritis [21]. These baﬄes have been utilized in order
to uniform the ﬂow distribution.
Measurement and simulation of the ﬂuid ﬂow distribution are the most diﬃcult parameters in VRBs. These
parameters are aﬀected by various factors such as compact conﬁguration of battery, materials used in electrode
and acidic characteristic of electrolyte. Also the review
studies done in this ﬁeld have provided the best results
in homogeneous distribution in the battery and its eﬀect
on eﬃciency [22].
Gonzalez et al. [23] have studied the adjustment of
hydrodynamic redox cells modeling by the CFD model
and measured results of the experimental case. The way
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of ﬂuid ﬂow distribution in order to determine its eﬀective
factors has been one of the most important purposes in
this study.
Modeling of a VRB cell and the eﬀect of ﬂuid ﬂow
rate in inlets on performance were noticed in the study
performed by Shah et al. [24].
The determined mathematical framework was used in
formulating purposed modeling for the steady state model
by You et al. [25,26]. Determination of the current density
and state of charge in inﬂuence on battery eﬃciency have
been carried out in this study.
The two dimensional model by Vynnycky [27] has presented the VRB ﬂuid mechanics and electrochemistry in
a simple model. Reducing the modeling complication and
presenting approaches of VRB modeling by ﬁnite element method have been its most crucial purpose in larger
scales.
Kazacos [28] demonstrated that the temperature of
electrolyte solution can eﬀectively change the VRB eﬃciency in another study. The results on this study showed
that increase in ﬂow rate can raise the stack and electrolyte temperature.
Mechanical and electrochemical modeling of a VRB
using a CFD simulation is the main purpose of this study.
So that considering the governing equation the chemical
reactions within the cell, the potential rate and obtained
electricity current and their changes during the process
have been presented. On the other hand carrying out ﬂuid
mechanic analysis the ﬂuid distribution way in cell and
its being compared in various inlet and outlet cell designs
have been studied.

Table 1. Source terms for species and charge conservation.
Source term
Sl
Sφ

Positive electrode
VO2+
VO+
2
H+
φs
φl

ajpos /F
−ajpos /F
−2×ajpos /F
ajpos
−ajpos

Negative electrode
V2+
V3+
H+
φs
φl

ajneg /F
−ajneg /F
0
ajneg
−ajneg

2. The electrode, electrolyte and membrane physical
characteristics have been considered isentropic and
homogenous and their changes in diﬀerent directions
have been eliminated.
3. Isothermal condition exists in all directions.
4. Side reactions such as oxygen and hydrogen changes
have not been taken in to account.
5. Eﬀects caused by gravity have been eliminated.
6. Eﬀects caused by water permeation to membrane have
been eliminated.
7. The model has been considered in stationary state.
8. The electrode materials have been made of carbon.
9. The membrane material has been made of
Naﬁon [25, 29].

2.2 Governing equations of porous electrode
The conservation equations have been presented here
as follow [24]:
Continuity: ∇ · v = 0

2 Model approach
As shown in Figure 1, two reactions occur on two sides
of the membrane simultaneously during the discharge process. While discharging, the electrons detach the anolyte
and enter the catholyte part passing the external circuit,
while charging the movement of electrons changes direction. At this time reduction in anolyte part and oxidation
in catholyte part occur. VRBs are achieved by vanadium
ability in case of two diﬀerent oxidized states.
V4+ and V5+ ions are indeed the oxidized vanadium
VO2+ and VO+
2 ions. So the equations of reactions are
written as follow [29]:
+
−
2+
+ H2 O
VO+
2 + 2H + e ↔ VO

V2+ ↔ V3+ + e−

(1)

V2+ + VO2+ + 2H+ ↔ VO2+ + V3+ + H2 O

2.1 Modeling assumptions

(2)
μ
(3)
Momentum conservation: v = −∇P
K
Species conservation: v ∇ci − Dieﬀ ∇2 ci = Si
(4)
eﬀ
2
Charge conservation: ∇ · is = −∇ · il = −σs ∇ φs
= −Kleﬀ ∇2 φl = Sφ

v denotes the intrinsic ﬂuid velocity vector; P , indicates
the ﬂuid pressure; ci , denotes the concentration of species
+
i, i ∈ { V2+ , V3+ , VO2+ , VO+
2 , H }; Si , denotes the
source term for species i; φs and φl denote the potential
of the solid and liquid phase, respectively; Sφ , denotes the
source term for charge conservation.
The source terms for species conservation and charge
conservation in the positive and negative electrodes have
been shown in Table 1. The source terms in the membrane are all set to zero. The conservation equations cannot be solved without coupling the Butler-Volmer law.
The Butler-Volmer law explains the electrochemical reactions occurring on the surface of the porous carbon electrode [25, 30, 31]:


(−αpos,c ) F ηpos
cs5
exp
c5
RT


αpos,a F ηpos
cs4
− exp
c4
RT


jpos = i0,pos
1. The ﬂuid ﬂow has been considered incompressible. It
has been assumed that the ﬂuid density remains unchanged during the operation.

(5)

(6)
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Fig. 1. Schematic of VRB operation.


jneg = i0,neg

cs3
exp
c3




(−αneg,c) F ηneg
RT


cs2
αneg,a F ηneg
− exp
c2
RT

local ﬂux at the surface of the positive electrode during
charge will be deﬁned as [27, 32]:
(7)

jneg and jpos are considered as the transfer current densities for the positive and negative electrodes respectively.
The exchange current densities for the positive and
negative electrode reactions are [24, 32]:
i0pos
i0neg

αpos,c

= F kpos (c4 )

αneg,c

= F kneg (c2 )

αpos,a

(c5 )

αneg,a

(c3 )

(8)
(9)

The over-potentials for the positive and negative electrode
reactions are deﬁned as:
ηpos = φs − φl − Epos
ηneg = φs − φl − Eneg

(10)
(11)

where Epos and Eneg can be estimated from the relevant
Nernst equations [33]:
 
c5
RT
0
Ln
Epos = Epos +
(12)
F
c4
 
c3
RT
0
Ln
Eneg = Eneg
+
(13)
F
c2
0
0
The values of the equilibrium potentials Epos
and Eneg
have been categorized in Table 5.
The local mass transfer coeﬃcient km has been introduced to describe the eﬀect of species transport between
the bulk solution and the liquid-solid interface, thus the
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α

α

α

α

N4s = km,pos (c4 − cs4 ) = kpos (c4 ) pos,c (c5 ) pos,a
 s




c4
(αpos,a ) F ηpos
αpos,c F ηpos
cs5
×
exp
exp −
−
c4
RT
c5
RT
(14)
N5s = km,pos (c5 − cs5 ) = kpos (c5 ) pos,c (c5 ) pos,a
 s




c5
(αpos,c ) F ηpos
αpos,a F ηpos
cs4
×
exp −
exp
−
c5
RT
c4
RT
(15)
Combining equations (14) and (15), the vanadium concentrations at the surface of the positive electrode will
be [24, 25]:
Bpos c5 + (1 + Bpos ) c4
1 + Apos + Bpos
Apos c4 + (1 + Apos ) c5
cs5 =
1 + Apos + Bpos
cs4 =

(16)
(17)

where Apos and Bpos have the following expressions [26–28]:


αpos,a F ηpos
kpos
αpos,c −1
αpos,a
Apos =
(c4 )
(c5 )
exp
km,pos
RT
(18)


kpos
αpos,c F ηpos
αpos,c
αpos,a −1
Bpos =
(c4 )
(c5 )
exp −
km,pos
RT
(19)
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Table 2. Considered electrode properties in VRB modeling.
Parameter
Value
Unit
Description
ε0
0.93
–
Electrode porosity
Ae
3.50 × 10+5 m2 .m−3 Electrode speciﬁc area
66.7
S.m−1
Electrode conductivity
σe
−5
1.76 × 10
m
Carbon ﬁber diameter
df
kCK
4.28
–
Kozeny-Carman constant
H
0.035
m
Cell height
W
0.035
m
Cell width
d
0.004
m
Electrode thickness

The mass transfer coeﬃcient is approximately calculated
by [33]:
0.4
(20)
km,pos = 1.6 × 10−4 | v |
Similar expressions are applied to the species at the negative electrode as follows:
Bneg c3 + (1 + Bneg ) c2
=
1 + Aneg + Bneg
A
neg c2 + (1 + Aneg ) c3
cs3 =
1 + Aneg + Bneg
cs2

where

(21)

Aneg

Bneg

kneg
α
α
−1
=
(c2 ) neg,c (c3 ) neg,a
km,neg

d2f ε3

16kCK (1 − ε)2



(25)

where kCK is the Carman-Kozeny constant, which depends on the type of media and is used as a ﬁtting parameter and df is the ﬁber diameter, ε is the porosity, the
value of the speciﬁc surface area relates to ε according
to the calculation of the speciﬁc area in reference [35].
Equation below shows the correction of speciﬁc surface
area “a” in Table 1:
 0.75
ε
Ae
(26)
a=
ε0
Values of porosity and speciﬁc surface area are shown in
Table 2 where ε0 and Ae are the reference. The eﬀective diﬀusion coeﬃcient Dieﬀ and the eﬀective conductivity of the porous carbon electrode are calculated by the
Bruggemann correction [24]
Dieﬀ = ε3/2 Di

(27)
3/2

σseﬀ = (1 − ε)

σs

κeﬀ
l m = −

F2
z f cf D m
H+
RT

(30)

where zf is the ﬁxed site charge in the membrane and cf
is the ﬁxed charge site concentration.
2.3 Boundary conditions
Boundary conditions are required at all boundaries of
the computational domains, as well as at internal interfaces require.
2.3.1 Boundary conditions for charge conservation

The local mass transfer coeﬃcient km,neg has the same
expression as equation (20).
The permeability of the porous media is often described by the Carman-Kozeny equation [34]:
κ=

The following equation shows the eﬀective conductivity
in the membrane which has a special expression. Reference [24] indicates the detail of the deducing process

(22)


αneg,a F ηneg
RT
(23)


αneg,c F ηneg
exp
RT
(24)

kneg
α
−1
α
=
(c2 ) neg,c (c3 ) neg,a exp
km,neg

This equation shows the eﬀective conductivity of the electrolyte [25]
F 2  2 eﬀ
=
z D ci
(29)
κeﬀ
l
RT i i i

(28)

Since the battery is operated in galvanostatic mode,
the ﬂux conditions for potential distribution of the porous
electrode are deﬁned as follows (during charge):
−σ eﬀ
n = I (x = 0, x = x1 )
s ∇φs · 

(31)

−σ eﬀ
n = −I (x = x4 )
s ∇φs · 

(32)

−σ eﬀ
n = 0 (x = x2 , x = x3 , y = 0, y = H) (33)
s ∇φs · 
The charge leaving the solid phase is balanced by the
charge entering the electrolyte where I is the applied current density. For discharge the signs are reversed. Therefore, the boundary conditions on the potential distribution for electrolyte during charge are speciﬁed as:
n = −I (x = x2 )
−κeﬀ
l ∇φl · 

(34)

n = I (x = x3 )
−κeﬀ
l ∇φl · 

(35)

−κeﬀ
n = 0 (x = 0, x = x1 , x = x4 , y = 0, y = H)
l ∇φl · 
(36)
2.3.2 Boundary conditions for momentum balance
Where the velocity boundary conditions are used at
the inlets, pressure boundary conditions are used at the
outlets and on all walls, the no-slip boundary condition
is applied for the momentum equations. The detailed expressions are as follows:
vy = vin (y = 0)

(37)

P = Pout (y = H)

(38)

∇P · n = 0 (x = x1 , x2 , x3 , x4 )

(39)
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The inlet velocity can be calculated by the equation below
where the outlet pressure Pout is usually set to zero:
Q
vin =
εA

(40)

The diﬀusive ﬂuxes of all species are set to zero where
Q is the volumetric ﬂow rate and A is the cross-sectional
area.
At the outlets (y = H) [25]:
−Dieﬀ ∇ci

· n = 0

(41)

when all the other boundaries are set to walls’ meaming
that the ﬂuxes are zero:


−Dieﬀ ∇ci + civ · n = 0
(42)
2.4 Porous media fluid mechanic equations
Navier-Stokes equations are required for modeling
of ﬂows through a porous medium. The incompressible
Navier-Stokes equations can be written as [36, 37]:
ρ (u · ∇) u − μ∇2 u + ∇P = f
ρ∇ · u = 0

(43)
(44)

u denotes the velocity vector, P the pressure ﬁeld, ρ the
constant density, μ the dynamic viscosity coeﬃcient and
f represents the external body forces acting on the ﬂuid
(i.e. gravity).
Although the general form of the Navier-Stokes equation is valid for the ﬂow inside pores of the porous
medium, its solution cannot be generalized to describe
the ﬂow in porous region. Therefore, the general modiﬁcation form of Navier-Stokes equation should take place
to describe the ﬂow through porous media. To describe
the linear relation between the velocity u and gradient of
pressure P in the porous medium Darcy‘s law is used to
this aim. It deﬁnes the permeability resistance of the ﬂow
in a porous media [37]:
∇P = −μru

(45)

r is considered as the Darcy’s law resistance matrix and u
the velocity vector. r is a diagonal matrix with coeﬃcients
1/β, where β is the permeability coeﬃcient in the case of
considering a homogeneous porous medium.
It is possible to deﬁne the Reynolds number associated
to the pores:
ρuδ
ReP =
(46)
μ
δ is the characteristic pore size. Whereas Darcy law is
reliable for values of Rep < 1, otherwise it is required to
consider a more general model which accounts also for the
inertial eﬀects, such as:


1
(47)
∇P = − μru + ρCu |u|
2
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Table 3. Considered membrane properties in VRB modeling.
Parameter
Value
Unit
dm
2.03 × 10−4
m
1990
mol.m−3
cf
zf
σm

–1
10

–
S.m−1

Description
Membrane thickness
Fixed charge
site concentratio
Charge of ﬁxed site
Membrane conductivity

C is considered as the inertial resistance matrix.
Considering a modiﬁed Navier-Stokes equation in the
whole domain the momentum equations become as equation (48) including the two source terms associated to the
resistance induced by the porous medium (linear Darcy
and inertial loss term):
1
ρ (u · ∇) u − μ∇2 u + ∇P − μru − ρCu |u| = 0 (48)
2
A modiﬁed Darcy’s resistance matrix should be used in
simulation software, as follows where C is a diagonal
matrix:
ρ (u · ∇) u − μ∇2 u + ∇P = μr∗ u
(49)
1
(50)
r∗ = r + μρ |u| X
2
It should be noted that in laminar ﬂows through porous
media, the pressure P is proportional to velocity u and C
can be considered zero (r∗ = r) where X is the identity
matrix. Therefore, the Navier-Stokes momentum equations can be rewritten as:
ρ (u · ∇) u − μ∇2 u + ∇P = μru

(51)

3 Numerical approach
The VRB calculation model is a mathematical demonstration of mechanical phenomena and also electrochemical processes concerning battery operation. This model
consists of a set of partial diﬀerential equations along
with boundary conditions which explain transferring processes. It also includes relations indicating connections
among transferring equations. In addition the equations
which explain physical and electrochemical materials used
in VRB, are required for modeling.
About explained equation set have been solved by
r
COMSOL Multiphysics
software. The acceptable relative error tolerance has been considered 2.5E-6 here.
The dimensions of the base 3 dimensional cell have
been contemplated 35 × 35 × 4 mm for positive and negative carbon felt and 35 × 35 × 0.203 mm for polymer
membrane. Also 10 mm height with 3 mm diameter tubes
have been considered.
Deﬁned electrode, membrane and electrolyte properties in VRB modeling have been demonstrated in Table 2,
Tables 3 and 4 respectively.
In Tables 5 and 6 have been presented deﬁned kinetic parameters and operational parameters respectively
in modeling VRB and their amounts based on experimental references.
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Table 4. Considered electrolyte properties in VRB modeling.
Parameter
μneg
μpos
c0V2
c0V3
c0V4
c0V5
DV2
DV3
DV4
DV5
DH+
DSO4
DHSO4

Value
0.0025
0.005
156
884
884
156
2.40 × 10−10
2.40 × 10−10
3.90 × 10−10
3.90 × 10−10
9.31 × 10−9
1.07 × 10−9
1.33 × 10−9

Unit
Pa.s
Pa.s
mol.m−3
mol.m−3
mol.m−3
mol.m−3
m2 .s−1
m2 .s−1
m2 .s−1
m2 .s−1
m2 .s−1
m2 .s−1
m2 .s−1

Description
Average dynamic viscosity of negative electrolyte
Average dynamic viscosity of positive electrolyte
V2+ initial concentration
V3+ initial concentration
VO2+ initial concentration
VO+
2 initial concentration
V2+ diﬀusion coeﬃcient
V3+ diﬀusion coeﬃcient
VO2+ diﬀusion coeﬃcient
VO+
2 diﬀusion coeﬃcient
H+ diﬀusion coeﬃcient
SO2−
diﬀusion coeﬃcient
4
HSO−
4 diﬀusion coeﬃcient

Table 5. Considered kinetic parameters in VRB modeling.
Parameter
kpos
kneg
αpos,a
αpos,c
αneg,a
αneg,c
0
Epos
0
Eneg
Table 6.
modeling.
Parameter
T
Q
v
Pout
I

Value
2.50 × 10−8
7.00 × 10−8
0.55
0.55
0.45
0.45
1.004
–0.255

Unit
m.s−1
m.s−1
–
–
–
–
V
V

Description
Rate constant, positive reaction
Rate constant, negative reaction
Anodic transfer coeﬃcient, positive reaction
Cathodic transfer coeﬃcient, positive reaction
Anodic transfer coeﬃcient, negative reaction
Cathodic transfer coeﬃcient, negative reaction
Standard potential, positive reaction
Standard potential, negative reaction

Considered operational parameters in VRB
Value
Unit
Description
293.15
K
Cell temperature
Volumetric ﬂow rate
30
mL.min−1
Cell inlet velocity
0.0047
m.s−1
0
Pa
Outlet pressure condition
0.4–0.5
A
Current

4 Results and discussion
Results achieved from the model have been evaluated
as follow.
4.1 Chemical sub-model
Changes in concentration according to the two dimensional model consisting V2+ and V3+ in negative part and
V4+ , V5+ in positive part have been presented in Figures 2 to 5. It should be noted that the chemical model
includes the following results. This is caused by reactions
happened in cell and changes acquired in battery electrolyte’s content.
As noticed in Figures 2 and 3, V2+ ’s concentration
is reduced from the inlet to outlet of the cell. The
concentration of V3+ increases. This is evident in battery process. As mentioned before, according to electrochemical battery cell reactions, V2+ converts in to V3+
while being discharged in the negative part. The maximum and minimum of V2+ concentrations are equal to

Fig. 2. Change of V2+ concentration during discharge.

158.88 mol.m−3 and 108.53 mol.m−3 respectively. Also
the maximum and minimum V3+ concentrations are equal
to 938.92 mol.m−3 and 882.21 mol.m−3 respectively.
On the opposite side, the positive side of the battery, V5+ converts in to V4+ so the V4+ concentration
increases as shown in Figures 4 and 5. The maximum
and minimum of V4+ concentrations have been calculated
as 927.33 mol.m−3 and 870.63 mol.m−3 respectively. According to presented explanations, the decrease of V5+
concentration during discharge process has been calculated 156 mol.m−3 and 113.13 mol.m−3 for maximum and
minimum respectively.
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Fig. 6. Electrolyte potential change in the central cross section of the cell.
Fig. 3. Change of V3+ concentration during discharge process.

Fig. 7. Membrane electrolyte potential change in the central
cross section of the cell.
Fig. 4. Change of V4+ concentration during discharge process.

4.2 Electrical sub-model

Fig. 5. Change of V5+ concentration during discharge process.

Changes relating electric potential have been shown in
Figures 6 and 7. The electric potential reduces from the
negative side to the positive side as it is concluded from
these ﬁgures. This is caused by the process of electricity production in battery cells. This fact is also obvious
about electric potential of the membrane because more
electric potential is noticed on the side touching the negative electrolyte.
As notiﬁed, the electrolyte potential value reduces
from the negative to the positive side. This occurs because of electric potential production while the cell is being discharged on the negative side. Maximum amount of
electrolyte potential has been calculated as 0.19 V on the
negative side.
The modeling results demonstrate that the maximum
voltage produced in cell electrode is 1.143 V. Also, the
current density has been calculated 105.55 mA.cm−2 at
max. Increasing the electric potential in the cell the current density decreases. This fact has to do with cell energy
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Fig. 8. Electrode potential change due to electrode conductivity changes.

Fig. 9. Electrode potential change due to membrane conductivity changes.

balance of which power production must be in a certain amount. The logical selected level of which the battery operation must not be lowered has been deﬁned as
50 mA.cm−2 . The reason of this fact is deduction in fuel
charge concentration and the battery’s uselessness.

4.3 Parametric study
In order to perform the parametric analysis of the
model, various models have been created based on the
base model in each of which sensitive parameters have
been selected. Their change eﬀect has been studied on
results from the model. These parametric analyses have
been taken in logical and reasonable ranges.
Electrode conductivity rate in the base model was
equal to 66.7 S.m−1 . This parameter is one of the most
eﬀective factors because of materials used in battery components. The results achieved in this study have been
shown in Figure 8. The eﬀect of increase in electrode conductivity, showed increase in electrode electric potential.
Sigma e deﬁnes the membrane conductivity (S.m−1 ) in
this ﬁgure.
Change has been performed in membrane conductivity in range between 1 and 19 S.m−1 . The achieved results demonstrate that increase in membrane conductivity more than 10 S.m−1 , doesn’t have a signiﬁcant eﬀect
on the whole cell potential, whereas its reduction causes
undesirable eﬀects on the whole cell voltage rate. This has
been mentioned in Figure 9. Sigma m deﬁnes the membrane conductivity (S.m−1 ) in this ﬁgure.
In this parametric study, the porosity range has been
considered between 0.7 and 0.95. The achieved results indicate that increase in porosity, has a desirable eﬀect on
the cell electric potential. This has been shown in Figure 9. It is noted that increase in porosity rate, is obtained
by selecting a better electrode for the battery cells. This
veriﬁes the importance of applying better materials. Epsilon signiﬁes porosity in Figure 10.

Fig. 10. Electrode potential change due to porosity changes.

The temperature in which the system is applicable can
be mentioned as one of the most sensitive model parameters. This means that the system works in non-isothermal
conditions. The result of the eﬀect of change in temperature on electric potential has been shown in Figure 11.
Obviously the undesirable increase in cell temperature is
trivial. Conﬁguration constraints must be taken into account whilst determination of temperature changes.
The range of temperature changes for parametric
study has been considered between 283.15 and 303.15 K
in the present model. Also the cell’s temperature has been
equal to 293.15 K in the base model. The sign T signiﬁes
the cell temperature (K) in Figure 11.

4.4 Mechanical sub-model
In this sub-model, by considering the equations of
ﬂuid dynamics in porous media along with electrochemical equations, displaying streamlines in the battery electrodes and also obtaining the pressure drop due to ﬂuid
ﬂow in the cell were performed.
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Fig. 11. Electrode potential change due to cell temperature
changes.

Fig. 12. Fluid ﬂow distribution in model No. 1 (base model).

The ﬂuid velocity of inlet tubes has been considered
0.006 m.s−1 and pressure loss changes have been achieved
in two sides of the cell. In Figure 12, the proﬁle of ﬂuid
ﬂow distribution has been demonstrated in the positive
side of the cell. The way of electrolyte stream line’s distribution in the cell is the signiﬁcant point in this ﬁgure.
As it is noticeable, although the ﬂow distribution seems
almost complete, it is considered zero in some parts especially in the corners of the cells.

5 Design of flow frame models
The process of entrance of the ﬂuid to the cell is designated by using the ﬂow frame. Flow frame design deals
with kind and number of inlet channels of ﬂuid ﬂow to
the cell. This is highly important because better design
of using all surfaces of the cell can be achieved as increase
of designating the ﬂuid distribution way to cell by various
ﬂow frame models. The two factors of ﬂuid velocity and
pressure loss must be considered in mentioned channel’s
design. This mechanical modeling has shown another aspect of itself in this case.
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Fig. 13. Fluid ﬂow distribution in model No. 2.

Fig. 14. Fluid ﬂow distribution in model No. 3.

According to three dimensional modeling for battery
cells, mechanical model has taken advantages for ﬂuid mechanic principles. It is based on stream inlet conﬁguration
to the cell by diﬀerent ﬂow frame models in this study.
The number of ﬂow channels in the frame has been
considered 3, as it is noticeable in Figure 13 considering model No. 2. The state of ﬂuid ﬂow distribution was
studied. 1 mm diameter tubes have been selected in this
model.
Results indicated that the ﬂuid parallelly ﬂows in the
cell and exits in this model. The pressure loss is almost
about 12.25 Pa in the positive side of the cell which indicates a high pressure loss in this particular design.
Model No. 3 has three inlet and outlet channels similar
to model No. 2 as it is seen in Figure 14. The diﬀerence
is borne in one of the inlet and outlet diameter channels
with the other two channels. So that the diameter of the
ﬁrst channel has been considered equal to 1.5 mm and the
other two are equal to 0.75 mm diameter. Pressure loss
shows some increase in comparison with model No. 2. The
pressure loss rate on the positive side of the cell has been
calculated about 21.20 Pa. Therefore the eﬀect of change
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Fig. 15. Fluid ﬂow distribution in model No. 4.

in the diameter of inlet and outlet tubes in the ﬂow frame
has shown increase in its pressure loss.
Fluid ﬂows enter the cell as two perpendicular streams
as it is observed in Figure 15 for model No. 4. The tubes
considered for this model have 1.5 mm diameter. Results
achieved from this model show that ﬂuid distribution occurs in a way that excepts some of the parts of the corners
of the cell, the other parts can be under the electrolyte
ﬂow coverage. The pressure loss is low in this model which
can be considered as an advantage for model No. 4. The
pressure loss amount on the positive side on the cell has
been calculated about 9.50 Pa.
Perpendicular ﬂows enter and exit the cell from two
opposite directions in model No. 5 as shown in Figure 16.
Consequently it has shown diﬀerences in acquired results
in comparison with model No. 4. The results of ﬂuid
ﬂow distribution in cell have illustrated two sides of ﬂuid
ﬂow which have covered more surface in comparison with
model No. 4. The pressure loss has been obtained 8.12 Pa
in this case.
Sensitivity analysis on presented models has been performed according to ﬂuid ﬂow velocity to the battery in
this ﬁeld. The reason is the diﬀerence in inlet and outlet
diameter of cell in diﬀerent models. So the value of the
ﬂuid velocity changes considering the constant ﬂow rate.
Results considering with pressure loss on two sides of the
cell and produced electric potential with the same velocity and also modiﬁed velocities based on the inlet ﬂow
rate have been presented in Table 7.
Best cases can be selected according to acquired results from diﬀerent ﬂow frame modelings and designed
channels in its side. The criteria of this choice are its practical possibility from conﬁgurative point of view, better
ﬂow distribution, maximum electrolyte coverage of cell
surface and low pressure loss between the inlet and outlet
of the cell. So model No. 5 has the ﬁrst selection priority

Fig. 16. Fluid ﬂow distribution in model No. 5.

according to presented results in Figures 12 to 16 and
also Table 7. On the other hand the produced voltage in
this model has been obtained equal to 1.25 V in state of
constant ﬂow rate, which is higher than other models.
It should be noted that implementing any channels in
the ﬂow frame requires manufacturing cost and its ﬂuid
mechanic calculation. Change implementations without
this calculation and mere based on assumptions and imitating similar system’s pattern aren’t reasonable.

6 Conclusion
Modeling of a VRB has been performed in order to
achieve a comprehensive view point of a VRB single cell
operation. Thus a couple of 3 and 2 dimensional models
have been designed and executed with the same geometries. According to available equations in this ﬁeld, studies
have initially been presented on two chemical and electric
sub models. Results indicate that while discharging the
cell and because of reduction reaction V2+ concentration
has had the maximum value at the cell inlet and it has
decreased to 108.53 mol.m−3 at the cell outlet.
On the other hand V5+ concentration has been reduced from 156 mol.m−3 to 113.13 mol.m−3 due to oxidation reaction on the negative side of the cell.
Maximum electrode voltage of 1.143 V and current
density of 105.55 mA.cm−2 have been achieved in the
studied cell.
Parametric studies on some of the crucial factors on
VRB cell operation, demonstrated that increase in electrode conductivity from 60 to 85 S.m−1 raises electrode
electric potential from 1.1422 to 1.1452 V. This analysis about membrane conductivity indicated that its increase from 1 to 10 S.m−1 is highly eﬀective on electric
potential optimization. Its eﬀectiveness afterwards drops
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Table 7. Comprise the main results of ﬂow frame models.
Negative side pressure loss-same velocity (Pa)
Positive side pressure loss-same velocity (Pa)
Negative side pressure loss-altered velocity (Pa)
Positive side pressure loss-altered velocity (Pa)
Maximum electric potential-same velocity (V)
Maximum electric potential-altered velocity (V)

Base model (No. 1) Model No. 2 Model No. 3 Model No. 4 Model No. 5
4.52
6.65
9.48
4.11
3.60
11.13
12.25
21.20
9.50
8.12
–
11.40
15.17
6.37
5.53
–
25.54
33.95
14.89
12.64
1.14
1.14
1.12
1.14
1.14
–
1.13
1.12
1.13
1.25

signiﬁcantly. Also the results of this study showed that
the inﬂuence of increase in porosity from 0.7 to 0.95 range
has been trivial on the produced voltage. On the other
hand the temperature changes of cell operation can’t be
selected widely. However the undesirable inﬂuence of temperature increase on electric potential has been noticed in
this study.
Then the results of mechanical sub model were analyzed focusing on state of electrolyte ﬂow distribution.
Since the more electrolyte coverage has on cell surface the
better it functions, various models were developed with
this purpose. Diﬀerent designings of ﬂow frame for VRBs
contribute to diﬀerent ways of ﬂuid ﬂow in cells. Therefore 5 models of ﬂow frames were designed and the results
of their ﬂow distribution were studied for this purpose.
Model No. 5 which has electric potential of 1.25 V and
the pressure loss of 12.64 Pa on the positive side of the
battery and in constant ﬂow rate, has been selected as the
best case because of suitable electrolyte surface coverage
and low pressure loss.
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