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Abstract

Porous electrodes are pivotal components of Vanadium Redox Flow Batteries, which influence the power density,
pressure drop losses, activation overpotentials, limit current density, bulk and contact resistance, and ohmic losses.
The quantification of the fluid-mechanic efficiency of porous electrodes is a useful measure, as it is related to the
mass transport losses and it affects the overall battery performances. Although several studies, both numerical and
experimental, have been devoted to the electrode enhancement, most analyses are carried out under the simplifying
assumption of linear, macrohomogeneous and isotropic behavior of the fluid mechanics in the porous material. We
present an original approach built on the Lattice-Boltzmann Method and Lagrange Particle Tracking that makes use
of pore-scale accurate geometrical data provided by X-ray computed tomography with the aim of studying the disper-
sion and reaction rates of liquid electrolyte reactants in the flow battery porous electrode. Following this methodology,
we compare the fluid-dynamic performances provided by a commonly used carbon felt and an unconventional ma-
terial, that is, a carbon vitrified foam. Surprisingly, results unveil the possibility of achieving higher fluid-mechanic
efficiencies with the foam electrode, whose intrinsic microstructure promotes higher reaction rate.

Keywords: redox flow battery, lattice-boltzmann, lagrangian particle tracking, X-ray computed tomography, porous
electrode

1. Introduction

Stationary energy storage has a key role in the expan-
sion of decarbonized renewable energy sources, which
are typically intermittent, and of smart grids provided
with distributed energy-management capability. Energy
storage systems are required to provide a variety of ser-
vices with response times ranging from milliseconds to
minutes and discharge duration ranging from minutes
to several hours. Seasonal storage implies the capabil-
ity of preserving energy storage over some months with
limited self-discharge. Electrochemical Energy Storage
is the solution of choice for fast power quality services,
for small power/energy ratings, and for the general dis-
tributed exploitation that is required in smart grids. In
fact it has grown fast in last years, its rated power pass-
ing from 0.1 GW as of 2007 to 1,7 GW as of 2017 [1].
Even if Lithium-ion batteries are presently the most suc-
cessful technology in the stationary market, after gain-
ing a dominant position in the portable electronics and
electric mobility sectors, beyond-lithium forecasts indi-

cate that Redox Flow Batteries (RFBs) will have a major
boost for stationary energy storage in the next future [2].

They feature a unique combination of advantages in-
cluding: very fast response times, of the order of mil-
lisecond in stand-by mode; independent sizing of power
and energy allowing for discharges long at will; a single
reversible device performing energy storage and deliv-
ery; good round-trip efficiency; and virtually no self-
discharge in off-mode. The Vanadium RFB (VRFB),
that is the only widely marketed version at present,
presents extremely long calendar and cycle lives, in ex-
cess of 20 years and 20,000 cycles, respectively, thanks
to the use of the same metal in the two electrodes, that
prevents cross-contamination and limits membrane ag-
ing. However, VRFBs also suffer from some drawbacks
which limit their present market competitiveness, no-
tably low energy density, due to limited solubility of the
electrolyte in the sulphuric acid solution, and low power
density, related to the limited current density generated
in the electrodes. Industrial-size cells have average cur-
rent densities much lower than top values obtained in
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experimental small-size single-cell devices.

1.1. Mass transport losses in VRFB
The main sources of energy losses in a VRFBs are

electrochemical, ohmic and concentration polarizations.
While the former two are significant at low current den-
sities, the latter are strongly dominated the battery be-
havior at high current densities. Concentration polariza-
tion occurs since in the electrolyte diffusive mass trans-
port (Dm ∼ 10−3 mm2/s) is much slower slower than
momentum diffusivity (ν ∼ 1 mm2/s) and the fluid-
mechanic efficiency of the system is poor. The too
slow mass transport of reactants limits the battery cur-
rent density. A proper design of the cell and porous mi-
crostructure can mitigate this technological issue. In the
present work, we focus our analysis on this important
aspect.

Two arrangements for distributing the solutions in-
side the electrodes are typically considered: the flow-
through and the flow-by design. The former requires
thick, highly porous and little compressed electrodes
characterized by relatively high bulk and contact resis-
tances [3]. Instead, in the latter, liquid electrolytes are
distributed into thin paper electrodes from channels en-
graved in thicker current collectors which provide bet-
ter contact resistance. Nevertheless, this solution typi-
cally shows poor electrochemical behavior and smaller
active surface areas [4]. An extensive literature deals
with flow field design documenting the much work done
in order to increase the uniformity of the electrolyte
distribution along the cell area, making use of alterna-
tive design concepts [5, 6, 7]. Typically, the aforemen-
tioned analyses adopt the macrohomogeneous porous
electrode approach. In this view, permeability and dif-
fusion in the porous electrode are modeled through ho-
mogeneous equivalent parameters, e.g. by means of the
Bruggeman approximation. [8]

Even though such efforts have been rewarded with
improved performances, few studies focus on the phe-
nomena occurring at microscopic scales which are at the
base of the VRFB fluid-dynamic efficiency. X-ray com-
puted tomography (CT) was early used for investigat-
ing VRFB electrodes by Qiu et al. [9, 10], who pro-
posed a methodology for modeling the transport mech-
anisms of species and charge in the VRFB at the pore
scale. They used CT data as geometry input for the flow
field of electrolyte that was modeled using the Lattice-
Boltzmann Method (LBM). Transport of species and
charge was formulated by means of the finite volume
method (FVM) with the Butler-Volmer equations which
model the species and charges coupling at the active sur-
face sites. They obtained local concentration, overpo-

tentials, current density and cell voltage, finding a cell
voltage increase with increasing electrolyte flow rate
due to decreasing concentration gradients. Trogadas et
al. [11] combined CT of voltage-cycled graphite felts,
scanning electron microscopy (SEM), and X-ray photo-
electron spectroscopy (XPS) to capture the changes in
felt structure and properties such as porosity, character-
istic tortuosity and volume specific surface area, during
operation. Jervis et al. [12] designed a miniature flow
cell that allowed the use of CT to study carbon felt ma-
terials in situ and operando, in both lab-based and syn-
chrotron CT. Their bespoke cell can be used to observe
felt fibers, electrolyte and pore phases, enabling non-
destructive characterization of an array of microstruc-
tural parameters during the operation.

However, to the best of our knowledge such diagnos-
tic techniques where not yet used to compare effects and
performances of different porous microstructures of real
VRFB electrodes. In this paper we present an original
approach that resorts to the Lattice-Boltzmann Method
and Lagrange Particle Tracking and makes use of mate-
rial geometry data obtained using a X-ray CT system to
investigate the dispersion and reaction rates induced by
different microstructure of the VRFB porous electrode.
Through this technique we obtain a pore-scale non-
homogeneous anisotropic analysis and parametrization
of the flow filed inside two different materials for VRFB
electrodes: a commonly used carbon felt and a carbon
vitrified foam. The surprising results of this analysis
show that the foam microstructure induces higher dis-
persion and reaction rates which in turn can increase
VRFB fluid-mechanic performances.

2. Methodology

The fluid-dynamic performance of porous electrodes
strongly depends on the microstructure of the media.
From an experimental point of view only global prop-
erties can be measured. Local flow features, e.g. elec-
trolyte dispersion or velocity, are very difficult to mea-
sure since optical accesses through porous electrodes
are difficult to use without altering the local geome-
try. Recent computational methods and resources open
new perspectives in the detailed analysis of these de-
vices. The procedure we propose aims to evaluate the
performance of different porous electrode microstruc-
tures mixing state-of-the-art metrology and numerical
simulation techniques.

In particular, we use X-ray CT to reconstruct the real
microstructure of porous media, a Lattice-Boltzmann
flow solver to simulate the microscopic flow behavior
through the pores of the electrodes and a Lagrangian
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Figure 1: Upper panels: carbon felt. Lower panels: carbon vitrified foam. (a) X-ray computed tomography reconstruction. (b) Isosurfaces of
binarized volume images for the two considered samples. The corresponding binary matrices were used as geometrical input for LBM fluid flow
simulations. An equivalent body force is applied along the x direction for simulating the effect of the pressure gradient. (c) Streamlines simulating
reactants dispersion through the media performed by coupling LBM with LPT.

Particle Tracking method to evolve the electrolyte dis-
persion and reaction through the medium. The synergy
of all these different competences is used to evaluate
electrode performance at fixed pump power in terms
of electrolyte dispersion and reaction rate in the limit
of fast chemistry. The main advantage of the proposed
methodology is a detailed characterization from micro-
scopic to macroscopic properties of the media which is
presently unfeasible with a pure experimental approach.
In fact, by means of the present methodology, we are
able to obtain: (i) a geometrical reconstruction of the
electrode with high resolution that allows to capture the
typical small length scale of the pores (the voxel size
∼ 5µm is one/two orders of magnitude smaller than
the mean pore size diameter in VRFB electrodes, see
e.g. [13]) and (ii) a full characterization of the elec-
trolyte flow field at the same length scale (the LBM
computational cell size corresponds to the X-ray CT
voxel size). Each technique forming the procedure is
described in one of the following sections.

2.1. X-ray computed tomography

Dispersion and reaction mechanisms in porous and/or
fibrous media are connected to the specific material

properties, including the internal configuration (i.e. spa-
tial disposition and volume of interconnected pores and
fiber orientation). In order to fully understand how such
mechanisms can affect the performances of real elec-
trodes of flow batteries, an analysis of the internal ma-
terial characteristics should be conducted. However,
analyzing non-accessible features is impossible with
conventional methods. For example, internal porosity
is commonly investigated by the Archimedes method,
which measures only the percentage content of pores,
or by optical analyses, which require destructive opera-
tions and are limited to few cut-sections [14]. Also the
fiber orientation can be studied using destructive tech-
niques from the geometry of elliptical cross-sectional
shape of fibers, in correspondence to specific conse-
quential cut-planes of the specimen [15].

An advanced technology capable of overcoming the
limitations of the above mentioned methods is X-ray
CT, which enables non-destructive analyses of both ex-
ternal and internal features [16, 17]. In particular, mate-
rial porosity can be evaluated in terms of spatial distri-
bution, size and morphology [14] and the fiber orienta-
tion can be successfully assessed from CT data through-
out the entire part [18]. Another advantage of CT is
that soft and fragile parts, as the samples investigated in
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this paper, can be scanned without risks of damages or
deformations. Furthermore, CT systems specifically de-
veloped for coordinate metrology are currently available
to perform accurate measurements [19]. Given these
features, X-ray CT has been already used for charac-
terizing porous electrodes [9, 10] but it has been never
used for investigating innovative materials.

In this work, two candidate materials for VRFB elec-
trodes, namely a carbon felt and a carbon vitrified foam,
are scanned by means of a metrological CT system
(Nikon Metrology MCT225), characterized by micro-
focus X-ray source (minimum focal spot size equal
to 3 µm), 16bit detector with 2000x2000 pixels and
cabinet ensuring controlled temperature of 20◦C. The
CT scanning parameters, optimized for each scanned
sample, are reported in Tab. 1. In order to achieve
high scanning resolutions, small voxel sizes are ob-
tained (voxel means volumetric pixel) and the focal spot
size is kept at a minimum by setting very low pow-
ers. A large number of bi-dimensional projections (i.e.
gray-scale images representing the local attenuation of
X-rays occurring when traversing the samples mate-
rial) are collected at different angular positions of the
scanned sample, during its rotation around the verti-
cal axis. Three-dimensional models of the two sam-
ples are reconstructed from these projections using a fil-
tered back-projection algorithm [20] and then aligned
with respect to the flow direction in the analysis- and
visualization- software VGStudio MAX 3.0 (Volume
Graphics GmbH, Germany). The aligned volumes are
exported into image stacks, where each gray-scale im-
age represents a 2D cross-section of the sample orthog-
onal to the flow direction. The distance between consec-
utive sections is chosen equal to the voxel size. These
images are finally used as input for flow simulations (see
Sect. 2.2) after being binarized in Matlab (The Math-
works, USA) to discriminate between material (white)
and pores (black). Note that the best resolution ob-
tained slightly differs between the two cases, as reported
in Tab. 1. Therefore, we have to rescale flow simu-
lations according to the the corresponding X-Ray CT
voxel size.

Materials reconstruction, showed in Fig. 1, highlights
the differences between the porous microstructures. The
carbon felt is characterized by long and thin curved
fibers, chaotically intersecting each others. On the other
hand, the porous foam is characterized by a more com-
plex structure with quasi-cylindrical pores of different
size. Macroscopically, we observe no preferential ori-
entation of fibers and pores in both materials.

Table 1: CT scanning parameters for two electrodes made of different
materials: carbon felt (Sample 1) and carbon vitrified foam (Sample
2).

Parameter Felt Foam
Voltage 85 kV 100 kV
Current 71 µA 70 µA
Power 6 W 7 W

Exposure Time 4000 ms 2500 ms
Nr. of projections 3142 2500

Voxel size 4.4 µm 5.9 µm
Scanning time 310 min 105 min

2.2. Lattice-Boltzmann Method
A thorough and fruitful mathematical analysis during

late 1980s and early 1990s revealed the exciting per-
spective of solving the macroscopic equations for fluid
mass and momentum transport, through the Lattice-
Boltzmann Method (LBM), an easy and explicit al-
gorithm describing interaction of fluid particles built
on the kinetic theory and statistical mechanics frame-
works [21, 22]. More recently, with the advent of par-
allel computing, the Lattice-Boltzmann method (LBM)
gained even more attention as an alternative solution
of Navier-Stokes Equations because of its extreme ef-
ficiency on multi-cpu supercomputer and for its ability
to handle complex geometries [23].

In this work, we use a Lattice-Boltzmann three-
dimensional (D3Q19) multi-relaxation-time (MRT)
model in order to solve the microscopic flow field in-
side the porous electrode. The capability of MRT-based
LBM models of increasing the numerical accuracy in
presence of complex geometries has been widely as-
sessed [24, 25]. The present numerical algorithm has
been previously used in Maggiolo et al. [26], where
validation and test cases are also presented, e.g. flows
around single and packed-bed of spheres. The D3Q19
LBM solves the flow field along a regular lattice grid of
interconnected computational nodes, linked by the dis-
crete speed versors cr along r = 19 directions in the
three-dimensional space i = x, y, z. The regular struc-
ture of the computational domain is an obvious advan-
tage for parallel computing. In the LBM-MRT frame-
work the equation for the distribution functions reads
as [27]:

fr(x + crδt, t + δt) − fr(x, t) = −M−1{ (1)
S
(
mr(x, t) − meq

r (x, t)
)
−

(
I − 1

2S
)(
MFr

)}
.

The statistics of particles, streaming and collision, is
expressed by the distribution function fr(x, t) along the
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Figure 2: Sketch of the diffusion-reaction mechanism. In the fast-
chemistry limit, reaction is diffusion-controlled by the molecular mass
transfer rate at fluid-solid boundary.

r-th direction, at the position x = (x, y, z) and time t; mr

and meq
r are the set of hydrodynamic conserved and not-

conserved moments and the set of equilibrium moments
of distribution functions, which evolve following differ-
ent relaxation times determined by the transformation
matrix M and the collision matrix S (I is the identity
matrix). [27] In order to simulate the pressure gradient
∆P/L forcing the electrolyte solution through the elec-
trodes an equivalent body force is used following the
approach proposed by Guo et al. [28]. The macroscopic
flow fields, density ρ and momentum ρu, are then re-
covered from the statistical moments of the underlying
fluid dynamics at the mesoscale expressed in terms of
the distribution functions fr.

Figure 1 shows the electrode geometries used as in-
puts for LBM simulations. The domain length and cross
sectional area are L = 296 and A = 1462 and L = 224
and 1082 computational cells, for the carbon felt and
carbon vitrified foam, respectively (in metrical units
L = 1.3 mm and A = 0.642 mm2 for both samples).
Free-slip boundary conditions were applied along both
transverse directions y and z in order to simulate an in-
finite periodic medium. Instead, along the streamwise
direction x, we impose periodic boundary condition by
inserting two buffer zones at inlet and outlet and by im-
posing periodicity at the extremities of the whole do-
main. Such buffer zones are sufficiently long to allow
a laminar flow rechannelling along x all over the cross
sectional area A (we ensure that the buffer length is big-
ger than the maximum characteristic length of the flow).
Simulations are performed using 24 cores in order to
achieve accurate solutions in a small computational time
(∼ 24 hours). From the LBM method we estimate the
flow velocity through the porous microstructure that is
used to evaluate electrolyte dispersion and reaction.

2.3. Lagrangian-Particle-Tracking

The ratio between the viscosity (momentum diffu-
sion) and the electrolyte molecular diffusion in liquids
is very high, namely around 1000. In these conditions,
Eulerian techniques fail to correctly reproduce the dy-
namics of the electrolyte dispersion, unless using an ex-
tremely large number of mesh points to solve the thin
mixing layers near the porous surfaces. A more effi-
cient solver can be obtained using Lagrangian Particle
Tracking algorithms which are able to perform simula-
tions even in the most critical case of vanishing diffu-
sion. They read as:

ẋp
i = ui(xp(t), yp(t), zp(t)) (2)

with ẋp
i the i velocity component of the tracer p and ui

the i component of the fluid velocity. Particles behave as
fluid tracers following the fluid trajectories. The molec-
ular diffusion of the tracers is then implemented using a
random walk algorithm and the particle position is up-
dated at each time step as:

xp,Dm
i = xp

i + rnd
√

2Dm∆t , (3)

where ∆t is the time step, rnd a random generated num-
ber with Gaussian probability and the diffusion coeffi-
cient is set to Dm ∼ 10−3 mm2/s [29]. Five thousand
tracers for each medium are randomly injected in the
fluid flow previously solved by the LBM algorithm, and
their trajectories are followed in time according to (2).
We inject tracers in the fluid phase away from the solid
sample boundaries (as far as 1/8L along x and 1/4

√
A

along y and z) in order to avoid nonphysical boundary
effects in early dispersion regime. Solute dispersion
promoted by the combined effect of pressure gradient
and electrode microstructure, is then characterized by
analyzing the statistics of tracers displacements in the
porous medium. We compute tracer displacements by
concatenating each segments of tracers trajectories in-
side the medium, following a similar procedure used by
Kang et al. [30].

A simple model of reaction has been derived is the
same framework. We assume fast chemical reactions
controlled by the solute diffusion as happen in Redox
Flow Battery at peak performances. Hence, the rate
of electrolyte reacting at solid-fluid boundaries of the
porous electrode is determined by the mass transport
rate in the boundary diffusion layer which represent a
thin region where mass transport and reactions occur,
see Fig. 2 [31, 32]. In this thin region close to solid
boundary of thickness `µ ∼ O(µm) [33], electrolyte par-
ticles enter by a molecular diffusion process and in the

5



Table 2: Fluid-dynamic quantities for the two electrodes: carbon felt
(Sample 1) and carbon vitrified foam (Sample 2)

Quantity Felt Foam
Porosity ε 0.949 0.676

Pump Power Dens. 3500 W/m3 3500 W/m3

Bulk velocity U 1.42 cm/s 0.79 cm/s
Spec.Surf.Area S s 278 cm−1 545 cm−1

Eff.Diff.Coeff. Deff 0.64 mm2/s 1.00 mm2/s
Reaction rate RR 0.28 s−1 1.56 s−1

fast-chemistry limit suddenly react with a typical rate
estimated by Dm/`

2
µ = 103 s−1. In order to mimic this

process in the LPT algorithm, a particle is considered
to react at fluid-solid boundary when its total displace-
ment after the random walk step exceeds the threshold
`µ, see Fig. 2. It is anticipated that different simulations
with varying value of Dm and `µ but with the same dif-
fusive/reaction rate Dm/`

2
µ have been performed, lead-

ing to same results in terms of macroscopic reaction
and confirming the reaction mechanism to be diffusion-
dominated.

As already stated, 5,000 tracers have been injected
at the inlet of the electrode for estimating the global
reaction rate. Tracers travel along the medium carried
by the fluid flow. Once tracers reached the end of the
medium, we randomly reinjected them at inlet. Finally,
we determine the percentage of reacted solute n∗react by
averaging on equivalent intervals of time the value of
the ratio between the number of reacted particles at the
outlet of the medium, and the total number of particles
which reached the outlet.

Being based on a fast chemistry assumption, the
model quantifies the maximum global reaction rate that
can be achieved in the medium. In other words, it mea-
sures the efficiency of the porous microstructure in pro-
moting fast reactions.

3. Performance comparison

From a fluid-dynamic point of view, reaction of a so-
lute in a electrolyte solution flowing through a porous
medium is the results of the complex effects of differ-
ent contemporary mechanisms, as convective, diffusive
e viscous actions at the pore scale. The balance between
these actions determines the reaction rate and the over-
all current production, being the limit current density
proportional to it. Since our main goal is to character-
ize the material efficiency induced at the microscopic

scale for real-scale flow batteries applications, we ex-
tract two synthetic parameters which quantify the elec-
trode fluid-dynamic behavior: (i) the porous effective
diffusion Deff and (ii) the reaction rate RR. Flow simu-
lations are performed at matching pump power density
U∆P/L (where U is the mean velocity of the fluid and
L the sample length at which the pressure jump ∆P is
imposed) in order to consistently compare the materi-
als fluid-mechanic performances. All the fluid-dynamic
quantities are scaled by using the voxel size length ex-
tracted from X-Ray CT electrode reconstruction (see
Tab. 1 and Tab. 2).

In VRFBs the solute should be efficiently mixed and
dispersed through the porous electrode in order to at-
tain an uniform reaction all throughout the electrode
domain. The complex geometry of pores is a source
for dispersion of the solute. The phenomenology be-
hind this aspect can be seen in the (c) plots of figure 1.
In these conditions, the effective diffusion of the elec-
trolyte through the porous microstructure can be higher
by orders of magnitude with respect to the molecular
one [26], i.e. Deff � Dm. Hence, we quantify the dis-
persion efficiency by computing the Mean Square Dis-
placement MSD from the Lagrangian statistics of tracer
displacements:

MSD(t) =
〈
(dxp − 〈dxp〉)2 (4)

+(dyp − 〈dyp〉)2 + (dzp − 〈dzp〉)2〉
where 〈·〉 indicates the average ensemble operator and
dxp = xp(t) − xp(t = 0) is the displacement of the
tracer particle in the x direction (correspondent defini-
tions hold in the other directions).
Hydrodynamic dispersion in porous media can sig-
nificantly deviate from classic Fickian diffusion the-
ory, that occurs when the Mean Square Displacement
grows linearly in time [34], MSD = 6Defft. While
the mean square displacement grows with the square of
time for the very first instants and then should tend to
Fickian diffusion for very long times, anomalous be-
haviors can appear at intermediate, still long enough
times [35, 30, 26]. With regards to electrolytes flowing
through porous media where velocity is of the order of
centimeters per second, the typical time scale at which
dispersion expresses a strong anomalous behavior is of
the order of tenths of seconds, at which fluid particles
travel approximately the length of the samples herein
investigated. Hence, anomalous diffusion needs to be
accounted.
The inset of Fig. 3 shows the computed MSD for both
samples. The global dispersion behavior is similar but
the carbon foam shows higher values of the mean square
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Figure 3: Reaction rate RR (left ordinate axis) and effective dispersion coefficientDeff (right ordinate axis) for carbon vitrified foam and carbon felt
samples. Error bars indicate the standard error computed by varying the sample length L. Inset: mean square displacement MSD against time for
both samples; the effective dispersion coefficient Deff had been determined from the equivalent Fickian process corresponding to dispersion at the
electrode length L.

displacement implying a higher effective diffusion pro-
moted by this medium. At short times, of the order
of milliseconds, the dispersion process is ballistic with
MSD ∝ t2, as expected, whereas it grows more than lin-
early in time for longer distances, with MSD ∝ t1.3. This
superdiffusive behavior is similar in both samples and in
accordance with other data in literature for porous me-
dia transport [30, 26].

Then, in order to get a global and synthetic mea-
sure of the effective dispersion promoted by the dif-
ferent porous microstructures, which is inherently non-
linear in time, we use the method illustrated in Maggiolo
et al.[26]: we extract an effective diffusion coefficient
Deff considering an equivalent regular diffusion process
which shows the same MSD at a given macroscopic
length scale, see the inset of Fig. 3. This length scale
should be a characteristic size of the porous medium
and here is chosen as Lc = 1.58mm, i.e. the porous av-
erage length of the samples which is of the order of the
electrode thickness. The effective diffusion coefficients
are reported in Tab. 2. It appears that the effective dif-
fusion coefficient of the carbon foam is higher than that
of the felt meaning more efficient mixing process. It

should be noted that present values ofDeff ∼ mm2/s are
much higher those estimated using the Bruggeman cor-
rection [8] Deff,Br. = ε3/2Dm (ε the porosity) that are of
the order of 10−3 mm2/s. Actually, the Bruggeman cor-
rection accounts for the effects of the porous medium on
a regular diffusion process without convection. While it
is expected to work well for gases where the molecu-
lar diffusion coefficients are relatively high ∼ 10 mm2/s
and Deff,Br. are of similar order magnitude, the situa-
tion changes for liquids where the molecular diffusion
coefficients are much lower (as in present cases) and
the effective diffusion is dominated by the flow trans-
port through the pores. In addition we note that the
Bruggeman corrected diffusion coefficient of the felt,
Deff,Br. = 0.93 10−3 mm2/s, is higher than that of foam,
Deff,Br. = 0.55 10−3 mm2/s. This is the opposite be-
havior with respect to the present findings based on the
microscopic analysis, see Tab. 2. More details on the
modeling of the effective diffusion for liquids in porous
electrodes can be found in [26].

While dispersion is a measure of the electrode capa-
bility of solute transport and mixing, the global reaction
rate measures the overall velocity of electrochemical re-
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action which in turn is influenced by the mixing and by
the active surface area. We quantify the reaction rate RR
from the mass flow rate of reacting tracers ρUA at inlet
and outlet. Bearing in mind that the bulk velocity U
and the cross section areas at inlet and outlet are equal,
A, and denoting the medium volume as Vol = AL, the
reaction rate is determined as:

RR =
(ρin − ρout)UA

ρinVol
=

n∗react

L
U (5)

where n∗react = 1 − ρout/ρin is the percentage of solute
tracers reacting in an electrode of length L (ρin/out is the
reactant concentration in the inlet and outlet section, re-
spectively). We note that n∗react scales with L as expected
from a dimensional analysis and as confirmed by differ-
ent numerical simulations performed with different val-
ues of L (not shown here). The data we will show fix
L = 1.3 mm as the length of the samples.

In the fast-chemistry limit, the reaction rate computed
in the carbon vitrified foam is more than five times
higher than the one computed in the carbon felt, as well
depicted in Fig. 3 and reported in Tab. 2. This significant
improvement can be ascribed to the inherently different
nature of the foam material microstructure in compar-
ison with the fibrous felt one. In particular, (i) to the
higher tortuosity of fluid paths which enhances the ef-
fective reactant dispersion (as well highlighted in Fig. 1
and measured in Fig. 3) and (ii) to the higher amount
of fluid-solid surface available for electrochemical re-
action which is almost the double for the foam, see the
specific surface areas, S s, reported in Tab. 2.

4. Final remarks

We propose a new methodology to test the
fluid-mechanic efficiency of innovative materials for
porous electrodes of Vanadium Redox Flow Batter-
ies. This methodology uses state-of-the-art numeri-
cal and metrological techniques: fluid-dynamics simu-
lations using the Lattice-Boltzmann-Method to evolve
the flow in complex geometries at the pore-scale, a
Lagrangian-Particle-Tracking to evolve solutes with
very low molecular diffusions and a X-ray Computed-
Tomography to extract the real electrode porous media
geometry at pore-scale. The method allows to iden-
tify the capacity of the porous electrode in mixing the
electrolyte and in promoting the reactions at the pore-
scale level. We applied this technique at two differ-
ent real samples of porous electrodes with very differ-
ent microstructures: a vitrified carbon foam with poros-
ity ε = 0.676 and a fibrous carbon felt with porosity

ε = 0.949. From the present microscopic analysis we
find that carbon foam shows both higher capacity in
mixing electrolytes and in promoting the global reac-
tion rate. The combined effect of the higher tortuosity
(effective diffusivity) and of specific surface area of this
sample promotes reactions.

Using this methodology it will be possible to test
different innovative materials for electrodes and under-
stand the guidelines to design original porous electrodes
for Vanadium Redox Flow Batteries starting from the
microscopic pore-scale features. The innovative mate-
rials will be then tested in a assembled battery stack in
order to confirm their overall performances for real in-
dustrial applications.

Acknowledgements

This work was funded by the University of Padova
under the strategic project MAESTRA 2011 “From Ma-
terials for Membrane-Electrode Assemblies to Elec-
tric Energy Conversion and Storage Device” (cod.
STPD11XNRY 002).

[1] Doe global energy storage database,
www.energystorageexchange.org.

[2] G. Crabtree, The joint center for energy storage research: A
new paradigm for battery research and development, in: AIP
Conference Proceedings, Vol. 1652, AIP, 2015, pp. 112–128.
doi:10.1063/1.4916174.

[3] B. Sun, M. Skyllas-Kazacos, Chemical modification of graphite
electrode materials for vanadium redox flow battery applica-
tionpart ii. acid treatments, Electrochimica Acta 37 (13) (1992)
2459–2465. doi:10.1016/0013-4686(92)87084-D.

[4] D. Aaron, Q. Liu, Z. Tang, G. Grim, A. Papandrew, A. Turhan,
T. Zawodzinski, M. Mench, Dramatic performance gains in
vanadium redox flow batteries through modified cell architec-
ture, Journal of Power sources 206 (2012) 450–453. doi:

10.1016/j.jpowsour.2011.12.026.
[5] Q. Zheng, F. Xing, X. Li, G. Ning, H. Zhang, Flow field de-

sign and optimization based on the mass transport polarization
regulation in a flow-through type vanadium flow battery, Jour-
nal of Power Sources 324 (2016) 402–411. doi:10.1016/j.

jpowsour.2016.05.110.
[6] T. J. Latha, S. Jayanti, Ex-situ experimental studies on ser-

pentine flow field design for redox flow battery systems, Jour-
nal of Power Sources 248 (2014) 140–146. doi:10.1016/j.

jpowsour.2013.09.084.
[7] S. Kumar, S. Jayanti, Effect of flow field on the performance of

an all-vanadium redox flow battery, Journal of Power Sources
307 (2016) 782–787. doi:10.1016/j.jpowsour.2016.01.

048.
[8] V. D. Bruggeman, Berechnung verschiedener physikalis-

cher konstanten von heterogenen substanzen. i. dielek-
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