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ABSTRACT

The design of electrochemical reactors using computational fluid dynamics (CFD), was
investigated. A numerical methodology which considers a complete solution of transport
governing equations of fluid dynamics linked together to the electrochemistry was devel-
oped. Emphasis was put on the boundary layer region, where most of the reactions between
electrolyte and cathode take place, as well as mass transport, km. Properties of cupric sulfur
(CuSO4 + 5H2O) compound were considered in the mass transport simulating as part of an
electrodeposit process in a parallel plate channel filter-press cell. The proposed design
method does not make use of correlations where km is proportional to bulk dimensionless
parameters like the Reynolds (Re), Sherwood (Sh), and Schmidt (Sc) numbers. Electrochemi-
cal reactor´s design based on these bulk parameters requires a fully developed flow condi-
tion that warranties the accuracy of the km calculation. Instead, many designs of reactors
can be evaluated in terms of their effective electrochemical reactions if the km and other
variables are calculated at the electrolyte dynamic condition in the region of electroactivity,
despite it is part of a fully developed flow or not. The Reynolds equations were solved
using the commercial code ANSYS Fluent, and turbulence was modeled using the RNG k-ε
model. The method was validated by comparing the predicted results against velocity mea-
surements, conducted in a laboratory model of filter-press reactor using particle image
velocimetry, PIV. Measured data and predictions showed a channel flow of strong velocity
gradients and a recirculation zone. Calculated profiles of km along the reactor were com-
pared using both the measured and predicted velocity. A comparison of reported results for
the FM01-LC electrolyser against the present method demonstrates that the use of CFD
allows accurate designs. This is because the electroactivity and dynamics are both taken into
account in the viscous sub-layer. The method can be useful for the design of electrochemical
parallel plate reactors involving mass transport and chemical reactions near the cathode
operating under laminar or turbulent flow conditions.
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1. Introduction

The design of electrochemical reactors has been
addressed by many researchers in recent years [1–3].
One of the reasons is that they are among the most
promising applications like competitive production of
hydrogen [4] or water treatment through the removal
of contaminants [5,6] as well as the removal of low-
level organics [7]. The most studied configuration is
the parallel plates filter-press reactor given its simplic-
ity of structure components and operation. This type
of reactor consists of a cathode placed over the surface
of one of the plates to be in contact with the elec-
trolyte between the two parallel plates at moderate
Reynolds number often in laminar regime. It has been
reported that the flow dynamics of the electrolyte
affects drastically the chemical reaction between the
electrolyte and the electrode, leading to considering
this as one difficult drawback to overpass while
designing the reactor [8]. This is because velocity fluc-
tuations typical of turbulent flows can be present even
in low Reynolds number flows, such that small-scale
turbulent fluctuations can be found in these flows [9].
Additionally, similarities have been observed in both
low and high Reynolds flows by comparing the
Reynolds stresses and small scales, using large eddy
simulation (LES) and direct numerical simulation
(DNS) confirming their aspects of vortex motion

[9,10]. Therefore, the development of computational
fluid dynamics (CFD), may impact in the design of
electrochemical reactors by elucidating the dynamic
condition under which the reactions take place.
Indeed, a number of investigations have demonstrated
the potential of CFD for investigation the effects of
these hydrodynamics and performance of these reac-
tors, as well as the effects of their geometry, dynami-
cal behavior and performance [11–13]. Important mass
transport mechanisms develop in the proximity of the
electrode, inside the inner region of the boundary
layer.

One popular electrolyser is the FM01-LC reactor,
which is shown in Fig. 1(a) and (b). This reactor was
optimized after many theoretical and experimental
studies. Rivera et al. [14], analyzed the FM01-LC reac-
tor to evaluating the design and performance under
laminar and turbulent flow conditions. Also, Nelissen
et al. [15] studied the reactor using a k–ω model for
resolving the turbulence in a 2-D steady-state solution
of the reactor electrochemistry, in a region near the
wall of the cathode surface, combined with a multi-
ion migration model. Distinguished elements of this
reactor are the flow distributors located on inlet and
outlet sections, which allow a fully developed flow in
the cathode’s section. The flow distributors can be
observed in Fig. 1(b).

Fig. 1. Pictures of the FM01-LC filter-press parallel plates reactor installed in the laboratory: (a) front view with inlet–
outlet pipes of reactor and (b) disarticulated view for ease of observing the interior channeled inlet–outlet sections as flow
distributors of reactor.
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The objective of the work is to solve the fluid
dynamics near the electrode surface in order to calcu-
late the mass transport, km, by making use of the local
magnitude of velocity instead of an average outer
value. This is achieved by ensuring a grid resolution
that allows solving the fluid dynamics numerically at a
distance to the wall small enough, within the buffer
layer which is of thickness 5 ≤ y+ ≤ 70 [16], in dimen-
sionless units. For distances inside the laminar sub-
layer, 0 ≤ y+ ≤ 5, the viscous effects dominate the flow
behavior inducing laminar motion either in turbulent
or laminar regimes. Numerical solutions at distances to
the wall as near as y+ < 1 were obtained using a refined
grid. In this region, the differential equations for con-
centration and mass transport km were solved includ-
ing the convection term, assuming no effect of the
electric field. This doesn’t mean that the electric current
is not considered in parallel with chemical aspects.
Indeed, without an electrical current the electrotrans-
port of species is impossible. In other words, the elec-
trodes must be polarized, which leads to stablish a
flow of copper ions Cu+ toward the cathode. Therefore,
the calculations of turbulent diffusion and electroactive
species concentration were conducted using the magni-
tude of the velocity vector near to the wall, weaving
the use of the logarithmic law of the wall.

The following sections describe the fundamental
equations that represent the whole system: continuity
and motion equations for turbulent flow coupled with
electrochemistry. Afterward, the boundary conditions
applied are specified and the results are then dis-
cussed. The mass transport coefficient is calculated for
a proposed configuration and compared against

experimental measurements reported in the literature
for the FM01-LC electrolyser. The remainder is
devoted to highlighting the importance of the present
CFD method for the design of electrolysers compared
against the classical method that uses semi-empirical
correlations based on the value of the velocity, aver-
aged over the transversal cross-section of the reactor,
which leads to inaccurate results of km, when the flow
of electrolyte is not fully developed.

2. Methodology

2.1. Channel reactor configuration

Fig. 2(a) and (b) show the electrochemical reactor
proposed in this work. The flat plate walls were made
of transparent acrylic. O-ring rubber of 2 mm diameter
was used to ensure a perfect sealing of water flowing
throughout. The present design has the flow inlet ori-
ented in the axial direction, while the outlet is placed
to right angle, like the FM01-LC. In comparison with
the FM01-LC, the present reactor is not channeled as
can be seen in Fig. 2(b). For this reason the present
reactor is simpler in construction.

The present design of reactor was chosen for sim-
plicity of construction. However, the present design
makes is more complex in terms of hydrodynamics,
because it does not produce a fully developed flow in
a short distance as the FM01-LC does [1,17–19]. A
non-uniform section follows the inlet and then a rect-
angular zone of constant cross section is designed for
the cathode location. This region of 10 cm length is
equivalent to the FM01-LC design. Finally, the reactor

L

h

inlet

outlet 

(a) (b)

Fig. 2. Present design of filter-press parallel plates reactor: (a) front view of reactor installed in the laboratory and (b)
schematic of reactor with main dimensions.
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is non-uniform again until the outlet where a pipe is
connected. An isometric 3-D view of the present reac-
tor with its main dimensions is shown in Fig. 2(b).

2.2. Velocity measurements

Particle image velocimetry, PIV, is an accurate
and reliable tool that has proven its capability in the
study of vortex dynamics and other complex flow
structures [20,21]. PIV measures the displacement of
particles artificially used to seeding the flow in order
to describe the flow motion. In PIV, the particles are
illuminated with a sheet of laser light. One part of
that light is reflected toward a CCD camera. The ini-
tial position of the particles is recorded with a first
laser pulse then a second laser pulse allows for

recording the final position of each particle. The time
between pulses is defined according to the bulk
mainstream velocity; an interval of time, t = 21.12 μs
was used in this study. For the application of PIV,
the channel was provided with a window in one lat-
eral face of the constant cross section. This window
allowed the access of light as shown in Fig. 3(a).
The sheet of laser light was oriented to illuminate
the reactor along the z coordinate starting at mid-
height y = h/2. A photograph of the camera and the
laser aligned with the channel constant cross section
is shown in Fig. 3(b). Images of particles at fre-
quency = 10 Hz, which is the repetition rate of the
laser were obtained. Cross-correlation is used to
obtain the displacement of the particles located in
each interrogation area of 32 × 32 pixels [20,22].

Nd:Yag Lasersynchronizer

signal to PC

CCD camera

optics

2mm thick laser 
sheet, = 514 nm

/2
device

filter

seeded water 
flow

(a)

(b)

Fig. 3. Schematic of the experimental rig: (a) PIV system alignment and components and (b) Photograph of mounted PIV
equipment and reactor ready for measurements.
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A PIV system by Dantec Dynamics consists of a
Nd:YAG double-cavity laser with light-sheet optics
and a CCD camera of resolution 1280 × 1024 pixels.
The camera was fitted with a Nikkor lens (focal length
range of 28–60 mm) and the object distance was
adjusted to obtain a field of view of 120 × 65 mm in
average. The camera was synchronized with an 1100-
BA processor to construct vector maps which were
managed by a Flowmap software in a computer that
received the signal [23]. The flow was seeded with
Timirron glass particles of size ~25–50 μm. An uncer-
tainty of mean velocities at 95% confidence was calcu-
lated to ±2% following a tested methodology [24,25].

2.3. Modeling the hydrodynamic behavior of an electrolyte

A substantial difference between chemical reactors
and electrochemical reactors is the place where reac-
tions occur. While reactions in the first ones take place
over the whole volume of reactants displacement, the
situation in the second ones is distinct. A theoretical
description of parallel plate cell electrolysers indicates
that electrochemical reactions between the electroac-
tive species and the cathode is limited to the diffusion
layer of the channel surface, say, over the cathode sur-
face, not far from there [19]. In the present case, “far”
means a very small distance, often not more than a
few millimeters, or even less than that, depending on
the magnitude of the Re number. Thus, this work
focuses on the hydrodynamics in this region, which is
within boundary layer thickness. The characteristics of
a boundary layer developed by internal turbulent flow
have been investigated since the beginning of the last
century. It has two regions: one is the laminar sub-
layer, which is well described by the law of the wall
as follows [16,26]:

uþ ¼ yþ (1)

where u+ is a dimensionless velocity and y+ a dimen-
sionless distance to the wall. And, the second one is
described by the expression know as logarithmic law
of the wall:

uþ ¼ 1

k
ln yþ þ 5:5 (2)

where k is the constant of von Karman. The region
described by Eq. (2) is connected to the laminar
sub-layer by means of the buffer layer. Internal fully
developed flows between infinite flat plates and
cylindrical pipes have been well documented, and

demonstrated by means of measurements to follow
Eqs. (1) and (2). Otherwise, flows not fully developed,
or flows along complex geometries present deviations
when compared against such velocity profiles
represented by Eqs. (1) and (2).

2.3.1. Transport equations

The transport equations used to describe a turbu-
lent steady-state 3-D incompressible Newtonian flow
were adapted from the continuity and momentum
equations:

@uj
@xj

¼ 0 (3)

@

@xj
uiuj
� � ¼ � 1

q
@p

@xj
þ 1

q
@

@xj
sij (4)

which can apply to a filter-press parallel plate electrol-
yser; where ρ, uij, and xi are the density, the velocity
vector, and the position vector, respectively. Index
denotes position, such that i = x, y, z. The gravity term
is not considered because it does not have a direct
effect in such a flow since it is balanced by the pres-
sure gradient term [16]. The last term on the right-
hand side of Eq. (4) reads for the viscous stress tensor:

sij ¼ l
@ui
@xj

þ @uj
@xi

� �
(5)

where μ is dynamic viscosity. For taking into account
the turbulence several methods exist. One is the
Reynolds-averaged Navier–Stokes, RANS, approach,
called Reynolds equations [27,28]. This method allows
considering turbulence effects caused by the fluctua-
tions of velocity u´ in the direction x, and others y, z
of the coordinate system, in addition to its average
value, �u. After introducing velocity fluctuations, the
equation of motion (4) becomes:

@

@xj
uiuj
� � ¼ � 1

q
@p

@xi
þ @

@xj

l
q

@ui
@xj

þ @uj
@xi

� 2

3
dij

@ui
@xi
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þ @

@xj
�qu0iu

0
j

� 	
(6)

where bars for averaged values have been omitted.
An extra term is noticed in right-hand side of Eq. (6)
compared against Eq. (4). This term is called the
Reynolds stress tensor, which increases the number of
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variables and must be modeled in order to resolve the
closure problem caused by the resulting limited num-
ber of equations [27]. One plausible approach that
gives place to further development of turbulence mod-
els was the Boussinesq approximation, where an eddy
viscosity li is introduced [16], used in defining the k–ε
model, given as follows:

li ¼ qClk
2=e (7)

where Cμ is a semi-empirical non-dimensional con-
stant of value = 0.09, k represents the turbulent kinetic
energy and ε its dissipation rate, which are calculated
by solving the following transport equations:

q
@ðuikÞ
@xi

¼ @

@xi
l þ lt

rk

� �
@k

@xi

� �
þ pk � qe (8)

q
@ðuieÞ
@xi

¼ @

@xi
l þ lt

reRNG

� �
@e
@xi

� �
þ e

k
C1eRNGpk � C2eRNGqeð Þ (9)

The role of li is that it represents a variable of propor-
tionality used in the calculation of the Reynolds stress
tensor as follows:

u0iu
0
j ¼ �lt

@ui
@xj

þ @uj
@xi

� �
þ 2

3
qkð Þdij (10)

which depends on the gradients of the velocity vector
and the solution of the turbulence model. In this work,
a turbulence model emerging from the k–ε model and
the renormalization group theory is used, named
RNG-k–ε model [27,29]. A detailed description of the
turbulent flow viscous constant σkRNG, the production
of turbulence due to viscous force pk, a constant
C1εRNG renormalized through a function fn for turbu-
lent kinetic energy, and a second constant C2εRNG

renormalized for turbulent kinetic energy is given
elsewhere [28]. An expression for an effective viscosity
leff ¼ l þ lt, which takes into account turbulent and
molecular viscosities is provided by the RNG theory,
which is cast is in terms of k and ε as follows:

leff ¼ l 1 þ
ffiffiffiffiffiffi
Cl

l

s
kffiffi
e

p
" #2

(11)

The RNG constant Cl ¼ 0:0837: The advantage of this
model compared against the k–ε is a better solution of
strong velocity gradient flows by making use of

filtering of scales, which allows assessing the effect of
small (and fast) eddies on the large (and slow) turbu-
lent eddies. Another benefit of this model is that it
does not include any experimentally adjustable
parameter [29].

Converged solutions using the RNG-k–ε model
were obtained applying the no-slip boundary condi-
tions at the wall. A common practice is that near the
wall, in the laminar sub-layer and the buffer layer,
Eqs. (3)–(10) are complemented by invoking the log-
law, Eqs. (1) and (2), in order to assign a velocity
value therein.

In an electrochemical flow domain, the ion motion
from electrolyte, N ¼ @Ci=@t, also called flux or mass
transport of the electroactive species i, C, is a function
of their mixed diffusion, migration, and convection,
which are expressed by the right-hand side terms of
the following transport equation:

NCu2þ ¼ � @

@xi
ðDCu2þ þ DtCu2þÞ � @

@xi
CCu2þ

� ziF

RT
DCu2þCCu2þ

@

@xi
/ þ ui � CCu2þ (12)

where sub-index Cu2+ accounts for the CuSO4 + 5H2O
under consideration in this work; D is the diffusion
coefficient of cupric ions; Dt represents the diffusion
due to turbulence effects; R is the molar gas constant;
F is the Faraday constant; z is a charge of species i at
temperature T; ϕ is the electric flux towards the cath-
ode; and, finally, u is the local velocity computed from
Eq. (4). The solution of Eq. (12) is simplified by deplet-
ing the migration effect. This means reducing the elec-
tric field to null. This can be done by adding an
excess of supporting electrolyte to the solution. In this
case, Eq. (12) reduces to:

NCu2þ ¼ � @

@xi
ðDCu2þ þ DtCu2þÞ � @

@xi
CCu2þ þ ui � CCu2þ

(13)

Diffusion due to turbulence Dt, is resolved by
invoking the analogy between heat and mass transport
due to Kays–Crawford [30], which implies the follow-
ing equality of turbulent Prandtl and turbulent
Schmidt numbers:

DtCu2þ ¼ lt
qSct

(14)

According to this analogy, the turb’ulent Schmidt
number may be defined as follows:
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Sct ¼ 1

2Sct1
þ 0:3 � ltffiffiffiffiffiffiffiffiffiffi

Sct1
p � q � Di

� 0:3 � lt
q � Di

� ��

� 1� exp � q � Di

0:3 � lt �
ffiffiffiffiffiffiffiffiffiffi
Sct1

p
� �� ���1 (15)

where SCt∞ is a constant obtained somewhere else of
value 0.85 [30].

In the case at hand, due to the divergent section of
the inlet, the flow doesn’t reach the fully developed
status. The velocity u changes because of the vortex,
which modifies the mass transport to the cathode.
These changes occur in the outer edge of the bound-
ary layer and far from the cathode’s surface, but still
these changes of u have an influence inside the bound-
ary layer. This is because vigorous interactions of
scales due to the production of turbulence produce
increment of mass and momentum transport within
the boundary layer [16].

Having solved the velocity field in the proximity
of the cathode, a mass transport coefficient km can be
formulated as follows:

kmCFD ¼ Jc
Zi � F � Ci

(16)

where Jc represents a density of current to the surface
of the cathode in A m−2; Zi is the electron interchange
between the electroactive species and the cathode (in
this case equal to 2); F is the constant of Faraday,
F = 96,485 A s mol−1; and Ci represents the concentra-
tion of electroactive species (in this case
Ci = 10 mol m−3). Eq. (16) can be reduced if the density
of current is expressed in terms of the mass transport
Ni, see Eq. (13), as follows:

Jc ¼ Zi � F �Ni (17)

Therefore, the mass transport coefficient reads:

kmCFD ¼ Ni

Ci
(18)

A non-dimensional concentration of electroactive spe-
cies i, in the logarithmic layer, is calculated using Eq.
(2) assuming a Launder–Spalding distribution, in sub-
stitution of concentration Ci in Eq. (18) [30]:

Cþ ¼ Sct � 1

j
� ln � yþ þ 5:5 þ Pc

� �
(19)

When sufficient grid refinement this changes to:

Cþ ¼ Sct � u

U� þ Pc

� 	
(20)

For the viscous sub-layer, concentration C+ is obtained
by:

Cþ ¼ Sc � yþ (21)

In Eq. (19), Pc is a term that takes into account the dis-
placement between the Nernst diffusion layer and the
pure dynamics boundary layer, given by:

Pc ¼ A � Sc

Sct

� �3
4

�1

" #
(22)

In summary, the present investigation considers cupric
sulfur (CuSO4 + 5H2O) compound as a part of the
water flow to produce electrodeposition of copper,
Cu, on the cathode, in a parallel plate channel filter-
press cell. The following electrochemical reaction is
taking place on the basis of the reactor, which defined
the cathode´s location:

Cu2þ þ 2e� ! Cu (23)

Eq. (23) expresses the formation of Cu molecules taken
from the electrolyte as a consequence of applying an
electrical current on the cathode’s surface. When oxy-
gen is still present in the flow there must be another
reaction competing for the available electric current
with the first one (Eq. (23)) as follows:

O2 þ 4Hþ þ 4e� ! 2H2O (24)

2.3.2. Empirical correlation equations

A typical procedure for designing an electrochemi-
cal reactor must ensure that the hydrodynamic behav-
ior of the flow in the parallel plate channel belongs to
fully developed flow. Under this condition, km can be
calculated using correlations of the kind:

km ¼ a�vb (25)

where �v is the average flow velocity at the transversal
cross-section of a rectangular channel, while the
magnitude of a and b are obtained experimentally.
Furthermore, the following expressions are employed:
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km ¼ D
Sh

de

� �
(26)

Sh ¼ aRebSccLee (27)

where Sh, Re, Sc, and Le are the Sherwood number,
Reynolds number, Schmidt number, and the dimen-
sionless length group number, respectively, and a, b, c,
and e are empirical constants [1,31]. Empirical con-
stants and averaged magnitude of the velocity over
the transversal cross-section of the electrolyser limits
the validity of Eq. (21) to fully developed flows.
Therefore, this procedure can’t be applied to configu-
rations like the reactor proposed in this work since
they meet the condition of fully developed flow.

The computation of km using the finite volume
approach, Eqs. (3)–(17), constitutes an alternative
method for the design of electrolysers, which is not
restricted to the fully developed flow condition in the
channel. The numerical solution of the velocity field
allows the local determination of the mass transport
from the electrolyte toward the cathode, avoiding the
use of gross average magnitudes. In the next sections,

the alternative method is applied to the proposed par-
allel plate reactor and to the FM01-LC, and the results
are compared.

2.3.3. Computational grid

All solutions for the fluid flow in the reactor were
obtained in steady state using a program Fluent [28].
The boundary conditions used were a mass flow rate
of inlet = 0.025 kg s−1; all velocity component vanish
at all the rigid walls; and outflow at the exit. The
solutions were obtained using a SIMPLE algorithm for
coupling the velocity to pressure terms in the
Reynolds equations. Turbulence was addressed
employing a model based on the renormalization
group theory, RNG [29,32,33]. A computational grid of
1.8 × 105 elements distributed with higher density of
elements in the boundary layer, was used, which is
shown in Fig. 4. A grid refinement was conducted in
order to demonstrate independence of results. Table 1
shows the data of each grid tested and the grid con-
vergence index, GCI [34], which was calculated using
the velocity results for (x = 3L/4, y = h/2) position in
the reactor. Independence is better as the factor GCI
approximates unity. For the present work Grid 4 was
judged appropriate. A test of four grids was con-
ducted for the whole profile of velocity on the same
position (x, y), which is shown in Fig. 5. As observed,
as the number of elements grows the velocity
converges.

3. Results

3.1. Validation of numerical model

Experimental data from PIV measurements of
velocity were used to test the accuracy of numerical
method. A comparison of results was conducted using
profiles of the velocity component u in the x direction.
Profiles were oriented perpendicularly to the main
direction of the flow for the planes y = h/10, y = h/2,
for a position x = L/2. The results are shown in Fig. 6.

As observed in this figure, the numerical predic-
tions reproduce the experimental data with good

Fig. 4. Computational grid used for the CFD simulations
of flow in the reactor.

Table 1
Grid independence test data

Grid
number

Number of
elements

u velocity
(m s–1)

Maximum volume of cell
(mm3)

Size ratio
(R)

Grid velocity
relation (ε)

GCI
(%)

1 87,300 0.056 2.49 – – –
2 287,400 0.051 1.67 1.5 0.09 55.4
3 593,300 0.053 1.32 2 0.02 7.4
4 1,782,700 0.053 0.922 2.5 0.01 2.4
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agreement, with less than 10% error. The best approxi-
mation is for plane h/10, distance to the wall
y = 0.001 m (Fig. 6(a)) compared against plane h/2,
y = 0.005 m (Fig. 6(b)). This is because the flow is lami-
nar in the proximity of the wall. As distance to the

wall increases the gradients of velocity in all directions
represent an obstacle for any prediction of turbulent
flow. Despite this the discrepancies between predic-
tions and measurements in the plane h/2 are still
acceptable.

Focusing on the right-hand side wall of the reactor,
the velocity profiles show negative values of u until a
distance of 0.018 m in direction of z. Afterward the
velocity increases until a maximum of u = 0.014 m s−1

and then falls to 0 on the other extreme of the reactor.
The results of Fig. 6 indicate that the flow in the

reactor has two main regions: a region of positive
velocity in the direction of x over the right-hand side;
and a region of negative velocity possibly indicating
recirculation of flow on the left-hand side of the reac-
tor. Both, predictions and data reveal that the flow in
the reactor is not fully developed. The flow described
by the profiles of velocity in Fig. 6 is described by
stream lines in Fig. 7. The stream lines confirm a big
recirculating flow cell on the left-hand side of the reac-
tor. This flow represents a challenge from the point of
view of reactor´s efficiency. A design based on the cor-
relations method defined by Eqs. (25)–(27) is inappro-
priate because it was conceived for a fully developed
flow. Therefore, a recirculating flow like this is out of
question for such a method.

However, since the electrochemical reactions occur
in the diffusion layer as already discussed, their com-
putation based on the numerical method described by
Eqs. (3)–(19) is appropriate because it takes into
account the influence of a recirculation flow, even
with negative velocity like the one observed in the
region 0 ≤ z ≤0.018 m.

3.2. Electrochemical predictions

The results are focused on the magnitude of the
mass transport km. A direct comparison of results is
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Fig. 6. Comparison of CFD results against experimental
data from measurements using PIV velocimetry in the
plane at mid-length of reactor, L/2: (a) velocity profile on
distance to the wall y = 0.001 m and (b) velocity profile on
distance to the wall y = 0.005 m.
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Fig. 7. CFD prediction of recirculating flow path in the
form of stream lines, for flow rate = 0.025 kg s−1.

22976 G. Rodrı́guez et al. / Desalination and Water Treatment 57 (2016) 22968–22979



made against the FM01-LC electrolyser, both working
on the same condition: a mass flow rate of 0.025 kg s−1.
The results correspond to three positions along the
reactor section L, plane h/2, shown in Fig. 8.

The results of km profiles can be observed in
Fig. 9(a–c). Continuous lines are used to indicate the
predicted km from Eq. (15), and PIV measured data of
velocity; dotted lines describe the results for the
FM01-LC reactor. The results were plotted in logarith-
mic scale to visualizing the trend of km, as well as ease
of comparison among FM01-LC and present reactor
designs.

The km results in Fig. 9(a–c) reflect the velocity
variations for each reactor design. The flow condition
is changing along L. In the case of the present reactor,
the velocity varies from small values to maximum due
to the recirculation of flow. Although some are nega-
tive velocity, the computation of km is made consider-
ing the absolute value. A small velocity may impact
on the calculation of km. However, as observed the
effect is very little in terms of km slope, which reflects
a small difference compared against the FM01-LC
reactor results, where the flow develops with little
variation, due to the affectivity of its channeled

h

inlet

outlet

h

(a) (b)

Fig. 8. Location of profiles for comparison of results: (a) Present design with inlet/outlet sections indication. Marked
rectangular section in the inferior plate of the reactor was designed for cathode location and (b) design of FM01-LC cell.
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Fig. 9. Mass transport coefficient km of present design compared against the commercial FM01-LC cell: (a) Position L/4,
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section. As expected, km varies according to the local
value of velocity. This is why the magnitude of km
covers more decades for the present design, and only
few decades for the FM01-LC reactor. This effect
augments with position along L, such that for
x = 3L/4 the results, Fig. 9(c), shows a very good
agreement between present and FM01-LC designs.

In summary, the results of Fig. 9(a–c) indicate that
km decreases, not vanishes, for regions where the flow
reverses, and it grows for regions where the flow gets
higher velocity, comparable to the FM01-LC reactor.
In Fig. 9(a) for L/4, km presents maximum differences
of slope and magnitude among both reactors; whereas
minimum differences correspond to position x = 3L/4.

Vázquez et al. [11] reported results of
km = 1.1 × 10−5 m s−1 for a channel configuration pro-
vided with manifold distribution of flow, similar to the
FM01-LC reactor, for inlet flow condition of 0.065 m s−1

(roughly equivalent to present 0.025 kg m s−1) which
was calculated using the correlations expressed through
Eqs. (19)–(21). These results were compared against
other data from the literature with good agreement [35].
Based on the results of Fig. 9(a–c), the calculated km val-
ues range from 3 × 10−8 to 0.7 × 10−5 m s−1, which is
close to their range of km. It is worth to remind that pre-
sent results were obtained in a reactor with no manifold
flow distribution, which is low cost compared to mani-
fold construction. These figures show that the method
proposed here based on the use of CFD calculations
may represent an attractive option for evaluating any
design of electrochemical reactor. This means, no matter
if complex flow distribution paths are found in the cath-
ode section of the reactor, which is far from fully devel-
oped flow. A reactor performance evaluation reveals
the suitability of any design compared against typical
designs.

The simplicity of the geometry configuration of the
reactor proposed here represents a major advantage in
terms of ease of construction and costs compared
against channeled configurations like the one used in
the FM01-LC.

4. Conclusions

A simple parallel plate electrochemical reactor was
studied experimentally and numerically in order to
verify a numerical method based on the boundary
layer, proposed as a tool in the process of electrochemi-
cal reactor’s design. The velocity of an electrolyte
proper for electrochemical applications with a Rey-
nolds number, Rei = 2,200, based on the average inlet
velocity, and the diameter at the inlet section of the
reactor, was measured experimentally using PIV, and

resolved with the program Fluent. The solution
obtained with the RNG model for turbulence showed
good agreement with the experimental data of velocity.
Thus, this method was used to analyze the mass trans-
port coefficient km and compare the results against the
FM01-LC electrolyser, which use manifolds to stabilize
the flow. Results of km in a range between 3 × 10−8 and
0.7 × 10−5 m s−1 were obtained for the proposed reactor
without any manifold flow distribution. This is in range
with experimental data reported for the FM01-LC elec-
trolyser. These results show that the method based on
CFD represent an attractive option for evaluating any
electrochemical reactor configuration, even with com-
plex flow distributions far from fully developed flow.
The simplicity of the geometry configuration of the
reactor proposed here represents a major advantage in
terms of ease of construction and costs, compared
against channeled inlet section configurations like the
one used in the FM01-LC.
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Nomenclature

de — equivalent hydraulic diameter of the
rectangular flow channel (m)

h/2 — mid-height plane in the channel local mass
transport coefficient (m s–1)

km — local mass transport coefficient (m s–1)
kmexp — experimental local mass transport coefficient

(m s–1)
kmnum — numerical local mass transport coefficient

(m s–1)
L — length of the channel in the constant cross-

section
p — pressure (Pa)
Sc — Schmidt number
Sh — Sherwood number
Re — Reynolds number: Re ¼ duinlet

m
uij — vector (m s–1)
u — velocity in the main direction of flow (m s–1)
uinlet — velocity at the inlet of the channel (m s–1)
uþ — non-dimensional velocity, uþ ¼ u

U�

U� — friction velocity, U� ¼
ffiffiffiffi
sw
q

q
x, y, z — Cartesian coordinates (m)
xi — position vector (m)
yþ — non-dimensional distance to the wall,

yþ ¼ qU�y
l
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X — channel width (m)
ε — turbulent dissipation rate
l — dynamic viscosity (kg m–1 s–1)
v — kinematic viscosity (Pa s)
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