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Aformer laboratory filter-press electrochemical reactor previously used in electrodialysis, electrosynthe-
sis and wastewater treatment was studied from a hydrodynamic point of view using computational fluid
dynamics (CFD). A finite elements method (FEM) software environment was used in order to simulate
both fluid velocity field and tracer diffusion in the reactor for different low Reynolds numbers, enabling
the estimation of active and stagnant areas inside the reactor. These results provided interesting infor-
mation in order to design a new electrochemical compartment focusing on the entrance-exit manifolds
to minimize the formation of stagnant areas within the reactor. CFD methods were again employed to
study and optimize the new reactor in order to predict its performance. In both cases, CFD calculations
were compared with residence time distribution (RTD) studies in order to validate the simulations.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Filter-press configuration is one of the most commonly and
extensively studied for electrochemical reactors [1-6]. These sys-
tems usually consist of: (i) electrodes fitted in a parallel plate
assembly, (ii) frames to hold the electrodes, and (iii) membranes
in case of a system working in divided configuration. The fluid
flow pattern affects the reactor performance and this pattern is
mainly fixed by the design of the entrance-exit manifolds [7] and
also by secondary processes which could take place in the reac-
tion compartment (i.e. gas-evolving reactions [8]). According to
this, a detailed study of these systems from a hydrodynamic point
of view should be done, in order to obtain the fluid velocity pro-
file and detect the stagnant zones and backmixing effects in the
latter. The existence of these zones can become a problem for
different electrochemical processes such as (i) synthesis, as the
electrolyte can be poorly stirred, with the electroactive species
being depleted without proper regeneration by fresh streams; sec-
ondary or side reactions can take place, decreasing the current
efficiency and the purity of the final product [9]; (ii) gas-evolving
processes, where gas can block the active electrode surface,
promoting their local heating and corrosion [10]; and (iii) poly-
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merization of by-products which can deposit onto the electrode
surface [11].

Several experimental works can be found in literature, related to
the study of the hydrodynamic behaviour and mass transportinside
of electrochemical filter-press reactors [12-20] such as limiting
current measurements or RTD studies, among other experimen-
tal procedures. Unfortunately, the information provided by these
techniques may not be sufficient to completely understand the
hydrodynamic behaviour of electrochemical filter-press reactors
equipped with complex manifolds or turbulence promoters. There-
fore, other methods must be used.

In the last years, computational fluid dynamics (CFD) has proved
to be a helpful tool, enabling to simulate the hydrodynamic
behaviour of different electrochemical systems [21-23], includ-
ing filter-press reactors. Jomard et al. [24] studied the influence
of the gas-evolving process in a laboratory filer-press electrol-
yser employed in the massive production of hydrogen (two phase
flow hydrodynamic system). They focused on the gas production
because the evolution of very fine hydrogen bubbles modified
the local electrical conductivity of the electrolyte, while other
aspects such as the influence of the entrance-exit manifolds geom-
etry or fluid flow rate were not analyzed. Also, no comparison
with experimental results was proposed. Santos et al. [25] ana-
lyzed the fluid flow regime and mass transport in a commercial
filter press reactor and the results were compared to experimen-
tal measurements of pressure drop, limiting current values and
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Table 1

Dimensions for the UA63.03 and the UA63.04 electrochemical filter-press reactors.
Reactor B(m) L(m) s(m) de (m) Le y=s/B
UA63.03 7.0x 1072 9.0x 102 3.0x10°3 0.58 x 102 6.44 x 1072 429x10°2
UA63.04 7.0x 1072 9.0x 1072 40x 1073 0.76 x 102 8.44x 1072 5.71x 102

Fig. 1. (A) Exploded view of the UA63.03 electrochemical reactor in divided configuration: (1) holding plates, (2) polypropylene block with flow channels, (3) electrodes, (4)
joints, (5) electrochemical compartments and (6) membrane. (B) View of the UA63.03 compartment showing the geometrical dimensions in mm, where B is the compartment

width, L is the compartment length and s is the compartment thickness.

mass balance analyses. They followed a simpler approach of mono-
phasic methodology despite the electrochemical reaction studied
(electro-oxidation of pollutants) involved gas-evolving processes.
This work also provided a more rigorous approach from a hydro-
dynamic point of view, as they took into account the inlet and
outlet ports in the domain for the CFD studies. As a conclusion,
they suggested that turbulent-developing flow in the studied elec-
trochemical cell can be adequately described by mono-phasic CFD
simulations, which significantly simplifies its mass-transport char-
acterization and constitute a valuable tool for its optimization.
Vazquez et al. [26,27] studied a different commercial filter-press
reactor, obtaining information on the influence of the inlet and
outlet manifolds, and the fluid developing zone. They also esti-
mated mass transport coefficients from the CFD simulations,
and compared them to experimental values through empirical
correlations.
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Former UA63.03 electrochemical reactor studied in this work
was a laboratory filter-press reactor used for electrodialysis [28],
wastewater treatments [11,29,30] and organic synthesis [31]. This
electrochemical reactor was previously characterized by experi-
mental RTD and mass transport studies, including limiting current
techniques [7,32]. Preliminary CFD simulations of this reactor were
already presented with promising results [33], where notorious
stagnant areas were observed. Those basic results were con-
firmed in this work with further CFD studies, where the simulated
fluid velocity field and tracer diffusion inside the non-optimized
UAG63.03 reactor were confronted to experimental RTD data from
previous experimental work [32] in order to validate CFD simu-
lations. From that point, our goal was to entirely develop a new
electrochemical reactor employing CFD techniques step-by-step:
from the first preliminary design to the last prototype actually built,
each of the different modifications introduced in the geometry was
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Fig. 2. (A) Detailed view of the entrance manifold in the newly designed UA63.04 electrochemical reactor. (B) General view of the UA63.04 compartment. All the geometrical

dimensions are in mm.
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Fig. 3. Geometry for CFD simulations: (A) UA63.03 compartment, (B) UA63.04 compartment. Inlet and outlet boundaries are highlighted. The remaining boundaries are

considered as non-slip walls.

tested with CFD methods from a hydrodynamic point of view in
order to probe whether those modifications were optimizing the
flow regime or not. This procedure led to the current design of the
UAG63.04 compartment, which was experimentally validated with
RTD studies. For that purpose, no turbulent promoters were used,
since the aim of this study was to make an initial approach to the
design of a filter-press reactor by CFD methods. Turbulence pro-
moter studies are generally focused on individual promoter cells
[34], assuming a fully developed flow in order to analyze shear
stress and enhanced mass transport rates near membranes or the
electrodes, while the intention of this work is the study of the fluid
dynamics inside the reactor at a larger scale.

2. Material and methods
2.1. The reactors

2.1.1. The UA63.03 electrochemical reactor

The UA63.03 reactor studied is shown in Fig. 1A in expanded
view, while Fig. 1B shows the electrochemical compartment of the
cell in more detail. Table 1 shows the characteristic dimensions of
this compartment. Flow distribution systems and electrode com-
partments were built in polypropylene and the gaskets were made
of EPDM (ethylene-propylene-diene monomer (M-class) rubber).

2.1.2. The UA63.04 electrochemical reactor

The new UA63.04 reactor design was based on former UA63.03,
sharing the same electrode area (63 cm?) with an extra 1 mm thick-
ness required for the proper mechanization of the entrance-exit
manifolds. The main difference between both compartments is
found in the entrance manifold, which consists of five narrow inlet
nozzles as shown in Fig. 2A. The exit manifold is also modified,
where two outlet nozzles have been settled at both ending corners
(Fig. 2B). The main dimensions of the new compartment are also
included in Table 1.

2.2. RTD experiments for the UA63.04 reactor

Experimental residence time distribution (RTD) data for the
UAG63.04 was obtained by the injection-response method follow-
ing the same procedure described in previous works for different
filter-press compartments developed at the University of Alicante
[16,17,32] where a saturated KCl solution (~3.5 M in water at room
temperature) was injected upstream the entrance manifold of the
reactor and conductivity was measured downstream the exit man-
ifold. 5mL of the KCI solution was manually injected with a 5mL
syringe where the plunger area of the syringe was comparable to
the flow area of the pipe, allowing manual injections lasting 1-2s
for all the Re values studied. The syringe remained in the injection
point, and the small amount of the solution retained in the plunger

slowly flew through the pipe for a few seconds after the injection
was made, especially for lower flow rates. Conductivity was mea-
sured by an Ingold conductivity probe connected to a Crison 522
conductimeter and a Philips PM 8133 X-tanalogue recorderin order
to register the variation of conductivity vs. time. Both injection
and measuring points were located less than 15 cm away from the
entrance and exit manifolds (polypropylene blocks with flow chan-
nels), respectively. The experimental set-up is shown elsewhere
(Fig. 1b in Ref. [16]). Although KCl concentration vs. conductivity
practically fits a linear regression even for high KCI concentrations
near saturation [35,36], studies were restricted to the region in
which the conductivity of KCI solutions was directly proportional
to its concentration.

2.3. CFD simulations

2.3.1. Fluid flow and diffusion-convection equations

Fluid flow modelling is based on the conservation of mass,
momentum and energy. The working liquid is water at 20°C, and
is assumed as incompressible, Newtonian and isothermal, so that
its motion can be described by the two momentum and mass con-
servation equations [37]:

pa—‘t’—nvzv+p(v-V)v+Vp:G

V.v=0

(1)

(2)

where v is the fluid velocity field, p and 7n are the density and
dynamic viscosity of the fluid, respectively, t is time, p is the fluid
pressure and G are the volume forces applied on the fluid. Assum-
ing steady state and neglecting gravity forces, the first terms of the
left-hand side and right-hand side in Eq. (1) are cancelled.
Besides, in order to obtain RTD theoretical curves to be com-
pared with experimental data, a convection-diffusion equation was

solved:
ac dc  dc ac 9%2c  0%c d%c
at+uax+l/ay+WaZ:R+D<ax2+8y2+az2> (3)

where c denotes the concentration of the species, D denotes its dif-
fusion coefficient, u, v and w are the velocity components in the x,
y and z direction and R is the chemical reaction source-term. The R
term was neglected since no chemical reactions were taking place,
reducing the transport of the tracer to a pure convection-diffusion
case. Still, this term is an interesting feature from a chemical reac-
tion engineering point of view as kinetics terms could be applied,
becoming a useful tool to describe the performance of any chemical
reactor.

2.3.2. Resolution procedure
Due to the fact that the analysis of the fluid flow inside
an electrochemical filter-press reactor by CFD simulations is an
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Volumetric flow rate (Q), mean linear velocity (v), mean linear velocity at the inlet (vjy.¢) and Re at the inlet for former UA63.03 and new UA63.04 reactors working at the Re

values included in this study.

Re UAG3.03 reactor UAG63.04 reactor

Q(Lh?l) V(msil) Vin]et (msil) Reinlet Q(Lhil) V(msil) Vin]et (msil) Reinlet
129 17.0 2.24 x 1072 0.122 856 17.2 1.70 x 102 0.398 1193
200 26.3 3.48 x 102 0.190 1328 26.6 2.64 %1072 0.617 1850
271 35.6 471 x 1072 0.257 1799 36.1 3.58 x 1072 0.836 2507
414 544 7.20 x 102 0.393 2749 55.1 5.47 x 1072 1.277 3830

innovative technique, no standard procedure has been devel-
oped in order to characterize this kind of electrochemical
systems by CFD simulations. Therefore, different approaches have
been proposed in literature: (i) Jomard et al. [24] analyzed a
0.04m x 0.013m x 0.16 m laboratory prototype electrolyser by
coupling Fluent and Flux Expert codes. They used the k-e,
Euler-Euler model for giving realistic turbulent drainage for higher
Re values than 1300, but simplified geometries for the fluid inlet
and outlets where uniform velocity profiles were assumed. These
boundary conditions provided velocity vector plots converging
towards parabolic profiles (hydraulic velocity shape characteris-
tic of the wall effect), but no effect of the entrance-exit ports could
be examined. (ii) Santos et al. [25] analyzed flow regime and mass
transport in the DiaCell 106 electrolyser (projected area 63 cm?)
using the OpenFOAM CFD software package, following a mono-
phasic methodology. Navier-Stokes equations were solved using
no turbulence models for flow conditions with low Reynolds val-
ues ranging from 25 to 165, while for Re from 1200 to 2500, a
turbulent approach was considered (Re was defined by using the
inter-electrode distance as characteristic length). (iii) Vazquez et al.
[26] analyzed a different commercial filter-press reactor (FM0O1-LC
electrolyser with projected area 64 cm?2) using the Fluent CFD code.
They chose a specific k-¢ turbulence model (renormalization-group
model, RNG) to solve the fluid flow equations, alleging that the
model considered was appropriate for regions dominated by strong
velocity gradients like recirculation flow regions, even though their
studied Reynolds range was between Re=197 and Re=1574. The
RNG k-¢ turbulence model provides better results than regular k-&
turbulence models for laminar flow conditions [38], but a different
approach would be desirable with laminar Reynolds values.

In this work, COMSOL Multiphysics 3.3 was used in order to
simulate both hydrodynamic behaviour and tracer experiments.
Laminar flow conditions were assumed in CFD simulations pre-
sented in this work considering previous works by the authors
[7,17,32], where a critical Re value of 1000 was experimentally
determined in order to distinguish laminar/turbulent hydrody-
namic behaviour of former UA63.03 reactor. The same laminar
hypothesis was assumed in an equivalent Re range by Santos et al.
[25]. still, this hypothesis can be considered controversial, and its
validation is a task of the present paper. The results presented here-
inafter confirm the pertinence of the assumption of laminar flow
for both reactors.

A high convergence was reached for the same low Reynolds
numbers (129, 200, 271 and 414, see Table 2) used in previous
experimental works, where the characteristic length was the equiv-
alent hydraulic diameter (d.). Different mesh sizes were used in
order to obtain a grid independent solution, and no significant mod-
ification of the fluid velocity was observed with deeper refinement

of the employed mesh, which consisted of 25000 tetrahedral ele-
ments in both reactors, where the damped Newton method with
the GMRES (generalized minimal residual method) solver [39] was
employed to solve the model equations. For tracer simulations,
a solution was obtained by decoupling the transient solution of
the convection-diffusion equation from the Navier-Stokes solution
since steady state was assumed in the fluid flow Egs. (1) and (2),
and the presence of the tracer was assumed of negligible influence
on the fluid properties.

Fig. 3 shows the UA63.03 and UA63.04 geometries, pointing out
inlet and outlet boundaries, electrode and membrane (or counter-
electrode when working in undivided configuration). Part of the
exit manifold of the UA63.03 geometry was not taken into account
in order to simplify the calculations, assuming atmospheric pres-
sure for the outlet nozzles, as the cylindrical outlet flow distributor
was not completely filled with electrolyte during real experiments.
Table 3 shows the boundary conditions used for the CFD simula-
tions. In filter-press reactors working in divided configuration, flux
through the membrane may occur, but it is several orders of mag-
nitude smaller than the channel cross-flow velocity. Therefore, the
membrane was modelled as a non-permeable wall, assuming that
velocity at the membrane surface is zero (no slip condition). For
the tracer experiment simulation, we assumed a basic Gaussian
pulse for the injection of the KCl solution considering the experi-
mental procedure. The injection was set at the inlet boundaries of
both reactors, which were considered to behave closely to perfect
plug flow regime. The assumption of uniform velocity and con-
centration profiles simplify the boundary treatment (especially for
engineering calculations), and as the fluid flow rapidly develops
in the manifold for both reactors, it does not actually affect the
hydrodynamic behaviour seen in the compartments.

2.3.3. Validation of CFD simulations

CFD simulations of the hydrodynamic behaviour of an electro-
chemical filter-press reactor have been previously validated by
different methods. Santos et al. [25] validated the CFD calculations
of the velocity field inside DiaCell 106 electrolyser experimen-
tal with pressure drop measurements, mass balance analyses and
mass transport studies, while Vazquez et al. [27] used the fluid
velocity obtained by CFD simulations on previous mass transport
correlations to estimate local and global mass transport coeffi-
cients. In both cases, experimental mass transport studies were
based on limiting current techniques which usually provide global
mass transport coefficients. The estimation of global mass trans-
port coefficients by local ones obtained from CFD simulations
and its comparison to experimental values might seem contro-
versial, especially when local mass transport coefficients were
already obtained from local velocity profiles by empirical equa-

Table 3
Boundary conditions for CFD simulations.
Domain equations Inlet Outlet nozzles Walls
Navier-Stokes Vinlet Pressure, no viscous stress: p=0, n( Vv+Vv))n=0 No slip condition: v=(u, v, w)

Convection-diffusion c= cie*rz s (DVc)n=0

Insulation condition: Nx n=0, N=(—DV c+cv)




274 A. Frias-Ferrer et al. / Chemical Engineering Journal 169 (2011) 270-281

X}
.S W / pjay Ayoojap

Fig. 4. CFD simulations of the UA63.03 reactor for different Re values at z=1.5 mm: (A) Re=129, (B) Re =200, (C) Re=271, (D) Re =414. The velocity field (|v|) is represented
in color map (ms~1). Flow direction is represented by grey streamlines. The membrane boundary lays on the z=0 plane in all cases.

tions meant to predict overall reactor performances. This latter where [40], observing an increase in the deviation of numerical

consideration was adopted by Vazquez et al. [27], who calcu- km values for increasing Re values. In contrast, Santos et al.

lated local mass transport coefficients (ky,) from CFD simulations [25] employed a more rigorous approach as they determined

and then compared them with experimental ky, evaluated else- local ky, values on the anode by assuming that the solute mass
A B
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Fig. 5. Tracer diffusion simulation inside the UA63.03 reactor for Re=129 at z=1.5 mm: (A) t=1s,(B)t=2s,(C)t=3s,(D)t=4.5s, (E) t=6s and (F) t=9s. Pulse at the inlet of
the reactor is a 3.5 M KCI solution. Concentration of KCl is represented in color map (molL~'). The membrane boundary lays on the z=0 plane in all cases.
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Fig. 6. CFD simulations of the UA63.04 reactor for different Re values at z=1.5 mm: (A) Re =129, (B) Re=200, (C) Re=271, (D) Re =414. The velocity field (|v|) is represented
in color map (ms~1). Flow direction is represented by grey streamlines. The membrane boundary lays on the z=0 plane in all cases.

fraction on the electrode surface was zero. They compared calcu-
lated area-averaged kn, with those obtained with limiting current
experiments, reaching a very good agreement except for a slight
deviation in the lower Re range. These differences between both
studies suggests that alternative methods should be considered
in order to validate CFD simulations while the validity of the
comparison of local/global mass transport coefficients obtained
from CFD simulations to experimental global values remains
unclear.

To our knowledge, there is not any comparison between
experimental RTD data and calculated RTD curves obtained
from CFD simulations for electrochemical filter-press reactors,
despite the interesting information that can be obtained from
this analysis [23]. According to this, tracer diffusion simula-
tions were employed to obtain simulated RTD curves. Variation
of the concentration vs. time at the outlet nozzles for the
tracer was calculated by integration of the KCI concentration
on the surface of both outlet nozzles of the UA63.03 geome-
try for each time step. Values were normalized with the total
amount of tracer to be compared with experimental RTD data
[32] in order to validate CFD simulations of former UA63.03
reactor. In addition, simulated RTD curves were also obtained
for the new UA63.04 reactor to validate the CFD calcula-
tions for this reactor with RTD experiments included in this
work.

3. Results and discussion
3.1. Fluid velocity and tracer diffusion

3.1.1. UA63.03 reactor

For the UA63.03 electrochemical reactor, both hydrodynamic
behaviour and tracer response were obtained by COMSOL simu-
lations for different Reynolds numbers (129, 200, 271 and 414).
Fig. 4 shows the velocity field and streamlines for the different
Reynolds values. For Re =129, two main streams cross the UA63.03
compartment, each one coming from a different inlet nozzle. Three
main stagnant areas are observed along the compartment, with a
noticeable recirculation flow region near the entrance zone of each
stagnant area, while in the second half of the reactor the flow is
fully developed from the flow direction point of view. At higher Re
values (200 and 271), a backward path forms between the two main
streams, even though its fluid velocity remains relatively low. Also,
asecondary jet builds up from therightinlet nozzle, becoming more
noticeable as the flow rate is increased. This secondary jet becomes
stronger for Re=414 and, along with the main stream, encloses
a different recirculation flow region. At the highest Re value, the
existence of several well-defined vortices with low fluid velocity
located in the first half of the compartment is clearly seen, where
mass transfer is expected to occur between the main streams and
stagnant zones. This feature is confirmed by Fig. 5, which shows
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Fig. 7. Tracer diffusion simulation inside the UA63.04 reactor for Re=129 atz=1.5mm: (A) t=0.5s,(B) t=1.5s,(C) t=3s,(D) t=4.5s,
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of the reactor is a 3.5 M KCl solution. Concentration of KCl is represented in color map (mol L-1). The membrane boundary lays on the z=0 plane in all cases.

the tracer evolution vs. time for Re = 129 (animated films for tracer
simulations inside the reactor working at each Re value studied
are included as Supplementary data). The tracer goes preferen-
tially through the reactor following the main paths predicted by
hydrodynamic simulations, and mass exchange occurs between
the main paths and the stagnant zones caused by recirculation
flow. This is frequently observed in several hydrodynamic systems
with stagnant or dead volumes such as shallow cavities in channels
[41], where most of the mass exchange between cavity and chan-
nel takes place where large spanwise vortices are shed in laminar
conditions.

3.1.2. UA63.04 reactor

The hydrodynamic behaviour and tracer response inside the
new UAG63.04 reactor was also obtained for the same Reynolds num-
bers (129, 200, 271 and 414). Fig. 6 displays the fluid velocity and
flow direction for this reactor. As expected, one jet comes from
each inlet nozzle and the fluid velocity quickly decreases as fluid
flow develops with the five jets forming a main stream crossing the
UA63.04 compartment for all the Re values studied. When the main
stream flows towards the outlet side, it divides into two paths, and
each one also splits up into two jets: one leaves the reactor via the
nozzles located at each corners of the outlet side while the other
comes back along the outer edges of the compartment, becoming
more notorious as the flow rate is increased. Apparently, five stag-
nant areas are observed: the main two zones are located between
the backward jets and the main stream, another two are placed
between the three interior inlet nozzles and the last one remains
in the middle of the outlet side. The interest of these stagnant areas
(excluding the one located in the middle of the outlet side) lies in
the presence of recirculation flow where mass exchange is expected
(the presence of well-defined vortices is observed in Fig. 6). This fea-
ture is confirmed by tracer-diffusion simulations as shown in Fig. 7
(animated films for tracer simulations inside the UA63.04 reactor

working at each studied Re may also be found as Supplementary
data). It shows how the tracer follows the main paths predicted
by CFD hydrodynamic simulation and how mass exchange occurs
between the main paths and the vortices located at the stagnant
zones.

3.2. Validation with simulated RTD curves

3.2.1. UA63.03 reactor

Fig. 8 shows the experimental and simulated RTD data for the
UAG63.03 reactor working at different Re values. All of them show
that the tracer front exits the reactor earlier than the average res-
idence time (faverage). In addition, long tails are observed for all
the Re values. Both features indicate that former UA63.03 reactor
behaves as a combination of a plug flow with axial dispersion and
flow exchange with stagnant zones as stated in previous works [32],
reaching a good agreement between experimental and simulated
RTD data. The following error estimation was used:

Z (Yexp — Yealc )2

error = N (4)

where yexp and y¢,c are the experimental and calculated RTD data
and N is the total number of data points, giving an estimated error
lower than 4 x 10~4. This good agreement between experimental
and simulated data supports the validity of CFD simulations and in
particular, the election of a laminar model to estimate the hydro-
dynamic behaviour inside the UA63.03 electrochemical reactor in
the studied Re range.

In addition, the study of simulated local RTD curves enables to
study the behaviour of those stagnant areas that have been pre-
viously defined with the help of velocity field plots where poor
electrolyte renewal is expected. According to Fig. 9, four differ-
ent zones inside the electrochemical reactor compartment were
analyzed: the left inlet side corner and the right inlet side cor-
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Fig. 8. Experimental (W) and simulated (—) normalized RTD values for the UA63.03 reactor for different Reynolds numbers: (A) Re=129, (B) Re =200, (C)Re=271,(D)Re=414.

The vertical dashed line designates tayerage-

ner (which were expected to show a stagnant behaviour based
on Fig. 4), and two points right next to both inlet nozzles, as it is
indicated in the graph insets. The tracer response near the inlet noz-
zles shows a very small retention of tracer with time as expected.
However, concentration vs. time curves show a very large tail in
the zones located near the corners of the compartment, which
means that the tracer takes longer to leave these areas, clearly
indicating a slow mass exchange between the latter and the main
flow.
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3.2.2. UA63.04 reactor

Comparison of experimental and simulated RTD data was also
carried out to check the validation of the CFD simulations for the
new UAG63.04 reactor. Fig. 10 displays experimental and simulated
normalized RTD curves. In contrast to what was observed for for-
mer UAG3.03 reactor, the tracer front takes longer than tayerage to
exit the UA63.04 reactor for all the Re studied, which means that
the design of the exit-entrance manifolds yields strong recircula-
tion flow inside the reactor, making the tracer to stay significantly
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Fig. 9. CFD study of tracer concentration variation with time at four different locations inside the UA63.03 compartment working at Re=129: (A) area near the left inlet
nozzle, (B) area near the right inlet nozzle, (C) area near the left inlet side corner, (D) area near the right inlet side corner.
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Fig. 10. Experimental (W) and simulated (—) normalized RTD values for the UA63.04 reactor for different Reynolds numbers: (A) Re=129, (B) Re=200, (C) Re=271, (D)

Re =414. The vertical dashed line designates taverage-

longer in the UA63.04 reactor than in the UA63.03 reactor from the
taverage Point of view. However, this behaviour does not mean that
the UA63.04 reactor works under undesired conditions, because (i)
the velocity field is more homogeneous in the UA63.04 reactor than
in former UA63.03 cell as the RTD curves are quite more symmet-
ric for the new reactor, and (ii) tails observed in Fig. 8 point that
the stagnant volume stays over 5-6 times longer than the front in
former UA63.03 reactor, while stagnant volume in the UA63.04 cell
stays 3-4 times longer than the front (Fig. 10), implying that tracer
retention in stagnant areas is greater in former UA63.03 reactor.
Again, a good agreement was obtained for the different Re num-
bers. The estimated error was lower than 2.8 x 10~4, supporting
the validity of the CFD simulations and the election of a laminar
model.

Simulated local RTD curves were again studied, providing an
accurate description of the active and stagnant zones previously
observed in Fig. 6. Fig. 11 shows the variation of the tracer con-
centration vs. time at seven different areas within the reactor
compartment. Contrary to what was observed for former UAG3.03
reactor (Fig. 9), the length of the tails is quite similar in all areas,
including those zones located near the vortices where stagnant
behaviour is expected (Fig. 11F and G). In addition, two notice-
able peaks appear near both inlet side corners (Fig. 11D and E). The
appearance of those peaks is due to the effect of the presence of the
inlet jet which ends up forming the main stream with the others
(first peak observed) and the jets that come back to the inlet side
along the outer edges of the compartment (second peak observed).
Compared to the UA63.03 reactor, the curves obtained for the ana-
lyzed stagnant areas show a relatively smaller retention of tracer
with time, as tails are relatively shorter. Therefore, areas where
stagnant behaviour was expected have been significantly reduced
in the UA63.04 compartment compared with those observed in the
UAG63.03 reactor.

3.3. Ratio of active areas inside the reactors

As commented in previous sections, fast and slow zones were
clearly observed inside the both reactors. Therefore, the consid-

eration of an electrode working homogeneously is far from being
accurate, evidencing the need to locate and quantify the regions
where electrodes are poorly working.

In previous works by the authors [32], the ratio of active zones
inside the reactor was calculated as “the ratio between volume
in dispersed plug flow and total volume” of the reactor (param-
eter ®g), which was numerically obtained for the UA63.03 reactor
using experimental RTD curves and employing a mathematical
model [16-18,32]. However, with CFD simulations we can actu-
ally define the ratio of stagnant areas as the relation between those
regions where the velocity field stays above a certain value and the
total volume of the reactor. By defining stagnant zones inside the
UAG63.03 reactors as those where the velocity field stays below the
45% of the mean linear velocity corresponding to each Re value,
we obtained the minimum error between parameter @g and the
newly defined ratio of stagnant areas inside the UA63.03 reactor
(Table 4). Although this value may sound arbitrary, its considera-
tion is actually in concordance with the classical definition of the
cut-off point in RTD curves [42] used to assess whether the fluid
flowing through any chemical reactor is active or stagnant, as stag-
nant volume is considered to stay over twice the average residence
time, meaning that stagnant flow is twice slower than the fluid
which actually moves at the mean linear velocity inside the reac-
tor. For the UA63.03 reactor, about 40% of the total volume of the
reactor was working under undesired behaviour at lower Re, and
only at the highest Re number (414) the active zones inside the
system increased up to 74% of the total volume. Still, 26% of the elec-
trode area was not working under proper conditions from the fluid
velocity point of view, meaning that undesirable processes such as

Table 4

Ratio of active areas inside the UA63.03 reactor calculated by RTD and CFD studies.
Re Dg (%) Active areas (%) Error (%)
129 58 63 7.9
200 58 55 5.5
271 59 55 73
414 74 74 0.0
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Fig. 11. CFD study of tracer concentration variation with time at four different locations inside the UA63.04 compartment working at Re=129: (A) area near the inner left
inlet nozzle, (B) area near the centered inlet nozzle, (C) area near the inner left inlet nozzle, (D) area near the left inlet side corner, (E) area near the right inlet side corner,

(F) area near left vortex, (G) area near right vortex.

gas-evolving reactions or electrode corrosion could take place on a
short and long-term basis. Other commercial filter-press reactors
such as the DiaCell 106 electrolyser present the same non-optimal
behaviour observed for the UA63.03 at an equivalent Re range [25]
while other reactors such as the FMO1-LC reach a slightly more
uniform distribution of active areas [26], where part of the reactor
would act as a calming zone where the fluid flow develops.
However, the new UA63.04 compartment presented a com-
pletely different behaviour compared with the previously men-
tioned reactors. The ratio of active areas inside the compartment
related to the total volume of the reactor was also calculated for the
UAG63.04 cell following the same procedure used for the UA63.03
reactor, where active areas were again defined as those where local
velocity stayed above 45% of the theoretical velocity correspond-
ing to each Reynolds number. Table 5 compares the ratio of active
areas inside both UA63.04 and former UA63.03 reactors, showing
that most of the UA64.04 reactor works under desired behaviour,
reaching an outstanding performance in all the Reynolds values
studied, as active areas are over 90% of the reactor with no sig-
nificant dependence on the Reynolds values. This statement can

be clearly seen in Fig. 12, where isocurves plots for both reactors
working at Re =129 are shown. The lower velocity isocurve repre-
sents the areas where the velocity field is above 45% of the mean
linear velocity inside de compartment. It is clearly seen that empty
zones which represent stagnant areas are much more predominant
in former UA63.03 reactor than in the newly designed UA63.04 cell,
where the stagnant zones are mainly located at the main vortices
previously reported.

Table 5
Calculated ratio of active areas for the new UA63.04 and former UA63.03 electro-
chemical reactors.

Re Ratio of active areas (%) Increase in ratio of active areas (%)
UA63.03 UA63.04

129 63 91 44

200 55 92 67

271 55 92 67

414 74 93 25
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4. Conclusions

CFD simulations can provide a detailed knowledge of the
velocity flow distribution inside the electrochemical reactor com-
partments. A proper treatment of the fluid velocity data obtained
from CFD simulations by electrochemical engineers provides
interesting information related to the performance of electro-
chemical filter-press reactors, reducing the need for preliminary
experimental tests in order to check the feasibility of new com-
partment designs. In this work, tracer diffusion has also been
taken into account by coupling the Navier-Stokes solution to the
convection-diffusion equation, in order to simulate RTD curves.

Regarding the electrochemical filter-press reactors studied in
this work, the hydrodynamic characterization and modellization
of former UA63.03 and new UA63.04 reactors by CFD simulations
was validated using experimental RTD from previous work:

1. Simulated RTD curves, based on CFD simulations, were obtained
and compared with experimental RTD data for the studied com-
partments, and a good agreement was found. Moreover, CFD
simulations went even further than regular RTD studies, as they
did not just point out the existence of dead volumes or stagnant
zones inside the reactor, but also located those stagnant areas
where undesirable processes could take place.

2. The fluid velocity field obtained by CFD simulations enabled to
observe the reactor areas working correctly and the inactive
zones where undesirable secondary reactions can occur due to
the local depletion of electroactive species. The ratio of active
zones was calculated from the same CFD simulations and com-
pared with previous results calculated by RTD modellization for
the UA63.03 reactor. The good agreement between both results
appears as a good validation of CFD simulations. For UAG3.03
reactor, the results also showed that at least 26% of the elec-
trode area was not working under desired conditions. However,
the new UA63.04 showed an optimal behaviour, as more than
90% of the reactor was working in proper conditions, improving
the reactor performance and avoiding harmful processes that
could lead to the corrosion of the electrode and the formation of

undesired by-products.

3. The experimental validation of the CFD simulations with RTD
curves confirms the pertinence of solving the Navier-Stokes
equations under the hypothesis of laminar flow instead of using
a turbulence model in the studied Re range.

The optimization of former UA63.03 electrochemical reactor
has been accomplished with the new UA63.04 reactor, where the
entrance-exit manifolds were completely re-designed while keep-
ing the same electrode area (63 cm?). With the new reactor, two
main goals were achieved: (i) a greater percentage of actives zones
with low dependence on the Re value, which improves the elec-
trode behaviour, and (ii) a more uniform distribution of the fluid
velocity, which also should improve the overall electrochemical
reactor performance. The latter statement must now be validated
with mass transport studies for the UA63.04 reactor, and experi-
mental work based on limiting current techniques is on its way.
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Appendix A.

List of symbols and abbreviations

B compartment width (m)

c tracer concentration (molm=3 or M, molL-1)

CFD computational fluid dynamics

de equivalent (hydraulic) diameter of the compartment (m),
de=2Bs/(B+5s)

D diffusion coefficient (m2s-1)

FEM finite elements method

G external forces (Nm—3)

L length of the compartment in the direction of flow (m)

Le dimensionless length group, Le =d./L

p pressure (Pa)

R reaction term (molm—3s-1)

Re Reynolds number, Re =vj;, pde/n

RTD residence time distribution

s separation between the membrane and the electrode (m)

t time (s)

faverage ~ average residence time (s)

u velocity component in the x direction (ms~1)

Q volumetric flow rate (Lh=1)

v velocity component in the y direction (ms~1)

v fluid velocity field (ms=1), v=(u, v, w)

Vv mean linear fluid velocity in the compartment (ms~1)

Vinlet mean linear fluid velocity in the reactor inlet (ms—1)

w velocity component in the z direction (ms=1)

Greek letters

D ratio between volume in dispersed plug flow and total
volume

y aspect ratio, y=s/B

0 density (kgm3)

i dynamic viscosity (Pas)
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Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.cej.2011.02.053.
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