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a b s t r a c t

Electrochemical reactors are widely used for water treatment in many industrial processes, including 
removal of bacteria and other living organisms. This paper analyzes the effects of inlet configuration 
in filter-press parallel plate channel reactors using computational fluid dynamics, CFD. The numeri-
cal model was validated using experimental data of velocity obtained by particle image velocimetry, 
PIV. The parallel plates of the channel are 10 mm apart from each other to form a confined domain 
with diverging-converging sections inlet-outlet of angles of 19.3o/30.3o, respectively. This geometry 
configuration produces a flow distribution, which cannot be considered as fully, developed flow. A 
numerical solution of the transport governing equations linked together to electro chemistry was 
obtained for calculating the total flux of ions, between the electrolyte and the cathode. Properties 
of hydrated copper sulfate (CuSO4 + 5H2O) compound simulating an electro deposit process were 
considered. A range of flow Reynolds number was studied. The results show evidence that modify-
ing the inlet configuration provide different flow patterns, improving the effectivity of the reactor. 
Measurements and predictions of velocity do agree, showing strong velocity gradients with more 
than one inflexion point and vortex are eliminated from the reactor, which improve its efficiency. 
The results of km profiles along the reactor were compared using both the measured velocity field 
and the predicted velocity, demonstrating the impact of inlet configuration. By comparing the results 
against the results reported for the FM01-LC electrolyser it is demonstrated that the present config-
uration is widely competitive. 
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1. Introduction

Electrochemical reactors have been considered for use 
in many applications in recent years [1–3]. The produc-
tion of hydrogen [4] and water treatment are among the 
most promising [5–7]. For these goals, parallel plates fil-
ter press reactors are gaining the attention because their 
simplicity of configuration and operation. This reactor 

exposes a cathode in contact to an electrolyte that flows 
between the two parallel plates at moderate Reynolds 
number. However, the electrolyte dynamic flow defines 
the effectivity of the required chemical reaction between 
the electrolyte and the electrode [8]. This is because the 
design of the reactors considers average values of electro-
lyte velocity to quantify the mass transport km. Therefore, 
electrolyte behavior not in fully developed flow condition 
affects the process [9]. 
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It has been observed that the flow distribution in the 
reactor is sensitive to design details like the configuration 
of inlet section. By modifying the geometry of inlet sec-
tion or even its orientation it is possible to modify the flow 
structure between the parallel plates, in order to obtain 
a flow that approximates the fully developed condition 
[10]. A parallel plate reactor may enhance through a sys-
tematic study of inlet geometry, which can be obtained by 
designing the reactor using computational fluid dynam-
ics, CFD. This approach allows the designer considering 
the velocity conditions at the proximity of the cathode´s 
surface, where chemical reactions are taking place, 
instead of using average quantities [11]. However, the 
more uniform the flow the more efficient the reactor, no 
matter what approach the design is based on. Therefore, 
the present investigation focuses on analyzing different 
flow conditions in the reactor caused by inlet geometry 
modifications. The objective was to define the best inlet 
configuration in terms of mass transport and molar con-
centration in the surface of the cathode. Results obtained 
with a proposed reactor that incorporates an inlet per-
pendicularly aligned to the reactor´s axis compared well 
against the performance of a commercial electrochemical 
reactor known as FM01-LC [12,13]. 

2. Configuration under study

First we present the modifications to the inlet reactor 
under analysis. The present reactor is 100 mm length and 
50 mm wide in its rectangular section. The numerical solu-
tion considers a cathode lies on the surface of one plate to 
be in contact with the moving electrolyte. The separation 
between the upper and lower plates is of 10 mm. A funda-
mental description of the reactor as well as more construc-
tion details were given elsewhere [10,11]. 

2.1. Inlet geometry of reactor

The modifications to the inlet configuration included 
the shape and orientation of the pipe, as can be observed 
in Fig. 1a–c. Configuration number 1 is shown in Fig. 1a, 
where the cross section of inlet pipe of diameter 13.7 mm 
was partially sectioned on the top and bottom. Configu-
ration number 2 consists of a non-sectioned but reduced 
pipe diameter to 9.5 mm, see Fig. 1b. Configuration num-

ber 3 is of diameter 6.35 mm, oriented axially perpendic-
ular to the reactor´s axis, as shown in Fig. 1c. The reactor 
including this last modification is observed in the picture 
of Fig. 1d.

The exit pipe orientation of the reactor in all three 
cases was perpendicular to reactor´s axis, as indicated by 
arrowed exit in Fig. 1c. A comparison of results showed the 
advantage of configuration number 3, therefore this paper 
focuses on the flow distribution obtained with this option. 
While the FM01-LC electrolyser produces a fully developed 
flow by using a manifold flow distributor [13], the flow in 
configuration number 3 aligns in the axial direction. There-
fore an advantage of present reactor´s compared against the 
FM01-LC is its simplicity of construction.   

2.2. Experimental set-up 

In this work the velocity field in the channel reactor 
was measured using particle image velocimetry, PIV. This is 
considered an accurate and reliable technique for studying 
vortex dynamics in laminar and turbulent flows [14,15]. In 
PIV, particles seeded artificially follow the streams allowing 
a detailed description of the fluid motion. Particle displace-
ment defines the velocity magnitude and direction of fluid 
by digitalizing laser light spots reflected by these particles in 
an illuminated plane. In this case, the illuminated plane was 
located at mid distance of parallel plate separation. Particles 
of crystal of 50 mm, finished by silver dioxide, reflected part 
of the laser light from two pulses elapsed a time interval, t = 
10.3 ms. Cross-correlation was used to validate the informa-
tion from the particle position allowing averaging the flow 
velocity in a number of interrogation areas of 32 × 32 pixels 
[16,17]. Table 1 presents the PIV settings used during the 
experimental measurements.

Table 1
Experimental set up for PIV measurements

Parameter Units Magnitude 

Scale factor non dimensional 13.457
Interrogation area pixel 32 × 32
Time elapsed µs 10.3
Repetition rate Hz 15
Particle size µm 50

Fig. 1. Filter press parallel plates reactor under analysis; a) Schematic of reactor with main dimensions; L is the region of electro-
chemical reaction; a) Configuration number 1, sectioned inlet pipe, aligned to the reactor axially; b) Configuration 2, reduced diam-
eter of inlet pipe; c) Configuration 3, proposed parallel plate reactor with perpendicular inlet pipe; d) Front photograph of reactor.
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2.3. Numerical simulation

Finite volume is an approach used to solve algebraically 
the mass and momentum transport equations by compu-
tational fluid dynamics, CFD. This technique discretizes a 
domain that represents computationally the flow, where 
partial differential equations are solved, such that pressure, 
velocity and electrochemical reactions are calculated in 
detail for specific boundary conditions. The present work 
used a commercial program Comsol to solve the transport 
equations that govern a copper sulfate electrolyte, moving 
in contact with the cathode that lies in one of the parallel 
plates of the reactor. A mass flow 0.025 kg s–1 get into the 
reactor shown in Figs. 1a–c. The solution assumed a New-
tonian, incompressible flow in steady state. The no-slip con-
dition was applied to the walls of the reactor. The reader 
can consult published literature for details on equations 
and Reynolds Averaged Navier-Stokes equations, RANS, 
method used in this investigation [18]. 

A flow that produces an electrochemical reaction of 
ion motion from the electrolyte as a function of diffusion, 
migration and convection. The flux or mass transport of the 
electroactive species i [1] is:
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where last term links electrochemical activity with flow 
condition through the velocity field expressed by ui. Sub-in-
dex cu2+ accounts for cupric ions (Cu2+); D represents cupric 
ions diffusion coefficient; Dt expresses diffusion affected by 
turbulence; R is the molar gas constant; F is Faraday con-
stant;  is a charge of species i at temperature T; φ is elec-
tric field causing mass transfer by migration; finally u is 
the local velocity computed from the momentum equation, 
which is given elsewhere [11]. In Eq. (1) the migration effect 
is neglected by adding an excess of supporting electrolyte to 
the solution. Thus, it reduces to:
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The analogy between heat and mass transport due 
to diffusion in a turbulent flow, Dt, Kays-Crawford [19],  
involve turbulent Prandtl and Schmidt numbers equality:
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with Sct∞ a constant equal to 0.85 [19]. 
Solving the velocity field near the cathode surface 

allowed the calculation of a mass transport coefficient km as:

k
J

Z F CmCFD
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i i
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⋅ ⋅  (5)

In Eq. (5)  is a density of current in A m–2;  is the copper 
ion charge;  represents Faraday´s constant, F = 96485 A s 

mol–1; and  accounts for concentration of electroactive spe-
cies, where  = 10 mol m–3. In Eq. (5) the density of current in 
terms of mass transport Ni, gives:

J Z F Nc i i= ⋅ ⋅  (6)

Therefore,  the CFD mass transport coefficient is:
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In this work, a km coefficient was calculated based on 
the velocity field, measured with PIV at mid plane of the 
reactor. The results showed improvement of flow in the 
electrochemical reactor due to geometry inlet modification. 
To this end  was:
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Sh a Sc Leb c e= Re
 (9)

where Sh, Re, Sc and Le are the Sherwood number, Reynolds 
number, Schmidt number and the ratio of hydraulic diame-
ter to the length of the electrode in the direction of the flow, 
respectively; a, b, c and e are empirical constants [1,23]. The 
validity of Eqs. (8), (9) is limited to fully developed flows; or 
like the present case, where the proximity to this condition 
worth their  use. 

3. Results and discussion

3.1. Flow distribution 

Results of velocity measured with PIV for configura-
tion number 1 support the validity of numerical simu-
lations. The results in the form of contours of velocity 
in the main direction of flow are shown in Fig. 2 a–d for 
two planes parallel to the reactor´s plates, at distances 
y = 0.001 m, and y = 0.005 m from the bottom. The first 
two images correspond to the PIV results compared 
to the CFD results for plane y = 0.001 m. As observed, 
the two techniques do agree very well in describing the 
main stream of the velocity field in the reactor. It con-
sist of one stream of high velocity colored in red, com-
bined with a stream of low velocity, even with negative 
values of velocity. The results for mid plane, y = 0.005 
m are shown in Fig. 2c and 2d. Variations of velocity on 
different planes are due to the effect of the wall, which is 
higher in the plane near the bottom of the reactor than at 
mid distance between plates.

The flow field streams extend along the rectangular 
zone of the reactor of length L. Maximum value of velocity 
reach u = 0.12 m s–1 in a small region after the inlet section. 
As the flow approximates the exit zone on L = 1, the veloc-
ity decays to less than half the maximum value. The results 
in the form of streamlines indicate that the streams have 
characteristics of recirculating flow, as shown by measured 
and predicted fields in Fig. 3a–d, which compared well. As 
observed, planes near the bottom and the one at mid plane, 
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coincide about the flow distribution, although small differ-
ences prevail, confirming the information of the contours of 
velocity. The recirculating flow and the region of high veloc-
ity are far from fully developed, flow condition, which rep-
resents an ideal condition for electrochemical applications 
[12,13]. In this case the flow field is attributed to the diver-
gent geometry of the reactor, which produces an increasing 
momentum in one section of the domain due to an expan-
sion of the cross section area, while reverse flow balances 
mass conservation in the cross section area. Reverse flow 
forms because the exit is convergent, thus the pressure 

increases in direction towards the exit, while velocity slows 
down. The combined effects of inlet-outlet divides the flow 
along the axial direction, as observed in Fig. 3 a–d. The 
validity of the simulations is based on the agreement of the 
CFD results compared against the PIV measurement data of 
Fig. 2a–d and Fig. 3a–d.

3.2. Change of inlet pipe orientation  

The results obtained using configuration 2 were not 
too different from those for configuration number 1. This 

Fig. 2. Comparison of velocity results from CFD to PIV; a) PIV velocity field obtained for plane y = 0.001 m; b) CFD velocity field ob-
tained for plane y = 0.001 m; c) PIV velocity field obtained for plane y = 0.005 m; d) CFD velocity field obtained for plane y = 0.005 m.

Fig. 3. Comparison of stream lines results, CFD against PIV for inlet pipe axially oriented; a) PIV, plane y = 0.001 m; b) CFD, plane y 
= 0.001 m; c) PIV, plane y = 0.005 m; d) CFD, plane y = 0.005 m.
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result indicated that a diameter reduction of the inlet 
pipe alone affects very little the flow distribution in the 
reactor. Instead, by reducing the pipe diameter in combi-
nation with a change of inlet orientation, see Fig. 1c and 
d, produced a flow similar to one for fully developed 
condition. 

Once the inlet was aligned perpendicularly to the axis of 
the reactor, the flow reorganized to face a 90 degree change 
of direction. This condition is quite different from the axial 
expansion due to the divergence of cross area. Therefore, a 
pressure balance takes place in the divergent region, where 
pressure loss due to change of direction compensates the 
expansion due to increasing the cross area. Tests of velocity 
measurements with PIV varying the flow rate in the reactor 
proved the flow alignment for configuration 3 as follows. 
Table 2 presents the conditions for experiments conducted 
to describing the flow distribution. Reynolds number Re 
calculation based on Le, see Eq. (9), uses an average veloc-
ity. As observed in Table 1, all tests conducted correspond 
to laminar regime, which still produce recirculating flow as 
observed in Figs. 2 and 3. 

A sample image of particles moving with the fluid 
obtained with PIV from the rectangular section of the reac-
tor, plane located at y = 0.005 m, is presented in Fig. 4 a. 
The image corresponds to a mass flow rate 0.050 kg s–1. 
From particle position information, the velocity vectors 
field was obtained. The results for all conditions studied 
are shown in Fig. 4b–e. Small differences observed in the 
vectors may be attributed to several factors among flow 
rate increments, instabilities due to divergence and con-
traction of the cross section area. Increments of pressure 
in the contraction section may alter the flow condition 
upstream, in the rectangular section, by un-compressibility 
of the fluid. In general, we observe that vectors describe a 
flow orientation in the main direction of flow. As observed 
in Fig. 4e, uniformity of velocity vectors is higher for the 
last condition.

A streamlines representation makes the fluid behavior 
more clear, as observed in Fig. 5a and b. The streamlines 
correspond to the first and second mass flow rate condi-
tions of Table 2. In Fig. 5a we observe two sections with 
strong velocity gradients located along the lateral wall, 
while the streams of center line behave well aligned with 
the reactor axis, z. According to the classical methods for 
reactor´s design presented by Walsh [1], these flow con-
ditions out of fully developed flow lead to wrong cal-
culations of the mass transport coefficient km, which is 
used to evaluate the efficiency of ionic interchange in the 
reactor. Therefore, describing the fluid dynamics based 
on streamlines allowed identifying what sections of the 

reactor and what conditions of flow rate produced low 
reaction efficiency. 

Furthermore, the computation of vorticity,  indicated 
where velocity gradients generated vortex motion, which 
is conceptually opposite to the fully developed flow 
condition. The regions with higher vortex activity were 
detected by high intensity color near the lateral walls and 

Table 2
Conditions used in experimental measurement

Test Mass flow rate 
kg s–1

Viscosity kg 
m–1s–1

Density 
kg m–3

Re

1 33 × 10–3 1.19x10–3 998 564
2 50 × 10–3 840
3 67 × 10–3 1126
4 84 × 10–3 1411

Fig. 4. Results of velocity measurement from PIV for configu-
ration 3, inlet pipe oriented perpendicular to reactor axis, for 
plane y = 0.005 m; a) Illuminated particle image, sample; b) Ve-
locity vectors for flow 0.033 kg s–1; c) Velocity vectors for flow 
0.05 kg s–1; d) Velocity vectors for flow 0.067 kg s–1; e) Velocity 
vectors for flow 0.0836.

Fig. 5. Stream lines from PIV; a) For flow rate 0.033 kg s–1; b) For 
flow rate 0.05 kg s–1. 
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the center, especially close to the exit region as observed 
in Fig. 6a and 6b, for first and second conditions of Table 
2. By comparing these two flow conditions, we observe 
that vortex dynamics decrease as Re number increases. 
Although several spots of vorticity appear over the rest 
of the flow, their magnitude is doesn´t reach the maxi-
mum. In order to make this clearer we plotted the veloc-
ity magnitude along profiles transversally oriented to the 
main direction of flow, as observed in Fig. 7a to d. The 
profiles correspond to five different locations along the 
distance L. 

As observed in Fig. 7a, the first profile on L = 0 shows 
one peak of velocity located on the extreme x = 1 of the 
reactor. This profile shows also several inflexion points 
where velocity changes magnitude abruptly. As the exit 
region approaches, the inflexion points reduce and the 
peak is observed close to x = 0, corresponding to profile 
at L = 1. The velocity profiles for next two flow rate con-
ditions depict similar behavior of velocity, except that one 

peak appears at L = 0, as observed in Fig. 7b and c. Finally, 
for larger Re number most of profiles at all positions show 
velocity magnitude with rather soft variation, meaning 
that the flow aligned in the main direction, as one can see 
in Fig. 7d. The region from L = 0.25 to L = 0.75 resulted 
with more uniform velocity magnitude especially from x 
= 0.2 to x = 0.8, which represents a zone of high reaction 
efficiency, as will be examined below. This result for con-
figuration 3 encouraged a comparison of electrochemical 
performance against the original configuration, using the 
capabilities of CFD.

3.3. Numerical prediction of proposed configuration against 
reactor original design 

The flow in configuration 3 was resolved numerically 
to compare against the converged solution obtained for the 

Fig. 6. Contours of vorticity from PIV results; a) For flow rate 0.033 kg s–1; b) For flow rate 0.05 kg s–1. Scale in s–1.
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original design. Therefore, a comparison of results from 
configurations 1 and 3 was analysed and the streamlines 
of both configurations is presented in Figs. 8a and b. The 
comparison extended to cover the design of the commercial 
reactor FM01-LC, which we see in Fig. 8c.

As observed, the change in configuration number 3 to 
produce a flow distribution with a small recirculating flow 
located after the discharge of the inflow. After this zone 
located in the beginning of the rectangular section L, the 
flow looks aligned better than obtained with the original 
configuration. Furthermore, this flow distribution is simi-
lar to the one obtained by the commercial electrochemical 
reactor FM01-LC, which has been simulated using the same 
program applied in the solution of configurations 1, 2 and 3. 
The effect of a manifold flow distributor confirms the pop-
ularity of this reactor. 

3.4. Zone of electrochemical reaction  

The numerical solution served to demonstrating that 
a simple geometry like configuration 3 can be a potential 
model of reactor compared against the FM01-LC reactor. To 
this end, flow distribution must warrant a reaction effec-
tiveness. Therefore, in this section a comparison of reaction 
efficiency follows, emphasizing the magnitude of character-
istic parameters that define the applicability of the present 
reactor. 

Mass transport km in electrochemical reactors is a func-
tion of ionic interchange, which takes part in the Nernst 
layer. This region is of the same order of magnitude thick-
ness as the boundary layer, near the cathode´s surface [20]. 
An electrolyte with concentration Ci = 10 mM CuSO4*5H2O 
+ 100 mM H2SO4 useful in the process of electrodeposition 
was assumed as electroactive substance in contact with the 
cathode’s surface. We present the results of total flux in the 
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cathode’s surface in Fig. 9a–c. The results indicate that the 
recirculating flow affected the ionic flux in the configura-
tion 1, which produces very low value, as observed in Fig. 
9a. A region of very high activity located on L = 0 indicates 
high activity with the cathode’s surface. Apart from this 
region, the ion interchange falls down. Compared against 
the FM01-LC reactor, which we observe in Fig. 9b, the effec-
tivity of configuration 1 is very poor, because the FM01 –LC 
presents a uniform ionic interchange as observed in almost 
all the cathode´s surface. 

This scenario is compared against the reactor of Con-
figuration 3 proposed here, where this reactor looks like a 
normal reactor compared against the FM01-LC [21,22]. This 
is because the magnitude of total ion flux achieved by the 
reactor for configuration 3 is high and uniform, as seen in 
Fig. 8c.  

3.5. Effect of inlet geometry on mass transport coefficient

4. Conclusions

A parallel plate electrochemical reactor was studied 
experimentally and numerically in order to demonstrate 
its reaction effectivity compared against a commercial 

reactor. The modified reactor has an inlet pipe aligned in 
perpendicular direction to the reactor axis. An electrolyte 
with concentration Ci = 10 mM CuSO4*5H2O + 100 mM 
H2SO4 with Reynolds number, Re = 564 to 1411, based on 
the average velocity in the cross section area of the rect-
angular section of the reactor, and the separation distance 
between the parallel plates, was measured experimentally 
using PIV, and resolved numerically. The results showed 

 

 

 

 

c) 

Fig. 8. Comparison of stream lines results from CFD; a) Config-
uration 1; b) Configuration 3; c) FM01-LC commercial reactor. 
Scale is in m s–1.

 
 

 

 

Fig. 9. Electrochemical reaction results from CFD; a) Configura-
tion 1; b) Configuration 3; c) FM01-LC commercial reactor.
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flow like fully developed flow corresponding to configura-
tion number 3 produce very good performance of electro-
chemical reactions. This reactor was compared against the 
FM01-LC electrolyser, which is provided with manifolds to 
stabilize the flow. The simplicity of the reactor´s geometry 

good agreement emphasizing the main characteristics of 
the flow distribution. With a full description of main flow 
several modifications to the inlet pipe configuration were 
studied varying the inlet diameter, the shape and the orien-
tation of inlet pipe. The results showed that a nicely aligned 
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Fig. 10. Experimental results from PIV for original reactor de-
sign (axial inlet) compared against modified channel reactor 
(perpendicular inlet), for flow rate 2 kg s–1 and plane y = 0.005 
m; a) Position L/4; b) Position L/2; c) Position 3L/4.
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Fig. 11. Mass transport coefficient  for original reactor design (ax-
ial inlet) compared against modified channel reactor (perpendic-
ular inlet) and FM01-LC reactor, for flow rate 2 kg s–1 and plane 
y = 0.005 m; a) Position L/4; b) Position L/2; c) Position 3L/4.
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with inlet configuration perpendicular to the axial direction 
represents a competitive option for construction and costs, 
compared against the FM01-LC, given its high electrochem-
ical reaction rate. 
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