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a  b  s  t  r  a  c  t

A  perpendicular  inlet  flow  of  electrolyte  is analysed  as  a means  of improving  mass-transfer  in  a parallel-
plate  electrochemical  reactor.  Experimental  local  Sherwood  numbers  along  the  electrode  length  are
reported  for  different  values  of the hydraulic  diameter  and  Reynolds  number,  using  the reduction  of
ferricyanide  as a test  reaction.  The  Reynolds  numbers,  evaluated  with  the  inlet  velocity  in  the  reactor,
range  from  0.7  to 30 with interelectrode  gaps  varying  between  3.2 to 9.8  mm.  The  perpendicular  and
eywords:
urrent distribution
lectrochemical reactors
ydrodynamic behaviour
ass-transfer coefficient

arallel-plate electrodes

cumulative  flow  makes  uniform  the  mass-transfer  distribution  at the  reactor  inlet  under  laminar  flow
conditions.  The  experimental  data  are  compared  with  theoretical  calculations  obtained  by  computational
fluid  dynamics  and  also with  an analytical  simplified  model.  The  mean  relative  deviation  between  the
experimental  and  theoretical  results  was  lower  than  5% and  a close  agreement  was  observed  between
both  theoretical  treatments.

©  2014  Published  by Elsevier  Ltd.
. Introduction

In the industrial practice the mass-transfer has a crucial influ-
nce on the performance of the equipments. The improvement of
he efficiency of electrochemical reactors requires to increase the

ean mass-transfer coefficient and also to become more uniform
he mass-transfer distribution along the electrode length. Addi-
ionally, in the case of parallel-plate electrodes the behaviour is
ffected by the entrance and exit effects, which involves an appro-
riate design of the ports for the inlet and outlet of the electrolyte
o the reactor [1]. To address the above issues different alternatives
re proposed: (i) placing obstacles in the interelectrode gap to
romote turbulence [2], increasing the roughness of the electrode
3] and (iii) sparging a gas in the interelectrode gap or its evolution
t the electrode surface [4], which were previously discussed
5]. Other strategy is the modification of specific hydrodynamic
spects of the reactor. Thus, several studies have been devoted to
he investigation of different patterns for the flow of the electrolyte
nside the equipment. The effect of the geometrical parameters of
ultijets of electrolyte on the overall mass-transfer behaviour at a
at circular electrode was investigated and a satisfactory empirical
orrelation of the results was reported [6,7]. Oren et al. [8] analysed

∗ Corresponding author.
E-mail address: jbisang@fiq.unl.edu.ar (J.M. Bisang).

ttp://dx.doi.org/10.1016/j.electacta.2014.06.061
013-4686/© 2014 Published by Elsevier Ltd.
the interaction over a flat electrode of two identical solutions jets
entering an electrochemical reactor in opposite directions, on the
same axis, and leaving it in a direction perpendicular to the inlet
flow. This concept, also called impinging streams, has shown only
a slight improvement of the mean mass-transfer coefficient. How-
ever, the dimensionless ratio of the mass-transfer coefficient to the
energy consumption exhibits a better performance in comparison
with the single stream mode. Reade et al. [9] studied the effect
of a jet flow of electrolyte on the performance of a reticulated
vitreous carbon rotating cylinder electrode. The electrolyte jet
impinged on the bottom central part of the electrode in line with
the rotation axis producing an enhancement in the mass-transfer
coefficient between 3–46% depending on the rotation speed and
type of electrode material.

Legentilhomme and Legrand [10] studied the mass-transfer
characteristics at the inner electrode of an annulus in laminar and
turbulent swirling flows induced by means of a tangential inlet in
the annular gap. Enhancement of the mean mass-transfer coef-
ficient up to 400% was  achieved in comparison to that obtained
in fully developed axial flow. This concept was  also implemented
for the cathodic removal of metal from dilute process solutions
[11]. Recently, Martínez-Delgadillo et al. [12] evaluated, using com-

putational fluid dynamics, three different inlet types of a tubular
electrochemical reactor and it was  found that axial velocity distri-
bution is more homogeneous when the reactor is operated with a
tangential inlet.

dx.doi.org/10.1016/j.electacta.2014.06.061
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2014.06.061&domain=pdf
mailto:jbisang@fiq.unl.edu.ar
dx.doi.org/10.1016/j.electacta.2014.06.061
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Fig. 1. Schematic view of the reactor with perpendicular inlet flow and coordinates.
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equation [15,16,20]
E,  working electrode; CE, counter electrode.

Cœuret and Legrand [13] proposed the ‘falling-film cell’, a
arallel-plate electrochemical reactor where a gravity flow of elec-
rolyte occurs over an inclined plate and below a sheet of expanded

etal positioned above and parallel to the plate. At low flow rates
apillary effects are present producing an increase in the mass-
ransfer coefficient when the flow rate is decreased, called capillary
ow regime, which was industrially implemented for the removal
f metal ions from effluents.

The use of a pulsed flow reactor was analysed to enhance
ass-transfer at the electrode [14], pulsation induces stirring of

he electrolyte which is easily controlled by the amplitude and
requency of the pulse. This concept was primarily developed at
ommercial scale for metal recovery in wastewaters and also for
lectroorganic synthesis.

In a previous paper from this laboratory [5], a continuous reduc-
ion in the cross-section area was analysed as a means of improving

ass-transfer in a parallel-plate electrochemical reactor. Thus, it
as achieved a convergent flow along the reactor, which improved

he mass-transfer coefficient by 10-60% and the mass-transfer dis-
ribution under laminar flow conditions was more uniform.

Jorne [15] and Lessner and Newman [16] investigated a cumu-
ative flow channel in which the electrolyte was uniformly fed
hrough a porous wall facing the active electrode. Because of
he cumulative nature of the flow, the average velocity increases
inearly along the length of the electrode and the diffusion
oundary layer becomes uniform. This arrangement is a unique
ow system that exhibits uniform accessibility to mass transfer.
he concept was applied to the case of a zinc-chloride bat-
ery [17]. However, its implementation is difficult in the case of
arallel-plate electrochemical reactors when both electrodes are
assive.
The aim of this paper is to study in electrochemical reactors

ith parallel-plate electrodes the effect of a perpendicular inlet
ow on the mass-transfer distribution. Thus, the fluid is fed uni-

ormly through a port facing the electrode. The port has the same
idth as the electrode and the end of the channel is closed off.
ecause of the cumulative nature of the flow the average velocity

ncreases linearly along the length of the port and the electrode is
niformly accessible to mass-transfer.

. Mathematical modelling of the mass transfer

Figure 1 sketches the modelled electrochemical system, consist-
ng of a rectangular flow channel where one wall is the working

lectrode facing the counter electrode that covers partially the
pposite wall. Thus, at y = h for 0 ≤ x ≤ le the electrolyte is uniformly
ed and in this region the flow is cumulative. For a parallel-plate
ca Acta 137 (2014) 758–766 759

electrochemical reactor the distribution of the local Sherwood
number, Shx, along the electrode length is given by [18]

Shx =
√

ε

�
(

4/3
)
(

ReinSc

9
∫

0
X√

εdX

)1/3

(1)

being

ε = ∂UX

∂Y

∣∣∣∣
Y=0

(2)

UX = ux

uin
(3)

X = x

dh
(4)

and

Y = y

dh
(5)

where the local Sherwood number, Shx, the Reynolds number, Rein,
and the Schmidt number, Sc, are defined as

Shx = km,xdh

D
(6)

Rein = uindh

�
(7)

and

Sc = �

D
(8)

here km, x is the local mass-transfer coefficient, dh is the hydraulic
diameter, � is the kinematic viscosity, D is the diffusion coefficient
and uin is the average fluid velocity at the reactor inlet.

The hydrodynamic regime inside the reactor in steady-state is
given by the Navier-Stokes equations

UX
∂UX

∂X
+ UY

∂UX

∂Y
= − ∂P

∂X
+ 1

Rein

[
∂2

UX

∂X2
+ ∂2

UX

∂Y2

]
(9)

UX
∂UY

∂X
+ UY

∂UY

∂Y
=  − ∂P

∂Y
+ 1

Rein

[
∂2UY

∂X2
+ ∂2UY

∂Y2

]
(10)

Thus, to calculate the local Sherwood number it is necessary to
introduce into Eq. (1) the function ε, which requires the simulta-
neous solution of Eqs. (9) and (10) together with the continuity
equation

∂UX

∂X
+ ∂UY

∂Y
=  0 (11)

being

UY = uy

uin
(12)

where ux and uy are the velocities of fluid along the axial coor-
dinates and P is the dimensionless pressure. The variation of the
local Sherwood number along the electrode width can be disre-
garded due to the small ratio between the interelectrode gap and
the electrode width [5,19].

Assuming that at the entrance region the velocity component in
the y direction is not a function of x, that is

UY = −�(Y) (13)

Eqs. (9-11) are simplified to the following ordinary differential
d�

dY

d2�

dY2
− �

d3�

dY3
= 1

Re
d4�

dY4
(14)
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ith the boundary conditions

t Y = 0 � = 0 and
d�

dY
= 0 (15)

t Y = 1
2

� = 1 and
d�

dY
= 0 (16)

Thus, for 0 ≤ x < le, combining Eqs. (11) and (13) with Eq. (2)
esults in

 = X
d2�

dY2

∣∣∣∣
Y=0

= X�′′(0) (17)

Introducing Eq. (17) into Eq. (1) and rearranging yields

hx = 0.616
[
ReinSc�′′(0)

]1/3
for 0 ≤ x < le (18)

Furthermore, for x ≥ le it is assumed that the laminar flow is fully
eveloped. Then [18]

 = 12
le
h

(19)

here le is the length of the entrance region and h the interelec-
rode gap. Introducing Eqs. (17) and (19) into Eq. (1) and rearranging
esults in

hx = 2.0924

[
Rein Sc√

�′′(0)/3 +
√

6 (X+ − 1)

]1/3

for x ≥ le (20)

eing

+ = x

le
(21)

Combining Eqs. (18) and (20), the local Sherwood number along
he total electrode length can be expressed by

Shx Sc−1/3 = [1  − H (X+ − 1)] 0.616
[
Rein�′′(0)

]1/3+

+H (X+ − 1) 2.092

[
Rein√

�′′(0)/3 +
√

6 (X+ − 1)

]1/3 (22)

here H is the Heaviside shifting function defined as

(X+ − 1) = 0 for X+ < 1 (23)

(X+ − 1) = 0 for X+ ≥ 1 (24)

. Experimental

The determination of mass-transfer distribution was  performed
n an electrochemical reactor with parallel-plate electrodes, as
hown in Fig. 2. The anode, a nickel sheet of 80 mm wide, 96 mm
ong and 1 mm thick, was electrically fed along its middle part
y means of a copper current feeder, which was connected to
he dc power supply at both ends to ensure isopotentiality of the

etal phase. The segmented cathode, 80 mm wide and 136 mm
ong, was made using a standard printed circuit board technique.

 copper clad board was masked with stickers simulating the seg-
ents and the copper between them was dissolved by means of

 ferric chloride solution at 50 ◦C during 20 minutes. Then, the
tickers were mechanically removed and the segmented copper
oard was washed with trichloroethylene and acetone and plated
ith nickel from a conventional Watts type bath [21]. The thick-
ess of the nickel coating was 50 �m.  Calibrated resistors, 6.8 �
esistance, were welded between each segment and the cathodic

urrent feeder, which was electrically connected at both ends. The
ffect of the calibrated resistors on the current distribution can be
eglected due to the small value of their ohmic drop, approximately
0 mV,  in comparison with the other terms of the voltage balance in
ca Acta 137 (2014) 758–766

the reactor. The length of the segments and the insulating insertions
between them is a critical factor in the design of the equipment
in order to obtain accurate experimental results and their dimen-
sions represent a compromise between opposite effects. Thus, the
use of a segmented electrode allows to calculate the mean mass-
transfer coefficient at each segment, which approaches the local
value when smaller is the size of the segment. However, a very
small segment drains low current, making difficult its measure-
ment in the calibrated resistor. In Fig. 2, part (b), it is sketched the
segmented cathode, which presents 36 segments showing symme-
try with respect to the entrance and exit regions. Thus, the first ten
segments have 2.5 mm long, followed by 4 segments of 4 mm long
and 4 central segments of 4.5 mm long with an insulating region
between them of 0.5 mm.  The smallest segments at the entrance
and exit regions pretend to obtain more experimental results in
the electrode section where the effect of the perpendicular flow
is expected to be pronounced. Likewise, the insulating insertions
between segments disturb the concentration profiles at the elec-
trode surface [22] altering the mass-transfer behaviour. To check
this influence, additional calculations using computational fluid
dynamics were performed considering two  geometric configura-
tions: (i) a segmented cathode with insulating insertions between
the segments and (ii) a massive cathode without segments. The
mean mass-transfer coefficient at each segment was calculated and
compared with the mean value of the same region in the mas-
sive electrode. The difference between both mean values can be
attributed to the effect of the insulating region between segments.
Thus, it was  shown that the maximum error in the measurement of
the mass-transfer coefficient, as a result of the use of a segmented
electrode, may  be in the order of 14%, which is an acceptable value
for this type of experiments.

By measuring the ohmic drop in the resistors, it was  possible to
determine the axial current distribution and to calculate the mass-
transfer coefficient at each segment, km,s, according to

km,s = Ilim
�eFWlc

(25)

which approaches the local value, km,x. Here Ilim is the limiting
current at each segment, l is the segment length, W is the seg-
ment active width, �e is the number of electrons interchanged F
is the Faraday constant and c is the bulk concentration of the elec-
troactive species. Data acquisition was performed simultaneously
in all segments using a computer controlled, home made analogue
multiplexer.

The lower and upper parts of the reactor present perpendicular
chambers for the inlet and outlet of the electrolyte, 80 mm wide
and 20 mm long. The chambers, showed in Fig. 2, part (c), were
filled in the upper part with glass beads, 4 mm diameter, with a
plastic foam layer at the lower part. Thus, a uniform distribution of
electrolyte is achieved in the plane of the counter electrode, for
0 ≤ x ≤ le, to obtain a cumulative flow in this region. Four inter-
electrode gaps were used, 3.2, 5.4, 7.6 and 9.8 mm,  which were
fixed by the thickness of the gasket. The reactor was made part of a
flow circuit system consisting of a pump, a flow meter, a reservoir
and connections to maintain the temperature at the preset value,
30 ◦C.

The test reaction was  the electrochemical reduction of fer-
ricyanide from solutions with [K3Fe(CN)6] ∼= 0.01 mol  dm−3,
[K4Fe(CN)6] ∼= 0.01 mol  dm−3, in 0.65 mol  dm−3 of K2CO3 as sup-
porting electrolyte [18,23], while the reverse reaction occurred at
the anode. Table 1 summarizes the composition and physicochem-
ical properties of the solution. Samples of the solution were taken

from the reservoir after each experiment and the ferricyanide
concentration was  spectrophotometrically determined. Nitrogen
was bubbled in the reservoir for 1 h prior to the experiment in
order to remove the dissolved oxygen. The experiments were
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Fig. 2. (a) Schematic representation of the parallel plate electrochemical reactor. (b) View 

in  the reactor. (1) plates; (2) segmented electrodes; (3) current feeder to the working elect
counter  electrode; (7) Luggin capillaries; (8) gasket; (9) electrolyte inlet; (10) electrolyte 

Table 1
Properties of the electrolyte.

Composition [K3Fe(CN)6] = 0.01 M
[K4Fe(CN)6] = 0.01 M
[K2CO3] = 0.65 M

Kinematic viscosity (m2/s) 1.31 × 10−6

Diffusion coefficient (m2/s) 8.10 × 10−10

c
w
t
H

Sc 1617
�e 1
arried out potentiostatically at −0.3 V, the cathodic potential
as controlled against a saturated calomel electrode connected

o a Haber-Luggin capillary positioned at one end of the cathode.
owever, the cathodic potential was also measured at the other
of the segmented electrode. (c) Cross-section showing the electrolyte inlet chamber
rode; (4) calibrated resistors; (5) counter electrode; (6) electrical connection to the
outlet; (11) electrolyte distribution chambers; (12) glass beads; (13) plastic foam.

end of the cathode in order to ensure that all the segments were
under limiting current conditions.

4. Results and discussion

4.1. Hydrodynamic calculations

The velocity profiles inside the reactor were calculated using a
routine written in Matlab for a rectangular region [18], by solving

numerically in laminar flow the Navier-Stokes equations together
with the continuity equation. These calculations were also corrob-
orated by means of the OpenFOAM free software, with the use of
the simpleFoam routine. At the reactor inlet it was assumed that
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here k denotes the anode or the cathode and � is the electrolyte
imensionless axial position along the reactor according to the numerical solu-
ions of the Navier-Stokes equations. Full lines: dh = 6.4 mm,  Rein = 5.5. Dashed lines:
h = 10.8 mm,  Rein = 9.35.

he velocity profile is uniform and the gradient of pressure is zero.
n the other hand, at the reactor outlet it was considered that the
elocity gradient is zero whereas the pressure is uniform. A non-
lip boundary condition was used at the solid walls. The absolute
olerances for the calculation of velocity and pressure profiles were

 × 10−5 and 1 × 10−6, respectively. The relaxation factor was set to
.3 for pressure and 0.7 for velocity. The computational region was
ivided into 650 by 150 structured meshes in the x-y directions,
espectively. A non-uniform mesh grading was used for the mesh
ize in the y direction, �y, which was gradually varied according
o a geometric progression with a ratio of 5 between the size of the
ast and the first cell. For the smallest cells, at the electrode sur-
ace, it was �y  = 8.5 × 10−6 m and 2.6 × 10−5 m for dh = 6.4 mm and
h = 19.6 mm,  respectively. The independence of the results on the
rid size was checked. Details and justification of the procedure
ere given in our previous paper [5]. Likewise, Eq. (14) together
ith the boundary conditions, Eqs. (15) and (16), were numerically

olved. Fig. 3 shows typical curves of the slope in the velocity pro-
le at the electrode surface, ε, along the entire electrode length, L,
ccording to the numerical solution of the Navier-Stokes equations,
here the aspect ratio 	 is defined as

 = le
h

(26)

It is observed a linear increase of ε, in the region of the reactor
nlet, as expected ε/	 approaches 12 when the flow is developed
nd a pronounced decay of the velocity profile takes place at the
nd of the electrode, showing that a perpendicular flow is not con-
enient at the reactor outlet. For this reason the following figure will
e focussed on the inlet and central parts of the reactor. Fig. 4 com-
ares ε according to the numerical solution of the Navier-Stokes
quations, full lines, with the values given by Eq. (14), dashed lines,
or different values of the Reynolds numbers and 	 , where a good
greement is observed between them in the middle range of X+, and
he agreement is increased for higher values of 	 . Additionally, the
nset illustrates about the slope in the velocity profile at the counter
lectrode surface. Likewise, ε/	 approaches 12 for high values of X+

t both electrodes, which validates the assumption given by Eq.
19). Moreover, Fig. 5 shows, as a function of the Reynolds number,
he X+

Crit, defined as the X+ value for which the relative deviation of

 between the prediction according to the Navier-Stokes equations
nd that given by Eq. (17) is 2%. From Fig. 5 it can be concluded that
t low values of X+, lower part in Fig. 5, the deviations between the
igorous and simplified treatments only depend on the aspect ratio
ca Acta 137 (2014) 758–766

	 , being independent on the Reynolds number. However, when X+

approaches the unity, upper part in Fig. 5, the deviations depend
on both 	 and Reynolds number. From Figs. 4 and 5 it can be con-
cluded that for 	 higher than 3 there is a close agreement between
the behaviour of the models. Then, for simplicity, ε can be evalu-
ated introducing in Eq. (17) �′′(0) obtained from the resolution of
Eq. (14).

Fig. 6 shows �′′(0) as a function of the Reynolds number. The
points correspond to the numerical solution of Eq. (14) together
with the boundary conditions given by Eqs. (15) and (16). The full
lines in Fig. 6 represent limiting behaviours of �′′(0) according to
the following Eqs. [15,16,24]

�′′(0) = 24 + 32
35

Rein for Rein ≤ 8 (27)

�′′(0) = 26 + 7
10

Rein for 8 < Rein < 30 (28)

�′′(0) = 9.82(Rein)0.45 for 30 < Rein < 680 (29)

�′′(0) = 6.88(Rein)0.5 for Rein ≥ 680 (30)

The vertical dashed lines show the validity range for each equa-
tion. The comparison of the ε value taking into account Eqs. (27) to
(30) with that according to the numerical solution of Eq. (14) gives
an error of 1% for Eq. (27), 2% for Eqs. (28) and (29) and 4% when Eq.
(30) is used. From Fig. 6 it can be concluded that for reactors with
an aspect ratio 	 higher than 3, Eqs. (27) to (30) can be introduced
into Eq. (17) for the evaluation of ε with an acceptable error in the
calculations, instead of the numerical solution of the Navier-Stokes
equations.

4.2. Primary current distribution

The primary potential distribution was  obtained by solving the
Laplace equation in the solution phase including the chamber for
the inlet of electrolyte:

∂2

(x, y)
∂x2

+ ∂2

(x, y)
∂y2

= 0 (31)

where 
 is the potential in the solution phase. For symmetry, only
half of the reactor was considered and the current distribution in
the direction of the electrode width, z coordinate in Fig. 1, was
neglected. Eq. (31) was  numerically solved by using the finite dif-
ference method with an equidistant grid and taking into account
the following boundary conditions:


 = UA (32)


 = UC (33)

being UA and UC the potentials in the solution phase adjacent to the
terminal anode and cathode, respectively.

At the insulating walls is:

∂


∂p

∣∣∣∣
insulating walls

= 0 (34)

p being the perpendicular coordinate to the wall. Likewise, at each
electrode surface the local current density, j, can be calculated as

jk = − 1
�

∂


∂y

∣∣∣∣
k th electrode surface

(35)
resistivity.
The solution of the above equations was performed with a

home-made routine utilizing the scientific computing platform
Matlab.
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Fig. 4. Comparison of the slope in the velocity profile at the electrode surface as a func
and  Reynolds numbers. Rein = 1, 3, 5, 11 and 20. The arrows show the increase in Rein. Fu
according to Eq. (14). Inset: slope in the velocity profile at the counter electrode surface.
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1.0   = 2
  =  2.5
  =  3.33
  =  5
  =  7.5
  = 10

X+ C
rit

Rein

Fig. 5. Dimensionless entrance position, X+, for which the relative deviation of ε
according to the Navier-Stokes equations and Eq. (17) is 2% as a function of both the
Reynolds number and the aspect ratio 	 .
tion of the dimensionless axial position for different values of the aspect ratio 	
ll lines: numerical solutions of the Navier-Stokes equations. Dashed lines: solution

4.3. Mass-transfer performance

Fig. 7 shows typical curves of the experimental local mass-
transfer coefficient as a function of the position along the electrode
length, which are related to the data presented in Fig. 3. Each point
represents the mean value of five independent experiments and
the segments the standard deviation. Moreover, two theoretical
calculations were performed. In the first, the local mass-transfer
coefficient was  computed according to Eq. (1) using a ε value
obtained from the numerical resolution of the Navier-Stokes equa-
tions together with the continuity equation, Eqs. (9) to (11). In the
second one, the OpenFOAM free software was  used to calculate both
the velocity and concentration profiles, using the simpleFoam rou-

tine and the scalarTransportFoam routine, respectively. The local
mass-transfer coefficient along the electrode length was obtained
from the slope of the concentration at the electrode surface. Addi-
tionally to the hydrodynamic boundary conditions above given, it



764 A.N. Colli, J.M. Bisang / Electrochimi

0.01 0.1 1 10 100 1000 10000
10

100

Eq.  (29 )

Eq. (30 )Eq. (28 )

''(
0)

Rein

Eq. (27)

F
l

w
i
l
t
a
1
a
b
l
b
w
f

S

b

R

h
v
t

F
S
R
t
D
t

ig. 6. �′′(0) as a function of the Reynolds number. (©): according to Eq. (14). Full
ines: limiting behaviours given by Eqs. (27) to (30).

as assumed that the concentration profile is uniform at the reactor
nlet and the gradient of concentration is zero at the reactor out-
et. The concentration was  set to zero at the working electrode and
he concentration gradients were null for the other solid walls. The
bsolute tolerance for the calculation of concentration profile was

 × 10−6. Further details about this rigorous numerical procedure
re given in our previous paper [5]. No difference was observed
etween both numerical treatments, which are plotted as dashed

ines in Fig. 7. Likewise, the full lines represent the theoretical
ehaviour for a parallel plate electrochemical reactor with infinitely
ide electrodes and fully developed laminar flow, according to the

ollowing equation [19]

hx = 1.232
(

Re Sc L

x

)1/3
(36)

eing

e = 	Rein (37)
ere Re is the Reynolds number evaluated with the average fluid
elocity inside the reactor. The inset compares dimensionless mass-
ransfer distributions. The symbols correspond to the experimental
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results, obtained as the ratio between the local mass-transfer
coefficient and its mean value. The full line reports the dimen-
sionless theoretical behaviour given by Eq. (36). It can be observed
in Fig. 7 that the perpendicular inlet flow homogenizes the
mass-transfer distribution at the entrance of the reactor and a
monotonous decrease takes place along the electrode length. Like-
wise, the rigorous model approaches the experimental results in
the inlet and central part of the reactor. The mass-transfer coeffi-
cient at the beginning of the electrode can be calculated by

lim
X→0

Shx = 1

�
(

4/3
)[Rein Sc ε′(0)

6

]1/3

(38)

which was obtained applying the L’Hôpital’s rule for X → 0 to
Eq. (1). At the reactor outlet, fluctuations are detected in the
local mass-transfer coefficients which were strongly dependent on
the type of experiment, corroborating that a perpendicular out-
let flow is not convenient. For this reason the following discussion
and comparison of experimental and theoretical results will be
focused only half of the reactor including the perpendicular inlet of
electrolyte.

Fig. 8 shows typical curves, for four hydraulic diameters, of the
local Sherwood number as a function of the dimensionless axial
position, X+, for different values of the Reynolds number. The points
correspond to experimental results and the full lines to Eq. (22),
where �′′(0) was  obtained from Eqs. (27) to (30). Additionally, the
results according to the rigorous numerical procedure are plot-
ted as dashed lines. It can be observed in Fig. 8 an outstanding
concordance between Eq. (22) and the rigorous theoretical treat-
ment. The concordance between the results of both models is also
appropriate for 	 lower than 3 because the errors in the eval-
uation of ε using the simplified model are damped by Eq. (1).
Likewise, there is a close agreement of the experimental points
with both theoretical models. Fig. 8 also shows that a perpen-
dicular and cumulative inlet flow homogenizes the mass-transfer
distribution at the reactor inlet, which improves the performance
of parallel-plate electrochemical reactors. The inset in Fig. 8 com-
pares the primary current distribution, dashed line according to
Eq. (35) normalized by its mean value, with the tertiary current
distribution, full lines, obtained as the quotient between Eq (1) and
its mean value along the electrode length for different Reynolds
numbers. As expected, an important improvement in the unifor-
mity of the current distribution is observed because of the effect of
the mass-transfer. The primary distribution and the tertiary under
limiting current conditions represent extreme behaviours and all
the other cases, with different types of kinetic control, are between
them.

Fig. 8 also makes it clear that the experimental and predicted
local Sherwood numbers are in good qualitative agreement. To
quantify the predictive capability of Eq. (22) with �′′(0) according
to Eqs. (27) to (30) the mean relative deviation, dr, is introduced
as

dr = 1
N

N∑
i=1

∣∣Shx,exp(xi) − Shx,Eq.(22)(xi)
∣∣

Shx,Eq.(22)(xi)
(39)

being N the number of experimental points, 25. Fig. 9 displays the
mean relative deviation between the experimental and theoretical
results as a function of the Reynolds number for different values of
the hydraulic diameter. The mean relative deviation ranges from
2.5% to 5%, which corroborates the good predictive capability of Eq.
(22).
To determine the enhancement of the mass-transfer behaviour,
the experimental results of mass-transfer are compared to those
expected from a parallel plate electrochemical reactor with
infinitely wide electrodes and fully developed laminar flow [5],
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q. (36), which represents the best mass-transfer distribution with
xial inlet flow [18], and it is independent of the Reynolds number.
hus, Fig. 10 reports the uniformity factor defined as
F = 1 − ımean

ımean [Eq.(36)]
(40)
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where ımean is given by

ımean = 1
N

N∑
1

∣∣∣ km,x

km,mean
− 1
∣∣∣ (41)
According to Eq. (40) a positive value of UF  means that the mass-
transfer distribution in the reactor under study is more uniform
than that given by Eq. (36) and negatives values are also possible.
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he ideal case is UF = 1 when the distribution is totally uniform.
ig. 10 reports that, under laminar regime conditions, more uniform
ass-transfer distributions are achieved with a perpendicular and

umulative inlet flow and the uniformity is enhanced when the
eynolds number decreases.

. Conclusions

Under laminar flow conditions, the use of a perpendicular and
cumulative inlet flow makes uniform the mass-transfer in the
reactor inlet.
In electrochemical reactors with massive parallel-plate elec-
trodes, the use of a perpendicular inlet flow requires that at the
reactor inlet a portion of one electrode is not in front of the other
producing an important primary current distribution, which is
completely counteracted by the tertiary current distribution.
The prediction of the mass-transfer behaviour according to a rig-
orous model involving computational fluid dynamics calculations
shows an excellent agreement with the experimental results.
A simplified theoretical model shows also a good concordance
with the rigorous analytical model requiring lower computation
time.
The use of a perpendicular inlet flow represents a promising
alternative to improve the performance of parallel-plate electro-
chemical reactors under laminar flow conditions.
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