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a  b  s  t  r  a  c  t

A  continuous  reduction  in  the  cross-section  area  is  analysed  as a  means  of  improving  mass-transfer  in a
parallel-plate  electrochemical  reactor.  Experimental  local  mass-transfer  coefficients  along  the  electrode
length  are  reported  for  different  values  of  the  convergent  ratio  and  Reynolds  numbers,  using  the reduc-
tion  of ferricyanide  as  a test  reaction.  The  Reynolds  numbers  evaluated  at the  reactor  inlet  range  from  85
eywords:
onvergent flow
urrent distribution
ass-transfer coefficient

arallel-plate electrodes

to  4600  with  interelectrode  gaps  of  2 and 4 mm.  The  convergent  flow  improves  the  mean  mass-transfer
coefficient  by  10–60%  and  mass-transfer  distribution  under  laminar  flow  conditions  becomes  more  uni-
form.  The  experimental  data  under  laminar  flow  conditions  are  compared  with  theoretical  calculations
obtained  by  a computational  fluid dynamics  software  and  also  with  an  analytical  simplified  model.  A
suitable  agreement  is  observed  between  both  theoretical  treatments  and  with  the experimental  results.
The pressure  drop  across  the  reactor  is  reported  and  compared  with  theoretical  predictions.

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

Reactors with parallel-plate electrodes are frequently used in
pplied electrochemistry. In many cases the reaction of interest is
nder mass-transfer control and several strategies are proposed to

mprove the reactor performance. One alternative is to place obsta-
les in the interelectrode gap to disturb hydrodynamics [1,2]. These
re called turbulence promoters and mass-transfer conditions are
trongly dependent on their geometric patterns [3]. The use of tur-
ulence promoters makes the current distribution more uniform
3], but they increase the pressure drop along the reactor length
4] and can reduce the overall electrode surface area in the points
here they make contact with the electrode [5]. They can also alter

he residence time distribution in the reactor [6] and, depending
n the turbulence promoter type, can produce the channelling of
he electrolyte [7]. Another option is the increase of the rough-
ess of the electrode [8], which enlarges the specific surface area
nd the mass-transfer coefficient, though Sedahmed and Shemilt
9] reported an insignificant influence under laminar flow condi-
ions. A third alternative is the sparging of gas in the interelectrode

ap or its generation at the electrode surface. In this last case the
ass-transfer coefficient is increased owing to the disruption of the
ass-transfer boundary layer, called bubble-induced convection

∗ Corresponding author. Tel.: +54 342 4571164; fax: +54 342 4571164.
E-mail address: jbisang@fiq.unl.edu.ar (J.M. Bisang).

013-4686/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.electacta.2013.10.005
[10]. This procedure increases the ohmic drop in the interelectrode
gap [11] and modifies the current distribution at the electrode sur-
face [12,13]. Mass-transfer due to bubble-induced convection was
enhanced by the use of a rough electrode. However, when a tur-
bulence promoter was  placed in the flow channel, the influence
upon the two-phase inert-gas mass-transfer was negligible [14].
Finally, another strategy to increase the efficiency of the equip-
ment is changing its geometry. Thus, a sudden change in the flow
cross-sectional area, as it may  occur at the entrance and exit of
electrochemical flow cells, produces important variations in the
local mass-transfer coefficient [15]. Likewise, the use of corrugated
ducts [16,17] increases the mass-transfer characteristics in relation
to a smooth circular pipe. However, its implementation is difficult
in the case of parallel-plate electrochemical reactors. Convergent
and divergent ducts of rectangular cross-section were proposed to
enhance heat transfer in the gas flow [18,19]. This paper is focused
on this last alternative. Thus, the reduction in the cross-section
inside the reactor is analysed in order to increase the flow velocity
along the equipment to enlarge the mass-transfer coefficient. The
main advantages of the proposal are the ease of construction and
the fact that the electrode surface area is not modified in compari-
son when turbulence promoters are used.
2. Mathematical model

The stationary concentration of minority species in an elec-
trochemical reactor with parallel-plate electrodes in the presence

dx.doi.org/10.1016/j.electacta.2013.10.005
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2013.10.005&domain=pdf
mailto:jbisang@fiq.unl.edu.ar
dx.doi.org/10.1016/j.electacta.2013.10.005
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Table 1
Values of the incomplete Beta functions and � as a function of �.

� B�/2(2/3, 2/3) B�/2(5/3, 2/3) �
76 A.N. Colli, J.M. Bisang / Electro

f supporting electrolyte is given by the convective mass-transfer
quation as(

∂2c

∂x2
+ ∂2c

∂y2
+ ∂2c

∂z2

)
= ux

∂c

∂x
+ uy

∂c

∂y
+ uz

∂c

∂z
(1)

ere x, y and z are the axial coordinates, c is the concentration of
he reactant ion, D is the diffusion coefficient of the reactant in the
olution, ux, uy and uz are the velocities of fluid along the axial
oordinates.

The numerical solution of the Navier–Stokes equations together
ith the continuity equation shows that, as demonstrated later, uy

or the present convergent reactor is negligible in comparison with
he other components of the velocity vector. Then, assuming that

y = 0 (2)

eglecting the change in concentration along the electrode width

∂c

∂z
= 0 (3)

nd

∂2c

∂y2
� ∂2c

∂x2
(4)

Eq. (1) is simplified to

∂2c

∂y2
= ux

∂c

∂x
(5)

ith the following boundary conditions [20]:

 = 0, c = cin for 0 < y < g (6)

 = 0, c = cs for x > 0 (7)

nd a further condition is that the local concentration becomes
niform away from the vicinity of the electrode. Here cin is the
oncentration at the reactor inlet, cs at the electrode surface and g
he interelectrode gap.

For a parallel-plate reactor with infinitely wide electrodes and
ully developed laminar flow the Lévêque equation is [20]

x = 12uav

dh
y (8)

ere dh is the hydraulic diameter and uav is the average fluid veloc-
ty. Eq. (8) is supposed to be valid for convergent flow and, due
o the small value of the interelectrode gap, dh is not considered
s a function of the position. Eq. (8) is a rough approximation, but
t provides a very useful simplification for the modelling, which

ust be experimentally verified. Thus, the average fluid velocity in
onvergent flow is given by

av(x) = uav(0)
(1 − �x/L)

(9)

here the convergence ratio, �, is defined as

 = 1 − W(L)
W(0)

(10)

ere W is the electrode width.
Introducing Eqs. (8) and (9) into Eq. (5) results in

∂2c

∂y2
= 12uav(0)

Ddh(1 − �x/L)
y

∂c

∂x
(11)

Likewise, the local mass-transfer coefficient, km,x is given by
m,x = D

(cin − cs)
∂c

∂y

∣∣∣∣
y=0

(12)
0.25 0.3816 0.0193 1.5680
0.50 0.6175 0.0631 1.6507
0.75 0.8269 0.1283 1.7547

Solving Eq. (11) with the boundary conditions given by Eqs. (6)
and (7) and introducing the result into Eq. (12) yields

Shx = 1.232
[

Re(0)Sc
dh

x

1
1 − (�x/2/L)

]1/3

(13)

where the local Sherwood number, Shx, the Reynolds number eval-
uated at the reactor inlet, Re(0), and the Schmidt number, Sc, are
defined as

Shx = km,xdh

D
(14)

Re(0) = uav(0)dh

�
(15)

and

Sc = �

D
(16)

The mean Sherwood number, Sh, is given by

Sh = 1
A

∫ A

0

Shx dA (17)

here A is the active electrode surface area. Taking into account Eq.
(10), Eq. (17) yields

Sh = 1
L(1 − �/2)

∫ L

0

Shx(1 − �x/L) dx (18)

Introducing Eq. (13) into Eq. (18) and solving results in

Sh = 1.232
[

Re(0)Sc
dh

L

]1/3

�(�) (19)

being

�(�) = B�/2(2/3, 2/3) − 2B�/2(5/3, 2/3)

(1 − �/2)(�/2)2/3
(20)

where B�/2(2/3, 2/3) and B�/2(5/3, 2/3) are the incomplete Beta
function defined as

Bω(a, b) =
ω∫
0

ta−1(1 − t)b−1 dt (21)

Table 1 reports B�/2(2/3, 2/3), B�/2(5/3, 2/3), and � for different
values of �.

Likewise, for low values of � Eq. (13) yields

lim
�→0

Shx = 1.232
[

Re(0)Sc
dh

x

]1/3

(22)

and from Eq. (19)

lim
�→0

Sh = 1.85
[

Re(0)Sc
dh

L

]1/3

(23)

Eqs. (22) and (23) were previously reported by Pickett [20] for a
parallel-plate reactor with infinitely wide electrodes and developed
laminar flow.
The OpenFOAM free software was  also used to calculate the
velocity and concentration fields. The velocity profiles inside the
reactor were calculated, with the use of the simpleFoam routine,
by solving numerically in laminar flow the Navier–Stokes equations
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ogether with the continuity equation. The concentration field was
omputed with the use of the scalarTransportFoam routine via the
elocity profiles previously obtained, both being in steady state.
ntroducing the slope of the concentration at the electrode sur-
ace in Eq. (12) the mass-transfer distribution was obtained along
he electrode length. At the reactor inlet it was  assumed that the
rofiles of concentration and velocity in the x direction are uni-
orm, uy = uz = 0, and the gradient of pressure is zero. On the other
and, at the reactor outlet it was considered that the gradients of
oncentration and velocity are zero [21], whereas the pressure is
ero. A non-slip boundary condition and gradients of pressure null
ere used at the solid walls. The concentration was  set to zero at

he working electrode and the concentration gradients were null
or the other solid walls. The absolute tolerances for the calcula-
ion of velocity, pressure and concentration profiles were 1 × 10−5,

 × 10−6 and 1 × 10−6, respectively. The relaxation factor was set
o 0.3 for pressure and 0.7 for velocity according to the numeri-
al scheme given in [22]. The computational region was divided
nto 160 by 85 by 75 structured elements in the x–y–z 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 10 between the size of
he last and the first cell. For the smallest cells, at the electrode
urface, it was �y  = 6 × 10−6 m and 2 × 10−5 m for dh = 4 mm and
h = 8 mm,  respectively. The quality of the discretization was tested
y performing additional calculations for the case of a parallel-plate
eactor with infinitely wide electrodes and developed laminar flow,
here an analytical expression can be obtained for the local Sher-
ood number [20]. It was found that the numerical results, with 85

ells in the y direction, approach the analytical solution when the
atio of the geometric progression increases and the error between
hem becomes negligibly for a ratio of 10. The independence of the
omputed local Sherwood number on the grid size was checked.

. Experimental

The determination of mass-transfer distribution was  per-
ormed in an electrochemical reactor with parallel-plate electrodes

mploying a segmented cathode. The reactor was made of acrylic
aterial with both electrodes of nickel, 100 mm wide and 250 mm

ong, arranged in a filter press configuration. The anode, a sheet
f 1 mm thick, was electrically fed along its two  lateral sides by

ig. 1. Schematic views of the segmented cathode showing the geometric shape of the ga
lectrolyte outlet; and (4) gasket.
a Acta 113 (2013) 575– 582 577

means of copper current feeders, which were connected to the dc
power supply at both ends to ensure isopotentiality of the metal
phase. The cathode was  made from 25 nickel segments, 100 mm
wide, 9.5 mm high and 1 mm thick, which were insulated from one
another by an epoxy resin of about 0.5 mm thick. The thickness of
the insulating insertions between segments is in accordance with
the recommendations given by Wein and Wichterle [23]. Calibrated
resistors, 0.58 � resistance, were inserted between the backside of
each segment and the cathodic current feeder, which was  electri-
cally connected at both ends. 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
�eFWlcin

(24)

which approaches the local value, km,x. Here Ilim is the limiting cur-
rent at each segment, l is the segment length, W is the segment
active width, �e is the number of electrons interchanged and F is the
Faraday constant. The use of a segmented electrode allows to cal-
culate the mean mass-transfer coefficient at each segment, which
approaches the local value when smaller is the size of the segment.
However, in our previous paper [3], it was concluded that the size
of the segments is appropriate to determine local mass-transfer
coefficients. Data acquisition was  performed simultaneously in all
segments using a computer controlled, home made analogue mul-
tiplexer.

The lower and upper parts of the reactor present chambers of a
triangular cross-sectional area, with perpendicular nozzles for the
inlet and outlet of the electrolyte. The convergent flow inside the
reactor was  achieved by using gaskets of the appropriate shape as
it is shown in Fig. 1 in order to obtain convergence ratios of 0.25,
0.5 and 0.75. Two interelectrode gaps were used, 2.0 and 4.0 mm,
which were fixed by the thickness of the gasket.

The test reaction was  the electrochemical reduction of
ferricyanide 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, while the reverse reaction occurred at the
anode. Table 2 summarizes the composition and physicochemi-

cal properties of the solution. Samples of the solution were taken
from the reservoir after each experiment and the ferricyanide con-
centration was  spectrophotometrically determined. Nitrogen was
bubbled in the reservoir for 1 h prior to the experiment in order

sket to produce a convergent flow. (1) Segmented cathode; (2) electrolyte inlet; (3)
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Table 2
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
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Fig. 2. Experimental local mass-transfer coefficient as a function of the axial position

effect is remarked in the case of turbulent flow. From the exper-
�e 1

o remove the dissolved oxygen. The experiments were carried out
otentiostatically at −0.3 V, the cathodic potential was controlled
gainst a saturated calomel electrode connected to a Haber–Luggin
apillary positioned in the middle region of the cathode. However,
he cathodic potential was also measured near the reactor entrance
nd at the reactor exit in order to ensure that all the segments in the
athode were under limiting current conditions. These ports were
lso used in additional experiments to measure the pressure drop
cross the reactor with a manometer using carbon tetrachloride as
anometric liquid. The reactor was made part of a flow circuit sys-

em consisting of a pump, a flow metre, a reservoir and connections
o maintain the temperature at the preset value, 30 ◦C.

Further details of the equipment employed, method of opera-
ion, data acquisition, test reaction and reagents can be obtained
rom our previous work [24].

. Results and discussion

Fig. 2 shows typical curves of the local mass-transfer coefficient
s a function of the axial position for different values of the con-
ergence ratio and Reynolds numbers. The full line represents the
heoretical behaviour for a parallel-plate electrochemical reactor
ith infinitely wide electrodes and fully developed laminar flow,

q. (22). It can be observed that, depending on the Reynolds num-
er, the increase in � modifies the local mass-transfer coefficient
ainly in the region near the reactor outlet. Thus, a change in �

roduces two effects on the mass-transfer performance: (i) to alter
he uniformity of the mass-transfer behaviour and (ii) to modify
he mean mass-transfer coefficient. To analyse the uniformity of
he distribution, Fig. 3 reports the mean relative deviation, ımean,
f the experimental data, calculated as

mean = 1
N

N∑
1

∣∣∣ km,x

km,mean
− 1

∣∣∣ (25)

here km,mean is the mean value of the mass-transfer coefficient
nd N is the number of experimental points, 25. The distribution
f the local mass-transfer coefficient is more uniform as ımean is
maller. It is reported as a full line the theoretical mean relative
eviation for a parallel-plate electrochemical reactor with infinitely
ide electrodes and fully developed laminar flow, (2/3)3. Fig. 3

hows two well different regions, the first is at Reynolds numbers
ower than 500 where all the points in the reactor are under lami-
ar flow conditions independent of the � value. In this region, the
ehaviour for � = 0 is close to the theoretical prediction and when

 increases the mass-transfer distribution becomes more uniform,
ower ımean. This effect is more pronounced for the high value of
he interelectrode gap. The second region is detected at Reynolds
umbers higher than 3000 where all the points along the reactor
re in turbulent flow conditions. In this region no improvement

f the uniformity of the mass-transfer coefficient is observed with
he use of a convergent duct. Then, considering the mass-transfer
niformity the use of a convergent duct is only interesting under
for different � values and Reynolds numbers evaluated at the reactor inlet. Part (a):
dh = 8 mm,  Re(0) = 84. Part (b): dh = 4 mm, Re(0) = 496. (�): � = 0.25. (�): � = 0.50. (�):
�  = 0.75. Full line: theoretical behaviour according to Eq. (22).

laminar flow conditions. Fig. 4 reports the uniformity factor defined
as

UF = 1 − ımean(�)
ımean(� = 0)

(26)

According to Eq. (26) the uniformity factor ranges from 0, no
uniform distribution, to 1 when the mass-transfer distribution is
totally uniform. Fig. 4 shows that more uniform mass-transfer
distributions under laminar flow conditions are achieved at low
Reynolds numbers, high � and high interelectrode gaps.

Fig. 5 reports the effect of both the Reynolds number and � on
the mass-transfer enhancement factor calculated as

EF = km,mean(�)
km,mean(� = 0)

(27)

It is observed that the mass-transfer enhancement factor always
increases with the Reynolds number. Likewise, this factor is
enlarged when the flow is constricted, which is more pronounced
under turbulent flow conditions. Moreover, the increase in the
interelectrode gap diminishes the enhancement factor and this
imental data reported in Figs. 3 and 5 it can be concluded that
under turbulent flow conditions a convergent duct is unimportant
in order to obtain uniformity in the local mass-transfer coefficient
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Fig. 3. Mean relative deviation for mass-transfer distribution as a function of the
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Fig. 4. Uniformity factor for mass-transfer distribution as a function of the Reynolds

cal local Sherwood number and its mean value as a function of the
axial position according to computational fluid dynamics calcula-
tions. Fig. 8 confirms the experimental conclusion that the increase
eynolds number evaluated at the reactor inlet for different � values. Part (a):
h = 4 mm.  Part (b): dh = 8 mm.  (�): � = 0. (�): � = 0.25. (�): � = 0.50. (�): � = 0.75.
ull line: theoretical mean relative deviation for � = 0.

nd considering the enhancement of mass-transfer conditions a
etter performance can be achieved with the use of turbulence pro-
oters [3]. For this reason the following discussion and comparison

f experimental and theoretical results will be focussed on laminar
ow conditions.

Fig. 6 shows, according to computational fluid dynamics calcu-
ations, the velocity profiles at small distances from the electrode
urface in the y direction in three points along the electrode length.
he modulus of the velocity vector is also reported. Similar results
ere obtained for other z values along the electrode width. It can

e observed that the velocity component in the y coordinate is near
ero in all points, which confirms Eq. (2) and ux overlaps the mod-
lus of the velocity vector. Thus, to satisfy the continuity equation
he changes of ux with the position are mainly counteracted by the
ariation of uz.

The numerical calculations do not show any important differ-
nces of the local Sherwood number along the electrode width,

orroborating Eq. (3). As expected, changes are only observed at
he edges of the electrode as it is reported in Fig. 7.

Fig. 8 reports the theoretical local Sherwood number as a func-
ion of the axial position in the reactor for different values of
number evaluated at the reactor inlet for different � values. Full symbols: dh = 4 mm.
Open symbols: dh = 8 mm.  (�) and (©): � = 0.25. (�) and (�): � = 0.50. (�) and (�):
�  = 0.75.

the convergence ratio, the hydraulic diameter and the Reynolds
number. The symbols were obtained from calculations using com-
putational fluid dynamics and the lines correspond to Eq. (13). A
close agreement is observed between the numerical results and
those from Eq. (13). However, a small discrepancy between them
is detected at the reactor outlet for high values of convergence
ratio. This effect is more pronounced when the hydraulic diame-
ter is increased. Moreover, the numerical results show a minimum
in the mass-transfer distribution at high values of the convergence
ratio, which is not predicted by Eq. (13), and it is a consequence of
a change in the velocity profile at the reactor outlet. From Fig. 8,
it can be concluded that in comparison with the numerical proce-
dure, the simplified model represented by Eq. (13) yields suitable
results. The inset in Fig. 8 shows the ratio between the theoreti-
Fig. 5. Mass-transfer enhancement factor as a function of the Reynolds number
evaluated at the reactor inlet for different � values. Full symbols: dh = 4 mm.  Open
symbols: dh = 8 mm.  (�) and (©): � = 0.25. (�) and (�): � = 0.50. (�) and (�): � = 0.75.
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F ion at three points along the electrode length calculated by computational fluid dynamics.
d
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ig. 6. Modulus of velocity vector and velocity profiles for ux, uy and uz in the y direct
h = 8 mm.  � = 0.75. W(0) = 0.1 m.  L = 0.25 m.  Re(0) = 92.

n the convergence ratio makes mass-transfer distribution more
niform.

In Fig. 9 the distributions of the local Sherwood number for
ypical experiments performed at different Reynolds numbers and
onvergence ratios are compared with theoretical results obtained
rom Eq. (13). The theoretical predictions agree well with the exper-
mental results and the discrepancy between them is higher at the
eactor outlet when the convergence ratio is increased. Moreover,

he experimental results also show a minimum of the mass-transfer
oefficient in the vicinity of the reactor outlet, which was also
bserved in the data obtained by computational fluid dynamics

ig. 7. Local Sherwood number along the electrode width at different axial posi-
ions according to computational fluid dynamics calculations. dh = 8 mm.  � = 0.50.
e(0) = 403.

Fig. 8. Comparison of the theoretical values of the local Sherwood number as a
function of the axial position in the reactor for different values of the conver-
gence ratio and the Reynolds number. Symbols: theoretical behaviour according
to computational fluid dynamics. Lines: Eq. (13). Part (a): dh = 4 mm.  (�): � = 0.25,
Re(0) = 76. (�): � = 0.50, Re(0) = 229. (�): � = 0.75, Re(0) = 382. Part (b): dh = 8 mm.
(�):  � = 0.25, Re(0) = 403. (�): � = 0.75, Re(0) = 403. Inset: Ratio between the local
Sherwood number to its mean value according to computational fluid dynamics
calculations. dh = 4 mm.  Re(0) = 382. Full line: � = 0.25. Dashed line: � = 0.50. Dotted
line: � = 0.75.
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Fig. 9. Local Sherwood number as a function of the axial position in the reactor
for  different values of the Reynolds number and the convergence ratio. Part (a):
dh = 4 mm.  (�): Re(0) = 86. (©): Re(0) = 232. (�): Re(0) = 399. Part (b): dh = 8 mm.
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4L 
/2 [uav(0) + uav(L)]/2
2

being 
 the density. Fig. 12 shows the friction factor as a func-
tion of the mean Reynolds number, Remean, calculated with the
�): Re(0) = 84. (©): Re(0) = 228. (�): Re(0) = 392. Vertical segments: standard devia-
ion. Full lines: computational fluid dynamics calculations. Dashed lines: theoretical
ehaviour according to Eq. (13).

alculations reported as full lines. However, this minimum is little
ronounced and it does not present a significant influence on the
ass-transfer performance of the electrochemical reactor. In all the

ther cases a full overlapping between both theoretical results was
bserved.

Fig. 10 compares the local mass-transfer results with the
ehaviour given by Eq. (13). In this figure 900 points are repre-
ented, which correspond to all the experimental results obtained

or different values of the convergence ratio, the Reynolds num-
er and the hydraulic diameter. It can be observed a satisfactory
greement of the experimental data with the theoretical prediction
iven by Eq. (13). The points showing the higher discrepancy with
Fig. 10. Comparison of the local mass-transfer results with the theoretical model.
Full  line: Eq. (13). Symbols: experimental points. (©): dh = 4 mm. (�): dh = 8 mm.

the theoretical model were measured at the reactor outlet with the
higher value of the convergence ratio.

Fig. 11 shows the mean values of the Sherwood number as a
function of a dimensionless abscissa. The symbols (	) were obtained
by computational fluid dynamics calculations and the full line cor-
responds to Eq. (19). A close agreement is observed between both
theoretical treatments and also with experimental data.

The pressure drop across the reactor, �P, was  obtained from

�P  = �Pmes − 0.5
[u2
av(L) − u2

av(0)] (28)

where �Pmes was  the pressure difference shown on the manometer
and the friction factor, f, was  calculated as

f = �P × [dh(0) + dh(L)]/2{ } (29)
Fig. 11. Comparison of the experimental and theoretical mean Sherwood numbers.
Full  symbols: dh = 4 mm.  Open symbols: dh = 8 mm.  (�) and (©): � = 0.25. (�) and (�):
�  = 0.50. (�) and (�): � = 0.75. (	): Theoretical behaviour according to computational
fluid dynamics. Full line: Eq. (19).
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Fig. 12. Friction factor as a function of the Reynolds number calculated with mean
values of the fluid velocity and hydraulic diameter. Full symbols: interelectrode
g
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ap  = 2 mm.  Open symbols: interelectrode gap = 4 mm.  (�) and (�): � = 0. (�) and
©):  � = 0.25. (�) and (�): � = 0.50. (�) and (�): � = 0.75. (	): Theoretical behaviour
ccording to computational fluid dynamics. Full line: Eq. (30).

ean values of the fluid velocity and the hydraulic diameter, which
xplains the scattering of the results. The symbols (	) were obtained
y computational fluid dynamics calculations and the full line rep-
esents the following theoretical equation [25]:

 = 24
Remean

(30)

 close agreement is observed between the experimental pressure
rops with both theoretical models.

. Conclusions

Under laminar flow conditions, the use of a convergent duct
enhances the mass-transfer rate by 5–20% and also its distri-
bution becomes more uniform along the electrode length. Both
effects are increased when the convergence ratio is enlarged.
Under turbulent flow conditions, the use of a convergent duct
improves the mass-transfer by 10–60%, being this strongly
dependent on the interelectrode gap. However, a poor effect was
detected on the uniformity factor.
The experimental results under laminar flow conditions can be
properly predicted by computational fluid dynamics calculations.
A simplified mathematical model was developed, which shows a
suitable agreement with the experimental results. Small discrep-
ancies were observed at the reactor outlet at high values of the
convergence ratio.
A similar behaviour to predict the mean mass-transfer coefficient
was observed for both theoretical models with a good agreement
with the experimental results.
The experimental pressure drop across the reactor shows a close
agreement with the theoretical prediction.

The use of a convergent duct of rectangular cross-section for the
interelectrode gap enhances the mass-transfer performance of
electrochemical reactors without introducing difficulties in the
constructive features of the equipment. Moreover, this concept is

[

[

a Acta 113 (2013) 575– 582

directly applicable to existing parallel-plate reactors by changing
the shape of the gaskets.
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