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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
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.
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The pressure drop across the reactor is reported and compared with theoretical predictions.
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1. Introduction

Reactors with parallel-plate electrodes are frequently used in
applied electrochemistry. In many cases the reaction of interest is
under mass-transfer control and several strategies are proposed to
improve the reactor performance. One alternative is to place obsta-
clesin the interelectrode gap to disturb hydrodynamics [1,2]. These
are called turbulence promoters and mass-transfer conditions are
strongly dependent on their geometric patterns [3]. The use of tur-
bulence 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
where they make contact with the electrode [5]. They can also alter
the residence time distribution in the reactor [6] and, depending
on the turbulence promoter type, can produce the channelling of
the electrolyte [7]. Another option is the increase of the rough-
ness of the electrode [8], which enlarges the specific surface area
and the mass-transfer coefficient, though Sedahmed and Shemilt
[9] reported an insignificant influence under laminar flow condi-
tions. A third alternative is the sparging of gas in the interelectrode
gap or its generation at the electrode surface. In this last case the
mass-transfer coefficient is increased owing to the disruption of the
mass-transfer boundary layer, called bubble-induced convection
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[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
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of supporting electrolyte is given by the convective mass-transfer
equation as

9%c d%c 0% dc ac dc ]

@‘i‘ayj‘i‘@ =uxa+uy@+uz§ (M
here x, y and z are the axial coordinates, c is the concentration of
the reactant ion, D is the diffusion coefficient of the reactant in the
solution, ux, uy and u, are the velocities of fluid along the axial
coordinates.

The numerical solution of the Navier-Stokes equations together
with the continuity equation shows that, as demonstrated later, uy
for the present convergent reactor is negligible in comparison with
the other components of the velocity vector. Then, assuming that

Uy = 0 (2)
neglecting the change in concentration along the electrode width
ac

3 =0 (3)
and
%c _ d%c
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dy? o )
Eq. (1) is simplified to

9%c ac
DW = ux& (5)
with the following boundary conditions [20]:
x=0, c=¢, for O<y<g (6)
y=0, c=cs for x>0 (7)

and a further condition is that the local concentration becomes
uniform away from the vicinity of the electrode. Here c;, is the
concentration at the reactor inlet, ¢ at the electrode surface and g
the interelectrode gap.

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

12u,y
Uy =
X dh

here dj, is the hydraulic diameter and u,y is the average fluid veloc-
ity. Eq. (8) is supposed to be valid for convergent flow and, due
to the small value of the interelectrode gap, d;, is not considered
as a function of the position. Eq. (8) is a rough approximation, but
it provides a very useful simplification for the modelling, which
must be experimentally verified. Thus, the average fluid velocity in
convergent flow is given by

(8)

_ Uav(0)
Uay(X) = 7(.1 —ax/L) 9)
where the convergence ratio, A, is defined as
_ W(L)
A=1- W0y (10)

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

& _ 12u4y(0) %
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Likewise, the local mass-transfer coefficient, km x is given by

(11)
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Table 1

Values of the incomplete Beta functions and W as a function of A.
A B2(2/3,2/3) B,2(5/3,2/3) v
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 Eqgs. (6)
and (7) and introducing the result into Eq. (12) yields

1/3
dy, 1 } (13)

X 1-(Ax/2/L)
where the local Sherwood number, Shy, the Reynolds number eval-

uated at the reactor inlet, Re(0), and the Schmidt number, Sc, are
defined as

Shy = 1.232 [Re(O)Sc

km, xd

Shy = “‘B‘ h (14)
Re(0) = 7”“(]?)‘1'1 (15)
and

v
Sc= D (16)

The mean Sherwood number, Sh, is given by

1A
Sh=—/ Shy dA (17)

A Jo

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

L
1
Sh = m/@ Shy(1 — Ax/L)dx (18)
Introducing Eq. (13) into Eq. (18) and solving results in
do11/3
Sh=1.232 [Re(O)ScTh} (L) (19)
being

By 2(2/3,2/3) - 2B, /2(5/3,2/3)
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where B, 5(2/3, 2/3) and B;5(5/3, 2/3) are the incomplete Beta
function defined as
w
Bo(a, b) = /t”‘1(1 —t)P1de (21)
0
Table 1 reports By 2(2/3, 2/3), By 2(5/3, 2/3), and W for different

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

W(A) = (20)

41173
limshy = 1.232 [Re(O)Scﬂ (22)
and from Eq. (19)
41173
limsh = 1.85 [Re(O)ScTh] (23)

Egs. (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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