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Various models have been proposed to describe the mass transfer of indicator ions to gas-evolving
clectrodes. For verification of the proposed models, the dependence of the mass transfer coefficient
of indicator ions, k;, on the length, L., of a gas-evolving electrode may be very useful. Experimental
relations between k; and L, have been determined for oxygen-evolving as well as hydrogen-evolving
vertical electrodes in a supporting electrolyte of 1M KOH. Moreover, a modified hydrodynamic
model, where a laminar solution flow is induced by rising bubbles, has been proposed in order to
calculate k;. It has been found that this model is not useful for both types of gas-evolving electrodes.
The experimental results support the earlier proposed convection—penetration model for the
oxygen-evolving electrode. The solution flow near a vertical electrode, induced by rising bubbles,
behaves in a turbulent manner.

Nomenclature v, o defined by Equation 2
Vs  volume of bubbles
A, electrode surface area w  width of a volume element
A, parameter defined by Equation 13 x  coordinate, distance from leading edge of
A, parameter defined by Equation 14 electrode
Ay, A/A, y  coordinate, distance to the electrode
A, parameter defined by Equation 34 z  coordinate, width of electrode
¢ concentration o  boundary layer thickness
¢ concentration in bulk of solution 0, bubble layer thickness at the electrode
D diffusion coefficient J, Nernst diffusion layer thickness
d. equivalent diameter of cell compartment at ¢ gas voidage
the level of the working electrode ¢  density
F Faraday constant 0., average density of a mixture of solution
Fy  buoyant force and bubbles in a volume element
F;  shear force g, density of bulk solution
g acceleration due to gravity 0, density of gas
i current density @ viscosity
k,  mass transfer coefficient of indicator ionj yu, viscosity of solution—gas bubble mixture
to an electrode at the electrode surface
L. length of electrode v kinematic viscosity, v = u/g
m  parameter defined by Equation 13 W parameter defined by Equation 26
m;  quantity of species j
M momentum flow Subscripts
AM change in M av  average
n parameter defined by Equation 13 b bubble layer at the surface of electrode
p  parameter, x* B bubble-induced convection
v velocity of solution flow e electrode
v°  velocity of bulk solution flow F  forced convection
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fi. Fe(CN);~ max maximum

fo Fe(CN)¢~ N  natural convection

FB combined forced and bubble-induced s bulk of solution
convection w  on the electrode surface

g gas

1. Introduction

Mass transfer at gas-evolving electrodes is one of the most important topics in applied electro-
-chemistry. In particular, the mass transfer of indicator ions to a gas-evolving electrode has been
extensively studied. Vogt [1] has published a recent survey.

Different models have been presented to describe the mass transfer coefficient, k;, of the indicator,
j» to a gas-evolving electrode in the presence or absence of forced convection of solution. The
usefulness of the various models depends to a considerable extent on the occurrence or non-occur-
rence of coalescence of the bubbles formed during gas evolution [2]. A penetration model [3] and
a convection—penetration model [2] are very suitable for a gas-evolving electrode with coalescing
bubbles, e.g. the oxygen-evolving electrode in alkaline solution, in natural convection as well as
combined forced and natural convection. For a gas-evolving electrode, where practically no coalesc-
énce of bubbles occurs, e.g. the hydrogen-evolving electrode in alkaline solution, a hydrodynamic
model has been proposed for natural convection [4, 5]. A quantitative description of this model —
given for a horizontal gas-evolving electrode — has been based on an empirical relation for
turbulent flow caused by differences in density of the solution [4].

In this paper, a modified hydrodynamic model is presented to describe the mass transfer of
indicator ions to a vertical gas-evolving electrode. To check the relations deduced, measurements
of mass transfer coefficients have been carried out for electrodes with different lengths in combined
forced and natural convection.

2. Experimental details

The electrolytic cell used for all measurements was a two-compartment Perspex cell; the compart-
ments were separated by a cation-exchange membrane (Nafion, Type 427). The cell is sketched in
Fig. 1. Both compartments consisted of three parts; the middle one was rectangular, its width being
20 mm and its length 220 mm. The distance between the membrane and the working electrode was
10mm. The working electrode was placed against the centre of the back wall of the working
electrode compartment. Nickel plate electrodes of various lengths, namely 5, 10, 20, 40, 80 and
160 mm, were used as the working electrode. The counter electrode was an expanded metal—nickel
gauze of dimensions 20 x 16 mm and was pressed against the membrane directly opposite the
working electrode. Solution was pumped through each compartment of the cell; the two solution-
flow circuits were similar to those described in [6]. The initial volume of solution in the flow circuits
with the working electrode depended on electrolytic conditions and was varied between 1500 and
3000 cm’.

Before starting a series of mass transfer measurements, a pre-electrolysis was carried out in 1 M
KOH for 20min at the highest current density applied during the series of mass transfer experi-
ments. The current was switched off and a 1M KOH solution containing a fixed quantity of
indicator ions was added to the 1 M KOH solution in the working electrode flow circuit. Fe(CN);~
was used as the indicator ion for oxygen evolution and also in the absence of gas evolution, and
Fe(CN);~ was used for hydrogen evolution. The initial indicator concentration was 0.05 M. After
homogenizing the solution, the electrolysis was carried out at a constant current, in most cases for
90 min. After each period of 15min a 15cm’ sample was taken for analysis of the solution. Unlike
the procedures in previous research, the concentration of Fe(CN);~ and of Fe(CN);~ was determined
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from the limiting current occurring in the voltammetric curves for a rotating platinum disc electrode
with a surface area of 0.55cm?, a rotating speed of 645" and at a potential scan rate of 0.1 Vs~

The limiting current of Fe(CN); ~ reduction occurred at — 0.5V versus SCE and that of Fe(CN);~
oxidation at 0.45V versus SCE. The proportional factor between the limiting current of Fe(CN)i~
oxidation, i, and the Fe(CN){~ concentration in the bulk, c},, and that between the limiting
current of Fe(CN);™ reduction, i, 5, and the Fe(CN);~ concentration in the bulk, ¢§, were deter-
mined by calibration. Taking into account the volume of solution in the flow circuit of the working
electrode, the quantity of the indicator ion, m;, reduced or oxidized during the electrolysis, was
obtained as a function of the time of electrolysis, .. Generally, the m;/t, function can be represented
by a straight line.

The mass transfer coefficient for the indicator ion, k;, was calculated from the slope of the m; [,
straight and the average concentration of the indicator ion during the period of electrolysis.

Despite the continuous decrease in the concentration of the indicator ion with the time of

electrolysis, it was found that its average concentration was a reliable approach to the calculation
of k,
-

3. Experimental results
3.1. Mass transfer to an electrode in the absence of gas evolution

In alkaline solution, Fe(CN);™ is usually used as an indicator ion to determine mass transfer to
electrodes. The potential-current density curve for a nickel electrode in 1M KOH + 0.05M
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K;Fe(CN), and at 298 K showed a limiting current region from —0.2 to — 1.4V versus SCE for the
reduction of Fe(CN);~. The mass transfer coefficient for Fe(CN);~, kg, was calculated from the
well-known relation

ki = Ig/Fc

where i; is the limiting current density for the reduction of Fe(CN);~ to Fe(CN);{~, and ¢} is the
concentration of Fe(CN);™ in the bulk solution.

For forced convection and in the absence of gas-bubble evolution, kj; is indicated by k. ;. It has
been found that for nickel electrodes with lengths from 0.005 to 0.16 m at a solution flow velocity
from 0.09 to 0.16ms™", kg is proportional to v” where 4, depends slightly on L., for instance
a, = 0.66 for L, = 0.05m and @, = 0.80 for L, = 0.16 m. The effect of L, on k¢ is given in Fig.
2 for both a low and a high solution velocity i.e. 0.019 and 0.16 m s ~'. Fig. 2 shows that kg ; decreases
at a decreasing rate with increasing L.. The decrease in kpy for L, > 0.02m is smaller for
2, = 0.16ms ' than that for v, = 0.019ms™".

3.2. Mass transfer to a gas-evolving electrode with forced convection
The mass transfer coefficient of Fe(CN);~, ks, to a hydrogen-evolving electrode and that of

Fe(CN){~, ki, to an oxygen-evolving electrode were determined at two different velocities of
solution, namely 0.019 and 0.16ms™!, and at two different current densities, namely 0.47 and

T i,kA m~2 v,ms™!
E . 265 016
- x 265 0.019
= A 045 0.16
® 045 0.019
10™4
L)
X Fig. 3. Mass transfer coefficient of ferricyanide ions to a
hydrogen-evolving electrode at forced convection as a func-
10-5 T T tion of the length.of electrode on a double logarithmic scale

0.001 0.01 01 at various current densities for hydrogen evolution and at
Le,m various velocities of solution flow.
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2.9mAm™2. The ratios iy /i; and i, /i, at a constant current density decreased with increasing length
of electrode. To obtain k; and k;, for electrodes with different lengths at a constant rate of gas
evolution, the kg /iy and ki, /i, curves were interpolated or linearly extrapolated. This procedure is
justified by the results given in [6].

Fig. 3 shows the dependence of k; on L, for a hydrogen-evolving electrode at v, = 0.019 and
0.16ms ' and iy = 0.45 and 2.65kAm >, Results for oxygen-evolving electrodes are given in
Fig. 4. By linear extrapolation of the & /v, curve at a constant rate of hydrogen evolution, the mass
transfer coefficient for Fe(CN);~, ky;, was obtained in the absence of forced convection. This
extrapolation is reasonable in view of the results of [6].

In Fig. 5, kg is plotted versus L, on a double logarithmic scale for hydrogen evolution with
iy = 0.5and 2.7kAcm~? and at », = 0.019 and 0.16ms~". From Figs 3 and 5 it follows that the
shape of the log kg ¢, /log L, curve is similar to that of the log k,/log L. curve. Fig. 4 shows that for
an oxygen-evolving electrode, ki, is practically independent of L., so that kg, is also practically
independent of L..

4. Theory
4.1. Bubble layer at a gas-evolving vertical electrode under bubble-induced convection

A boundary layer containing rising bubbles — the bubble layer — is formed at a gas-evolving
vertical electrode. By analogy with the solution flow caused by changes in density of the solution
within the boundary layer at a vertical electrode during current flow [7] or at a heated vertical plate
[8], it is assumed that the stream lines of the solution fiow in the vicinity of the gas-evolving vertical
electrode in steady state conditions are directed vertically. The solution flow is caused by rising

-4 2
10 - 4z 27kAm
- o= 05 kAm~?
®
€
:n
_zm Fig. 5. Mass transfer coefficient of ferricyanide ions to a
s hydrogen-evolving electrode in the absence of forced convec-
10~3 - . tion as a function of the length of electrode on a double
0.001 0.01 o1 logarithmic scale at two current densities for hydrogen evol-

Le,m ution.
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r ) Y Fig. 6. Flow velocity and gas voidage profile in natural
convection.

bubbles within the bubble layer. The thickness of the bubble layer, d,, increases in the vertical
direction (x direction).
In the steady state, ¢ is approximated by

e = g, (1 — y/6,) (1)

v = vy/o,(1 — J’/‘Sb)2 2

The gas voidage, ¢, as a function of the distance y from a hydrogen-evolving electrode has been
determined by Bongenaar-Schlenter er aol. [9]. It has been found that Equation 1 is useful in
describing the profile of gas voidage. The distribution for ¢ and » within the bubble layer is shown
in Fig. 6. Analogous cases of heat transfer [8] and mass transfer [7] have been studied under
steady-state free convection.

The bubble-layer thickness for the gas voidage and solution flow velocity profiles is set equal
because the solution flow is only generated by rising bubbles. The maximum velocity, v,,,, occurs
aty = 6,/3 and is 0.148%, {8]. To derive a theoretical relation for §, the solution flow velocity is
considered to be only a function of the x and y coordinates. For the volume element of height dx
and width w, the buoyant force, Fg, relative to g, is

Fy = dx[ (0 — e)gdy 3

For a mixture of solution and bubbles, and assuming g, < g, it can be deduced that

and the solution velocity by

e — 0 = —& )
Introduction of Equation 4 into Equation 3 gives an upwards-directed force,
Fy = —dxog| edy )

Because of the solution velocity gradient, a shear stress acts downwards on the solution element at
the wall. For the volume element of height dx and width w, the resulting shear force Fg is given by

Since the pressure is constant in the bubble layer (because of the low velocities) and the velocity at
the edge of the bubble layer is zero, the change in momentum, AM, over the element with a height
dx and width w is

AM = o, [ o*dy Q)

0

where g,, is the average density of the mixture of solution and bubbles for the element.
Using the general momentum equation and introducing the various terms into this equation, it
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can be shown that
d dov
g J v'dy = ngf edy — ( dy>w ®

Since 9 <0 then Qav = (1 - 8av)gs'

This integral equation is simplified assuming pt, = (1 + 2.5¢,) u, (bubbles are considered as rigid
spheres [10]) and ¢,, = (1 — ¢,,)0,. From Equation 1 it follows that ¢,, = ¢,/3, so that g,, =
(1 — &,/3)0,. Since y, = p,v,, substitution of g,, and p,, after rearrangement, gives

d o, g A 1 + 2.5¢, do

— dy = —2—r— dy — ————— v, | — 9

Th?Y = o 033z, Jedy == 033¢, (dy)w 2
For the gas voidage and velocity profiles shown by Equations 1 and 2, respectively, according to
[8], we obtain

Jgsdy = ¢,0/3 (10)
and
[lordy = wi6,/105 (11)

Introducing Equations 10 and 11 into Equation 9 gives
I /d 8¢, 0 I + 2.5¢, 7, ,
- - ! 12
105 <d >(”‘ D= 3 T T =033, " (5b (12

We will attempt to determine whether power functions for the velocity and the bubble layer
thickness satisfy Equation 12 so that

v, = AX" (13)
and
Oy = Ax° (14)
These relations are introduced into Equation 12. The resulting equation must be valid for arbitrary
values of x; thus for this equation the exponent of x has the same value of each term. It can be shown
thatm = 1/2and n = 1/4 [8].
When these numerical values are substituted in Equation 12, it follows that

A4,  ge, A, 1+ 25,4, 15)
84 3 —¢, 1 — 0334, (

From Equation 15 the parameters 4, and 4, cannot be obtained separately. Therefore, additional
information is necessary. Substitution of Equation 14 and » = 1/4 into Equation 1 gives

¢ = &(l — y/dx"y (16)
The volume of bubbles in the bubble layer is given by

= [ ( )dydx 17)

When e, and V3, are known, the parameter A,, and hence 4,, can be calculated.
Substitution of Equation 13 and m = 1/2 into Equation 2 gives

Aix'Py y Y
= . 1 e —————
v 4, Ax (18)

The velocity profile is given by Equation 18 and can be calculated when A, and 4, are well known.
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4.2. Mass transfer at a gas-evolving vertical electrode under bubble-induced convection

The mass transfer to a gas-evolving vertical electrode is treated as a two-dimensional problem in the
x and y coordinates; this is indicated in Fig. 6. In the steady state the convective mass transfer can
be given for an ionic species in the presence of excess supporting electrolyte or for an uncharged

species by [11], so that
de dc &Pec O
Uy <a> + 7)y <a—y) = D (‘6;2‘ + '5;5) (19)

According to the model of Fig. 6, v, = 0. Because mass transfer in the x-direction will be mainly
due to convection rate than diffusion,

dc < &c
g re
ox* ~ 0y?

An acceptable approximation to Equation 19 is given in [11] and is quoted below, namely

0 &
£ (8) - ()

Since the thickness of the Nernst diffusion layer 6 <€ d,, the local velocity of solution flow close to
the electrode can be approximated by a linear relation. From Equation 18 and by substituting
A,[A, = A, it follows that

v, = A;x"y ¥3))
which enables Equation 20 to be simplified to

oc &c
1/4 —_— = —_—
Asx'y (6)6) D (6y2> (22)

Equation 22 will be used as the basic differential relation to describe the mass transfer of indicator
ions to a gas-evolving electrode. Rearrangement of Equation 22 gives

oc 4Ddc
= 2
A3 (ax3/4> 3yay2 ( 3)
Substitution of x** by p into Equation 23 shows that
dec 4D
) e 2 24
4 (512) 3y0y° -

The boundary conditions to Equation 24 are

¢ =0 at y = 0 for x

VoW

0
¢c = ¢ at y =6 for x=0
Equation 24 is similar to relation 4.6 from [11]. To solve this relation a combination of variables
technique is used [11]. It can be shown that Equation 24 can be transformed to the ordinary
differential equation [11], namely

d* de
AU WA Rt
de + l//

y [44,\"
A e 2] 26
4 7 (27D> (26)

w =" (25)

where
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Substitution of p by x** gives

1/3
y (44 .
Vo= xi <271;> D
Equation 25 can be solved by successive use of integrating factors {11] to give
c i v .
¢ = gaEh e W 28)

The local mass transfer coefficient, k., is defined by

ke = g(%)y=0 - §<g‘;‘)w=o <%)¢7)

Since dif/dy can be obtained from Equation 26 and (dc/dy/),_, from Equation 28, it can be shown
that

(29)

k, = 0.59D™43x" " (30)
The average mass transfer coefficient, k,,, over an electrode of length L, is given by
[ , ,
ko = 7 jo 0.59D* A3x 1 dx (1)

Hence

k, = 0.79D¥ AL (32)

av

The average mass transfer coefficient of indicator ions to a gas-evolving electrode is proportional to
L', The determination of both parameters 4, and 4, is given in the previous section.

4.3. Mass transfer at a gas-evolving electrode with combined forced convection and gas evolution

The problem of combined natural and forced convection in heat or mass transfer has been studied
extensively [12—-15] and is very complicated. To solve the transport equations, approximations are
necessary. In contrast to the natural convection discussed in the literature [12—15], the convection
at a gas-evolving electrode is caused by rising bubbles. For a gas-evolving electrode with forced
convection of the electrolyte the mass transfer boundary layer for indicator ions is much thinner
than both the bubble layer and the hydrodynamic boundary layer. It is assumed that, close to the
electrode surface, within the mass transfer boundary layer, the velocity of solution flow with
combined convection is approximately the sum of the velocities of forced and bubble-induced
convection, as if they existed independently. Consequently, v, = v, + v, 5.

In the steady state the convective mass transfer equation for a laminar flow in the x-direction is
given by Equation 20. Substitution of v, by v, + v, into Equation 20 gives

de o
(0er + Vn) (5) =D (W) (33)
For a developing Jaminar flow [16] near the electrode surface, a reasonable approach is given by
Ve = A%y (34)

This relation is also given by Jorne [15]; however, he gives no further information about the type
of solution flow.
Assuming
v.x,N = A3XI/4)73 (35)

and from Equation 34 it can be shown that
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Dé&*c

yor oo
We discuss here the case in which the solution flow is laminar and the flow-stream lines for the

combined flow are parallel to the x-direction (Fig. 6). The boundary conditions are

, oc
—172 1/4 —

v, = 0 and ¢ = 0 at y = 0

X

S

v, = v, ¢ = ¢ at y = o

S

o, = 25, ¢ = ¢ at x = 0.

Equation 33 has been dissolved by Jorné [15] for the boundary conditions mentioned. The
‘resultant local mass transfer coefficient [15] is given by

(A3)]/'3D2/3 X-l/4
kevx = 756 4 -3n I 37)
1 _ x71/2 -+ _3x]/4 x73/4
A,
The average mass transfer coeflicient, &gy ,,, over an electrode of length L, is given by
1 L
kene = 7 ), Kenadx (38)
Substitution of &gy, from Equation 37 into Equation 38 and then integration [17] gives
0.754,D% Ay N\ i
kena = LA 1+ 1 L*) —1 (39)

Equation 39 shows that the dependence of kpy,, on L, is very complex and is predominantly
determined by the A,/A4, ratio.

5. Discussion
5.1. Mass transfer to an electrode in the absence of gas evolution

The working electrode consisted of nickel plate, 1 mm thick, which was placed against the back wall
of the cell. Thus the velocity and mass transfer boundary layers develop simultaneously in the
rectangular part of the cell compartment. The solution can be considered as a developing flow for
L./d. < 12.5, where d, is the equivalent diameter of the cell compartment, and as a fully developed
flow for L./d. = 12.5 [18]. From the dimensions of the cell it can be calculated that d, = 0.013m
at the level of the working electrode. Since the greatest electrode length is less than
12.5 x 0.013m = 0.163m, it can be concluded that a developing flow occurs in ali experiments. For
a laminar developing flow the average Sherwood number over an electrode of length L, is given by
(18, 19] as

Sh,, = 0.664Re;*Sc'? (40)

and for a turbulent developing flow as
Shy, = 0.0366Rej’Sc'? 4

Taking into account that Sh,, = k,,L./D, Sc = v/D and Re, = v,L /v it can be shown that, for
a laminar developing flow,

ky = 0.66402L; W2y VoD (42)

av
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and for a turbulent developing flow,
k,, = 0.03660*%L %~ D% 43

Fig. 2 shows that at L, < 0.03 m the slope of the log kg ;/log L, is about —0.5. The slope indicates
that, for L, < 0.03m, the solution flow behaves as a developing laminar flow. The change in the
slope with increasing L, may be caused by transition to a developing turbulent flow [19].

5.2. Mass transfer to gas-evolving electrodes

The models presented in Sections 4.1 and 4.2 also predict a decrease in k; with increasing electrode
length. Since the theoretical relation for &y with combined forced and bubble-induced convection
is very complicated, we first compare the theoretical and experimental results for bubble-induced
convection alone.

From Equation 32 it follows that the theoretical slope of the log ky/log L. curve is —0.25. This
slope does not agree with the experimental slopes at both high and low current densities, namely
2.7 and 0.5kA m~2. The experimental slopes are about —0.7 at 0.005m < L, < 0.02m and about
0.0 at I, > 0.03m. It must be concluded that the model proposed in Section 4.1 does not describe
mass transfer to a hydrogen-evolving electrode with bubble-induced convection sufficiently well.
Ngoya [20] has proposed a mass transfer model similar to that given iin 4.2. Thus the Ngoya model
is also not useful.

The shape of the log k;/log L, for hydrogen-evolving electrodes differs completely from that of
the log k¢, /log L, relation for oxygen-evolving electrodes (Figs 3, 4). Fig. 3 shows that k; depends
clearly on L. at L, < 0.03m and Fig. 4 shows that k, is independent of L, for the complete L, range,
namely from 0.005 to 0.16 m.

The models proposed in Sections 4.2 and 4.3 predict a dependence of the mass transfer coefficient
of the indicator ion on the length of electrode; namely Equation 32 for a gas-evolving electrode with
bubble-induced convection and Equation 39 for a gas-evolving electrode with combined forced and
bubble-induced convection.

From these theoretical relations and the experimental resuits for oxygen-evolving electrodes it
follows that the models proposed are not useful in describing the mass transfer of an indicator ion
to an oxygen-evolving electrode. The experimental results for the oxygen-evolving electrodes fully
support the convection-penetration model [4]. The mass transfer coefficient of Fe(CN);™ to a
hydrogen-evolving electrode decreases with increasing length.

Fouad and Sedahmed [21] investigated the effect of hydrogen and oxygen evolution on the rate
of mass transfer at vertical electrodes with a length from 0.025 to 0.5 m in a NaOH solution and in
the absence of forced convection and with an electrode-diaphragm spacing of 0.04 m. They found
that the dependence of the mass transfer coefficient of an indicator ion on the length of the electrode
is very complex and is, moreover, a function of the current density.

The model for mass transfer in combined forced and bubble-induced flow is based on the separate
relations for forced and for bubble-induced convection. Since the mass transfer with bubble-induced
convection cannot be described by the proposed model and, moreover, the mass transfer in forced
convection caused by pumping solution through the cell behaves as a developing laminar flow only
for electrodes with L, < 0.03m, it is clear that Equation 39 is not useful for calculation of kgp for
a gas-evolving electrode in combined forced and bubble-induced flow.

Moreover, it can be concluded that at iy > 0.5kAm~* the solution flow induced by rising
bubbles does not behave as a laminar flow with streamlines parallel to the electrode surface. For a
hydrogen-evolving electrode at a current density below about 0.01 kA m 2 the increase in k; is very
sharp with increasing iy [6]. Further research is necessary to determine the usefulness of the
proposed models at very low rates of gas bubble evolution.

Various empirical correlations have been proposed to calculate kpy from kp and kg [1], namely
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Fig. 7. The square of the experimental mass transfer coef-
ficient of ferricyanide ions as a function of the square of the
3 ; ; calculated mass transfer coefficient of ferricyanide ions on a
1 10 100 double logarithmic scale for the electrodes of different length

2 _2 at two solution velocities and two current densities for
s

2 10
K B fi*10 m hydrogen evolution.

ke = ke + kg [22] and ki = ki + kg [23]. From the experimental kg (Fig. 2) and kg ; (Fig. 5)
we calculated kpp; = kpg + kpg at v = 0.019 and 0.16ms ™' and at §; = 0.5 and 2.7kAm—>.
Comparison of the calculated kg ; with the experimental &y (Fig. 3) showed that the simple addition
of both mass transfer coefficients is unsuitable for obtaining the mass transfer coefficient with
combined forced and bubble-induced convection. Birkett and Kuhn [24] have concluded that Beck’s
model is partially correct and of value in predicting and modelling industrial electrochemical
processes

We also calculated kf, = k% + ki from the experimental results shown in Figs 2 and 5. The
square of the experimental k;; (Fig. 3) is plotted versus kg ; on a double logarithmic scale in Fig. 7
for two solution flow velocities and two current densities. From this figure it follows that the
agreement between the experimental and the calculated mass transfer coefficients is satisfactory.
Thus the relation k%, = k% + k3 is suitable for calculation of the mass transfer coefficient in
combined forced and bubble-induced convection from the single mass transfer coefficients.
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