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Vertical electrolysers with a narrow cell gap between a gas-evolving electrode and a membrane or
diaphragm are used to produce industrial gases. Generally, the local current density decreases with
height in the cell. Electrolyses are carried out with a KOH solution in a tall vertical divided rec-
tangular cell with two gas-evolving electrodes. Either the hydrogen or the oxygen bubbles containing
solution from the divided cell are passed through a small measuring cell. Ohmic resistance experi-
ments are carried out in the small measuring cell with a gas-evolving electrode and a gas di�usion
electrode, on which no gas bubbles are evolved. The e�ect of various parameters, viz. current density,
solution ¯ow rate and temperature, on the ohmic resistance of solution in the measuring cell are
determined. It is found that the normalized ohmic resistance of the solution in the measuring cell
during electrolysis increases with current density and with the gas voidage in the bulk of solution,
decreases with increasing solution ¯ow rate and is practically independent of temperature at 25 to
60 ëC. Moreover, it is found that for an oxygen evolving electrode in a solution containing only
oxygen bubbles, as well as for a hydrogen evolving electrode in a solution containing only hydrogen
bubbles, the normalized resistance of the solution between the gas-evolving electrode and the nongas
evolving electrode is given by a relatively simple empirical relation. A relation is derived describing
the gas voidage in the solution as a function of the distance from the gas-evolving electrode in the
presence and the absence of gas bubbles in the bulk solution.

List of symbols

a1 constant parameter in Equation 5 (m A)b1)
a2 constant parameter in Equation 7 (m A)b2)
b1 constant parameter in Equation 5
b2 constant parameter in Equations 6 and 7
d distance (m)
dac distance between the anode and the cathode

in the measuring cell (m)
Igp current in the gas-producing cell (A)
i current density (kA m)2)
im current density in the measuring cell (kA m)2)
n1 constant parameter in Equation 3
Qg volumetric rate of gas saturated with water

vapour (m3s)1)
Q1 volumetric rate of liquid (m3s)1)
R ohmic resistance of solution between the an-

ode and the cathode in the measuring cell (W)
R0 R at Igp � 0 (W)
R1 R at im � 0 and for uniform distribution of

bubbles between the anode and the cathode
in the measuring cell (W)

Rp ohmic resistance of the bubble-free solution
between the anode and the cathode in the
measuring cell (W)

Ra,av average radius of attached bubbles (m)
Ra,max maximum radius of attached bubbles (m)
r normalized (ohmic) resistance (Equation 4)
r0 r at �1 � 0 (Equation 2)

r1 r at im � 0
rz;cell normalized resistance for the cell at the

height z
rz,0,a normalized resistance for the bubble bound-

ary layer on the anode at e1� 0 and at height z
rz,0,c normalized resistance for the bubble bound-

ary layer on the cathode at e1 � 0 and at
height z

r0,lim limiting value of r0

rs normalized speci®c surface resistivity, being
R / Rp

rs,0 rs at Igp � 0
rs,1 rs at im � 0 and for uniform distribution of

bubbles between the anode and the cathode
in the measuring cell

Sb degree of screening of the electrode by at-
tached bubbles

Sb,lim limit value of Sb, to be approached at high
current densities

T temperature (K)
vl linear velocity of liquid between the anode

and the cathode in the measuring cell (m s)1)
x distance from the electrode surface (m)
Z impedance (W)
Z0 real part of impedance (W)
Z00 imaginary part of impedance (W)
z distance along the electrode from the leading

edge of the electrode
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1. Introduction

Vertical electrolysers with parallel-plate electrodes
are used industrially to produce gases such as chlor-
ine, hydrogen and oxygen. The e�ect of gas-evolution
on the ohmic resistance and the current distribution
in these electrolyzers has been studied extensively to
optimize cell design and operating electrolysis para-
meters like current density and ¯ow rate. Moreover,
knowledge of current distribution is of interest to the
life of membranes and catalyst coatings.

An extensive review on current distribution in a
vertical gas-evolving cell was published by Vogt [1].
To calculate the current distribution, the voidage
distribution in a gas-evolving cell has to be known.
This voidage and, therefore, the electrolyte resistivity,
decreases with distance from the gas-evolving elec-
trode and increases with height in the cell. Practically
all models in vertical cells are based on a uniform gas
voidage in the horizontal direction and an increasing
gas voidage in the vertical direction [2±5]. Vogt [7]
proposed a stagnant layer of ®nite thickness close to
the gas evolving electrode from where bubbles pro-
trude into a moving section, where the bubbles are
uniformly distributed over the whole sectional area of
the stagnant layer and also over that of the ¯owing
section. The voidage in the stagnant layer is higher
than that in the ¯owing section.

A bubble layer with a linear gas voidage pro®le ±
the Nernst bubble layer ± adjacent to a gas-evolving
electrode has been reported [6, 8], its thickness is a
factor of about 10 larger than the average diameter of
attached bubbles [8]. A model including a bubble
layer adjacent to the gas-evolving electrode surface
has been described [9]. Moreover, a correlation in-
dicating the e�ect of the bulk solution voidage on the
voidage at the gas-evolving electrode surface has been
proposed [9].

Electrolysis of an alkaline electrolyte has been
carried out in a vertical tall rectangular cell with a
segmented oxygen and hydrogen-evolving electrode,
where the ohmic resistance of the solution between
two opposite segments, being a segment pair, has
been determined as a function of current density,
volumetric rate of liquid ¯ow and gas voidage in the
bulk of solution [9]. The increase in the ohmic re-
sistance of solution is caused by the oxygen as well as
the hydrogen-evolving electrode. In alkaline solution
the behaviour of both types of bubbles is di�erent;
hydrogen bubbles do not coalesce as easily as oxygen
bubbles [10].

To determine the e�ect of either the oxygen or the
hydrogen-evolving electrode separately, experiments

have been carried out using a measuring cell with only
one gas-evolving electrode where a gas-consuming
electrode is used as counter electrode. A solution
containing only one type of bubble, viz. hydrogen or
oxygen bubbles, has been passed through the mea-
suring cell. The purpose of this investigation is to de-
termine the e�ect of gas voidage in the bulk solution
on the gas voidage in the bubble layer for two di�erent
types of gas-evolving electrodes.

2. Experimental details

2.1. Measuring cell and gas-producing cell

The experimental setup described in [11] was enlarged
to two solution circuits and the undivided cell was
replaced by a divided two-compartment electrolysis
cell. A measuring cell, represented in Fig. 1, was
placed in one of the two solution circuits between the
outlet of the working electrode compartment of the
electrolysis cell and the inlet of the solution reservoir
over¯ow vessel. A thermometer was placed in the
solution ¯ow just after the outlet of the measuring
cell.

The measuring cell had two di�erent electrodes,
that is, a working electrode made from 1 mm thick
nickel plate and a gas-di�usion counter electrode
(ECFG on Toray paper and 0.5 mg Pt cm)2, E-TEK,
USA). Two 1 mm thick Perspex sheets, 0.015 m in
height and 0.030 m in width, were placed in the per-
forations of the nickel plate to obtain a ¯at cell wall
including the working electrode. The nickel plate
working electrode was 0.010 m in width and 0.020 m
in height. The geometric electrode area, 0.010 m in
width and 0.020 m in height, of the gas-di�usion
counter electrode was adjusted by applying two
coating layers 0.010 m in width and 0.015 m in height
on the gas-di�usion electrode. The distance between

Fig. 1. Schematic plot of the measuring cell.

Greek letters
b gas volumetric ¯ow ratio
d thickness of bubble boundary layer (m)
d0 d at e¥ � 0 (m)
dN,0 thickness of Nernst bubble layer at e¥ � 0 (m)
dN,0,lim limiting value of dN,0

e voidage

ex e in bubble boundary layer at diatance x
ex,0 e at x and e¥ � 0
emax maximum voidage
e0,0 e at x � 0 and e¥ � 0
e0,lim limit value of e0,0, to be approached at high

current densities
e¥ e in bulk of solution
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the electrodes was 4 mm. This distance was adjusted
by placing a 3 mm thick Perspex liquid compartment
frame with a hole of 0.010 m in width and of 0.050 m
in length by sealing this frame with two silicon rubber
sheets of 0.5 mm thickness. The cross-sectional area
of the ¯ow channel between the electrodes was
40 mm2.

The parallel-plate gas-producing cell was a divided
two-compartment Perspex cell; the compartments
were separated by a cation-exchange membrane
(Na®onÒ, type 117). The solution in each compart-
ment was pumped from a solution-reservoir over¯ow
vessel upwards through the gap between membrane
and electrode. Both electrodes were made from
0.1 mm thick platinum plate and were divided into 20
segments, each 0.010 m in width and 0.024 m in
height, with a Perspex-®lled length of 1 mm between
successive segments. The distance between the elec-
trodes and the membrane was 2 mm. This distance
was adjusted by placing a 1 mm thick Perspex frame
with a hole of 0.010 m in width and of 0.80 m in
length by sealing this frame with two silicon rubber
sheets of 0.5 mm thickness. The cross-sectional area
of the ¯ow channel between the electrodes and the
membrane was 20 mm2.

2.2. Electrical measurements

The potential di�erence between each pair of elec-
trode segments in the parallel-plate gas-producing
cell was adjusted by a special constant-voltage source
with 20 independent channels (GEEST-2). Each seg-
ment was connected to the constant-voltage source by
two contacts, one for the power supply and the other
for the control of the potential. The potential range
of the constant voltage source could be varied be-
tween 0 and 50 V and the maximum current load for a
pair of segments was 2.5 A.

The impedance measurements were carried out
with a Solartron 1250 frequency response analyser
and a Solartron electrochemical interface 1286, con-
trolled by an Olivetti personal computer M24 and the
EISDATA software package (EISDATA v2.40,
J. Schramm, TU Delft, The Netherlands (1989±90)).
The interface was used in the galvanostatic mode,
where a controlled direct current was driven through
the electrodes in the measuring cell. The impedance
of the measuring cell was determined in the frequency
range from 65500 to 50000 Hz. In this frequency
range the real part of impedance was practically
constant and the imaginary part was approximately
zero.

2.3. Electrolysis conditions

Experiments were carried out with average current
densities in the measuring cell up to 2.5 kA m)2 using
a 12 wt % KOH solution at temperatures between 298
and 333 K, mostly at 323 K. The total current
through the parallel-plate gas-evolving cell was varied
between 0 and 21 A, where all segments were charged.

The volumetric rate of solution ¯ow was varied be-
tween 2 ´ 10)6 and 12 ´10)6 m3 s)1.

The temperature was measured during each ex-
periment. A small increase in temperature, maximum
2 ëC under the most extreme conditions applied, was
found. The e�ect of the temperature deviation was
taken into account, so that the results for a series
of experiments could be given for the same tem-
perature.

3. Results

3.1. Introduction

The alternating current impedance technique is
widely used to determine the ohmic resistance of the
solution in an electrochemical cell. This technique is
well described in [12]. The impedance of the mea-
suring cell consisting of a gas-evolving and gas-con-
suming electrode and the solution in between was
measured. It was found that in the high-frequency
range from 65 500 to 50 000 Hz Z 00 was practically
zero and Z 0 ¯uctuated, signi®cantly, because of ¯uc-
tuations in the gas bubble formation of the gas-evo-
lution. It is likely that the average Z 0 in the considered
frequency range is equal to the ohmic resistance of
the solution in the measuring cell, R.

3.2. Ohmic resistance in the absence of bubbles
in the bulk of solution

The ohmic resistance of the solution in the measuring
cell in the absence of bubbles evolved by the gas-
producing cell, R0 was determined at various current
densities in the measuring cell, im. It was found that
the ohmic resistance R0 increases with increasing
current density im. The intersection of the R0/im curve
with the R0 axis gives Rp, being R0 in the absence of
gas evolution.

In Fig. 2 the normalized resistance r0, being R0/Rp,
is plotted as a function of im for oxygen and hydrogen
evolution at various liquid ¯ow rates. r0 increases at a
steadily decreasing rate with increasing im, decreases
with increasing rate of solution ¯ow and depends on
the nature of the gas evolved. Moreover, for both
types of gas evolved at low solution ¯ow rates r0

approaches a limiting value, viz. r0,lim. Using the re-
sults from Fig. 2 (r0)1)/(r0,lim)r0) was plotted against
im on a double logarithmic scale, where a value for
r0,lim had been chosen to obtain a straight line for the
whole range of im. It was found that for oxygen
r0,lim � 3.3 and (r0)1)/(r0,lim)r0) was proportional to
i1:13
m and for hydrogen r0,lim � 2.0 and (r0)1)/

(r0,lim)r0) was proportional to i1:07
m .

3.3. Ohmic resistance in the presence of bubbles
in bulk solution

The ohmic resistance of the solution in the measuring
cell was determined at various current densities in the
measuring cell and at various currents in the gas-
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producing cell. The latter variation corresponds to a
variation in the gas voidage in the bulk of the solu-
tion passing through the measuring cell.

If Figs 3 and 4 the normalized resistance r, being
R/Rp, for hydrogen as well as for oxygen evolution, is
plotted as a function of im for various Igp, where all
the segments in the gas-producing cell were charged.
The data at high gas evolution rate show a con-
siderable scatter due to ¯uctuations in the solution
gas voidage. Moreover, it was found that pretreat-

ment of the electrode a�ects the normalized resistance
r. Figures 3 and 4 show that r/im curves are bent and
are almost parallel to one another for hydrogen and
oxygen evolution.

The normalized resistance r for oxygen and hy-
drogen evolution was also determined for two series
of experiments with a constant current density in the
measuring cell and a varying current in the gas-pro-
ducing cell. In Figs 5 and 6 the normalized resistance
r is plotted as function of Igp for hydrogen and oxy-

Fig. 2. The normalized resistance r0 as a function of the current
density im for oxygen and hydrogen evolution at various Q1. (h)
hydrogen, 11 ´ 10)6 m3 s)1; (+) hydrogen, 3 ´ 10)6 m3 s)1; (n)
hydrogen, 2 ´ 10)6 m3 s)1; (,) oxygen, 3 ´ 10)6 m3 s)1.

Fig. 3. The normalized resistance r as a function of the current
density im for hydrogen evolution at various Igp and at Q1 �
3 ´ 10)6 m3 s)1. Igp: (+) 0, (s) 6, (,) 9, ()) 12, (h) 15 and (n) 18 A.

Fig. 4. The normalized resistance r as a function of the current
density im for oxygen evolution at various Igp and at Q1

=3 ´ 10)6 m3 s)1. Igp: (+) 0, (n) 3, (s) 6, (,) 9, ()) 12 and (h) 15 A.

Fig. 5. The normalized resistance r (+ and h) and the calculated
reduced speci®c surface resistivity rs (n and )) as a function of the
current Igp for hydrogen evolution at two di�erent im and at Q1 �
3 ´ 10)6 m3 s)1. (+,n) 0.5 and (h, )) 2 kA m)2.
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gen evolution, respectively. Figures 5 and 6 show that
the r/Igp curves in each ®gure are slightly bent and
almost parallel to one another.

3.4. E�ect of linear velocity of liquid

The e�ect of the linear velocity of the liquid was in-
vestigated by performing a series of experiments at
various liquid ¯ow rates for hydrogen and oxygen
evolution. The ohmic resistance of the solution in the
measuring cell, R, was determined at two di�erent
measuring cell current densities, viz. 0.5 and
2 kA m)2, and with a current of practically zero in the
gas-producing cell. Rp was obtained from R at im �
0.5 kA m)2 by extrapolation, as applied for r in Figs 3
and 4.

In Fig. 7 log (r0)1) is plotted as a function of the
linear velocity of the liquid v1 for hydrogen and
oxygen evolution. From Fig. 7 it follows that all
curves are parallel to one another and that r0)1 is
proportional to exp()2.7 v1) for hydrogen and oxy-
gen evolution.

3.5. E�ect of temperature

The e�ect of temperature was investigated by per-
forming a series of experiments at various tempera-
tures for hydrogen and oxygen evolution. Rp at 323 K
was obtained as described in 3.4. From this Rp and
using the temperature dependence of the conductivity
of a 2 MM KOH solution, Rp at other temperatures was
calculated. The normalized resistance of the solution
in the measuring cell was determined at two di�erent
current densities in the measuring cell and with a
current of practically zero in the gas-producing cell.

The experiments for hydrogen evolution were carried
out at increasing and decreasing temperature while
the experiments for oxygen evolution were carried
out for increasing temperature only.

In Fig. 8 the normalized resistance r0 is plotted as a
function of temperature T for hydrogen and oxygen
evolution at im � 0.5 and 2 kA m±2. Figure 8 shows
that r0 increases with increasing temperature. This

Fig. 6. The normalized resistance r (+ and h) and the calculated
reduced speci®c surface resistivity rs (n and )) as a function
of the current Igp for oxygen evolution at two di�erent im and at

Q1 � 3 ´ 10)6 m3 s)1. (+,n) 0.5 and (h,)) 2 kA m)2.

Fig. 7. The normalized resistance increment r0)1 is plotted as a
function of the linear velocity of the liquid v1 in the measuring cell
at the leading edge of the electrode for oxygen and hydrogen
evolution at various im. (+) hydrogen, 0.5 kA m)2, (h) hydrogen,
2 kA m)2, (n) oxygen, 0.5 and ()) oxygen, 2 kA m)2.

Fig. 8. The normalized resistance r0 as a function of the tempera-
ture T at the outlet of the measuring cell for oxygen and hydrogen
evolution at various im and at Q1 � 3 ´ 10)6 m3 s)1. (+) hydrogen,
0.5 kA m)2; (h) hydrogen, 2 kA m)2; (n) oxygen, 0.5 kA m)2; ())
oxygen, 2 kA m)2.
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increase in r0 is caused by an increase in the water
vapour pressure of a 2 MM KOH solution with in-
creasing temperature. The volumetric rate of evolved
gas saturated with water vapour at a constant current
density increases strongly with temperature.

4. Theory

To calculate the ohmic resistance of the solution in a
gas-evolving cell, a model including a bubble
boundary layer adjacent to the surface of the gas-
evolving electrode has been presented by Bongenaar±
Schlenter [7, 8]. This model, with related assump-
tions, is presented in [9].

The voidage in the bubble boundary layer in the
absence of bubbles in the bulk of solution is given by

ex;0 � e0;0 ÿ e0;0x
dN;0

�1�

where dN,0 is the thickness of the Nernst bubble layer
at e1 = 0 and e0,0 is the voidage at x = 0 and e1 = 0.

The reduced speci®c surface resistivity is given by

rs;0 � 1

dac

Z dN;0

0

�1ÿ ex;0�ÿ1:5dx� dac ÿ dN;0

dac

� �
�2�

where the ®rst term is related to the Nernst bubble
layer and the second term to the bubble-free solution
between the Nernst bubble layer and the nongas-
evolving counter electrode. Numerical calculations
for various dN,0, e0,0 and dac have been carried out [9].

Even in the presence of bubbles in the bulk solu-
tion a bubble boundary layer at the surface of the
gas-evolving electrode exists. The voidage in the bulk
solution, e1, a�ects the voidage in the bubble
boundary layer, ex, as well as the thickness of the
bubble boundary layer, d. To describe this e�ect a
general correlation has been proposed viz.

en1
x � en1

0;0 1ÿ x
dN;0

� �n1

�en11 �3�

It can be shown that the reduced speci®c surface re-
sistivity at various e1 is given by [9]

rs � 1

dac

Z dN;0

0

�1ÿ ex�ÿ1:5dx

��1ÿ e1�ÿ1:5 dac ÿ dN;0

dac

� �
�4�

5. Discussion

5.1. Bubble boundary layer in the absence
of bubbles in bulk of solution

During the electrolysis of a KOH solution a bubble
boundary layer is formed at the transparent hydro-
gen-evolving cathode and at the transparent oxygen-
evolving anode [6±8, 13]. The occurrence of a bubble
boundary layer is well-known in boiling heat transfer
[14].

A supersaturated liquid layer exists next to the
wall of a gas-evolving electrode, while the bulk liquid
may be saturated. Bubbles nucleate on the surface of
the gas-evolving electrode and grow in the super-
saturated liquid layer adjacent to the surface [6]. The
supersaturated liquid layer contains bubbles of all
ages, either still attached or detached bubbles carried
along with the two-phase ¯ow. The bubbles are in the
process of growing and/or of coalescing.

Sillen [6] has reported pictures showing the bubble-
containing boundary layer at both hydrogen-evolving
cathode and oxygen-evolving anode in 1 MM KOH. Its
thickness, d0, increases with increasing current den-
sity for gas-evolution and increasing distance z along
the electrode from the leading edge and decreases
with increasing ¯ow rate. From [6] it follows that
the e�ect of the height and the ¯ow rate on d0 are
practically independent of the nature of the gas
evolved and are given by the relationships d0 ~ z0.7

and d0 ~ v1
0.18. However the e�ect of current density

on d0 depends strongly on the nature of the gas
evolved. Assuming dN,0 is proportional to d0, it fol-
lows [6] that

dN;0 � a1ib1 �5�
where b1 = 0.40 for hydrogen and 0.75 for oxygen.

The degree of screening of the gas-evolving elec-
trode by the attached bubbles, Sb, is given in [6, 13] at
various current densities, ¯ow rates, gas pressures
and KOH concentrations for hydrogen-evolving and
oxygen-evolving electrodes. The degree of screening,
Sb, is the fraction of the electrode surface covered by
the projection of the attached bubbles. It has been
found that

Sb=�Sb;lim ÿ Sb� � ib2 �6�
where b2 � 1.34 using Sb,lim � 0.60 for both the hy-
drogen-evolving and the oxygen-evolving elctrode in
1 MM KOH and in free and forced convection [6].

From elementary geometric considerations for
various lattice types of bubble arrangement it has been
calculated that, for bubbles of uniform size, emax,
ranges from 0.52 for cubic lattice to 0.74 for a tetra-
hedral lattice [15]. However, since the size of bubbles
shows a large spread, it can be shown that emax can
reach larger values than those mentioned above. For
milled alumina packings of continuous size distribu-
tion it was determined that the packing fraction is
about 0.62 [16]. The packing fraction is similar to the
void fraction for a bubble-containing solution.

To calculate the increase in the ohmic resistance of
solution due to gas-evolution it is reasonable to as-
sume that the voidage decreases continuously with
increasing x and that the voidage at x � 0, e0,0, is the
largest. Moreover, it is assumed that e0,0 is propor-
tional to Sb and e0,lim to Sb,lim. Consequently,

Sb=�Sb;lim ÿ Sb� � e0;0=�e0;lim ÿ e0;0� � a2ib2 �7�
From the experimental results given in [13] it was
found that b2 and Sb,lim are related to each other.
Assuming Sb,lim to be 0.60, 0.65 or 1.0 corresponding
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to the same values for e0,lim it was found that b2 is
1.34, 1.25 or 1.12

Using Equations 1 and 2 and dac � 4 ´ 10±3 m the
normalized ohmic resistivity has been calculated for
the above mentioned sets for b2 and e0,lim and for a
wide range of a2, a1 and b1. The calculated normal-
ized ohmic resistivities have been compared with the
experimental ones for the series of experiments given
in Fig. 2. Curve ®tting was done by varying the
parameters one by one, utilizing the method of linear
search. As minimization criterion the sum of the
squared di�erences between the theoretical and
measured data was used. It was found that the best ®t
was obtained for e0,lim� 0.65 and b2� 1.25 and more-
over, the e�ect of b2 in the same range from 0.8 to 1.4
on the obtained results for a2, a1 and b1 is negligible.
Calculations showed that, assuming b2 � 1.25 and
e0,lim� 0.65, for the hydrogen-evolving electrode the
parameter b1 is practically independent of the ¯ow
rate, viz. b1� 0.39 � 0.02, and the prameter a1 de-
creases and a2 increases with increasing ¯ow rate, viz.
a1 � 0.0020, 0.0020 and 0.0010 m and a2 � 8.4, 7.8
and 5.3 for v1 � 0.042, 0.075 and 0.28 m s±1, respec-
tively, where i is in kA m±2.

For oxygen-evolving electrodes two series of ex-
periments were carried out at the same ¯ow rate.
Assuming b2 � 1.25 and e0,lim � 0.65, it was calcu-
lated that b1 � 0.67, a1 � 0.0030 m and a2 � 82.

Section 3.2 shows that r0,lim is 2.0 and 3.3 for a
hydrogen and an oxygen evolving electrode, res-
pectively. Assuming e0,lim � 0.65 and using Equation
2, it was calculated that d0,N,lim� 3.6 ´ 10±3 m and
8.2 ´ 10)3 m for, respectively a hydrogen and an
oxygen evolving electrode. It is well known that the
nature of gas evolution depends on its rate and that a
transition from bubble to ®lm electrolysis occurs at
very high rate of gas production [1]. It is likely that
e0,lim and dN,0,lim will approach limiting values for
bubble electrolysis. dN,0,lim for oxygen evolution is
larger than that for hydrogen evolution, probably
due to a di�erence in adhesion strength between
bubbles and electrode surface.

In Fig. 9 calculated values of e0,0 and dN,0 are
plotted against current density for a hydrogen -evol-
ving electrode at v1 � 0.28 m s)1 corresponding to Q1

� 11 ´ 10)6 m3 s)1 and an oxygen-evolving electrode
at v1� 0.075 m s)1 corresponding to Q1� 3 ´ 10)6

m3 s)1. It follows that for the hydrogen-evolving
electrode e0,0 and dN,0 increase strongly with in-
creasing current density and for the oxygen-evolving
electrode e0,0 is almost equal to e0,lim for i >
0.25 kA m)2 and dN,0 increases strongly with in-
creasing current density.

5.2. E�ect of the bulk of solution voidage on
bubble boundary layer voidage

The measuring cell was fed with an alkaline solution
containing either hydrogen or oxygen bubbles. As-
suming a uniform distribution of bubbles in the so-
lution between the electrodes in the measuring cell,

the bulk solution voidage can be calculated via the
Bruggeman equation, viz.

r1 � �1ÿ e1�ÿ3=2 �8�
It was found that for both the hydrogen and the
oxygen bubble-containing solution e1 increases
continuously with increasing Igp and decreasing Q1.
Moreover, e1 at b < 0.3 is practically equal to the gas
volumetric ¯ow ratio b, being Qg/(Qg + Q1), and the
di�erence b)e1 at b > 0.3 increases more and more
with increasing Igp. The large di�erence b)e1 at b >
0.3 is caused by bubble coalescence which occurs
more frequently with increasing voidage and enlarges
bubble size and also the bubble-slip ratio.

Figures 3 and 4 show that for the hydrogen-evol-
ving, as well as the oxygen-evolving, cell r/im curves at
various Igp are practically parallel to one another.
This parallelism was also obtained for the r/Igp curves
at im � 0.5 and 2 kA m)2 (Fig. 5). Equation 4 gives
the normalized resistivity for a cell with only one gas-
evolving electrode and fed with a bubble-containing
solution. The voidage of this solution depends on
various parameters, for instance, the current Igp, the
solution ¯ow rate and the nature of the gas evolved.

The normalized speci®c surface resistivity, rs, was
calculated as a function of e1 for various n1, e0,0 and
dN,0. Numerical results are presented in [17]. It is
found that the rs/e1 curves and the rs/e0,0 curves di-
verge for n1 � 1, are parallel to one another for n1 � 2
and converge for n1 � 3 and 4 [17]. From the paral-
lelism of the experimental r/im curves at various Igp

(Figs 3, 4) and the parallelism of the experimental
r/Igp curves at two di�erent im (Figs 5 and 6) it follows
that n1 � 2. This means that the voidage in the bubble

Fig. 9. The calculated thickness of Nernst bubble layer dN,0 and the
calculated voidage at the electrode surface e0,0 as a function of the
current density im on a logarithmic scale for oxygen and hydrogen
evolution at Q1 � 3 ´ 10)6 m3 s)1. (a) dN,0, hydrogen; (b) dN,0,
oxygen; (c) e0,0, hydrogen; (d) e0,0, oxygen.
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boundary layer with a thickness dN,0 at the gas-
evolving electrode is given by

e2
x � e2

0;0 1ÿ x
dN;0

� �2

�e2
1 �9�

This relation was also obtained for a vertical un-
divided cell where a solution of 1.5 kmol m)3 NaCl at
pH 9 was electrolysed. In this cell hydrogen bubbles
were evolved on a segmented titanium cathode and
hypochlorite was formed by hydrolysis of chlorine
initially produced on the anode [17]. This hypo-
chlorite generating cell can be considered more or less
as a cell with one gas-evolving electrode, since the
evolution of chlorine and/or oxygen bubbles can be
disregarded. From the experimental results with an
undivided vertical cell with two gas-evolving elec-
trodes, viz oxygen-evolving and hydrogen-evolving
electrodes, it was concluded that n1 � 4. This con-
clusion was based on the results given in Fig. 4 from
[9]. It was already mentioned that the normalized
resistivity at small measuring currents given in Fig. 4
from [9] was e�ected by the current loading of the
gas-producing electrode. This e�ect is noticeable over
a wider range of measuring current than assumed in
[9]. Taking this into account, it may be shown that
the results can be reasonably described with n1 � 2.

From Equation 9 it follows that the voidage
pro®le in the bubble boundary layer becomes curved
due to the e�ect of the bulk solution voidage. The
normalized speci®c surface resistivity for hydrogen
and oxygen evolution was calculated as a function of
Igp at im � 0.5 and 2 kA m)2 using Equation 4, dac �
4´10)3 m, dN,0 calculated with a1 and b1, e0,0 calcu-
lated with a2 and b2, e0,lim � 0.65 and e1 from r1.
The calculated rs for n1 � 2 are given in Figs 5 and 6
for a hydrogen-evolving and an oxygen-evolving
electrode, respectively. Calculations were carried out
for n1 � 1 and 3. In particular, the di�erences be-
tween the calculated and experimental results are
very large for n1 � 1. The best agreement is obtained
for n1 � 2. From Figs 5 and 6 it follows that the
agreement between the calculated rs and experi-
mental r is good.

Moreover this research has delivered a very simple
empirical relation to calculate the normalized re-
sistance as a function of the height in a cell with one

gas-evolving electrode, if the gas bubbles formed in
the lower part of the cell are uniformly distributed
across the cross-section of the cell. This relation can
be written by

rz;cell � rz;0 � rz;1 ÿ 1 �10�
Using the same assumption about the distribution of
gas bubbles, a similar relation can be proposed for an
undivided cell with two gas-evolving electrodes,
cathode and anode, viz.

rz;cell � rz;0;a � rz;0;c � rz;1 ÿ 1 �11�
Also, for cells with two gas-evolving electrodes se-
parated by a membrane or diaphragm relations for
rz,cell can be derived. Relations for rz,cell can be very
helpful in calculating the current distribution in and
to optimize the design of gas-evolving cells.
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