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Modelling of gas evolving electrolysis cells. I. The gas

voidage problem*
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A critical review of experimental gas voidage data for gas—liquid mixtures available in the literature
yields the result that these data cannot be explained by known theories of the gas hold-up. Based on the
empirical experience that bubble coalescence is hindered in electrolyte solutions, new equations are
derived for the calculation of the gas voidage as a function of the superficial gas velocity by introducing
a coalescence barrier model. Experimental investigations confirm the theoretical prediction of the
existence of a limiting gas voidage which is a characteristic quantity of each gas—electrolyte com-
bination.
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1. Introduction

In modelling gas evolving cells, a subject which will
be treated in more detail in part II of this com-
munication, the local conductivity of the gas—
liquid mixtures in the electrolyte chambers has to
be calculated. Some of the equations available in
the literature [{1-9] for this purpose are listed in
Table 1. A further model assuming a higher gas
voidage in a layer near the electrode has been
published recently by Bongenaar-Schlenter et al.
[10]. In Fig. 1 the relative conductivity according
to the expressions listed in Table 1 is shown as a
function of the gas voidage. The deviations
between these various equations are quite small
and nearly always less than 10%. A number of
electrochemical papers [8, 9, 11—-16] discuss these
and other equations critically and the Maxwell
and the Bruggemann equations are mainly rec-
ommended as being reliable.

All conductivity equations require knowledge
of the gas voidage which depends on the volu-
metric gas flow rate for a stationary liquid. There-
fore the gas voidage is a function of the superficial
gas velocity. The actual rise velocity of the gas
bubbles within the electrolyte is defined by the
following equation.
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Table 1. Conductivity equations for gas—liquid mixtures

Conductivity equation Author

X _lzeg Rayleigh [1]

Xo 1+ €g

X _ l—eg

_—= T Maxwell [2], Nader [3]

xo 1+ (egl2)

X _ 8(2 —eg)(1 —ey) .
X = ———(4 T epd —ep) Tobias [4, 5]

|
]

(I —eg)*? Bruggeman [6]

X o g 1.5eg +0.5¢2 Prager [7]

(1)

- ;0
Up = Ugley
Rearranging gives,

@)

€ = (l/ub)ug

and this shows that the dependence of the gas
voidage on the superficial gas velocity is mainly
determined by the manner in which the bubble
velocity itself depends on the gas voidage. Treat-
ment of this point is not unique in the literature
and different assumptions have been introduced
by several authors [11, 17-22]. Tobias [17]

has assumed that the gas rise velocity is indepen-
dent of the gas voidage. This corresponds to the
straight line 1 in the schematic e, versus ug diagram
shown in Fig. 2. As is easily seen this can only be
a reasonable approximation for small gas voidages
because the gas voidage cannot be larger than 1.
According to the well known fact that the rise
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Fig. 1. Relative conductivity of gas—liquid mixtures.
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Fig. 2. Schematic dependence of gas voidage on super-
ficial gas velocity (1 —constant bubble rise velocity, 2—
rise velocity decreases with eg, 3—expected behaviour).

velocity of a bubble swarm is smaller than that of
a single bubble, Vogt [22] has suggested that the
bubble rise velocity decreases with increasing gas
voidage. This corresponds to curve 2 in Fig. 2.
Contrary to curves 1 and 2 a behaviour as indi-
cated by curve 3 should be expected taking into
account the gas voidage converging to 1. Compar-
ing curve 3 with Equation 2 results in the con-
clusion that the bubble rise velocity uy, should
increase with increasing gas voidage. This dis-
cussion shows that for reliable modelling of gas
evolving electrolysis cells more attention should be
drawn to the problem of how the gas voidage
depends on the superficial gas velocity.

A first attempt to overcome this situation has
been made by Nicklin [23, 24], who derived an
equation

up = ug +ud +ug, ?3)
showing that the bubble rise velocity is determined
by three components: the superficial gas velocity,
the superficial liquid velocity and a rise velocity
due to buoyancy corresponding to the swarm rise
velocity. Several equations are available from the
literature [8,25--28] for the calculation of the
rise velocity of bubble swarms and these are listed
in Table 2. In Fig. 3 the relative velocity of bubble
swarms is plotted as a function of the gas voidage.
In contrast to the conductivity equations the
deviations of these equations are much higher. Cal-
culation of the absolute rise velocity of a bubble
swarm requires a knowledge of the rise velocity of
a single bubble. Some of the equations available
for this are summarized by Brauer [29].

2. Critical discussion of the Nicklin equation

Introducing Equation 1 into Equation 3 and
rearranging yields:
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Table 2. Equations for the rise velocity of bubble swarms

Equations

Author

1.05

— ‘e _ 25
Ugy = Ug {1/[1 + a ~eg)2” {(1 eg)/[l + (11 0.0685/e3)°F 0. }} Kaskas [25]

- (1 ‘eg)z
Usw s eé”
Usy = Ug(l —eg)*®
N PR 1.05
Uow = s ) (1 —eg (1+ 0.0685/3)°* — 0.5

Marucci [26]

Richardson—Zaki [27]

Brauer [28]

1
C T 1[0 + ug)ul]

“

From this equation it is seen that e, converges to 1
for an infinite superficial gas velocity as expected.
A similar equation has also been derived by Funk
and Thorpe [18]. The importance of the Nicklin
equation with respect to the conductivity of gas—
liquid mixtures was firstly recognized by Ibl and
coworkers [30]. However, in that paper there are
some results which are not consistent with the
Nicklin equation. In Fig. 6 of [30] the authors
have shown, in a plot of experimental bubble vel-
ocities as a function of the sum of the superficial
gas and liquid velocity, that all points fall together
onto a straight line. In terms of Equation 3 this
would mean that the rise velocity, ug,, is indepen-
dent of the gas voidage which is not true. Since for
€, = 1 the bubble velocity is equal to the super-
ficial gas velocity it follows from Equation 3 that
u? and ug, must be zero.
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Fig. 3. Relative rise velocity of bubble swarms.

Ibl and coworkers {30] have also published
experimental voidage data measured at various
superficial gas and liquid flow velocities. In Fig. 4
the bubble velocity calculated from these data
using Equation 1 is plotted as a function of ug +
u3. Contrary to the prediction of the Nicklin
Equation 3 not all points fall together onto one
curve but every data group for a certain super-
ficial liquid velocity forms a separate curve.

In Fig. 5 gas voidage data measured by Siemes
{31] for air in water are plotted as a function of
the superficial gas velocity. These experiments
were carried out in a stationary liquid phase. For
the sake of comparison a theoretical line calcu-
lated using Equation 4 is also ploited. Comparing
the theoretical and experimental shape of the
curves a large difference is seen. In contrast to the
Nicklin equation experimental gas voidage data do
not converge to 1 but to a certain value less than
1. This result is of great significance and has
important consequences for modelling of elec-
trolysis cells as will be shown later. The experi-
mental result that with increasing superficial gas
velocity there exists a limiting gas voidage, as also
confirmed by our investigations, requires a modifi-
cation of the Nicklin equation by an additional
model. Such a model is suggested in the following.

3. The coalescence barrier model

It is well known that coalescence of gas bubbles in
electrolyte solutions takes place to a much less
extent than in pure water. If two bubbles of diam-
eters d; and d, are coalescing, a new bubble of
diameter dy, is formed. The change of surface
energy due to this process is given as
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AE = ygAd (5)

Since the surface area of the new bubble is always
smaller than that of the two small bubbles this
energy change is always negative. However, in
electrolyte solutions coalescence is obviously not a
spontaneous process as indicated by this negative
change of surface energy. Therefore an activation
energy barrier for coalescence must exist. Two
physical reasons may be responsible for this
activation barrier. Liquid molecules near the gas
liquid interface are attracted by the liquid bulk
due to their asymmetric surrounding resulting in a
small layer of increased pressure around the gas
bubble. This leads to a certain repulsion if two gas
bubbles come close together. Recently it has been
reported [32] that gas bubbles in electrolyte
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gg/1
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0.6

04

0.2

0.0

ug + uf evaluated from experimental
data given by Ibl et al. [30].

ug+? /cms™
solutions have a negative surface charge due to an
excess of OH™ near the interface. This means that
an electrostatic repulsion also retards the
coalescence. Assuming such a coalescence barrier
yields the conclusion that gas bubbles in a swarm
are separated from each other by a minimum
distance a,,. From elementary geometric con-
siderations for various lattice types of bubble
arrangement the following equation

1 3 '
€m = € [m} (6)

for the maximum gas voidage can be derived. The
factor ¢ is a characteristic constant for a certain
lattice type (Table 3). Equation 6 shows that the
limiting gas voidage depends mainly on the ratio of
the minimum bubble distance to the bubble
diameter. Until now the minimum bubble distance
has not been predicted theoretically and therefore
has to be determined empirically by measurements
in various systems.

To obtain an equation describing the gas
voidage as a function of the operating parameters
a cross-section 4 as shown schematically in Fig. 6
is considered. A part of this cross-section (1 — €, )4

00 50 100 150
ua/cms

Fig. 5. Experimental gas voidage data (+, ) given by
Siemes for two different gas distributors [{31] and
theoretical curve (plain line) according to the Nicklin
equation.

Table 3.

Lattice type €1
Simple cubic structure 0.524
Face-centred cubic structure 0.740
Body-centred cubic structure 0.680
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Fig. 6. Cross-section considered for derivation of Equation
13.

is not available for the gas phase. Only the cross-
section 4*

A" = Aey, N

can be partially occupied by the gas bubbles. A gas
voidage €* can be introduced which is related to
the cross-section 4™

= (8)

Applying Nicklin’s considerations [24] to the gas
in the available cross-sections 4™ yields
G G L*

A = F+F+usw(6*) )]
L¥ is that part of the volumetric liquid flow rate
which flows through the cross-section A*. It can

be written as:

l—€"em — (1 —€m)

L* =1
I—e ey

(10)

Simplification leads to:

L* :Lm (1

*
l1—€¢ey,

Introducing this expression into Equation 9 and
eliminating A* and €" by Equations 7 and 8
yields:

G _ G, L (L)+ &
€A Aey, Aey \1—egg €m
(12)

Introducing the superficial velocities yields the
characteristic equation for the suggested coalesc-
ence barrier model.

]

u 1 —(e4/e €
o g-l—u?[ l(g/m) +u g
€g €m T €g €m

0
Ug

(13)

it should be mentioned that the swarm rise velocity
term ug,, is not related to the actual gas voidage

€4 but to the voidage €* related to the gas in the
available cross-section 4*. Due to the fact that

Ugy is not a simple function of ¢, (see Table 4)
Equation 13 cannot be resolved with respect to

€5. However, rearranging Equation 13 yields an
expression

€g =
1+{

€m

(1) e 24
(14)

which is similar to Equation 4. This equation can
be used on a computer as an iteration formula for
the calculation of €, as a function of the super-
ficial gas and liquid velocities. It can be easily seen
that the gas voidage converges to the limiting gas
voidage e, for infinite superficial gas velocity.
For e, = 1 this equation is equal to Equation 4
and therefore contains the Nicklin equations as a
special case.

In Fig. 7 one data set from Fig. 5 is shown
again. Two theoretical curves are shown calculated
using Equation 14. The parameters used are: €, =
0.19,u, = 50cms™". The two theoretical curves
have been calculated using two extreme bubble
swarm equations: the Marucci equation for curve
1, and the Richardson—Zaki equation for curve 2.
A reasonable agreement with the experimental
data is observed for the Marucci equation which is
therefore used in the following. Nicklin [24] has
published rise velocities of air bubbles in stagnant
water as a function of the superficial gas velocity.
These data are shown in Fig. 8 and are compared
with theoretical curves according to Equation 14.
The rise velocity of a single bubble has been esti-
mated from Nicklin’s own measurements to be
about 25 cms™. Two lines corresponding to €y, =
1 and €,, = 0.38 are shown in Fig. 8. It is seen
that the Nicklin equation (e, = 1) does not
reflect the experimental data whereas there is
reasonable agreement for €, = 0.38.

It can be stated that the coalescence barrier
model as given by Equations 13 and 14 respectively
reflects experimental data published by other
authors [24, 31] much better than the simple
Nicklin equation. However, in the literature data
are mainly available for gas—water systems which
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Fig. 7. Comparison between experimental gas voidage
data and theoretical data calculated using Equation 14,
(ugy calculated with Marucci (1) and Richardson—
Zaki Equations (2)).

can be used to prove the coalescence barrier model.

To test this new model for gas-liquid systems
which are typical of electrolytic cells some
measurements have been made.

4. Experimental procedure

The gas voidage as a function of the superficial gas
velocity, which is referred to here as the gas
voidage function, has been measured for various
systems which are of interest with respect to
industrial electrochemical processes. The systems
investigated are:

Hydrogen in potassium hydroxide
Oxygen in potassium hydroxide
Hydrogen in sulphuric acid
Oxygen in sulphuric acid
Chlorine in sodium chloride

Table 4. Estimated limiting voidage and rise velocity data
for various gas—electrolyte systems

Gas Electrolyte €m ug(ems™)
H, 20% KOH 0.26 5.0
0o, 20% KOH 0.455 5.0
0, 30% KOH 0.31 5.0
H, (ec) 30% KOH 0.24 3.5
H, (ec) 20% KOH 0.27 3.5
H, (ec) 20% H,S0, 0.13 10.0
0, (ec) 20% KOH 0.13 4.5
0,(ec) 20% H,S0, 0.11 40
Cl, (ec) 30% NaCl 0.35 3.7

Comparative measurements have been carried out
for electrogenerated gas evolution and gas distri-
bution through a porous disc. By this means it is
possible to decide whether there is a difference
between the two types of gas—liquid dispersions.
This is important because only very few experi-
mental data for electrogenerated gases are available.
The experimental arrangements used are shown
schematically in Fig. 9. The gas inlet or the gas
evolving electrode was mounted at the bottom of
a perspex tube. If gas is dispersed within the
stationary liquid the volume of the mixture
expands. With A# as the difference between the
height of the gas—liquid mixture and the height of
the pure liquid the gas voidage can be calculated
according to AR

" o + AR (15)

€g

20

Fig. 8. Comparison of experimental gas
bubble velocities with the Nicklin

2 Equation (1) and the Coalescence Barriex
Model (2) ] =0, ey = 0.38, u3=
25 cms™t).
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membrane

In the case of gas dispersion through a porous
plate the superficial gas velocity can be calculated
from the volumetric gas flow rate.

uy = G/A (16)

For the electrochemical gas evolution the empty
tube velocity can be calculated from the current.

o _ RT

= I
Ve pr.FA

(17)
5. Results and discussion

Experimental gas voidage functions for electro-
generated hydrogen and oxygen in alkaline and acid
solution and for chlorine in sodium chloride sol-
ution are shown in Fig. 10. Excepting chlorine, in
all other cases alimiting gas voidage has been found
within the investigated range of superficial gas
velocities. This maximum gas voidage seems to be
a characteristic quantity for each gas—electrolyte
combination. Using Equation 14 and the Marucci

/!iquid tube

distributor

/porous disc

Fig. 9. Schematic experimental set-ups
for measurements of gas hold-up, (A)
electrochemical gas generation, (B) gas
distribution through a porous disc.

equation for the bubble swarm velocity term the

theoretical curves shown in Fig. 10 have been cal-
culated using the experimental values for €, and
fitting the single bubble rise velocity ug.

All curves in Fig. 10 have been measured using
a platinum electrode. The question arises whether
the limiting gas voidage is also a function of the
electrode material. Therefore gas voidage functions
for electrogenerated hydrogen in 20% potassium
hydroxyde have been measured at a platinum and
at a stainless steel electrode. The results are shown
in Fig. 11 and no significant influence of the
electrode material is apparent.

For the case where the gases are not electro-
generated but distributed into the electrolyte
through a porous disc, experimental gas voidage
functions for oxygen and hydrogen in alkaline
solution are shown in Fig. 12. Comparing these
results with the corresponding curves in Fig. 10
shows that for oxygen the way in which the gas
bubbles are generated in the electrolyte has a

s |
To.ao -

0.25 . =

Eg/'|

0.20 o (]

Fig. 10. Gas voidage functions for
various electrogenerated gases: 1—H, in

20% KOH, 2—-0, in 20% KOH, 3—-H, in
S 7 20% H,S0,,4-0, in20% H,50,, 5~
ug/cms” Cl, in 30% NaCl.

g 2



524

G. KREYSA AND M. KUHN

0.35
\U,TOJU o
v ——e—?

0.25 .

+
0.20 |
0.15 . * = platinum
+ = stainless steel

0.40

0.05

0.00 . L L

00 02 03 05 08 08 08 4 12 14 15

strong influence. For a gas inlet through a porous
disc higher limiting voidage values are observed
than for electrogenerated gases. In terms of the
coalescence barrier model this means that electro-
generated oxygen gas bubbles should have a higher
surface charge resulting in a stronger repulsion and
a larger minimum bubble distance. This conclusion
is not proved absolutely by the present results but
needs further investigation.

A further point of interest is the influence of
the electrolyte concentration. In Fig. 13 gas voidage
functions for the distribution of oxygen and the
electrogeneration of hydrogen in potassium
hydroxide electrolytes of different concentrations
are given. In both cases the limiting voidage
decreases with increasing electrolyte concentration.
This also seems to confirm the assumption of an
ionic surface charge of the gas bubbles which
should increase with increasing electrolyte concen-
tration.

Fig. 11. Gas voidage functions for
electrogenerated hydrogen in 20% KOH
at different electrode materials.

———

ug fems -1

All experimental curves shown in Figs. 10—13
have been simulated theoretically as described
above. In Table 4 the limiting gas voidage values
and the rise velocities of single bubbles are sum-
marized. The values for chlorine are only a rough
estimate since the limiting voidage could not be
achieved within the available current range. In all
other cases the limiting voidage data has been
taken directly from the experimental curves. How-
ever, the rise velocity data are also only approxi-
mate because the influence of this value on the
shape of the voidage function is not great. The rise
velocities of the bubble swarms, ug, , have been
calculated using the Marucci equation as already
mentioned. This means that the voidage functions
should start with a concave curvature at low super-
ficial gas velocities. Literature data for air—water
mixtures (see Figs. 5 and 7) show this behaviour,
whereas this could not be confirmed significantly
for the measurements in electrolyte solutions. To

Fig. 12. Gas voidage functions for
5 K| distribution of oxygen (1) and hydrogen
ug/cms (2) in 20% KOH.

5.4 6.0

——
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Fig. 13. Gas voidage functions for dif-
ferent electrolyte concentrations: 1—
distribution of oxygen in 20% KOH, 2—
distribution of oxygen in 30% KOH, 3—

decide this question finally, voidage measurements
of higher accuracy and independent measurements
of the swarm rising velocity in electrolyte sol-
utions are required. It may be that the Marucci
equation is not valid for electrolyte solutions and
has to be modified.

Up to the present it was generally agreed that in
electrolysis cells with gas evolving electrodes the
local gas voidage increases along the length of the
electrode. A modification of this idea seems to be
necessary according to the present results. An
increase of the local gas voidage should be expected
only within the lower part of a cell. At a certain
height of the electrode the limiting gas voidage
should be reached and this remains constant in the
upper part of the cell. A practical consequence of
this is that the influence of the electrode height on
the cell voltage is not as strong as previously
expected. The consequences of the coalescence
barrier model to modelling of the axial current
distribution in electrolysis cells with gas evolving
electrodes will be reported in part I of this com-
munication. Further experiments to test the
hypothesis discussed here for larger electrolysis
cells are in progress.
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