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CHAPTER I 

INTRODUCTION 

1.1. Hydragen as an energy carrier 

The world's consumption of oil and other fossil fuels is still in
creasing. Because oil is an important feedstock for the organic 
chemica! industry, it should be reserved for that purpose only, in
stead of being burnt. Also, pollution, due to the use of fossil 
fuels, is getting more and more alarming (C0

2
:'green house'-effect, 

S02 : acid rains). In order to prevent energy shortages in the far 
future and unsurmountable pollution problems, an alternative energy 
supply has to be developed. The present alternative energy sourees 
(hydra, solar, wind, geothermal, tide and nuclear energy) all pro
duce thermal or mechanica! energy, which is most of the times con
verted into electricity (if photovoltaic cells (solar energy)) 
used, electricity is produced directly without any conversion). 
Electricity is a very clean farm of energy, but it cannot replace 
fossil fuels and other chemicals, because in many applications the 
use of these is inevitable (only about 20 % of the total expenditure 
of energy in the developed countries is supplied by electricity [I]). 
The production casts, the transport and distribution of electricity 
are expensive. As a consequence, apart from electricity, an additional 
energy carrier is needed. From the alternative chemica! fuels, which 
have been proposed for this purpose, hydragen appeared to be the best 
from a technological and economical point of view [I-3]. 

Hydragen can replace fossil fuels in industry, household and traffic 
without unsurmountable difficulties. The cambustion process, of which 
water is the net result, is ecologically clean, Hydragen can be sta
red in several ways, always being easy accessible: in gaseaus form 
at atmospheric or elevated pressures, in liquid farm in cryogenic tanks 
combined with roetal alloys as metal hydrides, or even subterraneously 
in empty oil or gas fields or aquifers (the last mentioned type of sta
rage is already used for natural gas [2]). Hydragen can be transported 
through pipelines, just like natural gas (beyond 500-800 km, this type 
of hydragen transport is less expensive, than transporting electric 
energy by means of high-tension through overhead wires [I, 4]). The dis
tribution can be similar to the present distribution of natural gas [2]. 
A great advantage of using hydragen as an energy carrier is its easy 
convertability into electricity, using a fuel cell (with a conversion 
factor of approximately 60 %). Also, off-peak electricity at power 
plants can be used f or hydragen production ~n combination with the use 
of fuel cells for peak electricity. 

9 
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As mentioned before, hydragen is not a prumary energy souree (it 
LS not found in its elemental state on earth), but it is useful 
as an energy carrier. Though at present the raw material for the 
major part of the hydragen production is oil and natural gas, 
alternative production theehnologies are available [1-3, 5, 6]: 
hydragen can be produced by coal gasification, water electrolysis, 
thermal decomposition of water and by some other, less promising, 
thechnologies. A description and a comparison of the various pro
cesses are given 1n [6]. Oniy with electralysis or thermochemical 
splitting of water are suitèd for hydragen production in combina
tion with the present alternative energy sources. Due to various 
reasans it is expected, that the thermochemical hydragen produc
tion cannot compete with water electralysis [6, 7], so, at present, 
attention is focussed on water electrolysis. 

Disadvantages, which are incorporated in the use of hydragen as an 
energy carrier, are the energy losses during the hydragen production 
and probably some safety problems, connected with production, sta
rage, transport, distribution and use. One of the main purposes of 
this thesis is to study the problem of the energy losses in elec
trolytic hydragen production, due to gas evolution, in advanced 
alkaline water electrolysis. 

1.2. The water eZectroZysis process. 

The concept of the water electralysis process has been known for 
almost two centuries. In 1800, Nicholson and Carlisle were the first 
to employ the electrolytic dissociation of water for the production 
of hydragen and oxygen. However, on an industrial scale, hydragen 
and oxygen were not produced electrolytically until the beginning of 
the present century. Oerlikon Engineering Company installed the first 
commercial electrolyser in 1902. Some other important events in the 
dev~i;pment of the water electralysis process are tabled chronologi
cally in [6, 8]. 
At present, most of the water electrolyser installations are small 
scaled. The few large plants (for example in Rjukan, Norway, with a 
capacity of 90,000 m3 H2 per hour) are mostly located in regions with 
cheap (hydra) electrical power. The electrolytic production of hydra
gen on a large scale is only economically paying, if cheap electrical 
power is available. As a consequence, if electrolytic hydragen will be 
used as an energy carrier, costs of the production have to be reduced. 
At the moment, several aspects of water electralysis are investigated 
world wide, in order to arrive at a commercial electrolytic hydragen 
production (see for example [9]). 
The byproduct of electrolytically produced hydrogen, viz. oxygen, is 
of commercial interest only, if it can be used in the vicinity of its 
production site. The liquefaction or compression and storage, neces
sary for transpatation are, even over relatively short distances, too 
expensive to make a profit on this disengaged byproduct [6]. However, 
during the last decades, electrolytically produced oxygen has become 
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cathode 

Fig.1.2.1 Water eZectroZysis ceZZ 

of interest for life support in submarines and spacecraft [10]. In 
these applications, the small size and light weight of the electro
lyser is of more importance, than low production costs. The oxygen 
also can be used very well in biological treatment of waste water. 

During conventional water electrolysis, an electric current passes 
between two vertical opposite electrodes, immereed in an aqueous 
electrolyte (cf. Fig. 1.2.1). In an aqueous alkaline solution, which 
is considered here, the key reactions are: 

Cathode: 4 e + 4 H20 + 2 H2 t + 4 OH (1.2.1a) 

Anode: 4 OH + 02 t + 2 H2 0 + 4 e (I .2.1b) 

Net reaction: (1.2.1c) 

The theoretical m~n~um, or reversible cell tension1
), UR, is deter

mined by the isothermal and isobaric change of molar free enthalpy, 
~G0 , required for the decomposition of water in its elements: 

(1.2.2) 

n is the number of ions, involved in the reactions to form one gas 
molecule, F is Faraday's constant. 

1
) In electrochemistry, instead of 'tension' the word 'voltage' is. 

1.n current use. 11 
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At atmospheric pressure and 298 K, the reversible cell tension is 
1.23 V. The change of molar total enthalpy, 6H 0

, is rela t ed to 6G 0 as: 

(-l. 2 . 3 ) 

T6S 0
, due to an entropy change in the process, is the heat, ex

changed with the environment in an isothermal operation. The cell 
tension, Uth• corresponding to the change of rnalar enthalpy, slm1-
larly to eq. ( 1. 2. 2), as: 

( 1. 2 . 4) 

is called therma-neutral tension and equals 1.47 V at 298 K and 
1 bar. During practical water electrolysis, the cell tension always 
exceeds the reversible tension, due to electrical resistances and 
polarisation. This give s r i se to heat production, which supplies 
the required endethermie heat. If the cell tension is lower than 
the thermoneutral tension, external heat supply is necessary to 
allow the reaction in question to proceed. Electralysis cells 
eperating at a cell tension, exceeding the thermoneutral tension, 
may have to be cooled. 
The cell tension, U, is composed of various components: 

(I. 2 . 5) 

UR is the reversible tension and can be reduced by increasing 
temperature; pressure has only a weak effection UR. U0 is the 
potential, which consists of activatien and concentration overpo
tentials, for bath hydragen and oxygen. The hydragen and oxygen 
activatien overpotentials, nH resp. no2 , are necessary to allow 
the reactions at the electrod~s to proceed. According to the Tafel 
equation [11], they depend on current density, i, as: 

i = i
0 

exp(An) (I. 2. 6) 

with i 0 being the exchange current density and A being a constant, 
depend1ng on -the electrolytic conditions. n is related to the· elec
trode potential, E as: 

n E- E 
e 

(I. 2 . 7) 

Ee is the equilibrium electrode potential. The overpotentials na
2 

and no2 can be reduced by eperating at higher temperatures or higher 



pressures, or by using better electrocatalysts, depending on the 
type and surface texture of the electrode material [12, 13]. The 
activatien overpotentials moreover depend on bubble behaviour [14]. 
The concentratien overpot~ntial is due to a lack of ions at the 
electrode surface, resulting in a slower electron transfer. Appli
cation of forced flm,;r of the electrolyte, elevated temperatures or 
more concentrated electrolytes will minimize it. The potential drop, 
IRe, is the product of current, I, and electrical resistance, Re. 
where Re is the sum of the electrical resistances of the diauhragm, 
the current feeders and the electric circuit and of the electrical 
resistance of the electrolyte (with or without gas bubbles), 
The electrical resistance of the electrolyte will be enhanced by the
presence of gas bubbles. Consequently, the energy efficiency of the 
process will be lowered because of the presence of these bubbles. In 
order to arrive at an optimal energy efficiency with respect to the 
gas evolution, the gas bubble behaviour has to be stuclied in relation 
to the relevant electrical quantities. 

1.3. Description of the present investigation 

The aim of the present study is to describe the effect of the 
presence of gas bubbles during alkaline water electralysis on the 
relative specific resistance of the bubble-containing electro
lyte between working electrode and diaphragm. 
Industrial water electralysis is performed in the region of in
tera..;ting bubbles. For better understanding of the interactions 
between attached bubbles, it is, however, necessary to study 
firstly the behaviour of single, non-interacting bubbles. 
It is shown in Chapt. 2, that theories on nucleation, growth -and 
departure of single vapour bubbles in boiling can be applied to 
single gas bubbles in water electrolysis. The predictions on 
nucleation and on gas bubble growth and departure are compared 
with experimental data. In addition, in Chapt.2 mass transfer 
of indicator ions at a gas bubble evolving electrode is dis
cussed. A model on mass transfer in the region of interacting 
bubbles is extended to forced flow conditions. lts predictions 
are compared with experimental data. 
Data on the behaviour of interacting attached bubbles in depen
denee on various parameters are presented and discussed in Chapt. 
3. Also some data on detached bubbles are given. The behaviour 
of interacting attached bubbles is explained by using the results 
on single bubbles, taking into account the effect of interactions. 
The relation between the volume of attached bubbles per unit sur
face area on one hand and the flow velocity and volumetrie gas 
production rate on the other, is investigated. 
The specific resistance of the bubble- contairiing electrolyte is 
the subject of Chapt.4. After giving a literature survey on va
rious theoretica! roodels and experimëntal results, a new model 

13 
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for the effect of the presence :11 :_ !1.:.: ';u~!, l ~ s on the speci f i c 
resistance is proposed. The results as predicted by the model. 
using data of Chapts. 2 and 3, are eeropared with the experimen
tally determined values of the specific resistance. 
In Chapt.5, some suggestions far further workin this field are 
given. 
Experimental results on film electralysis (i.e. electralysis du
ring which the electrode is enveloped by a gaseour layer) are 
discussed in App.A. In App.B. the cumulative radius distribution 
curve, fc(R), carresponding to the data of Chapt.3, is shawn at 
various conditions. Some values of material properties of the 
electrolyte in dependenee on electrolyte concentratien are given 
in App.C. 



CHAPTER 2 

GAS EVOLUTION AND MASS TRANSFER DURING WATER ELECTROLYSIS 

2.1. Introduetion 

One of the main aims of the present study is the description 
and understanding of the behaviour of electrolytically evolved 
gas bubbles, which may or may nat interact with surrounding 
bubbles. This farms the contents of Chapt.3. However, to 
understand the behaviour of interacting gas bubbles, it is 
necessary to obtain at first some insight in the behaviour of 
single gas bubbles. In the present chapter, origination, growth 
and departure of single bubbles are discussed. With a few excep
tions, gas bubbles interacting with neighbouring bubbles, are 
left out of consideration. 

Physical transport phenomena at gas bubble evolution during 
water electralysis and vapour bubble evolution during boiling 
are analogous to such an extent, that knowledge of the last can 
he used for studying the first. Bath processes are governed by 
a combination of conservation laws of mass, momenturn and energy, 
which are described mathematically by a system of coupled, non
linear, partial differential equations. In general, in two-phase 
flow, the equations, because of their complexity, have to be 
reduced to the corresponding one-phase flow equations. The solu
tion of these equations, in combination with semi-empirical cor
relations between characteristic dimensionless quantities can 
describe the two-phase flow problem more or less accurately. 

Vapour bubble behaviour on a superheated wall in a liquid has 
already been stuclied since the beginning of this century. During 
the last decades, much knowledge on this subject nas been gathe
red (e.g. [15]). Same useful information on vapeur bubble beha
viour during boiling can he deduced from the so called 'boiling 
curve'. This curve represents the relationship between the heat 
flux density, qw, from the superheated wall to the surrounding 
liquid, and its temperature difference, ~T, cf. Fig.Z.l.l. Due 
to the analogy between heat and mass transfer, the electrolytic 
'gas production curve' (i.e. the relationship between the volume
trie gas production per unit time and unit surface area, Qw, at 
the electrode and its potential, E) is expected to he similar to 
the boiling curve and to provide information on the behaviour of 
electrolytically evolved gas bubbles. 
However, because boiling and water electrolysis, although similar, 
each has its own specific nature and because the various gas evol
ving electrochemical systems have their own characteristics, no 
''universal curve' exists. 
Generally, i is determined as a function of the electrode over-
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potential, n. The relationship between i and n is given by eq. 
(1.2.6.). The cell tension, U, incorporates n according to eq. 
(1.2.5.). Consequently, if a contiguration of the electrades is 
chosen such, that the variations in U are mainly determined by 
variations in the overpotential of the working electrode, often 

60 

i is determined as a function of U. The i(U)-curve is similar to 
the Qw(E)-curve in such a situation, because i is proportional to 
Qw and U is mainly determined byE (or by n). 

In the i(U)-curve (Fig.2.1.2) and the boiling curve, several (simi
lar) r~gions can he distinguished. Concerning the present study, 
only water electralysis is considered, including some comparisons 

·: with boiling. 
Depending on the cell tension (or n), the following regionsin the 
i(U)-curve will occur: 

a) Convection region 

After the start of the alkaline water electralysis process, the gas, 
evolved at the electrode, will diffuse into the surrounding liquid. 
The electrolyte in the vicinity of the electrode will become super
saturated. At the very beginning, in the absence of conveetien and 
gas bubble formation, the supersaturation, ~C, of the dissolved gas 
at a distance, x, from the electrode surface is given as a function of 
of time, t, after start of the electralysis process, by [16]: 

b.C = dt' (2.1.1a) 



Eq. (2.l.la) is the solution, for a semi-infinite medium, of 
Fick's second law (i.e. the diffusion equation) with the proper 
initial and boundary conditions. 
At the electrod~ surface (x= 0), eq. (2.1.1a) leads to: 

t,.C = 2i tL 
w nF(rrD)! 

(2. I. lb) 

Density differences, due to concentratien gradients or tempera
ture variations, may occur, resulting in (natural) convection. 
At a very low overpotential and a, consequently, very low current 
density, the dissolved gas then will be transported to the bulk 
liquid by mass diffusion and (natural) convection. A stationary 
state will be reached. As contrasted with eq.(2.l.lb), which has 
been derived for a completely convectionless condition, the super
saturation at the electrode surface will become constant in time, 
when convection occurs. In the convection region, no gas bubbles 
are formed. 

b) NueZeate bubbZe region 

At higher overpotentials, ~.e. higher current densities (cf. 
Fig.2.1.2.), the supersaturation at the electrode surface would 
increase, in absence of convection, according to eq.(2.1.Ib). At 
these higher current densities, the remaval of the dissolved gas 
from the electrode surface towards the bulk electrolyte by means 
of diffusion and conveetien only, is too slow to maintain a sta
tionary supersaturation at the electrode surface. Hence, the su
persaturation at the electrode increases. In due course it will 
exceed the value, necessary for the activatien of cavities at the 
electrode surface, on which gas bubbles can originate, cf. Sect.2.2. 
As a consequence, gas bubbles are formed. 

Generally, gas bubble generation, occurring at a cavity in the wall, 
is a quasi-periodical phenomenon. A gas bubble, adhering at the 
wall, grows in a non-uniformly supersaturated liquid and departs at 
a time td (departure time) after its origination. During the growth 
period, the supersaturation in the vicinity of the active cavity 
decreases, due to diffusion of dissolved gas into the growing bubble. 
During a time tw (waiting time) the supersaturation will regain the 
value, necessary for the activation of the cavity: a new gas bubble 
orginates. Subsequently, the whole cycle, with period td + tw will 
be repeated. 

At relatively low current densities, the number of active cavities 
and attached bubbles is that small, that hardly any interactions 
between bubbles occur. Hence, this is called the 'isolated bubble 
region'. 
At higher current densites (i.e. higher overpotentials and thus cell 
tensions) the number of active cavities and adhering bubbles increases. 
Beyond a certain value of the bubble population at the electrode sur-
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face, mutual interactions, such as coalescence, between neigh
bouring adhering and preceeding and succeeding gas bobbles occur: 
the so called 'coalescing bubble region' has been reached. The 
interactions depend, among other things, on nucleation and bubble 
frequency. Most of the industrial electrolysers operate in this 
reg ion. 

At a given cell tension, the current de.nsity depends, among 
other things, on the electrical resistance of the gas-liquid 
electrolytic mixture. The .resistance fluctuates, due to the in
termittent gas bubble evolution and increases at higher gas pro
duction rates. Therefore, at an increasing current density, the 
ohmic heating is not only increased by the higher current density, 
but also by a larger electrical resistance. Consequently the elec
trode temperature rises. 

c) Transition region 

The occurrence of coalescence increases substantially, when the 
current density is increased further. Parts of the electrode sur
face become covered with gas layers. This is the indication for the 
start of the next region: the 'transition region'. The electrode 
becomes partly electrically insulated. The current density reaches 
its maximum. At increasing cell tension, current density diminishes 
gradually (cf. Fig.2.1.2) due to lossof contact at the solid~liquid 
interface. The large ohmic heating results in a rise of the elec
trode temperature up to the boiling point of the electrolyte. As a 
consequence, combined gas and vapour evolution takes place. If the 
bulk liquid is maintained at a constant temperature, the electrode 
temperature equals the boiling point of the electrolyte in the whole 
transition region. 
A comparison between the trans1t1on regions in boiling and water 
electralysis is given in [17] and is dicussed in App.Al, 

dJ Film electralysis region 

The end of the transition period is marked by a steep drop 1n 
current density at increasing cell tension, cf. Fig.2.1.2, and 
by a sharp rise in electrode temperature [18]. Apparently, a 
new phenomenon occurs at a certain characteristic electrode po
tential. A film, consisting of v:~our and gas, has been formed, 
covering the entire electrode, whereas no direct liquid-metal 
contact is observed. This phenomenon is called 'film electrolysis' 
(similar to 'film boiling'). The transport of electrical charges 
through the gaseous layer occurs by ions. The electrochemical reac
tion takes place at the interface gaseous layer-electrolyte. Due 
to the coverage of the electrode by gas and vapour, the transfer 
between the electrode and the electrolyte is strongly impeded, so 
its temperature can rise with several hundreds of degrees Kelvin. 

Gas evolution in the isolated bubble region is the subject of Sects. 
2.2. (nucleation) and 2.3. (growth and departure). In Sect.2.4, 



mass transfer in the isolated and the coalescing bubble region 
is discussed. The phenomenon of film electralysis and the effect 
of various parameters on the maxLmum current density are consi
dered in App.A. 
In Chapt.3, the behaviour of gas bubbles in the coalescing 
bubble region is described and discussed, 

2.2. Nucleation 

2.2.1. Introduetion 

Most of the knowledge on nucleation concerns boiling, condensation 
and crystal growth. Part of this knowledge, properly interpreted, 
can be used to describe the nucleation process in gas evolution 
during water electrolysis. 

In the bulk liquid during boiling, the thermadynamie superheat 
limit is the value, beyondwhich the liquid phase becomes unstable 
and, consequently, vapeur evolution is bound to occur [IS, 19]. 
This is called homogeneous nucleation. Another kind of homogeneaus 
nucleation is predicted by the kinetic superheat limit, which pro
vides a temperature range, in which nucleation may occur. The de
rivation is based on the consideration that the liquid molecules 
have an energy distribution such, that only a small fraction of the 
molecules have an energy, much larger than the average value. These 
'activated' molecules (having the so called 'activation' energy) 
are presumed to be able to initiate vapour generation [15, 19]. Very 
good agreement between experimental data and theory has been obtained 
[IS, 20]. If nucleation on a smooth object in the liquid occurs, i.e. 
heterogeneaus nucleation, the conditions at the interface are such, 
that the kinetic superheat limit will be lower in comparison to 
otherwise similar conditions [15, 19]. 

However, in engineering heat-transfer systems, the measured maximum 
superheat is considerably smaller, than the one, predicted by homo
geneaus nucleation or heterogeneaus nucleation on a smooth surface. 
Apparently, mechanisms, other than those described above, play a 
dominant role in the nucleation process. 

For the rnainterrance of a free, finite-sized vapour bubble in a 
uniformly superheated liquid, a condition for the superheat can 
be derived from the Laplace-Kelvin equation, in combination with 
the Clausius-Clapeyron equation. lt reads: 

(2.2.1) 
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where re, the so called equilibrium radius, is the radius of 
curvature of the bubble boundary. At a surface a cavity may, 
depending on its properties (wettability, steepness), trap gas 
and/or vapour, or none of bath, if a liquid spreads over the 
surface. For a vapour-filled cavity, the function f(y,~c) = 
re/Re (Re is the cavity mouth radius, cf. Fig.2.2.1) mostly 
equals one [IS] and, consequently: 

(2.2.2) 

The initial superheat, ~' is expected to be affected by many 
parameters, such as gas content of the liquid, gas pockets in 
small cavities, heat flux, liquid velocity, pressure-temperature 
history, etc. [15, 19]. Same of these effects have been taken into 
account by various authors, resulting in different boiling nuclea
tion models [IS]. 
For water electrolysis, an expression, analogous to eq.(2.2.2) 
can be derived. Instead of the Clausius-Clapeyron equation, 
Henry's law, which relates an excess pressure, 6p, to a supersa
turation, 6Cw, is used: 

6p (2.2.3) 

The relation for the mouth radius of an active cavity, Re, then 
reads, analogous to eq,(2.2.2): 

Fig.2.2.1. 
Active cavity at a 
superheated wall during 
hoiZing (from [15]). 

(2.2.4) 



Hence, on cavities with Re~ 2o/(K6Cw), bubbles can be iniate~ . 
. In case of the inequality, the local wall supersaturation, 6Cw, 
will not reach its maximum value, 6Cw, during the bubble cycle, 
because the cavity can already be activated at a wall supersa
turation 6C~ < 6Cw. If 6Cw increases, smaller cavi ties·· can be
come active. 
Similarly to boiling, the initial supersaturation 6Cw is affec
ted by many factors. Because the nucleation properties of an 
electrode surface also determine the gas bubble behaviour, it 
is very importànt to have sorne information on these properties. 

2.2.2. Experimental results 

The experimental results, discussed in this section, were obtained 
by the author, using optically transparent, flat, nickel electrodes. 
The optical measuring technique, also used for the ac:quisition of 
data on gas bubble behaviour in the coalescing bubble region (as 
diacussed in Sect.3.3), is described in detail in Sect.3.2. I. The 
set-up and conditions are given in Sect.3.2.2. 

The number of active cavities on the electrode surface depends on 
the manufacture, material and history of the electrode, Even two 
electrades of the same material may have, at the same external 
conditions, different numbers of active cavities per unit area. 
Apparently, this is due to differences in the surface structure, 
because it is impossible to prepare two identical electrodes. 
Table 2.1.1 shows the density of active cavities, de, at the same 
condition, but obtained during different experimental series, which 
have been carried out to determine the effect of ~ Le various para
meters (i3 V 3 p, Tand [KOH]}. The condition, for which the values 
of de have been given, has been reached by varying a different para
meter during each series. From the different values of de it is quite 
obvious, that the way, via which the condition has been established 
(pretreatment} affects the nucleation properties. Even if, at the same 
anode, the same part of the surface is observed, de varies, when the 

Table 2.1.1. 

Effect of pretreatment on the density of active cavities3 de. 
de has been determined at one condition jrom various series 
of experiments. In each series3 one parameter is varied, whilst 
the others are kept constant at the indicated values. The arrow 
indicates the direction, from which the parameter in question 
arrives at the above mentioned value. The results 3 derived from 
the effects of i and v, have been obtained with the same electrode 
surf ace. 

Parameter i ~ V ~ p ~ T t T ~ [KOH] 1 

Value 2 kA/m2 0.3 rn/s I bar 303 K 303 K I M 

de, rmn -2 172 328 679 350 331 666 
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condition of Table 2.1.1 is reached by varying i or v. Consequently, 
if the effect of a parameter has to be investigated. the entire 
series of experiments has to be carried out with the same electrode, 
In addition. the parameter has to he varied monotonously. in order 
to avoid hysteresis effects, cf. e.g. Figs.2.2.2 and 2.2.6. Hence, 
it is obvious from the above discussion, that the absolute values 
of the various bubble properties can only be compared, if they are 
derived from data, obtained during one consecutive series of expe
riments. Otherwise, only a relative comparison of certain effects 
is possible. 

According to Figs.2.2.2 and 2.2.3, the number of active cavLtLes is 
found to increase at increasing current density, i. When i is .in
creased, the supersaturation at the electrode. ~Cw, will increase 
as well. This is due to a larger gas production. In the absençe of 
bubble evolution, ~Cw is even proportional to i _(cf. eq. ( 2 .1 ~~b)L. 
According to bubble growth measurements (cf. Sect.2.3.2. and [21]), the 
average supersaturation, 6C0 , dominating the gr·ow-th, also increases 
at increasing i, if bubbles are evolved. Although 6Co does not equal 
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~Cw, the effect of i on both is the same, cf, Sect.2.4.2. As men
tioned before, cavities, which. are already activated, remain active 
at higher values of ~Cw, whilst the bubble frequency (i.e. 
(td + tw)-1

) increases with increasing ~Cw, In addition smaller 
cavities cafi start to generate bubbles. This results in a larger 
number of active cavities at increasing i. 

Similarly to flow boiling the density of activated cavities 
decreases at increasing velocity, cf. Fig.2.2.4. Apparently, 
at constant mass flux density, (i.e. at constant i), a thin 
liquid layer, adjacent to a cavity, is, due to the conveetien 
process, supersaturated to a lower value, which may be below 
the required equilibrium limit. 
In flow boiling, incipient boiling (and consequently, the entire 
region of nucleate boiling) is shifted towards higher wall super
heatings. In this case, the convective contribution to the total 
heat flux increases simultaneously. 

F~g.2.2.5 shows a rise of the density of activated cavities at 
increasing pressure, p. In a very limited pressure range 
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(0.5- 1.0 bar), nodependenee of ~Co on pis obtained (cf. 
Sect.2.3.1.). However, in [21] it is reported, that bubble 
growth measurements show, that ~Co inc.reases at increasing p 
(in the range of 0.5- 7.5 bar). ~his may explain, acc:~E_d _ing 
to eq.(L,2.4), the increase of the number of active cav1t1es 
with increasing p, as er is independent and K is only weakly 
dependent on p in the considered range. 

The temperature effect on nucleation at the electrode surface 
is less significant, than the above discussed effects, cf. 
Fig.2.2.6. Because the number of active cavities decreases, 
when the temperature, T, is enhanced, Re should decrease. 
Consequently, because er decreases [22] and K (for water) 
increases [23] at increasing T, ~Cw is expected to decrease. 
Unfortunately, experimental data from bubble growth measurements 
or other data on the temperature effect on ~Cw are not available. 
The dependenee of the vapour pressure of the electrolyte on T 
also will influence the nucleation. 

According to Fig.2.2.7, the number of active cavities increases 
at increasing electrolyte concentration. er increases [22] and K 
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decreases [24] both very weakly, at increasing electrolyte 
concentration. Taking into account the fact, that, according 
to bubble growth data, ~Co increases at increasing electrolyte 
concentration, the effect of electrolyte concentratien on nu
cleation is in qualitative agreement with eq.(2.2.4). 

Fig.2.2.2 shows a hysteresis effect at varying current density, 
i, If i is increased and subsequently decreased, the smallest 
cavities will be deactivated first. Because the active cavities 
probably contain a small quantity of gas, the deactivation at 
decreasing i occurs at a supersaturation, which is lower, than 
the one, necessary to activate (at increasing i) the same cavity, 
which contains no gas at all. Consequently, at the same condi
tions, if i is increased first and then decreased, the number 
of active cavities at decreasing i exceeds the number at increa
sing i. The hysteresis effect, as shown in Fig.2.2.6, can be 
explained in a similar way. In boiling, also hysteresis effects 
are observed [15]. 

2,3, Growth and departure 

2.3.1. Introduetion and brief survey of literature 

2.3.1.1. Growth 

After the origination of a gas bubble, it grows at the electrode 
surface in a non-uniformly supersaturated electrolyte and subse
quently departs. During the growth period, three cantrolling 
mechanisms occur [15, 25-29]: 
a) mechanical forces, such as pressure influences, surface tension 

and inertia or viseaus shear; 
b) heat transfer as a result of, for example, phase change or 

ohmic heating; 
c) mass diffusion, due to the supersaturation of the surrounding 

liquid. 
Consequently, a force, heat and mass balance must be set up, to 
describe the phenomena under consideration. 
The first theoretical efforts in this field concern the growth of 
a free, spherical gas (resp. vapour) bubble in a uniformly super
saturated (resp. superheated) liquid. According to Rayleigh's work 
(1917, [15, 30]) a free bubble grows, due toa constant excess 
pressure. However, his theoretical results are not confirmed by 
experimental data [15]. Bo~njacovic (1930, [J5, 31]) neglects the 
excess pressure and describes the growth of a free gas (resp. va
pour) bubble as a process of mass (resp. heat) diffusion into the 
bubble, only. Experimental data, obtained by Jacob (1958, [15, 32]) 
justify the last appraoch. 
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In the initial growth stage, liquid inertia is of importance. 
The force balance can he transformed to the so called 'Rayleigh 
equation'. If isothermal gas bubble growth is considered, the 
heat balance does not have to he taken into account. Neglecting 
surface tension and viseaus effects, the Rayleigh equation, in 
combination with the mass balance (i.e. mass diffusion equation), 
gives rise to the following expression for the radius, R, of a 
spherical isothermally growing gas bubble in an originally uni
fo~mly supersaturated liquid [15, 25]: 

R 
I 

{2K~C 0 I (3pi)} ït (2.3.1) 

~Co is the initial supersaturation. After some time, inertia 
effects can he neglected. The Rayleigh equation is then simplified 
to the condition that the concentratien of the dissolved gas at the 
bubble boundary equals the saturation value. Solving the mass dif
fusion equation results in: 

R (2.3.2) 

Scriven, [29 1. calculated numerically the growth parameter as 
function of ~ ': e Jakob number: Ja = ~C 0 /p2 • This relationship can 
he approximated accurately by [25, 33]: 

B = Ja{l + (I + 2TI/Ja)!}/(2TI)~ (2.3.3) 

In Bosnjacovié's approach, a mass balance is applied to a gas 
bubble in an initially uniformly supersaturated liquid, in order 
to describe diffusion controlled growth. Because his approach 
can he extended to describe diffusion controlled growth _in an 
initially non-uniformly supersaturated liquid, it will he con
sidered more closely. 
The massflux density, qm, is, according to Fick's law, given by: 

(2.3.4) 

ob is the thickness of the diffusion boundary layer around the 
bubble, with a linear concentratien profile, and reads (IS]: 

I 

(TIDt) 2 (2.3.5) 



The mass change of the bubble per unit time, d11./ dt, g.~ven by: 

dM/dt 

equals the mass flux, ~ , at the bubble boundary: 
m 

This results in: 

rr/2 
f D 

-Tr/2 

I 1 
R = (2/rr 2 )Ja(Dt) 2 

6C 0 
I 2rrRcos(cp)Rdcp 

(rrDt) 2 

I 

(2.3.6) 

(2.3. 7) 

(2.3.8) 

According to eqs.(2.3.2) and (2.3.8), B = (2/rr 2 )Ja. This agrees 
with the values of S given by eq.(2.3.3) for Ja>> 2rr. The con
centration of the dissolved gas in a concentration field with an 
initially linear variation of concentration (cf. Fig.2.3.1), is 
given by: 

C(cp) C + ARsin(cp) 

Fig.2.3.1. 

y 

t 

0 

(2.3.9) 

-c 

Gas bubbZe in a concentration fi eZd with a Zinear 
concentration gradient. 
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For a gas bub:f>le, growing in this ,field, the mass flux ~s, analo
gous to èq. (2~3. 7), given by: ., 

<I> 
m 

rr/2 
f D C(<J>) -~Cs 2rrRcos(<j>)Rd<l> 

-rr/2 (rrDt) 2 
(2.3.10) 

where Cs is the sat1,1ration concentration of the dissolved gas. 
This results, af ter application, o~ the mass balance, analogous 
to eq.(2.3.8), in: 

R 
I I 

(2/rr 2 )Ja(Dt) 2 Ja (2.3.11) 

with the average supersaturation, 6C0 , being: 

=c-c s (2.3.12) 

With this approach, diffusion growth can be described for diffe
rent concentration profiles. 

For transitional growth, several time-dependent relationships 
for the radius of a free gas bubble have been suggested [15,25]. 
They all express, that the bubble radius approximately equals 
the smallest value of the two, given by eqs.(2.3.1) and (2.3.2). 
Initially, the concentration at the bubble boundary decreases 
according to [15]: 

= 6Co{l _ 2(dR/dt)t! } 
(rrD). !Ja 

(2.3. 13) 

Ac.cording to eq. (2. 3. 13), assuming Rayleigh growth, in the ini
tial stageJ for hydragen bubbles in water at 303 K and I bar, 
groving at an initial supersaturation 6C0 = 10 Cs, the supersatu
ration at th~ bubble boundary, 6C0 , is reduced to zero within the 
extremely short time 'of approximately 10-13 seconds. This cor
responds with a bubble radius of approximately 10-11 m.Because 
the dimension óf the water molecules is of the order of I0-10 m, 

'a macroscopie description is not applicable. It can be concluded, 
that under the conditions, that are of interest in the present case, 
the Rayleigh-growth mode does not occur during gas bubble growth in 
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an initially uniformly supersaturated liquid: the entire growth 
is governed by mass diffusion only and is, neglecting viseaus and 
surface tension effects, described by eqs.(2.3.2) and (2.3.3). 

So far, only the growth of a free bubble has been discussed. 
Because of symmetry, eqs.(2.3.2) and (2.3.3) arealso valid for 
a hemisperical gas bubble, which grows frictionlessly on a wall 
in an initially uniformly supersaturated, semi-infinite liquid, 
in absence of gas production and convection. Actual contact 
angles of gas bubbles, growing on an electrode during water 
electrolysis, are much smaller than 90° (they may vary in the, 
range of 1-5° [24]). 
~~sults of both theoretical and experimental investigations on 
the effect of contact angle on the growth of gas bubbles on a 
wall at the above mentioned conditions are discussed in [28]. 
Gas bubble growth at various contact angles still can he des
cri bed by eqs.(2.3.2) and (2.3.3). However, the relationship 
between 6 and Ja now depends on the contact angle. An analytical 
salution can only he obtained for a contact angle of 900 (i.e. 
eq.(2.3.3) and/or for small values of S. The maximum effect of 
the contact angle occurs for infinitely slow growth (S ~ 0).• 
In that situation, the growth rate of a hemisperical gas bubble 
is (ln 2)-1 = 1.443 times that of a tangentially growing gas 
bubble (zero contact angle) on the wall. Experiments, carried 
out with gas bubbles, having contact angles in the range of 
15-89°, show, that factors, other than the contact angle are 
of more importance for the growth [28]. 
For ,boiling, another theory for the growth of a bubble on a 
wall, based on a relaxation principle, has been developed [15]. 
In order to investigate, whether it can be used to describe gas 
bubble growth in water electrolysis, the basic principles will 
be given below. 
According to this theory, a vapour bubble, growing in a liquid 
on a superheated wall, pushes away the superheated boundary layer 
from the surface, while consuming the enthalpy of this microlayer 
for evaporation. If the excess enthalpy of the microlayer is ex
hausted, the bubble departs and f resh cold liquid cantacts the 
superheated wall. During the waiting time, tw, a new, superheated 
thermal boundary layer will be formed, until a new bubble origi
nates. 
During the growth period, assuming diffusion controlled growth 
with a weakly, time-dependent superheat and using a thermal depar
t ur e criterion, the superheat, ~. of the microlayer r eads: 

I 

~T(t) ~oexp{-(t/ td) 2 } (2.3.14) 

For the determination of the departure time, td, the cooling of 
the microlayer due to heat transfer to the bubble is considered. 
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Application of Newton's cooling faw gives rise to the following 
initial thickness of the rnicrolayer (for Ja<< 2TI): 

(2.3.15) 

The enthalpy of the microlayer is derived frorn that of an equi
valent heat diffusion layer, with a linear temperature profile and 
thickness, dm di· The average superheat of the diffusion layer 
therefore is !~o· Consequently, dm= ~dm di· After transforrning 
eq.(2.3.8) for boiling (Ja~ Jab, D ~ a),'this results, in combi
nation with eqs.(2.3.14) and (2.3.15) in (Ja<< 2TI): 

(2.3.16) 

td = nd~,di/(I6a) 

The analogous expression for gas bubble growth, according to this 
relaxation microlayer theory, reads: 

(2.3.17) 

An expression for ~ di' the thickness of the diffusion layer, for 
larninar free convectlon reads: 

Sh 

Gr 

1 
Lwldm di = 0.55(Gr.Se) 4 

' 

Se = v/D 

(2.3.18) 

Lw is a characteristic electrode dirnension, ~P1 is the change of 
density, due to the presence of dissolved gas. For hydragen evo
lution in water, at 303 K and I bar, if ~Co = 10 Cs = 17.8 10- 3 

kg/m (i.e. Ja= 0.22), the thickness of the microlayer, dm= 
!dm,di = 354 ~m and Rd = 28.6 ~m, td = 23.3 s. From this numeri-
cal example it is obvious,that the relaxation rnicrolayer theory can
not be applied for gas bubble growth: the mechanism of the pushing 
away of the rnicrol ayer does not occur (Rd/~ ~ 0.08). Moreover, the 
thermal departure criterion for vapour bubbles is not valid for 
gas bubble evolution. The growth as given by eqs.(2.3.17) and 
(2.3.18) is much too slow, for Ja= 0.22, in comparison with ex
perimental data, cf. Sect. 2.3. 2 . 



If a gas bubble is evolved at an electrode, comparable to, or even 
much smaller than the bubble dimension, a growth, completely dif
ferent from the previously discussed growth modes, occurB. In that 
case, the gas bubble foot almast covers the entire electrode surface. 
Only at the outer parts of the bubble boundary, in close proximity 
of the bubble boundary, gas can be produced. The evolved gas is not 
able to build up a diffusion layer; because of very steep concen
tration gradients, it is completely transfered to the bubble. Acear
ding to Faraday's law, a mass balance gives rise to: 

Mit/(nF) (2.3.19) 

resulting in, using the ideal gas law, the following expression 
for R: 

R (2.3.20) 

n is the number of electrons, involved in the reaction to form one 
gas molecule (for hydrogen, n = 2, for oxygen, n = 4). Experimental 
data, obtained at a constant current, are in agreement with eq. 
(2.3.20) [33]. If the experiments are carried out potentiostatical
ly, the current varies during the growth of the attached bubble. 
The current reaches itsmaximum at the beginning and at the end of 
the growth period. If for I the time averaged value is taken, eq. 
(2.3.20) is still valid [34]. 

Eq.(2.3.20) is applicable toa gas bubble, growing on a miniature 
electrode in a saturated liquid. If the liquid is initially supersa
turated, the growth is not only determined by direct transfer of 
produced gas from the electrode to the bubble, but mass diffusion, 
due to the supersaturation, plays a role. According to [33], the 
time derivative of the bubble radius can be represented by: 

(2.3.21) 

The first term incorporates the effect of mass diffusion due to 
the supersaturation, the second one the direct transfer of gas, 
produced at the electrode, to the bubble boundary. A salution can 
be obtained by substituting a power series for R( t ). In [33] an 
experimental verification of eq.(2.3.21) is given. 

In literature, many experimental data on the effect of various 
parameters, e.g. current density, pressure, etc., on bubble growth 
have been reported. According to these data, eqs .(2.3.2) and (2.3.3) 
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describe gas bubble growth on an electrode during water electra
lysis quit': well. Current density is one of the most important para
meters, because it is directly proportional to the gas mass produc
tion rate. In [27], basedon experimental data, incorporation of 
the effect of i on the growth is proposed, The steady-state model 
assumes the gas production rate to he proportional to i, which re
sults in 8- i 113 ((cf. eq.(2.3.20)). The unsteady-state model re
quires a waiting time between the generation of two succeeding bub
bles, _during which an errorfunction-shape supersaturation profile 1.s 
built u~. With the available experimental data, this results in 
6 ~ i 0

' • For hydragen bubbles, the best agreement is found with 
the steady-state, for oxygen bubble evolution with the unsteady
state model and carbondioxide shows no particular preferenee for 
one of the two roodels [27]. No explanation for this different be
haviour is given. 
Pressure affects the growth by its influence on both the supersa
turation, ~Co, and the gas density, P2· ~Co increases at Lncrea
sing pressure, I? [24], but as the increase of P2 is more substan
tial, Ja and, so, 8 decreases. Hence, the growth at higher pres
sures occurs at a lower rate, 
If, in alkaline water electrolysis, more concentrated electrolytic 
solutions are applied, ~Co and, consequently, B decrease [24], 
Surface tension effects and electrode material may cause some 
deviations from eqs.(2.3.2) and (2.3.3) only in the very early 
growth stage [27]. 
Effects of temperature and viscosity have not been intensively 
investigated experimentally ~s yet. 

Summarizing: Gas bubble growth on a large electrode LS mostly best 
described by eqs.(2.3.2) and (2.3.3), possibly with a correction. 
In literature, the effects of various parameters on the growth, 
obtained from experimental data, are reported and, if possible, 
explained. 
On a miniature electrode, the gas bubble radius during water elec
tralysis is given by eq.(2.3.20), if all gas LS directly taken up 
by the growing bubble. 

2.3.1.2. Departure 

Many theories on the departure mechanism of a single growing 
bubble on a horizontall wall have been developed in the past. 
In 1933, Coehn [35] suggested, that the departure of an ~lectro
lytically evolved · gas bubble is determined by electrastatic attrac
tion or repulsion between bubble and electrode. Kabanow and Frumkin 
(1933} show, by camparing the magnitudes of this electrastatic force 
and the buoyancy force, that during the departure process the elec-

. trastatic force can be neglected [36]. They consider the contact 
angle, which depends on the electrode potential, to be a very im
portant parameter and provide some experimental evidence for this 
statement. A force balance, which incorporates the buoyancy force 



and an adhesion force, due to surface tension, is established. 
According to this force balance, which is valid for quasistati
cally growing bubbles, Fritz (1938) derived the following ex
pression for the departure radius, Rd [37]: 

(2.3.22) 

where the contact angle y is given ~n degrees. For a faster gro-
wing bubble, farces of a different origin, such as liquid inertia, 
surface tension, viscosity and a modified expression for the buoy
ancy force have to he taken into account. A force balance, composed 
of these farces, has been the starting point for the derivation of 
various expressions for the departure radius under different assump
tions [38-40]. Eq.(2.3.22) is valid fora bubble with a freely moving 
bubble foot, with a contact angle which is limited to 30° [41]. Ches
ters considers two modes of quasistatic growth, each giving rise to 
an expression for the departure radius [41]. If mode A occurs, the 
bubble foot radius, Rf, equals the cavity mouth radius during the en
tire growth period, resulting in: 

{ 30Rf }113 

2g(pl - P2) 
(2.3.23) 

According to mode B, Rf exceeds the cavity mouth radius, which leads 
to: 

(2.3.24) 

Eq.(2.3.24) is in close agreement with Fritz's equation. For the 
intermediate case, Zijl [25] derives an expression for the bubble 
foot radius, Rf. If the static contact angle (always expressed in 
degrees) is small, the growth can be described by mode A. Mode B 
occurs at larger contact angles. 

Eq.(2.3.22) has been extended, for subatmospheric pressures, by 
Cole and Shulman, who introduced a correction factor for dynamic 
effects [42]: 

(2.3.25) 
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Based on experimental data, obtained at subatmospheric pressures, 
they have derived an expression for Rd, showing the pressure 
effect: 

(2.3.26) 

The similarity between eqs.(2.3.22), (2.3.25) and (2.3.26) shows, 
that, with a correction factor, Fritz's equation can be used 
successfully beyond its validity range. 

In literature, some other bubble departure models, are suggested, 
e.g. an acceleration departure-theory [25, 43], in boiling the 
relaxation microlayer theory with a thermal departure criterion 
[15] and for electrolytically evolved hydragen bubbles a theory 
assuming the absence of farces between the bubbles and the elec-

. trode [44]. 

All previously discussed models deal with the departure of a 
bubble, growing on a horizontal wall. It is noted, that the de
parture mechanism of a bubble on a vertical wall has nat been 
described theoretically so far. 

Similarly to the theoretical approach of the departure mechanism, 
nearly all experimental data on the effect of various parameters 
on the departure radius concern gas bubbles, evolved at horizon
tal electrodes. 
From literature it is very difficult to arrive at a preponderant 
effect of current density, i on Rd. At low values of i, a constant 
and if i is increased further, an increasing R4 is observed [45]. 
Same authors report at increasing i an increas1.ng Rd [34, 46] , some 
obtain even a maximum in Rd in dependenee of i [35, 36]. The occur
rence of this maximum is explained by the dependenee of Rd on the 
contact angle y, which itself is affected by the electrode poten
tial and, hence, by i. The various effects of this parameter aften 
can be ascribed to different experimental conditions. In general, 
a substantial spread of~ is observed at low current densities, 
whereas at high current densities, a more uniform distribution of 
Rd occurs. At high values of i also coalescence can play a role of 
importance in the departure. 
Experimentally it is observed, that, in qua litative agreement with 
eq.(2.3.26), Rd decreases at increasing pressure, p [24]. However, 
at subatmospheric pressures, a, only small, decrease of Rd at decrea-
sing p is reported [34]. . . 
The nature of the electrolyte influences the departure s1.ze di.ffe
rently, depending on i, f or oxygen and hydragen bubbles [45]. If 
i< 0.1 kA/m2 , the radius of free, depar ted bubbles appears to de
crease in the sequence: oxygen in acid, hydragen in alkaline, hy
drogen in acid, oxygen in alkaline solutions. At current densiti~s 
beyond 0.1 kA/m2 , this sequence is found to be hydragen in alkal1.ne, 
hydragen in acid, oxygen in acid, oxygen in alkaline solutions . 



Ge n~ rally, in alkaline solutions, the departure radius of hydragen 
bubbles is smaller than the departure radius of oxygen bubblesi in 
acid solutions, just the opposite is observed [45]. In diluted acid 
solutions, both hydragen and oxygen bubbles depart at a smaller size 
than in more concentrated solutions [45]. For alkaline solutions, 
the effect is nat clear from the data given in [34]. According to 
[47], viscosity has no effect on the departure size. 
The effect of temperature has nat been investigated yet. The sur
face tension of the electrolyte and ! hL' elec trode material both 
influence the wettability and consequently, via the contact angle 
y, the departure radius. If the wettability is good, i.e. for low 
values of the surface tension, small bubbles are evolved [47]. 
This is in agreement with Fritz's equation. 

Analogously to growth, all effects of the various parameters on 
the departure radius of elec trolytically evolved gas bubbles depend 
also on the nucleation properties of the electrode surface. E.g., 
at a very high density of active cavities, coalescence will occur 
early in the growth stage. Consequently, the average departure ra
dius is smaller than in the situation, where the density of active 
cavities is lower. 

Summarizing: All theoretica! work on the departure radius concerns 
bubbles on a horizontal wall. The most succesfully applied, theo
retical expression for Rd is Fritz's equation (eq.(2.3.22)), pos
sibly with a correction factor (eqs.(2.3.25) and (2.3.26)). Expe
rimental results show, that different effects of the same parameter, 
e.g. i, aften can be ascribed to different experimental conditions. 
From these results it also fellows, that the surface tension has a 
significant effect on the departure size of the bubbles, which is 
in agreement with the theoretica! expressions. 

2.3. 2. ExperimentaZ r esuZts 

2.3.2.1. Introduetion 

The experimental results on the behaviour of single bubbles, ob
tained by the author, especially concerning their growth and depar~· 
ture , have been obtained by using an optica l measuring technique, 
which is described in detail in Sect.3.2.1. The gas bubble beha
viour at vertical, nickel expanded metal gauze electrades (surface 
area: 4 x 4 cm2 )has been investigated at free conveetien (cf. Sect. 
2.3.2.2.). Some properties of the various gauze electrades are gi
ven in Table 2.3.1. These type s of electrades are aften used in in~ 
dustr y. However, they have in that ca se much l arger sizes (of the 
order of 0.5 x I m2

) t han the ones, at which in the present s t udy 
the gas bubble behaviour has been investigated. 
The behaviour of single gas bubbles, evolved at vertical, optically 
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TabZe 2.3.1. 
Information on the nickeZ expanded metal gauzes. The symboZs de 
and Ze are given in the figure . 

A çronection AA 

Electrode d , 1-IID Z ,mm e e ~d· 

a 115 0.55 

b 135 0.97 
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....... , .. ... 
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d 75 I. 97 A 

e IlO 3.28 
' "' _/ -I'· 

croaaection 

/ \ BB 

' ~ 

transparant gold electrades (surface area: 1 x 3 cm2 ) at free and 
forced convection, is discussed in Sect.2.3.2.3. More information 
on optically transparant electrades is given in Sect.3.2.2. 
Oxygen evolution at a miniature electrode is the subject of Sect. 
2.3.2.4. The miniature anode is a platinum tip, imbedded in glass. 
The end of the tip has a circular plane surface with a diameter of 
50 1-1m. More detailed information on experiments on bubble behaviour 
at a miniature electrode is given in [33]. 
The experiments all have been carried out at room temperature with 
a 6.85 M KOH~electrolyte at atmospheric pressure (only for investi
gation of the pressure effect, subatmospheric pressures have been 
used). 

Generally, in alkaline water e l ectralysis (exept for m~n~ature 
electrodes), two types of gas evolution can be distinguished: (i) 
very small bubbles with a short departure time and (ii) large bub
bles which remain attached relatively long. Bubbles in a bubble 
train form part of the first categor y. A bubble train is a peria
dical type of bubble formation, which differs from the other type, 
because the waiting time is nearly reduced to zero: almas t imme
diately after the departure of a bubble, a succeeding bubble 

• • 
0.1 mm 

Fig . 2. 3. 2. 
Hydragen bubbZe trai n on a 
gauze electrode at f ree 
convection. 



originates, cf. Fig.2.3.2. Departure sizes of relatively large 
bubbles can, to a certain extent, be described by Fritz's equa
tion (eq.(2.3.22)), An experimental verification is difficult. 
because the contact angle, y, is mostly u~k.nown. However a calcu
lation of y from eq.(2.3.22}, using departure sizes of relatively 
large bubbles, leads to realistic values. In the departure mecha
nism of the very small bubbles, additional forces (e.g. accelara
tion forces, cf. Sect.2.3.1.2), apart from the buoyancy and surface 
tension force, may play an important role. In general, in agree
ment with literature (cf. Sect.2.3.1.2), in alkaline solutions 
hydrogen bubbles are observed to be smaller than oxygen bubbles, 
generated under similar conditions. Another remarkable difference 
between oxygen and hydrogen bubbles (cf. also [49]) is the tendency 
to coalesce. Oxygen bubbles coalesce very easily in alkaline solu
tions, as contrasted with hydrogen bubbles, which coalesce less 
easily (moreover, coalescence also depends on the population and 
size of the gas bubbles at the electrode). Because the properties 
of the nucleus, on which a bubble originates, affects the beha
viour of the bubble, two different methods for the determination 
of the effect of the various parameters on the behaviour of a 
single gas bubble can be followed: 
a) The behaviour of gas bubbles, evolved at the same nucleus, at · 

various values of the parameter to be investigated, is obser
ved. 

b) If the bubble density is sufficiently high to allow averaging over 
the various active nuclei, the effect of the parameters on tlïe 
average quantity of bubbles, evolved at the same condition at 
various nuclei is determined. 

The first method has been applied for obtaining the results, dis
cussed in Sect.2.3.2.2., the second one, the 'averaging' method, 
for those of Sect.2.3.2.3. 

2.3.2.2. Gas evoZution at gauze eZectPOdes 

The effects of current density, i, and pressure, p, on the bubble 
behaviour have been investigated at various vertical, nickel, ex
panded metal gauze electrodes. In order to observe the behaviour 
of single bubbles, i.e. bubbles, not interacting with neighbouring 
bubbles, the current density has to be limited to relatively low 
values. For the determination of the effects of i and p, bubbles, 
evolved at the same nuclues (the first method, described in Sect. 
2.3.2.J} are observed. 

Gas bubble originate at nuclei, distributed randomly over the 
gauze electrodes. No preferred locations of active cavities occur. 
This is probably due to the cavities being some orders of magni
tude smaller than the electrode dimensions. 
The radius of all observed bubbles, especially in the first part 
of the growth stage, is, in agreement with eq.(2,3.2), found to he 
proportional to the square root of time, cf. Figs.2.3,4, 2.3.7 and 
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Fig. 2. 3.3. 
Growth of an oxygen bubple on a 
gauze electrode at fre e convection3 

photographed every 20 seconds 

2.3.9. Fig.2.3.3 shows pictures of a bubble at var1ous stages of 
its growth. 
If the bubble has reached a certain size, fluctuations in the 
growth pattern, due to interference and coalescence with neigh
bouring bubbles, may occur» cf. Fig .2. 3 .7. A similar behaviour is 
described in [27]. The effect of the nuclues, on which the bubble 
originates, on the growth rate , is shown in Fig.2.3.4. Apparently, 
various nuclei are activated at different supersaturations. Conse
quently, the growth rate of bubbles on the different nuclei also 
will differ. If the gas bubbles are evolved at the same nucleus 
under the same conditions, the growth rate is reproduced very well, 
cf. Fig.2.3.5. 

According to Fig.2.3.6 and [49], the growth rate increases at in
creasing current density, i. This is due to an increase of the su
persaturation with i . This result is in agreement with data, ob
tained by averaging the growth r ate of bubbles, growing on different 
rent nuclei at the same conditions (the 'averaging ' methad of Sect . 
2 . 3 . 2 .1.) [24]. Because toa few experimental data on the effect of 
i are available, neither the steady- nor the unsteady-state model, 
as described in Sect. 2 .3.t.t. can be confirmed. 

If the pressure, p, i s reduced ( in the subatmospheric range), the 
bubble growth r ate increases, cf. Fig .2. 3 .7. The supersa turation, 



1000 

50 

Fig.2.'3.4. 

H2 

0 m/s 

3.7 A/m2 

1 bar 

2931( 

6.85 M KOH 

t. s 

Growth of hydragen bubbles~ 
evolved at free convection on 
a gauze electrode~ growing 
under the same conditions~ but 
at different nuclei. 

100 

~C 0 , calculated from experimental data with eqs.(2.3.2) a~d (2.3.3) 
from the R2 (t)-curves, is practically independent of p in this li
mited pressure range (0.5-1.0 bar). In [24] it is reported, that 
~C0 , obtained with the 'averaging' method, as described inSect. 
2.3.2,1., increases at increasing pin the range of 0.5-7.0 bar. Fig. 
2.3.8. shows pictures of a hydragen bubble train at a subatmospheric 
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Fig . 2 • '3. 5. 
Growt h of hydragen bubbles, evolved at free 
convection on a gauze electrode, at the same 
cavity at constant conditions at atmosphe
ric pressure. 
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Fig. 2. 3. 6. 
Growth of oxygen bubb les~ 
evolved at free convection on 
a gauze e lectrode~ at the same 
site at various curr ent densities. 

pressure. After leaving the originating cavity, the bubbles of the 
train rise adjacent to the electrode, their growth still being mass 
diffusion controlled. Fig.2.3.9 concerns a bubble train for oxygen 
evolution. Here toa, ~Co appears to be constant in this limited 
pressure range. Similarly to boiling [IS], the bubble frequency de
creases when the pressure is increased. 

2000 x x 

Fig. 2. 3. ?. 
Growth of oxygen bubbZes~ evoZved at 
free convection on a gauze electrode~ 
at various pressures . 



Fig.2.3.8. 
Growth of succeeding bubbles in a bubble 
train on a gauze electrode at free con
vection at a subatmospheric pressure of 
0.783 bar~ photographed every 65 ms. 
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Fig.2.3.9. 
Growth of succeeding oxygen bubbles in 
a bubble train at subatmospheric pressures 
evolved at free convection on a m:ckel 
gauze electrode. 
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After departure from the gauze electrode, the sizes of the bubbles 
remain constant. They rise to the free surface, following a sinus
aidal trajectory, parallel to the electrode surface, their horizon
tal velocity being smaller than the vertical one. The vertical ve
locity increases at increasing current density and at increasing 
bubble radius. If the bubbles approach the electrode, they are 
somewhat decelerated. More detailed information on this subject is 

· reported in [49]. In [50], some expressions for the vertical velo
city, in dependenee of the bubble size, are given. 

2.3.2.3. Hydragen evolution at optically transparent electrodes, 

The growth rate (at free and forced convection), departure radius 
and time (at forced convection) of hydragen bubbles, evolved at 
vertical, optically transparent flat gold electrodes, have been 
studied in dependenee of the vertical coordinate of the active 
cavity, z, the current density, i and the flow velocity, v. The 
influence of z, i and V is investigated with the averaging me
thod (cf. Sect.2.3.2.J.). 
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Growth of hydragen bubbles~ evolved 
at a vertical transparent gold 
electrode at forced convection. 



The data, discussed below, concern the relatively large hydragen 
bubbles. In course of time, the number of active nuclei, producing 
relatively large bubbles, decreases and an încreasing number of 
active nuclei, from whîch bubble trains are evolved, is observed. 
Because of the proportionally between the bubble radius, R, and 
the square root of time, the bubble growth appears to be mass dif
fusion controlled, bath at free and forced convection, cf. Fig. 
2.3.10. 

The average growth parameter, S (cf. eq.(2.3.2)), increases at increa
sing distance z, from the lower edge of the electrode, cf, Fig.2.3.11. 
The average departure radius, Rd, is except for z = JO mm, hardly 
affected by z,cf. Fig.2.3.12. Consequently, the average departure 
time, td, decreases at increasing height (Fig.2.3.12). 
For Sc<< 1, the thickness, 61, of the diffusion layer at a verti
cal electrode and for laminar flow (in the absence of bubbles) reads: 
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Fig.2.3.11. 
Average growth parameter~ S (af. 
eq.(2.3.2)) in dependenee of the 
distance~ z~ from the lower edge 
of the electrode for hydrogen 
bubbles~ evolved at a vertical~ 
transparent gold electrode at 
free convection. 

(2.3.27) 
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Fig. 2. 3 • 12. 
Average departure time~ td_and 
average departure radius, Rd~ in 
dependenee of z~ af. caption 
Fig.2.3.11. 
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For hydrogen bubbles, growing at !::.C == 30C8 , at 303 K and I bar in 
a 6.85 M KOH-solution, 01 = fzi, wi~h f = 3.02 10-3 m. Only close 
to the lower edge of the electrode, 01 is of the same order of 
magnitude as R (e.g. ol(z=I0- 3m) = 54 um). In that region, the 
growth appears to be slower, than the growth at greater height. 
This is due to the non-uniformity of the diffusion boundary layer. 
The effect of dependenee of ê1 on z decreases at increasing z. 
Beyond z = 30 mm, where most of the observations during other ex
perimental series are made, 01 is a few times larger than the aver-

, age bubble radius (e.g. for z == 30 mm, 01/Rd ~ 4). In that region, 
the effect of height on ä, as shown in Fig.2.3.I1, is reduced sub
stantially •. 
If a large number of bubbles is evolved, eq.(2.3.27) cannot be used. 
Another effect will be of major importance: the rising bubbles in
duce a liquid flow, which will be maximal at the top of the electro
de. Due to a greater flow velocity, the bubbles at the top will grow 
faster (cf. the effect of the flow velocity on the growth rate in 
this section), than bubbles, located at a lower height. 

In contrast with the predictions of the steady- or unsteady-state 
model, derived for gas bubbles on a small horizont.al electrode (cf. 
Sect.2.3.1.1), current density, i, hardly affects the average growth 
rate, B, of hydrogen bubbles on a electrode of sufficient vertical 
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Fig. 2. 3. 13. 
Average growth parameter, S (af. eq.(2.3.2)), in dependenee 
of aurrent density~ i~ at various fZow veZoaities for hydro
~en bubbZes on a vertiaaZ, transparent goZd eZeatrode. 
'B' is the vaZue of B~ averaged over i. 
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extension (Fig.2.3.J3). This is at varianee with the results, ob
tained by observing the bubbles, evolved at one cavity at various 
current densities, cf. Fig.2.3.6. It should be noted, however 
that the ranges of i for the two situations are of a different 
order of magnitude. Apparently, at low current densities, i affects 
the growth. At higher values of i, the cavities remain active at 
the same supersaturation, independently of i. Only smaller cav1t1es, 
which are activated at these higher current densities, can evolve 
bubbles, growing at a higher supersaturation. Probably, in. the pre
sent study, the effect on. B has been too small to he detected. The 
average dep~rture radius, Rd and, consequently, the average depar
ture time, td, decrease, if i is raised. The relationships between 
Rd, resp. td and i are given in Figs.2.3.14 and 2.3.15. At higher 
values of i, depending on the flow velocity, v, coalescence plays 
a more important role in the departure mechanism. 

According to Figs.2,3.13-2.3.15, S increases and both and 
td decrease, when the liquid flow, v, is enhanced. So far, no theo
retica! models, descrihing the growth of a gas bubble attached to a 
vertical electrode during forced flow have been developed. The 
departure mechanism at these conditions is not understood very well 
either. A transformation of the relaxation microlayer theory, which 
incorporates the flow effect, prediets a slower growth at increasing 
flow velocity [51]. Hence, this is an additional inQication, that 
the model cannot he applied in water electrolysis. 
However, the effect of translational motion on heat and mass transfer 

. has been investigated for freely rising bubbles in supersaturated or 
superheated liquids [50]. In [52],small-time and large time asymptotic 
expressions for the growth rates of ascending bubbles have been deve
loped. An all-time salution of the problem is given in [53). It ap
pears, that the growth rate increases due to the translational motion. 
The effect is most significant for low Jakob numbers. An experimental 
verification is reported in [54]. Apparently, the growth of an 
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attached bubble is, according to Fig.2.3.13,affected by the flow 
velocity in a similar way. 
The drag force, due to the flow, causes an earlier departure 
and, consequently, a smaller departure radius in comparison with 
natural convection. 

2.3.2.4. Oxygen evatution at a miniature eZeatrode 

Both growth and departure of oxygen bubbles, evolved at a hori
zontal (free convection) and vertical miniature electrode (free 
and forced convection) have been investigated. 

The growth can be expressed by the experimentally obtained rela
tionship for the bubble radius R: 

R (2.3.28) 
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Fig, 2. 3. 16. 
Growth parameter (1- a)(cf. eq.(2.3.29)) 
as a function of the flow velocity~ v~ 
for oxygen bubbles on a vertical mini- · 
ature electrode. 

The dependenee of R on the electrical current, I, and time, t, is 
the same as that predicted by the total gas production model (cf. 
eq.(2.3.20)). However, the constant factor, Cs, is smaller than the 
one in eq.(2.3.20). This indicates, that only a fraction of the 
produced gas is directly transferred to the bubble. Hence, Cs can 
be writen as: 

C5 =(I - a){3RgT/(4nnpF)} 113 (2.3.29) 

a represents the fraction of I which not used for the bubble growth. 
Apparently, because of the proportionality between R and (It) 1 13; a 15 
not sufficiently large for a diffusion boundary layer, that would 
have any noticable effect on the growth, to exist. The value of a 
is found to be independent of I, except for very small bubble sizes. 
In this case, a may depend on I, but it is not possible to measure 
a very small bubble radius so accurately, that this effect can be 
observed. a decreases at increasing flow velocity, cf. Fig.2.3.16, 
which, similarly to mass diffusion controlled growth, cf. Sect. 
2.3.2.3, results in a faster growth. 

The departure radius of a gas bubble on a miniature electrode in
creases at increasing current density, i, and/or decreasing flow 
velocity, V, cf. Fig,2.3.17. The effect of V is similar to the si
tuation, in which a vertical transparent electrode is considered 
(cf. Sect.2.3.2.3); the effect of i is just the opposite. 

Summarizing: Gas bubble growth during water electralysis is mass 
diffusion controlled. Bubbles, generated at the same cavity on 
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gauze electrodes grow faster at increasing current density, i. 
The average growth rate of bubbles, originating from various 
nuclei on an optically transparent gold electrode, is hardly 
affected by i. The growth of gas bubbles on a miniature elec
trode can be described by the total gas production moqel; how .. -
ever, only a (current-independent) fraction of the produced gas 
is used for the growth. If the flow velocity is increased, or 
if the pressure is reduced, the growth rate increases. 
The departure radius of bubbles on an optically transparent gold 
electrode decreases at higher current densities; this is contra
ry to the behaviour of the departure radius of gas bubbles on a 
miniature electrode. Application of forced flow results in a 
smaller departure radius for both configurations. 
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Fig.2.3.17. 
Average departure radius~ Rd, of oxygen 
bubbles on a miniature eleatrode at for
aed aonveation~ in dependenee of aurrent 
density, i. 



2.4. Mass transfer 

2.4.1. Introduetion 

If a concentratien gradient of ions or dissolved gas molecules 
in an electrolyte solution exists between the electrode and the 
bulk electrolyte, mass transfer due to mass diffusion (cf. Sect. 
2.3.1,1.) occurs. If forced flow is applied to the electrolyte, 
convective mass transfer is superposed on diffusional transport. 
In addition, at a gas evolving electrode, mass transfer is also 
affected by the gas bubble behaviour. 
ln the past, also in industry, the main interest on this subject 
has been focussed on mass transfer at a gas evolving electrode. 
The first theoretica! and experimental research in this field 
was done by Ibl, only some two decades ago. Experimentally, he 
and succeeding authors have stuclied - for aqueous water electra
lysis - the mass transfer of added indicator ions, i.e. ions 
participating in the electralysis process and so indicating the 
diffusion layer thickness. During the electralysis for a fixed 
period of time, the change of concentration in the electrolyte 
of these ions is measured. From this concentratien change, the 
current density of the indicator ions during electralysis and, 
subsequently, the diffusion layer thickness, being inversely 
proportional to the mass transfer coefficient, can he deter
mined (a more extensive description of this measuring method is 
is given in [55]). 

If, during electrolysis, no gas bubble formation at the electrode 
occurs, the mass transfer of indicator ions and of dissolved gas 
at the electrode, although in opposite directions, are quite si
milar. The diffusion layer thickness, o, reads fora flow, paral-
lel toa flat plate [16)). -

~aminar flow: o/z 

turbulent f~ow: 

-
1 II 3 = 3Re 2Sa- (2.4.1) 

(2.4.2) 

Apparently, bath for laminar and turbulent flow, o ~ D1 13 , As a 
result, the thicknesses of the diffusion layers of the indicator 
ions, êi, and of the dissolved gas, êg, are related as: 

(D /D.) 1 t 3 
g l. 

(2.4.3) 

Hence, in the absence of gas bubble generation at the electrode, 
the mass transfer of the dissolved gas can easily be deduced from 
the mass transfer of the indicator ions, 
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However, if due to a large wall supersaturation of the dissolved 
gas, gas bubbles originate at the electrode surface (cf. Sect.2.2.), 
the situation is different. The mass transfer of the indicator ions 
occurs by diffusion and conveetien (i.e. forced convection or con
vection, induced by bubbles). Contrary to the forementioned situa
tion, the dissolved gas is not only transported in a dissolved state 
by these two mechanisms, but additionally it is carried away in the 
form of gas bubbles. The effect of the preserree of the gas bubbles 
on the mass transfer of the disso\ved gas is twofold: (i) similarly 
to mass transfer of indicator ions, the diffusion layer thickness 
for gas is affect~d by convection, induced by the bubbles: (ii) of 
more importance, however, is the fact that the gas bubbles in the 
diffusion layer act as mass sinks. Moreover, the concentratien pro
file of the dissolved gas in the diffusion layer is disturbed by 
diffusion layers, enveloping every single bubble (cf. Sect.2.3.1.1). 
Consequently, the complete analogy between mass transfer of indicator 
ions and of dissolved gas is only valid in the absence of gas bubbles. 
Deviations become larger, when the gas volume, occupied by the gas 
bubbles, increases. 

2.4.2. DissoZved gas 

Contrary to mass transfer of indicator ions, it is rather difficult 
to determine the thickness of the diffusion layer for dissolved gas 
or to measure gas concentrations in the vicinity of the electrode 
surface. In [56, 57] some experimental results on supersaturation 
values of dissolved gas (hydrogen and oxygen) in the vicinity of the 
electrode, obtained by different methods, are compared. The super
saturation at the electrode wall, determined with electrochemical 
measuring methods (i.e. a galvanostatic potential transient-method 
or the determination of the concentratien overpotential [58, 59]) 
agree rather well. The values of the supersaturation, obtained with 
these methods, however, are substantically larger (sometimes by a 
factor 10) than those, derived from bubble growth measurements or 
from data on fractional bubble coverage of the electrode [56]. Also, 
supersaturations, derived from the two types of bubble measurements 
(growth or coverage} do not differ much. The different results, ob
tained with the electrochemical methods on one hand and with the 
bubble measurements on the other, can he understood by noting, that 
the two supersaturations are not of the same nature. The electro
chemically measured supersaturation equals the value at the elec
trode wall, ~Cw• The supersaturation, following from the bubble 
measurements, represents a value, averaged over some bubble growth 
periods. Because the supersaturation shows a maximum value at the 
electrode wall, the wall supersaturation, ~Cw (according to the 
electrochemical measurements), always exceeds the average value, 
~C0 , that follows from the bubble measurements. 
The concentratien profile in the vicinity of an attached gas bubble 
on an electrode during water electrolysis, deduced from the analogy 
with the temperature profile at a vapour bubble on a superheated 
wall [60], clearly shows the difference between the average and the 
wall supersaturation [56]. In spite of thes differences, the effects 



of parameters such as current density, on 6Cw and 6C 0 , are, 
qualitatively spoken, the same (at high current densities, the 
wall supersaturation may approximate a limiting value [58, 59]). 
Nucleation on the electrode r·•rface is dominated by the wall 
supersaturation, liCw (cf. Sect.2.2). However, most-of the avai
lable data concern the average supersaturation, tiC~. Because the 
effects of the parameters on bath kinds of supersaturations are 
similar, the nucleation properties at various conditions can be 
interpreted by using relations between the average supersaturation 
and the parameters under investigation. 

2.4.3. Indiaator ions 

In the present study, water electralysis is investigated mainly in 
the isolated and coalescing bubble regions (cf. Sect.2.1.1.). In 
these regions, at the electrode surface, diffusion layers for in
dicator ions and dissolved gas are present. Moreover, around each 
growing bubble a diffusion layer exists. To obtain a better insight 
in the diffusion of dissolved gas away from the electrode, the ef
fect of gas bubble evolution on the mass transfer of indicator ions 
is considered more closely below. 

A survey of some theoretica! models, incorporating the effect of 
gas evolution on the mass transfer of indicator ions is given in 
[61]. All models anticipate an increase of the mass transfer, if 
gas bubbles are evolved, The mass transfer is influenced by the 
bubble behaviour in various ways, resulting in various models: 
(i) The penetratien theory [62] stresses the replacement of 

fresh liquid from the boundary of the diffusion layer to 
the electrode surface after bubble departure and the sub
sequent diffusion during the waiting time, tw (cf. Sect, 
2.3.1.1). An extension of this theory is given in [63]. 

(ii) According to the microconvection model [64], in the liquid 
adjacent to the electrode, a flow is induced by the growth 
of the attached bubbles, It is supposed, disregarding other 
effects, that the liquid velocity, sa induced, will determine 
the mass transfer. 

(iii) The hydrodynamic model [45, 55, 65] starts from an electrolyte 
flow, induced by ascending bubbles (cf. Sect.2.3.2.3). The 
liquid velocity, which is assumed to be representative for the 
bubble effect, depends on several factors, such as volumetrie 
gas production rate, cell dimensions, etc. The effect is simi
lar to the effect of gas stirring, i.e. inducing a liquid flow 
by introducing an inert gas (e.g. nitrogen) in the cell through 
holes in the bottam [62, 66]. 

If forced flow is applied, mass transfer due to bath forced and free 
conveetien bas to be taken into account. The mass transfer coeffi
cient at forced convection, in the absence of gas bubble production, 
is known from literature, cf. Sect,2,3., whereas the mass transfer 
coefficient at free conveetien with gas bubble generation, is provided 
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by the above mentioned theories. Because the two mechanisms are not 
independent, it is not allowed to simply add bo~h mass transfer 
coefficients, in order to obtain the mass transfer coefficient for 
gas bubble ,evolution at forced convection. Some expressions, de
rived from similar heat transfer problems, to arrive at the total 
mass transfer coefficient from the two separate mass transfer coef
ficients~ are given in [67]. They agree fairly with experimental 
data. 

It is obvious, that at free convection, all the above mentioned 
effects of gas bubble evolution on the mass transfer coefficient 
occur simultaneously. 
Experimental data show substantial scatter, due to different ex
perimental conditions [64]. 
According to [55], only the hydrodynamic model can be used to des
cribe mass transfer of a gas evolving electrode at free conveetien 
if no frequent coalescence occurs. 

To describe mass transfer of indicator ions in the region of coa
lescing bubbles, a so called 'coalescence' model was proposed by 
Janssen and Van Stralen [68j. The model holds for free convection. 
The mass transfer behaviour, predicted by this model, agrees with 
experimental data. 
The coalescence model is described here in some detail and will he 
extended to forced flow conditions. The results as ptedicted by 
the extended model, are compared with experimental data. 

If a gas bubble at the electrode surface cantacts a neighbouring 
bubble, usually coalescence occurs. If two bubbles have comparable 
sizes, exceeding a certain value, the coalescence usually leads to 
departure of the newly formed, larger bubble. Otherwise, the new 
bubble remains attached and grows further, until coalescence occurs 
anew, and so on. 
According to the coalescence model [68], after departure of the 
coalesced bubble, a fraction of the electrode surface comes into 
contact with fresh bulk electrolyte, having the original concentra
tien of indicator ions. This fraction is proportional to rr(R~0 1 + 
R~0 2 ), where Rc0 , 1 and Rco,2 are the radii of the two original 
bubbles at the time of coalescence. Same time after bubble depar
ture, mostly two new bubbles originate at this area and after con
tacting each other, the cycle, with period Tc , will he repeated. 
In this model it is assumed, that bubble depa~ture only happens 
due to coalescence and that the radius of all coalescing bubbles 
is the same (i.e. Rc0 , 1 = Rco,2 = Rc0 ). Consequently, the radius of 
the newly formeddeparting bubble, R~0 is 2113 Rco• Furthermore, 
the density of coalescing bubbles, dco is assumed to be independent 
of time. 
The number, Nc0 , of coalescing bubbles per unit surface area and 
time then amounts to: 

(2.4.4) 



with: 

(2.4.5) 

The fraction of the electrode surface, coming into contact per unit 
time with fresh bulk electrolyte, is given by: 

(2.4.6) 

with fco being assumed to be a constant proportionality factor. 
The principle of the replacement of the liquid at the electrode 
surface by fresh bulk liquid is similar to that of the relaxation 
microlayer theory, cf. Sect.2.3.1. 
In the fresh bulk liquid at the electrode, diffusional mass trans
fer occurs. The average mass transfer coefficient, kc0 , descrihing 
the mass transfer due to the coalescence phenomenon, therefore is 
calculated with Catrell's equation (which can be derived from the 
diffusion equation). It is valid for pure diffusional convection
less mass transfer. According to tUis equation, and assuming peria
dicity with the cycle period Tco' kco reads [68]: 

(2.4.7) 

and, with eqs.(2.4.4.)-(2.4.6.), this results in: 

(2.4.8) 

Extending our considerations to forced flow conditions, is noted, 
that forced flow will affect the mass transfer in several ways. 
As a first approximation it is assumed, that the mass transfer coef
ficient k, averaged over one cycle under forced flow conditions can 
be written as: 

(2.4.9) 

Here kf represents tb~ contribution due to forced flow in the ab
sence of bubbles and kco f the contribution caused by the coales
cence phenomenon as desctibed earlier. 
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It must be noted, that Tc0 , Nco and dco will depend on flow velocity, 
V, but that eqs.(2.4.4)-(2.4.6) remain valid. It is further assumed, 
that fco will be independent of V. 

When during Tc0 , in the absence of forced flow, mass transfer occurs 
as described by the coalescence model, the thickness of the equiva
lent diffusion layer, Oco' is defined as: 

(2.4.10) 

At forced flow, the thickness of the equivalent diffusion layer, o f' 
is smaller and is prescribed by the mass transfer coefficient due Eg' 
forced flow, kt, as: 

(2.4.11) 

The time to reach oco f' after surface replacement, will be smaller 
than the cycle period: Tco• Analogous1y to eq.(2.4.10), Tco f can be 
related to êc~,f by: ' 

(2.4.12) 

So, it is assumed, that during Tco f diffusional mass transfer, which 
can bedescribed by Cotrell's equaiion, occurs. In the remaining time 
of the cycle period Tc0 , i.e. Tco - Tco f' mass transfer of indicator 
ions, governed by forced flow, takes pl~ce. As mentioned before, in a 
first approximation, these two types of mass transfer are superposed. 

The mass transfer coefficient, kco f' averaged over the entire cycle 
period Tc0 , resulting from diffusi~nal mass transfer during Tco,f 
(<Tc0 ), then amounts to:(cf. also eq.(2.4.7)): 

(2.4.13) 

With eqs,(2.4.4)-(2.4.6): 

Combination of eqs.(2.4.ll),((2.4.12) and (2.4.14) results in: 

(2.4.15) 



Because the mass transfer, governed by forced flow, is assumed to 
be present only during Tea - Tco,f' kf, averaged over Tea then 
reads: 

(2.4.16) 

and with eq.(2.4.11.) eqs.(2.4.11.) and (2.4.12.): 

(I - (2.4.17) 

kf can be calculated from the expression for the Sherwood number, 
Sh. For turbulent, forced one-phase flow, it reads, e.g. [69]: 

Sh 
kfDh 

0.023 Re 0 • 8Sc 113 = 
Di 

(2.4.18) 

Re 
VDh 

Sc 
\) 

= 
\) Di 

where Dh ~s the hydraulic diameter of the channel. 

Finally, the average total mass transfer coefficient, k, ~s then 
given by: 

(2.4.19) 

The first term incorporates the mass transfer in the absence of 
gas bubble evolution, the secoud term the mass transfer at forced 
convection, due to the occurrence of coalescence and the third term 
the correction on kf for gas bubble evolution. 

In order to verify eq.(2.4.19.), some experiments on mass transfer 
with and without bubble evolution have been carried out (thg_mea
suring technique is described In [68]). 
Because in alkaline solutions, oxygen bubbles coalesce more easily 
than hydragen bubbles, mass transfer at the oxygen bubble evolving 
anode has been investigated at atmospheric pressure and_roomtempe
rature with Fe(CN

6
) .. --indicator ions (Di= 7 I0-10 m2 /s). 
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Pig.2.4.1, 
The mass coefficient~ k~ as a function of 
fZow vetocity, v, measured with and without 
eubble evolution, i.e. kf and k, respectively. 
k is determined during two experimental series 
(• and x) at the same conditions at 8 kA/m2 • 
Additionally, (dco Rc0)~ (cf, eqs.(2.4.8.)) 
and (2.4.14.)) is given as a function of v 
for two current densities. 

To obtain insight in the contribution of forced flow and coalescence 
to the mass transfer, the ratio Tco f/Tco is considered more closely. 
According to eqs(2.4.4.), (2.4.s;y/(2.4.JJ.) and (2.4.12,): 

Tco,f (2,4,20) 

Insteadof using eq.(2.4.18.) kf has been determined experimental
ly [70] and is given in Fig,(2.4.l.) as a function of V. It a
grees rather well with the values, predicted by eq.(2.4.18.). Ex
perimental data on oxygen bubble quantities as a function of v for 
2 and 5 kA/m 2 are given in Sect.3.3.2.2. Rco is 2-l/3R~0 , where 
for R~0 the value of R is taken, at which the cumulative radius 
distribution function fc(R) equals 0.92 (cf. Sect.3.3.3.). 



At a constant Qw, for 5 kA/rn
2 

and V in the range of 0.1 - 0.4 rn/s, 
dc0R~0 varies between 8 and 0.5 urn. With eq.(2.4.20) and kf 
frorn Fig.2.4.1., this results in: 2 < Tco,f/Tco < 16. This rneans, 
that only rnass transfer due to coalescence occurs and that eq. 
(2.4.8.) has to be used to calculate the average total rnass trans
fer coefficient. The coalescence model for forced flow, as de- 1 

rived above, cannot be applied for these conditions. As (dco Rc0 ) 2 

is hardl~ affected by V in the region of 0.1 - 0.4 rn/s, cf. Fig. 
2.4.1., kis expected to be independent of v, according to eq. 
(2.4.8.). This is in agreement with the experirnental results on 
rnass transfer at forced flow with oxygen bubble evolution, as gi
ven in Fig.2.4.1. Based on the results for 0.1 < V < 0.4 rn/s, 
using eq.(2.4.8.) a value of 0.20 for fco has been derived. Due 
to the more substantial increase of kf in cornparison to the de
crease of dco Rco at increasing v, beyond 0.4 rn/s, Tco,f/Tco will 
~ecorne smaller than I. In that case, kf will contribute tok and 
k becornes dependent on V. For 2 kA/rn 2 and 0. I < V < 0. 4 rn/ s, 
dco R~0 varies between 18 and 2 urn and so,Tco,f/Tco between 0.6 
and 1.8. Consequently, due to the less frequent aceurenee of coa
lescence, already at lower flow veloeities forced flow rnay con
tribute to rnass transfer • 

In conclusion, the coalescence model has been extended to forced 
flow conditions. According to this extended model, at high current 
densities and low flow velocities, rnass transfer is hardly influ
enced by forced flow, which is confirrned by experirnental data. At 
lower current densities or higher flow velocities, the model pre
dicts an enhancernent of the rnass transfer due to forced flow. Ex
perirnental data to verify this, are nat yet available. 
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CHAPTER 3 

GAS BUBBLE BEHAVIOUR DURING WATER ELECTROLYSIS 

3.1. Introduetion 

In Sect.2.3., t~e behaviour of single bubbles has been discussed. 
Altough the knowledge on the behaviour of one single bubble is 
indispensable to understand the behaviour of bubbles in the 
coalescing bubble region, it is not sufficient. Because of the 
frequent bubble interactions, especially on a vertical electrode, 
all bubbles, present on a representative, but limited part of the 
electrode surface area, have to be observed simultaneously. 

Most attention has been paid bere to those bubbles, which are ad
bering to the electrode surface, because their effect on the poten
tial drop across the electrolytic two-phase mixture is expected to 
be of substantial importance. Only at a limited number of conditi
ons, some data on non-attached bubbles, mentioned 'free' bubbles, 
were obtained. 

The effects of various parameters on bubble behaviour have been 
determined by carrying out complete series of experiments with the 
same surface area of the electrode, in order to avoid differences 
in nucleation propertiés, cf. Sect.2.2. To prevent hysteresis ef
fects (cf. Figs.2.2.2., 2.2.3. and 2.2.6.), the parameter has been 
varied monotonously. 

In Sect.3.2., the optical measuring technique, the experimental 
equipment (electrolysis cell and flow circuit) and the experimen
tal conditions are described. 
The behaviour of attached hydragen and oxygen bubbles in the iso
lated and coalescing bubble region is considered in a general way 
in Sect.3.3.1. Also, the differences in behaviour of hydragen and 
oxygen bubbles and in behaviour of bubbles, attached to a horizon
tal or vertical electrode, are discussed in that section. 
The effects of various parameters on the behaviour of hydrogen and 
oxygen bubbles are given in Sect.3.3.2. The behaviour of free 
bubbles is the subject of Sect.3.3.3. In Sect.3.4., the data, as 
given is Sect.3.3., are discussed. 

3.2. Experimental 

3.2.1. Optieal measuring teehnique 

The hydrogen and oxygen bubbles have been stuclied at flat, opti
cally transparent, nickel electredes (cf. Sect.3.2.2.). The use 
of this type of electrode allows the application of against-the-



light photography. The subject to be photographed or filrned, is 
then located between the light souree and the camera. The advan
tage ofthis technique- which is at present cornrnonly applied to 
studies on boiling - in cornparison to front lighting, is the 
rnaxirnally contrasted image of the bubble boundary on the pictures. 
Moreover, if the active side of the optically transparent elec
trode is faced towards the light source, the view on the attached 
bubbles is not obstructed by ascending bubbles. 

Because of small bubbles, the diameter of which ranges frorn 10 to 
100 ~rn, the use of a microscope is inevitable. 
The dirneusion of the observed electrode surface area is determi
ned by a campromise of two factors. On one hand, the area has to 
be sufficiently srnall to allow a satisfactory rnagnification. On 
the other hand, it has to be sufficiently large to allow a sirnul
taueaus observation of a sufficient nurnber of bubbles, in order 
to obtain a representative average of the various bubble quanti
ties under investigation (cf. Sect.3.3.1.). 

Due to fluctuations in the bubble behaviour (cf. Sect.3.3.1.) it 
is insufficient for the study of the overall bubble behaviour, to 
limit the study to taking one photograph only. At every condition 
to be investigated, the bubbles have to be reearcled cinernatogra
phically. Phenornena, occurring at the electrode, depend on the 
conditions: sametirnes they are rather rapid, e.g. the initial 
mode of bubble growth, or, departure in case forced flow is ap
plied. Consequently, high picture frequencies, up to 2000 frames 
per second, have to be used. 
The combination of the conditions of a large magnification and a 
high film recording frequency requires a very intensive light 
souree of srnall dirnensions. 

The optical systern (cf. Figs.3.2.3. and 3.2.5.) consists of a 
rnercury are lamp (Oriel-HBO JOOW/2, arcsize 0.25 x 0.25 rnrn 2

), a 
lens to focus the light bearn, a microscope objective (no ocular 
has been used) and a high speed film camera (Hitachi, type: 
NAC 16D). The ~agnification can easily be varied by using another 
objective or by varying the distance between the objective and the 
camera. The optical systern is also suitable for the recording of 
bubbles, evolved at the edges of wires of a gauze electrode (cf. 
Sect.2.3.). A more detailed description of the optical systern is 
given in [5]]. 

3.2.2. Set-up 

The optically transparent working electrades are glass plates, 
coated with successively a tin oxide and a nickel layer, cf. 
Fig.3.2.1. The tin oxide layer is necessary fora good attachrnent 
of the nickel layer and impraves the conductivity of the electrode. 
The optical transparency is rnainly deterrnined by the thickness of 
the nickel layer [71]. The thickness is prescribed by the campro
mise of a low ohrnic resistance and a high optical transparency. 
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Pig.3.2.1. 
OpticaZZy transparent nickel electrode. 

The electrades consist of a nickel layer with a thickness of 35 nm 
and a tin oxide layer with a thickness of 700 nm. The transparency 
of the electrode is 12 %; the square ohmic resistance is of the or
der of 10-20 Qfc. 
Fig.3.2.2. shows a roughness profile of the nickel electrode. A 
survey on optically transparent electrades (OTE's) is given in 
[71]. 

The experiments on bubble behaviour have been carried out with an 
acrylate cell for atmospheric pressure and a stainless steel elec
tralysis cell for elevated pressures. 
The acrylate cell, suited for application of forced flow, is sket
ched in Fig.3.2.3. The optically transparent nickel electrode, 
placed vertically, has a width of 1 cm and a height of 3-4 cm. To 
obtain, at forced convection, parallel liquid flow and to prevent 
flow instabilities, a grid is placed in the cell. The use of the 
diaphragm is redundant because of the low currents (< 2A), which 
have been used, Hence, one flow circuit is sufficient. The distan
ce between the working electrode and the counter electrode (a ni
ckel perforated plate of 1 :xlO cm2

, placed symmetrically opposite_ 
the working electrode, cf. Fig.3.2.3.), is approximately 4 cm. This 
is sufficiently large to avoid interactions of hydragen and oxygen 
bubbles in the vicinity of one of the electrodes. 

Jsonm 

Fig. 3, 2. 2. 
Roughness profile of an optically 
transparent nickel electrode. 



Fig.3.2.3. 
Acrylate electralysis cell~ 
table for application of forced 
flow. 
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Fig.3.2.4. 
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Flow circuit for experiments 
at forced convection. 

At forced convection, the flow circuit, sketched in Fig.3.2.4., 
used. The two-phase mixture, leaving the cell. degassed in the 
hydro-cyclone. The liquid flow velocity is measured with turbine 
flow meters. 
The effect of pressure (subatmospheric, atmospheric and elevated) 
has been investigated with the stainless steel vessel, sketched in 
Fig.3.2.5. The optically transparent, nickel, disc-shaped working 
electrades are mounted in the cell as windows. The bubbles can be 
observed both at a vertical and at a horizontal electrode. The 
produced hydragen and oxygen are recombined at a glowing platinum 
wire in a recombiner. 
The pressure set-up is only suited for free conveetien conditions. 
The pressure in the stainless steel vessel is measured with a 
pressure gauge. 

The experiments have been carried out galvanostatically. The elec
tric current has been determined from the potential difference 
across a precision resistance, fc>rming part of the electric cir
cuit. The temperature has been measured with a thermocouple. 

In general, a vertical working electrode has been used. The effect 
of pressure on oxygen bubble behaviour has been investigated addi
tionally at a horizontal electrode. For hydragen evolution, this 
has not been possible because the detached buobles do not leave 
the liquid at the free surface. Instead, they remain in the liquid, 
thereby creating a mist. This mist, which does not occur during 
oxygen evolution, prevents a sufficient illumination of the elec
trode surface. 

61 



62 

~l-t-. lens 

u&-~ 

(SfDE VIEW) 

Fig. 3. 2. 5. 
StainZess steel eZeatro
Zysis aeZZ for experi
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The effect of current density, i, has been determined at decreasing 
i at free and forced convection, both for hydrogen and oxygen evo
lution. The effect of forced convection has been investigated, for 
hydrogen evolution at one and, for oxygen.evolution, at two values 
of i, at decreasing v. 
The effect of pressure, p, has only been obtained at free convec
tion, with a vertical (hydrogen and oxygen) and a horizontal elec
trode (oxygen only), both at decreasingp. The temperature effect 
has been studied experimentally at increasing and decreasing T at 
free and forced convection, yet only for oxygen evolution. Experi
ments at increasing electrolyte (i.e. KOH) concentration have been 
carried out at free (hydrogen and oxygen) and forced convection 
(oxygen only). Unless otherwise mentioned, the experiments have 
been carried out at the standard conditions of 2 kA/m2

, 303 K and 
atmospheric pressure, with a 1 M KOH electrolyte and at a flow velo
city of 0.3 m/s for forced convection, 



3.2.3. Processing of data 

As mentioned before~ the bubbles on the electrode surface are recor
ded on film with high speed cinematography. For every optical confi
guration, a graduated scale (I mm, divided in 100 equal parts) is 
recorded at the location of the working electrode, in order to deter
mine the magnification factor. 
Light marks on the edge of the film, initiated by the film camera 
every 1, 10 or 100 ros, indicate the framing frequency. The bubbles 
on every single picture of the film can be visualized on the screen 
of a motion analyser (Hitachi, type: NAC MC-OB/PH-160B). The size 
of every bubble on this screen can be measured and recorded on mag
netic tape. The magnification is obtained by measuring the matching 
graduated scale. Data handling is performed by the university com
puter system (Burroughs 7700). With a computer programme various 
bubble quantities, such as size, gas volume fraction, distribution 
curves, can be obtained and easily averaged over one or more pictures. 

3.3. Hydrogen and o::cygen bubble behaviour 

3,3,1. General description 

The behaviour of bubbles at the electrode surface shows fluctuations 
around a quasi-stationary state. Due to changes in nucleation pro
perties of the electrode surface, this quasi-stationary state chan
ges at increasing time of electrolysis, until, ultimately, an almast 
constant state is reached. The time scale of the fluctuations is 
some orders of magnitude smaller than the scale, at which the quasi
stationary state changes. 

The extent of the fluctuations depends on the electrode orientation 
and on the nature of the evolved gas (hydrogen or oxygen). 

At a horizontal electrode, bubbles originate at active cavities, 
grow and possibly coalesce. Subsequently they depart; the departure 
may be caused by coalescence, but this is nat necessary. The growth 
rate, departure and waiting time for various bubbles will vary, as 
the cavities are activated at different supersaturations (cf. 
Sect.2.2.). At each instant, bubbles, originating from different 
cavities, will be in different stages of the growth process. Con-
sequently, both the number and s of the individual bubbles at 
the electrode surface vary in time, 
A remarkable phenomenon, that has been observed at a horizontal 
electrode, is a bubble leaving its originating cavity without de
parting from the electrode surface, It slips sideways across the 
electrode surface, in this way increasing the frequency of inter
actions between bubbles, 
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At the vertical electrode, the above-mentioned phenomena occur toa. 
The basic difference between the two electrode orientations is the 
slipping behaviour of the bubbles. ~4hen bubbles leave their origina
ting cavity at a vertical electrode, they move mainly in a vertical 
direction across the surface. The movement of slipping bubbles on 
a horizontal electrode, on the contrary, shows no preferential di
rection. 
The growing bubbles aseend across the vertical electrode surface 
and collide with ether attached bubbles. The result of these colli
sions may be coalescence: the newly formed bubbles either depart 
from the electrode surface or they slip further across the surface 
in an upward diiection. In this way relatively large bubbles are 
formed. They leave behind a bubble-free track on the electrode sur
face. After passage of these large bubbles, on their tracks a burst 
occurs of freshly formed bubbles, originating simultaneously at the 
active cavities, after which the cycle is repeated. 
Hence, in camparisen to a horizontal electrode, much more signifi
cant (and periodical) fluctuations in the behaviour of bubbles 
occur at a vertical electrode. 

The behaviour, as described above, concerns both hydragen and oxygen 
evolution. Yet, some gradual differences between hydragen and oxygen 
bubble behaviour exist. 
As already mentioned in Chapt.2., in alkaline solutions, hydragen 
bubbles do nat coalesce as easily as oxygen bubbles do. Also under 
the same conditions, hydragen bubbles are smaller than oxygen bubbles. 
Consequently, due to the different coalescence behaviour, ascending, 
slipping hydragen bubbles do not swallow up attached bubbles as 
easily as oxygen bubbles do. Additionally, because of their small 
size, the sphere of influence of hydragen bubbles is less extended 
than the one of oxygen bubbles. These two phenomena result in less 
substantial fluctuations in the hydragen bubble behaviour in compa
rison to oxygen. 
Another remarkable difference between hydragen and oxygen evolution 
isthe occurrence of a layer of free hydragen bubbles, gliding over 
the layer of attached bubbles. The layer of the gliding bubbles 
hardly affects that of the attached bubbles. At the anode, such a 
phenomenon has not been observed. 

In order to characterize the bubble behaviour, the following 
bubble quantities have been determined from observations of an 
electrode surface area, Ae, with Nb attached bubbles: 

- d: bubble density, i.e. number of bubbles per unit surface 
area; d = Nb!Ae; 

- Ra: bubble radius, averaged over the observed surface area; 
Nb 

Ra = 0: R i) I Nb ; 
i=l 

- 8: degree of screening of the electrode by attached bubbles, 
i.e. the fraction of the electrode surface, covered by the 
projection of the bubbles; 

Nb . 
8 = o: 1rR':) I A ; • 

1 
1 e 

1= 



- Fw: volume of attached bubbles per unit surface area; Fw= 
Nb 4 3 

0: 3TrRi) /Ae; 
I 

- fc(R): cumulative radius-distribution, i.e. the fraction of 
bubbles, having a radius smaller then or equal toR; 

Ra, 8 and Fw are related to d and fc(R) as: 

I 
R = f Rdf a Nb 0 c 

(3.3.1) 

I 
8 = d f 1TR2dfc (3.3.2) 

0 

I 
Fw = d f !!:_1TR

3 df 3 .c 
0 

(3.3.3) 

The bubble density, d, influenced by the number of active cavities 
per unit surface area, de, and by the coalescence behaviour of the at
tached bubbles. Additionally, d depends on the behaviour of single 
bubbles (growth, departure and frequency). 
The bubble radius, averaged over the observed surface area, , is 
related to the average departure radius, Rd. Effects of various para-
meters on are expected tobe, qualitatively spoken, the same as 
their effects on Rd, cf. Sect.3.3.3. 
The degree of screening, 8, is a measure of the occurrence of coales
cence: at low values of 8, coalescence is hardly possible, whilst 
coalescence is almost inevitable, when 8 reaches high values (the 
maximum value of 8, for bubbles having the same radius, equals n/4). 
The volume of attached bubbles per unit surface area, Fw, has an im
portant influence on the electrolyte resistance in the vicinity of 
the electrode surface (Chapt.4.) 
The cumulative radius-distribution function, fc, may provide useful 
information for the design of gas-liquid separators. 

Because of fluctuations (on a small time scale) of the bubble beha
viour around a quasi-stationary state, the above discussed bubble 
quantities have to be averaged. Three different methods for this 
purpose can be applied. 
a. The observed surface area sufficiently large for the bubble 

behaviour to be in various stages of the fluctuations at diffe
rent locations on that surface area. It suffices, to take one 
single picture. The bubble quantities are averaged over the ob
served surface area and, hence, over the various, simultaneously 
observed, stages of the fluctuations. 

b. During a certain period of time, the bubble behaviour on a small 
surface area is filmed. A sufficient number of frames of the film, 
showing the bubble behaviour in various stages of the fluctuations, 
is used to obtain d, Ra, s, Fw and fc as a function of time. Sub
sequently, these quantities are averaged in time. 
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c. Similarly to tbe last mentioned metbod, tbe bubble bebaviour on 
a small surface area is filmed and a sufficient number of frames, 
sbowirtg various stages in tbe fluctuations at various times, is 
used to determine tbe bubble bebaviour. However, as contrasted 
to tbe last mentioned metbod, tbe quantities are not determined 
for every picture separately and averaged in time as a next step, 
but tbey are averaged over all frames at once (i.e. consiclering 
tbe bubbles as being observed at tbe same instant on a proportio
nally larger surface area, similar to metbod a ). 

In tbe present study, tbe second metbod bas been used, because tbe 
first metbod rèquires a surface area, tbat is in practice too large 
to allow a proper magnification. ApE}i~ation of tbe tbird metbod 
results in tbe same average values d, s, Fw, as obtained by tbe se
cond metbod. Tbe differences in Ra, obtained by tbe second and tbird 
metbod, indicate wbether tbe bebaviour of tbe bubbles is described 
accurately by tbe bubble quantities, as obtained from tbe informa
tion on tbe selected frames (i.e. are a gauge for tbe 'representa
tivity' of tbe samples of frames used). 
Tbe cumulative radius-distribution function concerns tbe bubbles on 
all selected frames. 
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An example of the fluctuations in d and Ra around a quasi-stationary, 
average value, is shown in Fig.3.3.1. The starting point of the time 
scale is chosen arbitrarily. 
It has been found, that the amplitude and the time scale of the fluc
tuations depend on the electrolytic conditions. Consequently, the 
number of frames used to obtain the average bubble quantities, will 
vary for the various conditions toe. The average value of Ra, obtàined 
with the third mentioned methad c, from the data of Fig.3.3.1. ap
pears to be 21.6 ~m. Camparisen with Ra according to Fig.3.3.1. (i.e. 
21.4 ~m, obtained with the secend method) shows a quite satisfactory 
agreement. This indicates, that the selected pictures show represen
tatives st~es of the fluctuations. Fig.3.3.1. shows the convergence 
of d (cf. di) respectively Ra (cf. ~.i) towards their average value. 
Already after the first five frames this value is reached. 

The change of the average bubble quantities as a function of the time 
counted from the beginning of electrolysis, te, is shown in Figs.3.3.2. 
and 3.3.3. 
The average b.ubble density, d, decreases at increasing te (cf. Fig. 
3.3.2.), due to the (observed) decrease of the number of active cavi
ties (a deactivation of active cavities in course of time is also a 
familiar phenomenon in boiling). The most substantial decrease occurs 
in the first 30 minutes of electrolysis. 

67 



68 

Because the gas production rate remains constant, the average bubble 
frequency and/or radius have to increase if d decreases. This agrees 
with the results on~: Ra increases at increasing te, cf. Fig.3.3.2. 
The effect of te on d and Ra results in a very weakly decrease of 
the average degree of screening, 8, and volume of attached bubbles 
per unit surface area, Fw, in course of time (cf. Fig.3.3.3.). In 
order to create comparable electrode conditions for all experimental 
series, the investigation of the bubble behaviour starts after 30 
minutes of electrolysis. 

3.3.2. BubbZea at the eZeatrode aurfaae 

The effects on bubble behaviour at the electrode surface of five dif
ferent parameters, namely electric current density, i, electrolyte 
flow velocity, V, pressure, p, electrolyte temperature, T, and elec
trolyte concentration, have been determined experimentally. 
The effect of every parameter is described and related to its effect 
on the nucleation and behaviour of single bubbles, as given in Sects. 
2.2. and 2.3. Although fc(R) is given in App.B at the various con
ditions, it is not discussed separately, because ~he course of fc(R) . 
is affected by the parameters in the same way as Ra is (cf. eq.(3.3.1.)). 
and App.B). 

In general, a relationship between two arbitrary physical quantities 
X and Y must be of the form [72]: 

(3.3.4) 

with constant k and c, except when they are dimensionless. In order 
to find out whether such a relationship between the bubble quantities 
(Y) and the parameters involved (X) exists, the bubble quantities d, 
Ra, 8 and Fw are plotted versus the parameters i, v, p, T and KOH 
on double logarithmic paper. When eq. (3.3.4.) is found to be valid, 
the constauts k and c are calculated with the method of least squares 
and are tabulated for the various bubble quantities and conditions. 

3.3.2.1. Effeat of aurrent denaity~i 

The results on the effect of i, obtained at free and forced convection, 
are shown in Figs.3.3.4.-3.3.7. It must be noted, that for hydragen 
evolution at

2
free convection, the current density_range is limited to 

0. 25 - I kAjm , because, when i exceeds 1 kA/m2 , d becomes too large 
(> 4000 nnn , cf.. Fig.3.3.4.) todetermine the bubble quantities accu
rately. 
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According to Figs.3.3.4. and 3.3.6., d increases and Ra decreases 
at increasing i. The increase of d is due to an increase of the den
sity of active cavities,- de (cf. Figs.2.2.2. and 2.2.3.). The decrease 
of Ra is in agreement with the decrease of the average departure ra
dius, Rd of_single bubbles (cf. Fig.2.3.14.), since ~a is closely 
related to Rd. 
Hence, a higher volumetrie rate of gas production is established 
through the evolution of a larger number of smaller bubbles. This 
results in increasing 8 and Fw at increasing i, èf. Figs.3.3.5. and 
3.3.7. 
From Figs.3.3.4.-3.3.7. it is obvious, that various subregions can be 
distinguished in the region of nucleate electrolysis, i.e. the iso
lated and coalescing bubble region, cf. Sect.2.1. The transitions 
from one subregion to another express themselves in a change of the 
slopes of the curves. 
With increasing i, the following subregions are found: 
18t Subregion (I8oZated bubbZe region): Hardly any bubble interactions 

occur. The behaviour of the (single) bubbles is described in 
Chapt. 2. 

2nd Subregion (SZipping eoaZe8aing bubbZe region): Due toa higher 
bubble density at higher values of i, coalescence starts to oc
cur after slipping of bubbles along the surface. The nature of 
the bubble behaviour in comparison to that in the Ist subregion, 
becomes different. 

3rd Subregion (Neighbouring eoaZe8aing bubbZe region): At very high 
bubble densities, coalescence between bubbles, originating at 
neighbouring sites, happens already before the bubbles slip• 
Coalescence governs the bubble behaviour. At sufficiently large 
valnes of i, 8 and Fw will approach limiting values (When i ex
ceeds by some orders of magnitude the values, considered in the 
present chapter, the transition or film electrolysis regions 
may be reached, cf. Sect.2.l. and App.A). 

Ior the 2ns subregion, the_eff~ct of i on an average bubble quantity, 
b, (where b stands ford, Ra, 8 or Fw), is given as arelation of the 
type of eq.(3.3.4.): 

b-/b- ('/')ei b ·r= 1- 1-r " (3.3.5) 

The values of ci,b and ~ ford, Ra, 8 and Fw with ir = 1 kA/m2 , to
gether with the limitsof this subregion are given in Table 3.3.1. 
For the other subregions, too few data are available to determine 
the exponents in the corresponding relationships. Because, accor~ing 
to Table 3.3.1,_ i bas a much weaker (though opposite) effect on Ra in 
comparison to a, both 8. and Fw increase at increasing i, similarly to J. 
It follows from Table 3.3.1., that the effect of i on aandRa is 
changed somewhat by application of forced flow. Yet, the most remar
kabie resul~ on the i-ef~e~t is the nearly equal values of ci,Fw for 
the three d~fferent cond1t1ons. 



Tab 3.3.1. 

Effect of_i on aL ~aL s_and_Fw foE_ the 2n_d ~ubregio~. The values of 
e-i_, b and br for b = d_, Ra.. s and Fw for t-r - 1 kA/m ( cf. eq. ( 3. 3. 5.)) 
and i-range of the 2nd subregion are given at various conditions. 

d Ra 8 Fw i-range 
2nd sub-

V Ci_,d dr ci_,Ra ,r ci_,s sr ci_,Fw Fw,r region 
m/s mm-2 lJm lJm kA/m2 

0,3 2.91 262 -I. I 0 11.5 1.47 0.123 0.90 3.9 0.75-2.5 
0 0.96 41.9 -0.14 27.8 0.74 0. 174 0.91 16.7 0.50-3.0 
0.3 0.83 38.6 -0.20 30.4 0.58 0. 140 0.93 8.5 1. 00-4.0 

3.3.2.2. Effect of flow velocity 

The effect of v for hydragen evolution has been determined at 2 kA/m2 

and is given in Figs.3.3.8. and 3.3.9. Oxygen evolution at various 
flow veloeities has been investigated at 2 kA/m2 (with two different 
anodes in different v-ranges) and at 5 kA/m2 , cf. Figs.3.3.10 and 
3.3.11. 

-Figs.3.3.8. and 3.3.10. show a decrease of both dandRa at increasing 
v, except for oxygen evolution at 5 kA/m2 where a maximum in the d 
(v)-curve occurs. This can be explained as [ollows. 
The effect of V on d is twofold. At first, d decreases at enhancement 
of V because of the decrease of the density of active cavities (cf. 
Fig.(2,2.4.) and an earlier departure (caused by the increasing drag 
force). Yet, secondly, because of the decrease of d and the smaller 
bubble size, the coalescence frequency is lowered and d will become 
larger. Apparently, at 5 kA/m2 at low values of v, the second effect 
is dominant, whilst, passing the maximum, the first effect becomes of 
major importance, resulting in a decrease of dat a further increasing 
V. The second effect may be less important already at free conveetien 
and at sufficiently small i~ Consequently, as is the case for i = 
2 kA/m2, no maximum in the d(v)-curve occurs. 
The decrease of Ra at increasing v, due to an increasing drag force, 
is similar to the decrease of Rd for single bubbles (cf. Fig.2.3.14). 
The less clear effect of V on Ra for hydragen bubbles in ascribed to 
smaller bubble sizes. 
The effect of V on d and Ra reinforce each other when the effects of 
V on s and Fw are considered: both s and Fw decrease at increasing V, 
cf. Figs.3.3.9. and 3.3.1 I. 

When v is varied, the same subregions as those occurring at varying i, 
can be distinguished, cf. Figs~3.3.8~-3.3.1l. The lst subregion oc
curs at high flow velocities: dandRa are sufficiently sma~l to ~re
vent bubble interactions. Lowering v, i.e. increasing both d and Ra 
results in the transition to the 2nd subregion and, subsequently, in 
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the transition from the 2nd to the 3rd subregion. Transition from 
laminar to turbulent flow may also affect the transition from the 
2nd to the 3rd subregion, because at this transition, Re = 3500. 

Analogously to eqs. (3.3.4.) and (3.3.5.), the effect of v on an 
average bubble quantity b in the 2nd subregion is described by: 

(v/v )cv,b 
r (3.3.6) 

Table 3.3.2. shows the values of cv b and, for Vr = 0.5 m/s, of br 
for J, Ra, 8 and Fw, together with the limits of the 2nd subregion. 
Because of the maxhmum in the d(v)-curve for oxygen evolution at 
5 kA/m2, cv d and dr cannot be given for this condition. 
According t~ Table 3.3.2., the magnitude of the effect of v, obtained 
with different electrades at the same conditions (02, 2 kA/m2 ) is 
different. This will be caused mainly by different nucleation proper
ties. 
The magnitude of the effect of V on d, Ra and 8, obtained with the 
same electrode, is different for the three conditions. Yet, it is re
markable, that, similarly to the i-effect, the relative variations in 
cv,Fw are much smaller 
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Tab Ze 3. 3. 2. 

Effect of_v on dL RaL s_and_Fw foE_ the 2nd subregion. Tfte vaZues of 
cv.,b and br for b = d., Ra., s and Fw for Vr = 0.5 m/s (cf. eq.(3.3.6)) 
ana the v-range for the 2nd subregion are given at various conditions. 

d Ra 
-

Fw s v-range 
2nd sub-

Gas i cv.,d dr Ra,r 
- -

cv.,Ra cv.,s Sr cv.,Fw Fw r region 
[kA/m2 -2 '. ' 

mm l.lm l.lm m/s 

H2 2 -1.24 437 -0.45 7.6 -2.27 0.109 -3.11 2.07 0.3-I.O 
02 2 -0.75 38.5 -0.79 14.9 -2.63 0.033 -3.84 1.06 0.2-1.0 
0~* 2 -0.60 66.6 -0.27 9.5 -I. 26 0.023 -1.72 0.37 0.08-0.6 
02 5 - - -1.40 11.0 -I. 30 0.218 -3.30 9.00 0.3-1.0 

* Different anode 

3.3.2,3. Effect of pressure 

]ha effect of p (of which the data are plotted in Figs.3.3.12.-3.3,15,) 
has been studied at free convection with a vertical electrode (hydro
gen and oxygen evolution) and a horizontal electrode (only oxygen 
evolution), 

-
The increase of d and decrease of Ra, whe~p is raised, is shown in 
Figs.3.3.12. and 3.3.14. The increase of dis due to the activation 
of a larger number of cavities (cf. Fig.2.2.5.). The substantial de
crease of Ra is in agree~ent with the depend~nce on p of Rd of single 
bubbles (cf. Sect.2.3.), The effect of p on dandRa results in a 
substantial decrease of s and Fw at increasing p, cf. Figs.3.3.13. 
and 3.3.15. 

Also at varying p, the three subregions occur (depending on i). At 
low pressures, due to the large bubble sizes, the 3rd subregion oc-
curs. When p is raised, Ra decreases and the transition to the 2nd 
subregion takes place. Whether the !st subregion will he reached at 
a further increase of p 'depends_on the electrolytic conditions. At 
high pressures the increase in d is so substantial that, in spite of 
the very small bubble sizes, interactions may still occur. 

The relationship between p and an average bubble quantity, b, for the 
2nd and (for one condition) for the 3rd subregion is given by: 

(3.3.7) 
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Table 3.3.3 

Effeat of P on d, Ra, 8 and Fw for the 2nd and ( one aondition) 3rd sub
region. The values of cp b and br for b :: d, Ra, 8 and Fw for Pr = 10 
bar (2nd subregion) anapr = 1 bar (3rd subregion), tagether with the 
p-range of the subregion in question are given at various aonditions at 
free aonveation. 

d Ra - Fw s p-range 
sub sub-

Gas dr Ra,r -
Fw,'r re- cp,d cp,Ra cp,s sr cp,Fw region 

gion nun-2 ]lm ]lm bar 

H2 2nd 0.27 345 -0.22 10.4 -0.19 o. 136 -0.50 0.8 0.25-30 
02 2nd 0.41 220 -0.40 13.5 -0.42 0. 177 -0.90 6.4 2.5-30 
0 * 2 2nd 0.72 78.2 -0.53 25.6 -0.37 0.188 -0.93 7.8 1. 0-30 
02 3rd 0.96 56.2 -0.73 48.8 -0.36 0.478 -0.90 53.5 0.5-2.5 

* Horizontal anode 

The values.for cp,b and br (for the 2nd subregion, Pr = 10 ba~, for the 
3rd ~ubreg~on, Pr = l bar) are tabulated in Table 3.3.3. for d, Ra, s 
and Fw, together with the limits of the subregion in question. 
The differences in the absolute values of cp,d and Cp Ra are rather 
small~ cf. Iable 3.3.3. Because s ~ R2 and Yw ~ R~, t~e effect of pon_ 
both s and Fw will ~e similar to the effect of pon Ra rathertban on d. 
As a result, 8 and Fw decrease at increasing p. 
The p-effect is significantly smaller for hydrogen evolution than for 
oxygen evolution. The differences between the two electrode orientations 
for oxygen evolution, especially when 8 and Fw are considered, are re-
markably small. _ _ 
The effect of p on d and Ra in the 2nd subregion is smaller than in 
the 3rd. This results in a somewhat smaller p-effect on s and Fw in 
the 3rd subregion. 

3.3.2.4. Effeat of eleatrolyte temperature 

The experiments on the effect of T have been carried out only for oxy
gen evolution at free and forced convection, with a 1.5 M KOH-solution. 
At free convection, the bubble behaviour has been investigated both 
at increasing and decreasing T. The experimental data are presented 
in Figs.3.3.16 and 3.3.17. 

According to Figs.3.3.16. and 3.3.17,. the change of the bubble quau
tities with T shows hysteresis, similar to the hysteresis effect in 
the density of active cavities (cf. Fig.2.2.6.). At increasing T, at 
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free convection, 1n the d(T)-curve a maximum and in the (T)-curve 
a minimum occur at the temperature. This results in a less pro-
nounced minimum in the s(T)-curve, whilst no extreme in the Fw(T)-curve 
exists. Apparently, according to the curves obtained at forced con
vection, the occurrence of the extrema is prevented by application 
of forced flow. 
Probably, during the electrolysis, the nature of the surface, and con
sequently the nucleation properties, have been changed defini 
at increasing T (for both free and forced convection). 

At decreasing T, d increases somewhat due to the increase of de (cf. 
Fig.2.2.6.) and Ra tends to decrease. This results in an increase of 
s and Fw at decreasing T, which is very weak in comparison to the 
previously discussed effects. It can be concluded that, apart from 
definitive changes of the nature of the surface, the bubble behaviour 
is hardly affected by T in the considered range. 

3.3.2,5, Effect of e lyte concentration 

The bubble behaviour at various KOH-concentrations has been investiga
ted at free (hydrogen and oxygen evolution) and at forced conveetien 
(only oxygen evolution). The results are compiled in the Figs.3.3.18-
3.3.21. 

According to Figs.3.3.18 and 3.3.20, in the range of 1-4 (hydrogen) 
respectively 3.5 M KOR (oxygen) both dandRa dep~nd only very weakly 
on the KOH-concentration. The same dependenee of d on the electrolyte 
concentration, which is caused by the variation of the density of ac
tive cavities (cf. Fig.2.2.7.), has been reported_[24]._Because the 
volumetrie gas production rate remains constant, d and Ra are closely 
related which results in an opposite dependenee on the electrolyte 
concentrat ion. 
The opposite effect of the KOH-concentration on d and Ra results for 
hydragen evolution in a weakly increasing 8 and a weakly decreasing 
Fw (cf, Fig.3.3.19.), whilst for oxygen evolution both 8 and Fw in
crease when more concentrated electrolytes are used (cf. Fig.3.3.21). 
It is concluded, that the dependenee of s and Fw ~n the electrolyte 
concentration is determined by the dependenee of d in relation to the 
one of Ra and so by the nucleation properties of the electrode in 
question. 

3.3.3. Hydragen bubbles in the bulk electrolyte 

Only during hydragen evolution, a layer of free bubbles glides over 
the layer of attached bubbles, cf. Sect.3.3.1. However, because the 
main interest is focussed on the attached bubbles, the behaviour of 
these free bubbles has been investigated only incidentally. During 
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TabZe 3.3.4. 

Comparison of the average quantities of attaahed and of free hydragen 
bubbles (index 'f') in the viainity of the eZatrode, obtained at va
rious pressures from simultaneous observations of both types of bub
bZes. 
Conditions: i= 2 kA/m2, V= 0 m/s, T = 303 K, [KOH] = 1 M. 

a af Ra Ra,f 
- -

Fw Ff p 8 Sf 
bar mm-2 mm-2 l.lm l.lm vm l.lm 

I 341 279 9.9 16. l 0.127 0.435 2.33 27.84 
5 501 573 7.2 10.6 0.104 0.342 1.33 23.50 

15 703 1021 5.6 7.8 0.073 0.292 0.61 6.54 

some pressure experiments, accidentally the pictures have shown some 
excellent definition of both attached and free bubbles, probably be
cause the focal plane bas been located between the two layers. 

Table 3.3.4. and Fig.B.l. show the results, obtained at three diffe
rent pressures (the index 'f' refers tothefree bubbles). The pres
sure p has qualitatively an equal effect on the quantities of the 
attached and the free bubb~es. As Ra,f can be considered to be an 
average departure radius, Rd (an eventual growth after departure bas 
been left out of consideration, because it has not been observed un
der the present conditions), it is concluded that p affects Rd in a 
similar way as Ëa._It bas been found for all pressures in question, 
that the value of Ra f coincides with a value of fc(R) (of the at
tached bubbles) of afiout 0.92. Extrapolating to other conditions, the 
criterion of Rd being the value of R at fc{R) ~ 0.92 may be accepta
bie and could be further investigated. 

It can be noted, cf. Table 3.3.4., that dt at 1 bar is smaller than a, whilst at 5 and 15 bar, af exceeds d. This is probably due to 
the more frequent coalescence at 1 bar, than at 5 and 15 bar. The 
much larger values of Ra,f in comparison to Ra result in values of 
sf, respectively Ff,bein~ much larger than 8, respectively, Fw. 

In [73, 74], data on the sizes of hydragen bubbles leaving the elec
tralysis cell, which is used for the electrical measurements (cf. 
Fig.4.3.3.),are reported. 
When an expanded metal gauze catbode is used, Rd appears to increase 
at increasing i (cf. [73]), whilst with a perforated plate catbode 
Rd turns out to be independent of i (cf. [74]). This different beha
viour may be due to a different coalescence behaviour after depar
ture at the outlet of the cell. The effect of i on Ëd cannot be com
pared with that on Ra, because of different i-ranges at which the 
experimental data have been obtained. 
The effects of v, T and [KOH] on Rd are all similar to their effects 
on Rd: at increasing v and or [KOH] , Rd decreases whilst T hardly 
affects Rd in the considered range, cf. [74]. 



3.4. Discussion 

3.4.1. Ooourrenoe of subregions ~n relation to s 

From the data, given in Sect.3.3.2., it has become clear, that in 
the nucleate electralysis region three subregions in relation to 
the behaviour of attached bubbles can be distinguished. The lst 
subregion is characterized by the absence of bubble interactions. 
It occurs when bubble sizes and or de~sity are sufficiently small, 
i.e. at low current densities (small d), high flow veloeities 
(small d and small Ra) and/or high pressures (small Ra). 
In the 2nd subregion, coalescence occurs because of slipping of 
the bubbles along the electrode surface. Apart from the mechanism, 
responsible for departure of single bubbles, bubble departure may 
be caused by coalescence. The transition from the lst to the 2nd 
subregion takes place, when the bubble sizes and/or density in
crease, due to an increase of i or a decrease of V and/or p. 
The 3rd subregion is reached by an increase of i and/or a further 
decrease of v or p. Due to the corresponding increase of bubble 
sizes and/or density, coalescence between neighbouring bubbles al
ready occurs befare bubbles slip along the surface. Bubble depar
ture is now almast entirely caused by coalescence. The bubble be
haviour is nearly completely governed by the frequent occurrence 
of coalescence. 
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the èffeots of v and p on it. 81 
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The coalescence behaviour is determined by the screening of the' 
electrode by bubbles, i.e. by s. Hence, the effects of i, v and p 
on the occurrence of the various subregions can be represented 
schematically as shown in Fig.3.4.1. 
At increasing i and constant V and p, the transitions from the lst 
to the 2nd and, subsequently from the 2nd to the 3rd subregion each 
occur at the same value of 8, i.e. at 81, respectively, 82 (cf. Fig. 
3.4.1.). At higher flow veloeities and/or pressures, the transitions 
occur at highervalues of i. According to the data, given inSect.· 
3.3.2., the transition from the 2nd to the 3rd subregion occurs at 
82 within the fixed range of 0.3-0.4 (No such region can be given 
for 81 because of lack of sufficient data). The slope of the double 
logarithmic s(i)-curve decreases at increasing V (for oxygen evo
lution, cf. Table 3.3.1.). 
From Fig.3.4.1. it follows, that the same condition in relation to 
the coalescence behaviour can be established at different values 
of i, v, respectively, p, provided that 8 has the same value. 
It must be noted here, that only at a variation of i in a wide 
range of v and p, all subregions are bound to occur, whilst at va
rying v or p their occurrence is strongly influenced by i. 
Differences in nucleation properties of different electrodes express 
themselves in different slopes of the double-logarithmic s(i)-curve, 
but the effects as discussed above are qualitatively the same. 

As mentioned before, at sufficiently large current densities, 8 
will approach a limit in the 3rd subregion, which is independent 
of the other electrolytic conditions. Hence, to describe the effect 
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of i on s for all subregions, the following relationship, 1ncorpo
rating the limiting value s1 , is used: 

(3.4.1) 

with Sr being the value of S at i = ir. 
According to Fig.3.4.2., ei s is hardly dependent on the natur~ 
of evolved gas or the application of forced flow. The value of s1 
being 0.6, has been obtained by extrapolation, because in our ex
periments the values of i are smaller than the ones, at which 8 
approaches 81. 

3.4.2. Gas volume at the eleetrode surfaee, per unit surfaee area, 
Fw 

The presence of the gas bubbles at the electrode surface causes 
an increase of the ohmic resistance of the electrolyte layer, ad
jacent to the electrode, This quantity is closely related to Pw, 
which therefore is discussed in more detail below. 
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Table 3.4.1. 

Effect of Qw on Fw for the 2nd and (for one condition) for the 
3rd subregion. 
The values of CQw Fw and Fw r for Qw r = 10-4 m3 /m2 s~ tagether 
with the Qw-range~of the subregion i~ question are given at va
rious eonditions. 

Gas Parameter V Subregion CQW~Fw Fw r Qw-range sub-
to be varied m/s ' region 

10-~ m3 /m2 s 

Ht i 0,3 2nd 0.90 2.97 1 -3.4 
H2 p 0 2nd 0.49 l. 73 0.08-7 
02 i 0 2nd 0.91 23.86 0.3 -2.0 
02 i 0.3 2nd 0.93 12.24 0.6 -2.3 
02* p 0 2nd 0.89 5.08 0.04-0.5 
02** p 0 2nd 0.92 49.38 0.04-1.3 
02 p 0 3rd 0.87 41.06 0.5 -6.2 

** Horizontal anode 

Fw is considered in dependenee of the volumetrie gas production rate 
Qw, because the volume of the bubbles at the electrode surface de
pends on Qw rather than on i and p separately. According to Faraday's 
law, 'Jw reads: 

(3.4.2) 

where p is the_vapour pressure of the electrolyte, 
In Fig.!.4.3., Fw is plotted versus QW on double logarithmic pa
per. Qw has been varied by either changing i at constant p (cf. Sect. 
3.3.2.1.) or by changing pat constant i (cf. Sect.3.3,2.3.). The re
lation between Fw and QW can be given as (cf. eq.(3.3.4.)): 

(3.4.3) 

For the various conditions, the values of CQ F and Fw r are 
given in Table 3.4.1. for the 2nd subregion :~d~ for one'condition, 
for the 3rd subregion. 
It is clear from Table 3.4.1., that the exponent CQw Fw in the 2nd 
subregion is not affected by v, p or the nature of t~e evolved gas. 



Due to the dominating role of coalescence in the 3rd subregion, 
CQ.~F in this subregion is somewhat smaller than in the 2nd. The 
d 

w. w. . 
ev~at~ng value of cQw~Fw for hydragen evolut~on at various pres-

sures may be caused by a change of the nature and, consequently, 
nucleation properties of the surface, cf. also Sect.3.3.2.4. 

The effect of the flow velocity, V, on Fw is, similarly to eq. 
(3.3.4.), described by (cf. eq.(3.3.6.)): 

(3.4.4) 

The values of cv F , obtained with the same electrode in the same 
velocity range dèp~nd only weakly on the nature of the evolved gas 
or on i, cf. Table 3.3.2. 

Consequently, because CQw Fw and cv,Fw do nat or hardly depend 
either on Qw ar on v, the'effects of Qw and V on Fw can be assumed 
to be independent. 
A combination of eqs,(3.4.3.) and (3.4.4.) then results in a rela
tionship, which incorporates the effects of i, p and V on Fw for 
the 2nd subregion: 

cv F cQ F 
(V/V ) ~ w(Q /Q ) w~ w r w w,r (3.4.5) 

CQw,Fw and cv~Fw are almast independent of the electrolytic conditions 
(0.89 < CQw,Fw < 0.93 and 3.1 < cv~Fw < 3.8) apart from two exceptions 
(pressure effect for hydragen evolution and the effect of V for oxygen 
evolution, obtained at the lowest velocity range, cf. Tables 3.4.1. and 
3.3.2.,respectively). Fw r depends on the nucleation properties of the 
electrode surface, the n~ture of evolved gas and the KOH-concentration. 

The ratio QwfFw can be considered to be an average replacement rate 
of the gas at the electrode_surface by newly formed gas. Because, 
according to Table 3.4.1., Fw is nearly proportional to Qw, it in
creases only very weakly at increasing Qw (~ Q!' 1

). The increase of 
the replacement rate at increasing flow velocity is much more sub
stantial. 
The effects of i, V and p on the replacement rate of gas at the 
electrode surface are in qualitative agreement with the effects of 
these parameters on the departure frequency of single bubbles \i.e. 
( i:d + tw) -l ) • 

As may be noted, the effects of electrolyte temperature and concen
tratien have nat been discussed. 
The temperature is expected to have a significant influence on the 
bubble behaviour only in the region of the boiling temperature, be-
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cause then vapour evolution becomes important. Otherwise, apart from 
changes of the nature of the electrode surface, the temperature effect 
was found to he very weak (cf. Sect.3.3.2.4.). 
The KOH-concentration has an opposite effect on J and Ra, which, de
pending on the nucleation properties, results either in a decrease 
or an increase of Band Fw at varying KOH-concentration (cf. Sect. 
3.3.2.5.). Consequently, without knowing these nucleation proper
ties, no apinion on the occurrence of the various subregions and on 
the variations of 8 and Fw at varying KOH-concentration can be given. 

3.4.3. Conclusions 

- The behaviour of attached bubbles fluctuates around a quasi-statio
nary state,_which san_be characterized by the time averaged bubble 
quantities d, Ra, s, Fw and fc(R). 

- In the nucleate electralysis region, three subregions in relation 
to the bubble behaviour are observed. They distinguish themselves 
by the degree of bubble interaction, determined by s, which depends 
on the electrolytic conditions. However, the transitions from one 
subregion to another happen only within a small, fixed range of 8. 

- For every single average bubble quantity, the effects of the va
rious parameters are similar for the three subregions, but the 
magnitude of these effects is different. The effect of i on S = s/ 
(81 _ 8) though, is the same for the three subregions; 81 is the 
upper limit of s, to be approached in the 3rd subregion at high 
values of i. 

- In the secoud subregion, Fw is affected by Qw (~ i/(p - Pv)) and V 
independently. This is evident from the - apart from two excep
tions- almost constant values of CQ F and cvJF. in eq.(3.4.5.). 

· · w~ffw d · d w d 1 The other bubble quant~t~es are not a ecte ~n epen ent y. 

- The electrolyte temperature has only little influence on the 
bubble behaviour for temperatures sufficiently below the boiling 
temperature, when changes of the nature of the electrode surface 
are left out of consideration. 

- The electrolyte concentration has an opposite effect on d and Ra· 
Consequently, no predietien on the effect of this parameter on 8 
and Fw can be given. 



CHAPTER 4 

SPECIFIC RESTSTANCE OF A BUBBLE CONTAINING ELECTROLYTE AT A GAS 
BUBBLE EVOLVING ELECTRODE 

4.1. Introduetion 

The bubble evolution during water electralysis affects the energy 
efficiency of the process. The most important effect is the in
crease of the specific resistance, r, of the electrolyte between 
the two electrodes, due to the,presence of the non-conducting 
bubbles. Another effect is the partly coverage of the electrode 
by the feet of adhering bubbles. This leads to a decrease of the 
active surface, which results in an increase of the actual current 
density and, consequently, an increase of the activation overpo
tential, cf. eq.(I.2.6.), A favourable influence of gas bubble e
volution is, however, the decrease of the diffusion overpotential, 
cf. Sect.l.2., caused by the replacement of the liquid at the elec
trode by fresh bulk liquid, due to bubble departure, cf. Sect.2.4. 
Nevertheless, the effect of gas bubble evolution on the activatien 
and diffusion overpotentials has been left out of consideration, 
because: (i) bubble feet are found to be very small (in [24], very 
small contact angles (1-5°) of spherically shaped bubbles are re
ported) and : (ii) the electrolytic solutions, used in the experi
ments are sufficiently concentrated to prevent important diffusîon 
polarisation. 

In Sect.4.2.1., a literature survey of theoreticaland experimental
ly ~erived models on the effect of gas bubble evolution on the ~1~c-
trolytic specific resistance, r, is given. A new model is pre- -
sented in Sect.4.2.2. The experimental methad and set-up for the 
determination of r and the experimental conditions are given in 
Sect.4.3. Experimental results are presented in Sect.4.4. The rela
tion between r and the buóble behaviour, using the experimental 
data of Chapts.2-4, is discussed in Sect.4.5. and is compared with 
the results as predicted by the new model of Sect.4.2.2. 

4.2. Models on the effect of gas bubble evolution on the specific 
reaiatanee of a bubble containing electrolyte 

4.2.1. Survey of Ziterature 

4.2.1.1. CZasaicaZ modela for the resistivity of two-phase media 
in general 

Already at the end of the last and at the beginning of the present 
century, solutions for the specific resistance of a bulk phase, 
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containing spheres, with a specific resistance different from that 
of the pure bulk phase, have been presented (De Vries [75] and 
Tobias [76] campare and discuss the classica! roodels in detail; 
Vogt gives in [77] a survey of the models, derived for water elec
trolysis). 
The various, now classical, solutions, given for different condi
tions are all derived by solving the Laplace equation. 

Maxwell considered spheres of uniform size, located in the bulk 
phase in such a way, that the electrical fields around the spheres 
do not perturb each other. For non-conducting spheres he has found 
[75, 76~ ,78]: 

~~~p = (I + !f)/(1 - f) (4.2.1) 

where ~ denotes the specific resistance of the mixture, ~p that of 
the pure bulk phase and f the volume fraction, occupied by the sphe
res. 
Rayleigh treats the case of infinitely long, parallel cylinders in, 
a square array, with the electrical field perpendicular to the cy
linder axes. He incorporates higher order electrical interactions, 
of which the effect can be neglected for low gas volume fractions 
(they are of the order of f 5 ). For non-conducting spheres at low 
values of f this results in [75, 76, 79]: 

~~~p = (1 + f)/(1 - f) (4.2.2) 

For spheres of uniform size, forming a cubical lattice position, 
he obtained eq.(4.2.I.) plus terros of the order of f 1113 and higher 
[75]. 
Bruggeman assumes, that in concentrated 'mixtures' the field at à 
given sphere is represented more accurately by using the specific 
reaiatanee of the mixture rather than that of the pure bulk phase 
[75, 76, 80]. As a consequence, bis approach is only justified 
for a large range of sphere sizes. It leads for non-conducting 
spheres to: 

(4.2.3) 

Because of the assumptions, made by Maxwell to derive eq.(4.2.I.), 
this equation is only valid for low values of f ( < 0. I). The 
same holds for eq.(4.2.2.) because of the neglect of higher order 
terros of f. 
In [75-77] the classica! solutions are compared and some exten
sions are given. 



Experimental data, obtained on suspensions of solid, non-conducting 
particles, agree best with Brugge~an's equation [81]. As contrasted 
to this result, an experimentally_found correlation between r and 
f for an electrolyte, partly filled with bubbles of a rather uni
form size, shows best agreement with Maxwell's equation for values 
of f up to 0.6 [82]. 
However, it must be noted, that for low values of f (e.g. < 0.1), 
eqs.(4.2.1.) and (4.2.3.) can b.e approximated by: 

I I 2, r rp = + 2 (4.2.4) 

Other, experimentally found relationships, such as that of Mashovet 
(83]: 

.2 
I + I. 78f + f - (4.2.5) 

turn out.to be inferior to the classical solutions [82] (according 
to eq. (4.2 •. ,5.) r does not even approach to zero when f approaches one). 

4,2,1.2. Theop~tiaal models for eleatrolysis with gas evoZution 

The theoretica! models mostly refer to vertical, flat plate elec
trodes, with or without separation of the electrode chambers by 
a diaphragm. To describe the effect of the gas volume fraction, f, 
on the specific resistance, r, of the two-phase electrolytic mix
ture between the electrodes, most of the times Maxwell's or 
Bruggernan's equation is applied. 
For increasing height, z, in the cell, the theoretica! models pre
cliet an increase of f and r and a decrease of the local current 
density. They also predict an increase of f and r at increasing 
total current density. 

For a stagnant electrolyte, Tobias [84], has been the first to 
derive an analytica! salution for the distribution of i, f and r 
in dependenee of electrolytic parameters, for simplified conditi
ons (such as a constant, uniform vertical bubble rise velocity). 
He found f and i to be a function of z and of a so-called dimen
sionless gas parameter, representing the gas content of the two
phase electrolytic mixture. In [85], an extension and slight cor
rection of Tobias' model is given by Nagy for a ribbed electrode. 
Hertwig et a1.[86] take into account the rise velocity of a bubble, 
forming part of a swarm, exceeding tl:le rise velocity of a single 
bubble, in a so-called one-dimensional model (i.e. a model, as
suming the quantities to be independent of z), The effect of li
quid flow, induced by the rising bubbles, is discussed by Thiele 
et al. [87] and, in more detaiL, by Schleiff et al. [88], It ap
pears to be similar to the effect of forced flow (see below). 

89 



90 

A comparison of a one- and two-dimensional model (i.e, a model, 
including the dependenee on z) by Hertwich et al. sh~ws, that the 
one-dimensional model gives a rough approximation [89]. 
Hertwig, Thiele and Schleiff have obtained their solutions numeri
cally, because of the more complex equations involved for the leas 
simplified models. 

For forced electrolyte flow, the theoretica! models predict a de
crease of both f and r at increasing liquid flow velocity. Additio
nally, due to application of forced flow the decrease of current 
density at increasing height is predicted to become less. 
The first of these models was derived by Rousar [90, 91]. After 
introducing some simplifications (e.g. no slip) and using a modi
fied Maxwell equation, he arrives at: 

(4.2.6) 

with Vg and V1, respectiv~ly, the total volumetrie gas and liquid 
flow rates. This relationship, showing great resemblance with eq. 
(4,2.4.), is, according to Vogt [77], considered to be a basic 
equation for electralysis at forced convection. The effect of the 
occurrence of slip between the bubbles and the liquid has been gi
ven special attention in a similar approach by Funk and Thorpe [92]· 
However, experimental data as presented in their paper indicate, 
that under practical conditions slip can be neglected for water 
electrolysis, because of the small bubble sizes. Hence, this is 
done in most theoretica! models. 
Schleiff et at. [93} present numerical solutions for f, i, pressure 
and ohmic potential drop in the cell for various types of relations 
betweenrand f (e.g. for eqs.(4.2.1.) and (4.2.3.)). 
Vogt [94] has developed a model for forced flow in which the inter
electrode chamber (in the absence of a diaphragm) is divided into 
a stagnant layer, adjacent to the electrades and a flowing electro
lyte layer, being the remaining part of the inter-electrode chamber. 
The bubbles, evolved at the electrades are assumed to penetrate 
from the stagnant layers into the flowing, bubble-filled electro
lyte. With some assumptions on the thickness of the stagnant layers 
and their gas volume fraction, the results agree with experimental 
data, published by Hine and Murakami [95]. 
The existence of a variation of the gas volume fraction in a direc
tion perpendicular to the electrode was first proposed by Hine et 
al. [ 14]. 

Some of the above-mentioned models predict the occurrence of a mini
mum in the ohmic potential drop as a function of the distance be
tween working electrode and diaphragm. The values of this minimum 
and the corresponding distance, at which it occurs, are given in 
[88-90]. 

Theoretica! examinations on some other aspects of the water elec
tralysis have been presented by various authors [96-100]. The pri-



mary potential and current density distribution around a single 
attached bubble are discussed by Sicles and Tobias [94]. They cal
culate the incremental specific resistance, due to a number of 
equally sized attached bubbles, when the electrical field around 
each bubble is not perturbed by the presence of other bubbles, i.e. 
for a low degree of bubble screening. The effect of the ohmic re
sistance of the electredes on the current density distribution 
the absence of gas evolution for two vertical flat electredes with 
current feeders at the upper edge of the electrades was derived 
by Tobias and Wijsman [97]. According to this model, an increase 
of the electrode resistance and/or a decrease of the electrolyte 
resistance or interelectrode gap enhances the variation of the lo
cal current density at varying height. The temperature distrihu
tien in the electrolyte is considered by various authors in (90, 
98, 99]. A camparisou of the energy losses, due to the application 
of forced flow (i.e. due to the pressure drop, which is, as shown 
by Vogt [100] influenced by the bubbles) and due to ohmic heating 
is given by Schleiff et al. [93]. 

Summarizing: The roodels for simplified conditions provide analyti
ca! solutions for the effects of various parameters on the gas 
volume fraction, current density distribution and specific resis
tance of the two-phase mixture. When more complex roodels are used, 
these solutions have to be obtained numerically. The results as 
predicted by the two types of roodels are in qualitative agreement. 
A disadvantage of the roodels found in literature, is the neglect 
of the contribution of the bubbles, attached to or in the vicinity 
of the electrode, to the incremental specific resistance. An ex
ception must be made (in a way) for thè model, given by Vogt [94]. 
This contribution ~s incorporated in the new model, proposed in 
Sect.4.2.2. 

4,2.1.3. ExperimentaZ results on electrolysis with gas evolving 
electrades 

Experimental data, given in literature, on the ohmic potential drop 
across the electrolyte between two vertical, flat plate electrades 
have been obtained by various authors with the current interruptor 
method (cf. Sect.4.3.1.). The current density distribution has been 
determined by using segmented werking electrodes. The agreement 
between the experimental data, as presented in literature and the 
results, predicted by the theoretica! roodels of Sect.4.2.1 .2. is 
by and large satisfactory. 

The effects of the total volumetrie gas production rate, V , of 
the distance, ded• between a vertical flat plate working eÎectrode 
and a diaphragm and, for forced flow, the effect of the volumetrie 
liquid flow rate, were investigated by Hine and coworkers [14, 95]. 
Experimental data, reported in [14], have been obtained at forced 
flow with current interruptor measurements between working elec
trode and an opposite luggin capillary, located at the diaphragm. 
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The following expression for the specific resistance, r, of the 
bubble-filled electrolyte between working electrode and diaphragm 
was derived from these data: 

(4.2.7) 

where He denotes the electrode height. 
In the experiments, of which the results are given in [95], the 
potential drop was measured with the current interruptor metbod 
with a luggin capillary, located in a hole of the working electro
de and an opposite luggin capillary, located at the diaphragm. 
Consequently, as contrastad with the value of r, given by eq. 
(4.2.7.), the specific resistance of the bubble-filled electra~ 
lyte between working electrode and diaphragm does not include the 
contribution of attached bubbles. In this case, the relationship 
between r and gas volume fraction f appears to be described best 
by Bruggernan's equation. It must be noted bere, that these experi
mentally obtained values of r, although they do not include the 
contribution of the attached bubbles, are used by Vogt [94] to 
verify his model, which does incorporate the contribution of 
these bubbles. 
Hine and Murakami [95] also carried out experiments at natural 
and blocked convection. In natura! convection, an upward liquid 
flow induced by the bubbles, with return flow made possible by a 
back chamber bebind the working electrode, may occur. In blocked 
convection, this is impeded, Only an upward movement in the vici
nity of the electrode and a consequent downward movement in the 
vicinfty of the diaphragm can then take place. The relationship 
between r and f for these two flow types could also be represen
ted by Bruggeman's equation. The current density distribution 
was des~ribed very well by a theoretica! equation, derived by 
Tobias [84, 95]. The circulation velocity during natura! convec
tion, induced by the bubbles, increased at increasing current 
density and showed a maximum at varying ded [95]. 

When relatively small electrades are used (of about 0.3- 3 cm2 ), 

the incremental resistance is found to be proportional to (Vg/V1)c 
with 0.15 < c < 0.27, depending on the electrode (cf. also eqs. 
(4.2.6.) and (4.2.7.)) [JOl]. The effect of the diameter of the 
luggin capillary can, except for very low current densities, be 
neglected [102]. Other experimental results, obtained with a 
small circular electrode (<f> • 1 mm),are discussed in Sect.4.2.2. 

In industrial water electrolysis, other than flat plate elec
trades are also in common use (e.g. perforated plates or expan
ded metal gauzes). Due to the different geometries, different 
phenomena may occur. 
For example, the main area of an expanded metal gauze consists 
of inclined planes. To obtain some insight in the effect of the 
inclination, gas bubble influence on the specific resistance, r, 
of the electrolyte between two inclined, parallel flat plate elec-



trades was stuclied experimentally by Kreysa and KÜlps [105]. It ap
pears, that with a werking electrode, making an angle of 15° with 
the vertical, a minimum value of r occurs. 
Other experimental data on r for various electrode geometries are 
reported by various authors in [104-107], in [77] a survey is given 
by Vogt. 

Summarizing: Experimental data, referring to vertical flat werking 
electrades have been obtained by Hine et al.at various flow condi
tions. They agree qualitatively with the results as predicted by 
theoretica! roodels for the configuration in question, as well as 
with the experimental results, obtained with other electrode con
figurations. It must be noted though, that eq.(4.2.7.) is not valid 
for low values of vg or high values of vl ,as r/rp then approaches 
zero instead of one. 

4.2.2. Theoretical model, incorporating the contribution of at
tached bubbles 

For the development of a model on the effect of bubble evolution on 
the electrolyte specific resistance at forced flow, firstly the 
gas volume fraction distribution in an electrode campartment has 
to be known. For this purpose, the flow pattern between the working 
electrode and the diaphragm is considered, cf. also [108]. 

In turbulent one-phase flow, a velocity boundary layer is formed 
adjacent to the vertical flat electrode, cf. Fig.4.2.1a. lts boun
dary layer thickness, 8v' for this configuration with a semi-in
finite flow, is given by the empirically obtained relationship 
(cf. e.g. [109]): 

c Re -l/S z (4.2.8) 

where Rez = Vz/V and C = 0.37 for liquid flow, whilst z denotes 
the vertical coordinate (with the origin at the lower electrode 
edge) and v the velocity of the fully developed flow. 
The velocity distribution in the boundary layer in the direction 
perpendicular to the electrode, (x-direction) is given by [109]: 

(4.2.9) 

and the average flow velocity: 

(4.2.10) 

93 



. ;•: 

9'4 

. : ~ 

electrode 
wàU 

one-phase flow 

4.2.1a 

Fig.4.2.1. 

fully 
developed 
flow 

two-phase flow 

4.2.1b 

Boundary ZayeP foP ona-phase (Fig.4.2.1a.) and 
wo-phase fZOû) (Fig. 4. 2.1b. ). 

However, the flow pattern in an electrode-diaphragm gap is affec
ted by the gap dimensions. For example, for z = 0.25 m, V = 0.5 
m/s and 1 M KOH electrolyte (a condition, often used in the pre
sent experiments, cf. Sect.4.4.), óv, being 8.5 mm according to 
eq.(4.2.8.), is of the sameorder of magnitude as the hydraulic 
diameter of the channel. Consequently, the assumption of semi
infinite flow is not justified and the boundary layer thickness 
will be less. 
On the other hand, it is cleat, that the flow through the channel 
cannot be considered to be a fully developed stationary flow, be
cause the lower electrode edge is located in the vicinity of the 
inlet of the cell. 
As a componnise and a first app,roximation i t is assumed, that the 
dependenee of óv on v and z is given by eq.(4.2.8.), yet with a 
red~ced proportionality factor C. Also, a turbulent flow velocity 
p:r<>file, as given by eq.(4.2.9.), is assumed to occur in the boun
dàrylayer. 

·In the case of forced flow, i.e. when bubbles are evolved at the 
elect;rode, it is assumed, tbaè:the displacement of the bubbles 
is wit:hin the velocity boundary layer. This assumption is based 
on the occurrence of a smallnegative pressure gradient inside 
tbe boundary layer in the ro-direction. After detachment, the 
bubbles move away from the electrode under influence of the pres
sure gradient, which becomes zero at the edge of the boundary 
layer. So, as in our model the horizontal velocity of the bubbles 
is ~ssumed to be negliglibly small for x = óv, and as in the ful
ly developed flow no forces act on the bubbles in the x-direction, 



the bubbles are assumed to remain in thE~ boundary layer. In this 
approach, bubble interactions have been left out of consideration. 
The thickness of the velocity boundary layer, yet, will be affec
ted by the presence of bubbles. For the relation between the thick
ness, , of the one-phase boundary layer and the modified thick
ness, ,bu• of.the bubble containing boundary layer, the follo-
wing proposed: 

0v bu ' 
(4.2.11) 

where Cbu depends on the volumetrie gas production rate. Further it 
is assumed, that the velocity profile in the bubble containing boun
dary layer is similar to the one without bubbles, cf. eq.(4.2.9.). 

During bubble evolution, the bubble containing boundary layer 
is divided into two sublayers, cf. Fig.4.2. lb. 
The first sublayer, adjacent to the electrode, consists of elec
trolyte with bubbles, adhering to the wall, cf. Chapt.3. lts 
thickness is determined by the dimensions of the larger bubbles, 
rather than by the average diameter of the attached bubbles, be
cause the smaller bubbles are shielded from the flowing electro
lyte by the larger bubbles beneath them. As a consequence, the 
thickness of the sublayer of attached bubbles has been taken equal 
to the average bubble departure diameter, 2Rd. It depends on va
rious parameters, such as i, v and p, cf. Se ct. 3. 3. The flow ve
locity in this sublayer is much smaller than V and is taken zero. 
The second sublayer, adjacent to the first one, is formed by the 
flowing electrolyte with the detached bubbles. The average velo
city of the two-phase mixture in this sublayer is assumed to be 
(7/8)v, because for the small bubble sizes, occurring in water 
electrolysis, slip can be neglected. The thickness of this sub
layer equals ov,bu - 2Rd. 

As mentioned before, the gas volume fraction in the fully deve
loped flow is assumed to be zero. Data on the gas volume fraction 
in the sublayer of attached bubbles have already been given in 
Sect.3.3. The gas volume fraction in the second sublayer LS de
rived as fellows. 
The volumetrie gas production rate, Vg(z), from the part of the 
electrode between the lower edge and height z is given by Fara
day' s law: 

(4.2.12) 

with B being the electrode width and Pg the partial pressure of 
the evolved gas. In the stationary state, when the two-phase mix
ture is assumed to have a uniform velocity, v; (7/B)v, the ave-
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rage gas volume fraction f(z) in a volume element B(ov,bu - 2Rd)dz 
in this sublayer is given by: 

f(z) 
dz Vg(z) 

= -- ------~-------
V B(öv,bu - 2Rd)dz 

(4.2.13) 

Combination of eqs.(4.2.12.) and (4.2.13.) yields: 

(4.2.14) 

and, if 2Rd « 8v, bu .. wi th eq. ( 4. 2. 1 1 • ) : 

(4.2.15) 

For the contribution of the bubble free electrolyte in the fully 
developed flow, to the specific resistance, ~, of the electrolyte 
between the working electrode and the diaphragm, the specific re
$istance of the pure electrolyte, ~pt is taken. 
The effect of the presence of bubbles in the secoud sublayer on 
the specific resistance of the two-phase mixture is represented 
by Bruggeman's equation (eq.(4.2.3.)), 
Since the expression for the separate effect of attached bubbles 
on ~ (derived by Sicles ans Tobias [96]) from the primary potential 
distribution around a single bubble) is only valid for low degrees 
of bubble screeming, it is not applied here. A more promising ap
proach seems the use of the following equation, proposed by Janssen 
et al. [ 1 1 0 J : 

(4,2.16) 

Here, ~ denotes the specific resistance of an electrolyte layer 
(with thickness dr) adjacent to the electrode and, so, containing 
the attached bubbles, cf. Fig.4.2.2. s(~) is the degree of scree
ning of the electrode at a distance ~ from the electrode, by ad
bering bubbles. We developed the following expressions for calcu
lating s(~): 
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Electrolyte layer with thickness3 ~, adjacent to the elec
trode and, so3 containing the attached bubbZes. 

s(x) for 0 < x < 2Rmax 

0 for 2Rmax < x < dr (4.2.17) 

where Ai(x) is the crosssection of the i-th bubble with radius Ri 
at distance x from the electrode surface (Ai(x) = 0 for x> 2Ri) 
Nb is the number of attached bubbles at the electrode surface area 
Ae; Rmax is the maximum bubble diameter. The index 'i' denotes the 
attached bubbles, starting from the smallest one up to the largest 
one (with radius Rmax); cf. Fig.4.2.2. 
To verify eqs.(4.2.16.) and (4.2.17.), impedànce measurements 
(for this measuring technique, cf. [lil]) of the specific resis
tance, r, of a two-phase electrolyte layer with thickness dr, ad
jacent to the electrode have been carried out [110]. Simultaneous-
ly the attached bubbles were observed through a camera. Their number 
and sizes were determined from the film. From the data on the bubbles, 
we calculated,s(x) and r/rp according to eqs.(4.2.17.) and (4.2.16.), 
respectively. The results on r/rp are in full agreement with the 
experimental values of r/rp, measured by the impedance method. 

Finally, the specific resistance, r, of the bubble containing elec
trolyte between working electrode and diaphragm at height z is gi
ven by: 

r 
-= 

2Rd 
{ J (l - 8(X))~ 312 dx + 

ded a 

+ (ov bu- 2Rd)(l - f(z))-312 + 
' 

(4.2.18) 
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where ded denotes the distance between working electrode and dia
phragm. f(z) is given by eq.(4.2.14.); ov but Rd and a(x) were 
determined experimentally, the latter in èombination with eq. 
(4.2.17.). 

It must be noted, that the velocity, v, of the fully developed 
flow depends on the volumetrie gas production rate, Vg, as: 

(4.2.19) 

where V1 is the volumetrie liquid flow rate and Vinlet the liquid 
inlet velocity. Vg is given by eq.(4.2.12.). 
For the standard conditions, at which the present experiments have 
been carried out with a 1 M KOR electrolyte, i.e. 1 bar, 303 K, 
B = 20 mm, the correction factor reduces to: 

iz 
Ccor d nvinlet ed 

(4.2.20) 

For hydragen evolution (n = 2) at 5 kA/m2 , with Vinlet = 0.5 m/s, 
ded = 10 mm, z = 0,25 m, Vg!Vl equals O.à3ï, for oxyge~ evolu
tion (n = 4) it equals 0.016. These values are so small, that this 
effect is neglected when interpreting our measurements. It is only 
of importance at low inlet flow velocities, high current densities, 
high values of z and/or small diaphragm-electrode distances. 

In Sect.4.5. the predictions of r/rp by eq.(4.2.18) will be com
pared with experimental data. 

4.3. ExperimentaZ 

4.3.1. EZeatriaaZ measuring teahnique 

For the determination of the ohmic potential drop across the elec
trolyte between working electrode and diaphragm during gas evolu
tion in alkaline water electrolysis, the current interruptor tech
nique bas been applied. 
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In the two-phase electrolytic mixture, a glass capillary, filled 
with the same electrolyte, is placed opposite to the werking elec
trode, cf. Fig.4.3.I. The capillary is connected toa Hg/HgO/KOH 
(IM)-reference electrode by a tube, which is also filled with the 
same electrolyte. The potential difference between the reference 
electrode and the werking electrode is recorded as a function of 
time. When during water electralysis the current is interrupted 
at t = t 0 , this potential difference decreases instantaneously, 
cf. Fig.4.3,2. This is due to the immediate fall off of the ohmic 
potential drop, ~Uect in the electrolyte between the tip of the 
capillary (so called 'luggin' capillary) and the working electrode. 
Subsequently, the potential difference between reference and wor
king electrode decreases further as a consequence of the slower 
decrease of other contributions (e.g. overpotentials), cf. Fig. 
4.3.2. 
In this way, the ohmic potential drop, ~Uec• across the electro
lyte between working electrode and the capillary tip can be deter
mined from the course in time of the working electrode potential 
vs. the Hg/Hgü/KOH(IM)-reference electrode - connected to the 
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luggin capillary- before and after current interruption at t 0 • 
For ~Uec the value of the potential difference is taken after 
extrapolation of the curve for t > t 1 to t 0 , cf. F:Î.g.4.3.2. 

4.3.2. Set-up 

The current-interruptor measurements at forced convection have 
been carried out with a vertical acrylate electrolysis cell, 
sketched in Fig.4.3.3. The cell consists of two compartments, 
separated by an asbestos diaphragm. The segmented working elec
trode consists of five separate vertical nickel plates with a 
height of 100 mm, a width of 20 mm and a thickness of 5 mm 
each. The active surface of the lower and upper segment, how
ever, is 21 cm2 because at the horizontal lower and upper sides 
of the segments, respectively, gas is produced. For the three 
other segments, the active surface is 20 cm2

• The vertical coun
ter electrode - a nickel, venetian-blind type electrode of 500 
x 20 mm2 - is placed against the diaphragm in order to support 
it. 
At three heights, opposite to the center of the lower, the middle 
and the upper segment of the working electrode, luggin capillaries, 
connected to the Hg/HgO/KOH(IM)-reference electrode, prick through 

Fig.4.3.3. 
AaPyZate eZeatroZysis aeZZ for 
potentiaZ drop measurements at 
foraed fZ0'1JJ. 



holes in the counter electrode and diaphragm into the working elec
trode compartment. The capillaries can be shifted by means of a 
micrometer screw in a direction, perpendicular to the working 
electrode. 
To determine the effect of the electrolyte concentration on the 
ohmic potential drop, for oxygen evolution a few experiments 
have been carried out at free convection, with a one piece flat 
plate nickel working electrode of 100 x 20 mm2 and with one dis
placable luggin capillary, located opposite to the middle of 
the working electrode. 
At the tip, the capillaries are filled up with asbestos, drenched 
with KOR, in order to prevent bubbles entering the capillaries. 
When a bubble is still able to enter a capillary, the measure
ments show very irrealistic values of ~Uec· In this case the 
capillary is replaced. 

The thickness of the bubble containing boundary layer at the seg
mented electrode has been determined at forced convection by ta
king pictures (with a Nikon-camera, type F-3 , with a minimal expo
sure time of l/2000 s) in a direction, parallel to the electrode 
surface, using against-the-light photography (cf. Sect. 3. 2. I.). 
During the optica! experiments, the capillaries have been remo
ved. 

The flow circuit is the same as the one, sketched in Fig.3.2.4., 
with the pure electrolyte entering the cell separately in the 
two compartments. The two-phase mixtures, leaving the two com
partments, are degassed in the two hydrocyclones, before they 
are brought together. Then they enter the heat exchanger and are 
fed beek to the cell. 

All experiments have been performed galvanostatically (the total 
current has been supplied by a SCR-power source, 0-40 V, 0-150 A). 
The ohmic potential drops between the tips of the three luggin 
capillaries and their opposite working electrode segment are 
measured simultaneously. During the current interruption, these 
potential differences are recorded with a transient recorder 
(DIFA-TRIOIO) and subsequently written out by a YEW-3066-recorder. 
The currents through the five segments are determined from the 
potential drops across precision resistances. 
The distauces between the capillary tips and the opposite elec
trode segments are measured with the micrometer, which serves to 
shift the capillary. 
The flow velocity in the two compartments, which has been kept 
equal, is measured by turbine flow meters, the temperature at the 
inlet and outlet of the two compartments by four thermocouples. 

All experiments have been carried out at forced convection at 
atmospheric pressure and 303 K. Except when mentioned otherwise, 
a 1 M KOR electrolyte has been used; the distance, dedt between 
working electrode and diaphragm has been 10 mm. 
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The éffects of heigt, z, current density, i and flow velocity, v, 
on the potential drop, /J.Ued' between working electrode and diaphragm 
havebeen determined for both hydrogen and oxygen evolution. The 
_eff~ct of the distance, ded' on ~V~g has been investigated only for 
hydrögen evolution. 
The effect of eiectrolyte concentra.tion has. been examined only at 
free convection for two current densities. Due to mist formation 
in the bulk liquid, when hydrogen is evolved at free convection, 
the investigations have been limited to oxygen evolution. 

The thiekness, êv bu' of the bubble containing boundary layer has 
been measured at forced convection in the middle of the cell (z = 
0.25 m} in dependenee of current density and flow velocity for hy
drogen and oxygen evolution. For the investigation of the height 
effect, ~Vee has been determined also at z = 0.05 mand z = 0.45 m, 
bóth for hydrogen and oxygen evolution at three current densities 
and two flow velocities. 

4.4. ExperimentaZ Pesults 

4.4.1. PotentiaZ drop~ 6Vec 

The effects of the parameters i, v and ded are presented in the 
figures for only one height, i,e. z = 0.25 m, because the results 
at other heigths only differ in a qualitative way. The effect of 
the electrolyte concentration has only been obtained for one height, 
i.e. the middle of the working electrode of 10 cm height. For some 
conditions, the effect of height is given in Sect.4.4.l.I. More 
ext:ensive data on. the potential drop measurements are given in [ 112]. 
First, the measurements were carried out at various dist:anees, dec, 
between working ele.ctrode and luggin capillary, wi th a fixed dis
tance, ded, between working electrode and diappragm. However, at 
appr0aching the wor~ing electrode with the luggin capillary for dis
tances dec < 1 mm, the potential drop, ~Vee, between working elec
trode and luggin capillary in.creased instead of decreased. This is 
due to the sharply increasins shieldins effect of the capillary on 
the current distribution. For the effect of the electrolyte concen
tration, ~Vee is given as a funetion of dec for dec > 1 mm. In the 
other experiments, unless otherwise mentioned, the capillary has 
been located at a fixed distanee dec = ded from the working elec..;. 
trode. Then, ~Vee = ~Ued· 

In addition, the.electrolyte temperat~re distribution in a direc
tion, perpendicular to the electrode, has been determined by ther
mocouples, mounted in the displacable glass capillaries, at 5.9 
and 9.8 kA/m2 and at 0.3 and 0.75 m/s, at z = 0.05, 0.25 and 0.45 m. 
Approaching the electrode from 10 to 0.5 mm the electrolyte tempe
rsture turned out to increase maximally 0.67 K (at 9.8 kA/m2 and 
0.3 m/s) and minimally 0.01 K (at 5.9 kA/m2 and 0.75 m/s). This is 
in agreement with data from literature [102]. Due to the small va
riations of electrolyte temperature with distance to the electrode, 
this effect is neglected. 



Because some of the effects as described in Sects.4.4.I.l.-4.4.1.5. 
are relatively small, the accuracy of the measurements is indica
ted below. 
The relative inaccuracy of the measured value of the current through 
every segment in about 0.1 % (the precision resistance has a rela
tive inaccuracy of 0.02 %, the potential drop across it is measu-
red accurately within 0.1 %). The relative inaccuracy of ÖUec' de
pending on the conditions, varies between 2 and 5 %, partly due to 
the extrapolation of the curve of Fig.4.3.2. to the moment of current 
switch-off and due to the fluctuations in the signal befare the 
current is switched off. The temperature is measured with an abso
lute inaccuracy of 0.05 K, the distance, dec' between working elec
trode and luggin capillary with an absolute inaccuracy of 2 ~m. 
The values of ÖUec (and ÖUed) are corrected when the temperature 
differs from 303 K, using the temperature coefficient of the spe
cific resistance of the pure electrolyte. Temperature variations 
are limited to 2-3 K. 
The results reproduce well within a relative inaccuracy of 2-5 % 
for one experimental series. The deviations may become larger when 
the results of different experimental series are compared, due to 
changes of the electrode surface. As a consequence, the effects 
of the various parameters have been determined from experimental 
series, in which the parameter in question is varied monotonously 
in order to prevent hysteresis. 
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Fig,4.4.1. 
Effect of height~ z~ on the 
local current density~ i~ at 
forced convection~ for hydra
gen and oxygen evolution. 

Effect of height~ z~ on the potential 
drop~ óUec, across the electrolyte two
phase mixture~ between the working elec
trode and the luggin capillary~ at for
ced convection for hydragen (dec = 11 rmn)

and oxygen evolution (dec= ded = 10 mm). 
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In t·he following it is investigated, whether a re lation of the 
type of eq.(3.3.4.) holds between ~Uect ~Ued, i or ov,bu on one 
side and the parameter that is varied in the experiment on the 
other side. If so, the exponent is calculated with the metbod of 
least squares. 
In Sect.4.5. the results are compared to those predicted by the 
model, described in Sect.4.2.2. 

4.4.1.1. Effect of height 

In Fig.4.4.I., the current density for the five segmentsof the 
working electrode is given for.hydrogen and oxygen evolution at 
three values of the average current density, i. The corresponding 
values of ~Vee at three different heights are given in Fig.4.4.2. 
For hydrogen evolution, dec= 11 mm, for oxygen evolution, dec= 
ded = 10 mm. This means that for hydrogen evolution, accidentally, 
the capillary tip was located I mm inside the hole in the diaphragm. 

It follows from Fig.4.4.I., that i decreases weakly at increasing 
height, z. The relationship between i and z can be given as: 

60,----,-----.-----.-----.----. 

r,!lmm 

50 

40 1 bar 

303K 
1 M KOH 

z,m 

35~--~----~----~----~--~ 

0 0.1 0.2 0.3 0.4 0.5 

Fig. 4. 4. 3. 
Effect of height~ z~ on the specific resistance~ r~ of the eZec
troZytic two-phase mixture between the working electrode and the 
Zuggin capiZZary~ for hydragen (dec = 11 mm) and oxygen evoZution 
(dec= ded = 10 mm). The data in this figure correspond to those 
of Figs.4.4.1. and 4.4.2. 



(4.4.1) 

where Zr is a reference value of z and i is the current density, 
averaged over all five segments. The value of cz i is about 0.02-
0.03. This effect is more substantial than the r~lative inaccuracy 
of the determination of i. 
According to Fig.4.4.2., b.Uec increases at increasing height. The 
specific resistance, r, at height z can be calculated from ~Uec(z) 
and the corresponding current density, i(z), of the segment, op
posite to the measuring capillary, as: 

r(z) 
b.Uec(z) 
i(z)dec 

(4.4.2) 

For hydragen evolution, r(z) is determined from the slope of the 
b.UecCi)- curve, obtained at height z, because for hydragen evolu
tîon, r turns out to be independent of. i, cf. Sect.4.4.1.2. As 
contrasted, for oxygen evolution, r increases at increasing i (cf. 
Sect.4.4.1.2.). Therefore for oxygen evolution, ris directly cal
culated from eq.(4.4.2.) for the three current densities. 

Fig.4.4.3. shows, that bath for hydragen and oxygen evolution, r 
increases at increasing z. This result, as well as the results on 
the current density distribution, are in agreement with data, 
reported in literature [95, 113]. 

4.4.1.2. Effect of current density 

The effect of current density for hydragen and oxygen evolution 
for 0,33 and 0.83 m/s and for 0.3 and 0.75 m/s, respectively, 
is shown in Fig.4.4.4. for z = 0.25 m, with, for hydragen evo
lution, dec= 11 mm and for oxygen, dec= ded = 10 mm. 
b.Uec (or for oxygen, b.Ued) is given as a function of the current 
density, i, of the middle segment. The relation between b.Uec 
and i eau be represented by: 

(4.4.3) 

where ir denotes a ref.erenee value of i. 
From the results of Fig.4.4.4. it follows, that ci~b.U equals for 
hydragen evolution 1.01 at 0.33 m/s and 1.00 at 0,83 m/s. For oxy
gen evolution, ci,b.U turns out to he 1.09 for 0.3 m/s and 1.05 
for 0.75 m/s. 
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Fig.4.4.4. 
Effect of locaZ cuPrent density~ i (at z = 0.25 mJ~ 
on the potentiaZ drop~ ~Uec~ across the eZectroZy
tic two-phase mixture between the working electrode 
and the Zuggin capiUary foP hydragen (dec = 11 nm) 
and oxygen evatution (dec = ded = 10 mm). 

From these results it can be cancluded, that, far hydragen evo
lutian, the current density bas no noticeable effect on the spe
cific reaiatanee P(~~Uecfi). Contrary, when axygen evolution is 
considered, r increases at increasing i and more substantially 
for lower than for higher flow velocities. 
Measurements, carried out with the same cell but with working elec
trades of expanded metal or perforated plates show no i-dependence 
of P for both hydrogen and oxygen evolution, cf. [73, 74, 104]. 
The deviating behaviour for axygen evolution may be due to thé 
different electrode configuration (the bubbles can be evolved 
and transported in the back chamber bebind the working electrode). 
For different configurations, an increase of r at increasing i is 
reported, cf. e.g. eq.(4.2.7.) [14, 101]. 

4.4.1.3. Effect of flow velocity 

In Fig.4.4.5., ~Uec is plotted_ versus V for hydrogen and oxygen 
evolution at three current densities for z = 0.25 m and dec = 
11 mm for hydragen and 10 mm (= ded) far oxygen evol~tion. The 
values of ~Uec have been carrected for deviatians of the current 
density of the middle segment fram the average current density. 
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Effect of flow veZocity~ v~ on the potentiaZ drop~6Vec~ 
across the eZectroZytic two-phase mixture between the 
working electrode and the Zuggin capiZZary for hydragen 
(dec 11 mm) and oxygen evoZution (dec= ded = 10 mm)~ 
at three values of the ZocaZ current density~ i (at z = 
0. 25 m). 

According to Fig.4.4.5., 6Uec (or for oxygen 6Ved) decreases at 
increasing v. The exponent cv~6U in the relationship: 

(4.4.4) 

where Vr denotes a reference flow velocity, is in the range of 
0.03-0.04 for hydragen and 0.03-0.08 for oxygen evolution. So, 
the specific resistance, r(~ AUec), decreases at increasing flow 
velocity, which is in qualitative agreement with results, obtained 
with expanded metal and perforated plate working electrades and with 
eq,(4,2.7.), cf. [73, 74, 104, 113]. Yet, because of a different 
electrode configuration or a different ded• the value of cv AU . . ~ 
w1ll dev1ate. 
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4.4.1.4. Effect of eZectroZyte concentration 

As mentioned before, this effect has been investigated only for 
oxygen evolution at free convection with a working electrode ha
ving the dimensions of one segment of the earlier discussed seg:-

.. mented working electrode. The results are presented in Fig.4.4.6. 

In Fig.4.4.6., the potential drop, óUec' across the electrolytic 
two-phase mixture between the working-electrode and the capillary 
is given as a function of the distance, dec' between them, for I 
and 2.5 kA/m2

• 

The slope of the óUec<dec)-curve is constant for dec > J-2 mm. 
This is due to the absence of oxygen bubbles in the bulk electro
lyte, because they aseend in the vicinity of the working electro
de and leave the liquid at the free surface. Consequently, from 
the slope of these curves, for dec > I mm, the specific resis
tance, rp, of the pure electrolyte can be determined. The results 
are shown in Fig.4.4.7. 
For the concentrations above 1 M KOR, the values of rp obtained 
at J and 2.5 kA/m2 agree well. Due to ohmic heating and the bad 
heat exchange, because of the absence of forced convection, it 
is observed, that locally the electrolyte temperature exceeds the 
electrolyte temperature which is measured near the free surface. 

02 0.5 

0.1 

dec,mm 

OL------L------~----~------~~ 0------~------~----~-------L~ 
0 5 10 0 5 

Fig.4.4.6. 
PotentiaZ drop" ó.Uec, across the eZectroZytic ruo--phase 
mixture beween the working electrode and the luggin 
capillQTY as a function of the distance" dec, between 
them" with the KOH-concentration as parameter for oxy
gen evo Zution at free convection. 
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of Fig. 4. 4. 6. 

3 

2 

8 

Consequently, the values of Pp as derived from the data of Fig.4.4.6. 
are the same as the values, determined from conductivity measure
ments which are performed at temperatures being 1-10 K higher than 
the ones, measured in the electrolyte near the free surface. From 
this it is also obvious that Pp of 1 M KOH obtained at 1 kA/m2 is 
larger than at 2.5 kA/mi because of the higher heat production in 
the latter case. Therefore, at 0.5 M KOH measurements have been 
carried out only at I kA/m2 • 

In Fig.4.4.7., the ratio r/rp, where r denotes the specific resis
tance of the electrolyte between luggin capillary and working elec
trode, is shown in dependenee of the KOH-concentration. For dec = 
10 mm, the differences in r/rp, obtained at I and 2.5 kA/m2 , res
pectively, are rather small, so the value of r/r • averaged over 
these two current densities, is given. For ded =PI mm, these dif
ferences have become more significant, so in this case, r/rp for 
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both 1 and 2.5 kA/m2 is shown separately. All three curves show 
a maximum at approximately 5 M KOR. The effect of electrolyte 
concentratien for dec = 10 mm is much smaller than for I mm, be
cause the contribution of the pure electrolyte to r is much larger 
for larger distauces between the capillary and the working elec
trode. The maximum in the curves is also influenced by the mini
mum of rp in dependenee of the electrolyte concentration. 
A similar course of r/rp as a function of the KOH-concentration 
fora different electrode c~nfiguration is reported in [74]. 

4. 4.1. 5. Effect of distance. between UJorking electrode and diaphragm 

In Fig.4.4.8., the potential drop, !J.Ued, across the electrolytic 
two-phase mixture between working electrode and diaphragm is given 
as a function of the distance between the working electrode and 
the diaphragm for forced conveetien (the measuring capillary was 
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diaphragm on the potential drop~ 
!J.Ved~ across the êlectrolytic tu:Jo
phase mixture between the UJorking 
electrode and the diapragm and . 
on the relative specific resistance~ 
r/rp~ of this electrolytic tu:Jo-phase 
mixture for hydrogen evolution at 
forced convection. 



located at the diaphragm, so dec= ded and = ~Ued). Because 
the data obtained at z = 0.25 m showed very irrealistic values of 
~Ved, probably due to the presence of a bubble in the capillary, 
cf. Sect.4.3.2., the effect of ded is given for z = 0.45 m. The 
values of ~Ued have been corrected for deviations of the current 
density of the upper segment from the average current density. 
According to Fig.4.4.8., ~Ued increases at increasing d d• This 
is mainly due to an increas~ng contribution of the pureeelectro
lyte. The relationship between ~Ued and ded can be represented by: 

(4.4.5) 

with ded,r being a reference value of ded and cd~~U being in the 
range of 0.52-0.48. 
However, the specific resistance, r, which is proportional to 6Ued/ 
ded, decreases at increasing ded• cf. Fig.4.4.8. and can be repre
sented by: 

(4.4.6) 

with Cd r being in the range of -0.48 to -0.52. 
The inc~ease of r at decreasing ded is due to the increasing con
tribution of the gas bubbles to the incremental ohmic resistance. 
These results agree qualitatively with the data, reported in 
rature for a different electrode contiguration [73], and with eq. 
(4.2.7.), where Cd~r = -0.65. 

4.4.2. BubbZe-containing boundary layer thickness 

The effects of height, current density and flow velocity on the 
thickness, óv bu• of the bubble-containg boundary layer are shown 
in Figs.4.4.9~4.4.ll, respectively, for hydragen and oxygen evolu
tion, with ded = 10 mm. 

In Fig.4.4.9., ov buis given as a function of z. The relationship 
' between óv bu and z can be represented by: 

' 

(4.4.7) 

where Zr denotes a reference height. 
The average value of c2 0 is 0.55 for hydragen and 0.65 for oxygen 
evolution (because of the limited amount of data, only an average 
value of c2 ~ 0 is given here), 
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Tab 4.4.1. 

Effee~ ~f flow veloeity, v, on the thiekness êv,bu, of the bubble 
eonta~n~ng boundarf layer at a vertieal, segmented working elec
trode (20 x 500 mm ) for hydrogen and oxygen evolution. The va
lues of cv 0 (af. eq.(4.4.B.)) are given for z = 0.25 m. Condi-
t

. , 
~ons: 1 bar, 303 K, 1 M KOH, ded = 10 mm. 

i, kA/m2 
cv,8' H2 cv,8, 02 

2.0 - 0.21 - 0.20 
4.9 - 0.14 - 0.18 
9.8 - 0.13 - 0.15 

The effect of current density, T, for z = 0.25 m, is sho~ in Fig. 
4.4.10. It ~s found, that 6v bu increases at increasing i accor-

' ding to: 

(4.4.8) 

For hydragen evolution, deviations occur at low current densities 
(i~ 1 kA/m2), cf. Fig.4.4.10. For i~ 2 kA/m2, ci,ê for hydragen 
evolution equals 0.40 at 0.3 m/s and 0.36 at 0.75 m/s. For oxygen 
evolution at 0.75 m/s, Ci 0 equals 0.75. At 0.3 m/s, however, the , . . 
oxygen bubbles are present across the ent~re gap w~dth already at 
i~ 5 ka/m2

, so for this condition, ci,ê is not given. 

In Fig.4.4.II., the effect of v on êv bu at z = 0.25 mis given. 
êv bu decreases at increasing V and tfie relationship between these 
twb quantities is represented by: 

(4.4.9) 

The values of cv 0, resulting from the data of Fig.4.4.11, are 
listed in Table ~.4.1. According to this table, cv 0 decreases 
at increasing i, more substantially for hydragen than for oxygen 
evolution. 

In Fig.4.4.12, some picturesof the bubble containing boundary la
yer are shown. 
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Fig.4.4.12. 

5~ 

Oxygen 

0.75 m/s 

Piatures of the bubbte-aontaining boundary Zayer~ adjaaent to the 
working eZeatrode~ for hydragen evatution at var.ying flow veZoaity 
(Figs.4.4.12a.-4.4.12a.) and o~gen evatution at var.ying ~ent 
density (Figs.4.4.12d.-4.4.12e.) at 1 bar and 303 K with a 1 M 
KOH-eleatrolyte. 

4,5. Disaussion 

4.5.1. Comparison of experimentaZ and theoretiaal results 

For the verification of the model with regard to r/rp, as propo
sed in Sect.4.2.2., cf. eq.(4,2.18.), the experimentally obtained 
values of 6v bu (for the contribution of the second sublayer with 
detached bubtles) and of s(x) and Rd (for the contribution of 
the first sublayer with attached bubbles) are used. These quan
tities are discussed first. 

It follows from the experimental results, given in Sect.4.4.2., 
that at high gas volume fractions bubbles are present over the 
entire gap width between electrode and diaphragm. In that case, 
the boundary layer approach is not completely justified; the thick
ness, ov bu, in the model then bas to be taken equal to the gap 
width, ~d· Although at equal current density twice as much hydro
gen as oxygen is produced, the presence of the bubbles over the 
entire gap width occurs for oxygen evolution at lower current 
densities than for hydrogen. This is due to the larger sizes of 
the oxygen bubbles and their different coalescence behaviour. 
For lower gas volume fractions, a clear distinction is observed 
between the bubble free electrolyte and the bubble containing 
boundary layer, cf. Fig.4.4.12. 
The experimentally determined effect of v on ov bu is, at 2 kA/m2 

- in agreement with eq.(4.2.1l.): ov~bu is proportional to v-115 , 



cf. Table 4.4.1. Deviations occur at increasing gas volume frac
tion, e.g. at increasing current density. Also, for this reason, 
the deviations for hydragen evolution are larger than for oxygen 
at the same current density. 
The effect of heigt, z, on Öv bu is less significant than that, 
predicted by eq.(4.2. 11.)- which refers to semi-infinite flow
because at increasing z, the flow pattern will approximate more 
and more that of a fully developed channel flow, i.e. a flow in 
which êv is independent of z. 
ûv~bu increases when current density increases. When i is redu
eed to relatively low values, the bubbles are nat present over 
the entire boundary layer thickness. Also in this case, deviati
ons from eq.(4.4.8.) may occur, cf. e.g. Fig.4.4.10. for hydragen 
evolution at 1 kA/m2 • 

The degree of screening s(x) as a function of the distance, x, from 
the electrode surface, cf. eq.(4.2.17.), bas only been determined 
at a few experimental conditions. A characteristic example of s(x) 
at various pressures for oxygen evolution on a vertical electrode 
is shown in Fig.4.5.1.; these data correspond to those given in 
Figs.3.3.14., 3.3.15. and B.7a. In order to be able to calculate 
the contribution to r/rp of the attached bubbles, the simplified 
Bruggeman equation, i.e. eq.(4.2.4.) is applied: eq.(4.2.16.) 
then results in: 

02 
0.4 vertical 

transparent 
electrode 

2 kA/m 2 

1 M KOH 

0.3 
303 K 

Fig.4.5.1. 
Degree of screening s(x) by attached bubbles~ as 
a function of the distance x to the electrode sur-
face. The data correspond to those presented in 
Figs.3.3.14.,. 3,3.15. and B.?a. at the same conditions. 115 
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dr dr 
_1 f (I ( ))-3/z.l~ I I f 3 dr 0 - 8 x uw C:l + -;r; 0 z8(X)dx (4.5.1) 

where the last term represents the relative incremental specific 
resistance. 
Using the experimental data, given in [110], we calculate the 
approximated value of r/rp being only 4% smaller than the exact 
value, following from the original Bruggeman equation for a 
screening degree 8 = 0.28. For 8 = 0.55, this percentage increa
ses up to 20. 
8(X) is related to the gas volume per unit surface area, Fw, 
(cf. Sect.3.3.J.) as: 

2Rmax 
Fw = f 8(X)dx (4.5.2) 

0 

Using the simplified Bruggeman equation, this yields for the con
tribution to r/rp of the attached bubbles, for which Rd ~Rmax= 

1 . 2Rd 
a::; f ( I + 

2
3 

8 (x) ) dx 
ed 0 

I 3 2Rmax 
~ ded {2Rd + 2 f s(x)dx} = 

0 

(4.5.3) 

In the following, the time-averaged upper limit of the contrihu
tien of the attached bubbles to r/rp is taken as: 

_dl {2Ëd + l]ï } 
ed 2 w (4.5.4) 

The first term in this expression is the contribution to rfrp of 
the pure electrolyte in the first sublayer. The second term re
presents the incremental sp~cific resistance, due to the·attached 
bubbles. The dependenee of Fw on various parameters, as obtained 
from experiments, is discussed extensively in Sect.3.4.2. It is 
give~ by eq.(3.4.5.) in co~bination with Tables 3.3.2. and 3.4.1. 
For Rd the value of R is taken, at which the cumulative radius 
distribution curve fc(R) equals 0.92, cf. Sect.3.3.3. 

In Figs.4.5.2.-4.5.4., the effects of height, z, current density, 
i, and flow velocity, v, as predicted by the theoretica! model, 
using the experimental values of ov"bu• Rd and Fw, are given. 



In the figures, the dimensionless specific resistance, r/r , of 
the electrolyte between electrode and diaphragm and the reÎative 
contributions to r/rp of (cf. eqs.(4.2.18.) and (4.5.4.)): 

(A): the first sublayer, conta1.n1ng 1 - 3-
the attached bubbles: d'ed{2Rd + 2Fw} 

(B): the secoud sublayer, containing 0v hu - iRd 
{I - f(z)}-3/2 ' 

the detached bubbles: ded 

(C): the bubble free electrolyte: ded - 0v hu 
' 

ded 

respectively, are given for ded = 10 mm and I M KOR electrolyte 
at atmospheric pressure and 303 K. 

In Figs.4.5.2.-4.5.4., also the experimental values of r/rp, cor
responding to the data, presented in Figs.4.4.3.-4.4.5., respec
tively, are given. For oxygen evolution for rp the value of r is 
taken, obtained with the electrolyte in quest1on at the lowest 
gas volume fraction, i.e. at the lowest current density and high
est flow velocity, because there the incremental resistance is 
minimal. Because for hydrogen evolution, r/rp is independent of 
current density, in that case rp is determined from conductivity 
measurements. For that reasou also, in Figs.4.5.2a. and 4.5.4a. 
for hydrogen evolution the values of r/rp, averaged over both 
current densities are given. For oxygen evolution, Figs.4.5.2b. 
and 4.5.4b, show two sets of experimental values of r/rp at two 
different current densities. 

According to the data on the behaviour of attached hydrogen bubbles, 
obtained at varying i or varying V (cf. Sects.3.3.2.1. and 3.3.2.2.), 
the relative contribution (A) of these bubbles was found to he 
maximally 5 10- 3

• This small value is mainly due to the small 
thickness, 2Rd, of the layer of attached hydrogen bubbles. Conse
quently, for hydrogen evolution, contribution (A) has been neglec
ted. 
Due to the larger average departure sizes of oxygen bubbles in 
comparison to those of hydrogen, the contribution of attached oxy
gen bubbles may reach a value of 18 I 0- 3

,; this- also relatively 
small - contribution has not been neglected, Because the investi
gation on the behaviour of attached bubbl~s have been limited to 
the current density range of 0.5 - 5 kA/m2

, for current densities 
exceeding 5 kA/m 2

, the maximal value of contribution (A), occur
ring in the range of 0.5 - 5 kA/m 2 , has been taken into account, 
It must he noted here, that at increasing current density, con~ 
tribution (A) will increase, in spite of the decrease of Rd (cf. 
Sect,3.3.2.1.); apparently, this is due to an increase of the gas 
volume at the wall. At very high current densities, far beyond 
the ones used in the present study, i.e. in the transition or 
film electralysis regions, this contribution will dominate, as 
the gas volume fraction in the layer of attached bubbles then 
approaches the value of one. 
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Fig.4.5.2. 
Effeat of height~ z~ on the reZative speaifia resistanae~ 
r/rp and on the aontributions of the first subZayer (A)~ 
the seaond (B) and the bubbZe free eZeatroZyte (C)~ as 
given by the model of Seat.4.2.2. In addition the experi
mentaZ vaZues of r/rp f (x~ ... _ *) are given~ for hydrogen 
evoZution averaged ov~r 2.0~ 4.9 and 9.8 kA/m2. 

It is shown in Fig.4.5.2., that r/rp increases at increasing z. 
This is in qualitative agreement with the experimental results 
The effect of z according to the model, becomes more signi
ficant at increasing i and decreasing v. For oxygen evolution, 
the contribution of the first sublayer is assumed to he inde
pendent of z; in Sect.2.3.2.3. it is shown, that the behaviour 
of single bubbles is not affected by g for z > O.OSmm. 

0.5 

The contribution of the second sublayer increases at increasing 
z, whilst the corresponding contribution of the bubble free elec
trolyte decreases, or is even reduced to zero, when the bubbles 
are present in the entire gap width. 

The effect of i is shown in Fig.4.5.3. According to the theori
tical model, r/rp increases for both hydrogen and oxygen evolu
tion with increasing i. This is in agreement with the experimen
tal results on oxygen evolution, but for hydrogen evolution, the 
experimental value of r/rp has found to he independent of i. 
The following two effects may reduce the effect of i in compari
son to the theoretica! one. Firstly, as mentioned before, the 
liquid velocity will increase at increasing volumetrie gas pro
duction rate. This results in a more rapid carrying away of the 
bubbles. Secondly, at higher gas volume fractions, gas bubbles 
coalesce more frequently, thus, due to the larger sizes of the 
freshly formed bubbles, they may aseend more rapidly in the li-
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quid, causing slip. These two effects will be more sign~g~cant 
for hydragen than for oxygen evolution at similar conditions. 
However, it is not expected, that they will be sufficiently lar
ge todiminsih the effect of i on r/rp for hydragen evolution. 
The independenee of r/rp on i bas not been explained until now. 
The contribution of the first sublayer with attached bubbles 
increases at increasing i, as well as the contribution of the 
second sublayer with detached bubbles. Due to the increase of 
êv,bu at increasing i, the simultaneons contribution of the 
bubble free electrolyte decreases. 

According to Fig.4.4.5., r/rp decreases at increasing v; this 
is confirmed by the experimental results. The decrease is most 
pronounced at low flow velocities. For free convection, i.e. 
v = 0, the model is still applicable, if for öv bu the experi-. . , . 
mentally determ~ned value of the th~ckness of the layer, adJa 
cent to the electrode, which contains the rising bubbles, is 
taken. The average velocity in this layer then bas to be set 
equal to the average rise velocity. The effect of v becomes 
more significant at increasing i. For oxygen (Fig.4.5.4b.) and 

·hydrogen evolution, both the contribution of the first sublayer 
and the second one decrease at increasing v. The corresponding 
contribution of the bubble free electrolyte layer increases; 
this is due to the simultaneous decrease of êv,bu• 

In general it can be noted, that the predictions of the effects 
of z, i and V on r/rp as given by the model are in qualitative 
agreement with the experimental results (except the effect of i 
for hydragen evolution). Quantitatively spoken, the experimental 
values of r/rp most of the time exceed the ones as given by the 
model. This may be due to an inaccurate value of rp. The values 
of :P• given in literatuur, show a spread, especially in the 
reg~on of I M, where rp depends strongly on the electrolyte 
concentration. This may be due to different measuring methods. 
Another reason for the quantitatively different results between 
experiments and theory may be the underestimation of the contri
bution of the first sublayer with attached bubbles, The Bruggeman 
equation as given by eq.(4.2.3.) has been derived fora sphere 
in a macroscopie volume element, containing a large number of 
spheres of randomly distributed sizes. This condition is not 
satisfied in the case of attached bubbles. Although the experi
mental results as shown in {JIO] justify the application of the 
Bruggeman equation to attached bubbles for a small electrode, 
this subject needs closer examination. 

êv bu probably will be affected by varying the distance, ded• 
be1ween working electrode and diaphragm. This effect has not 
been investigated experimentally. However, when ded is decrea
sed, the decrease of the thickness .of the layer with bubble free 
electrolyte will be more substantial than the (possible) decrease 
of óv bu• Consequently, the contribution of both bubble contai
ning ~ublayers will increase in comparison to that of the bubble 
free electrolyte. This results in a decrease of r /r'p at increa
sing ded, in agreement with the experimental data of Sect.4.4.1.5. 
If ded decreases to va lues of the order of magnitude of I mm, the 

120 thickness of the sublayer with attached bubbles will become of 



the same order of magnitude. In that case, the contribution (A) 
of this sublayer becomes of more importance. 
It may be noted, that the thickness of the first sublayer is i~
dependent of ded• as the ascending bubbles do not interact with 
the attached ones. 

As the effect of the electrolyte concentration has been inv~sti
gated at free convection only, a camparisou with the model can
not be made, because no data, on the thickness of the layer of 
ascending bubbles and on the bubble rise velocity are available. 
The maximum of 1•/rp at varying KOH-concentration coincides with 
the minimum of rp, cf. Fig.4.4.7. This maximum occurs in the re
gion, where bath the size and number of the bubbles depend only 
weakly on the KOH-concentration. If the value of the incremental 
resistance r-rp should remain constant in this region, the occur
rence of a maxLmum r/rp will be caused then by the minimum in rp• 
The effect will decrease, when the contribution of the bubble 
free electrolyte increases, i.e. at increasing ded• 

4.5.2. Conclusions 

- During alkaline water electralysis at forced flow a bubble-con
taining boundary layer at the electrode occurs. lts thickness, 
ov bu• will depend on the channel dimensions and on the inlet 
conditions. The effect of V and z on ov hu can be described in 
a qualitative way starting from a relatlon for one-phase flow. 

- The bubble containing boundary layer can be divided into the 
following two parts: (i) a sublayer, adjacent to the electrode 
which contains the attached bubbles and (ii) a second sublayer -
adjacent to the first one - containing the detached bubbles. At 
high gas volume fractions, the bubbles are present across the 
entire channel width. 

- A model is established, which incorporates all three contribu
tions on r/rp of (A) the sublayer with attached bubbles, (B) 
the sublayer with detached bubbles and (C) the bubble free elec
trolyte, respectively. 

- At the present experimental conditions, i.e. at distauces be
tween working electrode and diaphragm, ded• of 10 mm, the model 
prediets a negligible contribution to r/rp of the sublayer with 
attached hydragen bubbles and a larger, but still very small 
one for the sublayer of attached oxygen bubbles, This contribu
tion increases at decreasing distance ded and/or increasing 
current density, particularly in the transition or film elec
tralysis regions. 

- The effects of z, i and v on r/r , as predicted by the model, 
are in qualitative agreement wit~ the experimental results. 
They are ascribed to their effects on the contributions of the 
three layers to r/rp. 
For the dependenee of r/rp on i for hydragen evolution, found 
experimentally,which is at varianee with the theoretica! model, 
no satisfactory explanation can be given yet. 
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r/r in dependenee on the KOH-concentration shows a maximum 
in Îhe region, wherebot\l't:he. number and sizes of evolved gas 
bubbles hardly depend on the KOH-concentration. Consequently, 
this maximum may be introduced by the minimum occurring in rfrp 
at the same KOH-concentration. 



CHAPTER 5 

SUGGESTIONS FOR FURTHER \<lORK 

In the previous chapters, gas bubble behaviour (Chapts. 2 and 3) 
and the ohmic potential drop across a bubble-containing electro
lyte at a gas evolving electrode (Chapt.4) are discussed, partly 
in a qualitative way. Therefore, some suggestions are given here 
in order to arrive at a more quantitat and even more exten-
ded description of the gas bubble behaviour and its effect on the 
ohmic potential drop. 

5.1. Gas bubble behaviour 

As to the gas bubble behaviour, the effects of current density 
and flow velocity have been investigated extensively. The following 
points, however, could receive attention in a forth~~ stody: 

(i) the effect of pressure at forced convection; -
(ii) the effect of electrolyte temperature, because hysteresis 

has been observed when the tem~erature is varied; 
(iii) the effect of electrolyte concentration at natoral and for

ced convection, because its influence on the average volume 
of attached bubbles per unit surface area for hydragen evo
lution has found to be opposite to that for oxygen evolution. 

In Chapt.3, most data concern the second subregion of nucleate 
electrolysis. It might be possible to determine for the first and 
the third subregion relations between the bubble quantities and 
parameters in the same way as for the second subregion. Especial
ly for the third subregion this is of interest in relation to the 
effect of attached bubbles on the incremental resistance, which 
cannot be neglected in that case. However, aften it shall be im
possible to determine these relations for the third subregion, 
because of the large amount of gas, which accumulates at the elec
trode surface. 

5. 2. resistance of the electrolytic two-phase mixture 

The effects of the various parameters on the specific resistance 
of the bubble-containing electrolyte between working electrode 
and diaphragm, as presented in Chapt.4, are rather small in the 
present experiments; this is due to the relatively small gas vo
lume fraction. Also the contribution of the sublayer with atta
ched bobbles is very small. Therefore, it will be very useful 
to carry out experiments at smaller distauces between working 
electrode and diaphragm. In this case the gas volume fraction 
increases, resulting in a larger effect of the various parame
ters and of the contribution of attached bubbles to the relative 
specific resistance. 

123 



124 

The following effects on the relative specific resistance have 
to he investigated yet, or have to he stuclied more comprehen-
sively: -

(i) the effect of current density for hydragen evolution, be
cause so far the specific resistance has found to he inde
pendent of it; 

(ii) the effect of pressure; 
(iii) the effect of electrolyte temperature; 
(iv) the effect of electrolyte concentratien at forced convection. 

It must he noted that some of these effects have already been in
vestigated, or will he in the near future, at our laboratory for 
different electrode configurations, .cf. [74]. 

In order to make a more extended comparison between the theoreti
ca! model and the experimental results on the effect of gas bubbles 
on the relative specific resistance, the b_ubble boundary layer 
bas to he examined more closely. It would àlso he useful to check 
the validity of the Bruggeman equat~on in applying ~t to attached 
bubbles, by carrying out simultaneous optical and electrical mea
surements using small transparent electrodes. 

The present theoretica! model can he extended to free conveetien 
by taking the rise velocity of the bubbles for the average veloci
ty in the bubble-containing layer. The thickness of this layer 
has to he determined experimentally. 

5.3. Maas transfer of indiaator ions 

For a more complete experimental verification of the model on mass 
transfer in the coalescing bubble region, which includes the se
cond and third subregion in nucleate electrolysis, at forced flow, 
additional experiments at various current densities and flow ve
locities have to he carried out, 



APPENDIX A 

FILM ELECTROLYSIS 

A1. Introduetion 

It has been known far many decades, that during electralysis of 
molten salts (e.g. the aluminium production from cryolite melts), 
a sudden, very substantial drop of the electric current density 
may occur beyand a critical cell tensian [18, 114]. This behavi-
our is called the 'anode effect'.. -

During aqueous water electralysis, bath at the anode and the ca
thode, a similar phenamenan, which is called the '(aqueous)anode', 
resp. 'cathode effect' (or, because of the similarity with boiling: 
'film electralysis'), can be abserved. For vapour evolution in boi
ling on a horizontal wall, several theoretica! roodels for nucleate, 
transition and film boiling have been developed. An expressian has 
been derived for the vapaur volume flux at the transition from the 
isolated bubble region to the region of bubble columns and slugs 
[liS]. Assuming the bubble columns eventually to show Helmholtz 
instability and taking into account Taylor instahilities at the 
interface of a liquid layer and the underlying gaseaus layer, the 
vapour volume flux at the transition to film boiling can be cal
culated [ 116, 117l. The heat flux density, corresponding to the 
vapour flux at the transition point, represents the maximum of 
nucleate boiling in the boiling curve. 
Vapour evolution in boiling and gas evolution in water electralysis 
have, in spite of many similarities, their own specific nature. The 
transition in water electralysis from the isolated and coalescing 
bubble regions to the region of bubble columns and slugs determines 
the start of film electralysis [ 17] (As contrasted, in boiling on a 
superheated wall, the Helmholtz instability is assumed to initiate 
film boiling). Experimental data. obtained with a horizontal wire 
electrode, agree with this model [17]. 

In [18], the aqueous anode effect is extensively discussed. Due to 
the very high anode temperature in the film electralysis region 
(temperatures up to 1000 K [18]), the gaseaus layer mainly contains 
vaporized electrolyte. The layer is not stationary, but oscillates 
around the (vertical} anode. Based upon the observation of a yellow 
glow (sodium) in the layer when a NaOH-electrolyte is used, it is 
supposed, that current passage through this layer happens by means 
of gaseaus ions (gas discharge) [18]. The electrode reaction pro
ceeds at the interface between the gaseaus layer and the electrolyte. 
It is reported [ 18], that ·.similar effects occur at a vertical wire 
cathode in sulfurie acid. However, if a sodium containing electrolyte 
is used, the cathode effect is not obtained. An explanation of this 
different behaviour has nat been given. 
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A2. Experimental results 

The present experimental study concerns both the anode and cathode 
effect at vertical flat electrades (surface area: 25-50 mm2 ) with 
a KOH-electrolyte at atmospheric pressure and free convection. Some 
data on the nickel gauze electrades are given in T~ble 2.3.1. The 
counter electrode i~ a vertical, Üat ni~kel plate (390 mm2 ), lo
cated at a distance of 65 mm from the working electrode. The dia
phragm is an asbestos sheet. The current density has been measured 
as a function of the cell tension. 
The theoretica! expression for the maximum gas production rate cannot 
be compared with the present experimental results, as it has been de
rived for a horizontal electrode .• At a vertical electrode, the aseen
ding bubbles may show slip over the electrode surface due to buoyancy. 
Consequently, at a vertical electrode, the maximum gas production rate 
probably will be smaller, than at a horizontal electrode. 

Fig.A2.1 shows a representative i(U)-curve for a small catho~e and 
an anode. The cathodic i(U)-curve has a local and a global maximum, 
the anodic curve only a global one. At the anode, after the maximum i 
is reac~ed, the bubble behaviour becomes irregular and i starts to 
fluctuate. A further increase of U causes a sharp, though relatively 
small, decrease of i. The average value of the fluctuating current 
density remains constant after a subsequent increase of U. Beyond a 
critical value of U, a second, more substantial drop of i is observed: 
the start of the anode effect. During the anode effect, a stable, ga
seous layer, covering the entire anode, is formed. The layer detaches 
periodically as one large bubble. During the detachment, a very short 
increase of i is measured, but almost immediately a new layer is es
tablished. 
The gaseous layer, covering the catbode during the catbode effect, 
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The aathodia and anodia i(U)-aurve~ obtained with a flat 
niakel plate (hydrogen evolution) and a niakel expanded 
metal gauze working eleatrode~ ty~e a~ af. Table 2.3.1. 
( o:cygen evo lution)" both ,of 51 mm " at fPee . aonveation. 



Tab Ze A2 .1. 
Effect of evoZ.ved gas on iglobal max and Uglobal max (of. Pig.A2.1.) 
at free conveotion~ 1 bar and 313 K with a 6.85 M KOH-etectrolyte 
and a verticat nickeZ. working electrode (cf. aZso TabZe 2.3.1.) 

Electrode Surface Gas i global max' u global max' 
area, 

mm2 kA/m2 V 

flat plate 51 Hz 434 25.0 
Hz 445 24.5 
Oz 484 25.0 
02 490 24.5 

expanded 43 Flz 509 24.3 
me tal Oz 539 24.3 
gauze a 
expanded 49 Flz 335 23.8 
me tal Oz 352 22.5 
gauze b 
expanded 57 H2_ 376 24.8 
me tal Oz 389 23.8 
gauze d Oz 393 23.8 

leaves the cathode by splitting up into many small bubbles. The ca-· 
thode_ is a lso covered instantaneously by a new gaseous layer. The 
difference in the departure of the gaseous layers at the anode and 
catbode is remarkable. It may be closely connected to the different 
coalescence behaviour of the separate hydrogen and oxygen bubbles in 
alkaline solutions (cf. Sect.2.3.2.1). During the catbode effect, 
the working electrode (cathode) glows, as contrasted with the anode 
effect, where this phenomenon is not observed. 

It follows from Table A2.1, that the global maximum in the cathodic 
i(U)-curve is somewhat smaller than the maximum in the anodic curve. 

Table A2. 2. 
Effect of electrode material on 
globaZ maxima in the anodic and 
a flat verticaZ plate electrode 
tions: cf: TabZe A2. 

Electrode Gas i local max' u 
material kA/mz V 

nickel Hz 360 
02 ---

platinum H2 336 
Oz ---

stainless Hz 430 
steel 02 ---

the occurrence of the Zocal and the 
cathadie i(U)-curves obtained with 

- 2 • ·• . • 
of 51 mm ~ cf. Yz.-g .A2 .1. Con&z,-

local max' i ll~bal max' u global 
kAm V 

16.3 388 25.8 
---- 426 23.8 
15.5 396 24.3 
---- 440 27.5 
16.8 476 24.5 
---- 526 23.8 
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Table A2. 3. 
Effect of electrode geometry and size on the oaaurrenae of the aathode 
effect, af. Fig.A2.1., obtained with vertiaal niakeZ working eZeatro
des. Conditions: af. TabZe A2.1. 

Electrode Surface i local max' u loc al max' i global max' U global max' 
area, 

mm2 kA/m2 V kA/m2 V 

flat 28.8 531 16.6 566 24.0 
plate 514 16.0 556 24.0 

50.6 385 17.5 445 25.0 
395 17.0 445 25.0 

expanded 25.3 391 15.0 427 20.5 
me tal 387 15.0 419 20.8 
gauze a 43.2 405 17.5 563 25.0 

435 18.6 516 26.8 
expanded 25.0 428 14.0 480 22.0 
me tal 428 14.8 480 21.8 
gauze b 48.6 284 16.3 350 23.8 

278 17.0 350 24.0 
expanded 57.2 306 17.5 364 26.3 
me tal 297 16.5 364 25.5 
gauze d 

The cell tension does not differ much for hydragen and oxygen evolu
tion. However, the maximum volumetrie gas production rate for hydragen 
is larger. 

Bath the electrode material and geometry affect the magnitude of the 
local and/or global maximum of the i(U)-curve, cf. Tables A2.2. and 
A2.3. The shape of the curves is not influenced. Using stainless steel. 
the highest local and global maxima occur (cf. Table A2.2.). According 
to Table A2.3., both maxima at a smaller catbode exceed the values, ob
tained with a larger cathode. 
Using tbe smaller catbodes (Table A2.3) with the flat plate the lar
gest maxima can be reached; consiclering the larger catbodes (Table 
A2.3), the highest values of i are obtained with the expanded metal 
gauze a. 

Fig.A2.2 shows the effect of electrolyte temperature on the magni
tude of the local maximum of i in the cathadie i(U)-curve. The mea
surements have been carried out in sequences of increasing and de
creasing temperature, respectively. The observed hysteresis effect 
may occur because of an electrochemical change of the nature of the 
electrode during the series of experiments. 
The local maximum of i decreases at increasing temperature. Due to 
the increasing vapour pressure of the salution at increasing tempe
rature, the gaseaus layer, covering the catbode surface will contain 
a larger amount of vapour at increasing T and consequently contains 
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less evolved gas. As a result, the value of i, at which the tran
sition to the film electralysis region starts, will be lowered. 

For both the cathode and anode effect, the influence of the elec
trolyte concentration on the local and/or global maxima of the 
i(U)-curve has been investigated, cf. Fig.A2.3. The local (cathode 
effect) and global maximum (anode and catbode effect) increase at 
increasing electrolyte concentration. This also can be explained 
by the fact, that the gaseaus layer mainly constains vapour. The 
vapour pressure decreases at increasing electrolyte concentration. 
Therefore, in more concentrated electrolytes, the layer contains 
less vapour and more evolved gas, resulting in a higher corres
ponding critica! current density. 

Summarizing: during film electrolysis, at the anode and at the 
cathode, different phenomena occur, resulting in different i(U)
curves. The maxima of the i(U)-curves are affected by electrode 
material, geometry and size. The effect of electrolyte temperature 
and concentration can be understood by taking into account, that 
the enveloping gaseaus layer mainly contains vaporized electrolyte. 



APP,ENDIX B 

CUMULATIVE BUBBLE RADIUS DISTRIBUTION FUNCTION 

The average bubble quantities d, Ra, s and Fw are given and dis
cussed in Sect.3.3.2. The cumulative radius distribution function 
fc(R) is not discuss~d separately, because the effects of the va
rious parameters on Ra and fc(R) are similar (e.g. at increasing 
pressure, the relative contribution of small bubbles to the total 
number of bubbles, increases (cf. Figs.B.6. and B.7.) and simi
larly, Ra decreases (cf. Figs.3.3.12 and 3.3.14). 
For the sake of completeness, fc(R) is given in this appendix for 
the various conditions. In addit1on, in Fig.B.l., the cumulative 
radius distribut ion function for free hydrogen bubbles ,' fc f (R) 
is given for three different pressures. Other data on thes~ free 
hydragen bubbles are given and discussed Sect.3.3.3~ 

H2 

2 kA/m2 

0 m/s 
0.5 303 K 

1 M KOH 

free 

Fig.B .1. 
Effect of pressure, p, on the average cumu
Zative radius distribution curve, fc f(R), 
for free hydragen bubbles, at 2 kAlm~, 0 m/s 
and 303 K with a 1 M KOH eZectroZyte. 
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gen and oxygen evoZution at 1 bar and 303 K with a 1 M KOH eZectPoZyte. 
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Effect of fZow veZoaity3 V3 on the aumuZative 
bubbZe radius distribution curve_, fc(R) for 
hydragen and oxygen evarution at 1-bar and 
303 K with a 1 M KOH eZectroZyte. 
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Ef.fect of pressure, p, on the cu~lative bubble 
radius distribution curve~ fc(R) for hydrogen 
and oxygen evolution at free convection at 
2 kA/m2 and 303 K with a 1 M KOH-electrolyte. 
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APPENDIX C 

HATERlAL PROPERTIES OF AQUEOUS KOH-SOLUTIONS 

In this appendix, in Table Cl, the following proper-
t of aqueous KOH-solutions in dependenee of the KOR-concen-
tratien are given at I bar and 303 K: mass density, P1, ~f.[IIB], 

viscosity, v, cf.[JI9], surface tension, a, cf.[22], 
saturation concentration, Cs, and diffusion coefficient, D, for 
hydrogen and oxygen, cf.[120, 121, 122] and vapour pressure, Pv· 
Same of the values of C8 and D have been determined from linear 
interpolation with respect to the temperature. 

Cl. 
Material properties p 1 ~ v~ a~ C8~ D and Pv of aqueous KOH-soZu
tions in dependenee on the KOH-concentration, at 1 bar and 303 K. 

[KOH] pl V a CS,H2 cs,oz D,H2 D,02 Pv 

M 
10 3 10-6 10-3 10-6 10-6 10-9 10-9 10 5 

kg/m3 m2 /s N/m kg/m3 kg/m3 m2/s m2 /s N/m2 

0 0.996 0.804 71.0 421 72.8 4.3 1. 95 0.044 
0. I I. 003 0.808 71.0 432 70.6 4.2 2. 17 0.044 
0.5 1. 022 0.828 71.3 364 60.3 3.8 1. 97 0.043 

1.0 1.045 0.856 72.0 310 49.4 3.4 i. 71 0.041 
2.0 1. 092 0.923 73.8 33.2 3. I 1.44 0.037 
3.0 1. 133 I .009 76.4 22.3 2.8 1.24 0.034 
3.5 1.153 1.061 77.6 18.3 2.6 I. 14 0.032 

5.0 1 . 1 93 I. 251 82.6 I 0. I 2.2 0.88 0.028 
6.85 1.281 1. 518 88.5 4.9 1.9 0.70 0.022 
7.0 I. 287 1. 542 88.8 4.6 1.9 0.68 0.022 

10.0 1.394 2.462 99. 1 1.6 1.6 0.014 
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ABSTRACT 

During alkaline water electrolysis, due to the presence of hydra
gen and oxygen bubbles in the electrolyte, additional electrical 
energy losses occur. For obtaining insight into the effect of 
the presence of these gas bubbles on the energy efficiency of the 
water electrolysis, both the gas bubble behaviour and the ohmic 
potential drop across the bubble-containing electrolyte have been 
investigated. 
As to the gas bubble behaviour, various regions occurring at va
rious volumtric gas production rates are distinquished. In the 
region of practical interest, i.e. the nucleate electralysis re
gion, the behaviour of attached bubbles shows fluctuations around 
a quasi-stationary state, which can he characterized by time ave
raged bubble quantities. In this region three subregions are ob
served, showing a different degree of bubble interactions, deter
mined by 8, the average degree of screening of the electrode sur
face by attached bubbles; 8 depends on the electrolytic conditions. 
Transition from one subregion to another occurs in a narrow, fixed 
range of s, that is independent of the parameters current density, 
flow velocity and pressure. 
For the description of the behaviour of bubbles in the first sub
region, i.e. single, non-interacting, attached bubbles, theories 
on nucleation, growth and departure of vapour bubbles during boi
ling can be applied after adaption, because of the analogy between 
heat and mass diffusion. The following predictions are confirmed 
by experimental data: (i) nucleation is influenced by material, 
surface condition and history of the electrode; the number of 
nuclei increases at increasing current density, pressure or elec
trolyte concentratien and at decreasing electrolyte flow velocity; 
(ii) gas bubble growth is mass diffusion controlled, both at free 
and forced convection; (iii) both gas bubble departure radius 
and departure time decrease at increasing current density and 
flow velocity. 
From these results for single bubbles, the behaviour of interac
ting attached bubbles in the second subregion (where the b.ubble.s 
interact only after slipping along the electrode surface) and 
the third subregion (where interactions occur mainly between 
neighbouring bubbles) can be explained, taking into account the 
effect of interactions. In the second subregion, the average 
volume of attached bubbles per unit surface area, Fw, (which 
is of importance for the incremental resistance, due to the at
tached bubbles) turns out to be proportional to the volumetrie 
gas production rate to the power 0.9 and decreases at increasing 
flow' velocity. The effects of these two parameters on Fw can be 
considered to be practically independent. At incr~asing elec
trolyte concentratien the density of the attached bubbles increa
ses and their average size decreases, so its effect on Fw is com
plicated. 



The relative specific resistance, r;rp of the electrolyte between 
a flat working electrode and the diaphragm in the electrode com
partment of an electralysis cell is increased by the presence of 
both attached and detached bubbles. At such a flat werking elec
trode, a bubble-containing boundary layer occurs. 
According to experimental data, its thickness can be described 
in a qualitative way, starting from a relation for one-phase flow. 
The bubble-containing boundary layer can be divided into: (i) a 
first sublayer, adjacent to the electrode, which contains the 
attached bubbles and (ii) a secoud sublayer, adjacent to the first 
one, cantairring the detached bubbles. At high gas volume fractions, 
the concept of a boundary layer cannot be applied anymore: bub
bles are present across the entire width of the compartment. 
A model for the determination of r/rp, which incorporates the con
tributions of the first and secoud sublayer, and of the bubble 
free electrolyte, is established. It prediets for a distance be
tween working electrode and diaphragm, considerably exceeding 
the average bubble departure diameter, a negligibly contribution 
to r/rp of the first sublayer for hydrogen evolution; for oxygen 
evolution, a larger, but in our experiments still very small, con
tribution is predicted. The effect of height, current density anJ 
flow velocity, as given by the model, are related to their effects 
on the contribution to r/rp of the three electrolyte layers. They 
are in qualitative agreement with experimental data: r/rp increa
ses at increasing height and current density and at decreasing 
flow velocity and distance between werking electrode and diaphragm. 
An exception must be made for the experiments on the effect of cur
rent density on r/rp for hydragen evolution: r/rp turns out to he 
independent of this parameter. Experimentally it has been obser
ved, that r/rp shows a maximum at varying electrolyte concentra
tion; this effect is ascribed to the corresponding minimum in the 
specific resistance of the pure electrolyte. 
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SAMENVATTING 

Tijdens alkalische waterelektrolyse treden er additionele energie
verliezen op tengevolge van de aanwezigheid van waterstof- en zuur
stofbellen in de elektrolyt. Om inzicht te verkrijgen in het effect 
van de aanwezigheid van deze gasbellen op het energetisch rende- -
ment van de waterelektrolyse, zijn zowel het gasbelgedrag als de 
ohmse spanningaval in de bellen bevattende elektrolyt onderzocht. 
Wat het gasbelgedrag betreft, worden er verschillende gebieden on
derscheiden, die optreden in afhankelijkheid van de volumetrische 
gasproduktiesnelheid. In het gebied dat voor de praktij~ van het 
meeste belang is, het zogenaamde kern-elektrolyse gebied, vertoont 
het gedrag van aan de elektrode gehechte bellen fluctuaties om een 
quasi-stationaire toestand die wordt gekenmerkt door in de tijd 
gemiddelde belgrootheden,. zoals de straal en het aantal. In dit 
gebied worden drie subgebieden waargenomen, die zich onderschei
den door een verschillende mate van interactie tussen de bellen. 
Deze mate van interacties wordt bepaald door de gemiddelde af
schermingsgraad, 8, van aan de elektrode gehechte bellen; 8 hangt 
af van de elektrolytische condities. De overgang van een subge
bied naar het aangrenzende vindt plaats binnen een nauw bereik van 
8, dat onafhankelijk is van de paràmeters stroomdichtheid, vloei
stofsnelheid en druk. 
Voor de beschrijving van het gedrag van bellen in het eerste sub
gebied - dit zijn bellen die geen interacties vertonen - kunnen 
theorieën over kernvorming, groei en loslaten van dampbellen tij
dens koken, na transformatie, worden gebruikt vanwege de analogie 
tussen warmte- en massadiffusie. De volgende voorspellingen, voort
komend uit deze analogie, zijn experimenteel bevestigd: (i) de 
kernvorming wordt heinvloed door het materiaal, de oppervlaktege
steldheid en de voorgeschiedenis van de elektrode; het aantal 
actieve kernen neemt toe bij toenemende stroomdichtheid, druk of 
elektrolytconcentratie, of bij een afname van de vloeistofsnel
heid; (ii) de gasbelgroei wordt, zowel bij vrije als bij gefor
ceerde convectie, bepaald door massadiffusie; (iii) de loslaat
straal en -tijd van bellen nemen af bij toenemende stroomdicht
heid of vloeistofsnelheid. 
Rekening houdend met het effect van interacties, kan met behulp 
van deze resultaten betreffende het gedrag van bellen in het eerste 
subgebied, het belgedrag worden verklaard in het tweede subgebied 
(waar interacties pas optreden nadat de bellen over het elektrode
oppervlak zijn gegleden) en het derde subgebied (waar interacties 
voornamelijk plaats vinden tussen naburige bellen). In het tweede 
subgebied blijkt het gemiddelde volume van de aan de elektrode 
gehechte bellen per oppervlakte-eenheid, Fw (een belgrootheid die 
van belang is met betrekking tot de weerstandstoename tengevolge 
van de aan de elektrode gehechte bellen) evenredig te zijn met de 
volumetrische gasproduktiesnelheid tot de macht 0.9 en af te nemen 
met toenemende vloeistofsnelheid. Deze twee effecten op Fw zijn 
praktisch onafhankelijk van elkaar. Met toenemende elektrolytcön
centratie neemt het &antal bellen toe en hun gemiddelde grootte af, 
zodat het effect op Fw gecompliceerd is. 



De relatieve specifieke weerstand, r/rp, van de elektrolyt tussen 
een vlakke werkelektrode en het diafragma in het betreffende com
partiment van een elektrolysecel neemt toe tengevolge van de aan
wezigheid van de losgelaten en de aan de elektrode gehechte bellen. 
Aan zo'n vlakke werkelektrode treedt tijdens geforceerde convec-
tie een bellen bevattende grenslaag op. Volgens experimentele gege
vens kan de dikte ervan uitgaande van een relatie voor een één-fase 
stroming, kwalitatief worden beschreven. De bellen bevattende grens
laag kan worden onderverdeeld in: (i) een eerste sublaag, grenzend 
aan de elektrode, die de aan de elektrode gehechte bellen bevat en 
(ii) een tweede sublaag, grenzend aan de eerste, die de losgelaten 
bellen bevat. Bij hoge gasvolume fracties kan het grenslaagconcept 
niet meer worden toegepast: de bellen zijn dan aanwezig over de 
gehele breedte van het compartiment. 
Er is een model voor de bepaling van r/rp ontwikkeld, dat de bij
dragen tot r/rp voorspelt van de eerste en de tweede sublaag en 
van de elektrolyt zonder bellen. Volgens dit model kan voor water
stofontwikkeling de bijdrage van de eerste sublaag verwaarloosd 
worden voor een afstand tussen werkelektrode en diafragma die vele 
malen groter is dan de belloslaatdiameter; voor zuurstofontwikkeling 
is deze bijdrage groter, maar onder de omstandigheden van onze ex
perimenten ook nog klein. De effecten van hoogte, stroomdichtheid 
en vloeistofsnelheid worden door het model gerelateerd aan hun res
pectievelijke effecten op de bijdragen tot r/rp van de drie ver
schillende elektrolyt lagen. De effecten stemmen kwalitatief over
een met de experimentele gegevens: r/rp neemt toe bij toenemende 
hoogte en stroomdichtheid en afnemende vloeistofsnelheid en afstand 
tussen werkelektrode en diafragma. Een uitzondering wordt gemaakt 
voor het effect van de stroomdichtheid op r/rp bij waterstofont
wikkeling: r/rp blijkt volgens de experimenten onafhankelijk te 
zijn van deze parameter. In afhankelijkheid van de elektrolytcon
centratie vertoont r/rp volgens de experimenten een maximum, hetgeen 
kan worden toegeschreven aan het corresponderende minimum van de 
specifieke weerstand van de zuivere elektrolyt. 
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LIST OF SYMBOLS AND SI-UNITS 

a liquid thermal diffusivity 

A constant 

Ae surface area of observed part of the electrode 

Ai(x): cross-section of i-th bubble at distance x 

b 

B 

a 

c 

from the electrode surface 

bubble quantity. unit depending on the specific 
quantity 

electrode width 

liquid specHic heat at constant pressure 

exponential constant in the relationship: 
y = krX,Y 

concentration of dissolved gas 

factor in the relationship for the bubble
containing boundary layer thickness 

Ccorr= factor in eq,(4.2.20) 

C· l 

D 

Dh 

D· l 
E 

Ee 

constant (i=l-6); unit depending on the speci
fic quantity 

saturation concentratien of dissolved gas 

supersaturation of dissolved gas 

supersaturation of dissolved gas at the 
bubble boundary 

wall supersaturation of dissolved gas 

supersaturation of dissolved gas, governing the 
bubble growth 

bubble density 

density of active cavities 

density of coalescing bubbles 

distance between working electrode and opposite 
luggin capillary 

distance between working electrode and diaphragm 

density of free bubbles 

microlayer thickness 

thickness of equivalent diffusion layer 

thickness of electrolyte layer of which the spe
cific resistance is determined through the impe
dance measurements and which is adjacent to the 
electrode 

diffusion coefficient of dissolved gas 

= 48/Z. hydraulic diameter. with S being the 
cross-section of the flow and Z being the 
wetted perimeter 

diffusion coefficient of indicator ions 

electrode potential 

equilibrium electrode potential 

[m2 /s] 

[kg/kmol m] 

[m2] 
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[m-2] 

[m] 

[m] 
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[m] 
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[m] 

[m2 /s] 

[m] 

[m2 /s] 

[V] 
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f gas volume fr.action 

fc(R): cumulative radius distribution function 

F w 

Gr 

constant 

= 96,487 106 C/kmol, Faraday constant 

volume of free bubbles per unit surface area 

volume of attached bubbles per unit surface 
area 

gravity 

change of molar free enthalpy 

= göp 1L!/(p1v 2
), Grashof number 

change of rnalar total enthalpy 

.electrode height 

electric current density 

exchange current density 

electric current 

~Co/P2, Jakob number 

p 1 a~T 0 /(p 2 l), Jakob number for boiling 

mass transfer coefficient of. indicator ions 

mass transfer coefficient of indicator ions 
in the coalescing bubble region at free con
veetien 

kco,f: mass transfer coefficient of indicator ions 
in the coalescing bubble region at forced 
conveetien 

n 

rp 

R 

mass transfer coefficient of indicator ions 
at forced conveetien in absence of gas bub
ble evolution 

molar vaporisation enthalpy 

characteristic electrode dirneusion 

bubble mass 

number of ions, involved in the reaction 
to form one gas molecule 

number of bubbles at electrode sur.face area A 
e 

number of coalescing bubbles per unit 
surface area and unit time 

pressure 

= p - Pv• partial pressure of gas 

vapour pressure 

mass flux density 

heat flux density 

volumetrie gas/vapeur production rate 

specific resistance of electrolytic two
phase mixture 

equilibrium radius 

specific resistance of the pure electrolyte 

bubble radius 

bubble radius, averaged over electrode sur
face area Ae 

[ I ] 
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[m/s2 ] 
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s(x) 

s 
D.So 

Sa 

Sh 

t 

td 

te 

tw 

T 

x 

V 

cavity mouth radius 

coalescing bubble radius 

radius of departing bubble, formed by 
coalescence 

bubble departure radius 

= 8.314 10 3 J/kmolK, universa! gas constant 

maximum radius of attached bubbles 

= vDh!v, Reynolds number 

= vz!v, Reynolds number for semi-infinite 
flow at a flat plate 

degree of screening of the electrode by at
tached bubbles 

degree of screening of the electrode by at
tached bubbles at distance x from the elec
trode surface 

limit value of s, to be approached at high 
current densities 

value of 8 at which the transition from 
first to the secoud subregion occurs 

value of 8 at which the transition from 
second to the third subregion occurs 

== s/(sl - s) 
molar entropy change 

v!D, Schmidt number 

== kfDh!v, Sherwood number 

time 

bubble departure time 

electralysis time 

bubble waiting time 

temperature 

saturation temperature 

the 

the 

; temperature difference between superheated 
wall and surrounding liquid 

initial value of 6T 

distance to the electrode surface 

arbitrary physical quantity; unit depending 
on specific quantity 

cell tension 

reversible tension 

ohmic potential drop between working elec
trode and opposite luggin capillary 

ohmic potential drop between working elec
trode and diaphragm 

liquid flow velocity 

flow velocity in the boundary layer 

Vinlet: inlet flow velocity 

: volumetrie gas production rate 

[m] 

[m] 
[m] 

[m] 

[m] 

[I ] 

[I ] 

[I ] 

[ 1 ) 

[I) 

[I ] 

[I ] 

[J/kmolK] 

[I ] 

[I ] 

[s] 

[s] 

[s] 

[s] 

[K] 
[K] 

[K] 

[K] 

[m] 
[-] 

[V] 

[V] 
[V] 

[V] 

[m/s] 

[m/s] 

[m/s] 

[m3 /m2 s] 



volumetrie liquid flow rate 

Y arbitrary physical quantity; unit depending 
on specific quantity 

z vertical coordinate 

Greek symbols 

fraction of , not used for bubble growth on a 
miniature electrode 

[m] 

[ I ] 

y 

bubble growth parameter 

contact angle 

thiekness of diffusion layer of dissolved 
gas around a growing bubble 

[ I ] 

[degree] or [rad] 

[m] 

ó'co 

n 
K 

\) 

thickness of ditfusion layer of indicator ions 
ln the coalescing bubble region at free con
vection 

,f: thickness of diffusion layer of indicator ions 
in the coalescing bubble region at forced con
vection 

thickness of diffusion layer of· dissolved gas 

thickness of diffusion layer of indicator ions 

thickness of diffusion layer of dissolved 
gas at laminar free convection 

thickness of velocity boundary layer for semi
infinite one-phase flow 

thickness of the bubble-containing boundary 
layer at f"QJ'_ç_~ flow 

E - Ee, (activation) overpotenrial 

constant in Henry's law 

kinematic liquid viscosity 

liquid mass density 

gas/vapour mass density 

change of p
1 

due to gas dissalution 

surface tension 

bubble cycle period in the coalscing bubble region 

Tco,f! time, during which diffusional mass transfer 
occurs in the coalescing bubble region at for
ced conveetien 

polar coordinate 

top angle of conically shaped cavity 

mass flux 

Subscript 'r': reference value of specific quantity 

[m] 

[m] 

fm] 

[m] 

[m] 

[m] 

[m] 

[V] 

[m2/s2] 

[m2 /s] 

[kg/m3 ] 

[kg/m 3
] 

[kg/m 3
] 

[N/m] 

[s] 

[s] 

[rad] 

[rad] 

[kg/s] 
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I 

De door Vogt gegeven waarden voor de gasvolL . .Lractie in de laag met aan 

de elektrode gehechte bellen zijn te hoog. 

I. H. Vogt, Electrochim. Acta,~ (I98I), I3II-I3I7. 

2. F. Hine and K. Murakami, J. Electrochem. Soc., I27 (I980), 292-297. 

3. F. Hine, M. Yasuda, R. Nakamura and T. Noda, J. Electrochem. Soc., 

I22 (I975), II85-II90. 

Dit proefschrift, hoofdstuk 3. 

II 

In tegenstelling tot wat Kuhn en Stevensou I I I beweren, bestaat er, als 

gevolg van de afscherming van de elektrode door het luggincapillair, een 

minimale afstand tussen elektrode en luggincapillair, waarbij met de stroom

interruptor methode betrouwbare metingen kunnen worden verkregen. 

I. A.T. Kuhn and M. Stevenson, Electrochim. Acta, 27 (1982), 329-337. 

III 

Het mechanisme van het dampbelgedrag en de invloed van de dampbellen op de 

warmte-overdracht bij kernkoken van onderkoelde vloeistoffen worden met 

verschillende modellen beschreven I I, 21. Deze berusten op verschillende 

veronderstellingen aangaande de temperatuur aan de belwand. De in de lite

ratuur bekende experimentele resultaten zijn onvoldoende om een keuze tussen 

deze modellen te kunnen maken. 

I. S.J.D. van Stralen en R.C. Cole, Boiling Phenomena, Hemisphere Publishing 

Corporation, Washington (I979). 

2. T.T. Robin and S.W. Snijder, Int. J. Heat Mass Transfer, 13 (1970), 305-318. 

IV 

Gasbelgroei in een uniform oververzadigde vloeistof kan worden beschouwd als 

een bijzonder geval van dampbelgroei in een uniform oververhit binair mengsel, 

waarbij de fractie van de meest vluchtige component in de bel gelijk is aan I I 1 I 

I. S.J.D. van Stralen en R.C. Cole, Boiling Phenomena, Hemisphere Publishing 

Corporation, Washington ·(I979). 



V 

Het al of niet op grote schaal inzetten van waterstof als energiedrager 

in combinatie met alternatieve energiebronnen dient niet slechts bepaald 

te worden door de prijs van de conventionele fossiele brandstoffen, maar 

tevens door de kosten die moeten worden gemaakt om de milieuvervuiling ten 

gevolge van het gebruik van deze fossiele brandstoffen, tegen te gaan. 

VI 

Wanneer er tussen twee niet-dimensieloze fysische grootheden X en Y een 

relatie bestaat, heeft deze in het algemeen de vorm !I I: 
Y = kXc 

met constanten k en c, zodat het aanbeveling verdient gemeten grootheden 

X en Y op dubbellogaritmisch papier uit te zetten ('een log die dom is 

maakt recht wat krom is'). 

1. D.A. de Vries, Int. J. Heat Mass Transfer, 19 (1976), 1107-1111. 

VII 

In de elektrochemie verdient het aanbeveling voor het begrip elektrische 

spanning de term 'tension' te verkiezen boven het gangbare 'voltage', omdat 

de eerste benaming de fysische grootheid aanduidt, terwijl de tweede betrek

king heeft op de eenheid, waarin deze grootheid wordt uitgedrukt. 

VIII 

Het ervaringsfeit dat een geconcentreerde waterige KOR-oplossing soms kruipt, 

waar water niet gaan kan, is te verklaren uit een verschil in oppervlaktespan

ning en zuurgraad. 

IX 

Het verdient aanbeveling bij een wetenschappelijke verhandeling waarin een 

groot aantal verschillende grootheden voorkomt, additioneel een losse symbolen

lijst toe te voegen. 



x 

Om de kennis van de Nederlandse literatuur internationaal te bevorderen, 

verdient het aanbeveling te onderzoeken in hoeverre de subfaculteiten der 

(moderne) taal- en letterkunde hieraan een bijdrage kunnen leveren door 

het verzorgen van vertalingen van waardevol Nederlands literair werk. 

XI 

Gezien de huidige verhouding tussen het aantal werkzoekenden en het aantal 

vakatures dient de verplichting tot solliciteren te worden herzien. 

XII 

Afgezien van extreme gevallen is de inhoud van een glas, waaruit een alcoh0-

lische drank normaliter wordt genuttigd, ruwweg omgekeerd evenredig met het 

aicoholpercentage, zodat de absolute hoeveelheid alcohol per consumptie onge

veer gelijk is. 




