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CHAPTER 1: INTRODUCTION.

1.1. THE ELECTROLYTIC CELL.
In 1789 the Dutch chemists A. Paets van Troostwijk and J.R. Deimann

were the first to decompose water in oxygen and hydrogen with the
aid of electric charges produced by an electrostatic machine. Due to
the limitations of this sort of electric generator they were,
however, unable to detect the development of hydrogen and oxygen at
the two poles and to interpret the nature of the electrochemical
reaction they observed [l, 2].

The invention of the "copper zinc pile” by Alessandro Volta in 1800
[1], opened a totally new field of research: electrochemistry.
Sclentists were provided with a continuous source of direct current
on which many processes could be based. The immediate effect of
Volta's discovery was the construction of a pile by Nicholson and
Carlisle [1, 2] with which they effected the decomposition of

water.

Since the first electrolysis a number of improvements have been made
to increase the efficiency of the electrolytic cells. In principal
an electrolytic cell still consists of two electrodes dipping into a
tank filled with electrolyte. An electrical current 1is passed
through the cell, bringing about electrochemical reactions at both
electrodes. Sometimes, the cell is divided into two parts to avoid
the mixing of products formed at the electrodes [3].

To assess the performances of electrolytic reactors different
quantitative criteria can be used. Three useful ones [4] are the

space~time yield, Yst’ defined by:

. amount of product obtained
st time x cell volume

b4 (1.1.1)

the chemical yield, Yc’ defined by:

- actual -amount of product obtained.
¢ maximum amount obtainable for a given comversion

Y (1.1.2)

and the energy yleld, YE’ defined by:

- amount .of product obtalned
E energy consumed

¥ (1.1.3)



1.2.

The respective yields are determined by a number of parameters such
as electrode area per unit cell volume, current density, electrode
potential, ohmic reslstance of electrolyte and separator, mass and
heat transfer and catalytic properties of the electrode surface., To
increase the efficiency of the cell, electrodes, electrolytes and
separators must be improved and new cell designs have to be
introduced [é]. Studies in these areas are stimulated by the energy
problem, the environmental problem and the materials problem with

which iadustries all over the world are faced.

GAS=EVOLVING ELECTRODES.

Electrochemical reactions inveolving the evolution of gas have some
special characteristics not shared by electrode reactions in general
[5]. During the course of the process, gas bubbles nucleate, grow in
size, depart from the electrode and rise in the solution. Since ‘
these phenomena can affect the electrochemical process considerably,
a closer insight in the performance of gas—evolving electrodes is
necessary. Gas evolution may favour a process in which diffusion of

electro—active species to or from the electrode surface is the rate

determining step, since it enhances the mass transfer and

consequently the production capacity of the electrolytic reactor
[5-8].

However, gas—evolving electrodes show a relatively high activation
overpotential. Higher energy-efficiencies may be realized if the
overpotential could be minimized by giving the electrodes better
catalytic activity or a higher specific electrode area [4}. In
recent years, the introduction of the dimensionally stable anode
(DSA) has made a great contribution to diminish the activation
overpotential of gas—evolving electrodes.

Gas bubbles attached to the electrode surfaces obstruct the passage
of the current. Due to the presence of bubbles in the interelectrode
gap, the ohmic resistance increases [9-13]. Therefore, the power
demand increases and, hence, the energy efficiency of the process
decreases. In industrial electrochemical processes involving gas
evolving electrodes, e.g. the production of chlorine, aluminium or
hydrogen, the energy consumption is high. Even a small improvement
of the energy efficiency of these processes may cut down the

expenses considerably.



1.3. WATER ELECTROLYSIS.

Although the water electrolysis process was already known in 1800,

industrially it was not used until the beginning of this century.
Because of the high cost of electrical energy, the price of
electrolytic hydrogen is high. Therefore, large electrolysis plants
are mostly located at sites where substantial amounts of low-cost
electric power are available [14].

The sudden increase in the price of fossil fuels a number of years
ago, resulted in an increased interest in alternative energy sources
{wind, solar, nuclear, hydro, geothermal, tide). Since the energy
produced by these sources has to be stored and transported, an
additional energy carrier is needed. Hydrogen is considered to be a
possible energy carrier in the future because of various advantages
compared to other systems [15, 16].

Hydrogen can be produced from fossil fuels by water electrolysis or
by the thermochemical splitting of water [17-19]. Due to various
reasons it 1is expected that the thermochemical hydrogen production
will not be able to compete with water electrolysis. Whether the use
of electrolytic hydrogen will expand significantly in the future
will therefore primarily be determined by the costs of electric
energy and by the efficiency of the water electrolysis process.
Electrolysis of water occurs when a direct electric current is
passed between two electrodes immersed in an aqueous electrolyte
(cf. Fig. 1.3.1).

In cells with an alkaline electrolyte, the key reactions at the

electrodes are:

cathode : he + 4H)0 » 2H, + 4OH (1.3.1)
E® = 0.83 V (NHE)

anode : 40H » 02 + 2320 + be {1.3.2)
E® = 0.40 V (NHE) '

net reaction: 2H20 * ZH2 + 02 ' ’ (1.3.3)

In cells with an acid electrolyte the reactions are:

cathode : he” + 4HT » 28, (1.3.4)
E® = 0.00 V (NHE)



anode : 2H)0 + 0, + sat + 4e” (1.3.5)
E® = 1.23 V (NHE)

net reaction: 2H20 * 2H2 + 02 (1.3.6}

¢ g
f
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diaphragm

Fig. 1.3.1. Water electrolysis cell with alkaline electrolyte

Although the reactions on the electrodes depend on the nature of the
electrolyte, the net reactions in both alkaline and acid
electrolytes are the same. The hydroxyl and hydronium ions provide
the electric conductivity in the respective electrolytes. The
theoretical minimum cell tension necessary for the decomposition of
water 1s determined by the Gibbs' free energy, AG, required to

decompose water into its elements [1, 17, 18]

. cAG
Ep = =3 (1.3.7)



where ET = the theoretical minimum tension at which electrolysis

can occur, F = the Faraday constant, n = the number of electrons
transferred in the reaction and AG = the change in molar Gibbs' free
energy for the reaction.

For an isobaric and isothermal reaction the Gibbs' free energy is

related to the enthalpy and entropy changes by:
AG = AH - TAS ’ (1.3.8)

where AH = the enthalpy (heat contents) change for the reaction,

AS = the entropy change for the reaction and T = the cell
temperature. At increasing temperature the theoretical minimum
tension decreases because the entropy change for the water
electrolysis process is positive.

For water to decompose at practical rates, the tension across the
electrodes must exceed the theoretical one by the tensions needed to
overcome electrode polarization (Ep) and ohmic resistance (Eg).

The tension of an operating cell can therefore be represented by

[17]:

E = ET + Ep + ER (1.3.9)
with:

By =g+ n, +Eg (1.3.10)
and:

ER =1. Rcell | (1.3.11)

where E = the tension necessary for the process, Ep = the temsion
needed to overcome the electrode polarization, ER = the tension
needed to overcome the ohmic resistance in the cell, ng = the
hydrogen activation overpotential, np = the pxygén activation
overpotentiél, Ec = the fension necessary to overcome the
concentration polarization, I = the total current in the cell and
= the ohmic resistance in the cell.

Rcell

The activation overpotentials, n, and M., are a measure for the

A
kinetic limitations of the charge transfer at the respective
electrode-electrolyte interfaces. According to the Tafel equation

[20] the overpotentials depend om current density, i, as:



1.4,

14

i=1, exp (anFn/R,T) (1.3.12)

where 1 = the current density, 1 = the exchange current density,

n = the electrode overpotential gnd o = the charge transfer
coefficient. The activation overpotential depends on the electrode
reaction, the nature of the electrode material and of the electrode
surface and on the temperature.

The concentration overpoteantial is due to a lack of electro-active
species at the electrode surface. It may be minimized by the
application of concentrated electrolyte, elevated temperature or
forced convection.

The ohmic potential drop, I . R is the product of the current,

cell®
I, and the ohmic resistance of the cell, R - R is the sum of

cell cell
the ohmic resistances of the electrodes, the diaphragm and the
bubble containing electrolyte. The resistance of the bubble~
electrolyte mixture will exceed the reslstance of the pure
electrolyte. The extent of the increase in resistaance due to the
presence of the bubbles depends on the gas void fraction and on its

distribution in the cell |9-13].

PRESENT . INVESTIGATION.

The aim of the present study is to investigate the effect of gas
bubbles evolved on the electrodes during alkaline water electrolysis
on the ohmic resistance in the cell. Insight in the effects of
various parameters on the gas bubble distribution and on the ohmic
resistance is of utmost importance for the optimization of the water
electrolysis process.

To obtain information on the bubble sizes and the gas void and
bubble velocity distributions in a vertically placed cell, high
speed motion pictures have been taken through small windows in a
transparent gold electrode at various distances from the electrode
surface and at various heights in the electrolysis cell. Results for
a number of current densities and solution flow velocities are given
in chapter 2. The behaviour of bubbles growing on the surface of a
transparent gold electrode under various conditions is also
described in this chapter.

The ohmic resistance and current distributions in the electrolysis



cell are determined using a segmented nickel working electrode. The
experimental results under various counditions and a model relating-
the bhmic resistance and current distribution to the gas void
fraction (ch. 2) is given in chapter 3.

A number of experiments have been carried out under semi-industrial
conditions. In chapter 4 a dimensionless correlation for the reduced
ohmic resistance between the working electrode and the diaphragm and
the parameters of the electrolysis process is derived. The relation
may be used to determine the optimum electrolysis conditions.

In chapter 5 a similar relation is derived for the reduced average
bubble radius at the outlet of the electrolysis cell. Knowledge of
the average bubble radius and of the bubble radius distribution at

the outlet of the cell can help to solve the bubble-electrolyte

separation problem.



CHAPTER 2: GAS BUBBLE BEHAVIOUR ON A TRANSPARENT GOLD ELECTRODE AND

2.1.

2.2.

~——BUBBLE DISTRIBUTION -IN THE ELECTROLYTE. e S

INTRODUCTION.

The mechanisms of the oxidation and the reduction reactions of water
to, respectively, oxygen and hydrogen have been studied by several
investigators [21—25].

These studies do, however, not include the processes that occur
after the formation of dissolved gases. In the present study we are
not concerned with the mechanisms of the oxidation and reduction
reactions, but with the bubble behaviour and the influence of the
bubbles on the ohmic resistance in the electrolysis cell.

In this chapter a brief survey on the nucleation, growth and
departure of bubbles during water electrolysis is given (section
2.2). In section 2.3 experiments to establish the gas void
distribution in the electrolysis cell are described. Section 2.4
contains the results of experiments that will be used for testing
the model describing the effect of gas bubbles on the ohmic

resistance, presented in chapter 3.

LITERATURE SURVEY.

2.2.1. Nucleation.

During water electrolysis, the electrolyte in the vicinity of the
electrode surface will be supersaturated with dissolved gas. In
the absence of convection or gas bubble formation, the
supersaturation, Acx’at a distance x from the electrode surface

is determined by diffusion of the gas dissolved in the
electrolyte. It can be represented as a function of time, t, after

the start of the electrolysis process by [25]£

i It -k %2 :
AC = =t (t') ° exp(- =—)dt!' (2.2.1.1)
X nF(wD)% 0 4Dt

Since the transfer of dissolved gas towards the bulk electrolyte

is slow, the supersaturation at the electrode surface, ACo,
increases with time.



Analogous to the process of vapour bubble formation at a
superheated wall [26], cavities at the electrode surface on which
gas bubbles can originate, will be activated and bubbles are
formed.

The pressure of the gas in a bubble has to exceed the pressure in
the surrounding liquid to compensate for the surface tension at

the interface. The excess pressure, Ap, is given by [27]:
Ap = 20/Re (2.2.1.2)

where o = the surface tension and Re = the equilibrium bubble
radius.
According to Henry's law the excess pressure 1s related to the

supersaturation as:
Ap = K.ACw (2.2.1.3)

with ¥ = Henry's constant and AC, = the supersaturation of
dissolved gas at the bubble wall. The relation between the
equilibrium bubble radius and the supersaturation follows from
Eqs. 2.2.1.2 and 2.2.1.3:

Re = Zol(K.ACw) (2.2.1.4)

According to Cole [26], cavities can, depending on their
properties (wettability, steepness), entrap gas/vapour or liquid.
For a vapour~filled cavity the equilibrium bubble radius often
equals the mouth radius of the active cavity. Consequently, the
supersaturation near the electrode determines whether a cavity is
active or not. At small supersaturations, ACy, only large
cavities can be active, while at high supersaturations small

cavities will also be activated.

2.2.2. Growth.

After nucleation, the gas bubble will grow at the electrode
gurface due to the supersaturation that still exists in the
vicinity of the electrode. Bubble growth during electrolysis (mass
transfer) 1s analogous to bubble growth in boiling liquids (heat

transfer).



For the growth of a spherical bubble in an initially uniformly
—superheated infinite medium, Scriven [28] has derived theoretical
expressions. In general, the theoretical treatment is based on the
consideration of a force, a heat and a mass balance. However, a
simultaneous solution of the three balance equations is not
practical. For the special case of isothermal bubble growth and
neglecting forces due to surface tension, viscosity etc., only the
equation for the mass balance is retained. In that case the rate
of growth of a bubble is limited by the rate of diffusion of the
dissolved gas through the liquid phase. The bubble radius, Rb, is

then given as a function of time by:
Rb= ZB(Dt)% (2.2.2.1)

The growth parameter, B, depends on the initial supersaturation,
ACO, and on the density of the gas, pp. It can be approximated by
[29, 30]:

|

8 = Ja{l +(1+2n/Ja) J2m ' (2.2.2.2)

with the Jakob number given by:
Ja = ACO/p2 (2.2.2.3)

During electrolysis bubbles grow in an initially non-uniformly
supersaturated liquid. Assuming an average supersaturation being
approximately tem times the saturation concentration, the Jakob
number for hydrogen evolution in water is 0.22, which is small
compared to Jakob numbers in boiling processes.

Although true radial symmetry cannot exist during electrolysis,
experimental results on electrolytic bubble growth reported in
literature [27, 30-32] are in fair agreement with Scriven's
equation. '

The equation for bubble growth is derived for a single bubble.
Obviously neighbouring bubbles will affect each other's growth.
A slowing down of the rate of growth of the bubbles may occur

because of the competition for the dissolved gas by adjacent
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bubbles. On the other hand, the growth rate of bubbles may
increase because of an increase in the rate of mass transfer of
dissolved gas due to convection induced by neighbouring bubbles.
The precise effect of the mutual interference of the bubbles is
therefore hardly predictable [27].

When two bubbles, growing on the electrode surface, come into
contact they may merge {(coalesce) to form a new bubble. The volume
of the new bubble 18 the sum of the volumes of the coalescing
bubbles. After the coalescence, the new bubble may resume

diffusional growth.

Departure and rise.
The departure mechanism of bubbles from the wall is governed by a

number of forces as the buoyancy force, forces due to surface
tension, viscosity, liquid inertia and, for electrolytically
evolved bubbles, the electrostatic forces between the bubble and
the electrode.

In 1935, Pritz [33] derived an expression for the departure
radius, R4, for slowly growing bubbles on a horizeontal wall with
a foot spreading beyond the mouth of the originating cavity:

Ry = 0.0104 Y{a/g(pl—pz)}% (2.2.3.1)

where Y = the contact angle between the bubble and the wall,
expressed in degrees. This equation results from a force balance
considering the buoyancy and surface tension forces and a
correction force accounting for the contact area, acting on a
bubble at departure from a horizontal wall [34].

An experimental dynamic growth factor containing additional ligquid
inertia and viscosity effects was introduced by Cole and Shulman
for the case of fast growing bubbles [35].

A number of other correlations have been derived, [34, 35], but
they only deal with the departure of bubbles from a horizontal
wall. The departure of bubbles from a vertical wall is, as yet,
too complex to be described theoretically.

However, Slooten [34] recently derived an upper limit of the
gtatic departure volume, Vd’ max’ for a bubble growing from a
cavity on a vertical wall with its foot attached to the mouth of



this cavity. His derivation is based on the force equation:

Fb - Fc = 0 (2.2.3.2)
where Fy, = pgV = the upward buoyancy force and Fg4 is the

downward component of the adhesion force. At any moment of
attachment this equation has to be satisfied.

Fy reaches its maximum in the hypothetical case in which the
tangent to the bubble profile at any point of the line of contact
(at the bubble base) is parallel to the wall. Assuming a circular

bubble foot, Fy caun be expressed by:

"
F =20 [ r sina da = 4ro (2.2.3.3)
¢
o=()

where a is the circular parameter of the circle of contact. The

maximum bubble volume is then obtained as:

= ' 2.2.3.4
Vd,max 4ro/pg ( )
This volume is a factor 27 smaller than the departure volume of a
cavity bubble from a horizontal wall.
After the departure from the electrode surface, bubbles will rise
in the electrolyte near the electrode. The natural rising velocity

of a single bubble can be calculated using Stokes' equation:
v = 2R, 2pg/9n , ‘ (2.2.3.5)

When a forced electrolyte flow is applied, the rising velocity of
the bubbles may increase. The ratio between the bubble velocity
and the electrolyte velocity is called the slip ratio or phase
velocity ratio [36}. It depends on various parameters, e.g.
pressure, void fraction, channel area and orientation and
gas/liquid density ratio. Generally, the slip ratio is unknown and

ig often taken to be unity (so called homogeneous model).

2.3. EXPERIMENTAL SET-UP.

The experimental set-up for bubble measurements is shown in Fig.
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2.3.1. The electrolysis cell consists of two sections. One section
is made of transparent acrylate resin and contains the counter
electrode (perforated nickel plate, 50 x 2 cm?), while the other

gsection (stainless steel setting) incorporates the working

electrode.
daphragn__ | ]
. i H
counter alechrode-. | /workung settrode
~]
high speed ramera
Hg-tamp
< ﬂsf
A
t-B——%+ ;

2.3.1 Experimental set~up for bubble measurements.

The working electrode consists of a glass plate on which a thin gold
layer 1s depésited. The glass plate is glued in the stainless steel
settiﬁg and serves as the backwall of the working electrode section.
The sections are separated by a transparent nafion (Du Pont)
membrane. The counter electrode is placed against the membrane,
while the distance between the working electrode and the membrane is
6 mm. The electrolysis cell ie connected to a circuit for forced
flow. Details of this circuit are given in chapter 3.

The bubble density and velocity distributions in the electrolysis
cell are recorded using a high speed film camera (Hitachi, NAC 16D).
To get optimally contrasted bubbles on the pictures, the light
source, for which a mercury arc lamp (Oriel-HBO 100 W/2) is used, is
placed at the opposite side of the electrolysis cell. A positive
lens is used to focus the light beam in the recording area.

Because of the small sizes of the bubbles (10-100 pm) a microscope
has to be used. The magnification factor is determined by the
microscope objective and its distance to the camera (no ocular is
used). Its value is established by measuring a recorded scale of one
millimeter which is divided in 100 equal parts; it is found to be
approximately 300.



To obtain sharp pictures, picture frequencies up to 8000 frames per
second have to be used when forced flow up to 0.75 m/s is applied.
Light marks on the edge of the film, initiated by the camera every
willisecond, indicate the framiung frequency.

Before a series of experiments, the microscope is focused on the
surface of the gold electrode. The camera and the microscope can be
translated simultaneously maintalning a constant magnification
factor. From the displacement of the camera the fdcus point in the
electrolysis cell 1s determined, taking into account the difference
in refractive index between the electrolyte and air.

Unless mentioned otherwise, the experiments have been carried out
galvanostatically with a hydrogen evolving gold electrode at
atmospheric pressure, in 1 M KOH-solution at 303 K, at a current
density of 0.75 kA/m? and with an applied flow velocity of 0.3 m/s.
The current density is calculated by dividing the total curreat by
the active geometrical surface area of the working electrode. The
solution flow velocity is calculated by dividing the volumetric flow
rate of the solution by the cross-sectional area of the compartment
diminished by the cross—sectional area of the electrode in the
compartment. '

Only hydrogen bubbles have been studied since the thin gold layer
crumbles from the glass plate at oxygen evolution.

The exposed films (Kodak 4-X reversal film 7277) are developed using
a combilabor (01d Delft CMB—A-2). The bubbles on a frame are
measured on the screen of a motion analyser (Hitachi, NAC MC-OB/PH~
160B). The data are recorded on paper—~tape and handled by the
university computer (Burroughs 7700). Since one frame only
represents the bubble situation at a distinct time and fluctuationms,
on a small time scale, in the bubble behaviour may occur, it is
likely that the bubble situation on one frame does not represent the
average bubble situation. Therefore bubble quantities are averaged
over approximately 10 randomly taken frames for'each'experimental

condition. In this way representative results are obtained.
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2.4, RESULTS.

2.4.1. Bubble behaviour on the electrode surface.

2.4.1.1.

2.4.1.2.

24

Introduction.

To study the behaviour of hydrogen bubbles on the electrode
surface, the transparency of the electrode has to be at least
10%. Although, relatively small gold electrodes with sufficient
transparency and stability have been made, we did not gucceed in
making a lasting electrode of 2 x 50 cm? with more than 5%
transparency.

The bubble behaviour of relatively small transparent nickel
electrodes has been studied extensively by Sillen [32, 3?} and
Janssen [37, 38]. To check whether the results of these
experiments can be used in the present experimental set-up, some
experiments were carried out at velatively low current densities
on a transparent electrode. At higher current densities the
decay of the electrode would take place before a series of
measurements could be made. The degree of screening of the
electrode by attached bubbles, s, averaged over the observed
surface érea was determined and compared to the data obtained by
sillen [32, 37].

Effect of current density.

The effect of curreant density has only been studied in the range
of 0.15 to 0.75 kA/m2. Fig. 2.4.1 shows the measured screening
of the gold working electrode surface by hydrogen bubbles as a
function of current density at a solution flow of 0.3 m/s in 1 M
KOH and at room temperature, together with results obtained by
Sillen for hydrogen bubbles on transparent nickel electrodes
[32] under similar conditions but in a wider current density
range. The results of the present study agree well with the
results obtained by Sillen. )

In Fig. 2.4.2 the degree of screening by bubbles adhering to the
electrode divided by the difference between the maximum possible
degree of screening and the measured degree of screening,
s/{l-s), is plotted versus current density on a double
logarithmic scale for a number of data obtained by Sillen for
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Fig. 2.4.1 The degree of screening of the gold electrode surface by

hydrogen bubbles together with results on nickel electrodes
obtained by Sillen. v, = 0.3 u/s, [koH] = 1 M, T = 303 K.

hydrogen as well as for oxygen bubbles. From this Figure it
follows that in the current density ranges 0.25-2.5 kA/m? for
hydrogen and 0.5-5 kA/m? for oxygen, the dependence of the

degree of screening on the current demsity can be represented

~ 1 (2.4.1.1)

where a 1s a constant depending on the nature of gas evolved,
but, for oxygen, indepeundent of solution flow velocity.
Rearranging this equation, the degree of screening by bubbles
adhering to the electrode is expressed as a function of current

density by:

a
2
al(i/ir)

s —1 T (2.4.1.2)

1+ 81(1/1r) 2

where ir is the reference current density (= 1 kA/m?).
The data of Sillen for hydrogen evolution at a solution flow
velocity of 0.3 m/s in Fig. 2.4.1 are fitted by:

. 0.19 (1/1r)1’4
8 = T (2.4.1.3)
1 +0.19 (1/1)
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Fig. 2.4.2 s/(l1-s) as a function of current density on a double

2.4.1.3
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logarithmic scale for a number of data obtained by Sillen.

Effect of solution flow velocity.

In Fig. 2.4.3 the degree of screening of the electrode surface
by adhering bubbles, determined at 0.15 and 0.75 kA/m2, is
plotted in dependence of solution flow velocity together with
results obtained by Sillen at 2 kA/m? [32]. The degree of
screening decreases at increasing solution flow velocity for all
current densities.

To describe the dependence of the degree of screening on the
solution flow velocity, an approach éimilar to that of the
previous section is used. In'Fig. 2.4.4 the degree of screening
divided by the difference between the maximum degree of
screening at natural convection and the measured degree of
screening, s/(so—s), is plotted as a function of solution flow
velocity on a double logarithmic scale, for a number of data
obtained by Sillen [32].

From this Figure it follows that in the solution flow velocity
range 0.1-1.0 m/s the dependence of the degree of screening on

solution flow velocity may be represented by:



0.5 T T

" e 2kA/m?

04p - o 0TSKA/MZ |

+ 015kA/m?

03- 4
wy

02- |

&1-\*\\\\;\

! |
0 02 04 06 08 10
V| (mfs)

Fig. 2.4.3 The degree of screening of the electrode at various current

densities in dependence of solution flow velocity.
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Fig. 2.4.4 8(l-8) as a function of solution flow velocity on a double
logarithmic scale for a number of data obtained by Sillen.
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~ vb (2.4.1.4)
S5 ~ 8 L
where b 1s a constant independent of current density and nature
of the gas evolved.
Rearranging Eq. 2.4.1.4 the degree of screening by bubbles
adhering to the electrode is expressed as a function of the

solution flow velocity by:

b2
b,s.(v,/v, )
g = — 22 hr (2.4.1.5)
2
L+by(vplvy
where v is the reference solution flow velocity (= 1 m/s).

L, r
The data of Sillen for a hydrogen evolving electrode at 2 kA/m?

in Fig. 2.4.3 are fitted by:

0.08 x 0:45 x (v,/v, r)'2'5
s = AL (2.4.1.6)
1+ 0.08 (vgivz,r)

Effect of height.

The effect of height on the degree of screening of the electrode
surface by adhering bubbles is determined at approximately 7 ¢m
from the bottom and 7 cm from the top of the 48 cm high
electrode., It is only possible to establish this effect at very
low current densities, because at higher current densities the
illumination of the top of the electrode is insufficient due to
the scattering of light by the numerous bubbles iu the
electrolyte.

At a curreant density of 0.15 kA/m? and a solution flow velocity
of 0.1 m/e the degree of screening at 7 c¢m from the bottom of
the electrode is approximately 0.13 while the corresponding
value at 7 cm from the top of the electrode is approximately
0.14. This small difference can not be considered as a
significant effect of height. It 1is, however, possible that, at
greater current densities when the bubble population is dense,
effects in height may occur.



2.4.1.5. Conclusions.
From the data presented in the previous sections 1t may be
concluded that the degree of screening of the electrode surface
by adhering bubbles increases at increasing current density in
the current density range 0.25-2.5 kA/m? for a hydrogen evolving
electrode and 0.5-5.0 kA/m2 for an oxygen evolving electrode.
The degree of screening decreases at increasing solution flow
velocity in the velocity range 0.1-1.0 m/s. .
The maximuym degree of screening at free convection is determined
by the current density. The dependence of the degree of
screening on current density and solutfon flow velocity may be

approximated by substituting Eq. 2.4.1.2 for s, in Eq. 2.4.1.5:

0

a

2
al(ilir) bz

bl. s (vzlvx,r)
1+ a, (1/1)
.- L (2.4.1.7)

by
1+ bl(“zfvz,r)

where, a, 8, bl and b2 are coustants that may depend on the

nature of both the electrode surface and the gas evolved.
Rearranging this equation yilelds:

/ "2 / *2
a b, (1/1) “o(v /v, )
e (2.4.1.8)

by (v /vy ) 2yl (/1) D)

For the hydrogen evolving transparent nickel electrode used by
Sillen [32] the equation reads:

15.1072 (uir)l“'*(vl/v2 r)‘2‘5 - .
s = L : T (2.4.1.9)
(140.08(v /v, 372 ) a40.19(1/1)0 ")

It is tempting to use this equation to predict the degree of
screening of the electrode surface at higher current densities
and for non-transparent electrodes. It must, however, be noted,

that Bq. 2.4.1.9 only approximates the degree of screening of a
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transparent nickel electrode in a limited current density
range.

At higher current densities, when the interaction of bubbles
increases, other effects may dominate the bubble behaviour.
Further it is a well known fact [32, 37, 38] that the bubble
behaviour strongly depends on the nature of the electrode
surface. The nature of a transparent electrode surface deviates
gignificantly from the nature of a "technical” electrode
surface. Consequently, the values of the constants in Eq.
2.4.1.9 will differ for a transparent and a techmnilcal

electrode.

2.4.2. Bubble. distribution in.the electrolyte.

2.4.2.1. Iantroduction.

30

The transparency of the gold electrode used for bubble
distribution experiments was only 1~2%Z. Therefore, the
illumination of the bubbles in the electrolyte was insufficient
to take high speed motion pictures. To determine the bubble
distribution in the electrolyte, the thin gold layer was removed
from the glass support at four spots, thus creating small
windows through which the bubbles in the electrolyte could be
studied.

Due to the large magnification used, the depth of field is
limited. Only bubbles with sharply defined outlines (located in
a thin layer of electrolyte of approximately 100 mm) are

measured. The following quantities have been determined from the

experiments.
- _ N
- R : the average bubble radius; R = ( I Ri)fN
1=1

the sum of the bubble radii measured divided by the number
of bubbles. The average bubble radius depends on the
departure radius of the bubbles from the electrode and on

the degree of coalescence in the electrolyte.

-~ R_: the volume-surface mean radius or the average Sauter
—— o N N
radius [39], R = R3/RZ = ¢ Rf/ I R2. The degree of

g=1 L g1 1



coalescence affects the Sauter radlus more than it does
the average bubble radius. The Sauter radius occurs in the
equation for the mass transfer coefficient for gas

evolving electrodes [40].

- s_: the degree of screening in the electrolyte;
N
= ( I nR%)/c.A2 the fraction of the electrolyte area

R

covered by the projection of the bubbles.The
proportionality factor, ¢, accounts for the depth of field
of the optical system. At high values of s, the
probability for coalescence to occur is high. The

electrolyte resistance in this layer will be high too.

2.4.2.2. Effect of current density.
The effect of current density on the degree of screening in the
electrolyte, Sor is illustrated in Fig. 2.4.5 at three current
densities viz. 0.15, 0.75 and 1.5 kA/m? at a solution flow
velocity of 0.3 m/s and a height of apﬁroximately 7 cm from the
bottom of the electrode.
The Figure shows that two layers may be distliuguished in the
electrolyte. The first layer adjacent to the electrode, exhibits
a sharp decrease 1in the degree of screening at increasing
distance from the electrode surface. In the second layer, s,
decreases only slightly with increasing distance from the
electrode.
The width of the first layer is estimated by drawing by hand
two straight lines, approximating the screening in the
respective layers. The Intersection of these lines marks the
trangition of the first to the second layer in the Figure. In
Fig. 2.4.6 the so determined width of the first layer is plotted
as a function of current density on a double logarithmic scale.
The Figure shows a straight line with a slope of approximately
0.1, indicating a slight dependence of & on i. The width of the
layer adjacent to the electrode in dependence on current density
can therefore be approximated by:

0.1
8§ ~1 (2.4.2.1)
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The degree of screening at a distance of 1 mm from the electrode
surface, a solution flow velocity of 0.3 m/s and a height of 7
cm from the bottom of the electrode is plotted as a function of
current density in Fig. 2.4.7, while the dependence of the
average bubble radlius and the average Sauter radius on current
density is plotted in Fig. 2.4.8. From these Figures it follows
that s, as well as R and ﬁs increase at increasing current

£
dengity. The increase 1n s, is due to the increase in the total

gas volume produced at higier current densities.

The increase in R could be due to an increase in departure
radius from the electrode and/or to an increase in the degree of
coalescence. From experiments by Sillen [32] it follows that the
average departure radius of hydrogen bubbles from the electrode
decreases at increasing current density. Therefore, the increase
in average bubble radius must be due to an increase in the
degree of c¢oalescence at higher gas void fractions. This is
confirmed by the relatively larger iuncrease in the average
Sauter radius, which is affected strongly by the degree of

coalescence.



N

t I i .
0.%01- -
0.08 -
0064 -
*
- b ]
0.04- ¢ -
L (] -
002~ -
i | i 1 |
0 15 30 45 60 0 15 30 45
i (kA /m2) i(kA/m2)
Fig. 2.4.7 Fig. 2.4.8
Degree of screening at a distance The dependence of the average
of 1 mm from the electrode surface bubble radius and the average
as a function of current density. Sauter radius on current density.
v, = 0.3 m/s, h =7 cm. vy = 0.3 m/s, h =7 em, x = 1 mm.

2.4.2.3. Effect of solution flow velocity.

The effect of solution flow veloclty on the degree of screening
in the electrolyte is given in Fig. 2.4.9. From this Figure it
follows that sy increases at decreasing solution flow

velocity. The width of the first layer of electrolyte adjacent
to the electrode is estimated as described in the previous
section and depends on the flow velocity. Fig. 2.4.10 shows a
plot of § against vy on a double logarithmic scale. From this
plot the following expression for the dependence of & on vy is
obtained:

~0.2

§~v, (2.4.2.2)

In Fig. 2.4.11 the effect of solution flow velocity on the
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solution flow velocities.

average bubble radius and on the average Sauter radius is
illustrated at a curreant density of 1.5 kA/m?, a height of
approximately 7 cm from the bottom of the electrode and at a
distance of approximately 0.3 mm from the electrode surface.
Both R and ﬁs decrease at increasing solution flow velocity, due
to the decrease in both the average departure radius from the
electrode [32, 37] and the degree of coalescence at increasing
flow velocity. The effect on the average Sauter radius is more

pronounéed due to its greater sensitivity to changes in
coalescence behaviour.
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Fig. 2.4.11 The effect of solution flow velocity on the average bubble
radius and the average Sauter radius at x = 0.3 mm,
i=1.5k&/n?, b =7 cm.

2.4.2.4. Effect of height. .
In Fig. 2.4.12 the degree of screening in the electrolyte 1s
plotted versus the distance from the electrode surface at three
heights, h, in the electrolysis cell viz. 7, 15 and 33 cm from
the bottom of the electrode. As is to be expected, the degree of
gcreening in the electrolyte increases at increasing height in
the cell. It is noted that in section 2.4.l1.4 it was stated that
the degree of screening at the electrode surface is independent
of the height in the electroclysis cell.
The width of the layer adjacent to the electrode, where the
degree of screening decreases strongly, depends on the height in
the electrolysis cell. A plot of & versus h on a double
logarithmic scale (cf. Fig. 2.4.13) shows a straight line with a
slope of 0.3. The dependence of § on h c&u therefore be
estimated by:

§ ~ n0°3 (2.4.2.3)

In Figs. 2.4.14 and 2.4.15 the average bubble radius and the
average Sauter radius are plotted as a function of distance from
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the electrode surface at a current density of 0.75 kA/mz, a
solution flow velocity of 0.3 m/s and at three heights in the
electrolysis cell. It is obvious that both radii increase at
increasing height, due to an Increase in the degree of
coalescence. '

In the bulk of the solution the gas void fraction in the
electrolyte is smaller and the electrolyte velocity is larger
than near the electrode surface. Consequently, coalescence will
occur especially near the electrode surface and less further in
the electrolyte. Therefore, R and ﬁs decrease at Increasing
distance from the electrode surface, except at relatively small

heights in the cell where coalescence has hardly occured.
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2.4.2.5. Conclusions.
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Summarizing the previous results, the dependence of § on curreat

- density, solution flow veloeity and height is obtained from a

combination of Eqs. 2.4.2.1, 2.4.2.2 and 2.4.2.3 and may in
principle be represented by:

[ ol [
s~1L, ¢ 2p3 (2.4.2.4)

2
The proportionality factor and the respective exponents probably
depend on the cell geometry and the nature of the solution flow.
In the present cell geometry the thickness of the first bubble
layer adjacent to the electrode surface can approximately be
represented by:

0.1 -0.2 0.3
5/5r = (1fir) .(vzlvg’r} .(h/ht) . (2.4.2.5)

The value of Gr is determined, taking as a reference gituation
i=0.75 kaA/m?, vy=03m/s, h=7 cnand § =0.30 mn

(cf. Fig. 2.4.6), to be 0.14 mm.

It should, however, be noted that this is only a rough
approximation. The relative experimental uncertainty in the
screening values 1s of the order of 10% and, the way in which §
has been estimated is questionable.

Therefore, Eq. 2.4.2.5 can only be considered as giving an

indication of the effect of the respective parameters on §.



CHAPTER. 3: SPECIFIC RESISTANCE OF A BUBBLE ELECTROLYTE MIXTURE AND
CURRENT DISTRIBUTION AT A SEGMENTED NICKEL ELECTRODE.

3.1. INTRODUCTION.
During alkaline water electrolysis oxygen and hydrogen bubbles,
which are evolved on the electrodes, cause an increase in the ohmic
resistance of the electrolysis cell. Counsequently, the energy
efficiency of the electrolysis process decreases. The current
distribution im a vertical cell will also be affected by the evolved
bubbles. The gas void fraction in the cell increases with increasing
helight and consequently, the current demsity 1is expected to decrease
with increasing height. Insight in the effects of various parameters
on the current distribution and on the ohmic resistance in the cell
is of utmost importance for the optimization of the water
electrolysis process.
In this chapter a brief literature survey on the effect of non—~
conducting particles on the ohmic resistance of electrolytes and on
the current distribution in the cell is given (section 3.2).
In section 3.3 a new model relating the ohmic resistance to the
bubble fraction in the cell is presented.
In section 3.4 experiments to determine the current distribution and
the ohmic resistance in a vertical electrolysis cell are described.
The results of these experiments are presented in section 3.5 and

compared with the proposed model in section 3.6.

3.2. LITERATURE SURVEY.

3.2.1. Conductivity of dispersions.

In the past several models describing the effect of the presence

of particles of conductivity K, in a medium of conductivity Kc

d
have been developed. At the end of the last century, Mazwell {41]

obtained the following expression for the effective conductivity,’
Ke’ of randomly dispersed spherical particles of uniform diameter

and conductivity Kd in a continuous medium with conductivity Kc in
relation to the volume fraction, f, of the dispersed phase
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K/K -1 K /XK -1
e. © d ¢

W= £ . W—i {3.2.1.1)

1f the dispersed particles are noan~conductors (Kd = 0)
Eq. (3.2.1.1) simplifies to (cf. Fig. 3.2.1):

Ke/Kc = (1-f)/(1+%f) (3.2.1.2)
or in terms of resistances:
R/Rp = (14%£)/(1-f) (3.2.1.3)

where R = the efféctive resistance of the dispersion and Rp‘. the

registance of the pure continucus medium.

KK
1.0

0.8

a6 Maxwwell

0.4
Mashovets

0.2 Bruggeman

0 62 04 08 08 0 f

Fig. 3.2.1 Relative conductivity as a function of gas void fraction
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according to various models.

In his derivation, Maxwell assumed that the average distance
between the dispersed particles is large in comparison to their
radii, so that the fields surrounding each sphere do not perturb
each other to any appreclable extent. Therefore, Maxwell's
equation may accurately represent conductivity data for
dispersions of spheres when the volume fraction of the dispersed
phase 1s up to approximately O.1. Although, the relation was
derived only for these dilute dispersions, numerous workers have
found that experimental data in moderately concentrated

dispersions may be represented satisfactorily by Maxwell's



equations [42-44].

Similar and more extended relations were derived for different
geometrical conditions by Rayleigh [45], Pricke [46], Runge [47]
and Meredith and Tobias [hB]. ‘

Bruggeman {49] considered the case where the dispersed phase
consists of spheres with a wide diameter range. In his treatment
he consideres that if one adds a relatively large sphere to a
dilute dispersion containing much smaller particles, the
disturbance of the field around the large sphere due to the small
spheres may be assumed to be negligible. The surroundings of this
particle may then be considered to be a continuum with effective
conductivity Ke', which may be evaluated using Maxwell's equation.
For each infinitesimal increment in volume fraction the effective

conductivity changes according to:
L L - L -—ft o ] 2.1,
d& _'/df (-3 '/(-f )]{(Ke K/ (2K +Kd)] (3.2.1.4)
Integrating Eq. 3.2.1.4 with the boundary conditions:

K'=RX, when f' =20
e e

RK'"=XK, when f' =¥
e e

he obtained:
Ke{Kc - K

/

d/Kc

=1-f (3.2.1.5)

1,3
&, /k) TR /K )

With Kd = 0, Eq. 3.2.1.5 simplifies to (cf. Fig. 3.2.1):

3/2
Ke/Kc = (1-£) ) (3.2.1.8)

or in terms of resistances:

~372
R}Rp = (1-f) / (3.2.1.7)

Egperiments on suspensions of glass beads by De La Rue and Tobias
[50] indicate, that Bruggeman's approximation represents the
dependence of the effective conductivity on the volume fraction
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3.2.2.
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very satisfactorily for the dispersed phase containing a broad
range of particle sizes. Data for narrow size ranges fall in
between the values predicted by the Maxwell and Bruggeman
equations. In such mixtures the physical assumptions implicit in
the Bruggeman approximation are not justified. De Vries [51] came
to a similar conclusion on the basis of theoretical considerations
and of experimental values for the dielectric permittivity, the
electrical conductivity and the effective diffusivity for gas
diffusion of porous media and mixtures.

Since all the theoretical expressions given above were derived for
dilute dispersions, many semi-emplirical and empirical equations
have been developed for more concentrated dispersions and for
dispersions of irregularly shaped particles.

So, Wiener [52] derived a semi-empirical relation for the

conductivity of mixtures:
Ke/(Ke‘i-u) = fKD/(I(Dw) + (1-f)Kc/(Kc+u) (3.2.1.8)

where u 1s a constant depending on the form of the particles, to
be determined experimentally for each mixture. Other semi-
empirical relations were derived by e.g. Lichtenecker [53],
Pearce [54] and Higuchi [55].

Mashovets [56] obtained an experimental relation for non-
conducting spheres in a continuum by curve fitting (cf.

Fig. 3.2.1).

K /K =1 +1.78F + £2 (3.2.1.9)
However, in this relation the conductivity of the mixture, Ke’
does not apﬁroach zero as f approaches one. Hence it can not be

applied for f-values above approximately 0.70.

Current density distribution.

The distribution of current in an electrolytical reactor is
determined by a number of parameters such as polarization and
electrode geometry. In the absence of concentration differences
and activation overpotentials and using Ohm's law, an expression

for the current flowing between an electrode and the solution in



which it is emersed is:
i= -Ks(d@!dx)x_o (3.2.2.1)

where 1 = the current density, Ks = the specific conductivity of
the solution and x = the coordinate normal to the electrode
surface; (d@fdx)x=0 represents the potential grgdient at the
electrode surface.

With the expression for the continuity of electrical charge in the
solution and the Laplace equation subject to the appropriate
boundary conditions, the so-called primary current density
distribution may be calculated.

For a flat plate electrode located opposite an identical electrode
three characteristic distributions, depending on different
boundary conditions are obtained (ef. Fig. 3.2.2).

insulator .
insul ator,
a o o
insulator
electrode electrode electrode
3 b 4

Fig. 3.2.2 Three different electrode geometries.

The current density at the edge of the electrode will approach
infinity for a + 180°. For a = 90° the current demsity will be
uniform over the entire electrode surface, while the current
density at the edge of the electrode will approach zero for small
values of a.

For a parallel plate reactor in which the electrodes do not fully
occupy their respective sides of the reactor (cf. Fig. 3.2.2a)
Parrish and Newman [57] derived the following brimary current
distribution: V

i _ €_coshe /B(tanhZe)
i

r (3.2.2.2)
av  [einhZ - sinh?(2h-H)e/H]

where € = w¥H/2d and B = the complete elliptic integral of the
first kind; h = the distance to the beginning of the electrode,
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H = the total length of the electrode and 4 = the distance between
the electrodes.
In the limiting cases of d >> H and d << H Eq. 3.2.2.2 simplifies

to respectively:

IL - ____ZL“_;.. (3.2.2.3)
av (1_(2h;H) )%
and:
1 -3
7 = (l-exp(-2wh/d)) (3.2.2.4)

In Fig. 3.2.3 the primary current distribution in a parallel plate
reactor for short and loung electrodes ig illustrated. For
relatively long electrodes the current density is reasonably
uniform over a substantial part of the electrode surface. Only at
h =0 and h = H infinite current densities are predicted.

2.0

15

Fig. 3.2.3 Primary current distributions in a parallel plate reactor for
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long and short electrodes.



When the activation overpotential, n, is taken into account, the

boundary condition for the Laplace equation becomes:

o, =V n (3.2.2.5)

where QO = the potential in the solution at the electrode/solution

interphase, V. = the potential for the primary distribution and

4]
n = the overpotential which depends on the current density.
In the simple case of linear polarization the relatisu. beiween 1

and n may be written as:

di o io F
i=n(z) = (o (3.2.2.6)
G

From Egs. 3.2.2.1, 3.2.2.5 and 3.2.2.6 it follows that:

KR.T
s G ad
QO = Vo + i F (E;) (3.2.2.7)
0 x=0

The second term on the right hand side in Eq. 3.2.2.7 is a
correction term on the primary potential, due to the activation
overpotential. The modified current distribution that occurs with
activation polarization is known as the secondary current
distribution. When the primary current distribution is uneven, the
secondary distribution will tend to be more uniform. High current
densities will cause lowered solution potentials because of the
increase in the values of the overpotentials. When the primary
current distribution is uniform over the entire electrode surface,
the secondary distribution will also be uniform, since the
overpotential will have the same value over the entire electrode

surface.

If both the transport of active species to or from the electrode
surface as well as the activation polarization affect the
reaction, this gives rise to the so—called tertiary current
distribution. The boundary conditions for the Laplace equation
become very complicated, because (dﬁ/dx)0 depends on concentration

as well as on potential. Except for simple electrode geometries,

45



numerical solutions for this problem are very voluminous and time-
consuming.

The current density distribution may also be affected by
variations in the ohmic resistance of the bulk electrolyte in the
electrolysis cell. This may be the case when conducting species
from the electrolyte are consumed in the reaction or when ill~ or
non-conducting species are produced. The concentration of these
various species 1s a function of location in the electrolytic
cell. In these cases the conductivity, Ks, can not be taken as a

coustant.

3.2.3. éggéicationnto electrolysis. processes.

Tobias {9] applied the Bruggeman approximation to a stagnant
bubble~electrolyte mixture between two gas evolving vertical plate
electrodes. The volume fraction of gases in the electrolyser
increases at Increasing height im the cell, causing a
corresponding increase in the ohmic resistance between the
electrodes. Consequently, there will be a non-uniform current
distribution over the electrodes.

In order to describe the effect of gas evolution on current

distribution and cell tenslon quantitatively, Tobias made the

following physical assumptions:

a) The electrode on the metal side 1s equipotential.

'b) The bubble size distribution may be regarded as constant in
time and at all levels.

¢) Immediately after detaching from the electrode the bubbles rise
at a constant (steady state) velocity, independent of the
height in the cell and of the gas volume fraction.

d) Secondary effects on bubble motion such as those due to
coalescence are disregarded.

e) Polarization is linear over the current density range
congldered Ep = b'.ih {3.2.3.1)

£) The curvature of the lines of current flow is negligible.

g) At a level h, the height from the bottom of the electrode, the
bubbles are distributed randomly in the inter—electrode gap.
The dependence of the ohmic resistance, Rh’ at level h on the
volume fraction, f is given by the Bruggeman equation:

o “32
Rh = Rp (l-fh) (3.2.3.2)
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The volume fraction of gas in a volume element w d dh is given
by:

fh = wrdodn - (Rel/PoFdv) é tydh = C é i, dh (3.2.3.3)

where w = the width of the electrodes, d = the distance between
the electrodes, P = the partial pressure of the evolved gas and
v = the average rising velocity of bubbles. The dependence of
potential on current demsity, polarization and resistance is
obtained by combination of Egs. 3.2.3.1 and 3.2.3.2

= ' "
E= (b +Rh )ih (3.2.3.4)

Since the unit surface resistance of the solution without bubbles,
R", equals Rp’.d, combination of Eqs. 3.2.3.2 and 3.2.3.4 yields

; -372
Epr d = [ik(1-£,) It (3.2.3.5)

where the polarization parameter u = b'/Rp'd.
The current density may be eliminated in Eq. 3.2.3.5 using a
differentiated form of Eq. 3.2.3.3

ih = dfth.dh (3.2.3.6)
Integrating the resulting equation ylelds

h £

(CE/R'4) [ dh = [ a6y Jas (3.2.3.7)
0 0

h

Assuming no polarization (p=0) a closed solution for this equation

can be obtained:

* 2 * * 2
£, = [(xa) + 4k ]/ [ka+2] (3.2.3.8)

*

where K = the gas effect parameter (= RGEEH /?nFRp'vdz) and
*

H = the dimensionless height (= h/H).

Combination of this equation with Eq. 3.2.3.6 leads to an
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expression for the local current demsity:

* * 3
ih = 8K/H C(KH +2) {3.2.3.9)

1f the effect of polarization {s considered {u#0) integration of
Eq. 3.2.3.7 ylelds:

*
KH = uf + 2(1-fh)

-%
" - 2 | (3.2.3.10)

which is not explicit in f . Therefore, 1, can not be expressed in

h h
closed form either. For low gas volume fractions a reasonable

-3;2

approximation is obtained by replacling the term (l-f * in the

)
h
Bruggeman equation by the first two terms of its binomial
expansion, i.e. 1 + 3/2fh. The following expression can then be

obtained for the current density variatioan:
2 X 2 -l
1,71, = 3 - K[(u#1) 43" ] Yo B0 T (3.2.3.11)

Fig. 3.2.4 shows the leveling effect of polarization on the non-
uniform current distribution caused by gas evolution.

L
N

h
0.6
0.4 40
=05
02 jj.hﬂ.ﬂ
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%b 0.8 10 12 1 16
ih“av

Fig. 3.2.4 Leveling effect of polarization on the non—uniform current

distribution caused by gas evolution.
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Similar to Tobias' approach, Nagy [58] calculated the effect of
gas evolution on current distribution for an electrode built of
blades. This geometry allows the inclusion of linear polarization
and gas effects in the mathematical treatment without the
necessity to use approximate or numerical solutions for the
differential equations.

Using the laws of conservation of mass, motion and energy, Ohm's
law and Mashovets' equation (3.2.1.9), Funk andrThorpe [36]
determined the theoretical gas void fraction and current density
distribution in an electrolysis cell with two vertical plate
electrodes, separated by a membrane, under forced convection

conditions. In their derivation they assumed that:

a) Both gas and liquid are incompressible and isothermal.
b) The bubble layers extend completely across the channels between
the electrodes and the membrane.

c) The membrane is permeable only to ions and not te liquid or

gases.
They find:
£ = L (3.2.3.12)
5 - T .2.3.
1+-4, &, 0
p1 Vg I
d QlVfﬁ
where v_/v,= the slip ratio, T, = (5).(~—=), M_ = the atomic
g’V o= (& 1M g
. W 8
mass of the gas and I = | 1/10 dh.
0

Experimentally the slip ratio is determined to be near unity.
Rousar et.al. [59, 60] calculated current density distributions
and terminal tensions for monopolar and bipolar electrolysers,
ugsed for chlorate production. For a system with forced convection
they calculated the resistance of the electrolyte containing
bubbles from a modified Maxwell equation

R/R =1+ 1.5V 3.2.3.13
!p givz (3.2.3.13)
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Hine et.al. [61] studied the effect of bubbles on the ohmic
potential drop in a vertical rectangular cell with stainless steel
plate electrodes. The following experimental equation relating the
resistance of electrolyte, containing hydrogen bubbles, halfway
the vertical cell, to curreat density, operating temperature,

electrolyte flow rate and channel geometry was obtained:
z& a dwm g
R/Rp = Kl(vz) . (u;ro (3.2.3.14)

where Kl is an empirical coefficient.

Halfway up the cell the gas void fraction is given by:

v /2
f= (3.2.3.15)
vg/za—vz s
Substituting this in Eq. 3.2.3.14 yields:
R 26, Sum, 8
E; = K (12D () (3.2.3.16)

ﬁxpérimentally o and B are determined to equal respectively 0.12
and -0.65. The authors propose that the assumption of uniform
distribution of bubbles in the inter-electrode gap is not
justified, which accounts for the deviation from the Bruggeman
equation (3.2.1.7). Especially under flow conditions, the major
part of the bubbles is crowded in the vicinity of the electrode
surface, while the electrolyte flows mainly through the center of
the channel.

In subsequent papers [11, 621, Hine et al. report experimental
results that agree with the Bruggeman equation. They state that
the different conclugsions are due to different methods of
experimentation. Initially, the IR-drop was measured between the
working electrode and a Luggin probe located near the counter
electrode. Consequently, the IR-drop in a thin solution layer in
the vicinity of the electrode, crowded with bubbles, was included
in the measurements. In subsequént work, the IR-drop waé meagured
between a Luggin probe located near the working electrode and a

second one located near the counter electrode. In this



configuration the IR-drop over the thin solution layer adjacent to

the electrode is excluded from the measurements.

Based on the idea that the total ohmic resistance may be affected

by a "fixed layer”™ or "bubble curtain” of accumulated bubbles,

Vogt [63] developed a hydrodynamic model in which the assumption

of uniformly distributed bubbles at each sectional area was

dropped. The interelectrode space is divided in several sections:

a) Stagnant layers of thickness GA and 50 close to the gas
evolving electrodes from where bubbles protrude into a moving
section. These layers, covering the electrodes, are strongly
enriched in gas and thus cause an increased potential drop.
The thickness of the layers is assumed to equal the break—off
diameter of the bubbles and a void fractiom of 0.6-0.7 is
considered realistic.

b) A centre section of thickness (d—SA—GC) with a flowing
dispersion of gas bubbles in the electrolyte. The bubbles in
this section are assumed to be uniformly distributed over the
whole sectional area.

The mean relative resistance at given current density is:

v 2.5

[a+:H -1]+1 (3.2.3.17)
L .

’Q‘C

R/Rp = 0.4(1-Y) VL

where Y = (6A+6c)id and § = the relative resistance of the bubble

layer calculated from Bruggeman's equation. Using values of 0.01

for Y and 5 for K, Vogt reports satisfactory agreement between his

theory and recent experiments by Hine and Murakami {11]. Older

experiments of Hine et al. [61] however, can not be interpreted

satisfactorily.

Recently, Sillen [32] developed a model for calculating the effect

of bubble evolution on the specific resistance of the electrolyte

at forced flow. The electrode-diaphragm gap is divided in three

sections:

a) The first sublayer adjacent to the electrode, containing the
attached bubbles.

b} The second sublayer containing the detached bubbles.

¢) The bubble-free electrolyte.
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The thickness of the first sublayer is determined by the larger
bubbles and has been taken equal to the average bubble departure
diameter, 2§d. The flow velocity in this layer is taken zero. The
resistance of the layer is derived using the following expression

proposed by Janssen et al. [64]:

L 2By -3/2
R/R = meeem (1-s(x)) dx . (3.2.3.18)
P 2R, 0

d
where s(x) is the degree of screening of the electrode at a
distance x from the electrode by adhering bubbles. The thickness
of the second sublayer is related to the velocity boundaryrlayer
in a turbulent one—phase flow, with modifications for the presence
of bubbles. The bubbles are assumed to remain in this layer after
detachment from the electrode. For the modified thickness of the
velocity boundary layer, Gv,bu’ the following expression is
proposed:
1/5

) = C. .h.Re,

v,bu = “bu h (3.2.3.19)

where Cbu depends on the volumetric gas production rate. The

thickness of the second sublayer equals 6v bu " 2§d' The average
b4
velocity of the two phase mixture In this layer 1s assumed to be
(7/8)v. The gas volume fraction in this layer is given by:
s R, T h
h 7nptF o
v(av,bu 2Rd)

f (3.2.3.20)

The resistance is determined using the Bruggeman equation.

The total relative resistance between the electrode and the

diaphragm at height h 1s given by:
2R

-l (Maesoy 80z
a;gp - i { é (1-8(x)) dx + (sv, o 2R (1-£(h)) +

b

wmﬂsv,bu) (3.2.3.21)

In this model a uniform current density distribution is assumed.



In table 3.2.1 a summary of the above mentioned models to

calculate the ohmic resistance in an electrolysis cell is given:

vertical relative current | gas fraction
electrode| electrolyte| resis— distrib~| distrib-
tivity ution ution
Toblas planar stagnant Bruggeman | varying uniform
Funk and planar flowing Mashovets | varying uniform
Thorpe
Rousar planar flowing Maxwell varying uniform
Nagy blades stagnant Bruggeman | varying uniform
Vogt planar flowing Bruggeman | varying two layers
Sillen planar flowing Bruggeman | uniform | three lavers

Table 3.2.1 Various models to calculate the ohmic resistance in

an electrolysis cell.

Except for the models of Vogt [63] and Sillen [32] the above

mentioned models assume a uniform gas fraction distribution in the

interelectrode gap, thus neglecting the fact that in the vicinity

of the bubble source, the electrode, the gas fraction will be

higher than in the bulk electrolyte. According to Bruggeman's

equation, the effect of the bubbles in this region on the

effective resistance of the electrolyte will be substantially
higher.
In the models proposed by Vogt and Sillen, the assumption of a

uniformly distributed gas fraction in the entire interelectrode

gap is dropped. Based on hydrodynamic considerétions Vogt proposes

a two layer model while Sillen distinguishes three layers.

However, both authors assume a discontinuity in the gas fraction

distribution between the first and the second layer, which is

unrealistic.

Since in both models the thickness of the bubble

layer adjacent to the electrode 1s confined to only one average

bubble diameter, the contribution of this layer to the total ohmic

resistance is still underestimated.
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3.3.

Fig.

BUBBLE. DIFFUSION. MODEL.

To a large extent the performance of an electrolytic cell is
governed by transport phenomena. Therefore, insight in the flow
situation in the reactor is of great importance to model
development. A favourite approach is to apply boundary layer theory
[65] to the regions adjacent to an electrode.

The common boundary layer equations are, however, simplifications of
the Navier—-Stokes equations, derived for a surface in contact with
an unbounded free stream, as illustrated in Fig. 3.3.1. In most
electrolytic reactors, the flow situation is very different. For the
water electrolysis cell, operated under forced flow described in
section 3.4, with the 2 c¢m wide and 50 ¢m high working electrode
placed agalnst the backwall of a rectangular compartment, leaving a
cross-sectional area of 2 x 0.8 cm? between the electrode surface
and the diaphragm, the conditions to apply this theory are not
fulfilled.

v, =L
| e m———
—
I p—
—_— o'
!‘ X -{ feax

3.3.1 Flow situation for an unbounded free stream in contact with a

surface.

The transport of bubbles iIn the electrolytic cell takes place
through the motion of the bubbles relative to and together with the
electrolytic flow and through turbulent diffusion. The problem is
too complicated to find an exact solution. Therefore, the best
approach is to solve a simplified version of the problem first and
then gradeally extend it to match the real situation as much as
possible. The first step in this approach is to consider the motion
of a single bubble in the vicinity of a wall in an upward
electrolyte flow [66, 6?}.

The bubble will experience an upward force, Fup, due to the density
difference between the gas and the electrolyte and to the pressure
gradient opposite to the direction of the flow. The bubble will



accelerate upward {u the electrolyte and, in reaction, a drag force
opposing the upward force will act on the bubble, limiting its
velocity relative to the electrolyte (cf. Fig. 3.3.2a).

Due to the electrolyte velocity gradient perpendicular to the wall,
the bubble will experience an additional force, Fg, towards the wall
perpendicular to the drag force (cf. Fig. 3.3.2b). This force will

cause the bubble to move in the direction of the wall. F g and FG

dra
will adjust so that, in a steady state, apart from a small inertia
force that is neglected, together they compensate for Fup

(cf. Fig. 3.3.2¢).

Fup Fup Fup
v v
F il 1]
G i Finert
F
E F drag
d dra
hI e hT 9 h
X X X
a b 4

Fig. 3.3.2 Forces acting on a bubble in the vicinity of a wall in an
upward electrolyte flow.

The forces are then given by [65, 67, 68, 69]:

T L 43 - - b B
Fup g dp (pymey) (e ("1_‘)2) i) ©h 3.3.1)
d
. 3 l“bl,b >
%dmg 3mp Ve, (1 + Tp —2o2) G (3.3.2)

dv

L]
3> - 2 “-% Ed - >
FG 20.391db (v e 5] (uxeh ub,hex) (3.3.3)

where g = the gravitational acceleration, db = the bubble diameter,
v = the kinematic viscosity and U, = the velocity of the bubble

relative to the electrolyte.
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Bubbles will therefore tend to accumulate in the vicinity of the

wall, This effect has been confirmed by experimental observations

[70].

To solve the diffusion problem the following assumptions are made:

~ Immediately after detachment from the electrode surface, the
bubbles attain the steady state velocity.

-~ Quantities are independent of the y-coordinate.

- The channel has smooth walls.

- The electrolyte velocity increases linearly with increasing
dv
distance to the electrode surface (= a;& . X) with dvzldx

independent of x and proportional to the average flow velocity.
~ The velocity of the bubbles relative to the electrolyte is
negligible, which 1is acceptable for small bubbles.

~ The turbulent diffusion coefficient, K_, of the bubbles is uniform

T
in the entire cell.

- The number of bubbles generated per unit surface area and unit
time, P, 1s coastant over the entlire electrode;
Y = —‘KT(HNfax)x=0 with N = the number of bubbles per uait of

volume.
In the stationary case the diffusion equatiom for N reads:

L vy oA

_(—-—-—x —— i —
Kprde 70 9h ez gn2

(3.3.4)

With boundary conditions:
h <0 (3N/3x) = 0
for x = 0

h >0 (N/ox) = --lb/KT
for x + ® (IN/3¥x) = 0

for h <0 2N = 0
3
Neglecting “%, the equation can be solved, yielding [67]:
3h

bt -t 3
N = ET—%F)- x Af {t- Ax}e ™ ae (3.3.5)

« X

56



dvg/dx 1/3
With A = (—gKT—h)
The thickness of the bubble layer, GT, is assumed small in
comparison to the width of the compartment and is taken to equal the
x-value at the intersection of the tangent to the curve of N(x,h) in
x = 0 and the x-axis; Since (BNiax)xao = - w/KT thig thickness given

8, = (=5 (3.3.6)
T %x=0

The thickness of the bubble layer can now be approximated by:

KTh 1;3
GT‘ (?1'\7;/21':?) (3.3.7)
The dependence of the thickness of the bubble layer on height and
velocity follows directly from this equation. Its thickness is
proportional to hl/3 and, since 1t 1s assumed that v, /dx is

proportional to v,, it is proportional to v£-1’3. The dependence of

N
GT on current deniity can, however, not be obtained from this
equation. It is likely that the generation of bubbles affects the
turbulent diffusion coefficient and has a slight effect on the
electrolyte velocity gradient. However, no quantitative relations
describing these effects are available.

Comparing the obtained theoretical relatlon to the experimental
expression for the thickness of the bubble layer adjacent to ;he
electrode (section 2.4.2, Eq. 2.4.2.5) it is noted that, for fhe
effect of height, the relations agree well. There is, however, a
discrepancy between the relations where the solqtiou flow velocity
ig concerned, but from both relations it follows that § decreases
with increasing solution flow velocity. '

Substituting the experimentally obtained value 6 = 0.6 mm at
h=35cm 1=6ka/m? and vy = 0.3 m/§ into Eq. 3.3.10 and
assuming a velocity gradient of 500 8 for this situation a value
for K, of 3.10 m/s? is obtained. In Fig. 3.3.3 N is plotted as a
function of x for various heights in the cell for these values of
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3.3.3 Bubble density as a function of distange to the electrode
surface at various heights. KT = 3,100 wm/s2.

KTand dvgldx. From this figure it follows that the bubble density at
x > 1.5 mm Is negligible. Experimentally it is found that the
bubbles spread over the entire gap between the electrode and the
diaphragm. This may be caused by flow patterns which extend over a
relatively large distance, for which the diffusion theory is not
applicable. The local bubble density then equals the bubble density
due to the diffusion process superposed on the bubble density caused

by the long range transport process.

From the aforesaid it follows that two bubble regions can be
distinguished. The first region, the bubble layer adjacent to the
electrode, is crowded with bubbles and the average solution flow
velocity in this layer is relatively low, whilst in the second
region the bubble population is much lower and the average solution
flow velocity is higher. The gas vold fraction in the first layer is
agsumed to decrease linearly over the width of the layer. The gas

void fraction at the electrode surface is denoted by f_ . The gas

0
void fraction at the boundary of this layer, fb’ equals the gas wvoid
fraction in the second layer (cf. Fig. 3.3.4). Applying the

Bruggeman equation the resistance of the bubble layer is given by:

8

. ' -3/2
R1=Rp {’(l-foi-(fo-fb)x/S) dx (3.3.8)
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Fig. 3.3.4 Assumed gas void distribution perpendicular to the electrode

3.4,

surface.

The gas void fraction in the second region, the rest of the cross~

sectional area, is assumed constant over the entire width. Its

£,
value is approxim:ted by dividing the volume of gas produced per
unit time by the volume of electrolyte flowing through the
compartment per unit time and depends on current density, solution
flow velocity and helght In the electrolysis cell. The resistance of
this section is given by:

-3/

2
Ry = RT(I-£) 7 (d~8) (3.3.9)

The relative resistance in the electrolysis cell between the working

electrode and the diaphragm can then be expressed as:

) -3/2 _3/2
é (1-£,+(E £, )%/ 8) dx + (1-£,) (a4, .-6)
R/R_ = 3 (3.3.10)
P wm

EXPERIMENTAL SET-UP.

The experimental set—up used for the determination of current
density distributions and ohmic resistance measurements is shown in
Fig. 3.4.1. The electrolysis cell consists of stainless steel and is
divided into two parts, the working and the counter electrode
compartment, by an asbestos diaphragm. The counter elgctrode is a

nickel venetiau blind electrode of 50 x 2 cm? and is placed against
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Fig. 3.4.1 Experimental set-up used for the determination of current
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density distributions and ohmic resistance measurements.

the asbestos dlaphragm. Details of this electrode are given in
chapter 4. The working electrode (cf. Fig. 3.4.2) consists of 20
nickel plates of 2.30 x 1.85 cm? embedded in an acrilate plate. To
each nickel plate two wires are attached, viz. a tinned copper wire
used as a current feeder and a nickel wire for “"currentless”
potential measurements. The working electrode is placed against the
backwall of the working electrode compartment, leaving a distance of
8 mm between the working electrode surface and the diaphragum.

For the electrode consisting of 20 separate electrode segments to
resemble one flat equipotential plate electrode, it is of utmost
importance to keep all the electrode segments at the same potential.
For this purpose a special potentiostat has been designed. The
current through each segment is adjusted so, that the potential
differences between the segments and the counter electrode all equal
a set value. The current through each segment is determined by
measuring the potential drop over a calibrated resistance of 0.1 .
The maximum possible current through a segment is restricted to
approximately 6 A.



Five glass Luggin capillaries, with an outer tip-diameter of
approximately 0.8 om enter the cell at various heights through the
backwall of the counter electrode compartment and prick throdgh
little holes in the midst of the counter electrode and the
diaphragm. The capillaries are situated at 5, 15, 25, 35 and 45 cn
from the lower edge of the working electrode. The distance from the
tips of the Luggin capillaries to the working electrode can be
varied and measured by means of micro-screws. Bach capillary is
connected to a reference electrode consisting of Hg/HgO/KOH.

The ohmic potential drops between various segments of the working
electrode and the Luggin caplllarles are measured simultaneously,
using the current interruptor technique. A schematic onutline of the
electrical circuit is shown in Fig. 3.4.1. The current through each
segment is interrupted simultaneously by electronic switches and the
potential drops are recorded by a four channel trauvsient recorde:
(Difa TR~1010) and printed.

8413
_cell
/:oxnf? electrade
|
Tl
{
i 11
3 front view
#! segmented etectrode
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t 1-20 . electrade 1-20
¢1-¢5: capdliary1-5
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Z»}ﬁ_ L__“ 1:2
Lgpram

Fig. 3.4.2 Schematic outline of the segmented nickel electrode.
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The electrolysis cell is connected to a circult for forced flow
which consists of stainless steel. After passing through a heat
exchanger the flow is divided ia an anolyte and a catholyte flow
before entering the electrolysis cell. The solution flow rates im
the anode and cathode compartments can be controlled separately and
are measured by flow meters. At the ocutlet of the cell the flows
come together. The electrolytically generated hydrogen and oxygen
gases are separated from the electrolyte in a hydrocyclone. After
passing an expansion vessel and a cooling device, the electrolyte is
pumped back to the heat exchanger.

Unless stated otherwlse, the experiments have been carried out
potentiostatically at atmospheric pressure in a 30 wt% KOH solution
at 313 K. Hydrogen as well as oxygen evolution have been studied at
various curreant densities and solution flow velocities. The
distances between the tips of the Luggin capillaries and the working
electrode equal 4 mm.

3.5. RESULIS.

3.5.1. Current density"diszribution.

3.5.1.1. Effect of current.

62

The effect of the current through the electrolysis cell on the
current density distribution over the working electrode is
illustrated in Fig. 3.5.1 for oxygen and hydrogen evolution at
the working electrode at a solution flow velocity of 0.05 m/s.
The current density decreases with increésing height in the
electrolysis cell. The effect ig more pronounced at high current
densities when the gas production is high. The relatively high
values of the current density for both the top and the bottom
segments result from the inhomogeneous primary and secondary
current density distribution in a parallel flat plate reactor in
which the electrodes do not fully occupy their respective sides
of the reactor (cf. section 3.2.2). The relative difference in
the current density, obtained by linear extrapolation, between
the bottom and the top of the electrolysis cell is approximately

20% at an average current density of 8 kA/m2.
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Fig. 3.5.1 Current density distributions for oxygen and hydrogen
evolution at various current densities and 8 solution flow

velocity of 0.05 m/s.

3.5.1.2. Effect of solution flow velocity.
In Fig. 3.5.2 the current density distribution over the working
electrode for hydrogen evolution at this electrode is shown at
various solution flow veloc¢ities at a constant potential of
3.60 V between the segments of the working electrode and the
counter electrode.
At low éolution flow velocities the differences in current
density between the bottom and the top of the electrode are
clearly visible. At solution flow velocities higher than
approximately 0.3 m/s the curreant density becomes constant over
the eatire electrode, except for the already mentioned
deviations at the bottom and top segments.
In Fig. 3.5.3 the current density distribution in the absence of
forced convection is shown at various cell potentials. The

differences in current density between the bottom and the top of
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Fig. 3.5.2 Current deasity distribution for hydrogen evolution at
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Fig. 3.5.3 Current density distributions in the absence of forced
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3.5.1.3.

the electrode are high, due to the accumulation of bubbles in
the upper part of the electrolysis cell. In the absence of
forced flow the bubbles rise in the electrolyte, but they can be
dragged down in the electrolyte flow induced by rising bubbles.
Therefore, the gas holdup in the cell will be very much larger
than in the case of even a small applied forced flow through the
cell.

Effect of electrolyte concentration.

The effect of electrolyte concentration has only been studied
for hydrogen evolution at the working electrode. In Fig. 3.5.4
the current density distribution at potential differences
between the working and the counter electrode of 3.9 and 3.0 V
are giveun for various KOH-concentrations. The differences in
current density, relative to the average current density,
between the bottom and the top of the electrolysis cell decrease

at decreasing concentration.

120 7 T T T
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100 o 169wt %
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Fig. 3.5.4 Current density distribution at potential differences of

3.9 and 3.0 V for various KQOH-concentrations.
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3.5.1.4.

However, at a constant potential difference between anode and
cathode and decreasing electrolyte concentration, the average
current density decreases. Since the current demsity
distribution at a cell potential difference of 3.0 V and a KOH-
concentration of 30.9 wtZ almost equals the distribution at

3.9 V and 9.7 wtZ KOH, the effect can be contributed to the
simultaneous.decrease in average current density (cf. section
3.5.1.1). No detectable effect of electrolyte concentration

remains.

Effect of nature of gas evolved at the working electrode.

From Fig. 3.5.1 it follows that, at a fixed potential between
the working and the counter electrode, the average current
density through the electrolysis cell is higher if oxygen
instead of hydrogen gas is evolved at the working electrode.
This can easily be understood from the fact that the gas volume
of the evolved oxygen is half the corresponding value for
hydrogen. The gas bubbles evolved at the working electrode rise
in the interelectrode gap, while the gas bubbles evolved at the
venetian blind counter electrode which is placed against the
diaphragm are deviated to the back of the electrode. Hence, when
oxygen is evolved at the working electrode, the average gas
holdup in the interelectrode gap will be less than the holdup
when hydrogen is evolved at this electrode.

However, the nature of the gas evolved at the working electrode
has no effect on the relative current distribution in the
electrolysis cell. This indicates that under these conditions
the current distribution is hardly affected by the bubbles
rising in the interelectrode gap, but is probably determined by
bubble layers adjacent to both electrodes.

3.5.2. Ohmic resistance.

3.5.2.1.

66

Effect of current density.

The effect of current density on the ohmic resistance in the
cell has been studied for hydrogen and oxygen evolution at the
working electrode at various solution flow velocities and
heights in the electrolysis cell. In Fig. 3.5.5 the ohmic



resistance between two segments of the hydrogen evolving working
electrode, at respective heights of 15 and 35 c¢cm from the bottom
of the electrode and the tips of Luggin capillaries located at a
distance of 4 mm perpendicular to the electrode, 1is given as a

function of current density at varlous solution flow velocities.
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Fig. 3.5.5 Ohmic resistance as a function of current density at

various solution flow velocities at two heights in the
electrolysis cell.

Prom this figure it follows that, at low solution flow
velocities, the ohmic resistancé increases at increasing current
density. At high solution flow velocities, the ohmic resistance
is almost independent of current density.

When the gas production rate is low, viz. at low current
density, one would expect the resistance of the bubble~
electrolyte mixture to approximate the resistﬁnee of the pure
electrolyte. This i{s, however, not confirmed by the experimental
results. Especially at low solution flow velocities, the ohmic
resistance at low current demsities is considerably higher than
the resistance of the pure electrolyte. This indicates that the

resistance is not simply determined by the rate of



gas production. Possibly a crowded bubble layer adjacent to the
electrode is formed almost immedliately, causing a substantial
increase in resistance. For oxygen evolution on the working
electrode the effect of current density on the ohmic resistance
is similar. The absolute value of the resistance is, however,

lower.

3.5.2.2, Effect of solution flow velocity.
In Fig. 3.5.6 the ohmic resistance between two segments of the
working electrode at respective heights of 15 and 35 cm from the
bottom of the working electrode are given as a funetion of
solution flow velocity at a fized potential difference between
the hydrogen evolving working electrode and the counter
electrode of 3.6 V.
From this figure it follows that the ohmic resistance decreases
at increasing flow velocity. At a solutlon flow veloclty of
1 @m/s the bubbles in the bubble-slectrolyte mixture hardly
affect the ohmic resistance which approximates the resistance of
the pure electrolyte eveu at high current densities.
For oxygen evolution at the working electrode the effect of
solution flow velocity on the ohmic resistaunce is essentially
the same as for the hydrogen evolving electrode.
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Fig. 3.5.6 Ohmic resistance at two heights as a function of solution
flow velocity. E = 3.60 V.



3.5.2.3. Effect of height.

3.6.

An indication about the effect of height omn the ohmlc resistance
variations in .the electrolysis cell is obtained from the current
density distribution measurements presented in section 3.5.1.
The current density in the cell decreases at increasing height
which is to be expected since the gas volume fraction increases
with height.

Ohmic resistance measurements between segments of the working
electrode and Luggin capillaries confirm that the ohmic
resistance increases with increasing height in the cell, cf.
Figs. 3.5.5 and 3.5.6. The effect is more pronounced at high

current densities and low solution flow velocities.
DISCUSSION.

In section 3.3 a new model, relating the gas void fraction
distribution to the ohmic resistance in the electrolysis cell, is
proposed. With this model redictions for the ohmic resistance in the

electrolysis cell can be made, provided that the values of f $

0* fvr
and dwm are known.

The value of dwm follows directly from the experimental set-—up and
equals 4 mm. The assumed value of § follows from measurements in
chapter 2 and is given by Eq. 2.4.2.5.

From measurements by Janssen [60] it follows that, for
electrolytically evolved hydrogen and oxygen, only approximately 60%
of the produced gas leaves the electrode in the form of gas bubbles.
The rest is carried off in the form of supersaturated electrolyte.
The average gas void fraction in the second region, fb’ is

approximated according to the followlng equation:

w'hciavovu w.hoiav.VM :
£, = 0.6 —2=H / v+ 0.6 v M, | (3.6.1)

where w = the width of the electrode, VM = the molar gas volume and

V2 = the volume of ligquid flow per unit time.

The void fraction fo £s high, but its value is not known. As a first
approximation it is assumed Independent of current density and

height and only slightly dependent on solution flow velocity. 1t is
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taken to vary between 0.85 at v, = 0.05 m/s and 0.60 at

v, = 1.0 m/s.

In table 3.6.1 values for fo, fb and § are givea for a hydrogen
evolving electrode at various current densities, solutiom flow
velocities and heights in the electrolysis cell, together with the
calculated relative resistances. In Fig. 3.6.1 the calculated
relative resistance is plotted as a function of current density for
various situations. The measured values (section 3.5.2) are also

indicated in the figure.
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Fig. 3.6.1 Calculated and measured relative resistance as a function of
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current density for various gituations.

From this figure it follows that the qualitative agreement between
the predicted and the measured results is relatively good. There are
some discrepancies in a quantitative sense, but this is wvot
surprising since the numerical values used to calculate R/Rp are
taken rather arbitrarily.

In the approach used, the Bruggeman equation has been applied at
very high gas void fractions. As stated in chapter 2, the Bruggeman
equation has been derived only for low gas void fractions, where the
bubbles do mot influence each other. Recently, Janssen [6#} found
that the Bruggeman equation could be applied to gas bubbles attached



h=15¢cm h =35 cn
i £, § R}Rp £, 8 R/R
KA/m? mm nm

10 0.11 0.69 1.70 0.26 0.88 2.28

v£=0.05 n/s 8 0.10 0.67 1.66 0.24 0.87 2.20
6 0.09 0.65 1.62 0.21 0.84 2.08

fo'O.SS 4 0.07 0.63 1.56 0.17 0.81 1.94
) 2 0.05 0.59 1.49 0.11 0.76 1.75

10 0.08 0.60 1.56 0.19 0.78 1.97

v2=0.10 u/s 8 0.07 0.59 1.53 0.17 0.76 1.90
6 0.06 0.57 1.50 0.14 0.74 1.81

f0=0.85 4 0.05 0.55 1.47 0.11 0.71 1.71
2 0.03 0.52 1.41 0.06 0.67 1.57

10 0.04 0.49 1.32 0.10 0.63 1.52

v£=0.30 n/s 8 0.04 0.48 1.32 0.08 0.62 1.47
6 0.02 0.47 1.28 0.06 0.60 | 1.42

f0”0.80 4 0.02 0.45 1.27 0.04 0.58 1.37
2 0.01 0.42 1.24 0.02 0.54 1.32

10 0.02 0.44 1.18 0.06 0.57 1.29

v£=0.50 m/s 8 0.02 0.43 1.18 0.05 0.56 1.27
6 0.02 0.42 1.17 0.04 0.55 1.25

f0=0.70 4 0.01 0.41 1.15 0.02 0.52 1.21
2 0.01 0.38 1.14 0.01 0.49 1.18

10 0.01 0.40 1.11 0.03 0.51 1.17

v£*1.0 n/s 8 0.01 0.39 1.11 0.02 | 0.50 1.15
6 0.01 0.38 1.10 0.02 |  0.49 1.15

f0°0.60 4 0.01 0.36 1.10 0.01 0.47 1.13
2 0.01 0.34 1.09 0.01 0.44 1.12

Table 3.6.1 Calculated values of fb (Eq. 3.6.1), § (Eq. 3.3.7) and
R/Rp (Eq. 3.3.10) in dependence of i and h.
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to the electrode surface. It is therefore assumed that the validity
range of the equation is much larger than the limited range for
which it has been derived.

The effect of the calculated resistance on the current density
distribution can only be compared to the experimental current
density distribution in a qualitative way, since the calculated
resistance 1is only a part of the total cell resistance which governs
the current density distribution. It 1is obvious that when
differences in resistance are large, viz. at high current densities
and low solution flow velocities, the differences 1n current density
will also be large. This is in agreement with experimental results
{cf. section 3.5.1). )
Approximating the current density distribution by a straight line,
the local current distribution is expressed by the following

relation:

1 =1+ (Eihu (3.6.2)
where AL = the difference in the extrapolated values of i between
h =0 and h = H.

In Fig. 3.6.2 Ai 18 plotted as a function of iav on a double
logarithmic scale for various solution flow velocities. The figure
shows straight lines with a slope of approximately 1.6, independent
of solution flow velocity. Therefore, Al can be expressed in

dependence on iav by:

Af = c.iav1.6 (3.6.3)

where c depends on the solution flow velocity.
A plot of c¢c,~c versus v

0 b3
straight line with a slope of 0.06. Therefore, ¢ can be expressed in

on a double logarithmic scale shows a
dependence on solution flow velocity by:

¢ = - 0.24 v£°.36 (3.6.4)

%o
with co = 0.24.

Combination of Eqs. 3.6.2, 3.6.3 and 3.6.4 yields the following
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Fig. 3.6.2 Al as a function of iav on a double logarithmic scale for
various solution flow velocities.

empirical expression for the local current density in dependence on

i and vy in the current density and solution flow velocity ranges

av
studied:
- B=2h, .0 0 06 16
1=+ 0.26 (SEM(1-v, 000 L (3.6.5)
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It may be concluded that as an approximation the proposed model can
be used satisfactorily. Additional research is needed to decide
whether the gas void fraction in the layer adjacent to the electrode
does indeed decrease linearly with distance or that another profile,
e.g. a parabolic profile, describes the decrease in gas void

better. A small dependence of £, on distance may be introduced to

b
improve the relation.



CHAPTER. 4: SPECIFIC RESISTANCE OF A BUBBLE-ELECTROLYTE MIXTURE DURING
WATER ELECTROLYSIS UNDER PRACTICAL CONDITIONS.

4.1. INTRODUCTIOR.
In chapter 3 the electrolysis process has been studied at a flat
plate working electrode, serving as the backwall of the compartment.
This geometry is relatively simple and bubbles evolved on the
electrode are obliged to rise in the interelectrode gap, resulting
in a relatively well defined average gas volume fraction but also im
a high ohmic resistance at various heights in the electrolysis
cell.
Under practical conditions efforts are made to diminish the ohmic
resistance e.g. by deviating the evolved bubbles to the back of the
electrode. Insight in the effects of various parameters on the gas
bubble behaviour and on the ohmic resistance is of utmost ilmportance
for the optimization of the alkaline water electrolysis.
In this study, the following parameters have been varied: current
density (1-10 kA/m?), solution flow velocity (0.1-1.0 m/s),
electrolyte concentration (5-40 wt% KOH), temperature (333-353 K),
pressure (1-10 bar), distance between working electrode and
diaphragm (0~10 mm) the nature of the nickel working electrode (bare
nickel, nickel-teflon, teflon bonded nickel cobalt oxide, Raney
type nickelsulfide) and the geometry of the working electrode
{plate, venetian blind, Veco gauze (10 N and 25 M), woven gauze and
expanded metal gauze).
From the experimental results, a dimensionless correlation for the
reduced ohmic resistance between working electrode and diaphragm is

derived as a function of the above mentioned parameters.

4.2, EXPERIMENTAL SET~-UP.

4.2.1. Electrolysis cells.

The experiments have been carried out in two electrolysis cells.
One cell (Fig. 4.2.1), suitable for measurements at atmospheric

pressure, consists of a traunsparent acrylate compartment for the
counter electrode and a non-transparent acrylate compartment for
the working electrode.
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The working electrode is a nickel Veco-type gauze, 50 em in
height. The edges have been bent backward to reinforce the
electrode. The width of the electrode iz 18 mm. This electrode
serves as a support when the effect of the nature of the
electrode surface is studied. The counter electrode is a nickel
venetian blind electrode of the same dimensions, which is pressed
against the woven asbestos diaphragm.

Each electrode is fized on six nickel bars. These bars also serve
as current feeders. The distance between the electrode and the
diaphragm is varied, without dismounting the cell, by moving the
six bars. Three glass Luggin capillaries, with an outer tip-
diameter of approximately 0.8 mm, eater the cell at various
heights through the backwall of the counter electrode compartment
and prick through little holes in the midst of the counter
electrode and the diaphragm. The capillaries are situated at 5
(capillary 1), 25 (capillary 2) and 45 cm (capillary 3) from the
lower edge of the working electrode. The distance from the tip of
the Luggin capillaries to the working electrode can be varied and
measured with micrometer screws. Each caplllary 1is connected to a
reference electrode consisting of Hg/HgO/KOH.

[OUYLET

press plate

N\ counter electrode compartment
% working electrode compartment

1-3 lLuggin capillaries
electrode
diaphragm
reference electrode
current feeder
power supply
precise resistance
mechanical switch
transient recorder
digital voltmeter
pen recorder

< AR QD g oo
=

Fig. 4.2.1 Schematic outline of the electrolysis cell and the
electrical circuit as used for potential drop

measurements.



The temperature in the cell is measured with thermocouples
located at the top and at the bottom of the cell in both
compartments.

The second electrolysis cell for potential drop measurements,
guitable at pressures up to 10 bar, is essentially the same as
the one used at atmospheric pressure, except that it is made of
stainless steel. To be able to study the gas bubbles in the
electrolysis cell at various heights, the cell contaiuns five
glass windows.

Five instead of three Luggin caplllaries, situated at 5, 15, 25,
35 and 45 cm from the lower edge of the working electrode are

used.

4.2.2. Electrolytic flow circuits.

The electrolytic flow circuits for water electrolysis at

atmospheric pressure and at elevated pressures are respectively
sketched in Fig. 4.2.2 and Fig. 4.2.3.

gasoutlet gasoutlet cyclone nitrogen
cyclone ' .
EXPANSION
- ‘ v§§s b gasoutiet
expansion expansion
vessel vessel
cooler
cell
cell g exchanger /
flowmeters | | kb X X X X
] heater
5™ W
Fig. 4.2.2 Fig. 4.2.3
Scheme of the circuit for water Scheme of the circuit for water
electrolysis at forced flow and electrolysis at forced flow and
atmospheric pressure. elevated pressure.



4.2.3.

4.2.4.
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The anolyte and catholyte flows are separated before entering the
cell. The solution flow rates in the anode and the cathode
compartment can be adjusted separately and are measured with flow
meters.

In the circuit for atmospheric pressure the electrolytically
generated hydrogen and oxygen gas are separated from the
electrolyte in two acrylate hydrocyclones. After passing through
expansion vessels the two flows join. In the circuit for elevated
pressure, the two flows are joined before entering the stainless
steel hydrocyclone, where the gases are separated from the
electrolyte.

After being brought to the required temperature the gas—free
electrolyte is forced through the cell again.

The pressure in the circuit for elevated pressure is maintained by
a nitrogen flow from a cylinder in combination with a pressure

valve.

Determination of ohmic. potential drop.

The ohmic potential drops between the working electrode and the
Luggin capillaries and sometimes between the anode and the cathode
are measured simultaneously, using the current interruptor
technique. The schematic outline of the electrical circuit is
shown in Fig. 4.2.1.

The current is interrupted by a mechanical switch (max. 100 A) and
the potential drop is recorded by a four channel transient
recorder (Difa TR-1010) and is written out by a recorder (YEW type
3066). The constant current is supplied by a SCR Power Supply

0-40 V, 0-150 A. The current is measured by means of a resistance
of 1 m and a digital voltmeter (Fluke type 8200 A).

Experimental. conditions.

Unless stated otherwise, the experiments are carried out in a

30 wt% KOH solution at atmospheric pressure, 353 K, 3 mm distance
between the working electrode and the asbestos diaphragm, 12 mm
distance between the working electrode and the backwall of the
compartment and a solution flow velocity of 0.5 m/s.

Before starting a series of experiments the electrode is pre-
polarized for approximately 1.5 hours at a current density of

5 kA/m?.



The current density is calculated by dividing the total current by
the geometrical surface area of the working electrode. The
solution flow velocity is calculated by dividing the volumetric
rate of the solution by the cross—section area of the cell
compartment diminished by the cross—section area of the electrode
in the compartment.

The ohmic potential drop is determined subsequently for a series
of experiments with current density decreasing from 10 kA/m? to

1 kA/m2.

4.3. Results.

4.3.1. Effect of the gas to. liquid volumetric ratioc at the outlet of the

electrolysis cell. i
The gas to liquid volumetric ratio at the outlet of the cell can’

be varied by changing either the current density or the solution
flow velocity in the cell. The gas/liquid volumetric ratio is
usually expressed in terms of a gas void fraction. A gas/liquid
volumetric ratic of 1 corresponds with a gas void fraction of
0.5.

In Pig. 4.3.1 the ohmic potential drop, AV, is plotted as a
function of the current density, i, for various solution flow
velocities, vy. Only the results for caplillary 1 are shown in
this figure, since similar results were found for the other
capillaries and for the ohmic potential drop between anode and
cathode.

The figure shows that AV is proportional to the current density.
Consequently, the resistance, R = AV/i, between the capillary and
the working electrode is independent of the current density in
the current density range studied. This result has been found for
both hydrogen and oxygen evolving electrodes.

From the same figure it follows that the ohmic resistance
decreases at increasing solution flow velocity. In Fig. 4.3.2 the
resistance is plotted as a function of the solution flow velocity
on a double logarithmic scale for electrodes of various materials.
From this figure it follows that the log R vs log vy curves are
straight and the slopes depend on the nature of the electrode
material. They are, however, almost  independent of distance

between electrode and diaphragm, temperature, pressure and height
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Fig. 4.3.1 Avl as a function of current density for a hydrogen evolving

_ nickel electrode at [KOH| = 30 wt%, T = 353 K, don = 3 mm and

various solution flow velocities.
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Fig. 4.3.2 The reduced ohmic resistance as a function of solution flow

velocity on a double logarithmic scale at [KOH} = 30 wt%,
T = 353 K, dwm = 3 mm for varfous electrodes.
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in the cell. They vary between approximately -0.05 for an oxygen
evolving teflon bonded nickel cobalt oxide electrode and ~0.15 for

a hydrogen evolving Raney type nickelsulfide electrode.

Since the resistance does depend on the solution flow velocity

but does not depend on the current density, the average gas void

fraction cannot be used to describe the resistance between working

electrode and diaphragnm.
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Fig. 4.3.3 Fig. 4.3.4

The ohmic potential drop as a function
of current density for a nickel, a
nickel-sulfide and a nickel-teflon
cathode at [KOH] = 30 wt%, T = 353 K,
dwm = 3 mm and vy = 0.5 m/s.

The ohmic potential drop as a

function of current demsity for

a nickel and a teflon bonded

nickel cobalt oxide anode at
[RoH] = 30 wtZ, T = 353 K,

d
wm

= 3 mm and vy = 0.5 m/s.
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4.3.2. Effect. of nature of the electrode surface.

5
o R (10°2m2)

S

The effect of the nature of the cathode has been studied on three
different kinds of electrodes, viz. a nickel electrode, a nickel~
teflon eélectrode and a Raney type nickelsulfide electrode. Fig.
4.3.3 shows the ohmic potential drops between capillary and the
respective working electrodes, as a function of current density.
The ohmic potential drop is largest for the nickel-teflon
electrode. At relatively high solution flow velocities, the ohmie
potential drop for a nickelsulfide electrode is slightly lower
than for a bare nickel electrode cf.'Fig. 4,3.2. The activation
overpotential for this electrode, however, is significantly lower
than for the nickel electrode.

Nickel and teflon bonded nickel cobalt oxide have been used as
anode materials. Fig. 4.3.4 shows the results obtained for these
electrodes. The ohmic potential drop for an oxygen evolving tefion
bonded nickel cobalt oxide electrode exceeds the corresponding
value for a nickel anode. No significant differences in activatioa
overpotential between these electrodes have been found.

28

§§ Fig. 4.3.5

The resistance of a solution
layer of 3 mm pure electrolyte
. i as a function of KOH-

g2

10 20 30 0
i So KOH concentration.



The large ohmic resistance for teflon containing electrodes is
probably due to a different bubble behaviour on these electrodes.
Becauge of the poor wettability of the teflon, relatively large
bubbles are formed which remain on the electrode for a longer

- period than in the case of a nickel electrode.

4.3.3. Effect of temperature.
The ohmic potential drop between working electrode and diaphragm

decreases at increasing temperature. The reduced resistance,
Rpr, is calculated from the potential drop weasurements in
combination with the experimental R, values given in Fig. 4.3,.5,
In Fig. 4.3.6, the reduced resistance 1Is plotted as a function of
temperature. This figure shows, that the reduced resistance is
practically independent of temperature in the range 333-353 K.
Since the reduced resistance does depend on the nature of the
electrode surface, a slight hysteresis effect may occur when the
electrode surface is modified during the experiment, cf. NiS~
electrode. This effect also occurs when a fresh nickel electrode

is used as an anode.

£ +Ni (Hy)
3 o NiS (H) D
*Ni {0y
xNiCo,0, -PTFE (0,)
X * X
x X
2-
f : el % 2)
P <3 n r 3 F-3
1

t’éo % @& .

Fig. 4.3.6 The reduced resistance as a function of temperature for
various electrodes at [KOH| = 30 wtZ, dwm = 3 om and
e 0.5 m/s. For the NiS electrodes results at increasing
and decreasing T (indicated by arrows) are prasented.
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4.3.4. Effect. of KOH~concentration.

The effect of KOH-concentration has only been determined for a
hydrogen evolving nickel working electrode. The reduced
resistance between capillary 2 and the working electrode and
between anode and cathode are plotted as a function of the
electrolyte concentration for two solution flow velocities in
Fig. 4.3.7. Although the ohmic resistance decreases at increasing
KOH~concentration up to a value of approximately 30 wt%, the
reduced resistance shows a maximum at approximately 16 wt? KOH,
because of the ohmic resistance decrease of the pure electrolyte
with increasing KOH-concentration (Fig. 4.3.5).

In Fig. 4.3.8, the reduced resistance is plotted versus
[KDE]/‘[KOH] - [KOH]maxl on a double logarithmic scale. The
figure shows straight lines with a slope of approximately 0.05.7

A -6 REEE{
R Fsp
Rp
250 14
{12
20-
Rsp
y=025m/s © L ]
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< , , , o Wt % KOH 0
g 0 20 30 40

Fig. 4.3.7 The reduced resistance between cathode and diaphragm and

between anode and cathode as a function of KOH-concentration

at T=353 K, d =3 mmand v, = 0.5 and 0.25 m/s.
wm L

4.3.5. Effect of pressure.
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At elevated pressures up to 10 bar, the ohmic potential remains
proportional to the current density. In Fig. 4.3.9 the ohmic

resistance 1s plotted in dependence on pressure for a hydrogen



evolving nickel electrode. From this figure it follows, that the
ohmic resistance decreased at increasing pressure. This effect is
more pronounced at lower pressures than at higher pressures. A
plot of log R versus log p shows a straight line with a slope of
approximately -0.03.

This slope is practically independent of solution flow velocity,
distance between electrode and dlaphragm and height in the

electrolysis cell and only slightly depen&ent on the nature of
the electrode surface.
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Fig. 4.3.8 Fig. 4.3.9

The reduced resistance versus
[®on]/ xoH-KXOH on a double
wmax
logarithmic scale at T = 353 K,

The ohmic resistance between
anode and cathode as a function
of pressure. T = 353 K, dwma 3 om

dwm~ 3 mm and A\ 0.5 and 0.25 m/s. vy = 0.5 m/s and [KOH] = 30 wtZ.

4.3.6. Effect of distance between working electrode and diaphragm.
The distance between working electrode and diaphragm, dyp,
has been varied from 10 mm to O mm. Fig. 4.3.10 shows the
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resistance and the reduced resistance as a function of distance
for a hydrogen evolving nickel electrode. The ohmic resistance
decreases almost linearly, with decreasing distance. The curve has
the same slope as the curve for the pure electrolyte. This
indicates that the bubbles near the electrode determine the
increase in ohmic potential drop. The reduced resistaﬁce, however,
increases at decreasing distance.

Experiments show that the slope of the log R/Rp - log dwm plot
depends on both the height in the cell and the nature of the
electrode. It 1is, however, independent of solution flow velocity.
The slopes vary from approximately ~0.20 to -0.50.

’%b A R, 1060
o Lo Rar % 70
R

f’ ‘ - M 0

Fig. 4.3.10 The resistance and the reduced resistance between cathode
and diaphragm and the resistance between anode and cathode
as a function of distance between cathode and diaphragm.

T = 353 K, v, = 0.5 w/s, [ROH] = 30 wtz.
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4.3.7. Effect of the gecmetry of the electrode.

The effect of the geometry of ;he electrodes has been studied at
various solution flow velocities and pressures. 5ix different
electrode geometries have been used, i.e., a plate electrode, a
venetian blind electrode, a woven gauze electrode, an expanded
meta} gauzeAg}ggtrgée and two types of Veco gauze electrodes.

Detailed information on these elctrodes is shown in Fig. 4.3.11.

g d s
veco ON 056 1925
vero 25M Q.20 05010

4

expanded metal
gauze

fat
18 pare
woven gauze
)

Fig. 4.3.11 Different types of working electrodes as used for potential

3
v

drop measurements. Dimensions are given in mm. The

electrodes are 50 cm in length.

To ensure that only the electrode configuration effect and not the
effect of the nature of the electrode surface is studied, each
electrode is nickel plated in a Watts bath at a current density of
2A/dm? for one hour. During this process a'nickel~1ayer of
approximately 20 um is deposited on the electrode surface.

In Fig. 4.3.12 and Fig. 4.3.13 the ohmic potential drop between
anode and cathode is shown in dependence on current density for
various electrodes in case of gap widths between the working
electrode and the diaphragm, dwm’ of 3 and O mm and at solution
flow velocities, Voo of O and 0.4 m/s. Fig. 4.3.12 shows that, at

87



free convection (vz=0 m/s) and dwm = 3 mm, the ohmic resistance
for the expanded metal gauze electrode is smaller than the
corresponding values for the other electrodes. The ohmic potential
drop measured for various electrodes Increases in the sequence
expanded metal gauze electrode, woven gauze electrode, Veco gauze
25 M electrode, venetian blind electrode, plate electrode and Veco
gauze 10 N electrode.

AVepy , MV
1500 Y = Om/s 3
1 venetian blind
2 plate
3 veco 10N
4 mxpanded metal gauze
Sveco 25M z
6 woven gauza 51,
e ] = OO 4
dyn= 30m ’
1000 A
22
4
o
500+
7 kA/m?
0 2 & [ 8 10

Fig. 4.3.12 Ohmic potential drop between anode and cathode as a function
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of current density for various electrode geometries.
[koH] = 30 wt%, T = 353 K, v, = 0 m/s.

At dwm = 0 mm, the venetlan blind electrode is more favourable in
comparison to the expanded metal gauze electrode. For this
configuration the ohmic potential drop for the plate electrode is
surprisingly low. Possibly hydrogen gas diffuses through the
asbestos diaphragm, where it 1is carried to the back of the counter
electrode together with the evolved oxygen gas.



A comparison of Fig. 4.3.12 and Fig. 4.3.13 shows that, at

dwm = 3 mm, the differences between the different electrodes
decrease at increasing solution flow velocity. The effect of
solution flow velocity on the ohmic potential drop at dwm = 0 mm,
is small. Apparently, for all electrodes studied, the ohmic
resistances between anode and cathode at dwm = 3 mm exceed those
at dwm = 0 mm.

The effect of pressure on the ohmic resistance in the cell has
been found to be independent of electrode geometry. For all
electrodes studied the ohmic resistance decrease at increasing

pressure. The effects are more pronounced at lower than at higher

pressures.
B lgey. Y .
1500 1= 0.6 mfs
1 venetian blind
2 plate
3 veco 10N
4 expanded metal gauze
5veca 25M
& woven gauze 3
- = Omm
—— s 30
1000}
500F
v ’ .
i, kAMm?
0 2 h 6 8 LY

Fig. 4.3.13 Ohmic potential drop between anode and cathode as a function
of current demsity for various electrode geometries.

[KoH] = 30 wtZ, T = 353 K, v, = 0.4 u/s.
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4.4, Discussion.
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Compared to chapter 3 the flow situation and the gas voild
distribution in the electrolysis cell under practical conditions are
very complicated. Although one may argue that the average solution
flow velocity in the 3 mm wide area between the electrode and the
diaphragm will be substantially lower than the velocity in the 12 mm
wide area at the back of the electrode, the flow profile, the value
of the average flow veloclty and the width of the bubble layer
adjacent to the electrode are not known. Further it is unknown which '
part of the evolved gas volume is deviated to the back of the
electrode.

For these reasons it is practically impossible to use the model
proposed in section 3.3 to predict the effect of various parameters.
Therefore, a dimensionless correlation is derived from the
experimental results obtained in this situationm.

It 1is noted that the current is assumed to be distributed uniformly
over the entire electrode surface.

Janssen et al. [13} have proposed a dimensionless correlation, which
describes the reduced ohmic resistance increase due to the presence
of bubbles in the solution layer between working electrode and
diaphragm, during alkaline water electrolysis. This relation has to
be extended to include the effects of electrolyte concentration,
temperature and pressure. To diminish the number of empirical
constants, a correlation describing the reduced ohmic resistance,
instead of the reduced ohmic resistance increase, is proposed.

It has been found that, within experimental scatter, the reduced
resistance is independent of current density (4.3.1.) and of
temperature (4.3.3.) in the ranges investigated. Counsequently,

these parameters do not occur in the dimensionless correlation.
Analysing the experimental results, the effects of the other
parameters on the reduced ohmic resistance are represented by the
following relation:
oM ™

*
RR =K T, T e ([Koa]/l[xou]ma

By

b

X

*
where Kl » By My, B4 and n, are empirical constants. To obtain a



dimensionless correlation the Reynolds number, Re, the reduced
distance between working electrode and diaphragm, Dwm’ and the
reduced pressure, P, are introduced.

The Reynolds number for a flowing liquid is defined by

Re = dhyd'vzfv° The hydraulic diameter, dhyd’ equalsg 4x cross
sectional area of the working electrode compartment divided by the
circumference of the rectangular compartment and is constant during
all experiments. The variations in the kinematiciviscosity, v, of
the electrolyte are relatively small in the range studied.
Counsequently, within experimental scatter, the Reynolds number can
be used to describe the dependence of the reduced resistance on the
solution flow velocity.

The reduced distance between working electrode and diaphragm is
defined by the distance between working electrode and diaphragm
divided by the distance between the backwall of the working
electrode compartment and the diaphragm. The latter quantity has
been chosen because the bubbles evolved on the electrode can spread
over the entire compartment.

The reduced pressure is obtained by relating the pressure to the
atmospheric pressure , Py*

Using the forementioned parameters, the following dimensionless

correlation ig obtained:

b T T Ty
R/R, =K .Re .0 % -([xor]/| [xon]-[kon] |} * where
Re = dhyd'vz/v
Dwm = dwm/dbm
P = p/pg
Kl = empirical constant, dependent on the nature of the
electrode surface and the gas evolved.
n, = empirical constant, dependent on the nature of the

electrode surface. For the electrodes studied n, varies
from ~-0.05 to ~0.15.
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0, = empirical coustant, dependent on the nature of the electrode

2
surface and on the height in the electrolysie cell and
varies between ~0.20 and -0.50.

n, = empirical constant of approximately -0.03.

n, = empirical constant of approximately 0.05.

In Table 4.4.1, the numerical values of Kl’ ny, 0y, 0y and n,are

given for the 4 kinds of electrodes in the present experiments.

nature of gas K ny n, n, n,

electrode evolved

Veco gauze H2 1.9 | ~0.08 | -0.30 | ~0.03 | 0.05
Nis H2 2.9 | -0.15 -0.40 | -0.03 n.d.
Ni-PTFE H, 2.1 | -0.08 | -0.30 | -0.03 | n.d.
Veco gauze 02 1.3 | -0.06 | -0.35 | -0.03 | n.d.
N1C0204-PTFE 02 1.7 ~-0.05 | ~0.45 -0.03 n.d.

Table 4.4.1 Numerical values of empirical constants for various

electrodes.
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CHAPTER 5: AVERAGE RADII AND RADIUS DISTRIBUTIONS OF BUBBLES EVOLVED

5.1.

5.2,

-photo camera

shunt1

DURING WATER ELECTROLYSIS AT THE OUTLET OF THE CELL.

INTRODUCTION.

In chapter 2 the screening by bubbles and the bubble radius
distributions have been studied in the electrolysis cell, since
these quantities affect the ohmlie resistance in the cell. If it is
impossible to study the bubble behaviour in the electrolysis cell,
knowledge of the bubble radius distribution at the outlet of the
cell may contribute to the understanding of the bubble behaviour in
the cell. It further helps to solve the bubble electrolyte
separation problem.

In this chapter, a study on the effects of the parameters mentioned
in chapter 4 on the bubble radius distribution at the outlet of the
cell is described. From the experimental results a dimensionless
correlation for the average bubble radius at the outlet of the
electrolysis cell is derived as a function of the above mentioned

parameters.

EXPERIMENTAL SET-UP.

The experimental set-up 1s essentially the same as described in
chapter 4.

Pictures of gas bubbles at the outlet of the electrolysis cell are
taken in an auxiliary transparent cell, with a rectangular cross
section of 36 x 3.5 mm%, which is connected to the compartment of
the working electrode. The experimental set-up is shown in

Fig. 5.2.1.

Jouttet

<nyroscepe

tens ‘ :
— _ Fig. 5.2.1
nanolite X Experimental set-up to photo~

auxiliary cell

-graph bubbles in an auxiliary

shunt 2 cell at the outlet of the

working electrode compartment

—
from electrolysis cell of the electrolysis cell.
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5.3.

The photographs have to be taken through a microscope because of
the very small sizes of the bubbles (10~100 ym diameter). In order
to take sharp pictures of the moving bubbles, a very short exposure
time and a very intensive illumination are essential. For this
reason a nanolite flashlight with a flash time of approximately 20
nanoseconds 1s used. A set of lenses is necessary to concentrate
the light in the auxiliary cell.

To be able to determine the sizes of the bubbles from the
photograph, the number of bubbles on a picture has to be limited.
Therefore, the two-phase wmixture at the outlet of the cell is
diluted (shunt 1) with bubble free electrolyte, before entering the
auxiliary cell. To decrease the flow velocity in this cell, a large
part of the mixture is passed by through a shunt (shunt 2) parallel
to the auxiliary cell.

Usually, six pilctures are taken of each situation; this results iﬁ
theAinvestigation of a total of approximately 400 bubbles at each

condition.

RESULTS.

5.3.1. Introduction.
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The average bubﬁle radius and the bubble radius distribution at
the outlet of the cell depend on two main factors, i.e. the
departure radius of the bubbles from the electrode surface and
the coalescence behaviour of the detached bubbles 1in the
electrolyée.

The importance of the coalescence behaviour is illustrated in
Fig. 5.3.1, where two radius distribution curves for oxygen
bubbles are shown. The bubbles of series 1 obviously have
coalesced more frequently before entering the auxiliary cell than
the bubbles of series 2.

When a parameter of the electrolysis process 1s varied both the
departure radius and the coalescence behaviocur, may be affected.
Consequently the interpretation of the results is very difficult;
especially for oxygen bubbles, because they coalesce more
frequently than hydrogen bubbles. For hydrogen, the bubble radius
distribution curves are similar to the curve for series 2 in

Fig. 5.3.1.
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Fig. 5.3.1 Two bubble radius distribution curves for oxygen bubbles

5.3.2.

evolved on a nickel electrode at i = 2 kA/m2, T = 353 K,
v, =0.5m/s, d, =3 m and [KOH] = 30 wtZ.

NiS and NiCozoa—PTFE electrodes with different sulfur or PTFE
contents have been used. Since the bubble behaviour depends on
these contents some differences in average bubble radii may

oceur.

Effect.of . current density.

In Fig. 5.3.2, the average radii, Eb’ for oxygen and hydrogen
bubbles evolved on various electrodes are shown in dependence on
current density. It has been found that the aﬁeragé radius for
hydrogen bubbles evolved on a nickel electrode is independent or
only slightly dependent on current density. The avetage bubble
radii for oxygen bubbles generated on a nickel and on a teflon
bonded nickel cobalt oxide electrode and for hydrogen bubbles
evolved on a nickelsulfide electrode increase at increasing

current density.
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Fig. 5.3.2 Fig. 5.3.3
The average bubble radius for Bubble radius distribution
oxygen and hydrogen bubbles curves for hydrogen bubbles
evolved on various electrodes evolved on a nickel electrode

as a function of current density. at 2,6 and 10 kA/m2.

T = 353 K, A 0.5 w/s, T = 353 K, v, = 0.5 w/s,

d =3 um and [KOH] = 30 wt% d =3 m and [KOH] = 30 wt?
wm win

Fig. 5.3.3 shows the bubble size distribution for a hydrogen
evolving nickel electrode for 1 = 10 kA/m2, 1 = 6 kA/m2 and

i =2 kA/m?. At high current density there is a sharp peak with a
top at 9 um and the maximal bubble radius is about 150 mm. At
lower current densities the peak broadens and its top shifts to

13 um. The maximal bubble radius decreases to about 80 um. The
small bubbles probably detached from the electrode surface without
coalescence while the larger bubbles are due to coalescence of
small bubbles.

Since the gas void fractiom 1s larger at higher current densities
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it 1is obvious that more bubbles coalesce, resulting in larger
bubbles at high current densities. The shifting of the peak at
increasing current densities to smaller bubble radiil may indicate
that the average departure radius decreases at increasing current
density. A similar result was reported for hydrogen bubbles
growing on a vertical transparent gold electrode at forced
convection and at room temperature and atmospheric pressure
during electrolysis in a 30 wt% KOH solution for

1 =0.5- 2.5 ka/m? [32].

In Fig. 5.3.4 the bubble size distribution curves for an oxygen
evolving nickel electrode are shown at 1 = 10 kA/m? and

i = 2 kA/m?, The peak of the curve becomes lower and broader at
high current densitles, probably because of the increase in
coalescence of the bubbles. The position of the peak does not

change markedly.
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006t i, «A/m2
10 4

> a
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Fig. 5.3.4 Bubble radius distribution curves for oxygen bubbles evolved
on a nickel electrode at 2 and 10 kA/m2.
T = 353 K, v, = 0.5 n/s, dwm= 3 mm and [KOH] = 30 wt%
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The effect of current density on the average bubble radius at the
outlet of the cell is determined by both the average radius of
bubbles departing from the electrode surface and the degree in
which coalescence of detached bubbles in the electrolyte occurs.
For hydrogen bubbles evolved on a nickel electrode the decrease in
departure radius at high current densities is practically
cancelled out by the increase in radius due to the increase in the
degree of coalescence. For oxygen bubbles the increase in the
occurrence of coalescence outweighs a possible decrease in peak
radius. This is also the case for hydrogen bubbles evolved on a
nickelsulfide electrode.

Because of the porous structure of the electrode, a considerable
degree of coalescence may already occur at the electrode surface
and effect the average departure radius. A plot of Eb versus i on
a double logarithmic scale shows straight lines with slopes
varying from 0 for a hydrogen evolving nickel electrode to 0.16

for an oxygen evolving electrode.
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Fig. 5.3.5

The average bubble radius for
oxygen and hydrogen bubbles
evolved on various electrodes
as a function of solution
flow velocity.

T = 353 K, 1 = 4 kA/n?,

d =3 mm and [KOH] = 30wt%
wim
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5.3.3. Effect of. solution flow velocity.

In Fig. 5.3.5 the average bubble radii for oxygen and hydrogen

bubbles evolved on wvarious electrodes are shown as functions of

solution flow velocity. At increasing solution flow velocity, the

average bubble radius for both oxygen and hydrogen bubbles

decreases. This effect is most pronounced at low solution flow

velocities.
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Bubble radius distribution curves

for hydrogen bubbles for three

gsolution flow velocities.
T =353 K, 1 = 4 kA/m2,
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Fig. 5.3.7

Bubble radius distribution curves

for oxygen bubbles for three
solution flow velocities.

T =353 K, 1 =4 ka/m?,

dwm =3 mm and [KOH] = 30 wtZ.
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5.3.4.

100

Fig. 5.3.6 and Fig. 5.3.7 show bubble radius distribution curves
at various solution flow velocitles for respectively hydrogen and
oxygen bubbles evolved on nickel electrodes. The position of the
peak is almost independent of solution flow velocity. The average
bubble radius increases at decreasing flow velocity because of the
increase in large bubbles due to an increase in the number of
coalescences at lower solution flow velocities. Plots of

log ﬁb as a function of log \f show straight lines with slopes
varying between -0.06 for both an oxygen evolving teflon bonded
nickel cobalt oxide electrode and a hydrogen evolving nickel

electrode and ~0.40 for an oxygen evolving nickel electrode.

Effect of the nature of the electrode surface.

Bubbles evolved on teflon containing electrodes e.g. teflon

bonded nickel cobalt oxide and nickel~teflon electrodes or on an
nickelsulfide electrode show a larger average bubble radius than
bubbles evolved on nickel electrodes.

In Fig. 5.3.8 characteristic bubble radius distribution curves for
hydrogen evolving nickel, nickel~teflon and nickelsulfide
electrodes are shown. The distribution curve for the nickel-teflon
electrode shows a peak at a value of approximately 11 im and a
shoulder to the peak at about 25 um. This shoulder becomes a
second peak at low solution flow velocities in the electrolysis
cell, Contrarily, the curve for the nickel electrode exhibits only
one maximum at approximately 11 um. If we assume that the position
of the peak is a measure for the average value of the departure
radius, two peaks Iindicate the existence of two types of bubbles
departing from the electrode.

Apparently, this behaviour is due to the nucleation properties of
the electrode surface. On a2 nickel—teflon electrode two types of
active sites generating growing bubbels are present. The first
type consists of unlckel sites which are surrounded by nickel.
These sites are comparable to the sites on a pure nickel
electrode. The second type consists of nickel sites which are
surrounded by teflon. The bubbles growing on the latter sites may
grow to a larger size; thils results iIn a secoandary peak in the
bubble distribution curve.



For bubbles evolved on a nickelsulfide electrode the bubble
radius distribution curve shows a maximum at a value of
approximately 15 um.
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Fig. 5.3.8 <Characteristic bubble radius distributions for hydrogen
bubbles evolved on a nickel, a nickel-teflon and a aickel-

sulfide electrode. T = 353 K, i = 8 kA/m?, v, = 0.5 w/s,

£
d =3 m and [KOH] = 30 wtZ.
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Fig. 5.3.9 The average bubble radius for oxygen and hydrogen bubbles
evolved on various electrodes in dependence on temperature.

i=4%ka/m?, v, =0.5u/s,d =3 m and [KOH] = 30 weZ.
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5.3.5. Effect of temperature.

Fig. 5.3.9 shows the average bubble radius as a function of
temperature in the temperature range 30 -~ 800C at i = 4 kA/m? and
vg = 0.5 m/s for various electrodes. From this figure it follows
that the averége bubble radlus for oxygen as well as for hydrogen
bubbles is practically independent of temperature in the
investigated range. The bubble size distribution curves are also

independent of temperature.

5.3.6. Effect. of KOQH~concentration.

The effect of KOH-concentration on the average bubble radius has
been investigated using a hydrogen evolving nickel electrode.
Results are shown in Fig. 5.3.10. The average radius decreases at
increasing KOH-concentration.

A plot of ﬁb
logarithmic scale shows a straight line with a slope of -0.22 at

in dependence oun KOH-concentration on a double

a solution flow velocity of 0.25 n/s and a slope of -0.12 at
0.5 m/s.

R, um
28f

%y

18
+ : wt% KOH
0 1 % 30 50

Fig. 5.3.10 The average bubble radius for hydrogen bubbles evolved on a
nickel electrode in dependence on KOH-concentration.
T = 353 K, v, = 0.5 u/s, 1 = 4 kA/u? and 4, =3 mn.

5.3.7. Effect of.pressure.

In Fig. 5.3.11 the effect of pressure on the average radius of
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Fig. 5.3.11 The average radius for hydrogen bubbles evolved on a nickel
electrode as a function of pressure at two solution flow
velocities. T = 353 K, 1 = 4 kA/m2, d, =3 omand
[koH] = 30 wtz.
hydrogen bubbles evolved on a nickel electrode is illustrated.
The average radius decreases at increasing pressure, due to the
decrease in the occurrence of coalescence at elevated pressures.
The effect is more pronounced at lower solution flow velocities.
Plots of §b versus p on a double 1ogar1thm1; scale show straight
lines with slopes varying from ~0.24 at a solution flow velocity
of 0.1 m/s to -0.09 at a velocity of 0.5 m/s. The slopes are

practically independent of the nature of the gas evolved.
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Fig. 5.3.12 The average bubble radius for oxygen and hydrogen bubbles
evolved on various electrodes in dependence on distance
between the working electrode and the diaphragm. T = 353 K,
1 = 4 kA/m?, v, = 0.5 n/s and [KOH] = 30 wtZ.
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5.3.8. Effect of distance between working electrode and diaphragm.

S5.4.

104

The distance between working electrode and diaphragm has been
varied from 10 to O mm. Fig. 5.3.12 shows the average bubble
radius as a function of this distance for a hydrogen evolving
nickel and nickelsulfide electrode and for an oxygen evolving
teflon bonded nickel cobalt oxide electrode. The average radii are
found to be independent of distance between the working electrode

and the diaphragm.

DISCUSSION.

From the experiments it has been found that the average bubble
radius at the outlet of the electrolysis cell is practically
independent of temperature and distance between working electrode
and diaphragm in the ranges studied. Consequently, these parameters
do not appear in the dimeusionless correlation.

The effect of the other parameters can be represented by the

following relation:

n n* o* n
3 6.p 7.[kon] ®

where

K 2s Dgs Og, Ny and ng are empirical constants, depending on the
nature of the electrode and the gas evolved and possibly on the
solution flow velocity in the electrolysis cell. ng varies
between 0 and 0.16, ng varies from -0.06 to -0.40, n7 from
~0.09 to -0.24 and ng from -0.22 to -0.12.

To obtain a dimensionless correlation the reduced average bubble
radius and the gas to liquid volumetric ratio at the outlet of the
electrolysis cell, Vg/Vz, the Reynolds number and the reduced
pressure are used. The KOH-concentration is already dimensionless
because it is expressed in wtZ.

The reduced average bubble radius at the outlet of the cell is
defined by the average bubble radius divided by the distance
between the backwall of the working electrode compartment to the
diaphragm. The gas to liquid volumetric ratio at the outlet of the
cell is proportional to i/p.vy. Incorporating the dimensionless
parameters in the relation, the following dimensionless correlation

results:



In Table 5.4.1 the numerical values of K2’ ng, Bc, 0, and n

n
KZ'(Vg!vk)

n

T g

> .Re .p%.[xou]

where

reduced average bubble radius at the outlet of the

electrolysis cell.

gas to liquid volumetric ratio at the outlet of the
electrolysis cell.

dpyaVe!®

p/py

empirical constant, dependent on the nature of the

electrode and the gas evolved.

empirical constant, dependent on the nature of the
electrode and the gas evolved; ng varies between
0 and 0.16.

empirical comstant, dependent on the nature of the
electrode and the gas evolved; ng varies between
0.03 and -0.24.

empirical comstant, dependent on the nature of the

‘electrode and on the solution flow velocity; ny

varies from -0.25 at low solution flow velocities to
0.10 at high solution flow velocities.

empirical constant, dependent on solution flow

velocity; ng varies between -0.22 at low velocities
and -0.12 at high velocities.

8)

obtained from our experiments, are given for the cases of the 4

kinds of electrodes studied.
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nature of gas K2 n5 n6 n? ng
electrode |evolved \'n ' ' A\ v£=
0.5 m/s 0.25 0.5 m/s] 0.25 0.5 m/s
=3
Veco gauze H2 S.IX10_3 0 -0,10 { -0.20 ~0.13}| -0.22 ~0.12
NiS H2 3.6>110_3 0.11 | -0.04 n.d. n.d.
Ni~PTFE H2 4.6x10“2 0 -0.11 n.d. n.d.
Veco gauze 02 1.8><10~3 0.16 | -0.24| O +0.07 n.d.
N:!.Cona—PTFE 02 2.1x10 0.09 [ +0.03 n.d. n.d.

Table 5.4.1 Numerical values of empirical constants for various

n.d. = not de
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CHAPTER 6: SUGGESTIONS FOR FURTHER WORK.

In the previous chapters the gas fraction distribution, the ohmic
resistance and the current denslity distribution in the cell during water
electrolysis have been discussed.

An attempt has been made to relate the turbulent diffusion theory to the
gas bubble distribution and, using Bruggeman's equation, to the ohmic
resistance in the cell. However, to come to a more extended and
quantitative relation a number of additional experiments has to be
carried out. '

To obtain insight into the bubble behaviour at a technical electrode,
optical measurements should be performed by flluminating and
photographing the bubbles from the front of the electrode.

The value of the gas fraction in the cell, in the steady state under
various conditions, is importaant for the determination of the ohmic
resistance in the cell. The introduction of local gas void probes [71}
may be useful to obtaim additional information on the value of the local
gas void fraction and on its distribution in the cell.

The flow situation in the cell is very complicated. Measurements to come
to a better understanding of the transport phenomena e.g. the
determination of the turbulent diffusion coefficlent of the bubbles will
help to improve the bubble diffusion model proposed in chapter 3.

For practical application it will be very interesting to study the
electrolysis process at free convection, using a cell geometry in which
the flow induced by the rising gas bubbles has a pronounced effect.
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ABSTRACT

During water electrolysis oxygen and hydrogen bubbles evolved on the
electrodes, cause an Increase in the ohmic resistance of the electrolysis
cell. Consequently, the energy efficlency of the electrolysis process
decreases. The aim of the present study is to acgulre insight into the
effect of various process parameters on the bubble behaviour, the gas
void distribution, the ohmic resistance and the cutrént density
distribution in the electrolysis cell. '

To obtain information on the bubble behaviour and the gas void
distribution in a vertically placed cell with forced convection, high
speed wmotion pictures of bubbles on the electrode surface and at various
locations in the electrolyte have been taken through a transparent gold
‘electrode (Ch. 2). It has been found that the bubble-electrolyte mixture
in the gap between the electrode and the diaphragm can be divided in two
regions. In the first region, i.e. the layer adjacent to the electrode,
the gas fraction decreases sharply with increasing distance to the
electrode surface. In the second region, the gas fraction decreases only
slightly with increasing distance to the electfode surface. The width of
the first layer depends on current density, solution flow velocity and
height in the cell.

A theoretical model for the gas void distribution in the cell, based on
the idea of turbulent diffusion of bubbles from the electrode surface, is
proposed in chapter 3. Starting from the Bruggeman equation for the
resistance of homogeneously dispersed non-conducting particles in a
continuous phase an expression, relating the gas void distribution to the
ohmic resistaonce in the electrolysis cell, is obtained. To test the
proposed model, the ohmic resistance and current density distributions 1in
the electrolysis cell have been determined, using a segmented nickel
working electrode. The predicted and experimental results are found to be
in qualitative agreement. '

The above mentioned model can not be applied diréctly to industrial
processes, since in these processes the flow in the cell is much more
complex than in the experimental set-up. This makes a theoretical
approach practically infeasible. To predict the effects of the various
process parameters, emplirical relations must be derived. Therefore, a
number of experiments have been carried out under semi-industrial
conditions. The obtained results are expressed in dimensionless empirical
relations.
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In chapter 4 a dimensionless correlation for the reduced ohmic resistance
between the working electrode and the diaphragm and the parameters of the
electrolysis process is derived.‘The relation may be used to determine
the optimum electrolysis conditions. In chapter 5 a gsimilar relation is
derived for the reduced average bubble radius at the outlet of the
electrolysis cell. Knowledge of the average bubble radius and the bubble
radius distribution at the outlet of the cell can help to solve the
bubble-electrolyte separation problem.
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SAMENVATTING

Zuurstof— en waterstofbellen die tijdens waterelektrolyse aan de elektro-
den ontstaan, veroorzaken een verhoging van de ohmse weerstand van de
elektrolysecel. Dientengevolge neemt het energetisch rendement van het
elektrolyseproces af. Het doel van het onderhavige onderzoek is het ver—
werven van ingicht in de effecten wan verschillende grootheden op het
belgedrag, de gasvolumeverdeling, de ohmse weerstand en de stroomdicht-
heidsverdeling in de elektrolysecel.

Om informatie te verkrijgen over het belgedrag en de gasvolumeverdeling
in een verticaal geplaatste cel met geforceerde convectie, zijn “high
speed” filmopnamen gemaakt van bellen op het elektrode-oppervliak en op
verschillende plaatsen in de elektrolyt, door een trangparante goud-elek-—
trode (Hfst. 2). Het is gebleken dat het bel-elektrolietmengsel in de
ruimte tussen de elektrode en het dlafragma verdeeld kan worden in twee
gebieden. In het eerste gebied, een laag grenzend aan de elektrode, neemt
de gasvolumefractie sterk af met toenemende afstand tot het elektrode-—
oppervlak. In het tweede gebied neemt de gasvolumefractie slechts weinig
af met toenemende afstand tot het elektrode*oppérvlak. De breedte van de
eerste laag is afhankelijk van de stroomdichtheid, de vloeistofsnelheid
en de hoogte im de cel.

Een theoretisch model voor de gasvolumeverdeling in de cel, gebaseerd op
het idee van turbulente diffusie wvan bellen van het elektrode~oppervlak
wordt voorgesteld in hoofdstuk 3. Uitgaande van de Bruggeman-vergelijking
voor de weerstand van homogeen gedispergeerde niet-geleidende deeltjes in
een medium, is een ultdrukking verkregen die de gasvolumeverdeling rela-
teert aan de ohmse weerstand in de cel. Om het voorgestelde model te
testen zljn de ohmse weerstand en de stroomdichtheidsverdeling in de cel
bepaald, gebruik makend van een gesegmenteerde nikkel-werkelektrode. De
voorspelde en experimentele resultaten blijken kwalitatief in overeen—
gstemming te zijn. , ‘

Het bovengenoemde model kan niet direct worden toegepast op industriile
processen, aangezlen in deze processen de stroming in de cel veel gecom~
pliceerder is dan in de experimentele opstelling. Dit maakt een theoreti-
sche aanpak praktisch ondoenlijk. Om de effecten van de verschillende
procesgrootheden te voorspellen, moeten empirische relaties worden afge-—
leid. Daarvoor zijn een aantal experimenten uitgevoerd onder semi-indus-

tri#le omstandigheden.
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De verkregen resultaten zijn weergegeven in dimensieloze correlaties. In
hoofdstuk 4 is een dimensieloze relatie afgeleid voor de gereduceerde
weerstand tussen de werkelektrode en het diafragma en de grootheden van
het elektrolyseproces. De relatie kan gebruikt worden om de optimale
elektrolyse~omstandigheden te bepalen. In hoofdstuk 5 is een soortgeld jke
relatie afgeleid voor de gereduceerde gemiddelde belstraal aan de uitgang
van de elektrolysecel. Kennis van de gemiddelde belstraal en de bel~
straalverdeling aan de uitgang van de cel kan het bel-elektrolyt-

scheidinggprobleem helpen oplossen.
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Atheneum—~B. Aansluitend begon zij met de studle scheikunde aan de
Rijksuniversiteit te Utrecht, waar zij in december 1981 afstudeerde. Een
week hierna trouwde z1j met Kees Bongenaar.

In februari 1982 trad zij in dienst van de Technische Hogeschool te
Eindhoven bij de interafdelingswerkgroep "Gasontwikkelende elektroden”
van de vakgroepen Elektrochemie (Schelkundige Technologie) en
Transportfysica (Technische Natuurkunde), in het kader van een éontract
tussen de Technische Hogeschool en de commissie van de Europese
Gemeenschap te Brussel. Het dienstverband werd in juli 1983 door de
Technische Hogeschool verlengd, om gelegenheid te geven voor het doen van
aanvullend onderzoek, hetgeen heeft geleid tot de totstandkoming van dit
proefschrift.
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Stellingen
behorende bij het proefschrift
van B.E. Bongenaar—Schlenter
7 december 1984

De verklaring door Ibl en Landolt voor het verschil in de verwachte en
gemeten snelheid van de chloraatvorming bij lage NaCl concentratie
{factor 7-65) met een kinetisch model is aan bedenkingen onderhevig.
(N. Ibl and D. Landolt, J. Electrochem. Soc., 115, (1968), p.713-720.)

I

Het is onjuist dat ten gevolge van convectie de effecten van verwarming
op de respons bij demodulatie-voltammetrie overgewaardeerd worden.
(J. Struys et al., J. Electroanal. Chem., 143, (1983}, p. 61-71.)

11t

Townsend en Hart tonen onvoldoende aan dat de chromaat-passiveringslaag
op Al-Zn deklagen en op Zn deklagen verschillend van samenstelling zijn.
(H.E. Townsend and R.G. Hart, J. Electrochem. Soc., 131, (1984), pp. 1345.)

v

De aanname dat een ladingsoverdrachtscoéfficiént o ongeveer 0,5 dient te
zijn, leidt te gemakkelijk tot allerlei typen complexe reactieschema's
voor bestudeerde elektrodereacties.

(F. v.d. Pol et al,, J. Electroanal. Chem., 58, (1975), pp. 177;

C.P.M. Bongenaar et al., J. Electroanal. Chem.,, 111, (i1980), p. 139-155;
J. Struys, Ph.D.~Thesis, (1984), Utrecht.)



0f de vergelijkingen voor de schatting van de ohmse weerstand ten gevolge
van gasbellen aan het elektrode-oppervlak, zoals deze door Vogt worden ‘
gegeven, werkelijke verbeteringen zijn vergeleken met de benadering door
Sides en Tobias, is twijfelachtig.

(d. Vogt, J. Appl. Electrochem., 13, (1983), p. 87-88;

P.J. Sides and C.W. Tobias, J. Electrochem. Soc., 127, (1980), p. 288-291;
Dit proefschrift, hfst. 3.) .

VI

Bossen als natuurlijke begroeiing in grondwaterwingebieden zijn ongewenst.
(H. Loman et al., Publicatiereeks Milieubeheer, 1984.)

VII
Het overheidsbeleid zou consistenter zijn, indien door het bedrijfsleven
gevraagde ambtenaren voor de overheidsdienst behouden werden door het bieden
van extra arbeidstijdverkorting bij gelijkblijvende beloning in plaats van
hogere beloning bij gelijkblijvende arbeidstijd.

VIII
Terwijl de invoering van personal computers op grote schaal in menig opzicht

als een vooruitgang beschouwd wordt, loopt hierdoor de kwaliteit van de

software terug.





