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Due to the presence of gas bubbles on the electrode surface and in the interelectrode gap during water
electrolysis, the ohmic resistance in the cell increases. The main aim of this investigation is to obtain
insight into the effect of the gas void distribution on the ohmic resistance in the electrolysis cell. The
gas void distribution perpendicular to the electrode surface has been determined at various current
densities, solution flow velocities and heights in the cell, taking high speed motion pictures. From these
measurements it follows that two bubble layers can be distinguished. The current density distribution
and the ohmic resistance in the electrolysis cell have been determined using a segmented nickel electrode.
The current density decreases at increasing height in the cell. The effect is more pronounced at low
solution flow velocities and high current densities. A new model to calculate the ohmic resistance in

the cell is proposed.

R resistance ()

R’ specific resistance (£,

A;  electrolyte area (m?) R"  unit surface resistance (Qm?)

c constant (—) R, resistance of the first bubble layer (£2)

dym distance between the working electrode and R,  resistance of the second bubble layer (£2)
the diaphragm resp. the tip of the Luggin R e Ohmic resistance in the cell (£2)

Nomenclature

capillary (m) Ry bubble radius (m)
E  voltage of an operating cell (V) s;  degree of screening by bubbles in the elec-
f gas void fraction (-) trolyte (-)
F  Faraday constant (C/mol) v,  liquid flow velocity (ms™)
fo  gasvoid fraction at the electrode surface (-) vy, reference liquid flow velocity (= 1 m s™H)
fo  gas void fraction in the bulk electrolyte (~) (ms™)
A height from the bottom of the working elec- ¥y molar gas volume (m® mol™)
trode (m) w  width of the electrode (m)
h,  reference height (= 1 cm) (m) x distance from the electrode surface (m)
H  total height of the electrode (m) 6 thickness of the bubble layer adjacent to
i current density (A m™?) the electrode (m)
in,  average current density (Am™?) Y number of bubbles generated per unit sur-
i,  reference current density (= 1kAm™2) face area and unit time (m™2s7")
(Am™)
1. Introduction trodes, cause an increase in the ohmic resistance in
the electrolysis cell. Consequently, the energy
During alkaline water electrolysis, oxygen and efficiency of the electrolysis process decreases. The
hydrogen bubbles, which are evolved on the elec- current distribution in a vertical cell is also affected

* Paper presented at the International Meeting on Electrolytic Bubbles organised by the Electrochemical Technology
Group of the Society of Chemical Industry, and held at Imperial College, London, 13—14 September 1984.
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by the evolved bubbles. The gas void fraction in the

cell increases with increasing height and conse-
quently, the current density is expected to decrease
with increasing height. Although Tobias [1] pub-
lished a theoretical approach to the current density
distribution in a vertical electrolysis cell in 1959,
so far hardly any experimental data on this topic
have been reported.

In the past, several models have been proposed
[1-6] for calculation of the current distribution
and ohmic resistance in electrolysis cells. Except
for the models of Vogt [5] and Sillen [6] these
models assume a uniform gas fraction distribution
in the interelectrode gap, thus neglecting the fact
that in the vicinity of the bubble source, the elec-
trode, the gas fraction will be higher than in the
bulk electrolyte. According to Bruggeman’s equa-
tion, the effect of the bubbles in this region on
the effective resistance of the electrolyte will be
substantially higher. Since in the models of Vogt
and Sillen the thickness of the bubble layer
adjacent to the electrode is confined to only one
average bubble diameter, the contribution of this
layer to the total resistance is probably still
underestimated.

In this paper experimental data on bubble dis-
tributions and current density distributions in an
electrolysis cell are presented. A new model for
calculation of the ohmic resistance in the electroly-
sis cell is proposed.

diaphragm\

counter electrode \4

microscope
\

:JL ______

2. Experimental details
2.1. Bubble distribution

The experimental set-up for bubble measurements
is shown in Fig. 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 section (stainless steel setting) incorporates
the working electrode.

The working electrode consists of a glass plate
on which a thin gold layer is deposited. The glass
plate is glued in the stainless steel setting and
serves as the backwall of the working electrode
section. The sections are separated by a transpar-
ent 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 is
connected to a circuit for forced flow. Details of
this circuit are given in [7, 8].

The bubble density and velocity distributions in
the electrolysis cell are recorded using a high speed
film camera. To get optimally contrasted bubbles
on the pictures, the light source, for which a mer-
cury arc lamp 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-

working electrode

high speed camera

| m— T

Fig. 1. Experimental
set-up for bubble meas-
urements.
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100 um) a microscope has to be used. The magnifi-
cation 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 framess™ have to be used when
forced flow up to 0.75 ms™! is applied. Light
marks on the edge of the film, initiated by the
camera every millisecond, indicate the framing
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 maintaining a constant magnifica-
tion factor. From the displacement of the
camera the focus point in the electrolysis cell is
determined, taking into account the difference
in refractive index between the electrolyte and
air.

Unless otherwise mentioned, the experiments
have been carried out galvanostatically with a
hydrogen evolving gold electrode at atmospheric
pressure, in 1 M KOH solution at 303K, at a cur-
rent density of 0.75 kA m™ and with an applied
flow velocity of 0.3 ms™'. The current density
is calculated by dividing the total current by
the active geometrical surface area of the work-
ing 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 compart-
ment.

Only hydrogen bubbles have been studied
since the thin gold layer crumbles from the glass
plate with oxygen evolution. The bubbles on
a frame are measured on the screen of a motion
analyser. The data are recorded on paper-tape
and handled by computer. Since one frame only
represents the bubble situation at a distinct
time, and fluctuations, 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. There-
fore bubble quantities are averaged over approxi-
mately 10 randomly taken frames for each experi-
mental condition. In this way representative
results are obtained.

2.2. Current density distribution and ohmic
potential drop

The electrolysis cell used for the determination of
current density distribution and ohmic resistance
measurements consists of stainless steel and is
divided into two parts, the working and the
counter electrode compartment, by an asbestos
diaphragm. The counter electrode is a nickel
Venetian blind electrode of 50 x 2 cm? and is
placed against the asbestos diaphragm. Details of
this electrode are given in [7, 8]. The working
electrode (cf. Fig. 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,
namely, 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
surface and the diaphragm.

For the electrode consisting of 20 separate
electrode segments to resemble one flat equipot-
ential 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 seg-
ment 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 Q2. 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 mm enter the cell
at various heights through the backwall of the
counter electrode compartment and protrude
through little holes in the middle of the counter
electrode and the diaphragm. The capillaries are
situated at 5, 15, 25, 35 and 45 cm 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. Each capillary is connected to a ref-
erence electrode consisting of Hg/HgO/KOH.

The ohmic potential drops between various seg-
ments of the working electrode and the Luggin
capillaries are measured simultaneously, using the
current interruptor technique. The current through
each segment is interrupted simultaneously by
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Fig. 2. Schematic outline of the segmented nickel elec-
trode.

electronic switches and the potential drops are
recorded by a four channel transient recorder and
printed.

Unless otherwise stated, 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 has been
studied at various current densities and solution
flow velocities. The distances between the tips of
the Luggin capillaries and the working electrode
equal 4 mm.

3. Results
3.1. Bubble distribution in the electrolyte

3.1.1. Introduction. The transparency of the gold

electrode used for bubble distribution experiments

was only 1-2%. Therefore, the illumination of the
bubbles in the electrolyte was insufficient to take

high speed motion pictures. To determine the bub-
ble distribution in the electrolyte, the thin gold
layer with a thickness of about 80 nm 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 elec-
trolyte of approximately 100 um) are measured.
From the experiments the degree of screening in
the electrolyte has been determined, (i.e. the
fraction of the electrolyte area covered by the
projection of the bubbles).

N
s = (L7R)cA; €y
i=1
The proportionality factor, ¢, accounts for the
depth of field of the optical system.

3.1.2. Effect of current density. The effect of
current density on the degree of screening in the
electrolyte, sy, is illustrated in Fig. 3 at three cur-
rent densities namely, 0.15,0.75 and 1.5kA m™>
at a solution flow velocity of 0.3 ms™ and a height
of approximately 7 cm from the bottom of the
electrode. The figure shows that two layers may be
distinguished in the electrolyte. The first layer
adjacent to the electrode, exhibits a sharp decrease
in the degree of screening with 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, approximat-
ing the screening in the respective layers. The
intersection of these lines marks the transition of

0.2 ;

—

i, kA/me

St

0.1

0 05 1.0
distance to electrode (mm)

Fig. 3. The screening in the electrolyte as a function of the
distance to the electrode surface. v;=0.3ms™, 72 =7 cm.
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Fig. 4. The degree of screening as a function of distance
to the electrode surface at various solution flow velocities.

the first to the second layer in the figure. A plot
of the width of the first layer as a function of
current density on a double logarithmic scale
shows a straight line with a slope of approximately
0.1, indicating a slight dependence of § oni. The
width of the layer adjacent to the electrode in
dependence on current density can therefore be
approximated by:

&~ %! (2)

3.1.3. Effect of solution flow velocity. The effect
of solution flow velocity on the degree of screen-
ing in the electrolyte is given in Fig. 4. From this
figure it follows that s; increases at decreasing solu-
tion 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. From a plot of § against v,
on a double logarithmic scale the following expres-
sion for the dependence of & on v; is obtained:

5 ~ vl—0.2

3.1.4. Effect of height. In Fig. 5 the degree of
screening in the electrolyte is plotted versus the
distance from the electrode surface at three
heights, #, in the electrolysis cell namely 7, 15
and 33 cm from the bottom of the electrode. As
is to be expected, the degree of screening in the
electrolyte increases with increasing height in the
cell. The width of the layer adjacent to the elec-
trode, where the degree of screening decreases
strongly, depends on the height in the electrolysis
cell. A plot of § versus / on a double logarithmic
scale shows a straight line with a slope of 0.3.
The dependence of § on A can therefore be esti-
mated by:

©))

8 ~ho3 )

3.1.5. Conclusions. Summarizing the previous
results, the dependence of § on current density,
solution flow velocity and height is obtained from
a combination of Equations 2-4 and may in prin-
ciple be represented by:

5§ ~i% 'Ulc2 hos

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 approxi-
mately be represented by:

8/6: = (ifir)" (v, ) (Whe)*>  (6)
The value of §, is determined, taking as a reference
situation i = 0.75kAm 2,9, =03ms, h=7cm
and 6 = 0.30 mm to be 0.14 mm. It should, how-
ever, be noted that this is only a rough approxima-
tion. The relative experimental uncertainty in the
screening values is of the order of 10%, and the
way in which § has been estimated is questionable.
Therefore, Equation 6 can only be considered as
giving an indication of the effect of the respective
parameters on §.

()

3.2. Current density distribution

3.2.1. Effect of current. The effect of the current
through the electrolysis cell on the current density
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Fig. 5. The degree of screening as a function
of distance to the electrode surface at vari-
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trated in Fig. 6 for oxygen and hydrogen evolution . " -gg%
. . . 03,
at the working electrode at a solution flow velocity 02 o340y
of 0.05ms™ . The current density decreases with 100- 2 ::g:g% _

increasing height in the electrolysis cell. The effect
is 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 inhomogen-
eous primary and secondary current density dis-
tribution in a parallel flat plate reactor in which
the electrodes do not fully occupy their respective
sides of the reactor. The relative difference in the
current density, obtained by linear extrapolation, Atk o A S
between the bottom and the top of the electrolysis *
cell is approximately 20% at an average current
density of 8kAm™. feteertian,

o
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3.2.2. Effect of solution flow velocity. In Fig. 7 0 S 10 15 20

the current density distribution over the working seqment number

electrode for hydrogen evolution at this electrode D& 6. Current density distributions for oxygen and hyd-
) ’ . . rogen evolution at various current densities and a solu-

is shown at various solution flow velocities at a tion flow velocity of 0.05 ms™ .
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Fig. 7. Current density distribution for hydrogen evolution
at various solution flow velocities at a potential of 3.60V.

constant potential of 3.60 V between the segments
of the working electrode and the counter electrode.
At low solution 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
5! the current density becomes constant over the
entire electrode, except for the deviations at the
bottom and top segments already mentioned. In
Fig. 8 the current density distribution in the

20k T T i [

i kA /m?)

|
0 5 10 15
segment number

Fig. 8. Current density distributions in the absence of
forced convection.

absence of forced convection is shown at various
cell potentials. The differences in current density
between the bottom and the top of 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. There-
fore, 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.

3.2.3. Effect of electrolyte concentration. The
effect of electrolyte concentration has only been
studied for hydrogen evolution at the working
electrode. In Fig. 9 the current density distribu-
tion at potential differences between the working
and the counter electrode of 3.9 and 3.0V are
given for various KOH concentrations. The differ-
ences in current density, relative to the average
current density, between the bottom and the top
of the electrolysis cell decrease at decreasing
concentration.

However, at a constant potential difference
between anode and cathode and decreasing elec-
trolyte concentration, the average current density
decreases. Since the current density distribution at

120 T T T T
x — 39y x 309wt %
s e 3.0V s 228wt %
o 169wt %
00 v 126wt% ]
Sl o 97wt%

i(kA/m)

0 ~hmpmte bl
F oy e +__+_t_+_+.-+-

070 0 0y -0 B o - 1y ~0 g 0 = 0 o

2.01- b

| | | |
0 5 10 5 20
segment number

Fig. 9. Current density distribution at potential differences
of 3.9 and 3.0V for various KOH concentrations, v; =
0.05ms™t.
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a cell potential difference of 3.0 V and a KOH con-

centration of 30.9 wt % almost equals the distribu-
tion at 3.9 V and 9.7 wt % KOH, the effect can be
contributed to the simultaneous decrease in aver-

age current density. No detectable effect of electro-

lyte concentration remains.
3.3. Ohmic resistance

3.3.1. Effect of current density. The effect of the
current density on the ohmic resistance in the cell
has been studied for hydrogen and oxygen evolu-
tion at the working electrode at various solution
flow velocities and heights in the electrolysis cell.
In Fig. 10 the ohmic resistance between two seg-
ments of the hydrogen evolving working electrode,
at respective heights of 15 and 35 cm from the
bottom of the electrode and the tips of Luggin
capillaries located at a distance of 4 mm perpen-
dicular to the electrode, is given as a function of
current density at various solution flow velocities.
From Fig. 10 it follows that, at low solution flow
velocities, the ohmic resistance increases at increas-
ing current density. At high solution flow velocities,
the ohmic resistance is almost independent of cui-
rent density.

When the gas production rate is low, namely at
low current density, one would expect the resist-
ance of the bubble—electrolyte mixture to approxi-
mate the resistance of the pure electrolyte. This
is, however, not confirmed by the experimental

T T T T i T T T T T T T
I's b
zoo{ e \ ]
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L - 1
- -
rad = 7
- /o/,*;”/o _010m/s—
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Fig. 10. Ohmic resistance as a function of current density
at various solution flow velocities at two heights in the
electrolysis cell.

05 10
Vi (m/s}

Fig. 11. Ohmic resistance at two heights as a function of
solution flow velocity. £ = 3.60 V.

results. Especially at low solution flow velocities,
the ohmic resistance at low current densities 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 immediately, causing a
substantial increase in resistance.

3.3.2. Effect of solution flow velocity. In Fig. 11
the ohmic resistance between two segments of the
working electrode at respective heights of 15 and
35 c¢m from the bottom of the working electrode
is given as a function of solution flow velocity at
a fixed potential difference between the hydrogen
evolving working electrode and the counter elec-
trode of 3.6 V. From Fig. 11 it follows that the
ohmic resistance decreases with increasing flow
velocity. At a solution flow velocity of 1 ms™ the
bubbles in the bubble—electrolyte mixture hardly
affect the ohmic resistance which approximates
the resistance of the pure electrolyte even at high
current densities.

3.3.3. Effect of height. An indication of the effect
of height on the ohmic resistance variations in the
electrolysis cell is obtained from the current dens-
ity distribution measurements presented in section
3.2. 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



GAS VOID DISTRIBUTION: EFFECT ON OHMIC RESISTANCE IN WATER ELECTROLYSIS

height in the cell, cf. Figs. 10 and 11. The effect is
more pronounced at high current densities and low
solution flow velocities.

4. Discussion
4.1. Bubble diffusion model

To alarge extent the performance of an electrolytic
cell is governed by transport phenomena. There-
fore, insight into the flow situation in the reactor
is of great importance to model development. A
favourite approach is to apply boundary layer
theory 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. In most electrolytic
reactors, the flow situation is very different.

The transport of bubbles in 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. There-
fore, the best approach is to solve a simplified ver-
sion of the problem first and then gradually extend
it to match the real situation as much as possible.

To solve the diffusion problem the following
assumptions are made:

Immediately after detachment from the elec-
trode surface, the bubbles attain the steady state
velocity.

Quantities are independent of the horizontal
coordinate parallel to the electrode.

The channel has smooth walls.

The electrolyte velocity increases linearly with
increasing distance to the electrode surface (= (dv;/
dx)x) with dv,/dx independent of x and propor-
tional to the average flow velocity.

The velocity of the bubbles relative to the elec-
trolyte is negligible, which is acceptable for small
bubbles.

The turbulent diffusion coefficient, Ky, of the
bubbles is uniform in the entire cell.

The number of bubbles generated per unit sur-
face area and unit time, ¥, is constant over the
entire electrode, ¢ = — K5 (0N/3x), =9 with N =
the number of bubbles per unit of volume.

In the stationary case the diffusion equation for

545
N reads:
1 [dy;, YN 3N 9*N
—|=x| = = S22 (7
Kgidx ak ax ah
With boundary conditions:
h<0(dN[oax) =0
forx=0
h=20(@N/3x) = — /Ky
forx e (dNJox) = 0

forh<0 N=0

Neglecting 32N/94?, the equation can be solved,
yielding:

3y 1 e .
= Y [ Tp—Axletdr
KD(1/3) 4 = Axe

(8)
dy /dx) v3

With A =
9Kph

The thickness of the bubble layer, 6, is assumed
small in comparison to the width of the compart-
ment and is taken to equal the x-value at the inter-
section of the tangent to the curve of N(x, k) in

x = 0 and the x-axis. Since (IN/9x),=¢q =— ¥/Ky
this thickness given by:

NK
by = ( T) )
Y Jx=0
The thickness of the bubble layer can now be
approximated by:
KT]’l \ 1/3
bp = 10
T ( d'Ul /dx) ( )

The dependence of the thickness of the bubble
layer on height and velocity follows directly from
this equation. Its thickness is proportional to A3
and, since it is assumed that dv;/dx is proportional
to 7, it is proportional to »; 3. The dependence
of 8¢ on current density cannot, however, be
obtained from this equation. It is likely that the
generation of bubbles affects the turbulent diffu-
sion coefficient and has a slight effect on the elec-
trolyte velocity gradient. However, no quantitative
relations describing these effects are available.
Comparing the obtained theoretical relation to
the experimental expression for the thickness of
the bubble layer adjacent to the electrode (Equa-
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Fig. 12. Bubble density as a function of

———= x (mm)

tion 6) it is noted that, for the effect of height,
the relations agree well. There is, however, a dis-
crepancy between the relations where the solution
flow velocity is concerned, but from both relations
it follows that & decreases with increasing solution
flow velocity.

Substituting the experimentally obtained value
§=06mmath=35cm,i=6kAm™>andv, =
0.3ms™ into Equation 10 and assuming a velocity
gradient of 500s™" for this situation a value for
K of 3.1007m?s™! is obtained. In Fig. 12 NV is
plotted as a function of x for various heights in the
cell for these values of K¢ and dv;/dx. 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 rela-
tively large distance, for which the diffusion theory
is not applicable. The local bubble density then
equals the bubble density due to the diffusion pro-

R/Rp

3
_ J‘o[l — o+ (fo—fo)x/8] 2 dx + (1 = £3) ™ (dwm — &)

! 20 distance to the electrode surface at vari-
ous heights. Kp = 3 X 107" m? 57,

this layer, f},, equals the gas void fraction in the
second layer (cf. Fig. 13).

Applying the Bruggeman equation the resist-
ance of the bubble layer is given by:

5
RY = Ry [ '[1=fo+ (fo—fi)x/6] 2 dx
(1n

The gas void fraction in the second region, the rest
of the cross-sectional area, fy,, is assumed constant
over the entire width. Its value is approximated 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 height in the
electrolysis cell. The resistance of this section is
given by:

R; = R;) (1 _fb)—3/2(dwm - 6)
The relative resistance in the electrolysis cell

between the working electrode and the diaphragm
can then be expressed as:

(12)

cess 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 void fraction in the first layer is assumed to
decrease linearly over the width of the layer. The
gas void fraction at the electrode surface is denoted
by fo. The gas void fraction at the boundary of

(13)

dym

fo

- X

Fig. 13. Assumed gas void distribution perpendicular to
the electrode surface.
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4.2. Verification of the new model

In Section 4.1 a new model, relating the gas void
fraction distribution to the ohmic resistance in the
electrolysis cell, is proposed. With this model pre-
dictions for the ohmic resistance in the electrolysis
cell can be made, provided that the values of fy, f3,
6 and d .y, are known. The value of d ., follows
directly from the experimental set-up and equals

4 mm. The assumed value of § follows from meas-

urements in Section 3.1 and is given by Equation 6.

From measurements by Janssen [9] 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, fy,, is approximated according to
the following equation:

0‘6.W],””‘+VM V+0.6M1\£ (14)
nF : nF

where w = the width of the electrode, Vy; = the
molar gas volume and ¥; = the volume of liquid
flow per unit time. The void fraction f, is high,
but its value is not known. As a first approxima-
tion it is assumed independent of current density
and height and only slightly dependent on solution
flow velocity. It is taken to vary between 0.85 at
%, =005ms™ and 0.60 at v, = 1.0 ms™.

In Fig. 14 the calculated relative resistance is

2.5{—— T T T T

fo =

voaah=15¢c
veanh=35¢

i (kA/mZ)

Fig. 14. Calculated and measured relative resistance as a
function of current density for various situations.

plotted as a function of current density for various
situations. The measured values (Section 3.3) are
also indicated in the figure.

From Fig. 14 it follows that the qualitative
agreement between the predicted and the meas-
ured results is relatively good. There are some dis-
crepancies in a quantitative sense, but this is not
surprising since the numerical values used to calcu-
late R/R, are taken rather arbitrarily.

In the approach used, the Bruggeman equation
has been applied at very high gas void fractions.
The Bruggeman equation has been derived only for
low gas void fractions, where the bubbles do not
influence each other. Recently, Janssen [10] found
that the Bruggeman equation could be applied to
gas bubbles attached to the electrode surface. It is
therefore assumed that the range of validity 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 is
only a part of the total cell resistance which gov-
erns the current density distribution. It is obvious
that when differences in resistance are large, namely
at high current densities and low solution flow
velocities, the differences in current density will
also be large. This is in agreement with experi-
mental 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:

H_

In = iav+("7}1-2—]/-l) Al (15)
where Ai = the difference in the extrapolated val-
ues of i between =0 and A = H. In Fig. 15 Al is
plotted as a function of i,, on a double logarith-
mic scale for various solution flow velocities. The
figure shows straight lines with a slope of approxi-
mately 1.6, independent of solution flow velocity.
Therefore, A7 can be expressed in dependence on
fa bY: Ai = cils (16)
where ¢ depends on the solution flow velocity.

A plot of ¢g — ¢ versus 9, on a double logarith-
mic scale shows a line with a slope of 0.06 with
deviations at very low and high solution flow vel-
ocities. Therefore, ¢ can be expressed in depend-
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Combination of Equations 15 to 17 yields the fol-
lowing empirical expression for the local current
density in dependence on i,y and v;:

. . H—2h )
n = lav"“’O(”"EZ‘—) [1 ~('Dl/vl,r)0'06]lalr'6 (18)

It may be concluded that the proposed model can
be used satisfactorily as an approximation. Addi-
tional research is needed to decide whether the gas
void fraction in the Jayer adjacent to the electrode
does indeed decrease linearly with distance or that
another profile, e.g. a parabolic profile, describes
the decrease in gas voidage better. A small depen-
dence of f}, on distance may be introduced to
improve the relation.

Al (kAm?2)
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