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The current density distributions for a gas evolving electrochemical reactor with parallel-plate 
electrodes at different total currents were measured and calculated. The current density profiles were 
determined using a segmented electrode method. The numerically computed curves, according to a 
one-dimensional model, and the experimental measurements show good agreement. Furthermore,  a 
comparison between several mathematical models is made. 

Nomenclature 

A 
b 
B 
C 
D 
e 
E 

F 
G 
i 
i0 
I 
L 
N 
Nu,c 
P 
Q 
R 
S 
Si 
SD 
T 

u0 
v 
7) 0 

cross-sectional area (cm 2) 
constant in the Tafel equation (V -~) 
constant defined by Equation 20 
constant defined by Equation 23 (f~cm2V 2) 
constant defined by Equation 24 (~) 
electrode thickness (cm) 
proportionality constant in Equation 27 
(cm3A-I s -I ) 
Faraday constant (A s mol- J ) 
volumetric gas flow rate (era 3 s -~) 
current density (Acm -2) 
exchange current density (Acm -2) 
total current (A) 
electrode length (cm) 
number of experimental values in Equation 18 
MacMullin number 
gas pressure (atm) 
volumetric liquid flow rate (cm 3 s -1) 
gas constant (atm cm 3 K ~ mol- ~) 
interelectrode distance (cm) 
i electrode-to-membrane gap (cm) 
separator thickness (era) 
temperature (K) 
reversible cell voltage (V) 
velocity (cm s- 1 ) 
superficial flow velocity (cm s -~ ) 

1. Introduction 

During the last few years gas generation in electro- 
chemical systems has received considerable attention. 
Gas evolution has, at the same time, deleterious or 
beneficial effects on the performance of the reactor. 
Generally, one beneficial effect is the improvement of 
the mass and heat transfer conditions to the electrode 
surface due to turbulence enhancement by the gas- 

v s single bubble rise velocity (cm s -t) 
V~w bubble swarm rise velocity (cm s -~) 
V applied voltage to the reactor (V) 
W electrode width (cm) 
y axial coordinate (cm) 

Greek 
3r 
AOi 
A4)~, 

~rn 

�9 9 e 
po 

P 

characters 
mean relative deviation 
ohmic drop in the anode-to-cathode gap (V) 
ohmic drop in the metal phase (V) 
gas voidage 
limiting gas voidage 
overvoltage (V) 
charge number of the electrode reaction 
electrolyte resistivity (f* cm) 
resistivity (f~ cm) 
slip ratio 

Subscripts 
a anodic 
c cathodic 
D separator 
exp experimental 
th theoretical 
g gas phase 
m metal phase 
s solution phase 

bubbles. Another beneficial aspect is the circulation of 
electrolyte through gas-lift. The deleterious effects of 
gas evolution are less in the electrode area due to the 
shielding effect, and the increase in effective resistivity 
in the gas-filled electrolyte, which in turn produces an 
increase in the resistive voltage losses and the resultant 
non-uniform current distribution in the reactor. This 
may affect the life of membranes and catalyst coatings. 
The last aspect will be treated here. 
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The calculation of the current density distribution 
in a reactor requires the knowledge of the gas voidage 
as a function of the position in the electrolyte. The gas 
voidage can be expressed by the following equation 

/lg 
= - -  ( l )  

A 

Introducing the volumetric flow rate, G = 9gAg,  

and rearranging yields 

0 
e = --vg (2) 

Vg 

Therefore, to calculate the gas voidage it is necessary 
to know the gas velocity at each point in the reactor. 
This requires the solution of a two-phase flow problem 
which may be solved from different points of view. 
Funk and Thorpe [1] define the slip ratio, o-, as the 
quotient between the velocities of the gas and liquid 
phases, Thus, Equation 1 can be expressed as 

1 
e = (3) 

1 + Qa/G 

In general, the slip ratio, a, depends on the physical,: 
physicochemical and geometrical parameters and 
there are several models which express the void frac- 
tion-slip ratio relationship. The simplest model is the 
homogeneous model in which a is taken to be unity. 
In this case the velocity of gas bubbles relative to that 
of the solution is neglected. Nishiki [2] has recently 
dealt with the current distribution in a vertical cell 
assuming a homogeneous model. 

Another approach to the problem of the gas voidage 
has been made by Nicklin [3], who demonstrated that 
the bubble rise velocity depends on the superficial gas 
and liquid velocities and also on the rise velocity of the 
bubble swarm, vsw. He derived the following equation 

1 
e = (4) 

1 + (O + %wA)/G 

The Nicklin model is reduced to the homogeneous 
model when Vsw = 0, which is true for large gas 
voidage. The rise velocity of a bubble swarm is a 
function of both the gas voidage and the single bubble 
rise velocity, %. There are several equations to cal- 
culate vs~, which are summarized in [41. Taking into 
account the Richardson-Zaki equation for v~w and 
Equation 4, Rousar [5] and Rousar et al. [6] have 
modelled monopolar and bipolar electrolyzers. 

However, the experimental results show that the gas 
voidage approaches a maximum when the volumetric 
gas flow rate increases but, contrary to the Nicklin 
equation, this maximum does not converge to 1. The 
experimental maximum value of the void fraction, 
em, is substantially smaller than unity. Taking into 
account the limiting voidage, Kreysa and Kuhn [4] 
have proposed the coalescence barrier model, which 
can be represented as 

J 1 Q(1 - l;//;m) Vsw 
c = + 6;(1 ~) + ~  (5) --  fog 

Likewise, with the same purpose but making dif- 
ferent considerations, Vogt [7] has derived a modified 
voidage equation as 

= 1 + Um 1 + + (6) Ug 

For stationary electrolyte (O = 0), Equation 5 
coincides with Equation 6 and these Equations are 
equal to Equation 4 when the limiting voidage is 1. 

Based on the coalescence barrier model, Martin and 
Wragg [8] have recently proposed a one-dimensional 
numerical model to describe gas void fraction and 
current distribution for different configurations of 
gas-evolving cells with stationary electrolyte. They 
have also included in their model the resistances of 
both electrodes and the over-potentials. 

The present paper deals with the current distribu- 
tion in gas-evolving electrochemical reactors with 
parallel-plate electrodes. The mathematical model 
presented here is one similar to that of Martin and 
Wragg [8] and the experimental values of current den- 
sities were determined using a reactor with a seg- 
mented counter electrode. The aim of this work is to 
compare the theoretical and experimental results in 
order to determine the validity and reliability of the 
model. 

2. Mathemat ica l  model 

The overall voltage balance for a parallel plate electro- 
chemical reactor at the axial position y may be written 
as 

V "= Uo(y  ) -q- Aq~m,a(y ) "+- r / a (y  ) -{- A(gi(y  ) 

+ t/c(y) + AqSm,c(y ) for all y (7) 

In the following theoretical analysis some simplify- 
ing assumptions are made: 

(i) The reversible cell voltage is not a function of y, 
which is a fair approach because in the Nernst equation 
large changes in the concentrations are necessary to 
cause an appreciable variation in Uo; 

(ii) the ohmic drop in the metal phase of the anode is 
neglected due to the special construction of the reactor 
used in this work; 

(iii) the thickness of the cathode is small with respect 
to distances in which significant potential variation 
takes place in the metal phase so that a one-dimensional 
model is applicable to calculate the potential distribu- 
tion in the cathode; 

(iv) in the solution phase the current flows unidirec- 
tionally, therefore each portion of the anode takes 
current from the cathode portion directly opposite to 
it. In a previous paper [9] this restriction was sup- 
pressed, however only a slight improvement in the 
prediction of the experimental results was obtained at 
the expense of more computation time; 

(v) for each compartment, anodic or cathodic, and at 
the axial position y, the bubble distribution is uniform 
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along both the width and the thickness of the com- 
partment, so that the gas voidage varies only in the y 
direction. This condition is imposed by the derivation 
of the electrolyte resistivity equations; 

(vi) the reactor is isothermal. 

With the first two assumptions, Equation 7 becomes: 

r/a(y ) q- AqSi(y ) + r/o(y) + Z~m,c(y ) = constant(1) 

(8) 

The term A~b t(y) in Equation 8 is the sum of the 
ohmic drops in the gas-filled solution phases of the 
anodic and cathodic compartments and the ohmic 
drop in the separator between them; thus taking into 
account Ohm's law, A~b~ (y) is given by 

Aq~(y) = [pa(y)S~ + PDSD + pc(y)Sc]i(y) (9) 

The effective electrolyte resistivity may be expressed 
by the Bruggeman equation 

D/pO = (1  __ ~ ) - 3 / 2  ( 1 0 )  

Introducing Equation 10 for each compartment 
into Equation 9 and rearranging yields. 

A~b,(y) = {[1 - ea(Y)] 3/2Sa  "q- NM~SD 

+ [1 - e~(y)]-3/2&}p~ (11) 

where NM~ is the MacMullin number [10] for the 
diaphragm and is defined as the ratio of the specific 
resistivity of the diaphragm filled with a given elec- 
trolyte relative to the electrolyte resistivity, p0. 

The ohmic drop in the metal phase of the cathode 
at the position y is given by 

Pm I Pm 
fYo fo i(y) dy dy (12) AqSm'~ = We y - -7- 

obtained by the integration of the potential equation 
[11, 12] in the metal phase. 

Introducing Equations 11 and 12 into Equation 8, 
using the Tafel equation for the electrode kinetics and 
rearranging yields 

{[1 -- 8a(y)]-3/2ga q- NMacSD -~ [1 - ~c(y)]-3/2Sc} 

pmI Pm 
I2 IYo i(y) dy dy x p~ + - ~ e y  - T 

+ + In i(y) = constant(2) (13) 

where the constant(2) is determined by solving 
Equation 13 at y = 0, thus 

constant(2) = (S~ + NM.~S D + S~)p~ 

+ + In i(0) (14) 

and the total current I is given by 

I = Wf2  i(y) dy (15) 

Furthermore, the Kreysa and Kuhn expression 
(Equation 5) is used to describe the gas voidage in 
each compartment as a function of the position and 

the gas velocity referred to the cross-section of the 
compartment, Vgj~ is given by 

o _ RT 
Vg,i Pv~,iFS~ fYo i(y) dy (16) 

wi th i  = a o r c .  
The Richardson-Zaki equation is adopted to cal- 

culate the rise velocity of the bubble swarm, i.e. 

%w = Vs(1 - /~)4.5 (17) 

The equations to calculate the gas voidage and the 
rise velocity of the bubble swarm will be discussed in 
more detail in item 5. 

The current density distributions were obtained by 
iterative solution of Equations 13 to 15 simultaneously 
with Equations 5, 16 and 17 for each compartment. 
The solution of this system of equations was carried 
out numerically. 

3. Experimental details 

All experiments were performed in an electrochemical 
reactor with vertical parallel plate electrodes, as 
shown schematically in Fig. 1. The current density 
distribution was determined employing the segmented 
electrode method; and hydrogen- and oxygen-evolution 
from 1 M NaOH solution were the cathodic and anodic 
reactions respectively. 

The reactor was made of acrylic material with both 
electrodes of nickel, 200 mm width and 600 mm long, 
arranged in a filterpress configuration. 

The cathode, a sheet of 0.5 mm thick, was electrically 
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Fig. 1. Schematic representation of the reactor. (1) cathode, (2) 
cathodic current feeder, (3) cathodic compartment, (4) separator, 
(5) anodic compartment, (6) segmented anode, (7) anodic current 
feeder, (8) resistors, (9) electrolyte inlets; and (10) gas-electrolyte 
outlets. 
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fed along its lower edge. The cathode potential, in the 
feeder region, was measured against a Hg/HgO refer- 
ence electrode in the same electrolyte solution. Special 
attention was paid to the construction and location of 
the Luggin-Haber tip, so as to ensure small ohmic 
drops in solution. 

The anode was made of 192 squares, 24mm side 
and 1 mm thick, arranged in 8 columns of 24 elements. 
The squares were insulated from one another by an 
approximately 1 mm thickness of epoxy resin. A cali- 
brated resistor made from constantan wire, 100mm 
long, 1.5mm diameter and approximately 0.02s 
resistance, was intercalated between the backside of 
each square and the current feeder of the anode. The 
current distribution was determined by measuring the 
ohmic drop in the corresponding resistor. The data 
acquisition was performed with an analogue multiplexer 
commanded by a computer. To represent more exactly 
the experimental reactor an additional term for volt- 
age drop in the resistor should be introduced into 
Equation 7. However, in the mathematical modelling 
the voltage drop in the resistor was neglected with 
respect to the other terms of Equation 7 due to the 
small value of its resistance. 

The anodic and cathodic compartments were 
separated by a diaphragm of asbestos cloth 2ram 
thick and the electrode-to-separator gaps were 13 ram. 

In order to achieve more uniform flow conditions 
along the electrodes, flow distributor plates with 
numerous small holes were arranged in the inlet of the 
electrolyte and in the outlet of the gas-electrolyte dis- 
persions. The reactor was made part of a flow circuit 
system consisting of a reservoir, a pump, a flowmeter 
and two gas-liquid separators, with an overall elec- 
trolyte volume of 30 dm 3. The total volumetric liquid 
flow rate was 112 cm 3 s -1 and approximately one half 
of the electrolyte flows through anodic compartment 
and the second half through cathodic compartment, 
which can be admitted due to the symmetrical con- 
struction of both compartments. The temperature was 
31.5 __ 1.5~ 

4. Results and discussion 

Figure 2 shows the current density as a function of the 
position for the eight columns of segmented electrode. 
It can be seen that the experimental points, for a given 
value of y, have a relative error, with respect to the 
mean value, of approximately +5%. These dis- 
crepancies between the current distributions for each 
column can be attributed to the lack of total uni- 
formity in the flow conditions into the reactor in spite 
of the utilization of flow distributors. In the following 
paragraphs the current distributions correspond to the 
mean value of the eight columns. 

It can be observed that at the inlet and outlet regions 
the current densities are lower than the expected val- 
ues. The nature of this behaviour is unclear but I 
suspect it can be attributed to the effect of the change 
of flow area on the hydrodynamic flow conditions in 
the inlet region [13], which can alter the remotion of 
the bubbles from the electrode surface, and to the 
formation of small gas pockets in the outlet region. 

In Fig. 3, comparisons between the experimentally 
determined current density distributions and the 
numerically calculated ones are made for several val- 
ues of the total current. There is a close agreement 
between experimental and theoretical results. For the 
calculations of the theoretical curves, the rise veloci- 
ties of single bubbles for hydrogen and oxygen have 
been taken from literature [4], therefore these data are 
only approximate. However the influence of this value 
on the shape of the current distribution function is not 
great; for example, a variation of 100% in vs causes 
only a change of 5% in i(0), which is the more sensi- 
tive point of the distribution. Due to the fact that the 
accurate experimental measurement of the limiting 
gas voidage is difficult, in this work em for hydrogen 
and oxygen were obtained by fitting the experimental 
current density distribution of the experiment at low 
total current. When the current is low, and conse- 
quently the current densities at each electrode are also 
small, the terms for ohmic drop in the metal phase and 
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Fig. 2. Experimental current densities as a function of 
the position for the different columns, (o)  column 1, (x) 
column 2, (m) column 3, (z~) column 4, (zx) column 5, 
(0)  column 6, ( + )  column 7, (0)  column 8. The exter- 
nal columns are the 1 and the 8 .1  = 389.21A. 
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Fig. 3. E x p e r i m e n t a l  a n d  theoret ica l  ( - - )  current  d i s tr ibut ions .  (a) 195.02, (b) 251.85, (c) 307.97, (d) 345.88, (e) 389.21 and (f) 424.07 A. 

the overpotentials in Equation 8 can be neglected. 
Thus the model can be reduced to a simplified model, 
which considers only the ohmic drop in the anode-to- 
cathode gap. Therefore in order to obtain the limiting 
gas voidages, the experimental current densities at 

Table 1. Values o f  parameters used in modelling 

low total current were correlated by the least square 
method adjusting them to the simplified model. 

Table 1 shows the obtained limiting gas voidages as 
well as the other fixed parameters used in modelling. 
The values of e~ are higher than those reported by 
Kreysa and Kuhn [4] for more concentrated alkaline 
solutions and therefore it is confirmed that the 

pO 5.56 ~ cm L 60 cm 
•m,a 0.26 W 20 cm 
er,,c 0.38 e 0.05 cm 
vs, a 4.5cms ' Sa 1.3cm 
v~,c 3.5cms -I S~ 1.3cm 

S D 0.2 cm 
Q l l2cm3s -1 b, 22.99V -1 
Q, 0,5 Q bc 25.58 V-  z 
Qc 0.5Q v~,~ 4 
Pm 7.41 X 10-6f2cm Vex 2 
Nma r 2 

Table 2. Review o f  the results 

Fig. no. Curve I (A) 3 r X 102 

a 195.02 1.69 
b 251.85 1.65 
c 307.97 1,60 
d 345.88 2.34 
e 389.21 2.65 
f 424.07 2.68 
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limiting voidage decreases with increasing electrolyte 
concentration. 

Table 2 summarizes the results. In column 4, the 
mean relative deviation 3 ,  defined as: 

1 ~ l i~p(yi)  -- its(Y,)] (18) 

is given. It must be noted that J~ is in all cases lower 
than 3% showing that the mathematical treatment is 
reliable for the modelling of these electrochemical 
systems. 

Figure 4 depicts the calculated gas voidage as a 
function of the position for each compartment at 
different total currents. The curves show that in no 
case was limiting behaviour achieved. 

5. Comparisons of models 

The six terms on the right hand side in Equation 7 arc 
functions of the axial position y but their sum is 
constant and each presents a different function with y. 
Therefore some terms in Equation 7 can be neglected 
with respect to others and thus various models are 
possible: 

I. A first simple case is to take into account only 
ohmic drop in and overpotential of the electrode, 
which is the extension to parallel-plate electrodes of 
the model reported in [11] and the following current 
density distribution equation can be derived: 

i ( y )  = io exp [bt/(0)] cos [B(1 /L)] (19) 

whereas the constant B is given by the implicit formula 

f pmb )1/2 
B = L [ 2e i0exp[br/(0)] I cos(B) (20) 

II. A more complex situation is achieved by adding to 
the further model the ohmic drop term in the solution 
phase but it is considered homogeneous and isotropic 
and the current flows unidirectionally, which is the 
generalization to parallel-plate reactors of the model 

Fig. 4. Gas voidage as a function of the position for 
different total currents corresponding to the current dis- 
tribution curves of Fig. 3. Full line ( ): catholyte. 
Dashed line (---): anolyte. Parameters according to 
Table 1. 

developed in [t4]. In this case the current distribution 
can be obtained by numerical solution of the set of 
equations: 

d2t/(Y) Ida(Y) 12 - - ~ y  j A[t /(y)l-~--y~ + C - D = 0 (21) 

where 

A[t/(y)] = exp [ -br / (y)]  + pOSb (22) 
i0 

C = p~ (23) 

D = pm/e (24) 

with boundary conditions 

y = 0 , ( y )  = ~(0) (25) 

--pmI y = 0 dq(y) 
dy {1 + p~ exp [bq(0)]} We 

(26) 

given by 

i(y) - 5 E W L  - ~  + 1 - 1 

x ~ - ~ +  1 - l  ~ +  1~ (27) 

where E is the volume of gas evolved per unit of 
charge. When the slip ratio is unity, Equation 27 
yields the current distribution according to the 
homogeneous model [2]. 

IV. The simplified Rousar model. Taking into account 
all the terms in the voltage balance equation for elec- 
trotyzers with a small electrode height, small current 
density and high rate of flow electrolyte, where the 
local current density does not differ appreciably from 
the average one, Rousar et al. [6] derived analytically 

where I is given by Equation 15. 

III. Considering only one solution phase and the gas 
voidage-superficial gas velocity relationship expressed 
by Equation 3, the current density distribution is 
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Figure 3. I = 389.21 A. 

an equation (Equation 53 in [6]) for the current 
distribution. 

In Fig. 5, comparisons between the current distri- 
butions in accordance with the models I, II, III, IV 
and the model reported here are made. The experi- 
mental points correspond to curve (e) of Fig. 3. In 
general all curves have the same shape, however the 
model reported here gives the best agreement with the 
experimental results. It can be also observed that the 
current densities distribution according to the simpli- 
fied Rousar model is close to the experimental one. 
The agreement between them is better when the total 
current is lower. Likewise, at low total current the 
simplified Rousar model and the model reported here 
give the same result. 

The model developed under 2 can also be solved 
taking into account the Vogt expression, Equation 6, 
and describing the motion of the bubbles using the 
Marucci relationship with the modification suggested 
by Kreysa [15]: 

( 1  - 2 

%w = v~ 1 - (e/era) 5/a (28) 

In Fig. 6 the gas voidage is plotted as a function of 
the superficial gas velocity according to the four 
possible combinations between Equations 5 and 6 
with Equations 17 and 28. It was observed that the use 
of the Richardson-Zaki equation reduces the com- 
putation time. Figure 6 shows that the different pairs 
of equations agree satisfactorily at low and high 
values of velocity but the curves differ in the middle 
range of velocities. However, this behaviour is irrele- 
vant from a practical viewpoint because the maximal 
discrepancy in the computed gas voidage with regard 
to the mean value is approximately + 11%, which 
produces an error of only + 7% for the calculations of 

K r e y s o - K u h n  o n d  Morucci 

O.3 

i 
/ / 7 "  \Vogt ond Morucci 

and Richordson-Zoki 
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Fig. 6. Gas voidage as a funct ion o f  superficial gas velocity. 
e m = 0.35, v s = 3.5cms -~, Q = i l2cm3s -~, A = 52cm 2. 

the current densities and this error is tolerable for 
engineering purposes. 

6. Conclusion 

The agreement between the theoretical current distri- 
butions and the experimental results is close, therefore 
the reported mathematical model should be recog- 
nized as a helpful tool to design electrochemical 
reactors with gas-evolving electrodes. 
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