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The potential distribution and current distribution in a packed bipolar cell were simulated using 
conducting paper and an electric model circuit. Conducting paper was cut to a pattern which 
represented an electrolyte solution, while an electric circuit was used which simulated the current- 
potential relationship at the electrode-electrolyte interface. The potential distribution measured on 
the paper pattern was not as uniform as expected from the linear field model, particularly when the 
faradaic current was small. The effective electrode area and the power efficiency were measured 
under different conditions. The similarity law was confirmed to hold when parameters characteriz- 
ing the cell were kept constant. Procedures for optimization of the cell design and operating 
cop.ditions are discussed. 

Nomenclature 

A 
AT 

a 

E 

/V 
h 

ia 

K 

v0 
gce11 
x,  y effective electrode area (cm)* 

half the total surface area of cylindrical 
electrode (cm)* X, Y 
length of unit cell (cm) 
average electric field in solution 
(vcm-1) e 
faradaic current in unit cell (A) t/p 
by-pass current through solution in 0 
unit cell (A) ~c 
total current in unit cell (A) 
anodic limiting current density q~m 
(Acm-l) * q~(x, y) 
cathodic limiting current density A~b~ 
(Acm-1) * 
limiting current density (A cm 1), Aq~c 
dimensionless parameter, i~a/Vo~c 
dimensionless parameter, ic a~ Vo x 
dimensionless parameter, iaa/Vox 
radius of cylindrical electrode (cm) 

+(X, Y) 

threshold voltage (V) 
voltage applied to unit cell (V) 
Cartesian coordinates defined in Fig. 1 
(cm) 
Dimensionless variables correspond- 
ing to x and y 
dimensionless parameter, r/a 
dimensionless parameter, Ea/Vo 
power efficiency (dimensionless) 
angle defined in Fig. 1 (radian) 
specific conductivity of solution or 
conducting paper (~-1), 
inner potential of metal (V) 
inner potential of solution (V) 
inner potential difference defined in 
Fig. 2 (V) 
inner potential difference defined in 
Fig. 2 (V) 
dimensionless function defined by 
Equation 12 

* These units correspond to the two-dimensional model. 
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1. Introduction 

The packed bipolar cell is a type of electrolytic cell in which a large number of conducting particles 
are placed between the main electrodes, and a sufficiently high field is applied so that each particle 
behaves as a bipolar electrode [1]. Since numerous unit cells are formed in the space between the 
main electrodes, reactants can easily reach the reaction areas. Therefore, this type of cell is suitable 
for the electrolysis of solutions of low reactant concentration, for which the mass transport problem 
is serious in conventional cells. The packed bipolar cell is also advantageous in the electrolysis of 
solutions of low electric conductivity since the ohmic loss is small due to the small gaps between the 
packing particles. This type of cell has been tested in the electrolytic treatment of waste waters [2 6] 
and in the electrosynthesis of organic chemicals such as propylene oxide and styrene oxide [1, 7]. 

We have studied the behaviour of a model bipolar cell which consisted of graphite rods as bipolar 
electrodes [8]. In the analysis of the cell performance we have applied a simplified model which is 
based on the concept of threshold voltage and on the assumption of a linear potential gradient in 
the solution [1, 7]. However, the analysis was not very satisfactory; the predicted values of the power 
efficiency did not agree well with the observed values. It seemed necessary to investigate the potential 
distribution and the current distribution in solution instead of assuming a linear potential gradient 
in the solution. 

The current distribution in electrolytic cells has been one of the major concerns in electrochemical 
engineering [9-12]. Thus, primary and secondary current distributions have been calculated in cells 
of simple geometry. The use of conducting paper with uniform conductivity has been proposed for 
simulating the primary current distribution in cells of complex geometry. In the present work we 
propose a new method of simulating the current distribution in a packed bipolar cell by using a 
combination of conducting paper and an electric model circuit, and also describe procedures for the 
optimization of the cell design and operating conditions. 

2, Theory 

2.1. Principle of similarity of the potential distribution 

In order to simulate the potential distribution in a packed bipolar cell and to analyse cell characteris- 
tics such as effective electrode area and power efficiency, a simplified two-dimensional model is used. 
Thus, a three-dimensional bed of conducting particles is represented by an array of conducting 
cylinders which are arranged parallel to each other with a square lattice configuration in an 
electrolytic solution, as shown in Fig. 1. When a sufficiently large electric field is applied in the 
solution each cylinder becomes a bipolar electrode; anodic and cathodic reactions take place on the 
opposite sides of each cylinder. We assume a simplified current-potential relationship as shown in 
Fig. 2. Thus, an anodic reaction occurs at a limiting current density of ia when q5 m - qS~ is larger 
than Aq~a, and a cathodic reaction occurs at a limiting current density of ic when (~rn --  q~s is smaller 
than A~bo, where ~m and ~b~ are the inner potentials of the cylinder (electronic conductor) and the 
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Fig. 1. Two-dimensional model of the packed bipolar cell. Fig. 2. Model of the current-potential relationship. 
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solution (ionic conductor), respectively. The difference between A~b~ and Aq~ is the so-called 
'threshold voltage' (V0) which has been defined by Fleischmann et aL [1]. The anodic and cathodic 
limiting currents may be caused either by diffusion of some reacting species or by kinetics of  some 
chemical reaction. Although it is not realistic to assume such a current-potential  relationship, 
particularly the case where i~ = i~ as described later, the following idea and technique may be 
helpful to understand typical characteristics of  a packed bipolar cell. The technique can be modified 
to other types of current-potential  relationships, e.g. a Tafel-type relationship. 

We now consider the potential distribution in the solution in a unit cell shown in Fig. 1, using 
the two-dimensional Cartesian coordinates. The potential of solution qSs (x, y) is expressed by the 
Laplace equation 

82qS~(x' Y) + a2qSs(X' Y) - 0 (1) 
8x 2 @2 

which must satisfy the following boundary condition 

Ia  (x, Y)I = o (2) 
OY z = +- a /2  

Since ~bs(x, y) is a cyclically changing function with respect to x, it is expressed as 

q~s(x,y) = q~s(X- a,y) + Ea (3) 

Since the cylinders have high electronic conductivity, ~b m is assumed to be constant throughout each 
cylinder. A boundary condition at the surface of  the cylinder is given by the following equation: 

I io when ~bm - q~(x, y) < A~bc 

~c ~O~s(X'~x y) cos 0 + O~b~(X,~y Y) sin 0j]cs = 0 when Aq5 c < q~m -- q~s(X, y) < AqS~ (4) 

- ia when AS. < 4~m -- q~s(X, y) 

where the subscript CS denotes the surface of the cylinder, that is, x 2 + y2 = r 2. The variable, 0, 
may be regarded as a function of x and y, that is, 0 = tan- l (y/x) .  As the anodic and cathodic 
currents must cancel each other, the following equation should hold: 

r ~b~(x 'y)  cos0  + 8~bs(X,Y) s in01 rd0  = 0 (5) 
f~  L 8x 8y cs 

/s 

In principle, the potential distribution is obtained by solving the differential equation (Equation 1) 
under the limiting conditions of Equations 2-5 .  However, analytical solution is difficult as is 
numerical solution. 

Now we consider the necessary conditions for the existence of  the similarity law with respect to 
the potential distribution. We define dimensionless parameters as follows: 

= r / a  (6) 

Ka = iaa/VoK (7) 

r~ = ioa/Vo~ (8) 

e = Ea/Vo (9) 

If x, y and qS~ (x, y) are replaced by the dimensionless variables X, Y and @(X, Y), which are defined 
by 

X = x/a (10) 

r = y/a  (11) 
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qS(X, Y) -- [~b~(x, y) - thin + (A~b~ + Ar o (12) 

then, the following equations are derived from Equations 1-5: 

~2r Y) ~20(X, Y) 
~ X .  2 -l- O y 2  = 0 (13) 

[ - ~  ( ~  Y)-] = 0 (14) 
Y= + I/2 

qb(X, Y) = q s ( X -  1, ]1) + e (lS) 

cos 0 + O----Y---sin 0 = 0 when - � 8 9  < q) < �89 (16) 

cs - Ka when q~ < zl 

f:~ FO*(X, Y) 8q~(X, Y)sin 0] d0 = 0 1- ~ c o s 0  + ~Y _cs (17) 

In this case the subscript CS represents the condition X 2 + y2 = c~2. In principle, the function 
q)(X, Y) is determined by Equations 13-17 which contain the dimensionless parameters e, Ka, K~ 
and e. Therefore, it is concluded that the similarity law holds with respect to the potential distribu- 
tion when these parameters are kept constant. 

If we consider kinetically controlled current-potential relationships for the anodic and/or cathodic 
reactions, we must define other types of dimensionless parameters, e.g. the parameter which contains 
the Tafel b-factor for a Tafel-type relationship. 

2.2. Characteristics describing the performance of packed bipolar cell 

An important quantity which characterizes a packed bipolar cell is the effective electrode (cathode 
or anode) area on each packing particle. This quantity determines the production capacity of the 
cell. If the above two-dimensional model is employed and if a symmetric current-potential relation- 
ship is assumed, i.e. ia = ic, then the effective electrode area, A, increases with increasing field, 
approaching half the surface area of the cylinder, AT. The fraction A/AT is therefore a convenient 
quantity describing the cell performance, although it can approach a value different from one when 
ia r ic. Since the potential distribution, and therefore the current distribution, are determined by 
the parameters e, Ka, Kc and e, the fraction A/AT is also determined by these four parameters. 

In view of the energy requirement in a packed bipolar cell, the power efficiency is another 
important quantity. If  the simplified current-potential  relationship shown in Fig. 2 is assumed, the 
threshold voltage, V0, is regarded as the minimum voltage for the electrolysis. When no side reaction 
occurs the power efficiency, ~p, can be defined by 

V0IF 
~/p - (18) 

V~el~IF 

where V~I~ is the voltage applied to the unit cell, i.e. V~e~ = Ea. The power efficiency, qp, is also 
determined by the parameters g, Ka, Kc and e. 

3. Technique 

Simulation was carried out using a combination of  conducting paper and an electric model circuit. 
(The conducting paper used in this work was 'Anacon Paper' provided by Tomoegawa Seishi, Ltd, 
which was a sheet of uniformly pressed carbon powder on a paper substrate. The two-dimensional 
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Fig. 3. Two types of arrangements of the cylindrical elec- 
trodes. 

'specific conductivity' was 2.2 x 10 -3 ~,-~-i.) The conducting paper  represents an electrolytic solution 
of constant ionic conductivity and the electric model circuit simulates a current-potent ia l  relation- 
ship at the electrode-electrolyte interface. Two types of  arrangements of  cylinders were considered, 
as shown in Fig. 3. A symmetric current-potent ia l  relationship was assumed for the anodic and 
cathodic reactions, i.e. i, = io ( =  id) for simplicity. From the consideration of  symmetry of  the 
A-type arrangement, it is apparent  that the planes perpendicular to the x-axis at x = 0 and 
x = +_ a / 2  are equipotential surfaces, and the planes perpendicular to the y-axis at y = 0 and 
y = +_ a / 2  are surfaces in which current lines lie. Similar arguments can be made about  the B-type 
arrangement. Therefore, only the potential distribution in the squares shown in Fig. 3 must be 
considered, Fig. 4a and b shows the patterns used for the A- and B-type arrangements,  respectively. 
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Fig. 4. (a) Pattern of conducting paper for the simulation of 
the A-type arrangement. (b) Pattern of conducting paper for 
the simulation of the B-type arrangement. 
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Fig. 5. Electric circuit simulating the current 
potential relationship shown in Fig, 2. 

In the case of A-type arrangement, a piece of conducting paper was cut to the pattern (Fig. 4a) and 
conducting paste was put on the side ends (hatched areas) of the paper as electric terminals. The 
circular end of the paper was divided into nine sections, each of which was connected to a 
current-controlling unit. Fig. 5 shows the electric circuit of the unit, in which the 'input' terminal 
was connected to a divided section on the paper and the ground terminal was connected to the 
negative terminal of the paper (see Fig. 4a). The electric unit allows a constant current to flow if the 
input voltage is larger than a preset voltage (V0/2), as shown by the current-potential relationship 
at the bottom of the figure. 

In the case of B-type arrangement, a piece of conducting paper was cut to the pattern of Fig. 4b, 
and two sets of current-controlling units were attached to the divided sections of the circular ends. 
One set of units which were used on the negative side (cathode) were identical to the one shown in 
Fig. 5, while the other set used on the positive side (anode) had the same characteristics except that 
the direction of the current flow and the polarity of the input voltage were inverted. 

A constant voltage (V~e n/2) was applied between the positive and negative terminals of a conduct- 
ing paper (see Fig. 4a, b). The total current passing through the entire system, which corresponds 
to half the total current in the unit cell (IT/2), and the current passing through the divided sections 
of a circular end, which corresponds to half the faradaic current in the unit cell (IF/2), were recorded. 
The fraction A/AT was obtained simply by dividing the number of current-flowing sections by the 
total number of sections (nine). The power efficiency, t/v , was calculated by Equation 18. 

Although asymmetric cases (ia r io) are not treated in this paper, the technique needed is 
substantially the same as described above. One important difference is that the anodic and cathodic 
currents must be balanced in the unit cell; this condition is automatically satisfied in the symmetric 
case (ia = io). Furthermore, it is possible to achieve a Tafel-type current-potential relationship by 
means of an electric circuit which represents the relevant exponential function. 

4. Results and discussion 
4.1. Potential distribution 

The potential distribution on the conducting paper was measured by using an electrometer and a 
probe. Fig. 6 shows equipotential lines obtained for two different values of applied field. It is seen 
that the pattern of the potential distribution varies with applied field. In the case of low field (left), 
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2 

Fig. 6. Potential distribution on the conducting paper for the 
A-type arrangement, a, 40cm; r, 15cm; V0, 2V; id, 
1 .1mAcm-~;  ~: 2.2 x 10 3~"~--1 Equipotential lines are 
drawn at intervals of  a tenth of the applied voltage. 
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Fig. 7. Potential at the circular end of the conducting paper 
plotted against x for the A-type arrangement, a, 40 cm; r, 
10cm; V0, 2V; ~c, 2.2 x 10-3~-1; id, 0 .057mAcm -I (A), 
2 .3mAcm -1 (B); E, 0.095Vcm -1 (A), 1.15Vcm -1 (B). 

the fraction of the effective electrode area, A/AT, is so small that the electrode surface (circular end) 
behaves like an insulator. In the case of high field (right), the equipotential lines lie approximately 
parallel to the y-axis and at equal separations, as is expected from the linear field model. 

Fig. 7 shows the potential of the solution at the electrode surface as a function of x. The thin 
broken line indicates the potential distribution which is expected from the linear field model, The 
double-headed arrows indicate the regions corresponding to the effective electrode area. It is noted 
that a considerable deviation from the linear field model occurs particularly when the faradaic 
current is small. Generally, potential-distance curves in Fig. 7 lie above the broken line of the linear 
field model when the by-pass current is predominant over the faradaic current; that is, the current 
lines concentrate in the by-pass solution. This condition is typically shown in the left hand side of 
Fig. 6. The reverse situation arises when the current lines concentrate on the electrode surface. 

4.2. Effective electrode area 

Fig. 8 shows the fraction of  the effective electrode area A/AT plotted against the average field, E, 
for three different values of i d . As expected, the effective electrode area increases with increasing field 
but the curves obtained are dependent on id. If we assume a linear field in the solution, the effective 
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Fig. 8. Fraction of the effective electrode area, A/AT, against 
applied field, E for the A-type arrangement, a, 20cm; r, 
10cm;V 0,10 V; ~, 2.2 x 10-3f~ I; ia,0.0573mAcm-~ (O), 
0.286mAcm i (e),  1.15mAcm -~ (rq). The broken line 
represents the relationship of Equation 20. 
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Fig. 9. Faradaic current, I F, and total current, IT, in unit cell 
for the A-type arrangement, a, 20cm; r, 10cm; V 0, 10V; i a, 
0 .286mAcm L; to, 2.2 x 10-3~ -1. 
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Fig. 10. Power efficiency, r/p, as a function of applied field, E, 
at different radii, r, of electrode for the B-type arrangement. 
a. 20cm; V0,2V;id,0.115mAcm-I;~:Z2 x 10 ~ - ~ ; r ,  
5cm (m), 7cm (O), 10cm (D), 13cm (O). 
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Fig, 11. Power efficiency, qp, as a function of applied field, E, 
at different values of i d for the B-type arrangement, a, 20 cm; 
r, 7cm; V 0, IOV; ~c, 2.2 x 10-3f~-~; ia,0.115mAcm -~ (O), 
0.229 mAcm- J (O), 0~ 573 mA cm-] (n), 0.819 mAcm - 1 (11)~ 

electrode area* on a cylinder in the two-dimensional  model  is given by [7]: 

A = 2r cos-l(Vo/2rE) (19) 

Since A T is equal to zcr, the fract ion of  the effective electrode area is expressed as: 

A/AT = (2/)0 cos l(Vo/2rE) (20) 

The relat ionship of  Equa t ion  20 is depicted by the b roken  line in Fig. 8. Al though the observed 
curves are approx imate ly  represented by Equa t ion  20, a significant deviat ion is seen when id is small. 
It  is noted tha t  the A/AT curve shifts to the left in Fig. 8 when the by-pass  current  is p redominan t  
over  the faradaic current  (see Fig. 6, left). 

4.3. Power efficiency 

Fig. 9 shows an example  of  the total  current,  IT, and the faradiac current,  Iv, in the unit  cell as 
functions of  applied field. The  faradaic  current  begins to flow at ~ 0.4 V cm ~ and increases with 
increasing field, approach ing  a limit. The  total  current,  IT, is the sum o f  IF and Is, the latter being 
approx imate ly  p ropor t iona l  to the applied field. F r o m  data  such as that  o f  Fig. 9, the power  
efficiency, r/p, can be calculated according to Equa t ion  18. Fig. l0 shows t/p against  E for  different 
radii o f  the cylindrical electrode, otherwise under  the same conditions. A m a x i m u m  power  efficiency 
is obta ined at  a certain field. It  is noted that  the highest value of~/p is a t ta ined at the Iargest possible 
value of  r for a given value of  a. The  largest value of  the rat io  r/a is 1/(2) v2 for  the B-type 
ar rangement .  

Figs 11 and 12 show the r /p -E  relat ionship for different values of  i a and V0, respectively. The 
m a x i m u m  value of  t/p and the posit ion o f  the m a x i m u m  are dependent  on id and V0. As described 
in Section 2.2, qp should be determined by the dimensionless pa ramete rs  e = r/a, K = iaa/VoK and 
e = Ea/Vo. Fig. 13 is a plot  o f  r/p against  Ea/Vo for  different values of  a when r/a and ia a/Vo K are 
kept  constant.  Fig. 14 shows r/p plot ted against  Ea/Vo for different values o f  V0 and id when r/a and 
ida~l/oK are kept  constant .  Figs 13 and 14 indicate that  the similarity law holds as long as the 
parameters  r/a, ida~l/oK and Ea/Vo are constant .  Fig. 15 shows q~ as a funct ion o f E a / V  o for  different 
values of  ida/VoK. It is apparen t  that  the highest obta inable  value of  r/p increases with increasing 
ida/VoK. 

Fig. 16 is a compar i son  of  the two different a r rangements  o f  cylindrical electrodes of  the same size 
and at the same separat ions.  Al though the potent ial  distribution and the current  distribution are 

* The dimension of 'electrode area' in this two-dimensional model is length. 
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Fig. 12. Power efficiency, ~/p, as a function of applied field, E, 
at different values of V0, for the B-type arrangement, a, 
20cm; r, 10cm; id, 0.115mAcm-~; ~c, 2.2 x 10 3f~-i; V0 ' 
2V; (o), 4V (E3), 6V (| tOV (111). 
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Fig. 13. Power efficiency, r/p, plotted against E a / V  o at dif- 
ferent values of a for the B-type arrangement, r/a, 0.5; 
ida/UoK , 0.129; a, 10cm (I) ,  20cm (O), 30cm (A). 

completely different in these two arrangements, the r/v values lie on single curves when the other 
conditions are the same. 

4.4. Optimization 

In order to design a packed bipolar cell for a certain purpose, we have to determine the optimum 
conditions of operation. As apparent from Fig. 10, the ratio r/a must be as large as possible to obtain 
the maximum power efficiency. Thus, the closest packing of particles is desirable. When the 
properties of  the solution and the size of the packing particles are given, the parameter ida/Vo~c can 
be calculated and then the optimum field can be determined from the maximum on the relevant 
qp-Ea/Vo curve such as those in Fig. 15. Fig. 17 shows the relationship between t/v and A/AT, both 
of  which are regarded as functions of  applied field. It is noted that maxima in r/v occur at almost 
the same value of A/AT for different values of  iaa/Vo~c. The fraction A/AT needs to be about 0.35, 
irrespective of ida/Vo ~c, in order to obtain the maximum power efficiency. 

On the other hand, if the space-time-yield (or the amount of material to be removed in unit time 
and in unit volume of cell) is prescribed instead of a given size of  packing particles, then both particle 
size and applied voltage must be optimized. Thus, the maximum power efficiency should be obtained 
for a set of r and E values under the condition of the constant space-t ime yield which is also a 
function of r and E. 
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Fig. 14. Power efficiency, tb, plotted against E a / V  o at dif- 
ferent values of V 0 and i a for the B-type arrangement, r/a, 0.5; 
ida/Vote, 0.516; V~, 2V (�9 4V (O), 10V ([]); i d, 0 . I I5mA 
cm i (o), 0.229mAcro -1 (e), 0.573mAcm -I (n). 
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Fig. 15. Power efficiency, ~/p, plotted against E a / V  o for dif- 
ferent va]ues of ida/Vo~c for the B-type arrangement, r/a, 0.5; 
ida/Vo~c, 0~0516 (O), 0.258 (�9 0.516 (I) ,  1.03l (D). 
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E r / V  

Fig. 16. Power efficiency, qp, plotted against Er for A- and 
B-type arrangements. Type of arrangement: A (o, II); B 
(O, rn). V0: 2V (o, O), 10V (11, rn). id: 0.1 mAcm l (O, O), 
0.SmAcm -~ (11, D). 

I I _  

0.1 

o I 
o.5 
A/A~ 

Fig. 17. Relationship between t/p and A/A T for different 
values of ida/VoK for the B-type arrangement, r/a, 0.5; 
ida~Vote, 0.0516 (n), 0.258 (o), 0.516 (A). 

5. Conclusion 

A new method of simulating a packed bipolar cell has been described, and cell characteristics such 
as A/Av and r/p have been obtained for different values of r/a, ida/Vo ~c and Ea/Vo. The combination 
of the conducting paper and the electric circuit can be modified to simulate more general cases where 
the current-potential relationship is not symmetric for anodic and cathodic reactions, that is, 
ia ~ io. It may also be possible to make electric circuits which simulate non-diffusion-controlled 
behaviours, e.g. a Tafel-type current-potential relationship. 

The method described in this paper may be applicable to the simulation of the potential distribu- 
tion and current distribution in other types of electrolysers. An advantage of this method is that it 
can simulate cells of complex geometry for which computer simulation is too complicated. 
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