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The current distribution in electrochemical cells consisting of  parallel rectangular plates is determined. 
The calculations involve the evaluation of  the appropriate analytical solution of  Laplace's equation 
within the electrodes and electrolyte, with boundary  conditions corresponding to potential continuity 
(primary current distribution) or linear electrode kinetics (secondary current distribution) at the 
electrode-electrolyte interface, and do not  make the usual assumption that current flow in the resistive 
electrode is one-dimensional. The current distributions are given in the form of Fourier  series that 
allow the effects of  electrode resistance and electrical contact  geometry to be determined. 

1. Introduction 

In theoretical treatments of electrochemical cells, it is 
generally assumed (with complete justification in 
many cases) that electrode resistance is negligible. As 
a result, consideration of cells made up of resistive 
electrodes has received relatively little attention in the 
literature. The presence of electrodes with finite resis- 
tivity significantly complicates not only the analysis of 
current and potential distribution, but also factors 
such as electrode-kinetic and hydrodynamic/mass 
transport effects. 

Existing treatments of electrode resistivity are mostly 
based on the assumption of a one-dimensional current 
distribution within the resistive electrode. The work of 
Tobias and Wijsman [1] was based on the calculation 
of the stream function by summation of Fourier series. 
More recent treatments have involved combination 
of Ohm's law with an appropriate electrode kinetic 
equation to set up a current balance condition, relat- 
ing the current flowing into and out of each element of 
the resistive electrode to the local overpotential. This 
conservation law takes the form of a second-order 
differential equation, for which analytical solutions 
may be obtained in favourable cases. Thus, Conway 
et al. [2] and Rangarajan et al. [3] determined the 
potential distribution in wires under linear and expo- 
nential kinetic approximations. Scott [4] and Robertson 
[5] expressed the potentials in resistive parallel-plate 
electrodes as solutions of a Helmholtz-type differen- 
tial equation. Nonlinear (Butler-Volmer) kinetics 
coupled with mass-transport effects were analysed 
numerically in a study of wire plating by Alkire and 
Varjian [6, 7], and in a recent paper by Lanzi and 
Landau [8] the implications of the Tafel approxi- 
mation were considered. Finite difference and related 
techniques have been applied by Vaaler [9] and by 
Rousar et al. [10] to the calculation of two and three- 
dimensional resistive-electrode potential distributions 
in mesh electrodes for chlor-alkali cells, with the as- 
sumption that the potential is determined by Ohm's 

0021-891x © 1993 Chapman & Hall 

law rather than Laplace's equation. Recent work by 
Bisang and Kreysa [11] and Bisang [12] involved cal- 
culation of the current distribution in a cylindrical cell 
consisting of a resistive rod (in which the current 
distribution is one-dimensional) surrounded by a tube 
of uniform potential. 

The advantage of the current-balance approach 
used in the above analyses of one-dimensional systems 
[2-8, 11, 12] is that it is relatively straightforward to 
incorporate nonlinear electrode kinetics [2, 3, 8] and 
mass-transport effects [6, 7]. The main disadvantage is 
that the restriction of this approach to resistive elec- 
trodes with one-dimensional current flow makes it 
more difficult to solve the important practical prob- 
lems of determining the range of cell geometries for 
which such resistive effects are expected to be import- 
ant, and estimating the perturbative effect of contact 
geometry on the current distribution. 

The most general current-balance condition that 
can be applied to a three-dimensional source-free con- 
ductor is expressed by Laplace's equation. Thus, the 
use of Ohm's law [9, 10] and the assumption of a 
one-dimensional current distribution [1-7] are best 
regarded as approximations to more general problems 
in which the potentials in the electrode and electrolyte 
are both determined by the solution of Laplace's 
equation. 

The subject of the present paper is the application of 
Laplace's equation to the calculation of electrode 
resistance effects on the primary and secondary cur- 
rent distribution between two parallel plates, the latter 
distribution being determined subject to the additional 
assumption of linear electrode kinetics at the resistive 
electrode. Our main aim is to illustrate the general 
method of calculation rather than to develop an 
accurate model of a specific electrochemical system, 
but we note that the electrode configuration assumed 
here is of some relevance to the design of tank elec- 
trolysers. It will be shown how the primary and second- 
ary current distributions depend on the electrolyte: 
electrode conductivity ratio, and on geometrical 
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X = X  X 0 
2 1 V(O,z) : 0 

L I 

Fig. 1. Diagram of the rectangular cell, showing definition of 
geometrical parameters. The electrode in the plane x = 0 is assumed 
to be equipotential. 

characteristics of  the cell such as the thickness : length 
ratio for the electrode. 

2. Primary current distribution 

2.1. Mathematical statement of  the problem 

The cell, shown in Fig. 1, consists of  two parallel plates 
of  length L and width w, one of  which is bounded by 
the planes x = xl and x = x2. The other plate elec- 
trode, which lies in the plane x = 0, is assumed 
to be sufficiently thick that its potential is uniform. 
Electrical contact to the outer surface of  the resistive 
electrode is made through a narrow band of width h, 
across which the total current I through the cell is 
assumed to be uniformly distributed. The remainder 
of  the surface x = x2 and the two end surfaces z = 0 
and z = L, 0 < x < x2, are insulated. The pr imary 
current distribution is derived from a potential V(x, z) 
that satisfies the two-dimensional rectangular form of 
Laplace's equation 

8 2 V 8 2 V 
V 2 V =  8x 2 + ~  = 0 (1) 

in the regions 0 < x < xl (conductivity ~2) and 
x~ < x < x2 (conductivity ~q). This equation states 
that the total amounts of  current flowing into and out 
of  a given element of  conductor are equal. Boundary 
conditions to be satisfied by V are as follows: 

v(0,  z) = 0 (2) 

lira V(x, z) = lim V(x, z) (3) 
X~X 1 x~XI 

8V 8V 
lira n2 (x, z) = lim tq (x, z) (4) 

~ - ( x 2 ,  z) = 
I lK1  

h----w-~f(z ) (5) 

wheref(z) = 1,0 < z < h, andf(z)  = 0, h < z < L. 

8V (x, 8V 
0) = ~-z (x ,L )  = 0 (6) 

Equations 3 and 4 state that the potential and current 
density are continuous across the surface x = xl. 
Equation 3 is true if the surface overpotential is zero, 
as assumed here. 

2.2. Analytical solution 

The solution to this boundary value problem can be 
found by application of  standard methods (Fourier 
series and separation of  variables) as described, for 
example, by Moon and Spencer [13]). Thus, the sol- 
ution is assumed to consist of  terms of the form 

V(x, z) = X(x)Z(z)  (7) 

On substitution of this expression into Equation 1, the 
differential equations satisfied by the 2 and Z func- 
tions are found to be: 

2"" -k2x  = 0 (8) 

Z"  + 22Z = 0 (9) 

where 2 is a constant. The form of the solutions to 
these equations depends on whether 22 = 0 or 2 z > 0. 
For  2 = 0, possible solutions are 

x = 1, x ( lo)  

Z = 1, z (11) 

Insulation of the end surfaces in this case requires that 
Z = 1, so that the potential in this case depends only 
on x. For  22 > 0, Equation 6 requires that 2 = 
a m = mrc/L, m -= 1, 2 . . . . .  Possible solutions in this 
case are 

X = cosh (amx) sinh (amx) (12) 

Z = cos (amZ) (13) 

The general solution for V is therefore expected to be 
of  the form: 

V(x, z) = EoXo(x) + ~ EmXm(X) cos (am z) 
m=l 

(14) 

where 2"o is a linear function, Xm is a linear combi- 
nation of  hyperbolic functions, and the constants E,,, 
m -- 0, 1, 2 , . . .  are to be determined from the boun- 
dary conditions as described below. 

The form of  both X0 and 2"m is different on each side 
of  the interface x = x~. A suitable form for X0 is 

Xo(x) = Ao + Box X l < X < X 2 

= Cox 0 < x < xl (15) 

and for m > 0, Xm may be taken to be: 

2"re(X) = Am cosh (a,,x) + B m  sinh (amX) 

X 1 < X < X2 

= Cm sinh (amx) 0 < x < xl (16) 

where the constants A m ,  B m and Cm must be determined 
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by applying the boundary conditions. To simplify the 
subsequent manipulations involving the Fourier series 
associated with the specification of the current density 
on the outer surface, these constants can be chosen so 
that X/,(x2) = 1. For m = 0, this requires that 

B0 = 1 (17a) 

There is no loss of generality here, since any con- 
stant multiple of the functions in Equation 16 will also 
satisfy Equation 8. (See [13], p. 188ff., for application 
of this procedure to other potential distribution prob- 
lems). Continuity of the potential and current density 
across the interface, as expressed by Equations 3 and 
4, respectively, yields two further equations for A0 and 
Co: 

Co - KI B0 (17b) 
1£2 

A o + Box I = Cox1 (17c) 

from which it follows that 

(18a) 

Co = --~:1 (18b) 
1£2 

Similarly, application of  the condition that X~(x2) = 1 
to the first form of Equation 16 (for m > 0) yields the 
equation 

Am sinh (amX2) + Bm cosh (amX2) = 1~am (19a) 

and the continuity conditions, Equations 3 and 4, 
result in 

A m cosh (amXl) -I- Bm sinh (amXl) = Cm sinh (amXl) 
(19b) 

1£2 
A m s inh (a,,,xl) + Bm cosh (amX 1 ) : - -  C m cosh (amX 1 ) 

1£ 1 

The solution of Equations 19 (a-c) is 

Am 

(1%) 

= ( 1 -  K-~) cosh (amXl)/amDm (20a) 

Bm = [ s i n h 2 ( a m X i )  - 1£--2-2 c o s h 2 ( a m X l ) ] / a m D r n K l  

(20b) 

1 
Cm = [cosh2(amXl) -- sinh2(amXl)]/amDm =- 

amDm 
(20c) 

where Dm is the determinant 

D~ = 1 - ~ sinh (amX2) sinh (amXl) cosh (amXl) 

--cosh(amX2)[sinh2(amXl)- ~cosh2 (amx0] 

It remains to determine the coefficients E m in 
Equation 14 by considering the variation of the 

current density over the outer surface of the plate. 
From the theory of Fourier series [14], it follows that 

I/~cl f) f(z) dz 
Eo = - hw f~ dz 

and, for m > 0, 

The potential 

I 

1£1Lw 

f~ f(z) cos (amz)dz I 
E m -  

1£1hw f2 cos2(amz)dz 

- 2 1  sin (amh) 
tq hLw a m 

distribution may be 

(21a) 

(21b) 

conveniently 
expressed in dimensionless form as 

sin (amh) cos (amZ) X 
a m h a m w 

where 

(22) 

LK2  
G(x, z) - I V(x, z) 

Lx2 x 
= - -  O < X < X 1 Go(X) I EoXo(x) = w 

xl ~ c 2 ( x - x , )  
- -  X 1 < X < X 2 

W K 1 W 

Pm = amXm(X) 
Physically, the linear component G0 is the potential 
distribution that would result from uniform distri- 
bution of current over the outer surface of the resistive 
plate (that is, if h were equal to L). The Fourier series 
expresses the deviation from this one-dimensional dis- 
tribution that arises from the shape of the electrical 
contact and is propagated into the electrolyte through 
the plate of finite conductivity. The qualitative effect 
of the plate conductivity on the potential distribution 
can be clearly seen from Equation 22, for as ~cl tends 
to infinity, the Fourier series contribution vanishes 
and the purely linear current distribution G0 remains. 

2.3. Calculations 

The Fourier series in Equation 22 can be shown to 
converge by application of well-known theorems of 
higher analysis [13, 14], but it does not converge rapidly 
enough to be evaluated directly. Slowness of conver- 
gence tends to be a general property of Fourier series 
and is particularly pronounced for those series arising 
in the solution of partial differential equations with 
discontinuous boundary conditions (such as those 
expressed by Equation 5). Various convergence- 
acceleration schemes have been devised. The method 
used in the present work, which is due to Lanczos 
([15], p. 61ff.; see also [16]), is based on smoothing by 
taking a moving average of the increasingly oscillatory 
functions cos (amZ). When applied to potential-distri- 
bution problems, the computational effort and 
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accuracy of this method compare very favourably 
with corresponding finite-difference calculations. Its 
numerical implementation is not so straightforward, 
however, and will be the subject of a forthcoming 
paper. 

The potential was calculated at a 40 × 50 grid of 
points (x, z), and the equipotential curves presented 
below were calculated by linear inverse interpolation. 
All calculations were carried out on an Apple Macin- 
tosh H ci computer. 

We shall illustrate the application of the above 
analytical result to a cell for which x l /L  = 0.05, 
x2/L = 0.051, h/L = 0.01 and w/L = 0.1. A cell of 
this configuration could arise, for example, in the 
plating of a thin metallic strip. The equipotentials of 
the potential distribution within the electrolyte, cal- 
culated from the above expression for (I)(x, z) and an 
electrolyte-to-electrode conductivity ratio of 0.0001 
are shown in Fig. 2. The surface x = x~ is seen to 
deviate appreciably from being an equipotential. In 
the limiting case where the electrode is of infinite 
conductivity, the equipotentials would be vertical lines 
corresponding to a single value of x. 

The conductivity ratio used in Fig. 2 is approxi- 
mately what would be expected for molten-salt elec- 
trolytes used in some specialized plating processes at 
high temperatures. For aqueous electrolytes the ratio 
is typically much smaller. In Fig. 3, the calculations 
of Fig. 2 are repeated with a conductivity ratio of 
0.00001; even with this lower value, the distortion of 
the equipotential lines is still noticeable. The favour- 
able effect of a highly conducting electrode material 
can, of course, be cancelled out by the thinness of the 
electrode. Thus, the potential distribution in a cell of 
this type with x2/L = 0.0501 and conductivity ratio 
0.000 01 is the same as that shown in Fig. 2. Evidently, 
the nonuniform (Fourier series) component of the 
general solution (Equation 22) becomes important not 
only when the conductivity ratio is large, but also 
when xl approaches x2, for in this latter case the 
determinant Dm of the linear equations defining Am, 
Bin, and Cm approaches zero. It is worth remarking 
that, in practice, electrode resistance effects are more 
likely to result from thinness of the electrodes than 
conductivity ratio. The value 0.00001 used in Fig. 3 
represents an upper limit to what would be expected 
in many cases; for example, for lead (/¢1 ~ 5 X 
104~)-~cm -1 and 20% KOH (re 2 - 0.5f~ ~cm -1) at 
about 15 ° C. For this particular conductivity ratio, 
we can see from Fig. 3 that for a thickness:length 
ratio of 0.001 or greater, electrode resistance effects 
can be neglected and one-dimensional current flow 
assumed. 

In [4], where one-dimensional current flow in the 
resistive electrode was assumed, the significant par- 
ameter is a dimensionless group containing the elec- 
trode and electrolyte conductivities and certain 
geometrical parameters. In the present analysis, we 
considered it preferable to investigate separately the 
effects of the thickness and conductivity of the elec- 
trodes. An important feature of our work is that the 

influence of external contact geometry on the shape of 
the current distribution within the electrolyte and the 
potential profile along the interface can also be deter- 
mined, since this is expressed by the Fourier coef- 
ficients for the function f ( z ) .  Such terminal effects 
cannot be investigated by the methods described in the 
literature [1-12]. 

Equation 22 also demonstrates how the width of 
the cell influences both the linear and nonlinear com- 
ponents of the potential distribution. From the 
expression for ~0, it is clear that increasing the width 
of the cell will result in a smaller average potential 
drop between the electrodes. This is what one would 
expect, since the current density applied to the 
outer electrode would be lower. The Fourier series is 
seen to be reduced by the same factor, since its terms 
are all inversely proportional to w. The width of 
the cell therefore influences the value of the poten- 
tial but has no effect on the shape of the potential 
distribution. 

The above results could be used to determine the 
relation between the electrode thickness and the con- 
ductivity ratio for which the potential deviation along 
the surface x = xl is less than some prescribed value. 
It would be more useful, however, to include explicitly 
the electrode kinetic parameters in the boundary con- 
ditions defining the potential distributions in the elec- 
trode and electrolyte phases. This requires determi- 
nation of the secondary current distribution, which is 
the subject of the next section. 

3. Secondary current distribution 

3.1. Electrode kinetics 

The current density across an electrode is very often 
assumed to be related to the interfacial potential dif- 
ference by the Butler-Volmer kinetic equation: 

i = exp(  °~Frl'~ - exp(  e~F,/ (23) 
RT / 

~ (~  + ~ ) f ~  
(24) 

- R T  

in which aa, c are the anodic and cathodic transfer 
coefficients, i0 is the exchange current density, the 
overpotential t/ is the departure of the interfacial 
potential difference from its equilibrium value, and the 
other symbols have their usual significance. As recently 
shown by Marshall [17] the relative error resulting 
from the linearization of Equation 23, viz. 

E = 1 -- (~a + czc)Fq/RT 
- ( c~ Ft/"] (25) 

exp ( eaFt/~ exp 
RT J RT J 

does not exceed 1% ifi/io is less than about 0.03. In the 
present work, we shall assume the validity of the linear 
polarization law because it allows us to determine 
analytically the influence of kinetic parameters on the 
secondary current distribution. From the practical 
point of view, we can regard Equation 24 as appro- 
priate for a plating process operating at fairly low 
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Fig. 2. Equipotentials of the potential distribution calculated from Equation 22, for x~/L = 0.05, x2/L = 0.051, h[L = 0.01, w/L = 0.1, 
and Xz/rcl = 0.0001• 

current densities (10 to 100mAcro -2) to avoid for- 
mation of dendritic deposits. This condition is quite 
likely to be realized in metal electrodeposition reac- 
tions in molten salts, since these are known [18] to 
have very high exchange current densities (usually 
several A cm-2). 

The inclusion of the equilibrium potential, Veq, 
into the analysis is readily achieved by the addition 
of V~q to the expression for V within the electrode, 
since V~q also (trivially) satisfies Laplace's equation. 
When this is done, the potential evidently assumes 
its equilibrium value throughout the electrode when 
the total current I vanishes, since all the other terms 
in the potential distribution V(x, z) are proportional 
to L This constant potential cancels out when the 
overpotential is determined by subtraction of V~q 
from the potential difference between the two phases• 
We can therefore equate the overpotential to the 

difference in potential across the cathode-electrolyte 
interface. 

3.2. Mathematical statement of the problem 

The secondary current distribution is the solution of 
Laplace's equation that obeys boundary conditions 
expressed by Equations 2, 4, 5 and 6, and in place of 
Equation 3, 

• • V  a V 
- ~Cl l i ra  ~ ( x ,  z )  = - ~2 lira x~x, ~ (x, z) 

= K[lim V(x, z ) -  lim V(x, z)] 
LXyXl x{ x  I J 

(26) 

where K is the slope of the polarization curve 
(f2 -1 cm-2). Assuming the validity of Equation 24, K 
can be related to electrode-kinetic parameters by the 
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Fig. 3. Equ ipo ten t i a l s  o f  the po ten t i a l  d i s t r ibu t ion  ca lcu la ted  f rom E q u a t i o n  22, for xl/L = 0.05, x2/L = 0.051, h/L = 0.01, w/L = 0.1, 
and  x2/xl  = 0.00001.  

equation 

K - i0(e, + c~c)F (27) 
R T  

That Equation 3 is recovered in the limiting case 
where the reaction resistance tends to zero can be 
demonstrated dividing by both sides of Equation 26 
by K and allowing K to tend to infinity. This for- 
mulation of the linearized secondary current distri- 
bution problem bears some similarities to a treatment 
by Scott et al. [19] of diffusion through a resistive 
interface. 

3.2. Analytical solution 

The steps involved in the solution are closely similar to 
those described above for the primary current distri- 
bution, and the resulting expression is identical in 
form to Equation 22 except that in this case, the linear 

component is 

0 0 =  
X 

W 

x, L W a  

0 < x < x  I 

.(xx) 
W W /£1 W 

X 1 < X < X 2 ( 2 8 )  

where Wa is the Wagner number [20] (the ratio of 
polarization resistance to electrolyte resistance) 
defined by 

Wa = f__L (29) 
L K 

and the  constants A,,, Bm and Cm are given by the 
equations 

Am = F(sinh (amxl) + mT"c Wa c o s h  (a~,xl)) 
L 
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Fig. 4. Profile ofoverpotential along the electrode-electrolyte interface, for x2/x ~ = 0.0001 and different values of Wa = K2/LK. Geometri- 
cal parameters are those used in Fig. 2. 

x cosh (amXl) -- lc'-'~2 cosh (amXl) 
KI 

D~ = 

x sinh (a~xl)]/a~Dm (30a) 

Bm = I(sinh (amXl) + mnWa cosh (a,nXl)) 

x sinh (amXl)--  1£----~2 cosh2(amxl)]/amDm 
l£ 1 d/ 

(30b) 

1 
Cm - (30c) 

amOm 

[sinh (amXl) + mTzWa cosh (amXl) ] 

x [cosh (amxl) sinh (amX2) --  sinh (amXl) 

x cosh (amX2)] + ~2 [cosha(amXi) 
K1 

× cosh (amx2) - sinh (amXl) cosh (amXl) 

× sinh (amX2) ] (31) 

For  a given set of  values of  xt,  x2, w, L and h, the 
form of the linearized secondary current distribution 
of the cell may thus be regarded as being determined 
by the two numbers x2/x~ and Wa. 

A representative value of  Wa may be determined by 
assuming that the sum of  the anodic and cathodic 
transfer coefficients is unity, i0 = 0.05 A cm -2, x2 = 
0 .1 f~- tcm -1, L = 30cm (12in.) and T = 27°C = 
300 K. The slope of the polarization curve is found to 
be 

K -  i°F R T -  1"93f l - lcm-2 (32) 
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Fig. 5, Profile of overpotential along the electrode-electrolyte interface, for x2]x ~ = 0.00001 and different values of W a  = ~z /LK.  
Geometrical parameters are those used in Fig, 2. 

so that 

Wa = __~:2 = 1 . 7 3  × 10  -3  ( 3 3 )  
KL 

3.4. Calculations 

The profile of overpotential along the interface between 
the electrode and solution is shown in Figs 4 and 5, for 
conductivity ratios of 0.0001 and 0.000 01, respectively. 
In Fig. 4, the variation of overpotential along the 
electrode is seen to be quite pronounced, while in Fig. 
5, the overpotential variation is very slight. Figures 4 
and 5 thus serve to illustrate the combined effect of 
electrode resistance and reaction resistance on the 
overpotential profile and hence on the uniformity of 
reaction along the electrode. Since the form of the 
overpotential profile is the same for each value of Wa, 
these results also demonstrate that the most important 

parameter influencing the uniformity of  overpotential 
and interracial current density is the conductivity 
ratio. 

3.5 Comparison with one-dimensional models 

In addition to their analytical calculation of the 
stream function for the two-dimensional current dis- 
tribution, Tobias and Wijsman [1] presented a sim- 
plified analysis in which current enters the resistive 
electrode at one end point and one-dimensional cur- 
rent flow is assumed to occur in the electrolyte as well 
as within the resistive electrode (this and related 
assumptions form the basis of most subsequently 
published work on resistive electrode effects, as exem- 
plified by [4]). With this approximation, the current 
density profile is easily shown to satisfy a Helmholtz- 
type ordinary differential equation, which in the 
geometry considered here can readily be solved in 
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terms of  hyperbolic functions. This is essentially dif- 
ferent from the approach followed in the present 
paper, where band contacts of  finite width are 
assumed, but one would expect that for sufficiently 
small values of  h compared with L, the band contacts 
assumed in the present model would become essen- 
tially equivalent to the point contacts assumed in 
Tobias and Wijsman's work. 

We have recently shown that this limiting case is 
approached closely for h / L  < 0.05. The details are 
described in a recently submitted paper  [21], which 
also presents calculations for rectangular cells with 
two resistive electrodes and an investigation of  the 
effect of  relative contact positions on the form of  the 
current distribution within the electrolyte. 

4. Conclusions 

In this paper, it has been shown how electrode resist- 
ance effects in rectangular electrochemical cells can be 
calculated by solution of Laplace's equation for both 
the electrolyte and electrode. This procedure does not 
require the usual assumptions that the resistive elec- 
trode is of  negligible thickness and that the current 
distribution within it is one-dimensional. The results 
can be used to determine the influence of  finite elec- 
trode thickness and conductivity on the distribution of  
the current density along the electode-solution inter- 
face. The Fourier series that result f rom the analysis 
can readily be applied to calculate the effects of  exter- 
nal electrical contact geometry on the current distri- 
bution within the electrolyte. In the general case, a 
y-dependent term in Laplace's equation would have to 
be included, so that the potential distributions would 
satisfy 

0 2 V 0 2 V 0 2 V 
V 2 V =  ~x 2 + ~ + ~ = 0 (34) 

and would accordingly contain double Fourier series 
(with respect to y and z). 

In this paper, electrode kinetic effects were assumed 
to be either absent or satisfactorily described by a 
linear polarization law. Future work will examine the 
generalization of  these calculations to include non- 
linear electrode kinetics in the internal boundary con- 
ditions for the secondary current distribution. 
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