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Calculation of bypass currents in molten salt
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A theoretical model is given for calculation of parasitic currents (bypass currents) for a stack of
bipolar cells used in molten salt electrolysis. A simplified bypass current calculation was confirmed
by the numerical solution of the Laplace equation for Galvani potentials in the interelectrode space
and in the free space of the cell stack for the aluminium cell of the ‘Alcoa Smelting Process’ (AICl,
electrolysis) with 11 bipolar electrodes. Due to the bypass currents the current efficiency of the electro-
chemical process was lowered to 82%—94%, depending on the height of the stack, i.e. the thickness of
the bipolar electrodes. These values were in a good agreement with values obtained on the basis of the
simplified approach. The numerical solution of the Laplace equation allowed a detailed description of
the influence of the bypass current flow on the current distribution at the edges of the bipolar

electrodes.

List of symbols

a dimensionless parameter, see Equation 12

Ag  floor area of horizontally placed bipolar
electrodes (cm?)

A cross-sectional area of the downcomers and
the upcomer (cm?)

b dimensionless parameter, see Equation 13

dg thickness of the bipolar electrode (cm)

dg the interelectrode gap (cm)

E electrode potential (V)

E, reversible electrode potential (V)

I average fraction of current used for metal
production in the bipolar stack, see Equations
9,10, 14, 17 and 26

hg height of the bipolar stack minus the height of
terminal electrodes (cm)

Iy current flowing through bipolar electrodes (in
stack) (A)
A bypass current passing through terminal

electrodes and through the free space (A)

Iy current entering the terminal electrode (A)

J current density (A cm™?)

Jo exchange current density (A cm™2)

Ly length of the bipolar electrode (cm)

N number of cells in stack

Rg  resistance of the electrolyte in the
interelectrode gap (Q2)

Ryr  resistance of the free space for N — 1 bipolar
electrodes (£2)

1. Introduction

In recent years there has been an increasing interest
in the use of bipolar cells for fused salt electrolysis

R resistance of the free space for one bipolar
electrode ({2)

S surface area of the electrode (cm?)

U stack voltage (V)

V, reversible cell voltage (V)

Wag Wagner number for bipolar cell, see Equation
11

wg  width of the bipolar electrode (cm)

wp  width of the downcomer (cm)

wy  width of the upcomer (cm)

Greek symbols

7 overvoltage (V)

% Galvani potential (V)

KF electrical conductivity of the electrolyte

(Sem™)

kg  electrical conductivity in the interelectrode gap
(Sem™1)

Superscripts

m in the metallic phase (electrode)

S in the electrolyte phase at the electrode surface

Subscripts

A anode

av averaged

C cathode

i number of the electrode

k arbitrary index

T terminal electrode

for light metal production. The outstanding examples
are the cell for the so-called ‘Alcoa Smelting Process’
for aluminium [1] which was tested on a pilot scale
and the Alcan [2] and Ishizuka [3, 4] magnesium cells

* Permanent address: Department of Inorganic Technology, Institute of Chemical Technology, 16628 Praha 6, Czech Republic.

1124

0021-891X @© 1994 Chapman & Hall



BYPASS CURRENTS IN MOLTEN SALT BIPOLAR CELLS

1125

which are being used industrially. Different types of
molten salt bipolar cells for electrowinning of alumi-
nium are described in the literature [5—12].

The individual bipolar cells used in aqueous elec-
trolytes are always connected to the main pipes via
inlet and outlet manifolds made from insulating
materials. These manifolds considerably reduce the
magnitude of the currents bypassing the individual
bipolar cells. Bypass currents (also called parasitic
or shunt currents) flowing through the connecting
manifolds and pipes lower the current efficiency of
the bipolar cell stack. Procedures for calculation of
the bypass currents and the bypass current efficiency
for these systems can be found in [13-29].

In [28, 29] systems without connecting manifolds
were studied. The calculation of bypass current
efficiency in [28, 29] was based on the assumption,
that the resistance of the ith connecting manifold
(which does not exist in reality) was set equal to the
resistance of the ith part of the connecting pipe (see
Equation 15, p. 47 in [29]). The average bypass
current efficiency was estimated experimentally [29],
for the electrolysis of alkaline solution and this value
agreed well with the calculated value. The agreement
was due to the fact, that the space of the connecting
pipe was not fully used for the flux of electric charge
(see Fig. 25, page 93 [29]). Therefore the use of an
additional resistance, even without good physical
meaning, was necessary to obtain an agreement
between calculated and measured values.

In molten salt electrochemistry outlet and inlet
manifolds cannot be made to materials problems. In
the Alcoa [1] and Ishikawa [11] cells for the produc-
tion of liquid aluminium using aluminium chloride
containing melts, a stack of bipolar electrodes are
arranged in horizontal (or sloping) configuration
within one cell compartment with open channels
(upcomers and downcomers) to allow for circulation
of the electrolyte, escape of chlorine and to collect
the liquid aluminium.

A simplified description of the bypass current flow
in these cells was given by Ishikawa and Konda [30].
In earlier papers [31, 32] we used the Ishikawa and
Konda approach and calculated the bypass current
efficiency for the pilot plant cell of the Alcoa Smelting
Process.

The aim of the present paper is to test the Ishikawa
and Konda procedure by using a numerical solution
of the Laplace equation for the case of the Alcoa
bipoiar cell stack. A numerical solution should make
it possible to obtain more detailed information about
the influence of the bypass current flow in the free
space on the current density distribution at the edges
of the bipolar electrodes.

2. Description of a model system

The most advanced process using a bipolar cell stack
for the production of liquid aluminium from molten
chloride melts is the Alcoa Smelting Process for the
electrolysis of AICl; dissolved in an LiCl-NaCl-

(777777777777 7 Il 7Y

i 3
2
7
i 3
1
2
2 i >
NH@
Nk A
NG
NG bs
NG 4
NG
N4
Y
N Qoow
NG
N Qoo D)
N
N[
Né
NY
\ . 5
i
§/
NH
N
\
N
N
N
N
NG
M
=
=
A
X

sl&

Fig. 1. Bipolar cell with horizontally placed electrodes for the Alcoa
Smelting Process (AlCl; electrolysis), according to [1]. (1) Terminal
anode; (2) terminal cathode; (3) bipolar electrode; (4) anode-
cathode gap; (5) aluminium sump; (6) upcomer; (7) downcomer;
(8) feed port.

AICl; electrolyte using bipolar graphite electrodes
[1]. In molten chloride electrolytes the anode product
is chlorine, and the graphite anode is practically inert.
The essential features of this cell design have been
disclosed in a paper by LaCamera [1], and this cell
was used in [31, 32] as an example for the calculation
of the bypass current.

Figure 1 shows a cross-section of the bipolar cell
stack, as described by LaCamera [1]. The bipolar elec-
trodes consist of rectangular graphite plates placed
horizontally. Slanting slots are made in the lower
part (anode) of the graphite plates to facilitate the
escape of the anode gas (chlorine) towards the central
channel. Two rectangular bipolar electrode stacks
(approx. 1.2m wide and 5.6 m long) are placed sym-
metrically in one tank (approx. 2.6 m wide and 5.6 m
long). At the top of the stack two dams are formed
which increase the gas lift effect of the evolved
chlorine bubbles and prevent back flow of electrolyte.

The direction of the electrolyte flow is denoted by
arrows. The central part of the cell, where the gas—
electrolyte mixture is rising, is called the upcomer
(approx. 0.1m wide and 5.6m long) and the free
space between the lining and the bipolar electrode
stack form the so-calied downcomers (approx.
0.05m wide and 5.6m long). The upcomer and the
two downcomers make up the free space in the cell
(filled with electrolyte or a mixture of electrolyte and
chlorine gas bubbles). The aluminium is deposited
on the graphite cathodes in the form of small
droplets. These droplets are moved by the electrolyte
flowing between the electrodes, and the major part
immediately fall down in the upcomer into the alumi-
nium sump at the bottom of the cell, while the smaller
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droplets move along with the electrolyte and separate
out in the downcomer.

A similar cylindrical cell with a stack of sloping
bipolar graphite electrodes was proposed by Ishikawa
et al. [11] for electrolysis of AICl; in chloride melits.
In this cell an upcomer is formed between the peri-
meter of the graphite electrodes and the lining of the
cell, and the central part of the cell constitutes a down-
comer.

3. Theory

3.1. Flow of the bypass current according to Ishikawa
and Konda

Ishikawa and Konda [30] suggested that the total
current (It) which enters the terminal anode and
leaves the cell through the terminal cathode, can be
split into the current, Iz, which flows through all
bipolar electrodes in the stack, and the bypass
current, I, which flows directly from the terminal
anode to the terminal cathode in the free space filled
with electrolyte or electrolyte—bubble mixture.

Iy =Ig + I (1)

In Fig. 1 this free space is represented by the upcomer
and the two downcomers. The total voltage, U, for a
stack with N bipolar cells can be expressed for each
cell in the stack as a sum of the reversible voltage,
V., the voltage loss due to anodic and cathodic polar-
ization, 7, and 7¢, and the voltage loss in the inter-
electrode gap Rg/g.

U=N{V;+na —nc + Rslg) (2)

The average value of the resistivity of the interelec-
trode gap, Rg, can be calculated from the equation,

1 dG av
Rg=|—|—— 3
¢ (”G> Ag G)
where the average interelectrode gap, dg ,v. is given by
a fictitious cell through which the bypass current I

flows in the free space with a fictitious anode plate
located in the free

Ydg
dG, av — ;11 (4)

space at the position of the terminal anode and with a
fictitious cathode plate located in the free space at the
position of the terminal cathode. The total voitage of
this cell is also equal to U. The voltage balance valid
for this cell is given by the equation,

U=V;+ns—nc+ Rl (5)

To simplify the calculation, the values for the overvol-
tages for the fictitious cell is assumed to be equal to the
overvoltages used for the bipolar cell. The resistance
Rp in the free space of the fictitious cell can be

expressed as
1\ &g
=|—]}— 6
R (”F> AF (©)

where the height of the upcomer (or downcomer), Ap,

is set equal to the height of the cell stack minus the
height of the terminal electrodes

hg = Ndg + (N — 1)dg (7)

and Ap is the cross-sectional area of all upcomers and
downcomers. The cell stack with N cells contains
N — 1 bipolar electrodes and altogether N + 1 elec-
trodes including the terminal electrodes.

Equation 6 is valid for a fictitious cell located in the
free space with an interelectrode distance, sy, and the
cross-sectional area, Ap, through which the bypass
current flows. For the stack shown in Figs 1 and 2,
Ap is represented by the averaged cross-sectional
area of the downcomers and the upcomer (the area
is determined in the direction normal to the current
flow). A reasonable value for fg can be found by
using the specific conductivity of the electrolyte, s,
neglecting the presence of bubbles in the upcomer of
the free space. In the interelectrode gap the gas partly
travels in the slots made in the anode, but the decrease
in electrolyte conductivity, g, may still be significant.
By the use of Equations 1, 2 and 5 I can be evaluated

_ W=Vt —7c) + NRsIy (8)

Rp + NRg

According to Ishikawa [30] ‘the bypass current effi-

ciency’ or ‘the utilization of the current for the electro-

chemical process’ for bipolar cells used in molten salt

electrolysis ( fg) is given by the equation

L+ (N-1)k
== 9

fe NI 9)

with the use of Equations 1, 8 and 9 the bypass current
efficiency may be expressed as

fo=1- (N = D[(N = 1)(V,; +na —nc) + NRgI]
BT N(Rg + NRg)Ir

I

(10)

Equations 1-10 represent a simple approximation for
the bypass current flow and for the bypass current
efficiency fg for a given cell geometry and a given elec-
trochemical cell reaction.

According to [29] a Wagner number for a bipolar
cell can be introduced as

(Vr + 1A — nC) kG
Jr dg, av

Wag = (11)

Futhermore two dimensionless parameters can be
introduced:

Wg KG
a=—-F— 12
(wy + wp) KF 12
dg
b= 13
dG,av ( )

By means of Equations 11, 12 and 13 Equation 10 can
be rewritten into the dimensionless form,

Wag + 1
fe=1=
N[Wag(2a +ab+2) +a+ 1] — Wag(a+ab+1)
N%(a+ab+1)* — Nab(a+ab + 1)

(14)
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The second term on the right hand side of Equation 14
is prevailing over the third term. For N greater than
10 the third term represents approximately 10% of
the second term. This means, that the second term is
the most important one and can be used for an
analysis of a given system.

3.2. Flow of the bypass current according to [14]

According to [14] the terminal plates and one half of
the interelectrode gaps adjacent to the terminal elec-
trodes form a fictitious cell, through which the
current It flows. Each bipolar electrode with one
half of the interelectrode gap on both sides represents
another fictitious cell, which is short-circuited by a
resistor R

_ 1 (dg,av +dg)

R
s Kp AF

(15)

The voltage balance for each bipolar electrode then
reads:

Vr+77A‘—77C+RGIE:RsIs i=2,3,...,N

(16)
Using Equations 1, 9, 11, 12 and 13 the bypass current
efficiency can be evaluated as

_ WaB+l
a+ab+1

Wag + 1

fe=1 N(a+ab+1)

(17)

For large values of N the limiting values of fg
calculated from Equations 14 and 17 are identical.
The differences between fy values calculated from
Equations 14 and 17 for N greater than 10 are
lower than 0.4% for the present case. The fg values
calculated from Equation 17 are higher than the
values calculated from Equation 14 for dy greater
than 8 cm for the studied case, see Fig. 3.

3.3. Solution of the Laplace equation for a stack of
bipolar electrodes

A more accurate value for the bypass current and for
the bypass current efficiency fz can be obtained by
solving the Laplace equation for the space filled with
electrolyte, e.g. for all of the interelectrode gaps and
for the free volume. Because the conductivity varies
in the mentioned space, the Laplace equation has

the form,
V- (kVe)=0 (18)

where ¢ is a Galvani potential in the electrolyte.

3.4. Boundary conditions

For the estimation of the Galvani potentials in the
graphite bipolar electrodes it is necessary to fulfil the
following integral boundary condition, for each of

the i bipolar electrodes*;
(19)

In Equation 19 §; represents the surface of the ith
bipolar electrode and j, represents local current
density. Fulfilling the conditions given by Equation
19, the values of the Galvani potential in each of the
i graphite bipolar electrodes are determined. The
Galvani potentials in each electrode are considered
as constants, the Laplace equations for the electrode
material of each of the (N — 1) bipolar electrodes
are not solved, i.e. the voltage drop in the electrode
material is neglected. The electrical conductivity of
graphite is more than two orders of magnitude higher
than that of the electrolyte, so. this simplification
should be justified.

The anodic and cathodic potentials as functions of
the current density for both electrodes should be
known, because they serve as boundary conditions
located on the surface of all bipolar and terminal
graphite electrodes. For the anodic reaction

Cl” = %Clz +e

jﬁjds,:o i=23,...,N

(20)

a Butier—Volmer equation was used. The charge
transfer coefficients are assumed to be equal to 0.5
for both electrode reactions.

Jj =Jolexp (n/b) — exp (-n/b) (21)

The anodic potential is equal to the sum of the rever-
sible anodic potential E; 4 and the anodic overvoltage

A
Epn=E A +7na (22)

For the cathodic reaction it is known [33] that AICI,
forms AlCl; complexes, hence

AICIy +3e™ = Al +4C1™ (23)

Also in this case it is assumed that the relationship
between the current density and the overvoltage is
represented by Equation 21 for low current densities
or by a Tafel type of plot for high current densities.
The cathodic polarization is relatively low [33]. It is
dominated by concentration overvoltage [33], but
polarization curves measured for the deposition of
aluminium from chloride melts on graphite elec-
trodes were not found in the literature. However, it
is known from other systems that even in such cases
a Tafel type of behaviour may be observed [34]. The
cathodic potential is equal to the sum of the rever-
sible cathodic potential E; ¢ and the cathodic overvol-

tage nc,
Ec=E c+nc (24)

The electrode potentials are defined as the difference
between the Galvani potential in the metal o™ and

* The following numbering of electrodes was adopted: the top
terminal electrode (anode) was electrode number one, the first
bipolar electrode located below the terminal anode was number
two, the last bipolar electrode in the cell stack (above the terminal
cathode) was electrode number N and the bottom terminal elec-
trode (cathode) was number (N + 1).
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Fig. 2. Sketch of the current flow and the geometry for a bipolar
electrode stack with horizontal electrodes. Ig, Is, wp, wy, Wg,
hg, dg, dp defined in text. Dashed arrows: electrolyte flow; full
arrows: current flow.

in the solution of ¢® at the electrode surface.

E=¢l —pk k=4,C (25)

It should be mentioned that for all electrode potentials
of a bipolar electrode, which are located between the
reversible voltage of the cathode and the reversible
voltage of the anode, the current density was set
equal to zero. These electrode potentials are present
on the side walls of the bipolar electrodes. The real
situation for this special range of the electrode poten-
tials will be different, and it may be assumed that two
different reactions, one anodic and one cathodic,
proceed simultaneously. Low current densities, either
anodic or cathodic, can be expected in this range of
electrode potentials. This means that an ill-defined
mixed electrode potential is established for the ‘near
zero’ current density. An estimation of the polariza-
tion curves for this range of electrode potentials was
not possible. However, in the total current balance
for each bipolar electrode, the side surface of a
bipolar electrode represents only a few percent of
the total electrode surface area, so even large errors
made in this region are unimportant.

4. Discussion
4.1. Loss in current efficiency due to bypass current

The solution of the Laplace Equation 10 was
performed using the method of finite differences. A
method of adding the current densities over the
surface of the control volume was used, e.g. a conser-
vative scheme was used. This method gives exact
values of fluxes even for varying electrical conduc-
tivity in the space. The method is described in detail
in [35].

The so-called secondary current distribution for all
bipolar electrodes and terminal electrodes in the stack
was calculated using boundary conditions represented
by Equation 13. The integral of the current densities
over the surface of the terminal anode and terminal
cathode is equal to the total current I, and the inte-
gral of the anodic or cathodic current densities for
one side of the bipolar electrode (and appropriate
part of the side wall of the electrode) represents the
value of the current Ip; flowing through the ith
bipolar electrode. These currents (/g ;) vary with the
position of the ith bipolar electrode in the stack.
The currents I ; are not symmetrical compared to
the central bipolar electrode, e.g. Iy , is not equal to
Iz etc., due to different polarization curves used
for the anodic and cathodic reactions.

The f; value was calculated from the equation

It + XIg
fe="7
T

The calculation of the bypass current efficiency ( fg)
was performed using the geometry and dimensions
of the Alcoa bipolar cell stack given in [1]. An impor-
tant parameter for the bipolar cell stack is the thick-
ness of the bipolar graphite electrodes, since it
determines the height of the stack, once the inter-
electrode distance is given. For the Alcoa cell this
thickness is dg = 10.8cm [36]. According to [1],
the bipolar graphite electrodes had sloping slots for
the chlorine gas collection (on the underside of the
bipolar electrodes). The solution for the Laplace
equation was performed for plate electrodes in two
dimensional space. The presence of the slots was
accounted for in the value of the effective electrical
conductivity, xg, used for the gas—electrolyte
mixture in the interelectrode gap.

The Laplace Equation 10 was solved using the
following input data: the total current Iy flowing
through the cell, 120000 A, the surface floor, 14.4 m?
(2.56 m wide and 5.64m long), the bipolar electrode
area, 12m x 13.5m (two stacks, each 1.2m wide,
wg, and 5.64m long, Lg), the interelectrode distance,
dg 1.27cm (above the terminal cathode 1.91cm).
The total area, Ag, of the two downcomers 2wpLg
and the upcomer 2wyLg, was set equal to 0.97 m?,
the width of the downcomer, wp 4.3 cm and the width
of one half of the upcomer 4.3 cm, wy;. The electrical
conductivity was estimated to be kg = 3.58Scm™!
[33] for the composition of the melt used by Alcoa
at a temperature of 1000K. This value of con-
ductivity agrees with conductivity data given by
Kinosz and Haupin [37]. The electrical conductivity
in the interelectrode gap, kg, was estimated to be
2.58Scm™! based on assumptions concerning gas
filling and the presence of slots in the anodes for
collecting the anode gas [36]. The anodic overvoltage
for 0.89 A cm~2 was assumed to be 0.20 V, based on
unpublished data by Ytterdal [38], the cathodic over-
voltage was assumed to be —0.1V, based on analogy
with similar systems [34]. The reversible voltage was
taken to be 2.05V [39]. The values of the Tafel slopes

(26)
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Fig. 3. Current efficiency, fg., based on the bypass current against the
thickness of the bipolar electrode dy; calculated for the case of the
Alcoa cell for AICl; electrolysis (see text) using Equation 14 (full
line); numerical solution of the Laplace equation in the inter-
electrode and free space: (dashed line); ((J) Equation 17.

of the polarization curves (see Equation 13), bu, b¢
were assumed to be 0.086V and 0.057V, respec-
tively. The values of anodic and cathodic exchange
current densities were assumed to be 0.088 A cm™>
and 0.16 Acm™2, respectively. The calculation was
carried out for a stack of 12 bipolar cells (N = 12).
The dimensionless parameters for the studied case
were Wag = 5.17, a = 10.06 and b = 8.16.

The calculated total voltage for the stack, U, was
33.3V for dg = 10.8 cm. This value is reasonably close
to the value derived from data given by LaCamera
[1] being 31.2V, which is probably the minimum
value.

Figure 3 shows a plot of f; against the thickness of
the bipolar plate. Calculations made for different
values of the thickness of the bipolar electrodes,
showed that this thickness can change the value of
Jg considerably, because at the same time the height
of the cell and the height of the free volume are
changed. Values of fg calculated by means of the
theory of Ishikawa and Konda are also given in
Fig. 3. The values calculated by using Equation 17
fall in all cases between the values calculated numeri-
cally and the values calculated from Equation 14. It
means, that Equation 17 represents better approxi-
mation than Equation 14.

4.2. Current distribution

The average values of current densities for each
bipolar electrode are shown in Fig. 4. The values of
Iy ; in Fig. 4 are very close to each other for different
values of 7, the greatest difference between the average
current densities is always between the terminal and
the first (or last) bipolar electrode.

The values of Iy, are not equal to the values of
Iy N, €.g. a symmetry with respect to the central elec-
trode does not exist. There are two reasons for the
asymmetry in the values of Iy;. The asymmetry is
partly due to the different polarization curves used
for the anodic and cathodic processes and partly due
to the different heights of the interelectrode gaps

1.0
09t , .
o [ © 0 6 0 o0 o o o o o ©
g L
i 08 j 2o a & A a a A A A °
[ . o
5 3
r 9 o g p o o B
0.7 [
0.6 L t L 1 L 1 1 1 [ 1 1 1
0 2 4 6 8 10 12 14

Bipolar electrode

Fig. 4. Dependence of the average current density for the ith
electrode on the position of ith bipolar electrode in the cell stack.
Average current density for terminal electrodes: (O) for
dg = 10.8cm, hg = 134.6cm; (A) for dg = 5.08cm, kg = 71.8cm;
(0) for dg = 2.54cm, hr = 43.8cm.

(the height of the gap at the terminal cathode was
1.91cm, while the heights of all other gaps were
1.27 cm [1]).

Figure 5 shows the current density distribution
along the terminal anode. The origin of the coordi-
nates is placed in the left bottom corner of the
terminal anode. The x direction is along the inter-
electrode gap, the y direction is oriented normal to
it. As expected, the highest current densities are at
the edges of the terminal electrode (x =0,y = 0),
which also cause a considerable decrease in current
densities around the edge of the cathodic side of the
first bipolar electrode, as shown in the following,.

4.0 T T T T T T T T T

x/cm

Fig. 5. Dependence of the anodic local current density for the
terminal electrode (electrode 1) on the distance from the left
bottom edge (x = 0,y = 0) in the x direction (in the interelectrode
gap). Average current density for the terminal electrode
0.8 Acm™2, (a) for dg = 10.8cm, hp = 134.6cm, (b) for dg =
5.08cm, hg = 71.8cm, (c) for dg = 2.54cm, hg = 43.8cm.
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Fig. 6. Dependence of the anodic local current density for the
terminal electrode (electrode 1) on the side wall of the anode on
the distance from the left bottom edge (x = 0,y = 0) in the y direc-
tion. For average current density and the notation of the curves, see
Fig. §.

The local current densities along the side wall of the
terminal anode (in the y direction) are shown on Fig. 6.
These local values of c¢.d. depend considerably on the
values of dg or hg. Current densities for the upper
surface of the terminal anode are given in Fig. 7 in
the x direction. It was assumed that the height of
the melt above the terminal anode is 20cm, so the
upper surface of the terminal electrode was quite
well accessible for anodic current in the case of a
thin graphite electrode.

The strong influence of the current flowing out from
the interelectrode gap from the terminal anode plate
into the free space leading to a decrease of the local
current densities at the upper left edge of the first
bipolar electrode (cathode) can be seen in Fig. 8.

05 T T T T T T T

jlAecm2

x/cm

Fig. 7. Dependence of the anodic local current density for the
terminal electrode (electrode 1) on the upper surface of the anode
on the distance from the left top edge. The origin of the coordinates
is shifted to the point (x = 0,y = dg). For average current density
and the notation of the curves, see Fig. 5.

1.0 T T T T— T T T T T

0.8

i/ Acm2

0 !

P . 1 ] I ( | L |
2 4 6 8 10
x/cm

Fig. 8. Dependence of the cathodic local current density for the first
bipolar electrode (electrode 2) on the distance from the left top
edge in the x direction (in the interelectrode gap). The origin of
the coordinates is shifted to the point (x =0,y = —dg). For
average current density and the notation of the curves, see Fig. 5.

The decrease of the local current densities at the
upper left edge of the first bipolar electrode depends
considerably on the thickness of the bipolar elec-
trodes. This effect may be the reason why the intro-
duction of a fictitious cell with height Ar was so
successful in the calculation of the bypass current effi-
ciency, using Equation 14. The very good agreement
between such a simple description of a very compli-
cated system and the exact solution of the Laplace
equation for Galvani potentials in the cell stack,
shown in Fig. 3, could not be anticipated a priori.
The anodic current densities for a bottom surface of
the first bipolar electrode (electrode 2) are shown on
Fig. 9. The shape of these curves is similar to that of
the anodic c.d. for the terminal electrode, see Fig. 5.

1.5

1.3

1.1

j/ Acm2

0.9 :
R A—

05 ! 1 1 1 t I - [

x/cm

Fig. 9. Dependence of the anodic local current density for the first
bipolar electrode (electrode 2) on the distance from the left bottom
edge in the x direction (in the interelectrode gap). The origin of
the coordinates is shifted to the point (x = 0,y = —~dg — dg). For
average current density and the notation of the curves, see Fig. 5.
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y/cm

Fig. 10. Dependence of the anodic local current density for the first
bipolar electrode (electrode 2) on the side wall of the anode on the
distance from the left bottom edge in the y direction. The origin of
the coordinates is shifted to the point (x =0,y = —dg — dg). For
average current density and the notation of the curves, see Fig. 5.

Figure 10 shows anodic c.d.’s on the sidewall of elec-
trode 2. The c.d. shows high values near the edge of
the anodic side of electrode 2. For the cathodic side
of the second bipolar electrode, see Fig. 11, a new
shape of the c.d. is present for dg = 10.8cm. The
local c.d. is very close to the average value of the
c.d. on the given electrode surface, with only a small
rise near the edge of the electrode. This type of c.d.
distribution is then present at all the other bipolar
electrodes with the exception of the last one. High
values of c.d. are also present near the edge on the
side walls of the bipolar electrodes. These small
effects are caused by the outer electric field due to
the passage of the bypass current through the down-
comer which interferes with the electric field due to

1.0 T T T T T T T T T T

N

(b) ()

-j/ Acm-2

04

0.2

x/cm

Fig. 11. Dependence of the cathodic local current density for the
second bipolar electrode (electrode 3) on the distance from the left
top edge in the x direction (in the interelectrode gap). The origin
of the coordinates is shifted to the point (x =0,y = —2dg — dg).
For average current density and the notation of the curves, see
Fig. 5.

the passage of the current through the bipolar
electrodes. .

Curves 2 and 3 on Fig. 11 indicate that, in those
cases some bypass current is still flowing out from
the second anodic plate into the downcomer.
However this effect is considerably smaller than for
the first cell created by the terminal anode and the
cathode of the first bipolar electrode.

The shapes of the curves on Figs 5, 6, 7 and 8 are
repeated for the opposite electrodes at the end of the
bipolar stack.

It was assumed, that the bottom surface of the
terminal cathode is also accessible for the current.
The difference between the level of the liquid alumi-
nium -in.the sump. and the bottom surface of the
cathode was-assumed to be 20cm, but this distance
varies with time.

Figures 4-11 show the effect of different thicknesses
of the bipolar electrodes and/or of different heights of
the free space. The decrease of the local current
densities near the edge for the first and last bipolar
electrodes (cathodic and anodic side, respectively)
and the shift of this decrease along the electrode
towards the central part of the stack when lowering
the height of the bipolar stack, explain the decrease
of the bypass current efficiency with decreasing
height, as seen in Fig. 3.

5. Summary

The possibility of the use of the simple Ishikawa and
Konda approach [30] or the approach according to
[14] with the introduction of fictitious cells, in both
cases, was confirmed by solution of the Laplace
equation for the Alcoa pilot plant bipolar cell stack.
The differences in the calculated bypass current
efficiencies, using both methods, were less than 1.3%
for all cases, when the thickness of bipolar plates
was greater than 2.54cm. :
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