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C*,,  velocity-averaged concentration near the anode,

_ mol/cm?

C*, velocity-averaged concentration near the cathode,
mol/em®

E.n operating potential of reactor, V

i total current density, A/cm?

L reactor length, cm

n number of components

Ny Macmullin number

qa volumetric flow rate through anode side, em?/s
qc volumetric flow rate through cathode side, cm?s
Sa distance from anode surface to separator, cm

Sc distance frorh cathode surface to separator, cm

Sg distance across separator, cm
t time, s
T reactor temperature, K

U, potential at anode, V

U. potential at cathode, V

Vea  volume of storage tank on anode side, cm?
Vic  volume of storage tank on cathode side, cm?

U, average velocity through anode side, cm/s

Ve average velocity through cathode side, cm/s

B area ratio for porous electrode, A /A

da diffusion layer thickness near anode, cm

8¢ diffusion layer thickness near cathode, cm

m ratio of residence times, cathodic side/anodic side
(see Eq. [4])

T dimensionless time (see Eq. [3])

by electrolyte potential at anode surface, V

b electrolyte potential at cathode surface, V

o electrolyte potential at interface between diffusion
region and perfectly mixed region on anode side, V

&y electrolyte potential at separator on anode side, V

b3 electrolyte potential at separator on cathode side, V

Technical Notes

J. Electrochem. Soc., Vol. 137, No. 6, June 1990 © The Electrochemical Society, Inc.

by electrolyte potential at interface between diffusion
region and perfectly mixed region on cathode side,

Ad voltage drop through electrolyte and separator, V
€c current efficiency (6)
€7 total efficiency (6)
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Three-Dimensional Current Distributions in a Bipolar,
Chlor-Alkali Membrane Cell

R. E. White* and F. Jagush**
Department of Chemical Engineering, Texas A&M University, College Station, Texas 77843-3122
H. S. Burney™*
Dow Chemical U.S.A., Texas Applied Science Laboratories, Freeport, Texas 77541

The current distributions in a stack of bipolar, mem-
brane chlor-alkali cells are important design considera-
tions (1). The degree of nonuniformity of the current distri-
bution is important to know because highly nonuniform
current distributions could cause, among other things, se-
vere damage to the membrane in a cell stack (2).

Recently, Dimpault-Darcy and White (3) used a com-
puter program named TOPAZ2D (4), which is based on the
finite element technique, to predict the two-dimensional
current and potential distributions in a bipolar plate elec-
trolyzer. In that paper they stated that TOPAZ3D (5) could
be used to predict current and potential distributions for
three spatial coordinates, but they did not present any re-
sults.

The finite element method has also been used by others
(6-12) to predict current and potential distributions. How-
ever, most of these investigators used two spatial coordi-
nates in their work. They used a two-dimensional method
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to predict current and potential distributions in chlorine
cells (6, 7), electroplating cells (8-10), and corrosion pro-
cesses (11, 12). Morris and Smyrl (12) did use three spatial
coordinates in some of their work, but they did not con-
sider the spatial dependence of the specific conductivities,
as done here. The purpose of this paper is to present the
current distributions obtained by using TOPAZ3D for a
three-dimensional section of bipolar, membrane chlor-
alkali cell which includes portions that have spatial-de-
pendent specific conductivities.

Figure 1 is a schematic of the section of a bipolar mem-
brane cell (see Ref. (1) and (13) for a description of the cell)
considered here. As shown in Fig. 1, a set current enters
the anode from the boss portion of an anode/cathode ele-
ment of the stack, passes through the various regions of
the cell, and leaves through the boss portion of the next
anode/cathode element. Only one guarter of a boss and the
associated cell components are considered because of the
symmetry of the components in the middle of the cell.
Even though the results presented below do not apply to
sections of the cell near the edge of the stack, the tech-
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Fig. 1. Schematic of a cell section (not to scale)

nique could be used to study those sections, if desired. The
number and placement of the bosses (or gophers as they
are sometimes called) affects significantly the current dis-
tribution in the cells; however, this is not considered in
this paper.

It is not shown in Fig. 1, but the anodes and cathodes
used in these cells are made of expanded metal. Conse-
quently, the effective conductivity of each electrode de-
pends on direction. This complexity was included in the
model of the cell.

Method

Steady-state three-dimensional current and potential
distributions in electrolysis cells can be predicted by using
the heat transfer code called TOPAZ3D (5). The procedure
for this consists of casting the charge transfer problem into
a form suitable for solution by using the heat transfer pro-
gram. This can be done by recognizing that charge is con-
served in the region of interest and writing the appropriate
equations to describe this. Charge will be conserved in a
region Q if the divergence of the current density in that re-
gion is zero

V-i=01in O [1]

where i is given by Ohm’s law.

i a4 ( P . P N acp) (2]
1=yt iyt i = — | ke— — + k,
¥ Y g ¥ ax Kyay 0z

Substitution of Eq.[2] into Eq.[1] yields the governing
equation for the potential ® at steady-state conditions

0 P d P 3 0P .
— A kg— )+ —xy— | + — |k, =0 in O [3]
file ox oy oy [ 9z

Fig. 2. Current distribution in the x direction on the back side of the
anode.
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On a surface segment I'; of the solid Q, it is assumed here
that charge transfer can be represented by

ad ad b .
Ky—— Ny T Ky—— Ny + kK,—— N, = ig; on [ {4]
ax Y az

where i ; is the current density in A/cm? and is determined
by dividing the set current that passes through I'; by the
projected area of that surface segment. Insulated surfaces
(or surfaces of symmetry) are handled by setting i; equal
to zero.

TOPAZ3D can be used to determine ®(x, y, z) and then ¢
by using the dimensionless temperature option. This se-
lection means that the dependent variable in TOPAZ3D
must be dimensionless. Consequently, it is necessary to
make ® dimensionless. One way to do this is to define a
reference potential ®,.; and use it to make ® dimensionless

4) = @/ <I)ref [5]
Substitution of Eq. [5] into Eq. [3] and [4] yields

] ] a a ] 9
2 <Kx_£> s (Ky_i) 2 (KZ_"’) ~0inQ [6]
ox ox oy Yy 0z 9z
and

5l
—i) n,= is,i/ q)ref on I 1 [4]

Results and Discussion

Values for ¢ can be found by using TOPAZ3D after spec-
ifying the geometry and surfaces of the region Q and se-
lecting values for k., ky, k;, is; and @ If the region Q con-
sists of several different parts, the values for the specific
conductivities for each region must be specified. This can
be done easily by utilizing INGRID (14) to prepare the fi-
nite element grid for all of the parts of the cell section
shown in Fig. 1.

Figures 2 and 3 show the current distributions of the
back side and front side of the anode, respectively, which
were obtained by using input values appropriate for the
cell segment shown in Fig. 1. For example, the anode con-
sidered here was of the expanded metal DSA® type. To ac-
count for this in the model, values for the specific con-
ductivities in the x, y, and z directions were set at follows:
k=103 X100 em™, k,=126%x10'Q'em™, and
k; = 1.98 x 10 Q! cm™'. The other input values used for
the case presented here are available from the authors
upon request. As can be seen by comparison of Fig. 2 and
3, the nonuniform current density distribution on the back
side of the anode becomes relatively uniform on the front
side. This is due to the highly conductive material used as
the anode. Similar plots (not presented here) show that the
current density distribution through the membrane is es-
sentially uniform for this cell configuration and current

Fig. 3. Current distribution in the x direction on the front side of the
anode.
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density; and, consequently, should prevent overheating or
blistering of the membrane and damage to the membrane
due to nonuniform current distributions and impurities.

Summary

TOPAZ3D (5) can be used to determine current density
distributions in electrolysis cells as demonstrated for a
section of a bipolar, chlor-alkali membrane cell. The cur-
rent density for the electrolysis cell considered here was
about 0.62 A/cm?. The resulting current density in a typical
boss portion of the cell was about 25 A/cm?® However, be-
cause of the highly conductive electrodes used in the cell,
the current density distribution through the membrane
portion of the cell was found to be essentially uniform.
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LIST OF SYMBOLS
i current density vector, A/cm?
isi current density on surface segment i, A/cm?®
Ny, Ny, 1,  dimensionless directional cosines
x, Yy, and z coordinates in cm
Greek
Kz Ky &, Specific conductivities, Q7' em™
potential, V
Dper reference potential (¢, = 1V here), V
b dimensionless potential
Q region of interest
T; surface segment i on £}
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Current density distribution is an important considera-
tion for those involved in designing electrochemical sys-
tems and electroplating systems in particular. Although it
is important, the common practice in industry is to use
trial and error to determine designs that optimize current
density distributions in electroplating. The purpose of this
paper is to illustrate the use of the finite element method
(FEM) to predict three-dimensional current density distri-
butions.

Two-dimensional FEM has been used successfully in
modeling corrosion systems (1-8), electrolyzers (9), and
three-phase cells (10, 11). Alkire, Bergh, and Sani (12) were
among the first to apply the finite element method to elec-
trochemical potential distribution problems. They studied
the shape changes in electrodes during electrodeposition.
The system studied was composed of a cathode made with
parallel metal strips separated by an insulator and an
anode at a fixed distance. Transient analysis using the
FEM provided a time history of cathode shape during dep-
osition. Finite element results agreed to within 2-5% of the
analytical solutions. Micromechanics of multilayer printed
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wiring boards have also been studied using the FEM. Lee
et al. (13) studied the thermomechanical strain in printed
wiring boards. They constructed a finite element model for
both plated through-holes and buried via structures to cal-
culate the stresses in the copper barrel and at the via junc-
tions.

An illustrative example of the use of the FEM in electro-
plating is given by Matlosz et al. (14). In their paper they
compared the finite element solution of current densities
in a Hull cell to those obtained experimentally and
through the boundary element method (BEM). The Hull
cell is used commonly for visual measurement of the qual-
ity of electrochemical solutions (15). Most plating solutions
are tested using a current of 2A and a plating time of
10 min (16). The slanted cathode used in this cell allows for
a range of current densities, and how much of it is covered
with deposit will depend on the quality of the solution.

TOPAZ2D (17) and TOPAZ3D (18) are finite element
codes designed specifically for heat transfer problems.
White et al. (19) used TOPAZ3D to predict current and po-
tential distributions in a bipolar chlor-alkali membrane
cell. They also present an example of the use of INGRID
(20), a program that serves as preprocessor to TOPAZ3D.
Topaz programs have a feature that most other finite ele-
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