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Abstract

A cylindrical alkaline cell is modeled as a binary electrolyte system by assuming the direct electrochemical formation of ZnO in the
anode. Justifications for replacing the dissolution—precipitation mechanism are provided. Compared to the original model, the binary
electrolyte model has a more understandable model formulation, more consistent physical property data, and greater flexibility in certain
instances. The binary electrolyte model predicts a longer cell life and higher operating voltage than the ternary electrolyte model for the
test case discharge rate. There are no numerical difficulties associated with the zincate ion in the binary electrolyte model, because this
species is not considered. The characteristics and advantages of the simplified anode behavior are discussed. An application of the binary
electrolyte model is included. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

The mathematical model presented by Podlaha and
Cheh [1,2] for a Zn/MnO, cylindrical alkaline cell has
been revised in two previous studies[3,4]. In the first study
[3], the initial cathode specific interfacial area was raised
to match the literature values for this quantity. More
appropriate data were used in the second study [4] to
develop a new correlation for the equilibrium zincate ion
concentration. Both investigations resulted in longer simu-
lated discharge times with respect to a base case design,
using a test discharge scheme. The revised cathode specific
interfacial area gives a much longer discharge time than
the base case design. The new equilibrium zincate ion
correlation leads to a dightly longer discharge time com-
pared to the base case design, although the effect of this
revision is much less than the change in the cathode
surface area.

Both analyses encountered numerical difficulties involv-
ing the zincate ion concentration as it approaches zero in a
localized region of the cell. Because the model uses con-
centrated ternary electrolyte theory, the mathematical for-
mulation leads to a logarithmic singularity when the
zincate ion is completely depleted anywhere in the cell.
Nonphysical voltage fluctuations result from this calcula
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tion. The model should have a smooth cell voltage transi-
tion as the zincate ion concentration approaches zero.
However, such a scheme is not available. A numerical
remedy has been developed [4], but it is not acceptable on
a physical basis because the ternary form of Ohm’'s law in
the electrolyte phase is replaced with a pseudo-binary
form.

It is instructive to consider modeling this system as a
binary electrolyte before employing other numerical proce-
dures to eliminate these problems. Chen and Cheh [5,6]
used concentrated binary electrolyte theory under two sce-
narios for the Zn/MnO, system. In the mixed-reaction
anode modéel [5], the anode is considered a ‘* black box'’,
and Zn is allowed to form solid ZnO and zincate ion in
paralel, but in different proportions set by an arbitrary
parameter. The electrolyte is modeled as a binary system.
A complete cell development is used with the dissolution—
precipitation anode model [6], where Zn forms zincate ion
through an oxidation reaction, prior to the chemica pre-
cipitation of ZnO. Only the anode is modeled as a ternary
electrolyte, since binary electrolyte theory is used in the
separator and cathode. The Zn/MnO, system has not been
described as a complete cell assembly using binary elec-
trolyte theory, considering only direct ZnO formation in
the anode. The zincate ion has aways been included when
formulating the tertiary current distribution case.

A binary electrolyte model for this system may provide
valuable information. The motivation is the success of
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simplified models [7—13] used with established mathemati-
cal models of porous electrodes in lithium battery systems
[14-16]. The goal of this study is to model the Zn/MnO,
system as a concentrated binary electrolyte. This model
may serve as a useful benchmark in addressing the effect
of the zincate ion. For primary, high-rate discharges the
binary model may replace the ternary model because the
adverse shape change effects upon secondary operation
[17-22], where the zincate ion is important, should not
limit the cell performance. Justifications for the rational
application of a binary electrolyte model for this system
are provided. An application of the binary model is shown
in order to demonstrate its utility in screening certain
model parameters, for a case where the ternary model has
numerical problems.

2. Justifications

A main problem of the ternary electrolyte model is the
complexity of the anode formulation, which is adapted
from Sunu [23], and Sunu and Bennion [19]. The equations
describing the mixed-control assumption of the zincate ion
mass transfer rate and the ZnO chemical precipitation rate
are difficult to understand. Also, the initial values of the
aqueous salt mass transfer coefficients and the chemical
rate constant for precipitation of ZnO constitute a large
number of arbitrary parameters. Chen and Cheh [5] used
less arbitrary parameters with the mixed-reaction anode
model. The main parameter describes the extent of direct
Zn conversion to ZnO, relative to the total Zn conversion.
For smulations of D-size cells, the cell voltage profiles
match the experimental data best when direct ZnO forma-
tion is about 80% of the total Zn conversion.

Ternary data for the KOH /K ,Zn(OH), (potassium zin-
cate) /H,0O system at high concentrations are lacking. The
ternary activity coefficients are estimated using Newman's
development [23,24], where data for K,Zn(OH), are re-
placed with values for potassium chromate [23]. The ex-
pressions are complicated and the coefficients vary by
several orders of magnitude with hydroxyl ion concentra-
tions encountered in normal simulations. However, much
experimental data are available for the binary KOH system
[1].

The mixed-control formulation in the precipitation anal-
ysis for the anode is not applied in the separator. Thisis an
oversimplification because the inert, porous solid in the
separator should provide nucleation sites, as do the solid
particles in the anode [25]. The rate constant for the
separator precipitation reaction is equivaent to the chemi-
cal rate constant for precipitation, because an effective rate
constant is not calculated. The rate constant for precipita-
tion in the separator is an order of magnitude larger than
the effective rate constant in the anode [4]. There is a bias
in the model for predicting a very large amount of precipi-
tation in the separator, especially near the anode/ separator

interface. Thus, the transport limitations ascribed to the
low porosity in the separator, due to precipitation of ZnO,
may be overstated.

The zincate ion concentration is coupled to the cell
polarization mainly through the ternary form of Ohm'’s law
in the electrolyte phase, in what are referred to as the
concentration overpotential terms, and also in the anode
electrochemical kinetics. There is small dependence on the
ionic concentrations and the local overpotential in the
Butler—Volmer expression for the transfer current in the
anode. This was observed in an earlier study [4]. The
reason for this small dependence is a large exchange
current density for the oxidation reaction of Zn to form
zincate ion. The transfer current in the anode is large and
nonuniform, but the polarization is small. The ternary form
of Ohm’s law in the electrolyte phase is thus the main
embodiment of ternary electrolyte theory in the model.
When a pseudo-binary form of Ohm’s law in the elec-
trolyte phase is used to eliminate the numerical problems
[4], neglecting the zincate ion concentration overpotential
has almost no effect on the operating voltage. A very low
transference number for the zincate ion indicates that the
current density contribution from this speciesis minor. It is
expected that the coupling between the cell polarization
and the zincate ion concentration is negligible, except in
the case of the numerical singularity.

It is now shown that the zincate ion can be neglected
because the precipitation of ZnO is very fast in comparison
to the diffusion of the zincate ion in the cell. For the
precipitation reaction, the appropriate time scae is the
half-life period [26]. Since first-order precipitation kinetics
are used in the model, the anode precipitation time scale,
t,a IS approximated by

tha= S0 /N2 (1)
S

and the separator precipitation time scale, t, , is estimated

from

ths= agkXln2 (2)

where &¢ isthe initial specific surface area for the precipi-
tation reaction in the anode, k? is the initial effective rate
constant for the ZnO precipitation reaction in the anode, a2
is the initial specific surface area for the precipitation
reaction in the separator, and k, is the chemica rate
constant for the ZnO precipitation reaction.

These quantities are compared with the time constants
for the diffusion of zincate ion in the anode and separator.
The time scale for diffusion of zincate ion in the anode,
tairr.a0 1S Qiven by [27]

(ra_ rac)z

(60)0.5 D,

a

(3

taitr,a =
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Table 1

Quantities used in justifying the binary electrolyte model
RO 0.2x 10~ mol /cm?® s[4]
Rbs 0.1x10~* mol /cm® s[4]
c? 6.95x 10~ * mol /cm?® [4]
Da 6.9%x107 ¢ cm? /s[1]

Mc 0.09 cm[1]

ra 0.43cm[1]

re 0.45 cm[1]

€ 0.74[1]

eSO 0.8[1]

al 50.0 cm™ 1 [1]

al 30.0cm~1[1]

k? 2.17x10* cm/s[4]

Ky 0.005 cm/s[1]

and the time scale for diffusion in the separator, ty , is
computed from

( s — ra)2
( ESO)O.S DA
where r, is the anode/ separator interface location, r,. is
the anode current collector location, €2 is the initial anode
porosity, D, is the diffusion coefficient of potassium
zincate, r, is the separator /cathode interface location, and
€ istheinitial separator porosity. Table 1 lists the values
needed to calculate the four time constants, for a base case
AA-size design [1-4].

For the anode, t,,=64.0 s and tg,,=19.7 X 10° s,
and the precipitation reaction is much faster than the
diffusion of zincate ion in this region. Similarly, t, = 4.62
s and ty s = 64.8 s, so that the diffusion time scale is at
least an order of magnitude larger than the precipitation
time scale in the separator. These values support the
assumption of fast ZnO precipitation that can be approxi-
mated by the direct electrochemical conversion of Zn to
ZnO. The cell discharge time is implicit in this anaysis.
With a discharge time on the order of 10° s for a high-rate
discharge of an AA-size cell with a 0.8-V cutoff voltage,

(4)

tdiff,s =

J10103[[0) JUALINY) apouy

diffusion on the length scale of an electrode is slow and
precipitation is rapid.

Damkohler numbers are generated based on the precipi-
tation reaction rates in the anode and separator. For the
anode, the Damkohler number, Da, is estimated with
[27,28]

RO(ra—Ta)’
p.a\'a ac

Da= ——e—— (5)
(€2) "Dact

and for the separator Da is calculated from

2
. Rg,s( rs— ra)
- 0.5
(&) Dact

where nga is a characteristic value of the precipitation rate
in the anode, c? is the initial zincate ion concentration, and
RS,S is a characteristic value of the precipitation rate in the
separator. Table 1 also lists the additional quantities for
use in these two calculations.

Theresultsare Da = 56.7 for the anode and Da = 0.933
for the separator. The precipitation rate is much larger than
the diffusion rate in the anode, and they are the same order
of magnitude in the separator. Da for the anode is more
important because this is the region where zincate ion is
produced by the electrochemical reaction. The value for
the anode also supports the validity of assuming the direct
electrochemical production of ZnO, rather than the dissolu-
tion—precipitation mechanism. The binary electrolyte
model is now presented.

Da (6)

3. Binary electrolyte model

The notation used with the binary electrolyte model
conforms to earlier studies dealing with the application
[29,30] and revision [3,4] of the original model [1]. The
schematic for a cylindrical akaline cell is given in Fig. 1.
The radia locations denote the important interfacial

J0}93[[0) JUBLIN) 3poY1e)
—

Fig. 1. Schematic for a cylindrical Zn/MnO, alkaline cell.
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boundaries of the cell. The cell height is L. Further details
of the system are available in Ref. [1].

3.1. Material balance in the electrolyte phase

For the binary KOH electrolyte, the general molar flux
of hydroxyl ion, N,, is given by [31,32]

N, = —Dge'®Vc, + t—2i2+c2v (7)
z,F

where c, is the hydroxyl ion concentration, Dy is the
diffusion coefficient of agueous KOH, e is the porosity, t,
is the transference number of hydroxyl ion with respect to
the volume average velocity, z, is the charge number of
the hydroxyl ion, i, isthe superficial current density in the
electrolyte phase, and v is the volume average velocity of
the electrolyte. The binary value of t, is given in Ref. [1].
The expression for Dy in the ternary model is based on
binary electrolyte data, so no ateration is needed. The
notation for e changes depending on the cell region as
follows: in the anode € = €, in the separator € = ¢, and in
the cathode € = €.

The major adjustment to the origina model is the
assumption of the direct oxidation of Zn to form ZnO in
the anode. There is no precipitation in the revised model.
The new anode reaction is

Zn+20H™— ZnO + H,0 + 2e". (8)

The hydroxyl ion stoichiometry is changed in the anode
and separator. The material balance in the anode is now
aeacz ja

=—-V-N,— — 9
at 2 F ©)
where j, is the transfer current or electrochemical reaction
rate in the anode. The material balance in the separator is
revised through

0€.C,
ot

where there is no source term because the precipitation
reaction is not considered. No revision of the origina
model is necessary for the hydroxyl ion material balance in
the cathode.

= —V-N, (10)

3.2. Ohm's law in the electrolyte phase

The general form of Ohm’s law in the electrolyte phase
for the binary KOH system is described by [31-33]

11y
Al (ool my R
v, RT nt
Gaaly B S —icz)Vln(chz) (12)
nNF v, Zv,g G

where 7 is the local overpotential, « is the electrolyte
conductivity, o is the effective matrix conductivity, | is

the cell current density vector, v, is the number of ions
that form when KOH dissociates, T isthe cell temperature,
n is the number of eectrons transferred in the arbitrary
reference electrode reaction, v,g is the number of hy-
droxyl ion molecules that can dissociate from KOH, ¢, is
the solvent concentration, and s is the stoichiometric
coefficient of species i in the arbitrary reference electrode
reaction. The mean molar activity coefficient of the KOH
electrolyteis given by fg. Theform for fg islisted in Ref.
[1]. The ternary model uses the binary form of Sunu [23]
for k, and it is not changed for the binary model. In the
separator, | and i, are related in such away that the terms
involving o cancel out. In the cathode, the same solid
solution terms present in Ref. [1] are retained, but they are
not shown here. In the anode, the reference electrode is the
same as the Zn electrode. A MnO, reference electrode is
used for the separator and cathode forms of Eg. (11).

3.3. Electrolyte convection

The expressions that are shown in Refs. [31,32] for the
volume average velocity in the electrolyte phase are ap-
plied to this system. For the anode, convection is deter-
mined by
aea v v ja
a_t+v'”:(2V9(t2_1)+V°)E (12)
where \, isthe partial molar volume of agueous KOH, and
V, is the partial molar volume of the solvent in the KOH
solution. Since there is no shape change in the separator
region, the governing equation becomes
V-v=0 (13)
For the cathode, the new form is
de; - — e
a—t+V-v=(Ve(t2—1) +vo)E

where . is the transfer current in the cathode. The values
for V, and V, are found in the original model, and the
form for j. is not changed.

(14)

3.4. Porosity variation

The anode porosity now varies according to

de _ _ i
a_ta = (VZn - VZHO)Z_T:

where V,,, is the partial molar volume of Zn, and V¢ is
the partial molar volume of ZnO, which are both listed in
the original model. The separator porosity is now constant
because there is no precipitation reaction, so that

e,=¢€ (16)

S S

(15)

where €2 isthe initial separator porosity from the original

model. There is no revision to the governing cathode
porosity equation.
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3.5. Electrochemical kinetics

A new expression for the anode electrochemical reac-
tion rate is needed. The expression for the cathode transfer
current is not changed. The form in the anode is chosen as
[32]

) ) C, 2 aF aF
a5 | el o) el -
2,ref

where a, is the specific interfacial areain the anode, i, is
the exchange current density evaluated at a reference
condition for the anode reaction, and «, and «. are the
transfer coefficients for the electrochemical reaction.

Two electrons are transferred in the anode reaction, and
a, and «a. are both chosen as 1.0. The use of two different
anode specific areas is discarded. The simpler specific area
function is retained because low polarization is expected in
the anode and the higher-end expression will suffice. The
a, expression has the following form [1]

1_€a)2/3

(17)

(18)

— .0
l—¢,

a,= ag(
where a2 is the initial specific surface area in the anode,
and € is the initial anode porosity. The base case a8
value is chosen as 50 cm™, and it is the same as the

origina model value. The value for i, is also the same as

in Ref. [1]. Elementary kinetics are assumed, and the form
for j, is similar to the expression of Fan [32] for the Cd
electrode discharge transfer current.

3.6. Initial and boundary conditions

With the exception of conditions involving the zincate
ion concentration, which is removed from the model, al
initial and boundary conditions are identical to those shown
in Ref. [1].

4. Results

The binary electrolyte model is solved using a pentadi-
agonal BAND(J) subroutine [24,34] with a modified nu-
merical linearization subroutine [33,35] and the Crank—
Nicolson method. The results for an AA-size base case
design that was used in earlier work with the Zn/MnO,
system [1,3,4,29,30] are used to present the new model
characteristics. The test discharge rate of 1.0 A and the
0.8-V cutoff voltage also conform to the previous studies.
All of the parameters that are not altered here are the same
values as in Ref. [1]. The revised value of the initia
cathode specific interfacial area[3] is used, with &% = 6.03
X 10* em™1.

1.40 | R m— T

TTTT

1.35

1.30 B

1.25

Ternary Electrolyte Model
(Base Case)
Binary Electrolyte Model

1.05

1.00

Closed Circuit Voltage, V
o

0.95

0.90

0.85

lIII|IIlIIlIII‘HIIIllIIIIIIIllllllllllllllllllll

0.80 ——

IIlllIIllIIIIIl!IIIllllllIl|I|[III|IIII|IIII|I[H|III11H[1

0.0

-
(6]
N
o

Time, h

Fig. 2. Cell voltage curves for the binary electrolyte model and the original model.
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Fig. 2 shows the cell voltage curve for the binary
electrolyte model compared with the ternary model or base
case curve. The base case ternary model is the most recent
revision without any correction for the ternary to binary
electrolyte transition voltage fluctuations [4], which are
visible in Fig. 2. The discharge time, t4, is longer for the
binary model and the operating voltage is higher than the
base case at all times. The discharge time for the base case
is 1.211 h. The binary model has t; = 1.489 h, which is
23% longer than the base case. There are no voltage
fluctuations with the binary model curve. The zincate ion
is responsible for these discrepancies in the ternary model
[3,4], but the absence of the zincate ion avoids these
numerical problems.

The transfer current profiles throughout the cell are
shown in Fig. 3. The reaction rate is large and nonuniform
in the anode, especially near the anode/separator inter-
face. At longer times, the transfer current in the anode
reaches maximum values greater than 3.5 A /cm®. This
number is significantly larger than the maximum base case
value. Near the anode/separator interface, j, increases
from the initial value. But the current distribution is more
uniform and lower than the initial value at this interface
for the base case at longer times [4]. This difference is
attributed to the larger specific area values used in the
expression for j,, and also hydroxyl ion concentration

profiles that do not decrease in the anode. The transfer
current throughout most of the anode is very small in
comparison to the values near the anode/separator inter-
face. The anode reaction is isolated to the interface with
little movement to the anode interior. The transfer current
profiles in the cathode are similar to the base case. The
cathode profiles do not warrant further discussion because
the cathode electrochemical kinetics have minimal cou-
pling to the zincate ion in the ternary model.

Fig. 4 displays the local overpotentia profiles through-
out the cell. The binary model predicts very low polariza-
tion in the anode. The base case n values in the anode are
close to 0.05 V at longer times, and this difference may
explain the higher operating voltages compared to the base
case. The low 1 values in the anode are due to the higher
anode specific area values and the larger, and nearly
constant, hydroxyl ion concentration profiles in the anode.
The influence of the anode specific surface area and the
hydroxyl ion concentration on n can also be seen in the
expression for j,. The anode profiles are uniform and close
to zero, which approximate the original assumption of a
“‘black box’" anode with no polarization [5]. However, the
binary model provides more detailed current distribution
information. The profiles for the separator and cathode are
similar to the base case, and no analysis is required
because the zincate ion does not have much influence on
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35—
3.0 — 1489 h
25—
20—
1.5 —
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0.5 —

5~OllllllllIl[lIlllllllllllilzlllIlfllllllllll
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20 Illllllllllllllllll'llll'llllilglllllllI|I|||I|Ill

0.0h . 1489h N
0.0h _|
0.0 L /
05—

1.489h

1.489h
0.0h -

0.09 0.15 0.21

026 032 038 044 049 055 061 066
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Fig. 3. Transfer current profiles calculated with the binary electrolyte model.
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Fig. 4. Local overpotential profiles calculated with the binary electrolyte model.
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Fig. 5. Hydroxyl ion concentration profiles calculated with the binary electrolyte model.
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Ohm’s law in the electrolyte phase in the base case model.
The influence of the hydroxyl ion concentration gradient
on the separator and cathode polarization cannot be ne-
glected in the same way.

Fig. 5 presents the hydroxyl ion concentration profiles
throughout the cell. The large concentration gradients re-
main in the cathode, but the most important characteristics
are the nearly uniform and constant profiles in the anode.
The concentration in the anode is close to the initial value
for the entire discharge. This is a large change from the
base case, where there is continuous depletion of hydroxyl
ion in the anode. The profiles are first explained by the
new anode stoichiometry that leads to an overall cell
balance with no hydroxyl ion depletion under equilibrium
conditions. Larger concentrations result. Near the
anode/separator interface, the flux of hydroxyl ion into
the anode, because of the large concentration gradient in
the cathode, is balanced by the large anodic transfer cur-
rent that consumes hydroxyl ion. The small transfer current
within the anode implies a low consumption rate of hy-
droxyl ion in the interior. Thus, the concentration in the
anode is nearly constant.

Fig. 6 displays the volume average velocity profiles
throughout the cell. At al times except for the start of
discharge, the profiles are relatively invariant. The velocity
profiles are similar in appearance to the ternary model

results, with the main differences occurring in the anode.
The binary model predicts much lower velocities in the
interior of the anode, away from the anode/separator
interface. The explanation for this is the removal of the
dissolution—precipitation mechanism. The maximum ve-
locity appears just to the right of the anode/separator
interface, and it is close in value to the maximum in the
base case model.

The convection analysis presented by Paxton and New-
man [36] for the nickel /metal hydride system is applied to
the binary model. The results are similar. The migration
flux is dominant and is about twice the maximum diffusion
flux based on the separator porosity, with the migration
flux on the order of 10~® mol /cm? s. The convection flux
based on the maximum velocity is on the order of 10~7
mol /cm? s. For various calculations of a total electrolytic
flux based on different porosity and concentration gradient
values, the convective flux is dways below 10% of the
total flux. This criterion was used by Paxton and Newman
to justify neglecting convection in the model. A future
binary electrolyte model can be simplified by ignoring the
convective effects.

The assumption of direct ZnO formation in the anode
with the binary model gives very different porosity profiles
when compared to the ternary model. Fig. 7 shows the
porosity profiles for the entire cell. The cathode profiles do

11—
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Fig. 6. Electrolyte velocity profiles calculated with the binary electrolyte model.
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Fig. 9. Zinc oxide volume fraction profiles in the anode, calculated with the binary electrolyte model.

not change with respect to the base case model, so they are
not discussed further. There is no precipitation in the
separator and the porosity is constant in this region. Thisis
contrasted with the e, value of less than 20% to the right
of the anode/separator interface in the base case model.
With the original dissolution—precipitation model, the an-
ode porosity near the anode/ separator interface increases
because of Zn oxidation to zincate ion. The binary elec-
trolyte model calculates direct ZnO formation at al loca
tions in the anode, and the porosity decreases near the
anode/ separator interface because the partial molar vol-
ume of ZnO is larger than the value for Zn.

Between 0.4 and 0.8 h, the porosity values near the
anode/separator interface remain constant because all of
the Zn at this location is reacted to form ZnO. This
corresponds to 100% utilization, which is not observed
with the ternary model. A minimum attainable porosity of
about 59% is achieved. An advantage of the binary model
is that there are well-defined limits on the porosity varia-
tion in the anode. The anode reaction dynamics are easier
to follow as aresult of this. The direct ZnO formation is a
less dramatic formulation because the porosity variations
are not as complex as with the dissolution—precipitation
mechanism. There is little porosity variation in the anode
interior because of the small penetration depth of the

electrochemical reaction. The Zn and ZnO volume fraction
profiles in the anode are shown in Figs. 8 and 9, respec-
tively. Figs. 8 and 9 conform to the overall porosity
CUrves.

An important feature in Figs. 7-9 is the relation to the
anodic transfer current profiles, which are nearly constant
after the start of discharge. There is no reaction front that
moves through the anode towards the anode current collec-
tor. The volume fraction profiles do not represent a front-
like reaction trend. Instead, they reflect the consumption
behavior and product formation characteristics of a posi-
tion-dependent but time-independent el ectrochemical reac-
tion rate in this region. The Zn utilization is minimal to the

Table 2

Quantities used in the current distribution analysis
a, anode 10

a, anode 10

i, anode 0.06 A /cm? [1]

L 4.15cm[1]

TO 298.15K [1]

| 10A

K° 06 Q™ cm™1[30]
o0 230%x10* Q"' em™?
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Table 3
Results from the binary electrolyte model application
al(em™bH v? ty () fy
1.0 1.430 1.283 0.500
10.0 14.30 1.444 0.563
50.0 71.52 1.489 0.580
100.0 143.0 1.494 0.582
1000.0 1.430x 10° 1.478 0.575
1.0x 10* 1.430% 10* 1.456 0.567

left of the radial location where j, tapers off. This is
depicted in Figs. 7-9.

5. Model application

The origina ternary model is highly sensitive to se-
lected values of a2, the initial specific interfacial area in
the anode. Raising this value above the original model
value also causes simulated zincate ion depletion, and thus
voltage fluctuations, in the ternary model. A range of a8
values from 1.0 to 1000.0 cm™! is too broad for the
ternary model to handle without numerical problems. The
binary model is used here to screen different a2 values
without the possibility of zincate ion effects.

140 7T T

A current distribution analysis [5,16,37] is performed
for the anode with respect to a’. The three important
parameters are a dimensionless cell current

a FI(r,—r 1
= : (ra +?C) s o (19)
RT°27T( x ) (e)” %
a dimensionless exchange current density
. 2
b2 = (aa+ac)Fag|0(ra_rac) 1 _’_i
RTO Ko(eao)l.S a.aO
(20)

and the ratio of the effective matrix conductivity to the
effective electrolyte conductivity

0
Oa

o vl (21)
k(&)

'y=

where | is the cell current, and o is the initial effective

matrix conductivity in the anode. When either 6 or 2 is
much larger that unity, the reaction distribution in the
anode is nonuniform. If vy is much greater than unity, the
reaction is skewed towards the anode/separator interface.
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Fig. 10. Cell voltage curves from the binary electrolyte model application.
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Table 2 lists the values needed in calculating the three
parameters, where Table 1 gives the base case &l value.
Only »? varies with a2. The other two parameter values
are fixed, with 8 =5.09 and y = 6.03 X 10*. The § vaue
is not conclusive, but y is extremely large and the anode
reaction rate is largest near the anode/ separator interface.
Simulations are performed with the binary electrolyte
model for various a2 values, with the »? values and
discharge times listed in Table 3. Values of f,, the depth
of discharge at the cell cutoff voltage, are also shown.

For the base case with a2=50 cm™?, »?=715 and
the transfer current is highly nonuniform and maximized
near the anode/separator interface. This is supported by
Fig. 3. As & isincreased, v? increases, and the transfer
current should become more nonuniform. Fig. 10 shows
the cell voltage curves for the a2 valuesin Table 3, except
for the a2=50 cm™* and a%=1.0x 10* cm™! simula-
tions. The operating voltage and discharge time rise largely
when a2 is increased from 1.0 to 10.0 cm™*. Between
10.0 and 100.0 cm™ %, the cell life increase is less notice-
able. Above a=100.0 cm™*, the discharge time de-
creases from the maximum achieved with a%=100.0
cm™ . The maximum depth of discharge is close to 60%.

The binary electrolyte model predicts very low anode
polarization with the base case a2 value. Raising a2 above
the base case value does not have a large performance
effect because the relative decrease in the total anode
overpotential is small, at the expense of a highly nonuni-
form reaction rate in the anode. Thus, the cdl life begins
to decrease when & is too large. The results presented
here are useful because the effect of a2 changes in the
ternary model is also expected to be small. However, the
ternary mode! is too sensitive with respect to a2 to show
this behavior. The binary electrolyte model is flexible
enough to prove that a2 should not be a crucial parameter
for normal ranges in value.

6. Conclusions

This study demonstrates the successful revision of a cell
model based on a physical anaysis, so that numerical
discrepancies can be removed while observing more con-
sistent discharge phenomena. The binary electrolyte model
is useful for a number of reasons. Most importantly, there
are no numerical problems associated with the zincate ion.
Also, the physical property data for the binary system are
more cohesive. The assumption of a binary system is made
plausible by physical arguments based on the precipitation
of ZnO, and because of the limitations of the ternary
model. The anode behavior is simplified. This is more
rational because of the low voltage drop in this region. The
simulated results are a higher operating voltage and longer
cell life for the test discharge rate. The reaction distribu-
tion and overpotential profiles in the anode maintain the
same characteristics from the original model. The porosity

variation is less complex in the anode and separator, and
the full utilization of Zn near the anode/separator inter-
face is calculated. This is contrasted with the volume
fraction profiles predicted by the dissolution—precipitation
mechanism. A model application shows the flexibility of
the binary model when it is used in the screening of
parameters that cause numerical difficultieswith the ternary
model.

7. List of symbols

a, Specific interfacial area in the anode (cm™*)

a, Specific interfacial area in the cathode (cm™*)

a, Specific interfacia area in the separator (cm™1)

C Concentration of species i (mol /cm®)

Ci. Reference concentration of species i (mol /cm?®)

D, Diffusion coefficient of agueous salt i (cm?/s)

Da Damkohler number

fg Mean molar activity coefficient of the KOH elec-
trolyte

fy Depth of discharge at the cell cutoff voltage

F Faraday’s constant (96,487 C/mol)

I Cell current density vector (A /cm?)

I Cedll current (A)

io Anode exchange current density at a reference
condition (A /cm?)

is Superficial current density in the solution phase
(A /cm?)

ja Transfer current in the anode (A /cm?)

Je Transfer current in the cathode (A /cm?®)

K Dissolution or precipitation rate constant for the
ZnO precipitation reaction in the anode (cm/s)

Kk, Chemical rate constant for the dissolution or pre-

cipitation of ZnO (cm/s)

L Cell height (cm)

n Number of electrons transferred in the reference
electrode reaction

N, Molar flux of hydroxyl ion (mol /cm? s)

r; Current collector location i, or €lectrode/separator
interface location i (cm)

R Universal gas constant (8.3143 J/mol K)

Rpa  Intrinsic precipitation rate in the anode (mol /cm?®
s)

Rps Intrinsic precipitation rate in the separator
(mol /cm? )

S Stoichiometric coefficient of species i in the refer-
ence electrode reaction

t Time (s)

t Discharge time to reach the cutoff voltage (h)

tyra Time scale for zincate ion diffusion in the anode
(s

tyirs  Time scale for zincate ion diffusion in the separa-
tor (s)

t Time scale for precipitation in the anode (s)

Time scale for precipitation in the separator (s)
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t, Hydroxyl ion transference number with respect to
the volume average velocity
T Cell temperature (K)

v Volume average velocity in the electrolyte (cm/s)

V. Partial molar volume of species i (cm®/mol)

z, Hydroxyl ion charge number

Greek

a, Anodic transfer coefficient for the anode electro-
chemical reaction

a, Cathodic transfer coefficient for the anode electro-
chemical reaction

0 Ratio of matrix to electrolyte effective electrica
conductivities in the anode

) Dimensionless cell current using anode parameters

€ Porosity

€ Porosity of region i, or solid volume fraction of
Species i

M Loca overpotential (V)

K Electrolyte conductivity (™! cm™1)

v Square root of the dimensionless exchange current
density in the anode

v, Number of ions that can dissociate from the binary
aqueous salt

Vi Number of ions of species i contained in one

molecule of salt j
o Effective matrix conductivity (= cm™1)
Anode effective matrix conductivity (! cm™1)

Main subscripts

A Potassium zincate

B Potassium hydroxide

0 Solvent (water)

1 Zincate ion

2 Hydroxyl ion

Superscripts

0 Initial condition or characteristic value
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