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Abstract

A method is presented to analyze the performance of a cylindricdl Zn-MnO, akaline cell with parameter randomness and
uncertainties. Two kinds of parameters are recognized with different random and uncertain characteristics. These are parameters with
randomness such as the particle size, and parameters with uncertainties such as kinetic and transport coefficients. A sampling procedure
based on a differential-algebraic equation model of the alkaline cell is developed to simulate a cell’s statistical performance. A numerical
example is illustrated with an AA-size cell under a 1 A constant current discharge. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

A systematic study on the modeling of cylindrical alkaline cells has been conducted in our laboratory over the past
decade. Mak et al. [1] assumed a quasi-equilibrium process for the cathodic reduction of manganese dioxide in their analysis
of the cell behavior under different loads. Satisfactory results were obtained at low rates of discharge. By using the same
approach as that of Euler and Nonnenmacher [2], linear kinetics was adopted by Mak et al. [3] to calculate the secondary
current distribution in a cylindrical cell geometry. Dimensionless geometric, ohmic and kinetic parameters that controlled
the uniformity of current distribution were identified and their effects were calculated quantitatively. A similar analysis
based on Butler—Volmer kinetics was performed by Chen and Cheh [4].

When an alkaline cell is being discharged, hydroxide ion is generated in the cathode and consumed in the anode. At high
rates of discharge, a high concentration gradient of the hydroxide ion results within the cell and mass transport becomes a
critical factor in governing the performance of an alkaline cell. Chen and Cheh [4,5] included mass transport in their model.
To include the complex nature of the anode reaction, two anode reaction models were developed; a mixed reaction model
which partitioned the anode reaction to either zinc oxidation to form zincate ion or to form solid zinc oxide, and a
dissolution—precipitation reaction model which considered the dissolution of zinc to form zincate ion with a subsequent
precipitation to form zinc oxide. Both reaction models fitted satisfactorily the experimental discharge results although the
dissolution—precipitation reaction model was physically more realistic.

Podlaha and Cheh [6,7] applied Chen and Cheh’s model to study cell behavior under both high rates of discharge and
under various discharge modes. An important addition of Podlaha and Cheh's analysis [7] was a parameter sensitivity study.
By varying one parameter at a time, the effects of four parameters were evaluated.

It is important to note that the majority of the numerical analyses of cell models has been based on the macro-homoge-
neous theory of porous electrode, utilizing Newman's BAND(J)-type solution technique [8—10]. A more efficient method is
the method of lines (MOL) [11]. The typical MOL approach is to discretize the spatial derivatives by finite differences,
thereby converting the alkaline cell model to a combination of differential and algebraic equations (DAE) [12]. This
approach greatly reduces the magnitude of the problem with much improved accuracy in computation. By calculating the
sensitivity coefficients of system variables in terms of the cell parameters and initial conditions with the DAE description,
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Zhang and Cheh [13] accounted quantitatively the relative importance of these parameters and conditions on the cell
performance.

To the best of our knowledge, all cell models in the literature which are based on the macro-homogenous porous
electrode theory have assumed deterministic cell conditions. In reality, it happens often that many of the cell parameters
possess significant randomness and uncertainties. These randomness and uncertainties arise from manufacturing processes
and from inaccuracies in parameter measurements under various conditions [14]. While some parameters lead mainly to
variations in real life cell performance, other parameters contribute to variations in the model prediction of cell
performance. For instance, the initial cathode porosity may be nonuniform due to the compaction of cathode pellets. The
value of the proton diffusivity reported in the literature [15,16] can be different upto several orders of magnitude. Therefore,
it is important to have a quantitative evaluation on the effect of parameter randomness and uncertainties on cell model
predictions. In this paper, we present a method that predicts the statistical variation of cell performance. A brief summary of
our akaline cell model is given in Appendix A.

2. Cell modeling under parametric randomness and uncertainties

Parameter randomness and uncertainty, in most cases, can be expressed in terms of probabilistic distributions, such as the
normal and uniform distribution functions [17]. The probability distribution function defines a range of values and the
likelihood of occurrences of each value within the range.

A parameter in the akaline cell model may have a random value due to uncontrollable manufacturing processes. For
example, in all previous akaline cell models, initial porosities have been considered to be constants in different regions of
the cell; the anode, the separator, and the cathode. In reality, these porosities may have variations in both the axial and
radial directions in each region. Although it is reasonable to expect that the porosity change during discharge may be
random also, we only consider here the initial randomness. With this assumption, a random cell performance can be
captured without much loss of accuracy, while avoiding the complexity of adopting a purely stochastic model. Similarly, a
parameter may be uncertain when it is estimated or measured experimentally. This uncertainty impacts the confidence level
of the model prediction. For both the parameter randomness and uncertainties, a probabilistic distribution function can be
used to describe the statistical nature of the parameter. Therefore, the goa of this investigation is to add a stochastic
modeling capability for random and uncertainties analysis for the alkaline cell model that has been expressed in a DAE
structure [12]. In order to illustrate our revision of the deterministic model, probability distributions were adopted for
physical and geometrical parameters, initial conditions, and an operational parameter (Appendix B). Statistical calculations
were then performed on system variables (Appendix C).

The DAE form of the alkaline cell model [6] (Appendix A) can be written as follows [12],

2, = f(zl!ZZ'p'O( Zl-zz))- z)(ty) =z

1
0=A2-9(2.2,p.0(2.2)) )
and
z,=N(2,,2,,p,0(2,2,)) (2)
where:
5= (COH’(i)izl,NASCvCZn(OH);Z(i)izl,NASC' e(1)i=1nascr €zn(1)i=1nas Fo(1)i=1ne: XMnoz(i)izl,Nc)
Zz=(iz(i)izl,NAsc_a’fl(i)izl,NAsc!U'(i)izl,NAsc) _ _ _
Z3= (EceII'CHZO(I)i:l,NASC- ezn0(1)i=1na s (1) i=1nes N+ (1) i=1nascs Now-(1)i=1nascH

NZn(OH);Z( i )i= 1,NASC NHZO( [ )i= 1,NASC

p= (\_/Zn'\_/ZnO’vHZO'\_/MnOOH ,\7Mn02, ConStamS)

0= (DKOH , DKZ(OH);Z! Kkon s KKZ(OH);Za Ke, Kk, 0, ‘9gn! ‘QZOHN 1 g Xﬁnnoza ton-» tin(OH);zv g, g, Legy,s
le. o lss I, Parametersthat can be at random or with uncertainty )
A = the coefficient matrix after spatial discretization on i,, n, and v"
NA = the number of mesh points for the anode
NS = the number of mesh points for the separator
NC = the number of mesh poaints for the cathode
NASC = NA + NS+ NC, the total number of the mesh points in the radial geometry of the cell
The system variables that appeared in Egs. (1) and (2) are grouped into three categories: z; are system variables

containing time derivatives, z, are system variables determined by algebraic equations only, and z; are system variables
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calculated after Egs. (1) and (2) are solved. p represent parameters with constant values, and 6 are cell parameters with
randomness or uncertainties. For each 6, € 6, it is described by a probability distribution function, 6, = R,(a,,b,), or
0, = Ry(py, o), where R (a,b,) is the uniform distribution over interva (a,,b,), and Ry(w,,o,) is the norma
distribution with a mean u, and a standard deviation o,. Obvioudly, a parameter may belong to either p or 6, depending
on how much is the uncertainty of the parameter and on what impact one may expect from the parameter on the cell
performance.
To solve the DAE form of the cell model with parameters defined by distribution functions, a typical procedure is as
follows.
1. Specify the uncertainties in select input parameters in terms of probability distributions, such as a normal or uniform
distribution.
2. Sample the distribution function defined for each parameter based on whether it is time varying or not. If the parameter
is time varying, another sub-sampling procedure at each time step is required until the cell cutoff potential is reached.
3. Calculate the effect of randomness or uncertainties during cell discharge.
4. Apply graphical and statistical techniques to analyze the results.

2.1. Sampling and statistical quantities

The above procedure is a Monte Carlo simulation [18]. While system variables, parameters, and initial conditions are
composed of random subsystems that are defined by probability distribution functions, the cell performance is propagated
based on the cell model from samplings on each subsystem.

A random value (sample) from a uniform distribution over the interval (a,b) can be obtained from a uniform variate R
over the interva (0,1) using the following transformation, Y = (b — a)R, + a. In asimilar fashion, a random sample for the
normal distribution with a mean w and a standard deviation o is obtained, Y=o R + u, where Ry is a random value
from a normal distribution with parameter u =0, and o= 1.

Because the cell simulation now involves random values, the results are subject to statistical fluctuations. Thus, the cell
performance predicted will not be exact but will have an associated error band. The larger the number of samplings in the
simulation, the more precise is the knowledge one acquires about the overal cell performance.

We proceed with choosing N as the sampling number to simulate the statistical cell performance. This means that each
parameter with randomness or uncertainty is sampled N times. By propagating a solution of the cell model based on these
samplings, each system variable will also present certain statistical characteristics that can be described by, for example, a
normal distribution. The evaluation of the confidence interval on the mean of any variable at different times enables one to
estimate its precision under a particular sampling size.

Assuming that a variable x (output) obeys a normal distribution, the estimated mean of the variable a(t,r) along the
radial position within the cell can be calculated by taking the average of all solutions at a particular time t based on all N
samplings. Accordingly, the standard deviation can be estimated by s(t,r). The precision of the normal distribution
parameter, the mean of the variable u(t,r), can then be determined by,

s(t,r)
pr(t,r) =%(t,r) £ (toL no1) —F— /N (3

where, X(t,r) and s(t,r) are obtained from the simulation based on N samplings, and the (t. \_,) is the confidence level
with values such as 0.90, 0.95, and 0.99. To calculate the relative precision factor over time for a particular variable, the
following formula may be adopted,

N
S(t.r)
rel(r)_(tCL N 1) ll\l[ (4)
Z X(t;,r)l

where | is the index for the system variables, and N, is the total number of time steps. A relative precision factor is the
estimated relative error in a statistical prediction. Correspondingly, the overall relative precision factor over time and cell
geometry can be computed by,

N,
X R(n)
b= S (5
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where N, is the total number of mesh points in the radial geometry. Since our cell model involves multiple variables as
functions of both the cell geometry and time, we need a universal measure to characterize the average overall precision from
the statistical analysis on al the system variables,

N
W
~ =1
I-Lﬁlzdd = N (6)

where N, is the total number of system variables.
2.2. Random and uncertainty parameters

In the alkaline cell model, we have identified the two following types of random and uncertain parameters,

1. Random parameters with uncertainties (the first kind), e.g., initial conditions, geometrical parameters and the operational
condition such as initial porosities, the radius of anode and the discharge current, etc. (Gaussian distribution),

2. Deterministic parameters with uncertainties (the second kind), e.g., physica parameters such as diffusivities and
transference number, etc. (uniform distribution).

Fig. 1 shows a schematic procedure for our calculations. Before a simulation, all parameters were assigned with
appropriate distribution functions. For parameters of the first kind, initial sampling was made on its mean. Instead of
applying this mean universaly for the whole domain of the cell, a further sampling was made to obtain a random profile.
Parameters of the second kind were sampled once in each simulation because they bore only uncertainties. In general,
several hundred samples on selected variables were needed since there were 15 physical parameters, five geometrical
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parameters, one operational parameter, and six initial conditions that were chosen for our analysis. A list of parameters and
initial conditions is given in Appendix B.

3. Results and discussion

To illustrate the application of random and uncertainties analysis, the performance of an AA-size akaline cell was
simulated under parameter randomness and uncertainties at a 1 A constant current discharge.

The 15 physical parameters listed in Appendix B for the simulation were described by uniform distributions. The
nominal value for each parameter [6] was taken as the median of the distribution. The uncertainty in the parameter is given
either according to the confidence level, or by assumption. In the simulation, al parameters were assumed to have a 10%
uncertainty, except for the following parameters: the threshold of precipitation, the diffusivity of K,Zn(OH),, and the
diffusivity of H* within MnO, particles with 5%, 50%, and 50% uncertainties, respectively.

The six initial conditions listed in Appendix B were described by normal distributions where the means were determined
by their nominal values[6], and the standard deviations were 10~* mol /cm? for the initial concentrations, 5 x 10~ 2 for the
initial porosities, and 5 x 10~° cm for the initial radii of MnO, particles.

The five geometrical parameters listed in Appendix B were also considered to have uncertainties. They were assumed to
obey normal distributions, for which the means were given by their nominal values [6], and standard deviations were
assumed to be 10~* cm for al the cell radii, and 10~2 cm for the effective cell length. It was expected that in practical
systems, the variations of these parameters were low as compared with other parameters.

Since the discharge current, |, could not be held totally constant during discharge, it was assumed to have a hormal
distribution with a mean of 1 A, and a standard deviation of 0.05 A. In any event, if one should decide that the discharge is
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Fig. 4.
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under perfect control, it is always possible to remove it from the 6 list and put it into the p list. This same approach can be
applied to all other parameters.

A statistical simulation based on the above setup of the parameters and the initial conditions was performed on the 17
system variables summarized in Appendix C. Fig. 2 shows a range of the change in the closed-circuit potential (CCP) after
200 samplings. The middle curve represents the solution under the nominal cell conditions solved by the deterministic
model. The upper and lower curves represent the maximum and minimum cell performances predicted by the statistical
model. Statistically, it was seen that the deterministic model predicted a median of the overall cell performance. Fig. 3
shows statistically the average cell performance (Eq. (3)) and its precision factor aSL.(t) (Eq. (4)) with 200 samplings.
According to Eg. (5), the overall relative average precision factor ., is 0.51% with a confidence level at 95%. The results
are significant in two ways. First, it provides information on the accuracy of the prediction by the deterministic cell model.
Second and possibly more important, it explains the difference in cell performance from manufacturing processes. In fact,
the average statistical cell performance under a constant 1 A discharge in Fig. 3 shows the better prediction using the
statistical model than that using the deterministic model [6,12]. In this case, the deterministic model overpredicts the cell
performance by 10% to 15%.

We have computed the statistical variation of all system variables. For example, Figs. 4 and 5 show the results on the
usage of active materials within the cell, the variation of the mole fraction of MnO, in the cathode solid mix and the
volume fraction of Zn in the anode upon discharge. The relative average precisions (Eq. (5)) for both species have been
calculated to be 0.33%, and 2.98%, respectively. The overall relative average precision factor, /e ., (Eq. (6)), for al 17
system variables with 200 samples is found to be 1.39% with a confidence level of 95%.

4, Conclusions

A satistical analysis based on the DAE form of the cell model has been conducted to deal with randomness and
uncertainties in system variables and parameters. By defining statistical functions on each of the variables and parameters, a
sampling procedure is established.

The analysis based on the statistical method enables us to verify results from the deterministic cell model. It also helps us
to identify a realistic range of cell performances. The results of this type of analysis should be useful in identifying
controlling parameters to improve the cell uniformity in process design and manufacturing.

Appendix A. Modeling of cylindrical Zn—-MnO,, alkaline cell

A.1. Chemistry of Zn—MnO, alkaline cell

The dissociation of KOH and K ,Zn(OH), are represented by,
(2) KOH - K + OH™ (A1)

(b) K,Zn(OH), — 2K* 4 (OH), % (A2)
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The insoluble species involved in the reactions are Zn and ZnO at the anode, and MnO, and MnNOOH at the cathode.

Anode:
Zn+ 40H™ — Zn(OH), * + 2e~ Dissolution (A3)
Zn(OH), ? - ZnO + H,O + 20H~ Precipitation (A4)
Cathode:
MnO, + H,0+ e~ — MnOOH + OH~ Single electron transfer (A5)

A.2. Charge balance

The total current of the cell, |, relatesto i, and i, by
o l
i +i,=
LU oL

(A6)

A.3. Overpotential

The overpotential 7, defined as the local potential difference between the two phases of the porous electrode, is
determined by the following equation.

1 1 | v, RT [ s ton- S C
T i Ll So ;‘re,A 4 OHa _ SH,0reA%a Vin(C,f, .a% )
K o 2mrLlo F NieVou- Zon-Von- CHzo T
Ve RT [ Sprcopy-2 tncom); 2 S C RT
b n(O:)4 oA Zn(OHt))A _ SH,0reA%D Vln(be+,ba{-’l—,b) 4+ — ZSi,Avmxi,A
F Mre¥zn(oH); 2 Zzn(OH); 2¥zn(0H); ? Ch0 - nF
(A7)
A.4. Kinetics
The rate of electrochemical reaction is represented by the Butler—Volmer equation.
Anode [19]:
B 0.06 2.59 T
CZn(OH);Z,s ( COH’,S ) g1~ a)2Fn/RT
) aiz i2 ) CZn(OH);Z,ref COH’,ref
I= ar + T =10 ref a Corom-2 0.94 c. -0.92 (A8)
_ n(OH), s ( OH™ ;s ) e—aaan/RT
CZn(OH Yq 2. ref Con- ref
Cathode [4,5,20]:
aiz i2 e(l—ac)Fn/RT _ e—aCFn/RT
o R i -

aciO,ref,c - 47TFNDH+CH+,b
1 1

ro ri

where C,,+ » = Copy - 8, = 4m N, N = (W/V,) /{(4/3)mrO}d.
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A.5. Electrochemical and chemical reactions

An dectrochemical reaction in the cell (subscript A) is the reaction that accepts or releases electrons. Its rate is
determined by the Faraday’s Law:

_Sa

Ria= = Vi, (A10)
A chemical reaction (subscript B) in the cell is the precipitation of ZnO from a supersaturated Zn(OH), 2 solution.
Rg=sg-a ks(CZn(OH);2 - gcg%(OH);z) (Al1)
A.6. Fluxes

The flux expression of a species in a concentrated, multicomponent system is derived from a linear sum of frictional

interactions exerted on the species by others. Along with the definition of the volumetric average velocity, v "= ¥, NV, and
by using i, = FX, z N, the fluxes of speciesin aternary system are described as follows [8].

i+
Ny += —(V§+81'5Da’a + VE+81'5Db‘a) VC,— (V|6<\+81'5Da‘b + VE+€1'5Db‘b) VC,+ ZZ KF + (v,a<+Ca+ Vﬁ+Cb)u )
K+
(A12)
ioton-
Now-= — vgu-€'°D, VC, — vdy-£'°D, ,VC, + = + v§y-Co” (A13)
.
iZtZ.n(OH)’Z .
NZn(OH);2 == Vgn(OH);wl'sDb,avca_ Vgn(OH);wl'sDb,bVCb + 4F + Vgn(OH);ZCbU (Al4)
Zn(OH); 2
Ny,o= — gl'SDa’aVCHzo - al'sDb’bVCHzo +Chov” (A15)
A.7. Material balance in porous medium
The materia balances of ion species are
e Cop - (NtSn-+ Son- aZon-) )
ot V'(VSH"C":LBDa,aVCOH’)_ NZgp; F Veip= V- (v8u-Con-v")
.
+ Son- ,Baks(CZn(OH 2 — §Cohon );2) (A16)
& Czniom); 2 (NtZncory; 2 + Szacom)s2.a Zzncom); 2)
e AL R Ve b N 1.5D vVC B _ 4 4 4 Vi
ot (VZn(OH R b,bY “~zn(OH), 2) Zgnomy. 2 F 2
-V (Vgn(OH );ZCZn(OH a2V ) + SZn(OH);Z,Baks(CZn(OH a2 gcgﬁ(OH );2) (A17)

A.8. Soichiometry

With the reaction stoichiometry and solution neutrality, C,, o can be calculated after both Cy,,,- and C;,oy);2 have been
determined.
B 1 — VxonCon-/véu-— VKZZn(OH)4CZn(OH);Z/Vgn(OH);Z

CHZO - \—/
H,0

(A18)

A.9. Porosity

The porosity is calculated from an overall material balance of both the electrochemical reaction and the chemical
reaction,
de — = S,A\_/i,A
a_tz_ Z RiaVia — Z Ri,BVi,B=Z nE

solid phase solid phase i

Vi, — Z3,B\_/i,Baks(CZn(OH);2 - szeﬂ(OH);Z) (A19)
1
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A.10. Volume average velocity

A combination of the three equations for material balance, stoichiometry, and porosity leads to the following relation for
calculating the volume average velocity,

. SiaVia _ . =
(Vov)= - > WF Vi Zsi.BVi,Baks( Cznomy;2 — fcég(ou)ﬁ )
13

i

e
at

+ Va( ntop-+ Sou-,a Zo;r) Vb( ”tin(OH);2 + SZn(OH);2, A £Zn(OH); 2 ) % Vi,
- a - b ~ Vu,08m,0.4" =&
| Uon-ZoH- UZn(OH); 2 £Zn(OH); nF  (A20)
Migration term
v, v, -
_ e
+ 4 Son-.8t 3 Szaomy;2,8 T VHZOSHZO,B aks( Czncomy;2 fcz?l(ou);z )
OH~ UZn(OH);2

Chemical reaction term

A.11. Closed-circuit potential of the cell

The closed-circuit potential (CCP), E,(t), is given by

2RT [1-f

Een(2) = Eo+ 7 7

E,p: the opencircuit potential
(=1.6Vat25°C)

+ Ncathode — Tanode

(A2D)

Appendix B. Parameters considered with randomness and uncertainties

Physical parameters

oera anodic exchange current density (A /cm?)

i ouref.c cathodic exchange current density (A /cm?)

& threshold of precipitation

Dy, znon),  diffusivity of potassium zincate (cm?/s)

Dy+ diffusivity of hydrogen ion (cm?/s)

Kkon mass transfer coefficient of potassium hydroxide (cm/s)

Ky, znon), ~Mass transfer coefficient of potassium zincate (cm/s)
rate constant of precipitation reaction (cm/s)

X

a, specific surface area of anode (cm™1)

a, specific surface of separator (cm™1)

ton- transference number of hydroxide ion
tzncom); 2 transference number of zincate ion

a, anodic transfer coefficient

a, cathodic transfer coefficient

a, matrix conductivity of cathode (! cm™1)

Geometrical parameters

Lt effective discharge length of the cell (cm)

r radius of the anode current collector (cm)
radius of the anode—separator interface (cm)
radius of the separator—cathode interface (cm)
radius of the cathode current collector (cm)

acc
ra

r
r

%]

o
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Operational parameter

discharge current (A)

Initial conditions

Appendix C.

COH -
CZn(OH);2

CHZO

€70

NK+

No -

NZn(OH);2
H,0

r.

concentration of hydroxide ion (mol /cm?®)
concentration of zincate ion (mol /cm®)
porosity of anode

porosity of separator

porosity of cathode

radius of manganese dioxide particle (cm)

System variables applied with statistical analysis

concentration of hydroxide ion (mol /cm?®)
concentration of zincate ion (mol /cm?)
current density (A /cm?)

porosity

overpotentia (V)

volumetric average velocity (cm/s)
volume fraction of zinc

radius of manganese dioxide particle plus manganese oxyhydroxide layer (cm)
mole fraction of manganese dioxide
closed-circuit potential (V)

concentration of water (mol /cm?®)

volume fraction of zinc oxide

flux of potassium ion (mol /cm? s)

flux of hydroxide ion (mol /cm? s)

flux of zincate ion (mol /cm? s)

flux of water (mol /cm? s)

radius of manganese dioxide particles (cm)

C.1. List of symbols

a

al,

C

Ci,s

Ci,ref

Con-

CZn(OH);Z
gﬂ(OH);2

Ecell(t)
f

fi—
E,
Eocp
F
iO,ref
iy
P

|

J

ks

L

specific surface area of anode (cm™1)

mean activity coefficient of the electrolyte measured at a secondary reference state
specie concentration (mol /cm?®)

surface concentration of the ith species (mol /cm®)

concentration of the ith species at the reference condition (mol /cm?®)
concentration of OH~ (mol /cm?®)

concentration of Zn(OH), ? (mol /cm?)

equilibrium concentration of Zn(OH); 2 in KOH solution (mol /cm?)
diffusion coefficient (cm?/s)

closed-circuit potential (CCP) (V)

extent of discharge of the cathode, f=(1/Q)/s1(t)dt

mean molar activity coefficient of the electrolyte

open circuit potential after 50% discharge (V)

open circuit potential (= 1.6 V at 25°C) (V)

Faraday constant.

exchange current density at the reference condition (A /cm?)

current density in the matrix phase (A)

current density (i,) in the solution phase (A)

discharge current of the cell (A)

transfer current per unit electrode volume (A /cm?)

rate constant of the surface reaction (mol /s)

cell length (cm)

183
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n number of electrons transferred during reaction

N molar fluxes of species i (mol /cm? s)

N equivalent number of spherical particles in cathode, total humber of samples
Q theoretical capacity of MnO, in the cathode (A h/g MnO,)

R gas constant (8.314 J/K mol)

Ria volumetric production rate of species i in electrochemical reaction (mol /cm?® s)
Rig volumetric production rate of species i in chemical reaction (mol /cm? s)
r radial coordinate from the center of the cell (cm)

S stoichiometry coefficient of reaction, estimated standard deviation
Sg stoichiometric coefficient of species i in the chemical reaction

t time (s)

t transference number with respect to the volume average velocity
v’ volume average velocity (cm/s)

V, volume of active material in the cathode (cm?)

V, partial molar volume of the ith species (cm®/mol)

W weight of cathodic active material (g)

Xi A mole fraction of the ith solid species in electrochemical reaction
z charge number

Greek

« transfer coefficient

e porosity

M overpotential (V)

s surface overpotential (V)

K conductivity of the solution (= cm™1)

i3 mean

v stoichiometric coefficient of dissociation

£ precipitation threshold (= 3.0)

o conductivity of the matrix (2~* cm™?), standard deviation

N potential of the matrix phase (V)

o, potential of the electrolyte phase (V)

Superscript

. volumetric average

a KOH

b K,Zn(OH),

Subscript

+ physical property under volumetric average

acc anode current collector—anode boundary

a anode, anode—separator boundary, KOH

A electrochemical reaction

b K,Zn(OH),

B chemical reaction

c cathode, cathode—cathode current collector boundary

re reference condition taken to be the same as the working electrode
ref reference condition taken as initial condition

S surface, separator—cathode boundary
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