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Abstract

A method is presented to analyze the performance of a cylindrical Zn–MnO alkaline cell with parameter randomness and2

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. q 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
w xdecade. 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
w x w xapproach 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

w xbased 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
w xcritical 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.

w xPodlaha and Cheh 6,7 applied Chen and Cheh’s model to study cell behavior under both high rates of discharge and
w xunder 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-

Ž . w xneous theory of porous electrode, utilizing Newman’s BAND J -type solution technique 8–10 . A more efficient method is
Ž . w xthe method of lines MOL 11 . The typical MOL approach is to discretize the spatial derivatives by finite differences,

Ž . w xthereby 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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w xZhang 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

w xand 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

w xvalue 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 alkaline 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
w xnormal 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 alkaline cell model may have a random value due to uncontrollable manufacturing processes. For

example, in all previous alkaline 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 goal 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

w xstructure 12 . In order to illustrate our revision of the deterministic model, probability distributions were adopted for
Ž .physical and geometrical parameters, initial conditions, and an operational parameter Appendix B . Statistical calculations

Ž .were then performed on system variables Appendix C .
w x Ž . w xThe DAE form of the alkaline cell model 6 Appendix A can be written as follows 12 ,

z s f z , z , p ,u z , z , z t szŽ . Ž .Ž .˙1 1 2 1 2 1 0 1,0
1Ž .½ 0sA z yg z , z , p ,u z , zŽ .Ž .2 1 2 1 2

and

z sh z , z , p ,u z , z 2Ž . Ž .Ž .3 1 2 1 2

where:
z s C y i , C y2 i , ´ i , ´ i , r i , X iŽ . Ž . Ž . Ž . Ž . Ž .Ž .is1,NASC is1,NASC is1,NASC is1,NA is1,NC is1,NC1 OH ZnŽOH . Zn o MnO4 2

Ž Ž . Ž . ØŽ . .z s i i , h i , Õ i2 2 is1,NASC is1,NASC is1,NASC

z s E , C i , ´ i , r i , N q i , N y i ,Ž . Ž . Ž . Ž . Ž .Ž is1,NASC is1,NA is1,NC is1,NASC is1,NASC3 cell H O ZnO i K OH2

N y2 i , N iŽ . Ž . .is1,NASC is1,NASCZnŽOH . H O4 2

ps V , V , V , V , V , constantsZn ZnO H O MnOOH MnOž /2 2

us D , D y2 , K , K y2 , k , k , s , ´ 0 , ´ 0 , ´ , x 0 , t Ø
y, t Ø

y2 , a , a , L ,Ž KOH K ŽOH . KOH K ŽOH . x Zn ZnN Hg MnO OH ZnŽOH . a c cell2 4 2 4 2 4

r , r , r , r , parameters that can be at random or with uncertainty .ac a s c

As the coefficient matrix after spatial discretization on i , h, and Õ Ø
2

NAs the number of mesh points for the anode
NSs the number of mesh points for the separator
NCs the number of mesh points for the cathode
NASCsNAqNSqNC, the total number of the mesh points in the radial geometry of the cell

Ž . Ž .The system variables that appeared in Eqs. 1 and 2 are grouped into three categories: z are system variables1

containing time derivatives, z are system variables determined by algebraic equations only, and z are system variables2 3
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Ž . Ž .calculated after Eqs. 1 and 2 are solved. p represent parameters with constant values, and u are cell parameters with
Ž .randomness or uncertainties. For each u gu , it is described by a probability distribution function, u sR a ,b , ork k U k k

Ž . Ž . Ž . Ž .u sR m ,s , where R a ,b is the uniform distribution over interval a ,b , and R m ,s is the normalk N k k U k k k k N k k

distribution with a mean m and a standard deviation s . Obviously, a parameter may belong to either p or u , dependingk k

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

w xThe 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.

Ž . Ž .A random value sample from a uniform distribution over the interval a,b can be obtained from a uniform variate RU
Ž . Ž .over the interval 0,1 using the following transformation, Ys bya R qa. In a similar fashion, a random sample for theU

normal distribution with a mean m and a standard deviation s is obtained, Yss R qm, where R is a random valueN N

from a normal distribution with parameter ms0, and ss1.
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 overall 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.

Ž . Ž .Assuming that a variable x output obeys a normal distribution, the estimated mean of the variable m t,r along theˆ
radial position within the cell can be calculated by taking the average of all solutions at a particular time t based on all N

Ž .samplings. Accordingly, the standard deviation can be estimated by s t,r . The precision of the normal distribution
Ž .parameter, the mean of the variable m t,r , can then be determined by,

s t ,rŽ .
m t ,r sx t ,r " t 3Ž . Ž . Ž . Ž .CL , Ny1 'N

Ž . Ž . Ž .where, x t,r and s t,r are obtained from the simulation based on N samplings, and the t is the confidence levelCL, Ny1

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,

Nt

S t ,rŽ .Ý l j
js1relm r s t 4Ž . Ž . Ž .ˆ l CL , Ny1 Nt

' < <N x t ,rŽ .Ý j
js1

where l is the index for the system variables, and N is the total number of time steps. A relative precision factor is thet

estimated relative error in a statistical prediction. Correspondingly, the overall relative precision factor over time and cell
geometry can be computed by,

Nr

relm rŽ .ˆÝ l k
ks1relm s 5Ž .ˆ l Nr



( )Y. Zhang, H.Y. ChehrJournal of Power Sources 87 2000 174–185 177

Fig. 1.

where N is the total number of mesh points in the radial geometry. Since our cell model involves multiple variables asr

functions of both the cell geometry and time, we need a universal measure to characterize the average overall precision from
the statistical analysis on all the system variables,

Nl

relm̂Ý l
ls1relm s 6Ž .ˆ model Nl

where N is the total number of system variables.l

2.2. Random and uncertainty parameters

In the alkaline cell model, we have identified the two following types of random and uncertain parameters,
Ž .1. Random parameters with uncertainties the first kind , e.g., initial conditions, geometrical parameters and the operational

Ž .condition such as initial porosities, the radius of anode and the discharge current, etc. Gaussian distribution ,
Ž .2. Deterministic parameters with uncertainties the second kind , e.g., physical parameters such as diffusivities and

Ž .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 universally 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

Fig. 2.
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Fig. 3.

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 alkaline 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
w xnominal 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, all parameters were assumed to have a 10%
Ž .uncertainty, except for the following parameters: the threshold of precipitation, the diffusivity of K Zn OH , and the2 4

diffusivity of Hq within MnO particles with 5%, 50%, and 50% uncertainties, respectively.2

The six initial conditions listed in Appendix B were described by normal distributions where the means were determined
w x y4 3 y2by their nominal values 6 , and the standard deviations were 10 molrcm for the initial concentrations, 5=10 for the

initial porosities, and 5=10y6 cm for the initial radii of MnO particles.2

The five geometrical parameters listed in Appendix B were also considered to have uncertainties. They were assumed to
w xobey normal distributions, for which the means were given by their nominal values 6 , and standard deviations were

assumed to be 10y4 cm for all the cell radii, and 10y3 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, I, could not be held totally constant during discharge, it was assumed to have a normal
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

Fig. 4.
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Fig. 5.

under perfect control, it is always possible to remove it from the u 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
Ž .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

Ž Ž .. rel Ž . Ž Ž ..shows statistically the average cell performance Eq. 3 and its precision factor m t Eq. 4 with 200 samplings.ˆ CCP
Ž . relAccording to Eq. 5 , the overall relative average precision factor m is 0.51% with a confidence level at 95%. The resultsˆ CCP

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

w xstatistical 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 the2

Ž Ž ..volume fraction of Zn in the anode upon discharge. The relative average precisions Eq. 5 for both species have been
rel Ž Ž ..calculated to be 0.33%, and 2.98%, respectively. The overall relative average precision factor, m Eq. 6 , for all 17ˆ model

system variables with 200 samples is found to be 1.39% with a confidence level of 95%.

4. Conclusions

A statistical 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 cell2

A.1. Chemistry of Zn–MnO alkaline cell2

Ž .The dissociation of KOH and K Zn OH are represented by,2 4

a KOH™KqOHy A1Ž . Ž .
y2qb K Zn OH ™2K q OH . A2Ž . Ž . Ž . Ž .4 42
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The insoluble species involved in the reactions are Zn and ZnO at the anode, and MnO and MnOOH at the cathode.2

Anode:

y2y yZnq4OH ™Zn OH q2e Dissolution A3Ž . Ž .4

y2 yZn OH ™ZnOqH Oq2OH Precipitation A4Ž . Ž .4 2

Cathode:

MnO qH Oqey
™MnOOHqOHy Single electron transfer A5Ž .2 2

A.2. Charge balance

The total current of the cell, I, relates to i and i by1 2

I
i q i s A6Ž .1 2 2p rL

A.3. OÕerpotential

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

Ø s Cy y1 1 I n RT s t H O ,re ,A aa OH ,re ,A OH 2 u=hs i q y q q y = ln C f aŽ .2 a ",a ",aa a
y y yk s 2p rLs F n n z n Cre OH OH OH H O2

Ø
y2 y2s t s Cn RT RTŽ . Ž .Zn OH ,re ,A Zn OH H O ,re ,A bb 4 4 2 uq q y = ln C f a q s = ln XŽ . Ýb ",b ",b i ,A i ,Ab b

y2 y2 y2F C nFn n z n H OŽ . Ž . Ž .re Zn OH Zn OH Zn OH i24 4 4

A7Ž .

A.4. Kinetics

The rate of electrochemical reaction is represented by the Butler–Volmer equation.

w xAnode 19 :

0.06 2.59
y2C yCŽ .Zn OH ,s OH ,s4 Ž1ya .2 Fhr RTaež /ž /y2 yC CEi i Ž .Zn OH ,ref OH ,ref42 2

js q sa i A8Ž .a 0,ref ,a 0.94ž / y0 .92Er r y2C yCŽ .Zn OH ,s OH ,s4 ya 2 Fhr RTay ež /ž /y2 yC CŽ .Zn OH ,ref OH ,ref4

w xCathode 4,5,20 :

Ei i eŽ1ya c .Fhr RT yeya c Fhr RT
2 2

q sy A9Ž .ya Fhr RTž / cEr r 1 e
y

q q4p FND Ca i H H ,bc 0,ref ,c

1 1
y

r ro i

Ž 2 . Ž . �Ž . 0 34q ywhere C sC , a s 4p r N, Ns WrV r 4r3 p r d.H ,b OH c i c o
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A.5. Electrochemical and chemical reactions

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

si ,A
R sy =P i A10Ž .i ,A 2nF

Ž . Ž .y2A chemical reaction subscript B in the cell is the precipitation of ZnO from a supersaturated Zn OH solution.4

R ss PaPk C y2 yj Ceq
y2 A11Ž .Ž .Ž . Ž .i ,B i ,B s Zn OH Zn OH4 4

A.6. Fluxes

The flux expression of a species in a concentrated, multicomponent system is derived from a linear sum of frictional
Øinteractions exerted on the species by others. Along with the definition of the volumetric average velocity, Õ sÝ N V , andi i i

w xby using i sFÝ z N , the fluxes of species in a ternary system are described as follows 8 .2 i i i

i t Ø
q2 Ka 1.5 b 1.5 a 1.5 b 1.5 a b Ø

q q q q q q qN sy n ´ D qn ´ D = C y n ´ D qn ´ D = C q q n C qn C ÕŽ . Ž . Ž .K K a ,a K b ,a a K a ,b K b ,b b K a K b
qz FK

A12Ž .
i t Ø

y2 OHa 1.5 a 1.5 a Ø
y y y yN syn ´ D = C yn ´ D = C q qn C Õ A13Ž .OH OH a ,a a OH a ,b b OH a

yz FOH

i t Ø
y22 ZnŽOH .4b 1.5 b 1.5 b Ø

y2 y2 y2 y2N syn ´ D = C yn ´ D = C q qn C Õ A14Ž .Zn ŽOH . ZnŽOH . b ,a a ZnŽOH . b ,b b ZnŽOH . b4 4 4 4
y2z FZn ŽOH .4

N sy´ 1.5D = C y´ 1.5D = C qC Õ Ø A15Ž .H O a ,a H O b ,b H O H O2 2 2 2

A.7. Material balance in porous medium

The material balances of ion species are

E´ C y nt Ø
yqs y z yŽ .OH OH OH ,A OHa 1.5 a Ø

y y y ys=P n ´ D = C y =P i y=P n C ÕŽ .Ž .OH a ,a OH 2 OH OH
yEt nz FOH

qs y ak C y2 yj Ceq
y2 A16Ž .Ž .Ž . Ž .OH , B s Zn OH Zn OH4 4

E´ C y2 nt Ø
y2 qs y2 z y2Ž .Ž . Ž . Ž .ZnŽOH . Zn OH Zn OH ,A Zn OH4 4 4 4b 1.5

y2 y2s=P n ´ D = C y =P iŽ .Ž . Ž .Zn OH b,b Zn OH 24 4
y2Et nz FZn ŽOH .4

y=P n b
y2 C y2 Õ Ø qs y2 ak C y2 yj Ceq

y2 A17Ž .Ž .Ž .Ž . Ž . Ž . Ž .Zn OH Zn OH ZnŽOH . ,B s Zn OH Zn OH4 4 4 4 4

A.8. Stoichiometry

With the reaction stoichiometry and solution neutrality, C can be calculated after both C y and C y2 have beenH O OH ZnŽOH .2 4

determined.

a b
y y y2 y21yV C rn yV C rnKOH OH OH K ZnŽOH . ZnŽOH . ZnŽOH .2 4 4 4C s A18Ž .H O2 VH O2

A.9. Porosity

The porosity is calculated from an overall material balance of both the electrochemical reaction and the chemical
reaction,

E´ s Vi ,A i ,A eq
y2 y2sy R V y R V s =P i y s V ak C yj C A19Ž .Ž .Ý Ý Ý Ý Ž . Ž .i ,A i ,A i ,B i ,B 2 i ,B i ,B s Zn OH Zn OH4 4Et nFsolid phase solid phase i i



( )Y. Zhang, H.Y. ChehrJournal of Power Sources 87 2000 174–185182

A.10. Volume aÕerage Õelocity

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

Ž .A20

A.11. Closed-circuit potential of the cell

Ž . Ž .The closed-circuit potential CCP , E t , is given bycell

Ž .A21

Appendix B. Parameters considered with randomness and uncertainties

Physical parameters
Ž 2 .i anodic exchange current density Arcm0,ref,a
Ž 2 .i cathodic exchange current density Arcm0,ref,c

j threshold of precipitation
Ž 2 .D diffusivity of potassium zincate cm rsK ZnŽOH .2 4

Ž 2 .qD diffusivity of hydrogen ion cm rsH
Ž .K mass transfer coefficient of potassium hydroxide cmrsKOH

Ž .K mass transfer coefficient of potassium zincate cmrsK ZnŽOH .2 4

Ž .k rate constant of precipitation reaction cmrsx
Ž y1 .a specific surface area of anode cma

Ž y1 .a specific surface of separator cms

t y transference number of hydroxide ionOH

t y2 transference number of zincate ionZn ŽOH .4

a anodic transfer coefficienta

a cathodic transfer coefficientc
Ž y1 y1.s matrix conductivity of cathode V cmc

Geometrical parameters
Ž .L effective discharge length of the cell cmeff
Ž .r radius of the anode current collector cmacc

Ž .r radius of the anode–separator interface cma
Ž .r radius of the separator–cathode interface cms

Ž .r radius of the cathode current collector cmc
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Operational parameter
Ž .I discharge current A

Initial conditions
0 Ž 3.yC concentration of hydroxide ion molrcmOH
0 Ž 3.y2C concentration of zincate ion molrcmZn ŽOH .4

´ 0 porosity of anodea

´ 0 porosity of separators

´ 0 porosity of cathodec
0 Ž .r radius of manganese dioxide particle cmo

Appendix C. System variables applied with statistical analysis

Ž 3.yC concentration of hydroxide ion molrcmOH
Ž 3.y2C concentration of zincate ion molrcmZn ŽOH .4

Ž 2 .i current density Arcm2

´ porosity
Ž .h overpotential V

Ø Ž .Õ volumetric average velocity cmrs
´ volume fraction of zincZn

Ž .r radius of manganese dioxide particle plus manganese oxyhydroxide layer cmo

X mole fraction of manganese dioxideMnO 2

Ž .E closed-circuit potential Vcell
Ž 3.C concentration of water molrcmH O2

´ volume fraction of zinc oxideZnO
Ž 2 .qN flux of potassium ion molrcm sK
Ž 2 .yN flux of hydroxide ion molrcm sOH

Ž 2 .y2N flux of zincate ion molrcm sZn ŽOH .4

Ž 2 .N flux of water molrcm sH O2

Ž .r radius of manganese dioxide particles cmi

C.1. List of symbols

Ž y1 .a specific surface area of anode cm
au mean activity coefficient of the electrolyte measured at a secondary reference state"

Ž 3.C specie concentration molrcm
Ž 3.C surface concentration of the ith species molrcmi,s

Ž 3.C concentration of the ith species at the reference condition molrcmi,ref
y Ž 3.yC concentration of OH molrcmOH
Ž .y2 Ž 3.y2C concentration of Zn OH molrcmZn ŽOH . 44

eq Ž .y2 Ž 3.y2C equilibrium concentration of Zn OH in KOH solution molrcmZn ŽOH . 44

Ž 2 .D diffusion coefficient cm rs
Ž . Ž . Ž .E t closed-circuit potential CCP Vcell

Ž . t Ž .f extent of discharge of the cathode, fs 1rQ H I t d t0

f mean molar activity coefficient of the electrolyte"

Ž .E open circuit potential after 50% discharge V0
Ž . Ž .E open circuit potential s1.6 V at 258C Vocp

F Faraday constant.
Ž 2 .i exchange current density at the reference condition Arcm0,ref

Ž .i current density in the matrix phase A1
Ž . Ž .i current density i in the solution phase A2 2

Ž .I discharge current of the cell A
Ž 3.j transfer current per unit electrode volume Arcm

Ž .k rate constant of the surface reaction molrss
Ž .L cell length cm
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n number of electrons transferred during reaction
Ž 2 .N molar fluxes of species i molrcm si

N equivalent number of spherical particles in cathode, total number of samples
Ž .Q theoretical capacity of MnO in the cathode A hrg MnO2 2

Ž .R gas constant 8.314 JrK mol
Ž 3 .R volumetric production rate of species i in electrochemical reaction molrcm si,A

Ž 3 .R volumetric production rate of species i in chemical reaction molrcm si,B
Ž .r radial coordinate from the center of the cell cm

s stoichiometry coefficient of reaction, estimated standard deviation
s stoichiometric coefficient of species i in the chemical reactioni,B

Ž .t time s
t Ø transference number with respect to the volume average velocity

Ø Ž .Õ volume average velocity cmrs
Ž 3.V volume of active material in the cathode cmc

3Ž .V partial molar volume of the ith species cm rmoli
Ž .W weight of cathodic active material g

X mole fraction of the ith solid species in electrochemical reactioni,A

z charge number

Greek
a transfer coefficient
´ porosity

Ž .h overpotential V
Ž .h surface overpotential Vs

Ž y1 y1.k conductivity of the solution V cm
m mean
n stoichiometric coefficient of dissociation

Ž .j precipitation threshold s3.0
Ž y1 y1.s conductivity of the matrix V cm , standard deviation

Ž .f potential of the matrix phase V1
Ž .f potential of the electrolyte phase V2

Superscript
Ø volumetric average
a KOH

Ž .b K Zn OH2 4

Subscript
" physical property under volumetric average
acc anode current collector–anode boundary
a anode, anode–separator boundary, KOH
A electrochemical reaction

Ž .b K Zn OH2 4

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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