LBL-10197C &~

MATHEMATICAL MODELING OF THE LITHIUM-ALUMINUM,
_IRON SULFIDE BATTERY ' |

Richard Pollard
1 (Ph. D. thesis)

 December 1979

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

- Tech. Info. Division, Ext. 6782.

Prepared for the U.S. Department of Energy under Contract W-7405-ENG-48



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



MATHEMATICAL MODELING OF THE LITHIUM-ALUMINUM,
IRON SULFIDE BATTERY

Richard Pollard
Materials and Molecular Research Division,
Lawrence Berkeley Laboratory and

Department of Chemical Engineering,
University of California, Berkeley, California 94720

ABSTRACT

The LiAl/LiCl,KCl/FéS high temperature battery is a candidate for
off-peak energy storvage and for electric vehicle propulsion. A mathema-
tical model is presented which is able to predict the operational
characteristics of the cell and obtain pertinent information for its
design and optimization. Material balances and flux equations, based
on the macroscopic theory of porous electrodes, are derived for the
binary molten salt electrolyte. These equations, together with Ohm's
law and relationships for electrode kinetics, are used to describe the
time~dependent and position-dependent behavior of the system.

The model considers a whole prismatic cell which consists of
negative electrode, separator, electrolyte reservoir,and positive
electrode. Physical phenomena described are ohmic potential drop and
diffusion potential in the electrolyte, changes in porosity and
electrolyte composition due to electrochemical reactions, local reaction
rates, and diffusion, convection, and migration of electrolyte. 1In
addition, the analysis includes finite matrix conductivities, wvariable
physical properties, and the possibility of specific simultaneous

reactions in the positive electrode.



71

The theoretical results show many of the trends in behavior
observed experimentally. The effects of state of charge, ipitial
electrolyte composition, cell temperature, and current density are
presented, and factors that can limit cell performance are identified.
The influence of a period of relaxation between the end of discharge
and the subsequent charge is also investigated. Furthermore, a
separate, analytic treatment of porous electrodes is developed in order
to clarify the nature of the highly nonuniform initial reaction distri-

butions that are obtained with high exchange current densities.
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1. INTRODUCTION

The current awareness of the developing shortage of inexpensive
energy sources has given new impetus to the development of more
efficient methods of energy conversion and storage. Flexible stationary
energy storage systems are needed to store off-peak electrical energy,
or energy from intermittent sources, fér later use during peak demand
periods. In addition, alternative techniques for vehicle propulsion
are being sought to reduce the dependence on the availability of
petroleun feedstocks.

Several rechargeable batteries show promise in being able to meet
the performance, lifetime, and cost requirements for economical energy
storage and electric vehicle propulsion. At present, only the lead
acld battery is available as a commercial system for the electric
vehicle. However, there are a number of alternatives that could, with
developments and improvements, become competitive. For near-term
applications, the nickel/zinc and nickel/iron couples are being
considered, whereas, in the longer term, the lithium/iron sulfide and
sodium/sulfur high temperature batteries may be able to combine even
better performance with lower costs. ’

The lithium/iron sulfide battery offers several potential
advantages for electric vehicle applications, such as the apparent
safety of the system, the absence of noxious exhaust gases, and a high
theoretical specific energy. However, long lifetime and high per-
formance have not yet been achieved in the same cell and therefore

it is necessary to analyze the system closely in an effort to reduce



the number of design uncertainties and to identify parameters that
could have a significant impact on cell performance.

The battery cells that are currently under developmentB consist
of LiAl or LiXSi negative electrodes, FeS or FeSZ positive electrodes,
a porous, ceramic separator to provide electrical isolation of the
electrodes, and molten LiCI1-KC1 electrolyte. The melting point of
the electrolyte at the eutectic composition is 352°C and cells are
usually operated at temperatures between 400 and 500°C. The present
system, and the prismatic cell design, evolved from earlier work on
lithium/sulfur cells,é which had several engineering problems, including
capacity decline due to loss of sulfur from the positive electrode
and reaction of lithium with the electrolyte in the negative. The
substitution of lithium alloys and iron sulfides for the original
reactants has considevrable improved the cell stability at the the
expense of reducing the cell voltage and maximum specific energy.

The major requirements for an electric vehicle battery to be
economically acceptable are high specific energy and energy density,
long lifetime, and low cost. 1In addition, a peak power goal may be
stipulated to ensure adequate acceleration. For energy storage applica-
tions, there is less emphasis on energy and power capabilities, but
the cost and lifetime requivements are more stringent. In general,
it is desirable to achieve the highest possible coulombic and energy
efficiencies and to maximize the utilization of reactants. Additional
considerations are reliability, veproduceability, safety, shelf life,

and availability of materials.
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In the development of a battery for a specified application, it
is necessary to ddentify the failure mechanisms that have hampered
commercialization of the system, and to establish whether the problems
are inherent or can be avoided with suitable design modifications.

This procedure may necessitate a large experimental program, and a

long lead time may be required to obtain an acceptable design. For
this reason, it may be advantageous to develop models that can predict
results that are costly, time-consuming, or difficult to obtain experi-
mentally. In this way, it should be possible to reduce the time
required to bring the system to a point where its economic viability
can be realistically assessed.

In this dissertation, a one-dimensional mathematical model is
developed that can predict the time-~dependent and position-dependent
behavior of the lithium-aluminum/iron sulfide cell. The model can
be combined with experimental data, and with current collector design
studies,S to determine the fundamental electrochemical characteristics
of the system, and to provide a rational basis for design modifications.

In chapter 2, concentrated solution theory is generalized to
provide a framework for the description of isothermal transport pro-
cesses in binary molten salt mixtures. Electrochemical flux equations
are derived for several, commonly-used reference velocities and non-
steady state material balances are also presented. The transport
theory can be combined with relationships for the ohmic drop in the
matrix and solution phases, and with information on electrode kinetics,

to predict the behavior of the Lj’.Al/FeSX system.



Chapter 3 contains an analytic treatment of transient porous
electrode behavior at short discharge times, for veactions with high
exchange current densities. The simplified model is able to clarify
the details of the highly nonuniform reaction distributions that are
observed with the more sophisticated approach described in chapters
4 and 5. Chapter 4 focuses attention on the constant current discharge
behavior of the LiAl/FeS cell, whereas chapter 5 is concerned with

the changes that take place during current interruption and charging.



2. TRANSPORT EQUATIONS FOR A MIXTURE OF TWO BINARY
MOLTEN SALTS IN A POROUS ELECTRODE

Introduction

Mass traunsfer in electrolytic solutions requires a description
of the movement of mobile ionic species, together with material
balances and equations for current flow and fluid mechanics. A
consistent set of tramsport equations has been established for dilute

. 6 ;
solutions of electrolytes. This theory can be extended, with the
use of the multicomponent diffusion equation, to treat the effects
of convection, diffusion, and migration in concentrated solutions
y ., ., 7,8 ,
with two or more electroactive constituents. A parallel analysis,
that employs the principles of irreversible thermodynamics, has
considered transport phenomena in mixtures of two binary electrolytes
with a common ion in a neutral solvent.

For porous media, a macroscopic model has been developed which
can describe the essential features of porous materials in terms of
readily accessible system parameters. This model can be used in
conjunction with concentrated solution theory to elucidate transport

, 10 . . .
processes in porous electrodes. With this approach, detailed
studies have been made of electrodes with sparingly soluble reactants
. , 11 ,
in concentrated binary electrolytes, and of the zinc electrode
. 12
in a ternary electrolyte.

Recent interest in the development of high performance batteries
and fuel cells with molten salt electrolytes has focused attention

on the need for a rigorous analysis of transport phenomena in these



systems. In particular, high temperature, lithium/iron sulfide
batteries that are candidates for storage of off-peak electrical energy
and for electric vehicle propulsion can use mixtures of binary molten
salts with a common ion, such as the lithium chloride/potassium
chloride eutectice3 These systems have been analyzed previously, but
without due regard for the details of the transport phenomena,13

In this chapter, a consistent set of traunsport equations for mixtures
of two binary molten salts with a common ion is presented. The
equations can be applied to free electrolytic solutions or to electro-

lytes in porous media.

Development of flux equations

The analysis is based on the macrohomogeneous model for porous
electrodes in which the solution and matrix phases are treated as
superposed continua without regard for the actual geometric details
of the pores.14 With this approach one can obtain a material balance

for species 1 of the form

B(ECi)

ot BT V‘ﬁi ?

(2-1)

where ﬁi is the flux of species 1 in the pore solution averaged over
the cross-sectional area of the electrode and where ajin represents
the transfer rate of species i from the solid phases to the pore
solution per unit electrode volume. In addition, the superficial

currvent density in the pore solution is given by

i, =F j}; z. N, (2-2)



and the condition of electrical neutrality for each phase gives

) z.c, =0 (2-3)
i

for the electrolyte solution and specifies that the divergence of the
total current density is zero. Explicit relationships for the fluxes
in terme of the thermodynamic potential driving forces may be derived

ey 2 . . . . .7
by inversion of the multicomponent diffusion equation

c,
c, Vu, = "W'z “””;A(V - v,) (2-4)

for each species in an isothermal, isobaric system.

For a mixture of n species, a set of (n ~ 1) independent force
balances defines the transport coefficlents for binary interactions
pijs which are functions of temperature, pressure, and composition.
In porous media, each pij is related to the transport c¢oefficient Dij
for the bulk electrolyte by Dij = Ugj/fz, where T is a tortuosity
factor. This parameter is a charvacteristic of the microscopic electrode
structure and is sometimes associated with the porosity by a relation
of the form, TZ = 1//5,10 The number of independent transport
properties in Eq. (4) is l'1:1(11 = 1) because Dii is not defined and,

2

by Newton's third law of motion, ﬂij

= Dji° Specific combinations
of these properties correspond to transporit parameters that can be
measured directly. The behavior of an electrolyte with three species

can be described with a molecular diffusion coefficient, a transference

number, and the bulk electrolyte conductivity, together with a single



chemical potential or composition variable.
Consider a binary molten salt electrolyte with a common ion. The
stoichiometries for dissociation of the individual salts, A and B,

are described by

Z Z
Y
My = oty Vgt
z A (2-5)
%y %3
My = VM, VoM

where M3 is the chemical symbol for the common ion and where the

electroneutrality condition dictates that
k
LV, = 2~
X z,vy 0 (2-6)

for the particular neutral salt, k. The chemical potential of each
salt can then be expressed as a sum of the electrochemical potentials

of the constituent charged species:
_ k
My = ) VMg (2-7)

For this system, Eq. (4) yields two independent equations which
may be rearranged, with the introduction of the superficial current
density from Eq. (2), to give expressions for the fluxes based on a
reference velocity characteristic of the bulk motion of the electrolyte.
For example, if the velocity Vg of the common ion is chosen as the

reference velocity, the superficial fluxes in a porous electrode are

given by



£ \)i\):g D tzg’:
Ny =eqvy = =gy eyt 2 F t ey

€ \)g\)é ) toi,
Ny = couy = =~y — Vg + 2,7 Toeyvy (2-8)
Ng=cqvy,

) . A - B o . . PP
where Cp = cl/\)1 and Cg = cz/vza The effective diffusion coefficient

based on a thermodynamic driving force is defined as

2 A B
- ZBCT/\)l\)2 -0,
zzg ZZC zzc
171 272 373
.. "o, tD
23 13 12
where Cp is the total concentration defined as Cp = % cin The

c . , ,
transference numbers ti relative to the common ion velocity can also

be expressed in terms of the coefficients Dij as,

<_LA>
c 013 912

-1 - C = . ) (2-10)
2 i z, i Zq N Zlcl<21 ) 23
D13 Py zy¢y\Uyg Dy

Equations (9) and (10) are directly analogous to the definitions of
transport properties in concentrated binary electrolytese6 In contrast
to previous work on molten salt electrolytesslB the transport param-—
eters defined by the flux expressions (Eq. (8)) are measurable state
properties, independent of the fluxes and driving forces for mass

transfer.
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In parallel with the transport theory for concentrated binary
electrolytes, the molar average velocity,7 the mass average velocity,8
or the volume average velocity15 can be used as alternative reference
frames for the diffusion fluxes. With the molar average velocity,

* . , -
v o= i ﬁi/ch mole fractions of the salts, defined by X, CA/(CA%“CB)

and Xy + Xp = 1, become a convenient way to express concentrations.
The chemical potentials can be related to the composition variable
by suitable definitions for activity coefficients of the salts, that

are in turn linked through the Gibbs-Duhem equation. For example,

. . . . 16 .
if dissociation of the electrolyte is disregarded, one can obtain

Lo

My = RT 1In EN YAAA
2-11
< 8 > ( )

VZ o]

Up = RT 1n Xq YBXB

where the activity coefficients Yy of the salts are based on the mole
fraction of the molten salt mixture. The effective diffusion coeffi~
clent based on a gradient of mole fraction is then related to the

thermodynamic diffusion coefficient by

c d 1oy
Al s <\’i ¥ mf? ° (2-12)
A B A

Consequently, for the molar average reference velocity, we have



ele + c.)%p vAE %1
N AT B 1 172 *
Ny =~ Vey t o T ey
Cp 1 !
e{e, + ¢ )2’1) v vA &4
A B 2 22 *
Ny =~ Vg * o ey
Cp 2 (2-13)
ge{e, + ¢ )2D<vAvB - vaA> iﬁi
_ A B 3 3 —2 #
§3 - VXA + ¥ + Fem
Cp 3
A B B
where v = Vl + vBs v vz + vgg and where the transference numbers
are given by
A c A B
tﬁ _ (\)1\) C3t1 - \)3\)261\)
1 vAvBc
1°37°T
<\)Bv £€ - vABe )
S A 1 T A i
2 B A (2-14)
VoV3Cr
*_ . kK
t3 = 1 tl t2 o

With a mass average reference velocity defined by v = X WV,
A Rt

it i1s appropriate to use a mass fraction w, as a concentration variable.

Equation (8) can then be rearranged to give

epDvi tliz
N, = - Vw,  + + e,V
=1 NA A le 1
epDvg tziz
N, = ~ V., + -+ e, v
=2 B ¥ 2=
g %2 (2-15)
A B .
v V t,1
3 3 32
N, = = epD<~— ~-~§ Vw o+ + c,v
3 MA NS A Z3F 3



where W

1T eqty/es

A

]2

= CAMA/ps and

X

L=ior k

w 1.

The molecular

weight of either salt is defined by = 3 \)lfM,9 and expressions for
i i

the transference numbers based on the mass average velocity, analogous

Lo Eq.

(14), are

(2-16)

Finally, the volume average velocityg_y;g =1 Vi§ig may be used,
i

even though the partial molar volumes of individual donic species are

not accessible to experimental determination.

the quantities Vi

according to

where k represents either salt A or salt B.

it

n

il

c .
t i
1 =2
-g DVcl + <;€ - C1Q> "fFf“" + ClV
£, i
-£ DVCZ + EZ’& CZQ ?;—+ e,V
i
=__= &
—€ DVC3 c3Q 7 + CqV

It is required that

combine to yield partial molar volumes for the salts

(2-17)

The flux relations are

(2-18)
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where Q is taken to be the quantity

Q=)= | (2-19)

This quantity cannot be measured independently but, if the transference

numbers are arbitrarily chosen to satisfy

(2-20)

it may be shown, by combination and rearrangement of Egs. (19) and (20),

that a consistent definition for @ would be

Q= - . (2-21)
23(t -~ ¢V >

Material balances and conservation equations

The flux relations given by Egs. (13), (15), and (18) reflect the
dependence of the motion of charged species on the driving forces for
diffusion, migration, and convection in porous electrodes. Each set
of flux expressions, relative to a specific reference velocity can
be incorporated into the general material balance, Eq. (1), to give a
continuity equation for the electrolyvte in the absence of thermal and
pressure diffusion. TFor salt A, these relationships are presented
in Table 1 for the mass average, molar average, and volume average

reference velocities, and for a reference frame based on the velocity



Table 2-1. Material balance equations for a mixture of two binary molten salts
with a common ion.

Mass average reference velocity:

oW i w_M o MB
_A . = Te =2 [ BAg _ _A (2-22A)
p(e oy + v VwA> =V (epDVwA) tr. o < Vrcl 5 Vt2>

Molar average reference velocity:

9%
A * _
(CA + cB)<€ §E__+ X}”VXA> =2

A

Volume average reference velocity:

BCA . VB g . Cy o c, D ( 20)
L o = To e e - I vati 2-22C
€ + v VCA \Y (EDVCA) + R, + g ) ( Ve vB Vt.> 4+ VCA Vv

3

ot A 3

Common ion reference velocity:

% c (e, + c) i %
A . 53 N i =2 (B A\ (2-220)
(e, * cp) (8 5t T Y3 va) ir e ( c DVXA) TRt oE ( IR R W2>
B vy v,

_-}7‘[3‘(
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of the common ion. These equations describe the time-dependent behavior
of the electrolyte in terms of the composition variable most appropriate
for the particular reference velocity used. The factor RA in Eq. (22-C)

represents a combination of production terms of individual species.

It is defined as

T N T T \
X - 302} Jon (€153, 31
A B B A A
V3 Vo \ V1 V3
(2-23)
C c
+ 5 2 tr _ 1 tr
3 | BA LT AR 2
2V3 173

and is found to be independent of the reference frame, r. (Transference
numbers with no superscript are relative to the mass average reference

velocity.) The corresponding production terms, and ¢ for the

RAB AB’

alternative reference frames are chosen to simplify the form of the
material balance equations. They are directly related to the parameter
RA by:

a8V

MAMB

RA = RAB(CA + CB)VB = (2-24)

In Eq. (22), it has not been assumed that ¢ is constant in either
position or time. Equations (1), (2), and (3) can also be combined
with the flux relationships to give overall conservation or "continuity"
equations, which indicate how the reference velocity and porosity
change as a result of electrode reactions, migration, and changes in
solution composition. For the four reference velocities considered,

the corresponding conservation equations are given in Table 2, where



Table 2-2. Continuity eguations for a mixture of binary molten salts with a
common ion.

Mass average reference velocity:

i M B
—34§-+v@z=vs + V.S, + 2 o2yt +—W%Vt2 (2-25A)
V3

ot

AA BB z,F

B L yug* = (2-25B)
Tt + Vey
Volume average reference velocity:
o€ B =
o= o = 2-25C
e T VX (2-250)
Common ion reference velocity:
3¢ =
RASS o = -25D
Y + V Vi (2-25D)

=.mg"["m.
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t
r_a |. __1 . _
SA N Jln z Z Zijin> (2-26)
v 14
1
and -
i a t2
Sy = 5 \on ~ 50 L Zidug (2-27)
vz 2 i

Y

r .
A and SB might

for a specified reference frame, v. The parameters S
be regarded as effective rates of production of the salts per unit
volume with due account for the influence of migration. The combination

SzﬁA + SEGB that appears in Egqs. (25~A) to (25-D) is not independent

of reference frame, in contrast to the modified production terms RAs

R B° and v,  in the material balance equations. On the other hand,

A AB

v

R can be expressed in terms of SA

r o,
AB and SB in the form

am rm S ’.m
RAB = XBSA XASB (2-28)

which is equivalent to Eq. (23) and which involves a combination of
Sz and Sé that is independent of the choice of reference frame.

The equations in Tables 1 and 2 can be compared with the corres-

10,11 and

ponding velationships for concentrated binary electrolytes
with the equations of change for multicomponent, nonelectrolytic
systemse17 The equations presented reduce to simpler forms under
various special conditions. For example, for a free electrolytic
solution (outside a porous electrode), the conservation equation will
only depend on time indirectly, through changes in composition, and

transport properties for the bulk electrolyvte should be used. 1If

either the current density is zero or the transference numbers are
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independent of composgition then Eqs. (22-A) and (22-C) reduce to forms
analogous to the binary diffusion equations for nonelectrolytes. The
term RAB in Eq. (28) could be regarded as an effective difference in
rates of production of species A and B which takes the influence of
migration into account. If Eqs. (22-A) and (22-B) are rewritten for
the mole fraction and mass fraction of salt B, it may be shown that

Rop = “Ryn and that r,, = -r By analogy with Eq. (24), it follows

BA AB”
that the ratio

R v
2=- 22 (2-29)
B Va

does not depend directly on the stoichiometries for either dissociation
of the salts or the electrode reactions,

Several factors can dictate the choice of reference frame for a
given application of the material balance equation. The relative
complexity of the equations, the form in which data are available for
transport properties and activity coefficients, the appropriateness
of the composition variable, and the nature of any other equations
in the stated problem can all be important criteria. For example,
the volume average reference velocity would enable concentration units
to be used direcitly, but there is an ambiguity in the definition of

a8
v assoclated with the parameter Q and Eq. (22-C) is in a noncanounical

form. Fluild mechanical equations are invariably written in terms of
the mass average velocity, but the molar average may be preferred if

the velocity is determined from stoichiometry alone or if pertinent

data are correlated with the mole fraciion. However, with a mole
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fraction scale one must decide how to treat the dissociated electrolyte.
The noncanonical diffusion terms in Egs. (22-B) and (25~-B) result from
the divergent definitions for the mole fraction and the molar average

velocity. The sum ¢ as distinct from the total concentration

A+CB9

Cops is equal to the inverse of the molar volume of the salt mixture \

where V = Z X
k
to the solvent velocity and, for binary molten salt mixtures, this

kvk° Transference numbers are usually measured relative

gives some support for the use of a common ion reference velocity.

Ohmic potential drop

The potential in the pore electrolyte can be measured with a

suitable reference elecitrode with an electrode reaction defined by
i -
) s.M,T > ne” . (2-30)
i

This potential can be used as a driving force for the current, and

combination of Eqs. (2), (3), and (4) with the thermodynamic relation

; s;Vu, = -nFvo, (2-31)

vields a modified Ohm’s law expression for the superficial current

density in the pore solution. This is given by

(2-32)

where the second term includes the diffusion potential. Integration

of this equation across the electrode shows that the ohmic potential
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drop in the solution phase is direcitly related to the distributions of
concentration and reaction rate. The effective conductivity within the
pores may be written in terms of the binary interaction parameters Dij’

as

wzc zzc zzc
SFZC % - + ; : + 3 3>
T 23 13 12
K= % . (2-33)
c ¢ c
1 + 2 + 3
D0 D..D D..D

12713 12723 13723

Conclusions

The macroscopic trausporit equations devived for a mixture of two
binary molten salts with a common ion provide a consistent framework
for the description of mass transfer of electrolytes of this type in
free solutions or in porous media. The analysis also provides rational
definitions for the transport properties that characterize the system
behavior. The results presented, together with lnformation on electrode
kinetics, can be used to predict the time-dependent and position-
dependent behavior of electrolyte concentration, porosity, current, and

reaction rate within porous electrodes.



3. TRANSIENT BEHAVIOR OF POROUS ELECTRODE
WITH HIGH EXCHANGE CURRENT DENSITIES

Introduction

Many porous electrodes in commerically important batteries have
high values for the product of the electrochemically active specific
interfacial arvea and the exchange curvent density. This permits
operation at high superficial current densities withour excessive
surface overpotentials that would lower the energy efficiency of the
system.

Previously, the distributions of current and electrochemical
reaction in porous electrodes have been considered under various

special condition5«14518

Mass transport of reactants and the effective

conductivities of the matrix and solution phases have a strong influence

on electrode behavior. The current distribution becomes nonuniform

for large values of active surface area, exchange current density,

electrode length, and current density and for small conductivities.
Particulay attention has been paid to the electrodes of the lead-

acid batteryglgmzz and several of the proposed models make the

) ; . . 21,22
assumption of reversible kiunetics. s

With this assumption, it has
been shown that highly wonuniform reaction distributions can be
obtained, especially for high rate dischargesmz1 This can result in
an increase in internal cell resistance because local changes in
electrolyte composition lower the electrolyte conductivity. Uander
some circumstances the electrode could become totally passivated.

1t has also been shown that, in principle, a fraction of the total

-

R ; R , 21
reaction will be restricted to the electrode/separator interface.
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Another study allows all the current to penetrate the electrode, and
concludes that models with veversible kinetics are inferior because
they cannot take proper account of transport of external acid into
the electrode peresgzz

This chapter considers the nature of the current and reaction
distributions for electrode processes with high, but not infinite,
exchange current densities. A simplified model is developed in order
to give an analytic solution to the governing differential equations.
The results obtained illustrate the important features that would be
observed with a more sophisticated approach. The method used in this
study complements a computer solution which is able to account for
many complications not considered here, but which cannot easily clarify
the highly nonuniform reaction distribution at moderately short times
that results from a high value of the exchange current density. The
model can also be used to assess quantitatively the validity of the

assumption of reversible kinetics for a particular electrode system.

The system considered is a porous electrode in contact with an
inert porous separator. The electrode is treated as two superposed
continua which represent the solution and matrix phases independently.
The actual geometric details of the pores have been disregarded and
only variations of parameters in a direction normal to the electrode
face are considered. Each phase is taken to be electrically neutral,

and consequently the divergence of the total current density is zero.
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The analysis is restricted to a single electrode reaction with

stolchiometyy vepresented by:
i -
) s,M. 7 > me . (3-1)

A polarization equation of the form

R [eo‘aF(@f@z)/M ~uCE(®l»®2)/RT]

(3-2)

bl =

can be used to express the dependence of the reaction rate at any
point in the electrode on the local potential jump at the matrix/
solution interface. The potential of the pore solution @2 is
measured with a reference electrode of the same kind as the working
electrode. The composition dependence of the exchange current

density can be assumed to have the form:

RS S e B (343)
i iR

where 1 ranges over the ionic species. Solid phase activities are

taken as constant, and initial concentrations are used for the

reference condition, R . The possibility of homogeneous chemical

rveactions is not considered, and double layer charging effects are

ignored. To simplify the analysis further, it is assumed that transport

properties and pore structure do not change as the reaction proceeds,

Under these circumstances, the major concentration changes are caused
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by electrochemical reaction and by diffusion of electrolyte. Therefore,

a nonsteady state material balance for species i becomes:

B, i
Eg{@ij "‘%”E:Daz . (3-4)
y

For times over which equation (4) is to be applied, the parameter
B is taken as a constant, dependent on the system considered. Relation-
ships for B, for the positive plate of a lead-acid battery and for the
negative electrode in a high temperature LiAl/LiCl, KCl/FeSX battery,

are derived in Appendix A. The molecular diffusion coefficient D can

be characterized by
D=0 /t? . (3-5)
[ee]

Also, 1t is assumed that the tortuosity factor ¢ is directly related
to porosity by:23

- (1=a)/2

C s (3”6)

where the constant q is taken as 1.5.

The driving force for the current can be specified in terms of
the potential in the pore solution @2 measured with a reference
electrode. With this definition, a modified Ohm’s law for the pore
electrolyte is

I RT W

— = V0, + 2=V lnc, , (3-7)

where the second term on the right includes the diffusion potential.

In this analysis, the parameter W is regarded as a counstant, dependent
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on the electrode studied (see Appendix A). The effective conductivity

K is estimated from
K = gK /cz . (3-8)
[6.0]

together with Eq. (6).

The movement of electrons in the matrix phase is governed by
Ohm's law. However, 1t is assumed that the matrix conductivity is
large {(0/k >> 1) so that the matrix potential can be taken to be
uniform. With this condition, the initial electrode reaction will be
confined to a region adjacent to the electrode/separator interface.
This reaction zone can be charvacterized with a penetration depth L
which, for linear kinetice and constant matrix potential, is defined

10
as:

(aa + &c)aleR

1/2
1 o= < KRI F> s (3~9)

where ioR is evaluated at the initial composition.

When the discharge process begins there is a rapid and substantial
change in current distribution, caused by changes in composition.
Nevertheless, the concentrations have only altered significantly from
the standpoint of concentration overpotential, and the ratio Ci/CiR
has not changed enough to affect appreciably the exchange current

density given by Eq. (3). 1In this restricted range of investigation

it is appropriate to define a set of dimensionless variables

- 2 et T o 3 A = _ .0
T =DE/LY, T = §L/I, 0= k(® - 0)/IL, 6, = FeD(c, - ) /ILB ,
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that have values of order unity. After these definitions have been
substituted into the governing equations, it becomes possible to
identify those terms which can be neglected as io becomes large.
When the exchange current density, or the product aiog is large,
the local surface overpotential for a specified superficial current
density 1 is expected to be low. Consequently, it is reasonable to

reduce Eq, (2) to the form

(3-10)

As the exchange current density is raised, the penetration depth
decreases and, for 6i = 0(1), the right side of Eq. (10) approaches
unity. Under these circumstances, Eq. (10) can be simplified further
to give

J=r7. (3~11)

It might appear that Bq. (11) can be obtained directly from Eq. (2)
provided that (@l - @2)F/RT << 1, However, the analysis above
emphasizes that it is necessary to verify that the composition
dependence of the exchange current density does not alter this result.
For small concentration changes, it becomes valld to linearize the
concentration dependent term in Eq. (7). Combination of Egs. (7) and

(11) then gives, on differentiation:
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dy dy”
where Y = y/1, and
k_ RT BW
e (3-13)
D c?FZ

In Appendix A, it 1s shown that only one concentration variable
is required for Eq. (7), and, therefore, the subscript on the

dimensionless wvariable Gi can be dropped.

The material balance, Eq. (4), can be rewritten in dimensionless

form

B 528 (3-14)

The governing differential equations (12) and (14), are subject

to the initial condition
0(Y,0) = 0 , (3-15)
and the boundary conditions

{1y 8(Y,t) 0 as Y » o |
(i1) at the electrode/separator interface (Y = Q) ;:
ay i, = -1 ,

2
(3-16)
b} © continuous,

a6 _ 90
) {ED ﬁf; = {en B‘Y> .
oS oe
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For condition (1), the electrode is assumed to be considerably thicker
than the penetration depth so that its length can be regarded as in-
finite. The last boundary condition assumes that the reaction rate is
not a Dirac § function at the origin.

Equations (12) to (16) define the dependence of concentration and
transfer current on time and distance through the porous electrode for
a constant currvent discharge. The reaction zone is restricted to the
region immediately adjacent to the separator, and this limits the
applicability of the results, as discussed below. The equations refer
to systems with high exchange current densities or small penetration
depths, but it should be emphasized that the macrohomogeneous model on
which the analysis is based will breakdown if the reaction zone is
significantly smaller than the characteristic dimensions of the micro-

scopilc porous structure.

Results and Discudgsion

In terms of Laplace transforms, the solution to the stated problem

may be written as:

J(Y,s) = pe 4 A (1 - -%S—)e’Y‘/g/E , (3+17)

Y

where the variable s 1is defined by:

[so}

f(s) =fe”STF(T) ar . (3-18)
0

The parameters A and E are related by the imposed requirement that
integration of Eq. (17) across the electrode gives the superficial

current density, viz:
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(Y,8)dy = %-e (3-19)

Gt

Equations (5), (6), (15), (16), and (19) may be combined to specify

the coefficient A and E as

2 -1
A:mi[(le)(é‘%’P@/E) “’“l] , (3@_20)
L@ - s/E9Y(1 + PE)
and
1/2
E = < 25 5 1/2} ,  (3=21)
14 s+ Q0+ [(1+s+Q" - 4s]
where

P = (Es/e)2°5(qﬁl) . (3+22)

Equation (18), together with the definitions of T and L, indicates
that the variable s is inversely proportional to the exchange current
density. Consequently, lnversion of Bq. (17) in the limit as s =+ 0
should give a moderate time solution for the dimensionless transfer

current. Two terms in the inverse Laplace transform for Eq. (17) are

e 2
J= V14 Q le Qv +-~«g¥:1¥§w~“ e ! . (3-23)

JTd + Q1

where

_ P/l +Q+1
P/l +Q+1+0Q

(3<24)
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and

no= Y21 4+ QT . (3-25)

The variables Y and 1 can be regarded as inner and outer
perturbation parameters, respectively. In the region Y < 0(1) ,

Eg. (23) describes the reaction zone immediately adjacent to the
separator, whereas in the region n > 0(l) it describes the progressive
penetration of the reaction through the electrode. The first term

in the equation represents a time-independent spike in J which is
largest at the separator and which penetrates a relatively short
distance into the electrode. The factor /iu;wa' in the exponent
reflects the influence of diffusion on the spike shape.

The fraction of the total current associated with the spike, A ,
is an important parameter in the description of an electrode process
with a high exchange current density. TIf X dis small, most of the
current will be progressively distributed thrbugh the electrode
whereas, as A approaches unity, 1t becomes more acceptable to
disregard the time-dependent term in equation (23) and to assume that
the reaction is restricted to the spike alone. The spike is sharper
for larger exchange current densities, and in the limit of infinite
exchange current density it will become a Dirac § function (with
area Al) at the electrode/separator interface. Consequently, in
electrode models that neglect the surface overpotential (reversible
kinetics, io = o} only a fraction (1 - A) of the total current

should be distributed through the electrode.
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Two examples have been chosen to 1llustrate these concepts; the
positive plate of a lead-acid battery and the negative electrode of a
LiAl/FeSX high temperature cell with molten LiCl, KC1 electrolyte.
For the lead-acid system, it is assumed that the electrolyte dissociates
completely. The reaction for discharge of the lead dioxide electrode

is then

1 +, 1 - -1
E-Pbo2 + 20 + =§~so4 + e = 2 PbSO4 + HZO . (3~26)

The stoichiometric coefficients defined in accordance with Eq. (1)
are, s, = -2, 5_ =~ %3 8y = 1, and n=1. With the electrode
parameters given in Table 1, the model proposed indicates that 39%

of the superficial current density is associated with the time-
independent spike in Eq. (23). Alternatively, if incomplete dissocia-
tion of electrolyte were assumed, it would be necessary to chahge the
stoichiometric coefficients for the electrode reaction, the cation
transference number, and the activity coefficient for the electrolyte
in a consistent manner.

The reaction at the LiAl electrode of the high temperature

battery is

LiAl » AL + LiT 4 o~ (3-27)

and therefore, ==-1l, 8 =0, 8,=0 and n=1. Table 1 lists

0

system parameters for discharge with an electrolyte of eutectic

S
4

composition. The analysis shows that 85% of the total current is in

the spike. Figure 1 gives the dependence of the dimensionless transfer
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Fig. 3-1.

XBL7810-60T7I

Solution in the inner region for the dimensionless transfer
current at different times, T, for the LiAl electrode, as
predicted with Eq. (23). The solution at T=0 is from

Eq. (28).

mmmmm time-independent spike.
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Table 3-1. Typical parameters for PbO2 and LiAl electrodes

Parameter Pboz LiAl Parameter
Km(mho/cm) 0.91 1.75 Km(mho/cm)
Dmx105(cm2/s) 3.03 3.33 Dmxlos(cmz/s)
T(K) 208,15 | 723.15 T(K)
e® 0.56 0.75 e°

s &

e 0.52 0.20 e’

o = q 0.50 0.50 o =0

a C a C

103c2(mol/cm3) 5.00 0.58 XZ

o(g /em) 1.29 | 33.92 ¥ (em® /mol)

d In vy

1493y 2.30 | 1.92 TG
d Inm d 1n XA

o *

t+ 0.73 0.29 tl

P 1.10 5.22 P

Q 6.17 1.60 Q

A 0.39 0.85 A

L{cm) 0.42 1.32x107> L{cm)
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current on the inner perturbation parameter Y for the LiAl electrode.
For small values of Y, the major contribution to J is from the time~
independent term in Egq. (23), and the distance over which the spike
is dominant increases with time for T R 10. At progressively larger
times the reaction penetrates further into the electrode, and J falls
locally in response to the requirement of constant total current.
Eventually the material closest to the separator will become depleted
of reactant, and the narrow reaction zone will then move through the
electrode as the available material is consumed. At this stage, the
analysis presented here will no longer be valid. Additional complica-
tions can arise if local changes in composition significantly affect
the exchange current density through Eq. (3). Tor example, if io is
most sensitive to the reactant concentration, it is expected that the
spike will become more diffuse as the reaction proceeds. This is not
accounted for by the model, although concentration changes are
included in the nonsteady state material balance, Fq. (14).

The zero time solution of Eq. (17),
J=e (3-28)

is also shown in Fig. 1 in order to emphasize how the reaction distri-
bution becomes separated into two components that correspond to the
two terms in Eq. (23). The apparent agreement between the zero time
solution and the reaction distribution at 7 = 1 is coincidental; the
moderate time solution cannot be extended to T < 1 and, moreover, an
assessment of the influence of higher order terms not shown in Eq. (23)

is needed to establish its validity at 1 = 1,
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Figure 2 shows the inner solution at moderate times for the PbO2
electrode. The different values for the parameters Q and A, in
comparison with the LiAl electrode, both make the penetration of the
spilke smaller and hence reduce the contribution of this term to the
total transfer current at a given position in the electrode. The
penetration depth for the Pb02 system, as calculated with Eg. (9), is
approximately 0.4 cm, which is considerably larger than the corres-
ponding value for the LiAl electrode (see Table'l)a Since the assump-
tion, L << 1, 1s used in the high current density analysis for the
PbO2 electrode, the results should be treated with caution and, in
particular, the assumption of reversible kinetics that has been used

previouslyZl’

requires some justification.

The outer solution for J for the LiAl electrode at moderate
times is given in Fig. 3 in terms of the outer perturbation parameter,
. The incomplete curves show the contribution of the time-dependent
term in Eq. (23). The intercepts of these parabolae represent inner
limits of the outer expansion, given by (1-A)/m/(1+Q)T. This is
also seen in Fig. 1 as the magnitude of J in the region where the
current associated with the spike is negligible. The dimensionless
distance within which half the current that penetrates is to be found
is given by 0.98/(1+Q)T. This dependence indicates that the process
is dominated by diffusion but that interactions between diffusion and
reaction modify the current distribution.

The reaction rate distribution at very short times is obtained
as a power series expansion in T, by inversion of Eq. (17) in the

limit as s ~ o, It is found that
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Fig. 3-2.

S 6 7

XBL780-6072

Solution in the inner region for the dimensionless transfer
current at different times, T, for the PbOy electrode, as
predicted with Eq. (23). The solution at T=0 is from

Eq. (28).

mmmmm time-~independent spike.
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XBL 7810-6073

Fig. 3-3. Solution in the outer region for the dimensionless transfer
current at different times, T, for the LiAl electrode as
predicted with Eq. (23). The solution at T=0 is from
Eq. (28).

——~——= time-dependent term in Eq. (23).
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3/2
S QT . 2v2 Pq (T
J=e {Io(a " Ll - fi“?ﬁg (a) I'3/?_("‘)]
2
+-(iggf§)1[%l + 222) erfe(z) - §§°emz ] (3-29)

2 2 2

8 3/2) (L + 27) -2 = 2z

+ (_,,9.,~> T [W e ? - -<1 + > erfc(Z)]
1i+pP 6V 4 3

where o = V/2Q1Y¥ , z = /1 + Q n , and Iv(a) is a modified Bessel
function of the first kind and of order Vv .

For short times, e.g. T < 0(10”2) , J can be predicted adequately
by the zero time solution, Eq. (28). At first sight, the emY term
in Eq. (29) would seem to be equivalent to the spike observed in the
moderate time solution. Numerically, however, the clear distinction
between the two contributions at wmoderate times has not developed at
rhe short times for which Eq. (29) is valid. This range of validity
can be assessed by a comparison of the first order, short-time
approximation for J with the approximations accurate to orders T

3/2

and T (Jl, ng 33 respectively). Figure 4 shows that, for the

LiAl electrode, the validity of Eg. (29) becomes gquestionable for
3/2

T>0.1 . At 71 =20.1, inclusion of the T term causes a

relatively minor shift in J At 1 = 0.5 , the difference between

5 -

32 and 33 indicates that higher order terms are needed to obtain a

satisfactory solution. For the ?bOz electrode, the range of validity
of Eq. (29) is restricted to even smaller values for T because the

parameter ( is significantly larger than for the LiAl system

{see Table 1).
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XBL7810-6074

Fig. 3~4., Reaction rate distribution for LiAl electrode at short times,
as predicted with Eq. (29). Jy, J9, J3, are first, second,
and third order approximations, respectively.



—40—

The distinct differences in short and moderate time behavior
predicted by Fqs. (23) and (29) preclude the formation of a combined
perturbation expansion that would provide an acceptable link between
the two time regions. A more general inversion of the solution in
Laplace space, Eq. (17), is needed to be able to predict this inter-

mediate behavior,

Conclusions

A simplified macrohomogeneous model can be used to elucidate the
transient behavior of porous electrodes with high exchange current
dengities. The highly nonuniform initial reaction distribution changes
at moderately short times due to the influence of concentration over-
potential. The avalysis presented can be used to predict the magnitude
of these changes and to characterize the time~dependent and time-
independent components of the transfer current at a given position
within the electrode. The results show clearly the association
between high exchange current densities and nonuniform reaction
distributions which can, in turn, have a significant impact on battery

performance.
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4. GALVANOSTATIC DISCHARGE BEHAVIOR OF THE
LITHIUM-ALUMINUM, IRON SULFIDE CELL

Introduction

The LiAl/LiClsKC1/FeSX high temperature battery is a candidate
for off-peak electrical energy storage and for electric vehicle propul-
sion. A mathematical model is needed to predict the operational
charvacteristics of the system and to assess the influence of changes
in design parameters on the cell performance.

Many models have been proposed to describe the behavior of flooded
porous electrodes, and current and reaction distributions in a direc-
tion perpendicular to the separator have been considered in great
detailolo The electrode can be regarded as a homogeneous mixture of
matrix and electrolytel4 or as a single pore, provided that proper
averages arve taken over a cross==-section311924

The macrohomogeneous model has been applied to several specific
battery electrodes. An analysis of the constant current discharge
behavior of electrodes with sparingly soluble reactants, such as the
Ag-AgCl and CdmCd(OH)2 couples, has elucidated the relative importance
of different failure modes in these system&l1 Transient and failure
analyses have also been made of the zinc electrodelz and the lead

dioxide electrode921922

An assessment of steady-state composition

profiles in lithium/sulfur battery analogues has been made, but the
. 25

results are restricted to non-porous systems.

Far less effort has been directed towards modeling complete cells

and, up until now, only the lead-acid cell has been considered in
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19,26-28 In this chapter, a one-dimensional model is presented

detail.
for the LiAl/FeS system, which is currently being developed at the

Argonne National Laboratorye3 A whole prismatic cell is considered,
consisting of negative electrode, separator, electrolyie reservoir,

and positive electrode (see Fig. 1). The model can be used to identify

system limitations and to help guide experimental research.

Model Development

The analysis is based on the macroscopic theory of porous
electrodes in which the solution and matrix phases are treated as
superposed continua without regard for the actual geometric details of

14 . . R .
the pores, With this approach, one can obtain a consistent frame-
work for the description of isothermal transport processes in the
molten salt electrolyte (see chapter 2).

A material balance for species 1 is given by

9(€Ci) - a1

3.

in sti g (4-1)

Jt

where gi is the flux of species 1 in the pore solution averaged over
the cross-sectional area of the electrode and where ajin represents
the transfer rate of species i from the solid phases to the pore
solution per unit electrode volume. 1In addition, the superficial
current density in the pore solution is due to the movement of

charged species:

=F I z, N, (4-2)
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Fig. 4-1. Schematic diagram of LiAl/FeS cell.
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and, as a consequence of the condition of electrical neutrality, the
divergence of the total current density is zero:
vﬁea + VS’ = ° s
A4 ey 0 (4-3)

For j simultaneous reactions of the form
1 =
Y s, M.t en.e (4=4)
i ]

Faraday's law can be expressed as

de
o) ‘“ﬁ% R (4-5)
J Moy

provided that double layer charging can be ignored. The last term
on the right hand side of Eq. (5) represents the removal of species
i from the electrolyte as a result of precipitation of salt k . The

transfer current per unit electrode volume V-.i, is related to the

-2

individual average transfer current densities by

i, = 2 (aln)j . (4-6)
3
A material balance on the solid phases indicates how the electrode
porosity changes with the extent of reaction at each location within

the electrode:

d(ete ) s,.V,
-1 2, Ay, (4=7)
t - ! n,F
j solid 3
phases
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here ¢ = € 4.
v pgpk

The flux of mobile species in the electrolyte can be attributed
to the combined effects of diffusion, migration, and convection. For

the LiCl -XCl electrolyte, the fluxes of lithium and potassium lons

are given by (see Eq. (2-13)):

‘?r
ty i
ed 1 =2 . . W n
N, =~ 5 Vx, F e+ ox, (e o)y (4-8)
ﬁ 2
t, 1
€D 2 =2 * _
N, = - z Vg + = xp(c gy . (4-9)

These relationships can be substituted into Eq. (1) to give,

respectively,
3 (ex, /)
A # * -2 _€b . \
e + v {XA§4+ (thl - xAtZ) G 5 VXA} =aj,. (4~10)
d(ex, /1) i
B TN T R _
5 + v {XB§4+ (XAtZE“XBul) T VXB] =aj, (4-11)
where
¥ i
v -4 # _‘:%_ e
g = (b + ) 5 (4-12)
* *

For the special case where tl = XA/Z and t2 = XB/2, the direct
dependence of Eq. (10) and (11) on current density is removed. The
molar average velocity has been chosen as the reference frame because

physical data for LiCl1-KCl mixtures are often correlated with the wmole

fraction (see Appendix B).
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The movement of electrons in the matrix phase is governed by Ohm's

law

i = -ove, , (4-13)

where ¢ is the effective conductivity of the matrix. In the electro-

lyte, the wvariation in solution potential is given by

i 8 S,%X
=2 mi(mz c)_;_t;w 37A
P { =] X nxp ] Vi s (4-14)

where @2 is measured with a reference electrode that has stoichiometric
coefficients s, and number n of electrons transferred, and Mo is the
chemical potential of LiCl (see Appendix B). Equations (13) and (14)
may be combined to obtain variations in the overpotential n = @l - @2
directly.

Polarization equations are needed to express the dependence of
the local rate of each reaction on the various concentrations and on
the potential difference driving force at the reaction interface.
Electrode kinetics do not follow fundamental laws that can be expressed
as reliably as Ohm's law or the law of conservation of matter. Con-
sequently, the polarization relationships will be subject to further
refinement, as one tries to account not only for the mechanism of the
charge transfer process but also for the morphology of the electrode,
the formation of covering layers, and the transport of species to and

from the reaction site.

It is common to begin with a polarization equation of the form
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o °Fnsj/RT =0, anj/RT
g == - /m‘.r
1nj 10] [e e ] (4-15)
where ncjis the local value of the surface overpotential, nsj = nngj o
and where the exchange current density ioj can be written as

Y. Y
i, =41 B G0 \tuoak. (4-16)

0] oj.vef 3 P K K

i,ref

29

The theoretical open circuit cell potential for reaction j is given by

The discharge reaction in the negative electrode is
- .t -
LiAl = Li + Al + e . I

In the fully charged state, it is assumed that the negative matrix
consists of non-porous, spherical particles of B-LiAl. On discharge,
the ocutermost region of a particle reacts first and a laver of a-Al
is established which thickens gradually, at the expense of R-LiAl,
as the reaction proceeds. The Butler-Volmer equation (15) should be
modified to include the diffusional overpotential for mass transport
of lithium across the o-phase to the solid-electrolyite interface.

The parameter

_3.87(1-e)1

nFc. ?LaZD
Li o

S (4-18)
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can be used as a criterion to assess the importance of solid state
diffusion within a LiAl particle,BO Small values of $ indicate that
the time required for diffusion is much shorter than the time needed
for complete utilization of the particle. Even though § ~ 0(0.1) for
this system, the influence of solid state diffusion may be appreciable
at high current densities or with low specific interfacial areas,
particularly towards the end of discharge. However, for S < 1, it

is reasonable to invoke the pseudOasteady state approximation to
evaluate the composition profile within the a-phase. With this
assumption, and with unit activity coefficients, the surface concentra-

tion of lithium can be written as (see Appendix C):

(') Vei
SO S T e (4-19)
%) Vi) im

Li"sat

The diffusion-limited transfer current is given by
4TNFD  (cl)

. _ o Li’ sat B

Veip)yym = (1;*&)(.1.._‘,3;_)’ (4~20)
*Li rg T,

where L and r_. can be related to the state of charge. Combination

8
of Eq. (6), (15), (19), and (20) gives

aaFn/RT quFn/RT
. e - e ‘ 3
Vely = a_Fn/RT (4-21)
1 e

+ -
g+ (Veiy)

lim
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where n is measured with a reference electrode of the same kind as

the working electrode, but with a fixed lithium activity corresponding

to saturated B~phase (see Table 1). Implicit in Egq. (21) ave the

assumptions that there is no more reaction after the B~LiAl is complete-

1y transformed to a-Al and that there are no variations in electrolyte

composition between the center of a pore and the adjacent solid surface.
The compiicated discharge processes in the positive electrode

are represented by two simultaneous reactions:

= —
2FeS + 214 + 2e ~ Li,FeS, + Te TIA

Li,FeS, + it 4 267 =+ 211,53 + e I1B

Equation (15) dis used to describe the rate of each reaction and the
reference electrode is taken to be the same kind as reaction IIB

(see Table 1). More sophisticated models for the positive electrode
kinetics could include additional dintermediate reactions, diffusion

of reactants and products to and from reaction sites,and crystallization
overpotentials for the formation of solid products. However, the
detailed mechanism of the reactions and the juxtaposition of the dif-
ferent phases have not yet been formally established and are the subject
of a separate study,32 At the high operating temperatures of the
lithium/iron sulfide system, and with the relatively high concentration
of lithium ions in the electrolyte, the rate of reaction is expected

te be high and, therefore, the simplified kinetic analysis may be

adequate.
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Table 4~1, Kinetic parameters used in model

Negative Electrode Positive Electrode
Parameter Value Value Parameter
o = 0 0.5 1.0 o, =0
a c aj ]
n . 1.0 2.0 n,
3
8y -1.0 -2.0 Slgj
53 0.0 0.0 S3sj
(XA)ref 0.58 1.0 (XA)ref
Y4t 0.5 1.0 Yot
iO(A/cmz) 2.8 2,0x103 (aio)j (A/cm3)
2 31 -10
Da(cm /s) 4.0x10 0.0326 UIIA,O W)
x> 0.05 0.0 U ()

Li IIB,o
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The governing differential equations for the lithium—aluminum/iron
sulfide system are subject to the following boundary conditions

(see Tig. 1):

(i) at the current collectors;

(8.) El =0,
b g =0, (4-22)
() i, =0,
(ii) at the negative electrode/separator interface;
(a> _g“_-ﬁz = I Bl
{(b) X0 X% continuous , (4-23)
9% 9%
{(c) (ED “é‘"‘é> s <€D %) .
T /s /e
(ii11) at the positive electrode/reservoir interface;
(a) i, =1,
) N continuous |, (4-24)

where VR/A can be estimated from

D e TR awad Pa (4-25)
3t — —g A dx CE b
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The electrolyte composition is assumed to be uniform across the
reservoir. It should also be noted that alternative formulations can
be used for the boundary conditions at the front of the electrodes.
These choose control volumes for the material balances that avoid the
need for separate evaluation of the composition gradients at the inter=-
faces (see Appendix D). In the separator, the governing equations

can be gimplified in accordance with:

a) _},2 = 1,
b) V@iz = (Q, (4~26)
c) e = €q

The dnitial conditions are taken as:

(i) X) =x

(i) €y

]
m
o O

(4=27)

(1ii) Vv (Vgg = vAaJln + VBajZn Y + ¥ oT 3t + vV (iﬁ VXA> .

where Eq. (27(iii)) is derived from Eq. (10) and (11).

During discharge the temperature is assumed to be uniform through-
out the cell sandwich,but it can change with time in response to
reversible heat effects, Joule heating, overpotentials associated with
electrode reactions, and precipitation or dissolution of electrolyte.

The first law of thermodynamics gives
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m C U L 1. de.

. pdT _ yop O _ _ _k T pk .
n dt=[UO"\7TO TR hO(TTA)‘%]ZKN] E¥ dy , (4-28)

o
o

where the transfer coefficient ho is based on estimated heat losses
for a battery module,
The LiA1/LiC1,KC1/FeS system can be described by the local

variables x,, g, 1

N 1,5 8 and 1, and by the governing Egs. (7), (10),

(11), (14), and (15), subject to the specified boundary conditiomns.
These relationships constitute a set of coupled, ordinary, nonlinear
differential equations at each time step which are cast into finige
difference form accurate to O(hz)g and solved simultaneously by a
numerical techniquea6 Each nonlinear equation is linearized properly
to assure convergence, and each time-dependent equation is programmed
symmetrically between the old time step and the present one, in order

to attain stability.

Results and Discussion

Electrolyte Composition

Figure 2 shows composition profiles across the cell sandwich for
several times during a constant current discharge of 41.6 mA/cmZ. A
lithium~vich electrolyte is used, and the dimensions and capacities
of the fully charged electrodes correspond to those of the Argonne Nat-
ional Laboratory Mark 1A celle3 When the discharge is started, lithium
ions are introduced into the electrolyte at the negative electrode
and transported across the porous separator to the positive electrode,

where they can react cathodically to form Fe and LiZFeSZ or LiZS,
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Fig. 4-2. Position dependence of mole fraction of LiCl at different
discharge times. Dashed line represents saturation limit
for LiCl at 450°C. Simulation parameters: N= 1.1% 108 em3;
Table 4-1; Table B-1.
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Since the transference number of Li+ is not unity, a concentration
profile develops, and diffusion aids migration in the transport of
lithium ions. An almost constant composition gradient is established
across the separator that corresponds to the flux of lithium ions
needed for the specified current density. The presence of the
reservolr attenuates composition changes at the front of the positive,
but, within the electrode, the composition variations are accentuated
by local porosity changes.

The details of the composition variations can be attributed to
the combined effects of diffusion, migration, convection, and electro-
chemical reaction. The contribution of convection, which arises
primarily from the influx or squeezing out of electrolyte as the
porosity alters, is expected to be small for this system (E% “’O(lOmS)
cm/s). However, convection is included in the analysis to ensure
that the accuracy of the electrolyte material balances is vretained.

The importance of y% was tested by repeating the simulation in
Fig. 2, with the temperature dependence of the electrolyte molar volume
included in a manner that caused oscillation in 3%, without adversely
affecting the material balances. The results differed by less than
0.2%, except in the region with KCl precipitation, where the largest
error in ep was 5%. The sensitivity of precipitation to temperature
and composition indicates that a significant proportion of this error
should be associated with changes in %, rather than X%“

If the cell temperature remains constant, the model predicts that

the electrolyte composition in the negative electrode would cross



the solubility limit for LiCl (indicated by the dashed line) after
1.5 hours. However, the average temperature rises by approximately
15°C during this period, and thervefore precipitation of LiCl is
avolded. Nevertheless, at about 547 depth of discharge, the composi-
tion has fallen markedly in the positive electrode and precipitation
of KC1 is predicted. This is illustrated in Fig. 3, which shows the
variations in maximum and minimum electrolyte concentrations during
the discharge, in comparison with the saturation compositions. The
prediction of large variations in electrolyte composition during
discharge emphasizes the need for inclusion of variable physical
properties in the theoretical analysis.

The fraction of active material utilized within the negative
electrode 1s shown in Fig. 4, at several discharge times. The large
electrode surface area and the high operating temperature help to
create fast rveaction kinetics. As a result, a highly nonuniform
reaction distribution, dominated by ohmic effects, is obtained.
Initially, the sharp reaction front is restricted to the electrode/
gseparator interface because an Infinite matrix conductivity has been
assumed for the simulation (see chapter 3). This reaction zone
gradually moves through the electrode as active material is consumed
and the potential required for the reaction becomes more positive.
At the back of the electrode, the transfer current rises slowly in
response to the composition dependent term in the Ohm’s law relation-

ship for the electrolyte.
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Fig. 4-3. Comparison of variations in saturation limits for LiCl &
KC1l and maximum & minimom electrolyte concentrations.
Parameters as in Fig. 4-2.
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Fig. 4-4. Fraction of active material utilized in negative electrode
at different discharge times. Parameters as in Fig. 4-2.
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The complementary reaction distributions for the positive
electrode are presented in Fig. 5. Reaction ITA starts first, and
after two hours it has proceeded agbout two-thirds of the way through
2FeS2 behind this

reaction front, which dis itself relatively narrow. Subsequently, a

the electrode. The FeS is fully converted to Li

front for reaction IIB begins to move through the electrode, and its
influence on the composition can be seen in Fig. 2 at 2.5 hours.

The distance that the first reaction penetrates the electrode
before onset of the second front is dependent on the operating con-
ditions. Table 2 indicates that the distance between the fronts is
smaller, and hence the reactions are less distinct, with higher current
densities or with lower initial electrolyite compositions.

The microstructure in the positive shortly after the second
reaction has begun is shown in Fig. 6. In this example, the initial
composition is that of the eutectic, 58 mole percent LiCl, and pre-
cipitation of KCl occurs at a relatively low depth of discharge.
Precipitation is responsible for the extremely small value of the
porosity € at a distance of about 0.075 cm which effectively blocks
off the back portion of the electrode. In this isolated region, self-
discharge reactions can take place as a result of compoesition varia-
tions in the electrolyte and potential gradients in the matriz. The
diagram shows that, in the depth of the electrode, reaction IIA has
occurred to some extent, producing a certain volume fraction €y of
LiZFeSZ and slightly decreasing the porosity from its initial value

of 0.5, Behind the central reaction front, there is a plateau for
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Table 4-2. Characteristics of reaction fronts in positive electrode.

Q

x, 0.58 0.667
I(A/cmz) 0.0416 0.1 0.0416 0.1
L /L 0.40 0.18 0.63 0.30
gap +

lOOtfz/tf 22.7 12.2 33.6 17.7
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Fig. 4-5. Fraction of active material utilized in positive electrode
at different discharge times. Parameters as in Fig. 4-2.



63—

0.8 T T T I T g T
““‘igu . xz = 0,58 |
B e T =41.6 mA/cm®
e 28.3% Utilization
@agf‘“‘ i éx
i
RE
e i
i 0.4—
5
— €
|
0.2t )
€
0 J ] | | 511 ] ] |
O 0.04 0.08 0.12 0.16

Distance from electrode /reservoir interface (cm)

XBL 7910-12434 A

Fig. 4-6. Volume fractions of solid phases and electrolyte in positive

electrode. Pavameters as in Fig. 4-2, except as indicated.



- -

the values of €5 €5 and gFe that corresponds to completion of reaction
IIA. At distances less than 0.0l cm the consequence of reaction 11B
can be seeng LiZFeSZ is consumed, LiZS is produced, and the porosity
drops to a small value.

As the first reaction front moves back through the positive
electrode, the precipitated region does so also, and it remains as
a sharp spike located in the region of highest transfer current. With
the progression of the second reaction, the region of precipitation
spreads to affect a larger part of the electrode. The local reductions
in porosity that result from the large molar volume of the LiZS and the
precipitation of KC1 lead to a reduction in local electrolyte con-
ductivity in accordance with Eq. (3-8). Consequently, a significant
potential drop can develop across the low porosity region that may
severely limit utilization of the electrode. The plugging of porous
electrodes has been cited as a possible cause of failure in other

electrodesﬂl2933

In the zinc electrode, for example, a large volume
fraction of Zn0 can be produced at the front face early in a discharge,

particularly if the reaction distribution is highly nonuniform.

Injtial Electrolyte Composition

An important consideration in the development of the LiAL/LiCl,

. o s PR o
KC1/FeS battery is the choice of initial electrolyte composition, By
The dependence of composition changes on XZ is illustrated in Fig. 7,

at two different depths of discharge. The difference between the
maximum and minimum electrolyte compositions is larger for smaller

O
X

A and this effect becomes magnified as the discharge proceeds. The



XBL 7912-13698

Fig. 4-7. Dependence of composition variations on inltisl electrolyte
concentration. Parameters as in Fig. 4~2, except as indicated.
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composition changes have a direct influence on the extent of pre-
cipitation and on the Nernst relationship for the cell potential.

With pure LiCl, there is no concentration polarization, but the
minimum operating temperature would be 609°C. TFor molten salt mixtures
with Li+ as a common ion, the composition changes in the Li/FeS cell
are expected to be small. The transport theory developed in chapter 2
can be applied directly to binary electrolytes such as LiCl-LiF. It
also applies to more complicated mixtures, such as LiCl-LiF-LiBr,
provided that it is reasonable to assume that, from a mass transport
standpoint, the anions can be lumped together to give only a single
independent composition variable.

If the anions do not participate in the electrode reactions, the

production term in the material balance Fq. (2-22B) is given by

RA = Vaj3n

(4~29)
For electrolytes with unit stoichiometric coefficients, and for
transference numbers that are directly proportional to concentration,

Eq. (29) reduces to R

A= 0 and, therefore, the electrolyte composition

is constant. In practice, RA is still expected to be small even with
transference numbers not exactly proportiomal to concentration, and
successful cell operation may be possible at temperatures much closer

to the melting point than are permissible with the LiCl-KCl electrolyte.
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Discharge curves

An dimportant capability of the model is to predict the dependence
of total cell voltage on state of charge. Discharge curves for the
Argonne Mark 1A cells are presented in Fig. 8, for several different
operating conditions. The upper curves are for a current density of
41.6 mA/cmZ9 and the highest of these is for a lithium-rich electrolyte,
which has a larger bulk electrolyte conductivity than the eutectic
mixture., Two curves are shown for the eutectic, which is the couposi-
tion actually used in the Mark 1A cell design. Curve A takes account
of precipitation of either component of the electrolyte, whereas
curve B does not., TFor all three curves, the sharp reduction in cell
voltage can be attributed to the localized porosity reductions in the

o Py

fully reacted region of the positive electrode. Precipitation reduces
the povosity still further, and the decline in voltage is corresponding-
1y more acute. In practice, the porosity changes may not be quite so
dramatic because it is possible for the electrodes to swell. ZExpansion
may occur by compaction of the separator and displacement of the can
walls during the formation cycles of the cell, or by motion of the
electrodes relative to ome another during a particular charge ox
discharge. The extent to which swelling can take place will depend
on the stresses generated within the cell and the physical restraints
on the container.

At the high current density, the initial cell voliage is con-

siderably reduced as a result of the finite grid resistance (see

Appendix B). Also,thecell voltage declines more rapidly since there
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Fig. 4~-8. Theoretical discharge curves for Argonne National Laboratory
Mark 1A Cells. Parameters as in Fig. 4-2, except as
indicated.



iz less time available for diffusional processes to take place, and
because the veaction distribution in the positive electrode is less
uniform (see Table 2).

The triangles in Fig. 8 indicate the onset of precipitation of

KCl. They show that, at lower I oy higher x , precipitation is

o
A?
delayed. The exact time when precipitation begins is largely
dependeni on the details of the heat balauce used to estimate the
average cell temperature, Eq. (28). Smsll changes 1in the rate of heat
logs from the battery module, or slighit differences in initial cell
temperature, could have a significant impact on the extent of pre-
cipitation and, possibly, on the cell performance. In the examples
shown, precipitation of LiCl is not predicted, even though the‘
maximum composition is close to the solubility limit (see Pig. 3).
Careful consideration of precipitation is needed for several
additional veasons. The rate of mass transport from the electrolyte
in the bulk of the pores to the matrix surface may influence the
rate at which precipitation takes place. This has been included in
previous studies of electrodes with sparingly soluble reactantsp34m36
but the effects may not be so dmportant in molten salt systems
because the salt concentrations are generally much higher. The
morphology of the precipitate may be important, particularly 1f it
forms as a passivating layer over the active material. Furthermore,
local thermal effects may influence the extent and nature of

precipitation; heat generated as precipitate forms will tend to

retard the precipitation process.
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In Fig. 9, an experimental discharge curve is compared with
theoretical predictions obtained at a similar current density. The
experiment was done with & bicell (2 negative electrodes with a
central positive plate) that was bullt with electrodes designed for
the Mark 1A battery program937 The computer simulation is based on
the electrode capacities specified in Fig. 8, but it is assumed that
the positive and negative electrodes have expanded 12.5% and 237,
respectively. Tt is also assumed that the heat transfer coefficient
h is twice as large as the value assumed for the Mark 1A battery model.
The ambient temperature used in the model remains at 25°C, whereas it
may be closer to 450°C in the experiments.

The two theoretical curves in Fig. 9 indicate the influence of
initial cell temperature on the predicted system behavior. The cell
temperatures rise by 18°C and 26°C during the discharge, for low and
high TO, respectively. Even with high operating temperatures and
swollen electrodes, the mazimum predicted utilization is still con-
siderably below the experimental observations. Two possible reasons
for this discrepancy are:

a) Additional expansion of the positive electrode either during

the formation cycles or on discharge.

b) Reduction in amount of precipitation due to: (i) high local
temperatures; (ii) mass transport limitations; (iii) modifica-
tion of the equilibrium solubility 1iwmit by the presence of
sparingly soluble species in the electrolyte or due to super-
sapuration; (iv) circulation of electrolyte caused by free

convection.
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Fig. 4~9. Comparison of theoretical and experimemt3137 discharge
curves. Simulation parameters: Q_= 2800 Cme39
Qp = 4630 C/cm®, L = 0.32 cm, Lg = 0.16 cm, L, = 0.18 cm,

€ = 0.39, €3 = 0.75, € = 0.555, x5 = 0.58, I = 41.6 mA/cm®,
N=5.5x107 em™3, b = 8.25 x 1072 W/m?.x.
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A separate study may be needed to establish the detalled composition
variations across the cell under closely controlled experimental con-
ditions.

One can also speculate on the reasons for the differences between
experiment and theory shown in Fig. 9, at low utilizations. The
experimental curve rises more sharply than the model predictions at
depths of discharge below approximately 25%., This can be attributed,
at least in part, to the presence of about 15% CuZS in the positive
electrode. Copper sulfide was added to the Mark 1A electrodes to
minimize the formation of an intermediate sulfide, LiK6Fe24826C1
(J-phase), which can adversely affect cell performance‘BB There is
now evidence to suggest that J-phase can also be suppressed by the use
of lithium-rich electrolytes and increased operating temperaturesfgg
Elimination of CuZS from the positive would be advantageous because
gross movement of CuZS to the separator, with subsequent cell shorting,
can take placeﬁéo

Small quantities of lithium are sometimes added to the negative
to augment the electrode capacity. As with CUZSg addition of lithium
tends to raise the total cell volrage. However, the lithium activity
is increased and this may cause operational difficulties, such as
displacement of potassium from the electrolyte, dendrite formation,
shift of charge range in cycling, or failure to achieve full charge.

The small discrepancy between experiment and theory at approxi-

mately 30% utilization could result, amongst other reasons, from

uncertainty in the estimation of the current collector and terminal
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resistance (see Appendix B). The finite conductance of the grid
will alse lead to nonuniform current and potential distributions across
the face of an electrode, which are not included explicitly in the
one~dimensional cell model. A separate study has been made of ohmic
drop in cuxrent collectors in order to help provide a rational
basis for scale~up of cellsgs

An analysis of local variations in potential across the cell
sandwich can provide additional iunsight into the behavior of the
individual electrodes. Figure 10 shows potentials at different
positions across the cell described din Fig, 9, relative to a saturated
R=LiAL/1iC1,KC1l reference electrode placed at the front face of the
negative. The separator potential @S is almost unchanged throughout
the discharge, in keeping with the constancy of the composition
profile across the separator (see Fig. 2). The open circuit potential

difference (@S) that would be measured by a reference electrode

=07
at the front face of the positive electrode, indicates the influence
of concentration polarization, which is characterized by the composi-
tion dependent term in Ohm's law, Eq. (14). The curves marked ®+

,CC

and ®wgcc represent the potentials of the positive and negative

current collectors, respectively. The difference between these
potentials and their open circult counterparts are the resistances of
the individual electrodes. In the negative electrode, there is assumed
to be no potential difference in the watrix phase, and, in the

positive electrode, the matrix potential difference is too small to

be discernable in Fig. 10 because the effective matrix conductivity
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calculated with Eq. (B~7) is large (O “‘0(104))5 throughout the dis-
charge.

The components of the potential for the experimental cell depicted
in Fig. 9 are presented in Fig. 1ln37 Both experimental and
theoretical results indicate that changes in total cell voltage are
largely dependent on the variations in apparent open circuit cell
potential U, and that changes in electrode resistances are vrelatively
small. The experimental results show that the positive is polarized
more strongly than the negative electrode, but that the negative
electrode potential rises more sharply towards the end of discharge.
This could be interpreted as a negative electrode 'limitation”,
although this term has not been carefully defined. In this context,
it is not possible to distinguish between limitations caused by
inherent'electrochemical factors or by changes in the useable capacity
of an electrode over a number of cycles. It might be expected that,
with a sufficient increase in excess capacity in the negative electrode,
the positive would 1imit cell performance on both charge and discharge.

For both electrodes, the model predicts resistances that are
smaller than the observed values. This could be caused by over-
estimation of electrochemically active interfacial areas, exchange
current densities, or matrix conductivities. Contact resistance or
partial loss of electrical comnectivity between electrode psrticles
can lead to conductivities below those calculated from Eq. (B-7),
which is based on the concept of parallel conduction paths. Separate

experiments may be needed to establish the conductivity of each
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electrode matrix as a function of state of charge. Contact resistances
are not expected to be significant in the positive electrode during
discharge because the large volume of solid products tends to increase
the internal electrode pressure. Furthermore, the presence of LiZS
at the front of the positive electrode may not influence cell behavior
markedly, since all the current will be carried in the electrolyte
across the fully reacted vregion. However, the formation of a poorly
conducting layer adjacent to the current collector could have a more
profound effect on the potential distribution.

Despite the underestimates for the electrode resistances, the
model still gives voltages that lie below the experimental results
in Fig. 9. This is directly associated with the estimated value of
the current collector resistance Rgs which is only included in the
model to improve the accuracy of the heat balance. The estimate of
Rg could be refined with more precise experimental data for the
polarization conductance Y of a cell element. This parameter (Y) could
be obtained directly in a small, open test cell with current collectors
large enough to ensure insignificant current and potential variations
across the face of a plate and with voltage taps placed in direct
contact with the current collectors.

Additional experiments may also be needed to elucidate the reasons
for the observed rise in potential of the negative electrode towards
the end of discharge (see Fig. 11). The theoretical calculations

indicate that the increase in porosity as the discharge proceeds more

than compensates for the additional distance the current must penetrate
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the electrode, and that the current collector potential approaches
a constant (see Fig. 10). The discrepancy between theory and experiment
may result from:

(a) reduction in negative electrode porosity caused by expansion

of the positive,
(b) gross morphology changes in the negative electrode,
(¢) reduction in the available electrode capacity and uncertainty
in the state of charge caused by
(i) segregation of active material from the bulk
(ii) cumulative coulombic losses,

(4) nonuniform initial distribution of reactants.

Agglomeration would reduce the electrochemically active interfacial
area and increase the diffusion overpotential for transport of lithium
atoms across the a-Al. A computer simulation with the initial particle
size rg increased by a factor of 4.5 shows an increased electrode
resistance at a particular depth of discharge but, contrary to observa-

tions, the open circuit potential (&_ does not alter appreciably.

9cc)IsO
The influence of the initial variation in state of charge across the
negative electrode could be investigated by comparing potential dis-
tributions obtained during two experiments; one where a considerable
time dinterval was introduced between the discharge of interest and
the previous charge, and the other where the discharge followed the

charge immediately, but the overall initial state of charge matched

the first experiment.



A

It should also be noted that a considerable quantity of lithium
can be retained in the o-Al after the B-phase has been completely
utilized. For the example with highest utilization in Fig. 9, the
characteristics of particles at the front of the electrode when the

cutoff voltage is reached are: - 0.474% 107 cnm, r = 1.115x 1073 cm,

i
and (czi)o/(cgi)sat = 0,78, This indicates that the reaction is not
limited by diffusion of lithium across the a~Al and that a minimum

of approximately 7.8% of the total theoretical capacity could be stored
in the o-~Al when no f~LiAl remains. Consequently, the available
capacity in the negative electrode may be significantly lower than

the theoretical estimate, and this could contribute to the apparent

limitation observed in this electrode.

Polarization Characteristics

In many applications it is important to know the effect of dis-
charge rate and depth of discharge on the useable capacity of the cell.
Figure 12 shows polarization curves that represent a voltage sweep
of a cell that has been discharged at a specified constant current
density for a given period of time. It should be emphasized that this
is not simply across~plot of a number of constant current discharges.
Before discharge begins, there is a single current-potential
curve, but the polarization characteristics will alter during the
discharge in a manner that depends on the total applied current. In
general, polarization is greater at larger depths of discharge, and

for higher current densities at a given depth of discharge.
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Fig. 4-12. Effect of state of charge on theoretical cell polarization
behavior. Simulation parameters as in Fig. 4-9, Toﬁ:470°ca
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An important feature of the curves in Fig. 12 is that they are
substantially straight, and there is little error in approximating

them by the equation

I=Y(@U-0 -29), (4-30)

where Y is the polarization conductance, given by the reciprocal of

the slope of the lines, and U is the apparent open circuit cell
potential, given by the ordinate intercept. In this way, the polariza-
tion characteristics of the LiAl/FeS cell can be summarized by the
dependence of U and Y on the operating conditions.

Figure 13 shows the dependence of electrochemical resistance on
state of charge for several different current densities. Each curve
shows that, in an overall sense, the resistance increases as more
active material is consumed. However, for I = 0.1 A/cng there is
an almost discontinuous reduction in 1/Y at a time that corresponds

+ -
to the onset of reaction IIB (X + 2Li + 2e -+ 2Li.S + Fe) in the

2
positive electrode. At lower current densities the drop in resistance
is neither as marked nor as abrupt, and it occurs later in the dis-
charge (see Table 2). At each current density, the resistance rises
again as porosity variations in the positive electrode lower the
effective electrolyte conductivity. In practice, there is much less
distinction between the intermediate reaction steps in the positive
electrode. Consequently, it is not expected that the sharp changes

in resistance predicted with the model, will be observed experimentally.

It should also be emphasized that the model does not include the
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Fig. 4-13. Predicted dependence of polarization resistance on
utilization at different discharge rates. Parameters as
in Fig. 4-9, TO = 470°C.
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possibility for reaction of additives such as CuZS or CoSz9 or for
additional intermediates, such as J-phase, in the conversion of FeS
to LiZS and Fe.

The dependence of the apparent open current cell potential on
state of charge and discharge current density is presented in Fig. 14
and Fig. 15, for theory and experiment, respectively. In both cases,
the value of U drops markedly during the discharge. The experimental
results lie above the model predictions as a consequence of the

presence of additives, such as Cu,5, which raise the equilibrium open

2
circuit cell potential. For less than about 307 utilization, the
experimental curves show no systematic dependence on current density.
At greater depths of discharge, U changes more markedly at higher I,
as predicted in Fig. 14.

The reduction in U during the discharge can be associated with
concentration polarization caused by nonuniform utilization of active
material. In the negative, lithium is preferentially removed from
the front of the electrode first, as illustrated in Fig. 4, and a
maximum in electrolyte composition can develop part of the way through
the electrode. At open circuit, the region with highest electrolyte
composition becomes cathodic with respect to the rest of the electrode,
and local concentration cells are set up which act in a manner that
tends to reduce the composition variations. These variations can be
more substantial at higher discharge rates, for a given state of
charge, and, consequently, the open circuilt resistance can be higher

in the negative electrode, leading to smaller values for U.
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Fig. 4~14. Effect of discharge rate and state of charge on the
theoretical apparent open circuit cell potential.
Parameters as in Fig. 4-9, T, = 470°C.
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Fig. 4-15. Variation in experimental apparent open circuit cell
potential with discharge current density and utilization.
Measurements taken 15 s after current interruptiona37



In the positive electrode, the situation is complicated by the
possibility of simultaneous reactions. Before reaction IIB begins,

(@ )

toee’ =0 is controlled by local concentration cells that result from
,ce’ T=

electrolyte composition variations, in much the same way as described
for the negative electrode. When reactions IIA and IIB both occur,

a corrosion potential can be established on open circuit, which cor-
FeS

responds to cathodic formation of Li in the back of the electrode,

20772

and anodic formation of Li.FeS towards the front. These reactions

277720

would be observed on current interruption, even in the absence of a
composition gradient in the electrolyte. As the second reaction (ILIB)
progresses, the mixed corrosion potential shifts towards the equili-~
brium potential UIIBQOQ
The positive electrode behavior is the major factor that leads

to the predicted reduction in U, At higher current densities, reaction
IIB begins earlier in the discharge and therefore U declines more
rapidly. The less marked dependence of U on current density observed

experimentally is further evidence to suggest that there 1s less

distinction between the positive electrode reactions in practice.

Conclusions
A mathematical model has been developed that can describe the
time-dependent and position-dependent behavior of a complete LiAl/
LiCL,KC1/FeS cell. Composition and reaction distributions can be
predicted, as well as variations in volume fractions of individual
phases and electric potential within the electrodes. The results of

the theoretical analysis show many of the general trends in discharge
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behavior that are observed experimentally. The model predicts that
high internal resistance can develop in the positive electrode as a
result of low local porositiles which are, in turn, caused by large
volume reaction products or precipitated KCl., This implies that, with
the electrode capacities currently being considered for electric
vehicle applications, swelling may be a prerequisite for successful
operation and thermal management of battery modules may also be
important. Furthermore, an investigation of the potential distribution
across the cell sandwich indicates that, before porosity reductions
become critical, variations in total cell voltage are controlled more
by changes in apparent open circuit cell potential than by changes

in resistance across the individual electrodes.
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5. THE INFLUENCE OF RELAXATION TIME ON THE CHARGING
CHARACTERISTICS OF THE LITHIUM-ALUMINUM,
IRON SULFIDE CELL

Introduction

The mathematical wmodel developed in Chapter 4 can also be used
to investigate the behavior of the LiAl/FeS cell during relaxation
and charging. The changes that take place under these conditions
could influence the dependence of cell performance on the number of
completed cycles,

In the laboratory, current interruption techniques can be used
to assess the resistance within the electrodes, separator, and grids.
Furthermore, in some experiments, such as post-mortem cell examina-
tions, a period of relaxation may be needed before the temperature
is low enough to begin the analyses. Current interruption may also
be important in modules for electric vehicle propulsion, where it Is
anticipated that there will be significant periods when the battery
is not in use. Cell behavior on charge can control the overall energy
efficiency of the system and may also directly affect the nature of the

34,36 e .
For these reasons, it 1s necessary

subsequent cell discharge.
to identify the factors that can limit the system during the relaxation
and charging modes of operation.

The governing differential equations presented in chapter 4 can
be used directly in the analysis, and it is only necessary to modify

the model for negative electrode kinetics (see Appendix C) and to

replace the initial conditions, Eq. (4-27(i)) and (4-27(ii)), with
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the appropriate composition and porosity distributions.

Results and Discussion

Relaxation

Figure 1 shows composition profiles across the cell sandwich for
several times after interruption of the current at the end of a dis-
charge with I = 41.6 mA/cmze The concentration variations diminish
in both electrodes and, after 2 hours, the electrolyte composition
is practically uniform. In the negative, the region with highest
X

A at the back of the electrode, becomes cathodic with respect to

the front portions. Local concentration cells, with the reaction

.+
i

LiAl = Li + Al + e I

are established that reduce the initial composition variations.
However, there is no driving force for equalization of the local state
of charge within the a-Al, B-LiAl alloy, and the reactions that take
place to give a uniform electrolyte composition accentuate the non-
uniform utilization of reactants. The magnitude of this effect is
dependent on the composition profile and the depth of discharge before
current interruption.

In the positive electrode, the situation is complicated by the
possibility of simultaneous reactions and by precipitation of
electrolyte. Initially, the electrolyte concentration is almost
uniform across the majority of the electrode due to precipitation of

KC1 as two spikes adjacent to the reaction fronts, and self-discharge
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5-1. Position dependence of mole fraction of LiCl at different

times after current Interruption. Simulation parameters:
Q_ = 2800 C/em3, Qp = 4630_C/cm3, L. = 0.32 cm, Lg=0.16 cm,
Ly = 0.18 em, N = 5.5 x 107 cn™3, hy = 8.25 x 1074 W/m2.K,

2 -
Rg = 1.55 Q@ em™, h = 0.004 cm, w = 0, cii/(cii) = 1.0,

8 o sat
Dg = & x 10 em”/s. Parameters at start of previous
discharge: €° = 0.39, e, = 0.75, e) = 0.555, T = 470°C,

I = 41.6 mA/cu®, xg = 0,58, Initial state of charge,

AMie=0) = 47.97, Additional parvameters specified in
Table 4-1 and Table B-1.
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reactions in the isolated regions behind the spikes. Adjacent to the

current collector, FeS reacts with lithium ions according to

2FeS + 2LiT + 287 = Li,Fes, + Fe TIA

whereas, near the front of the electrode, LiZS reacts anodically with

iron, thus:

2L1,8 + Fe = LiFeS, + o1it ¥ 2e . IIB

The transformation of LiZS and FeS to the intermediate sulfide
reduces the local variations in state of charge although, once all
the FeS has been removed, it is not possible for the remainder of the
LiZS to react further. Consequently after approximately 1 hour, there
are no more reactions in the positive, and the composition now rvelaxes
under the influence of diffusion alone.

Characteristic times for other relaxation processes can also be
identified from the composition profiles. In Fig. 1, the electrolyte
concentration changes by less than 17 across the separator after
1.3 hours, whereas the 1% condition is achieved in the negative
electrode after only 0.8 hours. This reflects, to some extent, the
influence of the electrochemical reaction on the relaxation time.
However, the 17 criterion is rather arbitrary and, even though the
composition is fairly uniform at 0.8 hours, the concentration in the
negative still needs to drop by another 2.5%, as diffusion takes place

across the separator. In the positive, an additional characteristic

time can be distinguished. Self-discharge reactions take place in
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the region where Li is only partially converted to Li,S. Here,

=FeS 2

2 2

the portion closest to the front ¢f the electrode becomes preferential-
ly cathodic and, after approximately 4 minutes, a sharp reaction front
for the second reaction has been formed.

Heat 1s not generated in the cell during relaxation, and the
temperature falls in accordance with the specified rate of heat transfer
to the surroundings. As a result, the saturation concentration for
RC1 can rise faster than the minimum electrolyte concentration and,
under these circumstances, the total volume of precipitate becomes
greater than the value at current Interruption. However, the reduction
in minimum composition scon dominates and, in this example, all the
KC1 has dissolved after 1500 s.

Figure 2 shows the variations in total cell voltage that take
place after the current is switched off, for the two simulations
degcribed in Fig. 4-9. Curve A is for the example that had a tempera-
ture of 450°C at the start of discharge, and that achieved 39.27
utilization before the cutoff voltage was reached. The second example
had a higher initial temperature (470°C), and a greater utilization
was attained before the termination of discharge. 1In both cases, there
is an initial instantaneous rise in cell voltage. The magnitude of
this step change can, in principle, be used as a basis for estimation
of cell resistance. However, the numerical predictions cannot be used
directly because the effects of double layer capacity arve not included
in the model, and because the final total cell voltage, prior to inter-

ruption, can be much lower than expected in practice, due to the acute
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Fig. 5-2. Dependence of total cellvoltage on relaxation times
simulation parameters as in Fig. 5-1, except as indicated.
Curve A: A(t=0) = 60.8%, Ry = 0.15 Q cm?, T(t=0) = 468.2°C,
T, (at start of previous discharge) = 450.0°C.
Curve B: A(t=0) = 47.9%, Ry = 0.14 Q cm?, T(t=0) = 496.2°C,
To (at start of previous discharge) = 470°C.



w5

nature of the predicted failure mechanism. Therefore, separate cal-
culations are necessary to estimate the interrupter resistance,

At the instant of interruption, there 1s no change in the composi-
tion profile. The potential profile retains the same shape within
the negative electrode, and the potential difference ®1w®2 in the
positive is constrained to maintain the same value because of the

double layer capacity. Consequently, at any point in the system, Chm's

law gives

i 1 19 4°
=1 =2 L =2 -
e -Vn = S P (5-1)

where the superscript refers to conditions just before interruption.

+ i, = I, one may write

= 0 and 1 i,

Since i, + 32 i

o o
1 1

; 0 _ 1o B
R T (5-2)

which indicates that the resistance of matrix and solution are
effectively in parallel, even though each segment of the electrode
is in series. Combination of Egq. (2) and Ohm's law for the matrix

phase gives the change in cell voltage, A(VNVO)3 as

o] LT )
Mimlz;ﬁl

T otk ? (5-3)

where the left hand side represents the interrupter resistance, RI"

In the computer calculations, R_ is dominated by the resistance across

I
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the separator because the matrix conductivity is assumed to be infinite
in the negative and high in the positive electrode. The separator
resistance changes only slightly during operation of the cell, in
response to variations in electrolyte conductivity.

It should be emphasized that the theoretical models for the
TLiALl/FeS cells do not include double layer effects since they are not
generally regarded as being significant in the normal operation of
a cell. Therefore, for the purpose of measuring the cell polarization
characteristics (i.e. ¥ and U in Eq. (4-30)), one may prefer the
resistance to be measured after charging of the electric double layer
has been completed. TFor this system, the double layer relaxation time,
from point to point within an electrode, is estimated as approximately
50 m895 whereas relaxation of concentration profiles by diffusion
and reaction is on the order of 3000 s (see above).

After dnterruption, the voltage gradually approaches the equili-
brium open circuit cell potential. The shape of the curves is deter-
mined by the details of the reactions that occur in the individual
electrodes. In particular, a corrosion potential is established in
the positive by reactions ITA and IIB. 1In example A, all the Li,S

2

has been converted to LiZFeSZ after approximately 2450 s, and the

voltage rises sharply to the open circuit value, U0 = 1.34 V. Curve

B does not show this effect because some LiZS still remains when

reactions ITA and TIIB ave completed. 1In this case, the voltage slowly

approaches the open circuit potential, UomU = 1.3074 V, as the

I1IA,0

electrolyte composition becomes more uniform. Tt should also be noted



-7

that the small initial rate of rise of cell voltage shown in the
examples 1is atypical, and it results from potential drop across the
sharp spike of precipitate that was responsible for the rapid decline
in cell voltage before current interruption. Both theoretical and
experimental results indicate that the initial voltage rise 1s more
rapid when the current is interrupted before the cutoff voltage is

reached°37

Charging

Figure 3 shows simulated composition profiles at different stages
of a constant current charge. A relaxation time of two hours was
included between the initial discharge and the start of the charging
process. The parameter A represents the overall state of charge; when
the cutoff voltage of 1.65 V is reached, 89.3% of the total theoretical
capacity is available for the next discharge.

In contrast to discharge, lithium ions are now introduced into
the electrolyte at the positive electrode and transported across the
separator to the negative electrode, where they are incorporated into
the LiAl alloy. The composition profiles represent the combined effects
of diffusion, migration, and electrochemical reaction. An almost
constant composition gradient is established across the separator,
but the electrolyte concentration in the reservolir rises significantly
during the charge. The model predicts that the electrolyte composition
is almost uniform behind each reaction front.

The variations in electrolyte concentration in Fig. 3 can be

compared with those in Fig. 4, for the same cell, but without relaxation
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Fig. 5-3. Position dependence of mole fraction of LiCl at different
states of charge for a constant current charge of -41.6
mA/cm?, A relaxation time of 2 hours is included between
the end of the previous discharge and the beginning of
the charging process. Simulation parameters: T(t=0) =
480,4°C, see also Fig. 5-1.
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between discharge and chavge. At A = 77.6, the profiles are very
similayr in the two cases, and there is litrle trace of the composition
profile before the charge was started,

The average cell temperature in Fig. 3 falls from 753.5 to 740.0 K
during the charge, as a result of reversible heat effects and heat
transfer to the surroundings. Consequently, the saturation limit for
KCl rises, and precipitation begins at the reaction front in the nega-
tive electrode when A=85.9, The temperature of the cell in Fig. 4
also falls, but over the range 769.4 to 751.6 K, and precipitation is
delayed until A=91.1. TFor this reason, 93.7% of the theoretical
capacity can be recovered before the resistance across the precipitated
region becomes excessive, and the cutoff voltage is reached.

The difference in charging behavior caused by the temperature
drop during relaxation emphasizes the need for careful thermal manage-
ment of battery modules. At lower charging current densities the
temperature falls even more dramatically, but the maximum and minimum
concentrations are smaller at a given state of charge, and precipita-
tion of KCl no longer controls the final value of A. TFor the cell
characteristics used in the simulations, a current density of -70 mA/cm2
is needed to keep the average cell temperature reasonably constant.

Figures 5 and 6 show the fraction of active material utilized
within the negative electrode, at several overall states of charge,
for the examples in Fig. 3 and Fig. 4, respectively. A comparison
of the curves at A = 47.9 (t=0), shows the increase in nonuniform

utilization of reactants that results from relaxation of the electrolyte
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Fig. 5~4. Position dependence of mole fraction of LiCl at different
states of charge for a constant current charge of -41.6
mA/em?, No relaxation between the end of the previous
discharge and the start of the charging process. Simula-
tion parameters: T(t=0) = 496.2°C, see also Fig. 5-1.
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Fraction of active material utilized in negative electrode
at different overall states of charge during a constant
current charge of -41.6 mA/em?. A relaxation time of

2 hours is included between the end of the previous dis-
charge and the beginning of the charging process. Simula-
tion parameters as in Fig. 5-1.
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Flg. 5-6. Fraction of active material utilized in negative electrode
at different overall states of charge during a constant
current charge of -41.6 mA/cmZ, No relaxation between the
end of the previous discharge and the start of the charging
process. Simulation parameters as in Fig. 5-1.
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composition. The general charging mechanism is similar in the two
cases: the reglon closest to the electrode/separator interface is
recharged first, and the reaction front moves back through the
electrode as the alloy is completely reconverted to B-LiAl. Further
reaction of the B-LiAl is not included in the model because the
necessary increase in overpotential of 0.3 V cannot be obtained with
the specified cutoff voltage. Diffusion of lithium in the B-phase

is considerably faster than in a~Al, and only very small concentration
differences are predicted across the outer B-LiAl layver (see

Appendix C).

The complementary reaction distributions for the positive electrode
are presented in Fig. 7 and Fig. 8. The results at A = 47.9 show
explicitly the equalization in local state of charge that takes place
during relaxation. Figure 7 shows that reaction 1IA occurs pre-
ferentially at the front of the electrode, adjacent to the reservoir,
and that a sharp reaction front moves through the electrode as LiZFeSZ
is consumed. This mechanism also predominates in Fig. 8, although
the final distribution of unreacted material is shifted from the back
of the electrode. Figure 8 also indicates that, early in the charge
and at a distance of approximately 0.14 em, FeS reacts cathodically
to form X-phase, in accordance with reaction IIA. This self-discharge
process corresponds, in part, to the charge equalization predicted
during relaxation. The effect is more pronounced at lower current

densities.
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Fig. 5~7. Fraction of active material utilized in positive electrode
at different overall states of charge during a constant
current charge of -41.6 mA/em?. A relaxation time of 2
hours is included between the end of the previous discharge
and the beginning of the charging process. Simulation
parameters as in Fig. 5-1.
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Fraction of active material utilized in positive electrode
at different overall states of charge during a comstant
current charge of ~41.6 mA/em?. No relaxation between the
end of the previous discharge and the start of the charging
process. Simulation parameters as in Fig., 5-1.
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The variations in total cell voltage for several constant current
charges are presented in Fig. 9. 1In each case, there is a relatively
sharp rise in electrode potential when reaction IIB is completed in
the positive electrode. Also, precipitation of KC1 in the negative
electrode is predicted, and the local reduction in electrolyte con-
ductivity that results causes a sharp increase in resistance at the
higher current densities. At I = -20 mA/cm29 charging is completed
before precipitation effects dominate. The time for onset of precipita-
tion is sensitive to the cell temperature, and this is largely responsi-
ble for the lower final states of charge that are predicted when a
period of relaxation is included in the operating cycle.

Experiments on the charging behavior of LiAl/FeS cells37 show
that the positive electrode current collector potential, measured
relative to a reference electrode placed adjacent to the separator,
can rise sharply towards the end of charge. The rate of change of
this potential can be larger than that of the negative electrode cur-
rent collector, and this might be interpreted as a positive electrode
limitation on charging. There are several possible reasons for this
apparent discrepancy between experiment and theory:

(a) reduction in positive electrode porosity caused by expansion

of the negative,

(b) reduction in available electrode capacity and uncertainty

in state of charge,

(¢) development of high matrix resistance in the positive

electrode due to poor electrical connectivity of the phases

or large contact resistances.
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Dependence of total cell voltage on state of charge during
constant current charges. Simulation parameters as in
Fig. 5~1 and A(t=0) = 47.9%,
: charge begins immediately after discharge,
T(t=0) = 480.4°C,
mmmmm ¢ 2 hours relaxation between discharge and charge,
T(t=0) = 496.2°C.
A : onset of precipitation of KC1l in negative electrode.
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Additional experiments may be needed to obtain a clearer picture of

the factors that limit the charging behavior and to assess the validity
of the numerical predictions. The nature of overcharge reactions,

and the potentials at which they become thermodynamically feasible,

may also need to be investigated.

Conclusions

A mathematical model of the LiA1l/Fe8 cell has been used to
investigate the influence of relaxation on the charging characteristics
of the system. The analysis indicates that composition variations
become less pronounced during relaxation, but the local state of charge
within the electrodes can become more nonuniform. The concentration
changes induced on charging mask the effects of current interruption
and the effect of relaxation on cell temperature can be more important.
The model shows that precipitation of KC1l in the negative electrode
can cause a rapid rise in applied potential towards the end of charge,
but that the effect is not critical at low current densities. The
results obtained are sensitive to the details of the heat balance used
in the calculation, and this reflects a need for precise thermal

management of LiAl/FeS battery modules.
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NOMENCLATURE

a interfacial area per unit electrode volume (cmal)
ay relative activity of species k

A variable in s domain defined by Eq. (3-20)

A cross—sectional area of electrode (cmz)

A parameter defined by Eq. (D-4)

B parameter in Eq. (3~-4)

c concentration of species i (mol/cm3)

c total ionic concentration (mol/cm3)

C specific heat (J/g.X)

P
D diffusion coefficient (cmz/s)
D effective diffusion coefficient of electrolyte in porous medium
for thermodynamic driving force (cmz/s)
Dij transport coefficient for binary interactions (cmz/s)

B variable in s domain defined by Eq. (3-21)
¥ Faraday's constant (96487 C/equiv)
g variable defined by Eq. (4-12)

G parameter defined by Eq. (3-39)

h mesh size {(cm)

ho heat transfer coefficient (W/mz,K)

io exchange current density (A/cmz)

éi superficial current density in matrix phase (A!cmz)
iz superficial current density in pore phase (A/cmz)

total current density due to reaction j (A/cmz)

I superficial current density to an electrode (A/cmz)
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= V°§29 transfer current per unit electrode volume (A/cmg)
pore wall flux of species 1 (mol/cmzms)

dimensionless transfer current

dimensionless transfer current in s domain

electrode thickness (cm)

penetration depth {(cm)

latent heat of fusion of salt k

width of cell sandwich (cm)

mass of cell (kg)

molality of electrolyte (mol/kg)

symbol for the chemical formula of species 1

molecular weight of species i (g/mol)

number of components in electrolyte solution

number of electrons transferred in electrode reaction j
number of LiAl particles per unit electrode volume (me3)
superficial flux of species i (mol/cmzﬂs)

parameter defined by Eq. (3-22)

parameter defined by Eq. (3-6)

parameter defined by Eq. (3-13)

parameter defined by Eq. (2-19)

radius of B-LiAl in LiAl pellet (cm)

radius of LiAl pellet (cm)

parameter defined by Eq. (2-24)

universal gas comstant (8.3143 J/mol.X)
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parameters defined by Bgs, (2-22), (2-23), and (2-33)

3

P

. , 2
grid resistance (2 cm™)
variable defined by Eq. (3~18)
stoichiometric coefficient of species 1 in electrode veaction j

parameter defined by Eg. (4-18)
parameters defined by Eqs. (2-26) and (2-27)

time(s)

final time(s)

time between start of discharge and onset of reaction IIB in
positive electrode (s)

transference number of species 1 with respect to the mass average

velocity

transference number of species i with respect to reference frame, r

transference number of species i velative to solvent velocity
absolute temperature (X)

temperature of surroundings (K)

initial temperature

apparent open circuit cell potential (V)

theoretical open-circuit potential for veaction j at the composi-
tion prevailing locally at the electrode surface, relative to

a reference electrode of a given kind (V)

standard electrode potential for reaction j (V)
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open circuit cell potential (V)
mass average velocity (cm/s)
velocity of common ion in molten salt mixture (cm/s)
molar average velocity (cm/s)
superficial volume average velocity (cm/s)
el
molar volume (em”/mol)
) . . . , 3
partial molar volume of species 1 (cm™ /mol)
partial molar volume of salt k (cm3/mol)
. 3

reservoir volume (cm™)
reservoir width {(cm)
parameter defined by Eq. (3-7)
mole fraction of salt k
distance through electrode measured from separator (cm)
dimensionless distance through porous electrode megsured from
separator

. . -1 -2
polarization conductance (@ cm )

valence or charge number of species 1

Greek Letters

o
a

transfer coefficient in anodic direction
transfer coefficient in cathodic direction
mean molal activity coefficient

exponent in Eq. (3-3) and Eq. (4-16)
activity coefficient of salt k

porosity or void volume fraction
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volume fraction of species i

total volume fraction of precipitate

volume fraction of precipitate of salt k
tortuosity defined by Eq. (3-6)

outer perturbation parameter defined by Eq. (3-25)
dimensionless surface overpotential

®1m®2
dimensionless concentration

effective solution conductivity (mho/cm)

parameter defined by Eq. (3-24)

state of charge (%)

property that expresses the secondary reference state for salt k
chemical potential of electrolyte (J/mol)

electrochemical potential of species i (J/mol)

chemical potential of salt k (J/mol)

total number of ions produced by dissociation of a mole of salt k
number of ions of species i produced by dissociation of a mole

of salt k

density (g/cmB)

effective matrix conductivity (mho/cm)

dimensionless time

electric potential in the matrix (V)

electric potential in the solution (V)

mass fraction of species 1

mass fraction of salt k
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Subscripts
A salt A, e.g. lithium chloride

B salt B, e.g. potassium chloride

ce current collector

e electrolyte; electrode
i species i (pumbered 1, 2, 3)
3 reaction j

k salt A or B

lim limiting value

m~1 previous time step

0 at the electrode surface

o] solvent

os in separator at electrode/separator boundary
oe in electrode at electrode/separator boundary

ref reference electrode

R reference condition
s separator

s saturation value

a oAl

B B-LiAl

+ positive electrode

- negative electrode

o bulk solution property
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Superscripts

A

B

galt A, e.g. LiC1

salt B, e.g. KC1L

relative to common ion reference velocity
initial value

relative to reference frame v

a-AL

R-LiAL

relative to volume average reference velocity
relative to molar average reference velocity

average value
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APPENDIX A

Derivation of Parameters for Analytic Model of
Porous Electrodes with High Exchange Current Densities

Positive plate of lead-acid battery

In the PbOZ electrode, a nonsteady state material balance for
species i may be combined with Faraday's law to give

B(ECi) s

= ~VeN, - == (A-1)

ot nF J

. . 10 .
for a single electrode reaction. Tor a concentrated binary electro-

lyte, the superficial flux of species i can be expressed in terms of

the superficial volume average velocity Y:E:J_Ogl.S
0
t,
N, = -eDVe, + —= 1, +c.v . (A-2)
=i i ziF =9 3

Substitution into Bg. (1) and comparison with Eq. (3-4) defines the

parameter B as

Ohm's law can be used in the form

— m =Y, 4 et Yy (A-4)
< 2 v,e VF e
170
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where @2 is the potential in the pore solution measured with a reference

electrode of the same kind as the working electrode. The chemical

potential of the electrolyte can be defined with

. _ RT d In y> _
Vu = Q; + T m V 1in g (A-5)

where v is the total number of cations and anions produced by dis—
soclation of one molecule. Consequently, the parameter W in Eq. (3-7)

is given by

w2 (1 ). (=6
i 0

Negative electrode of LiAl/FeSX Battery

This high temperature system can use an electrolyte that comprises
two binary molten salts with a common ion, such as the LiCl ~KC1
eutectic. In the derivation below, subscripts 1, 2, and 3 refer to

.t + - s . .
i, K, and C1 dions, respectively, and scripts A and B refer, in
turn, to the LiCl and KC1 salts. The superficial flux of lithium ions

based on the molar average reference velocity is

#
e(cA + cB)ZDvAvB tli N
N, = - Vx, + + .V, (A-7)
—1 c A z, F 1
T 1
where N = cA/(cA + cB) is the mole fraction of LiCl in the electro-
ivte and c,, is the total concentration defined by ¢, = ¢, + ¢, + c,.

T T 1 2 3
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Combination of Eqs. (1) and (7) gives, on simplification, Eq. (3-4)

* k-4
c 8 t C 8 r
b= i(ﬁ+£>»£ <i+g> , o8)
Bin z A n Z
2 2 vl 174

provided that the molar volume of electrolyte V is constant. Ohm's

with

law for the pore electrolyte can be written in a form analogous to

Eg. {(4) as
i
=2 G
WK = “V@Z b “t'é: VUA 9 (AWQ)
where
s & vAc s,C
_ 1 1 37A}y . T37A
G = mnvA+ x 1+ B 5 (A-10)
1 #1tV1 V3% negVsy

The activity coefficient of a salt in a binary molten salt
electrolyte mixture is often defined without regard for dissociation
. , , , . 16
and in terms of ion equivalent fractions or mole fractioms. (These
. , ) A B .
composition variables are equivalent when v, = v, .) The gradient

3 3

of chemical potential can be written as

d In Yo

- A -
VuA = RT (?1 + T ¥A> v 1n Cp oo (A-11)

and with this definition the parameter W in Eq. (3-7) becomes
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d In vy
A A
e (\)1 ¥ a‘”i;";;> ° (h-12)

In the absence of experimental data for transference numbers it
is assumed that transference numbers are directly proportional to the

., % A, A R B
electrolyte mole fraction, viz: tl = v3xA/v > € vBXB/v , and
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APPENDIX B

Physical Properties of the LiAl/LiC1,KC1/Fes System

Electrolyte conductivity

The dependence of bulk electrolyte conductivity on composition

and temperature is described by

o 2 ~E/T
K, = (aXA + be + ce . (B-1)

where: a = 18.9803; b = —5.01703 ¢ = 9.0903; E = 1425.76 K.'1*42

The effective conductivity in the porous medium is estimated from

Eq. (3-6) and (3-8).

Transference number

Measurements of transference numbers in binary nitrate melts show
that deviations from the relation t? = x,; are often relatively smamfl.lt,é!’3
Experiments in LiC1-KC1 melts44 also tend to substantiate the use of
this assumption which, for the molar average velocity reference frame,

* *
gives: tl = XA/Z; t2 = (lmXA)/Zo

Activity coetfficient

If dissociation of electrolyte is disregarded,16 the gradient
of chemical potential of LiCl in the LiCl1-KCl mixture can be written
as

YT ®

d In Yp
Vi, = RT 1 e ¥V In x, . (B-2)
A A A
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Information from the LiCl1~KCl phase diagram can be used to obtain the
composition and temperature dependence of the activity coeffi-

cient545m47 A relationship of the form48

‘ b a(l-x)"
In YA = T tanh ““"“EBET s (B-3)

with a = -1023.84, b = -1555.11, and n = 3, has been chosen to

represent the data.

Molar volume of electrolyte

The molar volume of electrolyte is defined as Vo= i kak/p where

the density p is given by p = 1.735 - 0.15 Xy

Diffusion coefficient

For the special case where the diffusion coefficients for binary

interactions are all equal, it may be shown that

K RT v d In Yo
D = 5 1+ T | (B-4)
2F T Ya
On this basis, it is assumed that
b, = 2.442 x 107 /T 40.4) (8-5)

over the composition and temperature range of interest. The molecular
diffusion coefficient in the porous media can be characterized by

Eq. (3-5).
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LiCl-KCl phase diagram

The equilibrium compositions that characterize the onset of

precipitation of LiCl and KC1 are approximated by49

) = 0.34080 — 4.773 x 1074 T + 1,376 x 100 72

( 1iC1,sat ‘

oy

(B-6)
- -3 -6 2
(% )ge1,sar = 0-14615 + 1.9117 x 1077 T ~ 1,948 x 107 1,

Matrix conductivity

In general, the matrix conductivity can be influenced by the
volume fraction of the conducting phases, the inherent conductivity
of each solid phase, and the manner in which the particles of conduc-
ting phases are interconnected. As a first approximation, it has been
assumed that parallel conduction pathways exist in the positive

electrode so that

o =5 0,¢ 4 ’ (B~7)

and g is taken to be 1.5. TIn the negative electrode, the conductivi-

ties of the active materials and the supporting grid are each very

high (OIi =z 1.0 x 105 Qalcm§1° 1cmm1; o =

" 5 -
3 0pq F 2.2 x 107 @ Fe
4 -1 =1

2.3 x 107 @ "em T, at T = 450°C) and consequently the matrix conducti-

vity is assumed to be infinite.

Current collector resistance

The cowmbined resistance Rg of the grid and terminal is obtained

from a preliminary estimate of the polarization conductance, as
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defined by Egq. (4-30). The resistance Rb of a bicell can be separated

into electrochemical and current collector contributions, according

to:
i 1
R_bc-‘i*:& ;}""}"Rg . (B-8)
-1 -2
In the calculations, it is assumed that Rb = 4md, Y = 1,013 Q "cm 7,

and A = 316 cm’. This yields R, = 1.55 9 cn’.
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Table B-1. Physical parameters used in analysis
Parameter Value
UO (V) 1.34
“au_/ot (V/K) ~1.55x107%
Cp (kJ/kg.K) 1.03
2 -2
ho (W/m”.K) 4.,13%10
TA () 298,15
= 3
VLiCl (cm™ /mol) 20.50
- 3 =
VKCl (cm” /mol) 37.58
~ 3
VFeS (em™ /mol) 18.55
> 3
VFe {cm” /mol) 7.11
%x (cmB/mol) 46.23
-1 -1 4
GFe (Q “em ) 8.23x10
50 =1 =1 3
S Q "em ) 1.90x10
o, @ tem™h 5.00x10°
Py (g/cm?’) 2.70
Py (g/cmg) 1.75
V%/A (cm) 0.03
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APPENDIX C

Derivation of Polarization Equations for Negative Electrode

Discharge behavior

As discharge proceeds, a layer of wa-Al develops at the solid-
electrolyte interface (see Fig. 1). For a spherical particle, material

balances for lithium and aluminum give, respectively,

3s t
3 -8 33, -a _ ,03 B i j‘ i, _
rpow b O ) & 2 ) e Y G | Th de(C-1)
and
3 B 3 3, =00 _ ,. 0 3.8 -
rp ot (gt By = ) Sy €-2)

where Egi is the average concentration of lithium in the o~phase and

N is the number of pellets per unit electrode volume. The average

_0 -0
mpositions , and re related b
composition i a Cpy @ la v

=0 —0 =0 -0 _
vAl a1 + vLi ery = i, (C-3)

provided that GZI and Gzi are assumed to be independent of position.

Substitution of Eq. (1) and (3) into (2) gives, on differention:

dr dr Vei
4N ) =B o, -B o i o{ _ _ o _ =2 _
3 ) Vart oV Y o ta et T Y v (C-4)



Discharge

b) Charge

XBL7912-14575

Fig. C-1. Schematic diagram of juxtaposition of phases in negative
electrode matrix.
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where it is assumed that si/n = -1, It should be noted that derivation
of Eq. (4) does not necessitate an assumption of constant lithium
concentration within the a~Al. This is not the case for Eg. (2) which,

on differentiation, yields:

Ccpy m 1) g8 T a1 ae -0 (€-5)

An overall material balance for the solid phase can be written

dr3
4N "o . -
e AO v i, - (C-6)

Substitution of Eq. (4) and (5) into this expression gives

E,B _ -y,
o e (ea1 = a1’ -7
© (@Bose LB
AlTLA A17Li

which is independent of the assumed morphology.
With these relationships, the characteristic radii, L and L
can be related to the state of charge by

t
3, 0.3 3 i B
ro = (ro) + T J; AO v i, dt , (c-8)

and

t

3,03 3 1 .
)= D7+ o T j A Ve, dt (c-9)
a1’ea1) Jo
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At the o~f interface, a flux balance for each species may be

written as
T o] 2w N - e e, -
By = e ar = N 7 % a (€-10)
The diffusion flux at r, is given by

e * 8 dr,

O - =0 _ =B 1 -
Mg = lpa¥y = Op O — %) ’ (¢-11)

because g? = 0, Differentiation of Eq. (9) and substitution into

Eq. (11) gives

(1-%.)
. ¥
TRL = S (@-12)
=i i — 2 -2
4WNFri

at the inner boundary.

At the solid-electrolyte interface,

o -0 dro veiz
NS - c, = . (C-13)
14 Li dt LaNFy
o
and
o -0 dro
Map”Cade 70 (C-14)

Combination of Eg. (13) and (14) gives
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L g R s A T (C-15)

at the outer boundary.

The psuedo~state state approximation is based on the hypothesis

that o
dey 4
DO& "(TE“ o« T (C=-16)
¥
where N, - ¢ v% =D dcY/dr. Integration of Eq. (16) across the
—Li i —o a i

a~phase with ¢ = 0 at the outer boundary defines the limiting transfer

o
Li

current as

o
QWNFD&(QL,)

. _ i’ sat _
Veip)iim = oy (k C 1y (€-17)
Li® “r, r
i o
The surface concentration of lithium can be written in terms of
(Viiz)lim:
o ,
(LLi surface _ v =)
= ] - {C-18)
%)y (Ve19) 1im
‘Li'sat

Equation (18) can be substituted into the Butler-Volmer
Equation (4-15) to give a modified polarization relationship that
includes the effects of solid state diffusion of lithium through the

a-Al layer and electrochemical reaction at the solid-liquid interface:
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@aaFn/RT ) emuaFn/RT
Vedy = o_Fn/RT : (€-19)
1 e
P +
alo (Vei m2>1 im

In Bq. (19), the reference concentration for lithium atoms is taken

as (¢ ) a aﬁd the term ai; is given by

2 X
ail = 4eNr™ (i ) - . (C-20)
0 o o' ref X,
A,ref

. ri and r  are predicted from Eq. (17), (8), and

:{J

Changes in (V- iz)l

(9), respectively.

Charge Behavior

At any point in the electrode, it is assumed that an outer layer
of B~LiAl forms immediately charging begins, and that the electrochemi-
~al reaction is restricted to the solid-electrolyte interface (see
fig. 1). The analysis of diffusion of lithium through the B-phase
and the gradual reduction in thickness of the a-Al region parallels
the model for discharge. Equation (7) and (8) apply directly, but
Eg. (9) should be replaced with

£

3 _ , 0 3 1 o B
ry = (ri) + = @;’ AO V_Ezdt 5 (c-21)

and the limiting transfer current becomes
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B
) QWNFDB(bLi)Sat ‘
= - i 1 (C-22)
(A-x" ) - =)

Li" v r,
0 i

(V1)1

Equations (19) and (20) can also be used, but the reference concentra-

, , B
tion in Eq. (18) should now be (CLi>sat°
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APPENDIX D

Treatment of Governing Equations for LiAl/FeS Cell

The material balances are:s

3(ex, [V)
A eD s
Y + Vv (XAg)“ ??‘VXA) =ajy (D~1)
9 (ex /ﬁ)
B eD .
e 4+ v (ng,w ?g VXB) =aj, (D=2)
3(€+EP)
e T fdAoj(aln)j 4 (D-3)
where
A, = Z s, V. /nF . (D-4)
J solid J J
phases, i
hm's law can be written as:
. din v, \
S N s g
vn = (K * G) iQ o FXA (? * d 1n XA') VXA ‘ (D-5)

In the finite difference procedure, Bgq. (1) to (3) are programmed
at a mesh point, where as Eq. (5) is calculated midway between mesh
points. The variables XAs £, N, and inj are defined at mesh points,

but both éz and g are specified between nodes, and placed in adjacent

storage locations.
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The numerical calculations can be simplified by eliminating the
variables inj from the heart of the program. The difference equations

can be represented as (6)

2
Z Aisk(n)(}k(nml) + Bisk(n)ck(n) + Digk(n)ck(n-f-l) = Gi(n) . (D-6)
k=1 '

and the central term can be subdivided into contributions from the
variables Ckﬁ that only appear at mesh point n, and variables C£ that

appear at points n-1, n, and n+l:

Bi,k(n)ck(n) = B%sk(n)Cé(n) + ngk(n)cg(n) . (D=7)

In this way the polarization equation can be written as:

Bisk(n)C£(n) = Gﬁ(n) - Bzgk(n)cz(n) . (D-8)

Inversion of Eq. (8) and substitution into Eq. (6) to eliminate Cf{(n)9

gives modified expressions for Bi k(n) and Gi(n):

it

B, () = By () = B () [B) ()" By (@] (0-9)

3 8

il

6, () = 6, () - B] | (n) {B;9k<n)“1 G, ] . (D-10)
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The boundary conditions for the electrolyte material balances

(see Eq. (4-22) ~ (4-25)) can be included divectly, in integrated

forms of the differential equations. At the current collectors, one

may use:

Ay /2 {(iﬁ») - (fj{i> ] + (N.) = Ay/2 (aj, )
At v /g V /1 P —i in 9

me= m&i
504 5P

(D~11)

where q refers to a location halfway between the two end mesh points
and p refers to a location halfway between g and the boundary. The
subscript m ~'% indicates a value averaged between the old time and

the present one.

Similarly, a flux balance at the negative electrode/separator

interface yields, for each species:

0 fs¥i AVS £y Ay

me =

2

(D-12)

The subscripts -p and p in Eq. (12) correspond to the electrode and

separator sides of the interface, respectively.

At the front of the positive it is necessary to include the change

in volume of the electrolyte reservoir:
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in

Here, -p and p refer to the separator and electrode, respectively.



~140-

APPENDIX E

Computer Progranm

Program BATRY calculates the time-dependent and position-dependent
behavior of the LiA1/LiCl1,KC1/FeS cell for a given set of operating
conditiong. The program uses three subroutines: BAND and MATINV6
solve the set of coupled, linear difference equations that represent
the physical problem, and PROPS specifies the necessary physical

property information. Input parameters and some key variables are

listed below:

ATO1l, AIO2 (alo)IIAs (alo)lIB
ALPHA, ALPHC () s (a))_
AON -A
O
c main variable arvray. 1IG, II, ILJ, IN,

IX, correspond to g, i,, Veig,
n =0 - &, and Xy respectively.

CHT h
o]
CON K
[s9)
CONV convergence criterion
CPMA me/A
CR1 1))
DA,DB Ddgbﬁ
DELT time step
DETA n =10

ITA,0



DOCCPT

DSEPOT

EFE

EINIT, EINITB
EN

EONS, EONGB
EPK, EPL

ESEP

EX

FACTOR

GAM

HFUSEK, HFUSEL
H1, H2, H3
MAXITS

NJ1, NJ2, NJ

RBINIT
RGRID
RINKEP
ROA, ROB
ROINTIT
ROUTA
51, 81B
S3, S3B

SIGFE, SIGFES

=141~

(SUO/BT)p

- UIIAgo

n_, (nj)+

<€p)K019 (Ep)L101

Lger® Mrict

h, h, b,

maximum number of iterations

number of mesh points from negative
current collector to front of nega-
tive, front of positive, and positive
current collector, respectively.

CRICRN

O, s O

Fe FeS



SIGINV
S5IGX

TAMB

TCD

TCV

TIME

TINIT
T3TOP

UJo
VFE,VFES
VKCL, VLICL
VOVERA
VSTAR
WIDTH
XAINIT

XAR

XASK, XASL

XD
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T

T
0

final time

i

0

~

Fe’® VFeS

ke1® Vnicl
V /A

¥

At

<2

<32

\
<°
“A
XAgref

(

X, ~X5
A TA

XAgKCl)sat’ (&, 1101 sat



100
101
102

103

104
i0¢
i0€
107
108
109

110
111
112

1214
122

=143~

FROGRAM BPATRY{INPUT,OUTPLUToPUNCH)

PRCGRAM TO FIND CURRZIAT CYERFOTENTIAL ANC REACTION RATE
CISTRIBUTION FCR L IAL oFES CELL

CIPINSION A{EE) 3B (6 ,EIoCIEeL01) s0(Eo13)o6(6) X {BEIY{EB

Y ,COLC (e
15408) oDIST(U0AD oV L1 ) DURILDL)EPRKEP{LDL) sESUMILOLI,CIFUSNIL

01l
1CCn(knid, CCMN{LOLY oDCOPXILOIYEFE(LD1Y
LCUNAC (L0L) o D2LNACILOL ) ZETA(L01) NZETAX (L01) ,EPLKEF (401,
SZETALD(L L) oCREEFPLE,L 01 sREETALLGL) ROUTALLDLY, Ex{&401)
LToRIN(LGLY o RINREP 1401 oCPOL 36 01)EFESILEL) NGO
1,0vDT {(401) eXD{LL1) o ¥OKEEP(LO1) o3 IG(H) o USTARILLLY oW L1
1 G3{3,91eCJI{u 01 CI2L0L)oCULKEP (LD 1) sCUZKEF LD 1SS koZ)y
1E1(6)82(6) SIGIAVILILYTALL(GEY
14ELI2S{60LY NOCNCF (LDL)

L1oRI(LOL) oR2ILCL) oRVI(LOLIoRV (01 qEPLIALLL) oEPKILOL)DETA(LTT)

EQUIVALINCE (EFES{L) o WL} (EXILILRBETALII I (ELTI2S (1), RINEL YD
1o {EFE (1) «POLTACL ) o (F INKEP(1Y,CU2KEP{LY)

COMMON AeBoColoCoX oV ohghNJ

COMHMONZLI/ZV LYY, TVDT oD IFUSALLCX oSIGINV,CCA,

FCCONX ¢ DLNACD2LMNACZS TALLZETAX dFACTORGToIXoNJ1ohJ2
L oEXo EFESoEFEeSICY o SISFES,SIGFEPINUT

COMMON/Z /R 4R24R VL PV 2

COMMON/Z/SoA0RGACP 1, ACP2,CU1-0J2EXPARD

CATA IXeiG e IE qINoIToli /192930695587 RFTIME/Bo314L3,C€LET0,060/
19 JCOUNT /0 7eCCEFF/1,0F=11/4CUTCFF/1.0/

FORMAT {gHy)

FCRMAT(3I5:5F1(0.0)

FORMAT(® CUTCFF VOLTLGE SEACHED®)

FORMAT (P QMESH STZ7ES(HqeH2 HIIREY *NUMRER (F MESH PCINTS¥EYENUMBER O
1F ITERATVIONS#3IX®CONVL RCEACE CRITERION®GXATIMZ (SECS)®)

FCRYAT LIl g3F7.3,14LY 16,2055 18 18X gE12:5eF16:6571)

FORMATUZ R®*CISTRI3N*NARLLXBLR ISR Y22HPI29LIXS S LIV SETAR 13X 2 415,/

FCEMAT (L FL1E,0)

FORMATU7F10.0)

FORMATI(IZ2,2F1C.0)

FORMAT (1HO o #*VCL FRAC CURFERT CCLLECTCR®,/5% IN NEG=2%,E1€08,4Y,
1210 POS=¥,E16e8e/79% L20=L102%,E1€.82Y0OLT3% o/ ¢* 1ST CUESSE FOR ETER:
1%:E16.,8, /)

FORMAT (6F10.0,F1%.0)

FORMATU(3IELE 8415

FCRMAT{IHL o #PARAMETER S FCR SIMULATICN COF LIGAL/FES BATTERVY®//% AUt
122813 LX ¥ NJ22 %o Thobd o#*NJs¥gTug/ o® H1z%883:,65% HZ2%3843.6,% H3=%,
1E12:69/9% DELV(SICS) 22 E12€85uXe2TETCP2%513,6,/)

FORMAT{LMO o *KIMETIC PARAMETERS®/2 CAMS¥ gE 1365  ¢2ALPHAS? ;S 4 R,E4EX
1o¥BLOHC=®Ei3:69/0% CRIZ®E1LT7y/)

FORMATULIRG o 2T (D220 126 CobXs®V /A%l 12,59l Xs®T (K} 3% £ 12.800¥,
1#FACTOR=%0E12:5¢ /)

FORMAT (L0 0 %S 8=® oF €03 gbX o%S32® gFCoal ol XoPEONSS%eFBal3old o/ ¢® SiIB=%,
iFeegsHyvészgfl‘epﬁe39@)‘9§EC5382§9;6@§9/)

FORMATI(TELE.8)

FORMAT{LED o €Y o®TCD* 0 1IN 2TCVR o1 X o P0PPI2SEP? o 7TH o FLFHI 1, FOS® 46X
T2CLINNILY * o7 ¥ o *CUINGNJ2 )2 48Y, 2YCVERA®)

FORMAT (3EL1 5, 3)

FORMBTILPO «®0CCPR IV I=® B 13 E; X PT0CCFT2%,013:,647/¢% RESERVOIR WICTH
12®o213.6,6%g*PULN COLL HEATY CAPACTITV(J/CH2.K)=%*,E186,/9% TAYBs?,
iEiEe?eQKe$PTC(w/CM29K3589E15979/)

FORMAT(LFPO*NCs CF LI SPPERES/CM3=%,E13.8.06X#DIF CCEFF., IN BALPEAC
{CM2/SECI=® gE12.54/ 0% AYG, CONC OF LTI IN ALPHA/CLIASAY 2% E13050b
iX‘*ﬁAR:$eEi3e?9/)

FORMAT(IHG o 2L IR T ®el 1€ Bo &Y s 2L TRTTE=23E1608obXo *ESEF=2®E16e80/)

FORMOTULFDo#PCSITIVE ELECTFROCE PAREMETERS®,/.% AT04=2%,E1bebh o AME/C
IPIB LA BATI02=2%F 1k obolbido/e® ALFA Agéggikgf)eEX@sAL;A (2$QE§.@969/9



123
124
128

i26e

127
128
129
132

134

133
134
138
13¢
137
138
139
140
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18 YFE VFES VX% BE16. €% CNI/POLP 9/ o® CONFE,CONFES CCRN=E938 96,6,

1% JOHM/ICHZ® o/ ¢% YLIZ2S(CWI/HCLI=®,E1€CaBe/o® VLICL=® gE1€s 854X %YKC L=

L9E160807)
FORMAT (6F1240)
FORMAT (6EL€8,1€)

ECRMAT(IHD - 27CELL TEMP  (DEGKI=®oE1%. 8% ? HEAT LOSS{H/CMZ)=%oE1E.
L obXePHEAT GAIMK/CP2I 2% ,E18.89/9% PEAT CF PPTE(W/CPZ) KCLoL ICL=?,

12616.8)
FORMAT (4H0 o FJCOUNTS® , 12 %FRA( ERR MCLS LISY 21680 %F ERR POLS
15%,E4608¢7¢% FOLES LI IN SoFP0S=%3E1€.80
LU ¥ XASL 22 E18eBobh o *YASKe®y E16857+% MLLS LT IN SoPEGs®,E18,.1
1/79% FRAC TOT LI SOL LCST=? 31668950 9%CAP NEG=®,E 168 ,LX, °CAFP
1€1e. 81}
FORMATULE ¢®NCT CONVIRGELD AT J=% 9139/ 98E15.8+7)
FORMATU(IFPO o ?IRTERRUPTER RECSISTAN(E{CHMoCFZ) SR gE160847)
FORMAT (® ACPL,ADF2=2%, 2E1£,8)
FORMAT LMD g EXN DI STRLe X¥6%4 620 %9k*% ESUM “BUPRE/EPPI2X2EFE® 0¥
LPRO/EX®RX® (S FEFES*o /)

]
PCE=

8

8

K

2

FORMAT (IHOPTARMDEAF ME o CALBLToCLIBET oCLIASICLIAMCALAM\ALALYLTA,

LA0N, QF MIN, ETCLT? TGEAP= 2,7 58166 8, fgsgiﬁeéw/a 3E16e89/9

FORMAT(LED,PRERIC=2,% 16, P X PEX TRA CONDUCTIVITYVY{/CRP/CHI=®E16.8)

EORMAT (LM o®NELT HALVED® X, ®KEY=®,12)

FORMAT (LMD s ¥NCP=-COMVERCEL SOLN AT2.E15.84" SECS?,/)
FOFPMAT (® INITIAL VALUES: SLNCoSLPOAPTLIC,8MTKD=2%¢/04E 18,99
FORMAT (* PARAPETERS AT REACTION FRCNT#)

FORMAT(® RSUNME%,E16.5 gL o?YSUHE® E1€.8)

FORMAT{® PIND1,PIN22,LFC1,0FC23% LE16.8)

FORMATILH o%QPAYBa®ot 1B BobX oPEF INAL2®oF 1608obX o PCMAY= ¥9€£150847 6
1% € INTERMECIATE=%,E1€.8)

READ 108 oNJ1oRhJ2Z o NJeTEVOP o1 ,H2,H3,0ELT

READ 407 oY BINIToEINIT oEINITBESEPLTINITLECCN,ECCP

READ 107 GAM  ALPFAGLLFHCICRLTGAE,ROAGKCE

READ 108 MAXITSoCONMETAGES

REBD 107 ¢TCL.LJO0CCCEToYCVERAFACTORGCCRPADDLRGRIC

FEAD 113951 +S3F0NSy31EeS3E-EONSB,EB

READ 10BWITTP CFMALTAMBCHT

READ 123.ENoCECMEEN XARGOFMIN,OTCLY

READ 107 0CSEFCTo8ICL,AT02,0R400, VL ICL oVKCL

READ 4107 VFEGVFESoVAo VLIS oSIGFE ¢SIGFESLCIGX

AJ1=281 % NJ2=2123 % NJ=16€ & EINIT=0.39 ¢ EINITE=0.E558XAINIT=0.58
PEUSEK=25800.0 ¢ XKEVE=d % BFUSEL=13400,0

FAXITS=1¢E

CRrT=22.0%CHY T ER=EN/Z260

TINIT27w3eiC

TST0P=35000.0

TGAP=TCAP®* . 0UiE/TCD

RES=0.10

PRINT 112 NJ1oNJZoNJobLlob 2P 2oDELT,TSTCP

FRINT 121,EINIToEINITR,LESEF

BRINT 183GAMALFHL~ LEHC,CR ]

FRINT 1200ENoLAg CMEAN o XAFR

FRINT 122,RI04:8102:08¢ACoYFEQVFES oYX sSICFESIGFESsSIGRVLIZS
L1oVLICL, VKCL

PRINT 4109,ECTRGECCPoDSEPCTETAGES

FRINT 114sTCDoVCVERA, TINITLFACTOF

BRINT 115,S1,83,20NR5,518B,S3R,E0NS8

FRINT 499oUJCoCOCCPThIDTRCEOMB, TAMR,CPT

EVALUATION OF SCHME PARAMETERPS USED THROUCHOUT PROGRAY
EARMA=0,9%26,6845¢0.12€,S3¢ § BARMP=0,E28%826,9815+0,475%¢,938
CALBET=0.528%R02/3ARYME § CLIBET=0.475°R0OE/BARME
CLIAS=20,1%RCA/BARME ¢ CLIAV=CMEAN®CLIAS
YLIA={=ARMEB/RCB=0:525 ¥CARPA/ D 9/RCAV7{JoLT5=0:52520:470.9)
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YALA= (1.0~-CLIBET?VLIAY/CALEBET ¢ CALAM=({1.0-VL IA®CLIAM) /YiLA

AON=VLIA/F/ {1e0=-CALLMP{CALBET?*VALASCLYIBET®VLIA=1.0)/(CALEET~
1CALAMEY

ERINT 131, 2ARPA; EARM3 gCALBET sCLIBE YoCLIAS,CLIAMCALAVVALALVLIA,
LACN, QFMINGDYCLT, TG A

MNIML=hgl-1 ¢ NJ2Pi=shJd2¢1 % N=6 ® JPz=N#i

120,02 § V2201 § T3=20c4 % T&=21e0 § VE=4.0 3 T6=210,0 ® 77=30,0
F120602 § F22061 % F32Ce2 % Fh=1o0 3 FE=22.0 % FbB=11al § F7=230,0
S$==0.15 3 FE=€0e( T T2x60.0 ¢ PRINT 123.fGRID.COMNLE

Vi0=T1 § 72C0=72 % 730=T73 € Ti0=T4 ¢ TE0=T5 % T60=76 § T7(=77

TEC=T8 3 TCTM=b1®FLCAT INJ1-1}
TCTS=H24FLOATINIZ2=NJL) § TCY L=TOTH4TOTS¢F3*FLOAT (NJ=NJ2)

TLAST=0.0 2 IPCLAP=1 @« TCACD=0,02

RF=R/F § VALI=RF#SL/EONS  § VALZSRF#(3.0=-S3/ECNS}

T=TINIT § NJi1FlaNJ1¢l § LCP2=20.0

VALLB=RF*SIR/ECNSY 2 YALZ2B=RF*(4,0=-SIE/EONST)

ALRA=ALPHA/RF ¢ ALRCzALPRC/RF § BALER1=8A/RF § BLRZ2=LC/RF
NJ241i=hd2=1 3 ESIPPN=ESEF#2FACTOR ¢ DELT2=NELT/2.0

hJMi=NJ=1 % BOFP1={VN¢YFE=2 0¥ VFES)I®*(,5/F

A0P2=A0PY

FRINT 1294ACP1,A40P2

FINL=1.0/3.0 % FINLz {2.5€€37%EN ¢ PIN4Z=PINL/3Z 0
FINZL=FPINGIAFO{CLLEE TRVALASCLIBI T*VLIA=-CALEET/CALAPI/VLIA
PIMNG==FIN&LI/ACN

FINS1=PING ¢ FINGZ2=PIRS

[FCl=2. 0*PINGLH*F*CA®CL 14S/7 (1 CH{CLIBET/ZCLIAMI Z{{CLIEET/CLIAM) =
T CALBET/CALARYY)

CFC2=FING*F2#NCECLIEET 8 FINZ22=PINLE® {4 .0-CALAM/CALEE TY/ACN
CFCl=PINLBF2RA%CLIAS/ (1, 0=0e 12CHMEAN)
CFC2=PING2F*E¥CLIEE T /70525

FRINT 132,PIN2ioFIN22,0FCLDFC2

ROINIT=2 ({1 0~EINIT=t CONI/FINW3 }®2PINY

REINIT=RCINIT

C1={CLIBET+(VRALA*CAL3IET=10)/VLIAY®PINLS § U2=PINL3I/\VLIE
L3==ROINITH®®I®YLLARCILRE T/VLIA

E¥PAND=0,.0

STCICHIORETRIES FOR SCLIC PHASES Ih PCSIVIVE ELECTHCCE REACTIOAS
12FZ ¢2=2F1 S22Vl 12¢

SSULeld=1s0 8§ SSH{2:11 =220 % SS{3¢4¥=1e0 % SS{bo1¥=C00
SS{1e2)=1a0 ¥ SSH{2421 300 % SS{3420==1o0 § SS{bel)=z2.0
Y1iz2=SS{2 1 Y*VFES/ECMIE/F 3 ¥Y21=~-8S5(3,1 12 yX/E0NS3/F
¥22==SS U352V VX/EONS2/F ¢ Y312-8S5(1,1)*VFZI/EONSB/F ¢ YI2=V342SS(1,
121755 01.1) ¢ EFESO=1. P=-LINITE=CC (P

V422 =SS{ay 2 ¥yLICS/ECREB/F

CALCULATION CF ELECTF CLE CAPACITIES

CMAXBz=SFESC*F®ECNSB/YFES § OMANEC= (L, C-EINIT-ECCNI®FECLIEET
EFINAL=TINTITI40, S*QMAX2R(A0P1+L0F2) EINT20. 3% (S FINALSEIIT )
FRINT QUCsQMANEEFINA L QMNERZEINT

FRINT 1350

FIRST CGUESS FCR LNKNU®N VARTABRLES

ECLP=EXP(=228,30%13/2,0) % EAM2=EXP(50C.C1%H{ /2.0

[0 33 KsigNJd ¢ CI{IX K)=XAINIT § CISTUKI=Hi®*FL0AT{K=1)/TCTL
CIGeKI =00 ® ROLTA(KI=Z0,40 3 W{KI=0,.0 & REETRAIKI=[ .0
CJ2iK)I=3.0 § CJi(Ki=l ol ¢ ClH)=T 0 ¥ ELIZS(K)I=B8LT
EFEIK)I=0,0 ¢ ESUMIKI=1.0 § 2PK(KY=0.0 ¢ £PL{K)=0.8

IKI=g.0 ¢ ZZYAIKY 200

CETAIKY=0.0 T CUINKY =Sl § IFIKCTNJLY G0 TO 31 ¢ CUIEGKISEINIT
ClId.K)I=509. Q1T D% X F{(S0C. 3 1%HL®FLLAT(K=NJ1))

ROUTA(KI=ROINIT ¢ wWi{K}lzia? ¢ PRI TLA(KI=REINIT
CETAIKI=C{IdokI/356C- 2 ® CUITKV==C{IJek}I/519.91%FENE?
CPOLI2:%3=ClTIdekI®* 0. 02/7CC & CPOLILKI=C{IT«K}¥®0.82/7CC
CPCLIZoKI=CFCLIZ oK)/ JIBEDHCs 2
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RIN{K)=REBETA (K}
CEINgKI=DETA({K) & GO TC 33
33 IF(K.GE.NJ2} GCTO 32 8§ ClIE K)I=ESEP ¢ ((II,K}=TCD
CPOL{1oK120002 § CFCL (2¢K)=0.0 % CFOL(3,k)=0.0
CISTIKI=s ETOTMeMN22FLOL TIK-NJLII/TCTL
CiIJokKI=Co ¢ C{INgKI=0.0 ¢ GO TC 33
32 CUlIJoK)==23C. 503 TCORY MNP {236, C92HIA*FLOATIRIZ=K)} ¢ CLIE,K}I=TINITE
CUlIZoKI==Cl1JoK) /72306, C0%ERR2 ¢ DETA{KI=sC{IJeK)/65803.0
CPOLI2eX13C{IJeK)I®D.02/TCD 8 CPOL(LoKI=CHITI K¥#3,02/7C0
CPOL 3K I=CPOLIZ2 oK I/LEOC3.0=CSERCT
CISTUKI= {TOTMITCTSHHTEFLCATIK=NIZ2II/TCTL § EFES{K)ISEFESC
CUINGKI=DETAIKI-LSEPCT 8 CULIKI=C(TJeK)
33 CORTINLE & CLIC ANJZ)=yCVERA
CTEMP=0.0 ¢ PELT=2L.3 % JSPOTsD
L0 34 K‘J:lgﬁ\)
EPKKEPIKVI=EPK XYY § EPLKEPIKVI=zEPLIKYY) ¢ YOKEZP(KVI=XT MY}
FETALDIKYI=2ETRIRKY Y ¢ CUIRKEPIRYI= CJ1(KY) $ NONOF K=
IE{RVolZ oNJ1Y RINKFPIKYI=RIN(KY) ¢ TF(RVGENJZICJIZKEP (RYI=CJ2{KV)
€0 36 L=1sJ4F
B CKEZP(L KVYISClLoXKV) ® IF{IPCLAR.ELODY GC TO 30 % DELIWN=CELY
JSET=0 § DO 27 J3i,NJ1 & I§(CUTIJsJIVebELT0) GO TO 2%
CEL =REBITA {(JV13232pTN21/C(1JdeJ3% 20
IF(DFLGTe2C*0FELTMX) GO TC 27 % IFICEL.LE-DELTHMX) ACNCF EJY =1
IF(DELoCToDELYMY LAND. CELToGT0.5%CELTMXY GO TO 26
IFIDEL.GT.DELTY CO TO 27 & DELT=CEL
C{IJSsJ¥=0e0 ¢ JSEY=J § KSET=1 € CC TC 27
25 IF{CHIIJVed)ob0o0.0) GO TO 27 3 DEle=0(J¥/0(1Jed1%2,0
IFIDEL.GTo2e0%DELTMNY CGC YC 27 3 IFUDELOLEDELTHX) ACKNCF{J) =2
IF(DELGCToDELTMY o ANDo CELToGT o05%DELTHMXY GO TO 26
IF(DELCToDELYY GO TC 27 § DeELT=LEL
ClIdoJI=0eC 8§ JSET=J ¢ KSET=2 % CC TC 27
28 [CLT=s0.,5%08LT § J4S:T=0 )
27 IFINONCF (J) oNE o) FRIMT 4124y DISTLUVGCEL QU J) oCKEEP(TIJoJIeRBETALIY
LoRINKEF UJ) s ACACF (J)
CC 275 JeNJ2,0N) § EF SKeEFESH{JI*YL2CELTMY®C UL (J)
IF(EFESKGE Do) GO TC 2689
DON=1 f CEL==-EFF S/ YL/CJ1(U3%2.0 5§ GC Y0 278
260 ELIZSK=ILT2S{JYeYL2*0ELTEX®CI21IJY ¢ IFIELIZSK.6EL0+0) CC T3 274
ROA=2 ¢ DEL==FELIZ2S {4 /YL2/CJS2(J)22.0 ¢ CC TO 278
F71 EYK=EX(JISDELTIMXS{Y212CJ1(JY4Y224CJ20(J1Y 3 IF{ENK.CE.Qa0) 6O YC275
IF(EFESK.GT,"60) GO TC 273 ¢ DEL=<EX{J)/Y¥22/CJ2(JV%2.0 § NON=3
GO 7O 273
273 LEL==EX{JY/Y21/CJ1 1041 %2.0 8 NON=z&
278 IFIDEL.LE-DELTMX ) NONCF{JI=NCN
IF(DTLoCTRELTME o END, UELToGT.05%*RELTPR) GO YO 274
IFIDEL.CTeDELYY GO TO 275 ¢ CELT=0EL % JSET=J § KSET==A(CH
IF{NONGECsl oCLRo NCNoEQebL) CUL{JI=C.0
IF(NON.2 Qo2 oCPo NCN.EGe3) CJ2(J¥=C0 8 €O VO 272
274 LCELTSQ.Z%DELTY % JSET=Q
275 IF(NONCF(JY oNE o0 PRIANT 124y DISTUUYCEL oEFESKLCIL{JIsENK T 21U,
LRCAOF (U
CC 279 J=NJ2oNS 7 IF(J.EG.JSETY €CC TC 27¢
IFINONCF L) oECeld CULUUY=CULIKEPIUY UL, 0-CELT/{=FFES{JY/YI/CJIKEF
144122, 001}
IFINONCE (U} 050 o021 CJI20J1=CU2KEPIIIF(1.0=-0ELT/{=ELI2S{JI®Z:0/Vh2
1/7CJ2KERLIY Y
IFINONCE (JVoECa 3 CU2 (J1=CJU2REPLUI®{L.0-CEL TA/(=EX{JDI/V22/C32KEP LI}
12200
IFINONCF (J) oEC o) CULUII=CUIRERPLJI {1 0=-LELT/(=EX{JV¥2i/CILKEP{Y)
122.03)
272 COMYINUE
€0 26 J=lehJl ¥ IF{J.E0Q.JSFET) GO TC 24
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IF(NONOF (U ,EQel) ClIJoJIaCREEPL U ,JV2110=-DELT/IRRETA (J1®53
1PPIN2L/CREEF(TIJeJ ®2,0))

IF(NONCF (J) o8By CUTJodl=lKEEP{ I JI®1a=DELT/(=-QEJI/CREERP {T1JpJ)
1%2.00)

COMTINUE

KEV35=0 § OTMIN=CELT/20.0 ¢ IF(DTPIN.LT0005) DTMIN=0.0O0E

SET MAIN ITERATION LOCP COUNTER, INITIALISE ARRAY ELEMEMNTS
SJCOUNT=0 ¢ [ENT2=0.57CELT

TIME=TIYE®DELY & T=TeLELTALTEMP § IF(CELToNE.O.0) DTINVE1,0/0ELT
XBEL=(0o30b080-C-0006772%T7¢40.000001376%T7%52
HASK=0,14H61520,0019117%T7-0,0000012482T74%2

TCA=ALRA/T ¢ TCC=ALRC/T $T7C1=ALRL/T 8§ TC2=ALR2/7
JCCUNT=JCOURTeL  § J=0 8 DO 35 I=41,JF ¢ D0 35 Ks=1eJF ¢ ¥{IeX)=0e0
Y{IsK})=0.0 ¢ JPTERF=20 & NTERR=0

CALCULATE PRYSICAL PRCPERTIES

CC 36 #Isgfohd ¢ CALL FROPS(MILCI

IF{IPOLARGNEGL +sCRo JCOUNToNEL() GC TC 3€ § IF{MI GT.NJ1} GO TC 36
IFICUINOMITalTa0o0) W{MIIsded § IF(CIINGPIVoGEL0-0) W{MII=0.9
COMT INUE

EFESP=Q0.0 $ EFEF=0.0 ¢ EXPP=(o0 § ELI2SP=0.0

CSIGiP=J.0 ¢ CSIG2P=5,0 ¢ SICINV(19=0.0

F3nz0.0 § DY¥OVUR=D0o0 & B8G=0.0 ¢ F3INC=0.0 ¢ FGP=0,0

FP=HY § FLUXP=z0,0 § DACVAR=(V{1)=ClIXo4)20VYX{L}) 7V (31852
FIRPSC{IZ L) #FACTOR®*CIFUSNILI 2V (1)

FIMPD=CUIE 1) **FACTOR® (DO (L) =DIFLSNULI®CYX (LI VL1V LL)

J=de i $ £S164=DS1GIP ¢ DSIG2sDEIG2P
EFESK=EFESP T EXKsEXPF § ELIZ2SK=ELI12SF

CO 37 JI=19JdF ¢ CG{I)=0.0 € BL{I)=0.C § B2UI1=0.0

TALL(I)=0.0 § IF(Iolcob} CCLO(IoJd¥sClIod)

CO 37 K=19JdP ¢ B{IeK) =00 $ RII¢KI=000

C{IeK}=loD

CALCULATE DERIVATIVES (BALSED CON FREVICUS GUESS)

Feb2 ¢ IFUJoLELNJL) P=PL ® IF(J, (EeNJ2) F=H3

IFldelTel) BlLsIld=1.0 ¢ IF{JelTeNJ) Blholll=z=1c1

WE=H/6a0 3 IF{JoEQoele CRoJo EQaNJY RE=HWE/ 20

IFUJoEQoNJLY BESFL/B.0 8§ IF(J.EQ.NJZY) KE=H3/6.0

B{LhsIUlabol%WE § IF(J.EQeNJLORaJoEQoNI) BI5:11) =100
IFGIECNIY GHUSI==-C{I1sJ) 3 IF(JEG.NJI) G(5)=TC0=-CLILloJ}
IF(JoEQoNJ] ANDLABS{CI5)) oLE,COEFFRAESICITIIJIIY G(B5h=loD
TALL (4 Y=RBS {24 1UI¥C(TJed D)

IF{JoGTol oANDo A8S{CHITII J=1)).6T.TALLI{®}) TALL{L)}SAESI(C(IIJ=1))
IF(JebToNd oADMDs ABSUCHUIToUY ) oGToTALLELYY TALLIGLI=AESICLITdY)
Gl ==L 0%RE*C(IJ,J) ¢ IF{JaCTol) CluIsCGlL)=C({ITeJ=1)
IFUJeLToNS) Glu)=Gle) #C{I1T,J)

BEPzH/Log § IF{J91.ENNJL1e0RJI21ECNY) WEPsWHEP/ 2.0
IF{J41.5Q. NJ2) WEP=H3I /8.0

CYINV=4o0/7H 8 IF{J.EDeNJ1) DYINY=1.0/¥2

IF(JoNEaNJY DYYF U= (XD (Je1)=XTLJVIRCYINY

KIPLTIC EQUATION FCR NEGATIVE ELECTROCE. MODEL INCLUEES
FEACTION AT S/L INTERFACE ANCD DIFFUSICN €F LI IN ALFEA AL,
SLCU=DERT22(CHIJ o JISCKEEF LTI oJY) ¢ IF{JLToNI) SIGINVIJ4I)=0.0
IF{J.6T.NJLY CO TO &2 § KEV¥=-=i

EtepoTJI=1o0 ¢ IFINCNOF{JI,NE.0) GC TC GE

IFIQIJV4ADDI-LTe 000 CC TC 8
IFAQUIILE 1. 0E-05ANCCIlINg SVl EoCal) GC YO &b
IF(REBETALGS) oLE ol e DE=11ANCCUINygJYoGEQC) GO TO &&
RINK=RINKEP {J}

IF(JIaLEo1.0) GO 7O 32 § IFI{C{INsJIoLTo0.0) GO 7C 38
K{JI=0.3 8§ GC TO &3

FING=PING2 ¢ PINZ=PItiZZ ¢ LCF(=DFC2

IFIJYI.6T.4:.%%) RINK=FOUTALS)

FOK= {ROUTA(JI®#*Z3ADDI Z7PINEZ ##*PIRNYL § KEV==2
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FINZ=zRINK P®I-A0DJ/PIN2 ¢ IF{RIN3LTC0.L} GO YO 8
RINCJI=RINS®®PING
TL=(1o0/RINIJY =1 .08/KOKI/DFC § GC TO &4
39 IF(CU{INeJ)oCTo0,0) GO TO 20 * HW{J)=2.C € GO TO 38
L) FINS=2PINGY § PINZ=PINZL & LF{=DFC1H
ROK=(ROUTA(II®?234A0DI/PINSL) **PINL € KEY==3
REETAB=REBETA (JI®**3-LCLJ/PINZ § IF(RBEVAZ.LT.0.0) GC TC 2
REBETAK =RBETAZ#¥PINL ¥ FIN(JISRRBETAK
TL= {1 0/7PINZe1.0/PING)?{C{JI4ALNII/ (ROKB®24R0K
LRRINCIIERINLGII®*2Y /UDFPCRROKRBFINGID )
Ly SAREASPINGRRQK#®2
CRZ=EAELTCA®CIIN I} § CR3=EXP{-TCCACIIN,JD)
CR16=CR2-CRZ ¢ EXCRILA=SAFFARCRIF(CIINJIAXARI#*2GAM
BIC(2)5CR2 § IF{ABRSICRZ) oLT.ARS(CR3Y) BIC(2)sCR3
IFLABS(CIINGII V(TS CE~CLY RCTD 42
Chilu=sClingJdI® (TCAeTCCH{TCA=*3+TCC*23)2CIIN,JI*%2/€,10)
EIG(21=5CR14 .
42 CR1S=TL¥CR2¢1.0/EXCHI A § CRLE=CR15®*%2
BLE INYs (TCA®TL®CP 1L* CR2-CRIE# (TCAPCR24T(C*CR3IVI /CRLE
EQEe IX)2=CRAL*CAP/CRIE/EXCHIA/CT 1N J)
Bl6eTI)21e 04CRIL/CRLIEPDELT/B. 0% (CR2/DFC2 {1, D/PINZ/RINIJI®®L  ¢1.0
1/7PING/RQK S84} =2, C/EXCRIB/ROK #RL/PING)
CRE=CR1L/CR1IE § CUlRI==CUIJ,J)*CRE
EIC(1I=sC(Ided) ¢ BI6(2)=81G{2)/CR1E & TAIL=0.0 8 CC &3 Kezie2
IF(TATL.LTB2SH{EIG(KY 3) TAIL=ARS(RIG(¥))
43 CONTINUL 3 IFLRAESHG(A I LT TAIL®*CCEFF) C(6)=0.0 g GC TO L@
46 E(E,IJ)=1,0 ? Glel==ClIJeJd) § CGCTO 4€
KIPETIC EQUATIONS FOF FOSITIVE ELECTRCDE. 2 SIMULTAREOUS REACTICAS
ELECTROCHEMICAL RESISTANCE ONLY
45 IF{JeLToNI2=1) CC TO 44y ¥ IF{J.EG.NJ) GC 7O 2886
EFESP=EFES (Jel)+YI2DENT22{CJLIJe1beCIixvEP (J21))
EFEP=EFL (81 ¢DENT 22{V3L#{CIL (U 21) ¢CUIKIP(J 21 ) eV E2H Y
1CJ2(Jdet ¥ eCU2kEPLUS LI
EXFPeEX JeLYECENT2R Y242 (CJLLJe1)eCIIREP (S el bV eV EZ®
1CJ20J¢1)2CI2KEP(JELID )
ELIZSP=ELIZ2S (Jei)«DENT22VL22(CI2(J+1)¢CJZKEPJeLY)
CALCULATION OF MLTRIY COMCUCTIVITY
SU¥L=CONADD ¢ SUM2=0.0 § SUMI=g,(
IFIEFEF.LESCC) GO TO 281 § SUMI=SIGFESFFEP®*FACTOR
SUMZ=SUML/EFT FREFLCTON BYFE § SUM3=SUMZ
281 IF(EFESP.LE.N.CY GC TC 282
ACD=SIGFES?EFESE*2?FALTCR ¢ SUMI=SUMLGADD
SUM2=2SUM2=2, 02ACC/LF: SP*FACTCOPSVFES
282 IF(EXPP,LE.Q0.C) GO YO 283
ACC=SICA®EXFPERFACTOR ¢ SUMI=SUNM14200
SUM2=SUMZ2+ACR/EXPPAFL CTORBYX § SUM2=SUMI=AND/EXPREFACTCR VX
283 SIGINVIJ41)=3,0/78UML § DSIGi==-SURZ®DENT2/SUML=72/ECKEE /F
LSIG2==SUM3*NENT2/ZUMI*®2/E0RSR/ ¢
IF(Ja LYo NJ2) CC TG Le
284 C2{2+1)=0e0 ¢t GRI{341)=Cul
FIRST EQUATICON
E(EyTUI=1o0 & GlEd= CJULUYNCI2TIUNI=-CUIJsd)
TAIL=0.0 8 BIC(L1I=CJ10J) & RIG(Z2I=CJ2(J} 3 BIG(3)=s
L0 285 K=1,3 ¢ TF{TATIL.LTAB(BIC(KIV) TEIL=A35(R]
285 CORTINUZ § IFLABSHLGIOII.LT.TAIL*CCEFFY Gl6)=0.0
SECONC SQUATICN
IF{DELT.EQeC0) CO TC 287 % IF(J.EC.JSETY GO TO 297
IFINCONCF{JY o NELD) GO TC 297
IF(EFESLI) oEQofol oANCo EFESKoLTo0o0) EFESK=0.0
IFIELIZ2S(UYeECel 0 ANDe ELIZSKoLTo0oC0) ELIZSK=0.0
IFEEXEIIeEQoDo0 oANDs EXKoLTo0.0) EXK=0oC
TFI{ELI2SKoLToLo0? GO TC 286
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IFLEXK  oGEelo8ec ANCEFESK oCE0.0} GC TC 287

KEY=zd § PRIAY L4R DISTUJI EFESKoEXRKGELIZEKGCIL (Y)Y CU2(d),
1CJIKEPLI Yo CUZKEF LU
IF(DELTeGE0l0e0e0RCIIJoJIPCRERP(IJoJYGE0.0) GO TC 8

NORDF (Jd=5 ¢ IFICJ1EU)eLTo0e0Y CULUYI=~EFESUUI/DENTZIVI=CIIKERPLY)
IFCJULEINeGTa0s0) CILJI==EX(JI/CERTR2/V21=CJIIKERP(J?
IFICJ2UINolTalol) CI2 U ==FY LIV CERT2/Y22-CJU2KEP (L)
IFICU2080. 6T, C0) CU2 (Y e=ELIZSLJI/DENTE/VL2=-CUJ2KER (Y)Y
C{IdeJd=CatupeCdz ()

Clulz=bo0PREFCITUJY § IFLJolT L) ElLI=ClLY=ClITJ=1}
IF{Ja LT NDY GludaG ) #C{T11,4)

GC Y0 237

ETHS=DETA{J) § IF(EXKoLE OB ANDETASATL0.0) GO TC 291%

IF{ZFESK  ollfolol oAN[Ca ETAS.LT-CoC) GO YO 291

CI=EXFUTCL®ETASY § CI2=f¥P{=TC22ETAS)

EXPDIF=CI1=012 ¢ AIOXxA=AICL*CLIN I}

IF(ARSUCTASA®TC1) oGTot o 0E=03) COTC 289
EXPDIF=CTASO{{TIC14TC21 %0 1.040,.5%(TC1=-TC2I2ETASIS(TC1#%34TC2223)2
1ETAS®%27¢€, 0}

Bq{IX)==AL01%EXPLIF ® @1 {IN)==RAlCYAR{TICL%CT1¢TC2%C12)
CRIUZ2,1¥==ACJLlY4C{IX oI #BLUIND)

TAIL=0,9 3 BICG({1¥=CU1{J) § BIG(21=8ICKA®CIL

EIG{3)=410¥%8%C12 3 CC 290 K=1,3

TF{TATLLTSABS(RIGIKY I} TAIL=ABS(RIC{K}}

CORTINUE & TF(ABRS{CA(2,1)1)oLTaTAIL®CCEFF) CRI(24102060

cC TQ 232

CRBI2s1)==-CJi(Y)}

THIRD ENUATIOR

IF(ELTI2SK  olLEeD sl ARCe CUINsJYoFTs0.01 50 TO 238

IFLEXK JLE«D0.0 aND, CUINGJILT,Ne0) GC TC 22¢
CI4sEXFLTC1*C{INGJY) & CIZSEYP{=102%C{IN,J))

EXPOIF=C14=012 ¢ IF(APSITCL*C{INGJIIeCToka0E=-33) GCTC 2€&
EXFOIF2C{INGdIP*((TCL4TC2)%(1.0405%(TCL=TC2I%C{IN,JI}e(T(Li%8%3¢
LTC2#*3)1*C{Ir,J1%%2/6.0)

AICA33A702%0(IXgdY & B22(IR)==LI0Z2FXPLIF

E2(INY==AT0XR(TC12CT ¢4T7C2%C12)

G301 ==(CU20ut +82(1X 12 C{INJY)

TAIL=0,0 § BIC{LI=CU2(4) 3 BIG(2IsAICXE*(]Y

EICG(3)=4T0XE #CI2 * DO 298 K=41,3

IF(TAIL oLTs A2SH{BIG(KII) TAIL=20BS(BICIKY)

COPTINLE & IF(ARS(CO({3:1)1)LT,TAIL®CCEFF) CR{3,1)=CeC ¢ GOTC 2¢7
CBE3:1¥==CJ21U}

C{EV=G(RIFCRI24114C8 (3510 8 BlH,INI=2EL{INI 482 (IN)

E{E, IXY =21 (IX)eP2(1IX)

CeMS LAW FOQUATICA

IF{JE0 NJL.ORaJ.EQe U} GO TC 214

IFL{SoGT e NJLoARDeJ LT o NJ2)Y GO TC &2

CONJ=CONIJIYPCL{IE o JI®HFRCTOR § COPJF1=CCNEU+ LI BCIIE o Je1 }2FACTOR
TCULNAZ=T*0DLNAC(I 41) § XP2z21.0=-C{IXgJ¢1}

TOLNAL=T*OLAACIYY 8 ¥Bi=1.0-C Ik J} $ IF{JeGTNg2Y (0 7O 514
TERL=(VALL#VAL2#2C{IX I/ ¥24/7C{IXed) 8 FL20=TER{®TLULANLY
CFe2X0=T*D2LNACTJI 2T RI#TOLNAZ2(VAL22C IR J V2% 2=-VAL1%( 1e(=7,0%
LICUIX U7 LXRIRCUIX J ) 2% 2)

TERZ= VLALASVAL2PC {In s J41YI/RB2/C T 4¢1) § FL125=TERZ2®TCLNAZ
CF12US=T*D2LNACIU¢ 1D 2 TERPETDLNAZP (VAL 2%C{INJ¢ 11292401 1°(1eC=2,C"
10T 4L I Y2 LULYR2%CLI N eV o2y

£63=CLI1sJ1%0:5 ¢ COus={Fi2CeF12SI2CVINY¥®[,5

Bi{Ee IX)==CGRPLCCRX {4)Y /COMS/CCNLLY =CGa+DFI2XC20-5%0XYFD
L5 IXV=0.5%NF12%S*DXYFD=-CGI*DCOMK (I /(ONIPL/CCNITSe1D9(%8
£S15=0.0 § CSIGF30.0 ¢ IF(CILEJ) o5Ca00) GO TO w8
CSI6G=D31IGL ¢ CSICP=DSICGLF

IFICJIZ{II.E0.C.0) GG TC L9 3 DEIGP=NSIG?E § DSIG=0%IG2
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B{5, IEV==CGI*FACTOR/CCNI/C(IEn D
C{54IE)==-CG3*FACTOR/CONJSRLIC(TE,J41)
B{5,TJI=05°(CI1T:J)=TLDI®LSIG
Li5:1I0=0.5%(C{I1oJ)-TCOI®DSIGP#UHEP
BlS,110=0,5%{1.0/CONJ¢1. 0/7CORNIPLeSIGINVIJI*SIGINYVIILY)
E(S, INI=DVIRY 8§ DS, INM ==0Y INV

BIG(L)=SIGIRVISI®0.5%TC0 ¢ BIG(2)=DYINVSTETALI«1)
BIG(391=0,5%C (11,0 /CONS ¢ BIGIL)=05%F125%)DLJI®OVINY
IFICONJPLLYCONJ) RICIZ)=BIGI3IRCCNI/CONIPY
E(S)=0-52TCD*{SIGINYIJDI¢SIGIRYES21D) “B{5,IIV9CLIT )

L4DYINVRICETA(I A =CETATS DD ACEBHIRCIII=NCLIes 1)

B{5,I13=8(5,111=C(5, 11}

LO 50 Kslolb § IFITALLIS)LTABSIBIGINIDY TALL{SISAES(EICIKR))
CORTINUE § GO 70 311i

OHPS LAW EQLATICN,POSITIVE ELECVROCE.

TERY =(VALLG+VAL2B2C{INeJII/UBL/CIINeJ) § FL20=TERLI®TOLMAY
CFL2X0=T*02LNACTJI*TZ FL+TOLNAL®(VAL2B2C 1N, JI®22-YAL1B%(1,0~2,0"%

LC{IH oDV /7 EENBLPCUTIN s Y ) 2220

TERZBs (VALIB+VALZB®CL IR, S L) I/¥B2/CITN S8 LY
F125=sTERZB*TDLNAZ
CF12XS2T2D2LAECIJ¢ 102 TERZISTELNAZ®(VALZRIC{INJ¢1)292VAL13% (1,0~

120%CIIN ¢V 17 0UNB2RCTIIN 0S92 03%%2) ¢ €C TO &7

BlS¢INI=1,0 % G{El==C(INeJ)
EQUATICN 1. MATERIAL BALANCE.

IFIDELY-EN.0.0) GO TO 229

EZNM=FIN 3 FLURM=zFLUXF § F3h=F3NF

FINMD=FIND ¢ F3NC=FINFL 8 FEMsFGP

PHsHP § HMM=FD § DXOUNPsDXCUN § OXCYN=CUHCYNP 3 3GHM=BC

JE=d $ IF{JoNE-NJY GC TO 312

WM=20,375%H3 & FLUXP=(0.0 § FGP=0.0 ¢ JE=J=1 % GO TC 31%

CXOUND ={¥{Jeid=ClIX,Je0)20YR{Jed ) VLSe])®®2

FINP=ClIE, JSL RS FACTORPOTIFUSAIJE LY sV (ded

FIRPO=2ClIE  JHL IS ®FACT CRA(DODX (J 21 1 -CIFLSN IS0 20X ST sy idedd ) syt
1Je1)

JGP=J ¢ IF(J.CELRJ2) JEP=Jeg § TF{J.EC.4) JE=Jey § JCM=J(P=3

IF{JoEQal) uWM=0o375%H 1

IFIJ.EQaNJ2=1) FINP=F INPR(ESEP ~ /C{IE,J21))®*®FACTCR

IF LI EQsNI2=1) FINPO=FINPL2{ESEP/C(IE J¢41))22FACTOR

IF(JoNEoNJLY GO 70 313 8 JE=Jg=-4 § HP=H?

WHMz0,376%HL § RAT=(ESEF/CUIEsJ)II®®FACTOR § FINsF3IN®RAY

FIND=F3IND#RAY ¢ GO TO 31b

IF{JoNEaNJZY CGC TO 3146 3 F3N=CUIE,JIRPFRACTORR0IFUSAIYIZVIUY

FAND =ClIE o JIB*FACTOR 2{ODN (S =DI PUSN{JI2LYX I AV LI DIV IS

JE=sJE® 5 PP=H2 8 AM=20.375%KHI & JEM=J=g

BG=0.25%{CIIXJe1)¢CUIX,J)Y ¢ FGE=CLIG,JC0)

FLUKP=Z. 0%BCHCLIC,JOPI=-0.52{FINPIFINIBUONL(J eI =XCUJDI/RP

RIK  =FLUXM=FLUXBeRE/ZE® C{1Jd:J3¥%L,0

2K 2WERCUIE o) 2 {3 0PCUIXeJIZVIIY eCUIXGJEY W UIED)

LeWE/VYLICLRG ,0%EFPLIJ)

RYIK=FEN-FEFahE* C{IJs JI/F2Lo T

RY2K  =HERC{IE«JI? (3. 0/V 4V &1, 0/VIJED)
1eREFL L OPLEPL TSI/ VL ICL CEPK TSI ZVKC L)

IF(JEQeNJLY RYZK=RYZKEESEP?P2/8 o* {37V (JDLa/¥(Je1))

IF{JEQoNJ2) RV2K=RY2KACSEFPH2/8, % (3 /VI U el /VIJ=10)34C 1 6oub 7YY
IFEI.EQeNS1) R2KZRZKEESEFPHR2 /8% (320 {INJI NV III L (IR J1Y/VIIagd)
IFUJLEQaNJ2) R2ZK  =R2K ¢ESEPPHZ/B.%(3%C(IX JI/VLIDIC(IDod=1) 7V Ld
1=4312ClIGLJI*C I JI 7V LY

FY3=DTINVR{RYZ2K=-RY2(J I} § VYOIF=RV3=-0.5(RVIKeRYYL (J))
RE3=DTIMVP(R2K=RZ (J}) 8§ RLIFsR3=0.5%(RIK¢R1(J})

IF{J.GEaNJ2) CGC 7O 31€ & B(1,IGI=2C ¢ B8(2,16V=p5 ¢ 6C TC 317
IF(J.EQaNJ) GC TC 315 ¢ D{1,I60=8BG ¢ C(2:,1G)=0.5

ClleIX)= o258 C(ICeJGPI=({FINFSFINSFINPDB(XDII¢1)=NTUIVY V/HP /Lo
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El1,1X)= 02520 {10 oJGFIS{EINPEFINSFINCRIXO(IL4I=XT(JIDII/IHP/L,
IF(JsGEoNJLeApDoJalTo RJZY GO YO 318

Bl IE =Bl IEI~FACTOR/LoPFIR/HP®IXD(J 41 )=VDII NI /CLIELJ)
Cl1,TEY==025%FACTOR /PP EFEINPEIRO(J41I=XDISII /CUIEoJe D)
IF{SoEQoNJ2Y FINZF3N® (ESEP/C{TELJII¥*FACTOP

IF(JoECaNJ2) FINC=2FINC®(ECEP FCUIELJII**FACTOR

IF(J.EQaNJYY FANC=FINCR(C(IE (JI/ESERPI®2FACTOR

IF(JEQaNJ1Y FIN=F3N* {C{IELGJI/ESEPI=RFACIOR

IF(JLEaNJSZY CC TO 312 ¢ BUL,IGI==-BGM § B{2:IG)==0.5 ¢ GC TO 320
IF(J.20.1) GO TC 321 ¢ A{L,IC)=~BGH § 8(2:IGi==D.¢
El1,I1X¥=s28(14I¥%Ye 302550 (I CeJdEM) ¢ (FINMEFINGFIND#? (XD JI=XD{J=1)))

1 /0Kl o

Al IXV=IF3NMER{ND(S) = XD (I =L )} ~F 3RM=F3IN) /HM /b o=0.252CLICJIG™)
IF({JeGToNJLadrDoJoLE- RU2) GO TO 221

A{1,IE) =0 2E*FACTOR/HM EFINME XA =XC (=L 1V /C(IEsJ=1)
E{4oIEY=3(1oTE)2FACTOR/Lo®*FID/HMAIXCUSI=XD(J=10)/C(IEG)
BlLoIXI=B Ll euMPC {IEJIPCTINACHOVAR E{1IJ)B=2.0%HE/ |
E(lo TEI=Q Lo IEY aWE {3 0¥ CUIN g I/VIJISC(IYJEY/VISEIIRCTIRY
E(2, TEI=HE®(3,0/VIJI+4.0/VIJENI®ITINY § E(2:TJV==2.09HE/F
B{2o 1) ==WMBDTIMY*C{IEJI2DVRTJI 7V (Y Ee2

IFGJaNEL1Y €O TO 322 % O(isI¥d=N{ioIXNVeHL/B2C(IE1)%DTINVEDXOVRF
Cl2,IXI==H1/8,20TIRVECIIELd I#DYX{Jegd/ylJeI®®2 ¢ GC YO 325
IFLJ-NE-NJY &C TC 323

AlL,IX)=h{LloIX)ek3/8, %CIIE NS V#CTINVECIOVUNA
Bl2,IX)=eH3 /B *DTINVAC{IE Y Y20UX{J=2)/V(J=11"%2 § GC TC 325
IF({JoNENJLY €0 TO 324 % FAT=(ESERP/C{IE JIIR®*FACTOK
FINsFIN?RAT ¢ E3ND=FRAL*PAT

Bl IX)=A{LoIX) ek /8, *C{IEsJ I2CTINVEDXCVYNM

BU2, I1X)==DTINVR0,375*P2#ECER®OYX (J) /Y (S 222  B(2,IX)

L 2 IX1==DTINY#P2/E,# ESEFHDVX{JS LI /Y (Je1)"%2

B2, IXI==HLI/8,2DTINVACUIE,d  VPDVXUJ=LY/V (J=105%2

Cl1,IX¥=2D (15 03 er2 /8, *ESEPPDTINVED XCYAP

Q{1 IX) =8 {19 IXV 20,375 #P2*ESEF#DT INV#OXOVYR § K0 TO 328
IF{JNELNJ2Y GO TO 3285 3 RAT=(CUIE<J)/ESEPI#PFACTOR
FIN=F3N*RAT % FIND=FIAND®RAT

Bl1,IC)= DTIMYPCUIX,JI/VIJY ® 8L2,16)= CTINV/VIJ)
Cl2,IXi==H3/8,*CTIAV® CUIEJ I#DYX LUei) /v {Jeli®e2

ELa I =A{1,TY)eb2 /8, *LSEPRDTIAVAOHCYAR

Bl1oIX =801 TXIeDTINVADXOUNB (0o375%H22ESERe CUIG,JUYY

Cl1, IX)=0{LsIX)en3/8,2CIEsJ DI*CTINVRONLYNP

B2, IX)==DTINYRR2/8,* ESEF20YN(J=11 2V (Je1)%*2

B2, M= =DTIMNAOVALIY /V(JYS¥28(C(ICJIer2%0.375%CSEF)SB{Z,IX)
C{1}==RDIF ¥ G{Zi=-VDIF

IF(EPLIJ)oGT oCoGoORoTFK{UI oGTaGo LY GC TC 32¢€

CEVOID FRACTICNI Z7DIYIME}=AJS

B{3,IXh==ClIJed¥®*D2ET £%{J)/2.0 % B{3,IEI=DTINV
B{3,TJ)==ZETA{JY /2.0 T BIG(1)=sDTINVRCKEEFIIEJ)
BIGI2)=0o5%ZETALCLJI* CREEPITJed) ¢ BIC{333B{3,1J)9CIIJs)
BIG(LI=0TINV*ERPLKEPISY 3 RIG(5I=DTINVRERPKKIP(S)

[C 53 K=1,5 ¢ IFITALLI(3) LT.ABSIEIGIKY)) TALL{3)=AES(BICIKY}
CORTINUE

CE3)sOTIAV#L{CKEE PLIE 3 JISEFLKEP (I IGEPKKEOP (U =C{IE I ¢BICI2D =2 TIC(3)
GC 70O 328 )

E(3:IX)=100 ¢ MANS=XASK ¢ IF(EPL(JIGT.0e0) XANS=XASL
C{31=XANS=C(I¥od) § IFIEFL{JI-FQ.9.0) GC TO 327

E(1oIEV =8 (1,16 emE/VLICL*40%0DTINY
Bl2sTEI=R(24IE) =wE/VL ICL®*L D *DTINY

El1IJV=B8 1o LUl eWE/VLICL®*L.0%ZETALJI/2.0
E{2o1J1=C{2TJreME/VL ICL®40%Z2ETACII/ 260
Bl2oIX1=812IX)4WE /YL ICL 2L 0%DZETAX(JI®CIIJod1/2 D

Efis IX) =3 (15X 4nE /VL ICL®LL0%07STAY (UI*CIIJ5J3/2.0 &€ GC 70O 328
BlzolEY=8{2,1EY=WE/VKLL %4 ,0%*DTIRY



328

L

€9

61

&2

€3

€4

]

67

=152~

Bi{2,1U1=C{2,TJ)eWE /YK CL 2L, 0%ZETA(JII/2.0
El2:IXI=BL2oIW I oME/YREL ¥4 ,0%DZEVAXLIIPCUTIII0/2 60

COMTINUE

BIG(1t=0TINVACLIE c D2 CUTINoJI /VIIIPRE® IS0

BIGI2)50,25%0VINY *XD(J)*#F3N § RIGI3I=2.0°%C{TJoJI/FEHE

BIG(5 ) =L 02REFDTINVAEPLISI/ZVLICL

BiG{ud=0.2¢8 BCLLESIPCLINGY)D $ DO 56 K=1,8
TFETALLULY o LT AECIBIGIKI ) TALL{SI=ABS(RIGIKY)

BIG(1 =DTINVRRERCLIE s JI®3.0/VHJ) 8§ BIGI2V=0.5%C(I6,J)
EIG(3IsZ.0%4E FCATI g JI/F

BIClLl=u09RESEPRTJIFLTIMN/VKCL

BIGIS =L, OPWESCTINVH: PLUJI/VLICL § DOC 5% K=445

TF(TALLE2) oLTAPSEEIG(KY )Y TALL{2V=ABSTRIGIKY)

CORTINVE 8 €0 70 6¢C

B{lsIXi=1.0 3 BU2,10) 4,0 § B{3,1E)=1.0 § IF(IPOLAF.EG.L) GO TC €0
VABAR=VIJI ¢ {1.0=C{IXJMV20YN I § IF(J=NJ2) 336, €5y 308
El2:1Gi==B.E% (¥ (I eV (Jel)) ¢ IF{J.ER.1) €O TO 309

Al2:1061 20682y dIsVid=-10) ¢ Gl2Va=A{(2,1CI%¥C(IG,d=4) ¢ CC T3 309
Bl2,161=05%{v{Jr+vid=-11) § IFLJEQ.NJD) &0 TO 309
ClZoI6Gh==0,52(V{JdeviJei}} § G(2)=~0(2,ICI®CIIG,J01)

¢ B(2:IJ1=(VARAR/F -ZETA (JVYIPUHE®L o0

Bl2o TEV=CVOT{NI®CTEMR /YUY "HE®L D
Cl2)=G{2V=B81{2,TJ0%C T dsJ1=BU2I2 12CITIE,JD=B{2,1IGI*CLIG )
IFIJ-EQaNILY C(2)=G(2)~ CTEME/Y(JIRBE/2,0%ESEPRLVDT LYY

TALL (2V=ABS{B(2,IGI2C{IG,J))

IFQTALLI2) o LTLABSIBI2,T412C 14500 TALLI21=2ABS(B(2,143%C{T 441D

IFE{JGToNSL) BN (JaLToRJ2YY GO TC 6

REMOVAL CF TRANSFER CURRENT

EINV=1.0/B(&,TIJ0 § G(E) sBINV#G(E) § €O 61 MN=igh

IFESLLToNJ2) BUEIMNI=RINVABIE,MN) § OC €2 L=1eM

ClLI=GiLY=G{6) *B{Le1J)

TPATALL(LY o LT ABSH(C(H ) #BILIJIIY TALLELI=ABSIG(E) 23 (Lo T4))

L0 62 MN=giehk

E{LyMNI=B (L MR =B (EsMAI=B{L,IJ) ¢ RERR=0

L0 63 JUHzigN § IF(AES{C{JUIILToTALL{JLI®COEFF) G{JH)=lald

IFIGUJHI o NE Do) NERT=sNERRSY

IF{JWeNE B CRoJaNELNJLY GC TO 63

IE{TCDeEQo0olo AND oG {JWIoNEL0s0) RERR=NERR =1

COMTINUE § RTERR=NTERRENERR

IF(IPOLARLECe0 o ANDs JCOLARToLTL9) €GC 7O €

IF{JCOUNT-6E0? o ANCo NERPReNF.0) PRINT 118, DISTI(J) o {C{KI Kz doN)
19C{INgJ?

IFIIPOLARSNELO) GO TO €4 8 B{1,10=2Plb,II) 8§ 3(4:2)2B{L,IN)

Allo1b=a(tITY § A(L,2)2AllINY § A(2,1)2RA(5, 1LY § A(2,2)=A(5,IN)

C{101)=01{boII) § D{Le2V=ClboINY ¢ DU2,402D15,11) 8 C£l2:2V20(5,1IN)

Elze11=2(5,71) ¢ B(2,2)3R(5,IN} § GU1)sCek) % G(21=G{5) ¢ N=2

CALL 3ZANDUJY & N=5 § IF{JoLY.NJ} RC TC S

O 55 Juiohd ¢ IF(IPOLARAELC) GC TO €5 ¢ CHITo8V=C{1,d)

ClINGJI=CU2,J) 8 Cll,dl=lo0 T Cl2oJ320ol & CU(3,4)200C0

COMT INUE

REEVALUATION CF MAIN VARIABLES,

L0 67 J2ieNJ & ADLJIsX0(IYECIIN J) & CLIT,J4}=7CD

CETA{JI=DETA(J} ClIhgd) € DO €7 Ka=iob

Ci{Rg Jb= Cike Y ¢COLE(KJ) § CLITeld2D60

AYILIMZA.0 § (O 43 Jsi,NJi

PebBl § IF(JefECel 20Ro JoEQoNJLl P=H/2.0

IF Je6Ta1Y ClIToJ)=ClIT,u=1)

JFANONCE(JY o NE Q) GO TC b4LE

IFEQEIIoLEe1eC0F=C8 oANDoC{INgJY oL EolaDY GC TO Lbb

IFRBETA(SY LBl oBE=1 4. AN CI{INe J)oBELD.L) GO TO bl

[0 442 KS=4,6 § A0DDI=CENT2#*{C{IJJIECKEEF(IJoJd)

RINK=RINKEP (J}
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IFH{IIaLEo1.8) GO TO 439 ¢ IF(C{IhsJSIaLT.0,0) GO TC&3E

H{Jb=0.0 8 €0 TC &4ug

FINS=PINS2 § PINZ=FINZZ & [F(=DFC2

IFHIJI-06T.4.%9) RINK=ROUTALD)

ROR=s (ROUTA(JI®®34A0DJS 7PINE2Y 2R PI NG

RINZ=RINK 923-p0DJ/PIN2 § IF(RIN3.LT 0L} GO TO buk

RIN(JI=RINI®*PINI

TLe(1.0/7RINIJY <=1 ,0/ROKI/OFC 8 GC TO &bi

IFACIINGJY oCTalal) GO TO 440 8 W(J}=2.0 ¢ GO TO 438

FINS=PINEL § PINZ2=PINZ21 ¢ CF(C=DFCH

ROK= (ROUTA(J)®2340DDJ/PINEL) 22PINY

FEETA3Z=RBETA (J)**3-ACLDJY/PINZ ¢ IF(RBETA3.LTo.0.0) GC TO &bt

REETAK =REBETA3®*PINI ¢ RIN(JI=REBETAK

L= 11.0/PIN29L - (/PINSI®IQ(J)SALDII/(ROK®B24RCK
LTR2RINTJIERINEII®#2) J{DFC2ROK®RIN(IN)

SBREA=FPINL¥*ROK®#

CR2=2EXFITCA® C{INoJ)) € CRI=E¥P(=-TCCPC{IRM,J})

CR16t=CR2=-CR3I ¢ IF{ABS{CIINJI)oGToTc0005) GO 7O &37

CR1L=CUINgJI®(TCASTCC+(TCA®RIeTCCA23V¥C(INJI®®2/6,.0)

EXCHIA=SARELFCRLF{CII N JI/NAR) #2C AN

CR15=TL¥CR241, D/EXCHI A $ CRig=CRi1E%%2

Bl6sIJV=160%CRIL/CRIGPCELT/B.0%(CR2/DFC2 11 0/PINZ2/RINIII®®L 84,0
L1/PINS/ROUTA(II®# L) =2, B/EXCHIA/ROUTA{JI®®3/PING)

ClTJoJdI=CUIde = (CLIJ oJ) =CRLL/CRL5)/B(B,1J)

IFEARSIC(IJs ) =CRIL/CRIS)oLECOEFF2ABSI{CRIL/CRIBI®01) GC TO L4E

CC 7O 445

ClIdedi=0ol

IFITLeLlTolo0E=19) AVILIM=2.0%TCO % IF{TLoLTolo0E=1S) GC TO 443

AYILIM=AYILIMeM/TL

CIIL o dI=ClIToJIeR?CLL Jod)}

IF(AVILIM.LT.TCDANDs IPOLARGEQ 0) GO TO <8

C{IIoNJI=0a0 ¢ DQ 295 JUB=NJ2¢NJ § JsNJI=JE¢NJZ § H=W3

IF(JEQaNI2 oCRe JoEQoNJ) Keb/2,0 8 IF(AONOF{JI.NE.O) GC TO 2¢3

ETAS=DETALJ) § CJU1(JV=0.0 % CJ2lJdi=0.0

IF(EFESEJIY oEQale @ ANLe ETAS.1LT-0.0) GO YO 280

IF(EX(JY .EQoDel oAND. ETVAEGTo0o00) GC TC 280

EXPDIF=ETASHLITC1¢TC21%(10%0,5%(TCL=TC2ISETAS)S(TCL19234TC25%3}%
LETAS#%2/7¢€.0)

IF(ABSITCL®ETASY oGTo0 o004) EXPDIF=EXPITCI?ETAS)I=EXP(=TC2%ETAS)

CIL{YI=EXPDIFRATICLI®CIX, J)

ETAS=C{INsJY ¢ IF{EX{JIcEQaD.0 o ANC, ETASLT.0.0) GC YO 293

IF(ELI23(J)eECo000 «ARDs EVAS.GTo0.0) GC 7O 293

EXFDIF=ETASP{{TC1eT0212{1.0405%(TC1=-TC2IPETASIS(TC1®¥3eTC2#73)"
1ETAS#%2/7¢€, 09

IF(ARSITCLAETAS) oGTo0.004) EXPOIF=EXPI(TCL®ETAS)~EXP{=-TC2®°ETAS)

CI2{UI=EXPOIF2AIC22C(IX,J)

CliJsJdi=CIL0204CJ2 ()

ClITod=id=ClITlodi=r?C {1JeJ)

CALCULATE TOCTAL CELL VCLTAGE

FPI120,0 § [0 €8 J=1.hJavy

FRrIL=PHIL140.5%{SIGINV {UISSIGINVIJ4L) DR {CIITJ)~-TCOI®ML

RG=s0.0 § CC €9JE=NJ1PL,NJ2MYL
BG=RG4CIIIJBI/CONTIR J/ESEFPRE (VAL IoVAL27C{IX,JBIIRTACLOBC(IE)®
LACIIXJBL ) =CH{IN s JB=110%0.5/H2/{1.0-CUIXaJRIV/CIIN,JE}

CORT INUE
EPI2==p22(RE2.52(C{IIohJ1) ACCN(NJLI/ESEPENG IVALLSVALZ®C I NILYI®
LTPOLNACTRSLI2 (L 0PI NoNJI 61 )=3 02 CUIXNJL) =CUIX o, NIL1423)20.5/H2/
103.0=-CUIXsNILY)/
LCUIXoNJLIEC TIIohJ2I/CCRINJZIZESEPFR+ (VAL 42VAL23CITIXNNJ2D 12T
LCANACIAIZ2) 2 (=0 DPC {10 oNJ2=1) 93, D3CHIXNIZIGCIINNIZ=2)0%(a5/H2/
L{1:0=CUlIXyNIZIIZCLINDI2IDD ¢ PHIZ=0.0 § DO 70 J=kJ2.RJVL

FHIZ=PHIZ¢0.5%(SIGINV{JI ¢S IGINVISeLI D #(CITILJ}-TCDI®H3
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PHIbe=TCD®*RICTHICONINJ2)
TCVY=PHIL4PRIZ¢PHIZ +Ph Ik WJIOSC{INNIZ I =CLIN,NJL)=-RERID®TCD
IFIIPOLAR.EG.0) GO TO 7 § IF(DELT.EQ.B,0)
SOTENP=(TCO®(UJO=-TINIT *LOCCPT-TCY I =CHT®IT<TANB) ) /CPPA
CO 76 Hslehd § IF{M=RJZ) 71:72,73
74 YSTAR{(PI=D.5%(VIM)eY(PsLDII®(CIIG NI =0,5/F%CIII-M)) § GECTC 7
72 YSTAR(VI=C{IG,¥F) § 6O 7O 74
73 YSTARIPI=0.5%(VIM) ¥ (¥=03)2(C{I6H)=0:5/F>C (I M~1})
74 COMT INUE
CALCULATE MNEW RESERVOIR VYCOLUME (CH3I/CMZ SEPARATOR)
YOWERA=C (IG,NJ2)
CONSIDER PRECIPIVATION OF LICL OF xCL
00 333 J=1l.RJ
DEFS=EPRKEP(JI2EPLKEP (J) ¢CHEEP(IE s JI=CUIEJI®B.5%0ELY P(2ETALN
LRCITSoJISZETALDIJIIPCKEEP (T Jod)) § IF(EPLIJDI LECGB) GO TC 330
EPLIJI=DEPS € IF(EPLIJ)-6T0.0) GO TO 333
BRINT 3B7:J0ERPLIJ) oC{INo I}
ClIXoJI=ICLIEJIPCHIX oJ) 2EPLCI NN /(CHIELJIGEPLIJY Y
B0 D=sCUlIN o Jh=XAINIT
ClIZoJdi=CliELJIEPLIJ) ¢ EPL(JI)I=B.8 § GO TO 333
367 FORMAY (15,2F12.€) .
336 IF{EPK(JI-LE.Q-0) 6O TO 331 ¢ EPK{JI=LEPE
IFIEPK{S)aBTc080) GO TO 333 ¢ PRINT 3B870JoEPKII) e ClINsID
ClIHoJI=ClIELJ}PCUIN JI/LCITE ) 2EPK(JDD
R =ClIX o JI=KRINIY
CUIEoJI=ClIEJICEPKIID ¢ EPKIJDI=0.8 & GC TO 333
331 IFIC(IXeJ) oLToXASL) 6C TO 332 § IF(JCCUNT.NE.3) GC TC 333
FRINT 3087, JEPLIJDISC(IX.J) § JPTERR=21
EPLIJISCUIE IO {RASL-C{IXoJ) 1/ IXASL=1c0) & ED(JD=KASL=XAINIT
CLIEZJIBCUIELJI=EPLEI) 8 CUIN,d) sXASL § €GO TO 333
332 IF(CI1IXeJ)oGTHASK) GO TO 333 ¢ IF(JCCUNT.NE.3) GO TG 333
PRINT 307, JoEPR(JIC EINJ) § JPTERR=1
EPK{UI=CIIE LI P(RASK-CUIXoJd) I/7XASK § XDUJ)=HASK-HAINIY
ClIEoJIBCITB Y =EPKIJD 8 CHIX, 41 =XASK
333 CORTINUE 8 REV=bh
L0 75 HezieNJ § IF(CUIELM&)o6T,0.8) GOTC 75
ERINT 181oDISTIMEL) CUIE MY oCIIIo ML) o JCOUNT § 60 .7C 8
75 CORTINUE '
CONVERGENCE TESYT.
B0 76 K=i,NJ
IF(ABSIC{INKDI=CCLDLINIK) Dol Tl BE=29-ANC.TCOEQRB:8) GG TO 76
IFLABSIC{INsKI=CCLOIIM,KD) oG T COPYPABSI(DETAIK)ID) &C 70O 77
IF(ABSICIINKI-COLDIINKI 6T CORVPABSICIINLK)}) GOTO 77
76 CORTINUE ¢ GCTO 18
77 IFCJCOUNT.GE.TIPRINT 4270 Ko LISTIK) CIINK) CILIE K oYSTAF(R D,
TCUIT oKV ClIJoKIoCTIINg KD 9 CILIKD
IF(SCOUNT. LT MAXITSY EGCTC &
IF(IPOLARCNELO) GO TO 59 ¢ IF{TC0EReBo0.AND. JCOUNTLT 226070 &
59 PRINT 138,TIME ¢ PRINT 108
PRINT 2885 (DISTIU) jCUIXoJY sCUTIEaJ) o¥STARIII CUIT oIV eClTedl s
1CUINsJIoCIL LY od= LoNJ 3

REY=6

BALVE TIHE STEP

PRINTY 134,KEVY § JSET=O § TIPE=TIWME-DELT

T2T-DELT®DTEME 8 DELT=0.5%DELT § IF(KEY.EQcloANDBELTCE-B0 005}
1€0 Y0 9

JEFOT=JSPOT 21

CO 786 M2=i¢NJ 8 XDIM2I=¥DREEP{H2) ¢ DETA(MZ2)=CKEEP(IN.RZY

NONOF (MZ2)=0 € EPL(M2I=EPLKEP(M2} 8§ EPK{NZ)=EPKKEP(VE)
IF(M2.GE-NJ2IDETA(HM2) =CKEEP(INME) ¢DSEPOT 8 CJL(M2)2CIIKEP I NHE)
IF(M2.LE.NJSL) RIN(H2)sRINKEP(NZ) ¢ IF (M2.6E.NJ2)CJ2(H20=C(J2KERPIRD)
CO 78 ni=leJ®
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78 CiMi M2)=CKEEF(P1,M2) § IF(IPCLAE.EQ.G) €O 7O 3
IF(DELTLT.LTPINY CO TC 14
IFIKEY.Z0o6) KEVEzKEYE®L § IF(KEYE.EQ.9) GO TO 14
JCOUNT=0 § €O 7O 2
CONVERGELD SCLUTICN = FRINT RESLLTS
IF(UPTERR,NE, 0} GO TO & § IF (IPCLARLEG.0) GO YO 12
FRINT 103 § BRINT 104eH1:sH2H3oMNJgJCCUNTLCORNV,,TIME § PRINT 10F%
JERINT=E 8 D0 80 Js1oNJ
(=0 (JY4DENT22 (0TI Jd-JI eCKEERP{TI9d )
IF{JEQoJPPINTeCRaJa"CaNJY GL TO 7%
IF{JeECoNJL s0ReJEQaNJ2Y £O TC 7€
IFTPLII) bR, Lol ANDEPK({UYoEQ0:0Y GC YC B3
79 PRINT 118, 01ST IV o CUI NIV gCUIE gJ Yo VSTARLYY g CUITod) 9CUTIJodY oCUINGI)
$15CHL0J) ¢ JFRINT=J4L
B0 COMNVINUE 3 IF(TCColroBo0) GO TC 83
CHECK RESULTS
[0 82 K=NJZyNJ )
IF(CUIJeKYalL 0,00 GC TO 82 § KIY=E
KEYS2KEY544 § IF(KEYS oGEo2e0ReDELToLEL12C60) GO TO 82
FRINT 41884 {CISTIM) 5CUIXoMY yCHlIEoMY oClIGoF)oClIToM)oC{TdsM)s
TC{INMIoCUL (M) ,HaK=14,K¢1) § GO TC 8
82 COMNINUE
CALCULATE PERAMETERS MNEECELD AT NEXY TIME STEP
83 IF{DELT.EQe0Y GO YC 113
IFIKSET LT, 0} KSET==KSET
CO 84 JsioNJL § BDCI= (CUIJeJIACKEEFR(TUeJII®DENTZ €& FINE=PINGY
LFC=DFCY t IFICI{IJeJ)eGTe0.0) GO TO 81
CFCsDFC2 & PINB=PING?
81 ROLTA(II=(RCUTZ{JI®®I4ADCJI/PINGI®**FING
IFIC{Ide ) e B o0e0) PIETALDN =PIN(S)
ESLMUUI=CUIE J)ePINGRRROLTA(II®*32EPK{JIGEPLIJYSECCH
Wil =1a0=ClIJod¥® {15 /RIN(IY =10/ROUTALUII/OFC
IF LU LT:0.0) wi{d)=0.0
IF(JeNESJSETY CC TC &4 5 TFIKSETEC.2Y CUlJI =060
IFIKSETEN=1) REETA(JI=0.0
B84 CONTINUE 3 CO 2S€ Jstid2 ohd
CACO1=CJ1(JI+CUIKEPIJIY 3§ CAQC2=CJ2{UYeCIeKERPLS)
EFESHJY=EFES {JVevl 2CACTL#CENT2
EFE(JIsIFE (JY¢{Y319CALLCL4Y3I2®CACN2I*CENT2
ELIZSHII=ELTI2S () ¢Y L 2¥DENT2#CAD(2
EX(JI=EX (JY2U{Y21*CRACDL4Y22%CALCN2Y*¥CENT2
IF{J.NE.JSET) CGC TOC 2¢¢
IFIKSET 8N 1) EFES(JI =060 § IF(KSETLER.2Y ELT25{J) =00
IFIKSETeENX o0Fs KSTTeENobk) EX{(JI)=06C
IF(KSETee Qo) EFC(U)=C.0
96 ESUM{SI=ClIEJYREPLLUY¢ZPK{SICEL I2S (U 4EFES{UYGEX(JIGEFELIY 4ECCF
FRINT MCRE RESULTS
CO 87 JENJZoNJML 3 IF(CULLJ) oNEeColoORaCJ1lJ®1)ECaG.0) (2 TC 86
B5 PRINT 137 ¢ PRINT 117 o(DISTIRY oC{IN oK) g {IE oK) oV STARIKIGU{IT oK) o CH
LTJeK o DUINgKY oCII{KI e Kadodel) § GC TC 87
86 IFICJ2(IYoNEoCo0:0ReCJ2(J91Y.EQe(CG) GO YO 87 % GC TC 8F
&7 COARTINLD
FRINT 132 ¢ JERINT =¢ % CC 91 J=isNJ
IF{JeERaJPRINTChodo?LoNYY GL TO &8
IF{JEQoNJL0FodEQNJ2) GC TC AR
IF(EPLII) oS0 o0o0 o ANDEPK{JYeEQoDo0Y GO TC 91
88 IF{J.GTINJI+MJ2Y/2) GO TC BQ
FRINT 118, PIST(I o ClICoJ) oQUUIQESUMISILRINGIY  (EPLIJY RCUTALY)
1e{d) § GO TC €9
89 FRINT 188,DISTEIVClICJo0{JY sESUMIIIEFK{JYoEFE{JIQEN (I QEFES (I}
Q0 JPRINT=J4bL
@3 CORTINUE
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0 94 JsNJ2yNJIML § IF {CJ10JY oNEo0eBeCRaCULIUCL)E0U00) 0O VL €3
92 FRINT 137 ¢ ORIPT 117 ¢ (CISTIRK) o CUIGo K)o CUIKIqESUMIRD) gEFKIKY oEFE (K}
1 oEX{KI qEFESIKIgKJode 4} § GO TO 9b
93 IF(CI2(JIYoNELo0o0ReCJZIU2LYEQe0.08% €0 10 90 § GC TC 92
S4 COMTINULE
RESET SPARAMETERS AT OLC TIME
FEST OF ELECTRCLYTL MATERIAL BALANCE
PzHy § FLUKP=0.0 ¥ FEP=2(,0 F RSUM=(0.{ § VEUM=0.0
FINP=CUIE,L)29FACTOR®LIFUSALLI /v {1) ¢ DIFKCL=D0.0
CIFLCL=3.0
CO 300 J=4ohJ & FLURYEFLUNP % FIN=ZEINP € FM=FEP
IF(DELT.EQa0.0) GO TO 301
RiKEP =R1{JY ¥ R2KIF =2R2(JIf RVIKEP=RVLI(J)F RYZKEF=zRY2UJ)
201 JE=SJ B WESH/460 § IF(JoNESNJY GC TC 302
WE=WE/2.0 § FEP=Co0 3 FLL¥P=CoC § JE=J=1 § GO TO 308
302 FINP=CHlIzoJ+1 I8 FACTORPDIFUSN{I®LY /Y Y1)
JERaY ¢ IFLJ.CLNJI2) JiP=Je] § IFIJeEQeL) JE=JR}
IFLJECaL) WE=WE/Z2H0 '
IF(J.EQaNJ2=1) FINP2FINP*{C{IE I /C{IL,JeL) 1#2FACTOR
IF(JeNEoNJLY CC 7O 3.3 8 JE=Je=g ¢ bE=bi/8.0 ® HzMHZ
FaN=F3INB{C{IEsJ*LI/CLIELJDI®2#FACTCR ¢ GC TO 30&
303 IF{J.NE-NJ2Z) GO 10 304 § JE=JE+1l % WE=H3/8,0 8 HsH3
FAM=FINR{C{TIZoJ)/CHIZ =1} )22FACTICR
306 FLLXP= Ba°“<C€1¥9J¢1)¢C(I¥»J))56(}CqJGF$si@:5(F3NPeF3h)
IRSCHENEIBES E WA RS, ? FEP=ClIGeJCP)
308 Re{JIsFLUXM=FLUXPSWE/F20,0%C(1dsd)
R2{J)=2%E 20 (10,002 {3, 038C I IZVIIIRCUINGJT I AV LJEDND
LeWE/VLICLRL ,0%EPLI D)
RYI{JI=FOM-FGFeUE/FPa o020 11ded)
BY2(J1=HERCLIE UV 3,07V (U 1,07V I{JEDY
1eWEP L, 0* (EPLUJY/ZVL ICL REPKLJY J/VKCLY
IFIJ.EQoNJLY RV2Z (U I=F Y2 UJ)SESEPPR2/B, ® (3. /V U2l /Y(Jel))
IFLJEQaNJ2Y BV LU I=C Y2 UV ESEPPF2/78,2(3,/V (U181 /Y {Jed et (IGod)/
FRTRIND]
IF{JLEQaNILY R2{UVab2 (JDRESE F2H2/R {2 09I o 3 /VIJI4CTIIN el 2V
1Je1h 3
IF JeECoNJ2Y R2ZUJ)sR2IJIIECSERP#R2/78 # {22 C{IX,JI/VIJYC I¥ o =1) 7V
1=131¢ClIGeJ¥2C T X}/ VLI
COIFMDELT.EQe N0 ) GO TC 300 ¢ R3=(k2{J)=R2KE3I/DELT
RCIF=R3=(54(R1{J) +R1KEP 3
FYZz (RY2{JY=BVY2KZPI/ZELT § VOIF=fV3=0,8%(RVI{JIePVIKEP)
IF(ARS(PLTIF Y olTolo0E=110CReABS(VLIF) T4 0E=-44) FRIAT $48,0IST (U}
Lo RDIF,¥DIF
REUMsRSUPEELIF
YSUM=VSUPEYTIF § IF{JoEQaNJY) PRINT 138,RSUMVSUH
IF(BELTEN.Ca0) GO YO 300
IFlJ.GToNJLY CC 70 310
TF(A2S{EPL (JI=EPLKEPIJ) ) ol Tola0E=124) GC TC 299
BUz1.0 % TFUlJoEQeL1a0r o JoEGeNJL) RU=MLE
CIFLCL=RU®(EPL{JI=tPLKERP(JII #DIFLCL
340 IFtJeLToNJ2Y €C 7O 30 ¢
IFLABSIEPKIJI=EPKKERP(J) I o LTo 1o 08 =443 £C T0 300 ¢ RNz1e0
JF(JeECaNI2o0FaJoEQoNJ) Fhz(e% 5 CIFKCL=EN®(EPK(JI=EFKKEFTYI)
1CIFKCL
300 CORTINUE % Sih=0.0 ¥ CAPN=le{ & CAFP=(0s0
IF(OELToNEoBoC) CIFKCL=DIFKCL®#PI®PFUSEK/YKCL/DELTY
IF(DELTNE o Do0) CIFLCL=DIFLOL*RI®HFUSEL/ALICL/ZDELY
FPTLOSS=CHRY®({T=-TAMI) § FTCAIN=(LJC=TCVY=-TINITEO0CCPTI®*ICC
CTEMP={HTGLINIDIFKCL e CIFLCL=-PTLOSS ) /CFNEA
FRINT 126 TobTLOSSFTEAIRNGCIFKCL,TIFLCL
CFECK TOTAL NC. CF MOLS LI AND K, ELECTRCLYTE AND SCLIC $HASES,
ArTLI=0.0 $ AMTK=0.0 3 S0LICL=0.0 8 DO 35 MzigNJ
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Fekz § [FU{PLE.NJL) k=Pl 3 IF(M.GENJ2) P=H3
WMzH®?CIIEs M) § IF{MeZCol oCRo MaEQoNJ) WP=0.375%uUM
IFMEQoNJI=1 oCRe MoEQsNJ=1) WMasWPe0.125%H*C(IEMe1)
IF{HEQoNJ2=1 o0F s MoEQobhJ1%1) HM=2g.128%kM

IF{MoB06e2 oCRo MoEQoNJ241) WM=WML0 12E2HICLIE ¢HM=1)

IF (M. EQaNJLY WMz 0o37C 2 (HI*CIIE M) ¢P2¥ESEF)
IFIMoECeNJ2) $Mz0a 3752 (HIPCULIE MIGP2%ESEFICIIGL M)
IFIMaEQoNJL oCRy M.EQaNJ2) HeH/2.0

IFIMEQ.L oCRy MEQeNJ) k=H/2,0

IF{M.GE.NJ2Y CABF=CAPF#H*CIM)

IF{M.GENJ2) SCLIDL=SCLICLe2.#HB{ELIZSIMI/VLIZS+EX (MI/VR]
APTLI=ZARTLISWPAC (IX MY /VIM)SEPLIPM)®H/YLICL
IF(MeGToNJLY €0 TO 95 ¢ CAPNsCAPRN+P2Q(M)

SLiksSLASH P{UISREETA(P)I®23U2*ROLTA(MI®®*24U )
AMTKEZAMTKE WP S (4, 0=CII X MY AVIMIGEPK (M) ®FZ7YKCL
IFITIMELGTo0.0) GO TO 96

SLAO=SLA 3 SLPC=SOLIOL § AMTLIC=sRMTLI § AMTKO=AMTK
PRINT 136 ¢ SUNCoSLPO AMTLICAMTKE
FAPTLI=AMTLI/ZAPTLIC-1o0 ¢ FAMTK=OMTK/EMTRO-1.0

FSLz (SLA4SCLICLI/Z{SLNCeSLPO) =100

FRINT 1269 JCOURNTFAMT LI FAMTK,SOLICL, XASLeXASKaSLAGFSL,

1CAPN.CAPP

ERINT 117

BRINT 4465 TC0oTCVoPRI2¢PRIZ,CIINNILY ;CUINGgNIJ2) o VCVERA
IF{TCVelTe CUTCFF,0RoTCValTa1a65) GC TC 15
IF(TIME LT THAPTLASTY GC TO 13

IF(TCVolTo1e20eChoeTOV oCTodob) TEAP2ILRC%0.0k16/T7CC
CALCULATION OF PCLARPISATICN CURVE

IFCLAR=] ¢ TCCi=7C0 & TCC=z=TCADD 8 TLAST=TLAST#*TGAF 3 [CELTSV=DELY
CELT=0.0 8 IF(AES(TCO1~0602)e56TedcE=7) GC TO 2

CO 97 J=ieNJ ¥ CPOL(1od¥=ClIIeJ) € CPCLE2:4¥=CHlIdsJ}
CPOL{3,4)=C(Ihod} T ITF(TLCD.GELD.0) GC YC 30 & GO 7C 2

FRINT 12LgTCDoTCVoPHI 2ePFIZoCUINGNILY qCLINGNJI2Y 5 JCOURNT
IF(ARS{TLD=0.02) LToleE=7) GO TO 22 § IF{TCD:ZNe3.0) GC 70O 436
TCL=TCDeTCACND € IF(AZS{TCC=-TCD1) ol Tol0E=7) TLOSTCLHTCALH
IF{TCDeGEaledz) CO TO ©8 8 IF(ABS(YCC=TCL1}elEL0.02) GC TO 9
IF(TCD.GT.0,0421) GC TC 3 5 CO 28 J=iyNJ § ClIZsJd)=CPCL{1,3)
CUINgJI=CPOLI3,d) ¥ TETALUIZCPOL {3,J) S AONOF(J)=0
IFEJaGENJ2Y CETALJUI=CETA(JI 4DSEPRCT

C{IJs J)=CP0L{2:d) 3 GC TO 3

TCC=TC0Y & CELT=CELTSY § FRINT 1284RES

IPCLAR=Y

L0 99 Kzilohd ® LCETA(KI=CKEE FEINGKY § CJ1(KI=CJIKERPIKY
IF{KoLEoNJL ofNCo DETH(KDIGE oD o) RIKI=0oO

IF{KaLEalNJL ofNTo. DETAIKILT 003 w{KIxial

IF(KoLENJLY RIN(K)=F INKZP(K) § IF{K.CELRI2) CJ2(K)=CJ2KERIK)
IF(KGE NJ2Y CETAIKI=DETA(K) ¢DSEFQOT 3 L0 93 I=Leb
C{I,KI=CKEEF{],K)

IFITIME.GE . TETICF) GO YO 16

FESET TIME STEP,

IF(OELToENaLo0) DELT=2.0%0DELT2

IF(TIMELCGELTL1) CELT=F 1

IF(TIME.CE.T2) CELT=F2

IFITIMESCELT3) [ELT=F2Z

IF(TIME . CE.T4) [FLT=F4

IFITIMELCE.TS) LELT=FEB

IF(TIME CE-TB) CELT=FE

IF(TIMELGELT7) CELT=F7

IF{TIME.CE.TA)Y DELT=FE

IF(TIME.CGE-1920.0) LCEL 121200

IFIJSFECT.EQ.0F COTC 2 § DELT=DELY/2.0%%4SPDYT 3§ JSECT=JSB0T-1
IF(OELTCTLCTFINY GO YO 2
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CURRENT INTERRUFTION AND CFARGING
16 COMT INUE
gy0P
€C TO 143
IF(TC0.LE.0.0) 60 TO 143
£C 162 S23.%J & PUNCH 161,{C(KadYK=1,48)
PURCH 241, EBKIUDJEPLIJIoRBETAIJD oRCUTA(IIGRINGII QLYY
FUNCH 161,EFESCIY o EXTUIGEFELJY oELTI2STUI o CUL (I} CI2(J}
PUNCH 142 WUJSV qRETALU Y o ZETA(IY o (CPOLUIK gD oKl g3}
142 CORTINUE
ii FORMAT(BEL3TY
BUNCH 141 TCYsToVOVERBHBINITLLTEMEF,TIVE
143 CORTINLE
KEVE=0 § IF(TCDLTel.0) STOP § IF{TCL.EC.De0) TCD==(s (2l
IFITCDeGTa0o0) TSTOP=0,25%TIPE ¢ IF{TCDGT-0.0) TCC=0,.0
IFLTCDLLT-0.8) GC TO 449
CALCULAYION OF INTERRLETER RESISTANCE
Lb36 RES=20.0 § DC 44€ J=2,hdini
b€ RES=RESEHLI®SICINVIUN/ (1.04CON{JIRCITIEGIIBRFACTORASIGINY(UYY
L0 &7 JaNJgPioNJZMi
547 RES=RESGH2/CONIJI/CULIEGJIBRFACTOR 8 00 6L48 J=NJ2PiNJ¥Y
b8 RES=RESHPI®SICINVIII/ (4, 02CON{JII2C(IEJIPBFACTOR®SIGIRY (Y
RESzRES40.5%{FI®{SICIMY(1I /0104 CONTLIRCHIE L2 FACTOR®SIGINVI(EY )
14SIGINVINILYI /(4 02CONINJIIRCITE RJAI®2FACTOR®SIGINVINSIDID 8 H2® {10
L/CONINJLI/CIIERJLI®* FACTORS 1.0/ CONINIZI/CIIENJ2IP¥FACTIRY ¢
iPIS(SIGINVINI2Y /(3 . B+CONINI2IPCTIE ,NJI2I®PFACTOR®SIGIAV INI2D )
LSIGINVINIY 7{1:04C0NINJIIBC{IENJ) *®FACTOR®SIGINVINIII Y
IF{IPOLARLEG.0) 60 TO 30
FRINT 128,RES
849 TSTOP=TSTOPSTIME § Ti=T404TIPE § TCAP=600.0
IFITCDLTe00) TESTOP=TSTCFeT IME
T2sT204TIME € T3=T306TIME § Te=TLO4TIVME ¢ T5=T750¢7 IVE
TE<THEO0+TIME € T7=T70¢+7VIME ¢ T83TRBOTIVME ¢ GO 7O 4
i€ PRINT 102 § 60 TC 14 $ END
SUBROUTINE PBRCPS{J,CH
FROGRAM TO CALCULATE FHYSICAL PRCPERTIES FOR MATRIX
COEFFICIENTS In PAIN FROGRAM 23ATRY®
CIPENSION V604D DYX{ba1ds CYCT{60L) e BIFLSN(LILY ¢
LCOXNCL0L) sCIL(L0L Yy SICIAV{L01sCJ2{L0C1LY s CONTLOL) oCCORY (D1,
LELNAC(L02) (C2L0ACIL0LYZETALLOLY sCZETAX {404 sCU6,8601}
1 eEX{LOLY gEFESILOL) EFE(LOL) o RBFINC(LBLD
COBMONZL/ZY o DY LDVYDT s DIFLSALLDX eSIGINY,COR,
JCCONNDLNAC,D2LAAC 22 TR EZETAX sFACTOR ToIXohJighJ2
LoER EFESEFEoSIE o SIGFESISIGFE P INGT
COMMON/ZZ/So 0N ACP L, ACP2.CJLsCJU2EXRPARD
#SQI=CIIXedY2%2
PCLAR VOLUME CF ELECTYROLYYTE AND CERIVATIVES HWRYT XA, RC Ih G/CH3
ROCASH=2,1€2310L-0 U0 B73€RL*T § HACASH=0.0044L73682T-0,3E253409
ROsRODASHESA(C{IX, Y- XADASHY
CYpT {Jdd=0.0
Yyt =(76.555-32.1012C (IS} /7RO
Lyri{Jl==032.1€12S2y{J)/R0
CIFFUSTION CCEFFICIENT OF ELECTROLVTE ANC DERIVATIVES WRY XA,
£ IN Cw2/SEC
ACT=EXP{=-1425.7€/7)
CON{JII=0.0002402%ACT ¢ DIFUSKN{JI=CCX(IIR{CIINGII ¢8.4)
ELECTRICAL CCADUCTIVITY Ih MHO/CP
CON{J)=ACT2{18.9003%y SQD=-C.047%C (1Ko J) +2:0903)
COONX{JI=ACT® (37 .9206%C{IXsJ1=5.017}
BCTIVITY COEFFICIERT FOR ELECTROLYTE
HE21.0-ClIxed) § GAT=21,042,0%C{IX,J} § HB3=Y¥@eR3
THAN=TARM{G.EEBI 72 XBE /CIIX oY)
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EIN= 1023842 (THAN®®2-1,0)/T/C1IXsJ}
CLNAC{JdV=1.0-BINRGABE XR®®2
C2INACISISBIN®XR ® (L[ ®XSOL4C {INeJ V910131673 THANTCAE®® 22X O3/
LCLIXe IV /ZCLIY 54} g IF{J.GEaNJ2) GCTO ¢
MEGATIVE ELECTROCE
SOLID POLAR VCLUMES IA G MOLE/CHM3
ZETA(J)=AONSEYPAND § CZETAX{U)=0.0
IFIJ.GTNJL)Y Z2ETA(JI=C.0 8 GCTO 2
FOSITIVE ELECTROCE
1 CCATVINUZ
SOLID ®OLAR VCLUMES IN G MCLE/C43
C2ETAX{(J)I=0.0
ACF=AOPL 3 IF(ABS{CJ2(JI 16T ABSH(CJII{JYI} AQP=40P2
ZETALJI=ACP
2 RETURN & ENL
SUBROUTINE PATINV(NsMoCETERMY
COMMON A(B€) 48 (€8 o ClB401YD(E,13)
CIMENSION ID(S)
CETERM=1.0 ¢ €O 1 Isleh
4 ID{IY=0 & DC 18 MN=1,h § EMAY=1,0 ¢ OC € IsfieN
IFUID(I) oNEO)Y COTO & § RNEXT=0.C ¢ BTRY=0,0 § 00 & J=i.h
IFUID{JYNE D) GOTC & ¢ IF(ARS(BI{I,J)}aLE.BNEXT) GCTO S
ENEXT=A9S{B(TsJd)) % IFIBANEXTLE-BTRY) GCTO 5 8 BNEXT=BTRY
ETRY=ARS{B8(I,J)} 8§ JC=J
COMTINUEZ 8§ IF(ENEXT.GE.BMAX®PBTRY ) COTC €
BMAX=BAEXT/ETRY ¢ IRGW=I & JCOL=JC
& CONTINUE 8§ IF{ID{(JCI.EQ.0Q) GLYO 8 ¢ DETERM=D0.0 & RETURN
8 ICWJCOLY=1 ¢ IF(JCOL.EQ.IRQOWY GOI0 32 8 CO 10 J=1eN
SBYE=BIIROWsJ) § BUIRCH.JI=B(JCOLJ)
10 B{JCOL<JI=SAVE ¢ DO 11 K=il¢M § SAVE=C(IRCH,K)
CUIROWK)=D{JCCLsK)
11 CEJCOLsK)I=SAVE
2 F=lo0/BUJCOL.JCCL) 3 ECC 13 J=1sN
13 B{JCOLoJ)=B(JCOLJI®F ¢ [C 14 Kz1,¥
14  CHJCOLKI=DCJCOL,KI®F € [0 18 I=1,h 8 IF({I.EQ.JCOL} GG TC 18
FeB(I1,JC0LY 3 00 46 J=isN
16 B{IeJd)=s2A{IJi=F32(JC0L.J) & CO 17 K=1,4M
17 CUIoKI=D{I K }=F5D(JCOL K}
‘18 COMTINUE ¢ RETURN 2 ZAC
SUBROUTINE BAMCL(Y)
CIPINSION A(BoE) oBUESE)gClELDL) NIELL13) oG (H) oX{B9E) oY (EBYsE(EE,
1401}
CCHMMON AoBoC ol ol sX oV ohoNJ
101 FORMAT {(1S5HONDETERM=0 AT Js,I4)
IF (J=21 14898
i APi= N ¢ 1
CC 2 IsieN
C{I,zeneld= GL(IY
£O 2 L=1,N
LPhs L ¢ N
2 ClIsLPNI= X{I.L)
CALL MATINY (Re2%*N41,CETERM)
IF (DETFRM) 49304
3 FRINT 131,J
4 L0 5 KsleN
E(KgNPioidz D{Ka2%NeL )

Wy

CC 5 L=goN
ElkolLold= = DIK5L)
LEN= L & N

5 X{KoLdzs = DK LPA}
RETURN

6 [0 7 I=1,N
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£o 7 KgieN
E0 7 L=1,H
7 ClleKl= C(IoK) @ A{l LI®X (LK)
8 IF (J=NJ) 11+%6¢
9 C0 140 IsieN
€0 10 L=%eN
G{Idz GUI) = V(I LIPZ (L NP1gJ=2)
£O 10 M=1sN
10 A{I.L)s A{IsL) & VYUI MIPE(P,Led=2)
11 €0 12 I=gieN
ClIsNPL)= = G{I)
00 12 L=1i,N
ClINPLYs DUInFL) ¢ ALIGLIPE(LoNOPLod=11)
€0 12 KzigsN
12 BlleKls B{IeKY ¢ ALl LIBE (LeKoJd=1)
CALL MATINY (RohNPL LLCETERM)
IF {DETERM) 14,1351~
13 PRINY 101,
16 L0 15 K=31,N
£0 15 M=i,NPY
18 ElKoModlz = OiKyHM)
IF (J=Nd) 20.4€,1€
16 CC 17 Ks1eN
17 C(Kod)ﬁ E(KgNgle)
CO 18 JJds2ehJ
H2 NJ = JJ ¢

[0 18 K=i,N
ClsMl= E{KoNPLgHM)
£C 48 L=isN
18 CUKoM)= CUKoM) ¢ E(KsLoMIBCILoMeL)
£0 19 L=1i,N
0 19 K=zisN
19 CiKegl= C{Ke1l & X(KoLI®C{Le 3}
26 RETJRN
END
66 106 16& 164C8.0 J.00& Ds COG G006
08670 8249 o5 075 723,48
0.5 8.5 8.5 2,80 £00.0
10 0.010001 Do 801
000616 1:3076  =0.00015% 0,03 1.5
=1.0 8.0 1.0 =2,0 (]
860 1,89 2€8.15
110826260, ,000000€60¢ 8.5¢ 0. €8
~0,03%26 2000.0 2000.0 1.0 108
7010%6 18,55 LE 227 27677 84230810
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