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Table A-l. Concentration, density, and mole fraction of LiAICI,-SOCI,
solutions at 25°C, based on the experiment of Venkatasetty and

Saathoff (5)
Concentration Density
(mol/liter) (g/lem?) Xriacl®
0.00249 1.6438 0.00018
0.00997 1.6443 0.00072
0.03046 1.6451 0.00220
0.04985 1.64599 0.00360
0.0997 1.64820 0.00722
0.200 1.6525 0.01450
0.35 1.65903 0.02540
0.50 1.66555 0.03633
0.65 1.67206 0.04729
0.75 1.6764 0.054395
0.90 1.68293 0.06561
1.00 1.68727 0.07296
1.50 1.7090 0.109895

#Calculated by iteration as explained in the text.

Ib Henriksens Fond are thanked for providing the finan-
cial basis of this work.

Manuscript submitted Nowv. 30, 1987; revised manuscript
recetved June 28, 1988.

Note added in proof: Recent measurements (16) agree
well with our measurements also at high concentrations.

APPENDIX

To facilitate comparisons with the literature, data given
by Venkatasetty and Saathoff (5) for the density of the
SOCl, solution vs. the molar LiAlCl, concentration have
been used to estimate approximate concentrations. The
calculations were based on their data points (see Table
A-D, using an iterative method. We assumed p grams of
LiAlCl, per mole of SOCl,. Thus, p = C-175.732(118.9894 +
)/1000 - p, where C is the molar LiAICl, concentration, p is
the density, and the numbers shown are the molar masses
of LIiAICl; and SOCl,. From p values calculated iteratively,
the molar fraction of LiAlCl, is easily obtained for each of
the given concentrations. Then the C and p data were
treated by regression vs. Xpag, to give linear de-
pendencies

(C = 0.0025) = (13.7007 = 0.0143) - Xy aic;, (R? = 0.999987)

and

(p = 0.0001) = (0.594484 = 0.000939) - Xy;aicy,
+ (1.64388 + 0.00004) (R? = 0.99997)

These lines are valid in the range 0 < Xy, < 0.11,0 < C
< 1.50 molditer and 1.64 < p < 1.71 g/em® and at 25°C. At
higher concentrations linear extrapolation cannot be done
with confidence. Therefore the concentrations in Table II
are shown with few digits.

It should be noted that the equation for the density does
not extrapolate to the generally accepted room tempera-
ture value 1.629 g/cm? for SOCI, (17).
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A Mathematical Model of a Lithium/Thionyl Chloride
Primary Cell

T. 1. Evans,* T. V. Nguyen,* and R. E. White**
Department of Chemical Engineering, Texas A&M University, College Station, Texas 77843

ABSTRACT

A one-dimensional mathematical model for the lithium/thionyl chloride primary cell has been developed to investi-
gate methods of improving its performance and safety. The model includes many of the components of a typical lithium/
thionyl chloride cell such as the porous lithium chloride film which forms on the lithium anode surface. The governing
equations are formulated from fundamental conservation laws using porous electrode theory and concentrated solution
theory. The model is used to predict one-dimensional, time dependent profiles of concentration, porosity, current, and po-
tential as well as cell temperature and voltage. When a certain discharge rate is required, the model can be used to deter-
mine the design criteria and operating variables which yield high cell capacities. Model predictions can be used to estab-
lish operational and design limits within which the thermal runaway problem, inherent in these cells, can be avoided.

The lithium/thionyl chloride (Li/SOCI,) cell is an attrac-
tive primary energy source because of its high energy den-
sity (1, 2). However, researchers have observed that the
Li/SOCI, cell is a serious safety hazard under certain con-
ditions (2). High discharge rates and high temperatures
promote thermal runaway which can result in the venting

*Electrochemical Society Student Member.
**Electrochemical Society Active Member.

of toxic gases and explosion. A mathematical model of this
battery has been developed to investigate the operational
and design characteristics which can be adjusted to yield
efficient, yet acceptably safe Li/SOC], cells.

Description of a Li/SOCI; Cell
The model describes the Li/SOC], cell illustrated in
Fig. 1. The four cell regions are the lithium chloride (LiChH
film which forms on the anode surface, the separator (usu-
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ally a glass matting), the electrolyte reservoir, and the po-
rous carbon cathode. The anode surface and cathode cur-
rent collector are the boundaries of the model region. The
electrolyte consists of lithium tetrachloroaluminate
(LiAICly) in thionyl chloride (SOCly). The Li/SOCl, cell is a
complex chemical and electrochemical system involving
an unknown number of reactions (2). The overall reactions
which seem most important to include in modeling are:
the oxidation of lithium at the anode

Li— Li*t + e [1]
the reduction of SOCI, at the cathode
2S0ClL, + 4e > 4C1" + SO, + S 2]

and the formation of the LiCl film on the anode and the
precipitation of LiCl on the pore surfaces of the cathode
during discharge by the following reaction

Lit + C1” = LiCls) £3]

Due to the low solubility of LiCl in the SOCl, + LiAlCl, sol-
vent (3), reaction [3] is assumed to occur compleétely and in-
stantaneously. Thus, reactions [2] and [3] can be combined
to yield one overall reaction representing the processes oc-
curring within the porous cathode

4Li* + 4e” + 2S0Cl; — 4LiCl + SO, + S {4]

Four species are included in the model: Li*, AICL,~, SOCl,,
and LiCl. Since the chloride ion, C1~, does not appear in re-
action [4] it is not included in the model. Later, this species
may be included because of its influence on species trans-
port (4). In addition, SO, and S are not included in the
model for simplicity. It is assumed that they dissolve into
the electrolyte due to their higher solubilities (3). These as-
sumptions are made to simplify the model development;
the more species considered, the more complex and cum-
bersome the transport equations become. The species S
and SO, may be included at a later time because research-
ers have shown that SO, is the major component in the
vapor phase and that S precipitates with the LiCl in the po-
rous cathode (5).

Szpak and Venkatsetty (6) state that modeling the
Li/SOCI, cell is difficult due to the complexity of this phys-
ical system. They observe that as the cell discharges, the
temperature and pressure of the cell change, the volume of
electrolyte decreases, the electrolyte composition varies,
and new phases appear. However, much can be learned
from attempting to describe these phenomena through
mathematical modeling.

Models of the Li/SOCI, Cell
Previous workers have presented mathematical models
of the Li/SOCI, cell (4, 7-14) as well as mathematical mod-
els of similar electrochemical systems (15-19). The
Li/SOCI; cell model developed by Tsaur and Pollard (7) is
based on conservation of mass and charge and is used to
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(501, + LiAlCL,)
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Fig. 1. Schematic representation of a lithium/thionyl chloride cell

determine the concentration and reaction rate profiles in
the cell. Other Li/SOCI, cell models (10-14) are based on
conservation of energy and are used to determine the ther-
mal behavior of the cell.

Tsaur and Pollard (4, 7, 8) present a one-dimensional
model of the Li/SOCI; cell. They use porous electrode
theory (20, 21) and concentrated solution theory (22-24) to
develop this model, and then use their model to predict
concentration profiles, reaction rate distributions in the
porous electrode, distributions of LiCl precipitate in the
pores of the porous electrode, and cell utilization. How-
ever, in their model development Tsaur and Pollard (4, 7, 8)
assume that the reservoir is a well mixed solution of con-
stant concentration, which may not be a valid assumption
as shown by Gu et al. (15). Also, they treat the LiCl film in a
simplified manner by ending their finite difference mesh
at the LiCl film/separator interface. This work shows the
importance of including the film region in the modeling as
evidenced by the large concentration gradients in the film
and the effect of film porosity on cell performance.

Several models (10-14) have been presented to describe
the thermal behavior of Li/SOCI, cells. Parnell and Szpak
(10) present a thermal model for the Li/SOCI; cell in one di-
mension. They consider heat generation due to the polar-
ization of the electrodes and internal cell resistance. Their
model is used to show that as the rate of discharge is in-
creased, the temperature increase is proportional to the in-
crease in cell current. Szpak et al. (11) present a thermal
model, similar to the model by Parnell and Szpak (10),
which accounts for catastrophic thermal runaway. Their
model (11) is formulated based on the fact that thermal
runaway is associated with ignition and burning, via one
or more cell defects, rather than explosion. The model is
used to predict the time and position dependent tempera-
ture and concentration profiles. The model predictions
compare favorably to what is physically observed which
may indicate that the reactions causing thermal runaway
are initiated by localized heat sources developed from de-
fective cells and/or cell components. Cho and Halpert (12)
have presented a simple thermal model for Li/SOC]; pri-
mary cells. Using experimental data for a specific cell dis-
charge to determine a heat generation rate term, they use
their model to predict the cell temperature as it changes
with time. This information can be used to determine safe
operating limits for a particular cell. Cho and Halpert (13)
and Cho (14) have taken the modeling one step further by
developing a means to calculate the heat generation rate
term in their model (12) using experimentally determined
resistances. These thermal models (10-14) are simple mod-
els which describe the cell using a small set of equations,
unknowns, and parameters. These models are limited as
far as their ability to predict cell behavior as a function of
various design criteria because they do not include many
features of the physical system. For example, the models
do not include the effects of migration on species trans-
port, the effect of the precipitating LiCl in the porous elec-
trode on reaction kinetics, and the effects of current and
potential on the electrochemical reaction rates. These
models cannot be used to predict certain key design cri-
teria, such as the porosity distribution in the porous ca-
thode.

Models of similar electrochemical systems, such as the
models of the lead acid battery (15-17) and the lithium-
aluminum/iron sulfide battery (18, 19), were found to be
useful in the development of the model presented here.
These models, like Tsaur and Pollard’s model (7), are
based on conservation of mass and charge and employ
concentrated solution theory as well as porous electrode
theory. Some of the model equations here are similar to
those presented by others; however, those presented by
others cannot be used to model the Li/SOCI; cell because
they do not include all the various regions in the Li/SOCl,
cell nor do they include certain physical phenomena speci-
fic to the Li/SOCI, cell, such as the LiCl film formed on the
lithium anode surface.

Model Development

The governing equations presented next describe con-
servation of mass and current, species transport, and reac-
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tion kinetics in each region of the Li/SOCI; cell. The equa-
tions for the porous electrode region are presented first,
followed by the equations for the reservoir, separator, and
LiCl film. The boundary conditions and initial conditions
necessary to complete the equation set are presented after
that. The overall energy balance used to determine the cell
temperature as it changes with time is presented last.

Porous electrode region.—In order to develop a useful
and descriptive set of governing equations for the porous
electrode, its essential features must be accounted for
without considering its random microscopic geometry.
The macroscopic theory for porous electrodes reviewed by
Newman and Tiedemann (20), is used for this purpose.
Essentially, the porous region is treated as a superposition
of two continua, the ionically conducting electrolyte (solu-
tion) phase and the electronically conducting matrix
(solid) phase. That is, the porous electrode is pictured as
one homogeneous region which can be described by vari-
ous distributed quantities. These quantities are continu-
ous in space and time and are averaged over a differential
volume of the porous region which is small relative to the
overall dimensions of the electrode yet large relative to the
pore structure. This volume averaging procedure has been
used to model other electrochemical systems (15, 25) and is
discussed _in detail by Trainham (21), Whitaker (26), and
Dunning (27). Examples of volume averaged quantities are
the faradaic current in the solution phase and the elec-
tronic current in the matrix phase of the porous electrode.

The current in the porous region must be conserved. As-
suming that the double layer at the pore wall is extremely
thin relative to the pore dimensions, the electrolyte within
the pores can be considered electrically neutral and gov-
erned by the electroneutrality condition which is

2. ZiC; = 0 [5]

Also, conservation of charge requires that the charge en-
tering the solution phase, i, must be equal to the charge
leaving the matrix phase, ¢;, which in one dimension is ex-
pressed as follows

ailyx aig’r
+

=0 [6]
X ox

The total current transferred from the matrix phase to the
solution phase, —di; ,/ox or diy./dx, is equal to the net rate
of electrochemical reaction per unit volume of electrode

. . aiZ,z ail,:t
j=a Y = = —
% éx ax

[7]

where j is the local transfer current in amperes per cubic
centimeters and iy is the rate of electrochemical reaction k
per unit area of active electrode surface area.

The material balance equation for each species i in the
solution phase is

8(eci)
=-V-Ni+tR (i=+,~-,0 (8]
at
where
Sik®
R;= *2 — % [9]
k nkF

The subscripts +, —, and o refer to Li*, AlCl,~, and SOCl,,
respectively. In Eq. [8], e represents the fraction of the po-
rous electrode volume which is void of the matrix phase
and filled with electrolyte, ¢; is the concentration of species
iin the solution, N; is the flux of species i averaged over the
cross sectional area of the porous region, and R; is the pro-
duction rate of species i per unit volume of electrode due
to chemical or electrochemical reaction. Here, reaction [4]
is assumed to be the only reaction occurring within the po-
rous region. In Eq. [9], s is the stoichiometric coefficient
of species i in electrochemical reaction k when written in
the form (24)

E Sjk M;Zi — Nye~ [10]

Concentrated solution theory (22-24), in particular the
multicomponent diffusion equation (MDE), is used to de-
velop the equations describing the species transport. This
theory is used because the solvent, SOCl,, is involved in an
electrochemical reaction and is not present in excess
amounts relative to the solute, LiAlCl,. The MDE for a
given species can be thought of as a force balance which
describes how the motion of that species is affected by the
motion of all the other species in the electrolyte. The
MDESs are inverted (22-24) to obtain explicit expressions
for the species fluxes. The resulting flux expressions for a
binary electrolyte are

it

Ni = —DegVe, + —— + cp® (= +, ) [11]
ZiF

No = —DeffVco + CQU. [12]

In Eq. [11] and [12] the volume average velocity is defined
(28)

=3 NV, = 2 oV i=+,-,0 [13]

and the effective diffusivity, D.g, is defined
D = De¥! [14]

where {1 is chosen to be 1.5; this value is consistent with
earlier work (7, 15). Equation [14] relates the electrolyte dif-
fusivity in the porous region, D, to that in the bulk solu-
tion, D, by accounting for the effects of porosity and tor-
tuosity in the porous region (7, 15).

Solvent and electrolyte material balances—Equations [9],
f11], [12], and [14] are introduced into Eq. [8] to obtain the

following material balance expressions for the charged
species and for the solvent

Aecy) 15t
Y= _v. (—De“Vci I civ')
at ZiF
5 2t G=+,-) [15]
- i i=4, -
t nF k
d(ec,) Sox®
= -V (-De'Ve, + c,o™ — — 16
at ) zk: TLkF § [ ]

Equation [15] is for the two unknowns ¢, and ¢_ and can be
reduced to one equation for one unknown by introducing
the following relationship

C C-
c=—+=_ [17]

vy v

Equation [17] expresses conservation of mass for a com-
pletely dissociated salt, here LiAlCl,, where c is the con-
centration of the salt (or electrolyte). In Eq. {17], v, and v_
are the number of Li* and AICl,” ions formed from the
complete dissociation of one molecule of LiAICl,, respec-
tively. Substituting Eq. [17] into Eq. [15] yields the electro-
Iyte material balance

Hec)
at

iot. ™
= -V .| -Dé'Vc + + co®

Z24Vv4

S+ x@

iy [18]
Xk Mgy,

Note that either relation in Eq. [17] can be substituted into

the corresponding species balance, Eq. [15], to obtain the

same result, Eq. [18]. The cation (i = +) material balance

was chosen here to derive Eq. [18].

Solid phase material balance—Equation [8] for the solid
phases, LiCl here, is
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0€ solid phases §; kVi
= . aik 19
at Z z;: mF [19]

Equation [19] describes the porosity change of the porous
cathode as LiCl precipitates in the pores.

Overall material balance—The three material balance
equations are: Eq. [16] for the solvent, Eq. [18] for the elec-
trolyte, and Eq. [19] for the solid species. These equations
contain the four unknowns, ¢, ¢,, €, and v™. The unknown ¢,
can be eliminated from these equations via the following
independent thermodynamic relationship

1=c¢V,+ ¢V, [20]

where the partial molar volume of the electrolyte, V., is de-
fined as

Ve=v,V, +0.V_ [21]

Equation [20] expresses conservation of volume and can be
thought of as a definition for the partial molar volumes V;
(29). When Eq.[15] and [16] are premultiplied by V,, V_, and
V., respectively, and the three resulting equations are sub-
stituted into Eq. [19] an overall material balance is ob-
tained. This is true because the resulting equation is a lin-
ear combination of all the species balances. Equation [20]
is used to simplify this balance to yield the following over-
all material balance expression

solid species _
V-o"= —2 E Sj,kVi
k i
-~ - - . CLik
+ (VoSox + Vet Wsix + Vet ®s_ ) | — [22]
nkF

Only reaction [4] is assumed to occur within the positive
electrode, hence, Eq. [7] can be substituted into Eq. [22].
The resulting equation can be integrated to yield an ex-
plicit expression for v.™ in terms of i,,. Based on the fact
that the current is zero when the velocity is zero

v =iy =0 [23]
integration yields
- 1 solid species .
Uy = — ﬁ |: Z si,rVi

- (Voso,'i + Vet—.si»e} + Vet+.s —.4):| iZ.:c {24}

Ohm’s law for the electrolyte.—The faradaic current den-
sity, is, is a function of the chemical potential, p., and solu-
tion potential, ®, (20, 24). This relationship, Ohm’s law for
the solution phase, for a binary electrolyte is (24)

iy - Vo, vRT ( Si4 N t." 3 So,4C) Vi [25]
Ket F \ngw, z,v. mc
where
v=v, +v_ [26]
and
Be = vipy + vop. = vRT In (¢fa®) [27]

In Eq.[25], the stoichiometric coefficients of reaction [4] are
used because this reaction is chosen as the reference elec-
trode reaction. Also, the effective electrolyte conductivity,
Ketp, 1S defined analogously to the effective electrolyte diffu-
sivity, Deg

Keff = KEL1 [28]

Equations [20], [27], and [28] can be substituted into Eq. [25],
assuming f and a® are constants, to yield the following
Ohm’s law expression for the electrolyte

'1:2 vRT ( S+4 t+.
= +

- = — 9 —

ket F

So4CV, Ve
0,4 o ) i [29]
c

nw,.  zws 0l — Vo)

Ohm’s law for the matrix phase.—Ohm’s law for the matrix
phase is (15, 20)

i = =0V, [30]

where
Tegr = (1 — ) [31]

Equation [31] is used to account for the effect of the matrix
phase tortuosity on the conductivity of the solid material,
o. The initial porosity, €, is used in Eq. [31] because the ma-
trix conductivity is assumed to change insignificantly as
LiCl precipitates.

Equation [6] can be used to eliminate i, from Eq. [30]. In-
tegrating Eq. [6] with respect to x and applying the bound-
ary conditions

at X = 0, il,.r =i, and 'l:z,x =0 [32]

results in the following relationship
lil,x + iZ,I = in [33]
Substituting Eq. [33] into Eqg. [30] yields

ad,

in — iz,x = T Ot [34]
ax

Electrode kinetics.—The electrochemical reaction rates, i,
in Eq. [18] and [19] depend upon the local concentrations of
the chemical species, the potential driving force for reac-
tion, and temperature. Analogous to chemical kinetics,
these dependencies are not described by fundamental
laws. The Butler-Volmer polarization equation (15, 30) is
used here

X i Ci Prk [+ 7% F
Ix = lokref [n ( ) exp ( - ((Dl - CDZ - Uk,ref))

i Ci ref. RT

¢ \%ik xF
- H ( ) exp (— %(@1 -y - Uk,r'ef)):' (35]

Ci,ref

The potential driving force for electrochemical reaction k
is ®; — &y — Uy rer Where Uy s is the equilibrium potential of
reaction k measured relative to the reference electrode.
The electrokinetic parameters i,k yer, ®ak, and o, are the ex-
change current density, anodic transfer coefficient, and ca-
thodic transfer coefficient, respectively. The transfer coef-
ficients for a given reaction sum to the total number of
electrons involved in that reaction

Qak t O = My [36]

The rate of reaction k per unit volume of porous elec-
trode is ai, where a is the available active surface area per
unit volume of electrode. The variable a changes as the
LiCl precipitates on the pore walls, according to reaction
[4], and can be described by (27, 31)

€ — €\t
a=a°[1—< ):l [37]
E0
where £ is an experimentally determined parameter used
to describe the morphology of the precipitate. In writing
Eq. [37] it is assumed that all the LiCl produced from reac-
tion [4] precipitates instantaneously and passivates the sur-
face it covers. Large values of ¢ indicate needle-shaped de-
posits whereas small values represent flat deposits (31).
Substituting Eq. [35] and [37] into Eq. [7] yields the fol-
lowing equation expressing conservation of current

digy [ (e" - e)ﬁ] ¢ \pik
=qa°|1~— i k.ref
ax € % e U Ci ref.

<0La.kF (@~ ®,— U )> ( G )‘“vk
€ heep— - - res -
Xp RT 1 2 kjref H

i Ci ref.

( okl - U ))] 38
exp E(l 2 Kref [38]

Downloaded 13 Jun 2011 to 129.252.106.20. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms _use.jsp



332

Altogether, six equations and six unknowns are used to
describe the porous electrode region. The six equations
are the electrolyte material balance, Eq. [18]; the solid spe-
cies material balance, Eq. [19]; the overall material balance,
Eq. [24]; Ohm’s law for the electrolyte, Eq. [29]; Ohm’s law
for the matrix phase, Eq. [34]; and conservation of current
using the Butler-Volmer equation, Eq. [38]. The six un-
knowns are the electrolyte concentration, c; the porosity, e;
the volume average velocity, v.™; the faradaic current den-
sity, i.; the potential in the matrix phase, ®;; and the po-
tential in the solution phase, ®,. Simplified forms of Eq.
[18], [19], [24], [29], [34], and [38] are used to describe the re-
maining regions of the cell: the reservoir, the separator,
and the LiCl film.

Reservoir.—The reservoir, the space between the separa-
tor and the positive porous electrode, contains electrolyte
and serves to supply SOC], to the positive electrode as it is
consumed via reaction [4]. The solid matrix phase does not
exist in this region, therefore the unknowns e, i,,, and &,
have no meaning. They are treated as dummy variables
and their values are arbitrarily set as follows

e=1 [39]

O, =0 [40]

1= 0 [41]
Using Eq. [41] in Eq. [33] yields

gz = in [42]

Equations [18] and [29] for the porous electrode can be
simplified for the reservoir using Eq. [39] and [42]. The elec-
trolyte balance becomes

ac
— =DV -V (cv™ [43]
at
and Ohm’s law for the electrolyte becomes
i, VRT [ 8,4t SeacV, \ Ve
K F \nw, 2z, nl-cV)/ ¢

Note that effective properties are not used in Eq. [43] and
[44] because no matrix phase exists. Equation [24] is used
to calculate the volume average velocity. In summary, the
six governing equations for this region are Eq. [24], [39],
[40], [42], [43], and [44].

Separator.—The separator is an inert, porous layer (usu-
ally a glass matting material) which prevents the negative
and positive electrodes from touching and thus shorting
the cell. The separator porosity (e;) is constant, hence

(45]

€ =g

The solid phase of the separator is a nonconducting mate-
rial; ®, does not exist and is set to zero as in Eq. [40]. All
current resides in the electrolyte, hence Eq. [42] applies.
Using Eq.[42] and [45] to simplify Eq.[18] and [29], the elec-
trolyte balance for the separator is

ac
GSE = De2V% — V - (cv™) [46]

and Ohm’s law for the electrolyte is

i ]

L v, - vRT(sM +t; B so,‘;cVD~ )E [47]
ke v,  zZive ngl-cVy)/ ¢

Note that effective properties have been used in Eq. [46]
and [47] to characterize the transport and conductivity in
the separator. The exponent {2 is analogous to {1 and its
value is set to 1.5. The overall material balance is Eq. [24].
In summary, the six governing equations for the separator

are Eq. [24], [40], [42], [45], [46], and [47].

Lithium chloride film.—The stability of the lithium
anode is attributed to the LiCl film which forms from the
corrosion of the Li by the SOCl, on open circuit (32-35)
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4Li + 2SOCl, - 4LiCl1 + SO, + S [48]

Researchers (32-35) believe that the film passivates the Li
and inhibits the mass transport of SOCI; to the Li surface.
Some workers (34, 35) have described the LiCl film as con-
sisting of two parts: a relatively thin, nonporous layer of
LiCl formed on top of the Li anode surface called the solid
electrolyte interphase (SEI) and a much thicker, porous
layer of LiCl formed on top of the SEI called the secondary
porous layer. These workers have proposed that it is the
SEI which passivates the Li surface because the secondary
layer has a coarse crystalline, porous structure (32) which
cannot be assumed to have the resistance properties nec-
essary for complete passivation of the Li. Peled (35) views
the secondary porous layer as a membrane which inhibits
the flow of ions to and from the SEI. Here, the transition
between the SEI and secondary layer is assumed to be dis-
tinct, and the layers are treated separately. The SEI surface
is treated here as the Li anode surface having modified
(passivation) kinetics and the secondary porous LiCl layer
is treated here like a separator.

The governing equations for the secondary, porous LiCl
film are developed in the same manner as those for the sep-
arator. The equations are: a constant porosity

€ = €r [49]

the electrolyte balance

ac
Ef& = D€f§3V2C -V (C'U.) [50]
Ohm’s law for the electrolyte
in vRT [ s t." SoacV, Ve
- = VO, - ( SR —L"_)——[m]
ket F \ngw, z,v;, mfl—-¢cVy/ ¢

and Eq. [24], [40], [42]. The value of the exponent {3 is set to
1.5.

The secondary porous film grows as time progresses but
its thickness is kept constant here. Film growth may occur
by reaction [3] where the Cl™ ions are a product of the cath-
ode reaction. Tsaur and Pollard (7) assume that the rate of
reaction [48] governs the film growth. However, reaction
[48] is the sum of the two electrochemical half-reactions [1]
and [4] and does not occur on discharge because the lith-
ium is anodically protected. The secondary porous layer is
not of uniform thickness over the surface of the lithium
(33), its morphology depends strongly on the storage tem-
perature (33), and mechanical rupture may occur during
discharge (32). Because of these complications, the film
thickness is kept constant and can be thought of as an
average value of the thickness which varies in space and
time. The model will be used to predict the effects of the
film thickness and porosity on the cell performance.

Boundary conditions.—The boundaries, from left to
right in Fig. 1, are the Li anode surface (taken as the SEI
surface here), the LiCl film/separator interface, the separa-
tor/reservoir interface, the reservoir/porous cathode inter-
face, and the cathode current collector surface. The gov-
erning equations at each boundary are given next.

SEI surface—The SEI is treated as the Li anode surface
with modified kineties. The rate of reaction [1] is calculated
using Eq. [35] with kinetic parameters representing the
passivation. Lithium ions must travel from the SEI surface
at the same rate at which they are produced, thus the flux
of this species must equal its reaction rate

,': [ ]

A o= 2y 52

Z+F ’ﬂlF

N+ = _V+D€f§3VCIf +

The solvent flux is zero at this boundary

N, = —DefBVefr + c,v™" = 0 [53]
Using Eq.[20], Eq. [53] can be Written
N, = DeV.Vels + (1 — cV ™ =0 [54]
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In Eq. [52]{54], and in equations to follow, only the x com-
ponent of the del operator is intended and the vertical bar
with a subscript, |;, indicates that the quantity is to be eval-
uated at the interface of the region j. At the film interface,
all the current is transferred from the anode surface to the
solution phase, hence i, , is zero and Eq. [42] applies. Equa-
tion [7] for a flat plate electrode is

fh= [55]
k

where Eq. [35]is used to calculate iy.. The porosity is treated
as a dummy variable and it is arbitrarily set equal to the
LiCl film porosity, Eq. [49]. At this boundary ®, is arbitra-
rily set to zero, Eq. [40], to establish a reference point from
which to calculate all other potentials. The absolute values
of ®; and @, have no significance; only the value of the dif-
ference ®; — ®; is meaningful. The value of ®,, given Eq.
(401, is determined from Eq. [55]. In summary, the bound-
ary conditions at the SEI boundary are Eq. [40], [42], [49],
[52], [54], and [55].

LiCl film/separator interface.—At this boundary the flux
of each species i is continuous

Nie = Nil; [56]
and the velocity is continuous
Ux-lf = Ur-ls [57]

Substituting Eq. [11], [17], [20], and [57] into Eq. [56] yields
the following equation expressing continuity of the elec-
trolyte flux

€MVl = €,2V¢|, [58]

Equation [47] for the separator and Eq.[51] for the LiCl film
are equated, and Eq. [58] is used, to yield the following
equation which expresses continuity of faradaic current

Efzqu)zh‘ = eleV(I)le [59]

As in the film and separator regions, Eq. [40] and {42] apply.
The porosity is arbitrarily set equal to ¢, Eq. [45]. In sum-
mary, the boundary conditions at this boundary are Eq.
[40], [42], [45], [57], [58], and [59].

Separatorireservoir interface.—The boundary conditions
here are analogous to those at the LiCl film/separator
boundary. These equations are: continuity of flux

&2Vc|s = Ve, [60]
continuous velocity
v = v, [61]
continuity of faradaic current
€S2VDy|, = V|, [62]

and Eq. [40], [42], and [45].

Reservoir/porous electrode interface—The boundary con-
ditions at this interface include continuity of flux

Vel = €'Vclpe (63]
continuity of faradaic current
V), = VD, [64]

and Eq. [42]. This boundary includes the porous electrode
surface, hence porosity will change as will the volume
average velocity as described by Eq. [19] and [24], respec-
tively. Equation [34] is applied at this boundary as follows

V@I’ pe = 0 [65]

Porous electrode current collector surface—A Li/SOCI,
battery may be pictured in one dimension as a series of
cells sandwiched together. The current collector of the po-
rous cathode separates the cathodes of two consecutive
cells. With this configuration in mind, the one-dimensional
distribution of the faradaic current density will be essen-
tially zero at the current collector. That is, it is assumed

that all of the current has been transferred from the solu-
tion phase to the matrix phase at the current collector,
thus

192 =0 [66]

Also, the volume average veloeity is assumed to be essen-
tially zero at this boundary

v, =0 [67]

As at the SEI surface, the flux of each species must equal
its reaction rate. The electrolyte flux is zero here

izt+.

N, = -1, De!'Velp, + = +vco® =0 [68]

Zy

Using Eq. [66] and [67], Eq. [68] can be written

Velpe = 0 [69]
Similarly, Eq. [29] becomes
V®ylpe = 0 [70]

The transfer current at this boundary is given by

digy

=j [71]

9 |,
where j is calculated using Eq. [7], [35], and [37]. The poros-
ity change is calculated using Eq. [19].

Initial conditions—To complete the equation set, the
initial conditions must be specified for those variables that
depend explicitly on time, ¢ and e. These initial conditions
are

(all ) [72]

e=¢° (porous electrode) [73]

C = Cinit

Cell energy balance—An energy balance is included in
the model to determine the cell temperature as it changes
with time. The energy balance follows from the first law of
thermodynamics

du dqg dw
—=—+— [74]
dt dt dt

where u is the internal energy of the cell. When constant
volume conditions are assumed

du aT
—=Cc— [75]
dt dt

The change in the mechanical work, dw/dt, is zero; no me-
chanical work is done on or by the cell when the volume is
constant. The change in the heat content of cell, dq/dt, is
attributed to three sources (sinks): heat transferred across
the cell boundaries (G.,), heat generated by polarization ),
and heat generated by entropy effects ) (36). The heat
transfer can be described by

Gt = —ho(T — Ta) [76]

where h, is the heat transfer coefficient characterizing the
heat flow from the cell to the surroundings. Here, the tem-
perature of the surroundings is assumed to remain con-
stant at Tx. The remaining two sources of heat are given by
(36)

L (E g - p e
+q =1, oc T -
P tg =1 aT

)=nwm—m [77]

Ey, in Eq. [77], termed the thermoneutral potential, is the
theoretical open-circuit potential of the cell at absolute
zero. Substituting Eq. [75], [76], and [77] into Eq. [74] yields
the overall energy balance

ar
C—&? = —Rho(T — Tp) + i (En — E) [78]
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Table I. Parameter values used in model
Physical properties
Parameter Value Ref. Parameter Value Ref.
v, 1 Vo 1
zZy 1 z- -1
t," 0.5 " 0.5
V. (cm*mol) 77.97 (7, 38) V, (em?mol) 72.63 (45)
Vwa (em®mol) 20.5 (48) (@ ltem™ 45.5 (49)
D (cm?s) 1 k(@ em™ ¥
Eyn (V) -3.723 (36) dE,/dT (VIK) 2.28 x 107* (36)
C (J/em?K) 0.2 (5,7, 14)
Kinetic parameters
Li oxidation (reaction [1]) SOCI; reduction (reaction [4])
Parameter Value Ref. Parameter Value Ref.

S+.1 -1 S+a -2

Sou4 -1

SLiCl4 2
(7%} 1 q+4 1
. 2 B Qo4 0.5
Io,1,ree (Alem?) 5.0 x 107* A% 4 rer (Alem®) 1.0

£ 0.05 [€2)
Uy res (V) Ey + TdE,/dT (36) Usree (V) 0.0
Qa1 0.25 Qg g 1
Qe i 0.75 Qe 1
[ 1 T4 2

TSee Appendix.

Note that each term in Eq. [78] is based on the total active
surface area in the cell. The initial condition for T here is

T=T, (allx) [79]

Model Parameters

The parameter values input to the model are listed in
Table I. The partial molar volumes and transference num-
bers were assumed to be constant throughout the dis-
charge at the values listed in Table I. The kinetic parame-
ters igirer, ®a1y @1, and a%i,srr Were chosen so that the
model predictions compared favorably with experimental
data (32, 37-41). A temperature dependent expression for
the diffusion coefficient and a temperature, concentration
dependent expression for the conductivity are given in the
Appendix.

The independent adjustable parameters in this model
development are the porous electrode thickness (S,.), the
initial porosity of the porous electrode (¢°), the thickness of
the electrolyte reservoir (S,), the thickness of the separator
(Sy), the porosity of the separator (), the LiCl film thick-
ness (Sp, the LiCl film porosity (ep), the initial electrolyte
concentration (¢, the heat transfer coefficient (h,), the
current density (i,), and the temperature of the surround-
ings (T4). One objective of this work was to use the model
to determine which of these independent adjustable pa-
rameters affects cell performance the most. Table II lists
typical values for these independent adjustable parame-
ters (5). Unless otherwise noted, these base case values are
used throughout the work presented here.

Method of Solution

The system of coupled, nonlinear, ordinary differential
equations describing the Li/SOCI; cell, shown in Fig. 1, is
solved numerically because an analytical solution is not
possible. The spatial derivatives are approximated using
finite differences accurate to O(Ax)? where Ax is the Iargest
step size in the x direction. Implicit stepping, accurate to
O(AY), is used for the time derivatives. A Newton-Raphson

Table I1. Base case values of the independent adjustable perameters

Parameter Value Parameter Value
Spe (cm) 0.0335 €°® 0.85
S: (cm) 0.01
Ss (cm) 0.0127 € 0.7
S¢(cm) 0.001 € 0.1
Cimit (M) 1.5 h, (J/cm?*Ks) 6.0 x 10°*
in (A/em®) 0.03 Ta (K) 298.15

algorithm using deBoor’s banded matrix solver (42-43) is
used to solve the system of finite difference equations. The
procedure is iterative and requires initial guesses of the
unknowns. Step sizes in both space and time were reduced
until predicted cell voltages were reproducible to three
significant digits.

Results and Discussion

Figure 2 shows predicted electrolyte concentration pro-
files and how they change with time. Note that the concen-
tration profiles are relatively flat in the separator and reser-
voir regions indicating that diffusion, migration, and
convection of species are essentially uninhibited in these
regions. Convection contributes least to the species trans-
port; v,® is O(107® cm/s) and the convection term is an
order of magnitude less than the diffusion and migration
terms in Eq. [18], [43],[46], and [50]. The large concentration
gradients in the film region are due to the small porosity of
this region which reduces significantly the effective diffu-
sivity. Near the beginning of discharge transport in the po-
rous electrode region is essentially uninhibited. As the dis-
charge proceeds, LiCl begins to fill the pores of the
electrode and transport becomes more difficult as evi-
denced by the steeper concentration gradients at later
times. The electrolyte concentration increases throughout
the cell as time progresses and the solvent concentration
decreases according to Eqg. [20]. These profiles show that
throughout most of the discharge cell performance is dic-
tated by the rate of reaction [4] at the cathode. Tsaur and
Pollard (7) predict diffusion control as evidenced by the
large concentration gradients in the separator of their sim-
ulated cell; they assume a constant reservoir concentration
a priori. This difference, reaction control here vs. diffusion
control (7), is due to the different governing equations and
boundary conditions as well as the differing input parame-
ters used in their model and the present model. Specifi-
cally, Tsaur and Pollard use different electrokinetic pa-
rameters and investigate higher discharge rates (e.g., 80
mA/cm?) than are used here. As mentioned earlier, their
mathematical description of the film and reservoir regions
are different from those used here; they assume Li corro-
sion during the discharge and treat the reservoir as a well-
mixed region. In addition, differing conductivity and dif-
fusion coefficient expressions are used. These differences
all contribute to the differences in the predicted quanti-
ties. From Fig. 2 it can be seen that the change in the con-
centration across the reservoir is about half what it is ir: the
separator and, under conditions of diffusion control, this
change could effect the results significantly. Higher dis-
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Fig. 2. Typical electrolyte concentration profiles

charge rates, lower temperatures, faster porous electrode
reaction kinetics (i.e., larger exchange current densities for
the thionyl chloride reduction on the carbon electrode),
lower initial concentrations, and smaller porosities all con-
tribute to changing the reaction controlled conditions ob-
served here to diffusion controlled conditions.

Figures 3-5 illustrate the space-time behavior of the po-
rous electrode porosity, faradaic current density, and over-
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Fig. 3. Typical porosity changes in the porous electrode during dis-
charge.
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Fig. 4. Typical profiles of the faradaic current density in the porous
electrode.

potential, respectively. These profiles show that the reac-
tion rate distribution changes very little as time
progresses. The reaction rate will be greatest at the front of
the porous electrode because the matrix conductivity (o) is
much larger than the electrolyte conductivity (k) (7). That
is, at the reservoir/porous electrode interface all current re-
sides in the solution phase but upon entering the porous
electrode the current will be transferred rapidly to the ma-
trix phase because the matrix phase offers less resistance
to current flow. However as LiCl precipitates, fills the
pores as shown in Fig. 3, and decreases the available active
surface area, according to Eq. [37], the reaction rate distri-
bution becomes more uniform. This change can be seen in
Fig. 4 where the i, distribution flattens out; the reaction

0.00 |- d

-0.05

-0.10

&) =05-U g V)

t=2160s 4

-0.15

-0.20 o L l
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Fig. 5. Typical overpotential profiles in the porous electrode
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rate is the slope of the iy, vs. x curve. Figure 5 shows that
the overpotential, the driving force for electrochemical re-
action, is highest at the front of the electrode as expected.
The overpotential increases with time indicating that the
electrochemical reaction must proceed at a faster rate to
compensate for decreasing available active surface area.

As the end of discharge is approached, the front portion
of the electrode becomes clogged with LiCl precipitate
(see Fig. 3). Lithium ions are unable to cross this barrier
hence the electrolyte concentration increases rapidly in
the film, separator, and reservoir as it is continually pro-
duced at the anode. At this point the electrolyte contained
in the pores of the porous electrode supplies the lithium
ions consumed in reduction reaction [4]. The electrolyte
concentration drops in the vicinity of the highest reaction
rate (the front of the electrode) and the electrolyte supply
contained in the back portion of the electrode must diffuse
to this reaction plane. This behavior can be seen from
Fig. 4 where the current density distribution at t = 2160s
falls back from the flatter profiles exhibit at earlier times.
Eventually, the front of the electrode becomes depleted of
electrolyte and is unable to support further reaction, hence
current flow, and the cell fails. This failure is indicated by
the model when convergence cannot be achieved.

The model can be used to demonstrate the effects of the
independent design criteria on cell performance. The least
influential parameters, for the reaction controlled condi-
tions here, were found to be S; and S.. For example, de-
creasing either S; or S, by an order of magnitude resulted
in changes in the discharge time and cell voltage of less
than 1%. The most influential parameters on cell perform-
ance were found to be Sy, €%, and ¢;,y. The parameters char-
acterizing the LiCl film, ¢; and S;, show small to moderate
effects on cell performance.

As shown in Fig. 6, beyond a porous electrode thickness
of approximately 0.1 em there is little gain in cell lifetime.
Apparently, for thicknesses beyond 0.1 cm the advantages
of increased active surface area and electrolyte storage are
diminished by the increase in cell resistance and hence de-
crease in cell lifetime. It is difficult to determine the effect
of the porous electrode porosity on cell performance be-
cause when porosity is changed the active surface area, a,
is also changed. Keeping o constant here, the cell lifetime
is decreased by 49 and 86% for €° decreased to 0.6 and 0.35,
respectively. This decrease in lifetime occurs simply be-
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Fig. 6. Dependence of cell lifetime on porous electrode thickness

cause there exists less void volume for the precipitating
LiCl to fill. Changes in S;. and €° have very little effect on
the operating voltage and temperature; the voltage and
temperature varied by less than 1% for the cases studied
here.

Figure 7 shows the predicted effect of initial electrolyte
concentration on cell lifetime. Caution is needed when
comparing cell performance for different concentrations
because the average operating voltage decreases as initial
electrolyte concentration decreases. For example, the
average operating voltage for c,;, = 0.25M was about 8%
lower than that for the base case. This concentration could
not be included in Fig. 7 because the predicted voltage
transient fell below the cutoff voltage (2.9V) chosen to de-
termine cell lifetime. Beyond a concentration of approxi-
mately 2M there is little increase in cell lifetime or average
cell voltage. At concentrations below 1M the overpotential
required to drive the electrochemical reaction at a fast
enough rate to support the current draw is necessarily
high, especially at the front of the porous electrode. This
acceleration of reaction rate causes the pores to fill up
quickly with LiCl, and the cell fails rapidly as shown in
Fig. 7. Also, for initial concentrations of about 0.5M and
below the shape of the cell voltage transient changes; cell
voltage initially increases, reaches a maximum, and then
decreases. This initial increase in voltage is attributed to
the rather large initial increase in conductivity as the con-
centration of lithium ions increases. Later the voltage de-
creases due to the decreasing porosity in the porous elec-
trode and the resulting increase in resistivity.

The porosity of the LiCl film which forms on the lithium
anode has a moderate effect on cell performance. Porosity
of this film varies depending on storage temperature;
higher storage temperatures tend to produce larger LiCl
crystals and more compact films (33). Several observations
can be made here from the model predictions. Film poros-
ities beyond 0.1 seem to have little to no effect on cell life-
time, voltage, or temperature. Below a porosity of 0.1, cell
voltage begins to decrease due to the greater hindrance of
species transport in the film. For example, for a porosity of
0.05, the average cell voltage and cell lifetime are reduced
by 3% as compared to the base case. When porosity is ex-
tremely low (e.g., 0.005) the model predicts that the cell will
not operate for the 30 mA/cm?® drain considered here. For a
film porosity of 0.025, the model predicts higher cell tem-
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Fig. 7. Dependence of cell lifetime on initial electrolyte concentration
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Fig. 8. Dependence of cell lifetime and capacity on discharge rate

peratures (about 10°C higher on the average) and an aver-
age cell voltage about 11% lower than that for the base be-
cause of the increased cell resistance. These results show
that it is advantageous to maintain low temperature stor-
age (room temperature) so that the film does not become
too compact.

The film thickness has little effect on cell performance
for the conditions studied here. Changes in cell lifetime of
less than 0.1% are predicted when S;is decreased to 0.5 pm
or increased to 40 um. However, depending on the film po-
rosity, the average cell voltage can be decreased signifi-
cantly when the film is thick. For the 40 pm film thickness,
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Fig. 9. Comparison of predicted and experimental voltage transients
for a 15 mA/cm? discharge.
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the average cell voltage was decreased by about 4% as
compared to the base case.

The effect of discharge rate on cell voltage is shown in
Fig. 8. As expected, cell voltage, lifetime, and capacity are
increased when discharge rate is decreased. These curves
compare favorably with experimental voltage-time curves
(37, 38, 41). Experimental and predicted discharge curves
for a 15 mA/cm? discharge are shown in Fig. 9. Although
operating voltages and cell lifetimes differ, the general
shape of each curve is similar; a relatively constant cell po-
tential throughout most of the discharge until the end of
discharge is approached where a rapid deterioration of the
cell voltage occurs. It is difficult to obtain close agreement
between model predictions and experimental data re-
ported in the literature due to the lack of cell specifications
(e.g., porous electrode porosity and thickness, and separa-
tor porosity and thickness) and due to the differences in
the experimental data reported. For example, Fig. 3 of Ref.
(38) and Fig. 8 of Ref. (41) show substantially different dis-
charge curves for a discharge current density of 15 mA/cm?

as shown in Fig. 9. These differences can be attributed to
the different electrode materials, initial electrolyte concen-
trations, and cell dimensions used. Model predictions are
in agreement with this observation; as shown earlier, the
model predictions show large sensitivity to several of
these physical parameters (electrolyte concentration, po-
rous electrode thickness).
The temperature-time curves for various discharge rates
are shown in Fig. 10. The initial rise in temperature is due
to the polarization of the electrodes and entropy effects as
represented by the terms ¢, and ¢ in Eq. [77]. As the tem-
perature of the cell increases the rate of heat transfer to the
surroundings increases until an equilibrium is almost
reached where the heat transfer is about equal to the heat
generation. These equilibria are represented by the pla-
teaus in the curves in Fig. 10. At higher discharge rates
these plateaus become less distinct because the heat trans-
fer cannot keep pace with the greater heat generation pro-
duced by the more severe electrode polarizations at higher
discharge rates. At the end of discharge localized reactant
depletion causes severe polarization and the cell tempera-
ture is driven upward at a faster rate as shown by the tail
ends of the curves in Fig. 10. This surge in cell temperature
at the end of discharge could lead to unsafe behavior by
rapidly increasing the internal pressure or possibly trig-
gering exothermic runaway reactions (11). To avoid this
hazard the cell could be operated below certain discharge

395.0
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375.0 i, = 60 mA/cm?

355.0 .
=
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[
335.0 1
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295.0 ' — —
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Fig. 10. Dependence of cell temperature on discharge rate
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rates and ambient temperature limits or it could be used
up to a limited time well before reaching the end of dis-
charge. These temperature profiles exhibit the same gen-
eral pattern of experimental temperature-time curves (39).
Improved heat transfer paths could be investigated using
the model by changing the energy balance parameters, C
and h,, or modifying the energy balance, Eq. [78].

Model predictions are only as good as the input to the
model. The results presented here are in good agreement
with experimental data reported in the literature perhaps
because of the detailed theoretical development and the
trial and error perturbation of some of the kinetic parame-
ters mentioned earlier. The kinetic parameters and physi-
cal properties used in the present analysis may change sig-
nificantly for different applications which, in turn, could
significantly effect model predictions. The versatility to
change model inputs to simulate different applications is
an important aspect of this model.

The kinetic parameter& io.l,ref; aoioA,ref, ®a 1 OGcly Oagy Ocgy
and the morphology parameter ¢ which is used to calcu-
late a, are the least known because these parameters can-
not be determined easily by experiment. Also these pa-
rameters are not constant values; the kinetic parameters
for the SOCI; reduction are specific to the type of carbons
used for the porous electrode, for example. The morphol-
ogy parameter will change depending on the discharge
rate and cell temperature. Experimental data along with
complete cell specifications (including porosities) and
physical property data (such as diffusivity and conductiv-
ity) could be used in conjunction with a parameter estima-
tion technique to estimate these kinetic parameters. A de-
tailed sensitivity analysis of the model predictions to
changes in these kinetic parameters is beyond the scope of
this work though a few items are of note. The oxidation ex-
change current density, i, e, can significantly effect cell
voltage and lifetime whereas the reduction exchange cur-
rent density, 0%, qzs, Seems to influence cell lifetime more
than cell voltage. For example, increasing a4 by an
order of magnitude results in a 15% reduction in cell life
and a less than 1% increase in cell voltage.

Some of the physical properties used here were esti-
mated from the available data in the literature (6, 7, 37,
44-46). An approximate expression for diffusivity, as de-
scribed in the Appendix, was used and constant trans-
ference numbers were assumed. The sensitivity of model
predictions to small changes in these properties was
briefly investigated. If D is halved, cell lifetime decreases
by only 6%. If t,™ is decreased to 0.25 there is an 18% de-
crease in cell lifetime due to the resulting decrease in spe-
cies transport, Eq. [11], and the increase in IR drop across
the cell as indicated by Ohm’s law for the electrolyte.
Changes in D and t."™ have negligible effect on cell voltage
and temperature. Similarly, changes in conductivity will
directly effect the IR drop across the cell as dictated by the
Ohm’s law expression for the electrolyte. Decreasing con-
ductivity will increase the IR drop and decrease cell volt-
age and lifetime.

Conclusions and Recommendations

A one-dimensional model of a complete Li/SOCI, cell
has been developed and used to demonstrate both design
and operational changes that can be made to increase cell
capacity and life. A large number of cases could be studied
using the model to determine optimal and safe designs for
various cell specifications and discharge rates. This ability
to investigate different designs simply by changing model
inputs is where the value of the model lies. In addition, the
model can be used along with a parameter estimation tech-
nique to estimate kinetic parameters for various carbon
materials and electrolyte chemistry.

Improvements in the model would include accounting
for the growth of the LiCl film as the cell discharges, the
addition of the Cl-, SO,, and S species to determine their
effects on cell performance, changing the energy balance
to account for more complex heat transfer paths, and the
modeling of a stack of cells representing the cross section
of an entire Li/SOCl, battery. Also porous electrode
swelling has been shown to be an important aspect of cell

performance during high rate discharge (47) and should be
added to the model.
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APPENDIX
Physical Properties

The conductivity of the electrolyte, «, is a function of
concentration and temperature. Szpak and Venkatasetty
(2) suggest that this functionality should be included in the
battery modeling because of the large changes in the con-
ductivity as the battery discharges. An empirical expres-
sion, similar in form to other conductivity expresions (7,
15, 16), describing this functionality has been developed
from the available data (6, 37, 44-46)

_ { Bic exp (Bze + Bsc?) exp (BY/T) (¢ < 1.8M) [80]
K= Bs exp (BT (¢c = 1.8M)

where B; = 13545 Q! em™!, B = 399.09 cm¥mol, B; =
—2.5055 x 107% em®mol? B, = —711.69 K, and Bs = 0.22244
Q7! em™. The data for LiAICl, mixtures (equimolar mix-
tures of LiCl and AIClL) are for one temperature only,
298.15 K (37, 44). The concentration range of this data is
0.000313-2.0M. The dependence of conductivity on tem-
perature and concentration for concentrations above 2.0M
was estimated from conductivity data for a similar electro-
Iyte, SOCI, containing SO,, S, and equimolar amounts of
LiCl and AICl; (45-46). Equation [80] can be used to contin-
uous conductivities and derivatives (with respect to con-
centration and temperature) unlike a conductivity expres-
sion presented earlier (7).

No data exist to perform a similar analysis for the diffu-
sion coefficient. The diffusivity was assumed to be a func-
tion of temperature and independent of concentration.
The dependence of diffusivity on temperature was as-
sumed to be identical to the dependence of conductivity
on temperature as was done in previous work (7). The ex-
pression used here is

D = B exp (B4T) [81]
where Bg = 1.0 X 107* em?s.

LIST OF SYMBOLS
a specliﬁc active surface area of the porous material,
cm”
a® initial value of a, cn™!

a property expressing secondary reference state of
electrolyte, cm®mol

c concentration of the electrolyte, mol/cm?

¢ concentration of species i, mol/em?®

Crf reference concentration of species i, mol/cm?®
C heat capacity of the cell, J/em? K
D diffusion coefficient of the binary electrolyte, cm?s
Dy effective diffusion coefficient of electrolyte, cm?/s
cell voltage, V
E.. open-circuit voltage of the cell, V
Ey  thermoneutral potential of the cell, V
mean activity coefficient of electrolyte
F Faraday’s constant, 96,487 C/mol of electrons
ho heat transfer coefficient, W/em? K
g reaction rate of electrochemical reaction k, A/cm?
iy total cell current density, A/cm?
lokrer €Xchange current density of reaction k at ¢, A/em?

iy superficial current density in the matrix phase,
Alcm?

2 superficial current density in the solution phase,
Alem?

3 current transferred between phases, A/cm?

K,, friction coefficient for interaction between species i
and 1, Js/cm®

ny number of electrons transferred in the electrochemi-
cal reaction k

N;  superficial flux of species i, mol/cm? s

v anodic reaction order of species i in reaction k

gix  cathodic reaction order of species i in reaction k

q net heat in cell, J/cm?
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vi. superﬁc;al velocity of species i, cm/s International Power Series Symposium,” Cherry
) superficial volume average velocity, cm/s Hill, NJ, June 9-12, 1986, The Electrochemical Soci-
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