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A two-dimensional model is developed to simulate discharge of a lithium/thionyl chloride primary battery. As in earliereore-dim
sional models, the model accounts for transport of species and charge, and electrode porosity variations and electrolyte flow
induced by the volume reduction caused by electrochemical reactions. Numerical simulations are performed using a finite volume
method of computational fluid dynamics. The predicted discharge curves for various temperatures show good agreement with pub-
lished experimental data, and are essentially identical to results published for one-dimensional models. The detailed two-dimen-
sional flow simulations show that the electrolyte is replenished from the cell head space predominantly through thergeparator i
the front of the cathode during most parts of the discharge, especially for higher cell temperatures.
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This paper is a continuation of the recent series of work to ex- Numerical Model
plore computational fluid dynamics (CFD) techniques in conjunc-  Description of a Li/SOGIsystem—A schematic of a lithium/
tion with experimentation for fundamental battery research. The apthionyl chloride (Li’'SOC)) cell is shown in Fig. 1. The system is
plication of interest in this work is a ||th|um/th|0ny| chloride prima— identical to the one studied most recenﬂy by mialae Basica”y’
ry battery. As a power source, this battery has many desirable chaghe cell consists of a lithium foil anode and LiCl film, a separator
acteristics such as high energy and power densities, high operatinglass matting), and a porous carbon cathode support with the elec-
cell voltage, excellent voltage stability over 95% of the dischargerolyte being lithium tetrachloraluminate (LiAlglsalt dissolved in
and a large operating temperature range. As such, there has beegha thionyl chloride (SOG). The passive lithium chloride (LiCl)
number of one-dimensional modeling studiesn the literature.  film forms on the lithium foil due to lithium corrosion, namely
Modeling efforts by Szpakt all and Ché focused on the battery’s _ )
high-rate discharge and the ensuing thermal behavior. Other model- 4Li + 2SOCh — 4LiCl(s) + SO, + S [1]
ing efforts employed concentrated solution theory and porous elec
trode theory in the various regions of the celfy( separator, porous
cathode) to develop one-dimensional models of the batfeFese — Current Collectors +
models examined utilization issues at low to moderate currents, bt
they differ in how the excess electrolyte was treated.

In the lithium/thionyl chloride cell, the solvent is also the reac-
tant, and the volume it occupies is more than that of the reactio
products. Therefore, more electrolyte is placed in the cell than ca
occupy the initial void volume of the separator and porous cathode
The excess electrolyte resides in the head space volume above 1
active regions. Due to the one-dimensional nature of their models
Tsaur and Pollafdand Evangt al introduced a fictitious reservoir
region between the separator and the porous cathode. In these mi
els, the electrolyte fills uniformly from this reservoir region, through
the separator, and into the cathode. In contrastgdait?® modified
the one-dimensional equations so that the electrolyte flows from th
head space directly into the porous cathode, thus replicating flow i
a second, perpendicular direction. An advantage of this latte
approach is that the model can predict the drying of the cell due t
insufficient electrolyte loading. While these one-dimensional models
are simple and efficient at predicting the discharge of a Li/$ 0t
tery, a multidimensional model fully accounting for the electrolyte
flow without making ad hoc approximations is deemed valuable tc
gain a more fundamental understanding of the processes that occi
in this battery system. The present paper describes such a model ¢
a finite-volume method of CFD to simulate a Li/SQGé4ttery in the
operating regime of low to intermediate discharge rates. The modke
uses the physical parameters estimated from experimentéltdata
predict discharge curves accurately at various temperatures.
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The LiCl film can futher be diided into two subegions:a relative-
ly thin, compact iim adjacent to the Li anodé&nown as the solid-
electolyte interbice (SEl),and a nuch thidker, porous LiCl flm
formed nat to the SElknown as the secondapomus laer.”8 No
reaction occug in the secondgiayer, and its méix is not conduct
ing; thus,it behares much like the sparator.

During dishage, the fllowing electochemical eactions ta&
place

Anode Li(s)—» L™ +e [2]

Cahode 4Li* + 46~ + 2SOC), — 4LiCI(s) + SO, + S [3]
Tha is, the lithium is xidized & the anode and SOLE reduced &
the cahode followed ty precipitaion of LiCl in the céghode Sig
nificant wolume eduction occws duing Reaction 3 due to the tar
er molar wlume of SOCJ compaed to the LiCl pecipitae, thereby
resulting in elecolyte flow from the top head spacelume into the
cell (see K. 1).

Assumptions—The fllowing assumptions arinvoked in this
work; they have been justiéd by Jain et al® for cells disbaged a
low to intemedide rates.

1. LiCl precipitaion occus completel and instantaneouslat
the cghode

2. The cdhode thikness emains constant (b a higher cthode
thickness is assumed initiglto accountdr swelling).

3.The popus LiCl ilm on the anode has a constantkhiess and
porosity.

4. The solid-elecwlyte interfice (SEI) is &ded as the Li anode
surface and its é&ct on the cell peofmance is accountedifvia the
electode kinetics.

5. The electolyte is teaed as a bingr solution with constant
propeties, although the LiAIC} salt concenstion changes duing
dischage. The efects of poducts S and S{are implicitly included
in the popeties of the solent.

6. The cell emains isothenal.

7. Effects of doule-layer chaiging and self-dideaige ae ignoed

Goveming equéions—Based on thelmve-staed assumptions,
a two-dimensional modebf Li/SOC}, bateries can be dered from
the g&neal modeling famevork previously developed ly Wang
etal.” Specifcally, the pesent model consists of edgoas gvem-
ing consevation of specieschaige, mass and momentum in elec
trolyte and electtde marix phasesrespectiely.

Applying the gnearl species conseation equaion in Table | of
Wanget alf to the species of intest in the Li/SOGI system,one
obtains

OeeC | v-(vc) = V(D% vc) + 1 1-¢ St [4]
ot F
for Li*, and
0€eCo ff 1.
Pelo 4 y. =v(D¥ve,) + —
S0+ V(ve) = VOHVe) + o [5]

for SOC). Here, V = 0/0x i + 0/dy j is for the two-dimensional
Cattesian coatinate systemg is the concengtion of a species in
the electolyte, andj is the wlumetic reaction curent esulting in
production or consumption of the species. Supsa denotes the
solvent SOC}, €, is the wlume fraction of the liquid eleatlyte, v
is the supeitial electlolyte velocity, DE is the efective diffusivity
of the elecilyte, andt? is the tanskrence mmber of lithium ion
with respect to thealume-aerage \elocity.
The reaction curents ae gven by

_ Chyly; a anode

[folpy a cathode [6]

Table I. Values of pammeters used in the siralations. The
viscosity, ., was obtained fom Ref 14,and all other
parameters were obtained from Ref 6.

Symbol Value Unit Desciption
Geometic
A 180 cn? Projected electide aea
al 1000 crmélem®  Initial specifc interfacial apa
of cahode
H 4.445 cm Electode height
L¢ 0.001 cm Thickness of LiCl im at
Li anode
Lg 0.023 cm Thickness of sgarator
L¢ 0.085 cm Thickness of carbon tlaode
€ 0.95 Porosity of LiCl film at
Li anode
€ 0.95 Porosity of s@artor
€ 0.835 Initial porosity of carbon
cahode
4 0.05 Morphology correction fictor
Chemical
c© 0.001  mol/cn?® Initial concentation of
~ electolyte
\Y 77.97  cm¥mol Partial molar wlume of LIAICI,
salt
v, 20.5 cm¥mol  Partial molar volume of SOCJ
~ solvent
Vi 72.63  cm¥mol Partial molar wlume of LiCl
solid
Transpot
te 0.7 Transkrence mmber of
lithium ion
D Eq.A-1 cm?/s  Molecular difusivity of
electolyte
K 1x10° cn? Permeaility of porous
separator
W 1xX 102 glems Dynamic viscosity of
electolyte
K Eq.A-2 S/cm lonic conductiity of
electolyte
o 45,5 S/cm Electronic conductiity of
solid marix
Kinetic
i01 ref Eq.A-3 Alcm?  Exchange curent density of
anode eaction
i02,ref Eq.A-4 Alcm?  Exchange curent density of
cahode eaction
g, 0¢p 08,02 Transer coeficients of
anode eaction
az e 1.7,0.3 Transer coeficients of
cahode eaction
Uy ref -E \Y Open-cicuit potential of
anode eaction
Uy et 0 \Y Open-cicuit potential of
cahode eaction
Eq.A-5 \% Cell open-cicuit voltage
dE/dT 2.28X 1074 VIK Tempeature dgendence o
and
O O at anode
Hhoin at cathode 171

where the tanskr curent densities ar expressed b the Butler
Volmer equéon as
% 8]

OeatF O Ue O 10 agF
|n1 IOl ref éeXpD RT T]].D EC_?XPD RT

and
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v HEX'OD AT EEE

9]

In the dove, the suréce wemotential thadrives the electchemt
cal reaction &athe electode/electolyte interfice is dehed as

T]]:d)s*(befu

wher ¢ is the elecic potential; subsgots s and e denoting solid
and liquid phasesgespectiely. The last tem, Ul refr IS the open-cir
cuit potential of electrde eaction measued using aeference elec
trode under theeference conditions.

In Eq. 6 and 7ais the electvchemically actve surbice aea per
unit volume with subscipts 1 and 2 denoting anode anthcale re-
spectvely. While a; is assumed to be constaaj,varies dumg dis
chaige due to LiCl pecipitaion via the bllowing corelaion®

0 ¢ OO0
. eoF O
2 = lo2,ref EXPD%WD H

=12 [10]

j,ref

a C
00 — . OF
% =a8d- oo snr [11]
e
L

where supesciipt o represents initial &lues.The &ponent{ is an
empiiical paameter used to dedice the mopholagy of the elee
troactive surhcel®

The efective diffusivity of species in the elediyte accounting
for the efects of poosity and totuosity is @aluaed via the Bugge-
man corection

Def = LD

whete D is the difusion coeficient of the electlyte.
Applying the potential equins inTable | of Wanget al.® one
has

(12]

V-kVhe) + V-(xEVInc)+j=0 [13]
for the liquid phase potential and
V-(c®'Vdy) —j =0 [14]

for the solid phase potential. téek®™ is the efective ionic condue
tivity of the electolyte, ando®f is the efective electonic condue
tivity of the solid mé&ix, both of which can be ealuged by a simi
lar e<pre35|on to Eq. 12The efective diffusional ionic conducti-

ty, k", is gven by
eff _ ZRTK cC

K @+ +—LC [15]
° 26
for the eactions desitved by Eq. 2 and 3.
Mass balanceof the solid phase yields
de Jo 3
5 *JFOVLid [16]

wher e, is the wlume fiaction of the solid phase aNg, is the par
tial molar wlume of the species LiCl. Equsn 16 implies thathe
volume fraction of the solid phase the cahode inceases due to the
precipitaion of an LiCl flm upon eaction (heg j, < 0), while it
remains constant within the anode

For the binay electolyte it follows tha

oV +c V=1 [17]

where V or V, are the paial molar wlumes of the eleatiyte salt
(LIAICI ) and the solent (SOC)), respectiely. Adding Eq. 4 rnal-
tiplied by V and Eq. 5 maltiplied by V,, and making use of Eq. 17,
yields

de 1-t9 .~ 1.~
—e+VV:T+JV+EJOVO

at 18]

Two scendbs mg result fom the eaction-induced eledilyte
volume eduction duing disdage: (i) there is ecess electlyte
available in the head space Ided 4 the top of the cell so thahe
cell is fully filled with the electolyte all the time; andi( there is no
excess electlyte pesentcausing the eleatde to dy out patially
and become eledchemically inactive with time In casea, which is
the usual situ#on, the Pllowing holds tue thoughout the cell

eete=1 [19]
Summing Eg. 18 and Eqg. 16 aretanizing Eg. 19 esults in
1-1t9 .~ 1. (s -
V=tV % - 2a) 200

Equdion 20 epresents the contitity equaion of the liquid elee
trolyte and when coupled with the eleolyte momentum eqtian,
can be used to savor the eleciolyte flow field.

By integrating Eq. 20 @er the vhole cell and noting theét tha
the reaction curent,j, cancels in the anode andtvade one obtains

L HL <
| 0(v)y:Holx—"z—“’(v 2Vial)
-

wheev,_, is the elecwlyte \elocity & the top surce of the cellH
is the elecinde heightl. is the thi&ness of the ¢hode and 4> is
the wlume-aeraged eaction curent within the cthode Equdion
21 indicaes tha the total amount of the eleotyte diawn into the
cell from the top head space isalitly propottional to the wlume
reduction of actie mderials inside the cell.

In casdi, there is no electilyte replenishing the cell and thus the
cell patly dries out as the dibaige proceedsThe electolyte veloc
ity, vy, @ the fiee surfce of electlyte is then equal to the mo
ing velocity of the eceding interdice thus yielding

L <jo>

1 d<H>
= v, — 2V
<H> dt L 2F ( “C')

where H is the local electiyte height and the symbol < > denotes
its average acoss the cell. Ingrating Eq. 22 with time yields.

Ols (o
<H>=H° c (
H H exp% Vo
wher <H> is the aerage electolyte height in the cell ank® is the
initial height. No electscchemical eactions ta& place vmery > H
due to the bsence of eleattyte. Because Eq. 19 isalid fory < H,
Eqg. 20 still holds e in this egion of y = H. Equaion 23 allavs
one to calcule the bang in the domaingpmety as the electilyte
recedes and hence d&fes egridding of the mesh inumeical sim
ulations. A moving bounday numeiical tecnique is varanted to
simulate casei.
For creeping flow of the elecilyte thiough a poous electode
the momentum eqtian in Table | of Wanget al? reduces to the
familiar Dacy’s law; i.e.

[21]

[22]

R P
- 2Vuc|)J'0 Slo>dt'T - [23]

V= 7£Vp
W

wherepis the pessue, K is the pemeaility of the poous medium,
andp. is the grnamic viscosity of the elediyte. Substituting Eq. 24
into Eq. 20 esults in

Ok _ O
V-o—Vpg+
He
This equéion is soled for the pessue field in the electlyte, with
the pemeaility evaluaed by the Kozery-Caman elaionll
342

[24]

1-t0 5, 1 .
==V + oV — Vi) =0 125]

=_ €9
180(1 — €)?

whered is the diameter of ptcles tha make up the pavus céhode
Assuming sphécal paticles,d is relaed to the spedif interfacial

[26]
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surface aea and the posity by d = 6e/a. Once the mssue field is
detemined the electolyte flow field can be calcutad from Eq. 24.

Equdions 4,13,14,16,and 25 érm a complete set ofogeming
equdions for five unknavns:c, de, b, €5, andp. Their corespond
ing initial and boundarconditions a& as 6llows

Initial conditions

c=c? and eg=1—¢ at=0 [27]

Bounday conditions
Concentation

5:=c° for case i and%=0for caseiiaty=H

y
0 [28]
g% = 0 at other boundaries
Bp =0ay=H
Pressue % = 0 at other boundaries [29]
Potential
E,a& = 0 at all boundaries
Dan
E,%& =0ay=0andH
y
Ebs —0ax=0
a . -
=V for potentiostatic discharge

[ths = V for potentiostatic disch S
EHF“ Obs _ 1 for galvanic discharge E
O x A Oax=L [30]
0 a
o 9% — 9 (o congtant load dischargel!
B ox  RA B

wher V, |, andR, are the aplied cell wltage, current, and load
respectrely, andA is the pojected effective electode aea.

Numeical procedues—The conseration equdions, Eq. 4,13,
14,16, and 25,are discetized using aifite-volume methotf and
solved using a gnerl-pumpose CFD codeDetails hae been yen
in the pevious work.9:13 It should be mentioned thastingent
numeical tests vere perbrmed to enswg thd the solutions wre
independent of therid size and time st It was bund thaa 47X
32 mesh pvides suficient spdial resolution and the time geor
mally ranges fom 600 to 1800 sxcept for the \ery beginning and
the end of didcaige where smaller time sfes ae required The
equdions were sohed as a simtaneous seand the solution as
consideed to be covergent when the elaive eror in eat field
between tvp consecutie itertions was less than I0. A typical
transient simlation for two-dimensional pybhlems with elecolyte
flow required @out 30 min of CPU time on an SGI Octanerky
staion or a 400 MHz PC.

Results and Discussion

Expeimental \erification.—To validate the mmeical model de
veloped in the mceding sectiomgompaisons were made with the
expelimental déa most ecenty reported by Jainet al® for Li/SOCL,
cells over a ange of tempegtures. The paametes used in the sim
ulations eported hee were talen flom Ainet al.8 and ae summa
rized inTable | andAppendixA. For all sirrulations shavn in this
paper, there is an ample suppbf electolyte in the head space $uc
tha the top of the cell does not becomgldéd

Figure 2 compaes the pedicted cell potential cues with the
expetiimental esult§ for a constant load disage & 50 Q). Good
agreement can be seeorfall three opegting tempeatures, indica-
ing tha the pesent tw-dimensional model can acetely predict the
cell perbrmance Consistent with thexpeiimental déa from Jin

“o—_—r-—r—T—TT1T1T"T1
_ i |
Z
N -
3 3.2
E |
§ i
5]
=9
- 28 -1
L
O h
e
24 L .
ool 1l o 1 | P U N S U B 1
’ 0 2 4 6 8 10 12 14 16 18
Capacity (Ah)

Figure 2.Compaison of expelimental and pedicted dishaige cuwves br a
50 ) load & —55, —18, and 25C. The symbolsepresent the xpelimental
daa from &in et al ® while the solid lines arthe pedicted esults.

etal., the end of didtarge is maked ly a dastic dop in the cell
potential. lor all three tempeatures shavn in FHg. 2, the end of dis
chage is due to logging of the font of the cthode with LiCl pe-
cipitate. It is also inteesting to note thathe modifed one-dimen
sional model ofdinet al,>®which assumes théhe elecolyte flows
down from the head space into thehzade produced nedy identical
dischaige cures.This fact pompts us to shw tha the pesent tvo-
dimensional model isduced identicalito the model ofain et al>®
under one-dimensional assumptiodgppendix B desdbes this
deiivation in detail and corlades thathe two key equdions in &in
andWeidners one-dimensional modedre indeed ecoered

Visualizing eleciolyte fow—A unique adantage of detailed
two-dimensional computer sirfation is the Aility to visualiz the
electolyte flow inside a btetry, thus poviding much insight into the
batery intemal opesation duing disthamge. This cgability, while
highly desied for fundamental bgery reseach, is difficult if not
impossille to realize by pure expeiimentdion.

The electolyte flow fields sinulated ty the pesent tw-dimen
sional model & displged in Fg. 3 and 4 afour representtive
instants of time dumg batery dischaige & —18 and—55°C, respee
tively. These plots & in the brm of steamlinesi(e, lines every-
where tangnt to the elocity vector @ a gven instant)The bak-
ground shading in i§. 3 and 4 epresents the ngmitude of the
velocity component in theewtical direction. For illustrative pupos
es,the width of the cellalaive to its height daicted in these ta
figures has beerxpanded g a factor of 20.

Figure 3 dealy shavs tha the electlyte flow induced ly vol-
ume eduction due to the eleothemical eaction is in the haron
tal direction flom the spartor into the cthode duing the edry pats
of the disbage. This is because the fgator is highlyy porous and
remains so dimg most of the didtage. Consistent with the model
developed ly Tsaur and Bllard,® the spamtor essentiajl seves as a
resevoir to feed ecess electiyte into the cthode This flow patem
persists until the font side of the d¢hode becomes néwrplugged
thus leading to lbckage of electolyte flow from the sparator.

As the font of the electbde becomes plygd progressvely
more of the electlyte needed tailf voids ceded by the electo-
chemical eaction in the dhode comes fim the top penedle sur
face The tiansition in thelbw patems is illusteted in kg. 3 &t =
127 h.As the end of didtaige gproadies (e, at = 135 h),the
front side of the dhode is nedy plugged so thathe electolyte
flows in the spatator and cthode ae sgarted Within the spar-
tor, the electolyte volume bgins to expand due to the contial Li*
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production fom the anodecausing werflow of the elecwlyte
toward the top of the celllthough the mgnitude of this elocity is
small. By contast,the electolyte is dewn into the top of the ¢h-
ode (shawn in the upperight comer of eah steamline plot in
Fig. 3) and fows tavard the eaction sitestathe s@arator-cahode

interface where wlume eduction contines to occur due to the

cahode eaction.The flling of cathode with electlyte from the

head space teard the end of didtaige is consistent with the model

developed ly Jainet al>®In reality thenthe electolyte flow patem
is a combinton of the tvwo idealiz2d, one-dimensional model$he
net lesult is thafor the disbage cuves shwn hee, the \elocity
field does not signidantly impact the cell sltage. Therefore, a one-
dimensional model siolates the discaige cures as wll as a tvo-
dimensional model. Heever, this ma not be tue for all sets of
operting pamametes. In adlition, the two-dimensional model
reveals comple processes thiare occuring in the cell thecannot
be cptured by a one-dimensional model.

The electolyte flow fields duing disdhalge & —55°C, as dis
played in Rg. 4, exhibit the samedaures as in the case ef18°C,

(-) separator  cathode (+) (=) separator  cathode (+)

N
R 13
QAN 2!
O e
B R a3
p 40

EREEEEEEEEEEEE T

||
S5
[=N7F)

(L

except tha the fow becomes tw-dimensional tieatier stages of
dischaige (see the inge & the upperight coner of Rg. 4). This is
because the electhemical eaction inside the dtaode is moe
noruniform & a lower cell tempeature and togging of the font sur
face occus soonerHence electolyte flow from the top of the cell
is mote noruniform.

Electolyte concenttion, reaction ate, and electode poosity
distributions—Figures 5 and 6 shothe pedicted electlyte con
centetion profiles & the half height of the cell andWwahey evolve
with time in the cases of 18 and—55°C, respectiely. The concen
tration increases fom its initial \alue in the sgartor owing to the

* production fom the anodewhereas electlyte is being con
sumed in the ¢hode As disthaige pioceedsl.iCl precipitae bajins
to fill the pores of the céhode and the concestion gadient be
comes geder & the sparmtor-cahode interhice due to the Veer
porosity of this egion, which signiicantly reduces the &ctive dif-
fusion coeficient. Electolyte transpot thus becomes merifficult
at later times. In the disaige case of-18°C (i.e, Fig. 5), the s@-

cathode (+) (-) separator Lalh()dl. (+)

(-) separator

\\ \ l

INEEEEEEEEEEEEEE |

t=0.1h
(0.007 Ah)

1=50h
(3.301 Ah)

(-) separator cathode (+) (-) separator cathode (+)

,hfm*’ffv;’/ V\‘?V iy
'H/Mf‘:‘ir "l\-{\‘
:4-:: *H I-'V ‘.’

t=25h
(1.519 Ah)

t=0.1h
(0.006 Ah)

(-) separator  cathode (+)
&,'.,'.vjvwwwv
f’!‘ﬂ‘ R

S (i

(- ) \:.pdmlor L-lthLIL (+)

t=127h t=135h
(8.324 Ah) (8.808 Ah)

Figure 3.Electolyte flow within the cell,streamline plot.The cell is dis
chamged a —18C with a 50() load and the end of disage is 135.2 hThe
badkground shadingapresents the ngmitude of the glocity component in
the \ettical direction,with the coresponding &lues shan on the side bar in
10-8 cmi/s. Fer illustrative puposesthe width of the cellalaive to its height
has beenx@anded i a factor of 20.

t=58h
(3.446 Ah)

t=50h
(3.004 Ah)

Figure 4.Electolyte flow within the cell,streamline plot.The cell is dis
chaiged @ —55°C with a 50() load and the end of disage is 58.2 hThe
badkground shadingepresents the numitude of the glocity component in
the \ettical direction,with the coresponding &lues shan on the side bar in
10~ 8 cmi/s. Fr illustrative puposesthe width of the cellelative to its height
has beenx@anded i a factor of 20.
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Figure 5.Electolyte concengtion profiles & the half height of the electde
when the cell is didtaiged with a 5Q1) load & —18C. The electolyte con
centetion shavn hee is in moles per liter (M)and the end of didauge is
135.2 h.

arator-cathode interaice is completglshut of at t = 135 h and the
electolyte becomes nelgr depleted within the ddode leading to
the end of dideaige. The end of didtaige in the case of —86
occuss & amund 58 h (K. 6).

The eaction ate piofiles within the cthode also & the half
height of the cellare displged in Kg. 7 and 8 avarious times 6r
—18 and—55°C, respectiely. At ealy stages of disbaige, the eac
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Figure 6.Electmolyte concenttion profiles & the half height of the elecile
when the cell is didraiged with a 51 load @ —55°C. The electolyte con
centetion shavn hee is in moles per liter (M)and the end of disamge is
58.2 h.
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Figure 7.Reaction cuient pofiles & the half height of the electde when

the cell is disbalged with a 50() load @ —18°C. The end of dideage is

135.2 h.

0

tion rate has its maxinm & the fiont and its minimm & the bak&
of the cghode as typicaly found in most biteries. The pofile
reades a pseudo-steadtde aound 80-100 h in the case of 2C8
dischage (.e., Fig. 7). Therafter the reaction ate along the g
rator-cahode interhce deazases because the local aud aea
available for reaction is educed due to LiCl pcipitaion. Note tha
the wlumetic reaction ate depicted in Fg. 7 and 8 is a pduct of
the tlanser curent density and the elesthemicaly active surfice
area per unit lume The eduction in theeaction ate as the pas
at the front of the cthode become plygd leads to a miniom in
the pofile in the vicinity of the cthode font side as can be seen
from both kg. 7 and 8.

Figure 9 shavs the nal poiosity piofiles & the half height of the
cell when the cell is full dischaiged a& —55, —18,and 25C, respee
tively. It is deally seen thathe cell lietime a all three tempeatures
is limited by pore plugying or dogging on the font of the cthode
where the poosity goes to ero. Futhemore, the inal poiosity aver-
aged acoss the cthode denoting the amount of LiCl pcipitae, is
a measw of the cell cpacity The higher the cell tempature, the
more uniform (and laver) the electsde poosity is bebre the font
side of the chode becomedagged and hencethe higher cpack
ty. In contast,at a lover tempegture (€.g., —55°C) only the \ery
front potion of the ctéhode is utilied and becomes plgegd caus
ing an edrer end of disbaige.

Condusions

A two-dimensional model of a Li/SOCbattery has been del-
oped based on theultiphase modeling &imevork of Wanget al?
The pesent model inades,among otherdaures,the electolyte flow
induced ly the wlume eduction thailoccus with the electchemical
reactions in the Li/SOGlIbattery. The model pedictions vere com
pared to the epeiimental dé&a with good a@reement ger a ange of
cell tempeatures. Moe signifcantly, the two-dimensional modelof
the frst time alleved rumeical visualizaion of the electlyte flow
occuring inside the bi#ery. This capability, in conjunction with the
computer animi#on tedinique yielded nuch insight into the kitery
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Figure 8.Reaction cuent pofiles & the half height of the electde when
the cell is disbhalged with a 500 load & —55°C. The end of didtamge is
58.2h.
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Figure 9.Porosity piofiles along the half height of the eleade & the end of
dischaige with various tempeatures.

intemal opeation and povided cowincing evidence to justify the
assumptions made in the kggrone-dimensional modefe
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Appendix A

Propetty Correlations®
1. Diffusion coeficient of LiAICI,-SOC}, electolyte

O 1 6
D = 1.726 X 10% ex 2.315T>< 10 2.39[-'_>r >2< 10 : [A-1]
2. lonic conductiity of LIAICI ,-SOC}, electolyte
0
Eb.79c @(p(2039.09c — 2.5085 x 10502)
%16 X 1072 exp(163 x 10 )
i
0
211x 1072 — 253c) exp(les x 10° )
=l
o (4.88 x 105¢ — 71.73)5
expEI T Dfor c<1l8M
0 0
o (4.88 x 105 — 71.73)%
@(pEI T Dfor 18M=c<20M [A-2]
0 0
0 (4.88 x 105¢ — 71.73)5
expEI T Dfor c>20M
0 0
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3. Exdhang curent density ér the anodeeaction
. 0 4641C
o e = 1.157 X 10° P [A-3]
4. Exdhange curent density ér the céhode eaction
5500
ioore = 255 X 10° e)(p% [A-4]
5. Open-cicuit wltage of Li/SOC} cell
dE
=373+ T— A-5
dT [A-5]
Appendix B

Reduction to din andWeidner’s One-Dimensional Modkl

Equdion 4 in the pesent tw-dimensional model can beduced todin
andWeidners mode? under tvo assumptions

1. The cell is one-dimensional so ttal variables ae uniform along the
electiode height.

2. The electolyte flow within the cell is caused gnby the net vlume
reduction of the eleattyte due to the eleadchemical eaction &pressed i
Eg. 3. Intgrating Eq. 4 oer the electde heightesults in

EB(e Q) , A%eO) oo g off acg
I 0 ot ox oy O ‘L Px
0 acEI —t9
+ — D — muy [B-1]
oy dy
Under assumption Eq. B-1 is then simpiliéd to
a(eec) a(vxc) off acg 17t4r _ Ny—y [B-2]
ot 0x ax H
where
U e OC
Ny—y = 0-D%' — + v B-3
y=H H dy y a/_H [B-3]

representing the net specidexX from the top penedle surbice To arive &
Eq. B-2,use has been made of the ho<foounday condition &the cell bot
tom surfice

For the case here the &cess electiyte, with concentation c°, entes
the electode the molar fux of the eleclyte & y = H can be epressed
accoding to assumption &s

Ny_y = c°2j—‘|’:(\70 ~ 2V JH [B-4]
Noting tha
lo=1= %‘j (B-5]
Eq. B-4 thus becomes
NVH:H - L%, - 20a) [B-6]

For the case e no &cess electlyte is pesent athe top and the ée
surface of the eleottyte recedes due to the elaaiite wlume eduction,
Eq.B-3 is reduced to

Ny:H = (Vyc)y:H [B-7]

where H is the meing electolyte height,the \elocity of which varies in
accodance with the amount oblume eduction occuing inside the cell;
namey

V. ~ ~
i = ZJ—F(V0 ~ 2V M [8-8]
Combining Eg. B-7 with Eq. B-8 yields
N,- j €C(3 -~
yTH = JE%(VO - 2V|.ic|) [B-9]

Substituting Eq. B-6 or Eq. B-9 into Eq. B-2 and makingper arange-
ments esult in
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oc Oe o0 & dc iot C
4=t =—_ D= 4 €&+ 4 ov
o “ax  axH  ax F
i ~ C
-1 - = — ; B-10
+ F% 2 (Vo 2VL|CI)E [ ]

for the case her ecess electlyte is aailable ebove the cellor

ot

ac+

€e

Oce 00 et 00

SRS
ox oxH -~ o F *H

%ec
F

vucl)E [B'll]

for the case here thee is no &cess electlyte in the baery.

Equdions B-10 and B-11 eridentical to the one-dimensional species

consevation equéions deeloped ly Jain andWeidner® In the paametic

range examined in the m@sent pper, the one-dimensional assumption of -hor
izontal electolyte flow gppeas reasonkble as \erified by the two-dimension
al flow field presented in this peer However, caution should bexercised

that the one-dimensional model snaot hold tue in other ccumstances.

s!TImegogpe >

— —|<;U T RS

List of Symbols

projected efective electode aea,cn?

specifc interfacial aea a the anodecm?/cnm®
specifc interfacial aea 4 the cahode cm?/cmd
concentation of a speciesnol/cn?

diffusion coeficient of the electlyte, cnmé/s
diameter of pdicles tha male up the paus electode cm
Faraday’s constant96487 C/mol

effective electode heightcm

applied curent,A

transkr curent density of@action j &the electode/electolyte inter
face Alcm?

exchange curent density of@action jA/cm?
volumetic reaction curent,A/lcm3
pemeaility of the poous mediumem?

cell width,cm

thickness of the ¢hode cm

electolyte pressue, g/cn?

universal gas constan®.3143 J/mol K
applied load )

absolute tempeture of the cellK

time, s

t9 transerence mmber of lithium ion with espect to theolume-aer-
aged \elocity

y; open-cicuit potential of electde eaction j,V

v volume-aeraged \elocity vector cm/s

\ velocity component in the i diction,cm/s

\% pattial molar wlume of a speciesm®/mol

X x coodinae in Catesian coallinae systemgm

y y coodinae in Catesian coatlinate systemem

Greek

aa], g anodic and dhodic tanser coeficients of paction j

porosity of a poous medium or ®ume fiaction of a phase

C morphology corection inde in Eq. 11
mj surface @erpotential of eaction jV
K ionic conductiity of the electolyte, S/cm
Kp diffusional conductiity, A/lcm
n dynamic viscosity of the eledtyte, g cm/s
electionic conductiity of the solid méix, S/cm
b phase potentialy/
Subscipt
e electolyte phase
o] solvent
ref  at reference conditions
S solid phase
Supesciipt
o] initial value
eff effective
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