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SUMMARY

A temperature~time model of thermal batteries has almost bean completed and
validated ageinat experimental data. This Memorandum first summariras early
atLempts to Integrate a voltage<time model into this, taking advantage of the
instantaneous predictions of temperature, thermodynamic prtentials, and internal
resistance which the tharmal model provides., It then describes how recent
refinements of the voltage-time model have led to improved simulation of the dis-
charges of a wide range of sizes and types of thermal battery under an equally
wide range of test conditions.

The sami-empirical approach adopted has been to provide a un.varsally-
applicable framework based on logical concepts to cover various effocts such as
polarisation etc, but with adjustable numerical parameters. It is shown that a
moderately good simulation may be obtained for the majority of available dlg-
charge curves, using this one met of equations and without nltering parameter
valuer, Further improvements can be obtained when parameter values are optimised
for one particular type of battery.

Comparisons of model simulations against a body of experimental datu have
pinpointed remaining discrepancies which will guide further refinement efforts.
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! INTRODUCTION

~ Thermal batteries were devaloped after World War II as the prafeffcd'pﬁwef
gource for various functions on guided missiles. They are active at temperatures
of cypicgllyvsoooc and rely on molten salt eutectica such as lithium chloride~
potassium chloride in order to supply significant powqu. Thus, cowpared with

. most other typss of battaty, their performance is move than usually Influsnced

by temparature, This might severely curtail their active lives if the salt
autactic solidifies on cooling before uheir.cl.ctroactivé'mntérialu are
exhaustad, -Equally, too high a peak temperature during battery activation may
result in premature battery failure. Another factor which is more extrome in
thermal Lattery dilchitg.n than in other typas is the wide range of temperature
experiencad by thelr cells throughout their active 1ife, This varies according
to application, ambient tenperature, and s.ze of bhattary, but might typically be
from 550 down to 400°C or below. Lastly, the heat which averitually warms up the
battery outer container may sometimes pose a problam for the immediate surround-
ings of the battery.

From the above considerations, it is seen that a temperature-time model of
thermal batteries can of itmelf be a considerable aid to the thermal battery
designer. Predicting the tamperature of older battery designs using the caleium/
caleium chromate electrochemical couple was difficult because of thu extensive
chamical aide rsactions which cccur, Howevar, their increasing replacement by
1ithium/iron disulphide designs reduced these, simplifyingthe prediction of battury

temperature and performance, Several organisations have published their efforts
on thermal modelling of thermal batterice, including Sandia Lnboratoriaaz. Their
medel which predicted temperaturs distributions during the cooling phase was
extendad when RAE simulated the large temperature gradients bullt up during acti-
vation by & pyrotechnic chntgus. Pradictions were then avallable of the differ-
ing heating rates of the various cell components, their peak temperatures, and of
the overall activation time for different dasigns. More tacentlya RAE effort has
focudsed on validating the tLermal model during the subsequent cooling phase
againgt experimental thermocouple data generated from both electrically-inactive
and ~active batteries. Quite good simulations of battery temperature are now
available using this for a wide range of batcery designs and electrical load
profiles. This is now regarded ss almost complete, the major deficiency being
that further wtudy would be desirable of the extent of chemical side~reactions
such as cathode pyrolyais within the thermal battery environment, as opposed to
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open systems with inert-gas flow, such as the pan of a thermogravimetric
analysers. Further discussion of exothermic side~reactions, as they affect the

voltage-time model, is given in sections 6.1 and 7.2.

The final aim of thermal battery modelling studies at RAE ccntinues to be
the provision of an integrated temperature and voltage model which is capable
of reasonably accurate prediction for a wide range of batteries and test con-
ditions. This Memorandum describes a further stage in the improvement of the
voltage-time model, as well as documenting how this stage has evolved, and the
approach adopted. The advantage of the model when finalised should be that the
process of optimising new designs for new applications should be speeded up, with
an attendant cost saving; it should also aid research on new configurations and
should increase the confidence with which desighs outside the presently-known
range might be configured. All this can be assessed 'on paper' before prototypes

are manufactured and tested.

2 DESIGN AND PERFORMANCE DATA BANK

In essence, the RAE model is fed detailed information on the battery design,
and on the chosen electrical load profile and other test conditions; it then
predicts battery performance. A body of combined design and performance data is
thus essential against which to test the effect of model changes. As the aim is
to eventually model a wide range of battery types and test conditions, this
data bank should also cover the full range. RAE do not manufacture thermal
batteries, not even experimental prototypes, so the experimental data quoted in
this Memorandum is necessarily limited and has either been reproduced by permis-
sion from thermal battery manufacturers' own tests, or has been obtained by RAE

discharge tests on their products.

Nevertheless, the 1] battery designs studied span a range of outside dia-
meters from 18 to 91 mm, employ lithium~iron, lithium—aluminium or lithium-silicon
as anode materials, but all use iron disulphide as the cathode. Likewise, the
16 discharge test conditions range from ambient temperatures of -45 to +74°C, and
electrical load profiles ranging from continuous constant-current or constant-
resistive loads to periodic sequences of short pulses. The designs are not
necessarily regular production designs, nor are the load profiles necessarily
representative of any particular application. Table 1 gives some information on
these battery tests, and indicates whether temperature or capacity exhaustion

were predicted to be the life-limiting factor under the conditions emploved.
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3 THEORETICAL CONTENT OF THE VOLTAGE-TIME MODEL

Ideally, computer models should be developed entirely according to established
theories, so that they might eventually have good predictive power beyond the

presently-known limits, and might considerably increase understanding of how

observed discharges are derived. 1t was a practical proposition to base the
thermal model almost entirely on the well-known theories of heat transfer, ther-

modynamics of electrochemical cells etc, so that an ab Znitfo model could be devel-
oped in a reasonable time.

This would also be the ideal for the voltage~time model. Lawrence
Berkeley Laboratory, California have described one such model of flooded-
electrolyte lithium alloy-iron disulphide cells operated isothermally6. This is
developed from their earlier model of iron monosulphide cells7, and considers
de. ils of the volume make-up and porosity of the electrodes, diffusion rates
within them, and che effects of phase precipitation on performance. The impetus
for their work was the optimisation of the large secondary well-insulated
batteries intended for vehicle propulsion, rather than the comparatively short-
lived smaller primary thermal batteries which would usually experience a more

variable temperature during their active lives.

At the other extreme, Shepherd8 and others have showrn how good fits to
observed discharges of several types of battery may be obtained by purely empiri-
cal equations with fitting parameters readjusted for each type, and without any
reference to the thermodynamics of the cell reaction. In deciding which approach
might be most practical to adopt for thermal batteries, the following features of
thermal battery discharges (some of which are experimental observations and some

likely hypotheses) might usefully be listed:

(i) the discharge of iron disulphide cathode can be highly inhomogeneousg

(ii) experimental discharge curves can be significantly modified by addi-

, 9 . . . .
tives”, or even by different particle sizes or batches of active
material;

(ii1) the possibility exists of hidden leakage currents (shorting) during

the active life of thermal batteries;

(iv) the electrodes and separator are porous multi-phase bodies, and dis~

charge, which depends on migration of species through them, could
well be influenced by factors like aspect ratio, void contentﬁ,

wettability etc.
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Although this list is not meant to be.exhaustive, it gives sufficient indication
that ah attempt to provide a truly theoretical model of therma) battery diucharges'
might not be cost-effective, since at least some of the above affects could be
ill=detined and/or difficult to determine.

It was therefors considered best to provide a theoretical framework for the
srail effects such as Flrldéy'l Law, cell thermodynamics, and internal resistance
which are relativély simple to treat thecretically, whilst complementing this with
-a semi-smpirical treatment of effects such as polarisation., Where possible this
semi-empirical portion is based on physically reasonable ldeas and the aim has
bean to set up aquations having general applicability for all conditiona met.
These oqdniionn contain numerical parameters which are set by fltting procedures,
Ideally, the same numerical values would then be valid over all econditions, but
otherwise there should at least be some category of conditions (for example
batteries from one purticular manufacturer, ot one particular comblnation of
pellet materinl compositions) over which relliable predictions could be made,

The extent to which these aims have been achieved in the latest model version is
apparent in section 6.

4 PRELIMINARY VOLTAGE-TIME MODELS

The thermal and electrieal behaviour of thermal batteries are interdependent
in a number of important respectat

¢9) the pagiage of current through the battery generates heat;
(11) the squilibrium potentials of both electrsdes are temperaturc-
dependent;

(111) the active lifetime of the battery may be linked to the freezing
of moltan salts;

(iv) the internal resistance of the battery depsnds on temperature.

The aim of the first voltage model was simply to estimato the rute of heat
generation caused by current flow, as in (i) above, and so to improve the thermal
model, The magnitude and effact of this can be very considerable for large
batterias discharged at high retes, aven to the extant of causing a net tempera-
ture rise within the cells as the discharge proceeds, as this haating effuct can
more than offset thu natural cooling of the battary according to Newton's Law,

In this version the {iternal reslstance value was a constant suppiied by the
user,

In the first major attempt to develop a voltage~time model per se, diu-
charge curves from isothermal single-cell tests were analymed and a number of
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concepts affacting the cell cnpddity and voltage wars inferred and exprei-ud in
mathematical form. These included the variation of internal resistance with beth
temperature and state-of-discharga, and the degradation/under-utilisation of
chlbrinlcal chpdcity 2s a function of current dénuity above a vertain threshold.
Thermodynamic pot-ntinlu were calcula:nd only for the complete cell, not for
individual nlae:rodnl. 80 it was agsumed that there was alvays an exact halance
of thcoraticll cnpncity between the two, Whilst good simulationa were initially
obtained over a narrow range of bnttary types, it was moon clear that thia model
would not find mors general applicabllity, and was therefore discontinued,

5 MARK I VOLTAGESTIME MODEL

The main improvement here ovar the previous attempts was to buse the calcu-
lation on a soundar theoretical footing by treating each electrode individually
and incorporating litarature -quationug'lo, defining the various electrode
potentials as & function of both state-of=~discharge and temperature., This
automatically caterad for battery designs in which the. electrodes were unbalanced
in theoretical capacity., Apart from this, this version essentially computed the
discharge curve one might expect from a battery in which the active Lngredients
were 100% utillised, without any kinetic limitation, and assuming no dissipatien
of theoratical capacity other than usefully tihrough the external load, As a
minor varisnt incorporated later, an ability to aimulate short-circult paths was
provided, 1f a constant rasistance valus was entered, The Mark II model was
therafore too optimistic for manufactured batteries, as expected, except in the
important case where the test conditions imposed cell cooling as the factor
limiting the battevy life. Thia case was already simulated by the existing ther-
mal model and examples of its effecta have alveady been givena and are also shown
later, Whilst heing too optimistic for discharges which are not limited by
temparature, this versilon was of Iinterest in comparing exparimental discharges
with the theoratical limit, in order to assess energy efficiency more clearly.

The following staps summarise how the prediction of on-load voltape isa
derived: '

(1) the user defines the dimensions and densitias of cell component
pellets in his input dataj

(i1) the user also specifies a number of either constant-current or

constant-resistive loads (or a combination of both) together with the
time periods during which each operates;

(iii) from (i) the theoretical capacities of both electrodes are computed
(for pellets with the minimum specifiad dimeneions).

T™ MB 1163
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(iv)

(v)

the number of cells is derived by cornting the number of alectrolyte/
cathode interfaces in the user's deaign grid;

adjustments are nade to all affectad variables (number of cells,

" guriént, internal resistance) according to whather the user chose a

(vi)

(vit)

(viii)

(ix)

(%)

(xi)

(xil)

(xiil)

lithium/iron

lithium/aluminium or lithium/silicon
iron disulphide cathode pellets

all electrolyte pellets

burnt pyrotechnic pellets

metallic cups or dises

quartar~ or half-section gri4, or whether he specified one series
string of cells, or two aqual stacks connected in parallel;

the iterative procass which racalculates each variahle at increasing
times begins;

the current flowing through the cells is computed, in cases (ag
short=circulting), whare it is not ldentical to that in the external
eireuit, and for either type of external load;

from (vii), a running tally is kept of discharged capacity, and
rasistive heating and entropic cooling are estimated;

temperature distributions are calculated, corrected for phase
changes, and a single~value 'cell temperature' is defined as the
mean of the meximum and minimum cathode temperatures;

a state-of-discharge is defined as the rutio of the discharged capa-
city to that theoretically available from & l-electron transfar {in the
computed amount of active material {n each aleatrodegg

a thermodynamic equilibrium potential for each elecirode is computed

from the literature equationa mentioned ubovng'log

the cell and battery emfs are defined from the algebralc sum of
electrode potentials;

numerical values are assigned to the bulk resistivities of all cell
component pellets., These are a mixture of inferred valuus from a
reporcg together with arbitrary interim values pending better
measurements. The values used, in ohm em, ware:

Pellet material Resistivity Refarence

8 9

—O
(e

’
’
v
.
’
13

O —3— 00

(The variation of cathode resistance with state~of-diecharge quoted in a reportg
wai also incorporated, but was withdrawn after it resulted in poorer reasults for
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one or two batteries simulated, A poaliblé feaaon for this has now been given,
as discussed in section 6.4,)

(xiv) the above elactrolyte resistivity is then modified if, after
inspection of the temparature of avery elactrolyte grid element,
it is found that salt eutectic:wouid'.ithcr ba within or below the
freexing range in the slement. These extra cortributions are then
summed across each cell pellet, and then down each series string of
cella, in order to estimate the total effect of salt freezing, if
any, throughout the battary;

(%v) an Intarim internal resistancae for the whole battery (irrénpactive
of typa of design grid or electrical nonnection) is then computed
from the rosiativity data ((xiii), (xiv)) and from the pellat
dimensions the user specified (1). 'This is then corructed for
temperature;

(xvi) an on-load voltage is then esatimated at sach sample time from the
simple formula
VvV = v -1IR , M

where V 15 the battery on-load voltaye,
V' is the battary tharmedynamic equilibrvium poteutial (xii),
I is the current flowing through the cells (vii)
and R is the corrected Iinternal resistance (xv) at the cell
temperature (ix);

(xvii) to halance economy of computing time with tha ability to caloulate
and display pulse shapes, a programme of caloulation times 18 set
up, in which the interval between successive calcvlatvions sgtarts
inereasing by 2% each time ornce the large temperature gradients
formed during activation have subsided. At the approach to each
electrical load change specified by the user, this programme is
temporarily Interrupted so that a caleulation may be done immedi-
ately on elther side of the load change. Afterwards the programme
of expunding calculaiion intervals is made to resume from the value
it reaclied just before the load chiange occurted;

(xviil) the on-load voltage (as well as temperaturc distributions and othar
heat loss parameters) ara sampled at all times specifiaed By the
user, and automatically on either side of each electrical load
change, whaether they ware spacifically raquested or not.

™ M8 1163




Tha effects of applying the Mark II model to the discharges of saven dif-
ferant battery designs (Tablo 1, Batteries !-7) (discharged on either continuousor
pulsed loads ave shown in Fige | to b. (Except where otherwise svated, all solid
traces {n the Figures represent experimental data; broken traces are model #imu=
lationa.) The following featuves of the simulations may be listed:

'(i) ‘tou low albattery voltage is predicted immediately after activation

’ ' for soma batteries (Fig 2, battery 23 Tg 3)., This is probably due
to the well-known 'voltage spika' effect which the model does not
allow forj

(1) after this haslgona. the model estimates the battery voltage quite
wall early in discharge life (Pigs 2 and 3), and where 1t 1A pos-
sible to check on the magnitude of internal rasistance (rig 2,
battery 2; Iig 3) the resinstivity values quoted above provide quite
a closa astimate, This is especialiy apparent for bhattery 3 in
rig 3. Thus the calculationr of buth thermodynamic potentials and
internal vesistance ara reasonably acuurate early in life; .

(iii) thare 1s a conaistent tendency for the mimulated battery voltage to
remain steady in later life, wheress in reality it gradually falls
away soonar than waa predicted. The only exception seen is one of
the predicted discharges of battevy 6 in Mg 2 (which differ only
{n test temperature), which was pradieted to be temperature=
limited due to the low ambient temperature)

(iv) for batteries subjected to regular but occasional pulses on top of
an otherwise low or zero background rurrent (Mg 3), and which are
predicted to be temperaturu-lim.ted, the Mavk Il modal provides for
an increased internal resistance #s eveuntually observed, but in the
simulation this appears tooc early in 1ife and incrasases too suddenly
in magnitude.

Similar trends were obsarved fur the other few hatteries in Table |. Fig !
shows how this model naturally leads to the formation of 'square' pulses rather
than the ones obmarved experimentally., It is also sean that Iin most cases, too
optimistic a duration would have been predicted to any particular voltage cut-off,
The next section describes how some at least of those inadequacies were nddrevsed.

6 MARK II1 VOLTAGE=TIME MODEL

This enhancement over the Mark II veraslon provides a preliminary treatment
of polarisation, reintroduces a simpler concept of capacity degradatien, makes

allowance for manufacturing tolerances, and revises the prasentation of results.
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6.1 Capacity dagradation

Comparison hetween the theoretical capacity of batteries, their observed
duration to exhaustion, and the amount of vesidual lithium metrl estimated from
pbnt-mortem anslysis after the battery has cooled shows that the active materials
can be partially consumed at the same time as they provide useful electrical out-
putll. There ia also evidence from a very limited number of tests that the degra~-
datiott rate can be approximately constant.

Allowance has therefore been made in the model for the thaoratical state-of-
diacharge to be enhanced by this émoun:. whose magnicud '@ governed by an adjuat-
able paramater specifying the percentage of anode capa. v degradad per winute of
discharge duration. The stace-of-discharge of both electrodes ir simultaneously
increazed, so it is assumed that whatever the maechanism for the capacity lbaa. i;
involves lithium and iron disulphide in the same relative proportions as the
nominal electrical discharge reacticn on the upper voltage plateau, All simula-
tions shawn in Flgs 4 to 14 (except Fig 11) are based on the same fixed capacity
degradction rate of a fraction of a per cent of lithium theoratical capacity per
min, Experimental evidencelI showed that this was the apprnpriate yate for one
perticular battery, and it iy encouraging that this figure ie broadly in agree-
ment with the range recently qucﬂ:m:i‘2 for isothermal si. gle-cells atood on open-
circuit before discharge. This range of betweaen 2.5 and 10 coulombs/min between
450 and 550°C for amall cells containing diffevent salt eutectics equates to
0,06 to 0.23 or 0.2 to 0,8% of lithium capacity per min, depending on whether the
whole of the l{thium in the anode, or only that fraction of it associatad with
the relevant constant=poinntial phase transition, is considerad,

No thermal effects of this capacity loss ware taken into account in the
simulations shown in these Figures; this possibility is, however, considered in
section 7.2,

6.2 Allowance for time-depandent polarisation

The impetus for this rofinement arose from RAE tests on Battery |, since
it was seen in gection 5 that the Mark II wodel simulated this baltery poorly
{(Fig 1), 1In this test, the fcllowing conditlons were arranged to be met:

(1) the battery was fully discharged before cooling ended its life;

(i1) the current density was set so that the resistive heating rate in
the cells balanced the natural cooling rate according to Newton's
law, us predicted by the thermal model, The test thus approximated
to an isothermal battery discharge, and this was conflrmed by a
thermocoupie placed within the insulating wraps of the battery near
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to the parimetar of the cell stack, One variable affecting perform-

ance was thereby minimised;

(ii1) the current was interrupted as shown in Fig 1 so that pulse shapes

could be analysed.
The observed pulses have the following features in common:

(1) when the heavier current is applied over each 50 a in every 60 s cycle,
and then switched back to the lighter load for a further 10 a4, the
voltage Boon recovers to a level only alightly below that before
gtarting the pulse sequence, especlally after allowance is5 made for
the increase in state-of~discharge during the pulase eycle.

(ii) the relative contributions of the instantaneous versus the time~
dependent voltage changes are different for tha recovery part of each
60 8 cycle from those for the initial voltage dip. ‘Thua, the Lnatan-
taneous recovery ig larger than the instantaneous voltage drop, whilst
the range of the time-dependent vecovery is smaller than the time=
dependant drop;

(iii) the internal resistance/polarisation scarcely increases until the
battery is deaply diacharged, when the on-load voltage passes through
8 'knee' bafore collapaing;

(iv) the shape of both the polarisation and recovery time-dependent pulse
curves may be approximated by exponential decay expressions:

(v) tests on the same battery discharged under other conditiona indicated
that the magnitude uf the time=-dependent polarisation/recovery was
approximately proportional to the applied current, as is the {nstan-
taneous IR drop or rise.

The aim of this version of the model has been to search for a mathematical
expression having the appropriate form to cater for continuous and pulsed dis-
charges, with continuous discharges being treated mathematically as a succession
of pulses in all of which the current values are identical. The expression should
incorporate a time-dependent polarisation/recovery effect as well as merely an
instantaneous drop or rise, Kestrictions on the form of mathematical expression
which can be used automatically result from consideration of the followlng scen=
arios. Two model simulations are run, whose only difference is that in the first,
a wingle long time period is chosen, throughout which a single current value (or
resiator valua) operates; in the second simulation, this same time period is sub-
divided into two or more segments in the model input data, in all of which the

M MS 1163

e —

v ey




THRARATH

PR IR TE TR

WA

Rt i PR

R TERE S e e T e

13

Same current or resistor value operates as in simulation |, Experience dictates
that identical results should be obtained in both cases, and that in the second
case, the model should not produce voltage discontinuities at the boundaries bet-

wean succesaive time perioda.

One expramsion which obeys this reatriction approximately, though not
exactly, and yst gives an improved gimulation over the Mark II mudel is:

V s V' o= IR[I + a(l = @70t)) - 1rRee”dt | (2)

whate t 1is the time from the beginning of the laat load change,
R is the i{nternal resistance at a particular Iinstant,
1 is the current operative in the time psriod in question,
I1' lw the current operative in the previous time pariod
and a,b,¢, and d are constants to be fitted with numerical values.

To obey the above mathematical restriction it may be sahown that a = ¢ and
bed, Obviously 1I' is undefined in the first time period, mo in the Mark 111
modal the sacond axponential term has been omittsd for this parfiod, In physical
terms the expression provides an instantaneous drop as in the Mark II modol at
the beginning of the firat time pariod, and the voltage then undergoes a time~
dependent exponentlal decay at a rate determined by the value of b , to an
eventual limit of

V = V' ~IR(t®w0)+>V w V' = IR(l +a) (as t tends to
infinicy).

It also resumes with this value at the start of the second time peried if the
current is unchanged &nd provided am ¢ and b= d ., Provided the firat time
pariod ia not so short that the voltage is etill far from its eventual limit by
the end of {t, the voltage will have reached approximately this value ensuring
no signiflecant discontinuity at the boundary of the firet and second time
periods.

Whan the current level in the second time period differs from that in the
fivst, the sxpression also providas for a recovery curve or further polarisation
curve which in broad terms mimicks the actual behaviour of batteries, This is
seen in Fig 4, in which curve | shows the rewult of stepping up the current to
incressingly higher levels in each successive 60 second period, beginning 5 a
after activation. Curve 2 (the solid trace) shows the effect of alternating the
tixed current batween two different levels in these same time periods, and
curve 3 (broken trace) ahows that when the simulation of curve 2 is repested only
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using the higher current for all time periods then a smooth prediction without

noticeable discontinuities is produced,

With the conatants a4 equal to ¢ and b equal fo d , aquation (2)
unfortunately gives the same voltage span during racovery as during polarisation,
which was not the case for Battery | as noted abova. In concept, equation (2)
therefore traats subssquent time periods as a balance between the polarising
affect of the present current, opposed by a relaxation or further polarisation
ffom the previduu current leval, depending on whether it was greater than or less
than the present level, This notion, although crude, nevertheless increases the
realiam of this Mark III version over the Mark II version for nearly all the dis-
charge data available to RAE, as will be shown below,

6.3 Improvements to model procedures, efficiency, and output

The Mark 11 model (mection 5) automatically produced a temperature distrie
bution aqual in size to the chosen grid sire for each time the results were
sampled. The estimated on-load voltage, and eight other single-valued functions
apecifying heat loss rates and fluxss were also sampled at each time, TFor
denigns wpecifiod on large grids, and sampled many times, the output is volumin-
ous, & small selection programme is therefore useful to pilek out particular
f atures for subssquant plotting.

“n order for tha Mark ILI model to reproduce curvad pulse shapeas it is
necassary hoth to calculate, and to display the results at frequent intervals
around the time of each pulde, The previous method (mection 5, item (xvii)) of
interrupting the expanding time intervals between calculations in order to
sample two points either side of a load change would now be inadequate. Instead,
the programme has now been medified to opetate as follows., It remains as des-
cribed in section 5 until the first load change specified by the user is
approached, If the next calculation time would have uxceeded the time of the
load change, the interval is reset so as to make the calculation time coincide
with this time. The following interval is then reset to an arbitrary 0.5 o,
Subsequently, the calculation intervals start expanding again st the samc 2% rate
aach time, but from the reset time of 0.5 s, rather than the point which they
had expanded to prior to the onset of the load change. Tor pulsas of less than
! 8 in duration, the 0.5 # reset leval would naad veducing further., Examples of
the type of model output produced were shown in Tig 4, and are also seen in sub-
sequent Figures,

This modification has two effects: it enables curvature to be reproduced on
all but the briefest of pulses, but to do this, the programme needs to perform
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more iterations to achieve this greater realism. As the overall computation time

i

increasss approximately in proportion te the number of iterations performed (and
does not significantly increase due to improvements in the physics during any one
iteration), simulations involving large numbers of pulses now take longer to run
than previously, Even so, all simulaticns shown in the Figures were accomplished
within a period of 20 to 600 8 using the Cray 2 supercomputer at RAE; a typlcal

time would be 100 to 200 s and only tha long~duration multi-pulse discharge of

battery 3 in Figs 3 and 9 tock 600 s, Consideration is now baing given to making

this Fortran programme available for use on advanced desktop computerul3.

B e b

With the Mark III model now calculating and sampling the resulta at many
more times, there was a danger of braaching data storage limits if temparature
distributions were also being displayed at all these extra times. Also, whilst
there was a naed to calculate voltages very frequently around pulses, thera was
no need to display temporatures 50 frequently, Hence the Mark III model provides
& user~chossn option to either produce output in the form of the Mark IT model
(with temperaturaes) or alse to merely produce a fila of times and voltages suit-
able for direct plotting, and which can contain thousands of data points,

6.4 Effect of digcharge state on internal resistance

In common with other types of battery, thermal batteries tend to exhibit
a slight increase in internal resiucance with state-of-discharge, as shown in
Fig |. Argonne and Sandia idantified the cathode am contributing mest to this
incrnnlag, and others6"b have shown that the bulk resistivity of ics first
discharge product, LiJFazsa. is about 20 times that of i{ron disulphide. However,
as explained for ona particular discharge (Fig 31b of Ref 15), the battery Inter~
nal resistance may only chow about a two-fold increase at its peak dus to the
inhomogeneity of discharge producing different phases simultanaously, and the
fact that the subsequent discharge product is much more conductive, Also, if the
electrochemical balance betweer the electrodes is such as to totally deplete the
lithium, for example in immobilised liquid=lithium unodes, as the end-of-1ife
approaches, this could be another factor increasing internal resistance.

It was shown, using computer fitting routines, that the experimental pulse
shapes from Battary | could best be fitted to an expression involving the sum of
both exponential and linear :crm:la. This had previously baen employed by
Shephlrda. Howaver, this form of expression does nct obey the mathamatical res~
trietion noted in section 6,2, since the linear term causes the voltage to drop
(or rise), without limit. An alternative, which uses the form of squation (2),
is therefore to incorporate the required variation within the internal resistance
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funetion R, Several expressions defining the variation of the temperature-
compensated internal resistance with state~of-~discharge were therefore evaluated
agalnst the body of experimental discharge data, 1In one case, quite a good fit
to the discharge of Battery | could be obtained by combining equation (2) with
equatilon (3)

R o= R'CI+ 1,505 (3

where R' in the temparature-corrected internal resistance at the atart of dia-
charge, and Q ia the stata-of~discharge of lithium in the anode (Q » O at the
atart of discharge; Q= | for total lithium exhaustion), This is waen in Fig 5,
When epuation (3) was aubsequently lpplild”to a number of dlacharges ¢f other
batrearies (Fig 6), a consistent dismcrepancy became apparent, though cotapariaon
of this Figurs with Fig 2 shows a net improvement uwing the Mark IIT model over
tha Mark 1@ version Ffor moat dimcharges. Thie was that the predicted on=load
voltage was too low at low states=of-discharge, but then crosmed over the axperi-
mantal curve in mid-life, and finally bacame too optimistic near the end of 1ife.

The specific resistivity allocated for the electrolyte pellets (section %,
item (xiii)) was then updated with the figure of ~1.00 cm more recently quoted
by Bandia Lnborntori-|'7 for LICL/RC1/Mg0 pellets. Simsltaneously, othev
equations for the instantaneous internal resistance were evaluated. One expres-
aion which better fittad the dischiarges of meveral batterizs subjected to cone-
tinuous loads was

R o= RI(1 +2Q + Qz) . (4)

This unfortunately gave a poorer simulation for Battery | than that shown in

Fig 5, so it appears that this featurs may need optimiwing for esch category of
batteary., Am a reasonable compromise, and also to ensure that the battery veltapge
collapses when the lithium in the anode is exhausted, the form of equation used
by Bhapherd8 and others was then adopted

R & et (5)

This automatically provides for a final 'knee' in the discharge curves seen in
Battery | and some other batteries ses the active materials become exha-sted, a
feature which equations (3) and (4) fall to provide. Tigs 7 to 14 stuw simula=-
tions preduced by the combination of equations (2) and (3) and with a » ¢ « 0,7
and b wd » 0,2, for the wide range of battery and test sonditions noted above,
Comparimon of Fig 8 with Fige 2 and 6, and of Fig 7 with Tig | whows that the
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combination of aquations (2) and (5) in the Mark LII modal affords a Ffurther
improvement for most of batteries ! to 6. In nv case has this combination sig-
nificantly worsaned the simulation, though comparison of TFig 9 with Fig 3 shows
little difference for two batteries subjected to ragular short pulses on top of
a low background current.

6.5 [Effect of manufacturing tolerances

Both electrode active materials can exhibit different discharge ploteausx,
This {s particularly apparent whan lithium=silicon/iron disulphide batteries are
heavily discharged, as sean in Fig 10. The simulation curves for different
extatnal eircult resistors are meen to axhibit sharp 'corners' whereas the cor-
responding experimental curves are always smoother, 1In the model, all cells are
veaching identical states-of~discharge at the same time, which has generated the
discontinuitias,

Bernardi and Nuwman6 dccounted for the rounding of the discharge curves of
lithium=gilicon/{ron disulphide cells in terms of tharmodynamic irreversibilities
agsociated with ohmic losmes, migration, mass-transfer, and ovarpotentials, For
multi-cell batteries, it 1s also posslble that the greater smoothness of the
experimental discharges could be at least partly dus to the known scatter in the
walights, and hence theoretical capacities, of the active material pellats, due to
ménufncturing toleranceas during tha cold=pressing operation.

A new adjustable paramater was therefore provided specifying tha vange of
this tolerance band as a fraction of the mean weight, Then, when ths elactrode
theocretical capacities had been defined in the programme, a population of differ-
ent capacitias within this range was algo defined. The definition of bactery
thermodynamic emf was than basad on a saleulation of the equilibrium potential of
sach individual cell in a series string, with its unique theoretical capacity.
Initially, a non-random distribution was set up in which the allowable range was
equally divided betwaen the requirad numbar of cells, with sach call assigned a
weight at a different point on this regular distribution, Subsequently, a
random numbar generator routine was called by the programme to provide a com~
pletely rvandom distribution in this range.

The effect of this latest modification on the simulation of Battery 8 may be
secn by comparing Fig 1! with ¥ig 10} o closer match has been achieved by incor-
poration of a very real effeat. The simulations in ¥ig 11 were generated by
Jsomewhat reducing the capacity degrvadation rate from the level used in all other
simulations, and also by asaigning & maximum epread of pellet weights of 5%
alther wide of cthe mean. (This was done for illuatration only and is not neces-
sarily representative of actuul practice,) The simulations shown .n Figa 12 to 14
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also used this same weight distribution, hut reverted to the capacity degradation
rate praviously used. Fig 12 shows that for Battery )0 in particular, the MarkIII
model incorporating this affect broadly reproduces the inflexions sean in the
axperimental discharge curve, as fer as it is possible to measure them by ruler
from the report (Fig 3la of Ref 15).

7 TENPERATURE-LIMITED BATTERY DISCHARGES

There i no doubt that the voltage fall=off observad in some discharges may
be linked to the freeeing of molton salts rather than to active material exhaus-
tion, Table ! shows which discharges were predicted to be temperatura=-limited
within the timescale of the various figuras. In improving the voltage-time mudel
further for such discharges, it is esmantial to accurately predict the elapsed
time bsfore molten salt in the battery re-solidifles, The prediction of this time
may be affected by uncertainties in two independent factors = the freering tempera=
ture and the slope of the cooling curve = both of which are discussed balow.

7.1  Balt freezing temperature in dischargad batterias

There is good agreement, within a few degrecs Celaius, about the freezing
point of pure salt eutectics such as lithium chlorida~potassium chloride, How=
avar it {s not completely clear at what temperature molten salta freere in dis-
charged thermal batterias, Exparimental evidence using thermocouples has in some
cases shown a freezing=-point avrest in the cooling curves of cells very close to
the theoretical polnt of 332°C (awe for example Fig 12 of Ref 18). A freexing
exotharm near te this theoretical temperature was ulaso seen in thermotouple traces
for the cooling of electrically=inactive 'dummy' batteries containing LiCl/KC1/Mg0
and iron/potassium perchlorate pyrotechnic as the only stack companantua. How=
ever, thermocouple measurements from the same study but involving eleetrically-
active batteries sugpested that freczing could cccur over a range of temperarures
below the theoretical point, Contrarily, Searacy and Armijolg have pointed out how
the freesing temperature of LiC1/KCl could be ralsed to 390 to 420°C in a polar-
ised thermal battery, depending on the extent to which concentration gradients
build up in it by the passage of different current levels, According to anmnna.
thiy same effect may lead to the predicted precipltation of the salt components
within the electrodes of flooded cells,

Cortainly, solidification can ouly occur at a higher temparature if the
relative piroportions of LiCl to KCl change without any contamination of the 1liquid
by ions not already present in it., However the possibility also exists that ions
guch as sulphide or oxide, which are known to have some solublility in molten
L1C1/RC1, may digsolve in it in heavily discharged batteriss and have a depressant
effect on solidificatlon tamperature.
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Basad on the apparsnt freezing point dupression seen in earliaer battery

* tests using internal tharmououplcsb. all simulation curves shown in the Figuras

have bean generated using 302-322°C as the notional freeping range of molcen

;>|nlt. Hewever, since Table | shows that rot all of the discharges weve limited

by cemparatura, it was expectad (and confirmed by further model aimulations using
tha theoretical frsssing point of 352°C) that not all simulations would be affev-

. tad by a change in assigned freeeing point., Referring to Figs 7 and 8, the pre~

dicted discharges for Batterias ! and 4 remained unaffacted by an increase in
freering point from 302322 to 382°C; that for Battery 2 improvad even more after
400 #p that for Battary vas @ definite {improvemant; whillt simulations for
Battlrinn 3 and 3 were somewhat worsensd. '

Thu two dlscharges of Battery 1| ween in Fig 13 illustrate how the voltage-

_ﬁime model cau be nffected by ansigned freseing temperature, When the aimula-

tions generated in TFig 13 using a freesing renge of 322+302°¢C ure compared with
those of Flg 14 generated using the theoretical freering point of 352%, it is
swan that the predicted discharge at the maxium nmbiuné E-mpernturc remains
unaffected by the change, indicating that the cell temparaturs in the model has
not taached sither frensing woint. In contrast, an incruase in assigned frueiing
point has improved the simulation of the discharge curve at the minimum ambient

tamperature, {ndicating that duratiqn was pradicted to bo limited by cell

Hemparaturn in this case. It 1s alsu noteworthy how well the model is able to
pradict the effect af amblent temperatura on battery voltage earliar in the dia=
chargu, though after voltage 'spiking' has anded.

On balunce, and in the absence of any allowanoe for tha other heat sources
mentioned in thc naxt aucnion. &n asuignad freazing point at or helow the theo~
ratical fr‘uzing point of 352°C (but uot above it) swaems best for obtaining thu
best prediction of battery duration in tempersture~limired discharges., However,
further atudy of this aspect would be dewirable,

7.2 Other hest sources

Cooling rates of thermal battaries are designad to be amall, so their cool-
ing cutves will uu:ama:icully {ntersect any constant-temperature 1ine at a plance
ing angle, oo magnifying the uncertainty of when the voltage is predicted to
aollapse if the electrolyte fruaning tamperature is not prociaely known, Another
source of uncertainty sriees it the slope of the cooling curve should be sffacted
by extra heat sources. In deriving the simvlations 1llustrated, the only heat
sources taken into account were from the pyrotechnic burning, heating due to cur=
rent vlow ingide the bactery, and wuntropic cooling.
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Rigorous theoretical treatments of heat sources within batteries have been
givap2°'2' which includs a faw effects not presently modellied. However, it was ’
pointed out that some of thess could be negligible for aome types of battery, In
any asse, thusa treatmants deal only with effacts amsociated with the theoretical '
oparation of the battary rather than with other unintendad eventualities such as
leakage currents or cathode pyrolysis. These lattar may poasibly dwarf some of

the theoretical effects durihg thermal battary discharges.

tning curve=fitiing procedures it was estimated that up to 58 cal of heat
could be produced pet gm of cell in a cale{um/caleium chromate batcaryz. rep-
resanting about 30X of the heat output from the pyrotechnfc, Howaver, for a
magnasium/iron dimulphide battery, no extva heat had to be invokad to fit experi-
montal data, Examples tiave bean given“ of lithaum/iros disulphide batteries whose
temparaturss could also ba wodelled aatisfactorily without recourse to extra haat
generation,

Despltu this, the rare occurrences of catastrophic Ffailuros of thermal
batterias are &« remindesr that tho anergy of the slectromctive materials is com-
parable with that of the pyrotachnic. A consideration of their therwodynamics,
their electrical afficlancy, and the rates of side reactions tharefore halps to
bracket the magnituds of any temperature-tine effacts. The Appendix indicates
one way in which the scale of heat production from chemical side~reactiona may be
sstimated. This firsc considers tha total heat of chemical reaction if all the
1ithium metal ware depleted; it then astinmtes, for the degradation rute of
electrical capacity mentioned In section 6,1, how this scaled-down heat produc-
tion rate tight affect the cooling curves of the different batteries in Table 1.
This analysis does not identify the mechanism of haat production, but linking 1t
to the lineaar degradation rate discussed in sectien 6.1 would be vonalstent with
eicher the continuous, tlow direct chemical reactiun vecently ponmlatad12
batween dissolved lithium and iron 4iwulphide, or with slight but continuous
shorting, It would not be so consistent with cathode pyrolysis which might be
oxpected to peak early in the battery's mctive life.

The effects of this heat productinn rate were invastigated for all of the
batteries in Table |. FPor the small Batteries 3, 5 and 6, it made an ilnsignific~
ant differsnce to the predicted cooling curve, The ¢ooling rates of Batterles !,
2 and 4 were alightly reduced, but thome for Batteries B to 1] were gigniflcantly
reduced as a result of chemlcal heat generation., The comparisons for three
butteries are shown in Pig 15, 'The lurger effects for Batteries 8 to 11 could be
due tot
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(1) the low surface/volume ratic for large cells, reducing heat loss; i

(11)  the fact that vary good inaulation was used, because of the long _
duration requirements, which further reducad Leat loas; 4

(i11) the fact that thesa lithium alloy batteries contained a higher M
waight percentage of lithium per cell, because of the desirability
of discharging the battery on just one of the voltage plnganux of
the alloy. '

Of course, these valculations sre for illustration only, and they might
nesd to be modifiad if any of the assumptions meda proved to be unwarranted, °
For exampla, not all of the lithium might be avallable to engage in exothermic
reactions, or conversely other reducing ugc&ta like silicon, aluminium or
powdered iron might also contribute to extra heat production.

It is seen from Fig 15 that the predicted time elapsad before aome but-
teries (ampacldlly Battery 11) reached & fixed temperature would be longer where
there was an extre heat source than without it. Also, when this effect 1is 1inked
to freeeing temparaturs (section 7.1) in ordar to predict the peint at which
voltage fall-off is expected, the fraezing temperatura in the model may need to
be set higher when this heat source {s incorporated than withnut it,

] REMAINING DISCREPANCIES

Figs 6 to 14 show that the latast improvements made in the Mark ITI model
have providad a net increase in the realism of the simulations for nearly all
the batteries and test conditiona which RAE possess information on. Lven so,
Inspection of the Figures highlights the following features of the simulations
raquiring furthar improvementt

(¢9) the simulated durations may still be too optimimtic for batteries
which experience very high temperatures over a consldarable time

(11)  for batteries subjected to occasional pulses with npen~circuit
periods in betwaen, the simulated voltage batween each pulse does _
not fall away as it did in practice (Batteries 3 and 7, Mg 9), '
Also, the simulated voltage drops during the pulses do increase as
the discharge proceeds, as observed, bur the increasea are too
sudden and too large. Purcher study of che temperature=-dependence
of the elsotrical resistance of solidified electrolyte pellets might
help to improve this;

{111) whilst the treatment of time-dependent polavisation following appli-
catlion of a heavier load is adequate, the simulated magnitude of the
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recovery curve after the load has been removed ie too large
(Battery 1),

9 CONCLUSTONS

) A further stage in the refinement of the RAE voltags~time model of
tharmal batteries has rasulted in greater realism of the resulting simulations,
over those produced by the previous version,

(i1) Application of the new model to a limitad number but a wide range of
battery types and test condit{ona has shown that both the ovarall voltege level
and the internal resistance of the majority of batterias are estimated quite
well, egpecially early in the dlscharge l1ife, but diverge from the chserved data
latar in life,

(i1i} rulse shapes may now be simulated better, though further improvement

is necessary,

(iv) If the whole of the lithium in the anode (but ne othar reducing
agent) 1s assumed to be available to angage in chemical side reactions, and the
1ithium is being depleted by this means at a rate of a fraction of a per cent per
minute of active lifa, it is predicted that the heat releass would scarcely
reduce the cooling rates of many small to medium-uized batteries, Howaver, it
was pradicted to very considerably reduce the cooling rate of some large, long=-
duration, wall-inaulated battaries containing lithium=alloy anodes. This might
delay the point at which their voltages fell away dua to freaging of molten malts.

(v) Whilst o reasonable gimulation of performance over the whole range
of battery types may be obtained by just one set of aquations and parameter
valuas, there are indications that further optimisation of the simulation for
particular categories (such as the products of one particular manufacturer, or
one particular combination of materials) may be possible by resatting parameter
values individually for that catogory. DBetter simulations may then result when
the model ia applied to new battery applications within that category. A uni-
varsal framawork has been developed wirhin which to do this ~ it would merely
involve readjustment of numerical paramaters based on discharge curves for a faw
typical batteries in each category.

(vi) The model im not intended to simulate the performance of those bat-
teries which, through soms manufacturing dufuct or other means, genarate excess=
ive heat or develop merious short-circuits, However, & steady continucus inter-
nal short may be simulated to predict its effect on both battery temperature and
voltage.
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Appendix

ESTIMATED MAGNITUDE OF HEAT GENERATION FROM SIDE REACTIONS
see sactlion 7.2)

As & flrat approximation, it may be assumed that exothetms are generated
by direct chemical reaction of tithium with either iron disulphide or with other
matarials such us oxides in the thermal ‘nsulation., Interaction wich iron disule
phide could either be by direct physical vontact, or via pyrolysis panerating
sulphur vapour and migration of this to the anode, It gould also occur by dis=
solution of the materials in electrolyte molten salts, and submequent diffusion
of thess into the saparator, as recently uuggultndlz. Whatavar the mechanism it
is assumed that the hant releaso is the same as that calculated for the nominal
discharge reaaction, though brought about entirely by chemical means, This cor-
responds to the case where no useful electrical work is done, and whare all the

encrgy is wasted as internal heat,

The following treatmant will assume an immobilised liquid-lithium anode
in an electrically-hbalanced cell, according to the nominal chemical or electro-
chemical reaction

3L+ 7FeSz ad LiBFaZSA '

If the heat rolease from this way be approximated by the change in enthalpy at
any temperatura T , then literature values for the cell emf and its temperature
coefficient may be used in the Qibba=Helmhiolz equation to calculate the heat
genaration expected from complete conversion of the amounts shown by the above
equation, This ylelds a value of 130 keal, or ~6250 cal/gm of lithium metal,

For & cell containing about 2.25 wt® of lithium, the output would be
~140 cal/g of cell 1f all the lithium metal became exhausted by unproductive
reaction, Asauming a weight-avarage cell specifiec heat of about 0,2 cnl/g/"C.
and that all the active ingredients could be brought together instantly, the
'battery' would then approach a bomb calorimeter in behaviour, with an instant
temperature rise of ~700°¢ over and above that produced by the pyrotechnic,
When a simulation was run for oue of the batteries using the short-circuit option
mentionad in section 5, and resiptances of | M2 and ! mi were assigned for the
axternal cireult and a continuous short down the battery central axis respectively,
the temperature was predicted to rise by about 660°¢C after | min, This iy in
line with the taemperature rise calculated above.

With regard to the obsarved slow degradation of capaclty mentioned in
section 6,1, this same heat output may be scaled down in the model (u) to that
fraction of the battery's capacity which is degrading, and (b) spread out over the
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" ?.I PETALLS OF BATTERIES AND TEST CONDITIONE
| :
' '..
by | vamatassuser | Tl | doote | gl | Lond | Prered thcrer
. ] MSA (Britain) | 1,5,7,15 | Li 89 at Capacity
2 SAFT (UX) 2,6,8,15 | LiAl 62 b Marginal
. k] M3A (Britain) | 2,6,8 Li 42 ¢ Temp~rature
: 3,9 un Temperature
! 4 BAFT (UK) 2,6,8 LiAl 32 b Marginal
; 5 SAFT (UK) 2,6,8 LiAl 32 b Temperature
[ 6 MSA (Britain) | 2,6,8 i 18 otk | Temperature
| 7 MSA (Britain) 2,9 Li 50 a Temperature
I 8 Sandia Labs 10,11 Lisi 73 . ¢ Capacity
9 Sandia Labs 12 Lisi 76 c Temperature
10 Sandia Labs 12 Lisi 51 c Temperature
11 Sandia Laba 13,14,15 | Lisi 91 ¢ Capacity (70%)
Temp (-35°¢)
Lt e

Key: a, constant currents with intermittent pulses
b, continyous constant currant(a)
¢, continuous constant resistive load(s)

%, tested by RAE; the test on Battery J used & special thermal insulating
jacket around the battary to minimise heat lass

%k, the figures show diacharges at both .mblont temperaturc extremes
Li, this represents unalloyed immobilised liquid lithium

Literature references to Sandla Laboratories batteriess

Battery B: Fig 8 of Ref 18

Battery 91 Battery 228 in Fig 5 of Ref 19
Battery 101 Fig 3la of Ref |3

Battery 11: Fig 4 of Ref 22
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