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Abstract

First principal calculations made with the “Ether” code appeared pessimistic when compared with results for batteries with a duration
from 50 s upwards. Subsequent examination into the reason for this confirmed that “Ether” predictions were correct in themselves, however a
significant self-heating effect was necessarily taking place, this being reinforced by treatment of all the available information. The challenge
for improved thermal battery modeling was then to determinate pertinent laws for this effect and to obtain accurate measurements of the
phenomenon itself. An experimental method was used where the results obtained from reusable clamp stacks were subjected to mathematica
treatment using “Ether”. This has been successfully carried out in two similar cases and has clearly confirmed the premises: in these cases,
the addition of a constant 400 W (kg of cefl§)internal heat generation allows for a close matching between numerical and experimental
results globally, up to the exhaustion of the electrochemically active products. Correlative on the electrochemical side, when compared to
single-cell tests, extended self-discharge clearly takes place in clamp stacks. Thermal batteries modeling — which has already been very useful
for years — progresses toward best and appears on the way to make accurate predictions through deep physical knowledge, although there i
still significant work to do.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction this full version (with correlative entropic cooling and Joule
heating but with no internal heating added, even in relation to
This paper follows on from work previously presented the modeled electrical self-discharge, although it was possi-
at this conferencdl]. At this stage, the “Ether” code — ble), with the actual results of batteries. In direct comparison,
which associates a complex thermal model, an electrical “Ether” results were on the whole consistent for the shorter
network model and a semi-empirical electrochemical model active lives. However for batteries having an active life, say,
— for thermal battery electro-thermal modeling was fully from 50s upwards, it showed pessimistic predictions.
constituted and already used by battery designers, including
a simplified electrochemical model. In parallel, an elaborated
semi-empirical electrochemical model based on single-cell 2. lllustration
tests had been developed and used with certain success
and included in a “full version” for further validation and Fig. 1 shows actual results, for a given battery design,
development. tested at—40°C, with the results of electro-thermal and
Although severely limited by other tasks, the work was constant-temperature calculations at different temperature
pursued by confronting the a priori calculations made with values (the adiabatic temperature was calculated atG04
but the rule of thumb is to consider that the actual value is
* Extended version of the paper presented at the 41st Power Sources Con-ZOOC higher a priori). .
ference, Philadelphia, June 14-17, 2004. The case is the worst tested, because the single-cell tests
E-mail addresss.schoeffert@asb-group.com. (closely matched by the electrochemical model) show that
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Fig. 1. Experimental and calculated voltage plots with no self-heating added, Fig. 2. Experimental and calculated voltage plots with a 400 Wkapn-

in the example case at cold temperaturedQ°C). Light blue line: ex- stant self-heating added, in the example case at ce#D{C) and hot

perimental &2). Deep blue line: electro-thermal simulation (starting at a (+65°C) temperatures. Light blue line: experimental at cold temperature

stack temperature of 52&), with no self-heating added. Others: constant-  (x2). Deep blue line: electro-thermal simulation at cold temperature with

temperature simulation (green: 508; purple: 509 C; yellow: 514°C; or- a 400 W kg constant self-heating added. Orange line: experimental at hot

ange: 524C). temperature X2). Red line: electro-thermal simulation at hot temperature
with a 400 W kg'! constant self-heating added.

the cell — an old design which includes the “precipitating”
LiCI-KCI — cannot withstand the imposed current density tion was that a significant internal heat generation was taking
of 0.5AcnT? for 180s at the reference temperature value place.
in cold condition of 500C. As the precipitation is a thresh- The phenomenon of self-heating and its significance in
old mechanism, a fewC up or down greatly modify the  thermal batteries is clearly asserted in literati@-€9] but it
result. However, firstly, at the cost of special precautions dur- was not expected to have such an influence on the battery
ing manufacturing, the battery is actually reliably produced: a active life here. However, taken specifically, the major work
good simulation must reflect this fact. Secondly, for the other of F.C. Krieger of A.N.L. in this field shows that, even after a
temperature conditions and for other batteries not in this sit- long duration (2000 s in one case), the net sum of heat may be
uation, the a priori calculation results are, although resulting positive in the stack, that is to say that globally, self-heating
in a significantly better matching, also pessimistic. (and Joule heating) has overcompensated the entropic cool-
ing and lateral losses. For another battery, similar in several
aspects to our example case, the value for the specific heat
3. First analysis generation rate deduced from his data reaches a much higher
level than given below (but it is not clear whether the end

First of all, although the “Ether” thermal model had been heats may contributed or not). In any case, this work shows
closely controlled, a simple thermal calculation spreadsheetclearly the possibility of a considerable impact of self-heating
based on stationary equations and average temperatures ansh performance.
solved with Excé? 97 Solver was built for comparison. This All the possible self-discharge mechanisms (in a general
had the advantage of identifying the main aspects of the prob-sense) were reviewed and evaluated quantitatively for self-
lem. The match was very consistent (within°ID for the heating. Although some other reactions may occur and be
stack) showing once more that the thermal model was notresponsible for pyrite destruction, for example, and with the
in question. After 75 s of discharge the temperature was pre-exception of the eventual Li(Al)-Sigreaction, only thermal
dicted by both modes at about 472 and single-cell tests  or electrochemical (shorted) reactions between the electrodes
show that effectively at this temperature a fresh cell cannot active products were found to be of a nature to give significant
stand such a current longer than 50 s. heating.Appendix Cshows clearly the order of magnitude

As the end heats of the battery are well designed and over-in our example case: a few hundred (up to, around, 600)
compensate slightly for the axial heat losses, the two mostW kg~ for self-heatingFig. 2shows the result of the electro-
important phenomena involved are: (1) The entropic cooling thermal simulation with a 400 W kg constant internal heat
and (2) The lateral heat losses. The impact of these is clearlyproduction added. An interesting point is that this applies
shown inAppendices A and B over the whole temperature domain.

However, as some input data (thermal conductivity values)  Another difficulty is that as entropic cooling is an impor-
were questionable, a parametric study was made, with addi-tant phenomenon, the value taken fefdI” has a significant
tional comparison on the basis of skin temperature. Although impact on the simulation result. But it is determined on adap-
some data (thermal conductivity of insulating materials) had tation on voltage plots without any regard for this. This may
to be significantly corrected, no combination could explain introduce significant errors, as stated4h and should be re-
the facts with a priori calculations. The sole possible solu- considered in the future. A similar difficulty appears with the
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fact that the self-heating could be related — at least in part, EANLICERCLROHF e thin cel

and possibly with some delay — to the self-discharge con-

sidered from an electrochemical point of view. While very /’\ =
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satisfactory for prediction of the available coulombic capac- 5" N )
ity of single-cell tests, the law used to take into account the  700f——
electrical self-discharge, introducing only the temperature, is & s
far too short to reach such a self-heating (six times the value 2 sy
gives the same result as above).

Further proof of high self-heating was obtained by some
temperature measurements that could be made easily in
special large exploratory prototype, which showed a stable
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Fig. 4. Same a¥&ig. 3 but with corresponding electro-thermal results cal-
culated with a 400 Wkg! self-heating added. Thick red lines: simulation

. results.
4. Clamp stacks testing

So as to make a specific experimental determination of ture decreases during the load and increases for a long time
self-heating, reusable batteries — called “clamp stacks” — al- after the load ceased (zero external current). The reason for
lowing for multiple accurate temperature measurements werethis behavior during the specified load is of course thought
designed, built and used for testing. Temperature was mea-+to be the effect of entropic cooling and possibly a compe-
sured at several locations at the edge of the stack (end heatition between “normal” discharge and self-discharge. The
buffers, end cells, center cell), at the outer case (skin tem-maximum temperature corresponds with the fall in voltage,
perature) and at several positions within the lateral thermal which it is supposed, is due to the exhaustion of the active
insulation. All the measurements proved reproducible exceptproducts (the cell is far from exhaustion at the end of the
the ones done in the lateral insulation (where very high tem- specified load). Whatever the reason, self-heating (internal
perature gradients require very precise positioning of the ther-heat generation in the cells stack due to parasitic exother-
mocouples to ensure repeatable results) and the solidificationmic chemical reactions) is here again fully proven: it could
temperature plateau of electrolytes when the stack cools downpe while temperature is decreasing because of lateral heat

appeared exactly at the expected temperature vafigs3 losses, it is obviously as temperature increases.
shows the results for a 15 cells stack including a cell differing  Fig. 4shows the superposed (in thick red lines) simulation
from the example cell only by thickness. results obtained with a constant 400 Wkginternal heat

The most significant (most representative of the whole generation added (and no other modification to standards).
stack) result is at the center cell location. There the tempera-  The match for the voltage during the load (and after for
a while) and for the temperatures in the stack — especially
the temperature evolution at the center cell location — and
at the outer case is very good (the difficulty concerning the
lateral insulation has been pointed out above). Of course,
after the exhaustion of the active products, the 400 Wikg
self-heating is no longer valid. This shows that a constant
self-heating, until active product depletion, independent of
external current is not far from reality in this case. From that,
it could be concluded that the competition between exter-
nal discharge and self-discharge is not strong. However the
possibility of compensating mechanisms is hot excluded. The
other major observation is that the voltage plot falls sooner in

Li(Al/LiCIKCI-SiO2FeSz thin cell
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210 190 390 590 790 990 1190 1390 1590 1790 S|sten.t with single-cell _test results. Thisimplies _that an added
Time (s) self-discharge occurs in the battery, and explains the lack of

correlation pointed out above between self-heating and self-
Fig. 3. Experimental results (voltage +temperatures) in a clamp stack in-

. . . . discharge as deduced from single-cell teBtgs. 5-8show
cluding 15 Li(Al)/LiCI-KCI/FeS thin cells tested at room temperature. . .
Drawing: vertical half-section of the (cylindrical) battery with black dots the results in the example (_:as_e at z_imblgnt and cold temp_era-
at the thermocouples locations. Black line: voltage (right scale). Other lines: tUres. The results are qualitatively identical to the preceding
temperature plots (left scale). (400 W kg™ ! constant self-heating added as above).



364
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Fig. 5. Experimental results (voltage +temperatures) in a clamp stack in-
cluding 15 Li(Al)/LiCI-KCI/FeS medium cells (“example case”) tested at
room temperature.
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Fig. 6. Same afig. 5 but with corresponding electro-thermal results cal-
culated with a 400 Wkg'! self-heating added. Thick red lines: simulation
results.
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Fig. 7. Experimental results (voltage +temperatures) in a clamp stack in-
cluding 15 Li(Al)/LiCI-KCI/FeS medium cells (“example case”) tested at
cold temperature.
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Li(A)/LiCHKC1-510,/FeS, cell
(example case). Cold temperature.
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Fig. 8. Same afig. 7 but with corresponding electro-thermal results cal-
culated with a 400 Wkg! self-heating added. Thick red lines: simulation
results.

The capability of the code to model the voltage fall at the
cold initial temperature conditioning is remarkable — this fall
is due to electrolyte precipitation, the difference between the
actual battery and the clamp stack appearing to be the result
of a simple size factor, the cell having a smaller diameter and
so a lower thermal inertia in the clamp stack. However the
temperature increase after load ceased is slight and short here,
this being considered the consequence of the much deeper
discharge during the specified load, leaving very little active
material.

At this point, it appears that numerical simulation not only
reveals the presence of self-heating but also closely predicts
its effects.

This supposes significant further work, however:

e Supplementary expensive experimentation (clamp stacks
testing) is required for the determination of self-heating
for any cell in any design, with any load, etc.

Accurate thermal conductivity values should be measured
separately for this.

As a complication, some part of the self-discharge could
be due to the battery design outside the stack (and so,
for example, could be specific of the clamp stack design
here).

As simple as possible laws must be defined to take it into
account accurately in “Ether” in any case.

Beyond this, full control of the phenomenon requires
an understanding of the physical mechanisms. Concerning
the said “battery specific” self-discharge mechanisms (in
addition to single-cell tests done with the standard pres-
sure) mentioned just above, several are possible: for ex-
ample, differences in pressure (axial or lateral) and so
in deformation, lateral confinement, interference from the
pyrotechnic chain, inter-cell currents, etc. The said “cell
specific” mechanisms are briefly reviewed in the next
chapter.
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FeS — Fet +S,2 pyrite dissolution 1
S — S +05% persulfide decomposition
ST+ S~ 29 > S

per/supersulfide equilibrium
Fet + S — FeS iron sulfide precipitation

FeS+6/78 — 1/7FeSg+6/7 %

pyrite dissolution 2

2LiT +S$ — LiyS lithium sulfide precipitation
Fig. 9. lllustration of different layers that may appear in the separator layer
after heating and eventual discharge. Bottom: FaSitive electrode. Top: . . . i
Li(Al) negative electrode. Ligorsy— Li(g) lithium vaporization

Ligors)y— Li(sol lithium dissolution
5. Physical analysis of self-discharge )

Possibly:
Considerable valuable work has also been carried out infeg, 4+ 5,2~ —» FeS™ +S,~ pyrite dissolution 3

the field of electrochemical self-discharge and specifically
concerning the presence of “alien” compounds in the separa-pag— 4 K+ —» KFeS
tor layer, more or less in contact with the electrofés-15]
Some trends about the density and width of “black” or “or-
ange” layers (these bands are now systematically examine
at ASB as part of the Research activiBig. 9illustrates the The equilibrium sulfur vapor pressure for FaS0.1 mbar at
phenomenon): for example, dependence on time, electrolyte500°C and 10 mbar at 59CC (it is very high for liquid sulfur
nature, activity of lithium in the anode, the temperature and as the ebullition point at 1 atm is only 446; however, be-
the current have been pointed out. However, the phenomenacause of gas phase evolution, it is still present at€ander
are so complex that no definitive mechanism has been iden-1 atm. $ pressure and could also exist here). The equilibrium
tified. Li (+Li 2) vapor pressure for elemental lithium is significantly
The main trends are that, with a purified pyrite and lower:5x 10-3 mbar at500C and 5x 10~2mbar at590C.
LiCI-KClI, the sole “alien” product clearly found in the sepa- The vapor pressure of potassium is much higher (1.33 mbar
rator layer in any quantity (up to 20 vol.%), is simply lithium  at 345°C) but the inversion itself is not favorable thermody-
sulfide, LS. With LiF-LiCI-LiBr, the presence of iron is  namically, although it has been reported experimentally by
attested, tending to prove that some Fe soluble specie is alswvery skilled authors. The solubility value of FeS is very low:
involved. The main qualitative explanation given is that sol- 3.2x 10~ (optical technique, consistent with most former
uble lithium meets soluble polysulfides (and iron) in the sep- values) to 4.5< 10’ mol% depending on ¥ concentra-
arator. The best correlation confirms this: the volume g6Li  tion up to saturation, in LICI-KCI at 500C. This excludes
—and at a lesser extent the position of the deposition front —the coexistence of Fé and $~ or the formation of Fegs—
is closely related to the activity of lithium in the anode. The to a large extent. The solubility of pyrite is not considered
intervention of gaseous sulfur in some localized overheating as known because it must be established with reference to
problems during battery development is attested otherwise inmost of the reactions listed above. However, it is probably
several Sandia National Laboratories papers (R.A. Guidotti very low, and the same for the first product of reaction of
& coll.). FeS, LisFeySs, and finally for all the reaction products of
Without going into detail, among many others (and ig- pyrite, including FeSg (at the exception of dissociation giv-
noring here the intervention of O and OH species, especially ing soluble LpS and a known stable compound: e.gH8S
in the cathode, which are known to have a significantimpact can be seen as FeS<B). The solubility of pure lithium
through sulfide production), the following reactions (equilib- in LiCI-KClI is rather low, of the order of 0.01-0.5mol%
ria) were retained as the most probable for giving orimpairing depending on authors and temperature. It should be signifi-
subsequent direct exothermic chemical reactions: cantly lower for alloys. Otherwise, migration tends to drive
cations toward the positive (and anions toward the negative,
FeS— 1/7TFeS+3/7S pyrite decomposition but both with simultaneous global electrical and mechanical

KFeS precipitation

bt K*— Lit+Kq  potassiuminversion
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equilibria). This would act as a slowing mechanism under (2) Self-heating implies reactions between the (originally)
load for the displacement of Feions toward the anode. electrochemically active materials. Despite the rather low
Some other clues have been obtained at ASB from the solubility of lithium, reaction in solution of solvated ele-
calculation of the different yields corresponding to the three mental lithium with the soluble sulfur appears very prob-
first steps (the calculation was not possible for the fourth) of able, at least as a part. The other possibility is active sul-
discharge of FeSin LiF-LiCI-LiBr at low baseline currents fur species reaching the anode. Both gas convection and
and high temperatures (single-cell tests). diffusion-migration in solution should be taken into ac-
The discharge of FeRomprises four steps depending on count for transfer (the relative importance of both being
the depth of discharge (qualitative reactions): related to the cell construction and to the temperature).

. . Quick self-heating is most probably driven by sulfur gas
* Ezg__) LisFeSq, emfplateaut2.1VILi), 1.5F permole convection. Dissolution is greatly enhanced by the pres-

. . . ence of large anions (Bt I~ e.g.) in the electrolyte and
o LisFeSs— LizixFer xS+ FeyS (x~0.2; y~0.125), . . / . i
emf plateauwr —0.08 V,~ 0.24 F per mole FeS otherwise by the wetting of pyrite particles by the elec

: . : trolyte. Polysulfide ions can give sulfide ions not only by
o LizoFeysSy+FeygrsS (FeSg) — LioFeS, globally lin- . : . . ”
early decreasing entiy 0.26 F per mole FeS reaction with dissolved lithium but also by decomposi

o LisFeS — Fe +LiS, emf plateag —0.50V, 2.0F per tion (I|qU|d—gas equilibrium forsulfurtendstq be reached
at any location along the separator layer thickness).
mole FeS. . . SO
(3) If extensive, elemental iron precipitation in the separator
layer is of a nature to give subsequent electronic conduc-
tivity of it and subsequent “soft” short-circuits (remark: it
would be also the case with dissolved elemental lithium if
itdid not react). But F& cannot existin significant quan-
tity in presence of sulfide ions, which have precisely been

The results have been partly unexpected: the yields for the
two first steps were generally similar (on the preceding ba-
sis), but even when as low as 45%, the yield for the third
phase was about 100%. The first conclusion was that ma-
jor loss — either due to sulfur gas evolution or dissolution

— left pyrrhotite, FeSg, one of the co-reactants at start of
the third phase. We can note here that dhey gSp is close
to L.ILi S +0.114FeSg, by the formula and thermodynami-

said to be in significant concentration globally. However,
although not excluded a priori because of local overpo-
tentials under load and/or presence of oxide species, and

cally. More generally, an approximate reduction of the reac-
tion scheme to simple species is:

unless introduced initially by construction, the presence
of significant $~ ions concentration is not obvious at
the vicinity of the cathode at the beginning of discharge
(and a fortiori in the absence of any (external) load). The
guestion is so left open. Another possible mechanism for
iron dissolution is the displacement of a Fe—S—? anion.
The precipitation of this specie in presence dfwould
explain the absence of iron in the separator layer with
a pure pyrite in LICI-KCI. One identified candidate for
this is Fe$™, along with the precipitation of KFeSn
LiCI-KCI. Moreover, elements given above tend to show
thatiron does not leave the cathode to any great extent, al-
though this phenomenon is clearly attested qualitatively
(with some attempts for quantification). A very notice-
able coloration (visually) may be the result of a low pro-
portion of the pigment. All these points require further

e FeS — LisFeSy, emf plateau &2.1V/Li), 1.5F per
mole FeS;

o LisFeeSy — Fe;Sg+LisS emf
~0.21F per mole FeS

o Fe;Sg— FeS+LpS, globally
emf,~0.29 F per mole FeS

o FeS.y— FeS._gx+dxLi2S instantaneously, starting
FeS 14(FerSg), ending FeS; 0.14 x> 0;

e FeS— Fe+ LS, emf plateasz —0.50V, 2.0 F per mole
FeS.

plateaaz —0.08 V,

linearly decreasing

The secondary conclusion was that in this case, a close to
100% vyield for the third step means that almost no iron left
the cathode.

Concerning self-discharge mechanisms, the partial (and  investigation.
revisable) conclusions are therefore, globally: (4) Several other mechanisms may actually complicate the
interpretation:
(1) The main prOdUCt of SE|f-diSCharge is lithium sulfide e Intervention of Species invo|ving the O and OH com-
(although chemical analysis has not been able in some ing from moisture pollution or built in voluntarily.
cases — with LiIF-LICI-LiBr for example — to identify e Intervention of halogenide ions solvating.

it clearly). A main mechanism for self-discharge is sul-
fur gas, sulfur ions (polysulfides) or sulfur rich species

Iea\(ing_the cathode (butla simple diffusion-migration of agents (sulfide, oxide, hydroxide ions, etc.), which
sulfide ions may occur simultaneously). Then and more may be progressively produced by the reactions.
generally, all indications tend to show that the most im- « Dilatation or contraction of the electrodes matrix, pos-

portant phenomenon is the decompOSitiOﬂ-diSSOlUtion of S|b|y Creating hydrodynamic movements 0fe|ectr0|yte
pyrite. One point to examine is the reason for the non- and depending on the sulfur lost.

detection of other than sulfide ions species in solution. o EtcC.

e Strong unexpected capillary effects, possibly moving
particles, especially in the presence of strong wetting
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6. Practical dispositions Appendix A. Entropic cooling

The preceding analysis will be pursued and we trust in  Entropic cooling is the name given here to the reversible
achieving it on term. However, today, it is far from giving heat transfer accompanying the electrochemical reactions, as
an a priori law for self-heating. Then, the first accessible ob- itis absorbed from the immediate surroundings. Thatis to say
jective is simply to measure it. Making reliable (more or less concretely: the battery cools down due to its electrochemical
micro-) calorimetric measurements on cells or batteries while activity. This is generally quantified through the evolution of
discharging at up to 650 — which is the correct way to do  the emf with temperature:
it — is relatively clear in principle and such measurements at

. . J de de
lower temperatures have actually been carried out for differ- g, <—> = [—T (—)} , grev(W) = [—T (—)} I
ent battery technologies. However, on risk and economic con- ¢ oT or
siderations and although much more a posteriori than a priori Values taken or deduced from literature (first plateaus) are:
at first, a less academic but more global way was chosen, at
the imitation of F.C. Krieger pastwork: pursue extensive tem- Li/FeS:grev= —0.25T'mJ ct
perature measurements.m clamp stgcks and adapt “Ether” to Li /FeS at800K :grey= —0.20JC 1
deduce the heat generation rate profiles (and other values). As
paradoxically, on partial bases, pure lithium (LAN) batteries =~ = 1
seem to give much less self-heating than the considered alloy-113514-Li7Si3/FeS: grev= —0.42I'mJC™,
batteries, it is projected also to make extensive temperature | j,3Sis—Li;Siz/FeS at800K :grey= —0.34JC !
measurements in the ASB Group high-power big batteries
;i()asullr;ipoegr.tlcular fortorpedoes and other underwater vehicles LAY a5/FeS: drev= —0.487 mJ cL

Li(Al) 4+ /FeS at800K :grey= —0.38JC*

It is remarkable that with FeSthe thermoneutral po-
tential for the first plateau is the same as for the sec-

. . ., . . ond. For example, it is only 1.43V for Li(Alp/FeS
The powerful confrontation of “Ether” calculations with (to be compared to 1.81V emf at 800K), the same

actual results and subsequent consolidation has broughtas Li(A)sp/LizFeS (Grey=+0.12JC1; 1.315Vemf at
[01 - . y .

to light the reality of very significant self-heating (nec- 800K; close to Li(Al)/FeS(-LiS)), although LiFeS is a

essarllyfned to SO? € k|r|1dbof self(—jdls_chargli,hm a ?inerall product of discharge of FeSAnother way to say it is that
sznse) bor some tI ermj h attery esgni. p ysmek; NOWI- the enthalpy of reaction per mole of electrons is about the
edge about it is limited however and the first objective o1 both cases:138 kI E-L in the example.

is now to measure it in diverse configurations. In the ab- Let us suppose a full Li(Al)/Fescell (corresponding to

_senc?t thSL.JitalE)le e>fisttri]ng equip_mt_ent, t?e melf[hOdbthSZnthe example case) weighting 0.70 gcfrand having a spe-
IS a “technical one. the associalion ol resulls oblaiNed s naat of 0.91Jg1 K1, and so a calorific capacity of

n instumented reusable Batteries with "Bther’ calcula- 0,64 3cm2k 1, and effectively delivering 91.C crf. En-
tions, which proved very efficient actually in two similar trOpiC COOling will absorb 91‘6038) =—34.6JC|TT2, low-

ca§rehs. for th h ical simulati read ering the temperature by34.6/0.64 =54°C. This is very

1€ purpose for the mathematica simu ation — already significant for a thermal battery when just compared to its
considered a very good tQOI for batte_ry _de5|gn ~to reach Fhe normal active temperature of (460)480-6@and the im-
!evel of a tr.ue and consolidated pred_lcnve tool while Qeta|l— pact on the adiabatic temperature (about@@er 100°C;
ing the main phenomena occurring in thermal batteries ap- —40; +60]°C e.g.) of the ambient temperature range
pears reasonable although the work to be done to reach thi Th'e actual entropic cooling and Joule heating both de-

oalis considerable. Otherwise, although not well understood ot

gh sically vet. the phenomenon of selng-heatin is neverthe- pend on the curren.t, apd the latter on the polarization. Let us
phy y yel P ) 9 .~ suppose the polarization can be represented by a pseudo-
less reproducible and well controlled in a sense through final resistance of 0.158 cn? and the current is 0.51 A iR

product reliability. (over 178.4s). The Joule heating is then +40.3 mW €or
here +57.6 Wkg?, +11.2°C and +6.3C/100 s while the en-
tropic cooling is—193.8 mW cn1? or here—276.9W kg !
Acknowledgments and—30.3°C/100s. The balanceis153.5 mW cnt2 or here
—219.3Wkg! and—24.0°C/100s. The stack would loose
Acknowledgments to Janique Vigot, responsible for prac- —42.8°C duringits discharge even in adiabatic condition, and
tical achievements and to John Reid, battery designer, formore at a lighter current. It can be seen that the Joule heating
having reviewed the English formulation, both of ASB could hardly compensate the entropic cooling, unless under
Group. exceptional current and/or internal resistance.

7. Conclusions — perspectives
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Appendix B. Evaluation of lateral heat losses

Letus suppose that the end heats of the battery compensat
exactly the axial heat transfers. The stationary evaluation of

the lateral heat transfer reported to a unit length (WHnis
given by:

T — T,
g = —2nk i e

T, T 7 7\
Ln(re/ri)
A
—'rwhen—_r — 0)

<Ln <1+ ﬂ) — A
T rj

T

whereT is the average temperature over timihe radius
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Phase transitions of alloys (19.7 w/0 Li for il ((8)):
é/llLi7Si3+ Li — 3/11Li13Sis —26.9kJ

Li,Al(B) + oLi — Li,4sA1(8) —37.9kImollLi

[1/(vg — ya)ILi yeAl (@) + Li

— [1/(yp — ya)ILi g Al (B) —44.1kJ
Decomposition of FeS(averaged, updated data):
FeS — 1/7TFeSg+3/7S +1222kJ
Reaction of Li with SiQ in local excess:
SiO, +4Li — 2Li2Os)+ Si —3043kJ

SiOy +Lis0 — LiySiOzs) —1413kJ

and the subscripts i and e refer to the internal and external3SiO, +4Li — 2Li»SiOzi)+ Si —586.9kJ

surfaces of the lateral thermal insulator, respectivielhe
thermal conductivity of the latter. The stack is considered
infinitely thermally conductive along a radius.

In our reference cas&=0.12WnT1K=1, rj=25.5mm,
re=32.7mm,Tj=470°C and Te=80°C. The linear heat
loss is then—1182W m1, representing-211 kJ nt! over
178.4 s. With a density of 2.98 g crithe linear calorific ca-
pacity of the stack (which includes its full mass/diameter) is
5506 JKtm~1. The heat loss deduced-s38.3°C.

The insulating material has a low density of 0.07 gém
and a specific heat of 1.04 34K 1. Its linear calorific ca-
pacity is 95.8 JK1m~1. Its heat-up from the initial temper-
ature of—40°C to the medium final temperature of 310D
costs 33.5kJm! and —6.1°C (for a low insulator density
and a medium diameter here).

Appendix C. Thermodynamic calculations

Taken or deduced as a compromise from literature data

[15,16] (enthalpy of reaction):
Formation of LpS at 800K (including an analogy with
Li»O and NaS/NaO; basis:—449.4 kI mot! at 298 K):

2Li(|) + S(|) — LiQS(S) —4658kJ

2§)) — Sp(g) +1088kJ
Dissolution of LpS (diluted solutions; averaged):

LioSs)— Liz2SsolLici—«cleut) +50.0kJ

Remark: the sum of the four enthalpies of reaction corre-
sponding to the four identified steps of RLaischarge — in-
cluding an approximation (average) for the third (decreas-
ing) one — gives an enthalpy of formation oS at 800 K of
—453.9kJ mot?. Itis close to the value 0£465.8 kJ mot?®
above (and some dissolution heat must be included in).

Deduced from the preceding:
2Li() +1/2 Spig)— Li2Ss) —5202kJ

2Li) +1/2 Sp(g)— LizSsor) —4702kJ
Heats of global thermal reactions:
FeS +12/7Li — 1/7FeSg+6/7 LixSe) —3237kJ
With full dilute dissolution of LpS: —280.8 kJ
FeS + 36/77Li13Sig
— 1/7Fe;Sg+6/7 LioS + 48/77Li7Siz —277.6kJ
With full dilute dissolution of LpS: —234.7 kJ
FeS +[Liy 4 sAL ()]
— 1/7FeSg+6/7 LixS + [Li,Al(B)] —2587kJ
With full dilute dissolution of LpS: —215.9 kJ
FeS+ (12/7)1/(yg — ya)lLiypAl — 1/7FerSg
+6/7Li2S + (12/7)[1/(yg — yo)ILi yo Al —2481kJ
With full dilute dissolution of LpS: —205.2 kJ
3SIQ +4[l/(yp — ya)ILi ygAl — 2Li2SiOgs)
+Si + 4l/(vp — yo)ILi yoAl —4105kJ

Let us now suppose that the cathode of the preceding cell
contains 1.25 mmol Fe&n? and that only 10% of it is de-
composed to pyrrhotite (corresponding to an equivalent con-
stant self-discharge current of 0.10 Acfover 178.4s), the
evolved sulfur reacting entirely with the Li(Al)g of the an-
ode. The heat of reaction () would be +31.1J ci?,
giving a temperature increase of +48@® Supposing then

a constant rate during 178.4 s, this gives +174.3 mW4m
+249.0 W kgland +27.2C/100s. For comparison, a simple
short-circuit (first plateaus) gives +25.8 Jtf(17% less).
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With reference to the standard yield of 80% (butaslowas 40% [7] C. Lamb (Ed.), Effects of Chemical Transport and Entropic Cool-

can be obtained for long duration batteries) +500 Wkg ing on Long-Life Thermal Battery Designs, Including Sonobuoy

could then be obtained Applications, Eagle-Picher Industries, Inc., USA, 1994 (this
R . ’ . . conference).
SiO; is sometimes used as a binder in the separator pel- [ )

. . ) ) ! 8] F.C. Krieger (Ed.), Control of Initial Transient and Working Tem-
let along with Li(Al), exclusively — and that is the case in peratures in Li(Al)/Fes Thermal Reserve Batteries, Army Research

the example cell. This cell contains 1.3 mmolchof active Laboratory, USA, 1996 (this conference).

lithium (B phase present) and supposing that only 10% reacts [9] F.C. Krieger, M.J. Shichtman (Eds.), Single-Pellet Thermal Batteries,
with SiO, gives +13.6Jcm2. +21.3°C. +76.3mW cnt? U.S. Army Research Laboratory, USA, 2000 (this conference).
+109 OWkgl and +i1 QC/]iOOS ) ’ ' ’ [10] B.J. Burow, K.W. Nebesny, N.R. Armstrong, R.K. Quinn, D.E. Zu-
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