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A lithium ion battery (LIB) subjected to external heat mahail irreversibly.
Manifestation of this failure includeening of potentially combustible gas and aerosols
followed by a rapid selheating accompanied by ejectiohthe battery materialQuantification
and simulabn of the dynamics and energetics of this procassimportant to ensure LIEs
safety Here we report on development of a new ezikpental technique fomeasuring the
energetics othe thermallyinduced failure of LIBs as well a& new thermoekinetic modelto
predictbattery failurebehaviors

The newly developed experimentichnique, GpperSlug BatteryCalorimety (CSBC),
was employed to investigate a widely utilizéorm factorof LIB (i.e. 18650 with 3 different
battery chemistriedithium cobalt oxide (FEnergy ICR18650, LCO)jthium nickel manganese
cobalt oxideg(Panasonic CGR18650C@GMC) andlithium iron phosphate (K28650E, LFP)at
various states of charge (S€CThis techiue canyield time resolved data on the rate of heat

production inside the failing batteryhe heatapacity of these LIBs wasvaluated to be 1.1+0.1



J gt K for all threecathodetypes It was shown that the tothkatgenerated inside the bafts
increass with increasing amount of electacenergy stored. The maximum total internal heat
generagd by fully-charged LIB was found to be7.3+£3.3 34.0+1.8 andl3.7#0.4 kJ/cellfor
LCO, NMC and LFP LIBs, respectivelyAdditionaly, experiments were carried aatwhich the
CSBC technigue was combined with cone calorimaiméasure théeat producedh flaming
combustion ofvented battery materials. &hreleaseccombustion heatlid not showa clear
dependence on the stored eleetrenergy this heatvaried betweer35 and 63 kJ/cell for LCO
LIBs, 27 and 81 kJ/cell for NMC LIBs, and 36 and 50 kJ/cell for LFP LIBs. Beyond the
experimental workdetailed nedelingof heat transfer in th€SBC eyerimentsvas carried oyt
by utilizing COMSOL Multiphysics softwarep evaluatehermal conductivies of theLIBs and
demonstrate the satisfactory accuracy of CSBC experimental analysis in the determination of the
battery failure energetidsr all examined battery types

Moreover,it is presented in this study a general methodology to develop a tkanetc
model of thermallyinduced failure of lithium ion batteries (LIBs), using COMSOL and
experimental data collected I§SBC This methdology is demonstratespecifically onLCO
LIBs (T-Energy ICR1865)) but it can be easily extended to other battery typbe model was
parameterizetbased on Arreniuis 6  Brawa an iterative inverse modeling analysis of CSBC
test results using COMSOlhesemodelp ar amet er s are dependent on
(SOCs)and theycan effectively represent the tested
failure. The fullyparameterized therrdkiinetic model was then validated against CSBC tests
that were not utilized in the model parameterization: CSBC tests on 100% SOC LIB cell with
nonstandard heating rates ranging from\Qo 100W; and CSBC tests on 75% SOC LIB cell

with a standard heating rate of @0 The agreements between the experinignmaeasured and



the simulated copper slug temperature histories inethests were found within in% on
averagelLast but not leastthis model was applied to predict the thermaliyuced failure of

LIB cells in a more complex scenaiiccascading-IB failure of 6 LIB cells in a billiard battery
pack. The simulated onset time of thermal runaway of each LIB cell in the battery pack were

found of excellent agreememntsth experimental observations.
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Chapter 1:Introduction

1.1 Backgroundand Motivation

Lithium ion batteries (LIBs) are the stadéthe-art energy storagdevices that
can provide thdest combination of high energy density, high efficiency and long cycle
life, and exhibit no memory effe€l]. LIBs have beemmployedin an increasing range
of energy demanding applicatiof§. Some of these systems only deesingle LIB cell
(e.g. cell phones.), but more and more systems are in need of multiple LIB cells (e.g.
laptops, electric vehicles, etc.).iWsuch a wide variety of LIB applicatiomsn peop !l e 6 s
daily life, fire safey of these devices becomas impotant consideration.

LIBs typically consist of four primary components: two electrodes (anode and
cathode), electrolyte and separdi@jr In most commercial LIB cells, the anode material
is graphite. The most common cathode mateastsmetal oxidegfor example lithium
cobalt oxideor lithium manganese oxide). The electrolyte is typically a mixture of
organic carbonates. The separator is a thin (<30 um) fpmmous polymetayer [3]
located between the cathode and anode to prevent internal short circuit while allowing
lithium ions to pass through. Momgpecifically, the detailed structure of a cylindrical
battery cell is illustrated irFigure 1. Two separator plates sandwich the anode and
cathode mte and then they ajelly-rolled to be secured into the steel battery casing
Cathode plate is then connected to the positive terminal on the case while the anode plate

is connected to the negative terminal on the battery case.
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Cover

o ]
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Figure 1. Detailed Structure of a Cylindrical Battery Cell.

When LIBs are subjected to environmental conditions outside their intended
designed envela such as over charge, short circuit, mechanical or thermal abuse, they
may fail irreversibly[4-6]. In particular, thermal abuse may trigger rapid exothermic
reactions inside an Bl. More specifically, an LIB subjected to sufficient external heat
may initially vent potentially combustible gasend aerosolsThis phenomenon is
referred to as safety ventirid]; it represents an engineered mechanism that prevents
internal pressure buidp and explosive rupture tdiecell casing. Subsequently, the LIB
may self-heat rapidly This phenomenon is referred to as thermal rungda$] because
of its self-accelerating nature (e.g., increasing temperature inaé¢aseaate of chemical
reactions which produce heat and further increase the temperatweahermal runaway
is frequently accompanied @jection of a portion of electrolyte, separator and electrode
materials. These two stages of thermalhyduced failue can contribute to hazards

associated with a potential fire occurrence. A number of fire and explosion incidents



associated with LIB&iave beemeported, ranging frongnition of consumer electronic
devices tdires inelectric vehicle$2].

Figure 2 shows the preliminary observations of thermatiguced failure

conducted in our lab at the beginning of current study. A -thigrged (100% SOC)
Panasonic CGR18650CG LIB c€NMC) was sected on a metal mesh and directly
exposed toa nonpremixed methane flame. When the safety ventiigure 2a) was
triggered, combustible battery prodsiavere ejected out from the safety venting ports
and caught fire immediately. Three laminar jet flame in the length of around 200 mm
were observed. The external heating from the methane flame underneath continued until
the thermal runawayF{gure2b) was initiated At the very beginning of thermal runaway,
a large amount of smoke in white/grey color was released from the battery, then a
significantamouwnt of battery material was being vented out at a much higher speed than
that observed in safety venting. The three jet flame turned out to be more turbulent
followed by bright flame sparkling. The whole process of thermal runaway was over
within 6 secondsln some ases, the core of the battery canejperted out like a bullet

from the casing of the battery cell.
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Figure 2. Observations of Thermalinduced Failure of an LIB: Safety Venting (a) and
Thermal Runaway (b).

AccordingtoSp ot ni t z asuchmaR|i7]athe kdnerai grogressianf the
chain reactions that eventually lead to thermal runaway of an LIB includes: 1). The
decomposition of soliglectrolyte interphas¢éSEl) layer at around 360 K to 390 K. The
SEI plays as a protection layer to prevent direct reaction between active anode material
and electrolyte solvent. 2). Without SEI 06s
in the anode material will begin teact with electrolyte solvent at temperature of higher
than 390 K.3). The heat produced in the previous two stegs heat the LIB to
temperature of more than 440 K, where the cathode active materials can begin to
decompose and/or react with the eldgte solvent. 4). The remaining electrolyte will
begin to react with both anode and cathode material at temperature of higher than 470 K,
the heat generated in this step can easily elevate the LIB temperature to over 870 K.

Thermal runaway will take placgtarting from step 3, where tlgcreasing temperature



increases the rate of chemical reactions which produce heatughdrfincrease the
temperature.

The relative thermal stability of an LIB can vary with factors such as
manufacturing methodor battery material compositions[8-12]. An in depth
understanding of the battery failure behaviors under abnormal conditions can provide
insightful information tohelp improve the LIB safety13, 14]. Battery safety priolems
can be addressed Inyinimizing the probability and severity of baty failure eventsor
lessening the outcome of battery failw@ that such failure can potentially be predicted
[15]. In particular, various safety features including safety vefigsne retardant
additives, current interrupt device and positive thermal coefficient devices areteddica
towards the formefl, 16, 17]. On the other handucrent study as well as considerable

previousresearcleffortslisted belowhave focused on the latter.

1.2 Previous Experimental Study on Battery Failure

Experimentally, many previous studievere conducted for the measurement of
onset temperatures and energeticshefthermallyinduced failure of LIBsTechniques
such agdlifferential scanning calorimetry (DS€)2, 18-25], accelerating rate calorimetry
(ARC) [12, 24-31], VSP2adiabatic calorimetrj22, 32-34], C80 calorimety [35-37] and
oxygen consumption calorimet[$8] were utilized by various researchers to analyze the
failure processes.

DSC is a thenoanalytical technique thateasureshe heaflow associated with
physical and chemicatansitiors in a milligramsized sampleThe sampléemperature is
increased linearly with time at rates that are sufficiently low (typic8#80 K mirt) to

maintan spatial uniformity of temperature within the sami&C was used to study a



number ofelectrodeand electrolyte materialsis well as their combination¥ang et al
[18] investigaté graphite,the most common anode materiai,various states of charge
(SOC) Sharp exothermic peaks were detected at aro08dan the samples containing
more than 0.7 lithium ions per 6 carbons, and were attributed to the structural collapse of
the graphitic matrixRoth et al [23] examinedthermallyinducedinteractions between
several binder materials (used to ensure adhesion between electrode and current
collector) representative anode materials at diffei@@C and eldcolyte. It was found
thatthe amount of electrolytethe surface area of the anoded its SOChave a strong
impact on the exothereity of the observedeactionsMaleki et al [25] employedDSC
to examine the thermal stability of the anode and cathode for a specific LIB chemistry,
graphitéLiCoO2. The total heats of decomposition were meastaé@697and407Jg
! for the anode and cathodespectively(here, exo is positive). These heats decreased
by about 60% with the removal of electrolyta.the work reported 21}, DSC was
utilized to examine @olymerbonded lithiated carbon anodéewas found that the first
reaction taking place at 39010 K and loth the specific surface area of the electrode and
the degree of lithiation had strong impact on the reactiongnother experimental work
[12], the MesoCarbon MicroBeads graphite was investigated by DSC and it was found to
have increased thermal stability of the cell due to more effective solid electrolyte
interface (SEI) formation.

ARC [39] measures temperature and pressure change in a stafdess steair
titanium container that accommodates a relatively large (about 1G0ircraolume)
sample of interest. The container is heated slofglyout0.2 K mint). When an

exothemic process inside the container is detected, the instrument increases container



housing temperature to minimize the heat transfer from/to the contame/S&tkerand
co-authors[27] utilized ARC to study andcompare the thermal stability bhttery cells
containingdifferent anode materialsThey showed thathe carbon intercalation anode
was superior taa lithium metal anodeMaleki et al.[25 applied thistechnique to
measure the onset temperature of chemical reactions that force the cell into thermal
runaway. This temperature was found to be close to the decomposition temperature of the
unwashed cathode materigh another study by Maleki et §6], ARC was utilized

again b investigatetwo types ofcells with different electrode chemistrieBhe thermal
stability of the cell consisting oBnLiCoO. cathode and mesmarbon micro-fiber
(MCMF) anode was found bettdran the celtonsisting of LiCoQ cathode and graphite
anode.n another work by Al Hallaj et a[40], commercial lithiuraon cells at different

open circuit potentials were tested inside ARC to determine the onsef-thermat
runaway (OTR) temperatureSony (US18650) cells &t06, 3.0, and 2.8 V open circuit
voltage OCV were tested and their measured OdrRperatures were found to be 377,
382, and 417 Krespectively.

In another recent work conducted by Lyon and Wal{dils 42] at Federal
Aviation Administration, battery failure of 4 different commercial cathode chemistries in
the form facto of 18650 was studied by utilizing bomb calorimeter. The battery thermal
failure was induced by electrical resistance heating in the nitriiggsh bomb
calorimeter to preclude combustion of the battery materials. The total energy by the
battery failure,which were assumed to consist of both electric energy stored in the
battery and the chemical energy produced by complex chemical reactions in between the

battery materials, were carefully determined. This study indicated that: 1). The severity of



a battey failure is proportional to the electric energy stored in a battery; 2). The electric
energy stored in a battery and the chemical energy produced by battery material chemical
reactions have comparable contributions to energy produced in a battery failize.
importantstudy also measured the total battery failure energy -Enédrgy ICR18650
batteries (lithium cobalt oxide) at variogtates of charge, which provides a valuable
reference data fdhe same LIB type measured and reportethismdissertation.

While DSC, ARG bomb calorimeterand other aforementioned calorimetry
techniques proved to be very useful in analysis of LIB failurey thossess notable
limitations. For example, DSC can only be applied to the analysis of battery components
ARC hasnot been specifically designed for LIB failure experiments, where chemical
processes inside and outside the battery casing may contribute to the energy generation
and the rates of temperature rise may exceed 500n€. A quantitative interpretion

of the ARC data on LIB failure can be difficult.

1.3 Previous Modeling Study on Battery Failure

Besides experimental stied a lot of other previous research has been dedicated
to the development of thermal model for LIB failure. Doughty €tl8] proposed two
general approaches to build such models: 1). The calorivhatgd approach and 2).
Chemical reaction approach. The former apphos based on a simplified model of
battery construction and it requires the characterization of thermal properties of battery
components including chemical reaction rates, battery material decomposition reactions,
cycle/aging history, SOC of battery, hemapacity and thermal conductivity of battery
components. The latter approach, on the other hand, requires the identifications of the

chemical reactions associated with each of the dominant thermal related events. These



chemical reactions must be combinedh details of the cell construction in order to
simulate the behavior of overall battery cell.

More specifically, inAl Hallaj et al6 s  r [d0p, a simplified onedimensional
thermal modelwas presentedvith lumped parameters to simulate the temperature
profiles inside lithium ion cells during discharge. The simulation results showed good
agreementwith temperature measurements discharge rate ofc/2, C/3, and C/6
discharge ratedut some deviation was noticed for the C/1 discharge(@&discharge
rates allows a battery to be fully discharged in 2 hrs, C/3 discharge rates allows a battery
to be fully discharged in 3 hrs, etc. Depending on the capacity of a battery, the
discharging current can be differentlhe model was used to simulate temperature
profiles under different operating conditions and cooling rates for soplexylindrical
lithium-ion cells of 10 and 100 A h capacity. Results showed a strong effect of the
cooling rate on cell temperature for all discharge rdtes. Pal s and [M3 wmano:
44], two onedimensional modelsvere presented to predict the thernbahavior of the
lithium/polymer batteryone for onecell and the other one for a cell stack. The models
were used to simulate a wide range of polymeric separator materials, lithium salts, and
composite insertion electrode€hristophe Forgezt al [45] developed a lumped
parameter thermal model of a cylindricaFePO4/graphite lithiuaon battery. In this
model, the inputs of heat transfer coefficients and heat capacity were obtained
experimentally. And the model allowed for simulating the internal temperature directly
from the measured current and voltage of liagtery. These onalimensional models
were only utilized during early stage of battery model development, more recent efforts

have been moving to higher dimensional models.



Some twedimensional models were proposed to predict the temperature
distribution d LIBs under various state of charge, discharge and statics situation.
Predicting temperature distribution in radius and azimuthal coordinates for the cylindrical
cell, in width and length directions for the prismatic batt€igr exampleChen Wang
and Wan [46] proposed a twalimensional thermal model to establish a standard
methodology for the simulation of spirally wound cedltylindrical cells) Through this
modeling work, i wasfound that under natural convemtj the hottest temperatures were
in a circular region near the liqufdied hollow core but not at the exacenter The
temperature at the anguldirecton( on t he surfaces with the
axis) was found to be fairly uniform and heaas mainly transferred along the radial
direction. Radiationwas found tocontributeas much as 53.6% dhe heat dissipation
from the simulated battery to ambient &r.another work byChenet al.[47], a detailed
threedimensional thermal modeVas develogd to examine the thermal behavior of a
lithium-ion battery. Locatiordependent convection as well as radiation were adopted at
boundaries to reflect different heat dissipation performances on different surfaces. These
models successfully described the ragyetric temperature distribution inside a battery,
as well as the anomaly of temperature distribution on the surface. It was found that
radiation could contribute to #83% of the overall heat dissipation from the battery to
ambient air.

Moreover,Chen ad Evang48, 49 developed three dimensional models to study
the thermal behaviorfdithium ion batteriesln particular a thermal analysisf lithium-
ion batteries during charge/discharge and thermal runaway was carried out by utilizing

this model.The major assumption was that the heat generation rate is uniform throughout
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the cell. Their model required precise construction of the cell struct@omtinuous

cycling under highrate charge ah discharge coulcdtausesignificant amount otheat
accumulation within a batterythe analysis of heat transport in the existence of highly
localized heat sources due to battery abuse (e.g., short circuit) indicates that localized
heating may raise battery temperature, within one minute, tortbet temperature of
thermal runawayThismodelprecisely considedthe layereestructure of the cell stacks,

the case of a battery pack, and the gap between both elements to achieve a comprehensive
analysis.

Kim et al.[50] extended the onrdimensional modellig approach formulated by
Hatchard et.al[51] to three dimensionalutilizing finite volume methodfo further
understandthe thermal abuse behavior of large formatidd batteries. Chemical
reactions at elevated temperatures ifioln batteries were listed and formulated to be
included in this model. This threbmensonal model can capture the shapes and
dimensions of cell components and the spatial distributions of materials and
temperatures, and it was used to simulate oven tests as well as to determine how a local
hot spot can propagate through the cell. The moelllts showed that smaller cells
dissipated heat faster than larger cells, which may prevent them from going into thermal
runaway under identical abuse conditions. In simulations of local hot spots inside a large
cylindrical cell, the threelimensional moel predicted that the reactions initially
propagate in the azimuthal and longitudinal directions to form a hollow cyisidgred
reaction zoneGuoet al.[52] developed dhreedimensional thermal modé&r analyzing
the temperature distribution under abuse conditidihss modelapplied finite element

method and it coupled electrochemical reaction and detailed temperature distribution
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inside a battery cellThe effects of heagenerationinternal conduction and convection,

and exernal heat dissipation we taken into account. The heat generation included the
chemia@l reactios; the heat effects of ohmic resistance and polarization; and the heat
generated by fAside reactionso. Exampl es of
overcharge, and chemical shorf$ie modelpredicted that the battery sample would

unde go t her mal runaway at 60 min in 428 K ¢
results[50].

Santhanagopalan et §b3, 54] developed arelectrochemical thermal model to
study the internalshortcircuit behavior of a lithium ion cell. Several shaitcuit
scenarios possible in a lithium ion cell were simulated and the influence of parameters
like the SOC and initial temperature of the cell was studibd.results were verified by
the experimental resultsZhang[55] developed another electrochemidagrmal model
with full consideration of electrolyte transport properties as functions of temperature and
Li ion concentrationA conservative finite volume numerical method is employed for the
spatial discretization of the model equations. Three types of heat generation sources
including 1) the ohmic heat, 2) the active polarization heat and 3) the reactionéheat ar
guantitatively analyzed for the battery discharge process. The ohmic heat was found to be
the largest contribution with around 54% in the total heat generation. About 30% of the
total heat generation on average was ascribed to the electrochemicahreBnti@active
polarization contributed the least comparing to the ohmic heatemufionsheat. The
raised temperature in the battery discharge is positive related with the thickness of both
separator and electrodéis.Jeonand Baek s 58| r aksimplified thermeelectric finite

element analysis (FEA) model was developed to study the thermal beh&vicion
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battery during discharge cycle. The mathemativadlelcansdve conservation of energy
considering heat generations due to both joule heating and entropy change. It was found
that the contribution of heat source due to joule heating was signifataa high
discharge rate, whereas that due to entropy change was dominant at a low discharge rate.
Fang et al.[57] developed amther electrochemicathermal coupled model to predict
performance of a lithiuaon cell as well as its individual electrodes at various operating
tempeatures. The predictive ability of the individual electrode behavior was very useful
to address important issues related to electrode degradation and subzero performance of
automotive lithium ion batteries.

In addition, inGuo et ab s  s[b8y theg singleparticle model presented by
Santhanagopalan et §9] was extended to include amergy balancelhe modeltook
into consideratioreritical factors such ashe temperature dependence of the solid phase
diffusion coefficient of the lithium irthe intercalationparticles the electro©emical
reaction rate @anstantsandthe open circuit potentialf© CP9 of the positive and negative
electrodesIn Cai and Whité s  WaD,r6K, the existing lithium ion battery model in
COMSOLwas extended to study the thermal bebawf a lithium ion battery durinthe
discharge process with and without a pul$&e proper orthogonal decomposition
method was applied to develop an efficient, reduced oetkstrochemicélthermal
model for a lithiumion cell. The modelcan achiever times more efficiencythan the
COMSOL model The model predictions indicate that the dischafieiency depends
on the rate of the discharge and heat transfer rate away from th8pmehitz et al[62]
proposed asimple approach for using accelerating rate calorimetry (ARC) data to

simulate the thermal abuse resistance of battery plakas found that @mall increase
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in the heat released by the exothermic reaction of a single cell can cause the pack to go
into thermal runawayThis phenomenandicated that thermal runaway of the pack is
more likely to be induced by thermal runaway of a single cell when that cell is in good
contact with other cells and is close to the pack iah. p e z e t [63 &irdesl tow o r Kk
characterize the effect of thermal runaway reactions by utilizing a thermal abuseomodel
cells subjected to elevated temperatdil@is model was derived from conventionakea

test, where it was found thate probability and severity of therinanaway increased

with increased oven temperature and decreased convection coefficient for conventional
oven testsThe abuse reaction sequence ¥easd to befirst SEI decomposition, second
negativesolvent, and lastly positiveolvent The model wasvalidated against
experimental resultslt was found that an electrolyte combustion reaction must be
accounted fom the model ifthe electrolyte ignite during thtest The simulated thermal
behavior under constappbwer heating condition was found to lve agreement with
experimers.

While these aforementioned model showed powerful capabilities of predicting
thermal behaviors of lithium ion batteries, they possess notable limitations. For example,
most of these model required detailed constructioratieby structure and their accuracy
relied largely on the determination of thermal properties of battery components. Extra
work were required to determine the chemical reaction rates associated with failure event
as wel | as t he b attons.rAylot of attermtions wdresf@cuseieos o mp o
battery failure caused by charging/discharging and/or internal short circuit, but study on
the model for another important form of battery failurdnermallyinduced failurég was

limited. Last but not leastlthougha lot of work were focused on understanding failure
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of single LIB cell, the potential hazards caused by cascading battery failure in multiple
LIB cell systems (in large format of LIB application or during LIB transportatioves

not sufficientlystudied.

1.4 Scope of Current Study

Current study is focused on developing a framework consisting of both
comprehensive experimental investigati¢6d] and modelingof the thermallyinduced
failure of LIBs. In particular, we have proposed a systematic experimental technique and
methodology specifically to evaluate energetics of the therraralilyced failure of LIBs.
This techniquewhich we refer to as Copper Slug Battery Calorimetry (CSBC)he
major experimental apparatus developed in this studaiye#tsures the heat capacity of an
LIB cell and the amount of energy released inside a casing of an LIB cell as it undergoes
the falure process. The apparatus that was employed in this study was specific to the
18650 form factor of LIB cells (cylinders 18 mm in diameter and 65 mm in height).
However, the technique can be readily adapted to a range of cell shapes and sizes. We
also deronstrate how the CSBC can be combined with cone calorirf@iyto enable
measurement of the energy released as a result of a flaming combustion of the battery
materials ejected from the cell. @prenensive characterizations of threeB
chemistries, LCOT-Energy ICR1865)) NMC (Panasonic CGR186500@ndLFP (K2
186508, were carried out to demonstrate the capabilities of this technique. The
dependence of failure asewgkktias battéeybs
componentsvas analyzed and discussed.

As an extension of the experimental work, efforts have been taken toward the

development of a new thernkinetic model to predict the thermalligduced failure of
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LIBs. COMSOL Mutiphysics[66] was selected in current study to be the numerical
simulation software platform. COMSOincludes different physiespecified modules

(e.g. heat transfer module, chemical reaction engineering module etc.) that can work
individually or integrally. The COMSOL heat transfer module can perform detailed
computations associated with the conservabb energy and mass while the COMSOL
chemical reaction engineering module can perform precise computations to solve for heat
release rate by chemical kinetics based on Arrhenius Law. More specifilcallfiyst

stage development of battery failure modealy utilized the COMSOL heat transfer
module.This model took into account the detailed transient thermal transport dynamics
to simulate the standard CSBC experiments thus it was adopted to validate the
experimental measurements. This validation exesi®sved that the assumptions made

for CSBC experimental analysis were reasonable, demonstrating that the CSBC
technique had promising accuracy in terms of characterizing the battery fdihee.
second stage development of thedtery failure model thermokinetic modeli utilized

both COMSOL heat transfer module and chemical engingenwdule. The development

of this model is specifically demonstrated LCO (T-Energy ICR1865pLIB cells. The

CSBC experimental data collected and reported previously weeel un an iterative
inverse modeling analysis to determine the key model parameters, and it was found that
one chemical reaction was sufficient enough to effectively describe the battery failure of
the LIB sample at each tested state of charge (SOC). thd m | di dnot requi
describing battery structure or detailed battery component properties. The fully
parameterized model was then validated against additexy@@riments conducted in

CSBC: nonstandard CSBC experiments on single battery wdlich data was not
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utilized in the model development proced#alidations were provided through a
comparison against the temperature measurements collected imdhestandard CSBC
tests.

Finally, an important but not sufficiently studieget type of battery failurel
cascading battery failure was examined in this dissertatiascadindoatteryfailure tests
were conducted where multiple LIB cells were assemivedl billiard pack to examine
the cascading thermalipduced failure of LIBs.The developed and validated thermo
kinetic battey failure model was then utilizetb simulate theonset time ofthermal
runaway for each LIB celh this cascading failure testonfiguration. Experimental data
and simulated data were compared to evaluaexirapolation capability of this battery
failure thermokinetic model.

This dissertations focused on reporting: 1). The detailed dggimns of CSBC
technique anall types of experiments conduct@@hapter 2)2). The analysis procedure
of CSBC techigue and experimental results (Chapter 3 and Chapter 4); 3). Numerical
modeling for the validation of CSB@xperimentalmeasurements (Chapter 5); 4).
Thermaokinetic model of thermaliynduced failure of LIBs and its application in
simulating cascading batty failure (Chapter 6).)5Concluding remark@hapter 7); ad

6). Future work as an extension of current st(Clyapter 8)
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Chapter 2: Experimental Methods

2.1 Battery Samples

One of the most commonly used form factoLtB cells, 18650 weresekctedin
this study. LIBs in this form factor aie the shape ofylinders with 18 mm in diameter
and 65 mm in heighfThe three types of LIBells analyzed in this study are:Hnergy
ICR18650, Panasonic CGR18650CG and K2 18650Esd&bkamples are showm
Figure 3 and their cetailed speifications aregiven in Table 1. The man differences
betweenthese samples is the chemicalsture of the cathode material, and because of
this major differenceT-Ener gy | CR18650 <cel | sLiBacells, ref er
Panasonic CGR18650CG c elLIBgellssandeK2 186850Eecellsed t o

arerefered t o &lBcefisL FP O

\ = b
1

LCO § NMC § LFP

Figure 3. Tested LIB cells with (left) and without (right) plastic packaging.
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Table 1. Specifications of tested LIB cells.

LIB Type LCO NMC LFP
T-Energy Panasonic
LIB Model ICR18650[67] | CGR18650CG6g | <2 18650H69
Cathode lithium cobalt m'jatr?";rﬂer;'gkgbah lithium iron
oxide gan phosphate
oxide
Anode carbon carbon Carbon
Nominal
Capacity (mA h) 2600 2250 1500
Nominal Voltage
3.7 3.6 3.2
V)
No. of Safety
Vent Ports 4 3 5
Mass without 44.00+0.07 42.30+0.04 38.60+0.11
packaging (g)
Prior to each experiment, the cell ds pl

charged to a specific SOC with an iCharger 208B using the constant current/constant
voltage nethod. More specifically,axzh battery was first fully discharged to a minimum
voltage of 2.5 V using a constant current of 1.0 A. Subsequently, the battery was charged
to 4.2V using the constant curreifl.0 AYconstant voltage method until the charge
current fell below 0.1A. The capacity of each cell was measured during this charging
process and was found to be within 3% of the nominal capguwitsll the tested LIB

cells Finally, the battery was discharged using a constant current of 1.0 A wntil th
desired SOC was reached, as calculated by current integration.

The investigate@OCs were 0, 25, 50 and 100%. The open circuit voltages of the
cells and theelectrical energy stored in them, which was directly measured dy th
charger, are listed ifiable 2. Dueto the differences in the cathode chemistry and cell
design choices, different cell types had significantly different electric capacities.

Theefore, to provide adequate comparisons, the key quantities describing the failure
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process are presented in this manuscript as a function of the stored electrical energy (kJ),

rather than SOC.

Table 2. Open circuit voltage and electrical energy stored in LIB samples at different

SOCs.
LCO MNC LFP

sSOC Cell Electric Cell Electric Cell Electric
Voltage Energy Voltage Energy Voltage | Energy

V) (kJ/W h) V) (kJ/W h) V) (kJ/W h)

0% 3.2 0/0 3.0 0/0 3.2 0/0

25% 3.7 7.6/2.1 3.6 6.1/1.7 3.2 4.0/1.1
50% 3.7 15.5/4.3 3.7 13.0/3.6 3.3 7.9/2.2
100% 4.2 32.8/9.1 4.2 27.0/7.5 3.5 15.8/4.4

It should be noted that, while the main difference between the cells was the

cathodechemistry other differences in structure and composition were likely to be

presentbut unavailabledue to the commerciatature of the tested specimedese

differencemay alsoh a v e

contr.i

performance and fiare dynamics.

2.2 Copper Slug Battery Calorimetry

but ed

t

o the

A new experimental techniqu&opper slug battery calorimetry (CSBQyas

developed in this study to enable time resolved madngoof the energy release during

the thermallyinduced failure ofan 18650LIB cell. The trermally-induced failure of the

tested LIBwas initiated through controlled heatindh schematic of the copper slug

battery calorimetry (CSBC) is shown iRigure 4. The primarycomponent of this

apparatus is hollow cylindercomposed of 166 g of pure (99.5%) copper (26 mm in
outer diameter and 65 mm in height). This cylinder (or shag) a wall thickness of 4

mm. It houses a battery specimen and is equipped with an embedded, stiegéss

sheat hed,

type

K thermocoupl e
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depth of 20 mm), which temperature is recorded at a frequency of 1 Hz by a computer.
An LIB is inserted into the cylinder in such a way that its top surface is level with the
cylinderdéds edge dsmate open do the atimespherhey iptertal p o r
dimensions of the cylindeare selected to ensure a tight fit and a good thermal conta

with the inserted battery.

/Theriﬁii_&;ﬁﬁe _7__(73‘6[‘,‘13‘,,-‘ lug Thermocouple
LIB

\
/

=
200 mm

Figure 4. Schematic of the CSBC apparatus.

The controlled heat is delivered by supplying DC power to a resistive heating
wire (OMEGA NI80-010-200) electrically insulated with 3MRuban Isolantape and
tightly wrapped around the cylindeA BK Precision 1685Bpower supply is used to
provide constant, welllefined electrical power, with d&tgs controlled by a computer.
Gemcolite FG23l12HD ceramic fiber insulation material is machined to a cyliaflric
shape (200 mm in diameter and 100 mm in height), with a cylindrical opening (26 mm in
di ameter and 65 mm in depth) from the insu
insulation houses the heated slug tightly in the center of insulation witth thermal

contact. This design is to minimize heat losses from the system to the environment.
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2.3 Power Loss Calibration

An analysis of the processes inside an LIB using the CSBC apparatus requires
that the rate with which thermal energy is transferredhfthe copper slug and battery
specimen to the insulation and ambient air (here referred to as pmssgld accurately
guantified. This quantificatiorsibased on calibratiorkxgeriments in which a batterg i
replaced with a solid copper cylinder of thi#8 dimensions(the dummy battery)This
dummy battery, whictweighed147 g was heated up to 800 K using constant electric
power inputs ranging fror20 to 100 W in 20 W increment§he temperaturef the slug
and dummy battery werecorded as a functiasf time at 1 Hz.

To measure the dummy b adst eguippédswithtae mper a
stainlesssteelsheathed, type K thermocouple, which wasipbsi oned at t he
axis. The slug and dummy battery temperature histories, combined with th&neelh
thermal properties of copper, were used to determine an empirical expression for power
loss as function of the temperature of the sllige analysis ofpower loss calibrations
experimentsto obtain this expression is des&tb in Chapter 3. The calibration
experiments have beeronducted regularlyn current study to make sure that any
potential impact of apparatus changes associated with multiple heating/cooling cycles on

theheat loss is taken into account.

2.4 CSBC Tests to Measure Internal Heat Generation

The tests of LIBs were first conducted in a statmhe version of the CSBC
apparatus. This apparatus was placed under an exhaust hslbadwas inFigure 5 to
remove volatiles and aerosols generated duhedailure procesd he LIBs were heated

with a constant power of 20 W, supplied continuouslhtiierduration othe experiment.
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In addition to the slug temperature, which was recorded as a function of time, the time of
the onset of safety venting, onset of thermal runaway and thermal runaway termination

werealso carefullyrecorded.

Ambient Air

Figure 5. Setup of the battery experiments in open atmosphere.

The onset of safety venting was defined by a clearly audible sound, immediately
followed by an appearance of aerosol jets enmag&tom the safety vent port§he onset
of thermal runaway was detect by observing a sharp increase in the rattheslug
temperature rise, which was accompanied by a sudden boost in the intensity of the jets.
The end of thermal runaway was assumed to correspond to the point in time when all
venting ceased and the slugnygerature approached a platedine experiment was
stopped 200 s after this point.

For eachbattery type, 1@pen atmosphere tests were condddor each studied
SOC to accumulate statisti¢40 tests in total)Each LIB specimen was weighed before
and after each test ttetermine the total mass lost. addition, 3open atmosphere tests

were performed for each battery type at each SOC wherelétric heating was stopped
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immediately prio the onset of thermal runawayhese tests were carried out to
determine the amount of mass that the LIBs lost duitiegsafety venting phase only.

Finally, 3open atmosphere tests were performed for eat@rpaype at each SOC on the

LIB specimens that already underwent thermal runaway to determine potential changes in
the batteryodos heat capacity. This i nformat

the failure procesaspresentedn Chapter3 and Qapter 4

2.5 CSBC Tests to Measure Radial Thermal Conductivity of LIBs

Inthesee x per i ment s, the temperature at t he
were measured simultaneously when timsted LIB cellwas heated up using a constant
electric power inpt of 20 W.This measurement showed a temperature gradient in the
batt er y 06 stiom ahich eas be diilize@ imumerical modeling to quantify the
L | Bradgslthermal conductivity.

More specifically, an opening in the diameter of 1.6 mm was mathahdhe
center of the batteryds negative end. Thi
diameter ofabout 1.6 mm located at the axis inside the battery. A stahdtessd
sheathed, type K thermocouple was inserted into this channel to the d&ptmaof from
the batterybés negative end. The measured t
simulated by numerical modeling utilizing COMSOL heat transfer module. With the
knowl edge of all mat er i al éadialthehmel condadtivitp r op er
of battery) and that of thermal boundary conditions defined in the model, the value of
radial thermal conductivity of b&try was being modified tdhe point where the

simulated temperatures and the experimental measureroénhe temperates reach
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excellentagr eement s. The analysis and result
reported inChapter 5

For safety concerns, this practice was only conductedlI®rcells at 0% SOC
(fully-discharged) The heating was stopped when the tentpegaa t L | Bréasheda x i s
400 K, where no significant thermaligduced failure was initiateget It was assumed
that theradialt h e r ma | conductivity of batteang was

it was not impacted bghe battery failure events.

2.6 CSBC Tests to Measure External Flaming Heat

In this set of experiments, the CSBC apparatus was mounted under the hood of a
standard cone calorimetf#5], a Govmark CC1, asillustrated inFigure6. Thecone
heater wa removed from the calorimetethe cone cal ori meterds
replaced by a hot wire igniter, which consistefda coiled OMEGA NI80-010-200
resistance heating wifermed into a 22 mm diameter loophis loop was suspended 5
mm above the top of an LIB specimen inserted into the CSBC apparhtugniter was
powered by 58V of AC electrical power, which prodeda bright red glowing wireThe
standard cone calorimeter igniter was not utilized in these experiments because it was
found to be too small to provide simultaneous ignition of species ejected from all three
battery safety vent ports. The LIBs were heat#ti a constant power of 20 W (the same
power as was utilized in the open atmosphere CSBC experiments), supplied continuously
for the duration of the experiment to initiate the battery failure. The combustible battery
products coming out of the safety veudrts were ignited and the flaming combustion

were held by the hot wire igniter.
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Figure 6. Setup of the battery experiments in cone calorimeter

The rate of energy release associated with flaming combustion of the species
ejectal from the LIB during its failure was measured as a function of time by quantifying
the rate of consumption of oxygen in this well ventilated,-p@mixed combustion
process and relating this consumption to the energy release through an empirical constant
as defined by the standaf@5]. Standard oxygen consumption calibratiprocedures
were followed. 5cone calorimeter experiments were conducted for each battery type at

each SOC to accumulate statistics.

2.7 CSBC Tests in Nitrogen Atmosphere

In this set of experiments, the CSBC apparatus was placed inside of a 53 cm tall
and 25 cm diameter aiight stainless steel chambersd®wn inFigure 7. This chamber
was purged with high purity nitrogen at a rate of 3 L HiB experiments were
conducted in this chamber using tiMC LIB cells (Panasonic CGR18650G@Gt 100%

SOC, which were subjected to the same heating cond{fz®ng/) as those realized the
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open atmosphere experimenidie slug temperature and oxygen concentnatio the
chamber were recordedhe latter parameter was measured by directing a fraction of the

chamber exhaust stream through the cone

To Cone Calorimeter
0, Analyzer

Air-tight Steel
Chamber

Nitrogen
Environment

LIB

CSBC

—— Nitrogen —

Figure 7. Setup of the battery experiments in nitrogen atmosphere.

These tests were conducted to fyetinat the heat feedback from tfi@me, which
was observed during the thermal runaway phase of 100% SOC open atmosphere
experiments (due to auto ignition of ejected battery materials), was negligible and did not
impactthe slug temperature readindgferforming these experiments in nitemgensured
that all flaming combstion was suppresse@ihe oxygen monitoring was carried out to
ensure that the chamber was completely purged of oxygen at the beginning of the
experiment, and that no significant amount of oxygen was produceagdhe baery
failure processit should be noted that a significant oxygen production by the LIBs would
make the cone calorimetry measurements described iGltapter 2.@inreliable. There

tests were only conducted fdMC LIB cells.
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2.8 CSBC Tests for Battery ikae Model Validation

This set of experiments were conductedtfa purpose of validating the accuracy
of the castructed battgr failure model, and it includethe following nonstandard
CSBC teststests wherd.CO LIB cells at 100% SOC were heated lgating power
ranging from 40W to 100W in the segment of 2W (3 tests were conducted for each
heating power and tests where the LCO LIB cells were charged to 75% SOC and heated
by 20 W. The copper slug temperature measurements in all of these testslertkas a
function of time, werecompared to the model daia validate theaccuracy of thdully
parameterizedhermaokinetic battery failure modelThe cetailed validation procedurs i

described irChapter 5

2.9 Cascading Battery Failure Tests

In addtion to CSBC tests on single cell, experiments were also designbd in t
study toexamine the cascauj failure behavior of LIBs at 100% SOChe experimetal

setup is illustrateth Figure8.

Thermocouples (TCs)

Top View

Surface Heater

Figure 8. Experimentsetup forcascading battery failuredts.
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6 LIB cells wee fully charged and closely attached in a billiarehfoguration.
These 6 LIB cellsvere housed in thermal insulatioraterials made by Kaowool PM0-
73], which wa used to minimize heat losses from the system to the environment. A
surface heater (65 mm in length and in the width that equals to I8 périmeter of the
LIB cell) was made by a resistive heating wire (OMEGA NIBID-200) coiled and
insulated with 3M Ruban ¢dant tape. The surface heaterswwhen wrapped on 1/3 of the
side wall of the first LIB cell (away from the propagation direction) and tightly
sandwiched in betvem the LIB at the Strow and the isulation material. This heater sa
powered by a DC power supply (BK Precision 1685B) to initiate ¢ascading
thermallyinducedLIB failure. Thisexternal heatvas set at 40 W and waontinuously
supplied throughout ezh test The temperatures of the systemrgvbeing monitored at 4
different critical locationdy type K thermocouples (TCsgp indicated irFigure 8: the
interface between th#' and 29 rows of LIBs(TC#1), the interface between ti28° and
3" rowsof LIBs (TC#2 and TC#3), and the interface betwdeBi row of LIBs and the
insulation materia(TC#4). Theheight of the measuring pointsweath al f of t he L
height. A data acquisition module (DAQ) was utilized to measure the temperature at a
frequency of 1 Hz and record the data as a function of #médD video wa taken for
each experiment.

10 experiments were conducted in ambient airre/tiee spacing in between all
the LIBs was 0 mm(0 mm spacing test in ajr)l0 experiments were conducted in
ambient air where the spacing in between all the LIBs were increased to (3 mm

spacing test in airjandthe lastlO experiments were conductiednitrogen environment
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with 0 mm spacind0 mm spacing test in nitrogetg eliminate the heat feedback from

the flaming to LIB cells duringhe cascadinépilure (Figure9).

To Ambient

Air-tight Steel
Chamber

Nitrogen
Environment

Cascading Battery
Failure Test

I\ Nitrogen ”I

Figure 9. Cascading battery failure test in nitrogen environment.

Each test was stopped when all of the 6 LIBs in the pack went through thermal
runaway.After the experimenighe time to thermal runawaof each row of LIBs were
determined by analyzing the HD vided$e onset of thermal runaway was detected by
observing a sudden boadtventing of battery materials from thenting ports, which is
the same criteria as adoptedd8BC tests on single Bicell.

These test results will be analyzed and presented in Chépidoreover, he
thermek i net i ¢ model daflure,aonce deve®@ed and Valelated,anill be
utilized to predict the time to thermal runaway this cascading battery failure te$he

extrapolaion capability of thethermagkinetic battery failuremodel can be evaluated

30



such wayby comparing the simulated results and the experimental observakioss.

exgacise is reported in Chapter 6.
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Chapter 3: Experimental Data Analysis

3.1 CSBCGoverning Equation

The majorassumption invoked in the analysis of the CSBC experiments was that

the temperature inside the battery was spatially uniform and eqtls temperature at
the copper slug,T,, . The Biot number[74] estimated for this experiment by
approximating an LIB as an aluminum cylinderajgroximately0.002, which supports

this assumptionProvided that this assmpt i on i s wval i d, the CSB

conservation statement can be formulated as follows:

deIug dTs.lug
Rn + PIHG = slugrnslugF T CugMyg T + Ross (1)
The left hand side of Equation (1)rgains energyroduction termsP, is the

electric power supplietb CSBC to heat up the tested L(Bis power is kept constant for

the duration of the experiment),,, is the power ofnternalheat generation bgn LIB

during itsthermal failure processes, whihthesoughtafter quantityandis a function of
time, t.

The right hand side of Equatidf) contains energy sink terniBhe first term is

the sensible heat of the slug expressed in terms of itscapacity Cy,q) and mass

(My,e). The heat capacity of the slug is equal to that of copper and can be defined by the
following function of temperature:

Coug = 279P 107" +4423 10T, - 492210 ' T3 +220° 10T +1.08 10°T2 (Jg K™)  [75].

The mass 6 the slug can be directly measuréthe second term is the sensible heat
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associated with an LIB express@gg)andmass er ms

(M, g). The last term, represents the rate of thermal energy transfer from the slug

loss?

and battery specimen tbd insulation and ambient ain particular B, includes the

energy thatoés transferred to the infdossul ati o
from all apparatus surfaces to the ambientQirantification of the last two terms is the

subject of the following subsectian

3.2CSBCPower Loss Calibration

P

loss

was evaluated using the data collectadthe calibration experinmts as

described in Chapter 2.2n exampleof the data isshown inFigure 10. The dummy

battery temperaturey,,, ... was close to the slug temperature for all heating conditions.
1000 — 7T
800 4
600 J
<)
B~
400 F Py=20 W, Ts!rﬁg Taummy ------ 7
Pin=d0 W, Tsig —— Tdummy ===~
Pi=60 W, Tsftﬁg — Tdummy """
200r Pi=80 W, Tsiug Tetummy 7
Pi=100 W, Tug Tetummy

0 M 1 L 1 1 1 1 1 1
0 2000 4000 6000 8000 10000
{(s)

Figure 10. An example of data collected in penioss calibration experiments.

For these experiment®,,, =0; Cg is the heat capacity of copper; aftg is

the directly measurednass of he dummy batteryTherefore, the value df . can be
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computed from the measured temperatures using Equéit)orin these calculations,

dE'UQ in the battery term was replaced w'2 d(TS'”g;tT““m”'y) to take into account minor
t

temperature noeaniformities observed in the systeThe results of these caletionsare
presented irFigure 11. Theseresults indicate thal,. increases with increasing slug
temperature and heating power. The noisePRig is produced by a numerical

differentiation of the temperature data.

60 T T ' T T T

40

Ploss (W)
[y*]
<

—P,220W
—P=40W
—P,=60 W
P,=80 W
P,=100 W

_20 L 1 n 1 " 1 "
200 400 600 800 1000
T, lug (K)

Figure 11. Energy loss rates computed from the temperatureadlected in the power
loss calibration experiments.

Here it was hypothesized that the rate of energy loss can be represented by an

empirical dependence of the form:

— 4 deIug
I:I)oss - Ab + AlTslug + Tslug +B dt (2)
where Ab, A& andA4 are constants ariélis a function of the slug temperature,

B=hy +b Ty, +0,Tg, thTo, th T, (3)

slug slug 4 "slug
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This expression forB,, was parameterized as follows. The values of the

deIug 92

N

dt g

: . I . e
polynomial coeff|C|ents,b. , were selected to minimize the differencegh),,- B
e

calculated from the results of the calibration tests conducted at diff€fentA

representative example of the results ofs tlexercise isshown in Figure 12
Subsequentlyall overlapping, heatingatecorrected power loss curves were fitted with
the sum of the first three rightandside terms in Equatiof2). The results of this fitting

procedure are alsshown inFigurel2 as a blacklashed line.

60 : . - . . T
% - 4 o
% 40F AO + AlT;Iug e A4Ts/ug ,,lml !, =i
&; ‘%; i g ,Il‘l;’,»"‘ )
= \Hf_‘,';!'-" M‘\
R 20f ot ,W -
I A
g —P,=20W
RS —— P, =40W
OF —P=60W
P,=80W
P,=100W
_20 L 1 I 1 L 1 "
200 400 600 800 1000

Tslug (K)
Figure 12. Power loss corrected for heating rate dependence.
This analysis produced an expression Bgg that accurately represented a given

series of the calibration experiments. Typical values of the coefficients obtainediwith th
analysis aregiven in Table 3.To make sure that any potential impact of apparatus
changes associated with multiple heating/cooling cycles on the heat loss is taken into

account, the power loss calibration testsl ahe analysis were conducted regularly.
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However, because of the structural stability of the thermal insulation material adopted in
CSBC, the change in power loss was fotady minor, thus negligible.

Table 3. Typical coefficients obtained for the energy loss rate expression (Equations (2)

and (3)).
Coefficient Value Units
Ao -1.14x16 w
A1 4.00%10? W K
Ay 4.90x10" | WK™
bo -1.15x16G JK?
b1 7.00x10" JK?
b2 -1.20x10° JK3
bs 8.30x10" | JK*
b4 -1.20x1019 | JK®

3.3 LIB Heat Capacity and Mass

The LI B6s hGgm)tthe vadue af ahich is necessary to quantify the
second righhandside term in Equation (1), was computed from the resulteeobpen

atmosphere experimentRepresentative,

slug

histories obtained in these experiments at

various SOCs arghown inFigure13 (LCO), Figure14 (NMC) andFigure 15 (LFP). The
times and temperatures of thaset of safety venting and onset of thermal runaway are
indicated in theefigures. Detailed time and temperature of onset of those failure are

reported and compared @hapterd.
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Figure 13. Representative temperature histofmsLCO LIBs measured in the CSBC
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Figure 14. Representative temperature histories for NMC LIBs measured in the CSBC
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Figure 15. Representate temperature histories for LEPBs measured in the CSBC
experiments conducted in open atmosphB¢e20 W).

Assuming that before the onset of safety venting there is no significant chemical

or physical trarfermations inside the battery (i.€,; =0), and that the mass of the

battery remains equal to its initial mass, this segment, ollependence on time can be

used to comput& g (using Equation (1) and provided that, has been quantified).

The results of representative calculationdgg are shown as function of temperature

in Figure16 (LCO), Figure17 (NMC) andFigure 18 (LFP). Ignoring the initial rises in

the heat capacity, which are hypothesized to be associated with initial spatial non
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uniformity of the heating rateG g is essentiallyindependent of temperature or SOC.

The mean values d¥ 5, obtained from the redts of 40 CSBC tests for each battery

type, were alfound to bel.1+0.1 J ¢ K. The uncertainties of all results of this study
are reported as two staard deviations of the mean. Using the same methodology, the

heat capacity of the batteries that underwent thermal runaway was measured and found to

be indistinguishable from that of the operational LIBs. This valu€ gf was found to

be comparable to what was evaluated previously by Maleki ¢76&].and Kawaiji et al.

[77.
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Figure 16. Heat capacity oECO LIBs calculated from the results of the CSBC
experiments conducted in open atmosphere.
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Figure 17. Heat capacity oNMC LIBs calculated from the results of the CSBC
experiments conducted in open atmosphere.
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Figure 18. Heat capacity oEFP LIBs calculated from the results of the CSBC
experiments conducted in open atmosphere.

I n addition to the knowledge of the bat

(M, g) during the CSBC experiments have to be accounted for to correctly compute the

second rightandside term in Equation (1). The measurements performed in this study

are summarized imable4.

41



Table 4. Averaged masokt duing each failure event for eatypes oftested LIB

LCO
SOC Mass Lost During Mass Lost During Thermg Total Mass Lost during
Safety Venting (g) Runaway (Q) Battery Failure (g)
0% 4.5+0.2 0 4.510.2
25% 3.0+0.2 1.7+0.1 4.7+0.1
50% 3.0+0.4 3.7+0.2 6.7+0.3
100% 2.5+0.3 13.5+1.5 16.0+1.3
NMC
SOC Mass Lost During Mass Lost During Thermg Total Mass Lost during
Safety Venting (g) Runaway (Q) Battery FailurgQ)
0% 5.5+0.1 0 5.5+0.1
25% 3.5+0.4 1.61+0.4 5.1+0.4
50% 4.4+0.2 1.9+0.2 6.3+0.3
100% 5.0+0.5 11.1+0.5 16.1+0.5
LFP
SOC Mass Lost During Mass Lost During Thermg Total Mass Lost during
Safety Venting (Q) Runaway (Q) Battery Failure (g)
0% 5.6:0.1 0 5.6:0.1
25% 4.1+0.1 1.3:0.1 5.4+0.1
50% 4.2+0.2 0.9+01 5.1+0.2
100% 4.140.2 1.2+0.1 5.3+0.2

The results of these measurements, together with the assumptitmethranting

and thermal runaway ejections occur at a constant rate, were used to cdfbfguct

evolution profiles. Examples dfCO LIBs areshown inFigure 19, examples oNMC

LIBs are shown irFigure 20 and examples for LFP LIBs are shownHigure 21. An

individual profile was construatiefor each CSBC open atmosphere experiment to take

into account variation in timing of the safety venting and venting associated with the

thermal runaway.
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Figure 19. RepresentativeCO LIBs mass historiedX,=20 W) usedn thecalculation
of failure energetics.
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Figure 20. RepresentativBlMC LIBs mass historiedX,=20 W) used in the calculation
of failure energetics.
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Figure 21. RepresentativeFP mass historiesRj»=20 W) usedn the calculation of
failure energetics.

45



Chapter 4. Experimental Results

4.1 Timing and Temperature &f | BT®edmallyinduced Failure

10 standalone CSBC experiments were conducted for each type of LIBs at each
studies SOC where thermailyduced failure behaviors were carefully observed.
Representative copper slug temperature histonessuredheseexperiments for all LIB
types and SOGettingsare comparedn Figure 22. The onsebf thermal runaway was

detected by observing sudden boost in the intensity aérosoljets emanating fom

safety vent portand concurrent sharp increase T,

slug *

The time andtemperatures

corresponding to the onset of safety venting drafnbal runaway are summarized in
Table 5 to Table 7or LCO, NMC and LFP LIB cells, respectively.llAuncertainties
reportedin these tables and in the rest ohie manuscript were computed as tstandard

deviations of the mean. The end of thermal runaway teatyres, also specified ifable

5 to Table Averedefined to correspond to the find),, plateau. None of the LIBs 826

SOCdemonstrated an apparent thermal runaway. Therefore, their end of safety venting

temperature was defined similarly to that of the end of thermal runaway.
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Figure 22. Representative slug temperature histories recorded in the CSBC experiments
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Table 5. Timing and temperature of safety venting and thermal runaway observed in the

open atmosphere experimentsL&?O LIBs ( Pin=20 W).

soC Safety Venting
Onset Time (s] Onset Temperature (K End Time (s) End Temperature (K|
0% 1461+49 47014 3295+39 581+2
25% 1418166 468+6 1704+39 505+2
50% 1414162 470x4 165512 500+2
100% 1235437 451+5 1362427 47014
soc Thermal Runaway
Onset Time (s] Onset Temperature (K End Time (s) End Temperature (K|
0% N/A N/A N/A N/A
25% 1704+39 50512 1987137 611+5
50% 165542 500+2 1891+44 69816
100% 1362+27 47014 1547+22 701+20

Table 6. Timing and temperature of safety venting and thermal runaway observed in the

open atmosphere experimentsNMC LIBs ( Pin=20 W).

soC Safety Venting
Onset Time (s] Onset Temperature (K End Time (s)| End Temperature (K
0% 1160+27 451+4 3103458 59915
25% 1166+36 450+3 1685+16 511+1
50% 1105+39 447+4 1697+31 540+3
100% 899+39 428+5 1366135 494+2
SOC Thermal Runaway
Onset Time (s] Onset Temperature (K End Time (s) End Temperature (K|
0% N/A N/A N/A N/A
25% 1685+16 511+1 2221427 614+2
50% 1697+31 540+3 2019+36 7175
100% 1366+35 494+2 1556+46 727+13
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Table 7. Timing and temperature of safety venting and thermal runaway observed in the
open atmosphere experimentsldiP LIBs ( Pin=20 W).

soC Safety Venting
Onset Timgs) | Onset Temperature (K End Time (s) End Temperature (K|
0% 1284+35 45443 220136 516+3
25% 145652 47145 187126 513+2
50% 143%72 46916 184633 510+1
100% 1442+39 471+3 181627 516+2
soc Thermal Runaway
Onset Time (s] Onset Temperature (K EndTime (s)| End Temperature (K|
0% N/A N/A N/A N/A
25% 187126 513+2 211130 536+3
50% 184633 510+1 2156t33 555+3
100% 1816t27 516+2 204619 584+2

In general, for different battery chemistries at the same SOC, the temperature
profiles followed similar behaviors. For example, all three types of tested LIBs at 0%
SOC didnot show o bviAfteu snsett d¢f esafatya denting, utrea wa vy .
temperature mfiles showed some minor fluctuations. For all higher SOCs (25%, 50%
and 100%), LCO and NMC LIBs will produce comparable plateau temperature, both are
higher than LFP LIBs. This indicates lower magnitude of energy was generated by LFP
LIBs compared to LCGand NMC, and LCO and NMC LIBs produced comparable
amount of energy if at the same SOC. The temperature change after the onset of thermal
runaway was generally tastestfor LCO LIBs.

With the exception of NMC cells at 100% SOC, the onset of safety gentin
temperatures were found to be in the range between about 450 and 470 K. The fully
charged NMC cells started venting at temperatures 20 K below this range. The onset of
thermal runaway occurred between 490 and 540 K in all batteries with the exception of

fully charged LCO cells, for which the thermal runaway initiated 20 K below this range.
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Neither the safety venting nor thermal runaway temperatures demonstrated a clear trend

with respect to SOC or battery chemistry.

4.2 Internal Heat Generation

Based on Huation (1) representativeinternal heat generation ratdsP,; )

computed from thd.

slug

and m ; dataare shown irFigure 23, Figure 24 and Figure 25

for LCO, NMC and LFP LIBs, respectively
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Figure 23. Internal heat generation by the processes inside LCO LIBs during their
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Figure 24. Internal heat generation by the processes inside NMC LIBs during their
thermal failure Pin = 20 W).
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Figure 25. Internal heat genation by the processes inside LEBs during their thermal
failure (Pin = 20 W).

In general, eaclP,,; profile contains a small but persistent endothermic peak
detected at A5OC and for all battery types, which is speculated to be associated with the
vaporization of electrolyteThe timing of this pealcorresponds tdhe onset of safety
venting The temperature of this peak is at arods® K for LCO, 450 K for NMC and
440 K for LFP LIBs, respectively. The intensity of this endothermic peak observed for
NMC LIBs is about half as those for LCO and LFP LIBshese differences are
speculated to be associated with difference in electrohygenistries equipped in these

threebattery types.
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Two subsequent exothermic peaks are detected for LCO LIBs at 0% SOC as well
as NMC LIBs at both 0% and 25% SOCs. These two peaks are possible to correspond to
decomposition of the anode and cathode artti&r reactions with organic matter (from
remaining electrolyte and separator materials). This pattern, however, is not present
anymore forLCO LIBs at 25% SOCor all the LFP LIBs Instead, a large single peak

occupied the period of time associated with thermal runaway in theé®,, data

obtained.lt is believed that the two peaks afistinguishable as long as the exothermic
chemical reaction coesponding to thermal runawaynst intense enough. In particular,

the 0% SOC LIBsl 0 e s mdérdgo tharmal runaway for all three types of LIBs and the
NMC LIBs at 25% SOC has fairly small heat release rate during thermal runaway, which
results in those observable adjacent peaks. For LCO LIBs at 25% SOC, a single and
much higher exothermic peak ébserved instead, indicating a much higher exothermic
reaction rate related to the thermal runawkyr all three types of batteries at 25%, 50%
and 100% SOCs, LCO LIBs tend to have the highest peaks, while LFP tend to have the
lowest peakslt shouldalso be noted that, even &% SOGC exothermic processes are still

detected for all the tested LIBs.
A numerical integration of thé),; curves was carried out and itssults are

reported inTable 8. Theseintegrals represent the total heat produced inside the battery

between the onset of safety venting (including the endothermic peak) and the end of
thermal runaway (or, in the case @h®BOC, safety ventingY.he value ofP, integral

for 100%SOC LCO LIB reported here is consistent with what was reported in a recent
FAA report by J. Q. Quintiere et dI78] for a similar type of LIBsamplei 40 kJ/cell.

The table also contains the average internal heat generation rates computed by dividing
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the P, integrals by the duration of time over which théstegrals were taken. A

graphical representation of both of thegmntities is shown ifigure26. Thetotal heats

and average rates are plotted with respect to the electrical energy stored in the battery. It
is important to note that, unlikB,; integrals, the averagB,; values (or any other

computed measures béat generation rate) are specific to the thermal environment of the
CSBC experiments and may differ significantly from the internal heat generation rates
measured in other scenarios. These values are used here for comparative purposes.

Table 8. Summary of thenternalheat generation easurements.

P.c Integral (kJ) Average P, (W)
SOC
LCO NMC LFP LCO NMC LFP
0% 8.4+0.6 4.520.5 0.7+0.2 3.5£0.2 2.3£0.3 0.5+0.1
25% 21.2+0.6 | 14.1+0.3 6.6x£0.7 35.2+1.0 | 13.0+£0.7 9.5+0.9
50% 37.4+1.1 | 32.5+1.1 9.7+0.8 62.3+1.8 | 31.3+3.7 | 16.2+1.3
100% | 37.3x3.3 | 34.0£1.8 | 13.7£0.4 | 62.5#5.5 | 49.4+3.2 | 22.840.7
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Figure 26. Dependence of the total internal heat produced (left) and average internal heat
generation rate (right) on stored electrical energy. The dashed lines are spline

interpolations of the displayed experimental data points. The dotted line (in the I&ft grap

is a hypothetical curve for an LIB if it produced heat equal to the stored electrical energy.

For all LIB types, both the total internal heat and the average rate of its production
increase with increasing stored electrical energy. However, the ratessef increases
become small or negligible as the battery SOC approaches 100%. The LCO released the
most internal heat at the highest average rate followed by NMC and LFP cells. This order
i's consi stent iwcapabitied (istedn Tablé 2). dhe LHP lisethe tonly
battery for which the total internal heat falls below the stored electrical energy at 100%
SOC (the dotted tie in the left grah of Figure 26 represents a hypothetical battery for
which the electrical energy and internal heat released are equal). The rest of the LIBs

produce gnificantly more internal heat than the electrical energy that they contain.
It should be noted that the computBg, integrals may not represent all heat

released in the chemical reactions of LIB ematls. As indicated fronfFigure 19 to
Figure 21, a significantfraction of these materials is ejected from the cells during the

failure process. Provided that these materials are not immediately consumed in flaming
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combustion, the ejected materials may continue to react with themselves and produce
heat. This externdleat generation is likely to be most significant for a0 and NMC
cells at 100% SOC, which lose over 25% of their mass during the safety venting and
thermal runaway.

The external heat generationnet measured directly in the CSBC experiments.

However an estimate of its contribution can be obtained by plottingPtheintegral

with respect to the total mass lost by the cells at 100% SOC. The results ex¢htise

are shown inFigure 27. For the fully charged LCO and NMC cells, there is a
considerable variability in #hlost mass; and, as this figurglicates, the mass loss and

heat release correlate. It is possible to capgtisecorrelation with a straight line fitted to

the data using the assumption that the cell that loses all of its mass generates no heat
inside its casing. This providem extrapolation with an intercept of this line with the
ordinate that represents astimmate of the maximum heat that can be produced by the

battery materials, assuming that all of the mass is retained inside the battery during the

failure process.
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Figure 27. Relations between the total mass lost and heat prddosiele LIBs at 100%
SOC. The points are experimental data. The dashed lines are extrapolations of the
experimental data to zero mass loss conditions.
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For LCO and NMC cells, the maximum heat estimates are 59 and 55 kJ/cell,
respectively. The formeralue is within a few percent of that measured directlyyyn
and Waltersin the aforementioned repordl, 42 for the same LIB type and state of

charge using inert atmosphere bomb calorimetry. The LFPdala, also presented in
Figure 27, do not show a correlation between tRg; integral and mass lost due to

absence of any significant variability in the lost mass. Nevertheless, the same
extrapolation technique is applied to yield a 1&J&ell maximum heat estimate, which
turns out to be exactly equal to the total electrical energgdia this batterygeeTable

2).

4.3 Temperature Measurements for Radial Thermal Conductivity of LIBs

Figure28 shows the representativéemperature profiles obtained in CSBC tests to

determineradial thermal conductivity of all three types of tested LIB sam(ildmpter

2.5). The temperatures at copper slu,() are presented in solid lines while $eoat

L1 B0 s T ,a.%)ase présented in dashed lines.
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Figure 28. Temperature measurements for radial thermal conductivity of (28s20
W).

As expected, due the radial thermal conductivity of an LIB cell, a radial

temperature gradient was revealed Figure 28 for all tested LIB samples. HEse
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measurements will be later utilized in numerical modeling to determine the radial thermal

conductivity of LIBs via reverse modeling methodology.

4.4 External Flaming Combustion Heat

Representative flaming combustion heat release Mg, () historiesobtained

for all LIB types and SOC settingee shownfrom Figure 29 to Figure 31 for LCO,

NMC and LFP LIBs, respectivelyThe curves are sepagdt into 2 segments.One
segment is associated with the safety venting, the othdéth the thermal runway. With

the exception of 0% SOC cells (which do not experience thermal runaway), the
combustion energies released during these stages of failure appear toille isim

magnitude.
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Figure 29. Heat release rate of flaming npnemixed combustion of ejected LCO LIB

materials.
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Figure 30. Heat release rate of flaming npnemixed combustion of ejected NMC LIB
materials.
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curves (including both safety venting and

thermal runaway stages of failure) yields the total healamhing combustion.This

integration was performed from the point in time wHg,,.,, rises30 W abovethe

baselinefor the first timeto the point whenP;

laming

returrs to the baseline. ThBFlaming

integrals are reported Table9 together with the average rates of heat generation, which

were calculated by dividing thE,,;,, integrals by the corresponding time periods used

in the integrationA graphial representation of both of thegeantities isshown in
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Figure32. As in thecase of the internal heat generation, the total combustion heats and

avaage rates are plotted with respect to the stored electrical energy.

Table 9. Summary of the cone calorimetry measurements.

I:)Flaming InteQral (k‘]) Average I:)Flaming (W)
SOC
LCO NMC LFP LCO NMC LFP
0% 34.8+8.0 26.8+3.7 49.5+5.0 150+27 | 104+21 | 177436
25% 60.8+6.1 45.4+4 .6 35.5+3.6 186+36 | 100+10 95+10
50% 63.0+6.3 | 80.5+145 | 445+11.5 | 180+18 | 154+26 | 114+30
100% | 48.7+7.4 64.2+6.4 50.0+5.2 202+36 | 166+18 | 122+22
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Figure 32. Dependence of the total heat of flaming combustion (left) and average rate of
production of this heat (right) on stored electrical energy. The dashed lines are spline
interpolations of the displayed experimental data points.

The total combustion heats aletween 0.3 and 70 times higher than the

correspondingP,s integrals The rates of these distinct heat generation processes are

even further apart, with flaming combustion being at least 3 times higher. Ujike
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integrals P integrals do not demonstrate a systematic dependence on the cathode

laming
chemistry or SOC.

One phenomenon that may contribute to the absence of these dependencies was
revealed through analysis of the video recordings of theseimgres It is apparent
from the videos that the flame supportedtiy ejected battery materials svatemittent
(several moments of flaming combustion during the thermal runaway of a 100% SOC
LIB are shown inFigure 33), even though the ejection processsmeontnuous. This
intermittency wa thought to arise from high hydrodynamic strain rates associated with a
high velocity of the ejected matter tite early phases of safety venting and thermal
runaway. This intermittency exists despite a continuously operating hot wire igniter

located on the path of the ejected gases and aer8smie phenomena walso reported

in the aforementioned FAA repdiig].

Figure 33. Experimental observation of intermittent combustion dfieronset of
thermal unawayof a 100% SOQ.IB.
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To provide a rough estimate of the fraction of ejected battery materials that escape

without combustion (and therefore do not contribute to the measjygd), the videos

were analyzed toarnpute the fraction of time that the flame was absent while the venting
persisted. This fraction of time was found to be betweéx a6d 30% for all battery

types and SOC settings; it did not show a clear dependence on SOC or battery chemistry.

4.5CSBC Tst in Nitrogen Atmosphere

As shown n Figure 34, T, histories obtained from the nitrogen atmosphere

experiments on 100% SORMC LIBs are comparable to those measuredhia open
atmosphere experimentbhis observationndicates that the heat feedback from a flame,
which was observed during the thermal runaway phase of the open atmosphere

experiments, had no significant impact on the compwRed profiles. The oxygen

concentration histories measuredtli®e nitrogen atmosphere experiments show a slight,
©0.05 vol.% and brief°50 s, increase atdhonset of the thermal runawdlyis not clear
whether this increase is due to the oxygen production by the battery or is a result of
reaction of the gas analer to a pressure pulse produced by the battery materialeceject
into an airtight containerEven if the former explanation is correct (i.e., the battery does

generate oxygen during its thermal runaway), the amount of oxygen produced is too

small to imact the cone calorimetry measuremengigf,,, -
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Figure 34. Comparison of the results of nitrogen atmosphere and open atmosphere CSBC
experiments performed on 100% SQ®IC LIBs (Pin=20 W).

4.6 CSBC Tests for Model Validations

4.6.1 LCO LIBs at 100% SOC Heated by a Range of Heating Rates
Additional nonstandard CSBC tests were conducted for LCO LIBs, where

sample cells were charged to 100% SOC but heatdd pyanging from 40N to 100 W

with an increment of 20 WFigure 35 showsthe averagedl, , histories measuckein

slug
theseexperimentswhere theuncertainties are reported as two standard deviations of the
mean It is found that the temperature level reached after the onset of themaalay

shown in these profiles we comparable since all the tested samples were at the same
SOC. As P,, wenthigher than 60 W, no plateau temperature was reached since this high

heating rate would continue to heat up the whole system.
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Figure 35. Representative slug temperature histories recorded in CSBC experiments with
Pin ranging from 40 W to 100 W.

Same as the standard CSBC tests,dset of thermal runawanp these testwas

alsodetected by observing adden boost of venting intensignd it was always with a
sharp increase iil,, profiles.As P, wentup, the onset time of thermal runway tedd

to be shorterFigure 36 shows the onset time of thermal runaway decreased with

increasing heating rates
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Figure 36. Relations between the heating rd& and the onset time of thermal runaway
for tested LIBs at 100% SOC.

4.6.2 CSBC Tests on LCO LIBs at 75% SOC

One last type of CSBC tests were conducted for the purpose of validation of the

thermaokinetic battery failure model LCO LIB cells were charged to 75% SOC and

heated bykH, of 20 W in CSBC.3 swch experiments were conducted. The avedag

measurement of,

slug

is shown and compared with other standard CSB; profiles in

Figure37, where the uncertainties are calculated as two standard deviations of the mean
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Figure 37. Representative slug temperature histories dambin CSBC experiments thi
LCO LIB's SOCs ranging from 0% to 100%

The onset of thermal runaway, again, was defined as the pobtisefving a
sudden boost of venting intensiong witha sharp increase ik, measuremenfrhe
onset time and temperature of thermal runaway for 75% SOC LCO cells was found to be
relatively higherthan those fod00% LCO LIB cells. The plateau level @ﬁug for 75%
SOC LCO cells were found to be similar to both 50% SOCI&@o SOC cells, which
indicatedthat 75% SOC LCO cells can produce around 37Tkble8) of energy by the
reacting material inside the cell during theflrfelure. This observation, is consistent
with the estimate that can be obtainedrfrBigure 26. It also shows that, once a LCO

LIB cell is above 50%450C and goes to thermal failure, the amount of energy released

can be maixnized to its capacity.

4.7 Cascading Battery Failure Tests

After each cascading battery failure test, the HD video was analyzed carefully to

determine the onset time of thermal rmiag of each LIB cell. The definition dhermal
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runaway, same as what svadopted in CSBC test analysis, is the point where a sudden
boost of venting materials from the LIB cell isbsered. Figure 38 shows a
representative cascading battery failure tedtavior In this figure,(a) i (c) show the
thermal runaway of thestrow LIB, (d) i (f) show the thermal runaway of th&2ow

LIBs, and the (g) (i) show the thermal runaway of th& Bow LIBs.

(8)

Figure 38. Representative cascading battery failure behaviors, 0 mm spacing test in air.
()7 (c) show thermal runaway of thé& dow LIB, (d)7 (f) show thermal rnaway of the
2" row LIBs, (g)i (i) show thermal runaway of thé*3ow LIBs.
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The mean values of time to thermal runaway for LiBeach row in the battery
pack wee obtained from the results of 10 cascading failure tests in each of the three
configurations (Omm spacingestin air, 3mm spamg testin air, and Onm spacingest
in nitrogen). These results are presented and comparedch othem Figure39. The

uncertainties of these results are reported as two standard deviations of the mean.

1000 1 T T
= 800r } % .
=
= . ]
g
. 600F } .
= I } ]
: :
S 400f ¢ .
= % _
o
= 4 ¢ ¢0mm, Air
é 200 A A A mm, Nitrogen |
= E B B3 mm,Air

0 1 | |

1 2 3
Row # in Battery Pack

Figure 39. Average oiset time of thermal runaway different rows and theomparisons
between different experimental setupd.CO LIB cascading failure tests.

The resultdor 0 mm spacingestin air are presented by black diamonds, those
for 3 mm spacingestin air are presented by blue squares, and those fieamGspacing
ted in nitrogen are presented by red trianglese onset time of thermal runaway for the
15 row of LIBs was found to be the shortest im8n spacing tests in air, and the other
two configurations revealesimilar values.On the 29 row, the onset time of thermal
runaway for 3 mm spacing tesin air is about @6 and &% longer than that for 0 mm
spacing tests in nitrogen and 0 mm spacing tests in air, respecivetiye ¥ row, these
values are 45% and 85%, respectivdliiis is because that ais much lesghermaly

conductivecompared to LIBs (consisting of steel casing, etc.), air next tosthewl of

70



LIB will prevent fasttransferof heat in the battery pack. The influence of low thermal
conductivity of air is even more olous in 29 and 3° rows of LIBs. Additionally, in 3

mm spacing test, heat is also transfelegdely via the surface to surface radiations in
between different LIBs. Compared to heat transfer via condu¢tin® mm spacing
tests) radiaton is less effiient and slower, thus causing delayed thermal runaway for
LIBs in 2"9and 39 rows.

On the other hand, the onset time of thermal runaway fan0Ospacingestsin
nitrogen tests is generally longer than that fom® spacingtestsin air tests.This is
because that, the flaming combustion of vented battery material in nitrogen environment
is completely eliminated. The subtraction of this portion of heat, which still exists in tests
in air, will delay the battery failure propagation along this battery paakitrogen.It
should be noted that, in the cascading failueleh work presented in Chapter $ince
there is no simulation of external flaming heat onto LIBsgeéhe simulated results will
be compared to hm spacingtestsin nitrogen to ensure theowsistency of thermal
boundary conditions between simulation and experimental results.

Another important observation from all three types of these cascading battery
failure tests is that, the battery failure propagation fréfwdv to 39 row was noticedlly
faster than that fromsirow two the 29 row. It was because that, before tHé @w of
LIBs reached runaway point, thé?3ow of LIBs were already prheated. This heat
accumulated on the'®%row, with the large amount of additional energy caused by the
thermal runaway of @ row LIBs, would cause the™row LIBs to reach onset

temperature of thermal runaway much faster. It can be expected that, if there were
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additional rows of LIBs in the @&, the propagation of battery failure would eventually

be out of control at an exponentially growing speed.
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Chapter 5Numercal Modelingfor CSBC Validation.

5.1 Model Construction

Beyond the experimental work to understand the thernnadlyced failue of
LIBs, a numerical model of the CSBC experiments was constructed using the COMSOL
Multiphysics sétware [8], in order to validate the CSBC methodologyhe CSBC
apparatus was represented by an axisymmebject asshown in Figure 40. The
dimensions of the key object elements were defined to match those of the actual

apparatugFigure4).

ur 1 I~ AT

—— LIB/Dummy Battery

|

= - C sI
Axis | opper S8

I A . External
307 |  Heating

100
Surface

20 0 20 40 50 80 100 120 v am

Figure 40. A snapshot of simulated temperature distribution in the CSBC apparatus. The
geometric dimensions are in mm; the temperature is in K.

The key equations for heat transtgitized in COMSOL are:

T .
Q=pr“E+DC@| (%)

q=-kbT (5)
Where; i s t h(kg md)eQpssithe yeat capacitjd kgt K, k is the
thermal conductivityw m* K] andQ is the heat sourd& m=].

To simulate the CSBC experiments by this model, the key parameters are defined

as followed: The density, heat capacity and thermal conductivity of all copper elements
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were defined using available literature data [13, 15]. The density of the insula®n
measured and defined to be 350 kfm The insul ationdés heat C
from its known composition, 55 wt.% Si@nd 45 wt.% AdOs, and literature data [13].
The first part of heat source (Q) wasetelectrical heateof 20 W simulated by

distributing the supplied electrical power in a form of heat at the outer surface of the

copper slugln order to validate thd3,,; measurements by CSBC, the other part of the
heat source in the simulation was prescribed by following tiperexentally measured

P profiles. Details will be presented @hapter5.6. The numerical simulations were

conducted wusing fAextremely fineo°0.6mm)h opt.i
Thedefaulttime step was set at 0.2B3ecreasing or increasirtgis time step by a factor
of 2 did not change the results of the simulations, indicating convergertc&d s | mpor t &
to note that, this time step can be automatically reducedOMSOL to benefit the
simulationconvergence andcaracy at the points wheenergy generatiomate is high
(e.g. the onset of LIB thermal runaway).

The construction of this battery failure model consists of seveagr steps: 1).
The determination of the thermal boundary conditions including radiatiye@nvective
heat loss from CSBC to ambient air; 2). The calculatiah@®thermal conductivity ahe

insulation material(Gemcolite FG23l12HD ceramic fiber)utilized in CSBC by
simulating P, calibration tests3). The evaluation ofadial thermal conductivities of

the tested.IBs by using test results reported in Chapter. D8tails of thee stepsare

described in the following subsections.
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5.2 Radiative Heat Loss from CSBC to Ambient Air

The radiative heat loss from CSBC to ambignin COMSOL is controlledy:

=€ §T°-T.) (9
wher e 0 i-Boltzméne cosstare &nd ih equals to 5.67%¥0 m? K. Tp is the
temperature of ambient aif.is the temperature of radiating surface. The emissivity of all
the radiating surfaces)] needs to be reasonably defined and input into the model in order
to simulate accurate radiative heat loss. These surfaces include: the top surface of the
copper sluga ring shape with inner diameter of 18 mm and outer diameter of 26 mm);
the circular top surface (in diameter of 18 mm) of copper dummy battery (adopted in
power loss calibration tests) or an LIB cell (tested in a standard CSBC test); the top
surface, sle surface and bottom surface of the thermal insulation material.

The top surface of the copper slug and the top surface of the copper dummy
battery/ the top surface of an LIB cealle the surfaces where the temperature were
typically brought to a much dher level tharthe surfaces of thermal insulation material.
Due to multiple heating/cooling cycles in CSBC tests, a layer of copper oxide formed on
the top surfaces of copper slug and copper dummy batteryifustd calibration tests)

The emissivity of copper oxide, 0.789], was applied to represent the emissivity of
these copper surfaces in CSBIhe emissivity of thensulation was set to be ejuo
that of ceramic, 0.8079] (due to similarity in composition). The LIB surface emissivity

was set to be equal that of patially oxidized steel, 0.5079].
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5.3 Convective Heat Loss from CSBC to Ambient Air

With the exhaust hood for CSBC on, the air velocitysel to the apparatus was
measured 0.18.20 m &, the forced convectionwas regarded to beninor during the
CSBC experiments. It was natural convection that dominated the convdwiateloss

from CSBC to ambient giwhich can belefinedin COMSOLDby:

=h(T-T.)

qCOﬂV

whereTp is the temperature of ambient airis the temperature of heated surfakas

the area of this surface.

Evaluation of the natural convection coefficidmtis commonly based on:

LS

h= LNU (8)

0= 90T T,)L
T.au

R (9)

In equations (Band (9, Nu is the Nusselt number that can be evaluated empirically for
different ranges of Rayleigh numbeRa g is the standard gravity value that equals to
9.8 m & Te is the temperature of ambient diris the temperature of heated surfaés

the film temperature which equals to the averagéandT. a is the diffusivity of air,

u is the kinematic viscosity of air arldl is the thermal conductivity of air, all of these

three properties are evaluatedatL is the characteristic length of the circular surface.
Based on a welkstablished empirical correlati¢B0], for an upper surface of a

heated plateL. =0.93 D (D is the diameter of the convective circular surjfagend Nu

can be calculated by the following equations:

gNu=054Ra"" 203 10' <Ra<80210°

10
INu=015Rd"® 07 10f <Ra<10" (9
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The value of this temperature dependent coefficignivas calaulated according
to Equations (8)o (10) and found tancrease from 7.5 to 14W m? K with temperature
increasing from 298 to 800 K. Detailddmperature dependenbefficiert profile is

shown inFigure4l. In the model, the ambient temperature was always maintained at 298

K.
16 ' | ) T T T T T
14F .
)
& 12F .
=
Z 10} .
=
8 - -
6 L | L | " 1 "
200 400 600 800 1000
T'(K)
Figure 41. Temperature dependent natural convection coefficient utilized in COMSOL
simulation.

This convectivecoefficient was applied to aflide surfaces of insulation material
in the battery failuremodel and it was found to have minor impact in the temperature
predictions because ofrelatively low temperature othese surfaces throughout the
simulation Thus the same temperature dependent convective heat loss coefficient as
indicated inFigure41 was appliedo all surfaces of CSBC for simplicity of the model

construction

5.4 Thermal Conductivity of the Insulation Material

With the boundary conditions defined, the numerical model, at this point, can be

utilized to determine the thermal conductivity of the insulation matdra. insulation
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material, Gemcolite FG2B312HD ceramic fiber, was adopted in CSBC to minimize heat
losses from the system to the environment. It consists of 55% efa8D45% of AIO3

by mass, the thermal conductivity of which was not clearly defined. Its evaluation was

based on the simulations of tlﬁg}ss calibration tests Ghapter2.3 and 3.2 In these

simulations,the electrical heater was simulated by distribgitthe supplied electrical

power (20W, 40W, 60W, 80 W and 100w for P|OSS calibration tests) in a form of heat

at the outer surface of the copper slug. Thermal boundary conditions and thermal
properties of material in the model are afided, except for the thermal conductivity of
insulation material. Initial temperaturedependent thermal conductivity profile for
insulation material was guessed and the slug tempematigsimulated and compared to
experimental measurements at all fibeating rates. The thermal conductivity of
insulation material should be adjusted to a higher vafien the slug temperature was
overpredicted, and vice versa. This profile was being modified till the point where the
simulated slug temperature historeasd the experimental measurements of temperatures
had relative differences of withins5% for power loss calibration tests conducted at all
five heating rates

It was found thathte thermal conductivityhiat increases from 0.065 to 0.1WB
m? K1 with tenperature increasing from 298 to 800 K provided a good agreement
(within 5% in K) between all simulated and experimental ddtais temperature
dependent thermal conductivity t¢fie insulation material profile ishown in Figure42,
with the copper slug temperature fittingehe thermal conductivity of # insulation
material increasedoticeably faster at lower tempeareg range, this phenomena was

likely to be caused by the thermal expansion of insulation at this temperahge
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quickly reducing thermal contact resistance between the insulation and thdlsiug.
thermal conductivity profile of insulation material wagarded to be representative and

it continued to be utilized in the next steps of simulation wditkis exercise was
conducted regularly for each single specific set of power loss calibration tests to take into
account the potential change of thermaldistivity of insulation material with time, but

it was found that this change was minor.
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Figure 42. COMSOL simulations of power loss calibration tests for determination of
thermal conductivity of insulation material.

5.5Radial Thermal Conductivity of LIB Cells.

The radial thermal conductivity of the LIB cells were determined using the
inverse modeling approach that is similar to what was utilized for the determination of
thermal conductivity of insulation material, and basedhenexperimental data obtained

from tests described in Chapt2ss (test results reported in Chapter 4.3p simulate
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these testsP, of 20 W was input in the model and the temperature histories at both

copper slug and batteryds axis were comput
configured with all the previously determined thermal boundary conditions and thermal
properties ofmaterials, the only undefined property in the model, at this point, was the
radialthermal conductivity of the battery.

The value of thermal conductivity of an LIB cell was initially guessed then the
temperatures at both locations were simulated and a@ehpao experimental
measurements. This value needed to be dialed down when the simulated temperature at
batterydos dmedced and vice warsa.rOnce the simulated temperature
histories reached good agreements (within £3%) with the temperatotiested
experimentally, the corresponding thermal conductivity of the battery was eelgasd
representativeFigure 43 shows the results when therdnm@nductivity of battery was
adjusted to 1.0+0.1, 0.4+0.1 af¥+0.1 W m?* K for LCO, NMC and LFP cells,
respectively These values will continue to be utilized in the following numerical
modelng of CSBC tests

While these cellswere represented in éhmodel as isotropic objects, the
experimental design emphasizes ratharmalconduction. Therefore, these conductivity
valuesshouldbe associated with radial directiogh cylindrical battery cell typically has a
Aj erdldly ke d | ay er idudtratedtinrFiguwret 1uWith thea ®nduction heat
transfer principle in cylindrical structurg/4] and the detailed thermal conductivity
information for each layer of component in a typical battg8i], the thermal
conductivity can be calculated 0.7 WK, which indicates that the results determined

in this study are reasonable.
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Figure 43. COMSOL simulation results to determiredialthermal conductivity of LIBs.

5.6 Validation of Internal Heat Generatidtieasurements by CSBC

It is important to ote that the CSBC experimental measurements of the internal
heat generation by LIBs rely on two key assumptions: 1). The lumped heat capacity

assumption74] for an LIB cell, meaning that theemperature inside the battery was
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assumed to be spatially uniform and it was equal to the copper slug temperature; and 2).
The power loss can be accurately deieed via empirichcalibration tests (Chapter 2.3
and 3.2. This evaluation would be inaccurate if either of these assumptions is not
reasonable. Thus it is critical to validate the experimental results against the numerical
model for battery failure, whe the detailed heat transfer dynamics is taken into
consideration.

Using thewell-definedthermal boundary conditions antl & mat er i al 6s

transport properties in CSBC, a validation of the experimentally determiRgd

profileswas carried out by performing simulations where these profiles were prescribed
as a piecewisénear volumetric heat generation functiand applied tdhe LIB volume
as a part of Q in Equation)(4To be more specific, 12 critical points were determined
along the experimental measurementpis profiles to represent important transitions
such as: the beginning of heat release before the onset of safety venting, the onset of
safety venting, the onset of thermal runaway, the peak(s) in heat release cafEse st
points were lined up with linear interpolations to simulate the internal generation rates in
the model . 't 0s i mportant to note that
generation rates and those under the experimental measurementsewtcalitbr all the
simulated cases, this will ensure that the total amount of energy produced by an LIB in
simulation and that measured experimentally were the same.

The simulated slug temperatures were compared to the experimental data. In these

simulatons, the LIB density was defined as a function of time, which was calculated

from the corresponding linearly interpolated experimehfial data.One representative

battery test from each battery type at each SOC was selected for this validation practice.
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Each representative battery test had the peak internal heat generation as well as the
integral heat generation to be closest to the average (@laeten tests for each battery

type at each SOC).

The results of the experimentally derivE; profile verification execises are
shownfrom Figure44to Figure46. The P, profiles implemented in the simulations are
shown next to the experimental data in ¢inaphs on the left. A comparison of thg,,

computed using th&,; profiles as an input to the corresponding experimental data is

shown in the graphs on the righthe simulatedtemperaturesare within 5%of the
experimental data for all LIB types and SOC levels, which indicates that the lumped heat

capacity assumption invoked in the analysis of the CSBC experimeatsmable
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Figure 44. Results of numerical modeling of the CSBC experiments performed for LCO
LIB cells. PiHg is prescribedTsiugis simulated and compared with the experimental data.
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Figure 45. Results of numerical modeling of the BS experimentperformed for NMC
LIB cells. PiHg is prescribedTsiugis simulated and compared with the experimental data.
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Figure 46. Results of numerical modeling of th&BC experiments performed for LFP
LIB cells. PHc is prescribedTsiy is simulated and compared with the experimental data.
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Chapter 6ThermaKinetic Modeling of Battery Thermal Failure.

6.1 Modeling Methodology

The numerical modeling described in Chapter Has showed goodvalidation
capabilitiesfor standard CSBC experiments, demonstrating that CSBC technique had
given adequately accurate quantitative eviaues of thermallyinduced failure of LIBs.

However, this model was largely relied on inputs, such as the mass loss rates and

prescribedP,,; profiles, which were dependent on time and specific to experimental

data from a standard CSBC test. This model is unlikely to be extended to a more general
thermally inducing scenarios since it is reasonable to regard the energy kefease
failing battery as a consequence of tens of or even hundreds of chemical reactions taking
place in the battery casing. These chemical reactions are typically dependeth time

and temperatureefforts were then taken in currestiudy towards thelevelopment of a
thermckinetic malel of battery thermal failure. In this model, the heat release rates
during battery failure were hypothesized to be able to be presented by an effective
exothermic chemical reaction. The configurations of this model eleedron the data
provided by standar@SBC experiments. ize developedhis modelcan beutilized in

more complex scenarios beyond the standard CSBC tests.

Initially, this model was constructednd parameterizeditilizing a welt
established methodologyr ever se model i ng b a&jeandtleen Ar r h
standard CSBC test ressllSimulations of the standard CSBC tests were carried out.
These simulations were used to determirsetaof parameters to effectively describe the

exothermic chemical reactiofsr each tested SOC (0%, 25%, 50% and 100%), that was
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intended to mathematita mimic the experimentaly,, histories. No attempt was made

to identify the actual chemical species involved in the heat generation during the battery
thermal failure. Efforts were also taken to keep the dependencies of all of these
parameters on the SOC of LIB cell to bemore comfex than thirdorder polynomial.

This construction and parameterizatiprocedureis specifically demonstrated on LCO

LIB cells (T-Energy ICR18650).

Subsequently, to validate the formulated reaction mechanism and reaction
parameters, this developed modehs utilized to simulate nestandard CSBC tests
including 1). LCO LIB cells at 100% SOC heated by 20 W, 40 W, 60 W, 80 W and 100
W in CSBC, respectively; and 2). LCO LIB cells at 75% SOC heated by 20 W in CSBC.
|l tds i mportant t o erperiments twara not utilihed s1eéhe madelt i c u
parameterization process. This validation exercise was to test whether the-kirestio
battery failure model was reasonably parameterized.

Finally, aftert he model i's validat eydhermalfafue appl i
behaviors in a more complex scenariosascading battery failure, which experimental
results were presented in Chapter 4.7. The simulated time to thermal runaway of each

LIB in the pack will be compared to the experimental data.

6.2 Themo-Kinetic Battery FailurédMlodel Constructiormand Parameterization

Similar to the model described in Chapter 5, the CSBC apparatus was represented
by an axisymmetric objecF{gure 40) with the dimensions of the key object elements
defined to match those of the actual appardtigu(e 4). Following material properties
were set to be the same as the previous model: the density, heat capacity and thermal

conductivity of all copper elements; the densitgat capacity and temperature dependent
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thermal conductivity(Figure 42) of thermal insulation material; the heat capacity and

radial thermalconductivity EFigure 43) of simulated LIB cell. The thermal boundary

conditionsi radiative heat loss (Chapter 5.2) and the temperature dependent natural

convectioncoefficient fFigure4l) i were also set to be identical to the previous model.

The electrical heatevas also simulated by distributing the supplied electrical power in a

form of heat flux at the outer surface of the copper slug. The meshs@la@ set to

Afextremely fineo option with characteristi
The key changes in this model are: the enerslgase and the density change

(mass change) offailing LIB cell.
Instead of using experimentally determinBY,; profiles, the energy release by a
failing LIB in this model is represented by an exothermic chemical reantG@OMSOL

LIB, - LIB,  (11)

r p
In thisreaction,LIB,r epr esents t hlBriepe @cteantso tared f

of this reaction. Thisreactitns gover ned bigCOMSOLheni usd Law

; _m, A(l)”e' E, /(RT)
\% T

ref

(12)

More specifically,in Equation (12 thereaction rate of reactiorl]) is given as

I [g m3 s, T, is equal to 1 KR is the ideal gas constant (8.314 J ™KlY). The

T ., _
activation energy &, [J mol?]), pre-exponential factor A(=)" [s}]) must be defined

ref

for ead reaction. The reaction rat€,, is therebre a function of temperaturd () and

the concentration okIB, : 2% [g m3].
"V
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In addition, the dynamic density of LIB in themode| 7z, was taken into

consideration by associating it withe dynamic concentration ofLIB, : % with the

following correlation:

mr
I'ig = V 7 Us fina (13

In Equation (B), /g is the dynamic density utilized in this mOdéi.L|B_fina|

is the final density of a simulated LIB cell after the failusdich value was measured in

the experiments and was approximately constant for each tested%a‘rOi@.the dynamic

concentration ofLIB, , with an initial value Of(%)mmm . The value Of(%)mmau is set to

be equal to the density changes of a simulated LIB beforafterdts falure.

For LCO LIB samples that are demonstrated in this model constructianijttale
initial ?

I' ;g before the battery failure is 2661g5m3. The values of/ LIB_ final and (%)

and the specific expressions 6f,z aresummarized imTable10for all tested SOCs
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Table 10. Settings of dynamic LCO LIB density utilized tinermakinetic battery failure

model
o m, I g In model per
. I g initial r|_|B_fina| (V)initial _
SOC (%) B Equation (13 [kg
[kg m] [kg m3] [kg m3] m)
0 2661.5 2389.3 272.2 % +2389.3
25 2661.5 2377.2 284.3 % +2377.2
50 2661.5 2256.2 405.3 % +2256.2
100 2661.5 1693.7 967.8 % +1693.7

This setting of simulated Lthdwththdensi t

consumption (decrease in concentratig\%—) of LIB,, the 7z will also decrease

eventually tovalue of r|_|B_fina| . The impact of density change of LIB on the heat

transfer mechanism in the model thus can be taken into accdoumtddition, the
decreasing rate of the LIB density will lb@ectly proportional to theeaaction rate at a
certain point (higher reaction ratesults in faster LIB density change during failure).
This correlationis considered to better represent the experimental observations.

The heasource term (Q) in equation)(donsist of two parts in this model: the 20

W external heating at the coppeuglsurfaceP,, and the rate of energy produced by

reaction 1) - Peacion W M2]. Peacion in COMSOL wasdefined by:
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Peacton =-T*h (19

reaction

Thevalue ofh (heat of reaction, [Rg!]) was initially calculated by:

__PBygintegral

15
(M) inita 1

Where P, integrals are reporteth Table 8, which represents the total heat

production by an LIB cell during failurm, ), represents the total mass ldB_,

which can becalculated by multiplying the initial concentiati reactant ((%)initial ) with

the volume of the LIB cell§l.65x10° m?).

At this point, this model is ready to be further parameterized utilizing a widely
adopted methodology reverse modellp b ased on Arrheniusd La
demonstrated in many previous studies to be a powerful methodology to represent the
temperaturaependent chemical kinetics empiricall§2, 83]. In particular, Arrhenius

parameters describing the battery failure reactiA, N and E,) for each SOC were
obtained through refinement exercises performed using COM8@ke parametefsr

each SOC were changed in small increments; the simulatgdvere compared with the

experimentalT,,, curves The modificationsof heat of reactioth, were needed for

slug
better fitting results, but wermanaged to beontrolled within £5% of theinitial h,

valuecalculated byequation (15). This ensured that the total energy defined in the model
was comparable to the value measured experimenEidligrts were also taken to keep
the dependencies of all of these Arrhenius parameters on the SOC of LIB leelhto

morecomplexthan thirdorderpolynomial.
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In the first round of model parameterization, for simplicity,was kept to be
equal to 1 for all SOCsA and E, were kept being modified to theint where the best

agreement can be achievedshswn inFigure47.
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. Experiment . Experiment
300 - - - - Model . 3004 - - - - Model .
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1 . 600 .
% L
1 2500 .
_ 1™ 400 _ ]
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3004 - - - - Model - 3004 - - - - Model .
200 N 1 N 1 " 1 1 200 " 1 " 1 N 1 M

1000 2000 3000 4000 0 1000 2000 3000 4000
£(s) £ (s)

Figure 47. Results of thermd&inetic modelln=1)of t he t ested LuréB
observed in CSBC testBif =20 W), Tsigis simulated and compared witine
experimental data.

cel

Although agreements for 0%, 50% and 100% SOCs were found satisfactory, the

one for 25% SO@ ase di dnoét produce good agreement

plateau temperatureffor exampleatthe onset ofthe thermal runaway f&5% SOC, the

sharprise in T, curve was notvell simulated

lug
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To improve the overall quality of this model, second round of model

parameterization was conducted withas aparameter changing with SOGAIl three

parameters A, N and E,) were refined in théitting process untithe relativedifferences
between the experimental and simulaleg, profiles are within 2% on average for all

the SOCsWith the finalized parametetsted in Table 11, the secondound of model
parameterization wasnished. The quality of the agreements between the experimental
and predicted curves are showrFigure48.

Table 11 Finalized Arrhenius parameter for the thertkimetic model of battery failure

Initial er Finalized
SOC | 24 uation (1h5)p(\] kg) | (I kgY) YAy | B @mor "
0% 1.8K10° 181 | 01 6.10:10° 1.6
25% 5.0x10° 44510 | 02 6.08<10° 15
50% 5.58<10° 47010 | 03 5.85¢10° 1.3
100% 2.3%10° 220<1F | 05 5.30¢10° 11

95



800 - - - 800 . . :
200l 0% SOC | 00l 25% SOC |
~. 600 . 600
S =)
% 500 %0 500
=~ 400 _ =~ 400 _ ]
I Experiment . Experiment
3004 - - - - Model . 300+ - - - - Model
200 1 " 1 " 1 " 200 L L N L " 1 "
1000 2000 3000 4000 0 1000 2000 3000 4000
t(s) t(s)
800 - 800
700 50% SOC - 100% SOC -
~ 600 1
% L
% 500 1
=~ 400 _ ] _ ]
A Experiment . Experiment
3004 - - - - Model . 300 - - - - Model
200 " 1 " 1 " 1 " 200 L L N L " 1 "
0 1000 2000 3000 4000 0 1000 2000 3000 4000
£(s) t(s)

Figure 48. Results of thermdinetic modelni 19f t he t e sthemnd failule B
observed in CSBC testBif =20 W), Tsiugis simulated and compared with the
experimental data.

The average deviation between the experimental and predigtgdcurves

turned out tdoe kelow 1.5% for all the four SOCsnd all the inportant patterns (such as

sharprise of T, at onset of thermal runaway) were fairly well simulat&tus this

second round of model parameteri@atwas considered to laelequate antinal.
The dependencies of all the Arriies parameterareexpressed by the following

equations:
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(%)mial =85993 SOC’ - 16413 SOC+ 2720 [kg m?  (16)

h =-1.0210'2 SOC +2.6210'2 SOC - 1.6210°2 SOC- 1.9:10° [J kg (17)

A=0.43 SOC+0.1 [sY (18)
E, =1.43 103 SOC- 2.8310'3 SOC +5.23 10°3 SOC+6.13 10* [J mof] (19)
n=0.13 SOC - 0.63 SOC+1.6 (20)

In Equations(16) to (20, the SOC equals to 0 for 0% SOC, 0.25 for 25% SOC,
etc.

6.3 ThermoeKinetic Battery FailureModel Validation

6.3.1LCO LIB at 100% SOC heated bk, of higher than 20 W

The fully parameterized therrrkinetic battery failure model was then validated
against CSBC tesisn 100% SOC LCO LIBsvith ( P,,) rangingfrom 40W to 100W
with an increment of 20V. In the model, all of the model parameters were kept the same
as in the standard CSBt@st simlation, except forH, changed tat0 W, 60 W, 80 W

and 100W, respectively. InFigure 49, the T,

slug

curves predicted by this model (red

dashed lines) for these tests are compared with the experimigptalata (blue solid

lines) collected by CSBC.
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Figure 49. Results of thermd&ineticmoee | of t he tested 100% SOC
failure observedh CSBC tests Pin ranging from 40V to 100 W), Tsiugis simulated and
compared with the experimental data.

The simulatedT,, profiles show similar structure of a sharp irage at the onset

of thermal runaway, and the peak valuegf, were all with good agreements if
compared with the experimental dafdhe averagalifferent between the experimental

and predictedl,, curves was found to be beld¥s for all the four heating rates.

The onset time of thermal runaway in the simulations were defined to be the point

T
where the temperature increasing ragec—lsg) was higher than 1 Ks(typical values

observed in the experimental measurements when thermal runaway took figues
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50 shows the relationship between the onset tifnthermal runaway and®,, for both

experiments (shown as red trianglegh error bary and simulations (shown as blue

crosses). Excellent agreements were found.

@ 1500 T T T T T T T
> 3
Z 1200F , .
g 4 4 aExperiment
A +++Model
= 900 .
£
2
*
= 600 -
§ - 5
£ 300f o :
S +
=
(@) 1 1 1 1

0 1 | 1
0 20 40 60 80 100 120 140 160
P, (W)

Figure 50. Relations between the heating rBteand the onset timof thermal runaway
for LCOLIBs at 100% SOQCwith comparisons to simulated data.

Additionally, simulations were conducted where tRg was set to be 120 W and
140 W, respectively. The onset time of thermal runawathese simulations are also
included inFigure50 as blue crosse3hese results demonstrate how the model can be
used to predict LIB failure behavioutside the range of conditions that can be realized in

the current experiments.

6.32 LCO LIB at 75% SOC heated bk, of 20 W

To further examine the generality of thieermakinetic modelover a range of the
SOC of an LIB cell, Arrhenius parameters for an LIB cell at 75% S@€ ealculated by

Equations 16) to (20) (with thevalue of SOC being 0.75). These parameters were input
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in modeland theP,, was set to be 20V. The simulatedT,

slug

profile for this case is

compared with theexperimental datgaverage of 3 testsin Figure 51. Excellent

agreement was achieved.
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Figure 51. Results oftherm& i net i ¢ model of the tested
failure observed in CSBC tesB{=20 W), Tsigis simulated and compared with the
experimental data.

This excellent greements indicate that the therkinetic model of battery
thermal failure iswell constructed and parameterizéithis model has proved théte
just-defined set of parameters wssfficient enough to effectively describe the battery
failure of the LIB sanple at all different SOCd he model parameters were all dependent
on the SOC of the LIB cell. Moreover, the

structure or detailed battery component properties.
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6.4 Application ofThermoeKinetic Battery Failire Modelin Cascading Battery Failure

6.4.1 Cascading battery failure model construction.

The fully parameterized therronetic battery failure model was then applied in
COMSOL to simulate the cascading battery failure experiments, in order to test the
extrapolation power of this modé@hto more complex battery thermal failure scenarios.
More specifically, the cascading battery failure test setup was constructed in COMSOL
as a three dimensional model. The dimensions of the all the key elements were well
defined to match those in the actual experimental {Eigpre8).

The key thermal parametersvere defined as followed: The density, thermal
conductivity and heat capacity of the insulation material (Kaowool PM) were defined
using prew u s s tdatad7i0-3g Bhe density of Kaowool PMsi256 kg me., the
thermal conductivityof it is 0.052W m? K1, and the heat capacity ofig 1.07J g* K*.

The heat capacity of the simulated LCO LiBg.1J g* K as defined in Chapter 3i8
current study. The thermal conductivity of $keelIBs is initially set to be and 1W m*

K as determined in Chapter 5Bhe just developed thernkinetic model as descrol

in Chapter 6.2 is utilizeth this cascading faire model to solve for the energglease
kinetics by each failed LIBThe radiative heat loss from the surfaces was governed by its
emissivity,J The emissivity of Kaowool PM is set to be 0.7 based on previous Et0dy

73]. The emi s s sudaces i seb to beLOl5Bas defined in ChapterThe.
temperature dependent natural convection coefficient as previously definedcama in
Figure 41l is alsoadoptedin this cascading failure model for all the top surfaces of the
LIBs. In addition, the same convection coefficient is also applied to all the insulation

material outside surées. Because the insulation surface temperature is kept relatively
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low throughout the simulation, the impact of using the same convection coefficient here
is believed to be minor. In turns, simplifying the boundary conditions can help improve
the simulation efficiency.

The LIBs are closely sitting next to each other in the model, and air is filled in the
gaps in between all the LIBs. Tleei r i n t his model i's set t
atmospheric pressure. The default thermal properties of air MSIID. areexpressed by

following equationg84-86]:

, -10132% 0.02897_ 3531 [kg ] (21)
8.314° T T
C,=13%"3T*-6073T>+95*3T?- 043 T +10476 [Wkg'KT  (22)

k=-74%10%3T*+41310"3T3- 79310°3 T2+1.2310*3 T- 23210°% [Wm1K' (23)

The heat transfeirom LIB to LIB is mainly by conduction via thair filled in
LIB gapsas well as the direct contact between the LIBse conductive heat transfer
directly from LIB to LIB is through the extremely small contacting areas that are about
0.04 mm? in the model. The size of these areltermined how fast the heat transfer
directly from LIB to LIIB and these arease indepedent of the mesh siz&o guarantee
that the conductive heat transfer via these contacting areas are effectively and reasonably
taken into consideratioOMSOL canautomatically reducthe lbcal mesh size at these
critical areasto an extremelysmall level. In this way, there will be enough amount of
finite elements in these small areas to ensure simulation acci@cgxample, among
the three meshing size utilized in this propagation model, no matter how globally coarse
the mesh was set at, thererer@lways at least ten finite elements assigned along these
extremely small contacting areadoreover, COMSOL uses continuous meshing across

these areas to eliminate the contact resistance.
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The 40 W electrical heater was also simulated by distributingsthpplied
electrical power in a form of heat fliat theheater surfacé the 1/3 side of theSirow
LIB. In simulation, this heater is turned tmom the beginning to initiate the cascading
battery thermal failureThree dfferent mesh options were seled in this modeWhere
average element volume ag2x108, 3.9<10® and 6.%10% m3, respectively The
default time step was set at ,1and this time step can be automatically reduiced
COMSOL to benefit the simulatiorconvergence anéccuracy at the gnts where
chemical reactiomateis fast(e.g.atthe onset of LIB thermal runaway)emperatureat
the same locations as TC#1TC#4 in experimentsvere calculated in the simulations.
Additionally, the average temperature of eatB was alsocalculated to determine the
onset of thermal runaway.

Simulations were firstly ran with and without the face to face radiation in between
LIBs taken in to account. The simulated temperature profiles and time to thermal
runaway were found to be comparabiethese two cases, indicating that the impact of
this face to face radiation on the heat transfer along the battery pack was negligible. This

factor was then removed from the mottelmprove simulation efficiency

6.4.2 Modeling Results of Cascading BaytFailure

It should be noted that the initial value of thermal conductivity0 W m* K17
was quantified aghe firadial thermal conductivity .The heat transfer paths in this
cascading battery failure simulation was actually significantly diffebexctuse of the
complex jellyroll internal structure of the modeled LIB. Inglcascading battery failure
configuration however, heatsi transferred in the neradial directions. For example, heat

is likely to transfer faster along the steel casing andmslower along the central portion
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of the cylindrical LIB.Thus it was suspected that this initial thermal conductivity value
was not sufficient for accurate heat transfer simulations. To verify timalagions of the
temperature profilesluring the fist 29s in this cascading failure battery pack were
firstly conducted and compared to experimental temperature measurementsi(TC#1
TC#4). This period of time was selected because there werggmificant gysical or
chemical changes takimace in thedsted LIB cells yetfThe simulatedemperatureare

compared to experimental measurementEgure52.
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Figure 52. Results of simulation of the LIB cascading failure in billiard battery pack with
kus = 1.0 W m! K1, TC#1 to TC#4measurements from the battery pack is simulated and
compared with the experimental data.
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The experimental temperature data turned out tonlbeh undesestimated by the
simulations These discrepancidgve proved that the radial thermal conductivity of this
LIB was not sufficient to capture the heat transport mechanism in this cascading failure
battery pack.

Efforts were taken to determinectieffective thermal conductivity of the LIB cells
so that theneat transfer mechanisocan be better simulated. Much improved agreements
in between experimental data and simulation results were found whegfféogive
thermal conductivity of the LIB was éneased to 8. W n1! K1, Figure 53 showsthe
comparisons at all of the four temperature measurenmBmtsvalue was then carried on

for the following cascading battery failure simulations.
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Figure 53. Results of simulation of the LIB cascading failure in billiard battery pack with
kus = 2.6W mt K, TC#1 to TC#4 measuremerfitsm the battery pack is simulated and
compared with the experimental data.

A

At this point, themodel configurationi s f i ni s hed sanuldte thet 6 s
entire cascading battery failurexperiment.Figure 54 shows how LIB failure was

propagating in this simulation.
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