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Exposure of lithium ion battery (LIB) to abnormal operatsanditionsmay
result in rapid selheating accompanied by ejection of flammabiaterials this
phenomenors referred to ashermal runaway (TR). In a multi cell arraR of an
individual cell maypropagatdgo neighboring cellsthis phenomenors referred to as
cascading failure. Cascading failure is hazardous andcawaselarge scale fireer
explosions In this work, a newexperimental setup was developed to investigate
cascading failuren arrays constructed frofithium cobalt oxide (LCO), lithium nickel
manganese cobalt oxide (NM@ndlithium iron phosphate (LFR)ellsof 18650form
factor. Fully charged cells were arranged in rectangular arrays: 3x4 or 3x6 with no gaps
between adjacent cells ameere mountedi a specially designed wind tuntelachieve
well-controlled environmental conditionBR was initiated in one cell usinghalectric
heater and observed to propagate through the array using temperature sensors attached
to individual cells.Tests were cafucted in N and air to elucidate the flaming
combustionmpact

In nitrogen, TR propagation speeshowed no significant dependence on the



size of the arrayThe speed of the propagaiaras found to be greater in air than in
nitrogen The LFP cellsvere the only cells thatid not always fully propagatéR. In
nitrogen, all cells producdarge amounts of hydrocarbons, CO and>C&md minor
amounts of @and H. Total heats generated due to chemical reactions between cell
components anflaming combustion of ejected materials normalizgdhe electrical
energy stored we determined to be 3.5, 2.9, and 2.5 for LCO, NMC, and LFP cells,
respectively.

Different passive mitigation strategjescluding implementing 5 mm gaps
between cell grups and inserting physical barriato these gapswere investigated.
Among the barriers, ceramic fiber board was found to be the most effesttiveng
down the propagation by more than a factor ofL38tly, theeffectivenes®f two fire
extinguishirg agents Novecl1230 and water mjstwas investigated Applying
Novec1230 agent at 15.2 volSignificantly inhibiedcombustion of ejected materials

and prevergdcomplete TR propagation through fully charged LCO cell arrays.
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1. Introduction

1.1  Motivation and Background

For decades, the world has betpending on fossil fuels asmain sourceof
energy and @wer generation.However, growing concerns associated with the
environmental impact of greenhouse gasgssiong1] (caused byombustion ofossil
fuels stimulate exploradbn of renewable energy sourcegyich are ecefriendly but
tend to be intermittent in nature. Effective utilizationrehewablesnergysources is
only achievable whemtegrated with reliable energy storagstems[2, 3]. Stateof-
the-artlithium ion batteries (LIBs) have shown a great promise as building blocks for
energy storagsystems due to theaptimal combination of high energy densikhygh
efficiency, longevity light weight, portability, form factor variabilityand lack of a
memory effec{2-4]. Examples of some commercial LIB celiseshownin Figure 1.
1. However,several acciden{s, 6] andmounting empirical evidendé@-11] suggest
that LIBs and LIBbased systems may fail catastrophicaltpusing fire and/or
explosion inthe enclosues housingthose systems. As LIBs are constantly being
deployed in a multitude of residential and commercial applications, the satdfs

become an important area of investigation.
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Figure 1.1. Examples of commercial lithium ion batteri@$Bs) with variousform
factors(cylindrical, prismatic, and pouch cellg)2].

1.2  Components of LIBCells

It is essentiato identify the major components of LI&llsbeforestudyingthe
failure mechanismf LIB-based system&igure 1.2 depics the major components
of two representative LIB form factors: cylindrical and prismafigpically, an
individual LIB cell consiss of four primary componentsiegativeelectrode (anode),
positiveelectrode (cathae), separator, and electrolyTevo separatolayerssandwich
the anode and cathode plat&éese layerarethenall jelly-rolled or foldedandsecured
in a steelcasing.The athode plate is connected to the positive terminal or.Be
casng while the anode plate is connectadthe negative terminaEach primary

component ofheLIB cell is discussed in the following subsections.
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Figure 1.2. Detailedstructures of cylindrical and prismatid.IB cells[13].
1.2.1 NegativeElectrode(Anode)

The anode electrode is considered the reducing or fuel element in the battery
and composedf > 90% of active material powders and < 10% of binder material. In
mostcommercial LIB cells, the anode active material is carbon (mostly graphite). The
nature of carbon can vary considerably sources(natural or synthetic), purity,
size/distribution/porosity/shapes of particles, crystalline phase, and degree of
compactnessThe powdersaare combined witta binder material(such as Teflon, or
Polyvinylidenedifluoride (PVDF)< 10% and coatedas a thin layer onto a metal
currert collector (typically coppefoil or grid) [2, 4, 14, 15].

1.2.2 PositiveElectrode(Cathode)

The cathodeelectode (oxidizing electrode)js composed of powdel®ctive
material > 909 that are combined with conductivity enhancers (capgmwder$ and
a polymericbinder. The mixturels subsequentlgoatedasa thin layer onto a current

collector(typically aluminium foil or grid). The mostommoncathode adte materias



in LIB cells are layered oxidésuch as lithium cobalt oxigd&iCoQy), polyaniors(such
as lithium iron phosphatd,iFePQ), spines (such as lithium manganese oxide,
LiMn204), or mixed metal oxide(such as lithium nickel manganese cobalt oxide,
LiNi xMnyCozO2) [2, 4, 14, 15].
1.2.3 Electrolyte

The electrolyte (ionic conductorg@presentshe medium for transfer of lithium
ions between # anode and cathode electroddse electrolytenusthave good ionic
conductivity, wide electrochemical voltagenge(0 to 5 V), high thermal stabilityup
to 70°C), and compatibility with other cell componed$. The electrolyte is typically
a mixture of organic carbonatésolvent)contaning complexe®f lithium ions.Table
1. 1 provides information omwritical temperatures and heaf combustion for some
commonorganic carbonate$hese noraqueou®lectrolytes includaeon-coordinating
anion salts such as lithiumekafluorophosphate (LiR}J; lithium hexafluoroarsenate
monohydrate (LiAsE), lithium perchlorate (LiClI@), and lithium tetrafluoroborate
(LiBF4) [2]. Cell manufacturers include low concentrations of additives to improve
performance characteristics such as overcharge resistgoktelife, calendar life, and
thermalstability [2, 15]. The alditives are alsasedto reduceelectrolyte flammability

under cell ventingircumstancefl4].



Table 1.1. Critical temperatures and hsaf combustion of some typical carbonates

utilized inthe LIBs electrolyte

Auto- Heat
Melting Boiling Flash ignition of
Electrolyte Chemical point point point = temperat combustio
component formula [°C] [°C] [°C] ure [kcal mole]
4 M 18 [C] (19
[17, 18]
Propylene
carbonate  CsHeOs3 -49 240 132 430 -4.8
(PC)
Ethylene
carbonate  C3H4Os3 39 248 151 465 -4.1
(EC)
Dimethyl
carbonate  CsHeOs3 4.6 91 15 458 -3.8
(DMC)
Diethyl
carbonate CsH1003 -43 126 33 445 -5.0
(DEC)
Ethyl-
methyl  cHeos 43 100 22 440 N/A
carbonate
(EMC)

At normal temperature conditions, mixtures of carl§anode)and organic
electrolyte are not thermodynamically stable and reactions between tieatenals
are likely to occurThese reactions lead tioe formationof a passivating layer on the
carbon surfacef the anodecommonly referred to as the solid electrolyte interphase
(SEI) [4, 15]. After the cell is manufactured and assembled, it is slowly charged (and
possibly cycled and aged) in a process referred to as formation pfp8e2@]. This
formation process is intentionally performed to produce a unjfstaible SEI layer on
the cell anode to prevent irreversible consumptioieélectrolyte and lithium ions.

1.2.4 Separator



The separator is a thirl@ to 30 um) micreporous polymerfilm located
between the anodand cathodeto prevent internal short circuithe pores allow
transfer of lithium ions by diffusion between the electrodes during charging and
discharging Most commercial separators are madfrom microporous polyolefin
materials (such aspolyethylene polypropylene, or laminates gfolyethyleneand
polypropylene) because of theiexcellent mechanical propertiehjgh chemical
stability, andlow cost. Commercial materialbavea poresize of 0.03 to 0.jum and
30% to 50% porosityThermal siutdown separator@re widely usedn modern LIBs
because ofheir significant role in enhancirgafety If thetemperaturef an LIB cell
abnormally increases portion of the separator matenill melt andplug the micro
size poresCurrently,the shutdown function will also permanently disable the entire
cell in the case of an abnormal internal temperature rise to approximateRC130
However,if internal temperatures rise significantly above approximately’C5€he
separator will melt entirely and allow contgshort circuit)between the anode and
cathodq2, 4, 14).

1.3 Charging andischarging Mechanisms ofIB Cells

Whenan LIB cell is charged, lithium ions (Li+) are 4letercalated from the
layered metal oxide (cathod@&jgure 1.3 shows thathe lithium ions are subsequently
transferred across the electrolyte and intercalated between the layers of gifapleite
anode The dectrons flow through an external electrical circtiliis process is reversed
during dischargehe red and green dashed lines utilizedrigure 1.3 demonstrate the
difference between the direct®rof electrons during charging and discharging

processef2, 4, 16].
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Figure 1.3. Schematic of theharging and discharging processeamfIB cell [2].

Individual lithium ion batteries (LIBs) are designed to safely ope(akarge
and dischargedetween limits of minimum and maximum cutoff voltadé, 21]. For
most ofthe commercial LIBs, theoltage limits are 3.¥ (fully discharged 00% state
of charge SOC) and 4.2 \{fully charged, 100% SOC). Additionallghe LIBs are
classifiedby a nominal voltagethat is defined as theelatively constant voltage
maintaired by LIB cellduring most of its discharge time. The nominal voltage of a
typical LIB cellis approximately 3.6 to 3.7 V.

Constant current/constavbltage method4] is used for charging LI& Figure
1. 4 shows thathe charging procesgartswith a relatively highconstant current to a
given voltage (maximum cutoff voltageovided by the manufactujeand then taper
charging at a constambltage to a given current (minimum cutoff currendvided by
the manufacturg@r This methodhelps toavoid exceeding thenaximum allowable
voltage which prevens any damagéo theLIB cell.
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Figure 1.4. Constanturrent/constant voltage charging metli@ein is the minimum

cutoff voltage)[22].

Individual LIB cells are unable to provide the voltage or energy required to

power mosbf thepractical electric agations. Instead, LIB arrays or paaksdeup

of multiple LIB cells electrically connecte€itherin series or parallel are typically

utilized. Figure 1.5 shows a set of LIBs electrically connected in paraileteries.

Connecting the LIB cellm parallel increases tredectricalcapacity of the packwhile

theseries connection increases the voltage of the fdekommercial LIB packs are

labeled with a nominal voltage (which is an indication of the number of series

connected LIBs) and a pack capacity in A h or W h (which isnditation of the

numter of parallelconnected LIBS).



Parallel connection

37V 3.9V 37V 37V 3.7V 3.7V 37V 3.7V
26Ah |2.6Ah [26Ahl |2.6Ah [26Ah |2.6Ah |[2.6AN 182Ah

b rarars

Series connection
259V

3av |37V [ ||137V || 32V | |7V | |37V |]|[37V  26Ah

26AH|[26AN 26ANh | |26ANh | [26ANR 2.6Ah| | [2.6AN

[ 1 [ 1 L [ |
Figure 1.5. Schematic of cells connected in parallel or series.

I

1.4  FailureMechanisnof LIB Cells
Exposure of indivdual LIB cells to abnormal operating circumstances may
trigger thermalfailure in the cell§2, 14]. Generally, the LIBabusecan be classified

into four maincategories:

X

Thermalabusesuch as external heating exposure to nearby fire.

X

Mechanical abusesuch as nail penetratiocrush/compression, or drop

X

Electrical duse such aexternalshortcircuit, overchargig, or excessive current.

X

Manufacturingdefects such as defeetlseparatoor contaminated electrolyte

Figure 1.6 provides a qualitative understand of thefailure mechanisnof an
individual LIB cell in an anaerobic environmein.the figue, the @ll failure begins
with an increasén the cell internal temperatyrevhich can be intiated by any of the
aforementioned failure causélhe increase in temperature results in the vaporization
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of a portion of the electrolyte and the formation of gases, which rdisgsessure

inside the enclosure of the LIB cell. When the internal pressure reaches a certain

threshold, safety vent ports loedton the cell casing open to ejectfimenedgases at

relatively slow rates, consequently reducing the internal pressure and preventing the

rupture of cells; this phenanon is refered to as safety veamig (SV) [2, 14]. As the

temperature of theec| |
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reaction rates inside the cell, resulting in a rapid-lse#ting[2, 14]. This heating

process eventually causes the cell to reach its thermal rurt@iRastage during which

the temperature and gas ejection rate of the cell increase dramd&cakly. Some

solid components of the cell aagectedduring TR as well[2]. Occasionally during R,

the LIB cells experience a rupture of their casegause othe rapid increase of

internal pressurg23].

Anaerobic environment

Heating / time (1)

D D Internal heating begins

Venting of electrolyte Ny Venting of pyrolvzates
e begins Some heat -7 and solid battery
production A materials
Internal self-heating rate
rapidly increases
) Safety venting "~ Thermal runaway -

Figure 1.6. A diagram of thermally induced failure ananaerobie@nvironment

When an LIB cell is subject to TR in an anaerobic environment, large amounts

of energy are generated due to chemical reactions between the battery components

inside the enclosure of the cell. Some ejected materials may continue to react with each

ot her

10
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the total energy released due to these rea:

is referred to as chemical heat generation.

Similarly, thefailure events of an LIB cell in an air environméeggn with an
i ncr e as e teampeattrdand pcessuandtiserfollowed bySV andTR events
However, thair environmenaggravatsthefailure scenarioso be more catastrophic
More specifcally,t he e e ct e d maydgnite @rsburnmia airgiguiie 4.V s
shows thathte ejected electrolyte ignitedas soon as it leaves the safetytiranpats
in the form of smallflames [24, 25. The flame& continueto grow as the LIB cell
approache3dR and turn into intermittent jet flames durifidgr [24, 25]. Upon failure
in an air environment, driB cell generates two forms of energy: chemical energy (due
to chemical reactions between the cell 6s
and flaming combustion energy (due combustion of ejected materials from the cell

outside its enclosure).

Air environment

ignition source Elect?joly_ f_e vapor
7 ignites
i i
.K . 1V o Intermiitent jet flame
ke
Internal heating begins Inremai_ se@f—hearing rate
rapidly increases
Heating / time (7) D Safety venting " " Thermal runaway -

Figure 1.7. A diagram of thermally induced failure an air environment
The hazards offR are intensified significantlyas individualLIB cells are
assembled into largeell arrays or battery packs to satisfy high powemandsAs
shown inFigure 1.8, the failureof a singlecell may initiateTR into the adjacentells,
andsubsequrentlf R propagagsthrough the entire packn this studyTR propagation

is alsoreferred to as cascading failure. This propagating failure is primarily driven by
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the transport of thermal energrepresented by black arrows kigure 1.8) [2, 26].
The thermal transport consists of heat added to the cellatmggand conduction,

convection andradiation heat transfer between neighboring cells.

Thermal Runaway
Propagation direction

Figure 1.8. Graphical epresentationf cascading failurén LIB arrayspacks

1.5 ChemicalReactionsAssociated with Thermaluawayof LIB Cells

As mentioned earlier in this chaptéine exposure of an LIB cell to abnormal
conditions may cause an increase in the temperature of this cell, which subsequently
initiates decompositionof the main battery componentnd chemical reactions
between thge components inside the enclosure of the cell. The majority of those
reactions are of exothermic nature asme accompanied by generations of large
amounts of heat. The main reactionstlmatsps i bl 'y t ake place inside
are summarized as follovjg]:
x Decomposition ofa@lid electrolyte interface (SElayer.
x Reactions of intercalated carbon with electralyte

x Decomposition of cathode active material

12



x Reactions of intercalated lithium with electrolyte.
x Decomposition of lectrolyte
x Reactionsf electrodes witHluorinatedbinder.
The mentionedreactions should not necessarily occur in the given orS@me
reactionsmay initiate simultaneously andhteract thermallylt is alsoimportant to
mention that the chemical reactions discussed in this squtioarily occur inside the
enclosureof the batteryHowever, there is a chance that the ejected materials continue
to react outside that enclsoure.
1.5.1 Solid Electrolyte Interface (SELayerDecomposition

As mentionedin section 1.2.3 a ®lid electrolyte interface SEl) is an
electronically insulating but ionically conducting film that prevents any physical
contact between the negative electrode matemnal theelectrolyte.The SEI layer
consists of stableomponentgsuch as LiF or [2COs) or metastableomponentgsud
as polymers ROCI, (CH2OCQ.Li)2 or ROLIi). The metastable component
decompose exothermibpat 1001 2 0 e C HX]: f ol | ow

( B0 @,L i,Y) L j3CO3+CoH,+ @yt 0 0,5 1.1
or reacs with lithium metal as follow[27]:

(B 0@,L 0, ) ¢, E [2jCOz+CyH, 1.2
Additionally, the SEI layer decomposesaatelatively low temperature of 6 [2]],
and once this layer is breached the electrolyte seattt thelithium intercalated in the
anodein a mannersimilar to the formation procesbut at a higher uncontrolled

temperaturereleasing heat arrdisng the temperature.
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1.5.2 Reactios of Intercalated.ithium with Electrolyte
The heateleaseds a result ahedecomposition of SEI layersitiatesfurther
exothermiaeactions betwedithium existing in the intercalated carband electrolyte

solvent releasing flammable tot&lydrocarbon gasg29] as shown irthe following

examples:

¢, E# (/] %#Y LJCO; # ( 1.3
¢, BE#(/ O#Y LjCO; #( 1.4
¢, E# (/] $-#Y LJCO; #( 1.5

Typically, thesereactionsstart at 100C [28, 29] butcanalsooccur ata temperature
as low as 69°C [28] for some other electrolyteShe gases formed due to the
breakdown of the electrolyte do not buaven though the temperature exceeds the
flashpoint because there is no sufficient free oxygen in the cell to sustain a fire. Instead,
the gases accumulate and cause the pressure to build up inside the cell.
1.5.3 Decomposition of @hodeActive Material

At around 130C, thepolymer separator mejtallowing short circuits between
the electrodef30]. Also, the heatgeneratedrom thebreakdown oklectrolyte causes
decompositionof the metal oxide cathode materiedleasing oxygen. Theathode
active materials cadissociateat elevated temperaturas follows[29, 31] (LiCoOz,

Nio.sC00.202, and MnO4 are shown as examples)

¢, DO,Y Liogo#|l O, 1.6
. B#150,Y P B# 150 Po 1.7
o o
- . s p
-IOY-IO+EO 1.8
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The oxygen releasdtbm the breakdownfdhe cathode active materialyreact with

electrolyte solvent as follos\29, 31]:

V) ..

EO+#(O %#Y 30C c¢( / 1.9
T0+#( O 0#Y 40C o / 1.10
cO+#( O $-# 30C of / 1.11
@O +#( O $%# 50C uvu( / 1.12

The breakdown of the cathode is highly exotheramdincreaseshe temperature and
pressure evefurther.
1.5.4 Reactions ofntercalated.ithium with Electrolyte

After the brealown ofthe SEI layer lithium atomsin theintercalated carbon
can react with electrolyteroducingCO; (at 228 °C)and dilithio butylene dialkoxide
as follows[32]:

¢, Ec#( O %#Y , E/  # /| |, E ¢® 1.13

, E0%, E&0 & 1.14
The phosphorus pentafluoridePis) decomposed fromithium hexaflwride salt
(LiPFs) reacts with dilithio butylene dialkoxide producephaosphoryal flworide (POR)
(in a temperature range of 2Q@d0 °C)[32] as follows:

, Bl #( /I ,EO0&

) ) 1.15
o, E/ # & , E&/ &

Or LiPFs reacts with dilithio butylene dilbxide directly to produce PQRs follows:
, B #( /| ,E,EO0&

1.16
o  E/ #( & ¢, EQ/ &
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1.5.5 Decomposition oElectrolyte
The electrolytenot only react with the electodes but also decomposast

elevated temperatures (2800°C) as follows[33, 34]:

#( O $%# 08O #( O0& ( & #( 1.17
#( (& #( & 1.18
#( O $%# 08O #( O0& #( & 1.19
#( 0O0&008& #O ( & #( 1.20
#( 008&°08& #/ #( & 1.21
#(00& (& 0& ( #O #( & 1.22
#( & #( O #( |/ 1.23

At this point, the pressure inside the cell is extremely higte formed gases are
ejected out s itarelieve thesintecnal preséuse inkthe dejfeducehe
possibility of rupture. As soon as the gases are released to the atmoaplaere
temperaturecloseto their auteignition temperatureintermittent jetflamesmay be
initiated
1.5.6 Reactiors of Electrodes withtFluorinatedBinder

Although the binder provides mechanical strength and masthmintegrity
of the electrodesit affects the thermal stability ahe electrode under elevated
temperatures-or instance,hte binder forms Hadicals which enhances the LdD:2
decompositionFurthermore, for the LiCofelectrodes containing PVDF, the main
surface reactiors relatelt o Co | | | Y C othelmajor detampdsiiion product
is CaOs4. This reaction is alsaccompanied by the oxidati of someelectrolyte

solution species
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T/ o #i1/  #i#1 | ¢,E i1, E&/ 1.24
The PVDFLIixCs reactions are strongly affected by the degoé lithiation of the
graphitein theanode and the surface area of the anbidthe presence of electrolyte
as the acidic medium, PVDF (bind®iateria) is dehydrofluorinated acoding to the

following equation[35]:

#( #& O 4 #H( #& (& 1.25
A possible reaction between the binder and th€delectrodeatatemperature greater
than 260°C is as followq 35]:

#( #& , B, E& #( #& 1 1.26
To concludedl aforementioned reactionmoduceheat angarticipates in raisinthe
pressure inside the cgWhichresults intheexpedition of TR phenomenonThese set
of reactions can be utilized along with kinedied structuraparameters for modeling

the thermal behavior @fiBs undergoing abuse conditions as discusseldapter2.
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2. Literature ReviewandCurrent StudyObjectives

This chaptepresentshe previous works that focused on studying the thermal
behavior of individual LIB cells and LIB cell arrays undatlure conditions. In this
chapter, he investigations are classified irt@o maincategoriesexperimental and
numerical First, the experimentalstudies investigating the thermal, flaming
combustionand chemicahazardsssociated with TR of single LIB cells asviewed
Additionally, experimentaktudieson TR propagation (referred to aascading failure
in LIB cell arraysarediscussedThe last section of this chapter presd¢he results of
modelingof TR and cascading failure phenomena.

2.1 Review ofExperimental Stude
2.1.1 Review ofThermal Hazard\ssociated with &ilure ofIndividual LIBs

The failure of an individual LIB cell presents a thermal hazard because of
substantial heat generation ahe associated increase inthee mper at ur e of t he
body. Most of the energy associated with the reactions between cell contpasen
released inside the celowever, some ejected materials may continue to react with
eacho her outsi de of tatddionalambunts senebggkyveral r el e a s |
techniquesincludingdifferential scanning calorimetry (DS{35-40], acceleraing rate
calorimetry (ARC)[37, 41-45], vent sizing package 2/EP2 adiabatic calorimetry
[46-48], C80 calorimetry28, 30, 34, 49-51], and modified bomb calorimet[$2] have
beenemployed to measuredlenergygeneration due to thehemical reactions

DSCis a thermeanalytical technique that measures the heat flow associated
with physical and chemical transitions in milligrasizedindividual components of

LIB cells. The sample ikieatedinearly atsufficiently slow ratestypically in a range
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of 3-30 K mir}, to maintaina spatialy uniform temperature within the sample.
Pasquier et al[35] utilized DSC to examine the chemical reactions occurring in
lithiated carbon anode(LixCs) containing PVDF as a bindeThe reactions were
examinedbelowandabove the LiPEmelting temperature (26TC). For temperatures
below 260°C, degradation ofthe SEI passivating layewas found tooccur at a
temperature range of 12A.40°C and was followed by kiCs-electrolyte reactions at
around 210 230°C. For temperature greater than 2€) chemical reactions between
the binder and IxiCs were observedThe latter reactions were found to bestrongly
affected by the dege of lithiation of the anode

Maleki et al.[37] employed DSC to examine the thermal 8iigtof the anode
and cathode for specific LIB chemistry, graphite/LiGoDhe total exothermic heats
of decomposition of the anodgraphite)and cathod€LiCoO2) were estimated to be
697 and 407 g, respectivelyMacNeil et al[3§] utilized DSC to compare the thermal
stability of various cathodes in LI®EC/DEC electrolyteThelithium iron phasphate
(LiFePQy) cathodewas found to behe bestcandidate for large IB cells based on
stability and cost Roth et al[39] examned thermal} induced interactions between
several binde materialsand representative anode materialith various states of
charge $§0() and electrolyte The amount of electrolyte, the surface area of the
anode and SOCsignificantly impactedhe exothermicity of the observed reactions.
Yang et al[40] studiedthe DSC behavios of natural graphiteqnosty common anode
materia) with different amounts of intercalated lithium ior&harp exothermipeaks

were detected at arouB@7 °C when testinggamples containing more than 0.7 lithium
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ions per 6carbons, whichwas attributed to the structural collapse of the graphitic
matrix.

ARC is designed tdeterminghetime, temperature, and pressure relationships
for exothermicchemical reactions occurring inside adiabaticsealed stainlessteel
or titanium chambeof a relativelylarge volume(10 cm diameter and 10 cm depth)
Samples are brought to the desiredtstg temperature, then ebked for setheating
during anequilibrium time period.If the seltheating rate (dT4j °C mint) exceeds a
specific threshold,the instrument remains in the adiabatic mode and follows the
exotherm[42]. When dT/dt drops below the threshold level, the temperature is
increasedy constanstepyfor example 10 °C)until another exotherm is detected, or
until the designated uppdemperature limit isreached.Von Sacken et al[42]
employedARC to study theeffect ofanod® s s peci f i, 80OCandisdvant e ar e a
compositionon thethermal stability ofthe anodesoaked in eldcolyte. The results
showed thatn intercalaéd carbonanode(LixCs) wasmore thermally stabjendits
behavior was more reproducitifean a lithium metal anod#ue to its ability to better
maintain its structurdt was alsofound thatthe selfheating rate othe intercalated
carbon anode increased witteincrease in its specific surface aréhae carboranode
chargedat lower voltages wafund to be more etivebecaus¢he anode contained
more lithium Additionally, the anode watested in different electrolyte emlvens:
LiPFs/PGR where REC, DME, DEC, or DMC. The selieating rate increased in the
following order EC < DME < DEC < DMC.

Theusageof ARC was also extended taclude investigatingd R in complete

LIB cellsrather than individual componentdallaj et al.[44] testedcommercial Sony
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LIB cells (US18650, 1350MmA h, LiCoO/carbon/PCDEC+LIPFs) using ARC to
determine th@R onset tempmatures For cellswith open circuit voltageof 4.06, 3.0,
and 2.8 \ onsettemperatures were found to be 104, 109, and°C}4espectively.
Maleki et al.[37] tested prismatic LIB cellsvith SnLiCoO2 cathode inARC to
determine the onset temperatures of exothermic reaationgring duringTR. The
obtainedresultsshowedthat a smalkelf-heatingreaction initiated near 112 *@/hen
the cell reached 123 °C, it started to slowly-beét until highly exothermic reactions
(corresponding ta@'R) were observed at 167 °Che selfheating peakebserved at
112 and 123 °@orrespondetb the SEl layerbreakdowrandtheelectrolytéelectrode
reactionscapturedduring experimentsonducted inDSC and thermogravimetric
analyze(TGA). TheTR onset temperature (167 °C, ARC data)srelated to the onset
of chemical decomposition @athode(167 °C, DSC/TGA datakonfirmingthat the
cathodeprocesses leao TR.

In another work by Malekand Howard43], thermalstability of two different
prismaticLIB cells wereevaluated at various SOCs using ARZ&Il A (750 mA h)
consisted oBndopedLiCoO:2 cathodemesocarbonmicrofiber (MCMF) anode and
EC: EMC + LiPFs electrolyte.Cell B (790 mA h) consised of LiCoO:z cathode,
graphite anode, and EEMC: DMC + LiPFs electrolyte.Cell A has shown better
stability than cell B, which was attributed to the higher thermal stability of MCMF over
graphite. Theaesuls alsoshowed that the thermal response of batte cattode and
anode iran LIB cell wasadynamic process controlled byultiple factors such é80C,

selfheatingrates, and total heat generated by each component.
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In a more recent work by Feng et[dl5], TR of a 25 Ah large format prismatic
LIB was studiedusing theextended volume ARQGwhich follows the same heating
methodsasthe standard AR(utwith alargertestchambewolume (25 cndiameter
and 50 cm depth)The tested LIB sampleonsistedof two pouch cellghat were
electricallyconnected in parallel arigept inanaluminumshdl. The two pouch cells
had a lithium nickel manganese cobalt oxmhode A micro-thermocouplewas
insertedin between the two pouch cells, aadditional thermocouples were attached
to the body of the whole batteryheresults showed thdor the examined LIB cells
thetemperature difference between the inner and outer thermocatgdesinor (1°C)
for most of the test duration. The temperature difference increased as the cell
approachedR and reached its maximudifference(520°C) duringTR. A maximum
internal temperature of 870 °C was recorded dufiRy Additionally, the LIB cell
voltage was recorded over time; measurements of the vatageeda predictable
delay between the sharp decrease in voltage (correspdondimgonset of selieating
reactions) and the sharp increase in temperature (corresponding to theravedy).
The authors suggested that quantification of this delayanaple edy detection of
TR by monitoring the voltage.

VSP2 calorimetry is an adiabatic calorimeter with a pressutemperature
system that balances interrahd externalpressures as well as temperaturtise
adiabatic condition of the VSR&lorimetrycan be used to obtain relatpbfiles of
pressure anttmpeatureparameterslhuet al.[46, 47] employed VSPZ2alorimetryto
study thelrR reactons in faur differentcommercial LIB cellsvith an 18650 form factor

(cylindrical geometryf 18 mm in diameter and 65 mm in heigl&tll testedcellshad
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similar cathode chemistry (LiCo{ and nominal capacity (260WA h). Each
commercial cell wagxamined atwo different charging voltages of 4ahd 3.7 V
corresponding to (100% SOC) and (50% SOC), respectiVhky cellswere placed in

a 150 ml stainlessteel cylindrical test cathat was particularlydesigned to fitan
18650LIB cell and surronded by the heating systefor any of thetested cefl, the
maximum temperature and pressure of fully charged cells were measured to be 903 °C
and 1565.9si, respectivelyThe heat of reaction was estimated t@6e kJ per fully
charged cellLess charged cells showbdtterthermal stability as expected.

A similar study by Wen et aJ48] utilized the same methodmy to examine
18650 LiFePQO: cells charged tovoltages of3.6 V (fully charged) and 4.2 V
(overcharged)The recorded exothermiceactiononsetand maximum temperatige
showed anegligible dependencen the SOC of the cell. The onset andnaximum
temperature of TR for the fully chargedcell werefound to bel99 °C and 243°C,
respectively.

C80 calorimety is utilized to studythe decompositiorof individual battery
componentsat different room temperatuseup to 300 °C In a number of studies
performed by Wang et aJ28, 30, 34, 49-51], C80 calorimety was employed to
comparethe thermalstability of various electrolyte@rganic solvents + anion salts)
with and without the presence of electrodé@$ie testedsolventsamples showed high
thermal stability iran argorenvironmentompared to aitt wasfound that the addition
of LiPFes reduced the thermal stability efectrolytemixtures Also, the results showed
thatthe electrolyteélectrodecombination hadower decanposition temperature than

either a segrate electrolyte or electrode.
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Despite the fact that DSC and ARC have been widely used to invedtigate
thermal stability of electrolytes, y&B0 is the best technique for such studies because
it can handle the large pressure waves accompanying the failure reaatidinstance,
MacNeil et al.[38] hadto replace a typical hermetic DSC sample pan with a custom
welded aluminum sample vessel for their DSC apparatus to prevent leakage of released
gases which complicateghe testing procesdn contrast,the high-pressurerated
stainlesssteel vessel utilized in theetaramC80 calorimeter prevents any leakage of
gasesand opeates at elevated temperaturgs.for ARC, it cannotdetect endothermic
reactionsassociated with vaporizationtbfeelectrolyte while the C80 calorimetry can

Lyon and Walter$52] employedan adiabatic bomb calorimet&r investigate
thermalfailure of fourdifferent commercial cathode chemistriggh an 18650form
factor. The thermal failure was induced ag electrical resistance heateanitrogen
filled bomb calorimeter to preclude combustion of the batteagerials.The total
energyof the LIB failure wasassumed to consist efectrical store@nergy in the.IB
andthe chemical energy produceéde tochemical reactions between th& materials.
Theresults of thistudy indicated thaheproduced energygf an LIB ranged from 1.6
1.9 times iteelectrial stored energy

Despite beinguseful for characterizing failure energetiaspne of the
aforementionednethodgDSC, ARC, VSP2, C80 or bomb calorimetegsoriginally
designed for LIB failure analysis; consequentlyeir application to LIB testings a
subject of severdimitations. More specifically,most of these techniques cer be
utilized to test fully assembled commercial cells due to testing chamber size limitation

and possible damage the device.Most of these methods measdréhe integral
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amount of energy relting from chemical reactions between battematerialsbut
providad no insight into the dynarmos of this processThey also wee unable to
differentiate between the heat generated inside the cell casing and the heat generated
from continued reactions betgn materials ejected from the cell, whishhighly
important for engineering analysis of failure pagption in LIB arrays (packdjinally,
these methods did not providemeasuremenof the energyeleased from flaming
combustion of ejecteblattery materials.

To overcome théimitationson the aforementioned techniquési et al.[26,
53, 54] developed a ew technique that igeferred to as CoppeBlug Battery
Calorimetry (CSBC).This techniqueenabledcareful measurement of the energy
generated due to chemical reactibesween LIB materialgiside the cell casing only.
The technique involved insertiran LIB cell into an inslated copper slugrhe slug
was slowly and uniformijreatedo initiate TR. The main assumption invoked in this
study was that the temperature inside the tektBdcell was spatially uniformA
thermocouple was insedénto the copper slug to measureogper slugime-resolved
temperature which wa®und to beequal to the tested LIB cell temperatui8650
LIBs with cathode chemistries dithium cobalt oxide(LCO, 2600 mA h), nickel
manganese cobalt oxidBMC, 2250mA h), andlithium iron phosphatéLFP, 1500
mA h) were tested, all at SOCs of 0%, 25%, 50%, and 10066.all cathode
chemistries, the internal heat generation increased with increasing SOC up to 50%, but
the values for 50% and 100% SOC were comparable for mosideathemistries due

to significantly greater ejected mass at 100% ST .fully charged cellgproduced

25



total internal heat generatisof 37.3 + 3.3 34.0+ 1.8and 13.7+ 0.4kJ percell for
LCO, NMC, and LFP, respectively.

Said etal. [24, 25 modifiedthe CSBC techniqueo accommodate prismatic
LIB cells, SanyeUF103450P(LCO, 1880 mA h). The internal heat generation was
found to be33 £ 1.0 kJper fully chargedcell. Quintiere et al[11, 55 conducted
experiments with a similacustom thermatapacitancealorimeter anéxpanded the
investigation to include other types of batteries (including NiMH, NiCd, and lithium
metal primary cells).
2.1.2 Review ofFlaming Combustiotdazard Associated with Failure afdividual
LIBs

The flaming combustiomazard of ejected LIB materialsave been studied
separately from the thermal hazards in experiments which measuréotahleeat
release rate (HRR) associated with flaming combustion of ejected LIB materials.
Ribiere et al.[56] adopted tk fire propagation apparaty$7] (FPA, also called
Tewarson calorimeter in the EU) for these measuremémtthis study, 2.9A h
commercial pouch celldiMn204 cathode and graphite anodedreexaminedat 0%,
50%, and 100% SOC%hetestedLIB cell was placed in a stainlesseel cage which
was laid on a sample holder. The sample holder and its contents were placed atop a
weighing sensor to record the mass loss. The cage was enclosed by a combustion
chambemhile ventilation air at a volume flow ra of 3501 min™ to simulateoutside
fire conditions, was injectkat the bottom of the chambém external heat flux of 35
kW m? was applied to thehamber to induce thermal runaway into the. Materials

ejected during R wereignitedvia a pilotflame placed 30 mm abotiee LIB cell For
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all the SOCs, thtotalmass loss was found to be identicalyd 2 26 and 16%of initial
mas$. HRR due to combustion afjected materialsvas estimated usinipe oxygen
consumption method. Thetal heas due tacombustion verecomputed by integrating
the HRR profiles over time and found to B&3 + 37, 383 + 32and361 * 40 kJat
100%, 50%, and 0% SOQC=spectivel. Themaximum effective heat of combustion
was estimated to b&03 + 0.34 MJ per kg acell.

Liu et al[53, 54] combined the CSBC apparatus with an oxygensumption
cone calorimetd58] to measure energy associated ileiming combustion of ejected
materials fromLIB cellswith LCO, LFP, and NMCcathodesThe CSBCapparatus
wasequipped with an electric coil igniter which was suspended 5 mm above the tested
LIB cell. Thetotal heat generated duedombustionof ejected LIB materialsaried
between 3%3, 2781, and 360 kJ for LCO, NMC, and LFP cellrespectivelyThe
high hydrodynamicstrain rates associated witarbulentflow of ejected materials
caused intermittency of the flame, prevented significant amounts of ejected materials
from burning,and oftendamaged the ignitethus resulting iinderestimatedalues
of flaming combustion energy

To resolve this issyeésaid et al[25 modified the manner in which the ejected
battery materials were collected and ignited to increasebustion efficiencyin
comparison t o [bk354.Mere specificalfySaid ettal{2d] ateched
a stainless steel collector/burner tube, appended with a perforated plate, to the CSBC
apparatus. This attachmesnabledhomayenizing andeducingthe speed ofejected
materials andleliveredthese materia to an electric igniter coil suspended 16hm

above the perforated plat€his new technique resulted in a discernable increase in
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combustion efficiencyin this study[25], prismatic, B80 mA h, LiCoO: cathode cells
were tested. Per failed cethe effectivecombustion energy fat00% SOC cellsvas
found to be 113 kJ, compared to just 71 kJ for 50% SOC cells.

Full-scale buning testavere performedby Ping et al. andVang et al[59, 60|
to invesigate the combustiolbehaviorof materials ejected during the failuread30 A
h lithium iron phosphate (LiFeP{pbatterescharged to various SOCs%)50%, and
100 %).Radiativeheating of 3 kW was applied to one sj86] or to thebottom surface
[60] of the batteryto inducethermal runawayThe observedire behaviorwas as
follows: battery expansignet flame, stable combustioa,secondcycle of jet flane
followed by stable combustiora third cycle of jet flame followed by stable
combustion, abatemernd extinguishment. The number of jet flames wasddarbe
3, 3, and 2 for 10®, 50%, and 0% SOC, respectivelyAdditionally, the flaming
combustiorheat releasper failed cellwerecomputedo be 18195, 10396 and 4639 kJ
at 1004, 50%, and 0 % SOCrespectivelyThesevalues seem to bsignificantly high
for this cathodehemistrywhen compared to the resubtisprevious studief25, 53, 54,
56] and current work as wekkven if they are normalized linitial mass of the battery
pack. This can be attributed to the higher electrical stored energy in this study compared
to the previous ong&5, 53, 54, 56].
2.1.3 Review ofChemical Hazard Associated with Failure dividual LIBs

Other studies have focused on the chemical hazasdeciated with the
hazardous gases that are produced and ejected during cell fMaioney [8, 9]
measured the concentration of the gases ejected from LIB cells in an inert environment

to avoid anyimpact of combustionCells of different cathode chemistries and SOCs
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wereintentionally failedusingexternal heating insid@21.7I pressure vessel equipped
with Oz, CO, CQO, total unburned hydrocarbon (THCand Hz2 analyzers.Results
showed thathe overallvolume ofejected gassincreased with increasinfgOC.The
lower flammability limitof the mixturedecreased with increasing SOC up téokhd
then remained fairly constaatterward.

The ejected gases from cells with LiFeR@thodes were alsignificantly less
flammable and smaller in volume than the gases ejected fromwittllsther cathode
chemistres For LiCoOz cathode cell®f a 2600 mA h nominal capacijtyolumetric
concentrations of THC and G@ere not found to vary significantly with SOC, but
concentrations of CO andzhvere bothfound to increase from-%0 vol% to 20-30
vol.% for SOG greater thaithe 50%.

Other studie$56, 61-67] havefocused on measuriritpe concentration of the
flaming combustion productdlany toxic poducts such a€O, hydrogen fluoride
(HF), and phosphoryl fluoride (P@Fwere detected when LIBs were tested at high
SOCs Larsson et al[61] used Fourietransform infrared spectroscopy (FTIR)
technique to detedtlF released from A h EIG LFP pouch cells, 3.2 h K2 LFP
cylindrical cells, and 16.8 Lenovo laptop battery packs in an air environfrfeatiF
mass Yyields of the pouch cells, cylindrical cells, and laptop battery packs were
estimated to be 16, 15, and 7.3 mg per g of total massésgrectivelyLarssm et al.
[67] were abldo measure PQFonly for LCOcells at 0% SOC
2.1.4 Review ofCascading &ilurein Lithium lon Cell Arrays/Packs

All aforementioned hazards (thermélhming combustion and chemical)

increaseexponentially whet.IB cells are assembled into large arrglyattery pacKs
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to satisfy high powedemands in most commercial applicatioiide failure of a
individual cell may induce failure o neighboringcells andhencaus€erR propagation
(alternatvely referred to as cascading failutie)ough the entire pack. This propagating
failure is primarily driven by the transport of thermal end&)26] between IB cells.
Multiple studies investigated the effects of cells arrangem¢68&70] and
active/passive cooling strategigd, 72] on the thermabehaviorof LIB arrays under
normal operating conditions (no thermal runaway Most of these studies were
conductedn arrays that conses of commercial LIB cells.

A limited number of experimental worksve investigated cascading failure in
LIB cell arrays.Lamb et al.[73] investigatedcascading failure fosmallscaleLIB
arrays constructedvith either waltto-wall 18650 cylindrical or waidto-wall pouch
cells TR was initiated by creating a harshorting failure in one of the cells via
mechanical nail penetrat. Inthefirst set of tests, small packgere constructed from
10 Panasonic CGR18650CG cédiglindrical), with 2200mA h nominal capacityThe
cells wereelectrically connected either in ges or parallelFor the arraywith cells
connected in serie3R of thetriggercell raised the temperature éighboringcells
significantly, triggering safety venting but n®R propagationn thecells. Voltages of
someneighboringcells dropped for ahort timeandthenwere restored.

InducingTR in arrayspacks of cellshat wereconnected in parallel resulted
acomplete failure propagation into the pawkth significant damage to cells and loss
of voltage It was concludethat failure of any cell in a series configuratioould not
impact the general ability of LIB pack to continue workiatpeit at a lower voltage

due tothe missing cellln the second sebf teststhe authorsexamined stacked pouch
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cell modulesthat were constructed from BA Portable Power Corporatiomodel
703513010C cellswith 3000 mA h nominal capacity.Results from the pouch cell
batteries in the series configuratiamere notably differenfrom the cylindrical cell
results Failure quickly propadgad through the pouch cell battery no maitehe cells
were connected in parallel or serehichwas attributed tadhe greater conduction heat
transfer between pouch cetlsmpared to cylindrical cellhe greater heat transfer is
associated witlthelarger contact area between adjacent pouch cells.

Feng et al[74] studied TR propagation in a largB pack. The examined pack
consisted of six prismatic batteri€25 A h each)ixed together with no spacing in
between. Each battery was constructed from two pouch cells which were connected in
parallel and placed in aduminumprismatic shell. TR was induced in the first battery
of the pack via nail penetration. Failure of thestfibattery produced large amounts of
thermal energy which neaniformly heated the side wall of adjacent cells, thus
initiating TR propagation in the remaining five batteries of the pack. Temperature and
voltage histories of each battery were recordecutihged to determine TR onset times
and temperatures. Results showed lower TR onset temperatures and shorter failure
onset times than ARC tests on identical single batteries due to the introduction of fast,
nortuniform side heating from adjacent cellsmfaximum increase in temperature of
792 °C was observed for cells within the pack. Additionally, heat transfer from pole
connectors and the developed fire were found to be minimal in comparison to the heat
transfer through the battery shell, indicatingt t@anduction was the primary mode of

heat transfer.
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Ouyang et al[75] investigated the impact of cell arragrdiguration on the
dynamics ofcascading failure. Cylindrical LIB cells were arranged in six different
geometries: triangular, rectangular, parallelogram, linear, square aagomewith no
inter-cell spacing. The results showed that triangular and linear configurations achieved
lower propagation speeds relative to the other configurations. For the same
configuration, TR was found to propagate faster for the cells undergoingcnce
discharge.

2.1.5 Review of Cascading Failure Passive Mitigation Strategies

Lopez et al.[76] experimentally studied the influence biB array design
configurations including cell spacing, tabbing style, and vent locatiocascading
failure. Cells of cylindrical and prismatic form factors were employed in this study.
The abuse test consisted of akte-ventsetting where a single cell in a thde was
triggered intoTR via a heating elemenResultsshowed that adding 2 mm gaps
between cylindrical cells in arrays prev@mtopagation and alleviesphysical damage
in the testedarrays. Howeverthis suggestion may not be applicable dudirtated
space irmost practical application8ranched tabbing improved the voltage retention
and array safety comparéal serpentine tabbing because the trigger cell was isolated
from the array when the tabs were branchBde gap addition did not prevent
propagationwhen testingarrays of prismatic cells with side facing vertswyas also
found that installing thermal insulation or intumescent materials between the prismatic
cells successfully stoppdR propagation.

Zhong et al[77] exploredthe impacs of heating power, SOC, and the cell

spacing oncascading failuren the LIB arrays. 18650 LIB cells were employ¢al
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construct two different rectangularrays 3 (1 column x 3 rows) or @ columnsx3
rows) cell arrayswithout any spacing betweerighboringcells TR was triggered in
one of the cells via a cylindrical electric heater with similar dimensions toetls
dimensionsThe failure propagation wetracked using thermocouples (attacla¢the
mid heightof side walls of each cgland visuabbservationsThefully charged3 cell
arrays were tested at four different heatiogvprs (100, 200300, or 400 W)The fully
charged9 cell arrays were only tested at 100 or 200 Néne of the3 cell arrays
experiencedascading failureue tolimited contact area between cells, whileth#9
cell arrays underwemtascading failuren all their cells. Fothe9 cell arraysincreasing
the input powefrom 100 to 200 Wonly expeditedTR of the cells located ithefirst
row and hadnegligibleimpact on theluration between failuresf consecutive rows.
Reducing the SOC of the 9 cell arrags50%did not stop the failure propagation, but
the cellsfailed slowerthanthe 100% SOQ:ells Implementing 4 mm gaps between the
cells prevented R propagation and resulted onlyfalure of two cells in row 1 and
one cell in row 2.
2.1.6 Review of Active Suppregm of LIB Fires

A limited number of studiebaveinvestigate the efficiency of extinguishing
agents to suppress the firezampanying TR of LIB cells. Tlse studies have focused
on using Halon, Novec1230, and water mssuppressantSummel 78] investigated
the fire safety of lithium ion and lithium polymer batteresifoundthat these batteries
reacted violently when exposed to an external fire. The batteries ejected large amounts
of flammableelectrolyte, which further fueled the existing fire.handheld Halon

1211 fire extinguisher was utilized suppress the battery fires. Although the Halon
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1211 was able to extinguish the flames when applied to the batteries, the temperature
of the batéry kept increasing, antthe ejectedgases reignited again.

In a study by Maloney8], Halon 1301 was utilized to extinguish fires caused
by theignition of gases ejectddom LCO cell arrays. Tests were conducted inedl-
sealed10.8 n¥ test chamberA cell array was placed inside the chamber, and the
chamber pressure was brought down to a predetermined pressurel Bidloms then
introduced to the chamber different volumetric concentrations: %, 5.28%, and
10.43%. SubsequentlyTR was initiated inone cellusing a cartridge heatemd
observed to propagate throughout the cell abpymonitoring the temperaturat
different locations across the tested array. A spark igniter was utilized to initiate
combustion of ejected materials. The chamber pressse due to combustion was
recordedThe test results showed that the volumetric concentrations of 3% and 5.28%
wereunableto prevent combustion, while volumetric concertation df0.43% was
able tosuccessfullysuppress the combustion.

Wang etal. [79] investigated the efficiency of Novec1230sFeKetone) and
CO: extinguishing agents on suppressing the lithium titanate battery fres.
commercial lithium titanate oxide battery with 50 A h nhominal capacids heated
using a 5 kW electric heater to initiate TRests were conducted both in open
atmosphere and within and enclosUige agents were introduced to the battery as soon
as TR startedResults showed that G@as unable to completely extinguistetfires,
while the Novec1230 agent extinguished the fire withirs 8Dall tests.

In another study byiu et al.[80], the Novec1230 agent was also utilized to

suppress the fires accompanying TR dfilly chargedprismaticLIB cell with NMC
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cathode an@8800 mA h nominal capacitythe tested battery was placed inside an
explosion proof module box equipped with a presselief vent. A fire detection tube

was fixed directly above the safety vent opening; this tube was connected to the
Novecl1230 agent tank. Whehe temperature inside the box excedda certain
threshold, the detection tube melted and the Novec1230 agsmélgased into the box

to extinguish the initiated fire. Suppression experiments were also repeated in an open
environmentDifferent mass doses of Novec1230 agectuding 0, 0.5, 1, and 2 kg
were examinedlhe results showetthat small mass dosef Novec123Qbelow 1 kg)

had a negative inhibitorympact on combustion of ejected materiattowever,
introducing Novecl1230 at greater mass doses (above lallmyed for better
suppression of combustion of ejected materials and achieved lower maximum cell
temperature.

As an efficient clean fire extinguishing agent, water is widely applied in
firefighting because of its outstanding cooling ability. Istadyby Ditch [8]], it was
determined that a sprinkler system can provide protectiondoowing or developed
LIB rack storage fire. However, the-ignition remains a potential threat if the water
deliveryis stoppedefore temperatures drop to safe lev€lsmpared with traditional
water sprinklers, the water mist technique has shown toideca better cooling
efficiency while consumes less watdriu et al.[82] investigated the effectiveness of
using water mist cooling on TR induced in individunaimmercial NMCcells. TR was
initiated using an electriceatersupplied by a 100 W DC poweérests were conducted
inside a chamber of clear walls. A water mist nozzle was placed 0.5 m above the tested

batteryto introduce the mist into the chamb@&he nozzle discharged the water at
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pressure and flow rate of 0.5 MPada0.79 | mint, respectivelyTR was prevented
only when the water mist was applied before the surface temperature of the battery
reached a critical valutbatwas 20°C belowthe TR onset temperature for the tested
cells.
2.2  Review ofNumerical Studis

In addition to experimental studiefilure of individual LIBs andfailure
propagationn LIB arrayshasbeen investigated in numerical simulatioDsughty et
al. [83] proposed two general approaches to bsidh models calorimetric and
chemical reactions pproaches. The calorimetric approach requiresomplete
description of the cell design (dimensions and materials), measurement of either
materials or whole cell thermal properties (such as heat capacity and thermal
conductivity),calculationoima t e r i aHhermal espdnseproperties, amclusion
of the effect of agng on the thermal response properties. The chemical reaction
approachrequiresidentification of the dominant chemical reactioressociated with
thermal failure eventand the evolved chemical speci®saction rates and activation
energiesnust be measured for all relevant reactiofise studies in this section are
dividedinto two main categoriesnodelingstudies of single LIBs armodelingstudies
of LIB arrays(packs.
2.2.1 Reviewof Modeling Sudies onThermal Runaway dhdividual LIBs

Severalstudies focused omodelingLIBs under normal operating conditions.
Al Hallaj et al.[44] utilized a onedimensioml thermal model with lumped parameters
to simulate temperature profiles under different operating conditions and cooling rates

for cylindrical LIB cells of 10 and 108 h nominal capacityResults showed that the
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cooling rate has a significant effect ihretemperaturef cells. More specifically, high
cooling rates resulted in a significant temperature gradient across the body of.the cell
At low cooling rates, howevethe LIBsbehaved as a lumped capacity bauggligible
temperature gradient)Also, the simulation @imonstrated a good agreement with
temperature measurements at different discharge R#s.and Newmaf84, 85
producedonedimensional models that were able to prethet thermabehaviorof
LIBs. In Part 1[84], the authorpresentedhe onecell model for predicting the thermal
behaviorof the lithium negative electrode/solid polymer aegtor/insertion positive
electrode cellln Part 11[85], they presentd the celistack model, anodéd that used
variable heageneration rates calculated by the -oe# model to predict temperature
profiles in cell stackg-orgez et al[86] developed dumped parameter thermal model
of a cylindrical LiFeP@graphiteLIB. Heat transfer coefficients and heat capacity
wereobtained frominternaltemperature measurements while applying current pulses
of different magnitudeat2 Hzandtheninputtedthem irto the model. Ta developd
model enabled estimati of batteryinternal temperature usirthe measuredurrent

and voltageandtheresults were validatedith experiments (the model accuracy was
within 1.5 °C).

Chen et al[87] presented a twdimensional model to simulate the temperature
distribution across the layers epirally wound cells (cylindrical celljluring the
dischargeprocess The temperaturén the angular direction was found to be fairly
uniform and heat was mdy transferred along the radial directidbue tonatural
convection, the hottes¢mperaturesverelocated in a circular region near the liquid

filled hollow core, not in the exacenter Additionally, air cooling effectively reduced
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the surface tempetare, yet the inner temperature remained less affeRtadiation
contributedto 53.6% of the heat dissipation from the simulated LIBhesurrounding
air.

Chen et al[88] proposed a thredimensional thermal modeb study the
thermalbehaviorof LIBs under various discharge rates. ifhmodelconsidered the
layeredstructure of all cell stacks, the casdle#LIB pack, and the gap between both
elements. Both locatiedependent convection and radiation wemescribedat
boundaries taemonstratelifferent heat dissipatin performances on aligaces. The
model providedthe temperature distribution inside the battery and at the surface as
well. Obtained results showed that radiation contribute®3%3 to the overall heat
dissipation.

Additional modelingwork has been conducted to investigatermal runaway
in single LIBs Hatchard et al[89] produced a predictive ortimensional model for
18650 LiCoQ/graphite cells undergoinfR due toexternal heaéxposure iranoven
(oven exposure testing is a standard benchmlsetest of commercial LIBs)The
model predictionsof the temperatures difie cells comparedavorablywith the oven
exposure test results. The models also capable producingreliable predictions for
a variety of extrapolated test conditions suchchanging cathode chemistry (i.e
LiMn204), increasing the specific surface area of the graphite electradeng the
diameter of cylindrical cellspr testing cells of prismatic form fact@with different
thicknesses).

Kim et al.[90] extended the omdimensional modelling approach formulated

by Hatchard et.gI89] to a threedimensionaimodel (utilizing finite voume method)
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so that geometrical features are considered, aitpbor further understanidg of the
thermalbehaviorof large format LIBsunder oven abuse tesiThe model included a
list of chemical reactionsssociatedwith TR of LIBs; all physical and kinetic
parametersitilized in this model were collected from the literatufée model results
showed that smaller cells dissipated heat faster than lartigrwieich reduesthe
possibility of TR initiation. In simulations oflocal hot spots inside large cylindrical
cells, the model Bowed that the reactions initially propagated in thdial and
longitudinal directions to form a reaction zone of a hollow cylinder siape.et al.
[91] developed a thredimensional model to simulate the therrbahaviorof high
capaciy prismaticLIBs undergoing oven abuse tesThe model accounted for the
effects of geometrical features, heat generation, internal conduction and convection,
and external heat dissipation to predict the temperature distribuiibbim a battery.
Themodel predictedavorablythe qualitative and quntitativebehaviorsof a cell in an
oven testThe modelingpredictions indicated that LiFeR@ctive material was more
thermally stablen oxidation potential than LiCof The temperature gradient was
minimal alongthe width and length of the LIB and wamximumalong the thickness.
Liu et al.[54] utilized COMSOL Multiphysics software to construct three
dimensionahumerical modethatpredicted the temperature of individual 18650 LIBs
undergoing uniform heating in tle®pper slug battery calorimetr€$§BO apparatus
[53]. In this model, the apparatus was represented by an axisymmetricwibjeatl
dimensiongqual tathose oftheactual apparatug\ll materialproperties (densityheat
capacity, and thermal conductivity) ancat transfer parameterhie@t transfer

coefficientand emissivity of surfacesyvere obtained from available literature data.
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Initial simulations concerned the calibration experimentteran the LIBs were
repaced by a solid copper cylindgs3, 54], without heat generatiorin these initial
simulations, the thermal conductivity of the insulation (which was an unknown
property) wasidjustedo achieve good match between the simulated and experimental
copper slug temperatures. Subsequently, the thermal conductivity of theveis
determined usig a similar inverse modelling approadine thermal conductivity was
adjusted until the best agreement between predicted and experimental axial temperature
histories (which were collected only up to safety venting since no heat is generated
before safetyenting) Lastly,the experimental measurements of the volumetric heat
generation versus time were fitted with a pieceMiisear functionand subsequently
coupled with the derived insulation and LIB thermal properties to simthatenal
failure of a LIB. Temperatures obtained from this simulation were validated against
experimend and found to bevithin 5% of the experimental data for all LIB types and
SOG, which indicate that the lumped heat capacity assumption invoked in the
analysis of the CSBC experentswas generally valid.

Liu et al.[26] developed a thermkinetic model of thermalhnduced failure
for an LIB using COMSOL Multiphysics software and experimental data measured by
CSBC apparatus. The model was proposed for a specific type of LIB (Tenergy
ICR18650). CSBC tests were conductedLIBs to determine the thermal transport
parameters and global reaction kinetics associated with the LIBs thermal failure. The
model was parametrized via an invensedelinganalysis of the CSBC testgmilarly
to a previous study by Liu et db4]. This model assumed a varying radial thermal

conductivity, whil e it w a[§4]. Addibonallyp theé ¢ i
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model represented the processTét by a single first order reaction. The reaction
parameters (Arrhenius @aneters and heat of reaction) were fitted to be functions of
SOC. The model was then validated against CSBC tests that were conducted under
conditions not utilized in the parameterization process of the model. The predictions of
the model did not always Ifawithin the experimental uncertainty. However, the
predicted slug temperatures showed the same qualitative trends and were, on average,
within 5% of the mean experimental values, which represents a good overall
agreement. The model was also capable edipting the maximum cell temperature.

2.2.2 Review ofModeling Studies onThermal Runaway PropagationlifB Arrays

In addition to experimental studies,limited number ofnodelingworks has
been conducted on LIBrrayfailure as wellIn the same work by Liu et dI26], the
generatedhermaokinetic model was applied to predict the thermally induced failure of
LIB cells inamore complex scenario cascading failure of 6 LI
racko configuration. The model imp9%eothi cti ons
average) between the simulated and experimentally recdi@eunhset tims of each
failing cell in thetestedarray.

Feng at al[92, 93] expanded upon their previous wdikd] and built athree
dimensional TR propagation model basezh energy balance equatiorismpirical
equations based on their DSC and ARC data were used to simplifshémeical
kinetics calculationand equivalent thermal resistant layers were used to simplify the
heat transfer between thin layers with complex geneseThe model determined that
TR propagation could be postponed or prevented by modifying the separator to increase

failure onset temperatures, discharging the cells to reduce the total energy release,
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increasing the convection coefficientdnhance thaeat dissipation, or using thermal
insulation layers to reduce cétl-cell heat transfer. Experiments were conducted to
validateall of these findings as well.

Wang et al.[94] utilized threedimensionalcomputational fluid dynamics
(CFD) modeling to study the impact of cell arrangement and forceec@ating
strategies on battery pack failuResults showed that forced-amoling significantly
reduced the temperatures of battery modules and that cooling was most effective when
directed athe top of the battery pack. Additionally, a 5 by 5 square gemment of
LIB cells showed théest cooling capability, in comparison to 1 by 24 rectangular, 3
by 8 rectangular, 19 cell hexagonal, and 28 cell circular arrangements. The 19 cell
hexagonal @aangement was found to best optimize space utilization, however.

2.3  Objectives and Scope of Currertu8y

None of the previous studies quantified the speed of TR propagation in LIB cell
arrays or packs, measuree composition of gases evolved during thegagationor
determined the thermal energy production. A new experimental setup, therefore, was
designed and builtor the present study to provide these important dataetter
understandthe processes that govern the cascading failure dynamics. The setup
included a sectioned wind tunnel that was used to obtainde&iied boudary
conditions for the studgf LIB cell arrays.

The first stageof this work was to study the impact of cellray size on the
dynamics and hazards of cascading failure. Fully charged Tenergy lithium cobalt oxide

(LCO) cells of 18650 form factor and 2600 mA h nominal capacity were used to
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construct walto-wall 18 (3x6) or 12 (3x4) cell arrays. The arrays were theanted
in the wind tunnel and tested in ap &vironment.

In the second stage, tHecus was to investigate the relation between the
cascading failure dynamics and hazards and the LIB cathode chemistry. Lithium cobalt
oxide (LCO), lithium nickel mangase cobalt oxide (NMC), and lithium iron
phosphate (LFP) cells of 18650 form factor and 2600, 3000, and 1500 mA h nominal
capacity, respectivelywere utilized to construct walb-wall 12 cell arrays. The
cascading failure was investigated in an anaermicronment () as well as in air to
elucidate the impact of flaming combustion.

In the third stage, this workxploredpassive mitigation strategies¢ascading
failure usingphysical barriers between cells. All mitigation experiments were carried
out an LCO cells charged at 100% SOC. Due to the fact that battery pack design is
typically guided by stringent size and mass limitations, the barriers were introduced
between groups of closely spaced cells (rather than between individual cells) and the
thickness of the barrier was constrained to 5 mm. The barrier experiments were carried
out inanN2 environmento prevent flaming combustion of ejected materials and thus
provide a more controlled environment, where the impact of barriers on failure
dynamics could bbetterquantified.Barrier performance was evaluated by comparing
the results of solid barrier eepments with the results obtained for arrays containing
empty gaps of the same size and experiments without gaps.

In the last stage, thability of two extinguishing agents (Novec1230 and water
mist) to suppress the fires accompagyicascading failure anprevent failure

propagation wasnvestigated. 12 LCO cell arrays were utilized in the suppression
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experiments. The experimental setup was equipped with two different systems to
enable controlled introduction of teappressinggents to the system. Thewc1230

agent was introduced at two different concentrations of 8.5 and 15.2 vol.%, while the
water mist was utilized at 11.1 and 14.1 wt.%.

For all experimers, the failure was initiated with a small electric heater
attached to the side wall of one oétberipheral cells. The setup provided simultaneous
measurements of temperature of each cell, and temperatures and volumetric
concentrations of gases ejected during cascading failure. The cell temperature
measurements allowed calculation of TR propagaspeed in the presence and
absence of flaming combustion. The gas concentration and temperature profiles,
recorded in the anaerobic environment tests, enal@kdilationof mass yields and
lower flammability limit of the gases ejected by the arrays, a$ agethe rate of
chemical heat generation due to reactions between battery components inside and
outside the cell casings. The tests conductednimir environmentwere used to
evaluate the additional heat produahtk toflaming combustion of ejected ety
materials.

The main goal of this collection of investigations wagtovide previously
unavailable, comprehensive assessment of the failure dynamics and energetics in LIB
cell arrays or assemblies. These results are expected to serve as a foundation
effective detection, mitigation and prevention of electrical energy storage and electric

vehicle fires.
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3. ExperimentalSetup

The objective of this chapter is to present the design criteria and concepts
neededo build the experimental facilitytilized in this study. Detailed dimensions and
descriptions ofmaterials of each componeint this setup are provided as welhe
designed setup was employed twomprehensively investigate and characterize
cascading failure ilIB cell arrays Additionally, the chapteprovides details othe
modified CSBC apparatugriginaly developedy Liu et al. in[26, 53, 54], which was
utilized tomeasurehe heat ohearly completeombustion of ejected materials from
individual LIB cellsduring TR. The test matrcesand expermental procedures are
added tahe last section of this chapter
3.1  Specifications of IB Cells

LIB cellswith an18656form factor,cylindrical geometry 018 mmin diameter
and 65 mmin height,areselected taonstructthe LIB cell arraystestedin this study.
Three differenttommercialcells were investigatd herein Tenergy ICR1865(095],

LG HG218650[96], and K2 18650H97]. Detailed specifications of #secells are

listedin Table 3.1. All uncertainties reported in the table were computed from the

scatterof the data as two standard deviations of the md8dre ®lection ofthose

specificcellswas based on the following considerations:

o The 186500rm factor is widely used in a multitude of modern applications such
as electric vehicles.

o Different cathode chemistries have different thermal stagsilitvhich arecritical

parametesfor thefire safety of LIB cells. Therefore, in this study, LIB cells of the
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most widely and commercially available cathode chemistries were tBsisetl on

thermal stability cathodes can be ranked follows:LCO < NMC < LFP[3§].

Table 3.1. Factory pecifications otheLIB cell sampledested in this studylhe

uncertainties were computed from gtatterof thedata as two standard deviations of

the mean.
Tenergy LG K2
Specification ICR18650 HG218650 18650E
[99 [96] [97]
a @ b e
Cells - :
with and without i |
packaging ] Bale sate o v M
i "o S
Cathode LCO NMC LFP
Anode carbon carbon carbon
Safety vent ports 4 3 5
number
Nominal capacity 2600 3000 1500
[MA h]
Nominal voltage [V] 3.7 3.6 3.2
Minimum cutoff
voltage [V] 2.75 2.5 2.5
Maximum cutoff 4.2 4.9 365
voltage [V]

Dlschar[gpl\?g current 13 06 d -
Charging current [A] 1.3 1.5 O 7
Electrical stored | 335,03 443+13 17.4+0.2

energy [kJ]

As shownin Table 3.1, the positiveterminalsof eachcell areequipped with

safety venting ports o

rel ease

t he

gases

f or med

which helps to avoid cell rupture or explosion caused by pressure builktgiled

chemical compositionsn(mass %[98-102 of all listedcells are included iAppendix

A (Table A.1, Table A.2, andTable A.3). Theelectrolyte ofthese LIB cellcorsists
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of organic carbonatenixturessuch asEC, DEC, PC, and/orEMC and usesa non
coordinating anion salt of LiRFPrior to each experiment, théB cellswere stripped
off their plasticpackagingandtheir initial masse wererecorded

Prior tothe charging process, the cells were electrically cycled according to
manufacturer recommendations using an iCharger 208B battery charger controlled by
a computer software. The charging process was performed in steps to confirm careful
charging of cells to the desir&DC First, @ch cell was fully discharged to a minimum
cutoff voltage using a constalischargecurrent. Secong groups of 4 or 6 cells,
electricallyconnected in series, were fully charged tmaximum cuiff voltage using
the constant current/constant voltage balanced charging mithadtil the darge
current fell below 0.1 AThird, the cell groups were then fully dischardge@ minimum
cutoff voltage In the last stepthe cell groups were charged to the desired SOC of
100%. One exception was the NMC cells that were directly heated by the electric heater
to initiate TR; these cells were charged to 50% SOC. The reason for this exception is
provided in section 3.5.2 All minimum/maximum cubff voltages and
charging/discharging currents are listedable 3.1. Temporal profiles of the voltage
of each cell and the discharge current were recorded during the discharge.process
Integrating the productfdhe voltage and current profiles enabled calculation of the
electrical energy stored in each cell, which is also providdalle 3.1. This energy
was found to be withid-10 % of the cetidnominal capacities.
3.2  ExperimentalSetupi Cascading-ailure Experiments

A schematic of thexperimental facilityf 103-105 is shown inFigure 3.1. The

setupis composed of three major systermgas handling system, wind tunnel, and
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emittedgas sampling systentach systenmis described indetail in the following
subsectionsThe design process of the experimental setup depended primarily on the
dimensions of the cell holdeFhe discussiortherdore, will start by the design details

of the cell holder.

To emitted-gas
Kaowool sampling system
PM Sampling

thermal probe
insulation Removable

From gas To exhaust

] handling system

Manifold

Three
i thermocguples

Perforated E : "
, plate : ; '
Mixing Pre-test : Test :Diagnostics
chamber section section section

Figure 3.1. Schematic of the experimental setup (the wind tunnel is drawn to scale).

3.2.1 CellHoldersand Tested Array Configurations
3.2.1.1Cell Holder without Gaps

Thetestedcells were arranged in rectangular arrays of eithgBI&®lumns x
6 rowg or 12(3 columns x 4 rowcells without any spacing imetween adjacent cells.
A custommade cell holder, shown kigure 32, wasutilizedto maintain the geometry
of the LIB cell arrays throughout the cascading failure experiments. The cell holder
was made from a stainlesteel frame which consisted of upper and lower plates. This
holder was able tsupporta maximum capacity of 40 LIB dsl per test (5x8
rectangular array). 40 depressions of 18 mm diameter and 4.5 mm depth each were

machined into the lower plate. The cells were inserted into these depressions in such a
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way that each cell was in contact witleighboringcells. The depressis were
equipped with Kaowool PM (refractory cerarfilmer) thermal insulation discs (18 mm
in diameter and 3.2 mnm thickness) One disc was placed underneath each cell to

mi ni mize the heat transfer bet ween the cel

/ Thermal insulation

Electric heater Trigger cell

Top plate

Thermal insulation
(prevent short circuit of cells as well)

Long screw

Hexagonal strut

kwer supply

Heater support insulation dise

Insulated
heater

Figure 3.2. Schematis of the cell holder and electric heater.

A 3.5 mm diameter opening was drilled into ttenterof each depression and
insulation disc, through which sili¢der insulated ktype thermocouple wire (<8-
24) was extended so that the thermocouple
andits insulation disc to record the temperature of the bottfiase of each LIB. The
top plate, with 40 circular perforations of 12 mm diameter, was placed atoprcells
such a wayhat the safety venting ports were not obstructed by the holder. The contact
surface between the upper plate and the top surface efweall insulated using a
perforated Kaowool PMceramic fiber)insulation panel to reduce the heat transfer
from cells to the plate (thermal isolation purpose) and talgpoeclude possible short
circuit of cells (electrical isolation purpose). The upper and lower plates were secured

together using four long screws of 6 ndlmmetereach. The lower plate was equipped
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with four hollowinternally threadethiexagonal struts intahich the long screws were
secured. The wind tunnel test section was designed with an internairopsrsection
of 90 mm tall by 120 mm wide to house the cell holder.

Thermal failure was initiated into the middle cell (referred to as trigger cell) of
row 1 via a surfacelectricheater depicted iRigure 3.2. Theheaterof 58 mm height
and width of 0. 45 t (254 exm), WwasheadelfronB & sickep e r i me t
resistive heating wire that was wrapped in a coil form and insulated with-atnggigth
fiberglasscloth tape. The back surface of the heater was insulated usexqadé! PM
(ceramic fiber)thermal insulation pieceas shown inFigure 3.2, to direct allthe
supplied energfrom the heateto the cell anghrevent any significant heat losses from
the heater to the environment. The heaksemblywas tightly secured between the
LIB surface and a stainlesseel support to assucempletecontact between the heater
and the trigger celind to prevent any moneent of the heater. The heater was powered
by a DC power supply, BK Precision 1685B, to initiate the failure.

Figure 3.3 displaysa top view schentg of the tested cell array$he 18 cell
arrays wereonly tested in an anaerobic environmend)(nhile the 12 cell arragwere
examined in both Nand air enviroments Further details of the test matrix and

procedures are provided saction3.5.
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3 2 1

Columns Columns
) )
3x6 3Ix4
LIB cell array LIB cell array

Figure 3.3. Layoutof the studied LIBcell arrays(without gaps) Cell 2was the
trigger cell (tke cell thatwas subjected to localized heating to initidtermal

runaway in every experiment

3.2.1.2Cell Holderwith Gapsand Physical Barriers

Several previous studies suggested implemgt empty gaps between
individual cellsof battery arrays/packe mitigate the celto-cell TR propagationbut
the gaps would result in a significant increase in the volume of the batteryNeaek
desigrs of real battery pack systemaresubject to stringent size and mass limitations.
Therefore,a different techniqugl06, 107] was followedin this studywhereempty
gaps were implemented betweelosely spaced cell grosfelusters rather than
between individual cells.

To implementthis techniqug 106, 107], a different custom cell holdewas
designed and built upor testing closely spaced groups/clusters of cells (with a
maximum capacity of 40 cellsBoth cell holdes (with gaps and without gapsiad

similar specifications (such as materials, dimensions, ceramic fiber insulation plates
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and discs, heater assembiywdthermocoupldocations). The main difference between
the two cell holders is the that, in the cell holder with gaps, 5 mm empty gaps were
implemented between cell groups/clusters as showigure 34. The electrical heater
assembly was attached to the middle cell of the first row of the 9 (3 columns x3 rows)
cell group/clusterin this cdl holder assembly, the top plate perforations were arranged
in groups in exactly theame way the cellsvere grouped so that the safety vent
openingswere not obstructed andould readily eject the gases during failure

conditions.

Lower plate

Figure 3.4. Schematic of theop and loweplates with 5 mmemptygaps.

In furtherattemps to reduce the heat transfer between cell groups/clusiers
5 mm empty gaps were equipped with three different types of physical barriers: a
doubk layer of perforated stainlesteel platesréferred to astainlesssteel larrier),

Tecnofire intumescarmaterial[ 10§ supported by a stainlesseel plate referred to
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asintumescentdrrier), and Kaowool PM insulation supported by a stairdéssl plate
(referred to aseramic fiber larrier) Figure 3.5 shows a labeled schematic of the
utilized physical barriersAll barrier assemblies werg9.5 mm wide in the direction
perpendicular to the gas flow {&irection) 73 mm long in the direction parallel to the
gasflow (Y -direction), and 59 mm in height.

Stainless steel barrier Intumescent barrier Ceramic fiber barrier
59.5 73 J

Before Testing

A 0.6 -
0.9 0.9 iy —
S L
' . _Stainless steel
.Stainless steel Sl
Stainless steel / fo 0.9 . Intumescent

1.2 Void gap

Céramic fiber

Stainless steel

After Testing All dimensions in mm

Figure 3.5. Dimensioned schematics of ttestedphysicalbarrierassemblies.

The overallthickness of the stainless steaktier was3 mm. The barrier was
fabricatel from two0.9 mm thickperforated stainlesteel layers. The two layers were
separated by a 1.2 mm empty gap. The perforations on the surface of both layers were
strategically designed and machined so titheywere offset ad not aligned with each
other. Ths barrier configurationemulated a typical radiation shield that preeent
radiation heat transfer between cells while also allowing for convective cooling of cells

by gases flowing through the wind tunnel.
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The intumescent material layer was 0.6 mm thick and it was supported on the
downstream side by a single layeOdd mm thick stainlessteel, resulting in an overall
assembly thickness of 1.5 mm. However, the assembly thickness would change during
testingbecausdahe intumescent material expaat a temperature of approximately
463 K and reaches an expansion ratio of up to 9:1 at 7@pi#dvide enhancethermal
protection, according to thmanufacturef10§.

The overall thickness of tleeramicfiber barrier was 4 mm. The ceramic fiber
layerwas 3.1 mm thick and supported by a single layer of 0.9 mm thick stastéeds
Kaowool PM has density, specific heand thermal conductivity 656 kg m?®, 1.07
kJ kg'K™, and 0.049 W mK?, respectively, at room temperat(ii®9, 110 and is a
thermal insulation product widely used in high temperature (udl260 °C)
applications. The intumescent and ceramic materials required stainless steel support
because initial tests indicated that they waduldak down during experimentsl|éft
unsupported. All brrier assemblies we refurbished afteeachtest except for the
stainless steel barrier, which was only cleaoieghy carbon particles deposited on the
surface.

The tested cells were arranged in three groups/cluSt@solumns x3 rows)
cell group,3 (1 column x 3 rowsYight-most cell group, an@ (3 columns XL row)
backmostcell group.Figure 3.6 showsa top view schematic of the tested cell arrays.

All showncell arrays were only tested in an anaerobic environmehtkNrther detds

of the test matrix and procedures are providezbaiion3.5.
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5 mm empty gaps 5 mm gaps with physical barriers
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| —
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Columns Columns

Figure 3.6. Layoutof the studied LIBcell arrays(with gaps) Cell 2 was the trigger
cell.
3.2.2 GasHandlingSystem
The gas handlingystempresentedn Figure 3.7 was employed to control the

gas composition (Nor air) and flow rate entering the wind tunnet.Was introduced
from a highpressure nit\gen tank while air was pumped using an air compressor. An
Alicat mass flow controller was used to maintain a constasflow rate of the
introducedyasesnd was preceded by a pressure regulator inthed\or a filterryer

in theair lineto remove particulates and watepor.

| Gas handling system

Pressure regulator l /' Manifold
NITROGEN, Or 7597
Nitrogen tank T Mass flow controller
(MFC)
Air

l Gases
| to
Wind tunnel

Desiccaﬁt filter/dryer

Air compressor

Figure 3.7. Schematic othegas handling system
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The N flow rate, 186 | mirt at referencepressure of 14.7 psi andference
temperature of 298 K, was chosen because it heaseximum flow rate that coulsk
maintaired constantfor the duration of the experiment usitige available N storage
capacity; this flow rate effectivelynaintained an anaerobic environmamdide the
tunnel. When the cell holder was fully loaded with 40 LIB cells, the loaded cell arrays
were designed tbe ventilated/cooledt an air speedf 4 m s? (flow is around the
array). This speed was within a typical range of ventitatgpeeds utilized to
ventilatetool LIB packs in most practical applicatiof@3-70, 111]. The air speed4
m s?, corresponded tmughly al m s bulk air speedust upstream of the cell array.
The air flow rate, 640 | mihat referencepressure of 14.7 psi and temperature of 298
K, was estimated based on the design speed of mirs() and the internal dimensions
of the wind tunnel (126hmx 90 mm).Figure 3.7 shows that the Nor air flow leaving
the gas handling system was directed te@angulaluminumNITRA pneumatic
manifold to provide an even distribution of the flow to the mixing chambbke
manifold received the flow through a sin@®.4 mmdiameterinlet and discharged it
into the mixing chamber through eigt?.7mm diameterigh pressuréexible tubes
3.2.3 Wind Tunnel

The cell holder was placed inside a wind tunneéstablishwell-controlled
environment and boundary conditions for cascading failure experintégtse 3.1
shows athreedimensionalrendering of this wind tunnel, which was built using
stainless steel ducting. The wind tunnel consisted of four main sections: mixing
chamber, praest section, testection (containing the cell holder and LIB array), and

diagnostics sectigmphotographs of these sections are included in Appendbidsie
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B. 1 to Figure B.7). The sections wereoupledto each other with bolts and sealed
along thei flanges with RTV silicon gasket3he interna dimensions of the wind
tunnel, 120 mm width and 9% m height, were maintained constarthroughout the
tunnel.
3.2.3.1Mixing Chamber

The mixing chamber was equipped with eight inject@{mm in diameter
eacl) that were attached to the flexible tubes coming from the manifold. Detailed
dimensions of the mixing chamber are showhRigure 3.8. The purpse of the mixing
chamber was to hydrdynamically mix the gas stream befdr@ng ejected uniformly
into the pretest section through a perforatadiminumplate. The open area of the
perforated plate was 4.6% of the vertical cresstional area of theimd tunnel (120
mm x 90 mm). The platev & designed to generate a static pressure larger than the
dynamic pressure at the injector exdagroducea nearly uniform flow velocity at the

inlet of the pretest section.
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Injector inlet

Perforated plate
Figure 3.8. Schematic othe mixing chamber and perforated plate (all dimensions in
mm).

Equation3. 1 assumes that the pressure difference across the perforated plate is

greater than the dynamic pressure at theaéxhe injectors by a factor af :
Dynamic pressure at exit of injectors— Pressure difference across perforated plate

M
% 20 o0 31
¢ 7

wheremis the air density6 is the flow velocity at the exit of injectorB, is the total

pressurgandO is the static pressure at the exit of the perforptatk

3.2

=N

3.3
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wh et ig the air flow rate] is the area of the injector, is the number of
injectors, + is the perforated plate factoand ! is the open area of the

perforated plateUsing Equatiors 3. 1 to 3. 3, a criterionwas determinedo compute
the pressure factoi7 () as a function ofnjectors and the perforated screen areas as
shown inEquation3. 4.
Lo N7 3.4

For 640 | min* of air, the plategenerated a static pressure drop 4.2 times larger than
the dynamic pressure at the injector ekésed on thdimensionf the injectors and
the open area of the perforated screen.
3.2.3.2PreTestSection

The pretest section received the gas flow from the mixing chamber as depicted
in Figure 3.1 with the aim of achieving a fully developed flow at théet of he test
section and providing/ell-defined flow conditionsTo achieve a fully developed flow
in the air experiments (which were conducted at a flow rate of 640 -Fnihe length
of the pretest section had to be equal to or greater thahydrodynamic entry length.
The estimation of the hydrodynamic length depended on the natairdlofv (laminar
or turbulent). The Reynolds numbé A) wascomputedusing the inner dimensions
(120mm x 90 mm)andair speedO& ni s?) of the pretest sectioras described in

Equatiors 3. 5 and3. 6.

2 A

= 3.5
o
|

T!
$ o 3.6
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$ is the hydraulic diameter of tiennel(m), ¢ is the kinematic viscosity of ajm? s

h,! isthe crosssection area of theinnel(m?), and0 is the wetted perimeter of the
tunnel(m). The hydraulic diameter and the Reynolds number were estimated to be 103
mm and 6500, respectively. According to the Reynolds number, the air flow was
determined to be turbulent, and the hydrodynamic entry lemgthapproximatedsa

10$ [112. Therefore, the prgest section was manufactured to be 1.1 m in leagth
shown inFigure 3.9. It is noteworthyto mentionthat the N flow was laminarandthe

flow was not fully developed by the end of the-pest sectionHowever, during the
nitrogen experiments, th@imary focuswas not on achieving a fully developed flow

as much abaving a near zero oxygenrcentratiorthroughouthe tunnel.

Figure 3.9. Schematic of the preest section (all dimensions in mm).

3.2.3.3TestSection
Thecell holder was fixed with four screws comitigoughthe bottom surface
of the test section into the hexagonal struts of the bottom gke¢€igure 3.10. The

centerline of thearraysand the symmetry planes of the cell holder and test section
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were all aligned. As depicted figure 3.10, the inlet and outlet of the test section were
equipped with a wire megB mmx 8 mm mesh sizep prevent anyargedebris from
travelling eitherbackwardor forward through the wind tunnel. The cell holder was
accessible via a removable cover. The cover was tightly fixed and skaieg tests

to prevent any possible leakage of gases. Theside and bottom walls of the test
section were lined with pais of Kaowool PM thermal insulation (6.35 mm thickness)

to minimize uncontrolled heat loss. One layer of the insulation was used for the side
and bottom walls; three layers were used for the top wall because of its direct exposure
to materials ejected fno the cells.Detailed dimensions of the test sectiare

demonstrated ifkigure 3.10.

Triple Single
Kaowool insulation Kaowool insulation layer
layers (sides & bottom)

Cell Wire mesh

. holder (inlet & outlet)

Figure 3.10. Schematic of the test section duct (all dimensions in mm).
3.2.3.4DiagnosticsSection

As shown inFigure 3.11, the diagnostic sectiomas designed witl conical
shape to increase the momentum of flowing gases, which reduced the boundary layer

formation (or thickness) andassisted in achieving representative sampling
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temperatures and compositiongledexhaust flow. An elbow was attached to the outlet
of the diagnostic section to direct the exhaust flow towards an exhaust hood. The
internal walls of the diagnostics section were ingaavith a single layer of 6.35 mm

thick Kaowool PM thermal insulation.

Sampling Probe Opening

3 Thermocouples
Figure 3.11. Description otthe diagnostics section and exhaust elbow (all dimensions

in mm).
This section was equipped with threetyfe, stainless steel sheathed,
thermocouples (1 mm probe diametsuch large probes were utilizéd provide

necessary mechanical integjitfFigure 3.12 depictsthe vertical cross section within

the diagnostic section along the plane of the exhaust gas thermocouples which were

positioned 15 mm back from treectioninlet and 46, 36, and 17.5 mm below the
bottom surface of the top insulation layer to relctihhe histories of exhaust gas
temperature. fie hermocouple locations were selected to sample the temperature of
the exhaust flow near the bottom, middle, and top otthes sectiomlownstream of

the LIB cell arrays.

62



64,217 30 30 217 64

° S \ l TC3
TC2 N
» TC1
+—_ Sampling
*— Insulation probe

9.5

-

Figure 3.12. Schematic of the vertical cross section within the wind tunnel along the
plane of the exhaust gas thermagles (all dimensions in mm)The sampling probe
is positioned 60 mm behind the thermocoupléss.

A sampling probe, made from a hollostainless stedlube with an internal
diameter of 9.5 mm, was vertically inserted into the diagnostic section 60 mm
downstream of the thermocouples to sample gases. One end of the tube was blocked,
while the other end &as connected to the emittgds sampling system. The exhaust
gas was sampled through two longitudinal columns of perforations, each 1 mm in
diameter, located on the tube. The sampling probe was inserted into the section with
the perforations facing towardise exhaust elbow of the wind tunn&he probewas
repeatedly purged with an air duster after each test to protect the sampling perforations
from clogging and prevent any accumulation of solid particles inside the tube.
Additional tests were conducted to check the uniformity of gas sampling location. In
these tests, some of the perforations located near the upper or lower end of the sampling
probe were temporarily blockedlhe results of these testsshowed negligible
dependenceof the sampled gases on the location sampling perforaiinisative of
homogenously mixed gases at the position of the sampling probe.
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3.2.4 EmittedGasSamplingSystem

The emittedgas sampling system was responsible for conditioning and
analyzing thesampled gas. A schematic of the emitgs sampling system is depicted
in Figure 3.13. The gases sampled through the probe were first filtered using a
disposable coalescing filter of 95% efficiency at (hitronsand subsequently passed
through amluminumadsorption housing containingdasiccant (Drierite) to ensuee
completedehumidifcation of the sample. A 10KD series diaphragm double head
pump, located downstream of the adsorption housing, was utilized to draw stmples
the sensorsThe pump discharge was divided into four parallel streams, each set to 1.25
I mint via acrylic rotanetes. The distance between the sampling probe and inlet of the
pumpwas designed so that the temperaturehefgases entering the pump cadt
exceed 47C. Thetemperature of thgas sample was monitoreldwnstream of the
sampling pump to confirrthis temperature does not exceed the allowable threshold

(47°C) and thus avoid damaging the gas sensors

Rotameter | Emitted-gas sampling system
Sampli ¢
amp fng pump 0O, sensor
? o —— e (%
CO, sensor
e E@! To
- exhaust
CcO seﬁnsor H, sensor hood
g
Gas sample L THC sensor
from e @
Wind tunnel [ —

Figure 3.13. Schematic of the emittedas sampling system
The four streams were connected to gas analyzers witkided a fuekell
type automotive @s e nsor A T eloe d yCiadal CRMurhed hydrocarbons
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(THC)AEDI NBUR&H rGasNGo i nfrared gas s-ensors

ni ckel OIPITd WAR HY 0 B arfalgzeri Adl semsorsl were installad i
parallel except for the Hsensor which was placed in series downstream of the CO
sensor. The kHsensor was disconnected from the system when tests were performed in
anair environmento avoid exposure to potentially damaging oxygen concentrations.
Eachsensor received a sample flow rate of 1.25 tyivhich was within typical ranges
recommended by manufacturers.
3.2.5 DataAcquisition andSensorCalibration

All thermocouple and gas sensors were digitally sampled at a frequency of 2
Hz with National Instruments DAQ modules and LABVIEW software. fhergas
sensors, zero and span calibrations were performed by flowing a chemicallyzpure N
andgases of certifiedompositions, respectively, through the sensors before each test.
Gas measurements performed by Malof&\9] showed that methar{€Ha) was the
dominant THC ejected by LIB csllthat are similar to the onéssted in this study.
Therefore, the THC sensor was calibrated using methane gas.

Preliminary experiments were conducted to measure the gas transport time to
each sensorln these experiments, the transport time was simply determined by
measuring the timperiod between introducing a gas sample (at the location where the

LIB cells arenormally fixedin the wind tunnetluring actual battery experimeptnd

observing a shift in the sensordés signal

4, 3, and 7.5s for the Oz, THC, CO, CQ, and B sensors, respectively. The
guantification of transport time aligned the gas and temperature measurements in the

data analysis.
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In other separate experiments, response times of the gas sensors were estimated
by flowing a @gs of known concentration through eagmsomand then measuring the
time required for the sensor output to change from a baseline value to 66% of the steady
state value corresponding to the known gas concentration. The response time for all
sensors variedetween 2 and 4 Also, the response time of the exhaust thermocouples
wasfound to be less than® These times magffectthe peaks of the measured gas
signals. However, as mentioned in the analgstsions4.3andO, the main focus was
on the integral values of gas yields and produced energ€tiesefore, the response
time would have negligible effects on the current results.
3.3 Expeaimental Setup Active Suppression Experiments

The capability of two commonextinguishingagents(Novec1230 and water
mist) to suppres4.IB fires and prevent TR propagation was also assessed in this study.
The cascading failure experimental setup describeskdtion 3.2 was modified to
enable weHcontrolled introduction of thBlovec1230 and water miagentgo thetest
section, where theell arrays were located Detailedinformationonthehandlingof the
extinguishingagentss discussed throughout the following subsections.
3.3.1 Novecl30Suppression
3.3.1.1Novec1230 Characteristics

Novec1230 (dodecafluore2-methylpentar8-one) fire extinguishing agent
features aa nextgeneration halon alternatiamdoffersaunique combination of large
safetymargin, outstanding extinguishing performance, amadimal negativeimpact
on environmen The Novecl230agentnormally exists in a liquid form at room

temperature. In fee scenarios, however,ishagentis dispersedas a gasThe heat of
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vaporization of Novec1230 is significantly lower than the heat of vaporization of, water
approximately 25 timesmaller Due to the combination of the lew heat of
vaporization and the higinvapor pressure of Novec1230 agent compared to water, the
liquid Novecl1230 evaporates 50 times faster thatemfd13. When discharged
through a nozzle from a properly designed system, the Novec1230 agent will rapidly
vaporize and evenly spread throughantenclosureA summary of the Novec1230

physical properties are listed Trable 3.2.

Table 3.2. Summary othe Novec1230agentphysical properties. All values were

determined at 25C unless otherwise specifigti 3.

Propeties Novecl123(JCFsCRC(O)CF(CR)2]
Molecular weight 316.04 g molg
Boiling point at 1 atm 49.2 °C
Freezing point -108.0 °C
Critical temperature 168.7 °C
Critical pressure 18.65 bar
Critical volume 494.5 cc molg
Critical density 639.1 kg m?
Density, saturated liquid 1.6 g mi*
Density, gas at 1 atm 0.0136 g mt
Specific volume, gas at 1 atm 0.0733 nikg*
Specific heat, liquid 1.103 kJ kg °C*
Specific heat, vapor at 1 atm 0.891 kJ kgtoc?
Heat of vaporization at boiling point 88.0 kJ kg
Liquid viscosity at 0 °C/25 °C 0.56/0.39 centistokes
Vapor pressure 0.404 bar
Relative dielectric strength, 1 atm,hl) 2.3

3.3.1.2Novecl1230Fire Suppression Mechanism

The Novecl1230 agent extinguisHesgs principally via removal ofheat from
thefire zone When the Novec1230 agent is discharged irfitceazone it mixes with
air forming a gas mixture with a greater heat capdh#y air itself. This gas mixture
absorbs a significant amount of heat such that the fire zone tmaldimiting
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temperature where combustion can no longer be sustained. The amounts of hgat lost
the fire is controlled by the concentration of Noi/280 agent in the gas mixture.
Additionally, in this work,the agent/air mixture can induce high convective cooling to
the body of the cells, whicmay prevent or mitigate TR propagation through the cell
arrays.
3.3.1.3Novec1230 Handling System

The main objective of the Novec1230 handling systeas to convert the
Novecl1230 agent from liquid to gaseous form and enable controlled delivery of the
gaseous agent to the fire zone, whias located inthe test section. The current design
of theNovec230 handling system avaditilizing high pressur@ozzletechniques to
eliminate the complexity associated with these techniques schematic of the
Novecl1230 handling systems shown inFigure 3.14; a photograph of this system is
also provided irFigure B.8. Theliquid Novec1230 agent wadacedinto a stainless
steel container with a removable top cogeell-sealed during experimentshe top
cover was equipped with a thermocouple monitor the temperature inside the
container The container side surface and top cover were thermally insulated using a
blanketceramic fiber insulation to minimize the heat loss from the container to the
surroundings. The container was placed atoglectricinductionsurfaceheatemvhich
was used to uniformly heat the bottom surface of the container to evaporate the liquid

agent.
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Figure 3.14. Schematicof the Novec1230 handling system.

The evaporated Novec12a@ent flovedout of the container tough @.5mm
diameter outlet machined into the top cover. A flexible tube was used to guide the
evaporated agent towards a two way vahat directed thgaseousgent either to the
exhaust hood (if not used) twrthe aluminum manifold (where the gaseous agent was
mixed with air and then introduced to the wind tujn@he destination of the
evaporated ageifhood or tunnelflepended on the experimental procedures followed
in this study; detailed procedures are presd insection3.5.4 The container and
heater were both placed atop a Mettler Toledo mass balance to record the change in
mass of liquid agent with time This mass change was utilized to compute the
volumetric flow rate of vaporized (gaseous) Novec1230 agent

3.3.1.4Characterization ahe Novec1230 Handling System
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Compared to any commercially available halons Nbeec1230agenthas the
highest heat capacityesultingin the lowest extinguishing concentrations for a given
fuel. For extinguishing most of fires, the Novecl1230 agent is applied at a typical
concentration range of 4% vol.% of the space. No documented information is
available about the recommended Novec1230 concentration to extinguish LIB fires.
Battery safety exped from Kidde Fire Systems and United Technologies Co.
recommended using Novecl230 at a concentration-1# 90l.% of the space to
effectively suppress the LIBrés.In this study two concentrations were investigated:

a 8.5 vol.% (represeiling a value that isower thanthe maximum safe concentration
for humans 10 vol.9%9 anda 150 vol.% (represeig a value that is slightly greater
than themaximum valuautilized commercially for suppressing battery fjres

The containefshown inFigure 3.14) was designed to beaded with 61 kg of
liquid Novec1230.Theoretical calalations showed that evaporatitiygys amount of
liquid Novec1230 over ime duration of7.5minutes(approximateatascading failure
test duréion) need a heating ratef at least 119 kW, assuming adiabatic conditis.

For steady state conditiortbgrate of change in liquid Novec1230 mass (measured by
the balance) is equal to the evaporation rate of NovecIR3®.calculationsalso
showed also that thidovec1230evamration is 0.0136 kg5 which corresponds to
59.8 | min* of gaseous Novec1230.

Preliminary testing of the Novec1230 handling system indicated that heating
the container at a rate of 9. kW achieveda slowerevaporation ratghan the
theoretically calculatedate which isattributedto theinevitableheat loss from the

container to the surroundireyen with thermally insulting the Novec1230 container
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Therefore, the output heating rate of theuctionheater was increased to 1.65 kW to
account for the heat loss and thus achieve ¢és&yd evaporation rate.

In all Novec1230experimentsthe mass change in the liquid Novec1230 was
recordedin time and converted to concentrations of the Novecl230 gas in the
air/Novec1230 mixture.The Novecl230 handling system produced gaseous
Novec1230 aavolume flow rate 069.2 + 1.1 | mirt. Also, in these experiments, air
was flowed through the tunnel at 640 or 320 | fTniMixing this 59.2 | min' of
Novec1230 with 640 or 320 | mirof air yielded an average Novec1230 concentration
of 8.5 £ 0.03or 15.2 + 0.04 vol.%respectively, in the resulting gas mixture
3.3.2 Water Mist Suppression
3.3.2.1Water MistSuppression Mechanism

The water mist systemas designed to providearefully cortrolled quenching
of the flamedy introducing a fine water mist into the air stream flowing through the
wind tunnel.Water mist is wetknown for its efficient performance in suppressing
flames primarily via thermal quenchinghere evaporation of mist near thanfie leads
to a direct flame cooling because of the high vaporization enthalpy of water (2260
kJ/kg). Additionally, evaporation of mist upstream of the flame contributes to
suppression byncreasingthe mole fraction of water vapor in the oxidiZ8r ),
thus diluting the oxidizerAdditional gaseous water vapor in the combustion zone
enhancs heat dissipation from the reaction zone and reduces the flame temperature.
Previous studiefl14, 119 have shown that water may exhibit a minimal chemical

impact on the kinetics of the combustion reactidiesemechanisms indicate thide
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flame ismainly extinguished when its temperature is reduced béhewritical value
needed to sustain combustion.
3.3.2.2Water Mist Handling System

The cascading failure experimental setulescribed insection 3.2, was
equipped with a water mist handling systérhe systentonsisted of stainlessteel
duct piecethat wasinstalled downstream of the hydrodynamic mixing chamber as

shown inFigure 3.15. Detailed dimensions of the duct piece are display&iinre 3.

16.

Manifold Compensation tank

Perforated plate

Water atomizer
Cellholder ~ €0¢losure

Removable cover

Sampling probe
e
Exhaust Water moves und.er
thermocouples the effect of gravity
Ultrasound to maintain a

1
1
i
|
i
H
|
H
Te 1 % .
To 2 1 level inside the
exhaust ) ’
c i
i
i
i
1
H
i
i
1
i

atomizer section

Mixing
Atomizer section !ghamber

'
'
'
1
'
'
'
'
'
'
'
'

mist generator ! constant water
'
'
'
'
'
'
'
'
'
'
'
'

L .
Diagnostics section! \ Test section Pre-test section

Figure 3.15. Schematic of the experimental setup with the atomizer section installed.
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Figure 3.16. Schematic of the atomizer section (all dimensions in mm).
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Water mist was produced using a Vewtirasound mist generator submerged
in a 60 mm deep layer of water within thase of theatomizer sectionThe mist
generatorshown inFigure 3.17, included D individual piezoelectric atomizefsach
is 20 mm in diameteywhich vibrate at ultrasonic frequency to produce a plume of fine
mist droplets just above the water mist surfdde atomizer section is initially loaded
with 1100 ml of liquid wéer before each experiment. An open top containecated
1.2 m above the basef the atomizer section was employed to compensate for the
atomized water so that the water level inside the atomizer section is approximately
maintained constant during tesWater flowed from the compensatiomtaner to the
atomizer sectiorunder the effect of gravity through a short 6.35 mm flexible tube
attached to an opening machined into the bottom surface of the atomizer. Segwtion
mist produced inside the atomizsgction was entrained by the air coming from the
hydrodynamic mixing chamber and introduced to thetgsé section and then to the

tests section, where the cell array was located.

Mist generator -~ Power Supply

Figure 3.17. A photograph of Vevor ultrasound mist generator
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3.3.2.3Characterization of Water Mist Handling System

Separate q@liminary experiments were conducted to characterizewtier
mist handling systemn these experimentghe set up shown iRigure 3.15 was
utilized, but he test and diagnostics sections were dismantled to facilitate studying the
characteristics of gensted mistat the outlet of the prest section (which is the inlet
of the test section)In these preliminary experiment840 or 320 | mirtt of air was
flowed through thenstalled parts of thevind tunnel and then the mist generator was
operatedThe generated mist was entrained by the air flow.

Under steady state condlins, the rate ofvater mist delivery (i ) at the
outlet of the preest sectiorwascalculated as the change in mass of wttat was
kept in the compensation contairggrring a given timeperiod. The mass fraction of

water mist in the aimist mixture(9 ) was calculated as follows:

9 —_— 3.7

wherel is the air mass flow rate corresponding to an air volume flow rate of 640 or
320 | mint at the standard atmospheric pressire,=101325 Pa, and temperature,

4 =298 K.Previous studiegl16-118 haveestimatedhata water mist mass faction

(9 ) greaterthan 0.1 is sufficient for extinguishiraydiffusion flame In the current

study, varying the input voltage to the power supply (which was utilized for powering
the mist generator) from 30.8 to 50.7 V enabled controlling the valge of for
different air flow rates (640 and 320 | riinas shown irFigure 3.18. In the current

study, the generator was always operated at its maximum capacity (an input voltage of

50.7 V was used).
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Figure 3.18. Relation between the input voltage to the power supply operating the
water mist atomizerral the mass fraction of mist the air/mist mixture All
uncertainties were computed from deatterof the data as two standard deviations of
the mean.

The water mist produced by the generator is expected to include liquid water
and water vapor. Thmass flow rate of water vapor was computed using the saturation
pressure (obtained Btl E@AIAA B OAGEIDLO 1A land relative humidity
(measured during preliminary testing of the water mist handling system as 77.5 %) of
water vapor at the outlef the pretest section (which is the inlet of the test section).
The water vapor mass flow rate was then utilized to compute the water vapor mass
fraction @ ) in the air/mist mixtureentering the test section. A summaryl of |,

9 ,and9 isreportel in Table 3.3. The table shows thatémass fraction of water
vapor was found to be negligible compared to liquid water. Therefore, the mass

percentage of water mist including liquid and vapor (11.1 wt.% or 14.1 wia®%used

in this study to refer to the mist content.
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Table 3.3. A summanofi s ¢, Ywm, andYwv measured during preliminary
experimentsThe uncertainties were computed from sleatterof data as two

standard deviations of the mean.

Air volume i
i T :
640 1.6 + 01 (1?_..:5_11101.60\./8[(.)02) 0.0094 + 0.0004
320 1.0 +01 (121'.]i4+_% g_g@?% 0.0081 + 0.0011

Figure 3.19displays images of the water mist delivery at the outlet of the pre
test section (inlet of the test section) for different mist loading conditions. The figure
demonstrates that the mist behaves as a dense gas. The potential of the water mist
suppressiorsiprimarily characterized by the quantitydof . Variation in this quantity
can be obtained by changing the air flow rate (as followed in this study) or by varying
the amount of mist loading capacity with a constant air flow rate (through changing the
input voltage to the power supply). Another parameter that may affect the suppression
potential is the water mist droplet size. The current ultrasonic mist generator did not
allow for discernable variation in the droplet size distribution, thus limiting the

variation of suppression potential when studying the effects of varied
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Figure 3.19. Photographsf water mist delivery at the det of the pretest section
for varying9
The mist droplet size distribution was measured using a Malvern Instruments

Spraytec system, which utikzalaserdiffraction techniqu¢ll19. In this technique, a
collimated HelliumNeon laser (632.8 mnwas passed through the mist generated at
the outlet of the préest section. Anultifacetedring detector colleetd and analyze
the resulting light scattenng patterns produced by the lageist interactions. The
droplet size distributiowas evaluated frorthe beam scattering patterns. The Spraytec
equipmentcan resolvedroplet diameters in a randeetween @-2000 pum with a
measurement aacacy of + 1%. This accuracyiistained across a wide rangeSof |,
which enablesup to 95% obscuration of the laser. For mist characterization

measurements, the laser source and detector of the Spraytec system were positioned so
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that they face each other. The equipme&as also positioned in such a way that the
laser beam pasdéorizontally at a distance of 20 mim front of the outlet of the pre
test section.Based on the measurements obtained by the Spratec system, the
characteristic droplet size (80) was found to be 8N 0 . .@Ressltsifrom earlier
studies suggested that thesirdroplets at this size evaporatell outside the flame
sheet and therefore sensible cooling effects are donjibhafjt
3.4  ExperimentalSetupi CopperSlug BatteryCalorimeterExperiments

In separate experiments, the original design of the CSBC appgiattd] was
modified accordingto a study conductedby Said et al[25], and combined with an
oxygerrconsumptiorcone calorimete58] to estimate the heat release rate associated
with complete combustion of ejected materfaden individual LIB cells Figure 3.20
depicts a schematic of the original CSBC apparalhe apparatusconsisted ofa
hollow purecopper cylinde{18 mm in inner diamete26 mm in outer diameteand
65 mm in height) in which the LIB celas insertedA resistive heating wir€fOMEGA
NI80-010)was uniformly wrapped around the copper slug to induce the thermal failure
into the LIB cells.The heatingwire was supplied with 40 W DC power via a BK
precision power supply-he copper slug &as insulated using a cylinder Gemcolite
FG23112HD ceramidiber insulation materia(200 mm in diameter and 100 mm in

height)
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Figure 3.20. Schematic of the CSBC apparaf8, 54].

The key difference between previous work done by Liu §68).54] and the
present workvas the addition of an ejected battery material collector/burner, developed
and outlined by Said et §R5], as shown irFigure 3.21. The ejected battery material
collector/burner consistieof a 75 mm diameter and 150 nengthstainless steel tube
appended with a perforated steel plate. The purpose of the burner/collector was to
collect,homogenizeand slow down the flow of ejected battery materials before they
were deliveredto a hotwire igniter, which resuled in a significantly enhanced
combustion. Alditionally, this attachmenprovided a sufficient separation distance
between the coil igniterra the examined LIB cellwhich minimized the heating
influence from the igniteon the tested cellsThe igniter was built using the same
resistive heating wir€lOMEGA NI80-010)thatwaswrapped around the copper slug
Two resistivewires were coiled todker, arranged inta loop that was suspended 10
mm above the perforated patandsuppliedby 200 W ACpower The igniterwas
turned on at the beginning of the experiment and kepting upuntil the end offR.

The oxygerconsumptiorcalorimetryequipped exhausted system was designed and
operated in accordance with tA&TM E-1354standard58]. Sensor outputs from all

components of the setup weezordedsimultaneously at a frequency of 1 Hz.
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Figure 3.21. Schematic of thenodified CSBCapparatus under the hoodaof
oxygen consumption calorimeter

3.5 TestMatrix andExperimentalProcedurs
3.5.1 Cell Array Size Investigation

Cell arrays of 18 and 12 LCO cells (showrFigure 3.22) were employed to
investigate the effects of an anaerobic environmesn} @4d cell array size on the
dynamics and hazards of cascading failure. If varying the size of an array shows no
significant effect on the dynamics of cascading failure, then reducing the size is
preferred to limit the setup/lab exposure to extreme heat and high concentrations of
hazardous gases. amN2 environment, tests on arrays of 18 and 12 cells were repeated
five and four times, respectly, to accumulatedata statistics.All cells in these

experiments were charged to 100% SOC.
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Figure 3.22. Layoutof the 18 and 12.CO cell arrays tested inNNCell 2 was the
triggercell.

The chaged cells were stripped plasticpackagingand weighed individually
before and after testing. The cell arrays were inserted into the cell holder and the test
section was tightly closed. The wind tunnel was purged witH h@6 of pure N for
sevenminutes before the beginning of tests to ensure complete evacuatienTdieO
electric heater power and data acquisition software were turned on simultaneously.

The electric heater power was s#t 115 W and continuously recorded
throughout the tégduration. This power was initially designed to be applied for the
entire duration of the test. However, the heater was gartiatompletely disabled in
early stage of the experiment (between the failure times of the first and third failed

cells). Thereby, the integral value of the input power throughout the entir@rtest
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varied betweeld6-52 kJfrom test to testthis rangewas later found to b&.5-7.6% of
the btal chemical energy produced by the cell arrays during cascading failure.
Therefore, the variation in input failure power did not have a significant effect on the
overall dynamics of failure or the total chemical energy peced from the cell array.
Testswere stopped once themperatureof thecells returned to their initialalues.
3.5.2 Cathode Chemistry Investigation

As shown inFigure 3.23, similarly sized arrays of 12 LCO, NMC, or LFP cells
were tested imn N2 environment tanvestigatethe effect ofthe cathodechemistryon
the dynamics and hazards of cascading failure. thatdilly, thecell arrays were tested
in an air environment to elucidate the impact of flaming combustion of ejected
materials on cascading failure. In anfidw rate of 18d min, tests on altell arrays
(LCO, NMC, and LFP) were repeated four times to accumulate statistics. In an air flow
rate of640 | min?, tests on LCO and NM€ell arrays were repeatstk andfour times
respectively The LFPcell arrays were tested two times in 640 | rhiof air, yet no
cascading failure was achieved dughte difficulty of sustaining flaming combustion
at auch high air flow rate. Therefore, the LEEEIl arrays were tésd in a reduced air

flow of 1861 min't; tests in the reduced air flow rate were repeated four times.
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Figure 3.23. Layout ofthe 12 LCO, NMC, and LFP celarrays tested in Nand air

environments. €ll 2 was thetriggercell.

All the cells in these experiments were charged at 100% SOC. In preliminary
experiments on NMC arrays the thermal runaway of the trigger cell (cell 2) dismantled
the stainlessteel heter support because of the high energy release rate and frequent
rupture of the NMC cell casings. Therefore, it was decided to reduce the SOC of the
trigger cell to 50% only fothe NMC cell arrays.Tests were conducted in the same
manner outlined igection3.5.1

The electric heater power wast at115 W and was continuously recorded
throughout the test duratiom the LCO and NMC tests, ¢hheater was partially or
completely disabled during early failure stages as was the casetion3.5.1 The
integral value of the input power throughout the entire test time was in a range of 16
52 kJ, and this range represented &% of the total chemical energy produced by
the entire celbrrays during cascading failure. Therefore, the variation in input failure

power did not have a significant effect on the overall dynamics of failure or the total
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chemical energy produced from the LCO or NMC cell arrays. InteBi the heater
stayed imact throughout the entire duration of temtsl was manually turned off when
t he cel |l sd bgsstartedtodedreastesgnifcantvariation irdurations
before turning off the heater power between different LFP tests causedetpal
value of the input failure poweo fluctuate in a wideange from 178130 kJ.This
range was significantly greater than energy produced from the cells thawvantERr,
meaning that the heating power was the primary reason of failure advancement from
the trigger (cell 2) tsome of the cells in the arrayhe tests were ended once the
temperatures of theells retured to their initial values
3.5.3 Passive Mitigatiorinvestigation

In this investigation, sixifferent test configurations were compared; each test
configurationwas repeated three to six times to accumulate statisligsre 3.24
shows schematic diagrams for athalyzedconfigurationswith a summaryof the
number otest repetitionsThe firstand secondonfiguratiors werel2 (3x4) cellarrays
with no intercell spacing tested in a@gmd N supplied at flow rateof 640and 186
min, respectively. The first configuration represertteglmost energetic propagation
scenaricandincluded flaming combustion of ejected battery materlalshe second
configuration, flaming combustion was suppressed, and thus more controlled
experimental conditions were achieved. These two configuratvenspresented in
section 3.5.2 but recalled herein to serve as baseline points to all other test

configurations shown ifigure 3.24.
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Figure 3.24. Top view diagrams ofell arrays tested in passive mitigation

experimentsCell 2 was the trigger cell

In the third configuration, a 3xBlock of cells with no intecell spacing was
separated from the back row by a 5 mm gap. An additional side column of cells
separated by a 5 mm gap was included as well, expanding the total number of cells in
the array to 15. The locations of the gaps veslected to examine whether the bulk
gas flow direction (parallel or perpendicular to the gap) had any impact on the
effectiveness of the gap in slowing down or preventing failure propagation. In the rest
of test configurations, various physical barrieese inserted into the 5 mm gaps. The
barriers were carefullgesigned and fabricated from specific materials with the goal of
mitigating the failure propagation from between row 3 and row 4; detailed

specifications of the physical barriers are foundsantion 3.2.1.2 In all passive
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mitigation experiments, all cells were charged to 100% SOC. Experimental procedures
similar to those procedures describeddntion3.5.1were also followed here.
3.5.4 Novecl230 Suppression Experiments

Arrays constructed from 12 LCO cells arranged in rectangular configurations
without intercell spacing were utilized to ingggate the efficiency of Novec1230
agent to suppress the fires accompanying the failure propagatibese arrays and
prevenffailure propagationFigure 3.25showsthatfive different tests conditions were
compared Each condition wagestedfour to six times.The 640 | min' air tests
represent thenostenergetic scenarim which flaming combustion of ejected battery
materials $ significant. The 320 | mihair tests represeatiessenergetic scenario due
to the less ailavailable br burnng the ejected battery materials. In the third test
condition, the air was comtedy replaced with Nat 186 | min' to suppress flaming
combustionNote that he 640 | mint air and 186 | mirt N2 tests are the same tests
reported insections3.5.1, 3.5.2 and3.5.3but mentionechereto serve aseference
points.In theNovec1230 suppression experiments, the Novec1230 agent was utilized

at two different concentrations 8.5 + 0.03 and 15.1 + 0.04 vol.%.
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Figure 3.25. Layout of the LCO cell arrays tested in baseline and Novec1230
suppression exggiments. Cell 2 was the trigger cell.

All cells were fully charged (100% SOC), stripped off the plastic packing, and
weighed before testing. In a typical air op Bxperiment, the same experimental
procedures presentedsactions3.5.1, 3.5.2 and3.5.3were folloned Thetechnique
of theNovec1230 suppression experiments, howewas slightly different. A typical
Novec1230 test started by fixing the cell array into the cell holder and tightening the
removable cover of the test section. Subsequently, 6.1 kg of liquid Novec1230 agent
was phced into the container of the Novec1230 handling systemcdittainer was
tightly closed to avoid any leakage of Novecl2gf@ntduring the experimeniThe

wind tunnel was then purged with 640 or 320 | tirf air for 7 minutes.
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The stopwatch and the Nwecl230 surface heater were turned on
simultaneously. Theurface heatgoower wasset atl.68 kW. The liquid Novec1230
started to evaporatd anunsteadyate During this unsteady evaporatidhe two way
valve (installed downstream of the outlet of the Novecl1230 contailiregtedthe
evaporated Novecl1230 to the exhaust ha¥diter 3.54 minutes from starting the
experiment, the evaporation rate of Novec1230 started to approach steady state, and
the eletrical heater adjacent to cell 2 (trigger cell) was enabled and set to a constant
rate of 115 W. The two way valve was adjusted to direct all evaporated Novec1230 to
thewind tunnel immediately afteriggercell underwent TRIt is important to mention
that is not expected to condense inside the tunnel due to its low enthalpy of vaporization
and high vapor pressufl3.

Time-resolved profiles othe Novec1230 concentration in an air/Novec1230
mixture obtained from representative Novec1230 tests are portralyagline 3.26. In
these profiles, the gy solid lines represent thienes when the vaporized Novec1230
was directed to the exhaust hood, while the black solid lines repres¢iniébevhen
the vaporized Novec1230 was directed touhed tunnel. The concentration values
correspondingo gray Ines aretheoretical they were calculated assuming that the
vaporized Novec1230 mixes with air. The concentrations corresponding to the black

linesarethe actual concentration of Novec1230 in the tunnel.
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Figure 3.26. Novec1230 volumetric concentration in an air/Novec1230 mixture
obtained from representative (a) 8.5 vol.% and (b) 15.2 vol.% Noveté2R0
The Novecl230 flow to the tunnel was stopped shortly after all cell
temperaturestarted to decreas&he test was concluded when all cell temperatures
returned to their initial baseline values. Once tests were complete and the entire setup
had sufficiently cooled, the cells were removed from the cell holder and weighed to
determine thenass loss of each cell.
3.5.5 Water Mist Suppression Experiments
The efficiency of fine water mist to suppress the fires during failure propagation
in LIB cell arrays and to prevent or mitigate the failure propagatiasexamined in
this section. Similar LCO cell arraygescribedn section 3.5.4 are utilized for this
investigation as well. Additionally, the baseline points describeddtion3.5.4were
alsousedin this sectiorto comparewith theresults ofwater mist suppression testdl

test conditions and repetitions are presentdeigare 3.27.
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Figure 3.27. Layout of the LCO cell arrays tested in baseline and water mist
experiments. Cell 2 was the trigger cell
In water mist suppression experiments, all cells were charged at 100% SOC.

The cells were prepared and weiglatordng tothe same procedures followeu
previous sections. Tests westarted by heating cell 2 up to TR, whiafas directly
followed by turning on the water mist handling system to generate the mist at
gravimetric concentrations of 11.1 and 14.1 wt.%6#0 and 320 | mi% of air,
respectively. The water mist generation was stopped when all temperatures of cells
started to decrease continuously. The tests were ended when all cell temperatures

returned to the initial values.
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3.5.6 CSBCTests

Single cells were investigated for the CSBC teblwe cells were charged to
100% SOC, weighed, and then placed into the copper slug such that the top surface of
the cell was flush with the top surface of the slug and surrounding insulation. With the
cell positioned, theollector/burnewas attached and ti&SBC apparatus was placed
under the cone calorimeter with the electric igngesitioned directly above iTests
were initiated by starting the cone calorimeter data acquisition, power supply, and
igniter all at once. The power supply was set to 40 Vélfdests.The input power was
less in the CSBC tests than in the wind tunnel tests because only the combustion
energetics wereneasuredand the slower heating promoted a more gradual ejection
rate allowing for a more complete combustiofihe cone calonneter heater was not
used for these tests (nor was the coalerimeter mass balance). Rathadt,heating
was supplied by the heating wweapped around the copper sl&V and TR onset
times were manually recorded using a stopwatch. Tests were conelitelethe cell
had fully failed and the heat release rate trend had returned to its baseline value. After

each test, the cell was weighed once again to determine its total mass loss.
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4. ExperimentaDataAnalysis andMethodologies

The purpose of this chapter is describethe analysis procedurethat were
performed onthe recorded measurement$he following points summarize the
collected measurements andhe quantities of interest derived from these
measurements

Measureddata:

x  Time-resolved temperatus®f LIB cells bottomsurfaca (N2 and air tests)

x Initial and final mass of each cell atestedcell array(N2 and air tests)

x Time-resolved concentratiaof each gas ejected fromestedcell array(N2 tests)

x Time-resolved concentration of combustion products (air tests).

x Time-resolved émperature ofhe exhaust gas leaving the wind tungik and air
tests)

Derivedguantities:

x SV and TR oset temperatures.

x TR propagatiorspeeds

x  Number of failed and ruptureslls in each examined LIB cell array

x Total mass loss per examined LIB cell array (or per failed.cell)

x Yields of gases ejected from the examined LIB cell array (or per failed cell)

x Lower flammability limit of flammable mixture ejected fronsiagle LIB cell

x Enclosurevolume in whichfailure ofan LIB cell array woulctreatea flammable
mixture.

x Chemical heat generation due to thermal failure of LIB cell arrays
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x Flaming combustion heat generation due to combustion of ejected materials
cascdling failure experiments

x  Total flaming combustion heat generation due to combustion of ejected materials
in the CSBC experiments.

Figure 4.1 displaysa flow chartthat describes the analysis proceduoesthe data

collected inN2 or air experiments Application of this analysis procedure to a

representative test gesented in the followp subsections.

N, Tests
Measurements Determined
Bottom temperature of each cell Identify Onset times/temperatures of safety venting,
(Tim) __ Onset times/temperatures times of thermal runaway
N —— Dynamics of cascading failure
il
— - Evaluate Mass loss of each cell

B B Mass flow rate of ejected materials

T
Concentration of ejected gases ? Evaluate Mass ﬂcn:v rate of each_ejectad gas
(0,, CO,, THC, CO, H,) Mass yield of each ejected gas

Lower flammability limit of ejected gases

Temperature of exhaust gas .{":" ~ Evaluate , Chemical heat generation
(Texhaust) ' "

Air Tests

Measurements Determined

Bottom temperature of each cell Identify Onset times/temperatures of safety venting,
(TLs) " Onset times/temperatures times of thermal runaway
— ics of cascading fail
Y s Dynamics of cascading failure
& f' valuate Mass loss of each cell
Initial/final of cell I q Mass flow rate of ejected materials
Concentration of ejected gases Evaluate Heat of flaming combustion (based on oxygen
(0,, CO,, THC, CO) ‘ consumption)

Figure 4.1. Flow chart demonstrating thealysis procedureof data collectedh N2
and air testsThe same procedures were used to analyze the measured data of the

barrier and suppression tests.
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4.1 Identification of Safety Ventingand Thermal Runaway Onset Times and
Temperatures
Figure 4.2 showsr epr esent ati ve cesl(Tumforcellstt om t e
locatedin the first and last rows of an {8 columns x 6 rows)ell arraythat wagested
in anNzenvironmentEach temperature trend showed a gradual increase followed by
a sulden sharp spike, indicative of TRhisbehaviowas reproducible for alixamined
cellsno matter the array configuran or the test condition (Nor air). Measurements
of Tus along with its time derivatives (dis/dt) were employed to provide

mathematical criteria for the onset time) and the onset and end timesTdR.

1000
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800
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600 _
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TLIB (K)
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300

0 500 1000 1500 2000 2500 3000 3500 4000

Time (s)
Figure 4.2. An example of recorded bottom temperatures of cells located mlrow

and 6 (row numbers are definedrigure 3.22) during testingf a fully chargedL8
LCO cell array inan Nz environment.
SV is an endothermic proce$8] andtherefore wasdentified by a negative
dTus/dt peakasshownin Figure 4.3. The onset time dbV was defined as 0&(which

isthemeasur e me nt deforerdé€sddolecame regalivehis criterion is
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applicable for every tested cathode chemistry (LOOMC, or LFP) During
experiments, the onset 8% was observed by an audible clicking sound accompanied
by the appearance of gases at thedwunnel outlet. ie corresponding time was
recorded to validate theemperaturederivative basedcriterion (dTus/dt < 0 K%).
Temperatures corresponding to the deteadonsettimes were referred to &/ onset
temperaturedt is dso important to mention th&V was not captured for many cells.

This was most likely duto an overlap with TR of neighboring cells

50

1 —

— 7
— =T ],
600 - ]
—e—dT, /dt
Onset of /T\. B e 0
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Figure 4.3. Onsettimesof safety venting anthermal runawaynd endime

of thermal runawayor a single representative cell duriatestof a fully chargedL.8
LCO cell array inanN2 environment.
To identify the onset time ofR, the maximum diis/dt was first determined
as shown irFigure 4.3. The onset offR was subsequentlgentified as the point in
time preceding the maximum when ttif.is/dt became greater than k4s™ for LCO
and NMC cells and R sfor LFP cells These particular valusfor the derivative \ere
selected because it producER onset times that closely corresponded to the times of

audible explosions, which were also accompanied by a significant increase in the
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exhaust flow rate, observed and recorded by therator during the experiments.
Additionally, these derivative values pinpointed the start of the sudden sptke in
trend of temgeathreThelTBdnset timesand corresponding temperatures
were identified for every cell iall conductedexperimend.

The TR end time was defined as the time that followed the maximuna/dT
when the derivative decreakeelow 6.5K s for LCO and NMC cells and 1& s*
for LFP cells as illustrated inFigure 4.3. These values of dTus/dt were selected
because the resulting times closely corresponded to the times of return of the gas
concentration signals to their respective baselfioesndividual cells with failure
durations that were clearly separated in time from the rest of the cditsanray.
4.2  ThermalRunawayPropagatiorSpeed

In all experiments, advancemenfld® appeared to occur sequentially from one
row to the nextThecascadindailure dynamics thereforewereanalyzed on a rowo-
row basisThe TR onset time of each ro@® s ) was computed by averaging the
onset times of all cells in the row of interest. The row onset times were subsequently
utilized to calculate a romo-row propagation speed () in units of s. For instance,

TR speed of propagation from row 1 to row32 () is calculated as follows:

P

5 s 5 s 4.1

To enhance claritythe propagation speed and acceleration can also be introduced as
S+ in the standard speed and acceleration units hmespectively. & are obtained
by multiplying S by the cel |l s& or i fpri norespaced iowmsmet er

Graphical representation of speeds is illustratdelgare 4.4.
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Figure 4 .4. Layoutof the cell arrays witlthe highlightedpropagatiorspeedsnd the

acceleration in these speeds.

Additional analysis was conducteddetermine whether the thermal runaway
propagation rate had any notable dependence on the columnadedisavaslocated;
this dependence was found to be negligibles analysis was performed layeraging
TR onset imes for the cells in each individual colungne. column 1 of a 12 cell array
includes cells 1, 4, 7, and 10)he obtained average time of each column was then
normalized by the average time of the middle column (column 2). Representative
samples of thearmalizations obtained from experiments conducted on 18 and 12 cell
arrays in Nand air environments are plottedHigure 45. The normalied onset times
approximatelyapproackd unity, meaning that the thermal runaway propagation rate

hadinsignificantdependence on the column, but it did depend on the row
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Figure 4.5. Average thermal runaway onset time of columns normalized by the

Normalized onset time
of thermal runaway

thermal runawaynset timeof column2. All uncertainties are computed from the
scatter othedata as twatandard deviations of the mean
4.3  RupturedCells, CellsMassLoss andCells Mass Loss Rate

During experiments, the casgjs of some LIB cells rupture@iheseruptures are
attributed to the safety vent pdfsilure to provide sufficiently rapid pressurelief
during TR [23], which takes plac&hentheLIB cells are exposed toghheating rates.
After each test, the test section wadmecked andthe number of ruptured cells was
counted.

For fully charged LCO and NMC cells, it was assumed thatchange in cell
mass occurred durin§R andthe contribution ofSV was negligible aseported in
earlier studieg25, 53, 54]. For fully charged LFP cells, thmontribution ofSV to the
overall mass loss was more notable, 23% accordifigsd3, 54], and consequently
was taken into accourlhitial mass { s ) and final massi( s) of individual

cells were measured and coupled with the previously determined onset and end times
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of TR to approximatehe time-resolved mass loss rate for each cell in the affrhg.

total mass loss rate ahLCO or NMCcell array { ) was calculatedsfollows:

i s 1 s

ZATGET A3 T o0& A 4.2

—

where. is the number of cells in the arrajhe total mass loss rate IoFP cell arrays

(i ) was calculated as:

. X xi s I s
4201 OO B2d 1T KN A

4.3
] ol s I s
4201 QEIT A2 1 OO\ A

Representative trends of mass and mass loss of individual LIBacelissplayedin
Figure 4.6. The constructed mass loss ratae needed when performing energy

analysis irsection4.5.1

| LCO or NMC LIB cell [ LFP LIB cell|
! Safety venting i
LA B S B S B e m— [ 39 T - T T 0.07
44 T —~ . 1 Thermal runaway
11 — 112 7, T 0.
42 Onset of ~~ i ;n 38 ] 006 ~
o 40 [ thermal runaway | & {10 = i 1o.0s "=
C y S _ 3 2
S sl } =8 &
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E 36 L b 1 = : 36 E
- 1, 406 g = — 4003 2
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S 341 1] 1 -2 -
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Figure 4.6. Representative mass and mass losstratelsof individual LIB cells.
4.4  Ejected Gas Yields and LowElammability Limit
The gas yields and lower flammability limit calculations were performed only

for N2 experiments to avoid any impact of combustion on the concentrations of th
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gases ejected from the cell$ie volume or mole fraction8 () of Oz, THC (assumed
to be CH), CO, CQ, and H directly measured in the experiments were converted to
the corresponding mass flow ratés Y as showrin Equatioré. 4.

i 8lx
55 T 4.4

In this equationt x is themolecular mass of species j ahd is the nitrogen flow
rate set by thenass flow controllefrThe underlying assumptiartilizedin this equation
is that the exhaust comprises measured gaseous products. gnthiéh does not
participate in chemad reactions)and that the volumetric contribution ofmaeasured
species is negligibléThe total mass of each gds | was computed byumerically
integratingl  over the duration of the whole cascading failure experirf@nt).

Lower flammability limit ( &),is defined as the minimum volumetric (or

molar) concentration of gases in air that may propagate a {l&2@ In the current

study, thdower flammability limit of the gases eject from an LIB cell ( &, )
was computed using t h[@20Qkdollo@h at el i er 6s mi xi
[ Mx 0 mx 0 gt
y &1 I Itx | Itx I Ttx 45
, &, , &, , &,

Lower flammability limits of 5%, 12.5%, and 4% were used for THC (assumed to be
CHa4), CO, and H, respectively{121]. The aforemrtioned limits were obtained at

0 =101325Pand4 =298 K Although CQ (nonflammable) was produced in large
guantities in the ejected gas mixture, its suppressing effects negtected in the
flammability calculation in order to provide the most conservative (lowest) estimate of

LFLmixture.
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To factor in the quantity of combustible gases ejected from the LIB cells into
the hazard assessment, the maximum volumtefenclosure6 ) whereinthe

failure of a single LIB cell creates a flammable mixture was quantified as follows:

i Ttx [ I oatx 2 4
0 4.6
, &, Tommm

where?2 is the universal gas constant (8.314 Jhi¢f) andN is the number of cells
failed in the cascading failure experiment. The quantity of can be interpreted as
the minimum volume above which the ejected gases produced by a single cell must be
diluted in order to prevent potential formation of a premitame, which may lead to
deflagration or detonation. Therger6  , the higher the detonation hazard of a given
cell.
4.5 Energetics oCascading Failure
4.5.1 ChemicalHeatGeneration

Testing LIB cell arrays in an inert medium2MNllowedfor determinatiorof
therate ofchemical heat generatigd ). This heat generation was a consequence of
exothermic chemical reactions occurring between different battery materials inside and
outside the cell casgs during cascading failureé. wascomputed from the changes
in the enthalpy of the flow entering and leaving the test sectiortotdehemical heat
generation{% ) was obtained by numerically integratig over the total time of

the cascadinépilure experimen(O ) as follows:
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% 0 AO 4.7

A

| # i# 1 # 4 4 0 o0 A0

Equationd. 7 comprises five terms: the heat carried bytNe heat carried by the gases
(B ejected from the cells, the heat carried by the solid particuagesjécted from the
cells, the hedbst through the sidewalls of the test secti@n () and the heat supplied

by the electric heate®( ). 1 .1 ,andl were discussed isectiors 4.3and

4.4. The mass flow of the solid particulatés () wascomputed usingquation4. 8.
. ' 4.8
# in Equation4. 7 represergthe mean constant pressure heat capacities of

individual species computed frgnolynomialexpressionsf specific heat# ), found
in the literature datfl22 123, usingEquation4. 9.

# A4
" - 4.9
4 4

In these calculationsTHC were assumed to be GHand ejected particulates were
assumed to be graphite. The latter assumption was based on the observation that most
of the particulates accumulated on the walls of the tunnel exhaust were of apparent
graphitic nature4 was the temperature of the system betbe start of the experiment
(which was also the temperature of the nitrogen continuously injected into the tunnel).
Asmentioned irsection3.2.3.4 the exhaust temperatue ) was measuregsing

three thermocouplesocated at the inlet of the diagnostics section. Théhree
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thermoouples located at differenheights,showed comparable histories of exhaust
temperatureTherefore, the histories of the three thermocouples were avaatgadh
time step (0.5) to constructa single exhaust temperatymefile for every test
TheO termin Equation4. 7 represents the rate of heat loss from the test
section through the walls of the tunnelthe surroundingsThese losses, which were
relatively small due to the presence of the thermal insulatvere estimated using the
steadyst at e versi on oifongvenhyiEquatiord.40. | aw expr ess

.4 S 4
0 E! 4.10

This equation was used to account for the conduction through the insulation and
hexagonal stainlessteel struts of the cell holdadsingthethermal conductivity § )

of these materialgl10 112 and geometric parameters, including tiness sectional
areas |( ) and thicknesses (), of the heat conducting elements, the tbtal was
computed. The internal test section temperatdre ( S ) is a smoothed
version of the4 profile; an example ofmeasuredexhaust temperature and its
smoothing trends is shownkigure 4.7. The SavitzkyGolay second order filt¢d24]

was used to smooth the higheagas temperature fluctuations and thus account for the
thermal inertia of the conducting elements. The key filter constant was the diffusion
time scaleof the Kaowool PM insulatiofayer (computedrom, 7], where] is the

thermal diffusivity) whichwas estimated to be 227
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Finally, theO

electric heater, which was determined by recording the voltage and current supplied to

the heater during the eepment.

Time (s)

array tested in N

4.5.2 FlamingCombustionHeatRelease

L 1 M
3500 4000

As mentioned ir3.2.3.4 the exhaust thermocouples were selectedateea

relatively large probe size (1 mm diameter) with the purpose of maintaining necessary

mechanical integrity, but this siagas too large to provideaccuratetemperature

term in Equatiord. 7 represents the heat supplied by the

measurements of the strong intermittent flamedeting air testsTherefore, the rate

of heat release associated with the combustion of materials ejected from the cells

(0] ) was measured using oxygen consuoiptcalorimetryrather than the

enthalpy difference technique utilizeddalculated

The oxygen consumption ec hni que i s

based

(0]

n

t

observatiorf12Q that most combustibles release a nearly constant amount of heat per
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unit mass otonsumed oxygen. Based on this observafion, can be calculated

as follows:

0 % | i 4.11

%is the heat release per unit mass of oxygen (13.1 kd @2); this value of E

is an empirically derived constait2q. | is the mass flow rate of oxygen at the

inlet of the wind tunnelthis flow rate was assumed to be constant and calculated from
the mass flow controller setting and the air composition (21 vol. % ah®79% vol.

% of N2). Whilel is the mass flow ratef oxygen at the outlet of the wind tunnel

and was computed using the saeehniquefollowed in Equation4. 4.

Additionally, from the dataobtained in the W atmosphere tests, it was
determined that the cells producad amount of oxygen that was negligible with
respecto that consumed by combustion in the air tests. Therefore, oxygen production

by the cells was ignored in tie calcdation. 0 wasintegrated over the

duration of the experiment to yield the total heat produced in flaming combustion of

ejected battery material%o( ).

An added advantage of this technique is that this measurement is completely
isolated from the chemical heat generation by battery materials. If we were to use
thermocouples, we would have to subtract heat generated by battery materials, which
is a complicatd procesdecause it is not clear whether we can completely rethen
N2 results tgperformit.

4.5.3 Flaming Combustion Heat Release in Novec1230 Suppression Experiments

In the Novec1230 suppression experimeritge flaming combustion energy

(% ) was calculated using the same technique describsettion4.5.2with the
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exception of the wayl at the outlet of the wind tunnel was computed.

i was calculatedvia Equation4. 4, but herethe exhaust gases compdse,

THC, CO, CQ, N2, and Novec1230 gas.

In the current experiments, the Novec1230was initially introducednto the
tunnelwith a volumetric concentration of either 8.5 ©5.2 %(determined from the
mass balance measuremeassnentioned insection3.3.1.4. For simplicity, it was
assumed that the NovecIP@as did not contribute to combustion reactions but only
diluted the oxidizer and redudehe temperaturef hot gases, meaning the Novec1230
amount was unchanged as it passed through the test section.

Separatepreliminary experiments were conducted to study the impact of
Novecl1230 gas on the gas sensors. In tleeperiments, the Novecl230 gas was
flowed through the tunnel without testing any batterfee gas production or
combustion)and the gases were sampléde Novecl23@gentwasfound to cause a
systematic reduction in the baseline af DHC, and CO senss.

Theoretically, introduction of Novec1230 gao the tunnekhouldresultin
the dilution of Q, reducing its measured concentratibfowever, the preliminary
experiments showetthiat the measura@duction in @ concentration was significantly
less than the theoretitylcalculatedreduction.The difference between the measured
andtheoreticallycalculated reductionwas attributed to the capture or absorption of
Novec1230 gas by the filter the Drierite utilizd in the emittedjas sampling system.

The experimentally measuredduction in Qwasthen utilized to compute the
Novec1230 concentration at the locatiortted sensorgdownstream of the filter and

Drierite). For 8.5 and 15.2 vol.% Novec1230 tests, the Novec1230 gas concentrations
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at the sensors were found to be 2.4 + 0.00414r@l+ 0.004 vol.%, respectively. Tde
Novecl1230 gas concentrations weledin Equation4. 4 to correctly compute the

oxygen mass flow at the outlet of the test section during the suppression experiments.
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5. Results andDiscussion Cell Array Sizelnvestigation

This chaptercomparesthe experimentalresults associated witbascading
failure in two different sizes otell arrays (18&nd 12cell arrays) The arrays were
constructed fronb.CO cellscharged at 100% SO®oth arraysizeswere testedn an
anaerobienvironmen{N2). The resultpresented in this chaptecludethe impact of
array size on the dynamics, failure temperatumesss loss of cellsnass yields and
flammability of ejected gas mixtures, and chemical hgaterationof cascading
failure.

5.1  Dynamics ofCascadingrailure

All LIB cells underwent TRn all cascading failure experiments conducted on
18 and 12 LCO cell arrays anNz environmentFigure 5.1 shows how TR propagated
in time through 18 and 12 cell arrays in representativeeperiments The TR
propagation charts for tlethertestrepetitionscan be found i\ppendix C Eigure C.

1 to Figure C.3). The dark and light circles represent ffailed andfailed cells,
respectivelyThe spacing (which is not drawn to scale}ween the cell arrays in the
timeline presentsa qualitative understanding of the timespan between successive cell
failures The TR onset times of individual cells were not reproducible despite carefully
controlled boundary cotitbns and cell array geometryhe lack of reproducibility

was attributedo the physics of the cascading failundrich had a tendency to amplify

any minute differences in the geometry of the array (in particular, the physical contact
surface area between adjacent cells) or any minor spatial or temporal fluctuations in the

boundary conditions.
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Figure 5.1. Thermal runawayropagatiorchartsfor 18 and 12 cell arrays inz2N

obtained forepresentative experimentell 2 was the trigger cell.

Unlike individual cell TR onset times, the advancement of TR from one row to

the next showed aeasomble degree of reproducibilityThe failure dynamics

therefore wereanalyzedon a rowto-row basis.The TR onset time of each row was

calculated by averaging the onsietes of all cells in the rowFigure 5.2 shows the
averagelR onset time for each row inlaésted 18 and 12 cell arraysl uncertainties

and error bars in this chapter were computed fronstlagerof data as twotandard

deviations of the meai®n average, th&R onset times for similar rows in both array

sizes were comparable.
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Figure 5.2. Thermal runawapnset time of each row in 18 and 12O cell arrays

tested imnN2 environmentThe error bars were computed from the scatter of the
data as two standard deviations of the mean.
Subsequently, thensetimes were converted to rete-row propagation speeds

(Sp). An additional analysis was conducted to determine whetb&rRIpropagation
rate had any notable dependence on the column where the cells were located; this
dependence was found to be negligible discussed iection 4.2 Figure 5.3
summarizeshe obtainedSe datain units of s'. To enhance clarity, theow-to-row
propagation speed is also presentedSas in standard units of mmst. S5 was
calculated by multiplying &by the diameter of the cel{88 mm).The S dataplotted
in Figure 5.3 show a relatively steady propagation through the af@yand 12 cell
arrays yielédessentially the same results. The#Btestdata suggest that the tsend
may be sinusoidal (an aceehtion followed by deceleration), but it is difficult to

establish the presence of this trend with certainty gilesignificant uncertainties in
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the individual data points. The average rate of propagation for all rows and array sizes

in N2 was found tdoe 0.080 + 0.025%s(or 1.44 + 0.45 mm'y.

| | | |
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Figure 5.3. A comparison between rew-row propagation speeds for 18 and 12 cell
arrays tested in an2énvironmentThe error bars were computed from the scatter of
thedata as two standard deviations of the mean.

5.2  Temperaturesf Cascading Failure

Table 5.1 summarizes the measuredsettemperatures dbV andTR as well
as the maximum temperatures achieved duwasgading failure of 18 and 12 LCO cell
arraysin an \No environmentThese temperatures showed no significant dependence on
the cel | 6s p ordhe size @frthe arrapand therefordhie deynperatures
were averagedverall cells For 18 and 12 cell arrays together, avenegjaes 0354
+ 12 and 30 = 5 K were obtained for theSV and TR onsets, respectivelylhe

maximum temperatures did show slight dependence on the size of theTaeady
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cell arraysproduced somewhat higher maximum temperature values, perhaps due to

the higher maximum overall heat generation ratgseved in these experiments.

Table 5.1. Summaryof the cell temperature data. All temperatures were meaatired
t he cel | 6s Thearicdrtaintes svere conapated.from gwatterof data as

two standard deviations of the mean.

SV TR Maximum
. onset onset temperature of cel
Array size  Atmosphere
temperature temperature bottom surface
[K] [K] [K]
18 cells N2 353+ 18 364 +7 740 + 19
12 cells N2 359 + 17 381 +12 686 + 23

The SV and TR onset temperatures measured in the current study varied
markedly when compared to those reported in a previous work by LiJ®4]dbr the
same LIB cells. For fuyl charged cells, Liu obtain€glV andTR onset temperatures of
451 + 5 and 47& 4, respectively. Thesdiscrepanciesan beattributed to differences
in the experimental setups and heating con
slowly ( & 1 KOst and uniformly inside of a copper sliny a resistive heating wire
wrapped around the slu@/hile in the current study, eh cell in the arrayvas heated
rapidy (7 K s1) and noruniformly by the neighboringcells. The ron-uniform heating
resulted in uneven temperature distribution across the body of each cell, meaning that
themeasuredemperature of a cell (measured at its bottom surface) wouésbsthan
the temperatureorresponding to the failure initiation locatioasgide walls éthe cell
where most of the heat transfer occurred). This observation strongly suggests that
temperaturdoased failure detection thresholds for commercial battery packs must not

be determinedbased onexperiments with slow, uniform heating because such
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thresholds may fail to provide sufficientbarly detection in redilure scenarios (fast,
nortuniform heating scenarios).
5.3  Ruptured CelleandMassLoss

Although 100% of cells underwent TR in the current experiments, only a small
fraction of these cellsuptured.Figure 5.4 (a) showgepresentativexamples of the
LCO cells that stayed intact po$R. Some of these cells maintained their original
cylindrical geomery, while others were deformeBigure 5.4 (b) depicts examples of
ruptured cellsPropagation ofTR in the 18 and 12 cell arrays resulted in 15.6% and

14.6% of cells rupturing, respectively.

Figure 5.4. Photograph of LCO cells after testing: (a) iaptured (b) ruptured.
The mas®sof individual cells vererecordedore andposttestingto determine
the total mass los3able 5.2 providesa datasummary for each set o€ll array sizes
As the data indicate, the size of the examined arrdypbdampact on the cell mass loss
The obtained mass loss data compare favorably with the mass loss data reported in

earlier publications biiu et al.[54] andQuintiere et al[11] for the same cells.
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Table 5.2. Initial mass and total mass loss of LCO cdillse uncertainties were

computed from thecatterof data as two standard deviations of the mean.

Array size  Atmosphere Initial mass ofasingle cell Mass loss fronasingle
[g] cell [g]

18 cells N2 43.0 £ 0.03 16. 7 0. ¢

12 cells N2 43.9 + 0.06 16. 7 Bg). (

5.4  EjectedGasYields and.owerFammability Limit

Figure 5.5 displaysthe concentrations of gases ejected frili@18 and 12 cell
arraysin representative cascading failure experiments conduotédb. The time
resolved gas trends of all other testatipns conducted on 18 and 42l arrays in an
N2 environment are provided Appendix C Figure C.18andFigure C.19). The early
peaks in the gas signal shownrFigure 5.5 are associated withiR of the trigger cell
(cell 2). The consecutivpeaksn gas signalshowever were caused byropagatiorof
TR in the cells of the arraylhe 18cell arrays yielded a greater number of peaks in
concentration due to the greater number of céligure 5.5 shows thathe most
dominant ejected gain terms of concentration was THC, which reachethximum
concentration of 40 vol.%. Additionallysigure 5.5 indicates that the LCO cells

produced a small amount of oxygevith amaximum concentration of 0.40 vol.%.
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Figure 5.5. Measured concentrations of gases ejected from 18 and 12 cell arrays

duringcascadindailure in anNz environmentCell 2wasthe trigger cell.

The yields of gases calculated from the concentration profiles are reported in
Table 5.3. The obtained yields are normalized either by the total initial mass of all cells
or by the number of cells in the array. Within the computed uncertainties, 12 and 18
cell arrays produced theame yields of gases. When averaged over both array sizes,
the @, THC, CO, CQand h yields per initial cell mass become 0.00059 + 0.00023,
0.0362 + 0.0107, 0.0407 + 0.0049, 0.0324 + 0.0038 and 0.00201 + 0.00039,
respectively.To better visualize the tlalisted inTable 5.3, Figure 5.6 presents the
information on the gas yields in terms of mass and volumetric (or molar) percentages.
On volumetric basis, the contribution of té the overall mixture becomes significant

for bath array sizes.
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Table 5.3. Summary otcomputedyas yielddor LCO cells.Theuncertainties were

computed from thecatterof data as two standard deviations of the mean.

Gas production in 18 cell arrays | Gasproduction in 12 cell arrays

Normalized Normalized Normalized Normalized
Gas per initial cell perfailed cell per initial cell perfailed cell
mass number mass number

[] [9] [] [9]
O | 0.00064 +0.00041 0.028 +0.018| 0.00052 + 0.0001¢ 0.023 +0.007
THC | 0.0368+0.0129  1.60+0.56 | 0.0355+0.0203 1.55+0.89
CO | 0.0431+0.0038 1.87+0.16 | 0.0377 +0.0098 1.64 +0.43
CO: | 0.0348+0.0028 1.51+0.12 | 0.0293+0.0071 1.27+0.31
Hz2 | 0.00207 +0.00067 0.090 + 0.029{ 0.00193 + 0.0004 0.084 +0.018

Mass %

0.5%0

2

28%

18 cell arrays 12 cell arrays

Volumetric (or molar) %

27% 25.9%

4 181% 18.5%
' 42.5% \ '

0.4% 0
14% 2 12.8% 0.3% 0,

18 cell arrays 12 cell arrays
Figure 5.6. Mass and volumetric percentages of each gas in the ejected gas mixture.

40.5%

i

The total masses of ejected gases per cell number from the 18 and 12 cell arrays
were calculated as 5.09 + 0.68 and 4.6 = 1.6 g, respectively, or a single average value
of 4.85 = 0.76 g. This average value is comparable with the total mass of organic

materals in the cell, 6.15 g, which was calculated from the material safety data sheets
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[98, 99]. This result is also close to the total gas yield reported by Lyon and Walters
[52], 4.46 g, for the same type I0€O cells.

Mass yields ofTHC [CH4], CO, and H (shown inTable 5.3) were utilized to
compute the LFhixture Of the flammable mixtureOn average, arrays of 18 and 12 cells
produceda flammable mixture with LFhkixure Of 5.79 + 0.12 vol.% inair. The
maximumvolume of an enclosure/{am) wherea failure of a single cell creates a
flammable mixture (provided that the enclosure contains airs@tafd Tsw) was
calculated to be 0.087 + 0.0172.m
5.5 ChemicalHeatGeneration

The heat generatedlie tochemical reactions between cell components was
determined from the 18 and 12 cell experimentsinANrepresentativ®  profile
for each array size is plotted as a function of timEigure 5.7. The0O  trends for
all othertest repetitions are provided Appendix C Figure C.35 andFigure C.36).

In all profiles,theearly0  peak corresponds to the TR of cell 2 (the trigger cell)
while the following significantly larger peaks are associated with the TR propagation
through the arrays. Shortly after the end of failure propagation, the rate of energy
generation starts to slowlgecay until no energy is produced. The positive
observed during the slow decay is associated with the transfer of stored energy
(absorbed during cascading failure) from the cells and other test section elements to the

nitrogen flowing through the dtc
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Figure 5.7. Rates of chemical heat generation computed for representative 18 and 12

cell arraysexaminedn anNz environmentCell 2 was the trigger cell.

The O

curves were numerically integrated to calculate the total heat

generated (&1c). Table 54 provides information ofro

values that were normalized

by the initial mass of all cells, number of celts,total nominal electrical capacity of

all cells. Differences between 18 and 12 cell resules e

wi t hin each

uncertainties. When averaged over both array sttes, beame56.6 + 2.5 kJ per

cell, 130 £ 0.06 kJ per g of initial cell mass, or 21.8 + 1.0 kJ per unit electrical capacity

in A h.
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Table 5.4. Chemical heat generation during cascading failure of LCO cell arrays in
N2. Theuncertainties were computed from seatterof data as two standard

deviations of the mean.

EcHe
: . Normalized per
Array size !\Igrmahzed per Normalized per electrical
initial cell mass cell number capacity
18 cells 1.34 +£0.09 58.0+4.1 22.3+1.7
12 cells 1.26 £ 0.04 549+1.8 21.1+0.7

The average &ic was also normalized by the electrical energy stored and was
found to be 167 + 0.05 This means that 1.7 kJ of energy is released during anaerobic
failure per 1 kJ of stored electrical energy. Thedobtained in this work was found
to be within 14% of that reported by Lyon and Wal{&3, 65.7 kJ per cell. Liu et al.

[54] reported a chemical heat generation value of 37.3 kJ per cell for LCO cell$at 100
SOC. This value represents only the energy generation inside the cell enclosure and
does not include energy released by reactions occurring between ejected materials
outside the cell body. When Liu et §4] extrapolatd the chemical heat generation

to include the externally produced energy, they obtdh9® kJ per cell, which is within

the uncertainties of the current results.

5.6 Summary

Chapter 5 presented thexperimental results associated withstudying
cascading failuren LCO cell arrays of two different sizes: 18 and 12 cell arrais.
main purposefor this study was to determine whether the smaller array size (12 cell
arrays) could be used to represent the behavior of larger arrays &r both array

sizes the LAD cells were densely packed in rectanguanfigurations(no gaps
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between adjacent cells) and charged at 100% SOC. The cell arrays were mounted in
the wind tunnel where experimental conditions were carefully controllE® was
initiated in one cell using small electric heater supplied with 115 W DC poW&.
propagation to the other cells was tracked using temperature sensors attached to the
bottom surface of each cell in the tested arEagperiments in thishapterwereonly
conducted in an anaerol@avironment (1).

Tests demonstrated that 18 and 12 LCO cell arrays experienced cascading
failure when TR was initiated in one of the cellsne-resolvedm a s ur ement s of
bottom surface temperatsneere analyzed to study the dynamics of cascading failure.
More specifically, the temperature histories were utilized to identify the onset times of
SV and TR. The TR times wetkenemployed to calculate reto-row propagation
speedsResults showed thdlhe 18 and 12 cell arrays yielded the same propagation
speeds. The average TR propagation speeds for both array sizes was foud@d®o be
stin Nz

The SV and TR onset temperatures corresponding to the SV and TR onset times
were determined from the tenrptures of cells (measured #te cellbottom surfacs).

Both SV and TR temperatures showed negligible dependentte array sizé-or 18

and 12 cell arrays together, the SV and TR temperatures were found to be 354 + 12 and
370 £ 5 K, respectively. Additionally, the maximum temperatofecells (measured

atthe cellbottom surfacg® were computed for both sizes. The 18 cell arraysexed
maximum temperatures that, on average, were 60 K higher than the maximum
temperatures of the 12 cell arrays likely due to higher overall heat generation rates

achievedn the 18 cell array tests.
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Experiments showed that a small fraction of cellstuted during cascading
failure. Propagation of TR in the 18 and 12 cell arrays resulted in 15.6% and 14.6% of
cells rupturing, respectivelyndividual cells were weighed before and after tests to
measure the total mass loss. Cells of both array sizestesly lost similar amounts
of massOn average, a single LCO cell lost 38% of its initial mass when tested in N

Time-resolved gas concentrations measuretl> were analyzed to calculate
the yields of gases ejected from the cell arrays. Results showed insignificant impact of
the array size on the gas productiofise arrays tested ihz produced @ THC, CO,
COzand R in average amounts of 0.026 +0.91.5/+0.47,1.77 £0.21, 1.41 £ 0.16
and 0.087 = 0.017 g péailed cell, respectivelyThus, carbon monoxide, which is
highly toxic, had the largest mass yielfhe mass yields THC and GQvere
comparable anglightly lower than that of CQAlthough the massigld of H: was
relatively small, the volumetric concentration inside the tunnel reached significant
values, exceed18 vol.% in some experimenihese measurements also confirmed
speculations found in literatuf@, 125 126 regarding formation of ©during the
thermal runaway of LIB cellsThe lower flammability limit of the flammable portion
of the ejected @ses was found to be 5.79 + 0.12 vol.% in air. The maximum volume of
an enclosure where the gases ejected from a single cell create a flammable mixture was
estimated to be 0.087 + 0.012.m

The heat generan due to chemical reactions between battery materiats w
determined by computing the enthalpy change of the gases leaving the tunnel. The 18
and 12 cell arrays generated comparable amounts of chemicaltesat averaged

over both array sizes, the chemibalt generation was found to be 56.6 + 2.5 kJ per
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cell, 1.30 £ 0.06 kJ per g of initial cell mass, or 21.8 + 1.0 kJ per unit electrical capacity
in A h. The chemical heat generation was also normalized by the electricglener
stored and wh7Ovdral,uhe 68 andd?2 dellearrays prodiitee same
resultsin all measured quantities, which indicates that the 12 cell arrays can be used to

represent the behavior of larger scale arrays for any further investigations.
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6. Results andDiscussion Cathode Chemistry Investigation

This chaptepresentsheexperimental results associated vitie impact of cell
cathode chemistry on the dynamics and hazardRkgbiropagation in 12ell arrays
The testedarrays were constructed withdividual LIB cells of LCO, NMC, or LFP
cathode chemistnAll cells were charged at 10080Cexceptthetrigger cell of the
NMC arrays aspreviouslymentioned insection3.5.2 The LCO, NMC, or LFP cell
arrays werdesed inboth N2 and air environmestto elucidate the impact of flaming
combustion ona&scading failureThe chaptepresentsnformationon thedynamicsof
TR propagationfailure temperatures, mass loss of celigjaflammability assessment
of gas mixture ejected from differentcathodearrays Lastly, heat productions
as®ciated with chemical reactionetween battery materia(dl2 tests)and flaming
combustionof ejected battery materials and aeros@s tests)were separately
guantified.

6.1  Dynamics ofCascadind-ailure

In cascading failure tests conducted is NR propagated through the entire
LCO or NMC array causing a complete cascading failure.all LFP cell tests
conducted in B however,TR only propagated to the five cells neighboring the trigger
cell (cell 2 in the array) causing a partial or incompleteading failureFigure 6.1
providesTR propagatiorchartsfor representative experiment®nducted in an N
environment.The propagation charts for the other test repetitionsiaciided in

Appendix C Figure C.3, Figure C.6, andFigure C.8).
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Figure 6.1. Thermal runawayropagation charts for LCO, NMC and LFP cell arrays
obtained for representative experiments conducted.iC&ll 2 was the trigger cell.
The dark and light circles represent ffailed and failed cells, respectiveljhe
timeline is not drawn to scale.

At 640 | min* flow rate of air, all LCO and NMC cell arrays experienced a
complete cascadg failure. The LFP cell arrayseretestedwice at the same air flow
rate butexperienced an incomplete cascading failure where only the maximum of four
cells (including the trigger celicell 2 underwent TR, perhaps, due to additional
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cooling provided by the high air flow. Additional four LFP cell array tests were
conducted at eeduced air flow rate of 186 | mirin an attempt to achieve a complete
cascading failure (as describedsattion3.5.2. A complete propagation wabserved

in one of the foutests. In the other threa,maximum of eight cells underwent TR
(including the trigger cell). Representative TR propagation charts forathe
experiments are provided Higure 6.2 (a-c). Figure 6.2 (d) depicts dynamicsf the

LFP cascading failure experiment where a complete propagationhgasved The

TR propagation charts for all other air test repetitions are includégppendix C

(Figure CA4, Figure C.7, andFigure C.9).
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Figure 6.2. (a-c) Thermal runaway propagation charts for LCO, NMC and LFP cell

arrays obtained for representative experiments conducted at 648 flowrrate of

air. (d)Chart for the LFP cell array that underwent a complete cascading failure at
186 | mint air flow rate.Cell 2 was the trigger cellhe dark and light circles

represent noffailed and failed cells, respectivelijhe timeline is not ihwn to scale.
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