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Exposure of lithium ion battery (LIB) to abnormal operating conditions may 

result in rapid self-heating accompanied by ejection of flammable materials, this 

phenomenon is referred to as thermal runaway (TR). In a multi cell array, TR of an 

individual cell may propagate to neighboring cells, this phenomenon is referred to as 

cascading failure. Cascading failure is hazardous and may cause large scale fires or 

explosions. In this work, a new experimental setup was developed to investigate 

cascading failure in arrays constructed from lithium cobalt oxide (LCO), lithium nickel 

manganese cobalt oxide (NMC), and lithium iron phosphate (LFP) cells of 18650 form 

factor. Fully charged cells were arranged in rectangular arrays: 3×4 or 3×6 with no gaps 

between adjacent cells and were mounted in a specially designed wind tunnel to achieve 

well-controlled environmental conditions. TR was initiated in one cell using an electric 

heater and observed to propagate through the array using temperature sensors attached 

to individual cells. Tests were conducted in N2 and air to elucidate the flaming 

combustion impact. 

In nitrogen, TR propagation speed showed no significant dependence on the 



size of the array. The speed of the propagaion was found to be greater in air than in 

nitrogen. The LFP cells were the only cells that did not always fully propagate TR. In 

nitrogen, all cells produced large amounts of hydrocarbons, CO and CO2, and minor 

amounts of O2 and H2. Total heats generated due to chemical reactions between cell 

components and flaming combustion of ejected materials normalized by the electrical 

energy stored were determined to be 3.5, 2.9, and 2.5 for LCO, NMC, and LFP cells, 

respectively. 

Different passive mitigation strategies, including implementing 5 mm gaps 

between cell groups and inserting physical barrier into these gaps, were investigated. 

Among the barriers, ceramic fiber board was found to be the most effective, slowing 

down the propagation by more than a factor of 30. Lastly, the effectiveness of two fire 

extinguishing agents, Novec1230 and water mist, was investigated. Applying 

Novec1230 agent at 15.2 vol.% significantly inhibited combustion of ejected materials 

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

1.1 Motivation and Background 

For decades, the world has been depending on fossil fuels as a main source of 

energy and power generation. However, growing concerns associated with the 

environmental impact of greenhouse gas emissions [1] (caused by combustion of fossil 

fuels) stimulate exploration of renewable energy sources, which are eco-friendly but 

tend to be intermittent in nature. Effective utilization of renewable energy sources is 

only achievable when integrated with reliable energy storage systems [2, 3]. State-of-

the-art lithium ion batteries (LIBs) have shown a great promise as building blocks for 

energy storage systems due to their optimal combination of high energy density, high 

efficiency, longevity, light weight, portability, form factor variability, and lack of a 

memory effect [2-4]. Examples of some commercial LIB cells are shown in Figure 1. 

1. However, several accidents [5, 6] and mounting empirical evidence [7-11] suggest 

that LIBs and LIB-based systems may fail catastrophically, causing fire and/or 

explosion in the enclosures housing those systems. As LIBs are constantly being 

deployed in a multitude of residential and commercial applications, the safety of LIBs 

becomes an important area of investigation. 

  

 

 

 

 

 

  



 

2 
 

 
Figure 1. 1. Examples of commercial lithium ion batteries (LIBs) with various form 

factors (cylindrical, prismatic, and pouch cells) [12]. 

1.2 Components of LIB Cells 

It is essential to identify the major components of LIB cells before studying the 

failure mechanisms of LIB-based systems. Figure 1. 2 depicts the major components 

of two representative LIB form factors: cylindrical and prismatic. Typically, an 

individual LIB cell consists of four primary components: negative electrode (anode), 

positive electrode (cathode), separator, and electrolyte. Two separator layers sandwich 

the anode and cathode plate. These layers are then all jelly-rolled or folded and secured 

in a steel casing. The cathode plate is connected to the positive terminal on the LIB 

casing while the anode plate is connected to the negative terminal. Each primary 

component of the LIB cell is discussed in the following subsections. 
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Figure 1. 2. Detailed structures of cylindrical and prismatic LIB cells [13]. 

1.2.1 Negative Electrode (Anode) 

The anode electrode is considered the reducing or fuel element in the battery 

and composed of > 90% of active material powders and < 10% of binder material. In 

most commercial LIB cells, the anode active material is carbon (mostly graphite). The 

nature of carbon can vary considerably in sources (natural or synthetic), purity, 

size/distribution/porosity/shapes of particles, crystalline phase, and degree of 

compactness. The powders are combined with a binder material (such as Teflon, or 

Polyvinylidene difluoride (PVDF) < 10%) and coated as a thin layer onto a metal 

current collector (typically copper foil or grid) [2, 4, 14, 15]. 

1.2.2 Positive Electrode (Cathode) 

The cathode electrode (oxidizing electrode) is composed of powders (active 

material, > 90%) that are combined with conductivity enhancers (carbon powders) and 

a polymeric binder. The mixture is subsequently coated as a thin layer onto a current 

collector (typically aluminium foil  or grid). The most common cathode active materials 
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in LIB cells are layered oxides (such as lithium cobalt oxide, LiCoO2), polyanions (such 

as lithium iron phosphate, LiFePO4), spinels (such as lithium manganese oxide, 

LiMn2O4), or mixed metal oxides (such as lithium nickel manganese cobalt oxide, 

LiNi XMnYCoZO2) [2, 4, 14, 15]. 

1.2.3 Electrolyte 

The electrolyte (ionic conductor) represents the medium for transfer of lithium 

ions between the anode and cathode electrodes. The electrolyte must have good ionic 

conductivity, wide electrochemical voltage range (0 to 5 V), high thermal stability (up 

to 70 °C), and compatibility with other cell components [4]. The electrolyte is typically 

a mixture of organic carbonates (solvent) containing complexes of lithium ions. Table 

1. 1 provides information on critical temperatures and heats of combustion for some 

common organic carbonates. These non-aqueous electrolytes include non-coordinating 

anion salts such as lithium hexafluorophosphate (LiPF6), lithium hexafluoroarsenate 

monohydrate (LiAsF6), lithium perchlorate (LiClO4), and lithium tetrafluoroborate 

(LiBF4) [2]. Cell manufacturers include low concentrations of additives to improve 

performance characteristics such as overcharge resistance, cycle life, calendar life, and 

thermal stability [2, 15]. The additives are also used to reduce electrolyte flammability 

under cell venting circumstances [14]. 
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Table 1. 1. Critical temperatures and heats of combustion of some typical carbonates 

utilized in the LIBs electrolyte. 

Electrolyte 

component 

Chemical 

formula 

Melting 

point 

[°C] 

[4] 

Boiling 

point 

[°C] 

[4] 

Flash 

point 

[°C] 

[16] 

Auto-

ignition 

temperat

ure 

[°C] 

[17, 18] 

Heat 

of 

combustion 

[kcal mole-1] 

[19] 

Propylene 

carbonate 

(PC) 

C4H6O3 -49 240 132 430 -4.8 

Ethylene 

carbonate 

(EC) 

C3H4O3 39 248 151 465 -4.1 

Dimethyl 

carbonate 

(DMC) 

C3H6O3 4.6 91 15 458 -3.8 

Diethyl 

carbonate 

(DEC) 

C5H10O3 -43 126 33 445 -5.0 

Ethyl-

methyl 

carbonate 

(EMC) 

C4H8O3 -43 109 22 440 N/A 

At normal temperature conditions, mixtures of carbon (anode) and organic 

electrolyte are not thermodynamically stable and reactions between the two materials 

are likely to occur. These reactions lead to the formation of a passivating layer on the 

carbon surface of the anode, commonly 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 process [15, 20]. This 

formation process is intentionally performed to produce a uniform, stable SEI layer on 

the cell anode to prevent irreversible consumption of the electrolyte and lithium ions. 

1.2.4 Separator 
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The separator is a thin (10 to 30 µm) micro-porous polymer film located 

between the anode and cathode to prevent internal short circuit. The pores allow 

transfer of lithium ions by diffusion between the electrodes during charging and 

discharging. Most commercial separators are made from microporous polyolefin 

materials (such as polyethylene, polypropylene, or laminates of polyethylene and 

polypropylene) because of their excellent mechanical properties, high chemical 

stability, and low cost. Commercial materials have a pore size of 0.03 to 0.1 µm and 

30% to 50% porosity. Thermal shutdown separators are widely used in modern LIBs 

because of their significant role in enhancing safety. If the temperature of an LIB cell 

abnormally increases, a portion of the separator material will melt and plug the micro 

size pores. Currently, the shutdown function will also permanently disable the entire 

cell in the case of an abnormal internal temperature rise to approximately 130 °C. 

However, if  internal temperatures rise significantly above approximately 150 °C, the 

separator will melt entirely and allow contact (short circuit) between the anode and 

cathode [2, 4, 14]. 

1.3 Charging and Discharging Mechanisms of LIB Cells 

When an LIB cell is charged, lithium ions (Li+) are de-intercalated from the 

layered metal oxide (cathode). Figure 1. 3 shows that the lithium ions are subsequently 

transferred across the electrolyte and intercalated between the layers of graphite of the 

anode. The electrons flow through an external electrical circuit. This process is reversed 

during discharge; the red and green dashed lines utilized in Figure 1. 3 demonstrate the 

difference between the directions of electrons during charging and discharging 

processes [2, 4, 16]. 
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Figure 1. 3. Schematic of the charging and discharging processes of an LIB cell [2]. 

Individual lithium ion batteries (LIBs) are designed to safely operate (charge 

and discharge) between limits of minimum and maximum cutoff voltages [4, 21]. For 

most of the commercial LIBs, the voltage limits are 3.0 V (fully discharged or 0% state 

of charge, SOC) and 4.2 V (fully charged, 100% SOC). Additionally, the LIBs are 

classified by a nominal voltage that is defined as the relatively constant voltage 

maintained by LIB cell during most of its discharge time. The nominal voltage of a 

typical LIB cell is approximately 3.6 to 3.7 V. 

Constant current/constant voltage method [4] is used for charging LIBs. Figure 

1. 4 shows that the charging process starts with a relatively high constant current to a 

given voltage (maximum cutoff voltage provided by the manufacturer) and then tapers 

charging at a constant voltage to a given current (minimum cutoff current provided by 

the manufacturer). This method helps to avoid exceeding the maximum allowable 

voltage, which prevents any damage to the LIB cell. 
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Figure 1. 4. Constant current/constant voltage charging method (Vmin is the minimum 

cutoff voltage) [22]. 

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

power most of the practical electric applications. Instead, LIB arrays or packs made up 

of multiple LIB cells electrically connected either in series or parallel are typically 

utilized. Figure 1. 5 shows a set of LIBs electrically connected in parallel or series. 

Connecting the LIB cells in parallel increases the electrical capacity of the pack, while 

the series connection increases the voltage of the pack. The commercial 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 is an indication of the 

number of parallel-connected LIBs). 
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Figure 1. 5. Schematic of cells connected in parallel or series. 

1.4 Failure Mechanism of LIB Cells 

Exposure of individual LIB cells to abnormal operating circumstances may 

trigger thermal failure in the cells [2, 14]. Generally, the LIB abuse can be classified 

into four main categories: 

× Thermal abuse: such as external heating or exposure to nearby fire. 

× Mechanical abuse: such as nail penetration, crush/compression, or drop. 

× Electrical abuse: such as external short-circuit, overcharging, or excessive current. 

× Manufacturing defects: such as defected separator or contaminanted electrolyte. 

Figure 1. 6 provides a qualitative understanding of the failure mechanism of an 

individual LIB cell in an anaerobic environment. In the figure, the cell failure begins 

with an increase in the cell internal temperature, which can be intiated by any of the 

aforementioned failure causes. The increase in temperature results in the vaporization 
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of a portion of the electrolyte and the formation of gases, which raises the pressure 

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

threshold, safety vent ports located on the cell casing open to eject the formed gases at 

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

rupture of cells; this phenomenon is referred to as safety venting (SV) [2, 14]. As the 

temperature of the cell continues to increase, exothermic reactions between the cellôs 

components are initiated. The cellôs increasing temperature accelerates the chemical 

reaction rates inside the cell, resulting in a rapid self-heating [2, 14]. This heating 

process eventually causes the cell to reach its thermal runaway (TR) stage during which 

the temperature and gas ejection rate of the cell increase dramatically [2, 14]. Some 

solid components of the cell are ejected during TR as well [2]. Occasionally during TR, 

the LIB cells experience a rupture of their casing because of the rapid increase of 

internal pressure [23]. 

 
Figure 1. 6. A diagram of thermally induced failure in an anaerobic environment. 

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 

other outside of the cellôs enclosure, causing additional heat production. In this study, 
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the total energy released due to these reactions (inside and outside the cellôs enclosure) 

is referred to as chemical heat generation. 

Similarly, the failure events of an LIB cell in an air environment begin with an 

increase in the cellôs temperature and pressure and then followed by SV and TR events. 

However, the air environment aggravates the failure scenarios to be more catastrophic. 

More specifically, the ejected cellôs materials may ignite or burn in air. Figure 1. 7 

shows that the ejected electrolyte is ignited as soon as it leaves the safety venting ports 

in the form of small flames [24, 25]. The flames continue to grow as the LIB cell 

approaches TR and turn into intermittent jet flames during TR [24, 25]. Upon failure 

in an air environment, an LIB cell generates two forms of energy: chemical energy (due 

to chemical reactions between the cellôs components inside and outside its enclosure) 

and flaming combustion energy (due combustion of ejected materials from the cell 

outside its enclosure). 

 
Figure 1. 7. A diagram of thermally induced failure in an air environment. 

The hazards of TR are intensified significantly as individual LIB cells are 

assembled into large cell arrays or battery packs to satisfy high power demands. As 

shown in Figure 1. 8, the failure of a single cell may initiate TR into the adjacent cells, 

and subsequrently TR propagates through the entire pack. In this study, TR propagation 

is also referred to as cascading failure. This propagating failure is primarily driven by 
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the transport of thermal energy (represented by black arrows in Figure 1. 8) [2, 26]. 

The thermal transport consists of heat added to the cells by flames and conduction, 

convection, and radiation heat transfer between neighboring cells. 

 
Figure 1. 8. Graphical representation of cascading failure in LIB arrays/packs. 

1.5 Chemical Reactions Associated with Thermal Runaway of LIB Cells 

As mentioned earlier in this chapter, the exposure of an LIB cell to abnormal 

conditions may cause an increase in the temperature of this cell, which subsequently 

initiates decomposition of the main battery components and chemical reactions 

between these components inside the enclosure of the cell. The majority of those 

reactions are of exothermic nature and are accompanied by generations of large 

amounts of heat. The main reactions that possibly take place inside the cellôs enclosure 

are summarized as follows [2]: 

× Decomposition of solid electrolyte interface (SEI) layer. 

× Reactions of intercalated carbon with electrolyte. 

× Decomposition of cathode active material. 
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× Reactions of intercalated lithium with electrolyte. 

× Decomposition of electrolyte. 

× Reactions of electrodes with fluorinated binder. 

The mentioned reactions should not necessarily occur in the given order. Some 

reactions may initiate simultaneously and interact thermally. It is also important to 

mention that the chemical reactions discussed in this section primarily occur inside the 

enclosure of the battery. However, there is a chance that the ejected materials continue 

to react outside that enclsoure.  

1.5.1 Solid Electrolyte Interface (SEI) Layer Decomposition 

As mentioned in section 1.2.3, a solid electrolyte interface (SEI) is an 

electronically insulating but ionically conducting film that prevents any physical 

contact between the negative electrode material and the electrolyte. The SEI layer 

consists of stable components (such as LiF or Li2CO3) or metastable components (such 

as polymers ROCO2Li, (CH2OCO2Li) 2 or ROLi). The metastable components 

decompose exothermically at 100-120 ęC as follows [27]: 

(CH2OCO2Li)2Ÿ Li2CO3+C2H4+CO2+0.5O2 1. 1 

or reacts with lithium metal as follows [27]: 

(CH2OCO2Li)2 ς,É  Ÿ 2Li2CO3+C2H4 1. 2 

Additionally, the SEI layer decomposes at a relatively low temperature of 69 °C [28], 

and once this layer is breached the electrolyte reacts with the lithium intercalated in the 

anode in a manner similar to the formation process but at a higher uncontrolled 

temperature, releasing heat and raising the temperature. 
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1.5.2 Reactions of Intercalated Lithium with Electrolyte 

The heat released as a result of the decomposition of SEI layers initiates further 

exothermic reactions between lithium existing in the intercalated carbon and electrolyte 

solvent, releasing flammable total hydrocarbon gases [29] as shown in the following 

examples: 

ς,É#(/ %# Ÿ Li2CO3 #(  1. 3 

ς,É#(/ 0# Ÿ Li2CO3  #(  1. 4 

ς,É#(/ $-# Ÿ Li2CO3 #(  1. 5 

Typically, these reactions start at 100 °C [28, 29]  but can also occur at a temperature 

as low as 69 °C [28] for some other electrolytes. The gases formed due to the 

breakdown of the electrolyte do not burn, even 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 Cathode Active Material  

At around 130 °C, the polymer separator melts, allowing short circuits between 

the electrodes [30]. Also, the heat generated from the breakdown of electrolyte causes 

decomposition of the metal oxide cathode material, releasing oxygen. The cathode 

active materials can dissociate at elevated temperatures as follows [29, 31] (LiCoO2 , 

Ni0.8Co0.2O2, and Mn2O4 are shown as examples): 

ς,ÉȢ#ÏO2 Ÿ LiCoO2 #ÏO2 1. 6 

.ÉȢ#ÏȢO2 Ÿ 
ρ

σ
.ÉȢ#ÏȢO

ρ

σ
O 1. 7 

-ÎOŸ -ÎO +
ρ

ς
O 1. 8 
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The oxygen released from the breakdown of the cathode active material may react with 

electrolyte solvent as follows [29, 31]: 

υ

ς
O+  #(O %#Ÿ 3CO ς(/ 1. 9 

τO+  #(O 0#Ÿ 4CO σ(/ 1. 10 

σO+  #(O $-#Ÿ 3CO σ(/ 1. 11 

φO+  #( O $%#Ÿ 5CO υ(/ 1. 12 

The breakdown of the cathode is highly exothermic and increases the temperature and 

pressure even further. 

1.5.4 Reactions of Intercalated Lithium with Electrolyte 

After the breakdown of the SEI layer, lithium atoms in the intercalated carbon 

can react with electrolyte producing CO2 (at 228 °C) and dilithio butylene dialkoxide 

as follows [32]: 

ς,É  ς#(O %#Ÿ ,É/ #( / ,É  ς#O 1. 13 

,É0&O,É& 0& 1. 14 

The phosphorus pentafluoride (PF5) decomposed from lithium hexafluoride salt 

(LiPF6) reacts with dilithio butylene dialkoxide to produce phosphoryal fluoride (POF3) 

(in a temperature range of 200-240 °C) [32] as follows: 

,É/ #( / ,É 0& 

ᴼ ,É/ #( & ,É&0/& 
1. 15 

Or LiPF6 reacts with dilithio butylene dialkoxide directly to produce POF3 as follows: 

,É/ #( / ,É ,É0& 

ᴼ ,É/ #( & ς,É&0/& 
1. 16 
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1.5.5 Decomposition of Electrolyte 

The electrolyte not only reacts with the electrodes but also decomposes at 

elevated temperatures (200-300 °C) as follows [33, 34]: 

#( O $%# 0&O #(O0& (& #(  1. 17 

#( (&O  #(& 1. 18 

#( O $%# 0&O #(O0& #(& 1. 19 

#(O0&O 0&/ #O (& #(  1. 20 

#(O0&O 0&/ #/ #(& 1. 21 

#(O0& (&O 0&/( #O #(& 1. 22 

#(& #( ᴼ #( / 1. 23 

At this point, the pressure inside the cell is extremely high. The formed gases are 

ejected outside the cellôs body to relieve the internal pressure in the cell to reduce the 

possibility of rupture. As soon as the gases are released to the atmosphere at a 

temperature close to their auto-ignition temperature, intermittent jet flames may be 

initiated. 

1.5.6 Reactions of Electrodes with Fluorinated Binder 

Although the binder provides mechanical strength and maintains the integrity 

of the electrodes, it affects the thermal stability of the electrode under elevated 

temperatures. For instance, the binder forms H radicals, which enhances the LiCoO2 

decomposition. Furthermore, for the LiCoO2 electrodes containing PVDF, the main 

surface reaction is related to CoIIIŸCoII reduction; the major decomposition product 

is Co3O4. This reaction is also accompanied by the oxidation of some electrolyte 

solution species: 
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τ,É#Ï/ ᴼ#Ï/ #Ï#Ï / ς,É/ựτ,É&ς(/ 1. 24 

The PVDF-Li xC6 reactions are strongly affected by the degree of lithiation of the 

graphite in the anode and the surface area of the anode. In the presence of electrolyte 

as the acidic medium, PVDF (binder material) is dehydrofluorinated according to the 

following equation [35]: 

#( #&  O ự #( #&  (& 1. 25 

A possible reaction between the binder and the LixC6 electrode at a temperature greater 

than 260 °C  is as follows [35]: 

#( #&  ,É O ,É& #( #&  πȢυ(  1. 26 

To conclude, all aforementioned reactions produce heat and participates in raising the 

pressure inside the cell, which results in the expedition of TR phenomenon. These sets 

of reactions can be utilized along with kinetic and structural parameters for modeling 

the thermal behavior of LIBs undergoing abuse conditions as discussed in chapter 2. 
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2. Literature Review and Current Study Objectives 

This chapter presents the previous works that focused on studying the thermal 

behavior of individual LIB cells and LIB cell arrays under failure conditions. In this 

chapter, the investigations are classified into two main categories: experimental and 

numerical. First, the experimental studies investigating the thermal, flaming 

combustion, and chemical hazards associated with TR of single LIB cells are reviewed. 

Additionally, experimental studies on TR propagation (referred to as cascading failure) 

in LIB cell arrays are discussed. The last section of this chapter presents the results of 

modeling of TR and cascading failure phenomena. 

2.1 Review of Experimental Studies 

2.1.1 Review of Thermal Hazard Associated with Failure of Individual LIBs 

The failure of an individual LIB cell presents a thermal hazard because of 

substantial heat generation and the associated increase in the temperature of the cellôs 

body. Most of the energy associated with the reactions between cell components is 

released inside the cell. However, some ejected materials may continue to react with 

each other outside of the cellôs body, releasing additional amounts of energy. Several 

techniques including differential scanning calorimetry (DSC) [35-40], accelerating rate 

calorimetry (ARC) [37, 41-45], vent sizing package 2 (VSP2) adiabatic calorimetry 

[46-48], C80 calorimetry [28, 30, 34, 49-51], and modified bomb calorimetry [52] have 

been employed to measure the energy generation due to the chemical reactions. 

DSC is a thermo-analytical technique that measures the heat flow associated 

with physical and chemical transitions in milligram-sized individual components of 

LIB cells. The sample is heated linearly at sufficiently slow rates, typically in a range 
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of 3-30 K min-1, to maintain a spatially uniform temperature within the sample. 

Pasquier et al. [35] utilized DSC to examine the chemical reactions occurring in 

lithiated carbon anodes (LiXC6) containing PVDF as a binder. The reactions were 

examined below and above the LiPF6 melting temperature (260 °C). For temperatures 

below 260 °C, degradation of the SEI passivating layer was found to occur at a 

temperature range of 120 - 140 °C and was followed by LiXC6-electrolyte reactions at 

around 210 - 230 °C. For temperature greater than 260 °C, chemical reactions between 

the binder and LiXC6 were observed. The latter reactions were found to be strongly 

affected by the degree of lithiation of the anode. 

Maleki et al. [37] employed DSC to examine the thermal stability of the anode 

and cathode for specific LIB chemistry, graphite/LiCoO2. The total exothermic heats 

of decomposition of the anode (graphite) and cathode (LiCoO2) were estimated to be 

697 and 407 J g-1, respectively. MacNeil et al. [38] utilized DSC to compare the thermal 

stability of various cathodes in LiPF6/EC/DEC electrolyte. The lithium iron phosphate 

(LiFePO4) cathode was found to be the best candidate for large LIB cells based on 

stability and cost. Roth et al. [39] examined thermally induced interactions between 

several binder materials and representative anode materials with various states of 

charge (SOCs) and electrolytes. The amount of electrolyte, the surface area of the 

anode, and SOC significantly impacted the exothermicity of the observed reactions. 

Yang et al. [40] studied the DSC behaviors of natural graphite, mostly common anode 

material, with different amounts of intercalated lithium ions. Sharp exothermic peaks 

were detected at around 327 °C when testing samples containing more than 0.7 lithium 
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ions per 6 carbons, which was attributed to the structural collapse of the graphitic 

matrix. 

ARC is designed to determine the time, temperature, and pressure relationships 

for exothermic chemical reactions occurring inside an adiabatic, sealed stainless-steel 

or titanium chamber of a relatively large volume (10 cm diameter and 10 cm depth). 

Samples are brought to the desired starting temperature, then checked for self-heating 

during an equilibrium time period. If the self-heating rate (dT/dt, °C min-1) 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 

increased by constant steps (for example, 10 °C) until another exotherm is detected, or 

until the designated upper temperature limit is reached. Von Sacken et al. [42] 

employed ARC to study the effect of anodeôs specific surface area, SOC, and solvent 

composition on the thermal stability of the anode soaked in electrolyte. The results 

showed that an intercalated carbon anode (LiXC6) was more thermally stable, and its 

behavior was more reproducible than a lithium metal anode due to its ability to better 

maintain its structure. It was also found that the self-heating rate of the intercalated 

carbon anode increased with the increase in its specific surface area. The carbon anode 

charged at lower voltages was found to be more reactive because the anode contained 

more lithium. Additionally, the anode was tested in different electrolyte co-solvents: 

LiPF6/PC-R where R: EC, DME, DEC, or DMC. The self-heating rate increased in the 

following order: EC < DME < DEC < DMC. 

The usage of ARC was also extended to include investigating TR in complete 

LIB cells rather than individual components. Hallaj et al. [44] tested commercial Sony 
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LIB cells (US18650, 1350 mA h, LiCoO2/carbon/PC:DEC+LiPF6) using ARC to 

determine the TR onset temperatures. For cells with open circuit voltages of 4.06, 3.0, 

and 2.8 V, onset temperatures were found to be 104, 109, and 144 °C, respectively. 

Maleki et al. [37] tested prismatic LIB cells with Sn-LiCoO2 cathode in ARC to 

determine the onset temperatures of exothermic reactions occurring during TR. The 

obtained results showed that a small self-heating reaction initiated near 112 °C. When 

the cell reached 123 °C, it started to slowly self-heat until highly exothermic reactions 

(corresponding to TR) were observed at 167 °C. The self-heating peaks observed at 

112 and 123 °C corresponded to the SEI layer breakdown and the electrolyte/electrode 

reactions captured during experiments conducted in DSC and thermogravimetric 

analyzer (TGA). The TR onset temperature (167 °C, ARC data) was related to the onset 

of chemical decomposition of cathode (167 °C, DSC/TGA data), confirming that the 

cathode processes lead to TR. 

In another work by Maleki and Howard [43], thermal stability of two different 

prismatic LIB cells were evaluated at various SOCs using ARC. Cell A (750 mA h) 

consisted of Sn-doped LiCoO2 cathode, meso carbon microfiber (MCMF) anode, and 

EC: EMC + LiPF6 electrolyte. Cell B (790 mA h) consisted of LiCoO2 cathode, 

graphite anode, and EC: EMC: DMC + LiPF6 electrolyte. Cell A has shown better 

stability than cell B, which was attributed to the higher thermal stability of MCMF over 

graphite. The results also showed that the thermal response of both the cathode and 

anode in an LIB cell was a dynamic process controlled by multiple factors such as SOC, 

self-heating rates, and total heat generated by each component. 
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In a more recent work by Feng et al. [45], TR of a 25 A h large format prismatic 

LIB was studied using the extended volume ARC, which follows the same heating 

methods as the standard ARC, but with a larger test chamber volume (25 cm diameter 

and 50 cm depth). The tested LIB sample consisted of two pouch cells that were 

electrically connected in parallel and kept in an aluminum shell. The two pouch cells 

had a lithium nickel manganese cobalt oxide cathode. A micro-thermocouple was 

inserted in between the two pouch cells, and additional thermocouples were attached 

to the body of the whole battery. The results showed that for the examined LIB cells, 

the temperature difference between the inner and outer thermocouples was minor (1°C) 

for most of the test duration. The temperature difference increased as the cell 

approached TR and reached its maximum difference (520°C) during TR. A maximum 

internal temperature of 870 °C was recorded during TR. Additionally, the LIB cell 

voltage was recorded over time; measurements of the voltage showed a predictable 

delay between the sharp decrease in voltage (corresponding to the onset of self-heating 

reactions) and the sharp increase in temperature (corresponding to thermal runaway). 

The authors suggested that quantification of this delay may enable early detection of 

TR by monitoring the voltage. 

VSP2 calorimetry is an adiabatic calorimeter with a pressure/temperature 

system that balances internal and external pressures as well as temperatures. The 

adiabatic condition of the VSP2 calorimetry can be used to obtain related profiles of 

pressure and temperature parameters. Jhu et al. [46, 47] employed VSP2 calorimetry to 

study the TR reactions in four different commercial LIB cells with an 18650 form factor 

(cylindrical geometry of 18 mm in diameter and 65 mm in height). All  tested cells had 
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similar cathode chemistry (LiCoO2) and nominal capacity (2600 mA h). Each 

commercial cell was examined at two different charging voltages of 4.2 and 3.7 V 

corresponding to (100% SOC) and (50% SOC), respectively. The cells were placed in 

a 150 ml stainless-steel cylindrical test can that was particularly designed to fit an 

18650 LIB cell and surrounded by the heating system. For any of the tested cells, the 

maximum temperature and pressure of fully charged cells were measured to be 903 °C 

and 1565.9 psi, respectively. The heat of reaction was estimated to be 26.2 kJ per fully 

charged cell. Less charged cells showed better thermal stability as expected. 

A similar study by Wen et al. [48] utilized the same methodology to examine 

18650 LiFePO4 cells charged to voltages of 3.6 V (fully charged) and 4.2 V 

(overcharged). The recorded exothermic reaction onset and maximum temperatures 

showed a negligible dependence on the SOC of the cell. The onset and maximum 

temperatures of TR for the fully charged cell were found to be 199 °C and 243 °C, 

respectively. 

C80 calorimetry is utilized to study the decomposition of individual battery 

components at different room temperatures up to 300 °C. In a number of studies 

performed by Wang et al. [28, 30, 34, 49-51], C80 calorimetry was employed to 

compare the thermal stability of various electrolytes (organic solvents + anion salts) 

with and without the presence of electrodes. The tested solvent samples showed high 

thermal stability in an argon environment compared to air. It was found that the addition 

of LiPF6 reduced the thermal stability of electrolyte mixtures. Also, the results showed 

that the electrolyte/electrode combination had lower decomposition temperature than 

either a separate electrolyte or electrode. 
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Despite the fact that DSC and ARC have been widely used to investigate the 

thermal stability of electrolytes, yet C80 is the best technique for such studies because 

it can handle the large pressure waves accompanying the failure reactions. For instance, 

MacNeil et al. [38] had to 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 complicates the testing process. In contrast, the high-pressure rated 

stainless-steel vessel utilized in the Setaram C80 calorimeter prevents any leakage of 

gases and operates at elevated temperatures. As for ARC, it cannot detect endothermic 

reactions associated with vaporization of the electrolyte, while the C80 calorimetry can. 

Lyon and Walters [52] employed an adiabatic bomb calorimeter to investigate 

thermal failure of four different commercial cathode chemistries with an 18650 form 

factor. The thermal failure was induced by an electrical resistance heater in a nitrogen-

filled bomb calorimeter to preclude combustion of the battery materials. The total 

energy of the LIB failure was assumed to consist of electrical stored energy in the LIB 

and the chemical energy produced due to chemical reactions between the LIB materials. 

The results of this study indicated that the produced energy of an LIB ranged from 1.6-

1.9 times its electrical stored energy. 

Despite being useful for characterizing failure energetics, none of the 

aforementioned methods (DSC, ARC, VSP2, C80 or bomb calorimeter) was originally 

designed for LIB failure analysis; consequently, their application to LIB testing is a 

subject of several limitations. More specifically, most of these techniques cannot be 

utilized to test fully assembled commercial cells due to testing chamber size limitation 

and possible damage to the device. Most of these methods measured the integral 
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amount of energy resulting from chemical reactions between battery materials but 

provided no insight into the dynamics of this process. They also were unable to 

differentiate between the heat generated inside the cell casing and the heat generated 

from continued reactions between materials ejected from the cell, which is highly 

important for engineering analysis of failure propagation in LIB arrays (packs). Finally, 

these methods did not provide a measurement of the energy released from flaming 

combustion of ejected battery materials. 

To overcome the limitations on the aforementioned techniques, Liu et al. [26, 

53, 54] developed a new technique that is referred to as Copper Slug Battery 

Calorimetry (CSBC). This technique enabled careful measurement of the energy 

generated due to chemical reactions between LIB materials inside the cell casing only. 

The technique involved inserting an LIB cell into an insulated copper slug. The slug 

was slowly and uniformly heated to initiate TR. The main assumption invoked in this 

study was that the temperature inside the tested LIB cell was spatially uniform. A 

thermocouple was inserted into the copper slug to measure a copper slug time-resolved 

temperature which was found to be equal to the tested LIB cell temperature. 18650 

LIBs with cathode chemistries of lithium cobalt oxide (LCO, 2600 mA h), nickel 

manganese cobalt oxide (NMC, 2250 mA h), and lithium iron phosphate (LFP, 1500 

mA h) were tested, all at SOCs of 0%, 25%, 50%, and 100%. For 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 most cathode chemistries due 

to significantly greater ejected mass at 100% SOC. The fully charged cells produced 



 

26 
 

total internal heat generations of 37.3 ± 3.3, 34.0 ± 1.8 and 13.7 ± 0.4 kJ per cell for 

LCO, NMC, and LFP, respectively.  

Said et al. [24, 25] modified the CSBC technique to accommodate prismatic 

LIB cells, Sanyo-UF103450P (LCO, 1880 mA h). The internal heat generation was 

found to be 33 ± 1.0 kJ per fully charged cell. Quintiere et al. [11, 55] conducted 

experiments with a similar, custom thermal capacitance calorimeter and expanded their 

investigation to include other types of batteries (including NiMH, NiCd, and lithium-

metal primary cells). 

2.1.2 Review of Flaming Combustion Hazard Associated with Failure of Individual 

LIBs 

The flaming combustion hazard of ejected LIB materials have been studied 

separately from the thermal hazards in experiments which measured the total heat 

release rate (HRR) associated with flaming combustion of ejected LIB materials. 

Ribière et al. [56] adopted the fire propagation apparatus [57] (FPA, also called 

Tewarson calorimeter in the EU) for these measurements. In this study, 2.9 A h 

commercial pouch cells (LiMn 2O4 cathode and graphite anode) were examined at 0%, 

50%, and 100% SOCs. The tested LIB cell was placed in a stainless-steel 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 

chamber while ventilation air, at a volume flow rate of 350 l min-1 to simulate outside 

fire conditions, was injected at the bottom of the chamber. An external heat flux of 35 

kW m-2 was applied to the chamber to induce thermal runaway into the LIB. Materials 

ejected during TR were ignited via a pilot-flame placed 30 mm above the LIB cell. For 
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all the SOCs, the total mass loss was found to be identical (17%, 17% and 16% of initial 

mass). HRR due to combustion of ejected materials was estimated using the oxygen 

consumption method. The total heats due to combustion were computed by integrating 

the HRR profiles over time and found to be 313 ± 37, 383 ± 32, and 361 ± 40 kJ at 

100%, 50%, and 0% SOCs, respectively. The maximum effective heat of combustion 

was estimated to be 4.03 ± 0.34 MJ per kg of a cell. 

Liu et al [53, 54] combined the CSBC apparatus with an oxygen-consumption 

cone calorimeter [58] to measure energy associated with flaming combustion of ejected 

materials from LIB cells with LCO, LFP, and NMC cathodes. The CSBC apparatus 

was equipped with an electric coil igniter which was suspended 5 mm above the tested 

LIB cell. The total heat generated due to combustion of ejected LIB materials varied 

between 35-63, 27-81, and 36-50 kJ for LCO, NMC, and LFP cells, respectively. The 

high hydrodynamic strain rates associated with turbulent flow of ejected materials 

caused intermittency of the flame, prevented significant amounts of ejected materials 

from burning, and often damaged the igniter, thus resulting in underestimated values 

of flaming combustion energy. 

To resolve this issue, Said et al. [25] modified the manner in which the ejected 

battery materials were collected and ignited to increase combustion efficiency in 

comparison to Liu et al.ôs studies [53, 54]. More specifically, Said et al. [25] attached 

a stainless steel collector/burner tube, appended with a perforated plate, to the CSBC 

apparatus. This attachment enabled homogenizing and reducing the speed of ejected 

materials and delivered these materials to an electric igniter coil suspended 10 mm 

above the perforated plate. This new technique resulted in a discernable increase in 
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combustion efficiency. In this study [25], prismatic, 1880 mA h, LiCoO2 cathode cells 

were tested. Per failed cell, the effective combustion energy for 100% SOC cells was 

found to be 113 kJ, compared to just 71 kJ for 50% SOC cells. 

Full-scale burning tests were performed by Ping et al. and Wang et al. [59, 60] 

to investigate the combustion behavior of materials ejected during the failure of a 50 A 

h lithium iron phosphate (LiFePO4) batteries charged to various SOCs (0%, 50%, and 

100 %). Radiative heating of 3 kW was applied to one side [59] or to the bottom surface 

[60] of the battery to induce thermal runaway. The observed fire behavior was as 

follows: battery expansion, jet flame, stable combustion, a second cycle of jet flame 

followed by stable combustion, a third cycle of jet flame followed by stable 

combustion, abatement, and extinguishment. The number of jet flames was found to be 

3, 3, and 2 for 100%, 50%, and 0% SOC, respectively. Additionally, the flaming 

combustion heat release per failed cell were computed to be 18195, 10396 and 4639 kJ 

at 100%, 50%, and 0 % SOC, respectively. These values seem to be significantly high 

for this cathode chemistry when compared to the results of previous studies [25, 53, 54, 

56] and current work as well, even if they are normalized by initial mass of the battery 

pack. This can be attributed to the higher electrical stored energy in this study compared 

to the previous ones [25, 53, 54, 56]. 

2.1.3 Review of Chemical Hazard Associated with Failure of Individual LIBs 

Other studies have focused on the chemical hazards associated with the 

hazardous gases that are produced and ejected during cell failure. Maloney [8, 9] 

measured the concentration of the gases ejected from LIB cells in an inert environment 

to avoid any impact of combustion. Cells of different cathode chemistries and SOCs 
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were intentionally failed using external heating inside a 21.7 l pressure vessel equipped 

with O2, CO, CO2, total unburned hydrocarbon (THC), and H2 analyzers. Results 

showed that the overall volume of ejected gases increased with increasing SOC. The 

lower flammability limit of the mixture decreased with increasing SOC up to 40% and 

then remained fairly constant afterwards. 

The ejected gases from cells with LiFePO4 cathodes were also significantly less 

flammable and smaller in volume than the gases ejected from cells with other cathode 

chemistries. For LiCoO2 cathode cells of a 2600 mA h nominal capacity, volumetric 

concentrations of THC and CO2 were not found to vary significantly with SOC, but 

concentrations of CO and H2 were both found to increase from 5-10 vol.% to 20-30 

vol.% for SOCs greater than the 50%. 

Other studies [56, 61-67] have focused on measuring the concentration of the 

flaming combustion products. Many toxic products such as CO, hydrogen fluoride 

(HF), and phosphoryl fluoride (POF3) were detected when LIBs were tested at high 

SOCs. Larsson et al. [61] used Fourier-transform infrared spectroscopy (FTIR) 

technique to detect HF released from 7 A h EIG LFP pouch cells, 3.2 A h K2 LFP 

cylindrical cells, and 16.8 Lenovo laptop battery packs in an air environment. The HF 

mass yields of the pouch cells, cylindrical cells, and laptop battery packs were 

estimated to be 16, 15, and 7.3 mg per g of total mass loss, respectively. Larsson et al. 

[67] were able to measure POF3 only for LCO cells at 0% SOC. 

2.1.4 Review of Cascading Failure in Lithium Ion Cell Arrays/Packs 

All  aforementioned hazards (thermal, flaming combustion, and chemical) 

increase exponentially when LIB cells are assembled into large arrays (battery packs) 
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to satisfy high power demands in most commercial applications. The failure of an 

individual cell may induce failure into neighboring cells and then cause TR propagation 

(alternatively referred to as cascading failure) through the entire pack. This propagating 

failure is primarily driven by the transport of thermal energy [2, 26] between LIB cells. 

Multiple studies investigated the effects of cells arrangements [68-70] and 

active/passive cooling strategies [71, 72] on the thermal behavior of LIB arrays under 

normal operating conditions (no thermal runaway). Most of these studies were 

conducted on arrays that consisted of commercial LIB cells. 

A limited number of experimental works have investigated cascading failure in 

LIB cell arrays. Lamb et al. [73] investigated cascading failure of small-scale LIB 

arrays constructed with either wall-to-wall 18650 cylindrical or wall-to-wall pouch 

cells. TR was initiated by creating a hard shorting failure in one of the cells via 

mechanical nail penetration. In the first set of tests, small packs were constructed from 

10 Panasonic CGR18650CG cells (cylindrical), with 2200 mA h nominal capacity. The 

cells were electrically connected either in series or parallel. For the array with cells 

connected in series, TR of the trigger cell raised the temperature of neighboring cells 

significantly, triggering safety venting but not TR propagation in the cells. Voltages of 

some neighboring cells dropped for a short time and then were restored. 

Inducing TR in arrays/packs of cells that were connected in parallel resulted in 

a complete failure propagation into the pack, with significant damage to cells and loss 

of voltage. It was concluded that failure of any cell in a series configuration would not 

impact the general ability of LIB pack to continue working, albeit at a lower voltage 

due to the missing cell. In the second set of tests, the authors examined stacked pouch 
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cell modules that were constructed from 5 AA Portable Power Corporation model 

7035130-10C cells with 3000 mA h nominal capacity. Results from the pouch cell 

batteries in the series configuration were notably different from the cylindrical cell 

results. Failure quickly propagated through the pouch cell battery no matter if the cells 

were connected in parallel or series, which was attributed to the greater conduction heat 

transfer between pouch cells compared to cylindrical cells. The greater heat transfer is 

associated with the larger contact area between adjacent pouch cells. 

Feng et al. [74] studied TR propagation in a large LIB pack. The examined pack 

consisted of six prismatic batteries (25 A h each) fixed together with no spacing in 

between. Each battery was constructed from two pouch cells which were connected in 

parallel and placed in an aluminum prismatic shell. TR was induced in the first battery 

of the pack via nail penetration. Failure of the first battery produced large amounts of 

thermal energy which non-uniformly 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 recorded and utilized 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, 

non-uniform side heating from adjacent cells. A maximum 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, indicating that conduction was the primary mode of 

heat transfer. 
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Ouyang et al. [75] investigated the impact of cell array configuration on the 

dynamics of cascading failure. Cylindrical LIB cells were arranged in six different 

geometries: triangular, rectangular, parallelogram, linear, square and hexagon with 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 undergoing an electric 

discharge. 

2.1.5 Review of Cascading Failure Passive Mitigation Strategies 

Lopez et al. [76] experimentally studied the influence of LIB array design 

configurations including cell spacing, tabbing style, and vent location on cascading 

failure. Cells of cylindrical and prismatic form factors were employed in this study. 

The abuse test consisted of a heat-to-vent setting where a single cell in a module was 

triggered into TR via a heating element. Results showed that adding 2 mm gaps 

between cylindrical cells in arrays prevents propagation and alleviates physical damage 

in the tested arrays. However, this suggestion may not be applicable due to limited 

space in most practical applications. Branched tabbing improved the voltage retention 

and array safety compared to serpentine tabbing because the trigger cell was isolated 

from the array when the tabs were branched. The gap addition did not prevent 

propagation when testing arrays of prismatic cells with side facing vents. It was also 

found that installing thermal insulation or intumescent materials between the prismatic 

cells successfully stopped TR propagation. 

Zhong et al. [77] explored the impacts of heating power, SOC, and the cell 

spacing on cascading failure in the LIB arrays. 18650 LIB cells were employed to 
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construct two different rectangular arrays: 3 (1 column × 3 rows) or 9 (3 columns ×3 

rows) cell arrays without any spacing between neighboring cells. TR was triggered in 

one of the cells via a cylindrical electric heater with similar dimensions to the cellsô 

dimensions. The failure propagation was tracked using thermocouples (attached at the 

mid height of side walls of each cell) and visual observations. The fully charged 3 cell 

arrays were tested at four different heating powers (100, 200, 300, or 400 W). The fully 

charged 9 cell arrays were only tested at 100 or 200 W. None of the 3 cell arrays 

experienced cascading failure due to limited contact area between cells, while all the 9 

cell arrays underwent cascading failure in all their cells. For the 9 cell arrays, increasing 

the input power from 100 to 200 W only expedited TR of the cells located in the first 

row and had a negligible impact on the duration between failures of consecutive rows. 

Reducing the SOC of the 9 cell arrays to 50% did not stop the failure propagation, but 

the cells failed slower than the 100% SOC cells. Implementing 4 mm gaps between the 

cells prevented TR propagation and resulted only in failure of two cells in row 1 and 

one cell in row 2. 

2.1.6 Review of Active Suppression of LIB Fires 

A limited number of studies have investigated the efficiency of extinguishing 

agents to suppress the fires accompanying TR of LIB cells. These studies have focused 

on using Halon, Novec1230, and water mist as suppressants. Summer [78] investigated 

the fire safety of lithium ion and lithium polymer batteries and found that these batteries 

reacted violently when exposed to an external fire. The batteries ejected large amounts 

of flammable electrolyte, which further fueled the existing fire. A hand-held Halon 

1211 fire extinguisher was utilized to 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 battery kept increasing, and the ejected gases reignited again. 

In a study by Maloney [8], Halon 1301 was utilized to extinguish fires caused 

by the ignition of gases ejected from LCO cell arrays. Tests were conducted in a well-

sealed 10.8 m3 test chamber. A cell array was placed inside the chamber, and the 

chamber pressure was brought down to a predetermined pressure. Halon 1301 was then 

introduced to the chamber at different volumetric concentrations: 3%, 5.28%, and 

10.43%. Subsequently, TR was initiated in one cell using a cartridge heater and 

observed to propagate throughout the cell array by monitoring the temperature at 

different locations across the tested array. A spark igniter was utilized to initiate 

combustion of ejected materials. The chamber pressure rise due to combustion was 

recorded. The test results showed that the volumetric concentrations of 3% and 5.28% 

were unable to prevent combustion, while a volumetric concertation of 10.43% was 

able to successfully suppress the combustion. 

Wang et al. [79] investigated the efficiency of Novec1230 (C6F-Ketone) and 

CO2 extinguishing agents on suppressing the lithium titanate battery fires. A 

commercial lithium titanate oxide battery with 50 A h nominal capacity was heated 

using a 5 kW electric heater to initiate TR. Tests were conducted both in open 

atmosphere and within and enclosure. The agents were introduced to the battery as soon 

as TR started. Results showed that CO2 was unable to completely extinguish the fires, 

while the Novec1230 agent extinguished the fire within 30 s in all tests. 

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

suppress the fires accompanying TR of a fully charged prismatic LIB cell with NMC 
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cathode and 3800 mA h nominal capacity. The tested battery was placed inside an 

explosion proof module box equipped with a pressure relief vent. A fire detection tube 

was fixed directly above the safety vent opening; this tube was connected to the 

Novec1230 agent tank. When the temperature inside the box exceeded a certain 

threshold, the detection tube melted and the Novec1230 agent was released into the box 

to extinguish the initiated fire. Suppression experiments were also repeated in an open 

environment. Different mass doses of Novec1230 agent including 0, 0.5, 1, and 2 kg 

were examined. The results showed that small mass doses of Novec1230 (below 1 kg) 

had a negative inhibitory impact on combustion of ejected materials. However, 

introducing Novec1230 at greater mass doses (above 1 kg) allowed 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. In a study by Ditch [81], it was 

determined that a sprinkler system can provide protection for a growing or developed 

LIB rack storage fire. However, the re-ignition remains a potential threat if the water 

delivery is stopped before temperatures drop to safe levels. Compared with traditional 

water sprinklers, the water mist technique has shown to provide a better cooling 

efficiency while consumes less water. Liu et al. [82] investigated the effectiveness of 

using water mist cooling on TR induced in individual commercial NMC cells. TR was 

initiated using an electric heater supplied by a 100 W DC power. Tests were conducted 

inside a chamber of clear walls. A water mist nozzle was placed 0.5 m above the tested 

battery to introduce the mist into the chamber. The nozzle discharged the water at 
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pressure and flow rate of 0.5 MPa and 0.79 l min-1, respectively. TR was prevented 

only when the water mist was applied before the surface temperature of the battery 

reached a critical value that was 20 °C below the TR onset temperature for the tested 

cells. 

2.2 Review of Numerical Studies 

In addition to experimental studies, failure of individual LIBs and failure 

propagation in LIB arrays has been investigated in numerical simulations. Doughty et 

al. [83] proposed two general approaches to build such models: calorimetric and 

chemical reactions approaches. The calorimetric approach requires complete 

description of the cell design (dimensions and materials), measurement of either 

materials or whole cell thermal properties (such as heat capacity and thermal 

conductivity), calculation of materials/cellsô thermal response properties, and inclusion 

of the effect of aging on the thermal response properties. The chemical reaction 

approach requires identification of the dominant chemical reactions associated with 

thermal failure events and the evolved chemical species. Reaction rates and activation 

energies must be measured for all relevant reactions. The studies in this section are 

divided into two main categories: modeling studies of single LIBs and modeling studies 

of LIB arrays (packs). 

2.2.1 Review of Modeling Studies on Thermal Runaway of Individual LIBs 

Several studies focused on modeling LIBs under normal operating conditions. 

Al Hallaj et al. [44] utilized a one-dimensional thermal model with lumped parameters 

to simulate temperature profiles under different operating conditions and cooling rates 

for cylindrical LIB cells of 10 and 100 A h nominal capacity. Results showed that the 
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cooling rate has a significant effect on the temperature of cells. More specifically, high 

cooling rates resulted in a significant temperature gradient across the body of the cell. 

At low cooling rates, however, the LIBs behaved as a lumped capacity body (negligible 

temperature gradient). Also, the simulation demonstrated a good agreement with 

temperature measurements at different discharge rates. Pals and Newman [84, 85] 

produced one-dimensional models that were able to predict the thermal behavior of 

LIBs. In Part I [84], the authors presented the one-cell model for predicting the thermal 

behavior of the lithium negative electrode/solid polymer separator/insertion positive 

electrode cell. In Part II [85], they presented the cell-stack model, a model that used 

variable heat-generation rates calculated by the one-cell model to predict temperature 

profiles in cell stacks. Forgez et al. [86] developed a lumped parameter thermal model 

of a cylindrical LiFePO4/graphite LIB. Heat transfer coefficients and heat capacity 

were obtained from internal temperature measurements while applying current pulses 

of different magnitudes at 2 Hz and then inputted them into the model. The developed 

model enabled estimation of battery internal temperature using the measured current 

and voltage, and the results were validated with experiments (the model accuracy was 

within 1.5 °C). 

Chen et al. [87] presented a two-dimensional model to simulate the temperature 

distribution across the layers of spirally wound cells (cylindrical cells) during the 

discharge process. The temperature in the angular direction was found to be fairly 

uniform and heat was mainly transferred along the radial direction. Due to natural 

convection, the hottest temperatures were located in a circular region near the liquid-

filled hollow core, not in the exact center. Additionally, air cooling effectively reduced 
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the surface temperature, yet the inner temperature remained less affected. Radiation 

contributed to 53.6% of the heat dissipation from the simulated LIB to the surrounding 

air. 

Chen et al. [88] proposed a three-dimensional thermal model to study the 

thermal behavior of LIBs under various discharge rates. Their model considered the 

layered-structure of all cell stacks, the case of the LIB pack, and the gap between both 

elements. Both location-dependent convection and radiation were prescribed at 

boundaries to demonstrate different heat dissipation performances on all surfaces. The 

model provided the temperature distribution inside the battery and at the surface as 

well. Obtained results showed that radiation contributed 43-63% to the overall heat 

dissipation. 

Additional modeling work has been conducted to investigate thermal runaway 

in single LIBs. Hatchard et al. [89] produced a predictive one-dimensional model for 

18650 LiCoO2/graphite cells undergoing TR due to external heat exposure in an oven 

(oven exposure testing is a standard benchmark abuse test of commercial LIBs). The 

model predictions of the temperatures of the cells compared favorably with the oven 

exposure test results. The model was also capable of producing reliable predictions for 

a variety of extrapolated test conditions such as changing cathode chemistry (i.e 

LiMn 2O4), increasing the specific surface area of the graphite electrode, varying the 

diameter of cylindrical cells, or testing cells of prismatic form factor (with different 

thicknesses).   

Kim et al. [90] extended the one-dimensional modelling approach formulated 

by Hatchard et.al [89] to a three-dimensional model (utilizing finite volume method) 
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so that geometrical features are considered, allowing for further understanding of the 

thermal behavior of large format LIBs under oven abuse tests. The model included a 

list of chemical reactions associated with TR of LIBs; all physical and kinetic 

parameters utilized in this model were collected from the literature. The model results 

showed that smaller cells dissipated heat faster than larger cells, which reduces the 

possibility of TR initiation. In simulations of local hot spots inside large cylindrical 

cells, the model showed that the reactions initially propagated in the radial and 

longitudinal directions to form a reaction zone of a hollow cylinder shape. Guo et al. 

[91] developed a three-dimensional model to simulate the thermal behavior of high 

capacity prismatic LIBs undergoing oven abuse tests. The model accounted for the 

effects of geometrical features, heat generation, internal conduction and convection, 

and external heat dissipation to predict the temperature distribution within a battery. 

The model predicted favorably the qualitative and quantitative behaviors of a cell in an 

oven test. The modeling predictions indicated that LiFePO4 active material was more 

thermally stable in oxidation potential than LiCoO2. The temperature gradient was 

minimal along the width and length of the LIB and was maximum along the thickness.  

Liu et al. [54] utilized COMSOL Multiphysics software to construct a three-

dimensional numerical model that predicted the temperature of individual 18650 LIBs 

undergoing uniform heating in the copper slug battery calorimetry (CSBC) apparatus 

[53]. In this model, the apparatus was represented by an axisymmetric object with all 

dimensions equal to those of the actual apparatus. All material properties (density, heat 

capacity, and thermal conductivity) and heat transfer parameters (heat transfer 

coefficient and emissivity of surfaces) were obtained from available literature data. 
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Initial simulations concerned the calibration experiments wherein the LIBs were 

replaced by a solid copper cylinder [53, 54], without heat generation. In these initial 

simulations, the thermal conductivity of the insulation (which was an unknown 

property) was adjusted to achieve good match between the simulated and experimental 

copper slug temperatures.  Subsequently, the thermal conductivity of the LIBs was 

determined using a similar inverse modelling approach. The 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 safety venting). Lastly, the experimental measurements of the volumetric heat 

generation versus time were fitted with a piecewise-linear function and subsequently 

coupled with the derived insulation and LIB thermal properties to simulate thermal 

failure of a LIB. Temperatures obtained from this simulation were validated against 

experiments and found to be within 5% of the experimental data for all LIB types and 

SOCs, which indicated that the lumped heat capacity assumption invoked in the 

analysis of the CSBC experiments was generally valid.  

Liu et al. [26]  developed a thermo-kinetic model of thermally-induced 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 conducted on LIBs to determine the thermal transport 

parameters and global reaction kinetics associated with the LIBs thermal failure. The 

model was parametrized via an inverse modeling analysis of the CSBC tests similarly 

to a previous study by Liu et al. [54]. This model assumed a varying radial thermal 

conductivity, while it was isotropic in Liuôs previous study [54]. Additionally, the 
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model represented the process of TR by a single first order reaction. The reaction 

parameters (Arrhenius parameters 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 fall within 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 of predicting the maximum cell temperature. 

2.2.2 Review of Modeling Studies on Thermal Runaway Propagation in LIB Arrays  

In addition to experimental studies, a limited number of modeling works has 

been conducted on LIB array failure as well. In the same work by Liu et al. [26],  the 

generated thermo-kinetic model was applied to predict the thermally induced failure of 

LIB cells in a more complex scenario: cascading failure of 6 LIB cells in a ñbilliard 

rackò configuration. The model predictions showed a good agreement (within 9%, on 

average) between the simulated and experimentally recorded TR onset times of each 

failing cell in the tested array. 

Feng at al. [92, 93] expanded upon their previous work [74] and built a three-

dimensional TR propagation model based on energy balance equations. Empirical 

equations based on their DSC and ARC data were used to simplify the chemical 

kinetics calculations and equivalent thermal resistant layers were used to simplify the 

heat transfer between thin layers with complex geometries. The 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 coefficient to enhance the heat dissipation, or using thermal 

insulation layers to reduce cell-to-cell heat transfer. Experiments were conducted to 

validate all of these findings as well. 

Wang et al. [94] utilized three-dimensional computational fluid dynamics 

(CFD) modeling to study the impact of cell arrangement and forced air-cooling 

strategies on battery pack failure. Results showed that forced air-cooling significantly 

reduced the temperatures of battery modules and that cooling was most effective when 

directed at the top of the battery pack. Additionally, a 5 by 5 square arrangement of 

LIB cells showed the best 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 arrangement was found to best optimize space utilization, however. 

2.3 Objectives and Scope of Current Study 

None of the previous studies quantified the speed of TR propagation in LIB cell 

arrays or packs, measured the composition of gases evolved during the propagation, or 

determined the thermal energy production. A new experimental setup, therefore, was 

designed and built for the present study to provide these important data to better 

understand the processes that govern the cascading failure dynamics. The setup 

included a sectioned wind tunnel that was used to obtain well-defined boundary 

conditions for the study of LIB cell arrays. 

The first stage of this work was to study the impact of cell array 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 wall-to-wall 18 (3×6) or 12 (3×4) cell arrays. The arrays were then mounted 

in the wind tunnel and tested in an N2 environment. 

In the second stage, the focus was to investigate the relation between the 

cascading failure dynamics and hazards and the LIB cathode chemistry. Lithium cobalt 

oxide (LCO), lithium nickel manganese cobalt oxide (NMC), and lithium iron 

phosphate (LFP) cells of 18650 form factor and 2600, 3000, and 1500 mA h nominal 

capacity, respectively, were utilized to construct wall-to-wall 12 cell arrays. The 

cascading failure was investigated in an anaerobic environment (N2) as well as in air to 

elucidate the impact of flaming combustion. 

In the third stage, this work explored passive mitigation strategies to cascading 

failure using physical barriers between cells. All mitigation experiments were carried 

out on 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 in an N2 environment to prevent flaming combustion of ejected materials and thus 

provide a more controlled environment, where the impact of barriers on failure 

dynamics could be better quantified. Barrier performance was evaluated by comparing 

the results of solid barrier experiments with the results obtained for arrays containing 

empty gaps of the same size and experiments without gaps. 

In the last stage, the ability of two extinguishing agents (Novec1230 and water 

mist) to suppress the fires accompanying cascading failure and prevent failure 

propagation was investigated. 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 the suppressing agents to the system. The Novec1230 

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 experiments, the failure was initiated with a small electric heater 

attached to the side wall of one of the peripheral 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 propagation speed in the presence and 

absence of flaming combustion. The gas concentration and temperature profiles, 

recorded in the anaerobic environment tests, enabled calculation of mass yields and 

lower flammability limit of the gases ejected by the arrays, as well as the rate of 

chemical heat generation due to reactions between battery components inside and 

outside the cell casings. The tests conducted in an air environment were used to 

evaluate the additional heat produced due to flaming combustion of ejected battery 

materials. 

The main goal of this collection of investigations was to provide 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 for 

effective detection, mitigation and prevention of electrical energy storage and electric 

vehicle fires. 

 

 



 

45 
 

3. Experimental Setup 

The objective of this chapter is to present the design criteria and concepts 

needed to build the experimental facility utilized in this study. Detailed dimensions and 

descriptions of materials of each component in this setup are provided as well. The 

designed setup was employed to comprehensively investigate and characterize 

cascading failure in LIB cell arrays. Additionally, the chapter provides details of the 

modified CSBC apparatus, originally developed by Liu et al. in [26, 53, 54], which was 

utilized to measure the heat of nearly complete combustion of ejected materials from 

individual LIB cells during TR. The test matrices and experimental procedures are 

added to the last section of this chapter. 

3.1 Specifications of LIB Cells 

LIB cells with an 18650-form factor, cylindrical geometry of 18 mm in diameter 

and 65 mm in height, are selected to construct the LIB cell arrays tested in this study. 

Three different commercial cells were investigated herein: Tenergy ICR18650 [95], 

LG HG218650 [96], and K2 18650E [97]. Detailed specifications of these cells are 

listed in Table 3. 1. All uncertainties reported in the table were computed from the 

scatter of the data as two standard deviations of the mean. The selection of those 

specific cells was based on the following considerations: 

o The 18650 form factor is widely used in a multitude of modern applications such 

as electric vehicles. 

o Different cathode chemistries have different thermal stabilities, which are critical 

parameters for the fire safety of LIB cells. Therefore, in this study, LIB cells of the 
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most widely and commercially available cathode chemistries were tested. Based on 

thermal stability, cathodes can be ranked as follows: LCO < NMC < LFP [38]. 

Table 3. 1. Factory specifications of the LIB cell samples tested in this study. The 

uncertainties were computed from the scatter of the data as two standard deviations of 

the mean. 

Specification 

Tenergy 

ICR18650 

[95] 

LG 

HG218650 

[96] 

K2 

18650E 

[97] 

Cells 

with and without 

packaging 

   
Cathode LCO NMC LFP 

Anode carbon carbon carbon 

Safety vent ports 

number 
4 3 5 

Nominal capacity 

[mA h] 
2600 3000 1500 

Nominal voltage [V] 3.7 3.6 3.2 

Minimum cutoff 

voltage [V] 
2.75 2.5 2.5 

Maximum cutoff 

voltage [V] 
4.2 4.2 3.65 

Discharging current 

[A]  
1.3 0.6 Ò 0.7 

Charging current [A] 1.3 1.5 Ò 0.7 

Electrical stored 

energy [kJ] 
33.0 ± 0.3 44.3 ± 1.3 17.4 ± 0.2 

As shown in Table 3. 1, the positive terminals of each cell are equipped with 

safety venting ports to release the gases formed inside the cellôs enclosure during TR, 

which helps to avoid cell rupture or explosion caused by pressure build up. Detailed 

chemical compositions (in mass %) [98-102] of all listed cells are included in Appendix 

A (Table A. 1, Table A. 2, and Table A. 3). The electrolyte of these LIB cells consists 
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of organic carbonate mixtures such as EC, DEC, PC, and/or EMC and uses a non-

coordinating anion salt of LiPF6. Prior to each experiment, the LIB cells were stripped 

off their plastic packaging, and their initial masses were recorded. 

Prior to the 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 desired SOC. First, each cell was fully discharged to a minimum 

cutoff voltage using a constant discharge current. Second, groups of 4 or 6 cells, 

electrically connected in series, were fully charged to a maximum cutoff voltage, using 

the constant current/constant voltage balanced charging method [4] until the charge 

current fell below 0.1 A. Third, the cell groups were then fully discharged to a minimum 

cutoff voltage. In the last step, the 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 cutoff voltages and 

charging/discharging currents are listed in Table 3. 1. Temporal profiles of the voltage 

of each cell and the discharge current were recorded during the discharge process. 

Integrating the product of the voltage and current profiles enabled calculation of the 

electrical energy stored in each cell, which is also provided in Table 3. 1. This energy 

was found to be within 1-10 % of the cellsô nominal capacities. 

3.2 Experimental Setup ï Cascading Failure Experiments 

A schematic of the experimental facility [103-105] is shown in Figure 3. 1. The 

setup is composed of three major systems: gas handling system, wind tunnel, and 
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emitted-gas sampling system. Each system is described in detail in the following 

subsections. The design process of the experimental setup depended primarily on the 

dimensions of the cell holder. The discussion, therefore, will start by the design details 

of the cell holder. 

 
Figure 3. 1. Schematic of the experimental setup (the wind tunnel is drawn to scale). 

3.2.1 Cell Holders and Tested Array Configurations 

3.2.1.1 Cell Holder without Gaps 

The tested cells were arranged in rectangular arrays of either 18 (3 columns × 

6 rows) or 12 (3 columns × 4 rows) cells without any spacing in between adjacent cells. 

A custom-made cell holder, shown in Figure 3. 2, was utilized to maintain the geometry 

of the LIB cell arrays throughout the cascading failure experiments. The cell holder 

was made from a stainless-steel frame which consisted of upper and lower plates. This 

holder was able to support a maximum capacity of 40 LIB cells per test (5×8 

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 with neighboring cells. The depressions were 

equipped with Kaowool PM (refractory ceramic fiber) thermal insulation discs (18 mm 

in diameter and 3.2 mm in thickness). One disc was placed underneath each cell to 

minimize the heat transfer between the cellsô bottom surfaces and the lower plate. 

 
Figure 3. 2. Schematics of the cell holder and electric heater. 

A 3.5 mm diameter opening was drilled into the center of each depression and 

insulation disc, through which silica fiber insulated K-type thermocouple wire (XS-K-

24) was extended so that the thermocouple bead was located between the LIBôs base 

and its insulation disc to record the temperature of the bottom surface of each LIB. The 

top plate, with 40 circular perforations of 12 mm diameter, was placed atop cells in 

such a way that the safety venting ports were not obstructed by the holder. The contact 

surface between the upper plate and the top surface of cells was insulated using a 

perforated Kaowool PM (ceramic fiber) insulation panel to reduce the heat transfer 

from cells to the plate (thermal isolation purpose) and also to preclude possible short 

circuit of cells (electrical isolation purpose). The upper and lower plates were secured 

together using four long screws of 6 mm diameter each. The lower plate was equipped 
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with four hollow internally threaded hexagonal struts into which the long screws were 

secured. The wind tunnel test section was designed with an internal open cross section 

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 surface electric heater depicted in Figure 3. 2. The heater, of 58 mm height 

and width of 0.45 times the LIBôs perimeter (25.4 mm), was made from a nickel 

resistive heating wire that was wrapped in a coil form and insulated with a high-strength 

fiberglass cloth tape. The back surface of the heater was insulated using a Kaowool PM 

(ceramic fiber) thermal insulation piece, as shown in Figure 3. 2, to direct all the 

supplied energy from the heater to the cell and prevent any significant heat losses from 

the heater to the environment. The heater assembly was tightly secured between the 

LIB surface and a stainless-steel support to assure complete contact between the heater 

and the trigger cell and to prevent any movement of the heater. The heater was powered 

by a DC power supply, BK Precision 1685B, to initiate the failure. 

Figure 3. 3 displays a top view schematic of the tested cell arrays. The 18 cell 

arrays were only tested in an anaerobic environment (N2) while the 12 cell arrays were 

examined in both N2 and air environments. Further details of the test matrix and 

procedures are provided in section 3.5. 
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Figure 3. 3. Layout of the studied LIB cell arrays (without gaps). Cell 2 was the 

trigger cell (the cell that was subjected to localized heating to initiate thermal 

runaway) in every experiment. 

3.2.1.2 Cell Holder with Gaps and Physical Barriers 

Several previous studies suggested implementing empty gaps between 

individual cells of battery arrays/packs to mitigate the cell-to-cell TR propagation, but 

the gaps would result in a significant increase in the volume of the battery pack. New 

designs of real battery pack systems are subject to stringent size and mass limitations. 

Therefore, a different technique [106, 107] was followed in this study where empty 

gaps were implemented between closely spaced cell groups/clusters rather than 

between individual cells. 

To implement this technique [106, 107], a different custom cell holder was 

designed and built up for testing closely spaced groups/clusters of cells (with a 

maximum capacity of 40 cells). Both cell holders (with gaps and without gaps) had 

similar specifications (such as materials, dimensions, ceramic fiber insulation plates 
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and discs, heater assembly, and thermocouple locations). 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 shown in Figure 3. 4. The electrical heater 

assembly was attached to the middle cell of the first row of the 9 (3 columns ×3 rows) 

cell group/cluster. In this cell holder assembly, the top plate perforations were arranged 

in groups in exactly the same way the cells were grouped so that the safety vent 

openings were not obstructed and could readily eject the gases during failure 

conditions. 

 
Figure 3. 4. Schematic of the top and lower plates with 5 mm empty gaps. 

In further attempts to reduce the heat transfer between cell groups/clusters, the 

5 mm empty gaps were equipped with three different types of physical barriers: a 

double layer of perforated stainless steel plates (referred to as stainless steel barrier), 

Tecnofire intumescent material [108] supported by a stainless-steel plate (referred to 
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as intumescent barrier), and Kaowool PM insulation supported by a stainless-steel plate 

(referred to as ceramic fiber barrier). Figure 3. 5 shows a labeled schematic of the 

utilized physical barriers. All barrier assemblies were 59.5 mm wide in the direction 

perpendicular to the gas flow (X-direction), 73 mm long in the direction parallel to the 

gas flow (Y-direction), and 59 mm in height. 

 
Figure 3. 5. Dimensioned schematics of the tested physical barrier assemblies. 

The overall thickness of the stainless steel barrier was 3 mm. The barrier was 

fabricated from two 0.9 mm thick perforated stainless steel 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 that they were offset and not aligned with each 

other. This barrier configuration emulated a typical radiation shield that prevented 

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 layer of 0.9 mm thick stainless steel, resulting in an overall 

assembly thickness of 1.5 mm. However, the assembly thickness would change during 

testing because the intumescent material expands at a temperature of approximately 

463 K and reaches an expansion ratio of up to 9:1 at 723 K to provide enhanced thermal 

protection, according to the manufacturer [108].  

The overall thickness of the ceramic fiber barrier was 4 mm. The ceramic fiber 

layer was 3.1 mm thick and supported by a single layer of 0.9 mm thick stainless-steel. 

Kaowool PM has density, specific heat, and thermal conductivity of 256 kg m-3, 1.07 

kJ kg-1 K-1, and 0.049 W m-1 K-1, respectively, at room temperature [109, 110] and is a 

thermal insulation product widely used in high temperature (up to 1260 °C) 

applications. The intumescent and ceramic materials required stainless steel support 

because initial tests indicated that they would break down during experiments if left 

unsupported. All barrier assemblies were refurbished after each test except for the 

stainless steel barrier, which was only cleaned of any carbon particles deposited on the 

surface. 

The tested cells were arranged in three groups/clusters: 9 (3 columns × 3 rows) 

cell group, 3 (1 column × 3 rows) right-most cell group, and 3 (3 columns × 1 row) 

back-most cell group. Figure 3. 6 shows a top view schematic of the tested cell arrays. 

All shown cell arrays were only tested in an anaerobic environment (N2). Further details 

of the test matrix and procedures are provided in section 3.5. 
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Figure 3. 6. Layout of the studied LIB cell arrays (with gaps). Cell 2 was the trigger 

cell. 

3.2.2 Gas Handling System 

The gas handling system presented in Figure 3. 7 was employed to control the 

gas composition (N2 or air) and flow rate entering the wind tunnel. N2 was introduced 

from a high-pressure nitrogen tank while air was pumped using an air compressor. An 

Alicat mass flow controller was used to maintain a constant mass flow rate of the 

introduced gases and was preceded by a pressure regulator in the N2 line or a filter/dryer 

in the air line to remove particulates and water vapor. 

 
Figure 3. 7. Schematic of the gas handling system. 
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The N2 flow rate, 186 l min-1 at reference pressure of 14.7 psi and reference 

temperature of 298 K, was chosen because it was the maximum flow rate that could be 

maintained constant for the duration of the experiment using the available N2 storage 

capacity; this flow rate effectively maintained an anaerobic environment inside the 

tunnel. When the cell holder was fully loaded with 40 LIB cells, the loaded cell arrays 

were designed to be ventilated/cooled at an air speed of 4 m s-1 (flow is around the 

array). This speed was within a typical range of ventilation speeds utilized to 

ventilate/cool LIB packs in most practical applications [68-70, 111]. The air speed, 4 

m s-1, corresponded to roughly a 1 m s-1 bulk air speed just upstream of the cell array. 

The air flow rate, 640 l min-1 at reference pressure of 14.7 psi and temperature of 298 

K, was estimated based on the design speed of air (1 m s-1) and the internal dimensions 

of the wind tunnel (120 mm × 90 mm). Figure 3. 7 shows that the N2 or air flow leaving 

the gas handling system was directed to a rectangular aluminum NITRA pneumatic 

manifold to provide an even distribution of the flow to the mixing chamber. The 

manifold received the flow through a single 25.4 mm diameter inlet and discharged it 

into the mixing chamber through eight 12.7 mm diameter high pressure flexible tubes. 

3.2.3 Wind Tunnel 

The cell holder was placed inside a wind tunnel to establish well-controlled 

environment and boundary conditions for cascading failure experiments. Figure 3. 1 

shows a three-dimensional rendering of this wind tunnel, which was built using 

stainless steel ducting. The wind tunnel consisted of four main sections: mixing 

chamber, pre-test section, test section (containing the cell holder and LIB array), and 

diagnostics section; photographs of these sections are included in Appendix B (Figure 
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B. 1 to Figure B. 7). The sections were coupled to each other with bolts and sealed 

along their flanges with RTV silicon gaskets. The internal dimensions of the wind 

tunnel, 120 mm width and 90 mm height, were maintained constant throughout the 

tunnel. 

3.2.3.1 Mixing Chamber 

The mixing chamber was equipped with eight injectors (12.7 mm in diameter 

each) that were attached to the flexible tubes coming from the manifold. Detailed 

dimensions of the mixing chamber are shown in Figure 3. 8. The purpose of the mixing 

chamber was to hydro-dynamically mix the gas stream before being ejected uniformly 

into the pre-test section through a perforated aluminum plate. The open area of the 

perforated plate was 4.6% of the vertical cross-sectional area of the wind tunnel (120 

mm × 90 mm). The plate was designed to generate a static pressure larger than the 

dynamic pressure at the injector exits to produce a nearly uniform flow velocity at the 

inlet of the pre-test section. 
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Figure 3. 8. Schematic of the mixing chamber and perforated plate (all dimensions in 

mm). 

Equation 3. 1 assumes that the pressure difference across the perforated plate is 

greater than the dynamic pressure at the exit of the injectors by a factor of 7: 

Dynamic pressure at exit of injectors    Pressure difference across perforated plate 

ʍ

ς
6

ρ

7
0 0  

3. 1 

where ʍ is the air density, 6 is the flow velocity at the exit of injectors, 0 is the total 

pressure, and 0 is the static pressure at the exit of the perforated plate. 

6
1

! .
 3. 2 

1 + 0 0 ȟ+ !
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where  1 is the air flow rate, !  is the area of the injector, .  is the number of 

injectors, +  is the perforated plate factor, and !  is the open area of the 

perforated plate. Using Equations 3. 1 to 3. 3, a criterion was determined to compute 

the pressure factor (7) as a function of injectors and the perforated screen areas as 

shown in Equation 3. 4. 

! . Ѝ7!  3. 4 

For 640 l min-1 of air, the plate generated a static pressure drop 4.2 times larger than 

the dynamic pressure at the injector exits based on the dimensions of the injectors and 

the open area of the perforated screen. 

3.2.3.2 Pre-Test Section 

The pre-test 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 the inlet of the test 

section and providing well-defined flow conditions. To achieve a fully developed flow 

in the air experiments (which were conducted at a flow rate of 640 l min-1), the length 

of the pre-test section had to be equal to or greater than the hydrodynamic entry length. 

The estimation of the hydrodynamic length depended on the nature of air flow (laminar 

or turbulent). The Reynolds number (2Å) was computed using the inner dimensions 

(120 mm × 90 mm) and air speed (Õ å 1 m s-1) of the pre-test section as described in 

Equations 3. 5 and 3. 6. 

2Å
Õ$

ʉ
 3. 5 

$
τ!

0
 3. 6 
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$ is the hydraulic diameter of the tunnel (m), ʉ is the kinematic viscosity of air (m2 s-

1), ! is the cross-section area of the tunnel (m2), and 0  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 length was approximated as 

10 $  [112]. Therefore, the pre-test section was manufactured to be 1.1 m in length as 

shown in Figure 3. 9. It is noteworthy to mention that the N2 flow was laminar, and the 

flow was not fully developed by the end of the pre-test section. However, during the 

nitrogen experiments, the primary focus was not on achieving a fully developed flow 

as much as having a near zero oxygen concentration throughout the tunnel. 

 
Figure 3. 9. Schematic of the pre-test section (all dimensions in mm). 

3.2.3.3 Test Section 

The cell holder was fixed with four screws coming through the bottom surface 

of the test section into the hexagonal struts of the bottom plate, see Figure 3. 10. The 

center line of the arrays and the symmetry planes of the cell holder and test section 
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were all aligned. As depicted in Figure 3. 10, the inlet and outlet of the test section were 

equipped with a wire mesh (8 mm × 8 mm mesh size) to prevent any large debris from 

travelling either backward or forward through the wind tunnel. The cell holder was 

accessible via a removable cover. The cover was tightly fixed and sealed during tests 

to prevent any possible leakage of gases. The top, side, and bottom walls of the test 

section were lined with panels 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 from the cells. Detailed dimensions of the test section are 

demonstrated in Figure 3. 10. 

 
Figure 3. 10. Schematic of the test section duct (all dimensions in mm). 

3.2.3.4 Diagnostics Section 

As shown in Figure 3. 11, the diagnostic section was designed with a conical 

shape to increase the momentum of flowing gases, which reduced the boundary layer 

formation (or thickness) and assisted in achieving representative sampling 
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temperatures and compositions of the exhaust 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 insulated with a single layer of 6.35 mm 

thick Kaowool PM thermal insulation. 

 
Figure 3. 11. Description of the diagnostics section and exhaust elbow (all dimensions 

in mm). 

This section was equipped with three K-type, stainless steel sheathed, 

thermocouples (1 mm probe diameter, such large probes were utilized to provide 

necessary mechanical integrity). Figure 3. 12 depicts the vertical cross section within 

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

positioned 15 mm back from the section inlet and 46, 36, and 17.5 mm below the 

bottom surface of the top insulation layer to record the histories of exhaust gas 

temperature. The thermocouple locations were selected to sample the temperature of 

the exhaust flow near the bottom, middle, and top of the cross section downstream of 

the LIB cell arrays. 
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Figure 3. 12. Schematic of the vertical cross section within the wind tunnel along the 

plane of the exhaust gas thermocouples (all dimensions in mm). The sampling probe 

is positioned 60 mm behind the thermocouples, TCs. 

A sampling probe, made from a hollow stainless steel tube 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 was connected to the emitted-gas 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 towards the exhaust elbow of the wind tunnel. The probe was 

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 blocked. The results of these tests showed negligible 

dependence of the sampled gases on the location sampling perforations, indicative of 

homogenously mixed gases at the position of the sampling probe. 
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3.2.4 Emitted-Gas Sampling System 

The emitted-gas sampling system was responsible for conditioning and 

analyzing the sampled gas. A schematic of the emitted-gas 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 0.01 microns and subsequently passed 

through an aluminum adsorption housing containing a desiccant (Drierite) to ensure a 

complete dehumidification of the sample. A 10KD series diaphragm double head 

pump, located downstream of the adsorption housing, was utilized to draw samples to 

the sensors. The pump discharge was divided into four parallel streams, each set to 1.25 

l min-1 via acrylic rotameters. The distance between the sampling probe and inlet of the 

pump was designed so that the temperature of the gases entering the pump did not 

exceed 47°C. The temperature of the gas sample was monitored downstream of the 

sampling pump to confirm this temperature does not exceed the allowable threshold 

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

 
Figure 3. 13. Schematic of the emitted-gas sampling system. 

The four streams were connected to gas analyzers which included a fuel-cell 

type automotive O2 sensor ñTeledyne R17-aò, CO/CO2/total unburned hydrocarbons 
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(THC) ñEDINBURGH Gas-card NGò infrared gas sensors, and a thin film palladium-

nickel alloy ñHY-OPTIMA 700B Seriesò H2 analyzer. All sensors were installed in 

parallel except for the H2 sensor which was placed in series downstream of the CO 

sensor. The H2 sensor was disconnected from the system when tests were performed in 

an air environment to avoid exposure to potentially damaging oxygen concentrations. 

Each sensor received a sample flow rate of 1.25 l min-1, which was within typical ranges 

recommended by manufacturers. 

3.2.5 Data Acquisition and Sensor Calibration 

All thermocouple and gas sensors were digitally sampled at a frequency of 2 

Hz with National Instruments DAQ modules and LABVIEW software. For the gas 

sensors, zero and span calibrations were performed by flowing a chemically pure N2 

and gases of certified compositions, respectively, through the sensors before each test. 

Gas measurements performed by Maloney [8, 9] showed that methane (CH4) was the 

dominant THC ejected by LIB cells that are similar to the ones tested in this study. 

Therefore, the THC sensor was calibrated using methane gas. 

Preliminary experiments were conducted to measure the gas transport time to 

each sensor. In these experiments, the transport time was simply determined by 

measuring the time period between introducing a gas sample (at the location where the 

LIB cells are normally fixed in the wind tunnel during actual battery experiments) and 

observing a shift in the sensorôs signal. The transport times were measured to be 3, 4, 

4, 3, and 7.5 s for the O2, THC, CO, CO2, and H2 sensors, respectively. The 

quantification 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 gas of known concentration through each sensor and 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 varied between 2 and 4 s. Also, the response time of the exhaust thermocouples 

was found to be less than 2 s. These times may affect the peaks of the measured gas 

signals. However, as mentioned in the analysis sections 4.3 and 0, the main focus was 

on the integral values of gas yields and produced energetics. Therefore, the response 

time would have negligible effects on the current results. 

3.3 Experimental Setup ï Active Suppression Experiments 

The capability of two common extinguishing agents (Novec1230 and water 

mist) to suppress LIB fires and prevent TR propagation was also assessed in this study. 

The cascading failure experimental setup described in section 3.2 was modified to 

enable well-controlled introduction of the Novec1230 and water mist agents to the test 

section, where the cell arrays were located. Detailed information on the handling of the 

extinguishing agents is discussed throughout the following subsections. 

3.3.1 Novec130 Suppression  

3.3.1.1 Novec1230 Characteristics 

Novec1230 (dodecafluoro-2-methylpentan-3-one) fire extinguishing agent 

features as a next-generation halon alternative and offers a unique combination of large 

safety margin, outstanding extinguishing performance, and minimal negative impact 

on environment. The Novec1230 agent normally exists in a liquid form at room 

temperature. In fire scenarios, however, this agent is dispersed as a gas. The heat of 



 

67 
 

vaporization of Novec1230 is significantly lower than the heat of vaporization of water, 

approximately 25 times smaller. Due to the combination of the lower heat of 

vaporization and the higher vapor pressure of Novec1230 agent compared to water, the 

liquid Novec1230 evaporates 50 times faster than water [113]. When discharged 

through a nozzle from a properly designed system, the Novec1230 agent will rapidly 

vaporize and evenly spread throughout an enclosure. A summary of the Novec1230 

physical properties are listed in Table 3. 2. 

Table 3. 2. Summary of the Novec1230 agent physical properties. All values were 

determined at 25 ºC unless otherwise specified [113]. 

 Properties  Novec1230 [CF3CF2C(O)CF(CF3)2] 

Molecular weight  316.04 g mole-1 

Boiling point at 1 atm 49.2 ºC 

Freezing point -108.0 ºC 

Critical temperature 168.7 ºC 

Critical pressure 18.65 bar 

Critical volume 494.5 cc mole-1 

Critical density 639.1 kg m-3 

Density, saturated liquid 1.6 g ml-1 

Density, gas at 1 atm 0.0136 g ml-1 

Specific volume, gas at 1 atm 0.0733 m3 kg-1 

Specific heat, liquid 1.103 kJ kg-1 ºC-1 

Specific heat, vapor at 1 atm 0.891 kJ kg-1 ºC-1 

Heat of vaporization at boiling point 88.0 kJ kg-1 

Liquid viscosity at 0 ºC/25 ºC 0.56/0.39 centistokes 

Vapor pressure 0.404 bar 

Relative dielectric strength, 1 atm, (N2=1) 2.3 

3.3.1.2 Novec1230 Fire Suppression Mechanism 

The Novec1230 agent extinguishes fires principally via removal of heat from 

the fire zone. When the Novec1230 agent is discharged into a fire zone, it mixes with 

air forming a gas mixture with a greater heat capacity than air itself. This gas mixture 

absorbs a significant amount of heat such that the fire zone cools to a limiting 
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temperature where combustion can no longer be sustained. The amounts of heat lost by 

the fire is controlled by the concentration of Novec1230 agent in the gas mixture. 

Additionally, in this work, the agent/air mixture can induce high convective cooling to 

the body of the cells, which may prevent or mitigate TR propagation through the cell 

arrays. 

3.3.1.3 Novec1230 Handling System 

The main objective of the Novec1230 handling system was to convert the 

Novec1230 agent from liquid to gaseous form and enable controlled delivery of the 

gaseous agent to the fire zone, which was located in the test section. The current design 

of the Novec1230 handling system avoids utilizing high pressure nozzle techniques to 

eliminate the complexity associated with these techniques. A schematic of the 

Novec1230 handling system is shown in Figure 3. 14; a photograph of this system is 

also provided in Figure B. 8. The liquid Novec1230 agent was placed into a stainless 

steel container with a removable top cover (well-sealed during experiments). The top 

cover was equipped with a thermocouple to monitor the temperature inside the 

container. The container side surface and top cover were thermally insulated using a 

blanket ceramic fiber insulation to minimize the heat loss from the container to the 

surroundings. The container was placed atop an electric induction surface heater which 

was used to uniformly heat the bottom surface of the container to evaporate the liquid 

agent. 
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Figure 3. 14. Schematic of the Novec1230 handling system. 

The evaporated Novec1230 agent flowed out of the container through a 9.5 mm 

diameter outlet machined into the top cover. A flexible tube was used to guide the 

evaporated agent towards a two way valve that directed the gaseous agent either to the 

exhaust hood (if not used) or to the aluminum manifold (where the gaseous agent was 

mixed with air and then introduced to the wind tunnel). The destination of the 

evaporated agent (hood or tunnel) depended on the experimental procedures followed 

in this study; detailed procedures are presented in section 3.5.4. 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. 

3.3.1.4 Characterization of the Novec1230 Handling System 
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Compared to any commercially available halons, the Novec1230 agent has the 

highest heat capacity, resulting in the lowest extinguishing concentrations for a given 

fuel. For extinguishing most of fires, the Novec1230 agent is applied at a typical 

concentration range of 4.5-6 vol.% of the space. No documented information is 

available about the recommended Novec1230 concentration to extinguish LIB fires. 

Battery safety experts from Kidde Fire Systems and United Technologies Co. 

recommended using Novec1230 at a concentration of 9-12 vol.% of the space to 

effectively suppress the LIB fires. In this study, two concentrations were investigated: 

å 8.5 vol.% (representing a value that is lower than the maximum safe concentration 

for humans, 10 vol.%) and å 15.0 vol.% (representing a value that is slightly greater 

than the maximum value utilized commercially for suppressing battery fires). 

The container (shown in Figure 3. 14) was designed to be loaded with 6.1 kg of 

liquid Novec1230. Theoretical calculations showed that evaporating this amount of 

liquid Novec1230 over a time duration of 7.5 minutes (approximated cascading failure 

test duration) needs a heating rate of at least 1.19 kW, assuming adiabatic conditions. 

For steady state conditions, the rate of change in liquid Novec1230 mass (measured by 

the balance) is equal to the evaporation rate of Novec1230. The calculations also 

showed also that the Novec1230 evaporation is 0.0136 kg s-1, which corresponds to 

59.8 l min-1 of gaseous Novec1230. 

Preliminary testing of the Novec1230 handling system indicated that heating 

the container at a rate of 1.19 kW achieved a slower evaporation rate than the 

theoretically calculated rate, which is attributed to the inevitable heat loss from the 

container to the surrounding even with thermally insulting the Novec1230 container. 



 

71 
 

Therefore, the output heating rate of the induction heater was increased to 1.65 kW to 

account for the heat loss and thus achieve the design evaporation rate. 

In all Novec1230 experiments, the mass change in the liquid Novec1230 was 

recorded in time and converted to concentrations of the Novec1230 gas in the 

air/Novec1230 mixture. The Novec1230 handling system produced gaseous 

Novec1230 at a volume flow rate of 59.2 ± 1.1 l min-1. Also, in these experiments, air 

was flowed through the tunnel at 640 or 320 l min-1. Mixing this 59.2 l min-1 of 

Novec1230 with 640 or 320 l min-1 of air yielded an average Novec1230 concentration 

of 8.5 ± 0.03 or 15.2 ± 0.04 vol.%, respectively, in the resulting gas mixture. 

3.3.2 Water Mist Suppression 

3.3.2.1 Water Mist Suppression Mechanism 

The water mist system was designed to provide carefully controlled quenching 

of the flames by introducing a fine water mist into the air stream flowing through the 

wind tunnel. Water mist is well-known for its efficient performance in suppressing 

flames primarily via thermal quenching, where evaporation of mist near the flame 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 by increasing the mole fraction of water vapor in the oxidizer (8 ), 

thus diluting the oxidizer. Additional gaseous water vapor in the combustion zone 

enhances heat dissipation from the reaction zone and reduces the flame temperature. 

Previous studies [114, 115] have shown that water may exhibit a minimal chemical 

impact on the kinetics of the combustion reactions. These mechanisms indicate that the 
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flame is mainly extinguished when its temperature is reduced below the critical value 

needed to sustain combustion. 

3.3.2.2 Water Mist Handling System 

The cascading failure experimental setup, described in section 3.2, was 

equipped with a water mist handling system. The system consisted of a stainless-steel 

duct piece that was installed downstream of the hydrodynamic mixing chamber as 

shown in Figure 3. 15. Detailed dimensions of the duct piece are displayed in Figure 3. 

16. 

 
Figure 3. 15. Schematic of the experimental setup with the atomizer section installed. 

 
Figure 3. 16. Schematic of the atomizer section (all dimensions in mm). 
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Water mist was produced using a Vevor ultrasound mist generator submerged 

in a 60 mm deep layer of water within the base of the atomizer section. The mist 

generator, shown in Figure 3. 17, included 10 individual piezoelectric atomizers (each 

is 20 mm in diameter), which vibrate at ultrasonic frequency to produce a plume of fine 

mist droplets just above the water mist surface. The atomizer section is initially loaded 

with 1100 ml of liquid water before each experiment. An open top container is located 

1.2 m above the base of 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 tests. Water flowed from the compensation container to the 

atomizer section under the effect of gravity through a short 6.35 mm flexible tube 

attached to an opening machined into the bottom surface of the atomizer section. The 

mist produced inside the atomizer section was entrained by the air coming from the 

hydrodynamic mixing chamber and introduced to the pre-test section and then to the 

tests section, where the cell array was located. 

 
Figure 3. 17. A photograph of a Vevor ultrasound mist generator. 
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3.3.2.3 Characterization of Water Mist Handling System 

Separate preliminary experiments were conducted to characterize the water 

mist handling system. In these experiments, the set up shown in Figure 3. 15 was 

utilized, but the test and diagnostics sections were dismantled to facilitate studying the 

characteristics of generated mist at the outlet of the pre-test section (which is the inlet 

of the test section). In these preliminary experiments, 640 or 320 l min-1 of air was 

flowed through the installed parts of the wind tunnel, and then the mist generator was 

operated. The generated mist was entrained by the air flow.  

Under steady state conditions, the rate of water mist delivery (Í ) at the 

outlet of the pre-test section was calculated as the change in mass of water that was 

kept in the compensation container during a given time period. The mass fraction of 

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

9
Í

Í Í
 3. 7 

where Í  is the air mass flow rate corresponding to an air volume flow rate of 640 or 

320 l min-1 at the standard atmospheric pressure, 0 =101325 Pa, and temperature, 

4 =298 K. Previous studies [116-118] have estimated that a water mist mass faction 

(9 ) greater than 0.1 is sufficient for extinguishing a diffusion 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 value of 9  for 

different air flow rates (640 and 320 l min-1) as shown in Figure 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 atomizer and the mass fraction of mist in the air/mist mixture. All 

uncertainties were computed from the scatter of 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. The mass flow rate of water vapor was computed using the saturation 

pressure (obtained at ÉÎÉÔÉÁÌ ÔÅÍÅÐÒÁÔÕÒÅ ÏÆ ÔÈÅ ÓÙÓÔÅÍȟ4) and relative humidity 

(measured during preliminary testing of the water mist handling system as 77.5 %) of 

water vapor at the outlet of the pre-test 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 (9 ) in the air/mist mixture entering the test section. A summary of Í , 

9 , and 9  is reported in Table 3. 3. The table shows that the mass 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 wt.%) was used 

in this study to refer to the mist content. 
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Table 3. 3. A summary of ἵἥἙ, YWM, and YWV measured during preliminary 

experiments. The uncertainties were computed from the scatter of data as two 

standard deviations of the mean. 

Air volume 

flow rate 

(l min-1) 

Í   

(kg s-1) 
9  9  

640 1.6 ± 0.1 
0.111 ± 0.006 

(11.1 ± 0.6 wt.%) 
0.0094 ± 0.0009 

320 1.0 ± 0.1 
0.141 ± 0.009 

(14.1 ± 0.9 wt.%) 
0.0081 ± 0.0011 

Figure 3. 19 displays 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 

suppression is primarily characterized by the quantity of 9 . 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 9 . 
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Figure 3. 19. Photographs of water mist delivery at the outlet of the pre-test section 

for varying 9 . 

The mist droplet size distribution was measured using a Malvern Instruments 

Spraytec system, which utilizes a laser-diffraction technique [119]. In this technique, a 

collimated Hellium-Neon laser (632.8 mm) was passed through the mist generated at 

the outlet of the pre-test section. A multifaceted ring detector collected and analyzed 

the resulting light scattering patterns produced by the laser-mist interactions. The 

droplet size distribution was evaluated from the beam scattering patterns. The Spraytec 

equipment can resolve droplet diameters in a range between 0.1-2000 µm with a 

measurement accuracy of ± 1%. This accuracy is retained across a wide range of 9 , 

which enables up 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 equipment was also positioned in such a way that the 

laser beam passed horizontally at a distance of 20 mm in front of the outlet of the pre-

test section. Based on the measurements obtained by the Spratec system, the 

characteristic droplet size dv(50) was found to be 8.0 Ñ 0.6 ɛm. Results from earlier 

studies suggested that the mist droplets at this size evaporate well outside the flame 

sheet and therefore sensible cooling effects are dominant [116]. 

3.4 Experimental Setup ï Copper Slug Battery Calorimeter Experiments 

In separate experiments, the original design of the CSBC apparatus [53, 54] was 

modified according to a study conducted by Said et al. [25], and combined with an 

oxygen-consumption cone calorimeter [58] to estimate the heat release rate associated 

with complete combustion of ejected materials from individual LIB cells. Figure 3. 20 

depicts a schematic of the original CSBC apparatus. The apparatus consisted of a 

hollow pure copper cylinder (18 mm in inner diameter, 26 mm in outer diameter, and 

65 mm in height) in which the LIB cell was inserted. A resistive heating wire (OMEGA 

NI80-010) was uniformly wrapped around the copper slug to induce the thermal failure 

into the LIB cells. The heating wire was supplied with a 40 W DC power via a BK 

precision power supply. The copper slug was insulated using a cylinder of Gemcolite 

FG23-112HD ceramic fiber insulation material (200 mm in diameter and 100 mm in 

height). 
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Figure 3. 20. Schematic of the CSBC apparatus [53, 54]. 

The key difference between previous work done by Liu et al. [53, 54] and the 

present work was the addition of an ejected battery material collector/burner, developed 

and outlined by Said et al. [25], as shown in Figure 3. 21. The ejected battery material 

collector/burner consisted of a 75 mm diameter and 150 mm length stainless steel tube 

appended with a perforated steel plate. The purpose of the burner/collector was to 

collect, homogenize, and slow down the flow of ejected battery materials before they 

were delivered to a hot-wire igniter, which resulted in a significantly enhanced 

combustion. Additionally, this attachment provided a sufficient separation distance 

between the coil igniter and the examined LIB cell, which minimized the heating 

influence from the igniter on the tested cells. The igniter was built using the same 

resistive heating wire (OMEGA NI80-010) that was wrapped around the copper slug. 

Two resistive wires were coiled together, arranged into a loop that was suspended 10 

mm above the perforated plate, and supplied by 200 W AC power. The igniter was 

turned on at the beginning of the experiment and kept running up until the end of TR. 

The oxygen-consumption-calorimetry-equipped exhausted system was designed and 

operated in accordance with the ASTM E-1354 standard [58]. Sensor outputs from all 

components of the setup were recorded simultaneously at a frequency of 1 Hz. 
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Figure 3. 21. Schematic of the modified CSBC apparatus under the hood of an 

oxygen consumption calorimeter. 

3.5 Test Matrix and Experimental Procedures 

3.5.1 Cell Array Size Investigation 

Cell arrays of 18 and 12 LCO cells (shown in Figure 3. 22) were employed to 

investigate the effects of an anaerobic environment (N2) and 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. In an N2 environment, tests on arrays of 18 and 12 cells were repeated 

five and four times, respectively, to accumulate data statistics. All cells in these 

experiments were charged to 100% SOC. 
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Figure 3. 22. Layout of the 18 and 12 LCO cell arrays tested in N2. Cell 2 was the 

trigger cell. 

The charged cells were stripped of plastic packaging and 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 186 l min-1 of pure N2 for 

seven minutes before the beginning of tests to ensure complete evacuation of O2. The 

electric heater power and data acquisition software were turned on simultaneously.  

The electric heater power was set at 115 W and continuously recorded 

throughout the test duration. This power was initially designed to be applied for the 

entire duration of the test. However, the heater was partially or completely disabled in 

early stages of the experiment (between the failure times of the first and third failed 

cells). Thereby, the integral value of the input power throughout the entire test time 
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varied between 16-52 kJ from test to test; this range was later found to be 1.5-7.6% of 

the total 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 produced from the cell array. 

Tests were stopped once the temperatures of the cells returned to their initial values. 

3.5.2 Cathode Chemistry Investigation 

As shown in Figure 3. 23, similarly sized arrays of 12 LCO, NMC, or LFP cells 

were tested in an N2 environment to investigate the effect of the cathode chemistry on 

the dynamics and hazards of cascading failure. Additionally, the cell arrays were tested 

in an air environment to elucidate the impact of flaming combustion of ejected 

materials on cascading failure. In an N2 flow rate of 186 l min-1, tests on all cell arrays 

(LCO, NMC, and LFP) were repeated four times to accumulate statistics. In an air flow 

rate of 640 l min-1, tests on LCO and NMC cell arrays were repeated six and four times, 

respectively. The LFP cell arrays were tested two times in 640 l min-1 of air, yet no 

cascading failure was achieved due to the difficulty of sustaining flaming combustion 

at such high air flow rate. Therefore, the LFP cell arrays were tested in a reduced air 

flow of 186 l min-1; tests in the reduced air flow rate were repeated four times. 
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Figure 3. 23. Layout of the 12 LCO, NMC, and LFP cell arrays tested in N2 and air 

environments. Cell 2 was the trigger cell. 

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 stainless-steel heater 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 for the NMC cell arrays. Tests were conducted in the same 

manner outlined in section 3.5.1.  

The electric heater power was set at 115 W and was continuously recorded 

throughout the test duration. In the LCO and NMC tests, the heater was partially or 

completely disabled during early failure stages as was the case in section 3.5.1. The 

integral value of the input power throughout the entire test time was in a range of 16-

52 kJ, and this range represented 1.5-7.6% of the total chemical energy produced by 

the entire 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 
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chemical energy produced from the LCO or NMC cell arrays. In LFP tests, the heater 

stayed intact throughout the entire duration of tests and was manually turned off when 

the cellsô bottom temperatures started to decrease. The significant variation in durations 

before turning off the heater power between different LFP tests caused the integral 

value of the input failure power to fluctuate in a wide range from 178-430 kJ. This 

range was significantly greater than energy produced from the cells that underwent TR, 

meaning that the heating power was the primary reason of failure advancement from 

the trigger (cell 2) to some of the cells in the array. The tests were ended once the 

temperatures of the cells returned to their initial values. 

3.5.3 Passive Mitigation Investigation 

In this investigation, six different test configurations were compared; each test 

configuration was repeated three to six times to accumulate statistics. Figure 3. 24 

shows schematic diagrams for all analyzed configurations with a summary of the 

number of test repetitions. The first and second configurations were 12 (3×4) cell arrays 

with no inter-cell spacing tested in air and N2 supplied at flow rates of 640 and 186 l 

min-1, respectively. The first configuration represented the most energetic propagation 

scenario and included flaming combustion of ejected battery materials. In the second 

configuration, flaming combustion was suppressed, and thus more controlled 

experimental conditions were achieved. These two configurations were presented in 

section 3.5.2 but recalled herein to serve as baseline points to all other test 

configurations shown in Figure 3. 24. 
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Figure 3. 24. Top view diagrams of cell arrays tested in passive mitigation 

experiments. Cell 2 was the trigger cell. 

In the third configuration, a 3×3 block of cells with no inter-cell 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 were selected 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 barriers were inserted into the 5 mm gaps. The 

barriers were carefully designed 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 found in section 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 described in section 3.5.1 were also followed here. 

3.5.4 Novec1230 Suppression Experiments 

Arrays constructed from 12 LCO cells arranged in rectangular configurations 

without inter-cell spacing were utilized to investigate the efficiency of Novec1230 

agent to suppress the fires accompanying the failure propagation in these arrays and 

prevent failure propagation. Figure 3. 25 shows that five different tests conditions were 

compared. Each condition was tested four to six times. The 640 l min-1 air tests 

represent the most energetic scenario in which flaming combustion of ejected battery 

materials is significant. The 320 l min-1 air tests represent a less energetic scenario due 

to the less air available for burning the ejected battery materials. In the third test 

condition, the air was completely replaced with N2 at 186 l min-1 to suppress flaming 

combustion. Note that the 640 l min-1 air and 186 l min-1 N2 tests are the same tests 

reported in sections 3.5.1, 3.5.2, and 3.5.3 but mentioned here to serve as reference 

points. In the Novec1230 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 experiments. 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 or N2 experiment, the same experimental 

procedures presented in sections 3.5.1, 3.5.2, and 3.5.3 were followed. The technique 

of the Novec1230 suppression experiments, however, was 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 placed into the container of the Novec1230 handling system. The container was 

tightly closed to avoid any leakage of Novec1230 agent during the experiment. The 

wind tunnel was then purged with 640 or 320 l min-1 of air for 7 minutes. 
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The stopwatch and the Novec1230 surface heater were turned on 

simultaneously. The surface heater power was set at 1.68 kW. The liquid Novec1230 

started to evaporate at an unsteady rate. During this unsteady evaporation, the two way 

valve (installed downstream of the outlet of the Novec1230 container) directed the 

evaporated Novec1230 to the exhaust hood. After 3.5-4 minutes from starting the 

experiment, the evaporation rate of Novec1230 started to approach steady state, and 

the electrical 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 

the wind tunnel immediately after trigger cell underwent TR. It is important to mention 

that is not expected to condense inside the tunnel due to its low enthalpy of vaporization 

and high vapor pressure [113]. 

Time-resolved profiles of the Novec1230 concentration in an air/Novec1230 

mixture obtained from representative Novec1230 tests are portrayed in Figure 3. 26. In 

these profiles, the gray solid lines represent the times when the vaporized Novec1230 

was directed to the exhaust hood, while the black solid lines represent the times when 

the vaporized Novec1230 was directed to the wind tunnel. The concentration values 

corresponding to gray lines are theoretical; they were calculated assuming that the 

vaporized Novec1230 mixes with air. The concentrations corresponding to the black 

lines are the 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.% Novec1230 tests. 

The Novec1230 flow to the tunnel was stopped shortly after all cell 

temperatures started to decrease. The 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 the mass 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 propagation was examined in 

this section. Similar LCO cell arrays described in section 3.5.4 are utilized for this 

investigation as well. Additionally, the baseline points described in section 3.5.4 were 

also used in this section to compare with the results of water mist suppression tests. All 

test conditions and repetitions are presented in Figure 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 weighed according to the same procedures followed in 

previous sections. Tests were started by heating cell 2 up to TR, which was directly 

followed by turning on the water mist handling system to generate the mist at 

gravimetric concentrations of 11.1 and 14.1 wt.% in 640 and 320 l min-1 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 CSBC Tests 

Single cells were investigated for the CSBC tests. The 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, the collector/burner was attached and the CSBC apparatus was placed 

under the cone calorimeter with the electric igniter positioned directly above it. Tests 

were initiated by starting the cone calorimeter data acquisition, power supply, and 

igniter all at once. The power supply was set to 40 W for all tests. The input power was 

less in the CSBC tests than in the wind tunnel tests because only the combustion 

energetics were measured, and the slower heating promoted a more gradual ejection 

rate allowing for a more complete combustion. The cone calorimeter heater was not 

used for these tests (nor was the cone calorimeter mass balance). Rather, all heating 

was supplied by the heating wire wrapped around the copper slug. SV and TR onset 

times were manually recorded using a stopwatch. Tests were concluded after the 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. Experimental Data Analysis and Methodologies 

The purpose of this chapter is to describe the analysis procedures that were 

performed on the recorded measurements. The following points summarize the 

collected measurements and the quantities of interest derived from these 

measurements. 

Measured data: 

× Time-resolved temperatures of LIB cellsô bottom surfaces (N2 and air tests). 

× Initial and final mass of each cell in a tested cell array (N2 and air tests). 

× Time-resolved concentration of each gas ejected from a tested cell array (N2 tests). 

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

× Time-resolved temperature of the exhaust gas leaving the wind tunnel (N2 and air 

tests). 

Derived quantities: 

× SV and TR onset temperatures. 

× TR propagation speeds. 

× Number of failed and ruptured cells in each examined LIB cell array. 

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

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

× Lower flammability limit of flammable mixture ejected from a single LIB cell. 

× Enclosure volume in which failure of an LIB cell array would create a flammable 

mixture. 

× Chemical heat generation due to thermal failure of LIB cell arrays. 
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× Flaming combustion heat generation due to combustion of ejected materials in 

cascading failure experiments. 

× Total flaming combustion heat generation due to combustion of ejected materials 

in the CSBC experiments. 

Figure 4. 1 displays a flow chart that describes the analysis procedures for the data 

collected in N2 or air experiments. Application of this analysis procedure to a 

representative test is presented in the following subsections. 

 
Figure 4. 1. Flow chart demonstrating the analysis procedure for data collected in N2 

and air tests. The same procedures were used to analyze the measured data of the 

barrier and suppression tests.   
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4.1 Identification of Safety Venting and Thermal Runaway Onset Times and 

Temperatures 

Figure 4. 2 shows representative cellsô bottom temperatures (TLIB) for cells 

located in the first and last rows of an 18 (3 columns × 6 rows) cell array that was tested 

in an N2 environment. Each temperature trend showed a gradual increase followed by 

a sudden sharp spike, indicative of TR. This behavior was reproducible for all examined 

cells no matter the array configuration or the test condition (N2 or air). Measurements 

of TLIB along with its time derivatives (dTLIB/dt) were employed to provide 

mathematical criteria for the onset time of SV and the onset and end times of TR. 

 
Figure 4. 2. An example of recorded bottom temperatures of cells located in rows 1 

and 6 (row numbers are defined in Figure 3. 22) during testing of a fully charged 18 

LCO cell array in an N2 environment. 

SV is an endothermic process [2] and therefore was identified by a negative 

dTLIB/dt peak as shown in Figure 4. 3. The onset time of SV was defined as 0.5 s (which 

is the measurementôs resolution) before dTLIB/dt became negative; this criterion is 
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applicable for every tested cathode chemistry (LCO, NMC, or LFP). During 

experiments, the onset of SV was observed by an audible clicking sound accompanied 

by the appearance of gases at the wind tunnel outlet. The corresponding time was 

recorded to validate the temperature derivative based criterion (dTLIB/dt < 0 K-1). 

Temperatures corresponding to the determined onset times were referred to as SV onset 

temperatures. It is also important to mention that SV was not captured for many cells. 

This was most likely due to an overlap with TR of neighboring cells. 

 
Figure 4. 3. Onset times of safety venting and thermal runaway and end time 

of thermal runaway for a single representative cell during a test of a fully charged 18 

LCO cell array in an N2 environment. 

To identify the onset time of TR, the maximum dTLIB/dt was first determined 

as shown in Figure 4. 3. The onset of TR was subsequently identified as the point in 

time preceding the maximum when the dTLIB/dt became greater than 14 K s-1 for LCO 

and NMC cells and 2 K s-1 for LFP cells. These particular values for the derivative were 

selected because it produced TR 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 the operator during the experiments. 

Additionally, these derivative values pinpointed the start of the sudden spike in the 

trend of each LIBôs temperature. The TR onset times and corresponding temperatures 

were identified for every cell in all conducted experiments. 

The TR end time was defined as the time that followed the maximum dTLIB/dt 

when the derivative decreased below 6.5 K s-1 for LCO and NMC cells and 1.5 K s-1 

for LFP cells, as illustrated in Figure 4. 3. These values of dTLIB/dt were selected 

because the resulting times closely corresponded to the times of return of the gas 

concentration signals to their respective baselines for individual cells with failure 

durations that were clearly separated in time from the rest of the cells in the array. 

4.2 Thermal Runaway Propagation Speed 

In all experiments, advancement of TR appeared to occur sequentially from one 

row to the next. The cascading failure dynamics, therefore, were analyzed on a row-to-

row basis. The TR onset time of each row (Ô ȿ  ) 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 row-to-row propagation speed (3) in units of s-1. For instance, 

TR speed of propagation from row 1 to row 2 (3
  

) is calculated as follows: 

3
  

ρ

Ô ȿ  Ô ȿ  
 4. 1 

To enhance clarity, the propagation speed and acceleration can also be introduced as 

SP
* in the standard speed and acceleration units mm s-1, respectively. SP* are obtained 

by multiplying SP by the cellsô original diameter (18 mm) for non-spaced rows. 

Graphical representation of speeds is illustrated in Figure 4. 4. 
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Figure 4. 4. Layout of the cell arrays with the highlighted propagation speeds and the 

acceleration in these speeds. 

Additional analysis was conducted to determine whether the thermal runaway 

propagation rate had any notable dependence on the column where a cells was located; 

this dependence was found to be negligible. This analysis was performed by averaging 

TR onset times for the cells in each individual column (i.e. column 1 of a 12 cell array 

includes cells 1, 4, 7, and 10). The obtained average time of each column was then 

normalized by the average time of the middle column (column 2). Representative 

samples of the normalizations obtained from experiments conducted on 18 and 12 cell 

arrays in N2 and air environments are plotted in Figure 4. 5. The normalized onset times 

approximately approached unity, meaning that the thermal runaway propagation rate 

had insignificant dependence 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 

thermal runaway onset time of column 2. All uncertainties are computed from the 

scatter of the data as two standard deviations of the mean. 

4.3 Ruptured Cells, Cells Mass Loss, and Cells Mass Loss Rate 

During experiments, the casings of some LIB cells ruptured. These ruptures are 

attributed to the safety vent portsô failure to provide sufficiently rapid pressure relief 

during TR [23], which takes place when the LIB cells are exposed to high heating rates. 

After each test, the test section was checked, and the number of ruptured cells was 

counted. 

For fully charged LCO and NMC cells, it was assumed that the change in cell 

mass occurred during TR and the contribution of SV was negligible as reported in 

earlier studies [25, 53, 54]. For fully charged LFP cells, the contribution of SV to the 

overall mass loss was more notable, 23% according to [25, 53, 54], and consequently 

was taken into account. Initial mass (Í ȿ ) and final mass (Í ȿ) of individual 

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

total mass loss rate of an LCO or NMC cell array (Í ) was calculated as follows: 

Í
Í ȿ Í ȿ 

42 ÅÎÄ ÔÉÍÅ 42 ÏÎÓÅÔ ÔÉÍÅ   
 4. 2 

where . is the number of cells in the array. The total mass loss rate of LFP cell arrays 

(Í ) was calculated as: 

Í
πȢχχÍ ȿ Í ȿ

42 ÏÎÓÅÔ ÔÉÍÅ36 ÏÎÓÅÔ ÔÉÍÅ  

πȢςσÍ ȿ Í ȿ 

42 ÅÎÄ ÔÉÍÅ 42 ÏÎÓÅÔ ÔÉÍÅ 
 

4. 3 

Representative trends of mass and mass loss of individual LIB cells are displayed in 

Figure 4. 6. The constructed mass loss rates are needed when performing energy 

analysis in section 4.5.1. 

 
Figure 4. 6. Representative mass and mass loss rate trends of individual LIB cells. 

4.4 Ejected Gas Yields and Lower Flammability 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 the 
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gases ejected from the cells. The volume or mole fractions (8) of O2, THC (assumed 

to be CH4), CO, CO2, and H2 directly measured in the experiments were converted to 

the corresponding mass flow rates (Í) as shown in Equation 4. 4. 

Í
8ʈ×

ρ В8ʈ×
Í  4. 4 

In this equation, ʈ× is the molecular mass of species j and Í is the nitrogen flow 

rate set by the mass flow controller. The underlying assumption utilized in this equation 

is that the exhaust comprises measured gaseous products and N2 (which does not 

participate in chemical reactions), and that the volumetric contribution of unmeasured 

species is negligible. The total mass of each gas (Í) was computed by numerically 

integrating Í  over the duration of the whole cascading failure experiment (Ô ). 

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

molar) concentration of gases in air that may propagate a flame [120]. In the current 

study, the lower flammability limit of the gases ejected from an LIB cell (,&, ) 

was computed using the Le Chatelierôs mixing rule [120] as follows: 

,&,
Í Ⱦʈ× Í Ⱦʈ× Í Ⱦʈ×

Í Ⱦʈ×
,&,

Í Ⱦʈ×
,&,

Í Ⱦʈ×
,&,

 
4. 5 

Lower flammability limits of 5%, 12.5%, and 4% were used for THC (assumed to be 

CH4), CO, and H2, respectively [121]. The aforementioned limits were obtained at 

0 =101325 Pa and 4 =298 K. Although CO2 (nonflammable) was produced in large 

quantities in the ejected gas mixture, its suppressing effects were neglected 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 volume of the enclosure (6 ) wherein the 

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

6

Í Ⱦʈ× Í Ⱦʈ× Í Ⱦʈ× 2 4
0

,&, Ⱦρππ .
 

4. 6 

where 2 is the universal gas constant (8.314 J mol-1 K-1) and N is the number of cells 

failed in the cascading failure experiment. The quantity of 6  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 premixed flame, which may lead to 

deflagration or detonation. The larger 6 , the higher the detonation hazard of a given 

cell. 

4.5 Energetics of Cascading Failure 

4.5.1 Chemical Heat Generation 

Testing LIB cell arrays in an inert medium (N2) allowed for determination of 

the rate of chemical heat generation (0 ). This heat generation was a consequence of 

exothermic chemical reactions occurring between different battery materials inside and 

outside the cell casings during cascading failure. 0  was computed from the changes 

in the enthalpy of the flow entering and leaving the test section. The total chemical heat 

generation (% ) was obtained by numerically integrating 0  over the total time of 

the cascading failure experiment (Ô ) as follows: 
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% 0  ÄÔ 4. 7 

Í # Í#  Í # 4 4 0 0 ÄÔ 

Equation 4. 7 comprises five terms: the heat carried by N2, the heat carried by the gases 

(Ê) ejected from the cells, the heat carried by the solid particulates (ÓÐ) ejected from the 

cells, the heat lost through the sidewalls of the test section (0 ) and the heat supplied 

by the electric heater (0 ). Í , Í , and Í  were discussed in sections 4.3 and 

4.4. The mass flow of the solid particulates (Í ) was computed using Equation 4. 8. 

Í Í Í  4. 8 

#  in Equation 4. 7 represents the mean constant pressure heat capacities of 

individual species computed from polynomial expressions of specific heat (#  ), found 

in the literature data [122, 123], using Equation 4. 9. 

#
᷿ #  Ä4

4 4
 4. 9 

In these calculations, THC were assumed to be CH4 and 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 nature. 4 was the temperature of the system before the start of the experiment 

(which was also the temperature of the nitrogen continuously injected into the tunnel). 

As mentioned in section 3.2.3.4, the exhaust temperature (4 ) was measured using 

three thermocouples located at the inlet of the diagnostics section. The three 
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thermocouples, located at different heights, showed comparable histories of exhaust 

temperature. Therefore, the histories of the three thermocouples were averaged at each 

time step (0.5 s) to construct a single exhaust temperature profile for every test. 

The 0  term in Equation 4. 7 represents the rate of heat loss from the test 

section through the walls of the tunnel to the surroundings. These losses, which were 

relatively small due to the presence of the thermal insulation, were estimated using the 

steady-state version of Fourierôs law expression given by Equation 4. 10. 

0 Ë!
4 ȿ 4

,
 4. 10 

This equation was used to account for the conduction through the insulation and 

hexagonal stainless-steel struts of the cell holder. Using the thermal conductivity (Ë) 

of these materials [110, 112] and geometric parameters, including the cross sectional 

areas (! ) and thicknesses (,), of the heat conducting elements, the total 0  was 

computed. The internal test section temperature (4 ȿ ) is a smoothed 

version of the 4  profile; an example of measured exhaust temperature and its 

smoothing trends is shown in Figure 4. 7. The Savitzky-Golay second order filter [124] 

was used to smooth the high rate gas temperature fluctuations and thus account for the 

thermal inertia of the conducting elements. The key filter constant was the diffusion 

time scale of the Kaowool PM insulation layer (computed from ,Ⱦɻ, where ɻ is the 

thermal diffusivity), which was estimated to be 227 s. 
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Figure 4. 7. Average exhaust and smoothed exhaust temperatures for an 18 LCO cell 

array tested in N2. 

Finally, the 0  term in Equation 4. 7 represents the heat supplied by the 

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

the heater during the experiment. 

4.5.2 Flaming Combustion Heat Release  

As mentioned in 3.2.3.4, the exhaust thermocouples were selected to have a 

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

mechanical integrity, but this size was too large to provide accurate temperature 

measurements of the strong intermittent flame jets during air tests. Therefore, the rate 

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

(0 ) was measured using oxygen consumption calorimetry rather than the 

enthalpy difference technique utilized to calculate 0 . 

The oxygen consumption technique is based on the Huggettôs empirical 

observation [120] that most combustibles release a nearly constant amount of heat per 
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unit mass of consumed oxygen. Based on this observation, 0  can be calculated 

as follows: 

0 %Í Í  4. 11 

% is the heat release per unit mass of oxygen (13.1 kJ g-1 of O2); this value of E 

is an empirically derived constant [120]. Í  is the mass flow rate of oxygen at the 

inlet of the wind tunnel; this flow rate was assumed to be constant and calculated from 

the mass flow controller setting and the air composition (21 vol. % of O2 and 79% vol. 

% of N2). While Í is the mass flow rate of oxygen at the outlet of the wind tunnel 

and was computed using the same technique followed in Equation 4. 4. 

Additionally, from the data obtained in the N2 atmosphere tests, it was 

determined that the cells produced an amount of oxygen that was negligible with 

respect to that consumed by combustion in the air tests. Therefore, oxygen production 

by the cells was ignored in the 0  calculation. 0  was integrated over the 

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

ejected battery materials (% ). 

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 complicated process because it is not clear whether we can completely rely on the 

N2 results to perform it. 

4.5.3 Flaming Combustion Heat Release in Novec1230 Suppression Experiments 

In the Novec1230 suppression experiments, the flaming combustion energy 

(% ) was calculated using the same technique described in section 4.5.2 with the 
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exception of the way Í  at the outlet of the wind tunnel was computed. 

Í
 
was calculated via Equation 4. 4, but here the exhaust gases comprised O2, 

THC, CO, CO2, N2, and Novec1230 gas. 

In the current experiments, the Novec1230 gas was initially introduced into the 

tunnel with a volumetric concentration of either 8.5 or 15.2 % (determined from the 

mass balance measurements as mentioned in section 3.3.1.4). For simplicity, it was 

assumed that the Novec1230 gas did not contribute to combustion reactions but only 

diluted the oxidizer and reduced the temperature of hot gases, meaning the Novec1230 

amount was unchanged as it passed through the test section. 

Separate preliminary experiments were conducted to study the impact of 

Novec1230 gas on the gas sensors. In these experiments, the Novec1230 gas was 

flowed through the tunnel without testing any batteries (no gas production or 

combustion), and the gases were sampled. The Novec1230 agent was found to cause a 

systematic reduction in the baseline of O2, THC, and CO sensors.  

Theoretically, introduction of Novec1230 gas into the tunnel should result in 

the dilution of O2, reducing its measured concentration. However, the preliminary 

experiments showed that the measured reduction in O2 concentration was significantly 

less than the theoretically calculated reduction. The difference between the measured 

and theoretically calculated reductions was attributed to the capture or absorption of 

Novec1230 gas by the filter or the Drierite utilized in the emitted-gas sampling system. 

The experimentally measured reduction in O2 was then utilized to compute the 

Novec1230 concentration at the location of the sensors (downstream 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 ± 0.004 and 14.9 ± 0.004 vol.%, respectively. These 

Novec1230 gas concentrations were used in Equation 4. 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 and Discussion: Cell Array Size Investigation 

This chapter compares the experimental results associated with cascading 

failure in two different sizes of cell arrays (18 and 12 cell arrays). The arrays were 

constructed from LCO cells charged at 100% SOC. Both array sizes were tested in an 

anaerobic environment (N2). The results presented in this chapter include the impact of 

array size on the dynamics, failure temperatures, mass loss of cells, mass yields and 

flammability of ejected gas mixtures, and chemical heat generation of cascading 

failure. 

5.1 Dynamics of Cascading Failure 

All LIB cells underwent TR in all cascading failure experiments conducted on 

18 and 12 LCO cell arrays in an N2 environment. Figure 5. 1 shows how TR propagated 

in time through 18 and 12 cell arrays in representative N2 experiments. The TR 

propagation charts for the other test repetitions can be found in Appendix C (Figure C. 

1 to Figure C. 3). The dark and light circles represent non-failed and failed cells, 

respectively. The spacing (which is not drawn to scale) between the cell arrays in the 

timeline presents a qualitative understanding of the timespan between successive cell 

failures. The TR onset times of individual cells were not reproducible despite carefully 

controlled boundary conditions and cell array geometry. The lack of reproducibility 

was attributed to the physics of the cascading failure, which 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 runaway propagation charts for 18 and 12 cell arrays in N2 

obtained for representative experiments. Cell 2 was the trigger cell. 

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

the next showed a reasonable degree of reproducibility. The failure dynamics, 

therefore, were analyzed on a row-to-row basis. The TR onset time of each row was 

calculated by averaging the onset times of all cells in the row. Figure 5. 2 shows the 

average TR onset time for each row in all tested 18 and 12 cell arrays. All uncertainties 

and error bars in this chapter were computed from the scatter of data as two standard 

deviations of the mean. On average, the TR onset times for similar rows in both array 

sizes were comparable. 
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Figure 5. 2. Thermal runaway onset time of each row in 18 and 12 LCO cell arrays 

tested in an N2 environment. The error bars were computed from the scatter of the 

data as two standard deviations of the mean. 

Subsequently, the onset times were converted to row-to-row propagation speeds 

(SP). An additional analysis was conducted to determine whether the TR propagation 

rate had any notable dependence on the column where the cells were located; this 

dependence was found to be negligible as discussed in section 4.2. Figure 5. 3 

summarizes the obtained SP data in units of s-1. To enhance clarity, the row-to-row 

propagation speed is also presented as SP
*, in standard units of mm s-1. SP

* was 

calculated by multiplying SP by the diameter of the cells (18 mm). The SP data plotted 

in Figure 5. 3 show a relatively steady propagation through the array. 18 and 12 cell 

arrays yielded essentially the same results. The 18 cell test data suggest that the SP trend 

may be sinusoidal (an acceleration followed by deceleration), but it is difficult to 

establish the presence of this trend with certainty given the significant 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 to be 0.080 ± 0.025 s-1 (or 1.44 ± 0.45 mm s-1). 

 
Figure 5. 3. A comparison between row-to-row propagation speeds for 18 and 12 cell 

arrays tested in an N2 environment. The error bars were computed from the scatter of 

the data as two standard deviations of the mean. 

5.2 Temperatures of Cascading Failure 

Table 5. 1 summarizes the measured onset temperatures of SV and TR as well 

as the maximum temperatures achieved during cascading failure of 18 and 12 LCO cell 

arrays in an N2 environment. These temperatures showed no significant dependence on 

the cellôs position in an array or the size of the array, and therefore the temperatures 

were averaged over all cells. For 18 and 12 cell arrays together, average values of 354 

± 12 and 370 ± 5 K were obtained for the SV and TR onsets, respectively. The 

maximum temperatures did show slight dependence on the size of the array. The 18 
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cell arrays produced somewhat higher maximum temperature values, perhaps due to 

the higher maximum overall heat generation rates achieved in these experiments. 

Table 5. 1. Summary of the cell temperature data. All temperatures were measured at 

the cellôs bottom surface. The uncertainties were computed from the scatter of data as 

two standard deviations of the mean. 

Array size Atmosphere 

SV 

onset 

temperature 

[K]  

TR 

onset 

temperature 

[K]  

Maximum 

temperature of cell 

bottom surface 

[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 Liu et al. [54] for the 

same LIB cells. For fully charged cells, Liu obtained SV and TR onset temperatures of 

451 ± 5 and 470 ± 4, respectively. These discrepancies can be attributed to differences 

in the experimental setups and heating conditions. In Liuôs work, the cells were heated 

slowly (å 0.1 K s-1) and uniformly inside of a copper slug by a resistive heating wire 

wrapped around the slug. While in the current study, each cell in the array was heated 

rapidly (7 K s-1) and non-uniformly by the neighboring cells. The non-uniform heating 

resulted in uneven temperature distribution across the body of each cell, meaning that 

the measured temperature of a cell (measured at its bottom surface) would be less than 

the temperature corresponding to the failure initiation locations (at side walls of the cell 

where most of the heat transfer occurred). This observation strongly suggests that 

temperature-based failure detection thresholds for commercial battery packs must not 

be determined based on experiments with slow, uniform heating because such 
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thresholds may fail to provide sufficiently early detection in real failure scenarios (fast, 

non-uniform heating scenarios). 

5.3 Ruptured Cells and Mass Loss 

Although 100% of cells underwent TR in the current experiments, only a small 

fraction of these cells ruptured. Figure 5. 4 (a) shows representative examples of the 

LCO cells that stayed intact post TR. Some of these cells maintained their original 

cylindrical geometry, while others were deformed. Figure 5. 4 (b) depicts examples of 

ruptured cells. Propagation of TR 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) non-ruptured (b) ruptured. 

The masses of individual cells were recorded pre and post testing to determine 

the total mass loss. Table 5. 2 provides a data summary for each set of cell array sizes. 

As the data indicate, the size of the examined array had no impact on the cell mass loss. 

The obtained mass loss data compare favorably with the mass loss data reported in 

earlier publications by Liu et al. [54] and Quintiere et al. [11] for the same cells. 
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Table 5. 2. Initial mass and total mass loss of LCO cells. The uncertainties were 

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

Array size Atmosphere 
Initial mass of a single cell 

[g] 

Mass loss from a single 

cell [g]  

18 cells N2 43.40 ± 0.03 16.7 Ñ 0.9 (å 38%) 

12 cells N2 43.50 ± 0.06 16.7 Ñ 1.0 (å 38%) 

5.4 Ejected Gas Yields and Lower Flammability Limit 

Figure 5. 5 displays the concentrations of gases ejected from the 18 and 12 cell 

arrays in representative cascading failure experiments conducted in N2. The time-

resolved gas trends of all other test repetitions conducted on 18 and 12 cell arrays in an 

N2 environment are provided in Appendix C (Figure C. 18 and Figure C. 19). The early 

peaks in the gas signal shown in Figure 5. 5 are associated with TR of the trigger cell 

(cell 2). The consecutive peaks in gas signals, however, were caused by propagation of 

TR in the cells of the array. The 18 cell arrays yielded a greater number of peaks in 

concentration due to the greater number of cells. Figure 5. 5 shows that the most 

dominant ejected gas in terms of concentration was THC, which reached a maximum 

concentration of 40 vol.%. Additionally, Figure 5. 5 indicates that the LCO cells 

produced a small amount of oxygen, with a maximum concentration of 0.40 vol.%. 
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Figure 5. 5. Measured concentrations of gases ejected from 18 and 12 cell arrays 

during cascading failure in an N2 environment. Cell 2 was the 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 the same yields of gases. When averaged over both array sizes, 

the O2, THC, CO, CO2 and H2 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 data listed in Table 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 H2 to the overall mixture becomes significant 

for both array sizes. 
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Table 5. 3. Summary of computed gas yields for LCO cells. The uncertainties were 

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

Gas 

Gas production in 18 cell arrays Gas production in 12 cell arrays 

Normalized  

per initial cell  

mass 

[-] 

Normalized 

per failed cell 

number 

[g] 

Normalized  

per initial cell  

mass 

[-] 

Normalized 

per failed cell 

number 

[g] 

O2 0.00064 ± 0.00041 0.028 ± 0.018 0.00052 ± 0.00015 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 

CO2 0.0348 ± 0.0028 1.51 ± 0.12 0.0293 ± 0.0071 1.27 ± 0.31 

H2 0.00207 ± 0.00067 0.090 ± 0.029 0.00193 ± 0.00041 0.084 ± 0.018 

 

 
Figure 5. 6. Mass and volumetric percentages of each gas in the ejected gas mixture. 

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 

materials 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 of LCO cells.  

Mass yields of THC [CH4], CO, and H2 (shown in Table 5. 3) were utilized to 

compute the LFLmixture of the flammable mixture. On average, arrays of 18 and 12 cells 

produced a flammable mixture with LFLmixture of 5.79 ± 0.12 vol.% in air. The 

maximum volume of an enclosure (Vflam) where a failure of a single cell creates a 

flammable mixture (provided that the enclosure contains air at Pstd and Tstd) was 

calculated to be 0.087 ± 0.017 m3. 

5.5 Chemical Heat Generation 

The heat generated due to chemical reactions between cell components was 

determined from the 18 and 12 cell experiments in N2. A representative 0  profile 

for each array size is plotted as a function of time in Figure 5. 7. The 0  trends for 

all other test repetitions are provided in Appendix C (Figure C. 35 and Figure C. 36). 

In all profiles, the early 0  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 slowly decay until no energy is produced. The positive 0  

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 duct. 
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Figure 5. 7. Rates of chemical heat generation computed for representative 18 and 12 

cell arrays examined in an N2 environment. Cell 2 was the trigger cell. 

The 0  curves were numerically integrated to calculate the total heat 

generated (ECHG). Table 5. 4 provides information on %  values that were normalized 

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

all cells. Differences between 18 and 12 cell results were within each otherôs 

uncertainties. When averaged over both array sizes, %  became 56.6 ± 2.5 kJ per 

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. 
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Table 5. 4. Chemical heat generation during cascading failure of LCO cell arrays in 

N2. The uncertainties were computed from the scatter of data as two standard 

deviations of the mean. 

Array size 

ECHG 

Normalized per 

initial cell mass 

[kJ g-1] 

Normalized per 

cell number 

[kJ] 

Normalized per 

electrical 

capacity 

[kJ A-1 h-1] 

18 cells 1.34 ± 0.09 58.0 ± 4.1 22.3 ± 1.7 

12 cells 1.26 ± 0.04 54.9 ± 1.8 21.1 ± 0.7 

The average ECHG was also normalized by the electrical energy stored and was 

found to be 1.67 ± 0.05. This means that å 1.7 kJ of energy is released during anaerobic 

failure per 1 kJ of stored electrical energy. The ECHG obtained in this work was found 

to be within 14% of that reported by Lyon and Walters [52], 65.7 kJ per cell. Liu et al. 

[54] reported a chemical heat generation value of 37.3 kJ per cell for LCO cells 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 al. [54] extrapolated the chemical heat generation 

to include the externally produced energy, they obtained 59 kJ per cell, which is within 

the uncertainties of the current results. 

5.6 Summary 

Chapter 5 presented the experimental results associated with studying 

cascading failure in LCO cell arrays of two different sizes: 18 and 12 cell arrays. The 

main purpose for this study was to determine whether the smaller array size (12 cell 

arrays) could be used to represent the behavior of larger arrays or not. In both array 

sizes, the LCO cells were densely packed in rectangular configurations (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 controlled. TR was 

initiated in one cell using a small electric heater supplied with 115 W DC power. TR 

propagation to the other cells was tracked using temperature sensors attached to the 

bottom surface of each cell in the tested array. Experiments in this chapter were only 

conducted in an anaerobic environment (N2). 

Tests demonstrated that 18 and 12 LCO cell arrays experienced cascading 

failure when TR was initiated in one of the cells. Time-resolved measurements of cellsô 

bottom surface temperatures were 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 were then employed to calculate row-to-row propagation 

speeds. Results showed that the 18 and 12 cell arrays yielded the same propagation 

speeds. The average TR propagation speeds for both array sizes was found to be 0.08 

s-1 in N2. 

The SV and TR onset temperatures corresponding to the SV and TR onset times 

were determined from the temperatures of cells (measured at the cell bottom surfaces). 

Both SV and TR temperatures showed negligible dependence on the array size. For 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 temperatures of cells (measured 

at the cell bottom surfaces) were computed for both sizes. The 18 cell arrays achieved 

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 

achieved in the 18 cell array tests. 
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Experiments showed that a small fraction of cells ruptured during cascading 

failure. Propagation of TR in the 18 and 12 cell arrays resulted in 15.6% and 14.6% of 

cells rupturing, respectively. Individual cells were weighed before and after tests to 

measure the total mass loss. Cells of both array sizes essentially lost similar amounts 

of mass. On average, a single LCO cell lost 38% of its initial mass when tested in N2. 

Time-resolved gas concentrations measured in N2 were analyzed to calculate 

the yields of gases ejected from the cell arrays. Results showed insignificant impact of 

the array size on the gas productions. The arrays tested in N2 produced O2, THC, CO, 

CO2 and H2 in average amounts of 0.026 ± 0.009, 1.57 ± 0.47, 1.77 ± 0.21, 1.41 ± 0.16 

and 0.087 ± 0.017 g per failed cell, respectively. Thus, carbon monoxide, which is 

highly toxic, had the largest mass yield. The mass yields THC and CO2 were 

comparable and slightly lower than that of CO. Although the mass yield of H2 was 

relatively small, the volumetric concentration inside the tunnel reached significant 

values, exceeding 18 vol.% in some experiments. These measurements also confirmed 

speculations found in literature [2, 125, 126] regarding formation of O2 during the 

thermal runaway of LIB cells. The lower flammability limit of the flammable portion 

of the ejected gases 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 ± 0.017 m3. 

The heat generation due to chemical reactions between battery materials was 

determined by computing the enthalpy change of the gases leaving the tunnel. The 18 

and 12 cell arrays generated comparable amounts of chemical heat. When averaged 

over both array sizes, the chemical heat 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 electrical energy 

stored and was found to be å 1.7. Overall, the 18 and 12 cell arrays produced the same 

results in 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 and Discussion: Cathode Chemistry Investigation 

This chapter presents the experimental results associated with the impact of cell 

cathode chemistry on the dynamics and hazards of TR propagation in 12 cell arrays. 

The tested arrays were constructed with individual LIB cells of LCO, NMC, or LFP 

cathode chemistry. All cells were charged at 100% SOC except the trigger cell of the 

NMC arrays, as previously mentioned in section 3.5.2. The LCO, NMC, or LFP cell 

arrays were tested in both N2 and air environments to elucidate the impact of flaming 

combustion on cascading failure. The chapter presents information on the dynamics of 

TR propagation, failure temperatures, mass loss of cells, and a flammability assessment 

of gas mixtures ejected from different cathode arrays. Lastly, heat productions 

associated with chemical reactions between battery materials (N2 tests) and flaming 

combustion of ejected battery materials and aerosols (air tests) were separately 

quantified. 

6.1 Dynamics of Cascading Failure 

In cascading failure tests conducted in N2, TR propagated through the entire 

LCO or NMC array causing a complete cascading failure. In all LFP cell tests 

conducted in N2, however, TR only propagated to the five cells neighboring the trigger 

cell (cell 2 in the array) causing a partial or incomplete cascading failure. Figure 6. 1 

provides TR propagation charts for representative experiments conducted in an N2 

environment. The propagation charts for the other test repetitions are included in 

Appendix C (Figure C. 3, Figure C. 6, and Figure C. 8). 
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Figure 6. 1. Thermal runaway propagation charts for LCO, NMC and LFP cell arrays 

obtained for representative experiments conducted in N2. Cell 2 was the trigger cell. 

The dark and light circles represent non-failed and failed cells, respectively. The 

timeline is not drawn to scale. 

At 640 l min-1 flow rate of air, all LCO and NMC cell arrays experienced a 

complete cascading failure. The LFP cell arrays were tested twice at the same air flow 

rate but experienced an incomplete cascading failure where only the maximum of four 

cells (including the trigger cell, cell 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 a reduced air flow rate of 186 l min-1 in an attempt to achieve a complete 

cascading failure (as described in section 3.5.2). A complete propagation was observed 

in one of the four tests. In the other three, a maximum of eight cells underwent TR 

(including the trigger cell). Representative TR propagation charts for the air 

experiments are provided in Figure 6. 2 (a-c). Figure 6. 2 (d) depicts dynamics of the 

LFP cascading failure experiment where a complete propagation was observed. The 

TR propagation charts for all other air test repetitions are included in Appendix C 

(Figure C. 4, Figure C. 7, and Figure 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 640 l min-1 flow rate of 

air. (d) Chart for the LFP cell array that underwent a complete cascading failure at 

186 l min-1 air flow rate. Cell 2 was the trigger cell. The dark and light circles 

represent non-failed and failed cells, respectively. The timeline is not drawn to scale. 






































































































































































































































































































