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Over the past two decades, Lithium-ion (Li-ion) batteries have become ubiquitous

in society. Their relatively high energy density, and recharge efficiency have resulted

in their mass adoption. With falling prices, batteries have moved from single cell

applications to increasingly larger systems comprised of many cells, such as electric

vehicles (EVs), and fixed systems used in grid-scale load-leveling and uninterruptible

power supplies (UPS). These systems typically have thousands, or tens of thousands,

of cells in order to meet the desired capacity and power draw capabilities.
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Li-ion energy storage systems (ESS) are generally safe. However, Li-ion cells can

fail under abnormal conditions potentially resulting in a catastrophic event known

as thermal runaway (TR). During this failure process, exothermic reactions within

the cell can result in excessive temperatures (∼ 800-1000◦C), and produce highly

flammable, toxic vented gases. As has been done for legacy battery technologies,

such as Lead-acid, it is important to characterize these hazards, and to develop pre-

vention, detection, mitigation strategies for TR and TR propagation.

Experiments were conducted with arrays of Li-ion, pouch-format cells of two cathode

chemistries: LCO and NMC. These experiments represent pseudo-modules to char-

acterize TR failure propagation. This work makes the assumption that a single cell

can and will fail for a specific system. This failure is represented using an external

heater applied to one cell on one side of the array. From the initial failure, this work

analyzes the failure propagation process, discusses the patterns seen, and evaluates

different experimental techniques.

One of the key hazards resulting from TR and TR propagation is the previously

mentioned vent gas production. This vent gas is primarily composed of hydrogen,

carbon dioxide, carbon monoxide, and various hydrocarbons. Altogether the pro-

duced vent gas can result in fire if ignited, or an explosion if allowed to accumulate.

Furthermore, Li-ion cells have been found to produce sparks and eject relatively hot

soot particulates during TR that can result in vent gas ignition. This work char-

acterizes the vent gas release process for the two cell chemistries tested, including

the total volume production, rate of release, and gas composition. While more toxic

gases have also been detected in trace amounts in Li-ion vent gas, the primary goal

of this work is to characterize the TR failure propagation process as it relates to fire
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and explosion related hazards. Thus, toxic gas characterization is beyond the scope

of this work and is left to other studies in the literature.

The second hazard from Li-ion TR propagation is the resulting elevated cell tem-

peratures from the internal exothermic reactions. This work discusses the internal

reactions responsible for TR proposed in the literature. Furthermore, this work eval-

uates the effect of a cell’s state of charge (SOC) on these reactions. Experimentally,

thermocouples (TCs) were used to measure the temperatures between cells. These

experimental data were then used to create and calibrate a computational model for

predicting TR propagation in cell arrays of varying SOC. The effect of SOC is signifi-

cant from the modeled internal kinetics. However, the heat transfer process between

cells was found to be the primary challenge in modeling cell-to-cell TR propagation.

Finally, the computational model was used to evaluate the performance of thermal

separation materials between cells to inhibit cell-to-cell TR propagation. This work

found that insulation, and thermal sink layers, i.e. aluminum plates between cells,

could slow TR propagation, but may still lead to TR propagation via other modes of

heat transfer to the cell array, including heat convection from the produced hot vent

gases. Additionally, this work does not fully study the effect of external flaming com-

bustion which was found to accelerate TR propagation in preliminary tests. Thus,

external flaming combustion could reduce the efficacy of thermal separation materials

between cells. Regardless, the computational model is capable of accurately predict-

ing TR propagation in these arrays without external flaming combustion, and can be

used to quickly evaluate several potential mitigation strategies. These modeled mit-

igation strategies can then be further validated with additional experimental testing.

...
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Chapter 1

Introduction

1.1 Background and Motivation

Over the past two decades, Lithium-ion (Li-ion) batteries have become ubiquitous

in society. Their relatively high energy density, and recharge efficiency have resulted

in their mass adoption. Initially, Li-ion batteries were primarily used in small-scale

consumer electronics which contained only a single cell, such as a smartphone. As

power demands of mobile devices increased, modules comprised of a few cells (<10)

were implemented to match the desired capacity and power draw, such as in modern

laptops. Continuing this trend, Li-ion batteries have been increasingly used in ever

larger mobile applications made of hundreds and thousands of cells, such as electric

vehicles (EVs). Increasingly these cells are being used in fixed battery systems used

for emergency backup power, and grid-scale batteries for load-leveling. These sys-

tems typically have thousands, or tens of thousands, of cells in order to meet the

desired capacity and power draw requirements.
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Li-ion energy storage systems (ESS) are generally safe. However, Li-ion cells can

fail under abnormal conditions potentially resulting in a catastrophic event known

as thermal runaway (TR). During this failure process, exothermic reactions within

the cell can result in excessive temperatures (∼ 800-1000◦C) and produce highly

flammable, toxic vented gases [8]. These gases are predominantly composed of hy-

drogen, carbon dioxide, carbon monoxide, and hydrocarbons as shown in this work

and the literature [9, 10, 11, 12, 13, 14].

In consumer electronics, a single cell or small module of cells failing due to TR is

unlikely due to the rarity of a single cell failing. Furthermore, many if not all devices

have some form of battery management system (BMS) responsible for protecting the

battery from excessive charging/discharging, and maintaining safe temperatures. It

should also be noted that nearly all cylindrical cells feature two built-in TR pre-

vention devices: pressure/temperature/current switch (PTC), and current interrupt

device (CID). The PTC and CID are designed to prevent over-temperature and

over-current conditions for a single cell. However, both have been reported to fail at

preventing TR in multi-cell battery systems [15]. Regardless, consumer electronics

now commonly use pouch-format cells instead, which do not have these features built

in, and may only rely on the BMS for TR prevention from over-current and over-

temperature conditions. Additionally once TR is initiated, no technology capable

of halting TR in a cell is known to the author. As such, the possibility of TR in

a cell with a BMS is typically neglected and consumer electronics do not have TR

mitigation devices to reduce cost. While BMS may protect the cell from nominal

damage cases, they are typically not designed to suppress or mitigate TR, especially

if triggered by a manufacturing defect. For example, Samsung released the Galaxy
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Note 7 in 2016 which notably had varying manufacturing flaws resulting in an inter-

nal short within the battery [16]. As the BMS was not capable of fixing the short,

it caused TR to occur within the battery. This manufacturing defect resulted in

several mobile phone fires as shown in the picture by Newcomb in figure 1.1, and

ultimately led to a total product recall of the device [4].

Figure 1.1: Picture of damaged Galaxy Note 7 result of battery defects taken from
[4].

While TR can occur in consumer electronics batteries, single cell failure is still rare

and poses limited risk. In larger systems with many times more cells than portable

consumer electronics, the possibility of TR in any single cell in the battery system
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is proportionally increased. From a single cell failure, the large energy release and

potential vent gas fire can heat surrounding nominal cells to TR in a process known

as TR propagation, or cascading TR propagation [17, 18]. While halting TR in a

single cell can be difficult, or even impossible, mitigating TR propagation can be

accomplished with adequate isolation between cells, or adequate cooling to yet un-

failed cells in the battery system. Alternatively if left unchecked, TR propagation

can rapidly spread to the entire battery system, resulting in a total system failure,

fire, and risk to nearby inhabitants. For example, with the increase in EVs on the

road today, there has also been an increase in EV related fires. In 2020, General

Motors recalled some of its Chevrolet Bolt EVs due to battery-caused fires. More

recently in 2021, General Motors extended this recall to include all Chevrolet Bolt

EVs for a total cost of nearly 2 billion USD [19]. One such fire occurred on August

30th, 2021, and is assumed to be a result of a battery failure. Lekach states GM at-

tributes the battery failures in the Chevrolet Bolt to manufacturing defects in LG’s

batteries [5]. Pictures from Lekach’s article of the Chevrolet Bolt EV before and

after the fire event are shown in figures 1.2 and 1.3, respectively. One can see the

vehicle is completely destroyed, and that the fire spread to the vehicles immediately

surrounding the EV before the fire department could extinguish the flames. While

the Chevrolet Bolt is used as an example here, this issue is not confined to any

single manufacturer, and can occur as a result of many contributing factors, such as

manufacturing defects, electrical abuse, and integration defects.

Fixed battery systems are commonly composed of multiple modules of Li-ion bat-

teries within racks to form a large-scale ESS. Conventional fire suppression in these

fixed systems typically fails to suppress TR propagation within a module. This is
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Figure 1.2: Picture of Chevrolet Bolt EV prior to vehicle fire from [5].

Figure 1.3: Picture of Chevrolet Bolt EV after vehicle fire from [5].

partially because the reactions responsible for TR occur internally within the Li-ion

cells without external oxygen, but also because the cells are typically well sealed
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in modules within the racks that prevent sprinkler systems from getting water di-

rectly on the cells. Furthermore, this propagation can spread beyond the module

into the rack, and surrounding racks or facilities. Current suppression typically only

reduces the threat of external combustion of produced vent gases which could oth-

erwise accelerate TR propagation due to the increased heat released and transferred

to surrounding cells. However, the absence or suppression of fire can lead to the

accumulation of flammable gases and ultimately result in an explosion hazard as

discussed in the literature [20, 21].

On April 19, 2019 a Li-ion ESS in Surprise, Arizona underwent TR cascading propa-

gation which later resulted in an explosion injuring several firefighters and destroying

the site. Notably, the DNV, formerly DNVGL, report concluded the TR event was

initiated by a single cell within a module, and that the clean agent used to suppress

the fire, NOVEC 1230, was not effective in stopping TR in the cells which ulti-

mately led to an accumulation of flammable gases [22]. Thus, a single abnormal cell

can be the cause of an entire site failure event, and TR propagation is resistant to

clean agent systems designed for standard combustible materials. In order to protect

against these hazards, the literature has focused on characterizing the TR process

for later use in designing prevention and mitigation strategies.

1.2 Literature Review

Several types of Li-ion batteries are available and are typically defined by their cath-

ode chemistry. Much of the literature has focused on Lithium-Cobalt-Oxide (LCO,

LiCoO2) cathode chemistry Li-ion cells. However, Nickel-Manganese-Cobalt (NMC,
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LiNixMnyCozO2) cathode chemistry has become an alternative to LCO. This is due

to NMC’s increased energy capacity from the nickel content and thermal stability

increase from its relatively lower cost manganese content [23, 24, 25]. However, in-

creased nickel content also results in decreased thermal stability and increased risk

for TR and TR propagation in arrays [26, 27]. This dissertation includes experi-

mental and computational model results for both LCO and NMC cathode chemistry

type Li-ion cells. As such, the literature review focuses on these two chemistries.

Li-ion cells come in three common form-factors, or external structures, including

cylindrical, prismatic, and pouch. Due to their standardization and wide availabil-

ity, the literature has mostly focused on researching cylindrical form factor cells. One

of the most common cylindrical form factor cells is known as the 18650, named after

its approximate diameter, 18mm, and length, 65mm. Figure 1.4 shows a picture of a

typical 18650 cylindrical form-factor cell. The cell is fully enclosed in a hard casing

with the positive terminal on the top of the cell as shown in the figure and the nega-

tive terminal on the bottom of the cell. Note, the negative terminal is also connected

to the housing of the cell which generally results in cells being wrapped in plastic

jackets (shown in red) to prevent external shorts. Finally, the safety vent is located

directly below the positive terminal on the top of the cell face. Of the cylindrical

cells, most TR studies have been conducted with 18650 size cells due in part to their

ease of access from commodification. Several studies have experimented with single

cells. Some studies have looked to characterize the TR process through calorimetry,

including Chen et al. [28], Liu et al. [29, 30] and Larsson et al. [31], who show a

two peak trend in the heat release, including the failure of the safety vent and the

release from TR [32, 33]. With the results from calorimetry, one can then infer the
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potential internal reactions occurring within the cell as shown in Chen’s study et al.

[28]. The next step to understanding the internal reactions is to analyze the vent

gases produced by failing cells. While Maloney and Sun et al. have characterized

the vent gas production, Golubkov et al., Fernandes et al., and Larsson et al. also

each look into the potential reactions producing these vent gases, with Larsson et

al. particularly looking at reactions associated with toxic hydrogen fluoride(HF) gas

production [31, 10, 34, 12, 13, 35, 14].

Figure 1.4: Picture of typical 18650 cylindrical form-factor cell.

In addition to understanding single cell failure, characterizing TR cascade propa-

gation in arrays is also a major research area. Previous studies in the literature

have been conducted on analyzing 18650 arrays. This predominantly includes small

arrays (<20 cells) [17, 36, 37, 38, 39, 40, 41], but also includes some larger systems

(>20 cells) [10]. Beyond characterizing TR propagation, some studies have tested

arrays with varying mitigation strategies, including the effect of air-gaps [41], phase

change (PC) materials [18], and active cooling [42] between cells in the array.

Currently, larger systems are now commonly implementing much larger cells with

greater energy-density than available in common cylindrical form-factors. Instead
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fixed systems and EVs are transitioning to pouch and prismatic form factors. Figure

1.5 shows an example of a prismatic form-factor cell. One can see the cell is com-

pletely enclosed in a hard-shell casing and has exposed terminals on the top-left and

top-right part of the cell. Additionally, the safety vent is located directly between

the two terminals in the middle of the top cell face. This cell was used in the liter-

ature to characterize module and rack scale TR propagation [21]. Few studies have

analyzed single prismatic form-factor cells, and arrays of prismatic cells. This is due

in part to the difficulty acquiring prismatic cells and the lack of size or capacity

standards seen in cylindrical cells. Calorimetry for prismatic cells was conducted by

Said et al. who showed the same two peak trend seen in 18650 failures with one

for the safety vent failure and the other for TR of the cell [43]. Furthermore, vent

gas analysis for prismatic cells was conducted by Ohsaki et al. and Larsson et al.

[44, 45]. While Larsson et al. focuses on toxic gas production, it is interesting to note

that he shows three peaks for the prismatic cell, corresponding to three vent periods

of gases. Ohsaki et al. analyzed gas production from overcharged cells, separating

gases produced from the cathode and anode.

Figure 1.6 shows an example picture of a pouch form-factor cell. The cell is com-

pletely enclosed in a polymer pouch material with both terminals on one side of the

cell. Note, seams run across every side except the back side where the material is

folded to cover the cell (right side as shown). While some work has been done on

pouch format cells, the available literature is also much more sparse than for cylin-

drical cells. Again, many studies initially start with understanding the single cell,

including the effect of initiation method [46], calorimetry [25] and vent gas produc-

tion [34, 46, 47, 11]. For pouch format cells, Ribiere et al. conducted calorimetry
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Figure 1.5: Picture of example prismatic form-factor cell.

and showed only a single peak corresponding to TR of the cell. This is due in part

to the lack of a safety venting device on the cell. Instead, pouch cells initially vent

due to the seam failure which occurs at much lower pressures and releases only small

amounts of gas, possibly not seen in the calorimetry [48]. Ribiere et al. also ana-

lyzes the amount of heat release corresponding to each component of the cell and

gas composition analysis with focus on toxic gas production. Pouch-format arrays

have also been constructed and tested in the literature [7, 27, 49, 50, 51, 17].

Using the literature shown above for vent gas composition, Baird et al. analyzed
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Figure 1.6: Picture of example pouch form-factor cell.

the effect on explosion hazards [20]. In order to understand the fire and explosion

hazard associated with TR failure, one must understand the previously mentioned

produced vent gas to be used as a source term for consequence modeling. In ad-

dition, it can be useful to understand the underlying reactions within the cell for

extrapolation to other Li-ion cell chemistries and applications, many of which share

similar electrolytes, binders, and polymer packaging. However, it is also useful to

characterize the total volume released and rate of release of the produced vent gases

to understand instantaneous behaviour of the system as it can specify the necessary

ventilation and sprinkler system required. While most of the studies that report

gas composition also report measured volume production of gas released, only some

have discussed production rate [31, 12, 13, 52, 38] with only [46, 47] reporting rate

of release for single cell failure and [31, 52] reporting rate of release for toxic gases

not related to the fire and explosion hazard. Furthermore, no work has compared

vent gas production properties in pouch cell array failures tests relative to single cell

tests. The general assumption is that small single cell tests can be extrapolated to

larger cells and larger arrays of cells. Thus, there is a lack of published data for the
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rate of production of the flammable gases which make up the vast majority of the

vent gas volume. In addition, the work that has been done on measuring gas compo-

sition, and total gas production for LCO cells has been focused primarily on 18650

cells with only [44, 11] using small (<2.5 Ah) prismatic and pouch cells, respectively.

From the experimental data, computational models of varying levels complexity have

been created to predict TR and TR propagation. Many studies have modeled 18650

systems, including single cell [53, 54, 55, 56], and array propagation [57, 58, 42, 55].

Modeling pouch format cells and arrays of cells is also sparse in the literature with

some studies focused on dual-cell modules [50, 59] and other works looking at vary-

ing configurations of cells [49, 60, 61, 62]. Each of these studies include some form

of internal reaction model to predict TR. Many models in the literature represent

different component level reactions, in order to better understand the potential in-

ternal reactions occurring in Li-ion cells [63, 49, 50, 60, 56, 59]. However, this is

relatively expensive and can make model calibration difficult. In order to calibrate

the model, one must either fit model parameters based on cell and module level

experimental data, or measure detailed calorimetry data on each of the individual

components of the cell and their interactions with one another. Accelerating rate

calorimetry (ARC), differential scanning calorimetry (DSC) and other methods have

been employed in the literature to understand individual components and interac-

tions between different components of a cell [59, 64]. However, the literature is sparse

compared to the number of different cell constructions available, resulting in many

models fitting the majority of kinetic parameters to the experimental data.
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1.3 Theory

TR occurs due to exothermic reactions within Li-ion cells. Several reactions, and

groups of reactions, have been proposed in the literature, but can be simplified to

four primary steps: solid-electrolyte-interphase (SEI) breakdown, anode-electrolyte

reaction, separator melting and failure, and cathode decomposition [51, 65]. Under

nominal operation a protective buffer layer forms between the lithium ions in the

anode active material and the liquid electrolyte known as the SEI layer. Upon heat-

ing, the SEI layer between the anode material and electrolyte begins to decompose.

Once the SEI breaks down, the anode material is directly exposed and begins to

react with the cell’s electrolyte. From the exothermic reactions associated with SEI

decomposition and anode-electrolyte reaction, the polymer separator material be-

tween the anode and cathode pages begins to melt. Once the separator melts, anode

and cathode pages begin shorting to one another, resulting in heat generation. This

ultimately leads to decomposition of the cathode, internal oxygen production, and

electrolyte combustion.

Nominally, this process occurs for many cathode chemistries, including LCO and

NMC. One can see that only the final step involves the cathode material. As such,

much of this process is effectively proposed to be identical between different cathode

chemistry Li-ion cells. Additionally, the literature and chapter 5 found the first three

steps corresponding to the anode reactions and separator melting are approximately

invariant with SOC [65]. Thus, the SOC effect on TR and TR propagation is gen-

erally attributed to the cathode decomposition step. Furthermore, the cathode de-

composition step is proposed to be responsible for the majority of the energy release

from Li-ion cells undergoing TR [65, 66]. In order to understand the effect of SOC,

13



it is useful to understand the nominal charge and discharge reactions. Equations 1.1

and 1.2 show the nominal charge/discharge half-reactions for the cathode and anode,

respectively [8]. Note, these reactions are generalized for a lithium-metal-oxide cath-

ode chemistry, such as LCO, NMC, etc, where "M" corresponds to the bonded metal

in the active cathode material, such as cobalt, or nickel-manganese-cobalt. The x

subscript on the initial lithium-metal-oxide reactant corresponds to the fraction of

Li-ions residing in the anode. As a Li-ion cell charges, Li-ions flow from the cathode

active material to the anode active material which is nominally a graphite matrix.

As Li-ions leave the cathode active material, the cathode becomes increasingly ther-

mally unstable. Thus, higher SOC and over-charged cells are generally more prone

to fail and undergo TR.

LiMO2

charge
⇀↽

discharge
Li1−xMO2 + xLi+ + xe− (1.1)

nC + xLi+ + xe−
charge
⇀↽

discharge
LixCn (1.2)

From [8].

Chapter 5 shows that cathode decomposition is primarily endothermic. Instead,

exothermic reactions result from electrolyte oxidation, or combustion, with the oxy-

gen produced from cathode decomposition. Equation 1.3 provides the general equa-

tion for lithium-metal-oxide cathode decomposition. From equation 1.3, one can see

that oxygen production scales with x, and thus SOC as well. Finally, the produced

oxygen reacts with surrounding electrolyte in a electrolyte rich reaction, such that

increased oxygen production results in increased reaction exothermicity and propor-
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tionally scales with the effective heat of reaction for the Li-ion cell. Thus, cathode

decomposition results in TR dependence on SOC, and Li-ion cell TR can be seen as

primarily a combustion reaction.

Li1−xMO2 −→ (1− x)LiMO2 + xMOy + x(1− y

2
)O2 (1.3)

1.4 Purpose and Objectives

Due to both the complexity of Li-ion battery systems and the large variance between

different types of cells, such as cathode chemistry and form factor, Li-ion battery

research is an ongoing work in progress that attempts to keep up with the ever-

changing technology. The overall goal of destructive Li-ion battery research is to

better understand the potential hazards Li-ion systems pose to their surroundings.

In addition, this work is intended to be useful for those involved in designing and

regulating safety systems associated with preventing, alerting, and mitigating fail-

ure of Li-ion systems. With this goal in mind, these research questions have been

identified:

1. What are the most useful data and analyses for characterizing thermal runaway

of Li-ion batteries?

2. What are the fire risks associated with Li-ion systems?

3. How do arrays, or modules, of many cells undergo thermal runaway?

4. What thermal separators can be used in a Li-ion pouch cell array undergoing

thermal runaway?
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While fully answering each of these research questions is beyond the scope of this

work, there are certain achievable objectives that can expand on the current body

of work in the literature previously outlined. These objectives have been created

with avenues for further research upon their completion. With the exception of a

few manufacturers, much of industry is transitioning to larger capacity, pouch and

prismatic format cells for both electric vehicles (EVs) and fixed equipment. Similar

to the commoditization of cylindrical cells, pouch cells are now being rapidly mass

produced for purchase and use down to the single cell unit. While pouch cells do

not yet have overarching size and capacity parameters, such as the 18650, they

are available in a wide selection of sizes, capacities and chemistries at low to no

minimum order quantities. However, prismatic cells are still mostly custom designed

for each individual manufacturer with little to none in mass production for small

scale testing at the university level. In addition, most of the previous literature

has already focused on cylindrical format cells due to their ease of procurement and

widespread use. Thus, the objectives of this research center around characterizing

failure in Li-ion pouch cells and pouch cell arrays. In addition, there are several

specific chemistries within the larger Li-ion classification. As these chemistries are

constantly evolving in the research, manufacturing and implementation fields, it is

necessary to understand the key differences between them from a TR point of view.

As such, these objectives will apply to at least 2 different, common chemistries.

These objectives are listed as follows:

1. Develop testing procedures and equipment for safe destructive testing of Li-ion

batteries.

2. Characterize the vent gas production from Li-ion pouch format battery arrays

to quantify parameters associated with the fire risk from Li-ion systems.
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3. Determine the differences between single cells and arrays of pouch format cells

undergoing thermal runaway.

4. Quantify the performance of different separation materials on mitigating ther-

mal runaway propagation in a pouch format cell array.

1.5 Chapter Outline

In addition to this introduction, this dissertation is comprised of 5 core chapters fol-

lowed by a conclusions chapter. Chapter 2 discusses the facilities and experimental

setup for all of the experiments conducted in this dissertation. In addition to exper-

imental results, this dissertation proposes a computational model for predicting TR

initiation and propagation outlined in chapter 3. These two body chapters provide

background and insight into the tools employed to gather experimental data which

are then used to create low-order models for later large-scale implementation.

Chapter 4 presents the baseline array-based testing results, methodology for quan-

tifying vent gas production, and vent gas production results for the cells tested in

chapters 4 and 5. As noted above, vent gas production is one of the key hazards

associated with Li-ion cells undergoing TR. Chapter 5 continues previous work in the

literature which first proposed a simplified kinetic model to predict TR in cell arrays

[66]. This model is expanded to accurately predict TR initiation as well as propa-

gation, and includes a SOC implementation. Next, chapter 6 expands the model to

include various means of separation, including insulation and aluminum plates, for

use in predicting performance of TR propagation interrupt devices. Additionally,

chapter 6 uses NMC cathode chemistry cells to understand the vent gas production
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and TR differences from LCO cathode chemistry cells evaluated in chapters 4 and

5. Finally, the primary findings are summarized for the reader in the conclusions

chapter.
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Chapter 2

Facility Development and

Experimental Setup1

Prior to experimentation, facilities and procedures were developed for safe destruc-

tive testing of lithium-ion (Li-ion) cell arrays. This chapter describes the equipment,

facilities, and procedures established to give the reader a background for the ex-

periments conducted in this work. Additionally, this chapter evaluates the different

instruments available for measuring gas composition from failing cells. This chapter

presents the experimental setup used to test Li-ion cell arrays and discusses the ra-

tionale behind key experimental decisions. Finally, this chapter provides information

on the various Li-ion cells tested.
1This chapter is in part published in [9]. The dissertation author developed the facilities, con-

ducted the experiments, analyzed the data, and wrote the manuscript.
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2.1 Lithium-Ion Battery Vent Gas Apparatus

Early testing was conducted in an air-environment, ventilation hood with 18650 form

factor cells. This primarily served as a learning experience for simple experimental

tasks, such as thermocouple (TC) creation, and basic experimental design. However,

it was quickly determined that many useful metrics for characterizing TR in Li-ion

cells are lost in open, air environments. Additionally, larger cell arrays are increas-

ingly more difficult and hazardous in open, air environments due to the potential

explosion, toxicity and particulate matter (PM) risk associated with gases and ejecta

produced during TR. Thus, the key component for the experiments presented in this

work is the pressure vessel used to house tests.

The Lithium-Ion Battery Vent Gas Apparatus (LIB-VeGA) pressure vessel was de-

signed to withstand the effects of TR and TR propagation from a typical cell array.

The primary concerns were the internal dimensions, pressure rating, and construc-

tion material of the vessel. In order to conduct experiments, the vessel needed to be

large enough to place both the experimental setup and sensor connection panels for

TCs and voltage connectors. Furthermore, the vessel’s internal dimensions directly

control the external dimensions which needed to allow for bulkheads into the ves-

sel. These bulkheads were used for sensor wiring, power wiring, and flow paths for

purging, draining, and relieving the vessel. A nominal diameter of 0.36m (14") was

chosen to allow for nominally 0.3m (12") wide/long setups. The height of the vessel

was then chosen to be approximately 0.76m (30") to allow for all of the necessary

bulkheads to be installed. Initially, the lid, or top half, of the vessel was desired to be

secured using spring loaded clamps to simplify vessel opening and closing operations.

However, the spring loaded clamps available were rated for much lower pressure than
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needed. As such, a standard flange design with securing bolts was chosen instead.

From the nominal dimensions of the vessel, a simple CAD model was created and

the internal volume was found to be approximately 50 L.

Then the necessary pressure rating was determined using the available literature at

the time to inform design. At this point, a nominal total test cell capacity of 100Ah

(370Wh) was chosen to design the vessel around, such that a single 100Ah cell,

or multiple cells summing to 100Ah could be tested. From Somandepalli et al., the

nominal volume of gas produced from lithium-cobalt-oxide (LCO) cathode chemistry

Li-ion cells was approximately 0.32 L-Wh−1 at 300K, 1atm [11]. For the nominal

design setup, this resulted in a predicted volume production of 118 L. The predicted

produced gas temperature was based on the maximum surface temperature mea-

sured to be 700-800◦C based on previous experiments with 18650 cells. Using the

ideal gas law and the predicted produced gas volume and temperature, the predicted

maximum pressure inside the nominally 50 L vessel was 860 kPag (125 psig). Given

the uncertainty in the literature, a safety factor of two was chosen for the pressure

rating. This resulted in a 1700 kPag (250 psig) necessary pressure rating. During

manufacturing, the pressure rating was increased to 2400 kPag (340 psig) due to the

material availability. Thus, the pressure vessel was effectively designed with a safety

factor of 2.5. Note ASME rated pressure vessels also have a built-in safety factor

and the rated pressure is a maximum-working pressure and not a burst pressure.

The final component for design consideration was the material of construction. The

available literature found that the produced battery vent gas was potentially acidic

and could damage standard steel vessels. As such, stainless steel was chosen for its
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relatively good corrosion resistance. Specifically, stainless steel 304 was used due

to its relative lower cost compared to stainless steel 316. The fabrication of the

vessel was then outsourced to a third party company, B. E. Peterson (BEP), who

translated the general CAD design to final engineering drawings shown in figure 2.1.

BEP then sourced the materials, including stainless steel pipe and threaded inserts

for bulkheads, and welded the vessel. BEP also conducted a hydrostatic pressure

test on the vessel and followed the ASME guidelines to become an ASME certified

pressure vessel.

In August of 2018, the vessel was delivered. After the vessel was received, plumbing

and equipment were installed. This involved routing each of the flow paths, including

inlet, outlet, drain port, and relief valve lines. Additionally, sensor bulkheads from

Conax Technologies were installed, including those shown in figure 2.2. Finally, the

vessel was moved to a rolling cart to both minimize risk of tipping, and allow for

experimental equipment to be mounted in close proximity, such as the NI DAQ used

to collect data and the plumbing connections. The final LIB-VeGA configuration

with relevant labels is shown in figures 2.3 and 2.4. The vessel volume was initially

57L, but reduced to approximately 53.5L after experimental setups were installed.

With the pressure vessel completed, procedures were then developed to ensure safe

destructive testing and accuracy of results. One of the benefits to using the vessel

highlighted above was the ability to contain hazardous gases to protect the user and

also the integrity of the gas composition for analysis. Thus before running experi-

ments, the vessel was leak tested at 1000 kPag (150 psig), to eliminate leaks above

0.1 kPa-hr−1. This process is repeated periodically to confirm that a leak has not
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Figure 2.1: LIB-VeGA engineering drawings from B E Peterson.

resurfaced after repeatedly cycling the vessel with tests and vibrations from the im-

pact wrench used to secure the lid to the base of the vessel.

Another reason for using the vessel is the ability to easily create and maintain an

inert environment for a test. If flaming combustion occurs, the propagation rate

is accelerated as heat from the flames preheats unfailed cells further in the array

which then fail significantly faster once the TR propagation front reaches them.
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Figure 2.2: Sensor bulkheads used in LIB-VeGA for passing TC wire, voltage mea-
surement wire, and high power transmission to experimental setups in the vessel.

This acceleration is difficult to model due to the large amount of variability in the

heating from the flames. The vessel was also inerted because flaming combustion

would change the measured vent gas production and result in less useful data for

mitigation design. If fully burned, one could expect to see mostly carbon dioxide

and water vapor. While this could be potentially used for calorimetry, this work

opted to measure the produced vent gases prior to any possible combustion event.

In this way, one can use the vent gas production data as a source-term for large-

scale modeling. Particularly, explosion modeling is useful for room-scale mitigation

design and has been discussed in the literature using varying vent gas compositions
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Figure 2.3: Front view of LIB-VeGA with relevant labels.

[20]. Finally, flaming combustion would greatly increase the internal vessel pressure

and most likely exceed the pressure and temperature ratings of the vessel. While

nitrogen is not completely inert with some potential for reaction with oxygen at

higher temperatures, it was assumed that both these temperatures and concentra-

tion of oxygen would not be seen in the vessel. Thus, nitrogen was used to purge
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Figure 2.4: Back view of LIB-VeGA with relevant labels.

and inert the vessel before a test. Using an oxygen sensor, the purge process was

validated with results shown in figure 2.5 for different pressure regulator settings on

the compressed gas cylinder. One can see that the oxygen concentration fell below

the 0.1% limit after 3 minutes of flowing nitrogen. Note, the flow appears to be
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choked and does not depend on the upstream compressed gas cylinder pressure at

or above 340 kPag (50 psig). Therefore, standard protocol is to purge with nitrogen

for at least 3 minutes prior to testing and is often increased to 6 minutes with half

of the time being devoted to flowing out from the drain-spout port instead of the

outlet port to eliminate any single flow path pattern. Another safety procedure is

to connect the pressure relief lines to an exhaust ventilation hood. The valves used

relieve pressure at 2240 kPag (325 psig), to prevent vessel over-pressure during a test.

Figure 2.5: Oxygen concentration measured in LIB-VeGA during nitrogen purge.

Finally after a test is concluded and the gases have been analyzed, the vessel is purged

with nitrogen for approximately 2 minutes to remove the majority of flammable gases
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produced from the tested Li-ion batteries. Then air is used to continue purging to

remove any remaining PM or volatile compounds (VOCs) that might have condensed

during a test. This minimizes the use of nitrogen while also mitigating any combus-

tion events that could occur within the vessel from directly purging with air. The

vessel can be purged with air for several hours, but was generally only purged for

approximately one hour prior to opening.

2.2 Fourier Transform Infrared Spectroscopy

In addition to LIB-VeGA, facilities for measuring produced gas composition were

also developed. These instruments were then evaluated against one another to un-

derstand the trade-offs associated with each. The Fourier transform infrared spec-

troscopy sensor (FTIR) shown in figures 2.6 and 2.7 was the first gas analyzer used

for measuring the composition of the produced vent gases. As the name suggests,

the FTIR emits an infrared (IR) signal of wavelengths varying from approximately

0.2-2.0 mm (5000-500 cm−1) through the sample gas. The sample gas then absorbs

certain wavelengths of the signal depending on the individual gases represented in

the sample. The resulting signal is then detected and differences between the initial

emitted and final detected signals are recorded.

While FTIR can be used to detect relatively small concentrations of specific gases,

quantifying results can be challenging. IR is absorbed by bonds in certain gases

which are then excited by the signal. Some gases have similar bond structures to

one another, resulting in cross-sensitivities for the same wavelengths. For instance,

alkanes which have many similar C-H bonds generally overlap one another, mak-
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Figure 2.6: Picture of UTFRG FTIR system with relevant labels.

ing individual gas detection and quantification difficult. Note, while methane is an

alkane and shows similar absorption peaks to other alkanes, it also exhibits some
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Figure 2.7: Schematic of Fourier transform infrared spectroscopy setup.

unique wavelength absorption peaks that can be used to separate it. Another prob-

lem with FTIR is the broadband interference from water vapor. Depending on the

relative concentrations, removing the interference from water vapor can be difficult,

or even impossible without large uncertainty in quantification. Finally homonuclear

diatomic gas bonds are not excited by IR and cannot be measured using FTIR. This

means that the hydrogen produced in the vent gas and the nitrogen used to inert

the vessel cannot be quantified.

In order to quantify the gas composition from the spectra, the height of the ab-

sorbed peaks is measured. Due to the sensitivity of the UTFRG FTIR sensor, the

primary, most sensitive peaks for certain gases saturated the sensor. This forced

the use of secondary peaks. However, these secondary peaks were observed to have

potentially poor signal-to-noise ratio compared to the broadband noise attributed

to an unknown compound assumed to be a low amount of water vapor and VOCs.

In addition, the calibration was found to be non-linear, resulting in several required

calibration points for accurate quantification of results. This FTIR unit appears to

be better suited for more dilute mixtures that can use the primary peaks to quantify

the composition. While one could dilute the sample stream, this would further intro-

duce uncertainty as one would have to accurately measure this dilution factor as well.
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The FTIR system is able to reasonably measure carbon dioxide, carbon monoxide,

and methane. Figure 2.8 presents an FTIR scan of the vent gas produced from a 10x

10Ah LCO cell array test conducted in LIB-VeGA. This scan provides identifications

for each of the known peaks, including carbon dioxide, carbon monoxide, methane,

and other alkanes. One can see that most of the peaks saturate the sensor. However,

it was determined that each of the three quantified gases had secondary peaks useful

for calibration. While the three gases comprise half the vent gas, it still leaves the

other half unknown. This is due to two factors: inability to measure certain species,

and cross-sensitivity between species. As mentioned above, the FTIR was not able

to measure hydrogen which is assumed to account for approximately 20-30% of the

vent gas based on the literature [11, 10]. The resulting 20-30% is then assumed to

be comprised of various hydrocarbons which can not easily be separated using the

FTIR scan due to the cross-sensitivities also mentioned above.

Figure 2.8: FTIR scan of vent gas produced from 10x 10Ah LCO Li-ion cell array
LIB-VeGA test. Scan includes absorption peak identifications.

In addition to the problems associated with measuring high concentrations, the FTIR

also required a moderate rate of gas flow (>4 LPM) to report accurate measure-

ments. This was a problem for smaller test arrays and tests run at lower states of

charge (SOC) which may only produce small amounts of gas (<5 L). In order to
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run the FTIR with small samples, one would need to recirculate the sample gases

to minimize sample losses. However, this also results in additional complications

as the FTIR sample cell is sensitive to both temperature and pressure. Ultimately,

one would need to create a complex recirculating system which fixed sample cell

temperature and pressure. One can see that the FTIR setup is not well suited for

measuring Li-ion cell vent gas. The primary concerns were the inability to measure

hydrogen, the cross-sensitivities and interference with other species, and the large

amount of sample gas needed to measure the gas composition. FTIR is better suited

for trace species detection and limited species quantification, and can be used for

time-resolved measurements.

2.3 Gas Chromatograph

Instead of the FTIR, a gas chromatograph (GC) shown in figure 2.9 was used for

the majority of all gas composition analysis presented in this work. The UTFRG

GC includes two sensors: a thermal conductivity detector (TCD) and a flame ion-

ization detector (FID). The TCD measures thermal conductivity differences in the

baseline carrier gas compared to the carrier gas with sample mix. This is done by

measuring the temperature in two hot wires which are cooled by the surrounding

gas. As such, the TCD can measure any gas with a different thermal conductivity

than the carrier gas, argon. In practice, every gas has a large enough thermal con-

ductivity difference from argon to be detected and quantified. However, the closer

the sample gas’ thermal conductivity is to the carrier gas’, the smaller the signal

from the TCD. As a result, the TCD is less sensitive than the FID and is best suited

for concentrations in the percentage range [67]. The FID works by combusting the
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sample gas, meaning that it cannot measure nonflammable gases. This GC also in-

cludes a methanizer which can convert the carbon monoxide and carbon dioxide into

methane which can then be measured with the FID. Compared to the TCD, the FID

has greater sensitivity and can measure concentrations in the ppm range. Based on

the literature, the majority of the flammable gas concentrations are well within the

percentage range, so the TCD was chosen over the FID [11, 10]. A schematic for

the GC is provide in figure 2.10 for the reader. Generally, the UTFRG GC involves

three valves which each have two positions: solid-bolded lines and dashed lines. The

three valves, 91, 92, and 93, control the sample injection, column choice, and sensor

choice, respectively.

Figure 2.9: Picture of UTFRG gas chromatograph.

Fundamentally, the GC can only measure one gas at a time and doesn’t handle

cross-sensitivities as well as the FTIR which shows several peaks for different gases.

Instead, the GC is designed to meter the flow of the sample gas through columns such

that only one gas flows through a sensor at a time. The columns are essentially small
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Figure 2.10: Schematic for UTFRG GC.

diameter, long length tubes. The small diameter of the columns causes relatively

larger gas molecules to flow through slower. For example, hydrogen and helium

both flow through the UTFRG GC-TCD about 2 minutes after sample injection

compared to carbon dioxide which flows through after approximately 12 minutes.

In this way, the GC is able to separate most of the species from one another to be
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measured independently. A sample GC-TCD scan is presented in figure 2.11 for the

reader and includes each species identification. One will observe that propane and

propylene were unable to be separated. This is due to their similar size and flow

time through the GC columns. However, calibrations with propane and propylene

found very similar sensitivities to each, such that they could be reported together

accurately. While the specific amount of each gas is unknown, the total sum of both

is reasonably measured.

Figure 2.11: GC scan of vent gas produced from LCO Li-ion cell array LIB-VeGA
test.

Compared to the FTIR which requires approximately 4 lpm of steady flow, the GC

only requires a 10mL injection of sample gas. The GC’s relatively small sample

size is one of the crucial advantages over FTIR for this particular application which

at times produces very little gas volume. Conversely, the FTIR setup can rapidly

measure gas composition approximately every 10s while the GC can take up to 90

minutes to finish measuring a single sample. Thus, the GC is better for batch sam-

ples compared to the FTIR which can provide time resolved data.

For calibration, the GC was observed to be linear and only requires one calibration

gas to measure a broad range accurately. However, the GC was calibrated with at

least two points for almost every component of the gas mixture where possible, val-
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idating the previous claim. The literature has found that a GC-TCD can be linear

for concentrations above approximately 0.25% and is well within an uncertainty of

± 5% [67]. Calibration standard gases were custom made to emulate the potential

battery gas mixtures. The calibrated gases consisted of H2, N2, O2, CO2, CO, CH4,

C2H2, C2H4, C2H6, C3H6/C3H8, and water vapor. Note, C2H2 was not detected in

any appreciable amounts for any experiments (> 0.1%). Once calibrated the GC

was recalibrated monthly, but found not to deviate from the original calibration. In

addition, there was no issue with noise or cross-interference between gases besides

the previously mentioned problem with propane and propylene. The largest problem

with the GC was the inability to report time-resolved measurements. However, it

generally resolved the three previously highlighted issues with the FTIR: inability

to measure hydrogen, cross-sensitivities, and large sample size. Thus, the GC-TCD

was used to measure the composition of produced vent gases from Li-ion cell arrays

for this work.

2.4 Gas Analyzer Box

The third and final instrument used to measure the composition of produced vent

gases was developed in-house called the gas analyzer box (GAB). GAB uses two in-

dependent sensors, including a Non-Dispersive Infrared (NDIR) sensor, and an elec-

trochemical oxygen sensor. The NDIR sensor was from Sensortech model number

IR15TT-R and designed to specifically measure carbon dioxide and methane/total

hydrocarbon concentration (THC). However, it was later determined that the methane/THC

reported by the sensor was far more sensitive to other hydrocarbons than to methane.

As such, it performed poorly for battery vent gas which contains several hydro-
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carbons. The oxygen sensor was from Maxtec model number Max-13 and used a

chemical reaction with the surface of the sensor to detect oxygen interaction and

composition in the surrounding gas. As such, it also had a reported finite life asso-

ciated with the amount of surrounding oxygen. The picture and schematic for GAB

are presented in figures 2.12 and 2.13, respectively. As GAB was only capable of

measuring carbon dioxide and oxygen accurately, it was not used for measuring the

composition of produced vent gases in LIB-VeGA. Instead, it was used to perform

approximate calorimetry for large scale destructive testing of a battery rack system

in an outdoor burn-structure shown in figure 2.14. Calorimetry results from GAB

are further discussed in [21]. GAB was designed to provide relatively quick (<10s),

time-resolved gas composition measurements. It is included in this work for com-

pleteness, but was not used for the vent gas characterization work shown in chapter 4.

Figure 2.12: Picture of GAB internal components with relevant labels.
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Figure 2.13: GAB flow schematic.

Figure 2.14: Picture of outdoor burn-structure.
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2.5 Experimental Setup

As previously mentioned, pouch-format cells require external confinement. com-

pared to cylindrical and prismatic form factors which have a hard metal case built

in. Thus, all experiments used a clamping fixture to confine the cells. Pictures of

the experimental setups before and after testing for an example 10x cell array are

shown in figure 2.15. The cells were pressed between two aluminum blocks with a

third aluminum block used to clamp a load cell to determine clamp force of the cells.

This load cell was sourced from Digikey with model number FX1901-0001-0200-L.

The clamp force was nominally 545 ± 25 N, resulting in a pressure of 62.7 kPa for

the 10 Ah cell setups. The load cell voltage was also measured during experiments

to characterize swelling and venting of the cells.

Calcium silicate insulation was used between the boundary cells and aluminum

blocks. The insulation was used to prevent the aluminum from quenching, or halt-

ing, the TR propagation in the first and last cells of the array. The heater was

embedded in the insulation between the first cell and the aluminum block such that

only the circular face of the heater was contacting the first cell. Figure 2.16 depicts

the isometric, and top views of the experimental setup, along with a cross-sectional

front view to show the embedded heater cartridge within the setup. The setup was

adjusted for varying amounts of cells by using different length bolts and spacers.

One can see the load cell on the left side between the two left-most aluminum plates.

The heater is on the right side of the setup such that failure propagation occurs from

right to left as shown.

Compared to cylindrical and prismatic form factors, pouch-format cells tend to be in

39



Figure 2.15: Experimental setup of 10x cell array before (Top) and after (bottom)
destructive testing.

direct contact with one another due to their external compression structure. As a re-

sult, failure propagation in pouch format arrays has been found to be independent of

electrical connection of the cells as the large face contact dominates the heat transfer

from cell to cell [17]. Thus, the cells were not generally electrically connected except

for 10 cell arrays where the voltages of two cell groups were measured in series to

remain within the vessel sensor limitations. As expected, there was no observable
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Figure 2.16: Experimental setup of cell array (5x 10 Ah cell array shown). Isometric
view (left), top view (top right), and cross section of front view (bottom right).

effect from the electrical connection used in the 10 cell array.

As a result of the lack of an enclosure, the standard air-gap used in hard-case form

factors cannot be used for pouch-format cells. Instead, cells are compressed im-

mediately next to one another in modules with no separation. Chapter 6 analyzes

different separation material configurations including the nominal case with no sep-

aration, varying amounts of insulation, and with aluminum plates between cells to

test PC in the model. The goal is to evaluate performance of different potential

TR propagation mitigation tactics which are commonly used for other form factors.

The insulation used for this work is a high temperature ceramic woven fiber from

Cotronics known as thermeez-397 (T397), and is shown in figure 2.17 for the reader.
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T397 has publicly available thermal properties shown in table 2.1 from the product

information data sheet [6].

Figure 2.17: Picture of high temperature ceramic woven fiber, Cotronics thermeez-
397, used in separation material experiments. Picture is from product information
data sheet [6].

Property Quantity
Specific Heat Capacity 1047 J-kg−1K−1

Density 561 kg-m−3

Thermal Conductivity
260◦C 0.072 W-m−1K−1

538◦C 0.14 W-m−1K−1

816◦C 0.20 W-m−1K−1

Table 2.1: Manufacturer Provided Properties for Cotronics Thermeez-397 Insulation
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The compression from the setup used for the Li-ion cells was found to affect the

insulation’s thickness. The insulation material was nominally 1.6mm as purchased

(1/16"). However, it was measured to be approximately 1.4mm uncompressed and

0.9mm when compressed. The reduced insulation thickness also affected the insula-

tion’s thermal conductivity. As such, the thermal conductivity was estimated using

a nominally compressed setup without Li-ion cells shown in figure 2.18. This setup

uses a central aluminum heater blocked surrounded by 5 layers of T397 insulation

on each of its two largest sides. Due to the relative small thickness of the insulation

and heater block, the perimeter edges are relatively small. These perimeter edges

were further insulated using kaowool insulation to inhibit convection and radiation

heat losses from the perimeter. TCs were placed as shown between layers of T397

insulation. The measured TC temperatures are shown in figure 2.19. Once the tem-

peratures reached a steady state, they were used to estimate the insulation thermal

conductivity using a simple energy balance shown in equation 2.1 where L and R are

the left and right sides of the setup, respectively. Note, this energy balance assumes

negligible losses through the thin perimeter of the setup insulated by the kaowool and

instead assumes all heat loss occurs from the exterior aluminum plates. This energy

balance can be simplified assuming a linear temperature gradient and symmetrical

boundary conditions, resulting in equation 2.2 for the thermal conductivity. This

test was repeated with varying heater voltages to generate a temperature-dependent

thermal conductivity and is presented for the reader in table 2.2 and equation 2.3.

One can see the thermal conductivity is approximately double the manufacturer

specification due to the compression. Thus, this work suggests using rigid insula-

tion as many insulation materials rely on a porous structure to reduce the thermal

conductivity of the material due to the relatively low thermal conductivity of air
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(nominally 0.025 W-m−1K−1). The insulation compression not only reduces the in-

sulation’s efficacy, but complicates usage in models.

Figure 2.18: Schematic of setup used to estimate insulation material thermal con-
ductivity. Not to scale.
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Figure 2.19: Measured TC temperatures during insulation parameter estimation test.
Solid and dashed lines correspond to left and right side of clamped setup shown in
figure 2.18, respectively.

Temperature [◦C] Thermal Conductivity [W-m−1K−1]
260 0.15
538 0.23
816 0.31

Table 2.2: Measured Thermal Conductivity for Compressed Cotronics Thermeez-397
Insulation

k = 1.35× 10−3 + 2.87× 10−4T [K] (2.3)

In addition to insulation, nominally 1mm aluminum plates were also used between

cells with model properties shown in table 2.3, including the latent heat of fusion for
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PC modeling [1, 2]. Note, temperature dependent functions were created from the

literature for modeling the thermal conductivity and specific heat capacity shown in

equations 2.4 and 2.5, respectively [1]. PC modeling discussion is included in the

computational model section.

Property Quantity
Density 2700 kg-m−3

Thermal Conductivity Equation 2.4
Specific Heat Capacity Equation 2.5
Latent Heat of Fusion 396 kJ-kg−1

Table 2.3: Aluminum Thermal Properties from [1, 2]

k = 214 + 1.78× 10−1T [K]− 3.5× 10−4T [K]2 + 1.67× 10−7T [K]3 (2.4)

Cp,nom = 700 + 5.64× 10−1T [K] (2.5)

2.6 LIB-VeGA Instrumentation

Two pressure transducers (PTs) were used to measure the pressure in the vessel. One

PT, model PX309-030G5V, measures in a lower range (0-207 kPa-g/0-30 psig) while

the other PT, model model PX309-300G5V, measures in a higher range (0-2070 kPa-

g/0-300 psig). Internally, the vessel was limited to 15 TCs, 5 voltage measurements,

and 3 power connections. This limitation was due to the limited amount of space

within LIB-VeGA and the bulkheads used to pass wires through the vessel wall. In-

side LIB-VeGA, K-type 36 gauge TCs were used to measure various temperatures in

one of two primary setups: vent gas production and TR propagation. The vent gas
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production setup measured gas temperatures at multiple locations with one TC used

for the heater temperature. The locations were selected based on a simplified ANSYS

Fluent model to best represent the bulk gas temperature. Eight TCs were placed

in the top half/lid of LIB-VeGA where the majority of the temperature gradients

were predicted in the model. The TCs were arranged in a symmetrical pattern in a

structure built in-house shown in figure 2.20. Two TCs were placed in the bottom

quarter region of the vessel below a sensor connector plate. The sensor connector

plate housed all internal TC and voltage connectors to protect them from the hot

produced vent gas and is shown in figure 2.21. Additionally, the plate reduced flow

to the bottom quarter of the vessel to protect the bulkhead connectors from direct

vent gas jet impingement. Finally, two TCs were placed in the middle region be-

tween the vessel lid and sensor connector plate, just below the experimental setup.

The final two TCs were placed either on cell interfaces or in the gas just above the

setup to characterize vent gas release temperature. Altogether, the gas temperature

TCs were used to approximate the bulk gas temperature in order to quantify the

rate of gas release and total gas production from the cells presented in chapter 4.

The general sensor layout for the the vent gas production setup is depicted in table

2.4.

For the TR propagation setup, some of the TCs in the LIB-VeGA lid, previously

used for measuring gas temperature, were instead used to measure temperatures at

the interfaces between cells. Figures 2.22 and 2.23 shows the interface TC placement

schematics for cases without and with separating materials, respectively. Similar to

the vent gas production setup, the residual TCs were also used to measure the gas

temperature at various locations in LIB-VeGA to estimate the rate of release of pro-
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Sensor Name Sensor Location/Description
TC-1 Upper half gas layer
TC-2 Upper half gas layer
TC-3 Upper half gas layer
TC-4 Upper half gas layer
TC-5 Upper half gas layer
TC-6 Upper half gas layer
TC-7 Upper half gas layer
TC-8 Upper half gas layer
TC-9 Bottom quarter gas layer
TC-10 Bottom quarter gas layer
TC-11 Middle region gas layer
TC-12 Middle region gas layer
TC-13 Gas directly above cell array in middle region
TC-14 Gas directly above cell array in middle region
TC-15 On heater
TC-16 Vessel exterior surface
PT-1 High range pressure (∼2070 kPa-g/300 psig)
PT-2 Low range pressure (∼207 kPa-g/30 psig)

Load Cell Clamping force on cell array

Table 2.4: General sensor layout for vent gas production instrumentation setup

Figure 2.20: CAD model and picture of TC tree used in LIB-VeGA lid suspended
by stainless steel cross and tubes to measure internal gas temperatures.
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Figure 2.21: Picture of sensor connector plate with and without external coverings
to protect connectors from produced hot vent gas.

duced vent gases. The general sensor layout for the the TR propagation setup is

depicted in table 2.5.

As mentioned above, the composition of the vented gas from the experiments was

measured using a GC-TCD. Calibrated gases were chosen from the literature to

represent the majority of the species present [11, 10, 12, 13]. Gases were collected

approximately 24 hours after TR occurred due to time constraints and to allow gas

temperatures to cool and vapors to condense for accurate total dry gas volume cal-

culation. Samples were also taken immediately after TR and after one hour for some

tests to ensure no differences compared to after 24 hours. Further discussion is in-

cluded in chapter 4. The reported concentrations of dry gases were then normalized

by removing the measured N2, O2, and water vapor. O2 was assumed to be error

from air in the collected sample as proven by repeat measurements which showed 0%

O2. This held true for all experiments except for the single 10 Ah cell 100% SOC
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Figure 2.22: Schematic of nominal 5x Li-ion cell array setup with interface TCs
shown.

Figure 2.23: Schematic of 5x Li-ion cell array setup with separating material (insu-
lation) and interface TCs shown.
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Sensor Name Sensor Location/Description
TC-1 Between cell 1 and 2
TC-2 Between cell 2 and 3
TC-3 Between cell 3 and 4
TC-4 Between cell 4 and 5
TC-5 Between cell 5 and insulation
TC-6 Upper half gas layer
TC-7 Upper half gas layer
TC-8 Upper half gas layer
TC-9 Bottom quarter gas layer
TC-10 Bottom quarter gas layer
TC-11 Middle region gas layer
TC-12 Middle region gas layer
TC-13 Gas directly above cell array in middle region
TC-14 Gas directly above cell array in middle region
TC-15 Between heater and cell 1
TC-16 Vessel exterior surface
PT-1 High range pressure (∼2070 kPa-g/300 psig)
PT-2 Low range pressure (∼207 kPa-g/30 psig)

Load Cell Clamping force on cell array

Table 2.5: General sensor layout for TR propagation instrumentation setup

tests in which a repeatable, nonzero O2 concentration was measured across several

samples/tests and is included in the dry gas composition and discussion presented

in chapter 4.

2.7 Cell Characteristics

This work primarily used one of two pouch-format cells: 10Ah LCO and 10Ah NMC.

The results presented in chapters 4 and 5 primarily used 3.7 V, 10 Ah Skyrich model

9759156C-5C cells pictured in figure 2.24. However, 5Ah model PL-896474-2C, and

18.5 Ah Skyrich model 055275 cells were also tested [68]. Average dimensions and

51



masses for each of the cells used are listed in table 2.6. Each of the cells was experi-

mentally determined to be within 5% of its reported capacity prior to testing by cycle

charging. While some of the construction information is not available due to their

being commercially sourced, the manufacturer safety data sheet (SDS) is shown in

table 2.7 and specifies the general chemical breakdown of the cell. For each of these

cells, the active cathode material is LCO on an aluminum current collector with

a Polyvinylidene fluoride (PVDF) binder based on the manufacturer SDS report.

The anode is graphite on a copper current collector with a Carboxymethyl cellulose

(CMC) binder based on the manufacturer SDS report. The binder for each electrode

was assumed based on the manufacturers’ SDS and references in the literature which

state CMC cannot be used in the cathode, but is used in the anode to reduce cost

[13]. One can also see 2.5% Nickel by mass in the cells. This is assumed to be used

for the cell positive tab to prevent corrosion on the external cell connection.

Figure 2.24: Picture of 10Ah LCO cell used in experiments discussed in chapters 4
and 5.

In addition to the manufacturer SDS, cells were also taken apart to characterize the

mass breakdown. Cells discharged to 0% SOC (2.75 V) were cut open and allowed
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Capacity (Ah) Dimensions (mm) Weight (g)
5 67.4x62.1x8.8 90.3
10 150.4x57.8x10.4 208.9
18.5 270x55.2x9.5 326.1

Table 2.6: Experiment Cells Information

Component Amount, Weight %
Lithium Cobalt Oxide (LCO) 50%

Carbon(Graphite) 10%
Copper 5%

Aluminum 5%
Polypropylene 5%
Polyethylene 5%

Lithium hexafluorophosphate 5%
Ethylene carbonate 5%
Dimethyl carbonate 5%

Nickel 2.5%
Polyvinylidene fluoride 2%
Carboxymethyl cellulose 0.5%

Table 2.7: Manufacturer Reported Battery Composition for Test Cells from SDS

to dry in a vacuum chamber set to 100◦C, and 10 kPaa. This was done to measure

the overall electrolyte content in the cell and was maintained until the mass loss rate

was below a threshold rate (<0.05 g-hr−1). Once dried, the cell was taken apart

page by page. The cell uses a z-fold construction in which the separator is folded in

on itself in a z-shape to separate the internal cathode and anode pages. Figure 2.25

shows a cut open cell for the reader to view the internal construction. One can see

the individual black cathode and anode pages stacked on a white, assumed polyethy-

lene separator. The cathode pages (LCO on aluminum with PVDF binder based on

SDS), the anode pages (graphite on copper with CMC binder based on SDS), the

separator material (assumed to be polyethylene based on SDS), and the outer pouch

material (assumed to be aluminized polypropylene based on SDS) were separated

53



and weighed. These findings are presented in table 2.11 and generally agree with the

reported manufacturer SDS. The thicknesses of the electrodes and active material

for these cells were measured in the literature and compared to similar studies. The

measured values from the literature are presented in table 2.9 [3]. Bilyaz et al. also

concluded that the measured electrode thicknesses agree with those reported in the

literature.

Figure 2.25: Picture of 10Ah cell cut open during tear-down.

Instead of the LCO cells, chapter 6 used 10 Ah, nickel-manganese-cobalt (NMC)

cathode chemistry Li-ion model number 10059156-5C cells. On average these cells

weigh 195g and measure 150mm x 58mm x 9.7mm. Compared to the LCO cells, the

54



Component 5 Ah 10 Ah 18.5 Ah
Cathode Pages 49.1% 47.3% 48.4%
Anode Pages 33.0% 32.9% 32.4%
Electrolyte 9.7% 12.0% 12.3%
Separator 5.1% 5.0% 4.5%
Pouch 3.1% 2.8% 2.5%

Table 2.8: Battery Tear-Down Test Cells (Weight %)

Component Cathode Anode
Active Material Thickness (One side) (µm) 65 75

Current Collector Thickness (µm) 20 10
Total Electrode Thickness (µm) 150 160

Table 2.9: Battery Tear-Down Test Cell Electrode Thicknesses

NMC cells appear nearly identical and have very similar specifications. The main

difference between the two is the specific cathode material used. As the cells were

commercially purchased, manufacturing information is again proprietary and some-

what limited. However, the approximate mass breakdown of the cells is provided in

the manufacturer SDS and is presented in table 2.10 [69]. In general, the SDS shows

large variance in the listed mass composition and the total sum varies from 50-126%

of the mass. Additionally, the manufacturer SDS obscures certain components by

including an "inert materials" component for the "remainder" of the cell. Regard-

less, one can still see the Ni:Mn:Co mass composition ratio is approximately 5:3:2

from the SDS. Due to their similar molar masses, this results in an approximate 5:3:2

Ni:Mn:Co molar ratio as well, or LiNi0.5Mn0.3Co0.2O2 . One can also see the binder

for the cathode appears to be Polyvinylidene Fluoride (PVDF) while the binder for

the anode appears to be Styrene-Butadiene-Rubber (SBR). SBR is assumed to be

used in place of PVDF in the anode to reduce cost similar to carboxymethyl-cellulose

(CMC) found in the previous LCO cells [12]. Note, the manufacturer SDS does not

directly list polyethylene or polypropylene, but many other similar cells use these two
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polymers in the cathode/anode polymer separator and the external pouch wrapping.

Component Amount [Weight %]
Manganese compound 6-15%

Carbon 10-30%
Electrolyte 10-20%

Polyvinylidene fluoride <5%
Styrene-Butadiene-Rubber <1%

Cobalt compound 4-10%
Nickel compound 10-25%

Copper foil 2-10%
Aluminum foil 2-10%

Stainless steel, Nickel and inert materials Remainder

Table 2.10: Manufacturer SDS Reported Battery Composition for NMC Test Cells

In addition to the manufacturer supplied SDS, a cell tear-down was also conducted

in-house. The cell tear-down follows the same procedure described above for the LCO

cells, including discharge, drying, page separation, and weighing. The mass break-

down for each of the components from the tear-down is tabulated for the reader in

table 2.11 and agrees with the manufacturer SDS given its large variance. Finally,

an energy-dispersive x-ray (EDX) scan was taken of the cathode active material

with normalized elemental results shown in table 2.12. One can see that the EDX

scan corroborates the manufacturer SDS in that the NMC mass ratio is also ap-

proximately 5:3:2. Besides the nickel, manganese and cobalt, one can see elements

from the binder and electrolyte, including carbon, oxygen, fluorine and phosphorus.

Sulfur was also measured and is believed to be a contaminate. Note, lithium was

too small to be measured by the EDX scan and is absent from the normalized results.
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Component Amount [Weight %]
Cathode Pages 44.2%
Anode Pages 35.7%
Electrolyte 10.7%
Separator 6.2%
Pouch 3.1%

Table 2.11: Battery Tear-Down Test Cells (Weight %)

Element Amount [Weight %]
Carbon 29.33%
Oxygen 26.98%
Fluorine 8.56%

Phosphorus 11.18%
Manganese 6.77%
Cobalt 3.98%
Nickel 10.57%
Silicon 0.47%

Aluminum 0.12%
Sulfur 2.03%

Table 2.12: Energy-dispersive X-ray (EDX) Scan of Active Cathode Material (Nor-
malized Weight %)

2.8 Experimental Procedures

All experiments occurred in the nitrogen inerted LIB-VeGA for safe destructive test-

ing of Li-ion cell arrays. Prior to every test, cells were cycle charged and discharged

to confirm that the actual capacity was within 5% of the reported capacity. Then

cells were charged to one of three tested SOCs, including 50%, 75%, and 100%. Cells

were charged using the standard constant current, constant voltage (CCCV) method

at 0.5C to 4.2V and then trickle charged until current dropped below the 0.02C cut-

off threshold. Cells were discharged at 0.2C to 2.75V. Different SOCs were achieved

using coulomb counting and the same discharge rate of 0.2C from 100% SOC. This

process would take 1.25 and 2.5 hours to reach 75% and 50%, respectively. This dis-
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charge rate was chosen based on the manufacturer reported capacity being measured

at 0.2C.

Failure was thermally induced in all experiments using a 150W electrical cartridge

heater applied on the face of the first cell in the array. As Li-ion cells heat up, they

generally first fail physically and release a relatively small amount of gas. For pouch

format cells, this failure occurs as the seam of the pouch opens, whereas cylindri-

cal, and prismatic form factors pop a safety vent. This initial failure is due to an

over-pressure in the cell as gas is produced internally. Upon the cell opening, very

little of the total vent gas produced is released and is referred to as minor venting for

this work. Instead, the initiating cell (cell 1) was heated until major venting occurs

as characterized by sudden, excessive cell temperature and internal vessel pressure

increase. After the onset of major venting in cell 1, the heater was shut off to al-

low TR to further propagate unaided. This venting pattern is only present in the

initiating cell. This is because the heating rate is much slower for cell 1 compared

to the propagating cells due in part to the large amount of contact between cells in

pouch-format modules. Instead, minor and major venting occur simultaneously for

propagating pouch cells (cells 2-5, 2-10, etc). Other failure initiation methods have

been evaluated in the literature and were considered for this work, including short

circuit and nail penetration, but ultimately the goal of array based testing was to

remove the influence of the initiation mechanism from propagating cells [63]. Thus,

an external heater was chosen for its simplicity and reliability.

There has been some discussion in the literature as to what heating rate should be

used [7, 53]. For the purpose of this work, the failure mechanism is only a means
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to initiate TR propagation. As such, a fast, constant power heating rate was chosen

to minimize the time to failure of the first cell. This effectively reduces the amount

of heat transfer to the propagating cells, such that only the first cell is preheated

prior to TR and the onset of major venting. This was confirmed by the TCs between

the cells in the array. For 100% SOC, temperatures between the first and second

cell were below 30-40◦C at the initiation of major venting in cell 1. In lower SOC

tests, much more heating is required to initiate TR. This causes the second cell to be

somewhat preheated, but keeps the third cell and further on in the array (cells 3-5,

3-10, etc) relatively cool (<30-40◦C). This effect is important as the literature and

chapter 4 show that preheating an array can accelerate failure propagation, thereby

influencing results compared to the model [7, 66].
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Chapter 3

Computational Model

From the experimental results, computational models were developed to both assist

in experimental design and predict TR initiation and propagation. Previous work

in the literature using the same experimental data determined that simplified 1D,

low-order kinetic models could be used to represent the cell arrays tested [66]. This

model is expanded in chapters 5 and 6 to predict the effect of SOC and varying

means of separation on TR propagation, respectively. This chapter defines the pri-

mary computational model, and sub-models used, including the kinetic, vent gas

production, and mass diffusion models.

3.1 Model Description

As one progresses to larger ESS, thermal abuse testing becomes prohibitively expen-

sive. As such, very little data is available for full rack and larger implementation

testing. Instead, models become increasingly utilized to reduce cost and test mit-
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igation strategies faster than one could with experimentation. In the literature,

models of varying complexity have been proposed [49, 60, 61]. Some of this work

utilizes more rigorous, 3D models with multiple reactions. While they provide insight

academically to the potential reactions occurring internally, they are also generally

expensive computationally and for only small battery cells, or arrays. Thus, there

is a need for lower order models that can be scaled as source terms for full size

deployment modeling as well. This work proposes a 1D model using either a single

or two-step global reaction/s, depending on the use case further discussed in the

kinetics implementation section.

This work solves the 1D, transient heat-diffusion equation shown in equation 3.1

using an implicit, finite difference model. This model was constructed in-house us-

ing python. For the initiating cell which is heated by a cylindrical heater, the 1D

approximation performs poorly. However, as the failure propagates through the first

cell to the next cell in the array, the temperature difference across the cell was ex-

perimentally found to be significantly less than the temperature difference through

the cell from the literature [7, 21]. The literature also includes a 3D, steady-state,

non-reactive cell model with anisotropic thermal conductivity from the same cells

used in this work and found that the thermal gradient across the cell was very small

[70]. Thus, the 1D approximation becomes valid for propagating cells in the array

due to the aspect ratio and anisotropic thermal conductivity of the cells. First, the

aspect ratio of the cells and compression setup results in the largest faces of the

cells being in direct contact with one another. This leaves only the relatively thin

perimeter of the cell exposed to the surrounding gas for convection and radiation

heat transfer. Additionally, the Biot number was calculated using a characteristic
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length of half the width of a cell, or approximately 28.5mm. The thermal conductiv-

ity across the surface of the cell and expected convective heat transfer coefficient were

found from previous work in the literature using the same cells to be approximately

25.31 W-m−1K−1 and 6.0 W-m−1K−1, respectively [3]. Altogether, this results in a

Biot number of approximately 0.007. However, the convective heat transfer coeffi-

cient estimated in this work varied from 10-300 W-m−2K−1, which results in a Biot

number of 0.01-0.34. Note, the 300 W-m−2K−1 is only used during major venting

periods of individual cells in chapter 6 as discussed below. This suggests the 1D

approximation may have increased error during these major venting periods as gases

are produced and increase the estimated convective heat transfer coefficient. Fur-

thermore 300 W-m−2K−1 is higher than expected, and is assumed to include some

amount of particulate radiation heat transfer, reradiation off the cell array from the

bottom base-plate, and latent heating from vapor condensation on relatively cold

cells. Regardless, the heat transfer coefficient used is typically on the order of 10-75

W-m−2K−1, resulting in a Biot number of 0.01-0.08, such that the temperature differ-

ence along the cell is much smaller than the temperature difference of the convective

cooling at the boundaries of the cells. Second, the literature found the cross-plane

thermal conductivity for the same cells used was over an order of magnitude larger

than the through-plane thermal conductivity, resulting in a much greater tempera-

ture difference through the cell than across it [3]. As such, the 1D model becomes

a valid assumption for propagating cells in the experimental configuration shown in

chapter 2. Furthermore, the literature and chapter 4 found that single cell tests are

heavily influenced by the initiation mechanism and instead present the advantages

of array based testing, including repeatability [7]. In terms of modeling, array-based

studies allow for the 1D approximation, and essentially remove the effects of the TR
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initiation mechanism from the propagating cell results.

ρCp
∂T

∂t
= k

∂2T

∂x2
+
P

Ac
Q̇
′′
external + Q̇

′′′
gen (3.1)

In addition to the modeling work discussed above, an experiment was also conducted

to measure the temperature difference across the cell. Figure 3.1 shows the five TCs

placed on and around cell 10 in the 10x 10Ah LCO cell array test. Three TCs, TC

1-3, were placed at the interface between cells 9 and 10 in the array. Note, TC-2 cor-

responds to the standard TC placement used for cell array tests with interface TCs,

i.e. in the middle of the cell. TCs were also placed directly on the exterior surface

of cell 10 exposed to heat convection, TC 4, and approximately 10mm above cell 10

to measure the gas temperatures during a TR propagation experiment. The results

TCs 4 and 5 and are further discussed in chapter 4 as it relates to the modeled gas

temperature along with the rest of the vent gas production study. Figure 3.2 shows

the measured temperatures for the interface TCs placed between cells 9 and 10, i.e.

TCs 1-3, during TR propagation in cell 10. Note, the time axis is adjusted such

that 0s corresponds to the onset of major venting in cell 1 of the array, i.e. cell 10

fails ∼160s after cell 1. One can see there is a 2s delay in the temperature response

between each of the three interface TCs. Furthermore, the temperature response

appears to start closest to the cell tabs, TC3, and progress to the back seam of the

cell, TC1. This is believed to result from the TC wires between cells 9 and 10, which

are routed out towards the back seam of the interface shown previously in figure 3.1

(Middle). This creates some amount of separation, or increased contact resistance,

between cells 9 and 10 towards the back end of the cell interface. In addition to the

slight temperature response delay, the temperature measured closest to the cell tabs,
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TC3, also measured 50-100◦C higher than the TC closest to the back end of the cell,

TC1, during TR propagation within cell 10. This difference is approximately split

in half by the temperature measured at the midpoint, TC2, indicating some amount

of heat transfer from the front cell tab side to the back end seam side. However, this

initial difference is believed to again result from the slight separation between cells

caused by the wires routing out the back.

In comparison to the previous test results, figure 3.3 shows the results for another

10x, 10Ah LCO cell array test instrumented with TCs between all cells. One can see

the the cell-to-cell failure propagation through the double-hump temperature traces

between cells, and the vent gas production process in the vessel pressure and gas

temperature plots. From figure 3.3, one can see the 10th cell in the array begins to

fail/vent approximately 180s after cell 1 initiation. In the previously discussed test

shown in figure 3.2, the 10th cell in the array begins to fail/vent approximately 173s

after cell 1 initiation. Thus, the 4s delay from TC-1 to TC-3 in the previous test is

within the test-to-test variation, and is relatively small compared to the total time

of 170s after cell 1 initiation. As a result, the failure of a cell can be estimated

within ±2s based on the interface TC output data.

Figure 3.4 shows the measured TC temperatures for 20 minutes following TR ini-

tiation and the onset of major venting in cell 1 (0s), or approximately 17 minutes

after cell 10 failed. One can see the measured midpoint temperature, TC2, overtakes

the measured temperature nearest the front cell tabs, TC3, at approximately 400s.

Afterwards, there is an approximate 40◦C difference between the two TCs. This

is believed to primarily result from the heat losses at the bounds of the cell. In
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Figure 3.1: Schematic of TC arrangement on cell 10 in 10x 10Ah LCO cell array
(top), picture of 3 interface TCs placed between cells 9 and 10 (middle), and picture
of TCs 4 and 5 directly on cell 10 surface and 10mm above in gas, respectively
(bottom).
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Figure 3.2: Measured temperatures for 3 interface TCs between cells 9 and 10 (TC
1-3) during TR propagation of 10x 10Ah LCO cell array test.

comparison, TC1 at the end seam of the cell appears more erratic due to the sepa-

ration of cell 9 and 10 from the TC wires. This is exacerbated as the external pouch

material melts, and reduces contact between TC1 and the cell interface. The effects

of this poor contact are best seen from approximately 700s to 1000s, in contrast to

the relatively smooth temperature decay of TCs 2 and 3. It is assumed the thermal

gradient across the cell would improve for cell-to-cell interfaces without TCs and

the additional separation caused by routing wires. While removing interface TCs

could reduce the thermal gradient across the cell, it should be noted that no ap-

preciable TR propagation differences were observed between experiments with and
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Figure 3.3: Interface TC measurements with markers to designate the start (red-
solid) and end (blue-dashed) of cell venting (a), internal vessel pressure (blue-solid)
and internal gas temperature (orange-dashed) with markers to designate the start
(red-solid) and end (blue-dashed) of cell venting based on internal vessel pressure
trace (b), and compared times between TC and internal vessel pressure traces (c)
during 10x cell array test of 100% SOC 10 Ah LCO cells.

without interface TCs placed between cells. Furthermore, the TR venting, preheat

and total TR propagation times of cell 10 in this tested cell array agree with the

average propagation times measured in other conducted experiments. Regardless,

the approximate 40◦C temperature difference from the midpoint to the front side

of the cell is significantly smaller than the convective temperature difference, which

was measured to be nearly 600◦C based on the measured gas temperature of approx-

imately 100-140◦C presented in chapter 4. Additionally, the temperature difference
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across the cell is much smaller than the typical temperature difference through a

cell, which is nearly 700◦C as the back side of the cell is usually 30-40◦C prior to

TR propagation. This experiment suggests the 1D model approximation is valid for

simulating TR propagation, i.e. TR propagation was only delayed by 4s from one

side to the other, or 2.4% of the estimated TR initiation time. However, there is

some error in the temperature gradient across the cell, and the resulting surface heat

loss estimation, i.e. convection and radiation surface temperatures. The goal of this

computational model is to present a methodology for estimating the internal kinet-

ics through low-order kinetic sub-models. As such, the 1D approximation is used to

reduce computational expense while estimating these modeled kinetic parameters.

Afterwards, one could conceivably apply the calibrated low-order kinetic models to

more expensive 3D models as necessary for the particular use case. In essence, the ex-

perimental setup shown in chapter 2 can be used to reduce experimental complexity,

and kinetic parameter calibration expense for later use in large-scale, 3D simulations.

This model divides each Li-ion cell into two groups: internal reactive mass, and

non-reactive external pouch material. Figure 3.5 shows the model domain space and

includes boundary conditions, such as the bounding aluminum block temperatures

and the heater input condition. One can also see the internal reactive cell nodes

separated by separation material nodes. The separation material nodes are com-

prised of the external pouch material and any additional means of separation, such

as insulation layers or aluminum plates used in chapter 6. Finally, one can see the

adaptive mesh scheme used for reducing computational expense further discussed

below. The internal reactive mass was approximated to be homogeneous instead of

representing the z-fold construction as this would greatly complicate the model. The
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Figure 3.4: Measured temperatures for 3 interface TCs between cells 9 and 10 (TC
1-3) for 20 minutes following TR propagation of 10x 10Ah LCO cell array test.

vast majority of studies in the literature use homogeneous reactive masses for the

cell and show one can accurately predict TR propagation [49, 50, 60, 66].

Another method for reducing computational expense is the use of an adaptive mesh.

This model used an adaptive mesh that was refined for the reacting cell/s to capture

the reaction zone. In general, only one cell is failing at a time. As a result, arrays of

many cells can be optimized with the use of an adaptive mesh to reduce matrix solve

times. At the start of the model, only the first cell in the array is finely resolved

with 1000 nodes. Cells in the array become finely resolved once the temperature of
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Figure 3.5: Computational model domain space and boundary condition descrip-
tions.

the previous cell reaches a threshold of 80◦C in order to anticipate potential future

heating. 80◦C was chosen because it aligns with the first TR reaction temperature

(A1/SEI decomposition) [71, 72, 73]. In addition to finely resolving the mesh for the

failing cell and potentially next cell in the array, the mesh of the previously failed

cell in an array is also resolved in order to accurately compute the thermal gradients

from the previous cell to the failing cell. Thus, the cells both in front and behind the

cell currently failing in the simulation are finely resolved. The designated failing, or

reacting cell, is moved forward in the array once it consumes the reactant progress

variable completely. The mesh was adapted at the cell level instead of groups of

nodes to reduce complexity of the model.
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This model also assumes constant thermo-physical properties, including density, spe-

cific heat and thermal conductivity. The external pouch material was modeled to

estimate the cell-to-cell heat transfer that accounts for the time between major vent-

ing events. The pouch material properties dominate the resulting cell-to-cell heat

transfer in the nominal case with no means of separation, but has a relatively smaller

effect on cases with insulation between cells as the thermal resistance becomes dom-

inated by the additional separation materials. The thickness of the external pouch

material was measured for the 10Ah LCO and NMC cells used in this work during

each cell tear-down. The pouch thickness was approximately 0.11mm and 0.13mm

for the 10Ah LCO and NMC cells, respectively. However, the thermal properties,

including the melting process, are not known. As such, the thermal conductivity of

the pouch material was used as a calibration factor discussed further in the model

calibration methodology discussion presented in chapters 5 and 6. The other prop-

erties used in the model for the Li-ion cells and bounding calcium silicate insulation

(Ca2SiO4) in this work are provided for the reader in tables 3.1, 3.2, and 3.3 from a

previous study by Bilyaz et. al. with the same 10Ah LCO cells used in this work [3].

Note, the specific heat capacity and thermal conductivity of the NMC Li-ion cells

used in this work are not readily available. As such, these properties were assumed

from the LCO Li-ion cells with the same manufacturer, form-factor, size, and capac-

ity. Additionally, the specific heat capacity and thermal conductivity used for the

NMC cell agree with the values reported in the literature, indicating low variance

between LCO and NMC thermal properties [27, 60, 59].

One will see that the heat diffusion equation includes two source terms: external
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Parameter Value
ρCa2SiO4 641 kg-m−3

Cp,Ca2SiO4 400. J-kg−1

kCa2SiO4 0.1177 W-m−1-K−1

Table 3.1: Calcium silicate modeled properties as determined from previous study
[3]

Parameter Value
ρcell 2311 kg-m−3

Cp,cell 1333 J-kg−1

kcell 0.8393 W-m−1-K−1

Table 3.2: 10Ah LCO cell modeled properties as determined from previous work [3]

Parameter Value
ρcell 2311 kg-m−3

Cp,cell 1333 kJ-kg−1

kcell 0.8393 W-m−1-K−1

Table 3.3: 10Ah NMC cell modeled properties as determined from previous study
[3]

heat transfer and internal heat generation. The external heat transfer applies to the

relatively small border of the cell and consists of convection and radiation shown in

equation 3.2. In order to estimate the external transfer, one must estimate the con-

vective heat transfer coefficient, surrounding gas temperature, radiative emissivity

and vessel temperature. Experimental observations of similar experiments deter-

mined that the gas temperature just over the cell array after TR and the onset of

major venting in the initiating cell, cell 1, increased above 100 ◦C and was 140 ◦C

on average for the duration of TR propagation in the test. This is due to the pro-

duced vent gas from the first cell which flows over the array as it mixes with the

surrounding gas. This experimental result is discussed further in chapter 4. Thus,

the gas temperature was modeled at 300K until the onset of major venting in cell 1
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at which point the modeled gas temperature was increased to 413K. Initial model-

ing showed that the convective heating from previously failed cells vent gas flowing

over the array dominated conduction and radiation for unfailed cells prior to the TR

propagation. As such, the time period prior to the TR propagation front reaching

unfailed cells was used to estimate the convection heat transfer coefficient.

Q̇
′′
external = h(T∞ − T ) + εσ

(
T 4
vessel − T 4

)
(3.2)

For the SOC tests with LCO cells shown in chapter 5, the external heat convection

coefficient was estimated using equation 3.3 based on the mean experimental baseline

temperature increase of the array over time after the onset of major venting in the

initiating cell for each SOC. The average heat transfer coefficient was estimated to

be 25 W-m−2-K−1 for 50% SOC and 75 W-m−2-K−1 for 75%-100% SOC. This is due

to the much higher rates of release for the two higher SOC cases shown in chapter 4.

Additionally, this heat transfer coefficient was found to be roughly constant in time

after the onset of major venting in cell 1.

h(t) =
ρCp,cellAc

P∆t

(
T (t)− T0
T (t)− T∞

)
(3.3)

Comparatively, the baseline temperature for the NMC cells in the separation study

tests shown in chapter 6 exhibited a two-stage pattern. Figure 3.6 shows the exper-

imental temperature data for the TC between the last two cells in the array, cells

4 and 5, for each of the tested cases. Note, that all figures presented in this work

are adjusted such that 0s correlates to the onset of major venting in the initiating
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cell (cell 1) of the array. The nominal case without additional separation (top-left)

and single insulation layer separation (bottom-left) cases exhibit a relatively smooth

temperature increase. This indicates a relatively constant heat transfer coefficient

from the onset of major venting in cell 1 similar to the SOC study with LCO cells.

However, the aluminum plate (top-right) and triple insulation layer (bottom-right)

cases show discrete temperature increases followed by stagnation periods. One will

notice that the convective heating appears to correspond to the start (vertical solid-

red line) and stop (vertical dashed-blue line) of major venting for previous cells in

the array. This indicates that convective heating primarily occurs as TR propagates

internally through each cell producing relatively hot vent gas which in turn actively

flows over the latter cells in the array. In general, one can see a slight delay between

the onset of major venting and the effect on the cell temperature. This corresponds

to the time required for the convective heat transfer to heat the cell and conductively

propagate to the TC at the center of the cell interface. Additionally, the TC keeps

increasing past the stop of major venting. This is most likely the same heat transfer

delay, as well as smaller amounts of convective heating occurring after major vent-

ing in the previous cell has stopped as the gas within the vessel settles. An average

convection heat transfer coefficient of 300 W-m−2K−1 was estimated for the short

burst increases using equation 3.3. However, 300 W-m−2K−1 is much higher than

expected for forced convection. Instead, the modeled heat convection is assumed

to account for ejected particulate radiation, hot failed cell reradiation back to the

array, and potential vapor condensation onto the latter cells in the array. Future

work is needed to identify the main sources of heat addition to latter cells in the ar-

ray observed during major venting of failing cells, but is modeled as heat convection

for this chapter. This increased convection coefficient was applied in the model for
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periods of major venting when the reactant progress variable was being consumed.

Between venting events, the convection heat transfer coefficient was estimated to be

10 W-m−2K−1 again using equation 3.3 in order to approximate natural convection

on the array. This two-stage pattern was only observed in tests with additional

separation material between cells. As such, it was neglected for the SOC tests with

LCO cells which instead assumed a constant heat transfer coefficient based on the

SOC described previously.

Figure 3.7 shows the convection model used compared to the previous experimental

temperatures. One can see the model agrees with the right-side subplots, includ-

ing the aluminum plate (top-right) and triple insulation layer (bottom-right) cases.

While left-side subplots do not show the same discrete short bursts in convection,

the baseline temperature prior to TR propagation, as indicated by the sudden in-

crease in temperature beyond 80◦C, is approximately equal between the model and

experiments. Instead, the thermal conduction delay from external cell convection

to the central TC interface measurement is believed to cause the relatively smooth

temperature increase. This delay was discussed above and corresponds to the time

between major venting in a cell and the corresponding baseline temperature increase

measured by the TC between cells.

It was observed that the convective heat transfer to the cell array was significant

for TR propagation in the model. This agrees with results discussed in chapter 4

which found that preheating cell arrays has a significant effect on the experimen-

tal propagation rate. This is because less time is needed to heat a preheated cell

to critical reaction temperatures once the TR propagation front reaches the cell.
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Figure 3.6: Experimental temperature data from the TC between last two cells
in an array, cells 4 and 5, prior to TR propagation for each of the tested cases,
including nominal (Top-Left), aluminum plate separation (Top-Right), single insula-
tion layer separation (Bottom-Left), and triple insulation layer separation (Bottom-
Right). Major venting start and stop times for previously failed cells in the array
(cells 1-4) are presented in the red and blue vertical lines, respectively.

Regardless, the venting convection model provides a simple approximation for the

convective heating prior to TR propagation. In comparison, a constant convective

heat transfer coefficient would reduce accuracy for separation cases, as slower prop-

agation cases would be significantly more heated from modeled convection prior to

TR propagation. For example, the triple insulation layer case only exhibits large

convective heating (h=300W-m−2K−1) for approximately 10% of the time between

the onset of major venting in cell 1 (0s) and TR propagation to cell 4 (275s). As a
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Figure 3.7: Modeled temperature data from the TC between last two cells in an
array, cells 4 and 5, prior to TR propagation for each of the modeled cases, including
nominal (Top-Left), aluminum plate separation (Top-Right), single insulation layer
separation (Bottom-Left), and triple insulation layer separation (Bottom-Right). Ex-
perimental data is included for comparison in dashed-lines.

result, a constant convection coefficient based on the nominal case would result in

significantly more convection heat addition to otherwise slower propagation cases.

While the time prior to TR propagation is useful for estimating the convection heat

transfer coefficient, the opposite is true for estimating the radiation heat transfer.

After TR propagated through a cell completely, the TCs between the cells started

relatively quickly decaying. From the model, it was found that the approximate
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radiation heat transfer loss was significantly larger than any losses from conduction

or convection. As such, the radiative emissivity was estimated from equation 3.4 to

be 0.7 based on this regime of the temperature profile and assumed to be constant

with temperature. Relevant external heat transfer values, including convection and

radiation, are provided for the reader in table 3.4. The comparison between each

mode of heat transfer for a cell in the array is discussed in detail in chapter 6.

ε(t) =
ρCp,cellAc

Pσ∆t

(
T (t)− T0

T (t)4 − T 4
wall

)
(3.4)

Parameter Value
h 10-300 W-m−2-K−1

ε 0.7
T∞ 300-413K

Tvessel 300K

Table 3.4: External heat transfer model parameters

Chapter 6 tested NMC cell arrays with aluminum plates between individual cells.

Post-test tear-downs of cell arrays observed the aluminum plates between cells were

nearly entirely absent. Figure 3.8 shows post-test tear-down remains of an aluminum

plate. This includes the fragmented aluminum plate (left) found between cells and

the bottom of the cell array (right) which shows excessive aluminum beading from

the melted aluminum plates. This is a result of the TR propagation process which

created excessive temperatures that in turn melted the aluminum plates separating

cells. This melting process is modeled using a modification to the nominal specific

heat capacity first presented in equation 2.5. The heat of fusion is incorporated into

the nominal specific heat capacity of the aluminum through a triangular tempera-

ture dependency shown in equations 3.5 and 3.6. The initial melting temperature,
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Tini,melt, and melting temperature, Tmelt, were taken to be approximately 893K and

933K, respectively. The initial melting temperature corresponds to when the heat

of fusion model begins to increase the total specific heat capacity and the melting

temperature was found from the literature [1]. Effectively, these two temperatures

provide a window for applying the heat of fusion sink in the model. As such, equa-

tion 3.6 only applies within this temperature window and is zero elsewhere.

Figure 3.8: Post-test tear-down picture of aluminum plate remains (left) and alu-
minum beading on bottom surface of cell array (right).

Cp,total[Jkg
−1K−1] = Cp,nom + Cp,melt (3.5)

Cp,melt[Jkg
−1K−1] =

2∆H◦fus(T − Tini,melt)

(Tmelt − Tini,melt)2
, Tini,melt < T < Tmelt (3.6)

3.2 Kinetics implementation

In addition to the external heat transfer, the internal heat generation also acts as a

source term for the cells to model the internal reactions responsible for TR. Typi-
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cally the literature has used multi-reaction models to account for each cell compo-

nent, including the cathode, anode, SEI layer, separator, and electrolyte [49, 50, 60].

However, this can be computationally expensive and generally requires fitting sev-

eral parameters to experimental data. Additionally, the theory discussion in the

introduction found LCO and NMC cells have very similar proposed reactions. The

primary differences between the two chemistries are the exact cathode decomposition

reactions and resulting energy release/consumption. Regardless, experiments with

NMC cathode chemistry cells measured higher temperatures and faster propagation

rates than for the tested LCO cells. While each individual cell may only have slight

differences in the fundamental mechanisms attributed to TR, larger differences in

TR initiation and propagation may arise between cells based on a number of factors,

including certain cathode chemistries, electrolyte mixes, binder materials, etc. As

such, this work seeks to propose a potential simplification for the numerous reac-

tions, and a methodology for quickly calibrating the model for use with one’s own

unique pouch format cells.

Bilyaz et al. documented numerous studies proposing TR mechanisms for LCO cells

and found that a single-step Arrhenius kinetic model reasonably agrees with experi-

mental and multi-reaction model results [66]. Initially, this work continued using the

single-step Arrhenius kinetic model proposed by Bilyaz et al. shown in equations 3.7

and 3.8 for temperature and reactive progress variable, respectively [66]. Due to the

kinetic compensation coupling associated with the frequency factor and the activa-

tion energy, only the frequency factor needs to be calibrated for a given activation

energy [74]. The activation energy was chosen to align with the SEI regeneration

reaction (A2) based on the literature [66]. This activation energy was found to be

80



1.061e5 J-mol−1 and the frequency factor was used as a calibration factor [66].

Q̇
′′′
gen = ρA∆HrY exp(−

Ea

RT
) (3.7)

∂Y

∂t
= −AY exp(− Ea

RT
) (3.8)

While the single-step Arrhenius kinetic model agrees with the nominal 100% SOC

10Ah LCO array experimental and multi-reaction model results, it was found to

have limited use outside of simple TR propagation modeling. The single-step model

poorly predicts TR initiation in a cell, and diverges in cases where the external pouch

material and/or separation materials between cells are modeled, or where SOC is

varied. Thus, a two-step global Arrhenius kinetic model was implemented and found

to accurately predict both TR initiation and propagation. The two-step global ki-

netic model uses two independent single-step Arrhenius kinetic models in which the

first reaction represents TR initiation (R1) and the second reaction represents TR

propagation (R2). Equations 3.9, 3.10, and 3.11 show the two-step model source heat

addition term, reactant 1 progress variable, and reactant 2 progress variable, respec-

tively. From the literature, it was determined that the anode reactions begin at as low

as 100◦C and peak at approximately 220◦C. Comparatively, the cathode reactions

were shown to only begin at approximately 200◦C [66]. R1 effectively accounts for

the first three steps of the proposed reaction sequence discussed in the introduction

theory section: SEI decomposition, anode-electrolyte reactions and separator fail-

ure. Bilyaz et al. found the reactions proposed for these three steps showed kinetic

compensation in which the reactions greatly overlapped one another and could be
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instead approximated using a single reaction model [66]. Consequently, R2 accounts

for the fourth step of the proposed reaction sequence: cathode decomposition and

electrolyte oxidation. Again, the reactions proposed for this step are approximated

using a single reaction model. Each step has its own frequency factor, A, activation

energy, Ea, and heat of reaction, ∆Hr, associated with it. Again due to the effects

of kinetic compensation, the activation energy for each step is assumed to be 1.061e5

J-mol−1 and the frequency factors from both steps were used as calibration factors.

For the SOC model shown in chapter 5, R1 which accounts for the relatively lower

temperature, anode-related reactions was not varied with SOC while R2 accounted

for SOC differences from the higher temperature, cathode-related reactions.

Q̇
′′′
gen = ρA1∆Hr,1Y1exp(−

Ea

RT
) + ρA2∆Hr,2Y2exp(−

Ea

RT
) (3.9)

∂Y1
∂t

= −A1Y1exp(−
Ea

RT
) (3.10)

∂Y2
∂t

= −A2Y2exp(−
Ea

RT
) (3.11)

3.3 Vent gas production model

Other works in the literature have modeled vent gas production for other form fac-

tors with safety vents that restrict gas production [75]. However, pouch format cells

are simpler in that they often fail across their entire seam, and melt the confining

pouch material, resulting in a much larger vent area than needed to release the pro-

duced vent gas as compared to the small orifice of a safety vent. Instead of orifice

82



modeling, the total vent gas production from a failing cell array was assumed to

be released instantaneously based on the reactant progress variables discussed be-

low. The vent gas production model was used in turn to predict the internal vessel

bulk gas temperature and pressure for comparison with experimental results. This

was done in order to validate the experimental results and discussion which uses

the internal vessel pressure trace to determine major venting start and end times.

This model was used for the SOC studies conducted with LCO cells and is shown in

chapter 5.

The reactant progress variables can also be used to estimate the vent gases produced

from the internal reactions occurring in the cells. For a single global reaction, one

can estimate vent gas production by directly using the reactant progress variable for

the experimentally determined, nominal total vent gas volume production. The total

vent gas volume production for varying SOCs was quantified in chapter 4. Expand-

ing to multiple reactions, one will have to evaluate the amount of vent gas production

associated with each reaction. For this work, it was assumed that the first reaction,

R1, correlated primarily to the anode-related reactions. From the literature, one can

see that the anode reactions are primarily responsible for hydrogen and hydrocar-

bon production [44, 73]. As such the reactant progress variable for R1 was used as

a progress variable for the hydrogen and hydrocarbon gas production. Additionally,

R2 was correlated to the cathode-related reactions which have been shown in the

literature to primarily produce carbon monoxide and carbon dioxide [44]. As such,

carbon monoxide and carbon dioxide used R2’s progress variable. Equations 3.12

and 3.13 show the modeled gas production for the anode and cathode related gases,

respectively.
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nH2/HxCy(t) = ntotalH2/HxCy,exp.(1− YR1(t)) (3.12)

nCO/CO2(t) = ntotalCO/CO2,exp.(1− YR2(t)) (3.13)

The main purpose of the vent gas production model is to act as a source term for

larger scale implementation, but it can also be used to understand the experimental

setup, LIB-VeGA. From the modeled vent gas production, the internal vessel pres-

sure and bulk temperature of the internal gases were also modeled. This was done

to compare to the experimentally measured pressure trace. In addition, it is useful

for evaluating the experimental correlation between the interface TC temperatures

and the internal vessel pressure trace discussed in chapters 4, 4, and 6. The in-

ternal vessel pressure measurement was modeled using the ideal gas law shown in

equation 3.14. Thus, the pressure model only needs to account for the total molar

production, n(t), and the internal bulk gas temperature, Tbulk(t). The total molar

production was found from the sum of the anode and cathode molar gas produc-

tion previously discussed. The internal bulk gas temperature was modeled using a

simple thermodynamic model shown in equation 3.15 where the summation is over

each of the different vented gases, i.e. hydrogen, hydrocarbons, carbon monoxide,

and carbon dioxide. This model accounts for vent gas production at a nominal ejec-

tion temperature assumed to be the "reacted" temperature discussed in chapter 5’s

model calibration section. Note, the vent gas is assumed to instantaneously mix with

the surrounding vessel gas for the purposes of estimating the bulk gas temperature.

Convective cooling losses to LIB-VeGA were also included and modeled using equa-
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tions 3.16 and 3.17 to model the heat loss term and vessel temperature, respectively.

As the hot vent gases are predominantly in the top half/lid of LIB-VeGA, only the

area and volume of the top hemisphere was included for the analysis. The heat loss

coefficient was calibrated to be 100 W-m−2-K−1 as there is some amount of forced

convection from the flow of vent gases from the pouch cells. Note, the modeled

vessel wall temperature also increases as it is convectively heated from the produced

hot vent gases. This was done based on experimental observations which found the

exterior temperature of LIB-VeGA’s lid increased during testing.

P (t) =
n(t)RTbulk(t)

V
(3.14)

V
∂(ρbulkCp,bulkTbulk)

∂t
=
∑

ṁjCp,jTvent − Q̇loss (3.15)

Q̇loss = hAwall(Tbulk − Twall) (3.16)

ρwallCp,wallVwall
∂Twall

∂t
= Q̇loss (3.17)

3.4 Mass Diffusion

While developing the model, early results showed unsteady, turbulent propagation

through the cell array. Initially, this was presumed to be an error as it appeared

to be a spacial or temporal resolution issue. However, as the mesh and time step

of the model were refined, it was found that the unsteady results were converged.
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In order to understand the root cause of the apparent unsteadiness, the cell array

was compared to laminar flame theory. Previous work in the literature made this

same comparison when using the single-step Arrhenius kinetic model to approximate

TR propagation in a cell array [66]. Bilyaz et al. found that laminar flame theory

could be used to estimate the frequency factor instead of iteratively calibrating the

parameter. This calibration process is discussed further in chapters 4 and 5. While

TR propagation is similar to laminar flame propagation, it was observed that the

lack of reactant mass diffusion was the cause of the apparent unsteadiness in the

model. This section serves to describe the mass diffusion computational model with

results presented in chapter 5 compared to the nominal case without mass diffusion.

Equation 3.18 shows the mass diffusion model used to evaluate the unsteadiness

present in the nominal model. One can see that equation 3.18 is essentially equation

3.8, but with a diffusion term included. The diffusivity, D, was chosen based on

the thermal diffusivity using the Lewis number presented in equation 3.19. With a

Lewis number of 1.0, the rate of mass diffusion would effectively equal the rate of

thermal diffusion. Results and further relevant discussion are presented in chapter 5.

∂Yi
∂t

= D
∂2Yi
∂x2

−AYiexp(−
Ea

RT
) (3.18)

Le =
α

D
(3.19)
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3.5 Convergence Study

After the model was created, a convergence study was conducted to evaluate the

necessary mesh sizes. The mesh is primarily comprised of 4 components: coarse

reactive node, fine reactive node, pouch node, and calcium silicate node. The coarse

and fine reactive nodes correspond to the internal reactive cell nodes using the adap-

tive mesh scheme to reduce computation expense. The pouch and calcium silicate

nodes correspond to the external pouch material and bounding calcium silicate in-

sulation, respectively. The nominal mesh size and corresponding approximate node

length used for each component is shown in table 3.5. The convergence study in-

cludes four test points compared to a relatively fine mesh using a reduction factor of

2.0 between meshes shown in table 3.6 for the reader. The root-mean-square error

for the cell array reactant progress variable at a specific time was chosen to evaluate

each mesh size. The specific time was chosen based on when the TR propagation

front was halfway through the middle cell in an array ( nominally cell 3). In each

case, all mesh components are reduced by the 2.0 factor. Figure 3.9 shows the root-

mean-square error results against the fine mesh size selection which corresponds to

the other mesh sizes in table 3.6. One can see the error is asymptotic on the log-log

scale with a slope of approximately -2.0, which correponds to a slope of approxi-

mately 2.0 on the log-log scale when error is compared to element size instead of

node count. This slope corresponds to the second-order difference scheme, and sug-

gests the model is well converged. Table 3.7 also shows the calculated mean total TR

propagation time, and the corresponding model run-time for each tested case in the

convergence study. Note, models were computed using an 8 core, 16 thread 2650v2

Xeon processor. The model is generally single-threaded except for the RK45 solver

which uses the total allotted thread count. The nominal run-time is approximately
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730s for a 300s case, meaning the model is approximately 140% slower than real-

time. In addition to the asymptotic error to mesh size, the effect on the mean total

TR propagation time is negligible. Again, this indicates the model is well converged,

and results in little numerical error. Finally, the a finer mesh significantly increases

the model run-time without significant increase in fidelity, and also results in much

more system memory demand. From the convergence study, the nominal mesh size

appears converged with little model fidelity loss.

Component Mesh Size (Nodes) Node Length (mm)
Coarse Reactive 100 0.1
Fine Reactive 1000 0.01
External Pouch 50 0.002
Calcium Silicate 200 0.1

Table 3.5: Nominal mesh size and corresponding node length

Component Fine Reactive Coarse Reactive External Pouch Calcium Silicate
Finest Mesh 2000 200 100 400
1 (nominal) 1000 100 50 200

2 500 50 25 100
3 250 25 12 50
4 125 12 6 25

Table 3.6: Convergence study evaluated mesh sizes

Component Mean Total TR Propagation Time, s Model Run-Time, s
Finest Mesh 18.6 1130
1 (nominal) 18.6 730

2 18.5 450
3 18.6 270
4 18.5 220

Table 3.7: Mean total TR propagation times and model run-times for mesh conver-
gence study.
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Figure 3.9: Convergence study for model mesh size using the root-mean-square error
of the cell array reactant progress variable at a specific time.

In addition to a mesh convergence study, the model global time-step was also evalu-

ated. Note, this time-step corresponds only to the thermal diffusion as the reaction

kinetics are evaluated during each step using an RK45 solver. This method comes

from previous work in the literature which found the modeled internal kinetics occur

much faster than thermal diffusion and can be computed separately for each global

time-step [66]. The nominal global time-step was 1x10−2s. Note, the saved data

time-step was nominally 0.1s to reduce system permanent storage demand. For the

convergence study, 6 time-steps were evaluated using a reduction factor of approx-

imately 2.0. Again ,the root-mean-square error for the cell array reactant progress
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variable at a specific time was used for the convergence study as described above.

Figure 3.10 shows the root-mean-square error for the cell array reactant progress

variable compared to the smallest time-step case, 1x10−3s. Compared to the mesh

convergence study, the time-step convergence study is initially not converged. After

approximately 0.02s, one can see the error becomes asymptotic with the time-step

on the log-log scale. The slope of the error to the time-step on the log-log scale is

also approximately 2.0, indicating again the use of a second-order difference scheme.

Beyond a time-step of 0.02s, the model appears to be well converged. Additionally,

table 3.8 shows the mean total TR propagation times and model run-times for each

evaluated time-step in the convergence study. Again, one can see that at and be-

yond a time-step of 0.02s, the model becomes well converged with relatively little

numerical error. Thus, the nominal time-step appears well converged compared to

the refined case.

Global Time-step, s Mean Total TR Propagation Time, s Model Run-time, s
1x10−1 13.2 320
5x10−2 16.8 450
2x10−2 18.0 560

1x10−2 (nominal) 18.6 730
5x10−3 18.7 1150
2x10−3 18.7 2300
1x10−3 18.8 4000

Table 3.8: Mean total TR propagation times and model run-times for time-step
convergence study.
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Figure 3.10: Convergence study for model time-step using the root-mean-square
error of the cell array reactant progress variable at a specific time.
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Chapter 4

Vent Gas Production in Cell

Arrays1

This chapter is primarily composed of the results and discussion section from previ-

ously published work, Gas Release Rates and Properties from Lithium Cobalt Oxide

Lithium Ion Battery Arrays [9]. This chapter provides a methodology for quantifying

rate of release, total gas volume and gas composition from failing Li-ion cell arrays.

Additionally, results for the tested pouch-format LCO cells are presented, including

comparison of single cell and array tests. Finally, the effect of SOC is evaluated and

discussed.

1This chapter is in part published in [9]. The dissertation author developed the facilities, con-
ducted the experiments, analyzed the data, and wrote the manuscript.
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4.1 Nominal test description

This work continues from [7] and expands on characterizing the gas release properties.

Li-ion pouch arrays with different number of cells were thermally failed inside of

a pressure vessel to measure the total volume, rate of release,and composition of

the produced vent gas. Single cell tests were also conducted to understand if such

tests are representative of array failures, as first noted by [7]. The effect of SOC is

investigated by testing cells at SOC at 50%, 75%, and 100%. The purpose of this

chapter is to explore vent gas volume production, rate of release, and composition of

pouch format cells and to compare these to the limited existing body of literature.

Of this body of research, [10, 12, 13, 11] present the closest point comparison for data

on gas composition and volume production for LCO cells. While Fernandes et al.,

Ohsaki et al., Ribiere et al., and Said et al. also report some measure of the produced

vent gas during TR, they did not report their findings in a comparable way, i.e. time

based instead of integrated values, or used a far different testing methodology, i.e.

overcharging the cell to a non-comparable SOC [35, 44, 48, 38]. It should also be

noted that [13] uses Lithium-Iron-Phosphate (LFP) and Lithium-Nickel-Aluminum-

Oxide (NCA) chemistry cells. However, it is included for comparison as many of the

reactions corresponding to vent gas production presented in both [12, 13] are related

to the electrolytes, electrolyte salt, and binders. As such, it is interesting to compare

the relative differences between different cathode chemistries.

Experiments were conducted with single cells and 5 and 10 cell arrays of varying

SOC and capacity lithium-ion pouch cells as shown in table 6.1. While the chamber

pressure, gas temperatures, heater temperature, and load cell data were measured

for every test, gas composition and instantaneous rate of release were only measured

for selected tests. Thus, table 6.1 also depicts if gas composition was collected (GC)
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and if instantaneous rate of release was measured (Inst. RR). Finally, table 6.1 shows

the amount of runs for each test type. Average values are presented in this work

with standard deviations where applicable to show test to test, or cell to cell, spread

in the experimental data. Note, these are for experimental data spread, and not

related to measurement uncertainty. Ideally more tests would be conducted to re-

duce these standard deviations, but due to time and cost constraints, only duplicates

were generally completed. In some edge case tests, only one validation experiment

was conducted, including the 5x 18.5 Ah array, single 5 Ah and 10x 5 Ah array tests.

Capacity (Ah) Cell Amount SOC GC Inst. RR Runs Total Cells
5 1 100% N N 1 1
5 5 100% N N 2 10
5 10 100% N N 1 10
10 1 50% Y Y 2 2
10 1 75% Y Y 2 2
10 1 100% N N 1 1
10 1 100% Y Y 3 3
10 5 50% Y Y 3 15
10 5 75% Y Y 2 10
10 5 100% N N 1 5
10 5 100% Y Y 4 20
10 10 100% N N 2 20
18.5 5 100% Y Y 1 5

Totals 17 17 25 104

Table 4.1: Experimental Matrix

Figure 4.1 shows several data streams for our previously reported pouch cell array

tests (Archibald et al.). This test used the same experimental setup shown in figure

2.16 in which the first cell (cell 1) was externally heated to failure. At the onset of

major venting, the heater was turned off to allow further TR propagation to occur

unaided. One can see the results for the gas release process in figure 4.1 (a). Inter-
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nal vessel pressure increases as more vent gas is produced from each individual cell

failure. Compared to this study, only one TC was used to measure the vessel gas

temperature which initially increases and then cyclically increases and decreases as

cells fail and hot gases are produced and then subsequently cooled. Figure 4.1 (b)

shows the interface TC measurements between cells, as well as the load cell data for

the array. The first interface TC (between the heater and cell 1) shows the already

heated cell 1 which then begins to undergo major venting at approximately 220s

into the test. Prior to the data shown in figure 4.1, the first cell was heated for 200s

as indicated by the elevated temperature (figure 4.1 (b) in dark blue) and increased

load cell pressure (figure 4.1 (b) in magenta) due to swelling. Cell 1 failure is a

product of preheating due to the failure initiation mechanism and results in a much

higher temperature than the propagating cells. The following interface TCs show the

thermal wave propagating through the array which then causes the next cell to fail.

This is seen in the double hump wave which corresponds to thermal propagation and

TR, respectively. The heating rate for propagating cells is significantly higher than

for cell 1, resulting in the propagating cells not showing the preheating effect. The

load cell data show spikes for each corresponding cell swelling and failing as they

began to produce vent gas. Finally, figure 4.1 (c) shows the voltage data for cells in

the array. Only three voltage measurement channels were available and were used to

measure the first cell, cells 5 and 6 connected in series, and cells 9 and 10 connected

in series. The voltage data show a drop in voltage as TR occurs for any given cell.

The full report and characterization of the array-based testing used in this work is

available in [7]. Furthermore, Bilyaz et al. conducted parameter estimation for the

cells used in this study in [3], as well as modeling propagation in an array compared

to experimental results in [66].
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Figure 4.1: Vessel Pressure and Upper Region Gas Temperature, Interface Temper-
atures and Load Cell, and Cell Voltage evolution during 10 cell array test of 10 Ah,
LCO cells at 100% SOC from Archibald et al. [7].

In addition to the 10x 10Ah LCO cell array above, a 5x 10Ah LCO cell array exper-

iment instrumented with interface TCs between cells was also conducted to under-

stand repeatability from test to test. Figures 4.2 and 4.3 compare the experimental

results from each cell array configuration for the measured interface TC tempera-

tures and internal vessel pressure, respectively. Note, the solid-green TC in figure

4.2 failed during the test and is absent.

From both the interface temperature and internal vessel pressure data, one can see

the two tests agree well with one another. This indicates the propagation rate is

effectively the same for both tests and suggests good test-to-test repeatability. The
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Figure 4.2: Comparison of experimentally measured interface TC temperatures be-
tween cells during 5x and 10x 10Ah LCO cell array tests both at 100% SOC.

primary differences occur at the end of the 5x cell array test. One can see the last

measured TC temperature shows a significant difference between the 5x and 10x cell

array tests. This results from the different boundary conditions after the 5th cell in

each array. While the 5x cell array has bounding calcium silicate insulation after cell

5, the 10x cell array has a cell-to-cell interface between cells 5 and 6. As TR does not

propagate into the bounding calcium silicate insulation, a second hump in the inter-

face TC temperature is not visible in the last TC of the 5x cell array (solid-purple

curve). Additionally, the internal vessel pressure trace is nearly identical for each

test up until cell 5 in each array. The last cell in the 5x cell array (cell 5) appears to

produce slightly less gas than cell 5 in the 10x cell array. Similar to the difference

in the measured interface TC temperature, this results from the bounding calcium
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Figure 4.3: Comparison of experimentally measured LIB-VeGA internal gas pressure
during 5x and 10x 10Ah LCO cell array tests both at 100% SOC.

silicate insulation after cell 5 in the 5x cell array test. This suggests the bounding

calcium silicate insulation slightly quenches TR propagation in the last cell of the

array. This is corroborated by post-test tear-downs which found that the external

pouch material at the interface between the bounding calcium silicate insulation and

the last cell in an array was still intact. This indicates the temperature of the pouch

at the bounds of the last cell in the array did not reach sufficient temperature for

phase change, and suggests reduced internal reactions near the bounds as a result of

increased heat loss to the insulation. Regardless, this effect is relatively small and

only influences the last cell in an array.
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4.2 Air environment test comparison

While the vast majority of tests were conducted within LIB-VeGA, tests were also

conducted in an outdoor burn-structure shown in chapter 2. The data were used to

compare experimental results from open-air environment tests to the nominal inert,

nitrogen environment tests. Figures 4.4 and 4.5 show pictures before and during a

5x, 10Ah cell array test conducted in an open-air environment, respectively. During

the test, vent gas produced from the failing Li-ion cells ignited and enveloped the

entire array. Figure 4.6 shows the interface TC temperature data for the open-air

test compared to a similar setup in the inerted LIB-VeGA. Note, the dashed-red

curve is absent for the inerted vessel results due to a failed TC. One can see that

the results initially agree with one another. However, the last two cells (cells 4 and

5) in the outdoor array fail considerably faster due to the external heating from the

vent gas flame which preheats the cell prior to TR propagation.

Figure 4.4: Picture of 5x, 10Ah cell array in open-air environment prior to test.

In addition to an exposed open-air setup, a pseudo-module was purchased to house

5x 10Ah cell array tests. The pseudo-module test was also conducted in an open-air

environment, but chokes the release of produced vent gases. This creates a fuel-rich

environment within the module which prevented ignition of produced vent gases.
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Figure 4.5: Picture of 5x, 10Ah cell array in open-air environment during test.

Figure 4.6: Interface TC results for 5x, 10Ah cell array test conducted in open-air
environment (Solid) compared to inerted LIB-VeGA test (dashed). Both results are
for LCO cathode cells at 100% SOC.

Figures 4.7 and 4.8 show pictures of the cell array setup inside the module and

module in test position, respectively. The module measured approximately 0.25m x
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0.25m x 0.15m (10"x10"x6") for a resulting internal volume of approximately 10L.

Based on the literature and results presented in this chapter for inerted setups, a

total vent gas volume of approximately 75L was expected. Thus, the cell array setup

would greatly overfill the module during a test, so a 1" punch-through hole was

opened for ventilation to prevent module over-pressure.

Figure 4.7: Picture of 5x, 10Ah cell array inside pseudo-module.

Figure 4.9 provides a picture during a test while vent gases are produced and envelop

the module. Compared to the exposed setup which self ignited the produced vent

gases with produced hot soot particles, neither of the two module tests ignited or

showed any flaming combustion. The gas mixture within the module is believed to

be too fuel-rich to ignite due to the small module volume compared to the total

vent gas volume for the array. Once the produced vent gas mixes with the fresh

external air to reach a burnable air-fuel ratio, the vent gases appear to be cooled

and separated from the cell array ignition source.
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Figure 4.8: Picture of 5x, 10Ah cell array module in open-air environment prior to
test.

Figure 4.9: Picture of 5x, 10Ah cell array module in open-air environment during
test.

Figures 4.10 and 4.11 show the interface TC temperature data for two duplicate

tests compared to the nominal LIB-VeGA inerted setup. One can see that test 1
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is slightly slower in the air environment than for the inerted setup, but test 2 is

shows near identical results compared to the inerted vessel. Thus, the differences

between the test 1 and inerted vessel results are assumed to be test-to-test variation.

Regardless, the air environment module tests show the cell array is not significantly

affected by the surrounding gas environment in the absence of external flaming com-

bustion. This suggests the reactions responsible for TR propagation primarily occur

within the cells, independently from the surrounding environment. This effectively

means results from the inerted LIB-VeGA setup are representative of similar air-

environment tests.

Figure 4.10: Interface TC results for 5x, 10Ah cell array module test 1 (solid) com-
pared to inerted LIB-VeGA test results (dashed). Both results are for LCO cathode
cells at 100% SOC.
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Figure 4.11: Interface TC results for 5x, 10Ah cell array module test 2 (solid) com-
pared to inerted LIB-VeGA test results (dashed). Both results are for LCO cathode
cells at 100% SOC.

4.3 Vent gas release test description

The main demarcation between the previous work in the literature and this chapter is

the move from interface TC measurements to internal vessel gas TC measurements.

As previously described, gas temperatures in LIB-VeGA, heater temperature, vessel

pressure, and load cell voltage were measured for all experiments and are shown for

an example test of a 5x 10 Ah cell array in figure 4.12. Cell voltage (not shown) was

also measured for some experiments, but as noted in previous work in the literature

[7], it was challenging to interpret the voltage results. The time axis is normalized

by the time at which the onset of major venting of the first cell occurs. The onset

of major venting is defined for this work as the first time for which the time rate

of change of the internal vessel pressure (∂P/∂t) exceeds a threshold as shown in

equation 4.1. This threshold was assumed to be half of the average rate of pressure
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increase exhibited by a failing cell. The average rate of pressure increase was cal-

culated based on the maximum measured pressure divided by the amount of time

associated with the pressure increase. This time was typically on the order of 10

seconds (tnominal) for a 100% SOC cell multiplied by the number of cells in the array

(C#). This method was used in order to estimate the onset of major venting for

several SOCs which show different maximum pressures, and venting times.

Figure 4.12: Vessel and Load Cell Pressure, Gas Temperatures, and Gas Volume
Production evolution during 5 cell array test of 10 Ah cells. Results are for LCO
cathode cells at 100% SOC.
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dP

dt
> 0.5

Pmax

C#tnominal
(4.1)

During a test, the first cell would fail at different times after the heater was initiated

as it began undergoing TR. This time was mainly a function of SOC as 100% SOC

cells would fail in approximately 3.5 minutes while cells at 50% SOC failed from 8

to 17 minutes after heater start. It was noted that cells at 100% SOC failed more

reliably at 3.5 minutes while lower SOC cells failed more erratically. The initial,

minor vent is due to the over pressure of the pouch as gas is produced internally,

and is seen in the first, larger drop in the load cell data in figure 4.12 (a) at approx-

imately -5s. Afterwards, once the cell is heated sufficiently, onset of major venting

is initiated as is seen in the second, smaller drop of the load cell data in figure 4.12

(a) at approximately 0s. This pattern of initial pouch failure followed by the onset

of major venting is also observed in the literature for all three nominal form factors

(pouch, cylindrical, and prismatic) [28, 29, 30, 10, 12, 43, 11, 38, 7]. For cylindrical

and prismatic form factor cells, the initial venting corresponds to the failure of the

safety vent on the cells. The initial venting for pouch format cells corresponds to

pouch seam failure as there is no safety vent used in pouch format cells. The initial,

minor venting period releases an insignificant volume of gas as there is effectively

little to no free volume within the cell, such that it over pressures and opens with

very little gas production. This is seen in the internal pressure trace of the vessel

which is unperturbed by the initial, larger load cell drop. During the major venting

period of a test, vessel pressure (a) and gas temperatures (b) spike as hot vent gas

is produced by the cell. This failure event is propagated within the cell from layer

to layer of the z-fold construction until the cell is fully failed. At this point, such

as at 10s, the gases inside the vessel begin to cool, and the gas temperature and
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vessel pressure traces begin to fall off. This proceeds until the next cell is sufficiently

heated and continues the failure process onward, such as at 18s. For propagating

cells, the minor and major venting events are indistinguishable and are assumed to

occur simultaneously. Overall, a stair step pattern is seen in the pressure and gas

temperature traces as hot gases are repeatedly released into LIB-VeGA where they

subsequently cool.

Prior to the first two drops in the load cell data (a), the load cell pressure increased

from the nominal 62 kPa at the start of the test to roughly 175 kPa due to swelling

of the cell. After the initial two drops, minor spikes, not visible in figure 4.12, occur

at the onset of each cells’ venting for propagating cells as seen in previous work in

the literature [7]. This occurs as each cell swells and then vents to relieve its internal

pressure. The temperature data can be separated into the three groups mentioned

before: bottom, middle and top. The greatest variation was typically seen in the

top zone temperatures, specifically for the first cell as the released gases mix with

the nitrogen. However, as the test proceeds, gas temperatures became more uniform

within each respective zone.

4.4 Vent gas release quantification

The pressure and temperature data are combined to generate the volume production

curve as described below. This curve most closely follows the pressure trace largely

due to the pressure changes being much greater relative to the absolute pressure

compared to the much smaller variations in temperature compared to the absolute

temperature. Molar gas production is calculated by numerically integrating over the
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differential form of the ideal gas law shown in equation 4.2. This calculation is made

for each TC zone assuming uniform pressure and using a volume fraction based on

a CAD model. Then the moles of gas produced at each TC zone are summed to

generate the global gas molar production. The volume of gas produced at standard

temperature and pressure (298K and 101kPa) is then computed using equation 4.3.

dni
dt

=
Vzone
RTi

[
dP

dt
− P

Ti

dTi
dt

]
(4.2)

V (t) =
∑

(ni(t))R
Tstp
Pstp

(4.3)

Total volume production normalized by the capacity of the cell is shown plotted

against the state of charge (SOC) for the 10 Ah tests in figure 4.13 (a). Note, each

reported quantity is normalized by the nominal full capacity of the 10 Ah cells (37

Wh), and does not include any adjustment for SOC. This is shown for single cell

tests (1x), 5 cell arrays (5x), and 10 cell arrays (10x). This volume was found after

the temperature in the vessel had reached ambient conditions, such that any con-

densable vapors had already condensed. SOC was determined from the standard

0.2C discharge rate. Single cell, 5 cell, and 10 cell arrays are shown separately to

depict the effect of different configurations.

The total volume of gas produced normalized by capacity for the 10 Ah single cell

arrays is 0.11 ± 0.02, 0.18 ± 0.01, and 0.35 ± 0.02 L-Wh−1 for the 50%, 75%, and

100% SOC cases, respectively. The single cell data agree with literature data [11].

For the 100% SOC single 5 Ah, 5Ah arrays and 18.5 Ah arrays, the total volume
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Figure 4.13: Gas produced from 10 Ah cells vs SOC; single Cell (1x), 5 cell arrays
(5x), and 10 cell arrays (10x). Total volume produced (a), average dry rate of release
(b), average wet (instantaneous) rate of release (c); all normalized by capacity of cells

of gas was 0.36, 0.35 ± 0.02, and 0.35 L-Wh−1, respectively, thus agreeing with the

single 10Ah cells. In addition, array tests of 10 Ah cells at lower SOC agree with

the single cell data with the 50% and 75% SOC cases releasing 0.11 ± 0.005 and

0.18 ± 0.03 L-Wh−1, respectively. However, the 5 and 10 cell arrays of 100% SOC

10 Ah cells show higher volume of gas produced by approximately 14% (∼0.40 ±

0.01) L-Wh−1) and 31% (∼0.46 ± 0.0006 L-Wh−1), respectively. This could be a

result of maintaining higher temperatures for longer in arrays which might allow

more off-gassing to occur. The difference in temperature at the first cell at short

times was observed to be as much as 200 ◦C lower for the single cell case compared
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to array tests. Furthermore, the lower SOC array tests agree with their single cell

counterparts indicating that 100% SOC arrays stay above a certain threshold tem-

perature to promote additional off-gassing compared to their single cell counterparts.

As such, this indicates that single cell testing may not be sufficient for determin-

ing total volume production, depending on the cell configuration. Parameters for

power fit correlations following equation 4.4 over the SOC range provided are given

in table 4.2 for both single cell and 5x cell array volume production. One can make

basic observations of the spread of results based on the relative value of the standard

deviation compared to other cases with the same amount of samples. For both the

single cell and cell array cases, the standard deviation of results is approximately

0.01-0.02 L-Wh−1 for all tested SOCs. As a result, the spread of the data for the

volume production relative to the mean tends to decrease as SOC increases due to

increasing volume production at higher SOC. This is a result of the variability in

the amount of preheating required to initiate failure in lower SOC cases relative to

higher SOC cases which tend to fail faster and more repeatably.

y = AxB (4.4)

Dataset A B
Single cell volume production (L-Wh−1) vs SOC 3.26e-1 1.64

5x cell array volume production (L-Wh−1) vs SOC 3.68e-1 1.85
Single cell dry rate of release (L-(s Wh)−1) vs SOC 3.13e-2 2.38

5x cell array dry rate of release (L-(s Wh)−1) vs SOC 2.66e-2 3.11
Single cell wet rate of release (L-(s Wh)−1) vs SOC 4.02e-2 2.42

5x cell array wet rate of release (L-(s Wh)−1) vs SOC 3.59e-2 2.97

Table 4.2: Correlation parameters for power fit

Rate of release was calculated by taking a numerical derivative of the total gas vol-
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ume production data. This gives the instantaneous rate of release for the failure

event. Uncertainties associated with quantifying the bulk temperature in each re-

gion for which equation 4.2 applies propagate into the estimate of the rate of release.

Due to the high thermal gradients, unsteadiness of the failure event and limitations

in the number of temperature measurements available, instantaneous rate of release

has relatively higher uncertainty. However, the average rate of release for each cell

failure can be determined using the beginning and ending of venting as markers that

are well characterized by the pressure trace and the amount of gas produced, which

is also accurately measured. The gas vented during any failure process is comprised

of gases and condensable vapors. The vapors mostly condense once the vessel returns

to ambient conditions. Thus, there are two rates of release: the dry rate found using

average quantities, and the total, or wet, rate which is found using the numerical

derivative of the calculated volume data. Figure 4.13 (b) shows the average dry rate

of release for varying SOC and different size arrays with 10 Ah cells. This average

dry rate was found by dividing the total gas production at the end of a test by

the total amount of time associated with pressure rise from trough to peak of the

pressure trace which would occur once for each cell in the configuration. This time

was associated with the majority of venting from a cell as shown in [7].

Rate of release of dry gases for single 10 Ah cell tests is 0.0057 ± 0.0013, 0.018 ±

0.000, and 0.029 ± 0.002 L-(s Wh)−1 for the 50%, 75%, and 100% cases, respectively,

while 5 cell arrays released at 0.0032 ± 0.0001, 0.010 ± 0.001, and 0.028 ± 0.001 L-(s

Wh)−1 for the same SOC cases, respectively. Parameters for power fit correlations

following equation 4.4 over the SOC range provided are given in table 4.2 for both

single cell and 5x cell array dry rate of release. Although it is difficult to see in the
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figure, from the limited number of samples available single cell tests at 50% and 75%

SOC show rates of release that are approximately double that of a 5 cell array. This

is indicative of the method of initiating failure by preheating the entirety of the cell

before the onset of venting which occurs in single cell tests. This pattern is also

seen in the first cell of an array, but is offset, on average, by the rest of the cells in

the array. In addition, the average dry rate of release for the 100% SOC 10 Ah, 10

cell arrays are higher than smaller configurations at 0.036 ± 0.0004 L-(s Wh)−1 as

a result of preheating from surrounding gases and loss of cooling as the gases sur-

rounding the array increase above 150C. In comparison, the single 100% SOC 5Ah

cell test released at 0.08 L-(s Wh)−1 while the 100% SOC 5Ah and 18.5Ah cell arrays

released at 0.033 ± 0.001 and 0.03 L-(s Wh)−1, respectively. Thus, from the limited

data available one can see that the single cell test setup seems to produce unrepre-

sentative results for rate of release of larger systems. In general, 5 cell arrays offer the

ability to average the venting rate of multiple cells that are not affected by the means

of initiating failure, or significant surrounding environmental changes during venting.

Figure 4.13 (c) of the wet rate of release for 10 Ah cells also shows repeatably higher

average rates of release for a single cell than for an equivalent condition array. The

single 10 Ah cell results show wet rates of release of 0.0072 ± 0.0002, 0.022 ± 0.004,

and 0.038 ± 0.002 L-(s Wh)−1 for the 50%, 75%, and 100% SOC cases respectively.

In comparison, the 5 cell arrays of 10 Ah cells show wet rates of release of 0.0045 ±

0.0003, 0.016 ± 0.001, and 0.035 ± 0.001 L-(s Wh)−1 for the the same SOC cases

respectively. Parameters for power fit correlations following equation 4.4 over the

SOC range provided are given in table 4.2 for both single cell and 5x cell array wet

rate of release. This trend is similar to the dry rate trends in that a single cell test
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is influenced, or preheated, by the initiating mechanism. In comparison, the 100%

SOC 18 Ah array rate of release was 0.036 L-(s Wh)−1 and agrees well with the 5x

10 Ah cell array data. As expected, the wet rate is larger than the dry rate. This

is a combination of vapor production, and temperature effects. This wet rate could

be a result of temperature effects in LIB-VeGA. It was observed both in the AN-

SYS Fluent model and experimentally that the temperature trace lag relative to the

pressure trace causes a larger apparent rate of release when using equation 4.2. How-

ever, this effect is diminished for propagating cells in an array because temperature

begins to stabilize in the vessel as seen in both the model and experimentally. As

a result, the temperature effects in equation 4.2 become negligible over time. Thus,

array tests can take advantage of this quasi-stable temperature for estimating rate

of release, whereas single cell tests have variability in both temperature and pressure

and may significantly over predict rate of release. As such, any significant differences

between the wet and dry rate for array tests can be attributed to condensable vapors.

This was seen most prominently in lower SOC tests, in which pressure would drop

long after temperatures had reached room temperature, indicating some amount of

condensation or absorption occurring. In some tests, appreciable amounts of con-

densable liquid was collected and samples of soot taken after other tests in the vessel

showed high amounts of moisture content. Overall, this motivated a 24 hour wait

time to allow the majority of the vapors to condense, such that only dry gases were

reported in the volume production calculation and gas composition analysis. For

both the dry and wet rates of release, the relative standard deviations again show

that variability decreases with increasing SOC. The relative standard deviations also

show array tests are generally more consistent than single cell tests.
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4.5 Venting speed

As TR occurred, failure propagated through the cell, layer by layer, causing vent gas

to be produced. This phenomenon was modeled using a convection-reaction balance,

as shown in equation 4.5. The speed of the propagating front can be found as shown

in equation 4.6 where delta is the approximate reaction zone thickness. As discussed

by Bilyaz et al., the reaction zone thickness can be approximated as equation 4.7

where Tb represents the reaction zone, or burning, temperature, Tu represents the

unreacted, or unburned, temperature, and Txf represents the temperature associ-

ated with the start of the reaction and was assumed to be 200◦C from previous work

[66]. Through these manipulations, one arrives at 5.21 in which the speed of prop-

agation, or venting speed, scales with the square-root of the mass loss rate. This

speed can be empirically measured with a characteristic length and time scale. The

characteristic length was chosen to be the thickness of the cell which stayed relatively

constant as the cells were held fixed in a clamped setup. The characteristic time was

chosen to be the approximate time of failure as determined by the trough to peak

time of the pressure trace as the pressure term dominated the volume production in

equation 4.2. This is useful for understanding how failure accelerated or decelerated

through an array of cells and can be used to approximate the average reactant mass

loss rate within the cells. Figure 4.14 shows the venting speed at which the failure

event propagated through the 10 Ah cell for different SOC. Cell position in the array

begins with the initiating cell (1) and ends with the propagating cells (2-10).

ρuS
dYr
dx

= −ω̇r
′′′ (4.5)
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S =
−ω̇′′′δ
ρu∆Yr

(4.6)

δ =
k

cpρuS

(
Tb − Txf
Txf − Tu

)
(4.7)

S =

[
−ω̇′′′α
ρu∆Yr

(
Tb − Txf
Txf − Tu

)]1/2
=
Lch

tch
(4.8)

Figure 4.14: Venting speed for 10 Ah cells vs cell position in an array starting
from cell 1 at the heater. Corresponds to speed of failure propagation through each
individual cell

The venting speed for single/initiating (first cell in array) 10 Ah cells is 0.53 ± 0.14
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mm-s−1, 1.02 ± 0.19 mm-s−1, and 0.95 ± 0.08 mm-s−1 for the 50%, 75%, and 100%

cases, respectively. The venting speed for 10 Ah propagating cells in an array is 0.30

± 0.08, 0.53 ± 0.05, and 0.73 ± 0.06 mm-s−1 for the same SOC cases, respectively.

One can see the same trend in the venting speed data in that the changed terminology

from single cell to initiating cell to mean first cell in array as well initiating cells reg-

ularly fail faster than propagating cells in an array. From the initiation mechanism

(heater), the cell is preheated prior to TR initiation, causing it to fail faster during

TR and the onset of major venting. This effect is especially clear for lower states

of charge, such as in one of the 75% SOC array cases in which initiating cell failed

faster than any of the 100% SOC tests. This is because the lower SOC cell required

more energy to initiate failure. Once TR and the onset of major venting began, TR

propagated very quickly. For propagating cells in an array, failure occurs much closer

to the contacting surface of the previous cell than throughout its entirety. This effect

is described in the literature for propagation physics of pouch cell arrays [7, 61] and

is one motivation for moving towards array-based testing compared to single cell

experiments. One can see that the speed at which failure propagates through a cell

approaches a steady state as failure progresses through an array and reaches cells

which have not been preheated by the initiating mechanism. This occurs faster for

higher states of charge in which TR occurs faster, preventing heat from conducting

to further cells. For the 10 cell arrays, one can see that failure begins to accelerate

through the array towards the last two cells. This occurs because the surrounding

gas temperatures are elevated above 100 ◦C and are no longer cooling the cells, but

are instead contributing to preheating. This phenomenon may be seen in modules

or racks where evolved vent gases are not able to easily escape and instead begin

heating surrounding cells. In comparison to the other capacities tested, the single 5
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Ah cell, 5 Ah array and 18.5 Ah array fail at 2.63 ± 1.91, 0.81 ± 0.11, and 0.90 ±

0.04 mm-s−1, respectively. The 5 Ah cell tests show the same trend of faster failure

times for the single cell compared to the array. In addition, both 5 Ah and 18.5 Ah

cell arrays agree with 10 Ah cell arrays. The standard deviations again show that

variability generally decreases with increasing SOC (10 Ah tests), and cell array tests

are generally more consistent than single cell tests. Also note that the sample size for

arrays is much larger since there are up to 10 cells per test compared to a single cell

per test. As a result, the array tests average out variability in individual cell failure

times. Finally, the mass loss rate increases with increasing SOC as more reactant

mass (oxygen) is available as discussed in the vent gas composition section. Thus,

as shown in equation 5.21, the vent speed also becomes a function of the mass loss

rate. This is also connected to the gas volume produced and rates of gas release as

the total amount of available reactant dictates the amount of total release, and the

mass loss rate directly controls the rate of gas release.

In order to validate the convective preheating assumption for the 10x cell array,

another 10x, 10Ah cell array was constructed with TCs placed around the last cell

in the array (cell 10). Details of this test are shown in chapter 3 for validating the

1D model approximation, and the results discussed here relate only to the vent gas

production and temperatures. One TC was placed on the surface of cell 10 and

another placed in the gas approximately 10mm (0.5") above the surface mounted

TC. Figure 4.15 shows both TC measurements for the duration of major venting

in the cell array. One can see that the gas temperature above cell 10 immediately

increases above 100 ◦C following the onset of major venting in cell 1 (0s) at the

opposite end of the cell array. Likewise, the surface temperature of cell 10 begins
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to increase from the hot vent gases produced from cell 1 through heat convection.

As TR propagates through the cell array, one can see increases and decreases in the

gas temperature above cell 10 corresponding to major venting and subsequent gas

cooling similar to the other gas temperatures measured in LIB-VeGA previously pre-

sented. The surface temperature of cell 10 shows a similar pattern, but significantly

increases to approximately 500◦C upon TR and major venting in cell 10. Notably,

the measured gas temperature does not significantly increase beyond previous values,

indicating the TC was not directly in a vent gas plume above cell 10. Regardless,

these measurements confirm the previous assumption that latter cells in an array

are preheated due to heat convection from the produced hot vent gases of earlier

cells in the array. As shown, this heat convection has a significant effect on the TR

propagation rate. Heat convection on cells could be potentially exacerbated by more

confinement found in a more representative module compartment as compared to

the relatively large, 53.5L headspace within LIB-VeGA. Another useful result of this

experiment is the average gas temperature above cells. Chapters 5 and 6 model the

heat convection to cells in the array and require a representative gas temperature.

The average gas temperature for the test was 140◦C and is used to approximate the

heat convection in the models presented in the following chapters.

4.6 Vent gas composition

The vent gas composition was measured using the GC-TCD discussed in chapter

2. Gas samples were taken approximately 24 hours after testing completed to allow

internal LIB-VeGA gases to cool and vapors to condense to report a more accurate

total volume production. For some tests, gas samples were also taken immediately
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Figure 4.15: TC temperature data for surface mounted TC on cell 10 and TC placed
10mm above in gas for 10x 10Ah LCO cell array test at 100% SOC.

and approximately 1 hour after a test completed in order to validate waiting for 24

hours. Table 4.3 shows the entire measured gas composition from samples taken

immediately, 1 hour after and 72 hours after test completion, including oxygen and

nitrogen which are typically removed from the normalized vent gas composition pre-

sented later in this chapter. Note, propane and propylene were not yet calibrated

for this analysis, but are assumed to follow a similar pattern to the other measured

gases. Most of the gases measured by the GC-TCD show little to no variation for

each sample time. However, there are slight differences for some of the gases, includ-

ing carbon monoxide, methane, and nitrogen and oxygen. Both the carbon monoxide
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and methane show differences between samples taken immediately after and 1 hour

after test completion, but show no difference between samples taken 1 hour and 72

hours after test completion. This suggests that the sample taken immediately after a

test was not representative of the internal gas mixture. This is further supported by

the oxygen measurement which is assumed to come from air in the sample. Oxygen

has also been observed in other samples for other tests and again assumed to be

error from air in the sample. Typically oxygen is only measured in the first sample,

so it is assumed a result of air in the sample from either the sample collection line on

LIB-VeGA or the sample line on the GC-TCD. Thus, measured oxygen is typically

removed from the normalized results shown later except where a consistent, repeat-

able measurement has been observed, such as in the single cell cases. Finally, the

slight increase over time in the nitrogen measurement suggests the gases in the vessel

are not completely mixed immediately following a test. This could be a result of the

produced hot vent gases relative buoyancy in which the vent gases are primarily in

the top lid of LIB-VeGA where the sample collection line is. As the internal gases

cool and become more well mixed, the measured nitrogen concentration approaches

the expected value of 41.4%. The expected value is estimated from the measured

volume production and original volume of nitrogen in the vessel. This suggests that

waiting some time allows the gases within LIB-VeGA to more thoroughly mix for a

more accurate measurement of the gas composition and provides more justification

for waiting to sample. Regardless, the differences for each sample time are generally

negligible. This is expected as the measured gases should be relatively stable and

have little interaction with one another at and below the typical measured gas tem-

perature (∼200◦C) and pressure (<350 kPag) within LIB-VeGA.
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Sample Time After Test 0 hr (% vol) 1 hr (% vol) 72 hr (% vol)
CO2 25.3 25.8 25.3
H2 14.8 14.1 14.3
CO 6.6 8.1 8.1
CH4 2.5 2.8 2.8
C2H4 1.6 1.6 1.6
C2H6 0.44 0.44 0.44

C3H8,C3H6 N/A N/A N/A
O2 2.2 0.6 0.1
N2 40.5 40.9 41.6

Total 93.9 94.3 94.2
Not Measured 6.1 5.7 5.8

Table 4.3: GC-TCD samples taken at varying times after a test was completed

Figure 4.16 shows the measured concentration of the four primary gases for sin-

gle 10Ah cell tests (Figure 4.16a) and 10Ah cell arrays (Figure 4.16b) at varying

SOC. For the single 10Ah cell (Figure 4.16a), hydrogen increases by 5% from 50%

SOC to 75% SOC and remains unchanged at 30% from 75% SOC to 100% SOC.

Methane concentration does not change and is approximately 5%. Both these val-

ues and trends agree with the literature [20]. One can see that carbon dioxide is

approximately invariant at 40%. Carbon monoxide increases from 5% to nearly 10%

from 50% SOC to 100% SOC. While these general trends agree with the litera-

ture, the values are somewhat different [10, 12, 13, 11]. Of the four papers, [12] used

blended LCO/Lithium-nickel-manganese-coblat-oxide (NMC) cathode type cells and

[13] used NCA and LFP chemistries. As such, [11, 10] were used as the best points

of comparison with [12, 13] used to compare to different chemistries. In general, the

measured carbon dioxide is higher than either [11] who reported 30% for the 100%

SOC case or [10] who reported ∼20% for the 100% SOC case. However, one can

see that there is a large variance amongst the two papers. The carbon dioxide is

countered by the measured carbon monoxide being much lower than either [11] who
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reported 22.9% for the 100% SOC case or [10] who reported ∼27% for the 100%

SOC case. Again there is some variance amongst the two papers that comprise the

best points of comparison. One can see that the total sum of the carbon monoxide

and carbon dioxide is similar to the two papers at approximately 50-55%, indicating

that more carbon monoxide is oxidized for these experiments than in the other two

papers [11, 10]. The reason for the difference between these two papers and the

presented results for the carbon dioxide and carbon monoxide gas concentrations is

most likely a result of the particular cells used for the experiments. Results for the

18.5 Ah cells (discussed below), which are reportedly of the same construction and

materials as the 10 Ah cells, agree more closely with the findings of [11]. One of

the key differences between [11] and [10] is the cell format. [11] tested pouch for-

mat cells which showed higher amounts of carbon dioxide with less carbon monoxide

than the cylindrical cells tested by [10]. [11] claimed that a higher carbon dioxide to

carbon monoxide ratio was an expected outcome for pouch-format cells compared to

cylindrical, but stated their results showed the opposite. Overall, more research is

needed to prove this claim, as there is not yet enough data in the literature. With

the limited literature, it is useful to compare to what is available from other cell

cathode chemistries. Single 10Ah cell tests agree best with the NMC results from

[12]. Golubkov et al. shows that hydrogen production was reasonably invariant to

cathode chemistry which agrees with both this study’s results and the findings from

Ohsaki et al. who states that hydrogen production only occurs in the anode which is

generally relatively unchanged between chemistries [12, 44]. Furthermore, Ohsaki et

al. shows that carbon dioxide and carbon monoxide were primarily produced in the

cathode corresponding to the differences between volume production between this

chapter and the NCA, LFP, and blended cathode from Golubkov et al. [44, 12, 13].
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One will notice the gases not measured are over 10% of the total concentration for

the lower SOC tests. This agrees with [10] whose gas compositions summed to ap-

proximately ∼75% for the 50% SOC case. One can also see that oxygen measured

for the single cell, 100% SOC case is non-zero. In general oxygen was normalized

out as the measurements were small (<1%) and assumed to be error from air in the

sample collection as repeated samples showed no oxygen. However, the oxygen mea-

surements found for the single cell 100% SOC were repeatable and as such assumed

to be part of the vent gas. There is also less carbon monoxide and carbon dioxide for

the single cell than the 5 cell array both at 100% SOC. Thus, it is assumed that the

oxygen produced by the cell was unable to fully react with the internal electrolyte

and was instead measured by the GC-TCD. This is a result of less residence time for

the single cell to react, compared to the 5 cell array which cools more slowly as prop-

agating cells maintain the high temperatures for previous cells and thus maintain

the chemical reactions occurring within the cells. The full results for the single 10

Ah cell gas concentrations with their respective standard deviations across multiple

tests are provided in table 4.4 along with the other constituents measured in the

vent gas. One can see that the spread in the data tends to decrease with increasing

SOC, and the single cell 100% SOC case shows near identical results from test to test.

For the array tests of 10 Ah cells (Figure 4.16 b), one can see the hydrogen tends

to decrease with SOC while carbon dioxide increases with SOC. The hydrogen con-

centration is nearly 4% lower for the 5 cell array at 100% SOC while being nearly

14% higher at 50% SOC, indicative of the opposite trend compared to the single cell

tests. Carbon dioxide is nearly 10% higher for the larger configuration at lower SOC,

but shows similar values at 100% SOC. The trends for the array tests are different
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Figure 4.16: Gas composition from 10 Ah LCO cells vs SOC, (a) 10Ah single cell,
(b) 10Ah array. Measured using GC-TCD.

from both the single cell tests and the literature which are also mainly comprised

of single cell tests, indicating array tests are not well represented by single cell tests

[10, 12, 13, 11]. However, the measured hydrogen is still within the range measured

in the literature. Methane is relatively unchanging with SOC changes and shows

similar values and trends compared to the single cell tests and the literature. Car-

bon monoxide increases with SOC which is a similar trend to the literature and

single cell results. However, 5% more carbon monoxide is produced compared to

single cell results at 100% SOC. This is still below the reported values for carbon

monoxide found in any of the four papers except for different cathode chemistries,
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including Golubkov’s NMC and LFP results [12, 13]. However, the carbon dioxide

is still significantly higher than the the four papers as well (barring literature LFP

tests), indicating that more carbon monoxide was oxidized to form carbon dioxide

for these experiments. This is shown in that the total amount of carbon dioxide

and carbon monoxide of 50-55% is relatively similar to the literature [10, 12, 13, 11].

Again this difference is most likely a result of the cell used as the 18.5 Ah cell array

test results (discussed below) agree with the [11]. One should note that there are only

four papers to compare to in the literature, including two from Golubkov et al. using

different chemistries [12, 13]. In addition, there is a large variance in the measured

vent gas composition between the four papers, indicating there is not a precise vent

gas composition in the literature. It is interesting to note that 10Ah array, and single

cell, results agree best with the NMC cathode type results from Golubkov et al. [12].

Of the data available, the smaller amount of measured higher order hydrocarbons

was relatively constant with SOC and single cell vs array tests, but they generally

peaked at 75% SOC. Propane and propylene (C3s) were indistinguishable by the

GC-TCD and were measured as a group. Compared to the literature, the amount of

C3s measured in these experiments are in between values reported by [11] and [10].

For ethylene and ethane, the measured results agreed within the range found in the

literature. No measurable amount of acetylene was found in any sample. This also

agreed with the range found in the literature [10, 12, 13, 11]. The full results for the

5x 10 Ah cell arrays with their respective standard deviations across multiple tests

are shown in table 4.5 along with each of the other constituents measured in the

vent gas. One can see that the standard deviation again decreases with SOC and is

generally smaller for the array than for the single cell with some exceptions at lower
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SOC. Both single cell and cell array tests at 100% SOC show near identical results

from test to test.

In addition, gas composition from the 5x 18.5 Ah cell array was measured and is

shown in table 4.6. This shows similar values for hydrogen and hydrocarbon produc-

tion with a 4% increase in ethylene production. However, it also shows significantly

higher amounts of carbon monoxide with much less carbon dioxide being produced.

Once again, the total sum of the carbon dioxide and carbon monoxide is similar both

to the literature and to the 10Ah cell tests. These values agree with [11] compared

to the 10 Ah cells, of the same reported construction and materials, indicating some

sensitivity to the cell chosen.

Species 50% (% vol) 75% (% vol) 100% (% vol)
CO2 39.1 ± 3.9 33.6 ± 4.8 39.6 ± 0.2
H2 23.6 ± 3.3 31.1 ± 1.4 28.9 ± 0.6
CO 5.1 ± 0.1 6.8 ± 0.4 8.3 ± 0.4
CH4 4.2 ± 0.8 5.9 ± 0.4 4.6 ± 0.1
C2H4 3.2 ± 0.4 3.2 ± 0.4 2.9 ± 0.1
C2H6 0.9 ± 0.1 1.1 ± 0.1 0.7 ± 0.1

C3H8,C3H6 4.0 ± 0.6 5.3 ± 0.2 3.7 ± 0.1
O2 0.0 ± 0.0 0.0 ± 0.0 3.6 ± 0.5

Total 80.1 ± 9.1 86.9 ± 4.9 92.3 ± 1.4
Not Measured 19.9 ± 9.1 13.1 ± 4.9 7.7 ± 1.4

Table 4.4: Single 10Ah LCO Cell Vent Gas Composition vs SOC

Beyond characterizing the hazard associated with the produced vent gas,it is useful

to understand the products of reaction within the cell. These results can be used

to further understand the potential internal chemical reactions occurring within the

cell. Other studies in the literature have proposed reactions responsible for producing

the main components of the vent gas: hydrogen,carbon dioxide, carbon monoxide,
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Species 50% (% vol) 75% (% vol) 100% (% vol)
CO2 30.6 ± 5.2 37.2 ± 2.8 44.0 ± 0.1
H2 37.4 ± 6.7 32.0 ± 1.7 24.7 ± 0.1
CO 7.8 ± 0.5 6.4 ± 0.3 14.7 ± 0.2
CH4 5.5 ± 0.2 6.3 ± 0.8 5.0 ± 0.1
C2H4 3.7 ± 0.2 3.5 ± 0.4 2.8 ± 0.1
C2H6 1.2 ± 0.1 1.3 ± 0.2 0.8 ± 0.01

C3H8,C3H6 4.5 ± 0.3 5.2 ± 0.7 3.3 ± 0.1
O2 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

Total 90.8 ± 1.4 91.9 ± 0.7 95.4 ± 0.4
Not Measured 9.2 ± 1.4 8.1 ± 0.7 4.6 ± 0.4

Table 4.5: 10Ah LCO Cell Array Vent Gas Composition vs SOC

Species 100% SOC (% vol)
CO2 31.7
H2 26.6
CO 23.7
CH4 4.8
C2H4 6.9
C2H6 1.2

C3H8,C3H6 2.4
O2 0.0

Total 97.4
Not Measured 2.6

Table 4.6: 18.5Ah LCO Cell Array Vent Gas Composition at 100% SOC

and total hydrocarbons (THC). Golubkov et al. proposes that hydrogen production

occurs due to reactions with the binder materials, PVDF and CMC also found in

this study’s cells, and lithium exposed at the anode site [12]. Furthermore, Ohsaki et

al. experimentally measured hydrogen only at the anode, agreeing with Golubkov et

al.’s proposed reactions [44]. Carbon dioxide has several potential sources, including

the solid electrolyte interface (SEI) layer decomposition, pyrolysis and combustion

of electrolyte solvents with produced oxygen from the cell, and electrolyte solvent

reaction with decomposed LiPF6 [12, 13, 35]. From carbon dioxide, carbon monoxide

127



can be formed either as an intermediary from incomplete combustion or decomposi-

tion, or, as Golubkov et al. propose, from carbon dioxide reacting with lithium in

the anode [12]. This is supported by Ohsaki et al. who show carbon dioxide and

carbon monoxide production predominantly in the cathode, but with some produc-

tion in the anode. In each electrode, similar proportions of carbon dioxide to carbon

monoxide were found [44]. Finally, hydrocarbons have been proposed to form from

reactions between electrolyte solvent and lithium in the anode, SEI layer decomposi-

tion, and decomposition of the electrolyte solvents, as well as reaction of electrolyte

with lithium and hydrogen throughout the cell for methane production [12, 13, 35].

This is further proven as Ohsaki et al. shows methane production in both the an-

ode and cathode, but only higher order hydrocarbons forming at the anode, leading

one to assume that the majority of hydrocarbons are formed through reaction of

the electrolyte solvent and lithiated anode as proposed by Golubkov et al. [44, 12].

Oxygen is potentially the most important gas produced from the cell as it directly

controls the severity of the hazard in terms of the mass loss rate. The mass loss rate

is the global reaction rate for the oxygen limited system inside the cell. The liter-

ature has proposed that oxygen is produced from cathode material decomposition,

such as Li1−xCoO2 and Co3O4 reduction for the LCO cathode chemistry. As a cell’s

SOC increases, more oxygen is able to be liberated and further reacted,resulting

in a higher mass loss rate [28, 13]. As previously discussed, the mass loss rate is

responsible for the venting, or internal propagation, speed, rate of release and total

gas volume production. Chen et al. confirmed this result by presenting the mass

loss and burning rate for their experiments at different SOC, showing that mass loss,

and thereby burning rate, increased with increasing SOC [28].
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4.7 Laminar flame speed

In general, it was found that single cell tests showed more fuel at higher SOC, as seen

in the literature [10, 13, 11]. This is a result of more energy being released during

TR at higher SOC, allowing for more polymer pyrolysis and electrolyte breakdown.

However, for arrays of cells, fuel tends to decrease with SOC. This is most likely

a result of more oxidation of the fuel to form more carbon dioxide, carbon monox-

ide and vapor at higher SOC. This can be seen in the carbon dioxide and carbon

monoxide measurements which increased by almost 20% from 50% to 100% SOC.

Consequently, lower SOC array tests show the highest concentration of hydrogen of

any test. Thus, from a gas composition point of view, the 50% SOC array tests pose

the greatest hazard. However, it is difficult to directly translate gas composition to

its relative fire hazard. As such, figure 4.17 depicts the calculated flame speed for

previously tabulated gas compositions, including the single cell, and 5 cell array data

for 10 Ah cells at varying SOC to illustrate the relative hazard for each composition.

This is not meant to be an overarching study on the laminar flame speed, but a

means for comparing gas composition effects. This was calculated using CANTERA

with the GRI-3.0 mechanism [76]. The gas composition for each case was normalized

to remove the quantities not measured and then combined stoichiometrically with a

model for air of 79% N2 and 21% O2. In addition, the composition of propane and

propylene, which were unable to be measured separately, were modeled as just being

propane as the GRI-3.0 mechanisms did not contain information for propylene. One

can see the highest flame speed occurs for the 50% SOC array case. Furthermore,

the single cell at the same SOC results in a significantly slower flame speed. One

can see the general trend that flame speed increases with SOC for single cell tests,

mirroring the fuel increase and diluent decrease with increasing SOC for the single
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cell tests. Conversely, the calculations for the array tests show the opposite trend.

This is an effect of the decreasing fuel with SOC while diluents increase for array

tests. Thus, single cell tests are not indicative of array tests for flame speed and

potentially other hazard metrics, such as lower flammability limit (LFL). The effect

of vent gas composition changes on many of these metrics is discussed further in [20].

Figure 4.17: Flame speed from gas composition for 10 Ah LCO cells vs SOC. Com-
paring single cell to cell array tests.
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4.8 Cell mass loss

As failure propagated through a test setup, a mixture of gases, vapors and solid

particulates are ejected. The total mass of the cell setup was measured after testing

and then compared to the initial mass. This total mass loss was then divided into

gaseous and solid components. The gaseous mass loss was determined from the vol-

ume production and gas composition using equation 4.9. The solid mass loss was

then found by the difference of the total mass loss and the gaseous mass loss. The

vapor component was assumed to be negligible as the volume measurement drop in

the vessel, as determined by equations 4.2 and 4.3, was generally less than 10% of

the volume of dry gas. Thus, the effect of the vapor mass loss is represented in the

solid mass loss. Tables 4.7, 4.8, and 4.9 show the full results for the single 10 Ah

cell, 10 Ah arrays, and other two tested capacities, respectively.

mgas =
PstpVprod
RTstp

(
∑

MWiXi) (4.9)

Mass Loss 50% (% Massinit) 75% (% Massinit) 100% (% Massinit)
Gaseous 1.8 ± 0.1 2.9 ± 0.4 6.0 ± 0.1
Solid 17.4 ± 0.3 20.1 ± 0.8 25.1 ± 0.3
Total 19.2 ± 0.4 23.0 ± 0.3 31.1 ± 0.3

Table 4.7: Single 10 Ah LCO Mass Loss vs SOC

Mass Loss 50% (% Massinit) 75% (% Massinit) 100% (% Massinit)
Gaseous 1.6 ± 0.1 3.1 ± 0.6 7.3 ± 0.6
Solid 17.8 ± 0.5 18.8 ± 0.5 20.4 ± 0.9
Total 19.4 ± 0.4 21.9 ± 0.1 27.7 ± 0.3

Table 4.8: 10 Ah LCO Cell Array Mass Loss vs SOC
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Mass Loss Single 5 (% Massinit) Ah 5 Ah Array (% Massinit) 18.5 Ah Array (% Massinit)
Gaseous N/A N/A 7.5
Solid N/A N/A 19.6
Total 29.8 30.4 ± 2.9 27.1

Table 4.9: 5 Ah and 18.5 Ah LCO Cell Mass Loss at 100% SOC

At lower SOC, one can see that both single cell and array tests had similar amounts

of mass loss, both gaseous and solid. However, at 100% SOC, the single cell case

shows significantly higher amounts of solid mass loss with similar gaseous mass loss.

This could be a result of the higher instantaneous rates of release for single cell tests

as higher velocity gas release could eject particulates more easily than slower sus-

tained rates seen in array tests. This is corroborated by the tear-down observations

from [7] in which aluminum beading on the perimeter of the cells was observed for

100% SOC arrays tests, but less prominent in 100% SOC single cells tests. This

was a result of higher venting rates ejecting the aluminum beads from the cell fully

instead of accumulating on the perimeter of cell and was used to understand where

the main venting jet occurred. In general, one can see that the solid mass loss from

either configuration only weakly increases with SOC. However, as seen in the vol-

ume production from figure 4.13 (a), the gaseous mass loss increases significantly

over SOC and is responsible for the majority of the change in total mass loss over

SOC. Thus, the amount of solid particulates ejected from the cells is repeatable and

can be assumed to be relatively constant. Additionally the single 5 Ah case, and 5

Ah and 18.5 Ah arrays agree with the mass loss data for 10 Ah cells.
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Chapter 5

Modeling of Cell-to-Cell Thermal

Runaway Propagation in Arrays

with Various States of Charge

This chapter presents results for the low-order, 1D model discussed in chapter 3

for approximating the internal reactions within a cell that then propagate within a

small array of cells. Thermal abuse experiments were conducted on arrays of pouch

format cells via external heating. These arrays are effectively pseudo-modules which

simplifies the problem for approximating the internal reactions within the cells. This

model provides means for implementing SOC which has been especially absent from

the literature with only Feng et al. proposing a preliminary model [49, 60]. Feng

et al. used a relatively simple heat of reaction adjustment to the electrical energy

release based on the measured temperatures for different SOC. However, Feng et al.

does not appear to provide any experimental validation, and does not explore in-

ternal chemical reaction variance with SOC. Kurzawski et al. also published results
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for smaller pouch-format cells (3 Ah) with SOCs as low as 75%, but it is not clear

how SOC is modeled or how it relates to the internal reactions occurring within the

cell [62]. Additionally, this chapter discusses the thermochemical theory proposed

in the literature and quantifies energy release from proposed internal reactions. Fi-

nally, this chapter presents a model calibration methodology for potential use with

various Li-ion cathode chemistries given only two different SOC experimental cases.

This work uses the calibration methodology to fit to propagation rate averages of all

available data from conducted tests, but could also be used given substantially less

data with more uncertainty in the model results.

5.1 Thermochemical Theory

The literature has reported numerous proposed reactions responsible for TR in

lithium-ion batteries [8, 12, 49, 77, 78, 79, 80, 81, 71, 72, 50, 59]. The purpose

of this chapter is not to develop reaction mechanisms, but to use literature specified

mechanisms to inform a model to better characterize cell-to-cell propagation. Par-

ticularly, this chapter seeks to understand the reaction mechanisms most sensitive

to SOC changes and how to simplify their implementation into a model. From the

literature, the internal reactions occurring within a Li-ion cell are split between an-

ode and cathode reactions. The nominal anode reactions include solid electrolyte

interphase (SEI) decomposition (A1), SEI regeneration (A2), Li-electrolyte reaction

(A3), and anode binder decomposition (A4). Bilyaz et al. reviewed reported kinetic

models and parameters used in the literature [66]. Bilyaz et al. show that the pos-

tulated anode reactions in the literature indicate kinetic compensation as evident by

the overlapping heat generation curves against temperature for the various reactions.
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Additionally, the literature has found that reactions exhibiting kinetic compensation

represent a reaction family which can be modeled using a single reaction [74].

From Barrie, the anode reactions can be represented with a curve fit for the frequency

factor, A, and activation energy, Ea, following equation 5.1. This analysis assumes a

first-order Arrhenius form for the heat generation following equation 3.7. From the

the data presented in [66], the slope, β, and the intercept, A0, for the curve fit were

found to be 2.28×10−4mol−J−1s−1 and -2.23 s−1, respectively. From this analysis,

one can arrive at the isokinetic temperature. The isokinetic temperature corresponds

to the point at which the rate constant for each individual reaction within the family

becomes identical [74]. Barrie shows the isokinetic temperature is related directly

to the slope of the curve fit, β, in equation 5.2. The resulting isokinetic tempera-

ture for the anode reactions is approximately 254◦C which lies in the middle of the

anode reactions’ heat generation curves from Bilyaz et al. [66]. Due to the effect of

kinetic compensation, one can approximate the four anode reactions with a simpler

first order Arrhenius model without significant loss of accuracy. This simplifies both

the modeling and parameter estimation processes as only one reaction is required to

effectively represent the nominal four anode reactions.

ln(A) = βEa +A0 (5.1)

Tiso =
1

Rβ
(5.2)

As shown from [74].
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In comparison to the anode reactions, there is no clear case of kinetic compensation

for the cathode reactions as shown in previous work in the literature [66]. This is

in part due to the varying methodologies between different studies in the literature,

including dry vs electrolyte-soaked electrode samples, and differences in gas environ-

ments [79, 81]. While anode reactions have been considered to potentially vary with

SOC in the literature, the analysis presented later in this section shows that SOC

predominantly affects the cathode reactions [8]. As such, this chapter focuses on the

cathode reactions to understand the effect of SOC. Three commonly cited cathode

reactions, C1, C2 and C3, correspond to the step by step decomposition of the delithi-

ated cathode active material shown in equations 5.3, 5.4, and 5.5, respectively. The

x subscript, commonly used in the literature to denote the fraction of lithium resid-

ing in the anode graphite matrix, varies directly with SOC from approximately 0 at

0% SOC to 0.5 at 100% SOC. The reader should note that some studies specify x to

instead represent the fraction of lithium residing in the cathode active material. For

this work, the fraction of lithium residing in the active cathode material is y and can

be converted to x using equation 5.6. As a Li-ion cell charges, Li-ions move from the

cathode to the anode and leave the remaining cathode active material more unstable.

This instability is primarily seen at elevated temperatures at which point the active

cathode material begins to decompose into cobalt oxides and oxygen which can then

freely combust with the electrolyte also present in the cell [80]. There is literature

showing how x trends with cell voltage and SOC [81, 77]. The SOCs and correspond-

ing measured cell voltages in this chapter were used with data from the literature

to obtain values for the x subscript. SOC was determined using coulomb counting

from 100% SOC as discussed in chapter 2. At 50%, 75% and 100% SOC, the LCO

cells used in this chapter measured 3.831V, 3.973V, and 4.170V respectively. From
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Baba et al.’s electrochemical delithiation findings, the corresponding anode lithium

fraction for these voltages are 0.01, 0.35, and 0.50, respectively. In comparison, the

corresponding ’x’s from Jung et al.’s findings for 50%, 75% and 100% SOC are 0.29,

0.44, and 0.5, respectively. Comparing the two studies, one can see the fraction of

lithium residing in the cathode active material has larger variability for lower SOCs,

but is well defined at 100% SOC. As such, the analysis carried out in this chapter

uses 100% SOC as an example, but could be done for other SOCs given x. Addition-

ally, the reader should note that x is relatively sensitive to the measured cell voltage.

Li1−xCoO2 −→ (1− x)LiCoO2 +
x

3
[Co3O4 +O2] (5.3)

x

3
Co3O4 −→ xCoO +

x

6
O2 (5.4)

xCoO −→ xCo+
x

2
O2 (5.5)

x = 1− y (5.6)

MacNeil et al. found that the two reactions, C1 and C2 (equations 5.3 and 5.4,

respectively), start at approximately 180◦C when enough electrolyte is present [79].

This appears to suggest that C1 and C2 occur in conjunction with electrolyte

(C3H4O3 + C3H6O3) combustion reactions. Essentially, the electrolyte combusts

with the oxygen produced from C1 and C2 cathode decomposition. MacNeil et al.

also state a third reaction occurred when much more electrolyte than active cath-
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ode material mass was present in a sample and corresponds to C3 (equation 5.5)

based on an X-ray diffraction (XRD) analysis [79]. This suggests increased elec-

trolyte combustion is necessary to carry out C3 cathode decomposition. However,

typical Li-ion cells have much less electrolyte mass compared to the active cathode

material mass. For the LCO cells used in this chapter, the electrolyte is approxi-

mately 20% of the mass of the active cathode material, and is comprised of a 50/50

(by mass) ratio of ethylene carbonate (EC, C2H4CO3 or C3H4O3) to dimethyl-

carbonate (DMC,(CH3)2CO3 or C3H6O3) based on the manufacturer’s SDS. This

results in a 50.5/49.5 molar ratio of EC/DMC which can be approximated as being

equally split by moles. Assuming complete combustion and the electrolyte mix used

for the cells in this chapter, the electrolyte reactions with the oxygen produced from

previous C1-C3 (equations 5.3-5.5) cathode decomposition reactions are shown in

equations 5.7-5.9, respectively. Note, the electrolyte combustion reactions are found

per mol of active cathode material as scaled from the oxygen production term in

equations 5.3-5.5, i.e. x
3 ,

x
6 ,

x
2 .

2x

33
[C3H4O3 + C3H6O3] +

x

3
O2 −→

10x

33
H2O +

4x

11
CO2 (5.7)

x

33
[C3H4O3 + C3H6O3] +

x

6
O2 −→

5x

33
H2O +

2x

11
CO2 (5.8)

x

11
[C3H4O3 + C3H6O3] +

x

2
O2 −→

5x

11
H2O +

6x

11
CO2 (5.9)

From the decomposition reactions presented in equations 5.3-5.5, theoretical heats

of reaction were computed using equations 5.10-5.12. Note, this analysis depends
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on the heat of formation of the LCO material in the cathode for varying amounts

of delithiation. Gotcu-Freis et al. previously published their experimental findings

for heats of formation for varying amounts of cathode delithiation [82]. This work

fits Gotcu-Freis et al.’s heats of formation to a linear correlation with the cathode

delithiation, x, shown in equation 5.13. Similarly, equations 5.14-5.16 were used to

calculate the theoretical heats of reaction for the electrolyte combustion reactions

presented in equations 5.7-5.9. Besides the LCO material, the heats of formation

used are from the NIST webbook and are all provided in table 5.1 for the reader

[83]. Note, the heat of formation for dimethyl-carbonate is not available in the

NIST webbook and was found from the literature [84]. The theoretical heat of re-

action for each of the stages of LCO decomposition (C1-C3), electrolyte complete

combustion, and net heat of reaction are provided in table 5.2 for the 100% SOC

case (x = 0.5). Note, each heat of reaction is shown in terms of energy per unit

LCO mass instead of a molar basis for literature comparisons below. One can see

that C1 LCO decomposition into tricobalt tetraoxide (Co3O4) is slightly exothermic

and can occur without electrolyte as mentioned in MacNeil et al.’s work [79]. The

second step of decomposition (C2) is endothermic. However, when C2 is combined

with the exothermic electrolyte combustion, the net reaction is slightly exothermic.

This indicates that the C2 decomposition cannot occur without additional energy

release from oxidizing electrolyte. This is affirmed by MacNeil et al.’s work which

shows a diminished second peak (C2) as the ratio of electrolyte to electrode mass

is decreased [79]. Finally, C3 decomposition and the net reaction with electrolyte

combustion are both endothermic. Thus, even with electrolyte the net C3 reaction

does not release energy. The theoretical electrolyte combustion results in table 5.2

for C1 and C2 of 731 J/g-LCO and 365 J/g-LCO (sum of 1096 J/g-LCO) are simi-
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lar to MacNeil et al.’s prediction for complete combustion of 811 J/g-LCO and 406

J/g-LCO for C1 and C2 (sum of 1217 J/g-LCO), respectively. This is expected

because this chapter’s analysis used a 50/50 molar ratio of EC/DMC. MacNeil et

al. nominally used a 50/50 molar ratio of EC/PC [79]. However, MacNeil et al.’s

work also analyzed a 47/53 molar ratio of EC/DEC which resulted in a combined

C1/C2 theoretical heat of reaction of 1206 J/g-LCO [79]. This indicates that dif-

ferent electrolyte blends slightly affect the net heat of reaction. It is important to

mention that MacNeil et al.’s results for theoretical heat of reaction of the electrolyte

with the oxygen produced from the cathode decomposition reactions (C1-C3) do not

include the contribution of the decomposition reactions which are net endothermic.

While MacNeil et al. discuss the decomposition reactions in their papers, they do

not factor it into their heat of reaction estimations [79, 78]. Furthermore, MacNeil et

al.’s experimentally measured heat of reaction for C1 and C2 combined was 750 J/g-

LCO instead of their theoretical result of 1217 J/g-LCO. Thus, the decomposition

reactions may also be a cause of the much reduced measurement compared to the

theoretical result, in addition to their stated reasoning of not completely combusting

the available electrolyte [79].

∆Hr,C1−decomposition = ∆H◦f,Li1−xCoO2
−
(

(1− x)∆H◦f,LiCoO2
+
x

3
∆H◦f,Co3O4

)
(5.10)

∆Hr,C2−decomposition =
x

3
∆H◦f,Co3O4

− x∆H◦f,CoO (5.11)
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∆Hr,C3−decomposition = x∆H◦f,CoO (5.12)

∆H◦f,Li1−xCoO2
= 393.14x− 679.61 (5.13)

Heat of formation data from [82].

∆Hr,C1−combustion =
2x

33

(
∆H◦f,C3H4O3

+ ∆H◦f,C3H6O3

)
−
(

10x

33
∆H◦f,H2O,v +

4x

11
∆H◦f,CO2

)
(5.14)

∆Hr,C2−combustion =
x

33

(
∆H◦f,C3H4O3

+ ∆H◦f,C3H6O3

)
−
(

5x

33
∆H◦f,H2O,v +

2x

11
∆H◦f,CO2

)
(5.15)

∆Hr,C3−combustion =
x

11

(
∆H◦f,C3H4O3

+ ∆H◦f,C3H6O3

)
−
(

5x

11
∆H◦f,H2O,v +

6x

11
∆H◦f,CO2

)
(5.16)

In order to fully react the oxygen produced from the decomposing LCO material, the

total molar sum of electrolyte required is equal to the sum of the reactant electrolyte

for C1-C3 shown in equations 5.7-5.9. Table 5.3 shows the theoretical mass of elec-

trolyte needed per unit mass of active cathode material (LCO). Noting that the mass
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Species ∆H◦f [kJ −mol−1]
Li0.5CoO2 -483.04 [82]
LiCoO2 -679.61 [82]
Co3O4 -910.02 [83]
CoO -237.74 [83]

C3H4O3 -682.8 [83]
C3H6O3 -608.7 [84]
H2O, v -241.83 [83]
CO -110.53 [83]
CO2 -393.51 [83]

Table 5.1: Heats of formation for various C1-C3 cathode reaction species found from
the literature.

Reaction Stage Decomposition (J/g-LCO) Combustion (J/g-LCO) Net (J/g-LCO)
C1 89.3 730.7 820.
C2 -347.1 365.4 18.3
C3 -1257.9 1096. -161.8

Table 5.2: Theoretical heat of reaction for cathode reactions (C1-C3), including
decomposition, electrolyte combustion and the net reaction.

of the electrolyte in the cell is approximately 20% of the LCO mass based on the SDS

and cell tear-down, there is sufficient electrolyte in the cell to fully react with the

oxygen generated in C1-C3 reactions and C3 requires much more electrolyte than C1

or C2. This is corroborated by MacNeil et al.’s findings that C3 required excessive

electrolyte compared to the LCO mass to occur. However, some of the electrolyte

may also be consumed in anode reactions, such as A3. Therefore, it is not clear if

there is enough electrolyte left in the cell at the elevated temperatures at which C3

may occur. Additionally, this analysis does not account for products of incomplete

combustion, such as carbon monoxide which consume more electrolyte than the car-

bon dioxide expected from complete combustion. This corresponds to MacNeil et

al.’s claim that the experimentally measured heat of reaction is less than the theo-

retical maximum due to incomplete combustion. Furthermore, experimental results
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from chapter 4 and the literature reports large amounts of carbon monoxide which

is assumed to be a product of cathode reactions based on Ohsaki et al.’s findings

[11, 10, 44]. Thus, based on the theory analysis, and the experimental results shown

above and in MacNeil et al.’s findings, it is very unlikely that C3 occurs [79]. With-

out C3, the amount of electrolyte needed to completely combust the oxygen from

C1 and C2 is reduced by half. From table 5.3, C1 and C2 require 8.3% electrolyte

mass to LCO mass at 100% SOC. Since this work’s cells contain 20% electrolyte

mass to LCO mass, the electrolyte combustion reactions are fuel-rich. This means

overcharging a cell would result in more heat release because the further delithiated

cathode material would produce more oxygen which could then freely combust with

the excess electrolyte. The effect of overcharging increasing heat release and vent

gas production is also seen in the literature [11, 13].

Reaction Stage Electrolyte required (g electrolyte/g LCO)
C1 5.5%
C2 2.8%
C3 8.3%

Total 16.6 %

Table 5.3: Theoretical required electrolyte mass ratio to active cathode material for
complete combustion with produced oxygen from cathode decomposition at 100%
SOC.

In order to better estimate the amount of energy produced from the cathode re-

lated reactions, the above theoretical electrolyte combustion reactions (C1-C2) were

adjusted to account for actual amount of carbon monoxide and carbon dioxide pro-

duced by the cells from chapter 4. Based on findings in the literature, it is assumed

that the carbon monoxide and carbon dioxide is predominantly produced in the

cathode [44]. Furthermore, only reactions C1 and C2 were used in order to estimate
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the amount of active cathode material decomposition and electrolyte combustion, as

C3 was shown to be endothermic with or without electrolyte. Equations 5.17 and

5.18 show the net chemical reaction and total heat of reaction calculation for this

analysis, respectively. Table 5.4 shows the theoretical maximum energy release based

on the mass of active cathode material and electrolyte, and the addition of carbon

monoxide production used for this analysis. Note, the inclusion of carbon monoxide

only resulted in an approximately 8% decrease in the theoretical maximum energy

release from C1 and C2. This corroborates the previous assertion that the differ-

ence between MacNeil et al.’s maximum theoretical and experimentally measured

energy release is a result of the decomposition reactions which were not accounted

for in their analysis. This table also includes the energy release based on the exper-

imentally measured carbon dioxide production. This energy release was calculated

using equations 5.19 and 5.20. First, the theoretical energy per mole of produced

carbon dioxide is calculated with equation 5.19. Then, the calculated energy release

is found using equation 5.20 with the molar production of carbon dioxide and the

mass of LCO active cathode material in the cells from chapter 4. This calculation

results in higher energy release than the theoretical maximum because it assumes

all produced carbon dioxide results from C1 and C2. However, carbon dioxide can

also be produced in small amounts within the anode and from other cathode related

reactions. Regardless, the theoretical maximum and the experimental measurement

approximately agree with one another. Finally, table 5.4 also shows that only 9.9%

of electrolyte to active LCO mass is needed to carry out the combustion reaction in

equation 5.17. This is approximately half the manufacturer reported value of 20%,

which again indicates the reaction is fuel-rich.
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Li1−xCoO2 +
2x

19
[C3H4O3 + C3H6O3] −→

(1− x)LiCoO2 + xCoO +
10x

19
H2O +

3x

19
[CO + 3CO2] (5.17)

∆Hr,C1/C2−t = ∆H◦f,Li1−xCoO2
+

2x

19

(
∆H◦f,C3H4O3

+ ∆H◦f,C3H6O3

)
−
(

(1− x)∆H◦f,LiCoO2
+ x∆H◦f,CoO

)
−
(

10x

19
∆H◦f,H2O,v +

3x

19
(∆H◦f,CO + 3∆H◦f,CO2

)

)
(5.18)

Energy per mole CO2 = ∆Hr,C1/C2−t,CO2
= ∆Hr,C1/C2−t

(
19

9x

)
(5.19)

∆Hexp,C1/C2−t = ∆Hr,C1/C2−t,CO2
∗
nCO2,prod

mLCO
(5.20)

Theoretical max. (J/g-LCO) 775
Experimental measurement (J/g-LCO) 852

Electrolyte required (g electrolyte/g LCO) 9.9%

Table 5.4: Theoretical heat of reaction compared to experimentally measured CO2
production Required electrolyte mass ratio to active cathode material to completely
combust with produced oxygen.

In addition to the literature experiments conducted with electrolyte, Jung et al. re-

cently published experiments with dry, active cathode material without electrolyte

present. Instead, Jung et al. used a hydrogen gas environment which oxidized with

oxygen produced from a heated cathode sample. Jung et al. found two similar

145



reactions to MacNeil et al. at similar temperatures. In addition to the first two

reactions, Jung et al. also reported a third reaction, that occurred at temperatures

above 400◦C. Notably, MacNeil et al. used differential scanning calorimetry (DSC)

and accelerating rate calorimetry (ARC) which remained at or below 400◦C, whereas

Jung et al. use a thermogravimetric analysis (TGA) to measure oxygen production as

high as 650◦C. Jung et al. attributes this third reaction to C3 through the reduction

from cobalt oxide to cobalt metal. C3 decomposition becomes slightly exothermic

when reacted with hydrogen (∼22 J/g-LCO) as compared to with electrolyte due

to the change in the enthalpy of formation. However, this reaction would rely on

hydrogen produced in the anode interacting with the cathode prior to be expelled

from the cell, and is relatively small compared to the energy release from C1 and

C2. Another important result from Jung et al. and previous work in the literature

is that higher heating rates move the heat generation plotted against temperature

to higher temperatures. This is because higher heating rates increase the tempera-

ture faster than the reaction can take place resulting in the apparent shift to higher

temperature reactions as is discussed in previous work in the literature [66]. This

is especially important for cell level experimental testing in which the heating rate

for TR propagation can briefly be on the order of 10000◦C/min compared to the

nominal 2-10◦C/min used in the literature for ARC, DSC, and TGA experiments

[79, 81]. This also complicates comparison of postulated reactions to one another,

as different studies can use different heating rates.

From experimental results discussed below and in previous work in the literature,

the total heat of reaction for a failing LCO cell at 100% SOC is approximately 900

J/g-battery [66]. From previous work in the literature, anode reactions were found
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to account for approximately 250 J/g-battery, leaving 650 J/g-battery for the cath-

ode reactions. In order to use the heats of reaction computed above for the cathode

reactions, one must convert to an energy per total battery mass. One only needs to

multiply by the ratio of active cathode material to total battery mass. This ratio

was found to be approximately 44% of the cell by mass based on both the exper-

imental tear-down of a cell and the manufacturer SDS. Based on the theoretical

analysis including carbon monoxide production presented in this chapter, C1 and

C2 account for a maximum of 341 J/g-battery (775 J/g-LCO), as compared to 330

J/g-battery as measured experimentally by MacNeil et al. [79]. Binder decomposi-

tion in the cathode has been reported in the literature to account for approximately

93-199 J/g-battery [66, 59, 64]. Altogether, this accounts for a theoretical maximum

of 434-541 J/g-battery for the cathode reactions. This suggests there are potential

missing reactions from the theory to account for at least 109-215 J/g-battery of heat

release.

Baba et al. also observed reactions occurring at similar temperature to the C1 and

C2 reactions that MacNeil et al. measured and agreed with the reaction mechanisms

for C1/C2 proposed by MacNeil et. al.. Furthermore, Baba et al. measured a net

heat of reaction of approximately 1000 J/g-LCO which is comparable to the theoreti-

cal 1217 J/g-LCO reported by MacNeil et al. and the 1096 J/g-LCO from theoretical

electrolyte complete combustion reported in this chapter [77, 79]. However, this too

does not account for the decomposition reactions responsible for oxygen production

which MacNeil et. al. also neglected. Regardless, Baba et al. also measured a

separate reaction that occurred prior to C1 and C2 and accounted for approximately

400 J/g-LCO (176 J/g-battery). Baba et al. attributes this to solvent decomposi-
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tion by an unknown mechanism reacting with the surface of active cathode material.

Additionally, Yamaki et al. observed two peaks which corresponded to electrolyte

reactions with the active cathode material surface and electrolyte oxidation from the

decomposing LCO material, respectively. Effectively, both Baba et al. and Yamaki

et al. show two peaks which are attributed to cathode surface reactions directly

with the electrolyte (i.e., an unknown mechanism) and cathode core decomposi-

tion producing oxygen which later combusts with the electrolyte (C1/C2) [77, 80].

Along with the theoretical maximum of 341 J/g-battery from this chapter and the

assumed 93-199 J/g-battery for cathode binder decomposition, the 176 J/g-battery

(400 J/g-LCO) measured by Baba et al. results in a net heat of reaction of 611-717

J/g-battery for the cathode reactions. Combined with the anode reactions, the total

theoretical heat of reaction at 100% SOC for the LCO cells used in this work is

860-967 J/g-battery which agrees with the experimentally determined heat of reac-

tion of approximately 900 J/g-battery. Overall, this analysis is to better inform the

model for characterizing the experimental system, particularly as it relates to the

implementation of SOC in the model. The experimental setup used in this work

is not suited for determining individual reactions and kinetic parameters, but to

understand the global propagation physics and develop simple modeling strategies

with any limited data.

Using the same analysis presented above and assuming ratio of carbon monoxide to

carbon dioxide is constant, one can compute the theoretical heat of reaction for any

given SOC by adjusting x in equations 5.13, 5.17, 5.18. Using the range for x pro-

vided by Jung et al. and Baba et al. shown above, the theoretical net heat of reaction

for the 50% and 75% SOC cases are 526-820 J/g-battery and 755-924 J/g-battery,
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respectively. These theoretical maximum ranges agree with the experimental results

found from this study of 605 J/g-battery and 800 J/g-battery, respectively. Note,

the relatively larger ranges for the theoretical maximum energy release results from

the large variation for x in the literature previously discussed above.

5.2 Test description

The full experimental test matrix is shown for the reader in table 6.1, including

the cell amount in each array, SOC, number of test runs, and total number of cells

tested for a particular case. While the chamber pressure, gas temperatures, heater

temperature, and load cell data were measured for every test, interface temperature

measurements between cells were only measured for selected tests as denoted in table

6.1 "Interface TCs". This was due to the sensor limitations within LIB-VeGA, and

cost limitations.

Capacity (Ah) Cell Amount SOC Interface TCs Runs Total Cells
10 5 50% Y 1 5
10 5 50% N 3 15
10 5 75% Y 1 5
10 5 75% N 2 10
10 5 100% Y 1 5
10 5 100% N 4 20
10 10 100% Y 1 10
10 10 100% N 1 10

Totals 4 14 80

Table 5.5: Experimental Matrix

The results for a standard 10x cell array test timeline are shown in figure 5.1. Details
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of measurements can be found in chapters 2 and 4, and previous work in the literature

[7]. Figure 5.1 (a) shows the propagation event through interface TC measurements

between cells, and between boundary cells and the heater/insulation. The first TC

(in dark blue) is between the heater and cell 1. As such, it is already elevated as

the heater had been heating the cell for approximately 200s prior to cell failure. At

approximately -5s, the reader can see the first TC begins to suddenly increase due

to the onset of minor venting beginning in cell 1. This indicates some amount of

exothermic reaction occurring, but does not produce enough volume of gas to be

seen on the pressure trace, i.e. minor venting as discussed in the experimental setup

section. At 0s, the onset of major venting occurs as indicated by the internal ves-

sel pressure trace (solid blue line) increase in figure 5.1 (b). For propagating cells,

one can see a knee, or a double hump pattern, in each interface temperature. This

double hump corresponds to the thermal wave propagation from the previous cell

followed by TR in the next cell. As a cell fails, a thermal wave propagates internally

as exothermic reactions take place. Once this reaches the interface between cells, the

separating pouch material begins to melt and transfer heat from a fully failed cell to

the next undamaged cell in line. This is seen in the first increase of each interface

TC and is designated by a vertical dashed blue line. Eventually TR occurs in the

next cell and the cell begins major venting which corresponds to the second hump

designated by a vertical solid red line. It is important to note that TR does not start

specifically at the second hump, but rather the point in time when internal heating

overcomes external cooling which most closely corresponds to just before the second

hump in the temperature trace. Instead this second hump in the temperature data

corresponds directly to the onset of major venting in the failing cell and is discussed

further below.
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Figure 5.1: Interface TC measurements with markers to designate the start (red-
solid) and end (blue-dashed) of cell venting (a), internal vessel pressure (blue-solid)
and internal gas temperature (orange-dashed) with markers to designate the start
(red-solid) and end (blue-dashed) of cell venting based on internal vessel pressure
trace (b), and compared times between TC and internal vessel pressure traces (c)
during 10x cell array test of 100% SOC 10 Ah LCO cells.

The internal vessel gauge pressure (solid-blue line) and internal vessel gas temper-

ature (dashed-orange line) are shown in figure 5.1 (b), including both vertical solid

red and dashed blue markers to indicate when the pressure trace began increasing

and decreasing, respectively. The internal vessel pressure shows a stair-step pattern

with one "step" for each cell. As failure propagates through the array, cells fail and

release hot vent gas which increases the internal vessel pressure and gas temperature
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starting at the vertical solid red line. After a cell has fully failed and major venting

stops, the internal vessel gas temperature begins to cool through heat transfer to

the walls of the vessel, resulting in a decrease in the internal vessel pressure starting

at the vertical dashed blue line. It is important to note that some amount of off-

gassing has been observed in open-air environment tests for several minutes after a

test. However, most of the vent gas volume (>90-95%) is produced within a mea-

surable window. This window is shown in the internal vessel pressure trace from the

vertical solid red line to the dashed blue line referred to as major venting.

Finally, figure 5.1 (c) shows the measured start and end times for major venting as

determined from the interface TC (temp.) and internal vessel pressure (pres.) data.

This is determined for the interface TC data based on the two largest peaks in the

gradient of the temperature data which corresponds to thermal wave propagation

and TR initiation in the next cell, respectively. For the internal vessel pressure data,

the start and end times of major venting are determined by when the pressure trace

begins to increase and decrease, respectively. One can see from figure 5.1 (c), that

these times for both the temperature and internal vessel pressure traces are nearly

identical. As such, one can use the internal vessel pressure trace to determine the

major venting period length and time associated with preheating the next cell to

failure where interface TC data are not available. This is due to the one-dimensional

nature of the array for which only one cell is failing at any given time. Finally, chap-

ter 4 presents the voltage data for pouch format cells. However, the voltage data

presented in chapter 4 and previous work in the literature are difficult to interpret

and have limited usefulness [7].
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5.3 Venting and propagation speed

Chapter 4 and previous work in the literature characterized the propagation process

by reducing it into two regimes: venting and preheat times [7]. The venting time is

associated with major venting occurring in a cell as gases from internal exothermic

reactions are produced and expelled. The preheat time is the amount of time re-

quired for a fully failed cell to heat the next cell to failure. Thus, the venting period

is most closely tied to the internal kinetics and thermo-physical properties of the

cell’s internal construction, whereas the preheat period is most strongly dependent

on external heat transfer from a hot cell to a cold cell, including the thermo-physical

properties of the separating pouch material, insulation materials, external heat con-

vection, etc. The venting time can also be associated with the time required for a

reaction front to propagate through the cell, similar to a flame propagating through

a gas mixture. Chapter 4 continued previous work in the literature and derived

equation 5.21 from laminar flame theory to estimate the reaction front speed from

the average volumetric mass consumption rate and other relevant parameters [66].

Experimentally, the venting speed is calculated from the right hand side of equa-

tion 5.21 by measuring the nominal, or characteristic, thickness of a cell (Lch) and

dividing it by the characteristic time associated with major venting (tch). Experi-

mentally, this time was determined by analyzing the internal vessel pressure trace.

Pressure increased when hot vent gases were being produced and decreased when

gases mostly stopped venting as the internal gas mixture cooling on the vessel walls

began to dominate the pressure trace. Cells may still off-gas to some degree after

the pressure trace begins to decrease as the cooling rate effect on pressure change

dominates the additional vent gas production rate. During this time, the gas pro-

duced makes up a small fraction of the total gas produced (<5-10%), as mentioned in
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the above section. Furthermore, measured pressure changes are generally dominated

by the vent gas production as found in chapter 4, indicating that pressure changes

approximately scale with vent gas production changes.

S =

[
−ω̇′′′α
ρu∆Yr

(
Tr − Txf
Txf − Tu

)]1/2
≈ Lch

tch
(5.21)

Using figure 5.1 above, the venting time correlates to the time starting at the vertical

red solid line and ending at the blue dashed line while the preheat time correlates

to the opposite time starting at the vertical dashed blue line and ending at the solid

red line. Figure 5.2 shows the experimentally measured propagation times described

above for each tested SOC, including the major venting time (a), preheat time from

a failed cell to next cell in the array (b), and the total propagation time from cell-

to-cell found from the sum of major venting and preheat times (c). Figure 5.2 also

shows the experimental average of each period for propagating cells (nominally cells

2-5) not influenced by the initiation mechanism. Furthermore, one can see that in

lower SOC cases, the venting times for cells 1 and 2 are generally different than

for the propagating cells (cells 2-5/3-5). This results from preheating cells from the

failure initiation method (cartridge heater) which somewhat heats the cells before

the onset of major venting can take place. Similar to a flame propagating through a

gas mixture, preheated cells fail faster than cooler cells. As a result, the two lower

SOC cases’ averages also did not include the second cell (only cells 3-5), as cell 2 was

also influenced by the initiation mechanism via preheating prior to TR propagation.

One will also notice that there is no meaningful preheat or propagation time for the

first cell because the initiation mechanism heats cell 1 to failure instead of through

cell-to-cell failure propagation. The average times for the major venting, preheat,
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and total propagation periods along with their respective experimental standard de-

viations are tabulated in table 5.6. The average propagation times and respective

standard deviations for these experiments were calculated based on the propagation

times for each cell as an independent measurement. As such, the total number of

cells used for each experimental average and standard deviation is listed next to

each different tested SOC. From both figure 5.2 and table 5.6, one can see as SOC

decreases, the cell-to-cell propagation times become more variable. One can also

see that the results for both the 75% and 100% SOC cases are comparable, while

the result for the 50% SOC case is drastically slower. This is a result of the high

sensitivity to the heat of reaction discussed further in the sensitivity study below.

With a lower heat of reaction, only lower temperatures are reached, which exponen-

tially influences the venting speed. In addition, with less available reactant energy,

higher initiation temperatures are necessary to begin TR as seen in the "unreacted"

temperatures found in table 5.7, thereby increasing the preheat time between cells.

The lower "reacted" temperatures means that the cells require more time to allow

conductive heat transfer to heat the cells to this initiation temperature. Thus, both

the preheat time and venting speed are significantly affected.

SOC, % Major Venting Time, s Preheat Time, s Total Time, s Cells Used
50 39.5 ± 3.8 39.7 ± 11.5 79.2 ± 11.2 12
75 19.8 ± 1.7 12.8 ± 6.0 32.6 ± 8.0 12
100 14.3 ± 1.2 7.7 ± 1.7 22 ± 2.4 28

Table 5.6: Average experimental major venting, preheat, and total propagation times
for each tested SOC provided with their respective standard deviations for the ex-
perimental data. Propagation times are determined from measured pressure trace,
averages and standard deviations are calculated using the propagating cells from all
tests not influenced by initial external heating with the amount used shown in "Cells
Used" column.
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Figure 5.2: Experimentally measured major venting time of each LCO cell (a),
preheat time from failed cell to next cell in array (b), and total propagation time
for propagating cells (c) for 5x 10Ah cell array tests at 50% (green tri-symbol), 75%
(blue x-symbol), and 100% (red circle-symbol) SOC. Experimental average times for
propagating cells (cells 2-5) are shown using the horizontal lines running across each
subplot.

5.4 Model calibration

In order to generalize the use this model for arbitrarily selected cells, a methodology

for calibrating the numerical model given a smaller experimental data set was also

developed. The main unknown quantities are the thermal conductivity of the sep-

arating pouch material and the kinetic parameters, two for each reaction: heat of

reaction (∆Hr) and the frequency factor (A). Again, the activation energy is assumed
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to be 1.061x105 J-mol−1 for each reaction based on previous work in the literature

and the effects of kinetic compensation [66, 74]. The effective heat of reaction is first

calibrated based on the measured "unreacted" and "reacted" temperatures from the

arrays. The effective heat of reaction is the heat of reaction multiplied by the reac-

tant mass fraction. The reactant mass fraction is modeled using a progress variable

initialized at 1.0. The "reacted" temperature is the average of the maximum ex-

perimentally measured temperatures from each of the cell interface TCs. Notably,

the TC between cell 1 and the heater, and between the last cell and the insulation

were excluded from the average because of the boundary condition differences which

influenced their measurement. The "unreacted" temperature is the experimentally

measured baseline temperature before the sudden temperature increase (> 10◦Cs−1)

from TR propagation. The measured temperatures for the three tested SOCs were

used in equation 6.1 to generate the results shown in table 5.7. This formulation

assumes limited cooling, a uniform reacting body, constant specific heat and a re-

actant progress variable initialized at 1.0 for all SOC cases. This methodology for

determining the effective heat of reaction worked well for the lower SOC tests. How-

ever, the measured "reacted" temperature for the 100% SOC case is approximately

800◦C, and is much higher than expected based on previous work in the literature

[66]. Upon further inspection of experimental 100% SOC cases, a knee in the TC

temperature was observed to occur at approximately 675-700◦C on average. After

this knee, the TC measurement exhibits a significantly slower temperature increase.

This knee is believed to result from the aluminum melting within the cell at ap-

proximately 660 ◦C. Additionally, experimental data from the literature for LCO

chemistry cells also suggests a "reacted" temperature of approximately 675◦C [62].

This could mean that the cell in the literature was unable to fully melt the aluminum

157



before sufficient cooling occurred. In contrast, the relatively larger cells used in this

work have a smaller cooling to reactive area ratio. This results in less cooling per

unit volume of each cell and allows the cell to reach higher temperatures. Based

on the literature and the experimental results presented in this work, a "reacted"

temperature of 700◦C was chosen and the slower temperature increase afterwards

was attributed to unknown slower reactions that did not affect the propagation rate

[66, 62]. The slower temperature increase could also result from heat conduction

from previously failed cells in the array. Notably, cell 1 in the array was significantly

hotter than the propagating cells because it was preheated via the heater prior to

TR initiation. This heat conduction from cell 1 should be seen in the model as well,

but could be absent depending on the thermal properties of cells after TR propa-

gation. The polymer separator between anode and cathode layers melts during TR

propagation and was absent from post-test tear-downs. As the polymer melts and

is expelled from the compressed cell, it is possible the cell’s thermal conductivity

increases. Previous work in the literature found the thermal conductivity of the

polymer was the lowest of any of the components within the cell. As the polymer

was expelled, the net cell thermal conductivity could increase and allow for heat con-

duction to occur more rapidly than predicted in the model which assumes constant

properties. Future work could analyze failed cell thermal properties at varying SOC

to evaluate this hypothesis. Finally, equation 5.23 provides a power law correlation

curve-fit for the experimentally determined heat of reaction within the range of 50%

to 100% SOC. The experimentally estimated heats of reaction for various SOC agree

with the computed theoretical heats of reaction as discussed in the above thermo-

chemical theory section. The next component to calibrate is the kinetic frequency

factor term for each reaction.
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∆Hr,eff = ∆Hr,totalYreactant=̃Cp,cell(Tr − Tu) (5.22)

SOC, % "Unreacted" Temp., ◦C "Reacted" Temp., ◦C ∆Hr,eff , J/g-battery
50 90 545 605
75 25 624 800
100 25 700 900

Table 5.7: Model heats of reaction from experimental "unreacted" and "reacted"
temperatures.

∆Hr,eff = 63SOC0.58 (5.23)

For a single-step global reaction model, this is based on the propagation speed which

is directly connected to the reaction rate dictated by the frequency factor. From pre-

vious work in the literature, it was determined that the frequency factor could be

estimated using laminar flame theory with equation 5.24 as a function of the average

volumetric mass consumption rate, ω̇′′′F . Equations 5.25 and 5.26 represent the in-

tegral term and equation for the average volumetric mass consumption rate. These

result in equation 5.27 which primarily scales with the square of the empirically

measured reaction front speed, S [66]. From equation 5.27, Bilyaz et al. determined

the frequency factor for a single global reaction to be 8.29x106 s−1 for the same

cells [66]. However, this reaction rate approximates the total propagation speed of

0.42 mm/s instead of the internal propagation speed referred to as the venting speed

in this work. As such, the model proposed in this chapter uses a higher frequency

factor to model the faster venting speed of 0.72 mm/s and includes the non-reactive

pouch material between cells to model the preheat time also further discussed in the
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results and discussion. From equation 5.27, the frequency factor was determined to

be 24.36x106 s−1. While the thickness of the separating pouch material was mea-

sured, the thermal conductivity and melting properties are unknown. For the single

reaction model, the thermal conductivity was assumed to be the same as the cell

(0.8393 Wm−1K−1) as determined from previous work in the literature [3].

A =
ω̇′′′F (Tr − Txf )

ρuI
(5.24)

I =

∫ Tr

Txf

T − Tr
Txf − Tr

exp

(
− Ea

RT

)
dT (5.25)

ω̇′′′F = S2

[
−ρu∆Yr

α

(
Txf − Tu
Tr − Txf

)]
(5.26)

A = S2

[
−∆Yr
Iα

(Txf − Tu)

]
∝ S2 (5.27)

For multiple reactions, calibration is more complex. Instead of using laminar flame

theory, frequency factors for the two modeled global reactions and the heat of reac-

tion for both reactions were optimized to reflect the 50% and 75% SOC cases’ venting

and preheat times and then validated with the 100% SOC case. The propagation

rate for the two higher SOC cases was dominated by the second reaction due to the

majority of the total heat of reaction being tied to it at those SOCs. However, as

the heat of the second reaction approaches the heat of the first reaction, such as

in the 50% SOC case, the first reaction begins to dominate the propagation rate

instead. As a result, the frequency factor for the second reaction and the modeled
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thermal conductivity of the separating pouch material were calibrated based on the

75% SOC case with an assumed frequency factor for the first reaction. Then the

frequency factor for the first reaction and the heat of reaction split between the two

global reactions were calibrated using the 50% SOC case and the optimized param-

eters from the previous step. Finally, this process was iterated until the venting

and preheat times for the 50% SOC case matched the experimental results. This

calibration process is enumerated for the reader below:

1. Estimate the total heat of reaction for the SOCs of interest using equation 6.1.

2. Using the higher SOC case, optimize the frequency factor for the second reac-

tion, A2, and separating pouch material thermal conductivity.

3. Using the lower SOC case, optimize the frequency factor for the first reaction,

A1, and the heat of reaction split (Hr,1/Hr,2).

4. Iterate steps 2 and 3 until converged.

Using this calibration methodology, the optimized frequency factors were 1.75x108

s−1 and 2.9x106 s−1 for A1 and A2, respectively. The optimized thermal conduc-

tivity for the separating pouch material was 0.165 W-m−1K−1. At 100% SOC, the

optimized heat of reaction was equally split between the first and second reactions,

and is available in table 5.8. The second reaction’s heat of reaction was then adjusted

to account for the heat of reaction change for a specific SOC.

It is interesting to note that the optimized heat of reaction split appears to agree with

the postulated reactions in the literature. The first reaction was primarily associ-

ated with the anode reactions which account for approximately 250 J/g-battery from
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SOC, % ∆Hr,1, J/g-battery ∆Hr,2, J/g-battery
50 450 155
75 450 350
100 450 450

Table 5.8: Heats of reaction for modeled two-step global reactions.

previous work in the literature [66]. However, the first modeled reaction could also

include the surface reactions between the LCO active material and the electrolyte,

hypothesized by Baba et al. and Yamaki et al. [77, 80]. Baba et al. observed

this reaction occurred before the C1/C2 reactions and measured a heat of reaction

of 400 J/g-LCO, or 176 J/g-battery. Together the anode reactions and the surface

LCO reactions sum to 426 J/g-battery which agrees with the optimized value of 450

J/g-battery. The second reaction accounts for the main SOC dependent reactions,

C1/C2, as well as the cathode binder decomposition. While the cathode binder de-

composition reaction is assumed to be invariant with SOC, it occurs at much higher

temperatures than the first reaction (∼400◦C) and instead appears to fall within the

second modeled reaction [66, 64, 59]. Thus, these three reactions (C1/C2/cathode

binder decomp.) have been observed experimentally and from previous modeling

work to occur after the four anode and first cathode reactions. At 100% SOC, the

total theoretical heat of reaction for C1, C2, and the binder decomposition with

the inclusion of carbon monoxide is between 434-540 J/g-battery as found in the

above theory section. This also agrees with the optimized value of 450 J/g-battery.

Thus, the optimized model suggests that the first global reaction accounts for the

four anode reactions and the surface LCO reaction while the second global reaction

accounts for C1/C2 and the cathode binder decomposition reactions.
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5.5 Single-step reaction model results

Previous work in the literature has analyzed a single global reaction for a uniform

reactive mass [66]. Two differences in this work is the addition of a non-reactive

buffer zone between uniform reactive cells, i.e. external pouch material, and the

implementation of SOC. The results for the single global reaction model for the

three modeled SOCs, 50%, 75% and 100%, are shown in figure 5.3 (a), (b), and

(c), respectively. Figure 5.3 displays model results with solid lines and experimen-

tal results with dashed lines each of which corresponds to their respective colors.

Compared to the experiments, cell 2 in the model (shown in green) shows the same

effects of preheating from the initial external heating for the 50% SOC case. All

three SOC cases show similar knees, or double humps, as the experimental data.

This indicates a quasi-steady heat transfer process from the previously failed cell

to the next undamaged cell, resulting in a quasi-steady interface temperature. The

100% SOC case shown in (a) fits best compared to the other two SOCs because the

frequency factor was determined for the single global reaction based on experimen-

tally determined data from the 100% SOC case, including "reacted" temperature,

venting speed, etc. The other two modeled SOCs poorly represent the experimen-

tal data, and the 50% SOC case appears to be unsteady. The unsteadiness in the

50% SOC case is a result of poor initiation modeling. For lower SOC cases, there is

less energy available to react and to propagate failure via heat transfer. Addition-

ally, as the model was calibrated for 100% SOC, the reaction only begins to take

place at approximately 450◦C and results in poor agreement in the lower SOC cases.

In addition to the temperature profiles, the propagation times between conducted

experiments and the model were compared. The average propagation times for the
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Figure 5.3: Single global reaction model (Solid) compared to experimental TC data
(dashed) for varying SOC. 100% (a), 75% (b), 50% (c).

single global reaction model with their respective standard deviations are provided

in table 5.9 for comparison to experimental results found in table 5.6. The average

propagation times and respective standard deviations for the single-step model were

calculated using each cell as an independent measurement. In the model, there are

5 cells of which only the propagating cells (cells 2-5) are used for calculating the

average and standard deviation. Note the standard deviation in cell-to-cell propa-

gation times primary results from the varying amount of convective heat addition

from cell-to-cell, i.e. latter cells in the array experience more convective heating and

fail faster. However, the single reaction model also has relatively higher standard
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deviations from cell-to-cell due to the effects of "rolling" combustion discussed in

the mass diffusion section in appendix A. One can see each of the propagation times

found in the model poorly fit with the experimental results, but show the same gen-

eral trends. At 100% SOC, the model fits best and could be potentially optimized

to improve results. At lower SOC, the propagation times from the model appear

unsteady, as seen in the elevated standard deviations. Overall, a single global re-

action is not well suited for representing lower temperature initiation reactions and

higher temperature propagation reactions simultaneously as necessary for the range

of SOCs tested in this work.

SOC, % Major Venting Time, s Preheat Time, s Total Time, s Cells Used
50 15.3 ± 10.2 (39.5) 118. ± 72.8 (39.7) 133.3 ± 62.9 (79.2) 4
75 11.5 ± 2.2 (19.8) 24.1 ± 11.4 (12.8) 35.7 ± 9.2 (32.6) 4
100 9.1 ± 2.4 (14.3) 6.6 ± 3.3 (7.7) 15.7 ± 2.7 (22.0) 9

Table 5.9: Average single global reaction model results and respective standard de-
viations for major venting, preheat, and total propagation times for each modeled
SOC. Averages and standard deviations calculated using the propagating cells not
influenced by initial external heating with the amount used shown in "Cells Used"
column. Experimental averages provided in parentheses for the reader, model (ex-
perimental).

5.6 Two-step global reaction model results

The single global reaction model is limited to cells of a particular SOC for which

the kinetic parameter has been calibrated, such as for the 100% SOC case above.

Additionally, it performs poorly for cells which are not in direct contact, or that

have some means of separation between them, such as additional layers of insula-

tion. One crucial application of TR modeling is the predicting the performance of

165



different cascading TR propagation interrupt devices. For pouch format arrays, lay-

ers of insulation can be used between cells to provide a buffer from a failing cell.

This can give the failing cell time to cool and quench the propagation front. From

figure 5.3 and table 5.9, one can see that the preheat time is much longer than ex-

perimental results for the two lower SOC cases. This results from the single global

reaction model which can not accurately predict TR initiation. Overall, this results

from the wide range of temperatures associated with the postulated internal reac-

tions discussed in the theory section, which cannot accurately be represented with a

single reaction model.

In order to improve the single global reaction model, an additional reaction was

included to better model initiation via a two-step global reaction. Figure 5.4 (a),

(b), and (c) show the interface temperature results for the calibrated two-step global

reaction model for 100%, 75%, and 50% SOC cases, respectively. One can see the

same knee for all three SOCs, indicating the same quasi-steady heat transfer process

discussed above. The two-step global reaction model agrees much better than the

single-step model and appears to be steady.

In general, one can see that the modeled interface temperatures agree with the

measured TC data, but the second large gradient of each TC measurement is much

steeper in the experiment than as modeled. This results in a larger apparent preheat

time from figure 5.4, but the measured propagation times show a shorter preheat

time similar to the experimental results as discussed below. It is believed this is due

to the pouch material between cells melting as heat transfers from the failed cell into

the next cell via direct contact of each cell’s pouch material. The external pouch
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material was absent in post-test tear-downs of the cell array. The melting process,

i.e. latent heating, would case the temperature rise rate and heat transfer rate to be

reduced. Once the separating pouch material completely melted, the two cells would

come into more direct contact, effectively removing the contact resistance between

cells. This would result in a large measured temperature increase as the next cell

would quickly go into TR. As this model does not account for melting of the sepa-

rating pouch material, it shows slower temperature increase for the second gradient

which smears the overall profile as the contact resistance is constant. One can also

see that the modeled interface temperatures show slightly smaller maximums than

the experimental data. This is also primarily a result from the modeled separating

pouch material which does not melt in the model. This provides a contact resistance

between the interface measurement and the active reactant temperature. Compara-

tively, the pouch material melts during an experiment and exposes each TC directly

to the hot internal contents of a cell. Overall, the difficulty in implementing SOC is

more directly tied to heat transfer modeling, including the external pouch melting

process, rather than from reaction kinetics modeling. Chapter 6 provides a simple

bounding case for modeling the external pouch material PC/melting. Future work

is needed to improve this bounding case, in order to better simulate the measured

TC temperatures.

In addition to temperature profiles, vent, preheat and total propagation times were

estimated using the model results and used to calibrate the model. Similar to ex-

perimental results, there are several methods for estimating the time in each regime.

Figure 5.5 shows two such methods, including temperature gradient maximums (a),

reactant progress variable gradient threshold (b) and the comparison between both
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Figure 5.4: Two-step global reaction model interface temperature measurements
(Solid) compared to experimental TC data (dashed) for 100% (a), 75% (b), and 50%
(c) SOCs.

methods (c) for the model at 100% SOC. Figure 5.5 (a) shows the temperature

gradient method in which the start of venting is attributed to the second gradient

maximum of each interface temperature, as denoted by the vertical solid-red line.

The end of venting is then attributed to the first gradient maximum of each interface

temperature, as denoted by the vertical dashed-blue line. Thus, the preheat time is

denoted as the time starting at the dashed-blue line and ending at the solid-red line.

In comparison, the reactant progress variable gradient method is shown in figure

5.5 (b). A 25% threshold of the maximum reactant progress variable consumption

rate was chosen arbitrarily as it was observed that the propagation times were not
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sensitive to this threshold. This method attributes the start of venting as the time

in which the first reaction’s progress variable gradient reaches 25% of the maximum,

as denoted by the vertical solid-red line. The end of venting is then attributed to the

time at which the second reaction’s progress variable gradient drops below 25% of the

maximum, as denoted by the vertical dashed-blue line. Figure 5.5 (c) compares each

of these two methods. One can see there is some amount of difference between the

two. Specifically, the start of venting appears to occur slightly sooner in the progress

variable case, due to the temperature delay caused by the modeled separating pouch

material which does not have a melting model in this chapter. In comparison, the end

of venting is nearly identical between both methods. Thus, the modeled propagation

times in the 100% SOC case slightly depend on the method used for their estimation.

While each method gives approximately the same result for propagation times in

the 100% SOC case, it is also important to analyze the lower SOC cases. Figure 5.6

shows the same information as figure 5.5, but for the 50% SOC case. This includes

the propagation times using the temperature profiles (a), progress variable profiles

(b), and the comparison between both methods (c). At 50% SOC, the methods used

to estimate propagation times diverge dramatically. This is important because it

directly affects the calibration process. From figure 5.6, one can see that the start of

venting occurs much sooner in the progress variable method while the end of vent-

ing is delayed in the progress variable method. The end result is the temperature

method underestimates the venting period length as compared to the progress vari-

able method, which directly affects calibration. The 50% SOC case is much more

difficult to model as it appears the melting process of the separating pouch material

significantly affects the results for the temperature profiles. This is believed to be
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Figure 5.5: Two-step global reaction model interface temperature measurements with
markers to designate the start (red-solid) and end (blue-dashed) of cell venting (a),
total reactant progress variables for each cell in 10x cell array with markers to des-
ignate the start (red-solid) and end (blue-dashed) of cell venting based on progress
variable gradient (b), and compared times between temperature and progress vari-
able methods (c) at 100% SOC.

a result of the reduced energy release from reduced exothermic reaction rates. This

reduces the "reacted" temperature and conductive heat transfer, which results in a

longer melting process for the pouch material. This effect most directly influences

the modeled interface temperatures between cell pouch material, but has less affect

on the reactant progress variable consumption which takes place outside of the ex-

ternal pouch material. Thus, the progress variable method was used to estimate all

propagation times, as the temperature method appears to be directly affected by the
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absence of an external pouch melting model.

Figure 5.6: Two-step global reaction model interface temperature measurements with
markers to designate the start (red-solid) and end (blue-dashed) of cell venting (a),
total reactant progress variables for each cell in 5x cell array with markers to des-
ignate the start (red-solid) and end (blue-dashed) of cell venting based on progress
variable gradient (b), and compared times between temperature and progress vari-
able methods (c) at 50% SOC.

Another factor to consider is the spread of the experimental data shown in figure

5.2. One can see that the propagation times vary from cell-to-cell around an average.

Thus, instead of analyzing the temperature profile on its own, it can be useful to also

consider the average propagation times for this model. Table 5.10 shows the average
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propagation times with respective standard deviations for cells not influenced by the

initial external heating (cells 2-5, 2-10), but by cell-to-cell failure propagation. The

average propagation times and respective standard deviations for the two-step model

were calculated using each cell as an independent measurement. The number of cells

used for calculating the mean and standard deviation for each modeled SOC is shown

next to the results. Again, the standard deviation in cell-to-cell propagation times

primary results from the varying amount of convective heat addition from cell-to-cell,

i.e. latter cells in the array experience more convective heating and fail faster. One

can see that the propagation times, including the separate components (venting and

preheat times), agree well with the experimental values. Furthermore, the spread

of the computational results is generally smaller than, or comparable to the spread

in the experimental data. This indicates that the reason for some of the spread of

the experimental results is not modeled and could be attributed to several factors,

including variable convective heating from the surrounding expelled vent gases, and

manufacturer variations on the cells. Internal cell variations, such as active cathode

material content, could affect the heat of reaction. The model and experimental re-

sults are highly sensitive to the heat of reaction, such that manufacturing differences

between cells could affect the failure propagation time from cell-to-cell. Regardless,

with adequate experimental data available for at least two SOCs, one can model the

average propagation times using a two-step global reaction for modeling initiation

and propagation separately. This could also be potentially used for predicting the

performance of different TR interrupt methods and devices as the initiation reactions

are better modeled with a two-step global reaction as compared to a single global

reaction.
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50 39.5 ± 3.8 39.7 ± 11.5 79.2 ± 11.2 12

75 19.8 ± 1.7 12.8 ± 6.0 32.6 ± 8.0 12

100 14.3 ± 1.2 7.7 ± 1.7 22 ± 2.4 28

SOC, % Major Venting Time, s Preheat Time, s Total Time, s Cells used
50 38.9 ± 4.7 (39.5) 38.2 ± 9.3 (39.7) 77.1 ± 9.5 (79.2) 4
75 19.7 ± 1.0 (19.8) 13.5 ± 2.7 (12.8) 33.2 ± 2.8 (32.6) 4
100 12.2 ± 0.5 (14.3) 10.9 ± 1.7 (7.7) 23.1 ± 2.0 (22.0) 9

Table 5.10: Average two-step global reaction model results with respective standard
deviations for major venting, preheat, and total propagation times for each modeled
SOC. Averages and standard deviations calculated using the propagating cells not
influenced by initial external heating with the amount used shown in "Cells Used"
column.

5.7 Sensitivity study

In order to understand the primary model sensitivities previously discussed, a sen-

sitivity study was conducted for the SOC model. For the purposes of this study,

the two-step global reaction model discussed directly above was used. The main

parameters associated with the model were adjusted by approximately 10% from

the nominal, and are shown in table 5.11 for the reader. In order to compare re-

sults for each of the adjusted parameters, the average total TR propagation time is

calculated. Additionally, the sensitivity study includes results for each of the mod-

eled SOCs, 50%, 75%, and 100%. Note, increasing the specific heat capacity of the

cell reduces the model "reacted" temperature. As such, the two heat of reaction

components, Hr,1 and Hr,2, were also increased proportionally with the specific heat

capacity parameter case.
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Parameter Nominal Value Perturbed Value
A1 1.75x108 s−1 1.93x108 s−1

A2 2.9x106 s−1 3.2x106 s−1

Hr,1 450 J-g−1 495 J-g−1

Hr,total 605/800/900 J-g−1 665/880/990 J-g−1

kpouch 0.165 W-m−1K−1 0.182 W-m−1K−1

kcell 0.8393 W-m−1K−1 0.92 W-m−1K−1

Cp,cell 1.333 kJ-kg−1K−1 1.466 kJ-kg−1K−1

h 25/75 W-m−2K−1 28/83 W-m−2K−1

Table 5.11: SOC Model Sensitivity Study Parameters

The results for the sensitivity study are provided in table 5.12. The table shows the

relative change to the average total TR propagation time from the nominal case.

As such, a negative percentage corresponds to accelerated TR propagation, and a

positive percentage corresponds to slowed TR propagation. One can see the most

sensitive parameter for all of the modeled SOCs is the total heat of reaction. This is

due to the Arrhenius kinetics’ exponential temperature dependence. With increased

energy release, the cell array reaches higher temperatures, and TR propagation rate

exponentially increases. Each of the tested cases show more than 20% acceleration

from the 10% perturbation, or a 2x effect. Additionally, the 50% SOC case is slightly

more sensitive to the total heat of reaction, but generally each SOC is accelerated

by nearly 23%. In addition to the total heat of reaction, most of the SOCs are also

sensitive to the heat of reaction split, Hr,1. This indicates that more energy release

in R1 more quickly initiates R2. However, the 50% SOC case is less effected because

the cell is more uniformly heated prior to TR initiation, such that R2 is initiated

regardless of any additional energy release in R1. The heat of reaction split appears

to be important for SOC modeling, but is less relevant for fixed SOC simulations as

discussed in chapter 6. Beyond the two heat of reaction parameters, the model is also

somewhat sensitive to the cell’s and external pouch’s thermodynamic properties, i.e.
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kcell, CP,cell, and kpouch, and the frequency factor for the initiation reaction, i.e. A1.

However, the 10% perturbation generally only results in a 5% or less difference in

the TR propagation time for all of the modeled cases. Finally, the model does not

appear to be particularly sensitive to the frequency factor for the propagation reac-

tion, i.e. A2, or the external heat convection, i.e. h. Most of the 10% perturbations

in these parameters only cause <1% difference in the results.

Parameter 50% 75% 100%
A1 -3.1% -2.7% -2.6%
A2 -0.4% -0.6% -1.3%
Hr,1 -4.3% -8.1% -8.2%

Hr,total -24.5% -22.9% -22.5%
kpouch -2.6% -3.6% -3.5%
kcell -3.6% -2.7% -1.7%
Cp,cell 5.2% 5.1% 4.8%

h -0.8% -0.6% -0.9%

Table 5.12: SOC Model Sensitivity Study Results

5.8 Vent gas production model

Using the model presented in the chapter 3, vent gas production was estimated and

then used to predict the measured internal vessel pressure trace. Figure 5.7 (a) first

shows the model interface temperature results for the 100% SOC case. Using the

same method as for the experimentally measured TC temperatures, the two main

gradients (∼ 100◦Cs−1) were determined and are shown via the two vertical lines

for each interface temperature. The vertical red, solid line and the blue, dashed line

correlate to the start and end of major venting within a cell, respectively. This major

venting time is essentially the internal propagation time for a cell and can be used
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to estimate the front propagation speed using equation 5.21. In comparison, figure

5.7 (b) presents the modeled internal vessel pressure trace (solid, blue line) to the

experimentally measured pressure (dashed, orange line). The model agrees well with

the experimentally measured pressure. The pressure plot also includes the same two

vertical lines to indicate major venting start and end. These were determined as

above for the experimental data, assuming that venting starts when pressure rises

and effectively ends when pressure begins to decrease. Finally, figure 5.7 (c) com-

pares the two times for both the modeled temperature and pressure data sets. One

can see that the two times are also correlated for the model. Thus, experimentally

and computationally this correlation suggests that one could estimate propagation

rates for 1D arrays using only an internal vessel pressure measurement. As such, the

data from the multitude of tests run without interface TCs shown in table 6.1 are

also useful for estimating the average propagation times and each respective standard

deviation. Finally, the data for the start and end of major venting for each cell in

the modeled array was used to calculate the propagation times, including the sepa-

rate venting and preheat components. This data is presented for the reader in figure

5.8 (a), (b), and (c) for the venting, preheat and total propagation times, respectively.

From figure 5.8, one can see the optimized 50% and 75% SOC cases agree with

the experimental results as expected. Furthermore, the 100% SOC validation case

agrees with the experimentally measured averages. One can also see that the spread

is generally less than for the experimental values (table 5.6) than for the two-step

global reaction model (table 5.10). This could be attributed to variations between

the cells, and different boundary conditions than modeled over time for the cells, i.e.

variable convective heating from produced vent gas.
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Figure 5.7: Computational interface temperature measurements with markers to des-
ignate the start (red-solid) and end (blue-dashed) of cell venting (a), computational
internal vessel pressure (solid) with markers to designate the start (red-solid) and
end (blue-dashed) of cell venting compared to the experimentally measured internal
vessel pressure (dashed) (b), and compared times between interface temperatures
and internal vessel pressure traces (c) during computational model of 10x cell array
of 100% SOC 10 Ah cells.
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Figure 5.8: Vent (a), preheat (b), and total (c) propagation times for computational
model. Shown with experimental average times for propagating cells.
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Chapter 6

Modeling of Cell-to-Cell Thermal

Runaway Propagation in Arrays

with Various Means of Separation

This chapter applies the low order, kinetic model discussed in chapter 3 to lithium-

nickel-manganese-cobalt-oxide (NMC) cathode chemistry cell arrays with varying

means of separation. NMC cells are used to characterize a different cathode chem-

istry. As such, vent gas production data are also included. Compared to chapter

5 which focuses on the effects of SOC, this chapter instead focuses on predicting

TR initiation and specifically the performance of different cell-to-cell thermal barri-

ers, such as insulation and aluminum plates. This chapter also provides a different

calibration methodology than was used in chapter 5 that is better suited for Li-ion

cell arrays at a fixed SOC with varying means of separation between cells. From

the model, performance of different propagation mitigation designs can be quickly

evaluated compared to relatively slow, expensive experiments. Finally, this chapter
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provides an in-depth heat transfer analysis of the TR propagation process which can

be used to inform cell-to-cell failure propagation mitigation design.

6.1 Test description

In general, duplicate tests were performed for each unique experiment. However, due

to TC output channel constraints within LIB-VeGA, only one case with no thermal

separators instrumented with interface TCs was run. This case with no thermal

separators is called the nominal case. We used results from chapters 4 and 5, and

previous work in the literature that show that the internal pressure trace is better

suited than interface temperatures for quantifying propagation times [7]. As such, a

duplicate of the nominal case was run without interface TCs, and the pressure data

are used to estimate the relevant propagation times discussed in the results. The

TC output channels were used to better estimate the internal vessel gas temperature

for quantifying rate of release of produced vent gases. Table 6.1 provides the list of

experiments run, including whether interface TCs were implemented.

Separation Material Interface TCs Runs Total Cells
Nominal (None) N 1 5
Nominal (None) Y 1 5
Aluminum Plate Y 2 10
Single Layer T397 Y 2 10
Triple Layer T397 Y 2 10

Totals 7 8 40

Table 6.1: Experimental Matrix

For the reader’s convenience, schematics of the cell array test setup and instrumenta-
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tion layouts for cases with and without thermal barriers between cells are duplicated

from chapter 2 in figures 6.1, 6.2 and 6.3, respectively. Figures 6.4 and 6.5 show

the nominal NMC cell array results compared to LCO cell array results previously

shown in chapters 4 and 5. Note, figure 6.4 compares the 5x 10Ah NMC cell array

to the first five cells of a 10x 10Ah LCO cell array. This is done because a TC failed

during the 5x 10Ah LCO cell array and the 10x 10Ah LCO cell array provides more

data to compare with. Additionally, chapter 4 shows the 5x and 10x LCO cell arrays

are nearly identical to one another. Regardless, the internal vessel pressure traces

shown in figure 6.5 are both for 5x cell arrays. In addition to their identical capacity,

the LCO and NMC cells are very similar in construction and material breakdown

outside of the different cathode chemistry, and are nearly identical in size. TR propa-

gates approximately 20% faster in the NMC cell arrays as compared to the LCO cell

arrays. This results from the approximately 20% higher "reacted" temperatures,

or approximately 850◦C compared to 700◦C. Assuming similar cell specific heats,

this indicates approximately 20% greater net heat of reaction for the sum of all the

internal reactions occurring within the NMC cell compared to the LCO cell. This

is corroborated by the increase in vent gas production volume and rate of release

apparent in the pressure traces of figure 6.5. One can see the pressure rise rate and

maximum measure internal vessel pressure are higher for the NMC cells than for the

LCO cells, indicating greater rates of internal reactions responsible for producing the

vented gases. Vent gas production for the NMC cells and comparison to previously

evaluated LCO cells are discussed further below with the rest of the tested separa-

tion material cases. Both cathode chemistries show similar TC temperature knees at

approximately 500◦C and 660◦C. The 500◦C knee corresponds to the thermal wave

from TR propagation in the previous cell while the 660◦C knee corresponds to the
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melting process of aluminum in both cells’ cathode current collectors and external

pouch material.

Figure 6.1: Experimental setup of cell array (5x 10 Ah cell array shown). Isometric
view (left), top view (top right), and cross section of front view (bottom right).

Temperature profiles for each of the tested cases were measured from TCs placed at

the center of each cell-to-cell or cell-to-separation interface, such as between a Li-ion

cell and a layer of insulation. As a result, the nominal case only has one TC between

each of the cells while the separation material cases have two TCs as shown in figures

2.23 and 2.22 from chapter 2. The results for each of the four unique tested cases are

presented in figure 6.6. Note, that all figures presented in this chapter are adjusted

such that 0s correlates to the onset of major venting in the initiating cell (cell 1) of

the array. The top-left subplot shows the TR propagation process for the nominal
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Figure 6.2: Schematic of nominal 5x Li-ion cell array setup with interface TCs shown.

Figure 6.3: Schematic of 5x Li-ion cell array setup with separating material (insula-
tion) and interface TCs shown.
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Figure 6.4: Comparison of experimentally measured interface TC temperatures from
5x 10Ah NMC nominal cell array test, i.e. no cell-to-cell thermal barriers, and the
first five cells of a 10x 10Ah LCO nominal cell array both at 100% SOC.

case through these interface TCs. Notably, the TC between the cartridge heater and

the first cell in the array (cell 1) for the nominal case experienced a grounding issue

which caused the TC to fail while the heater was on. Once the onset of major vent-

ing occurred, the heater was turned off to allow TR propagation to occur unaided,

and the TC became operational again. After TR propagated inside the first cell, a

double hump pattern is visible in the interface TCs. The first hump corresponds to

TR propagation from the previous cell while the second hump corresponds to the

onset of major venting in the next cell of the array. One can see an example of the

double hump pattern in the top-left subplot orange curve at approximately 10s and

15s for the first and second humps, respectively. TR is then allowed to propagate
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Figure 6.5: Comparison of experimentally measured internal vessel pressure from 5x
10Ah NMC nominal cell array test and 5x 10Ah LCO nominal cell array both at
100% SOC.

through the array from the left-side cartridge heater to the right-side calcium silicate

insulation boundary.

The aluminum plate (top-right), single insulation layer (bottom-left), and triple in-

sulation layer (bottom-right) separation cases also exhibit the same double-hump

pattern. The pattern is more obvious than for the nominal case because the sep-

aration materials increase the preheat time, thereby increasing the time separation

between each temperature increase. As mentioned in chapter 2, there are two TCs

instrumented between cells for the cell-to-cell thermal barrier cases in which TCs

are placed on either side of the thermal barrier material. Additionally, the extra TC
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Figure 6.6: Experimental interface TC measurements for each of the unique tested
cases, including nominal (top-left), aluminum plate (top-right), single insulation
layer (bottom-left), and triple insulation layer (bottom-right). Experimental dupli-
cates shown where available.

between each of the cells gives more information about the heat transfer occurring

across the interfaces. For example, the knees measured on both sides of an insulation

layer for the single insulation layer case correspond to a quasi-steady heat transfer

process from a previously failed cell to the next cell in the array. Compared to the

nominal case, each added separation material between cells decreases the average

propagation rate. The 1mm aluminum plate between cells had the least effect on

the propagation rate. Comparatively the similar thickness T397 insulation between

cells more significantly reduced the propagation rate. This is expected because the
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relatively lower thermal conductivity insulation increases the thermal resistance be-

tween cells more than the aluminum. This results in less cell-to-cell heat transfer for

the insulation separation material case. Finally, the triple insulation layer case most

affects the propagation rate. As expected, the increased separation between cells

reduces the average propagation rate. Further detail on the specific components of

TR propagation is discussed below in the venting and propagation speed section.

For each of the separation material cases, two experiments with interface TCs were

run to understand repeatability. One can see that the bottom subplots correspond-

ing to the single (bottom-left) and triple insulation (bottom-right) layer cases show

good repeatability. Note the solid-brown TC in the bottom-left subplot is absent be-

cause the TC failed during the test. Although the 1mm aluminum separation cases

show more variation between the two experiments, the average propagation times

still agree within 10% between the two tests. The reason for this increased variation

compared to the other cases is most likely due to variability in the melting of the

aluminum between cells. Post-test tear-downs of cell arrays observed the 1mm of

aluminum between cells is almost entirely absent from the failed array. Presumably

as the aluminum melts, it is compressed and drips out the bottom of the setup. This

was corroborated by the solid aluminum pellets found underneath the array after

testing. As the aluminum drips, the setup becomes less and less compressed. This

process could lead to less contact between cells in the array, resulting in a larger

contact resistance and slower propagation rate. This is further corroborated by the

fact that the first two cells are very similar from test to test, but the last two cells are

markedly slower in one of the experiments. This could be the result of the aluminum

melting between the first two interfaces then slowing the propagation in the last two
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cells as described above.

The vent gas production from the NMC arrays was also measured, including total

vent gas volume and rate of release. Chapter 4 developed a methodology for mea-

suring cell array vent gas volume production evaluated at standard temperature-

pressure conditions: 298K and 101kPa. The vent gas production data are tabulated

for each of the tested cases in table 6.2. Across all of the cases, there is little differ-

ence in the vent gas production volume and rate of release. As such, the vent gas

production process appears to be independent of the tested configuration. The vent

gas production volume agrees with the range presented in the literature for NMC

pouch-format cells [46, 47]. Note, the literature suggests that hard-case form fac-

tors, including cylindrical and prismatic, produce larger amounts of vent gas volume

compared to pouch-format cells [12, 46]. This could be a result of reaching higher

internal cell pressures before failing which could directly result in increased reaction

rates and vent gas production. This is corroborated by the relatively higher vent gas

production rate for hard-case form factors which suggests a higher internal pressure

as well [46].

Case Volume Production [LWh−1] Rate of Release [Ls−1Wh−1]
Nominal 0.46 3.8×10−2

Aluminum Plate 0.47 3.5×10−2

Single T397 Layer 0.50 4.1×10−2

Triple T397 Layers 0.45 3.8×10−2

Table 6.2: Vent Gas Production Results

A GC-TCD was used to measure the gas composition. Note, this GC-TCD exhibits

a cross-sensitivity for propylene and propane (C3H6/C3H8), but with a similar sen-
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sitivity to each. Thus, propane and propylene are reported together. The measured

gas compositions for each of the tested cases is presented in table 6.3. In general,

one an see the vent gas is primarily composed of hydrogen, carbon dioxide, carbon

monoxide, and various hydrocarbons. However, additional toxic components have

been measured in trace amounts in the literature [34]. Again, one can see there is

little difference between each of the tested cases, indicating very little dependence

on the configuration. Compared to the range shown in the literature, the cells used

in this chapter produced a similar vent gas composition [12, 46, 47, 21]. There are

no clear differences in the vent gas composition for different cell form factors in the

literature. Instead, vent gas composition appears to depend primarily on the internal

cell construction, and the failure mechanism used to initiate TR for single cell tests

[46]. This provides additional rationale for array-based testing.

Case Nominal Aluminum Plate Single T397 Layer Triple T397 Layers
H2 33.9% 32.6% 32.7% 32.3%
CH4 5.6% 5.5% 5.6% 5.6%
C2H4 3.1% 3.2% 3.5% 3.4%
C2H6 0.9% 0.9% 1.0% 1.0%

C3H6/C3H8 2.8% 2.8% 2.8% 3.1%
CO 18.2% 17.7% 18.5% 17.4%
CO2 31.4% 32% 31.1% 32.1%
O2 0% 0% 0% 0%

Total 96% 94.8% 95.1% 94.9%
Not Measured 4.0% 5.2% 4.9% 5.1%

Table 6.3: Vent Gas Composition Results

Compared to chapter 4 which used LCO pouch-format cells, the NMC cells tested in

this chapter produced nearly 30% more vent gas by volume and showed 35% higher

rates of release. The larger amount of produced vent gas indicates a greater reaction

rate inside the NMC cells compared to the LCO cells. This is further confirmed by
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the higher "reacted" temperatures seen in the NMC cells compared to the LCO cells.

Additionally, the NMC cells produced significantly more hydrogen and slightly more

carbon monoxide than previous LCO cells. This difference is made up by reduced

carbon dioxide production in the NMC cells compared to the LCO cells.

6.2 Venting and propagation speed

Chapters 4 and 5 characterized the propagation process by splitting it into two sim-

ple steps: preheat and venting. The preheat step includes the time a cell spends

heating up prior to the onset of major venting. This is mostly influenced by the heat

transfer process between cells, including differences between separation materials.

Once sufficiently heated, the cell begins major venting which chapter 4 defined from

the internal vessel pressure trace increase as vented gases are produced. Note, a mi-

nor venting period also occurs for the initiating cell. This minor venting is associated

with the pouch failing due to vent gases produced internally. This minor venting

produces enough gas to over-pressure and fail the pouch confining the Li-ion cell, but

not enough to appreciably affect the internal vessel pressure trace. Propagating cells

do not exhibit minor venting because the temperature increase is significant enough

to cause the onset of both minor and major venting simultaneously such that the

pouch fails and the cell begins rapidly releasing vent gas.

The preheat and venting times sum to the total propagation time from cell to cell.

Altogether these three propagation times were used in chapter 5 for the SOC study

with LCO cells. In order to estimate the propagation times from the experiments,

two main methods were defined: temperature and internal vessel pressure. Figure
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6.7 shows the nominal case temperature profiles (a), internal vessel pressure and gas

temperature (b), and each respective methods’ start and end of major venting com-

pared to one another (c). The first method finds two critical temperatures in each

TC measurement to characterize the propagation process, one for each temperature

increase in the double hump pattern. For example, the two chosen critical tempera-

tures that corresponded to the start and stop of major venting in the nominal case

were 550◦C and 200◦C, respectively. The start and stop times for each cell using

the temperature method are shown using solid-red and dashed-blue vertical lines,

respectively, shown in figure 6.7 (a).

The second method uses the internal vessel pressure to estimate propagation times.

The start and end of major venting is determined by when the pressure trace starts

to increase and decrease, respectively. Chapter 4 found the vent gas production

generally dominated the pressure trace compared to cooling losses. As such, the

pressure trace gives a good indication for when a cell is failing as the internal reac-

tions produce vent gas. These start and stop times are presented on figure 6.7 (b)

with solid-red and dashed-blue vertical lines, respectively. Finally, the start and end

of major venting using each of the two methods presented is contrasted in subplot

(c). One can see both methods generally agree with one another for the nominal

case. For comparison with the other tested cases, tables 6.4 and 6.5 show the aver-

age venting, preheat, and total propagation times for each of the tested cases using

the temperature and pressure propagation time estimation methods, respectively.

Note, the standard deviation for each of the propagation times is also included to

understand the average variation for each case. One can see that there is generally

very little difference between the two on average. As such, the pressure method is
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Figure 6.7: Interface TC measurements with markers to designate the start (red-
solid) and end (blue-dashed) of cell venting (a), internal vessel pressure (blue-solid)
and internal gas temperature (orange-dashed) with markers to designate the start
(red-solid) and end (blue-dashed) of cell venting based on internal vessel pressure
trace (b), and compared propagation times based on interface TCs and internal vessel
pressure trace (c) during 5x cell array test of 10 Ah NMC cells with no additional
means of separation (nominal case).

a viable, simpler option for determining propagation times given no interface TC

measurements.

From the estimated propagation times in the tables 6.4 and 6.5, one can see the vent-

ing time is approximately invariant with the specific configuration and varies from

12-14s. This corresponds to the internal reaction front propagation speed which
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Case Vent Time [s] Preheat Time [s] Total Time [s]
Nominal 12.4± 2.2 6.1±0.7 18.5±2.7

Aluminum Plate 13.5±2.8 17.2±2.0 30.7±2.8
Single T397 Layer 13.8±2.3 25.6±3.6 39.4±3.7
Triple T397 Layers 11.8±0.5 78.5±7.3 90.3±7.1

Table 6.4: Experimental Propagation Times Estimated Using Temperature Method

Case Vent Time [s] Preheat Time [s] Total Time [s]
Nominal 12.9± 0.9 5.4±1.1 18.3±1.9

Aluminum Plate 13.8±1.1 17.0±2.8 30.8±2.8
Single T397 Layer 12.9±1.6 26.1±4.5 39.1±3.5
Triple T397 Layers 12.2±1.0 77.6±7.3 89.8±6.9

Table 6.5: Experimental Propagation Times Estimated Using Pressure Method

should be consistent across tests as only one type of cell was used. Instead, the addi-

tional separation material between cells most greatly affects the preheat time. This

is expected as the preheat time corresponds to the cell-to-cell heat transfer, which

is directly influenced by the separation material. As previously described, the 1mm

aluminum plate between cells performs worst at reducing propagation rate. Compar-

atively, the relatively low thermal conductivity T397 insulation material performs

better. This result is primarily visible in the relatively higher preheat time from

the relatively higher thermal resistance the insulation provides. Finally, the preheat

time for the triple T397 insulation layer case is also approximately triple the preheat

time of the single T397 insulation case. This is expected as the thermal resistance

should scale with the insulation thickness which then directly impacts the rate of

cell-to-cell heat transfer. This suggests a critical temperature for TR initiation in

the cell which experimentally appears to be approximately 220-250◦C as measured

by the external interface TC temperature just before the temperature increase from

TR, such as at 100s in the bottom-left subplot of figure 6.7. Note, this temperature

provides an upper bounds for the internal cell temperature prior to TR initiation as
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the external pouch material acts as a thermal resistance between the TC and the

internal reactive cell components.

6.3 Model calibration

During development, it was observed that model calibration is not trivial. The meth-

ods and calibration factors used for model calibration are also important to evaluate.

The primary unknown factors in any Li-ion thermal model are the kinetic param-

eters used to model the internal cell reactions. Studies in the literature typically

use multiple reactions, including a reaction for each major component of the cell.

This results in numerous calibration factors that can be difficult to calibrate due

to cross-sensitivities and limited experimental data. Alternatively, this work uses a

two-step global reaction model which only requires two sets of cell array data. From

the kinetics implementation section in chapter 3, one will see there are three kinetic

parameters associated with each modeled reaction. However, due to the effect of

kinetic compensation, the activation energy and frequency factor are greatly cou-

pled [74]. Similar to chapter 5, a constant activation energy of 1.061e5 J-mol−1 was

chosen to match similar internal reactions in the literature, and the frequency factor

was calibrated for each step of the kinetic model, i.e. A1 and A2 [66].

The net sum heat of reaction for all of the internal reactions can be estimated using

an approximate global thermal energy balance shown in equation 6.1. This assumes

limited cooling and a constant specific heat capacity. The "reacted" and "unre-

acted" temperatures were estimated from experiments to be approximately 300K

and 1150K, respectively. In conjunction with an approximate specific heat capacity
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of 1.333 kJ-kg−1K−1, the approximate net heat of reaction for all of the internal

reactions is 1130 kJ-kg−1. Chapter 5 found the heat of reaction split between each

individual step affected the SOC dependency. However, this quantity was observed

to have relatively little effect on the results for the model at a fixed SOC, as long as

the initiation reaction had enough energy to initiate the propagation reaction. Thus,

a value of 425 kJ-kg−1 was used for the initiation reaction, leaving 705 kJ-kg−1 for

the propagation reaction.

∆Hr,eff =̃Cp,cell(Tb − Tu) (6.1)

In addition to the kinetic parameters, the thermal properties of the external pouch

material were also unknown. Due to its relatively small mass, the external pouch

material effectively acted as a contact resistance between cells in which the thermal

mass was negligible. Instead, only the thermal conductivity of the pouch material,

kpouch, was significant for predicting TR propagation. Note, the calibrated pouch

thermal conductivity in the model also accounts for any contact resistance between

cells in the experiments. Thus, only three unknown parameters were used for cal-

ibration, including the frequency factor for each of the two reaction steps, A1 and

A2, and the thermal conductivity of the external pouch material, kpouch.

In order to evaluate model performance against experimental results, metrics must

be determined to compare the two data sets. Nominally, temperature profiles have

been used in the literature for the main means of comparing experimental data to

model results. However, temperature profiles can be complex to model due to the

melting process of the pouch and may only show part of the experimental result. In-
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stead, this chapter continues from chapter 5 which uses the three propagation times

discussed above to compare experimental and model results, including the venting,

preheat, and total propagation time. As previously discussed, two methods can

be used for estimating the propagation times for the experimental cases: interface

TC temperatures, and the internal vessel pressure trace. Comparatively, one can

use similar methods for the estimating propagation times in the model. The same

threshold temperatures can be used on the modeled interface temperatures for deter-

mining start and stop of major venting for each cell in the model. This is more akin

to the calibration seen in the literature in which temperature profiles are directly

compared. However, one can also use the reactant progress variable to estimate the

start and stop of major venting. The reactant progress variable consumption pre-

dicted in the model can be compared to the internal vessel pressure trace measured

in experiments. The internal reactions within the cell are responsible for producing

vent gas which results in the pressure trace increasing. Thus, a secondary means of

estimating the propagation times was used in which a threshold reactant progress

variable consumption rate designated the start and stop of major venting. In com-

parison, the experimental pressure trace within the vessel would only increase if more

than a critical rate of vent gas was produced to overcome the pressure decay from

internal vessel gas cooling.

Beyond the calibration parameters and metrics used to compare experimental data

to model results, it was also observed that the standards, or test cases, used for cali-

bration greatly impacted the accuracy of validation results. In order to calibrate the

three parameters, two experimental test cases are needed. Otherwise, the accuracy

of the model was poor, due to the cross-sensitivity of the calibration factors which
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produced a family of solutions for any single test case. For example, the thermal

conductivity of the pouch material and the frequency factor of the initiation reaction

were coupled. For any single case, one could reduce the pouch thermal conductivity

and increase the frequency factor for the initiation reaction appropriately to match

the experimental calibration case. However, this could have very different predictions

for the validation cases depending on the pair of parameters used. In order to better

illustrate this finding, relative error contour surface plots were made for each of the

calibration metrics: venting and preheat time. Figures 6.8 and 6.9 show the relative

error for the model results compared to the nominal experimental results with no

thermal barriers between cells for the venting and preheat times, respectively. One

can see the venting time error is most directly affected by A2 and is less sensitive to

A1. In comparison, the preheat time error is more directly affected by A1. From these

plots, the minimized error for the nominal case occurs at approximately 1x106s−1

and 3.1x107s−1 for A1 and A2, respectively. However, this results in 178% relative

error for the triple insulation layer thermal barrier case preheat time, or nearly 2.5x

slower propagation rate. This occurs because A1 is poorly calibrated from a single

case. From figure 6.8, one can see the venting time is primarily a function of A2 and

can be fixed at 1.0x106s−1. With A2 fixed, figure 6.10 shows the relative error for the

nominal case preheat time against the two calibration parameters: A1 and kpouch.

One can see there is a minimized error curve that traces A1 and kpouch, such that

one can specify a value for kpouch return a value for A1 that minimizes the relative

error in the nominal case. This curve describes the coupling seen between A1 and

kpouch, and this curve/coupling can be found for any thermal barrier case as well.

However, different thermal barrier cases show different coupling curves between the

two parameters. In this way, two cases can be used to determine A1 and kpouch
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separately based on the intersection point for the two error minimization curves.

Figure 6.8: Relative error between the nominal experimental case with no thermal
barriers and computational model venting time for matrix of two tested calibration
parameters: A1 and A2. Calibration parameter Kpouch was fixed at 0.8393 W-(m-
K)−1 for this plot.

With two cases used for calibration, there are two experimental test cases left over

for model validation. It was observed that different combinations of experimental

calibration cases produced varying levels of accuracy for the two validation cases.

This appears to be a result of the different cross-sensitivities between the calibration

factors for different cases, and the unknown melting process of the external pouch

material. For this chapter, the zero and single insulation layer calibration scheme

was based on the literature which typically uses the nominal case without any addi-

tional means of separation between cells. For the second calibration case, the single
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Figure 6.9: Relative error between the nominal experimental case with no thermal
barriers and computational model preheat time for matrix of two tested calibration
parameters: A1 and A2. Calibration parameter Kpouch was fixed at 0.8393 W-(m-
K)−1 for this plot.

insulation separation case was used as it is relatively simpler than the aluminum

plate separation and triple insulation layer cases. Consequently, the aluminum plate

and triple insulation layer separation cases were used for model validation. This cal-

ibration scheme is presented below along with a proposed, novel calibration method

in which different calibration cases are specifically chosen based on their higher sen-

sitivity to specific calibration factors and lower sensitivity to external pouch melting.
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Figure 6.10: Relative error between the nominal experimental case with no thermal
barriers and computational model preheat time for matrix of two tested calibration
parameters: A1 and kpouch. Calibration parameter A2 was fixed at 1x106s−1 for this
plot.

6.4 Zero and Single Insulation Layer Calibration

As discussed above, a nominal setup with no separation materials (insulation, PC

materials, etc) between individual pouch cells is almost always used for model cali-

bration in the literature. For this chapter, a setup with a single layer of insulation

between cells was also used for calibration. Table 6.6 shows the calibrated values for

the model parameters. Figure 6.11 shows the model results for the two calibration

cases compared to the experimental results. Note, that only one nominal case with

TCs between cells was run due to the internal vessel pressure correlation with the
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TC data described above and in chapters 4 and 5. As such, the bottom left subplot

of figure 6.11 shows internal vessel pressure traces from two experimental nominal

cases instead of model and experimental TC data comparison. Finally the vent,

preheat and total propagation times for all of the modeled cases using the zero and

single insulation layer calibration cases are presented in table 6.7 for comparison to

experimental results above.

Parameter Value
A1 7.0x108s−1

A2 9.0x105s−1

kpouch 0.115 W-m−2K−1

Table 6.6: Zero and Single Insulation Layer Calibration Model Parameters

Case Vent Time [s] Preheat Time [s] Total Time [s]
Nominal 12.5± 0.7 (12.9) 6.1±0.5 (5.4) 18.6±1.0 (18.3)

Single T397 Layer 10.1±0.5 (12.9) 29.6±1.8 (26.1) 39.7±2.0 (39.0)
Aluminum Plate 15.5±1.9 (13.8) 12.2±0.6 (17.0) 27.7±2.4 (30.8)

Triple T397 Layers 5.2±0.4 (12.2) 122.±15.5 (77.6) 127.2±15.1 (89.8)

Table 6.7: Zero and Single Insulation Layer Calibrated Model Propagation Times
Estimated Using Temperature Method. Average experimental propagation times as
determined by internal vessel pressure trace are included for reference in parentheses.

From both the top-left subplot of figure 6.11 and table 6.7, one can see that the

nominal case agrees with the experimental results. Note, the TC between the mod-

eled heater and cell 1 in blue does not agree with the experimental value for any

case because the heater is simplified for the purposes of the model and doesn’t ac-

count for the copper cartridge heater block. Furthermore, the initiating cell is not

interesting when compared to the behavior of propagating cells further in the array.

This is because the initiating cell is sensitive to the mechanism used to initiate TR

instead of cell to cell propagation. The purpose of the model is not to perfectly
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Figure 6.11: Comparison of model prediction to experimental calibration results
using the zero and single insulation layer calibration method, including nominal
case TC data (top-left), comparison of two experimental data sets’ internal vessel
pressure traces (bottom-left), and single layer of insulation separation TC model
compared to two different experimental TC data sets (top-right and bottom-right).
Note, model data uses solid lines and experimental data uses dashed lines except for
the bottom-left subplot in which both curves are from experimental data sets.

reflect the failure method, or even the initiating cell, but to predict TR propagation

from cell to cell. Next, one can see a knee in the modeled temperature profiles at

approximately 500◦C. This is visible in the NMC nominal case at approximately

65-70s in the dotted-purple TC curve, as well as in chapters 4 and 5 which used LCO

chemistry cells. This knee corresponds to a quasi-steady heat transfer process which

leads to a secondary temperature increase corresponding to major venting in the
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next cell. This knee is shorter and less clear in the NMC cells because they release

more energy and reach higher temperatures than the previously tested LCO cells.

This results in a higher heat flux between cells which more rapidly fails the next cell

in the array. Furthermore, the model does not account for pouch material melting.

As such, subtle differences between the model and experimental temperature traces,

such as the pronounced knee and slight temperature decay during the knee in the

model, can be attributed to this melting process which effectively reduces the ther-

mal resistance between cells. This is corroborated with post-test array tear-downs

in which the pouch material encapsulating the cells is completely absent, allowing

anode pages at the bounds of cells to come in direct contact. Finally, one can see the

model overestimates the temperature between the last cell in the array, cell 5, and

the bounding insulation. This is believed to be the result of an incorrect thermal

conductivity for the calcium silicate insulation used. However, this only effects the

temperature at the bounds of the cell array and has relatively little to no effect on

the propagation rates. As such, it was neglected for the purpose of this work.

The bottom-left subplot of figure 6.11 shows the internal vessel pressure trace from

two nominal case experiments. One can see that the two experimental data sets are

nearly identical except for a pressure spike at 0s corresponding to the onset of major

venting of the initiating cell. This further corroborates chapters 4 and 5, and pre-

vious work in the literature which found that the initiating cell was less repeatable

than propagating cells due to the variable amount of heat required to fail different

cells [7]. Thus, the higher spike in the dashed-orange case is most likely a result of

greater preheating which resulted in much higher rates of release. This higher rate

of release quickly increases the internal vessel pressure before the hot vent gases mix
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into the surrounding vessel gas. After the initial release, the gases quickly mix and

cool, resulting in the following internal pressure trace drop. Regardless, the propa-

gating cells show near identical venting behavior as vent gas is produced and then

cooled between individual cell failures.

The top-right and bottom-right subplots of figure 6.11 show the modeled single in-

sulation layer case compared to two experimental data sets. From both the modeled

temperature data and the propagation data in table 3.7, one can see that the mod-

eled case agrees with the total propagation time, but predicts more heating, or a

longer preheat time, required before the onset of major venting. Similar to the nom-

inal case, this is also assumed to be a result of the pouch melting process which is

absent in the model. In the experiments, the pouch material melts and effectively

reduces the thermal resistance between cells. As this is not represented, the model

overestimates the amount of time required to heat the next cell to failure. Overall,

the calibration cases agree with the experiments as expected, since they were used

to calibrate the model. Instead, it is more important to analyze the validation cases.

Figure 6.12 shows the 1mm aluminum separation (top-left and bottom-left) and the

three layer insulation separation (top-right and bottom-right) cases compared to

each experiment.

The left-side subplots show the model is approximately 10% faster than either of the

experiments for the 1mm aluminum separation case. Table 6.7 shows this difference

is from a reduced modeled preheat time, as the modeled vent time agrees with the

experimental result. The reduced modeled preheat time was found to be a result

of the absence of a pouch melting model. The aluminum separation is believed to
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Figure 6.12: Comparison of model prediction to experimental validation results using
the zero and single insulation layer calibration method, including 1mm aluminum
separation TC model compared to two different experimental TC data sets (top-left
and bottom-left), and triple layer of insulation separation TC model compared to
two different experimental TC data sets (top-right and bottom-right). Note, model
data uses solid lines and experimental data uses dashed lines.

delay, or at least slow, pouch melting due to behaving as a temporary heat sink.

As a result, while the pouch material melting would accelerate the calibration cases

(nominal and single insulation layer), the pouch material melting would be delayed

in the aluminum case and result in longer preheat times. Additionally through the

course of this work, it was observed that the 1mm aluminum separation case was

most sensitive to the calibrated pouch thermal conductivity parameter as compared

to any of the other modeled cases.
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The right-side subplots of figure 6.12 show the model results compared to the two

experiments for the triple insulation layer separation case. The model far overes-

timates the propagation times by approximately 40%. Further, one can see that

both the venting and preheat time do not agree with the experiments. However, it

should be noted that longer preheat times allow a cell to be more uniformly heated

and results in a faster venting speed (lower venting time). Compared to laminar

flame theory, a flame travels faster in a preheated gas compared to a colder gas.

Thus, the primary problem is the significantly longer preheat time. This is again

assumed to be an effect of the pouch material melting in the calibration cases which

is not accounted for in the model. Additionally, this work has found that cases with

more insulation between cells are more sensitive to the initiation reaction. From the

tested cases shown above, one can see the primary differences between the model

and experiments is the preheat time. This effectively means the challenge is not in

reaction kinetics modeling, but in accurately representing the heat transfer between

cells, including the pouch material melting process.

6.5 Aluminum and Triple Insulation Layer Calibration

From the zero and single insulation layer calibration approach, one can see that

the nominal and single insulation layer separation cases are the most sensitive to

the pouch material melting process. Furthermore, the 1mm aluminum and triple

insulation layer cases are most sensitive to the calibrated pouch thermal conduc-

tivity and initiation reaction, respectively. Thus, in order to reduce error from the

pouch melting process and improve calibration of cross-sensitive parameters, the
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1mm aluminum and triple layer insulation separation cases were used as standards

to calibrate the model instead. Table 6.8 shows the calibrated values for the model

parameters. The top-left and bottom-left subplots of figure 6.13 show the modeled

1mm aluminum separation case compared to the two experiments, and propagation

times are provided in table 6.9. One can see the aluminum case agrees with the

average of the experiments as expected of a calibration case. One difference between

the model and experimental temperature profiles is in the temperature difference

seen just after the onset of major venting in a cell. For example, using the orange

and green curves in the top-left subplot, one can see there is an approximately 100◦C

temperature difference at 40s in the model. In the experiment, this temperature dif-

ference is close to 0◦C. This was found to be an effect of the pouch material melting

process and is shown in the bounding case presented later in the results.

Parameter Value
A1 1.15x1010s−1

A2 1.0x106s−1

kpouch 0.044 W-m−2K−1

Table 6.8: Aluminum and Triple Insulation Layer Calibration Model Parameters
using Temperature Method

Case Vent Time [s] Preheat Time [s] Total Time [s]
Aluminum Plate 13.4±2.8 (13.8) 17.1±1.1 (17.0) 30.5±3.9 (30.8)

Triple T397 Layers 7.8±1.2 (12.2) 82.8±11.5 (77.6) 90.6±12.4 (89.8)
Nominal 11.3±1.0 (12.9) 10.4±0.9 (5.4) 21.7±1.9 (18.3)

Single T397 Layer 11.5±1.3 (12.9) 25.5±2.3 (26.1) 37.±3.6 (39.0)

Table 6.9: Aluminum and Triple Insulation Layer Calibrated Model Propagation
Times Estimated Using Temperature Method. Average experimental propagation
times as determined by internal vessel pressure trace are included for reference in
parentheses.
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Figure 6.13: Comparison of model prediction to experimental calibration results
using the aluminum and triple insulation layer calibration method, including 1mm
aluminum separation TC model compared to two different experimental TC data
sets (top-left and bottom-left), and triple layer of insulation separation TC model
compared to two different experimental TC data sets (top-right and bottom-right).

From the top-right and bottom-right subplots of figure 6.13, one can see the model

results for the triple insulation layer separation case compared to the two experi-

mental cases. One can see that the model agrees with the total propagation time,

but has small differences in the venting and preheat times. This is also most likely

a result of the pouch material melting. This is shown by analyzing the temperature

profiles just before the onset of TR as indicated by the large temperature increase.

For example, using the green curves at approximately 50s, one can see a temperature

difference of nearly 100◦C between the model and experimental data. This temper-
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ature difference is presumed to be a result of the absence of a pouch melting model.

After melting, the thermal resistance between cells would drop and result in a higher

temperature as more heat is transferred. Instead, the modeled initiation reaction is

faster than in the experiments to compensate for the lack of a pouch melting model

and occurs at a lower temperature than reality. This faster calibrated initiation re-

action is responsible for the faster venting speed (reduced venting time). Regardless,

both calibration cases reasonably agree with the experiments, as expected from cal-

ibration cases.

Using the aluminum and triple insulation layer calibration scheme, the nominal and

single insulation layer cases were modeled for validation with experimental results.

Figure 6.14 shows the model temperature results compared to the experiments for

these two validation cases. One can see that the modeled nominal case is approx-

imately 20% slower than the experimental result. Furthermore, the preheat time

is again the main difference between the model and the experimental results. As

such, the difference between the two is assumed to be a result of the lack of a melt-

ing model which would effectively reduce the thermal resistance between cells after

melting. Again, only one set of TC data are available. However, from the pressure-

temperature correlation described above, one can also use the internal vessel pressure

trace to estimate the propagation times. Finally, the bottom-left subplot of figure

6.14 again shows the propagation times from test to test for the nominal case are

repeatable and consistent.

The top-right and bottom-right subplots of figure 6.14 show the single layer insula-

tion separation model compared to each experiment run, respectively. The model
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Figure 6.14: Comparison of model prediction to experimental validation results using
the aluminum and triple insulation layer calibration method, including nominal case
TC data (top-left), comparison of two experimental data sets’ internal vessel pressure
traces (bottom-left), and single layer of insulation separation TC model compared
to two different experimental TC data sets (top-right and bottom-right).

results agree with the experiments and are only 5% faster. Once again, the absence

of the pouch material melting is evident in the modeled temperatures. The experi-

mental TC readings on the back side of failing cells (dashed orange, red, brown, gray

curves) reach a quasi-steady temperature and slightly increase during the preheat

time, whereas their modeled counterparts (solid orange, red, brown, gray curves)

show a slight decrease in the temperature prior to TR of the next cell as indicated

by the temperature at the front of the next cell (green, purple, pink, yellow curves).
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It is assumed that the experiments show slight increases in temperature as the ther-

mal resistance is slowly reduced during the pouch melting process before the next

cell begins TR.

In order to better compare the predicted propagation times from the model for the

zero and single insulation layer, and aluminum and triple insulation layer calibra-

tion methods, figures 6.15 and 6.16 show the model predicted propagation times

compared against the experimentally determined values. In general, one can see the

aluminum and triple insulation layer calibration method results in better predictions

than the zero and single insulation layer approach for the total propagation times,

including the individual sub-components: preheat and venting. However, the zero

and single insulation layer calibration method results in better predictions for the

nominal and 1x T397 layer cases. This is because these cases were used to calibrate

the model with the zero and single insulation layer method. Regardless, the average

relative error is less for the aluminum and triple insulation layer method than the

zero and single insulation layer method, resulting from both decreased dependence

on the external pouch melting model and decreased cross-sensitivity of calibration

parameters.

6.6 Boundary condition study

In addition to the standard experimental setup discussed in chapter 2 and used for

the majority of this dissertation, a revised setup was constructed to validate dif-

ferent boundary conditions in the computational model. This experimental setup,

referred to as the adiabatic setup, only has two differences from the standard setup:
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Figure 6.15: Comparison of predicted venting (a), preheat (b), and total (c) propa-
gation times from the model using the zero and single insulation layer, and aluminum
and triple insulation layer calibration methods for each of the modeled cases. Pre-
dicted model times are plotted against the experimentally determined propagation
times shown by the dashed-black line.

centrally placed film-heater, and kaowool insulation wrapping. In comparison, the

nominal setup uses a cartridge heater applied on an approximate 13mm diameter

circle on the first cell in an array. Nominally, TR is more quickly initiated at a single

point in order to reduce heat transfer to propagating cells in the array. Additionally,

nominal setups are open to the nitrogen environment within LIB-VeGA compared to

the adiabatic setup which is wrapped with kaowool insulation to inhibit convective

and radiative heat transfer. Figures 6.17 and 6.18 show pictures of the film-heater
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Figure 6.16: Relative error of predicted venting (a), preheat (b), and total (c) propa-
gation times from the model using the zero and single insulation layer, and aluminum
and triple insulation layer calibration methods for each of the modeled cases com-
pared to the experimentally determined propagation times. 0% error is shown for
reference by the dashed-black line.

placement and adiabatic setup before destructive testing, respectively. One can see

the two film-heaters cover the majority of the cell surface area compared to the

cartridge heater which focuses on a small 13mm diameter circle patch. This allows

one to assume an adiabatic boundary condition from symmetry in the experimental

setup in which 4x NMC cells are placed on either side of the heater. One can also

see the kaowool insulation blanket completely wraps the NMC cell array to inhibit

external heat transfer.
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Figure 6.17: Picture of heater placement for adiabatic boundary condition experi-
mental setup.

Figures 6.19 shows a picture of the adiabatic setup after destructive testing with

the kaowool insulation blanket removed to view NMC cells underneath. Compared

to the nominal setup, the cells in the adiabatic setup appear much more homoge-

neous. This results from the absence of the cells’ external pouch material which

more completely melts in the adiabatic setup. Consequently, individual cells are

indistinguishable in the post-test tear-down. Instead, the interface TCs are used to

mark cell-to-cell interfaces. The external pouch material melts more completely due

to the relatively higher "reacted" temperatures. Figure 6.20 shows the measured
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Figure 6.18: Picture of adiabatic boundary condition experimental setup before
destructive testing.

interface TC temperatures between cells. For this 8x cell array, half of the cells are

on the "left" side marked with solid lines, and the other half are on the "right" side

marked with dashed lines. In this way, the single experiment provides two sets of

TR propagation data from symmetry. Note, the last "left" side TC (solid-purple)

failed and is instead represented with a vertical line. This vertical line corresponds

to the time at which the internal vessel pressure trace begins to decrease. As dis-

cussed in chapters 4 and 5, the measured internal vessel pressure and interface TC

temperatures are correlated such that this solid vertical purple line approximately

corresponds to the last TC increase and the end of major venting in the cell array.
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One can see the "right" side initially appears to propagate faster than the "left" side.

Upon closer inspection, this appears to result from the first cell on the "right" side

failing ∼3.0s before the first cell on the "left" side, as the propagating cells lag one

another by an approximately constant 3.0s. Regardless, the TR propagation on each

side appears to agree with one another. For this setup, the pressure trace cannot

reliably be used to estimate propagation times because two independent cells, "left"

and "right" side, are failing simultaneously. Instead, the temperature-based method

is used to estimate propagation times with the exception of the final "left" side TC

increase which was estimated from the internal vessel pressure trace. The average

and standard deviation of the venting, preheat, and total TR propagation times are

7.6 ± 2.3s, 2.0 ± 0.9s, and 9.3 ± 2.6s, respectively. Thus, TR propagates two times

faster in the adiabatic setup than the nominal configuration. However, this results

from the heater placement in the setup, rather than from the adiabatic boundary

condition provided by the kaowool insulation blanket.

Using the model with the previously discussed zero and single insulation layer cali-

bration, the adiabatic setup was simulated with modeled interface TC data shown in

figure 6.21. The average and standard deviation for the model venting, preheat, and

total propagation times are 13.0 ± 0.3s, 7.0 ± 0.8s, and 20.0 ± 1.0s, respectively.

One can see the model predicts much slower TR propagation than the experiments,

and the adiabatic model is even slower than the nominal model setup. This results

from the absence of convection heat transfer in the adiabatic model which somewhat

preheats the cells prior to TR propagation in the nominal configuration. Experimen-

tally, the radiation and convection heat transfer seem to be effectively zero from the

pre-TR "unreacted", and post-TR "reacted" temperatures which show little to no
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Figure 6.19: Picture of adiabatic boundary condition experimental setup after de-
structive testing.

change over time outside of TR propagation. Instead, the much faster experimental

TR propagation comes from the significant amount of preheating in the adiabatic

cell array setup. For instance, the two experimental TCs in orange are nearly 100 ◦C

prior to TR propagation, whereas the model predicts an "unreacted" temperature

of 30◦C.

Nominally, a 150W electrical cartridge heater was used to initiate TR in cell array

experiments. However, the nominal model uses a 300W heating rate to replicate the

TR initiation time. This is necessary as the model assumes 1D, and cannot accu-
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Figure 6.20: Measured interface TC temperatures between cells in 8x 10Ah NMC
cell array test. Cells on "left" side of film-heater marked with solid lines, and cells on
"right" side of film-heater marked with dashed lines. Final "left" side interface TC
failed and is represented with vertical line indicating internal vessel pressure trace
decrease.

rately predict the relatively small surface area cartridge heater which experimentally

results in much higher heat fluxes and quicker TR initiation times. The model is

not meant to represent the failure initiation mechanism, i.e. the electrical cartridge

heater, but instead accurately predict TR propagation and initiation in propagating

cells for which the 1D approximation holds. Comparatively, the adiabatic setup uses

two film-heaters that cover the majority of the two initiating cells’ surface area. As

a result, the adiabatic setup agrees much better with the 1D approximation and can

218



Figure 6.21: Modeled interface TC temperatures between cells in 8x 10Ah NMC
cell array test. Model results (solid lines) are compared to previously discussed
experimental results (dashed lines).

more accurately use the exact experimental heating rate. In order to better model

the adiabatic setup, a 120W heat rate was used to represent the 240W from the

two film-heaters which would be split in half to the "left" and "right" sides from

symmetry. Figure 6.22 shows the model results using the 120W heat rate. Further-

more, the average and standard deviation for the venting, preheat, and total TR

propagation times are 11.9 ± 1.4s, 5.6 ± 2.1s, and 17.5 ± 3.5s, respectively. One can

see the modeled orange TC now agrees with the two experimental results, indicating

similar cell array preheating prior to TR initiation. However, the average propaga-

tion times are still slower than for the experiment. This appears to be a result of
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the external pouch material melting in the experiment which is not simulated in the

model. One can see the other modeled TCs roughly agree with the experimental

results initially, but diverge as TR propagates through the cell array. This could be

a result of the external pouch material melting and allowing more conduction heat

transfer to unfailed cells prior to TR propagation as the "unreacted" experimental

temperatures appear to increase more rapidly than the model as the TR propagation

front approaches them. Once the TR propagation front reaches the cell interfaces,

the experimental temperatures show a relatively constant temperature increase to

the "reacted" temperatures. In comparison, the model predicts a significant knee

associated with the thermal resistance between cells from the external pouch mate-

rial. In addition to the decreased thermal resistance from melting external pouch

material, the internal cell thermal resistance could also decrease for failed cells and

increase conduction heat transfer as discussed in chapter 5. Finally, the experimental

"reacted" temperatures appear to be much higher than the model results indicate.

This could be a result of the reduced conduction heat transfer discussed above which

would reduce preheating and the initial "unreacted" temperature prior to TR ini-

tiation in the model. However, it could also indicate higher temperature reactions

are occurring within the cell as the kaowool insulation wrapping prevents cooling

and reaction quenching. This is corroborated by the relatively higher vent gas pro-

duction of 0.66 L-Wh−1 compared to the nominal 0.46 L-Wh−1. The greater vent

gas production indicates more internal chemical reactions occurring, but could also

result from more complete polymer melting processes, or latent heating. Regardless,

higher "reacted" temperatures result in accelerated TR propagation. Overall, future

work is needed to better characterize the external pouch material melting process,

thermal properties of failed cells, and potential higher temperature TR reactions.
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Future work could also redo the adiabatic experiment with a much higher heating

rate to limit preheating cells, and be more comparable to the nominal setup.

Figure 6.22: Modeled interface TC temperatures between cells in 8x 10Ah NMC
cell array test. Model results (solid lines) are compared to previously discussed
experimental results (dashed lines).

6.7 Pouch Phase Change Model

The largest source of error in the previous models, including those shown for the

SOC studies in chapter 5, has been the lack of a pouch material melting model.

Thus, a simple implementation was tested to understand the bounding case. While
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the PC model used for the aluminum separation material includes the heat of fusion

of the aluminum, it was found that the heat of fusion addition for the pouch mate-

rial had negligible effect on results because it is relatively thin. As such, a simplified

version assuming the pouch material melted instantaneously at a critical threshold

temperature was used. Above the threshold temperature, the pouch material was

assumed to melt and drip out from between the two compressed cells in the array at

which point the thermal resistance of the pouch material was zero. Since the pouch

material is an aluminized polymer, the threshold temperature was assumed to be the

melting temperature of aluminum, 660◦C. Table 6.10 shows the calibrated values

for the model parameters.

Parameter Value
A1 5.3x109s−1

A2 7.5x105s−1

kpouch 0.027 W-m−2K−1

Table 6.10: Aluminum and Triple Insulation Layer Calibration Model with PCModel
Parameters using Temperature Method

Figure 6.23 shows the two calibration cases compared to experimental results and

table 6.11 shows the propagation times for each of the modeled cases. The top-left

and bottom-left subplots show the 1mm aluminum separation case. These show the

model agrees with the propagation rate of the experiments, but poorly predicts the

interface temperatures during the preheat phase. This is due to the melting model

assuming instantaneous melting. However, there is also no longer a temperature

difference observed between the two modeled interface temperatures during the alu-

minum melting period. For example, one can look to the green and orange curves at

approximately 35s which now show near identical results to the experiments. This
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contrasts the approximate 100◦C difference in the model temperatures without a

pouch melting model. The right-side subplots show the modeled triple insulation

layer separation case compared to the two experimental cases. The modeled inter-

face temperature agrees more with the experiments than the case without PC. For

example, the difference in the modeled and experimental temperatures during the

preheat phase is relatively smaller than without the pouch melting model, such as in

the two green curves at 50s. Additionally, the venting, preheat and total propagation

times more closely agree with the experimental results as compared to the previous

model without pouch material melting.

Case Vent Time [s] Preheat Time [s] Total Time [s]
Aluminum Plate 13.8±1.5 (13.8) 16.8±1.2 (17.0) 30.6±2.7 (30.8)

Triple T397 Layers 10.6±0.9 (12.2) 79.2±11.6 (77.6) 89.8±12.3 (89.8)
Nominal 9.8±0.4 (12.9) 3.9±0.7 (5.4) 13.7±0.8 (18.3)

Single T397 Layer 13.2±0.8 (12.9) 22.2±2.0 (26.1) 35.4±2.8 (39.0)

Table 6.11: Aluminum and Triple Insulation Layer Calibrated Model with PC Prop-
agation Times Estimated Using Temperature Method. Average experimental propa-
gation times as determined by internal vessel pressure trace are included for reference
in parentheses.

As explained above, the two validation cases used in this calibration method are

the most sensitive to the pouch material melting. The top-left subplot of figure 6.24

shows the modeled nominal case compared to the experiment. One can see the model

does not agree with the experiment. However, the model can serve as a bounding

case for understanding the effect of pouch material melting. For instance, the model

with pouch PC included predicted faster propagation times than the experiments.

As described above, the case without melting predicted slower propagation times.

Thus, pouch material melting seems to be the reason for the experimental results.
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Figure 6.23: Comparison of model prediction with pouch phase change model in-
cluded to experimental calibration results using the aluminum and triple insulation
layer calibration method, including 1mm aluminum separation TC model compared
to two different experimental TC data sets (top-left and bottom-left), and triple
layer of insulation separation TC model compared to two different experimental TC
data sets (top-right and bottom-right).

The simple melting model could be improved to capture the differences between the

current model and the experimental result if higher fidelity was desired.

The right-side subplots of figure 6.24 show the single insulation layer separation case

compared to the experimental results. One can see that the pouch material melting

model slightly accelerated the propagation rate. Thus, the difference between the

model and experiments for the single insulation layer case appears not to be due to
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Figure 6.24: Comparison of model prediction with pouch phase change model in-
cluded to experimental validation results using the aluminum and triple insulation
layer calibration method, including nominal case TC data (top-left), comparison of
two experimental data sets’ internal vessel pressure traces (bottom-left), and single
layer of insulation separation TC model compared to two different experimental TC
data sets (top-right and bottom-right).

pouch material melting. Regardless, the model is only 10% faster than the experi-

ments, and can be attributed to uncertainty in the model parameters, including the

variable heat convection during a test.

Figures 6.25 and 6.26 show the predicted propagation times compared against the

experimentally determined values for the model with and without external pouch

PC modeling included. Figure 6.25 shows there is relatively little difference between
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the model with and without pouch PC modeling included on the absolute scale, and

both approaches trade accuracy for different cases. However, the relative error in

figure 6.26 shows the inclusion of the external pouch PC sub-model causes the pre-

dicted nominal preheat time to improve. This suggests a more complex pouch PC

sub-model could be used to improve the propagation time prediction for the nominal

case. However, the PC model presented in this work only seeks to provide an early

bounding case for understanding the effect of pouch PC on different cases. From

the relative error figure, one can see the nominal case exhibits the largest change

when pouch PC modeling is included. Comparatively, the other three cases show

significantly less change on average.

6.8 Reactant Progress Variable Propagation Method

The results above used the modeled temperatures to estimate the propagation rates,

including venting, preheat and total times. These times were then compared to ex-

perimental results using the same threshold temperatures to indicate major venting

start and stop times. However, chapter 4 and previous work in the literature found

that the internal vessel pressure trace was more accurate for the start and stop of

major venting in experiments as corroborated by the load cell data [7]. The internal

vessel pressure trace is generally dominated by the vent gas volume produced by fail-

ing cells. As such, the pressure trace can be correlated to the gases being produced

by failing cells, and the reactions responsible for producing said gases. This rate

of reaction can be estimated in the model via the rate of reactant progress variable

consumption. Chapter 5 also found the progress variable consumption rate method

better predicted propagation times for the model at lower SOC. Thus, a threshold
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Figure 6.25: Comparison of predicted venting (a), preheat (b), and total (c) propaga-
tion times from the model using the aluminum and triple insulation layer calibration
method with and without external pouch PC modeling included for each of the mod-
eled cases. Predicted model times are plotted against the experimentally determined
propagation times shown by the dashed-black line.

rate of reactant progress variable consumption method was developed to estimate

the propagation times in comparison to the temperature method. This threshold

was taken to be half of the mean reactant progress variable consumption rate where

the initiation reaction was used for determining the start of major venting and the

propagation reaction was used for determining the end of major venting. Table 6.12

shows the calibrated values for the model parameters.
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Figure 6.26: Relative error of predicted venting (a), preheat (b), and total (c) prop-
agation times from the model using the aluminum and triple insulation layer cali-
bration method with and without external pouch PC modeling included for each of
the modeled cases compared to the experimentally determined propagation times.
0% error is shown for reference by the dashed-black line.

Parameter Value
A1 1.15x1010s−1

A2 1.0x106s−1

kpouch 0.045 W-m−2K−1

Table 6.12: Aluminum and Triple Insulation Layer Calibration Model Parameters
using Progress Variable Method

Figure 6.27 shows the model calibrated using the reactant progress variable method

compared to the experimental results. Additionally, table 6.13 shows the modeled

228



propagation times estimated with the progress variable consumption rate method.

The left-side subplots show the modeled 1mm aluminum separation case agrees with

the average of the experimental results. Furthermore, there is very little difference

between the progress variable and temperature propagation time estimation meth-

ods used to calibrate the model. The right-side subplots of the triple insulation

layer case show similar agreement between model and experimental results, as well

as very little difference between the two different propagation time estimation meth-

ods. However, one can see that the venting time is longer than for the model using

the temperature-based propagation time estimation method, which agrees better

with the experimental results. Effectively, this means that the temperature method

slightly lags behind the progress variable method. Comparatively, the same effect

is seen in experiments. Chapters 4 and 5, and previous work in the literature also

observed that the pressure trace increases slightly before the TC measurement spikes

in experiments [7]. This is a result of the time needed for the heat transfer to occur

between the reaction zone in the cell and the TC outside the separating pouch ma-

terial. Thus, the same delay is exhibited in both the model and experiments.

Case Vent Time [s] Preheat Time [s] Total Time [s]
Aluminum Plate 13.9±1.2 (13.8) 17.0±1.2 (17.0) 30.9±2.4 (30.8)

Triple T397 Layers 10.4±0.3 (12.2) 80.0±11.2 (77.6) 90.4±11.5 (89.8)
Nominal 12.6±0.8 (12.9) 8.6±0.5 (5.4) 21.2±1.2 (18.3)

Single T397 Layer 12.4±0.6 (12.9) 24.4±2.2 (26.1) 36.8±2.9 (39.0)

Table 6.13: Aluminum and Triple Insulation Layer Calibrated Model Propagation
Times Estimated Using Reactant Progress Variable Method. Average experimental
propagation times as determined by internal vessel pressure trace are included for
reference in parentheses.

Compared to calibration cases where slight differences can be calibrated out, the

229



Figure 6.27: Comparison of model predictions to experimental calibration results
using the aluminum and triple insulation layer calibration and reactant progress
variable propagation estimation methods, including 1mm aluminum separation TC
model compared to two different experimental TC data sets (top-left and bottom-
left), and triple layer of insulation separation TC model compared to two different
experimental TC data sets (top-right and bottom-right).

validation cases can show any key differences between the two methods used to esti-

mate propagation times. The top-left subplot of figure 6.28 shows the model results

for the nominal case compared to the experiment. One can see that the progress

variable method is again very similar to the temperature method. However, upon

closer inspection of the propagation times shown in table 6.13, one can see that the

venting time is again longer for the progress variable method than the temperature

method. This is again due to the slight delay in the temperature method. As a
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result, the venting and preheat times agree slightly better for the nominal case using

the progress variable method as compared to the temperature method.

Figure 6.28: Comparison of model predictions to experimental validation results
using the aluminum and triple insulation layer calibration and reactant progress
variable propagation estimation methods, including nominal case TC data (top-left),
comparison of two experimental data sets’ internal vessel pressure traces (bottom-
left), and single layer of insulation separation TC model compared to two different
experimental TC data sets (top-right and bottom-right).

The right-side subplots of figure 6.28 show the single insulation layer separation

case compared to the experiments. Again, there is little difference compared to

the previous temperature method. Table 6.13 again shows a slightly longer venting

time as compared to the temperature method, but no appreciable difference in total
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propagation time. Ultimately, the reactant progress variable method for estimating

propagation times used to calibrate the model only had a slight effect compared with

the temperature method, but generally improved results. Additionally, the progress

variable consumption rate method was easier to implement as the temperature-based

method requires specifying critical temperatures which can be more sensitive and in-

fluence results.

Finally, figures 6.29 and 6.30 show the model predicted propagation times compared

against the experimentally determined values using the aluminum and triple insula-

tion layer calibration method with the temperature and progress variable methods

for estimating the propagation times. Figure 6.29 shows very little difference be-

tween the two propagation time estimation methods on the absolute scale, but the

progress variable method appears to slightly out perform the temperature method

for predicting the venting time. This agrees with the previous discussion. The rel-

ative error displayed in figure 6.30 confirms both methods are effectively identical

in estimating the total propagation time, but the progress variable method better

predicts the individual propagation time components: preheat and venting time.

Regardless, the difference between the two methods is generally small and is more

important for determining propagation times at varying SOC as discussed in chapter

5.

6.9 Sensitivity study

In order to understand the primary model sensitivities previously discussed, a sen-

sitivity study was conducted for the separation material model. For the purposes
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Figure 6.29: Comparison of predicted venting (a), preheat (b), and total (c) propa-
gation times from the model using the aluminum and triple insulation layer calibra-
tion method with the temperature and progress variable methods for estimating the
propagation times for each of the modeled cases. Predicted model times are plotted
against the experimentally determined propagation times shown by the dashed-black
line.

of this study, the aluminum and triple insulation layer calibration model using the

progress variable method discussed directly above was used. The main parameters

associated with the model were adjusted by approximately 10% from the nominal,

and are shown in table 6.14 for the reader. In order to compare results for each

of the adjusted parameters, the average total TR propagation time is calculated.

Additionally, the sensitivity study includes results from each of the modeled cases to
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Figure 6.30: Relative error of predicted venting (a), preheat (b), and total (c) prop-
agation times from the model using the aluminum and triple insulation layer cali-
bration method with the temperature and progress variable methods for estimating
the propagation times for each of the modeled cases compared to the experimentally
determined propagation times. 0% error is shown for reference by the dashed-black
line.

understand which parameters most affect certain separation material cases. Note,

increasing the specific heat capacity of the cell reduces the model "reacted" tem-

perature. As such, the two heat of reaction components, Hr,1 and Hr,2, were also

increased proportionally with the specific heat capacity parameter case.

The results for the sensitivity study are provided in table 6.15. The table shows the
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Parameter Nominal Value Perturbed Value
A1 1.15x1010 s−1 1.265x1010 s−1

A2 1.x106 s−1 1.1x106 s−1

Hr,1 425 J-g−1 468 J-g−1

Hr,total 1130 J-g−1 1243 J-g−1

kpouch 0.045 W-m−1K−1 0.05 W-m−1K−1

kcell 0.8393 W-m−1K−1 0.92 W-m−1K−1

Cp,cell 1.333 kJ-kg−1K−1 1.466 kJ-kg−1K−1

h 300/10 W-m−2K−1 330/11 W-m−2K−1

ε 0.7 0.77

Table 6.14: Separation Material Model Sensitivity Study Parameters

relative change to the average total TR propagation time from the nominal case.

As such, a negative percentage corresponds to accelerated TR propagation, and a

positive percentage corresponds to slowed TR propagation. One can see the most

sensitive parameter for all of the modeled cases is the total heat of reaction. This is

due to the Arrhenius kinetics’ exponential temperature dependence. With increased

energy release, the cell array reaches higher temperatures, and TR propagation rate

exponentially increases. Each of the tested cases show greater than 10% acceleration

from the 10% perturbation. Note, the cases with more separation material between

cells are less affected because much the heat of reaction most affects the venting time,

and the cases with separation material consist mostly of preheat time. In addition to

the total heat of reaction, most of the cases are also sensitive to the heat of reaction

split, Hr,1. This indicates that more energy release in R1 more quickly initiates R2.

However, the triple insulation layer case is relatively unaffected because the cell is

more uniformly heated prior to TR initiation, such that R2 is initiated regardless of

any additional energy release in R1. While the model appears sensitive to the heat

of reaction split, it was found that there was little difference after model calibra-

tion, such that one could fix the value and calibrate the other parameters instead.
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Beyond the two heat of reaction parameters, the model is also somewhat sensitive

to the cell’s and external pouch’s thermodynamic properties, i.e. kcell, CP,cell, and

kpouch. However, the 10% perturbation generally only results in a 5% or less differ-

ence in the TR propagation time for all of the modeled cases. Finally, the model

does not appear to be particularly sensitive to the frequency factor parameters, i.e.

A1 and A2, or the external heat transfer parameters, i.e. h and ε. Most of the 10%

perturbations in these parameters only cause 1-2% difference in the results.

Parameter Nominal Al. Plate 1x T397 3x T397
A1 -1.4% -1.3% -1.1% -1.7%
A2 -2.4% -1.6% -0.3% 0.7%
Hr,1 -12.3% -11.3% -5.4% 0.4%

Hr,total -17.0% -12.3% -13.0% -12.6%
kpouch -5.2% -5.5% -4.9% -3.8%
kcell -0.5% -0.6% 1.9% 3.7%
Cp,cell 4.7% 3.2% 4.9% 4.4%

h -1.4% -1.0% -0.8% -1.2%
ε 0.0% 0.3% 0.5% 1.3%

Table 6.15: Separation Material Model Sensitivity Study Results

6.10 Heat Transfer Analysis

Once properly calibrated and validated with experimental data, the model is capa-

ble of accurately predicting the temperature profiles and propagation times shown

previously. Additionally, the ability to estimate quantities that would otherwise be

too difficult, or even impossible, to measure experimentally is another benefit of the

model. For example, one can use the model to understand the fundamental heat

transfer mechanisms occurring during TR in a Li-ion cell. These can be used to

inform experimental design for future model calibration, and to understand model
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sensitivities. Figure 6.31 shows the energy balance for the middle cell (cell 3) in a

5x cell array where cell 1 is the initiating cell heated to failure on the left most side

of the array, and cell 5 is on the right most side of the array as shown in figure 2.23.

Subplot (a) shows the conduction heat transfer from the previously failed cell (cell 2)

on the left (Left Cond.), and the conduction heat transfer losses to the the next cell

in the array (cell 4) on the right (Right Cond.). One can see that cell 3 is initially

heated almost entirely from the conduction transfer from cell 2 until approximately

35s when the initiation reaction (R1) exponentially increases as seen in subplot (c).

As discussed above, the temperature propagation time estimation method causes a

slight delay between when R1 begins and the start of venting as designated by the

vertical solid-red line at approximately 36s.

One can see the convection and radiation heat transfer to and from the cell in subplot

(b). Prior to TR and the onset of major venting, radiation heat loss and convective

heating are both approximately zero. Once R1 starts in cell 3 at approximately

35s, the model includes increased convective heating as discussed in chapter 3. This

is to emulate the observed experimental convective heating that appeared to occur

during each cell venting period. This results in convective heating on the cell which

quickly diminishes as the cell reacts and reaches temperatures in excess of the mod-

eled 140◦C gas temperature. At this point, the convection begins to instead cool the

cell. However, once R1 and R2 finish in cell 3 at approximately 48s, venting is as-

sumed to stop and convection is assumed to significantly decrease. Note, convection

has been observed in the model to have a significant effect on the propagation rate.

Additionally, latter cells in an array are more significantly affected by the convection

heat transfer as more cells have failed and convectively heat cells further in the array.
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Figure 6.31: Global energy balance on Li-ion cell 3 in a modeled nominal 5x cell
array. (a) shows conduction heat transfer from the left boundary from cell 2 in the
array (Left Cond.), conduction heat transfer out of the right boundary to cell 4 in the
array (Right Cond.). (b) shows the convection and radiation heat transfer for cell 3
in the array. (c) shows the heat generation from each of the steps in the two-step
global reaction model, including the initiation reaction (R1) and the propagation
reaction (R2), and the mean heat generation rate (Mean). The venting time was
determined using the temperature propagation time estimation method and is shown
starting at the solid-red vertical line and ending at the dashed-blue vertical line.

As a result, cells towards the back of an array tend to fail faster from the preheating

once the TR propagation front reaches them. Finally, one can see the net radiation

from the cells steadily increases after the onset of major venting as the cell reacts and

reaches higher temperatures. Once a cell has fully failed, the primary heat transfer

mechanisms are radiative losses and conductive heat transfer to the next cell in the
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array. This process is then replicated for the next cells in the array as TR propagates.

One will immediately notice that the heat generation rates for both R1 and R2 are

very unsteady. In order to understand this unsteadiness, chapter 5 continued previ-

ous work in the literature which began comparing the 1D TR propagation model to

1D laminar flame propagation in a reactive mixture [66]. For laminar flames, a steady

propagation and reactant consumption rate is achieved. While they share many sim-

ilarities, the key difference between Li-ion cell arrays and laminar flame propagation

was found to be the reactant mass diffusion. Compared to laminar flames which

account for reactant diffusion into the flame as reactants are consumed, Li-ion cell

arrays are assumed to have little to no reactant mass diffusion. As a result, once

portions of the cell reach critical temperatures, they begin to react as seen in R1

in subplot (c). Once R1 occurs, R2 is later initiated and trails behind the reaction

front of R1. However, as reactant is consumed, the reaction quickly quenches as no

additional fuel is available to diffuse from the rest of the cell. At this point, energy

from the fully reacted, relatively hot portion of the cell must transfer to the unre-

acted, relatively cool portion to heat to the critical temperature for R1 to continue.

While this process is unsteady, one can see that the reaction reaches a quasi-steady

propagation rate at approximately half of the venting time at 40s in which R1 and

R2 cyclically spike one after the other. Finally, one can see the average net heat gen-

eration from the two reactions far exceeds any heat losses which corresponds to the

relatively high modeled temperatures and measured experimental TC temperatures.

Fundamentally, this model seeks to predict TR propagation in Li-ion pouch cell

arrays with varying means of separation. One application is evaluating the perfor-
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mance of different TR mitigation tactics. When designing TR mitigation strategies

for failing Li-ion cell arrays, understanding the heat load is paramount. Thus, energy

balances were also conducted on the non-reactive nodes separating groups of reactive

cell nodes in the modeled arrays. Figure 6.32 shows the 4 primary components of

the energy balance between cells 2 and 3 for each of the tested cases. Note, the

energy balance contains the non-reactive nodes in the model, including the pouch

material and any additional means of separation, such as the aluminum plates and

insulation layers. The primary components of the energy balance are the conduction

heat transfer in from the previously failed cell 2 on the left side (Cond. In), the con-

duction heat transfer out the right boundary to cell 3 (Cond. Out), and the thermal

energy storage for both the pouch material (Pouch Store) and any additional means

of separation (Sep. Store) if applicable. As such, the nominal case does not have a

thermal energy storage associated with additional separation material. Additionally,

figure 6.32 shows the end of major venting for cell 2 at the vertical dashed-blue line

and the onset of major venting for cell 3 at the vertical red-solid line. Note, due

to the minimal surface area of the pouch and separation materials, convection and

radiation heat transfer is negligible and not included for this analysis. Also note, the

conduction heat transfer out the right boundary (Cond. Out) is conductive losses

compared to the conduction heat transfer in, so that they may be compared against

one another. In this way, the total energy into the energy balance is the conduction

heat transfer in (Cond. In), and the other three components absorb or transfer this

energy.

Each case in figure 6.32 shows similar trends, but with different conduction heat

power due to varying amounts of thermal resistance between cells 2 and 3 associated
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Figure 6.32: Global energy balance on separation between Li-ion cells 2 and 3 in
a modeled 5x cell array during preheat time, including conduction heat transfer in
from previously failed cell 2 (Cond. In), conduction heat transfer out to cell 3 in
the array (Cond. Out), thermal energy storage in pouch material (Pouch Store),
and thermal energy storage in separation material (Sep. Store) if applicable. Each
tested case is represented in a separate subplot, including 1mm aluminum plate (Top-
Left), triple insulation layer (Top-Right), nominal case with no separation material
(Bottom-Left), and single insulation layer separation (Bottom-Right). The end of
major venting in cell 2 is designated with the blue-dashed vertical line and the start
of major venting in cell 3 is designated with the red-solid vertical line.

with the different means of separation between cells. One can see that initially there

is a large difference between the conduction heat transfer leaving cell 2 (Cond. In)

and entering cell 3 (Cond. Out). This is due to the energy required to raise the tem-
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perature of the pouch and separation materials. In most cases, this happens quickly

and the two conduction heat transfers become approximately equal to one another.

However, because of the larger thermal mass associated with the aluminum separa-

tion, there is always some amount of difference between the conduction heat transfer

in and out as one can see in the top-left subplot. Regardless, after the initial warm-

up period, the conduction heat transfer into the next cell reaches a quasi-steady

state. This is expected from the temperature profiles which show knees at varying

temperatures depending on the amount of conduction heat transfer between cells

and the locations of the TCs. Eventually, the next cell in the array (cell 3) reaches a

critical temperature and the onset of major venting occurs as denoted by the vertical

red-solid line. Comparing each of the cases, one can see two primary differences: the

amount of conduction heat transfer power, and the preheat time length between the

vertical blue-dashed and red-solid lines. These are inversely related as reducing the

conduction heat transfer into the next cell increases the amount of time necessary

for TR initiation in the next cell.

The general assumption for mitigation strategies is that at least a single cell can and

will fail, resulting in TR and vent gas production. Due to the large amounts of heat

generation from Li-ion cells internal reactions undergoing TR and major venting, it

is difficult, or even impossible, to halt TR in a Li-ion cell. As such, it is more feasible

to halt the TR propagation to surrounding cells. This correlates to increasing the

preheat time presented in this work to infinity. Table 6.16 provides heat transfer

data during the preheat time of cell 3 in the array, including the average conduction

heat transfer and resulting flux, the average convection heat transfer, the total con-

duction heat transfer, and the total convection heat transfer. Note, the average and
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total conduction heat transfer values are taken during the preheat window for cell

3 shown in figure 6.32 while the average and total convection heat transfer is taken

from the onset of major venting in the initiating cell (cell 1) when heated convection

is added to the model to represent the produced hot vent gases. The conduction heat

transfer decreases as one increases the thermal resistance between cells with addi-

tional separation material. Compared to the T397 insulation, the 1mm aluminum

plate performs poorly as its thermal resistance is less from its relatively high thermal

conductivity. Additionally, one can see the triple T397 insulation layer case further

reduces the conduction cell-to-cell heat transfer beyond the single T397 insulation

layer case. However instead of a third, the conduction heat transfer for the triple

T397 layer case is approximately half that of the single T397 layer case. This results

from the thermal resistance associated with the external pouch material which also

contributes to the total thermal resistance between cells and diminishes the relative

effect of adding separation materials between cells.

Mean Nominal Al. Plate 1x T397 3x T397
Conduction, [W] 734 520 412 189

Conduction Flux, [W-m−2] 84500 59800 47500 21800
Convection, [W] 70.0 55.0 42.0 16.0

Total
Conduction, [J] 7780 9140 11000 16300
Convection, [J] 2820 3470 3290 3290

Table 6.16: Aluminum and Triple Insulation Layer Calibrated Model Heat Transfer
into Cell 3 Prior to TR Propagation for each Modeled Case.

One can see the total convection heat addition is approximately 3-4 kJ for each case.

This is because the majority of convective heating occurs during major venting of

previously failed cells (cells 1 and 2) in the array which happens similarly across
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all tested cases. However, cases with more separation between cells have slightly

higher convective heat addition, as a relatively slower convective heating rate is ap-

plied during the preheat time of cells in the array in addition to the large convective

heating during the major venting times. Regardless, convective heating accounts

for approximately 17-27% of the energy necessary for TR initiation in cell 3 of the

array for each of the modeled cases. This corroborates the previously mentioned

observations that the model is sensitive to the total convection heat addition to cells

in the array. Latter cells in the array have more convective heat transfer as more

cells have failed and produced vent gases which then flow over the latter cells in

the array. Conversely, this also means that one is less likely to halt TR propaga-

tion as more cells fail and convectively heat surrounding, unfailed cells. While heat

convection is significant to the total energy addition to cells in the array prior to

TR propagation, it is only approximately 10% of the conductive heat transfer power

from cell to cell on average. Thus, forced convection cooling systems are unlikely to

halt TR propagation on their own because the majority of the heat transfer power to

unfailed cells is through conduction. This is due to the aspect ratio of the cells which

results in little external cooling area compared to the conductive contact surface area.

Instead of convection, mitigation strategies should focus on removing the heat via

conduction. This energy can then be carried to a heat sink which is convectively,

or otherwise, cooled. Additionally, restricting heat transfer between cells is crucial.

From table 6.16, one can see that increasing the thermal resistance between cells

from the nominal case to any of the separation material cases provides two benefits:

reducing the average conduction heat transfer power, and increasing the necessary

total energy required to initiate TR in the next cell. For instance, triple insulation
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layer case shows a quarter of the average conduction heat transfer power compared

to the nominal case, and requires over twice the amount of total conduction energy

to propagate TR. Taken together, this results in an approximately 80s preheat time

for the triple insulation layer case compared to the approximately 10s preheat time

as predicted by the model for the nominal case, or an 8x increase in the preheat time.

As expected, insulation between cells can greatly reduce propagation rate. However,

the cases with three layers of insulation between cells still exhibited TR propagation.

Without suitable cooling to remove the thermal energy from failed cells, TR propa-

gation will occur under many separation cases, and can be exacerbated by external

flaming combustion radiating back to the array. Therefore, an ideal mitigation de-

sign would focus on redirecting excess energy from any potential failed cell through

conduction to an external heat sink while minimizing heat transfer to surrounding,

unfailed cells. This could be accomplished with a conductive and insulating multi-

layer separation method. In this case, conductive layers immediately surrounding

cells could remove heat to a global heat sink while intermediary insulation layers

could reduce heat transfer between cells. While there are many potential solutions,

developing economically viable options are beyond the scope of this work.
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Chapter 7

Conclusions

There are many research questions related to Li-ion battery system safety. Due to

the ever-evolving nature of Li-ion battery technology and the complexity associated

with the failure processes, these research questions cannot be fully resolved within

the scope of any single work.

1. What are the most useful data and analyses for characterizing thermal runaway

of Li-ion batteries?

2. What are the fire risks associated with Li-ion systems?

3. How do arrays, or modules, of many cells undergo thermal runaway?

4. What mitigation strategies can be used in a Li-ion pouch cell array undergoing

thermal runaway?

This dissertation specifically targets a more narrowly scoped set of research objec-

tives. These objectives narrow the focus to an reasonable goal with achievable tasks
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associated for each one. The objectives are repeated below for the reader.

1. Develop testing procedures and equipment for safe destructive testing of Li-ion

batteries.

2. Characterize the vent gas production from Li-ion pouch format battery arrays

to quantify parameters associated with the fire risk from Li-ion systems.

3. Determine the differences between single cells and arrays of pouch format cells

undergoing thermal runaway.

4. Quantify the performance of different separation materials on thermal runaway

propagation in a pouch format cell array.

In order to accomplish the first objective, this work evaluates detailed methodologies

for characterizing TR failure propagation in pouch-format Li-ion battery systems,

and their corresponding hazards. These methodologies include the development of

facilities and experimental setups discussed in chapter 2. The discussion of facility

choice, methodologies, and experimental procedures is less relevant to battery sys-

tem and fire protection engineers who require specific TR failure data for adequate

prevention, detection, and mitigation design. However, this discussion is critical for

understanding which experimental data are the most useful for these engineers, and

provide researchers with a resource for future work and standards for experimental

data collection.

With the facilities, methodologies, and experimental setups developed, this disserta-

tion presents the TR cascading failure experimental data gathered for the two tested
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chemistries. Notably, these data have been sparse, or even missing, in the literature

due in part to the difficulty in procuring such cells, and the numerous, varying types

of Li-ion batteries. With the experimental data, computational models discussed

in chapter 3 were developed for accurately predicting TR cascading propagation in

pseudo-module cell arrays. These computational models evaluate both the proposed

calibration methodologies, and the performance for varying experimental setups.

These setups include the variation of SOC, and the choice of thermal barrier mate-

rial between cells in the arrays. Specifically, these computational models are designed

to be expanded to large-scale implementations with arbitrarily chosen Li-ion pouch-

format cells, such that usage is not confined to the two chemistries tested in this

work. While chapter 4 primarily focuses on experimental results, chapters 5 and 6

focus on the application of computational models using data from the conducted ex-

periments. Altogether, the experimental data, and computational results presented

in this dissertation aim to resolve objectives 2-4.

The goal of chapter 4 was to both characterize vent gas production from LCO Li-ion

batteries against SOC and to compare the differences between single cell and array

tests. In this way, it addresses objective 2 for LCO cathode type cells, and addresses

some of objective 3 in terms of the gas release process. To our knowledge, gas rate of

release had not been reported in the literature. As such, this chapter estimated two

separate rates associated with the release: wet and dry. The wet, or instantaneous,

rate was found by using an array of TCs and the differential form of the ideal gas

law. This approximates the total rate of release, including condensable components,

such as water vapor and electrolyte. While the wet rate can be useful in some ap-

plications, the focus of this work related to understanding the fire and explosion
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hazard most associated with the dry gases that comprised the majority of the vent

gas volume produced. The dry rate was found by taking the volume produced after

a test divided by the average amount of time associated with pressure increase from

venting. This approximates the dry, non-condensable release rate for gases shown in

the measured composition. Average dry rate of release for LCO Li-ion cell arrays is

0.003 ± 0.001, 0.010 ± 0.015, and 0.028 ± 0.002 L-(s Wh)−1 for the 50%, 75%, and

100% cases, respectively. For the NMC cathode type cells, chapter 6 provides the

vent gas production volume, rate of release, and gas composition.

The total volume of gas produced per energy stored increased with SOC and the

scaling was consistent with literature values for both tested chemistries, indepen-

dent of single cell or array configurations. Total volume produced was found to

weakly depend on configuration in which larger arrays of cells would produce more

gas.

Gas composition for all experimental tests primarily consisted of hydrogen, carbon

dioxide, carbon monoxide, and various hydrocarbons. These data show similar trends

and values to the literature with the exception of carbon dioxide and carbon monox-

ide produced by the LCO cathode type cells. More carbon dioxide was produced

than expected while carbon monoxide was less than the literature for LCO cells.

However, the larger 18.5 Ah LCO cell array did not show this trend, indicating a

sensitivity to the particular cell chosen. While hydrogen concentration, and thereby

laminar flame speed, increases for lower SOC in a 5x cell array, the overall hazard

is generally much less for lower SOC because the volume of gas produced, and rate

of release is significantly less at lower SOC. However, TR in lower SOC systems can
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still result in higher concentrations of hydrogen gas, resulting in an explosion hazard.

Chapter 5 continued previous work in the literature and sought to answer objective

3 beyond vent gas production [7]. It is useful to divide TR cascade propagation

into two regimes: venting time/speed, and preheat time. Venting speed, or the cell

internal propagation speed, is useful to understand how quickly failure propagates

internally through a cell. This venting speed can also be used to approximate the

average mass loss rate of the reactants. Venting speed was much faster for higher

SOC, as there is more chemical energy and oxygen to be freed in the cathode, which

results in greater electrolyte combustion and accelerates the failure within the cell.

The venting speed was fastest for the first cell, or two cells for lower SOC, before

reaching steady state. This is a result of the need to provide more preheat energy in

the first initiating cell before it undergoes TR. Similar to laminar flame propagation,

preheating cells in an array results in increased propagation rates and should be

accounted for in any computational model.

Chapters 4, and 5 found array level testing yielded more repeatable results than

single cell testing; the results were not influenced by the initial failure method, but

solely by the propagating failure phenomenon. As such, fewer array tests than single

cell tests are needed to understand and characterize the vent gas production from

Li-ion cells. In general, the results of tests with other LCO cell capacities, 5 Ah and

18.5 Ah, agreed with the results of the most tested LCO cell (10 Ah). This could

indicate the other tested capacities would follow similar trends at different states of

charge.
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The primary goal of cell-level and larger (module, rack, etc), or battery, experimental

testing is generally to understand the TR and consequent failure propagation. Com-

pared to small scale electrode testing via DSC, ARC, TGA, etc, battery tests are

typically not used for characterizing each specific internal reaction and estimating

kinetic parameters. However, a significant amount of experimental data is available

for battery systems. As such, it is useful to create low order models for predict-

ing TR at the unit cell level. Lumped models have been previously used, but can

oversimplify the problem and perform poorly for initiation prediction where only a

small portion of a cell is heated. Conversely, complex multi-reaction models based

on the literature can be difficult to calibrate given the limited experimental data

available. In addition, small scale component testing can be difficult to connect to

the complete cell level, as parts of the battery can behave differently on their own

than when combined.

In addition to using experimental data to answer objectives 2-4, computational mod-

els were also developed. This dissertation continues from previous work in the litera-

ture which found a 1D approximation can be made for relatively thin, pouch-format

cells which exhibit much larger cross-plane thermal conductivity than through-plane

thermal conductivity [66]. This greatly reduces the computational expense with min-

imal fidelity loss for predicting TR initiation and propagation. The model presented

in this study is much less computationally expensive without significant accuracy

loss compared to many of the studies proposed in the literature which use relatively

expensive 3D, multi-reaction models.

Over the course of this work, model calibration was found to be non-trivial. Further-
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more, this work found model calibration and accuracy of validation results depended

on the calibration factors chosen, metrics for comparing experimental and model re-

sults, and the experimental standards used to calibrate the model. In order to reduce

model and calibration complexity, this work provides a low-order model alternative

to the multi-reaction kinetic models presented in the literature for predicting TR

propagation in Li-ion cell arrays under varying conditions. Compared with studies

in the literature that use 5-6 or more modeled reactions, this work presents single-

step and two-step global reaction models. As a result, one only needs to calibrate 1-2

kinetic parameters depending on the specific model chosen. This results in relatively

quick model calibration for potential use with various Li-ion cathode chemistries

and cell constructions, and can be expanded to larger system level models without

significant computational expense.

The single global reaction model can predict TR propagation for an array of cells

and for a known, calibrated SOC. However, the single-step reaction model performs

poorly for modeling TR initiation. As a result, the single global reaction model

does not agree with the estimated experimental propagation times for varying SOC,

including individual components: venting and preheat time. Furthermore, the single-

step model is expected to perform poorly in setups which have varying separation

materials between cells, as a relatively higher cell temperature is needed prior to

TR initiation and consequent propagation. Regardless, a single-step mechanism can

be a useful first step in modeling relatively simple, larger systems at a fixed SOC

given limited data on the cells used, i.e. experimental "reacted" temperature and

propagation speed.
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In order to account for TR initiation, an additional global reaction was included.

Once optimized, the two-step global reaction model was found to reasonably agree

with the reactions proposed in the literature based on the heat of reaction for each

global reaction. The initiation, or first global reaction was assumed to include the

four anode reactions and the initial cathode reaction proposed by Baba et al. and

Yamaki et al. [77, 80]. As such, the propagation, or second global reaction was

assumed to include the cathode reactions responsible for SOC variance, C1/C2, and

the higher temperature cathode binder decomposition. Once optimized using exper-

imental data from two lower SOC cases, 50% and 75% SOC, chapter 5 found the

two-step global reaction model was able to accurately predict the propagation times

for the 100% SOC case. Beyond the SOC study, chapter 6 applied the same two-step

global reaction model for NMC cell arrays with varying means of thermal separa-

tion. The separation, included aluminum plates and insulation layers. The addition

of these separation materials between cells did not halt TR propagation in any ex-

periment, and the computational model is able to accurately predict TR initiation

and propagation once calibrated appropriately. Thus, one could conceivably evalu-

ate multiple experimental setups using the computational model with intermittent

experimental validation for TR mitigation design. In this way, the computational

model can greatly accelerate mitigation design and reduce cost associated with con-

ducting excess experiments.

One key result from this dissertation is that the complex heat transfer process be-

tween cells had a greater impact on predicting interface temperatures and resulting

TR propagation than the modeled reaction kinetics. As a result, this work found

the temperature profiles commonly measured experimentally and computationally
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were not ideal for model calibration with varying SOCs and varying experimental

setups. For example at lower SOC, this complex heat transfer within and externally

to the cell array, including cell/pouch melting, and variable external heating/cooling,

more significantly affects the cell internal dynamics and cell-to-cell propagation; the

propagation times are longer and more sensitive to variable heat transfer. This is

primarily seen in the interface temperatures between cells used to estimate propaga-

tion times which in turn are used to calibrate the model. As such, methods using the

modeled reactant progress variable to quantify propagation times were developed.

The reactant progress variable consumption method provide a means for model cal-

ibration and comparison to experimental vessel pressure data. The experimental

vessel pressure data, and reactant progress variable consumption method result in

improved accuracy for estimating the propagation times in experiments and the

models, respectively. Consequently, the progress variable method more accurately

predicts TR initiation and propagation than the temperature-based method. This is

clearer in the varying SOC cases shown in chapter 5, but also somewhat apparent for

varying experimental setups shown in chapter 6. Additionally, the comparing the

reactant progress variable consumption method to the temperature-based method

confirms the slight observed differences between the TC temperature and internal

vessel pressure methods for determining experimental propagation times. Beyond

the metrics to calibrate the model and compare with experimental data, this work

suggests the use of specific experimental cases designed to further reduce the sensi-

tivity to the melting process, such as the triple insulation layer and aluminum plate

separation cases shown in chapter 6. Additionally, these cases were found to have

greater sensitivity to particular calibration factors, thereby reducing the effects of

cross-sensitivity of calibration parameters. Thus, both the metrics used to evaluate
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the model, and specific experimental cases used to calibrate the model have a signif-

icant effect on the accuracy of computational results.

Once appropriately calibrated and validation with the previously discussed propa-

gation times, this dissertation found the model can be used to estimate different

modes of heat transfer to and from the cells in the array. The heat transfer analysis

presented in this work found that each mode of heat transfer, conduction, convection

and radiation, was important for accurate TR propagation modeling of Li-ion cell

arrays. Furthermore, this heat transfer analysis was presented to provide insight for

TR mitigation design. Nominally, Li-ion battery technology provides a relatively

high energy density, economic solution for energy storage. However without ade-

quate TR prevention and mitigation design, Li-ion systems pose a potential public

safety risk. Thus, this work seeks to characterize the TR propagation process for the

cells and SOCs tested, including vent gas production, and propagation rates, and to

provide a universal calibration methodology for low-order modeling of various Li-ion

cell array systems for use in mitigation design and evaluation.

Future work will focus on improving heat transfer sub-models, including the melting

process of the external pouch material. While this work presents a simple bounding

case for pouch material PC modeling in chapter 6, additional work is necessary to

improve the fidelity of results. The reactant progress variable consumption method

can currently be used to accurately estimate the propagation times in place of less

accurate interface temperature profiles. However, the modeled interface tempera-

tures are more useful for understanding the underlying heat transfer between cells.

This work has found the kinetic modeling for Li-ion cells is challenging, but the heat
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transfer between cells is more difficult, and more relevant for predicting the interface

temperatures between cells. This is important because the interface TC temper-

atures between cells are often used in the literature for calibrating and validating

computational models, and are used in this works heat transfer analysis necessary

for designing mitigation strategies.

In addition to expanding the sub-models for existing experimental cases, more ex-

perimental data could be gathered to expand the scope of the models. For instance,

lower (<50%) SOC cases could be tested for applications with batteries not in use,

such as transportation and storage. Beyond the two cathode chemistry types tested

in this work, LCO and NMC, one could expand to other common Li-ion types, such

as lithium-iron-phosphate (LFP), or lithium-nickel-cobalt-aluminium-oxide (NCA).

From the experimental data, the claims of improved or reduced safety could be

evaluated for specific chemistries, and further characterized with the computational

model. Finally, future work should include more expansive TR interrupt designs that

can predict TR propagation quenching. In order to validate the predicted results

from additional modeled cases, one could conduct specific experimental edge cases.
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Appendix A

Reactant Mass Diffusion Modeling

This appendix provides additional details for reactant mass diffusion modeling refer-

enced in chapter 3. Nominally, mass diffusion was excluded from the computational

model and assumed not to occur.

As mentioned before, the failure propagation process is similar to a flame front

propagating through a gas mixture. However, the model used in this work does

not include reactant mass diffusion outside of this current analysis. Reactant mass

diffusion through the cell is generally assumed in the literature to be negligible

[49, 60, 62]. Without mass diffusion of the reactant, one can observe a "rolling"

combustion propagation through the cell. This process is a cycle of preheating the

next critical nodes in a cell, followed by near instantaneous reaction at the critical

preheated nodes, and then quenching/cooling of the reacted nodes which heat the

next critical group of nodes. As the reactant mass is not allowed to diffuse for this

model, the reaction quickly happens and is quenched when the reactant mass drops

significantly with no diffusional source term, resulting in "rolling" combustion which

occurs in repeatable, periodic waves. This effect is particularly clear in the two lower

SOC cases, but is also evident in the 100% SOC case upon closer inspection. The

"rolling" combustion is not apparent in the modeled 100% SOC case because the

higher "reacted" temperatures allow for faster, smoother propagation. The "rolling"

combustion effect is also observed in the two-step global reaction model presented

later, but predominantly affects the single-step model without diffusion due to the
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lack of an initiation reaction. The initiation reaction modeled in the next section

occurs at a much lower critical temperature. As a result, the "rolling" combustion

is also initiated sooner than for the single-step mechanism, and appears smoother.

Thus, the single global reaction model without diffusion appears unsteady, or even

unstable, and poorly models varying SOC in arrays of cells.

In order to understand the effect of mass diffusion in the model, a uniform block cell

was simulated using the single-step mechanism with and without mass diffusion. The

block cell is similar to a 10x 10Ah array except that the external, non-reactive pouch

material is not modeled, and all of the nodes between the calcium silicate bound-

aries are reactant mass. In this way, the TR propagation front traveling through the

uniform block cell is comparable to a flame propagating through an uninterrupted

reactive gas mixture. Effectively, this analysis continues previous work in the lit-

erature which modeled Li-ion cells in the same fashion [66]. Figures A.1 and A.2

show the modeled interface temperatures and total cell reactant progress variable

for the uniform block cell model without mass diffusion, respectively. The tempera-

ture profiles are equally spaced throughout the uniform block cell. One can see the

temperature profiles appear unsteady, and result from the unsteady reactant mass

consumption. From the progress variable for the cell, one can see reactant mass

is consumed in chunks that correspond to the groups of preheated nodes discussed

above. Thus, a periodic, "rolling" combustion can be observed directly. Addition-

ally, one can see relatively large reactant mass consumption at the beginning and end

of the TR propagation. This is a result of the calcium silicate insulation boundaries

which reduces the heat loss from reacting nodes, allowing them to more smoothly

react. This effect appears greater at the start of TR at 0s because the heater has
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preheated more nodes prior to TR initiation. TR propagation acceleration from

preheating of the first group of nodes, or first cell in an array, is also seen experi-

mentally in which the initiating cell (cell 1) fails faster than propagating cells (cells

2-5/2-10). The mean TR propagation rate for the case without mass diffusion is

0.9 mm/s, and is approximately 25% faster than the expected 0.72 mm/s from the

correlation previously discussed above. However, the mean TR propagation ignor-

ing the acceleration seen at the beginning and end of the array (from 15s to 105s)

is approximately 0.81 mm/s, or only 12% faster than expected. This indicates the

difference between the model result and correlation TR propagation rate primarily

results from cell preheating.

As discussed in chapter 3, the mass diffusivity for the mass diffusion case was set

such that the Lewis number was equal to 1. In this way, the rate of reactant mass

diffusion would be comparable to the rate of thermal diffusion. Figures A.3 and A.4

show the modeled interface temperatures and total cell reactant progress variable

for the uniform block cell model with mass diffusion included, respectively. The in-

terface temperatures for the case with mass diffusion are much smoother, indicating

a steady TR propagation process. This is corroborated by the reactant progress

variable total which shows a smooth reactant consumption rate. Thus, the absence

of reactant mass diffusion appears to be the cause of the apparent unsteadiness in

the single-step kinetic model. Again, one can see the reactant mass is consumed

more quickly at the beginning of TR at 0s and then reduces to a steady state. This

is due to the calcium silicate insulation and preheating effect from the heater. The

increased reactant mass consumption is not seen at the end of TR propagation most

likely because mass diffuses away from the calcium silicate insulation boundary. This
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Figure A.1: Modeled interface temperatures between cells for uniform block cell with
no reactant mass diffusion.

results in the TR propagation front halting slightly away from the insulation bound-

ary. The case with mass diffusion propagates at approximately 0.57 mm/s, or 36%

slower than the case without mass diffusion. This is a result of the mass diffusion

smoothing the temperature increase throughout TR propagation. The case with

mass diffusion reaches a "reacted" temperature of approximately 700 ◦C as expected

from the heat of reaction estimation, and is relatively consistent at each point during

TR propagation. In comparison, the case without mass diffusion reaches "reacted"

temperatures as high as 900 ◦C, and appears to regularly, temporarily increase above
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Figure A.2: Modeled total cell reactant progress variable for uniform block cell with
no reactant mass diffusion.

the expected 700 ◦C before settling. Furthermore, the model assumes the reactant

mass consumption rate scales exponentially with temperature from the Arrhenius

kinetics. As a result, the case without mass diffusion, which reaches higher tem-

peratures, also increases the propagation rate. While the "rolling" combustion is

also observed in the two-step kinetic model, it is much less apparent as the initi-

ation reaction smooths the propagation process. This "rolling" combustion could

also potentially occur in experiments, but may be obscured by the multiple different

reactions occurring internally and the external pouch melting process which both
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smooth the measured TC temperature profiles.

Figure A.3: Modeled interface temperatures between cells for uniform block cell with
reactant mass diffusion.
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Figure A.4: Modeled total cell reactant progress variable for uniform block cell with
reactant mass diffusion.
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