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Abstract

As the world moves towards more clean and suitable energy sources such as wind and
solar, there is an increasing demand for energy storage systems. Lithium-ion batteries
(LIBs) are today the leading electrical energy storage system due to high energy density,
high specific energy, and low maintenance requirement compared to other traditional
batteries. However, the combination of flammable organic electrolytes and the release
of oxygen at elevated temperatures in LIBs presents a potential hazard, with numerous
fires and explosions reported in the last decades, where failing LIBs were the cause. This
study focuses on the explosion hazards by experimentally and numerically studying the

premixed combustion of various gas compositions vented from failing LIBs.

In this study, two experimental setups have been used, a 20-liter explosion sphere and
a 1-meter explosion channel. In the 20-liter explosion sphere, the maximum explosion
pressure, the maximum rate of explosion pressure rise, and the laminar burning velocity
(LBV) have been determined for three electrolyte solvents and three Li-ion vent gas
compositions. The results showed that the three electrolyte solvents had very similar
explosion characteristics, which were also similar to the propane characteristics.
Furthermore, the LBV for all gas compositions analyzed ranged from 0.3 m/s to 1.1 m/s,

illustrating the influence of certain vented species and their concentrations on the LBV.

The experimental results obtained from the 1-meter explosion channel were used to
evaluate model performance a computational fluid dynamic (CFD) method for
simulating an explosion from gases vented from failing LIBs using only open-source
software. Three different gas compositions and three different channel geometries have
been experimentally and numerically studied. In addition, a code for generating the
required CFD parameters for combustion, thermodynamic, and transport properties is
presented. Finally, the CFD method gave an overall acceptable model performance
when comparing the experimental and numerical temporal evolution of the pressure,

maximum pressure, positive impulse, and spatial evolution of the flame front velocity.
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1 Introduction

The world is constantly searching for technology and products that can reduce the
dependency on fossil fuels and reduce carbon (CO2, CH4) emissions, which most
researchers believe is the main contributor to global warming and climate change.
Greenhouse gas emissions from the transport sector contribute significantly to
worldwide gas emissions [1-4]. In addition, smog, soot, and other air pollution from the
transport sector reduce the local air quality in dense urban areas, which is a considerable

threat for cities [5].

Several milestones have been set in Norway, and incentives made to meet a low
emission society/nation in 2050 [6]. In 2016, the Research Council of Norway founded
eight new centers for environmental-friendly energy research (FME). One of these
research centers was the Mobility Zero Emission Energy System (MoZEES). MoZEES
focuses on battery and hydrogen research within the transport sector [7]. Electric and
hydrogen vehicles can reduce greenhouse gas emissions and improve air quality in

urban areas [5].

Lithium ion (Li-ion) batteries (LIBs) are the leading energy storage system. LIBs have a
high energy density, high specific energy, and low maintenance compared to other
traditional batteries such as lead-acid, alkaline, and other batteries [8,9]. There are
many different types of LIBs. The different types of LIBs are usually named after the
cathode material. The name can be written in whole or as an abbreviation of the
chemical composition such as lithium cobalt oxide (LCO), lithium iron phosphate (LFP),

lithium manganese oxide (LMO), and more [10].

One of the challenges with LIBs is that they can violently fail if stressed outside their
design limits. To ensure safety, every LIB must have a protection circuit. In addition, the
combination of a flammable organic electrolyte in contact with highly energetic
materials presents a potential hazard [8]. The probability of a single Li-ion cell failure is
considered very low. However, a single cell failure could have severe consequences for

large LIB applications containing several thousand cells, such as grid storage, electric
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vehicles, and ferries. The heat released during a single cell failure can lead to cell-to-cell
propagation and cause more and more cells to release/vent toxic and flammable gas

[11].

There have been reported numerous incidents where LIBs have started fires and
explosions in the last decades [8,12—-16]. For example, in Texas, USA, in April 2017, a
train car carrying LIBs for recycling caused an explosion, which shattered windows 350
feet from the incident [17]. In Arizona, USA, in April 2019, a battery energy storage
system (BESS) using Li-ion cells caught fire, likely from a single cell failure. Several hours
after the fire had started, an explosion occurred inside the BESS. The BESS was severely
damaged, and several firefighters were injured [18]. In July 2019, a parked electrical car
caused an explosion in a private garage in Montreal, Canada. The strength of the
explosion was enough to throw the garage door across the street and create a hole in
the garage ceiling [19]. In October 2019, a hybrid car ferry in Norway caught fire. The
cooling system for the LIB is suspected to be the cause of the fire. After the fire was
extinguished, an explosion occurred in the switchboard room next to the battery room.
The explosion occurred due to accumulated flammable gases vented from the damaged
LIB [20]. In April 2021, a fire occurred in a solar panel installation with 25 MWh of LFP
LIBs on the rooftop of a shopping mall in Beijing, China. While the firefighters tried to
extinguish the fire, an explosion occurred. The explosion led to the death of two

firefighters [21].

The underlying cause for a LIB catastrophic failure can be complicated and challenging
to determine, but it is usually triggered by an internal or external short-circuit. For
example, a short-circuit may internally heat the LIB and cause it to vent the flammable
electrolyte and experience a thermal event. During a thermal event, gases and materials
may be vented from the battery, creating a combustible mixture when mixed with air
[22-24]. Figure 1 shows potential factors that make a LIB unstable and cause thermal

runaway (TR), gas release, fire, and explosion.
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Figure 1. Overview of different factors that could affect the stability of a LIB and lead to thermal runaway, gas
release fire, and explosion [25].

There are many studies published on LIBs and TR. A standard experimental method is
the Accelerating Rate Calorimeter (ARC). An ARC slowly heats a cell under adiabatic
conditions with precise temperature measurements. Since the experiments are
performed adiabatically, the onset temperature of self-heating can be detected
[22,23,26]. Furthermore, the vented gas composition can be determined by connecting
the ARC or a heated vessel to a gas detection instrument, e.g., gas chromatograph,

spectrometer [27,28].

Puncture and crush tests are experimental methods to initiate a TR by initiating an
internal short-circuit externally. The deformation or needle puncture causes the cell to
short circuits and into TR. These mechanical abuse tests can analyze the capability to

withstand impact or deformation and cell-to-cell propagation [23,29].

Earlier studies mainly focus on the LIB during a thermal event and determining the gas
composition vented. However, when flammable gases are vented and mixed with air, a
combustible mixture is formed that can lead to severe external explosions, especially in
confined areas [30]. The severity of such an explosion will be a function of the

combustion properties of the gas composition and the surrounding geometry. To

3
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understand more about the severity and possibly predict the behavior of these
explosions, this Ph.D. study focuses on premixed combustion of the flammable gas

mixture released from failed LIBs.

1.1 Scope of thesis and objectives

This Ph.D. study is part of the MoZEES research center that focuses on LIB and hydrogen
fuel cell systems and applications (RA3). More specifically, the safety and risk
management associated with LIB technology. The results obtained in this study are
intended for future consequences and risk assessments to assist in the safe integration
of LIB installations. As an end objective, develop a computational fluid dynamic (CFD)
method to predict explosions characteristics of vented gases from LIBs. To limit the
scope of the thesis, the cause, type of failure, the venting process, and the thermal event
was not included in the study. Furthermore, combustion, including particles, aerosols,
and toxic species, has also been excluded to limit the scope. Therefore, the focus of this
study is the characteristics of premixed combustion of the flammable gases vented from

failed LIBs.

One of the most fundamental properties in homogeneous premixed combustion is the
laminar burning velocity (LBV). LBV gives insight into the distinctive property of
reactivity and exothermicity in a given diffusive medium [31]. It is also used in turbulent
combustion modeling and as a parameter in CFD methods [32,33]. There is minimal
published data on experimentally measured LBVs or other combustion properties for
gas compositions vented from LIBs. Therefore, the first objective is to experimentally
determine the LBV, the explosion pressure, and the rate of explosion pressure rise for
the gases vented, which can be used as CFD input parameters and in safety engineering

models.

The XiFoam model/solver, part of the open-source CFD toolbox OpenFOAM [34,35], was
used as the basis for developing the CFD method. OpenFOAM was chosen since it is
open-source and a free CFD toolbox that is available for all. For large-scale and

laboratory-scale cases, the XiFoam combustion model/solver was considered the most
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accommodating method. XiFoam requires combustion, transport, and thermodynamic
model coefficients that are dependent on the gas composition studied. These properties
can be determined using reaction mechanisms/ chemical-kinetics models. However, the
reaction mechanisms prediction accuracy for determining combustion properties of
various Li-ion vent gas compositions is uncertain. Therefore, the prediction accuracy of
reaction mechanisms will be studied by comparing the numerical calculation with
experimentally obtained LBV for different gas compositions. In addition, the CFD
simulation results are compared to laboratory-scale experiments to review the CFD

method. The points below summarize the main objectives of this thesis.

e Experimentally measure combustion properties of vented gas compositions
from failed LIBs.

e Review the combustion property prediction accuracy of reaction mechanisms
by comparing numerical calculations with experimental results

e Develop a CFD method for modeling premixed combustion for gas compositions
vented from failed LIBs.

e Review the CFD method by comparing simulated results with laboratory-scale

experiments.

Five journal articles document the fulfillment of the four objectives above. Articles A, B,
and C address the first two objectives, while articles D and E addresses the last two

objectives.

1.2 Outline of thesis

Following this introductory chapter are the literature review and relevant combustion
theory in Chapter 2. The literature review presents general information and research
concerning LIBs. Chapter 2 also gives the reader an introduction to relevant combustion
theory. Detailed descriptions of the experimental setups and numerical tools used in
this study are given in Chapter 3. Finally, a summary of each journal article is presented
in Chapter 4, followed by a summary and conclusion in Chapter 5. The submitted and

published articles are in Part 2 of the thesis.
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2 Literature Review and Relevant Theory

This chapter is divided into two main sections, the Li-ion cell/battery and combustion
theory. The first section introduces LIB technology, followed by a literature study related
to LIB safety research. Relevant premixed combustion theory is presented in the second
section. Thus, this chapter targets both readers from the battery and combustion

“community.”

2.1 Lithium-ion Battery

Lithium electrochemical cells can be divided into two main categories, primary and
secondary. A primary lithium cell or lithium-metal cell is a non-rechargeable battery that
is disposable after use. The Li-ion cell, a secondary cell, is the more common
rechargeable cell found in most consumer electronic devices. Both cells have the same
basic structure, with a cathode, anode, and electrolyte. The main difference between
the two cells is that the primary lithium cells use pure lithium as an anode, hence the
name lithium-metal. Most Li-ion cells have a graphite anode where lithium ions are
intercalated to store energy. Only secondary Li-ion cells will be discussed further in this

thesis since it is the most widely used battery.

- Ty

/ Anode Current Collector

Q . % —— Electrolyte
[ <4———— Membrane/Se
perator

e

- ————— Electrolyte

P — i SS9 Cathode Material

— - ==,
\ Cathode Current Collector

Figure 2. An illustration of a simplified structure of a Li-ion cell from a typical coin cell battery.

Figure 2 shows an illustration of a simplified Li-ion cell structure. The anode electrode
consists of the anode material bonded to a current collector. The anode current
collector is often made of cobber and is where the electrical charge is released or
received. The active material is often pure graphite for the anode, but other materials
and hybrids are being researched [36,37]. By intercalating lithium ions in the anode
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stores energy. An electrolyte solution is needed to enable the transport of the lithium
ions between the two electrodes. The most common type of electrolyte is a lithium salt,
e.g., LiPFs, dissolved in an organic solvent. The organic solvent can consist of a pure
organic carbonate or a mixture of different organic carbonates. In addition, there can
be other additives in the electrolyte to improve lifetime, performance, and safety
[8,23,38]. Between the anode and the cathode, there is a thin microplastic
film/membrane. The membrane allows for the transport of ions between the electrodes
but not electrons. In Li-ion cells, there are several different active cathode materials
used. Most active cathode material consists of lithium, oxygen, and metals, such as
cobalt, iron, and manganese. When differentiating various Li-ion cell chemistries, it is
often the active cathode material that gives the cells its name, e.g., lithium cobalt oxide
(LCO), lithium iron phosphate (LFP), and lithium manganese oxide (LMO)[10]. Bonded to

the cathode is the second current collector, typically made of aluminum.

An electrical current can be applied (charging) or drawn (discharging) from a cell by
connecting the two current collectors in an electrical circuit. During discharge, the
lithium ions on the anode will de-intercalate, which will create an electrical current that
flows from the current collector on the anode to the current collector on the cathode.
The current can then power an electrical unit in an external circuit. On the cathode, a
free lithium ion in the electrolyte will then intercalate to the cathode. The following

equations show the chemical redox reactions for a graphite anode and a cobalt cathode

[23,39].
Oxidation - Anode - LiCs © Lit+e™ +Cq
Reduction - Cathode - CoO0, + Lit + e~ o LiCo0,

When charging a Li-ion cell, the reactions above are reversed by applying an electrical
current to the circuit. Figure 3 show a simple illustration of a discharge and a charging

process for a Li-ion cell

~
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Figure 3. An illustration of a Li-lon cell during a charge or discharge process [14]

Depending on the application, Li-ion cells can have different shapes, usually either
cylindrical or prismatic. For example, the battery in cellular phones will mostly use
prismatic cells because they are thin compared to cylindrical cells. A LIB can consist of a
single cell but usually consists of several cells stacked together to achieve the desired
voltage and capacity. The cells can be stacked into modules, and the sum of all the
modules is the battery. Figure 4 shows the different levels, from cell to battery

[14,40,41].

Battery

N

Figure 4. An illustration of the simplified process from the single cell to the battery pack [14]
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All units with a LIB have a battery management system (BMS). For some LIBs, the BMS
will also be considered part of the complete battery pack. One of the main tasks of the
BMS is to protect the cells from abuse, may it be overcharge, over-discharge, and high
temperatures [42]. Abuse and manufacturing defects may lead to a catastrophic failure

of the LIB.

2.1.1 Energetic and Non-Energetic Battery Failure

LIB failure can be divided into two modes, non-energetic and energetic failure. A non-
energetic failure is when the battery loses its function to store or discharge energy
without releasing the already stored internal electrical energy. A Non-energetic failure
is typically associated with cell aging; however, it can be triggered by internal safety
features such as a charge interruption device (CID), a shutdown separator, or a fuse [23].

Most non-energetic failures will not present any fire or explosion hazards.

Loss of the electrolyte due to leakages is a non-energetic failure. A dry cell cannot
transport lithium ions, which results in a dead cell. However, the leaked electrolyte may
pose a fire and explosion hazard. The organic solvents used in the electrolyte are
flammable and may cause fires and explosions when mixed with air. Some of these
organic solvents also have a low flashpoint in the temperature range of 18-30°C [43] and
thus have the potential to create a combustible mixture at room temperatures. The
amount of solvent varies for different cell sizes. In general, smaller cells contain less free
liquid compared to large cells. Leaks may occur due to tears or damage done to the cell

casing or corrosion.

Li-ion cells contain energy in the form of electrochemical energy and chemical energy in
the electrolyte organic solvent, cathode, and anode. The electrical and chemical energy
combination causes a Li-ion cell to fail more violently than most water-based electrolyte
batteries [13,23]. A violent or catastrophic failure of a Li-ion cell can be referred to as an
energetic failure. An energetic failure is a thermal event caused by internal self-heating
or external heating of the cell, which causes the internal temperature in the cell to rise.

The self-heating occurs because of exothermic reactions in the cathode, anode, and

o
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electrolyte. The onset temperature for these reactions depends on the chemistry in the
Li-ion cell, additives, and SOC [22,23]. A thermal event may lead to the venting of gases,
particles, and aerosols, and TR. The rise in temperature causes the internal pressure to
increase and causes the cell to vent, reducing internal cell pressure. The reduction in
pressure may stop or reduce the internal self-heating, so the cell does not reach the
onset temperature for TR. However, if self-heating or external heating is sufficient, a TR
will occur. A TR is defined as a thermal event with rapid and accelerating self-heating,
which causes the cell to violently release particles, gases, and vapors that can cause fires
and explosions [12,14]. Figure 5 shows an experiment where a pouch cell was externally
heated until catastrophic failure. The cell in Figure 5 has swelled and consequently
ruptured, venting flammable gas/mist, which most likely was ignited by the external

heat source.

Figure 5. A photo of a pouch cell externally heated by a bunsen burner

There are several ways of initiating an energetic failure of a Li-ion cell. Thermal and
mechanical abuse have been briefly mentioned, but there is also electrical abuse, poor
cell design, and cell flaws from manufacturing. Figure 1 presented by Lian et al. [25] in
the introduction shows a schematic overview of causes leading to a thermal event and

possibly TR.
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2.1.1.1 Thermal abuse

Exposing Li-ion cells to an external heat source is referred to as thermal abuse [22]. The
external heat source can be an adjacent cell or cells experiencing a thermal event or fire.
A cell has a thermal stability temperature limit in the range of 373 K [23]. Above the
thermal stability limit, internal exothermic reactions will occur and initiate self-heating.
The self-heating rate and onset temperature depend on the cell chemistry, SOC, and
additives [22,23]. If external heating stops and the heat loss from the cell is less or equal
to the heat generated, thermal runaway will not occur. However, if external heating

continues or self-heating is larger than the heat loss from the cell, TR is inevitable.

Two typical experimental setups for analyzing thermal stability are the accelerated rate
calorimeter (ARC) and the differential scanning calorimeter (DSC). The ARC slowly heats
the cell in an adiabatic environment while monitoring the outer temperature of the cell.
When the cell begins to self-heat, the ARC will equilibrate to the temperature of the cell.
The DSC is a similar experimental setup as the ARC but can test individual components
of the cell. By heating the components separately, one can identify where the

exothermic reaction first starts.

2.1.1.2 Mechanical Abuse

Mechanical abuse of cells is referred to physical damage that punctures (i.e., nail
penetration test) or deforms the cell, which causes internal damage. Internal damage
may cause a local short-circuit that leads to self-heating. The thermal event can be an
instant TR or progress slowly over several charge-discharge cycles until an energetic or
non-energetic failure occurs. Crush, puncture, and drop tests are common to perform

on cell and battery pack levels [23,44].

2.1.1.3 Electrical Abuse

Overcharge, over-discharge, and external short circuits are some examples of electrical
abuse of Li-ion cells. Overcharging a cell to a high voltage (above 100% SOC) or over-
discharging to low voltage (below 0% SOC) can permanently alter the cell by causing

lithium plating and metallic dendrites [23,45-47]. These changes in the cell may lead to

11



Henriksen: A study of premixed combustion of gas vented from failed Li-ion batteries

exothermal reactions, short circuits, and immediate TR. Furthermore, an external short
circuit can lead to charging and discharging rates beyond the limits of the cell. High
discharge and charging rates will heat the cell internally, which may cause its

temperature to exceed the thermal stability limit.

Investigating internal damage and alterations due to overcharge and over-discharge can
require complex instrumentation such as scanning electron microscopy (SEM) and X-ray
computer tomography (CT) [46,48]. These imaging techniques can give a deeper

understanding of triggering components and the onset of a thermal event.

Studying internal short-circuits is challenging to achieve in a controlled and repeatable
setup compared to overcharge abuse testing. A nail penetration test is a method to
initiate an internal short-circuit. However, the results show dependencies on nail speed,
size, and point of impact [49]. There are methods to achieve internal shorts without
penetrating or crushing the cell. For example, Fang et al. [44] remove parts of the
separator, reassemble the cell, and pinch the location missing the separator. It still
needed some mechanical pressure, but much less than the nail penetration or the crush
tests. Finegan et al. [50] constructed a cell with a small section of the separator that
would melt at a temperature of 333 K and cause a localized internal short-circuit. Both
studies showed that internal short-circuits between the aluminum current collector and

the anode resulted in an energetic event and imidate TR.

2.1.1.4 Manufacturing Defects

Manufacturing defects that can cause an energetic failure can take place in almost any
step of production. Some examples are defects and impurities in cell raw materials,
contaminations, misplaced, misaligned and misapplied, or damage to components [23].
An estimated failure rate for manufacturing defects for 18650 Li-ion cells is 1 in 40
million [44]. A thermal event from manufacturing defects usually results in an internal

short, triggering self-heating, internal hotspots, or cause TR instantaneously.
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2.1.2 Gas vented from failed Li-ion batteries

The previous section presented various failure modes and experimental setups used to
understand and describe a thermal event. Gases vented during these types of thermal
events pose an explosion and toxic hazard. This section presents studies that focus on

the gas released during a thermal event.

Toxic fluorinated gases such as hydrogen fluoride (HF) and phosphoryl fluoride (POF3)
can be produced during thermal events from reactions with the lithium salt in the
electrolyte, e.g., LiPFs. Other toxic species, such as hydrogen chloride (HCl), sulfur
dioxide (SO3), carbonyl sulfide (COS), carbon monoxide (CO), can be attributed to
reactions with the plastic separator/membrane, packaging, electrolyte, and additives

[51,52].

However, most of the gas volume fraction vented from failed LIBs is flammable if the
inert species carbon dioxide (CO;) is ignored. The flammable gas is generated due to the
decomposition of electrolyte solvents, which typically consist of organic carbonates,
such as ethyl methyl carbonate (EMC), dimethyl carbonate (DMC), diethyl carbonate
(DEC), ethylene carbonate (EC), and propylene carbonate (PC) [41]. During a thermal
event, the solvents can decompose into hydrogen (H), carbon monoxide (CO), methane
(CH4), and other hydrocarbons [53]. Table 1 shows a summary of studies concerning

abuse testing coupled with gas analysis from the last decade.

Cathode Electrolyte Major Test Failure test Gas analysis
Reference  Cell shape  chemistr vt SOoC Species atmospher K 4
solvents apparatus instrument
y detected e
CO, CO, .
Gachotet  coin2035  Lcro EC,DMC  N/A  hydro-  vacuum  earedin GC-Ms
al. [53] vessel
carbons
FTIR,
Ribiere et Cylindrical LMO EC, DEC, Oto E(F)'SC(?Z air Fire GC-FID
al. [51] 18650 DMC 100% i Calorimeter  Paramagnetic
HCI, NO
(02)
LCO/NM  DMC, EMC,
C, EC Ha, CO,,
Golubkov Cylindrical DMC, EMC, o CO, . Heated in
etal. [54] 18650 Nme EC, PC 100%  pydro- nert vessel GCTeo
DMC, EMC, carbons
LFP EC, PC
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Cathode

Major

Test

Reference  Cell shape  chemistr Electrolyte SoC Species atmospher Failure test (.ias analysis
solvents apparatus instrument
y detected e
Hz, CO.,
Somande ! ! .
palli et al. Pouch LCO EC-DEC >0to €o, inert Heated in GC-MS
[55] 150% hydro- vessel
carbons
Pouch Combustion NDIR,
Larsson et ! Oto ) Chamber FTIR
al. [56] alz’:;:k?ll LFP N/A 100% HF ar (Open Paramagnetic
y flame) (02)
EC, DMC, O0to
- NCA EMC, MPC  143% 12O )
Golubkov Cylindrical From co, inert Heated in GC-TCD
etal. [28] 18650 LFP EC, DMC, 0% to hydro- vessel
0
EMC, PC 130% carbons
. Various .
Berstrom Pouch  LFP,NMC N/A N/A toxic inert Heatedin oo \is, FriR
etal. [57] vessel
gases
Spinneret  Cylindrical Lo DM(C, EC, N/A (éc:' %o, i gr:’j:::triie ZRE IR
al. [58] 18650 PC o _ & FT-IR
SO, in a vessel
From
Fuetal. Cylindrical CO, CO,, . Cone
[59] 18650 Leo N/A 1%8‘:/ 0 ar Calorimeter N/A
0
From
CO,, CO,
Y”a['gg]t % prismatic  NMC ECE'I\EI)EC’ 13)0 Cr;\;g(r)is air Overcharge GC-Ms
200%
Sun et al. Cylindrical NMC From CO, SO, air Combustion GC-MS, M40,
[61] 18650 LMO 0% to toxic chamber and IC
LCO N/A 150% hydro- (open
LFP carbons flame)
Pouch NMC
LMO
Zheng et Pouch LFP EC, DMC, 0% Ha, C2Hs, Inert Over- GC
al. [62] EMC CHa discharge
Maloney Cylindrical LCO, N/A From Ha, CO., inert Heat GC-TCD/FID,
(FAA) [63] LMO, 0% to co, controlled NDIR, THC,
LFP, LCM 100% hydro- vessel Paramagnetic
carbons , H2scan
Nedjalkov Pouch NMC EMC, EC above HF, H air Nail GC-MS, QMS,
etal. [52] 100% CO, toxic Penetration QEPAS, IC
hydro-
carbons
Larssonet  Cylindrical, LCO, LFP, N/A From HF, POFs air Combustion SBI, FTIR
al. [64] Prismatic, NCA 0% to Chamber
Pouch, 100% (Open
Battery flame)
pack
Lammer Cylindrical NCA N/A 100% Ha, CO,, inert Heated in GC
etal. [65] 18650 co, vessel
hydro-
carbons
Fernandes  Cylindrical LFP DMC, EMC, above Ha, CO,, air Overcharge GC-MS/TCD,
etal. [27] 26650 EC, PC 100% DMC, FTIR
EMCH,
hydro-
carbons
Koch et al. Pouch NMC DMC, EMC, 100% Ha, CO,, air Heated in GC-WLD, GC-
[66] DEC, EC co, vessel FID
hydro-
carbons
Sturk et Pouch LFP, N/A 100% HF, CO, inert Heated in GC-MS, GC-
al. [67] NMC/LM POFs, vessel FID, FTIR
0] hydro-
carbons,
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2.1.3 Explosion hazard

As Table 1 shows, several studies have determined that LIBs release combustible
species. However, only a few studies investigate the explosion hazard related to these
vented gas compositions. This section presents studies related to the explosion hazard

from the gases vented from failed LIBs.

Harris et al. [68] identified and analyzed (numerically) the combustion properties for
electrolyte solvents and compared the results with hydrocarbons with an equal number

of carbon atoms. The three main observations from this study are summarized below.

e A lower heat release per unit volume for the electrolyte solvents compared to
hydrocarbons.

e There is a significant difference in the heat of combustion and heat of
vaporization amongst the electrolyte solvents. Combustion properties of
electrolyte solvents should be considered if flammability is of concern.

o Heat release rates are more valuable than temperature profiles concerning cell

to cell propagation.

Somandepalli et al. [55] experimentally determined the gas composition of commercial
LCO cells. In addition, the vented gas was injected at various concentrations into a 20-
liter explosion sphere to determine the explosion pressure and rate of explosion
pressure rise. The results were compared to the explosion characteristics of methane,
propane, ethane, and hydrogen. Furthermore, the comparison showed that the
explosion pressure and rate of explosion pressure rise for the vent gas compositions

were in the same range as the common hydrocarbons.

In his master thesis, Jonathan Johnsplass [24] studied the combustion properties of DMC
and various vent gas compositions numerically, which were compared to methane,
propane, and hydrogen. Similar to the study by Somandepalli et al. [55], the combustion
properties were in the same range as the hydrocarbons. Additionally, Johnsplass
externally heated 18650 cells until the safety mechanism ruptured and vented gas. The

cells did not experience an energetic failure, and thus only evaporated electrolyte and
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mist were assumed vented. The gas was vented into a 0.45-meter explosion channel and

ignited. Figure 6 shows two still images of the inhomogeneous propagating flame from

these experiments.

Figure 6 Two still images of an inhomogeneous flame propagating inside a 0.45x0.10x0.10 explosion channel. A 18650
Li-ion cell was externally heated until the combustible gas/mist was vented. a) Short after the ignition. b) Image when
the flame has reached the end of the channel [69]

Fernandes et al. [27] analyzed the gas vented from LFP cells from overcharge abuse
testing. Combustion properties were numerically calculated for the determined vented
gas composition and compared to that of pure DMC. One of the critical observations
regarding the explosion hazards was that over 50% of the vent gas consisted of
flammable organic solvents. Moreover, the vent gas and pure DMC had similar
combustion properties, probably due to the high concentration of DMC in the vent gas

composition.

In 2020, Baird et al. [15] published a study comparing the combustion properties of
several published gas compositions from thermal and overcharge abuse testing. The
combustion properties were numerically determined using the reaction mechanism GRI-
Mech 3.0 [70]. The results showed that the nickel cobalt aluminate (NCA) and LCO cell
chemistries produced gas with higher laminar burning velocities and maximum
explosion pressures than LFP cell chemistries. However, Baird et al. stated that more
laminar burning velocity and maximum explosion pressure experiments are needed to

validate the models used in these calculations.
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2.2 Premixed Combustion Theory

This section presents relevant premixed combustion theory, aiming to introduce readers
outside the field of combustion to premixed flames, laminar burning velocity (LBV), and
mechanisms related to flame propagation. Readers with a background within the field

of combustion will likely be familiar with the material presented.

2.2.1 Laminar Premixed Flames

In combustion, flames can be divided into two main categories, diffusion flames or non-
premixed flames and premixed flames. A non-premixed flame will position itself
between fuel and oxidizer based on the diffusivity and stoichiometry. For example, the
conventional household lighter or candle are good examples of a non-premixed flame.
Figure 7 shows a photo of a non-premixed flame with a simple one-dimensional flame

structure.
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Figure 7. An example of a non-premixed flame/diffusion flame with fuel and oxidizer concentration, temperature, and
reaction rate profiles.

Conversely, premixed flames will move into and consume the unburnt mixture as a wave
phenomenon. Figure 8 shows a photo of a premixed flame with a simple one-

dimensional flame structure.
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Figure 8. An example of a premixed flame (Bunsen burner) with fuel and oxidizer concentration, temperature, and
reaction rate profiles.

Combustion waves with subsonic propagation speed (relative to the unburnt mixture)
are referred to as deflagrations, commonly called premixed flames. However, if the
combustion wave propagates at supersonic speed (relative to the unburnt mixture), it is
called a detonation. This subsection introduces laminar premixed flames in different
levels of detail and its fundamental property, laminar burning velocity (LBV). For a
comprehensive review and analysis of these topics, the book by C.K Law, Combustion

Physics [31], is recommended.

2.2.1.1 Flame sheet structure

One of the simplest models to describe a premixed flame phenomenon is the flame
sheet structure illustrated in Figure 9. The flame sheet structure describes the flame as
one-dimensional and planar, with a stationary, infinitely thin flame. Furthermore, the
flame is assumed infinitely thin and discontinuously separates the unburnt and burnt
state, where mass and species are conserved and at thermodynamic equilibrium. With
this consideration, the flame sheet structure can be mathematically expressed by the

Rankine-Hugoniot relations.

Moreover, by considering the flame stationary, the gas of the unburnt mixture
approaches the flame sheet with velocity uJ and exits the flame with velocity u}.

Subscripts u and b refer to the unburnt and burnt gas, respectively. Superscript 0
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indicates that velocity is planar. S, is often referred to both as the burning velocity and
flame speed. In this study, however, the burning velocity refers to the combustion
property of the mixture and the flame speed to the flame’s displacement speed. In
simpler terms, burning velocity is relative to the unburnt state, and flame speed is

relative to the burnt state.

up =S, up=Sp
— —
Tp
Yu
- Flame sheet
Ty
Yb =0
.
X

2.2.1.2 Flame sheet structure with transport

Including transport in the flame sheet structure gives a more detailed explanation of a
premixed flame. The mass and thermal transport reveal a preheat zone with
characteristic thickness Lp. As the reactants approach the reaction sheet, they will
gradually get heat from the chemical heat release. The reactants will heat up
continuously until reaching the temperature Tp. Due to the large activation energy
consideration, no reaction occurs until reaching a temperature close to the adiabatic
temperature. Once the reaction starts, deficient reactants will be rapidly consumed and

ending combustion. Thus, the reaction sheet will act as an interface that serves as a heat
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source and a sink for reactants. Figure 10 shows an illustration of the flame sheet

structure, including mass and thermal transport.

uf] = 53 Preheat Zone
” | Ty

Flame sheet

Figure 10. A stationary premixed flame structure with transport and a flame sheet level of detail [31]

2.2.1.3 The detailed structure of a premixed flame

By expanding the reaction zone, reveals the detailed structure of a premixed flame
illustrated in Figure 11. This expansion reveals the reaction rate profile with a
characteristics length of Lg. The reaction rate will rapidly increase when the reaction
reaches its onset (activation energy) and rapidly decrease as the deficient reactants
deplete. Consequently, the length of Lr will be much shorter than Lp (Lr << Lp). The
preheat zone is convection and diffusion dominated, while the reaction zone is diffusion

and reaction dominated.
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2.2.1.4 Laminar burning velocity (LBV)

The last structure shows that a premixed flame is governed by aerodynamics through
the following relation: convention, diffusion, and chemistry. Furthermore, the analytical
solutions to the governing equations for the three presented flame structures give
insight into the behavior, dependencies, and the fundamental significance of LBV [31].
The LBV is a distinctive mixture property and a function of reactivity, exothermicity, and
transport properties. The LBV is defined as one-dimensional, planar, stationary, and

adiabatic like the premixed flame structures.

Analytical solution for the detailed structure of laminar premixed flame can only be
obtained with simple combustion chemistry and therefore confined to a region inside
the flame due to the large activation energy. In reality, however, most combustion
processes consist of several hundred to thousands of elementary reactions, which may
occur throughout the entire length of the flame due to the back diffusion of radicals. For
numerous chemical reactions, analytical solutions are not feasible. Therefore, only
numerical solutions exist for a detailed chemistry structure of a premixed flame. Figure

12 shows an example of the chemical structure of a stoichiometric hydrogen-air
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premixed flame. Section 3.3 gives additional information regarding the numerical

approach to premixed flames.
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Figure 12. The chemical structure of a stoichiometric premixed hydrogen-air flame

2.2.1.5 Experimentally determining the laminar burning velocity

As mentioned, the LBV is defined as one-dimensional, planar, stationary, and adiabatic.
Today, however, no experimental setup can produce a flame that is both planar and
considered adiabatic. For example, the flat-flame burner (McKenna burner) can produce
a planar or flat flame but will have a noticeable heat loss to the burner head. Therefore,
the LBV must be determined while measuring the heat loss and extrapolating the LBV
measurements to zero heat loss. Moreover, in the outwardly propagating spherical
flame (OPF) method and the stagnation flame method (counterflow flame), the flame
will experience stretch/curvature effects, which must be accounted for when

determining the LBV.
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In this study, the LBV is only determined experimentally by the OPF method; therefore,
it only addresses this method. The following references are recommended for a
comprehensive review of different methods of determining the LBV experimentally:
Combustion Physics by Law 2006 [31], Egolfopoulos et al. 2014 [71], and Konnov et al.
2018 [72].

The OPF experimental setup consists of a chamber, typically a spherical chamber, and a
device to record the flame propagation. The chamber is filled with combustible gas,
which is then ignited in the vessel's center, creating a spherical flame propagating
outwards with the laminar flame speed. Typically, the flame propagation is recorded
with a high-speed camera combined with an optical technique such as schlieren or
shadowgraph. From Eq. 1 below, the flame speed can be calculated by considering the

flame stationary in the laboratory frame, as depicted in Figure 13.

drf(t) _ T'sz — rf,l

Sy (t) =
() =—g; t, —t
t; (>t2)
t; (>t:)
ts
Products Products Products
1.1 rr2(>rg4)
ff.5(>ff.z)
5,04 4
Reactants Se(t)
Reactants 7 55(}‘
Reactants

Since the propagating flame front is spherical/curved, it does not conform to the planar
laminar flame speed. Therefore, the stretch needs to be evaluated to determine the
unstretched/planar laminar flame speed. The flame stretch rate can be defined by the

equation below for spherical symmetric flames [73].
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.o 1 'dAf _ 28y
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To obtained the laminar flame speed and the Markstein length, the calculated flame

speed data must be extrapolated to a zero stretch rate. The Markstein length is related

to the stretch rate influence on the flame speed. Furthermore, the Markstein length is

also closely linked to the thermal-diffusive instabilities discussed in section 2.2.2 [31].

Table 2 summarizes the most common stretch extrapolation models used in this study

to evaluate the laminar flame speed.

Model name/description Expression Ref.
o 2Lp-Sp
Linear stretch (LS) model Sy, =Sp — " [31,73]
f
. 0 2Lb
Linear curvature (LC) model Sp,=S8,(1- - [67][68]
f
Non-linear model with 3 fitting 0 2Ly, ¢
S, =S |1—-——+—=
parameters (N3P) b=*b ( Tr rfz (77l
Non-linear (NQ) model in 0 _ _% _ﬁ
expansion form Sgt+c =15+ 2Ly In(ry) a2 [78]
Quasi-steady (NE) non-linear Sy 2 Sy 4Ly - Sy
22 n(22) = - [79,80]
model S s? Sp -1y

The LBV can be evaluated from the continuity equation shown in Eqg. 3, assuming
equilibrium between the unburnt and burnt states. However, for nitro-methane and air
mixtures at 432 K, Nauclér et al. [81] found that spherical flames with radii between 6.5
to 20 mm had not reached equilibrium. Therefore, the assumption of equilibrium may

cause errors in the estimation of the LBV.

SubPu = SpPp

The pressure will increase as the flame propagates in a closed/constant volume vessel
and heat the reactants and products due to the compression. However, if the vessel is

sufficiently large, the temperature and pressure during the radii measurements can be
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considered quasi-steady and therefore neglected. The temporal evolution of the

temperature and pressure must be recorded together with the radii for smaller vessels.

With the dual/double-chambered vessel developed by Tse, Zhu & Law [31,82], near-
constant pressure measurements of the LBV have been achieved up to 60 atm. The
outer chamber is filled with an inert gas balanced with the combustible gas in the inner

chamber. The pressure build-up is therefore only generated by the inner chamber.

2.2.2 Flame Acceleration

When a quiescent combustible mixture is ignited, the flame initially propagates as a
laminar burning flame. However, flames are inherently unstable, and at some point, the
smooth flame surface will be distorted and wrinkled [30]. By distorting and wrinkling the
flame surface, the flame area increases and thus accelerates the flame. The flame
surface distortion and wrinkling can be caused by instabilities, turbulence, and
interaction with geometry. In this section, an introduction to flame front instabilities and
reacting turbulent flow is given. Flame front instabilities have not been addressed in
detail to limit the scope of this study. However, due to their significant influence on
flame acceleration, a brief review is given. For a more comprehensive review of flame
front instability, the work by C.K Law in Combustion Physics [31], G. Searby and S. Candel

in Combustion Phenomena [83], and S.B. Dorofeev [84], is recommended.

2.2.2.1 Hydrodynamic instability

Hydrodynamic instability, also referred to as Darrieus-Landau instability, is caused by
the expansion of the gas through the flame. Consider an infinitely thin flame (flame
sheet structure) where the far upstream and downstream states are at constant density
(ou and pp), as shown in Figure 14. With the flame as the frame of reference, where the
streamlines are perpendicular to the flame surface, the streamlines will accelerate thru
the flame without deviating. However, the streamlines alter their trajectory where the
flame's surface is curved due to density and minor pressure gradients. Thus, the

upstream flow must accelerate and deaccelerate at the concave and convex regions,
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respectively, to conserve mass. Therefore, a perturbation to a flat flame surface will

grow due to hydrodynamic instabilities.
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Figure 14. Hydrodynamic instability is illustrated by the diverging streamlines in a curve flame front [83]

2.2.2.2 Thermal-diffusive instability

Figure 10 shows the flame sheet structure with an expanded preheat zone (also called
the diffusion zone), with a characteristic length Lp. With the flame as a frame of
reference, mass diffuses downstream in the preheat zone, and heat diffuses upstream.

The ratio of this diffusion is called the Lewis number and is defined by Eq. 4.

Le = — =
Dm pocp Eq. 4.

Mixtures with a Lewis number less than unity may experience thermal-diffusive

instabilities. Conversely, mixtures with a Lewis number equal or greater than unity are

considered thermal-diffusive stable. Furthermore, an additional stabilizing effect arises
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for a curved flame surface independent of the Lewis number. For example, consider the
curved flame surface in Figure 15. The flame speed is reduced in the convex (unburnt
side) part of the flame and increased in the concave section of the flame. Over time, this

will smooth out the curvature [31].

D/‘ 4 = Mass diffusion
//
’
®

« > ———» Heatdiffusion

2.2.2.3 Rayleigh-Taylor instability

Rayleigh-Taylor instabilities can occur naturally in freely propagating flames as
buoyancy-driven instabilities. For example, Rayleigh-Taylor instabilities may occur for an
upwardly propagating flame due to the negative density stratification between the
burnt and unburnt gas. Hence, Rayleigh-Taylor instabilities occur when a lighter fluid is
accelerated into a heavier fluid [31]. Although Rayleigh-Taylor instabilities occur for
freely propagating flames, the contribution to flame acceleration is usually relatively
low. However, for confined flames and vented explosions, the Rayleigh-Taylor
instabilities can cause significantly flame acceleration [85]. In addition, the Rayleigh-
Taylor instabilities can be a source for turbulence by producing vorticity when pressure

and density gradients are oblique to the interface [86].
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Furthermore, the Richtmyer-Meshkov instability can be triggered when a shock passes
over an interface separating two fluids with different densities, such as reactants and
products. The Richtmyer-Meshkov instability corresponds to the Rayleigh-Taylor
instability for compressible flow. For example, as a shock passes through a curved or
corrugated flame front, the transmitted shock will alter its shape (compared to the

incident shock) and generate pressure and density gradients, disturbing the flame front.

2.2.2.4 Kelvin-Helmholtz instability

Kelvin-Helmholtz instabilities occur at the interface separating two fluids flows with
different densities in shear flow. Initially, the interface will start to be slightly rippled.
However, as the Kelvin-Helmholtz instability grows, larger vortices can cause the
interface to "roll-up," and ripples will turn into waves. A typical example is the formation
of ripples and waves in the ocean due to the wind. Moreover, this instability will increase

the flame surface area and mixing, thus, accelerate the flame propagation.

2.2.2.5 Acoustically induced instability

Instabilities caused by acoustic waves can occur when the radiated sound from
combustion resonance with the surrounding system [83]. Sound and pressure waves
cause small perturbations in the flame front, making it unstable. Thermo-acoustic
instabilities significantly impact the stability of high-performance combustion systems,
such as gas turbines and jet engines. These instabilities can cause fluctuations in heat

release and heightened vibrations, increasing the fatigue of the system.

2.2.2.6 Premixed turbulent flames

As discussed, a planar laminar premixed flame is inherently unstable. However, the
discussed instabilities consider only a flame propagation into a quiescent or laminar flow
of unburnt mixture, which is rarely the case. However, the unburnt mixture ahead of
the flame can be accelerated in confined explosions and may become turbulent
depending on the velocity and the surrounding geometry. For example, in internal
combustion engines (ICE) and gas turbines, the unburnt mixture ahead of the flame is

already turbulent. As the premixed flame propagates into the turbulent unburnt
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mixture, the flame front will be stretched and wrinkled and thus affect the propagation

speed.

Turbulence can have a tremendous influence on flame acceleration, and for specific

turbulent flows, the flame can even lead to extinction. However, before categorizing the

different turbulent flame regimes shown in Figure 16, it is helpful to establish two

characteristic turbulent length scales.

e The integral length scale (€o) is the macroscopic turbulent length scale. The

integral scale eddies are in the order of the confinement or phenomena of study.

A characteristic velocity fluctuation (ug) can be identified at the integral scale.

e Kolmogorov length scale (€x) is the turbulent microscale. In this turbulent scale,

the turbulent kinetic energy dissipates into internal energy.

Well Stirred Reactor
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(Ka, » 1)
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corrugated flames
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Figure 16. Phase diagram of different regimes of premixed turbulent combustion [31]

Laminar flames Regime: In this regime, there is little to no turbulence, and the flame

propagates with the laminar flame structure shown in Figure 11, with a minimum of

flame wrinkling.
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Wrinkled flame regime: In this regime, the characteristic velocity fluctuation (ug) is less
than the laminar burning velocity (SJ). Since uj is less than SY, the eddies will only have
a weak interaction with the flame front and make it slightly wrinkled. However, the

flame will still maintain the laminar flame structure.

Corrugated flame regime: When ujis larger than SJ, there will be a strong flame-vortex
interaction, which means the flame can become highly convoluted. Although the flame
is highly convoluted, the flame will still have a laminar flame structure because Ka;

(Kai=(Lo/€x)?) is smaller than 1.

Flame sheet regime: For regimes where Ka; is larger than one, the smaller eddies can
penetrate the preheat zone (Lp), enhancing the heat and mass transfer in the flame.
However, since Kar (Kar=(Lr/€x)?) is less than one, the eddies will not penetrate the
reaction zone. Thus, the flame will still have the laminar flame structure but with an

expanded preheat zone.

Well stirred Reactor regime: When Kar is larger than one, the eddies can penetrate the
reaction zone (Lg) since they are smaller than Lz. As a result, the flame no longer has a
distinct structure and can be considered more like a well-stirred reactor. In this regime,
the flame can extinguish due to increased heat and mass transfer in the reaction zone,

lowering the flame temperature.

For all regimes where Ka; is smaller than 1, the flame retains its local laminar structure

and is called a laminar flamelet. Therefore, the relationship between the laminar and

turbulent burning velocity in the laminar flamelet approach can be related to the

difference in flame surface area. Thus, the turbulent burning velocity can be expressed

by Eqg. 5 [87,88]. In Eqg. 5, the ratio between the turbulent and laminar surface area (Ar

and A,, respectively) reports the increase in flame surface area due to the turbulence.
Ar

ST =SLA_
L
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2.2.3 Detonations

If a combustion wave keeps accelerating, it will eventually reach a point when the
propagation suddenly transitions from deflagration to detonation (DDT). A detonation
is defined as a supersonic combustion wave relative to the unburnt gas. This study has
not investigated detonations or DDT of LIB vent gases to limit the focus. Furthermore,
DDT was not observed in the flame acceleration experiment nor the numerical
simulations. However, a short introduction is given so readers can distinguish
deflagration from detonations. For more information on detonation and DDT, the
studies by J.H.S. Lee (1977) [89], Shepherd and Lee (1992) [90], and J.E. Shepherd (2009)

[91], is recommended.

In the ZND model, the detonation is considered one-dimensional and described as a
wave with a reaction zone with a leading shock [31]. The leading shock heats the unburnt
reactants and initiates the reactions. A thermal explosion in the reaction zone emits a
compression wave, which maintains the leading shock. However, the 1-dimensional ZND
theory is a simplification of an actual detonation, which is a more complex and highly 3-

dimensional phenomenon.

Detonations can have severe consequences in accidental explosions. As mentioned, the
detonation wave propagates above the speed of sound, which causes the unburnt gas
ahead to be undisturbed. Supersonic propagation makes explosion mitigation methods
such as deflagration panels and vent areas with little to no success [84]. In addition, a
detonation wave initiated at ambient pressures can generate maximum pressures close
to 2000 kPa (gauge), which can cause massive destruction of equipment and structures

[30].

Finally, although a deflagration is a subsonic combustion wave relative to the unburnt
gas ahead, it can still seem supersonic relative to the stationary observer (laboratory
reference frame). The distinction between burning velocity and displacement speed

causes some confusion.
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3 Experimental Setup and Computational tools

This chapter presents the experimental setups and computational tools used in this
thesis. The chapter is divided into four sections, the 20-liter explosion sphere, the 1-
meter explosion channel, numerical methods used in Cantera, and the computational

fluid dynamic (CFD) model/solver XiFoam in OpenFOAM.

3.1 20-liter Explosion Sphere

Figure 17. Photo of the 20-liter explosion sphere[74]

The explosion sphere in Figure 17 has an internal volume of 20.4 dm?3. Surrounding the
sphere is a heating jacket, which controls the internal/ambient gas temperature. At the
bottom of the vessel, there is a heating plate with a separate temperature controller for
evaporating liquids. There are three filling ports, each dedicated for either liquid fuel,
gaseous fuel, or oxidizer. A Keller PAA-33X pressure transducer records the pressure
during the filling process to get the partial pressures for each component added. An
internal fan mixes the ambient gas to ensure a homogeneous mixture is achieved before

ignition.

Two types of ignition systems have been used, ignition/exploding wire and electrical

spark. The ignition wire was used when studying the explosive limits because of its high-
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energy release. For all other experiments, the spark ignition system was used. An
ignition coil was used as the ignition system when measuring the LBV. The ignition coil
had a primary inductance of 8.0 mH and was charged with 12 V to 15 V. Two metal wires
with a diameter of 1 mm and a variable spark gap between 0.5 and 2 mm were
connected to the ignition coil. A single spark with an energy of approximately 100 m)J
and 30 kV was used to ignite the gas mixture. Two Kistler 601CAA pressure transducers

measured the temporal evolution of the explosion pressure.

There are two circular windows with a diameter of 100 mm on opposite sides, providing
optical access to the chamber. The flame propagation was recorded using the focused
shadowgraph imaging technique and a Photron SA-Z high-speed camera operating at
20 000 frames per second (fps). The focused shadowgraph imaging technique is
achieved using a lamp that emits collimated light and a camera with a telecentric lens
[92]. Figure 18 shows a schematic illustration of the 20-liter explosion sphere

experimental setup.

Air supply

Pump

Qutlet

Figure 18. Schematic of the experimental setup [28]. 1: explosion chamber; 2: oxidizer inlet; 3: flush inlet; 4: fuel (liquid)
injection port; 5: fuel (gas) inlet; 6: vacuum port; 7: gas outlet; 8: ignition system; 9: thermocouple; 10: glass windows
(100 mm); 11: LED light source; 12: high-speed camera; 13: stirrer; 14: heating plate; 15: ambient temperature display;
16: dual explosion pressure sensors; 17: data acquisition system; 18: control/trigger unit and 19: ambient pressure
sensor
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3.1.1 General Experimental Procedure

The explosion sphere was purged with compressed and oil-free air for a minimum of five
minutes before each experiment. Purging for five minutes resulted in approximately 40
volume exchanges. The explosion sphere was evacuated after purging. Fuel was filled to
the desired partial pressure, and then the sphere was filled with air to 100 kPa (+0.5 kPa,
absolute). Air and fuel were actively mixed for three and a half minutes to ensure a
homogeneous mixture. After mixing, the temperature in the local display was manually
registered. The ignition was delayed for one and a half minutes after mixing to ensure

that the mixture was quiescent.

3.1.2 Determining the laminar burning velocity
The first step was determining the laminar flame speed using the outwardly propagating
spherical flame method. From the high-speed video, the temporal evolution of the
radius was measured using an in-house developed method coded in Python to analyze
the digital images. The following points summarize the algorithm used for each image
to extract the flame radius.

e Subtract background from the image and set all negative pixel values to zero

e Set threshold to distinguish the flame from the background in the image

e Store all pixels that are above the set threshold

e Find the outer perimeter and remove outliers in stored data.

e Curve fit outer perimeter to a circle and store the radius

e Print and store the control images (Figure 19).
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The calculated rate of change in flame radius (dr/dt) can be defined as the flame speed.
By curve fitting the calculated flame speed and the radius to any of the equations in
Table 2 gives the Markstein length (Ls) and the laminar flame speed (S3). The LBV is
calculated by assuming equilibrium between the unburnt and burnt state (Eq. 3). The
linear stretch (LS) model in Table 2 was used to calculate the laminar flame speed and
Markstein length in Proceeding A, Laminar burning velocity measurements for an

outwardly propagating flame of dimethyl carbonate and air mixtures [90].

Article B, Laminar Burning Velocity of the Dimethyl Carbonate-Air Mixture Formed by the
Li-lon Electrolyte Solvent [74], presents another approach for calculating the Markstein
length and the laminar flame speed. The stretch extrapolation models in Table 2 were
converted to differential equations by substituting the flame speed (Sp) with dr/dt.
These differential equations can be analytically solved, which gives equations that are
implicit functions of radius and time (except the non-linear model). In Table 3, the solved
implicit equations for all stretch extrapolation models in Table 2, except the non-linear

model NQ. This approach was used in Articles B and C.

Model name The implicit function of r¢(t)

Linear stretch (LS) model

e = Syt — 2Ly In1y 4 Cst

Linear curvature (LC)
model

rr = Sgt — 2L, In(ry — 2L,) + Cst

Non-linear model with 3
fitting parameters

e = Spt — Lp(rF — 2Lp1y + )
212 — ¢ P+ VA+L
2k m(_¥>+c$t

(N3P, A>0) 2VA e+ VA= Ly

Non-linear model with 3 e = Spt — Ly, (sz — 2Lpry + C)

fitting parameters 2A T — Ly

(N3P,A<0) —\/__Aatan(\/__A>+Cst
A=15—c

Non-linear (NQ) model in 41% 8L?5

expansion form

re =8% +c¢—2L,In(r7) + — + —
f b b (f) rf Srfz
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3.2 The 1-meter Explosion Channel

Figure 20. Photo of the 1-meter explosion channel

The premixed flame acceleration experiments were conducted in a 1-meter-long
rectangular open-ended channel, with a height of 116.5 mm and a width of 65 mm.
Separate rotameters for fuel and air controls the volume flow to the channel. All
rotameters were calibrated with a Ritter drum-type gas meter for each gas analyzed.
The premixed gas inlet was located 50 mm from the back end/wall of the channel, with
the flow controlled by a pneumatic on/off valve. There was a porous lid at the open end
of the channel during filling to avoid gravity currents and stratification. The lid was
released slightly before ignition. A 230 V AC transformer with an output voltage of 10
kV RMS and a current of 20 mA generated the high voltage spark. A maximum of two
sparks (in atmospheric conditions) was generated within a total duration of 20 ms. The
spark duration was controlled by switching on/off the power to the transformer. Four
Kistler 7001 pressure transducers measured the explosion pressure. The first pressure
transducer was located 250 mm from the back end of the channel, with the rest of the
transducers separated with an equal interval of 200 mm. A Photron SA1.1 high-speed
camera recorded the flame propagation with frame rates between 2000 and 20 000 fps.
Figure 21 shows a schematic illustration of the experimental setup used in Article D and

Article E.
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Figure 21 Schematic illustration of the experimental setup with dimensions

3.2.1 General Experimental Procedure

Before each experiment, the channel was purged with air for 5 minutes, resulting in a
volume exchange of approximately ten times. A porous lid was attached at the open end
before filling premixed fuel and air. After the lid was attached, the rotameters were
adjusted accordingly to give the desired fuel-air equivalence ratio for the experiment.
The premixed gas was flushed to achieve a minimum of 8 volume exchanges before the
gas inlet was closed. There was a 1-minute delay before ignition to reduce the
convective flow in the channel. After the 1-minute ignition delay, the porous lid was

released, immediately followed by ignition.

3.2.2 Determining the flame front position and velocity

The method for tracking the flame front is based on the algorithm presented in section
3.2.2. The following points summarize the algorithm used for each image in the high-
speed video to extract the flame front position. Figure 22 shows an example of the

generated images after the image-processing.

e Subtract background from the image and set all negative pixel values to zero
e Set threshold to distinguish the flame from the background in the image
e Remove noise in the image and store all pixels that are above the threshold

e From stored data, find the outer perimeter of the flame.
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Find the rightmost position in the outer flame perimeter data

e Store flame front position and control images (Figure 22)

The flame front position was filtered with a Savitzky-Golay filter [93] before calculating

the flame front velocity using a second-order accurate central differencing equation.

Figure 23 shows an example of the output data from one experiment, including the

recorded explosion pressure from the four pressure sensors and the temporal evolution

of the flame front position and velocity.
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Figure 24 shows the three different configurations of the 1-meter channel studied. The
empty channel was studied in Article D, Simulation of a Premixed Explosion of Gas
Vented During Li-lon Battery Failure. The obstructed channels were studied in Article E,
Numerical Study of Premixed Gas Explosion in a 1-meter Channel Partly Filled with 18650
Cell-like Cylinders with experiments. The obstructions consisted of 40 cylinders, where
each cylinder had a diameter of 18 mm and a length of 650 mm and had an equal
distance of 4.6 mm from each other. In one experimental series, the cylinders were near
the back end of the channel. In the other experimental series, the cylinders were placed

approximately in the center of the channel.
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Figure 24. Calibration photos of the three different channel geometries
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3.3 Cantera — Predicting Combustion Properties

Cantera is an open-source set of routines for solving problems of thermodynamics,
chemical kinetics, and transport processes [94]. It has a broad specter of applications,
including combustion, detonations, electrochemical energy, fuel cells, batteries, and
more. Cantera can run on multiple interfaces, most commonly Python and Matlab, and
applications written in C/C++ and Fortran 90. In this study, Cantera version 2.3.0 and

2.4.0 were used exclusively in a Python environment.

3.3.1 Closed volume explosion pressure calculation
To predict the closed volume explosion pressure, the thermodynamic equilibrium solver
equilibrate was used. Equilibrate solves for the composition with minimum Gibbs free

energy at constant internal energy and volume.

3.3.2 Laminar burning velocity calculations
In Cantera, the FreeFlame routine was used to predict LBVs. The FreeFlame routine
solves the governing equations (Eq. 6., Eg. 7., and Eq. 8.) for a steady-state solution of

1-D freely propagating, planar, and adiabatic flame.

Continuity equation, m = pud = constant
C i f i oY, 6J;
onservation of species, o ofi _ oW,
éx O
Conservation of energy, 6T &6 [ 6T . 8T
puCy 5% 3x (/15) - Z hyw,W; — Z]icp,i Sx
L l

Where, m is the mass flow; p is the density; u is the velocity; A is the area; Y; is the mass
fraction of specie /; Jiis the diffusive mass flux of specie i; wiis the molar reaction rate of
specie i; Wi is the mole weight of specie i; Cp is heat capacity; T is temperature; A is

thermal conductivity; h is the enthalpy of specie /; Cp,i is the heat capacity of specie i.

Two boundary conditions are needed to solve the equations above. The cold boundary
conditions are the initial temperature and gas composition (7, Y;, respectively), with
their derivatives equal to zero. An equilibrium calculation determines the temperature

and gas composition at constant pressure and enthalpy for the hot boundary conditions.
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The temperature and species mass fraction derivatives are set equal to zero at the hot
boundary. Finally, the mass flow or the velocity is solved as an eigenvalue of the

governing equations.

3.3.3 Reaction mechanisms

A reaction mechanism/model (also referred to as a chemical kinetics model) is required
to calculate the combustion properties with detailed chemistry for a combustible
mixture. A reaction mechanism contains elementary reactions and the corresponding
chemical kinetics, thermodynamic, and transport properties for the included species
and reactions. The NASA polynomials usually express the thermodynamic properties for
heat capacity (Cp), enthalpy (h), and entropy (s) [95]. The transport properties, viscosity,

diffusion, and heat conduction are evaluated using the Leonard-Jones parameters [96].

Five different reaction mechanisms have been used to predict combustion properties in
this thesis. The points below give a short description of each mechanism and in which

articles they were used.

e Glaude et al. [97] developed a reaction mechanism for the dimethyl carbonate
(DMC) oxidation process to study DMC as an oxygenate additive to diesel. The
mechanism contains 102 species and 257 reactions, with ethane (C;Hs) being
the largest alkane. The reaction mechanism was used in articles A, B, and C and
can be found at the Lawrence Livermore National Laboratory Combustion

website, https://combustion.lIinl.gov/

e Nakamura et al. [98] developed a reaction mechanism for an oxidation process
of diethyl carbonate (DEC) to study DEC as a biofuel additive to petroleum-
derived diesel. The mechanism contains 355 species and 2163 reactions, with
n-pentane (nCsH12) being the largest alkane. This reaction mechanism was only

used in article A to predict the closed volume explosion pressure.
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GRI-Mech 3.0 [70] is designed for natural gas combustion; it contains 53
species and 325 reactions, with propane (CsHs) being the largest alkane. The
reaction mechanism was used in articles A, C, and E, and can be found at the

GRI-Mech homepage, http://combustion.berkeley.edu/gri-mech/

Sun et al. [99] developed a reaction mechanism to study the combustion and
pyrolysis process of dimethyl carbonate (DMC). The mechanism contains 257
species and 1563 reactions, with butane (CsH1o) being the largest alkane. The
reaction mechanism was used in articles B and C and can be found under

supplementary materials to the original publication [99].

The San Diego reaction mechanism [100] is designed to suit a wide range of

combustion and detonation processes. It includes 57 species and 268 reactions,
with butane (CsH10) being the largest alkane. The reaction mechanism was used
in articles C and D and can be found on the homepage of Combustion Research

at UC San Diego http://web.eng.ucsd.edu/mae/groups/combustion/index.html.
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3.4 OpenFOAM - Computational Fluid Dynamic

The computational fluid dynamics (CFD) toolbox OpenFOAM is an open-source software
containing extensive features to solve problems such as fluid flows, turbulence, heat
transfer, and combustion [34]. This study used the XiFoam model/solver for combustion

simulations exclusively from versions 6 and 7 of OpenFOAM [35].

3.4.1 Pre-processing

Pre-processing consists of mesh generation, defining the boundary conditions and the
initial conditions. SnappyHexMesh in the OpenFOAM software package was used to
generate the mesh from stereolithography (STL) computer-aided design (CAD) drawing
created in Onshape, the online CAD tool [101]. Articles D and E document the geometry,
computational mesh, boundary conditions, and initial values used for each simulation

case.

3.4.2 XiFoam — Combustion modeling

In XiFoam, the flame modeling is based upon the laminar-flamelet approach [88], which
assumes that the turbulent premixed flame comprises a group of laminar flamelets. For
premixed combustion, the flame can be expressed as a progress variable or a regress
variable. XiFoam uses a regress variable (b) connected to progress variable (c) by Eq. 10,
where b equals 1.0 is unburnt, and burnt is b equals 0. Progress variable ¢ can be

calculated by Eq. 9.

c= YF - YF,u
YF,b_YF,u
b=1-c¢

Where: ¢ is the combustion progress variable; Yr is the fuel mass fraction; Yg, is the
unburnt fuel mass fraction; Yep is the burnt fuel mass fraction; b is the combustion

regress variable.
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The flame propagation is modeled by solving the transport equation for the regress
variable b. The equations below show the combustion model proposed by Weller et al.

[102,103] and the transport equation implemented in XiFoam.

0
5¢ (Pb) + V- (pub) = V- (pDVb) = —pS,
pSc = puSuE|VD]

9
a(pb) + V- (pUb) =V - (V- pDb) = —p,S,E|Vb|

Where: p is the density; b is the combustion regress variable; u is the velocity vector, D
is the subgrid thermal diffusion coefficient; Sc is the combustion source term; p, is the

unburnt density; S, is the laminar burning velocity; = is the subgrid wrinkling factor.

Part of the source term is the flame subgrid wrinkling factor, =, which can be regarded

as the ratio between the turbulent and laminar burning velocity (Eq. 5). = can be

evaluated by three methods, constant, algebraic, and transport. The equations below

show the different methods, where Eq. 14 is the transport equation, and Eq. 15 and Eq.

16, as the algebraic equations. For more information about = equations and how to

evaluate the terms in Eq. 14, see the original publications by Weller et al. [102,103].
0z

E+’U“S-v:= E—R(E—1)+ (g, — 0,)E

ul
Eiq = 1+ 0.62 (Q) Ry

Eeq=1+2(1—-b)(E;; —1)
Where: Us is the surface filter velocity; G is the turbulence generation rate; R is the
turbulence removal rate; os is the surface-filtered strain rate; o: is the resolved strain
rate; u’ is the subgrid turbulence intensity; S, is the laminar burning velocity; R is the

Kolmogorov Reynolds number.

The LBV (S, in Eg. 13) is calculated using the Giilder flame speed correlation proposed
by Omer L. Gilder [104], shown in Eq. 17. The Gilder equation consists of six model

coefficients, where five must be determined for a fuel and oxidizer composition. A
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detailed description of the fitting process and the complete code is given in

supplementary data A [105].

o B
s = e e (o) (B (- )
ref Pref

Where: S, is laminar burning velocity; ¢ is the fuel-air equivalence ratio; T is the
temperature; p is the pressure; w is a model coefficient; n is a model coefficient; is a
model coefficient; T is the reference temperature; a is a model coefficient; pres is the
reference pressure; 8 is a model coefficient; Xy is the mole fraction of inert that is not

part of the fuel and oxidizer mixture, f is a model constant.

3.4.3 Thermodynamic modeling

The gas was modeled as an ideal gas with the heat capacity (Cp), enthalpy (h), and
entropy (s) evaluated by the NASA polynomials [95] shown in the equations Eq. 18, Eq.
19, and Eq. 20. The NASA polynomials consist of 7 polynomial coefficients which are

specific for the composition.

c,(T
p() =ay+a;T +a,T? + a3T> + a,T*
u
h(T) a;T? a,T® asT* a,T®
= a,T + + + + +
R, 2 3 4 5 9
s(T) a,T? a3T® a,T*
R, = agInT + a4T + > + 3 + 2 + aq

The Sutherland equation was chosen as the transport model to calculate the dynamic
gas viscosity (u) [106]. In the Sutherland equation below, two composition-specific

coefficients (As and Ts) must be evaluated.

AT

H T
Is
1+

A detailed description of the determination of the NASA polynomials and the fitting

procedure of the Sutherland equation is given in supplementary data A [105].
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3.4.4 Turbulence modeling

In OpenFOAM, there are four main categories for handling turbulent flow, Reynolds-
averaged Navier-Stokes (RANS) equations, Large eddy simulations (LES), Detached eddy
simulations (DES), and Direct numerical simulations (DNS). Furthermore, there are

several sub-models below the main turbulence approaches.

The turbulence is related to the mean flow and its properties for RANS simulations and
is modeled by solving the time-averaged Navier-Stokes equations. In LES, the mean flow
and the larger eddies are resolved. Before computations, the Navier-Stokes equations
are spatially filtered to set the threshold between large and smaller eddies. Next, a sub-
grid scale model computes the effect of the smaller eddies on the resolved flow.
However, LES requires a higher resolution grid than RANS to resolve the larger eddies
and thus more computationally demanding. The third turbulence model is the detached
eddy simulation (DES), which combines LES and RANS modeling. The larger eddies in a
free turbulent flow (detached eddies) are resolved, but eddies near a wall are modeled
similarly to RANS simulations. DES does not require as fine a grid as LES and thus reduces
the computational requirements. In DNS, there are no turbulence models, and thus all

turbulent length scales must be resolved, requiring a grid with very high resolution.

Only the LES approach was used in this study. The simulations in Article D used the LES
sub-grid stress model WALE proposed by Nicoud and Ducros [107], suited for
unstructured meshes, complex geometries, and laminar to turbulent transition. The
WALE model is based on the square of the velocity gradient tensor and has a near-wall

scaling function without requiring a dynamic procedure.

Furthermore, in Article E, a turbulence model for compressible turbulent shear flows

developed by Akira Yoshizawa [108] was used.

3.4.5 Post-Processing

For Post-processing, the open-source software ParaView was used. It is one of the most
common post-processing software used with OpenFOAM and is integrated into the

OpenFOAM software package.
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4 Summary of Articles

This section contains summaries of each of the journal articles published in this study.

For the complete manuscript for each article, see Part 2 of this thesis.

4.1 Article A: Explosion characteristics for Li-ion battery

electrolytes at elevated temperatures.

4.1.1 Introduction

In this study, the explosion characteristics for the three electrolyte solvents, dimethyl
carbonate (DMC), ethyl methyl carbonate (EMC), and diethyl carbonate (DEC), were
analyzed in a 20-liter explosion sphere at 373 K and 100 kPa (absolute). The explosion
characteristics determined were the explosion pressure (Pex), the rate of explosion
pressure rise ((dp/dt)ex), and upper and lower explosive limits (UEL and LEL,
respectively), which are critical parameters for consequence and risk assessments
[30,89,109]. In addition, the results were compared with three common combustible
gases, hydrogen (Hz), methane (CHi), and propane (CsHs), and with theoretical

calculations.

4.1.2 Methods and materials

The 20-liter explosion sphere and the procedure described in section 3.1 were used to
obtain the experimental results. Due to the relatively low vapor pressure for DEC at 298
K, a temperature of 373 K was used. Two experiments (parallels) were conducted for
each target concentration to determine the Pex and (dp/dt)ex using a spark ignition
system. Five experiments with no ignition using the exploding wire ignition method were
performed to determine the UEL and LEL. All species analyzed had a purity of 99% or
higher. For the theoretical calculations of Pex, the equilibrate solver in Cantera was used
to find the equilibrium state at constant volume and internal energy. The reaction
mechanism used for DMC was published by Glaude et al. [97] and for DEC published by

Nakamura et al. [98]. For hydrogen, methane, and propane calculations, GRI-Mech 3.0
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[70] was used. No reaction mechanism for EMC was found, and thus no theoretical

calculation of explosion pressure was performed.

4.1.3 Results and Discussion

Table 4 summarizes the experimental results for the electrolyte solvents. The three
carbonates have similar explosion pressure and rate of explosion pressure rise, giving a
minimal difference in the calculated vent area [89,109]. Since the results from all three
carbonates are within the same range, the preliminary risk assessment may be
simplified. However, carbonates will decompose into other species during a TR, such as
hydrogen, carbon monoxide, carbon dioxide, and other hydrocarbons. The vent gas
composition is dependent on the state of charge (SOC), electrolyte mixture, and more
[22,51,110,111]. Therefore, the explosion characteristics for these vented gas

compositions may differ from the results in this study.

Variables/ Materials

Parameters DMC EMC DEC
Pex(¢=1) $=0.95 720 kPa $=1.02 744 kPa $=1.00 731 kPa
Pmax $=1.28 763 kPa $=1.22 768 kPa ¢=1.34 757 kPa
(dp/dt)max $=123 348MPas! | $=1.13 41.4MPas | $=1.33 38.9 MPa-s™
Ks, max 94.5 bar-m-s* 112.4 barm-s? 105.7 barm-s?
LEL 3.2% 2.1% 1.6%

UEL 18.0% 15.8% 11.3%

Table 5 shows the theoretically predicted explosion pressure results and the LEL and UEL
found in the literature for the electrolyte solvent. The discrepancy between
experimental and calculated explosion pressure is attributed to heat loss. Radiative and
convective heat losses will occur in the experiments. Similar discrepancies were found
for the methane and propane explosion pressures. DMC had the highest discrepancy in

LEL and UEL compared with previously published data [112]. The corresponding
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temperature and pressure for the explosive limits are not reported in the IPCS safety

chemical database for DMC and may differ from this study, explaining the discrepancy.

Materials
Variables/Parameters
DMC DEC
Pex(¢=1, theoretical) 788 kPa 778 kPa
Pmax (theoretical) $=1.25 818 kPa $=1.23 807 kPa
LEL [112,113] 4.22% 1.4%
UEL[112,113] 12.87% 11.0%

Figure 25 and Figure 26 compare the Pex and the (dp/dt)ex for all experiments with spark

ignition, respectively. Propane has a very similar Pex and (dp/dt)ex profile as the

carbonates; thus, explosion characteristics of a Li-ion electrolyte solvent (a mixture of

carbonates) are comparable to that of propane. Therefore, when estimating the

consequence for LIBs with unknown electrolyte solvents, the explosion characteristics

of propane may be initially assumed.

4.1.4 Conclusion

e Explosion pressure, rate of explosion pressure rise, UEL, and LEL were

determined for three common carbonates used for electrolyte solvent in LIBs.

o All three carbonates have similar explosion pressure and rate of explosion

pressure rise, which may simplify preliminary risk assessments.

o Discrepancies in explosion pressure between theoretical calculation and

experiments are likely caused by heat loss in the experiments.

e Comparing the carbonates to the three common fuels, hydrogen, methane, and

propane, showed that the explosion characteristics of propane were very similar

to that of the three carbonates.
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Figure 25. Explosion pressure for all experiments. The initial absolute pressure and temperature were 100 kPa

(absolute) and 373 K, respectively [69].
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Figure 26. The rate of explosion pressure rise for all experiments. The initial absolute pressure and temperature were

100 kPa (absolute) and 373 K, respectively [69].
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4.2 Article B: Laminar burning velocity of the dimethyl
carbonate-air mixture formed by the Li-ion electrolyte

solvent

4.2.1 Introduction

In this study, the LBV, laminar flame speed, and the Markstein length were determined
for dimethyl carbonate (DMC) and propane at 300 K and 100 kPa (absolute). The
Experimental results are compared with previously published studies and with

theoretical calculations.

4.2.2 Materials and Methods

The 20-liter explosion sphere and the procedure described in section 3.1 were used to
obtain the experimental results. For determining the LBV, the detailed procedure can
be found in section 3.1.2. DMC had a purity above 99% and propane a purity above
99.95%.

For validating the experimental method, the measured LBVs of propane were compared
to several previously published studies. Furthermore, the LBV for DMC was compared
to a study by Bardin et al. [114] and predicted LBVs using Cantera (see section 3.3) with

reaction mechanisms proposed by Glaude et al. [97] and Sun et al. [99].

4.2.3 Results and Discussion

Thermal diffusion, hydrodynamic instabilities, and buoyancy can cause instabilities and
may influence the propagation of the flame [71,72]. However, no buoyancy instabilities
or hydrodynamic instabilities caused by pressure changes were observed. Although
ignition-induced instabilities were detected, experiments with non-spherical flame
propagation were rejected. Several stretch extrapolations models were used; however,
for experiments with a Markstein times Karlovitz number within -0.05 and 0.15, the
unstretched flame propagation speed is practically independent of the stretch

extrapolation model.
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Moreover, the measured LBV of propane compared well with previously published
results, indicating that the experimental setup and method produce acceptable results,
as shown in the left plot in Figure 27. Table 6 summarizes the experimental results for

DMC using the derived linear stretch extrapolation model.

Table 6. Summary of dimethyl carbonate results. The unstretched flame propagation speed Markstein length, laminar
burning velocity, coefficient of determination at 300 K, and 100 kPa (absolute)

Fuel-air Laminar flame speed Markstein length (Ly) Laminar burning
equivalence ratio (S8) [mms™] [mm] velocity (So) [mm s™]
0.84 1895 2.84 251
1.01 2436 1.74 294
1.04 2492 1.57 300
1.13 2494 0.98 297
1.16 2522 1.10 301
1.32 2145 0.41 261
SS, [mm-s™1] 5%, [mm-s71
700.0 700
@ Liuetal 2014 @ Bardinetal 2013
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Figure 27. Laminar burning velocity as a function of equivalence ratio; left — measurements for propane compared to
previously published results; right — measurements for dimethyl carbonate compared to previously published results
and predictions with two reaction mechanisms. Initial conditions: temperature 300 K, absolute pressure 100 kPa
(absolute) [74].
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Figure 27 shows that the LBV of DMC in this study match reasonably well with the LBV
measured by Bardin et al. [114]. Although only a few points from the two studies
overlap, Figure 27 shows that the trend from the two datasets fits quite well. Of the two
reaction mechanisms, the model proposed by Sun et al. [99] had the lowest discrepancy
compared to the measured LBV. The reason for the discrepancy between predicted and
measured LBV is uncertain. However, the radiative heat loss could be contributing to

the discrepancy between simulations and experiments [115].

For the LBV at ¢p equal to 1.32, the partial pressure for that experiment (8.5 kPa at 302
K) was close to the estimated DMC vapor pressure of 8.8 kPa [116]. This slight pressure
difference may cause some uncertainties concerning the concentration in this
experiment. It is crucial to notice that at 300 K, the upper explosive limit for DMC will

not be reached.

4.2.4 Conclusion

e The laminar flame speed, Markstein length, and the LBV were experimentally
measured for DMC at 300 K and 100 kPa (absolute).

e The experimental method was validated by comparing the measured LBVs of
propane with previously published studies.

e Experiments with a Markstein times Karlovitz number within -0.05 and 0.15
show that the calculated LBV is practically independent of the stretch
extrapolation model used.

e For DMC, the highest LBV of 300 mm-s* was measured at a ¢ of 1.04. At 302 K,
near the saturated vapor pressure, the LBV is 261 mm-s™.

o Of the two DMC reaction mechanisms analyzed, the one proposed by Sun et al.

had the lowest discrepancy compared to the measured LBV.
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4.3 Article C: Laminar Burning Velocity of Gases Vented from

Failed Li-lon Batteries

4.3.1 Introduction

This study presents the LBV, laminar flame speed, and the Markstein length for three
gas compositions vented from failed LIBs and a pseudo/simplified gas mixture at 300 K
and 100 kPa (absolute). Two of the vent gas compositions were taken from literature,
which represents the upper and the lower LBV range, based on the study done by Baird
et al. [15]. Furthermore, the third Li-ion vent gas composition (the Generic Li-ion gas)

was determined by a research partner in the research center MoZEES [7].

Additionally, a simplified gas composition was generated to resemble the combustion
properties of the Generic Li-ion gas composition. The measured LBVs were compared to
predicted LBVs from four different reaction mechanisms using Cantera. Table 7 presents

the four gas compositions studied.

. H, co o, CHs CHs CHs
Fuel mixture

[%] [%] [%] [%] [%] [%]

High LBV Li-ion gas 42.8 37.1 10.0 7.1 3.0 [-]

Low LBV Li-ion gas 29.5 9.0 48.4 5.6 7.0 0.5

Generic Li-ion gas 34.9 25.0 20.1 15.0 5.0 [-]

Simplified gas 35.0 [-] [-] 65.0 [-] [-]

4.3.2 Methods and Materials

The 20-liter explosion sphere and the procedure described in section 3.1 were used to
obtain the experimental results. For determining the LBV, the detailed procedure can

be found in section 3.1.2.
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With Cantera version 2.4, the routines FreeFlame and equilibrate calculated the LBVs
and closed volume explosion pressure, respectively. These methods are described in
section 3.3. Four reaction mechanisms were used in this study, GRI-Mech 3.0 [70], San
Diego Mech [100], a reaction mechanism propose by Glaude et al. [97], and Sun et al.
[99] (hereafter referred to as the Glaude model and Sun model, respectively). GRI-Mech
3.0 and San Diego Mech were chosen due to their versatility in various combustion
processes, while the Glaude and Sun models were selected because they include the

electrolyte solvent, DMC.

The Simplified gas composition was determined by matching the LBVs and the explosion
pressures to that of the Generic Li-ion gas for fuel-air equivalence ratios between 0.5
and 1.7 (¢p), using the GRI-Mech 3.0. At 35 vol% of H; and 65 vol% of CH4, an acceptable

resembles was found.

4.3.3 Results and Discussion

Thermal diffusion and hydrodynamic instabilities that could have caused errors in the
measurements were not observed. All experiments that had ignition-induced
instabilities that caused the flame to propagate non-spherical were rejected. Parallel
experiments for each concentration only gave minor differences in LBV, which are barely

noticeable, as illustrated in Figure 28.

Certain species influence the LBV significantly, as illustrated by the wide range of LBVs
observed in Figure 28. For example, the maximum LBV of the Low LBV Li-ion gas
composition is 351 mm-s’, whereas the LBV for the High LBV Li-ion gas composition is
approximately three times higher at 1056 mm-s™. As the High LBV Li-ion gas comprises
approximately 80% Hz and CO, a high LBV is expected. On the other hand, the Low LBV

Li-ion gas contains approximately 50% CO», which is inert; thus, a lower LBV is expected.
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Figure 28 Comparison of the predicted laminar burning velocity (LBV) using the four reaction mechanisms and the
measured LBVs of a) the high LBV Li-ion gas mixture, b) the low LBV Li-ion gas mixture, c) the generic Li-ion gas mixture,
and d) the simplified gas mixture. [117]

4.3.3.1 LBV prediction accuracy of the reaction models

The prediction accuracy of the four reaction mechanisms was compared by computing

the coefficient of determination (R?) and the standard deviation of the error (SDE),

commonly used in statistical analysis. Furthermore, the Sun model had the most

consistently high R? values, above 0.95 for all mixtures. However, the Sun model exhibits
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issues predicting the LBV for High LBV Li-ion gas, as shown in Figure 28 a). Similarly, the
San Diego mech has a high R? value (0.97) for the High LBV Li-ion gas but has a peak
difference of 55 mm-s* and under-estimates the LBV at the fuel-rich side, as shown in
Figure 28 a). Although the San Diego mech had a low R? value (0.72) for the Low LBV Li-
ion gas, the peak discrepancy (25 mm-s?) and SDE (20.4 mm-s'!) was lower than for the

High LBV Li-ion gas.

Of all reaction mechanisms, the Glaude model had the lowest prediction accuracy and
overestimated the LBVs. Previous studies have reported that the Glaude model deviates
from experimentally obtained LBVs [74,99,114,118]. However, the Glaude model
estimated the LBV of the High LBV Li-ion gas relatively accurately (R? = 0.99 and SDE =
20 mm-s!) as shown in Figure 28 a), which may be attributed to that mixture

composition.

The GRI-Mech 3.0 model most accurately predicted the LBV for the High LBV Li-ion gas
(R?=0.997 and SDE = 11.6 mm-s’!) and the Simplified gas (R? =0.99 and SDE = 12.1 mm-s
1), which predominantly comprises Hz, CO, and CHa. Previous studies have shown that
the GRI-Mech 3.0 model accurately predicts the LBVs of similar gas composition [119],
[120], [82], [121]. However, for gas compositions that have a higher CO, concentration,
such as the Low LBV Li-ion gas (R? = 0.547 and SDE = 61 mm-s!) and the Generic Li-ion
gas (R?=0.86 and SDE = 47.7 mm-s), the GRI-Mech 3.0 model tends to over-predict the
LBVs. Zahedi et al. [117] reported that GRI-Mech 3.0 predicted slightly higher LBVs for
CHa diluted in 10% and 20% CO..

The reaction mechanisms studied have different LBV prediction accuracy and thus may
produce different results when used in safety engineering models and as input to CFD
simulations. However, the uncertainties in these models and CFD simulations can be

substantially more significant than the deviations between these reaction mechanisms.

4.3.3.2 Ideal reaction mechanisms for different gas compositions

Studies have shown that different SOC and chemistry can vyield different gas

compositions during a LIB failure (Table 1). Therefore, based on the results in this study,
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selecting a reaction model based on the CO;, concentration in the gas composition can
improve the accuracy of the predicted LBVs. Table 8 presents a method of choosing a
reaction mechanism to predict LBVs considering the CO, concentration in the gas
compositions as a criterion. However, this criteria may be valid only for the gas
compositions listed in Table 7. If conservative estimations of LBV are essential, GRI-Mech

3.0 can be considered the ideal choice and not the presented criteria in Table 8.

Reaction mechanism CO; concentration Gas mixture
GRI-Mech 3.0 Less than 15% Simplified, High LBV
San Diego Mech Between 15% and 40% Generic

Sun model Above 40% Low LBV

4.3.3.3 Challenges in generating a simplified Li-ion gas

GRI Mech 3.0 was used to determine the gas composition of the Simplified gas by
matching the combustion properties of the Generic Li-ion gas. However, as presented in
Figure 28 c), GRI Mech 3.0 overpredicts the LBVs for the Generic Li-ion gas. Based on the
experimental results, the San Diego mech should have been used to predict the
combustion properties more accurately for the Generic Li-ion gas. Although the
accuracy of the predicted LBVs would have improved by using the San Diego Model, the
composition of the Simplified gas would remain the same. For example, reducing the H;
concentration to lower the LBV would increase the explosion pressure due to increased
CHa concentration, further increasing the closed volume explosion pressure

discrepancy. A higher level of resemblance requires a third inert species such as COx.

Furthermore, the Simplified gas generated resembles the Generic Li-ion gas only in
terms of combustion properties. However, in actual experiments, gas dispersion and
mixing with air are essential factors. As the Simplified gas is lighter than the Generic Li-
ion gas, the dispersion will differ. If the vented Li-ion gas temperature exceeds 300 K
used in this study, it will reduce its density and alter the combustion properties.

Therefore, matching both density and combustion properties of vented Li-ion gas
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compositions requires the knowledge of release temperature and species composition.
Based on the results of this study, a non-toxic “pseudo” or “simplified” gas that

reproduces the required properties can be designed using theoretical calculations.

4.3.4 Conclusions

e To address the explosion hazards related to gases vented from failed LIBs, the
Markstein length, laminar flame speed, LBV, maximum explosion pressure, and
maximum rate of explosion pressure rise for three gas compositions and one
pseudo (simplified) Li-ion gas has been determined at various ¢.

e Certain species influence the LBV of a gas composition significantly. Gas
composition with a high concentration of H, and CO has a higher LBV; whereas,
gas compositions with a high CO, concentration tend to have a lower LBV.

e The LBV prediction accuracy of four reaction mechanisms, namely the GRI-Mech
3.0, San Diego Mech, Glaude model, and Sun model, were compared to
experimental results. Among these, the Sun model had the most consistent high
coefficient of determination (R?).

e GRI-Mech 3.0 predicted the LBV with the highest accuracy for gas compositions
with low CO; content. However, over predicted the LBV when the CO; content
was more than 20%.

e Based on the compositions carbon dioxide (CO2) concentration in the LIBs vent
gas composition, a method for choosing a reaction mechanism to predict the
LBVs is recommended.

e This study shows that a non-toxic “pseudo” or “simplified” gas that reproduces
the required properties can be designed using theoretical calculations. However,
matching density, explosion pressure, and LBV can be challenging for a wide
range of ¢p. Moreover, for accurate reproduction of these properties requires the
knowledge of release temperature and species composition.

e The experimental and numerical results of combustion properties are
considered novel and can be used as input for CFD modeling, safety engineering

models for risk assessments of battery installations.
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4.4 Article D: Simulation of a Premixed Explosion of Gas Vented

During Li-lon Battery Failure

4.4.1 Introduction

This study presents a CFD method and its prediction accuracy for simulating explosions
of gases vented from failed LIBs. The CFD method includes a code for generating
combustion, transport, and thermodynamics properties, required for CFD simulations
using the XiFoam model/solver. As method verification, the required input parameters
generated by the proposed method are compared to results from theoretical
calculations. The input parameters are also used in several CFD simulations of an
explosion in a 1-meter rectangular channel, which are compared with experimental

results.

4.4.2 Materials and Method

4.4.2.1 Experimental setup

The 1-meter explosion channel and the procedure described in section 3.2 were used to
obtain the experimental results. Two parallel experiments were conducted for each
target concentration. A research partner determined the gas composition used by
analyzing the vented gas from thermally abused commercial cells with cell chemistry
based upon LFP with 100% SOC. Table 9 shows the fuel gas composition, which was

purchased premixed from AGA Linde.

Name of fuel mixture H2 [%] CO [%] CO2[%] CHa[%] CiHa[%]

Generic Li-ion gas 349 25.0 20.1 15.0 5.0

60



Mathias Henriksen: A study of premixed combustion of gas vented from failed LIBs

4.4.2.2 CFD Simulation - XiFoam

For the CFD simulations, the XiFoam solver/model described in detail in section 3.4 was
used. The first-order forward Euler scheme was used for the time integration. For the
gradient and diffusion terms, the second-order linear scheme was used. A blend of the
first-order upwind and second-order limited linear and linear scheme was used for the
convective terms. The LES sub-grid model WALE proposed by Nicoud and Ducros [107]
was used to evaluate the sub-grid turbulence. The WALE model is based on the square
of the velocity gradient tensor and has a near-wall scaling function without requiring a
dynamic procedure. Moreover, the model is suited for complex geometries and flow

that experience laminar to turbulent transition.

SnappyHexMesh was used to generate the computational mesh from a computer-aided
design (CAD) geometry drawn in Onshape, the online CAD tool [101]. At the open end
of the channel, the cell size expands linearly in all directions to twice the initial cell size,
creating a rectangular frustum shape with a length of 500 mm. Three initial cell sizes, 2,
4, 8, and 16 mm, were analyzed to investigate the mesh sensitivity. The final mesh
shown in Figure 29 was based on the background mesh with a cell size of 4 mm and

consist of 426 026 cells.

a)

black: Open Boundary
grey : Wall Boundary

)

Figure 29. The geometry and computational mesh for most of the numeric simulations. a): Side view of the entire CAD
geometry with boundary conditions. b): Side view of the computational mesh front part. c) Horizontal cross-section
view of the computational mesh center. d): Side view close-up of the computational mesh intersection between the
channel and open geometry.
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In the channel (the grey part of Figure 29a)), typical wall boundary conditions were used
as non-slip (zero velocity), isothermal (fixed temperature), and zero gradients (all other
variables). For the outer domain (the black part of Figure 29a)), open boundary
conditions as inlet-outlet (fixed value inlet, zero gradient outlet) and constant total
pressure were used. The atmospheric conditions were set to 293 K and 101.3 kPa

(absolute), similar to the overall experimental conditions.

4.4.2.3 mech2Foam — the method for generating input parameters

An inhomogeneous mixture in XiFoam requires three species: oxidizer (air), fuel, and
burntProducts; hereafter referred to as the XiFoam species. These XiFoam species
require three parameters: mole weight, NASA polynomial coefficients [95], and
Sutherland Coefficients [106]. The Generic Li-ion gas in Table 9 was used for the fuel
species, and air (21 vol% O, and 79 vol% N2) was used as the oxidizer species. Using the
set fuel and oxidizer as inputs, the required transport, combustion, and thermodynamic
model coefficients for XiFoam were calculated using the mech2Foam code and the San

Diego reaction mechanism [100].

A detailed description of mech2Foam foam can be found in part 2 of this thesis under

Supplementary Data A — mech2Foam documentation [105].

4.4.3 Results and Discussion

The NASA polynomial coefficient generated for the XiFoam species gave nearly identical
thermodynamic values as those calculated by Cantera. A statical comparison showed
that the coefficient of determination (R?) was approximately 1.0, and the standard
deviation of the error (SDE) was approximately zero. This accuracy was obtained
because all species in the XiFoam species had the same common reference temperature.
However, different common reference temperatures for these species may reduce the
accuracy. Therefore, for mixtures with different reference temperatures, the generated
NASA polynomial coefficients should be validated. Comparing the dynamic viscosity
from Cantera and the fitted Sutherland coefficients gave a maximum SDE and minimum

R? of 1.547-10°° Pa-s and 0.997, respectively.
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The fitted Gllder coefficients calculated the LBVs reasonably well compared to those
numerically calculated using Cantera, with the lowest R? of 0.98, for LBV as a function of
pressure (at constant ¢ and temperature). However, by estimating LBVs outside of fitted
data, the accuracy is reduced. For example, at 751.3 kPa (absolute), the SDE was 35
mm-s~! and R? of 0.70. Therefore, when using the Gulder equation for LBV estimations,

the expected temperature and pressure range should be considered.

The background mesh comparison showed some discrepancies in minimum and
maximum values but had similar temporal profiles. Based on the cell size comparison,
the 4 mm case gave acceptable results compared to the 2 mm case. A cell size of 4 mm
is also favorable concerning computational time and requirements for larger

geometries.

Figure 30 shows the maximum recorded explosion pressure in the experiments and the
simulation cases. Although the CFD simulations predicted the maximum explosion
pressure with only minor differences compared to experimental results, a considerable
difference was found by comparing the temporal evolution of the pressure, flame front,
flame front velocity, as shown in Figure 31. The CFD simulation predicted the initial
stages of the flame propagation; however, it did not predict the pressure and velocity
oscillations as the flame approached the end of the channel. As the gauge pressure in
the channel becomes negative, the flame front in the simulations stretches significantly,
which could dampen the pressure oscillations observed in the experiments. Thus, for
these experimental conditions, the XiFoam solver accurately predicts the maximum
pressure, the initial pressure peaks, initial front velocity development, and flame front

position for an open-ended channel.
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Figure 30. Maximum explosion pressure from the generic Li-ion gas experiments, recorded in the 1-meter explosion
channel [REF].
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Figure 31. Comparison of the CFD simulated and the experimental results at fuel-air equivalence ratio 1.2. a)

Comparison of the temporal evolution of the pressure; b) Comparison of the temporal evolution of the flame front
position; ¢) Comparison of the temporal evolution of the flame front velocity
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4.4.4 Conclusion

e This study presents a CFD method for simulating explosions of gases vented from
failed LIBs, including the generation of the required combustion, transport, and
thermodynamic model coefficients (mech2Foam) for the CFD XiFoam
model/solver in OpenFOAM, using only open-source software.

e The comparison between generated NASA polynomials and thermodynamic
values calculated using Cantera and the San Diego reaction mechanism was
neglectable. Furthermore, the curve-fitted Sutherland equation had only
minimal differences compared to values calculated using Cantera.

e The curve-fitted Gilder equation had only minor deviations from the values used
in the regression. However, comparing to values outside the regression data, the
deviation significantly increases. The temperature and pressure range should be
considered when using the Giilder equation for LBV correlation.

e Although the CFD method mech2Foam is designed for the XiFoam CFD solver,
the method can be used for other CFD tools that require similar input
parameters.

e CFD simulations predicted the maximum explosion pressure and flame front
position with only minor discrepancies. The highest maximum explosion
pressure was 1.36 kPa (gauge) and 1.45 kPa (gauge) in the experiments and
simulations, respectively.

e The predicted initial temporal evolution of the pressure and flame front velocity
also agreed well with experiments. However, pressure and flame front velocity
oscillations, which occurred as the flame approached the channel opening, were
not accurately predicted.

e The method is intended for evaluating the risk and consequences related to LIB

applications and installations.
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4.5 Article E: Numerical Study of Premixed Gas Explosion in a 1-
meter Channel Partly Filled with 18650 Cell-like Cylinders

with Experiments

4.5.1 Introduction

This study investigates the prediction accuracy of the CFD method XiFoam. More
specifically, the XiFoam prediction accuracy of the temporal pressure evolution,
maximum pressure peak, positive impulse, and the spatial evolution of the flame front
velocity for premixed gas explosions in a 1-meter-long explosion channel partly filled
with 18650 cell-like cylinders. Two gas compositions and two different geometries were
studied. The difference in the two channels geometries was the location of the
arrangement of 40 18650 cell-like cylinders. Finally, the experiments were compared at
three different fuel-air equivalence ratios (¢) 0.8, 1.0, and 1.2, resulting in a total of 12

simulation cases, at typical atmospheric conditions, 293 K and 101.3 kPa (absolute).

4.5.2 Materials and Methods

4.5.2.1 Experimental Setup

The 1-meter explosion channel and the procedure described in section 3.2 were used to
obtain the experimental results. Figure 21 shows the dimensions of the two geometries,
hereafter referred to as the inner channel geometry and the center channel geometry,
with the names referring to the location of the cylinders in the channel. Both geometries
had a 0.5 void ratio and maximum blockage ratio of 0.77 in the obstructed part of the
channel. The two gas compositions have been previously studied by Henriksen et al.
[117]; one has a high LBV compared to other Li-ion ion vent gases and is referred to as
the High LBV Li-ion gas, while the other gas is a pseudo/simplified Li-ion vent gas. The
pseudo/simplified Li-ion vent gas has an LBV and explosion pressure in the same range
as many other Li-ion vent gas compositions and is referred to as the Simplified Li-ion gas.

Table 10 shows the two fuel gas compositions.
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Name of fuel mixture Hz [%] CO [%] CO2[%] CHa[%] CaHs[%]
High LBV Li-ion gas 42.8 37.1 10.0 7.1 3.0
Simplified Li-ion gas 35.0 [-] [-] 65.0 [-]

4.5.2.2 CFD Simulation

The XiFoam solver/model described in detail in section 3.4 was used for the CFD
simulations. Several simulation results were compared with an experiment (case 38 in
Table 11) to determine the numerical scheme and models for the remaining CFD
simulations. The focus of the comparison was on the explosion pressure at pressure

sensor one and the flame propagation.

The second-order Crank-Nicolson scheme, with a ratio of 0.6 forward Euler and 0.4
Crank-Nicolson, was used for the time integration. For the gradient and diffusion terms,
the second-order linear scheme was used. Moreover, the gradient and diffusion terms
were discretized using the second-order linear scheme. Three different second-order
schemes were used for the divergence terms, linear, linear-upwind, and limited linear.
The species model coefficients for the transport and thermodynamic models and the

Gulder coefficients were generated using mech2Foam [105].

LES was used for the turbulence approach, with the sub-grid model proposed by Akira
Yoshizawa [108] for compressible turbulent shear flows. The Van-Driest dampening
function was used for wall turbulence treatment, with the A* coefficient and AC equal

26 and 0.158, respectively.

The two geometries and computational meshes were generated using Onshape, the
online CAD tool [101], blockMesh, and SnappyHexMesh. The initial cell size was 4 mm
in the channel, which was refined to have three layers of half the initial cell size at the
outer walls. At the 18650 cell/cylinder walls, the first three layers were a fourth of the
initial cell size, followed by an additional three layers with half the initial cell size. At the
open end of the channel, the cell size expands linearly from 4 mm to 8 mm in all

directions, creating a rectangular frustum with a length of 500 mm outside the channel.
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For the inner and center channel geometries, the total amount of cells were 944 849

and 945 843, respectively.

Typical wall boundary conditions were applied as non-slip (zero velocity), isothermal
(fixed temperature), and zero gradients on the wall boundaries. The open boundary
conditions were applied on the outer domain, such as inlet-outlet (fixed value inlet and
zero gradient outlet), constant total pressure, and zero gradients. The atmospheric

conditions were 293 K and 101.3 kPa (absolute), similar to the overall experimental

conditions.
Experimental Fuel-Air Channel Corresponding
Gas Composition

Case Number Equivalence ratio = Geometry CFD Case Name
Case 01. High LBV Li-ion gas 0.79 Inner High CFD 0.8 Inner
Case 03. High LBV Li-ion gas 1.00 Inner High CFD 1.0 Inner
Case 05. High LBV Li-ion gas 1.18 Inner High CFD 1.2 Inner
Case 06. High LBV Li-ion gas 1.18 Inner High CFD 1.2 Inner
Case 15. Simplified Li-ion gas 0.79 Inner Simple CFD 0.8 Inner
Case 16. Simplified Li-ion gas 0.79 Inner Simple CFD 0.8 Inner
Case 20. Simplified Li-ion gas 0.97 Inner Simple CFD 1.0 Inner
Case 21 Simplified Li-ion gas 0.97 Inner Simple CFD 1.0 Inner
Case 22. Simplified Li-ion gas 1.01 Inner Simple CFD 1.0 Inner
Case 23. Simplified Li-ion gas 1.01 Inner Simple CFD 1.0 Inner
Case 27. Simplified Li-ion gas 1.19 Inner Simple CFD 1.2 Inner
Case 28. Simplified Li-ion gas 1.19 Inner Simple CFD 1.2 Inner
Case 33. High LBV Li-ion gas 0.79 Center High CFD 0.8 Center
Case 36. High LBV Li-ion gas 0.97 Center High CFD 1.0 Center
Case 37. High LBV Li-ion gas 0.98 Center High CFD 1.0 Center
Case 38. High LBV Li-ion gas 0.98 Center High CFD 1.0 Center
Case 42. High LBV Li-ion gas 1.18 Center High CFD 1.2 Center
Case 43. High LBV Li-ion gas 1.18 Center High CFD 1.2 Center
Case 52. Simplified Li-ion gas 0.79 Center Simple CFD 0.8 Center
Case 53. Simplified Li-ion gas 0.79 Center Simple CFD 0.8 Center
Case 54. Simplified Li-ion gas 0.79 Center Simple CFD 0.8 Center
Case 57. Simplified Li-ion gas 1.01 Center Simple CFD 1.0 Center
Case 58. Simplified Li-ion gas 1.01 Center Simple CFD 1.0 Center
Case 62. Simplified Li-ion gas 1.19 Center Simple CFD 1.2 Center
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4.5.3 Results and Discussion

The comparison of experimental Case 38 and the High CFD 1.0 center simulation case
showed that the XiFoam predicted the explosion pressure for pressure sensor one and
flame front position. However, there were significant discrepancies in maximum

explosion pressure at pressure sensors 3 and 4 and the flame acceleration predictions.

There was a significant difference in the maximum explosion pressure between parallel
experiments, especially for the High LBV Li-ion gas experiments. Some parallel
experiments had a maximum explosion pressure difference of 60 to 70 kPa, which is the
same range as the deviation between simulation and experimental results. Explosion
pressure may not be an ideal comparable parameter due to potential variance between

parallel experiments as observed in this study.

The model evaluation protocol proposed for the HySEA project [122], which is based on
the MEGGE protocol [123], was used for a statistical quantification of the model
performance. Table 12 shows the model performance criteria for the mean geometric

bias (MG) and the mean geometric variance (VG).

The scale of Model Performance MG and VG Limits
Excellent 0.7 < MG < 1.3 [Solid red line]
VG < 1.6 [Solid black line]
Acceptable 0.5 < MG < 2.0 [Dashed red line]
VG < 3.3 [Dashed black line]
Poor 2.0< MG >0.5
VG >3.3

Figure 32 and Figure 33 show that the MG and VG for all High LBV Li-ion gas cases were
within the criteria for acceptable model performance. XiFoam had an overall better
model performance for the center geometry cases, which was expected since the
numerical scheme and model parameters were adjusted to this geometry. In the
simulation cases, all the maximum pressure peaks were at pressure sensor one;

however, in the center channel geometry experiments, the maximum pressure peaks
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were observed on the two outer pressure sensors (PS3 and PS4). In the simulation, as
the flame propagated through the geometry, the modeled flame thickness grows, which
most likely dampens the pressure peaks. Although the model did not predict the
maximum pressure peaks at these sensors (PS3 and PS4), the positive impulses were
predicated with significantly less deviation. For the inner channel geometry, the overall
averaged MG and VG were 0.96 and 1.26, respectively, whereas, for the center channel

geometry, the overall averaged MG and VG were 1.10 and 1.14, respectively.
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Figure 32. The mean geometric bias and the mean geometric variance for the inner channel geometry High LBV Li-ion
gas and the Simplified Li-ion gas cases. a): Temporal pressure evolution; b): Maximum pressure; c): Positive impulse;
d): Spatial flame front velocity.
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Figure 33. The mean geometric bias and the mean geometric variance for the High LBV Li-ion gas and the Simplified
Li-ion gas in the center channel geometry; a) Temporal pressure evolution; b) Maximum pressure; c) Positive impulse;
d) Spatial flame front velocity

The XiFoam model performance of the temporal pressure evolution, maximum pressure
peak, and spatial evolution of the flame front velocity for the Simplified Li-ion gas cases

were within the acceptable criteria for all but case 15. However, only five of thirteen

71



Henriksen: A study of premixed combustion of gas vented from failed Li-ion batteries

cases were within the acceptable model performance criteria for the positive impulse.
A significant discrepancy was found when comparing the flame front position for the
Simplified Li-ion gas, center channel geometry cases. In the simulations, the flame
propagates faster, causing a more significant pressure increase and, thus, a higher
positive impulse. There is less disagreement in flame acceleration in the inner channel
geometry cases, resulting in better model performance for the maximum explosion
pressure and slightly better for the positive impulse. For the inner channel geometry,
the overall averaged MG and VG were 0.89 and 1.36, respectively, whereas, for the
center channel geometry, the overall averaged MG and VG were 0.80 and 1.86,

respectively.

Changing the value of the combustion model parameter uPrimeCoef and the Crank-
Nicolson coefficient greatly influenced the simulation results. The uPrimeCoef affects
the sub-grid turbulence kinetic energy influence on the variable =, which affects the
flame propagation speed. For the center channel geometry, High LBV Li-ion gas cases, a
uPrimeCoef of 0.6 fitted reasonably well with the experiments. However, for the center
channel geometry, Simplified Li-ion gas cases, a lower uPrimeCoef would have resulted
in a better prediction of the flame propagation and, thus, better maximum pressure

prediction.

Increasing the Crank-Nicolson coefficient usually resulted in a higher flame acceleration
and thus higher maximum pressures. Increasing this coefficient from 0.4 to 0.6 for the
High CFD 1.0 center simulation case resulted in a maximum pressure of 450 kPa (gauge),
300 kPa higher than when using a coefficient value of 0.4. Numerical instabilities were

encountered as the Crank-Nicolson coefficient increased.

It is possible to accurately predict the maximum explosion peak, positive impulse, and
the spatial evolution of the flame front velocity by adjusting the uPrimeCoef and the
Crank-Nicolson coefficient. However, accurately predicting these three simulation
results in the same simulation is challenging with XiFoam. One of the reasons this is

difficult is caused by the broadening of the flame thickness in the simulations.
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Finally, the center channel geometry, Simplified Li-ion gas cases with a ¢ above 1.19,
except case 62, would quench while propagating through the cylinder geometry. Some
cases, however, reignited, but after a considerably long time. The quenching may be
caused by a highly turbulent flow, which may be violating the XiFoam laminar flamelet
assumption. Further investigation is needed to explain this phenomenon, which is

beyond the scope of this study.

4.5.4 Conclusion

e This study examined the XiFoam model performance by comparing the
experimental and the CFD simulated temporal pressure evolution, maximum
pressure peak, positive impulse, and spatial evolution of the flame front velocity
for two different channel geometries and two gas compositions for several ¢.

e The XiFoam model performance for the temporal pressure evolution, maximum
pressure peak, positive impulse, and spatial evolution of the flame front velocity
for the High LBV Li-ion gas cases was all within the acceptable criterion shown in
Table 12.

e For the Simplified Li-ion gas cases, the temporal pressure evolution, maximum
pressure peak, and spatial flame front speed evolution were within the
acceptable model performance criteria for all cases, except case 15. However,
for the positive impulse, only five of thirteen cases were within the acceptable
model criteria.

e Both gas compositions in both geometries have an overall averaged MG and VG
within the acceptable model performance criteria.

e Adjusting the combustion parameter uPrimeCoef and the Crank-Nicolson
coefficient can impact the flame propagation significantly, thus the simulation
results.

e Accurately predicting the maximum peak pressure and positive impulse in the

same simulation is difficult with the CFD method XiFoam.
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5 Summary and Conclusion

This Ph.D. thesis presents a study of premixed combustion of flammable gas vented
from failed LIBs. Premixed combustion is an extensive topic with numerous research
areas; therefore, the four research goals/objectives listed in section 1.1 were set to
focus and limit the study. These research goals were set in accordance with the research
center MoZEES. This section summarizes each research goal, ending with recommended

future research that can improve on the work done in this thesis.

5.1 Combustion properties determined in explosion sphere

A total of seven different compositions have been studied in the explosion sphere, three
different electrolyte solvents, three gas compositions related to failed LIBs, and a
pseudo/simplified Li-ion vent gas. In Article A, the explosion pressure, the rate of
explosion pressure rise, and the explosive limits, for the electrolyte solvents DMC, EMC
and DEC were determined at 373 K and 100 kPa (absolute). Furthermore, in Article B,
the explosion pressure, the rate of explosion pressure rise, and the LBV for DMC at 300
K and 100 kPa (absolute) were determined. Finally, in Article C, the explosion pressure,
the rate of explosion pressure rise, and the LBV for the three gas compositions related
to failed LIBs and a pseudo/simplified Li-ion vent gas were determined at 300 K and 100
kPa (absolute). The point below summarizes the key observations and conclusions in

these articles.

e The electrolyte solvents, DMC, EMC, and DEC, have similar explosion pressure
and rate of explosion pressure rise, which may simplify preliminary risk
assessments. (Article A)

e Comparing the electrolyte solvents to H,, CHs, and C3Hs showed that the
explosion characteristics of CsHs were very similar to that of the three
carbonates at 373 K and 100 kPa (absolute). (Article A)

e For DMC at 300 K and 100 kPa (absolute), the maximum measured LBV was 300
mm-s?! at a fuel-air equivalence ratio of 1.04. Additionally, at 302 K, near the

saturated vapor pressure, the LBV is 261 mm-s™. (Article B)
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e Of the three Li-ion vent gas compositions, the minimum and maximum LBV
ranges from 351 mm-s? and 1056 mm-s?, respectively. This range of LBV
illustrates the significance of particular species in the gas compositions. Gas
compositions with a high concentration of H, and CO, as a higher LBV, whereas
gas compositions with a high CO, concentration tend to have a lower LBV.

(Article C)

In addition to the point above, the experimental results of the explosion characteristics
and LBVs presented in Table 4, Figure 25, Figure 26, Table 6, and Figure 28 are

considered novel and one of the scientific contributions from this study.

5.2 Comparison of predicted and measured combustion

properties

To experimentally determine combustion properties for the vast variation of vent gas
compositions published would not be feasible, at least not within the time frame of this
Ph.D. thesis. Moreover, the 20-liter explosion sphere has temperature and pressure
limitations, which restricts the experimental range. However, explosion pressure and
LBV can be determined numerically using solvers in tools such as Cantera with the
appropriate reaction mechanisms (chemical kinetics model). Therefore, in this thesis,
statistical analysis and visual (qualitative) comparison have been done to evaluate the

LBV prediction accuracy of four different reaction mechanisms.

In Article B, the reaction mechanisms by Glaude et al. [97] and Sun et al. [99] were
compared to the measure LBV of DMC. Moreover, in Article C, the reaction mechanisms
GRI-Mech 3.0, San Diego Mech, and those proposed by Glaude et al. and Sun et al. were
compared to four different gas compositions. The point below summarizes the key

observations and conclusions in these articles.

e Compared to the measured LBV for DMC, the reaction mechanism proposed by
Sun et al. had the lowest discrepancy. The mechanisms by Glaude et al.

significantly over predicts the LBVs. (Article B)
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e GRI-Mech 3.0 predicted the LBV with the highest accuracy for gas compositions
with low CO; content. However, over predicted the LBV when the CO; content
was more than 20%. (Article C)

e The reaction mechanism by Sun et al. had a consistently high coefficient of
determination (R?), which was above 0.95 for all gas compositions. Although
under predicted the LBV for the High LBV Li-ion gas on the fuel-rich side.
Article C)

e Recommended criteria for choosing a reaction mechanism to predict LBV for
gases vented from LIBs based on the composition's carbon dioxide (COy)

concentration. (Article C)

Within LIB safety research, a few studies use reaction mechanisms to predict
combustion properties for Li-ion vent gas compositions, with the study performed
by Baird et al. [15] being probably the most comprehensive. However, in this thesis,
the prediction accuracy of several reaction mechanisms have been compared with
experimental results of LIB vent gas compositions, which has not been previously

published, and one of the scientific contribution from this study.

5.3 CFD method

The third objective was to develop a CFD method to simulate premixed combustion of
gases vented from failed LIBs, with the XiFoam model/solver in OpenFOAM as the basis
CFD tool. XiFoam required a set of coefficients for modeling transport, combustion, and
thermodynamic properties, which are gas composition dependent. The code

mech2Foam was created to calculate these model coefficients.

Mech2Foam generates all the required model coefficients for an inhomogeneous
combustion simulation in XiFoam, from a specified fuel and air gas composition. The
code is written in the Python programming language and utilizes the Cantera functions
described in section 3.3. The mech2Foam code/method and the comparison result in

article D are summarized in the points below.

76



Mathias Henriksen: A study of premixed combustion of gas vented from failed LIBs

e The NASA polynomial coefficients are generated for the XiFoam species, oxidant,
fuel, and burntProducts, by mole-weighted NASA coefficients gathered from a
reaction mechanism. (Supplementary Data A)

e The Sutherland coefficients are determined for the XiFoam species by curve
fitting the Sutherland equation (dynamic viscosity) to data generated using
Cantera and a reaction mechanism. (Supplementary Data A)

e Determines the Gilder coefficients required for LBV correlation by curve fitting
to data generated using Cantera and a reaction mechanism. (Supplementary
Data A)

e The comparison between generated NASA polynomials and thermodynamic
values calculated using Cantera and the San Diego reaction mechanism was
neglectable. Furthermore, the curve-fitted Sutherland equation had a low
discrepancy compared to values calculated using Cantera. (Article D)

e The curve-fitted Gulder equation had only minor deviations from the values used
in the regression. However, comparing to values outside the regression data, the
deviation significantly increases. The temperature and pressure range should be
considered when using the Gllder equation for LBV correlation. (Article D)

e Although mech2Foam is designed for XiFoam, any CFD model utilizing the same

input parameters could use this method.

As mentioned, mech2Foam is an openly available tool written in Python, which
generates the necessary combustion, thermodynamic, and transport properties for a
CFD simulation of inhomogeneous combustion of Li-ion vent gases. Hopefully, the
mech2Foam tool can contribute to more CFD simulations of battery installations, thus

potentially improving the safety of such installations.
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5.4 CFD modeling

The final research goal was to review the CFD method by comparing simulated results
with laboratory-scale experiments. Section 3.2 describes the experimental setup of the
1-meter explosion channel used for this comparison. Furthermore, the CFD method
XiFoam is described in section 3.4, and the mech2Foam code is described and

demonstrated in supplementary data A and article D, respectively.

In total, three different channel geometries and three different gas compositions have
been analyzed. Article D is a numerical and experimental study of a premixed gas
explosion with the Generic Li-ion gas in an empty channel. In Article E, a premixed gas
explosion of two gas compositions with two explosion channel configurations with
18650 cell-like cylinders was experimentally and numerically studied. The articles D and
E results were determined at standard atmospheric conditions, 293 K and 101.3 kPa
(absolute). The point below summarizes the key observations and conclusions in these

articles.

e The CFD simulations predicted the maximum explosion pressure and flame front
position for an empty channel with only minor discrepancies. The highest
maximum explosion pressure was 1.36 kPa (gauge) and 1.45 kPa (gauge) in the
experiments and simulations, respectively. (Article D)

e The initial temporal evolution of the pressure and flame front velocity in the
empty channel simulations agreed well with the experiment. However, pressure
and flame front velocity oscillations, which occurred as the flame approached
the channel opening, were not predicted. (Article D)

e The XiFoam model performance for the temporal pressure evolution, maximum
pressure peak, positive impulse, and spatial evolution of the flame front velocity
for the two channels with the 18650 cell-like cylinders with the High LBV Li-ion
gas cases were all within the acceptable criteria shown in Table 12. (Article E)

e For the two channels with the 18650 cell-like cylinders with the Simplified Li-ion
gas composition, the XiFoam model performance for the temporal pressure

evolution, maximum pressure peak, and spatial evolution of the flame front
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velocity was within acceptable model performance criteria in Table 12, for all
except one case. However, for the positive impulse, only five of thirteen cases
were within the acceptable model criteria.

e The combustion parameter uPrimeCoef and the Crank-Nicolson coefficient used
in the time discretization can significantly change the flame propagation and
thus the CFD simulation results.

e Accurately predicting the maximum peak pressure and positive impulse in the
same simulation is difficult with the CFD method XiFoam, due to the increase in

flame thickness during simulation.

Most CFD simulations related to LIBs focus on single-cell failure, thermal runaway, and
cell-to-cell propagation, which does not directly address the explosion hazard. In a
report by DNV [124], CFD simulations of gas dispersion and explosion in maritime LIB
installations were investigated. However, the explosion simulations were never
compared or validated with experiments. This thesis presents a CFD method for
simulating explosions related to LIB failure and the model performance of this CFD
method. Hopefully, this CFD method, which has been compared several to laboratory-
scale experiments, will contribute to future risk and consequences analysis of LIB

applications and installations.

5.5 Future work

Below are some research goals that can improve upon the scientific work presented in

this thesis.

e Some studies in Table 1 show that both toxic species and electrolyte solvents are
released, in addition to the combustible and inert species studied in this thesis.
As more detailed gas compositions are published, which contain electrolyte
solvents, toxic, inert, and combustible species, the combustion properties of
such gas mixtures should be studied further.

e The Simplified Li-ion gas composition was generated to resemble the

combustion properties of the Generic Li-ion gas composition. Although these gas
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compositions have similar combustion properties in the 20-liter explosion
sphere, it is uncertain how similar a vented gas explosion is. Experimentally
investigating the flame propagation would improve on the simplified gas
assumption.

In this study, homogeneous premixed gas explosions have been studied. In an
actual LIB event, it is improbable that the ignited combustible cloud is
homogeneous. An analysis of inhomogeneous gas explosions could provide
valuable insight into more realistic LIB explosions.

List with suggested improvements to the XiFoam model/solvers.

o Implement a function for uPrimeCoef, instead of a constant. A variable
uPrimeCoef value may improve the flame propagation speed during the
transition from laminar to turbulent.

o Improve the thermodynamic evaluation of rich combustion. The highest
heat of combustion will always be at a fuel-air equivalence ratio of 1.0 for
an inhomogeneous mixture in XiFoam. However, for most fuels, the
maximum heat release is usually found slightly on the rich side.

o Reduce the growth of the simulated flame thickness. As the two CFD
studies have shown, the increase in simulated flame thickness can
significantly impact the results.

The prediction accuracy of the XiFoam model/solver has been evaluated for
laboratory-scale experiments only. Comparing XiFoam simulations to
experiments with larger geometries would give further insight into to prediction

accuracy of XiFoam.
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ARTICLE INFO ABSTRACT

Li-ion batteries are used in electronic devices and electric cars, yet they create safety concerns due to the pos-
sibility of the release of combustible materials. The electrolyte, one of the main components in a Li-ion cell,
consists of organic carbonates. Venting and thermal runaway release organic carbonates and when mixed with
air, it can result in fires and explosions. A 20-liter explosion sphere was used to determine the explosion
characteristics for three typical carbonates used in electrolytes, at 373 K, and 100 kPa absolute pressure. The
explosion pressure and the maximum rate of explosion pressure rise are presented for the carbonates and for
hydrogen, methane, and propane, and the explosive limits for the carbonates are also identified at the same
conditions. This allowed a comparison of the explosion characteristics for the carbonates with those for hy-
drogen, methane, and propane. Theoretical calculations gave a higher explosion pressure than that from the
experimental results most likely due to losses in the hydrocarbon experiments. The carbonates analyzed have
very similar explosion pressures and rate of explosion pressure rise as propane. The explosion characteristics
found for the three carbonates can be used in future consequence and risk assessments for Li-ion battery in-

Keywords:

Dimethyl carbonate

Diethyl carbonate

Ethyl methyl carbonate

Maximum explosion pressure

The maximum rate of explosion pressure rise

stallations.

1. Introduction

A wide range of products uses Li-ion batteries, from cellular phones
and computers to hybrid, fuel cell, and electric vehicles. A high energy
density, low self-discharge, and low maintenance are advantages that
distinguish Li-ion batteries from traditional batteries [1]. One of the
main components of a Li-ion battery/cell is the electrolyte. The elec-
trolyte consists of one or a mixture of organic carbonates together with
a Li-ion salt, i.e., LiPF4. The flammable electrolyte is a potential hazard
[2,3] and in the last two decades, there have been several reports of fire
and explosion related incidents caused by Li-ion battery failure [4]. Li-
ion battery failure can be caused by several different events, such as
mechanical abuse, overcharge, heat exposure, over-discharge, external
and internal short-circuit [5]. Battery failure can lead to the release of a
combustible mixture and under certain conditions, thermal runaway
can occur [6-8]. The combustible mixture that is release can consist of
organic carbonates and other combustible gases such as hydrogen,
methane, and propane in addition to particulate matter [5,9]. It is this
release of combustible materials mixed with air that can cause fires and
explosions [4-6,9-11]. Fig. 1 shows two still images of an in-
homogeneous propagating flame caused by from the released gas/mist

vented from an externally heated 18,650 Li-ion cell.

Explosion characteristics such as the explosion pressure, the rate of
explosion pressure rise, and upper and lower explosive limits (UEL and
LEL, respectively) are critical parameters for consequence and risk as-
sessment [12-14]. Explosion pressure and the rate of explosion pressure
rise are also used to verify computational models. Essential explosion
characteristic data for dimethyl carbonate (DMC), ethyl methyl carbo-
nate (EMC), and diethyl carbonate (DEC) are missing in the literature.
Only the explosive limits for DMC and DEC have been reported but
without a description of the experimental conditions [15,16].

In this study, the explosion characteristics for DMC, EMC, and DEC
were analyzed in a 20-liter explosion sphere. The initial conditions for
all experiments were 100 kPa absolute and 373 K. Hydrogen, methane,
and propane are also analyzed and compared with previously published
results [17-22].

2. Materials and method
The vessel used in the experiments was a standard 20-liter Anko

explosion sphere, which is in accordance with standards EN-1839 [23]
and EN-13673-1 [24]. Fig. 2 shows a photo and a schematic drawing of
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Nomenclature

Variables/Parameters

Py Maximum explosion pressure from experiment

Prax Maximum explosion pressure from a series of experi-
ments

(dp/dt)., Maximum rate of explosion pressure rise from an ex-
periment

(dp/dt);mex Maximum rate of explosion pressure rise from a series
of experiments

K¢ Deflagration index for an experiment
LEL Lower explosive limit

UEL Upper explosive limit

¢ Fuel-air equivalence ratio

Pressure
[kPal
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the explosion sphere used. Two Kistler 601CAA pressure transducers
measured the explosion pressure at 100 kHz. A Keller PAA-33X pressure
transducer recorded the pressure during the filling process to get the
partial pressures for each component. Separate injection ports for all
materials were used to reduce uncertainties in the fuel-air concentra-
tion. There were two types of ignition systems used. The wire ignition
system, used to determine LEL and UEL, causes a metal wire to melt and
evaporate, which then ignites the mixture. The ignition energy is ap-
proximately 10J according to the supplier. The spark ignition system
was used to achieve the explosion pressure (P,,) and the maximum rate
of explosion pressure rise ((dp/dt).,). The spark ignition is a series of
electrical sparks between two electrodes that has a total duration of
0.5s. The temperature set point for the apparatus was chosen to be
373 K instead of the typical value of 298 K due to a relatively low vapor
pressure for DEC at 298 K A Photron high-speed camera recorded each
experiment that was conducted with the spark ignition for visual in-

Fig. 1. Two still images of an inhomogeneous
flame propagating inside a 0.45 x 0.10 x 0.10
explosion channel. A 18650 Li-ion cell was
externally heated until the combustible gas/
mist vented. a) Short after the ignition. b)
Image when the flame has reached the end of
the channel.

Fig. 2. (a) Photo of the 20-liter explosion
sphere. (b) Illustration of the 20-liter explosion
sphere. 1: 0.1 m windows; 2: mixing propeller;
3: Kistler pressure transducers; 4: Keller pres-
sure transducer; 5: liquid evaporator; 6: liquid
sample tube; 7: spark igniter; 8: ambient tem-
perature probe; 9: liquid injection port; 10: fuel
(gas) injection port; 11: air injection port.

500 1 — Explosion pressure curve sensor 1
—-= (dp/dt)ex
400 A
300 1

200 A

100 A

0 T T
0.0 0.1 0.2

0.3 0.4 0.5

Time [sec]

Fig. 3. The filtered explosion pressure measurement, with the calculated (dp/dt)., line, for the 4.2% dimethyl carbonate experiment. This plot was used to validate

the linear regression of the rate of explosion pressure rise.
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Fig. 4. Left: The maximum explosion pressure (P.,) from each experiment. Right: The maximum rate of explosion pressure rise ((dp/dt).,) from each experiment. The

initial absolute pressure and temperature was 100 kPa and 373K, respectively.

Table 1

Summary of the primary results from the hydrogen, methane, and propane experiments at 373 K and 100 kPa.
Variables/Parameters Materials

Hydrogen Methane Propane

P (p=1) ¢ =1.04 653 kPa $ =1.00 670 kPa ¢ =1.05 687 kPa
Prnax $=1.04 653 kPa $=1.02 670 kPa $=1.32 729 kPa
(dp/dt) max ¢ =1.04 101.9 MPa/s ¢ =1.02 26.8 MPa/s ¢ =132 40.6 MPa/s
K6, max 276.6 (barm)/s 72.7 (barm)/s 110.3 (barm)/s

spection. conducted for each target concentration. Five parallel experiments with

The explosion sphere was purged with compressed and oil-free air
for a minimum of five minutes, exchange the total volume in the sphere
approximately 40 times, before each experiment. The explosion sphere
was evacuated to an absolute pressure of 10 kPa or less, after purging.
Fuel was filled to the desired partial pressure, and then the sphere was
filled with air to 100 kPa ( = 0.5 kPa). Air and fuel were actively mixed
for three and a half minutes to ensure a homogenous mixture. After
mixing, the temperature was recorded. The temperature difference
between experiments was within + 2.5 K. The ignition was delayed for
one and a half minutes after mixing to ensure that the mixture was
quiescent. For P,, and (dp/dt).., two parallel experiments were

no ignition were performed to determine the explosive limits.

Alfa Aesar was the supplier for EMC and Sigma-Aldrich the supplier
for DMC and DEC. All three carbonate solutions had 99% purity or
higher and bought from Sigma Aldrich Norway. AGA Linde Norway
supplied the hydrogen, methane, and propane with a purity of 99.95%
or higher.

The explosion pressure measurement was post-filtered with a
Savitzky-Golay smoothing algorithm [25]. All experiments had iden-
tical smoothing-filter parameters at 999 data points and a second-order
polynomial fit. For each experiment, the average maximum pressure for
the two filtered data sets determined P,,. The algorithm below was used
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Fig. 5. Left: The maximum explosion pressure (P.,) from each experiment. Right: The maximum rate of explosion pressure rise ((dp/dt).,) from each experiment. The
initial absolute pressure and temperature was 100 kPa and 373K, respectively.

Table 2
Summary of the primary results from the dimethyl carbonate (DMC), ethyl methyl carbonate (EMC), and diethyl carbonate (DEC) experiments with initial conditions
at 373K and 100 kPa.

Variables/Parameters Materials

DMC EMC DEC
Po (p=1) $=0.95 720 kPa $=1.02 744 kPa ¢ =1.00 731 kPa
Prnax ¢ =1.28 763 kPa ¢ =1.22 768 kPa ¢ =134 757 kPa
(dp/dt) max ¢ =123 34.8 MPa/s ¢ =113 41.4 MPa/s ¢ =133 38.9 MPa/s
K6, max 94.5 bar m/s 112.4 barm/s 105.7 bar m/s
LEL 3.2% 2.1% 1.6%
UEL 18.0% 15.8% 11.3%

to calculate (dp/dt).y: Fig. 3 shows one of the control images produced to validate the (dp/
dt)., algorithm. The highest maximum rate of explosion pressure rise
for a series of experiments ((dp/dt),..x) Was used to calculate the de-
flagration index (Ks) for one material. Eq. (1) is used to calculate the

deflagration index. The standard unit for K is (barm)/s, which was

e Find gradients in the filtered pressure data
e Filter gradient data to remove noise
o Use the largest gradient as the starting point for the (dp/dt)., cal-

culation therefore used in this study.
e Conduct a 150-data-point regression to find the maximum gradient,
(dp/db)ex
dr ) e @
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where K is the deflagration index for gases [(barm)/s], (dp/dt)max is
the maximum rate explosion pressure rise from a series of experiments
[bar/s], and V is the volume of the explosion sphere [m®].

The chemical kinetics, thermodynamics, and transport process si-
mulation tool Cantera (version 2.3.0) [26] was used to calculate P,,
theoretically. To calculate the P,,, the standard equilibrium solver was
used with constant internal energy, constant volume, and the same
initial conditions as in the experiments. This theoretical calculation was
also referred to as closed volume combustion or adiabatic isochoric
complete combustion (AICC). The reaction mechanism for DMC was
taken from Glaude et al. [27]; that for DEC was from Nakamura et al.
[28]; and the Gri3.0 reaction mechanism for hydrogen, methane, and
propane was from Smith et al. [29]. The established reaction me-
chanism for the different fuels provided the equilibrium constants and
reaction sets for the calculation. No reaction mechanism for EMC was
found and thus no theoretical calculation of explosion pressure.

3. Results

Fig. 4 shows the experimental results for hydrogen, methane, and
propane with the P,, on the left and (dp/dt)., on the right. Propane had
the highest maximum explosion pressure (P,) at 729 kPa, and hy-
drogen had the highest (dp/dt)mqx at 101.9 MPa/s. Of the three fuels,
hydrogen had the smallest discrepancy between the experimental re-
sults and the theoretical calculations. For methane and propane, the
disagreement between these results was approximately 40kPa for a
fuel-air equivalence ratio (¢) between 0.75 and 1.5. The average dif-
ference between all parallels was 3kPa for the three fuels. Table 1
summarizes the primary results in Fig. 4.

Fig. 5 shows the results from the DMC, EMC, and DEC experiments.
EMC has the highest P, and (dp/dt) ., at 768 kPa and 41.4 MPa/s,
respectively. DMC and EMC have a slightly lower P,,,,, with the small
difference of 11 kPa. There is disagreement in P,, between the experi-
mental and theoretical results for both DMC and DEC. For 0.65 < ¢ =
1.6, the discrepancy is approximately 50 kPa. For ¢ > 1.6, the gap
between the results and calculations increases significantly. The
average difference between parallels for all experiments and all three
fuels was calculated to be 8 kPa.

The open symbols in Fig. 5 show the experiments where ignition
occurred when iterating toward the explosive limits. The explosive
limits for both DMC [15] and DEC [16] were found on the International
Programme on Chemical Safety (IPCS) INCHEM database. Table 2
summarizes the results from the experiments with DMC, EMC, and DEC.
Table 3 summarizes the calculated pressures and explosive limits found
in literature.

4. Discussion

To validate the procedure and experimental setup and to quantify
the variation between experiments, two parallel experiments were
performed at each target concentration. A comparison of the spark ig-
nition experiments (solid symbols) in Figs. 4 and 5 show that there is
only a small difference in P,, and (dp/dt)., for two parallels. DMC,

Table 3

Theoretical calculation of the maximum explosion pressure and the literature
values for the lower and upper explosive limit for dimethyl carbonate and
diethyl carbonate.

Variables/Parameters Materials

DMC DEC
P, (¢ = 1, theoretical) ¢ =1.00 788 kPa ¢ =1.00 778 kPa
Pyax (theoretical) ¢ =1.25 818 kPa ¢ =123 807 kPa
LEL [15,16] 4.22% 1.4%
UEL [15,16] 12.87% 11.0%
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EMC, and DEC have greater differences in P,, than hydrogen, methane,
and propane: 8kPa and 3kPa, respectively. This difference is likely
caused by the variation in concentration for the two liquid parallels.
The syringe used to inject the liquid made it hard to obtain an exact
concentration for each parallel. The experimental results were also
compared with a theoretical calculation performed using Cantera.
Figs. 4 and 5 and Tables 2 and 3 show that there is a discrepancy be-
tween the results and calculations in all cases except for hydrogen. The
difference is within 50 kPa for 0.65< ¢ <1.6. For methane and pro-
pane, the disagreement between the theoretical calculation and ex-
periments is in the same range as previously published results
[18,19,21]. The experimental results for hydrogen, methane, and pro-
pane at 298K and 373 K was in good agreement with previously pub-
lished experimental results at similar conditions [17-22]. Spark igni-
tion was chosen for the P,, and (dp/dt)., experiments since it resulted in
a lower variation between two parallels: 0.44 MPa/s, and 1.38 MPa/s,
respectively. The procedure and experimental setup provided re-
producible results with little variation between parallels.

The differences between the theoretical and experimental results are
most likely due to heat loss in the experiments. Since the calculations
are adiabatic and reach chemical equilibrium, they are ideal with no
losses. The experimental setups have radiative heat loss, especially for
the hydrocarbon materials. Bradly [30] estimated a heat loss of 5% for
spherically shaped combustion with a radius of 0.5m in methane and
propane experiments. The radiative heat loss for hydrogen is less than
that for hydrocarbons. Since hydrogen has a low radiative flux and high
(dp/dt)ex (short combustion time), the experimental results are very
close to the theoretical results. For ¢ above 1.6, the disagreement be-
tween calculation and experiments increases for hydrocarbons, as
shown in Figs. 4 and 5. The discrepancy is not only due to heat losses
from radiation, but also due to other effects, as buoyancy causing a non-
spherical flame and soot formation. Dahoe [31] reported that buoyancy
would have a more significant effect on the experiments when con-
centrations approached the explosive limits. The flame front would be
mushroom shaped instead of spherical. Heat loss would then occur in
the upper part of the vessel due to the direct contact between the
combustion products and the walls before the flame reaches the lower
walls. Heat loss at the top from convection will influences the explosion
pressure. The high-speed video for mixtures close to the explosive limits
clearly shows a mushroom-shaped flame front. At rich conditions, soot
also forms for hydrocarbons. Soot residue was found inside the explo-
sion sphere for experiments that were close to the explosive limits for
most of the hydrocarbon experiments. None of the reaction mechanisms
used in the theoretical calculations included the formation or reaction
of soot. The radiative heat loss will also increase due to the high ra-
diative properties of soot and increased combustion time.

The three carbonates have very similar P, and (dp/dt)... Only
11 kPa separates the highest and lowest P, which is close to the
variation between parallels at 8 kPa. The difference of 6.6 MPa/s in
(dp/dt) max is regarded as relatively small and will only give a minimal
difference in vent areas [12,13]. Since the results from all three car-
bonates are within the same range, the preliminary risk assessment is
simplified. In the course of a thermal runaway, carbonates will de-
compose into other materials, such as hydrogen, carbon monoxide,
carbon dioxide, and ethylene, among others. The composition of the
vented gas is dependent on the state of charge (SOC) and electrolyte
mixture [5,7,9,32]. The explosion characteristics for this gas mixture
may differ from the results of this study. Further study in dispersion
rates, vented material concentration, and total vented mass from known
Li-ion cell compositions are needed to improve the consequence and
risk assessment of Li-ion batteries further.

DMC showed the most significant discrepancy in LEL and UEL
compared with previous data [15]. The absolute difference is -1% for
LEL and +5.1% for UEL when comparing the results in Table 2 and the
literature values in Table 3. In the IPCS safety chemical database for
DMC, the temperature and pressure for the explosive limits are not
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Fig. 7. The rate of explosion pressure rise for all experiments. The initial absolute pressure and temperature were 100 kPa and 373 K, respectively.

reported. The initial conditions for the explosive limits may differ from
the 373K and 100 kPa conditions used in this study. This may be the
cause of the relatively large gap in explosive limits. The difference in
explosive limits in this study and the IPSC database [16] was less for
DEC than for DMC. The small discrepancy between reported explosive
limits is not unexpected if there were differences in the experimental
setups [17].

Figs. 6 and 7 compare P,, and (dp/dt)., for all experiments with
spark ignition. Fig. 6 shows that there is little difference in the P,, for
the carbonate experiments. Hydrogen and methane have a lower P,
compared with the carbonates. Propane has a very similar P, and (dp/
dt)., profile as the carbonates. Fig. 7 shows that, of all experiments,
hydrogen has the highest (dp/dt).,. Considering hydrogen’s high la-
minar burning velocity relative to the other materials, this is expected
[10]. Since all the experiments are performed in the same explosion

vessel volume, the (dp/dt) m., and K are linearly related. Therefore, K¢
is not discussed any further. The explosion characteristics of a Li-ion
electrolyte (a different mixture of carbonates) are comparable to the
explosion characteristics of propane. When estimating the consequence
for Li-ion batteries with an unknown electrolyte, it may be useful to
assume propane explosion characteristics initially.

5. Conclusion

A 20-liter explosion sphere was used to determine the explosion
pressure, the rate of explosion pressure rise, and the lower and upper
explosive limit for dimethyl carbonate, diethyl carbonate, and ethyl
methyl carbonate at different concentrations, with the initial condition
at 373K and 100 kPa. The procedure and experimental setup gave re-
producible results and is considered a suitable method for determining
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explosion characteristics. All three carbonates have similar explosion
pressure and rate of explosion pressure rise.

An adiabatic and chemical equilibrium calculation performed using
Cantera gave higher explosion pressures compared to experiments for
all materials expect hydrogen. This disagreement is reported in other
publications and is typical for hydrocarbons [18,19,21]. The difference
in explosion pressure between the theoretical calculation and experi-
ments increases for a fuel-air equivalence ratio above 1.7, due to heat
loss, non-spherical-shaped combustion, and soot formation.

The explosion characteristics for the three carbonates were com-
pared to experiments with hydrogen, methane, and propane. Propane
has very similar explosion characteristics as the carbonates. The results
obtained from the experiments with the three carbonates are con-
sidered novel and can be of use in future consequence and risk as-
sessments for Li-ion battery installations.
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Abstract: If a Li-ion cell fails and the electrolyte leaks out into air, a flammable premixed gas
cloud can be formed. The electrolyte combustion energy is 65-70% of the total energy content
of the cell. The main objective of this study is to determine the laminar burning velocity and
the Markstein length for dimethyl carbonate and propane in a 20-liter explosion sphere with ini-
tial conditions at 100 kPa and 300 K. Five different stretch extrapolation models for the laminar
burning velocity give practically the same result. The experimental results agree well with the
previously published data and are slightly lower than the theoretical predictions. The laminar
burning velocity for dimethyl carbonate is measured close to the saturation point under the initial
conditions, which has not been previously reported.

Keywords: laminar burning velocity, dimethyl carbonate, Li-ion battery electrolyte, gas explo-

sion.

DOI: 10.1134/50010508220040024

INTRODUCTION

With the increasing need for clean and sustainable
energy, Li-ion batteries (LIBs) have become a popu-
lar choice for energy storage. They are characterized
by a high energy density and power compared to other
rechargeable batteries. A challenge with the Li-ion tech-
nology is that it must have a protection circuit to en-
sure safety [1-3]. A combination of a flammable organic
electrolyte with highly energetic materials present a po-
tential for an accident [4]. In the last two decades, there
have been several reports of fire- and explosion-related
incidents caused by LIB failure [3-6].

The electrolyte is one of the main components in
the Li-Ton cell/battery and consists of one or several

“University of South-Eastern Norway, Porsgrunn,
Telemark, Norway; mathias.henriksen@usn.no.

*Norwegian Defence Research Establishment,
Oslo, Norway.

organic carbonates (e.g., dimethyl carbonate) together
with a Li-ion salt. Typical electrolytes are flammable.
Mikolajczak et al. [7] estimated that the heat of com-
bustion of the organic carbonates contributes 65-70%
of the total energy content in the 18650 Li-ion cell, de-
pending on the state of the charge.

In the Li-ion battery/cell, a thermal incident can
be initiated by an internal or external short circuit, heat
exposure, overload, over-discharge, overcharge, and me-
chanical abuse [7]. Such an incident can lead to the
release of the electrolyte, hydrogen, carbon monoxide,
methane, and other flammable species [6-12]. If these
species mix with air, a flammable premixed gas cloud
can be formed. If such a cloud is ignited, a gas explosion
can occur.

Johnsplass [13] documented gas explosions in
clouds of a vented electrolyte from the 18650 Li-ion cell
that was externally heated to 425 K. The flame veloc-
ity observed on the high-speed video was up to 10 m/s.
Figure 1 shows two still images from one of the exper-

0010-5082/20/5604-0383 (© 2020 by Pleiades Publishing, Ltd. 383
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(b)

Fig. 1. Still images of an inhomogeneous flame prop-
agating in a 0.45 x 0.10 x 0.10 m explosion chan-
nel; the 18650 Li-ion cell was externally heated until
the combustible gas/mist vented; (a) image taken
soon after ignition; (b) image taken when the flame
reached the end of the channel.

iments. The cell lost roughly 2 g, which was assumed
to be mostly the electrolyte. With an ambient temper-
ature of 300 K and assuming a homogenous mixture
in the channel, the concentration of dimethyl carbon-
ate (DMC) in air would be approximately 8%. A closed
volume combustion calculation shows that the explosion
pressure can reach almost 1 MPa [14].

When studying flame propagation, the laminar
burning velocity (LBV) is one of the essential param-
eters. At the beginning, the flame is usually slow and
laminar with a flame speed in the order of 3-4 m/s. It
propagates faster as the flame is affected by turbulence
generated due to concentration differences, obstacles,
self-generated turbulence, etc. [15]. The LBV is often
a key parameter in modeling the turbulent flame speed
and can be used to validate chemical kinetics [16-18].
Two previous studies on the LBV of DMC have been
published. Bardin et al. [19] measured the LBV of DMC
using a heat flux burner at different conditions. Persis
et al. [20] measured the LBV of DMC in an explosion
sphere with the initial conditions at 318 K and 1 atm.

In this study, a typical 20-liter explosion sphere
is used to determine the laminar burning velocity and
Markstein length for DMC and propane. The experi-
ments are performed in a typical manner, as described
in other studies [21-26]. The experimental results are
compared with previously published studies and with
theoretical calculations. The initial conditions for all
experiments were the absolute pressure of 100 kPa and
temperature of 300 K. This paper is an extended version
of the work presented at the 9th International Seminar
on Fire and Explosion Hazards in April 2019 [27].

Henriksen et al.

Fuel (liquid)

Fuel (gas)

14

Vacuum pump
Outlet

13

Fig. 2. Experimental setup: (1) explosion chamber;
(2) oxidizer inlet; (3) flush inlet; (4) fuel (liquid) injec-
tion port; (5) fuel (gas) inlet; (6) vacuum port; (7) gas
outlet; (8) ignition system; (9) thermocouple; (10) glass
window (100 mm); (11) LED light source; (12) high-
speed camera; (13) control/trigger unit; (14) data ac-
quisition system; (15) ambient pressure transducer;
(16) dual explosion pressure transducers.

MATERIALS AND METHODS

The experimental setup (20-liter explosion sphere)
is schematically shown in Fig. 2. A detailed descrip-
tion of the setup and the procedure has been previ-
ously published [27]. A heating jacket controls the
ambient temperature in the sphere. In the bottom of
the sphere, there is a heated plate for evaporating lig-
uids. Two identical pressure transducers measure the
explosion pressure, and a separate pressure transducer
records the ambient pressure during sphere evacuation
and filling. Dedicated inlets are used for the oxidizer,
liquid fuel, and gaseous fuel to reduce uncertainties in
the fuel-air concentration. DMC has a purity above
99% and propane has a purity above 99.95%. An ig-
nition coil generates a spark between two metal wires
with a variable gap.

A focused shadowgraphy technique [28] was used to
enhance the visibility of the propagating flame, which
was recorded with a high-speed camera operating at
20000 fps. Image processing and data analysis were
undertaken using the tool/code generated in Python.

Image background subtraction was used to remove
noise that could potentially influence flame front de-
tection. As the shadowgraphy technique was used, the
images contain two intensity gradients corresponding to
the inner and outer perimeter of the flame. The outer
perimeter was chosen because it is closer to the unburnt
mixture. In each image, the threshold that separates
the flame from the background is set individually. The
perimeter of the flame is then fitted to a circle using the
least square minimization to obtain the overall radius.
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Table 1. Stretch extrapolation models

Model name/description Expression Reference
Linear stretch model (LS) Sp =Sy — Lyk (30, 31]
2L,
Linear curvature model (LC) Sp =Sy (1 - ry ) (32, 33]
0 2Ly c
Nonlinear model with three fitting parameters (N3P) Sp=Sp|1-— ry + 2 [29]
f
o 4L 8L
Nonlinear model in the expansion form (NQ) Sy +c=7rp+2LyIn(ry) — ry 3 (34]
2
Sy Sy 2Lk
Quasi-steady nonlinear model (NE) 50 In g0 ] =7 go (35, 36]
b b b
Table 2. Implicit functions of the flame radius derived from the expressions in Table 1
Model name Implicit dependence 7 (t)
LS Tf:Sgt—QLblan-i-Cst
LC rp— St — 2Ly In(ry — 2Lp) + Cst
2L% — ¢ re+VA+ L,
rp =89t —Ly(r? —2Lyrs +c)— In| -7 + C.
N3P (A > 0) g=St= Loy —2Lorp )= rpVA—Ly ) O
_ g0 2 Ly
N3P (A < 0) Ty =Syt — Ly(ry — 2Lpry +¢) — va arctan va + Cst
A— Li —c
4L 8L}
NQ rf:Sgt+c—2Lbln(rf)+ b g
f 3Tf

The code saves the set of the images together with the
temporal evolution of the radius.

The first step in the post-processing tool/code is
to set the radius range to be considered in the calcu-
lations. The lowest radius is set to 10 mm but may
be changed to fit the product of the Markstein number
Ma and Karlovitz number Ka (Ma-Ka) in the interval
from —0.05 to 0.15 [29]. The radius above 37.5 mm is
removed due to an increase in the variation in the data.
From the conditioned radii, the laminar flame speed and

the Markstein length are calculated. Table 1 shows the
stretch extrapolation models used in this study.
By representing the flame speed S; as the deriva-

-
tive 4 , the expressions in Table 1 can be written as

differential equations. In particular, the equation be-
low shows the differential equation for the linear stretch

model:
d’l"f 2Lb 0
1 =5;.
dt ( + Ty > b
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Here ry [m] is the flame radius, ¢ [s] is the time, and
Ly [m] is the Markstein length for the burnt gas. The
solution to the differential equation above yields an im-
plicit function of the flame radius. This function can be
fitted to the measured variation of the radius in time
with the least square minimization method. Chen [16]
and Liu et al. [26] previously published a similar method
for the LS model. Table 2 shows the implicit functions
for the expressions in Table 1, except for the NE model.
The NQ model in the expansion form (see Table 1)
is already expressed as an implicit function of the flame
radius. An analytical solution to the differential equa-
tion of the NE model could not be found. Liu et al. [36]
proposed a method for solving the NE model, but the
regression is on the flame speed and stretch rate rela-
tion. This method is represented by the equations

x = ASy — BSZIn(S?),

A=1n(SY)/LySy, B=(1/2)LySY,

S0 = exp(4/2B), Ly = (1/2)BSY),

where s [s7!] is the stretch rate and A [m?] is the
area. To reduce noise from the image processing, the
flame radius and flame speed were post-filtered with
the Savitzky—Golay smoothing algorithm [37] and used
in the NE method by Liu et al. [36]. All other models
were fitted using the raw data from the image process-
ing.

The equilibrium states and the LBV for constant-
pressure combustion were calculated in the chemical
kinetics, thermodynamics, and transport process sim-
ulation tool Cantera (version 2.3.0) [38]. For a omne-
dimensional freely propagating planar flame, the Can-
tera routine called FreeFlame was used to calculate the
LBV. Two different reaction mechanisms for DMC ox-
idation were used for comparison: those of Glaude et
al. [39] and Sun et al. [40]. A constant-pressure equilib-
rium solver was used to determine the density ratio for
DMC and propane. The reaction mechanism of Glaude
et al. [39] and the GRI-Mech 3.0 mechanism [41] were
used in the equilibrium calculations.

RESULTS

Tables 3 and 4 summarize the results for propane
and DMC, respectively. Propane has the highest mea-
sured LBV and flame speed at the equivalence ra-
tio ¢ = 1.2 of the four different concentrations. Com-
paring the DMC results, the highest LBV and flame
speed were obtained at ¢ = 1.04. The LBV of DMC is
nearly constant in the concentration range 1.0 < ¢ <
1.2. For both fuels, the highest LBV values are located

Henriksen et al.

near stoichiometric concentrations, with the highest val-
ues slightly on the rich side, which could be expected.

For propane, there is only a small difference in
the laminar flame speed between different models. By
comparing the average value for each concentration,
the variation is between +41 mm/s for ¢ = 0.82 and
+18 mm/s for ¢ = 1.2. For DMC, the variation is some-
what larger, from +90 mm/s for ¢ = 0.84 to £2.4 mm/s
for ¢ = 1.43. For the relatively high variation at ¢ =
0.84 for DMC, the Ma - Ka value is equal to 0.24, which
is above the recommended value of 0.15. It was not
possible to reduce the Ma - Ka value by simply remov-
ing the smaller radii. The result from the experiment
was still kept because the variation in the LBV between
the models was not significant (see Table 4).

There is a larger variation in the Markstein length
between all models compared to the variation in the
laminar burning velocity. By comparing the average Ly
value for each concentration, the variation for propane
is between +0.4 mm for ¢ = 0.82 and £0.1 mm for ¢ =
1.2. DMC had a higher variation compared to propane:
from £1.0 mm for ¢ = 0.84 to +0.02 mm for ¢ = 1.43.
The maximum and minimum variations of the Mark-
stein length corresponds to the same experiments with
the maximum and minimum variations in the laminar
flame speed.

The coefficient of determination R? is almost iden-
tical for the four stretch models used to fit the depen-
dence of the flame radius on time. At the same time, the
NE method proposed by Liu et al. [26] yields smaller R?
values in all experiments. As the models are fitted based
on different parameters, it is difficult to compare the R?
values between the NE method and the other four mod-
els.

DISCUSSION

When using an explosion sphere to determine the
flame speed, the thermal diffusion, hydrodynamic insta-
bilities, and buoyancy can cause instabilities and may
influence the flame propagation [21, 42]. Choosing the
concentration close to stoichiometry (¢ = 1.0) will re-
duce instabilities. For some of the rich mixtures, small
flame front instabilities can be seen in Fig. 3. These in-
stabilities may cause small errors in the calculated LBV.
Regarding the buoyancy effects, Ronney and Wach-
man [43] reported that buoyancy would not cause any
significant errors in the radius measurements in the ex-
periments with LBV values above 150 mm/s. As the
measured LBV is above 200 mm/s in all experiments
of the present study, the discrepancies due to buoyancy
are considered as negligible.



Table 3. Summary of results for propane—air mixture burning

at the initial temperature of 300 K and initial absolute pressure of 100 kPa
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Stretch extrapolation model

o) Flame parameters
LS LC N3P NE NQ
SO, mm/s 2047.2 20004 20043 20045  1977.0
Ly, mm 1.80 1.31 1.35 1.34 1.11
0.82 59, mm/s 287.0 280.5 281.0 281.1 277.2
R? 0.999997  0.999998  0.999998  0.999998  0.995362
SO, mm/s 2976.4  2932.3 29742 29355  2905.7
Ly, mm 1.39 1.08 1.38 1.10 0.94
0.99 59, mm/s 378.8 373.1 3785 373.6 369.8
R? 0.999999  0.999999  0.999999  0.999999  0.991300
SO, mm/s 3139.5 31209 31385  3121.8  3108.0
Ly, mm 0.84 0.72 0.84 0.72 0.65
1.20 59, mm/s 396.0 393.7 395.9 393.8 392.1
R? 0.999999  0.999999  0.999999  0.999999  0.978764
SO, mm/s 19265  1925.6  1924.2 19256  1896.2
Ly, mm —0.22 —0.23 —0.24 ~0.23 ~0.39
1.43 59, mm/s 252.0 251.9 251.7 251.9 248.1
R? 0.999998  0.999998  0.999998  0.999998  0.563832
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Pressure changes can also cause hydrodynamic in-
stabilities. However, in the recorded pressure within the
radius measurement range, no significant pressure in-
crease was detected. Ignition-induced instabilities often
propagate along with the flame development [44]. For
this reason, the experiments with non-spherical flame
propagation were rejected. By varying the spark gap
in the interval 0.5—2.0 mm for different concentrations,
the ignition-induced instabilities were reduced. Figure 3
shows that the flame exhibits spherical propagation in
most experiments and has a smooth surface with rela-
tively few wrinkles.

Figure 4a shows the unfiltered measured radii and
the regression curves, except for the NE model. The
light tone markers are all measured radii, and the black
markers are the radii used in the regression study. The
radii below 10 mm were automatically removed be-
cause of the relatively large change in the flame speed
(Fig. 4b). Kelley et al. [44] reported a similar observa-
tion when investigating the critical radius necessary to
sustain flame propagation. The flame propagates ini-
tially with a high velocity due to ignition, but decel-
erates as it propagates. At a certain flame radius, the
flame speed starts to increase until it reaches a flame
speed that approaches the LBV. For radii above 10 mm,
the flame radius increased almost linearly in time for
most of the experiments; therefore, this value was cho-
sen as the initial minimum radius. More experimental

points were removed for which the product of the Mark-
stein number and the Karlovitz number was outside the
recommended range of —0.05 to 0.15 proposed by Wu
et al. [29], who demonstrated that the LBV measure-
ment should be conducted within the mentioned range
to minimize the extrapolation uncertainties:
Ma]inearKamid _ gb K:S(SL _ 2Lb,hncar

L Ob T f,mid
(01 is the laminar flame thickness). In Fig. 4a, all mod-
els fit equally well with the measured radii, which is ex-
pected based on the R? value in Tables 3 and 4. Based
on the results in Tables 3 and 4, the models for extrap-
olating the laminar flame speed and burning velocity
yield fairly similar results, which are almost indepen-
dent of the model if used within the interval —0.05 <
Ma-Ka < 0.15.

Figure 5a shows the propane-air combustion re-
sults compared with previously published studies [22—
26, 45]. The DMC results are also compared in Fig. 5b
to the results of [19] and with the predictions by two
reaction mechanisms [39, 40]. For comparison of the
experimental results, only the LS model was used be-
cause it was this model that was used in the previous
studies. It is worth mentioning that the variation in
the LBV between the methods is significantly smaller
(5 mm/s at most) than the variation between the dif-
ferent studies (30 mm/s on the average).
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Table 4. Summary of results for DMC—air mixture burning

at the initial temperature of 300 K and initial absolute pressure of 100 kPa

o) Flame parameters
LS
SP, mm/s 1895.1
Ly, mm 2.84
0.84 SO, mm/s 250.8
R? 0.999968
SP, mm/s 2436.2
Ly, mm 1.74
1.01 59, mm/s 293.6
R? 0.999997
SP, mm/s 2491.8
Ly, mm 1.57
1.04 59, mm/s 300.3
R? 0.999998
SP, mm/s 2494.2
Ly, mm 0.98
1.13 59, mm/s 297.3
R? 0.999998
SP, mm/s 2522.3
Ly, mm 1.10
1.16 59, mm/s 300.9
R? 0.999996
SP, mm/s 2144.8
Ly, mm 0.41
1.32 S0, mm/s 261.0
R? 0.999999

Stretch extrapolation model

LC N3P NE NQ
1804.6 1729.3 1814.8 1783.9
1.79 0.97 1.86 1.53
238.8 228.9 240.2 236.1
0.999987  0.999993  0.999984  0.991726
2383.8 2395.3 2388.3 2361.5
1.28 1.38 1.30 1.11
287.3 288.6 287.8 284.6
0.999998  0.999998  0.999998  0.994419
2446.3 2464.8 2450.0 2425.3
1.18 1.34 1.21 1.03
294.8 297.0 295.2 292.2
0.999998  0.999998  0.999998  0.993317
2474.8 2491.8 2475.9 2461.6
0.81 0.96 0.82 0.73
294.9 297.0 295.1 293.4
0.999998  0.999998  0.999998  0.988313
2497.8 2529.2 2499.4 2482.3
0.90 1.14 0.90 0.80
298.0 301.8 298.2 296.2
0.999996  0.999996  0.999996  0.962149
2141.5 2143.8 2141.6 2140.3
0.38 0.40 0.38 0.37
260.6 260.9 260.7 260.5
0.999999  0.999999  0.999999  0.910555
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The propane results are compared well with the
previously published data, which indicates that the ex-
perimental setup and method provide acceptable re-
sults. The experimental results for DMC in this study
match reasonably well with the data reported in [19].
Although there are only a few overlapping points in
Fig. 5, the trend from the two datasets shares the same
curve profile.

The results of this study include LBV values at
300 + 2 K with the equivalence ratios ¢ > 1, which
have not been reported previously. For the LBV at ¢ =
1.32, the partial pressure in that experiment (8.5 kPa
at 302 K) was close to the estimated DMC vapor pres-
sure of 8.8 kPa in [46]. The small pressure difference
may cause some uncertainties of the concentration in
the experiment.

The reaction mechanism of Sun et al. [40] agrees
with the experimental results better than that by
Glaude et al. [39]. Both calculations predict a higher

LBV value than the results for DMC from both exper-
imental studies. It is uncertain what is the reason for
this discrepancy. Meanwhile, the radiative heat loss can
contribute to the discrepancy between simulations and
experiments, according to Chen [16].

Figure 6 shows comparisons of the explosion pres-
sure (a) and the rate of explosion pressure rise (b)
for propane and DMC. DMC has the highest explo-
sion pressure of 0.94 MPa, which is higher than that
of propane. However, propane has the higher rate of
explosion pressure rise of 43 MPa/s. The higher rate of
explosion pressure rise for propane is consistent with the
LBV value. In Fig. 6, there are more data points than
in Fig. 5 because Fig. 6 also shows the LBV measure-
ments earlier rejected due to pronounced non-sphericity
of flame propagation.

In the case of a leak of DMC into a confined space,
the vapor concentration is determined by the vapor—
liquid equilibrium, if the leaked amount is sufficient.
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At 1 atm and 300 K, the equilibrium vapor pressure
for DMC corresponds to ¢ = 1.25, which is above the
stoichiometric value. At the same time, it means that
the fuel-air mixture will never exceed the upper explo-
sion limit under these conditions. An extra amount of
DMC above the vapor-liquid equilibrium concentration
induces vapor condensation, and the concentration of
DMC in the gas phase is practically the same. The
partial density of the DMC vapor at ¢ = 1.25 under
the above-mentioned conditions is 0.29 g/liter. The
equilibrium explosion pressure at this concentration is
0.93 MPa, which is very close to the maximum explo-
sion pressure recorded in this study. Also note that
the ignition energy at ¢ = 1.25 is close to its minimum
value.

CONCLUSIONS

The laminar flame speed, Markstein length, and
laminar burning velocity for propane and dimethyl car-
bonate at different concentrations were determined in
a 20-liter explosion sphere at the initial temperature of

V€V €

Fig. 3. Shadowgraph images of DMC combustion:

JL A

the initial conditions are the temperature of

ALJ

19.4 ms

300 K and the initial absolute pressure of 100 kPa. If
the product of the Markstein and Karlovitz numbers
is within —0.05-0.15 for each experiment, then the re-
sults for the laminar flame speed are practically inde-
pendent on the stretch extrapolation model used. The
measured laminar burning velocities agree with the pre-
viously published data. The measurement procedure
and the experimental setup provide consistent results
and offer a suitable method for determining the lami-
nar burning velocities.

For dimethyl carbonate, the highest laminar burn-
ing velocity of 300 mm/s was found at the fuel—air equiv-
alence ratio of 1.04. This is slightly on the rich side, as
expected. In this study of the laminar burning veloc-
ity, the concentration range for DMC is wider than that
studied by Bardin et al. [19]. The laminar burning ve-
locity measured near the saturated vapor pressure at
302 K is 261 mm/s.

The reaction mechanism of Sun et al. [40] yielded
the laminar burning velocity closer to the experimental
results than that of Glaude et al. [39]. Both reaction
mechanisms overpredicted the laminar burning veloc-
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HIGHLIGHTS

o Different gas compositions vented from failed Li-ion batteries (LIBs) are investigated.

e Laminar burning velocities (LBVs) of multiple gases are determined experimentally.

e The obtained LBVs are compared with the LBVs predicted by reaction mechanisms.

o Ideal prediction models are identified based on the CO, content in gas mixtures.

o Generation of a simplified gas to resemble combustion properties of an actual LIB vent gas.

ARTICLE INFO ABSTRACT
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In the last decade, several fires and explosions caused by Li-ion batteries (LIBs) have been reported. This can be
attributed to the thermal runaway and catastrophic failures of LIBs that release combustible gases, which when
mixed with air can lead to explosions and fires. To address this explosion hazard, we determine the laminar
burning velocity (LBV) of three gas compositions associated with Li-ion failure and a pseudo (simplified) gas in a
20-L explosion sphere at 300 K and 100 kPa. This simplified gas avoids toxic gases in experiments and represent
the desired explosion characteristics. The LBVs in the case of gas compositions range from approximately 300 to
1050 mm s ~!. Additionally, four different reaction models are used to estimate the LBVs of these gas compo-
sitions. We compare the theoretical and experimental results to determine the prediction accuracy of the reaction
models. All reaction models over- or under-predicted the LBV for the different gas compositions. A recommen-
dation for choosing reaction models is given to predict LBV for various gas compositions. This study’s results are
intended as input to computational fluid dynamic simulations but can be used directly in safety engineering
models.

Reaction mechanisms

1. 1. Introduction overload, overcharge, under-discharge, and internal or external short

circuits can lead to a catastrophic failure of an LIB. Any of these events

The need for sustainable and emission-free energy has increased the
demand for Li-ion batteries (LIBs) as leading energy storage units [1].
However, LIBs exhibit an inherent risk of catastrophic failures. Owing to
the use of flammable organic electrolyte solvents and
temperature-sensitive electrodes in Li-ion cells, a battery management
system is required to ensure safe operation. A catastrophic failure or a
thermal runaway may generate and release combustible gases and
evaporate the electrolyte components. These combustible gases mixed
with air can cause explosions and fires. Several severe accidents caused
by failed LIBs have been reported in the last decade [2-6].

Numerous events, including heat exposure, mechanical abuse,
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E-mail address: mathias.henriksen@usn.no (M. Henriksen).
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can initiate self-heating that may result in thermal runaway [7]. Suffi-
cient self-heating will cause the evaporation and decomposition of the
electrolyte solvent, which increases the internal pressure. Consequently,
the Li-ion cell may vent or rupture [5]. The gas released during venting
or rupturing can be a mixture of hydrogen, carbon monoxide, carbon
dioxide, and various hydrocarbons [8].

Since the early 2000s, several researchers have conducted experi-
mental studies to explore the composition of gases released from failing
LIBs. Certain studies focused on the toxic gases released during cell
venting. For instance, Larsson et al. [9] and Nedjalkov et al. [10] re-
ported a significant amount of a toxic substance, hydrogen fluoride.
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Moreover, Nedjalkov et al. identified five additional substances that
cause acute toxicity. This study focuses on the combustible gases
released during thermal abuse testing of commercial LIBs in an inert
atmosphere. Table 1 list a few examples of experimental studies [11-14]
which fit the mention criteria. The species concentrations in Table 1 are
normalized so that the sum of each gas composition equals 100%. The
different gas mixtures in Table 1 indicate that the composition depends
on the state of charge (SOC) and cell type or chemistry. For a more
compressive list of gas releases from cell failure and thermal runaway,
we suggested the following articles by Baird et al. [4], Wang et al. [11],
and Fernandes et al. [12].

Laminar burning velocity (LBV) is a fundamental property of com-
bustion and an important parameter in understanding the flame prop-
agation, gas explosions, and combustion reaction mechanisms [17-19].
The LBV is used as a parameter in computational fluid dynamic (CFD)
simulations to model turbulent combustion in large-scale explosions
[20] and safety engineering models. Baird et al. [4] studied the explosive
limits and the LBV of several gas compositions vented from failing LIBs,
including the mixtures presented in Table 1. The combustion properties
were calculated using the open-source tool Cantera [21] and the
GRI-MECH 3.0 [22] reaction mechanism. The experimental results
indicated that the LBV of the mixtures were in the range between 0.4 and
1.1ms™ ! [4].

In this study, we investigated the LBV of three potential gases
released during an LIB venting. Experimentally determine LBV of gases
released from LIBs has not been previously published; at least we found
no such publications. The scope of this study was limited to the most
common flammable species shown in Table 1. Therefore, the influence
of fluorinated species and electrolyte solvents was neglected. However,
fluorinated species can affect the LBV, and the explosion characteristics,
as Gao et al. [23] showed in their study on explosion suppression of
hydrogen explosions.

Based on the results reported by Baird et al. [4], we investigated the
gas mixtures representing the upper and lower ranges of the LBV. The
gas composition vented from a Lithium-nickel-cobalt aluminum (NCA)
and Lithium-iron-phosphate (LFP) with a 100 SOC reported by Lammer
et al. [13] and Golubkov et al. [16] (Table 1) were used as the basis for
upper and lower LBVs gas compositions, hereafter referred to as the high
LBV Li-ion gas and low LBV Li-ion gas, respectively. The third mixture was
determined through several experiments conducted in a pressure vessel
by heating commercial cells with cathode chemistry based on
Lithium-iron-phosphate (LFP) with 100% SOC in an inert atmosphere. A
gas chromatograph with a mass spectrometer detector analyzed the gas
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composition vented from LIBs, hereafter referred to as the generic Li-ion
gas. These experiments were conducted by a research partner as part of
the Norwegian Centre for Environment-friendly Energy Research,
MOoZEES [24].

In addition to the three different gas mixtures released from Li-ion
batteries, we generated a pseudo or simplified gas, wherein the com-
bustion properties were similar to that of the generic Li-ion gas
composition. When studying an explosion in large-scale experiments,
simplified gas has several advantages. Owing to the reduced number of
species in the gas composition, less equipment is required when mixing
the gases onsite and the cost of ordering large volumes of unique gas
blends is reduced. Moreover, different combustion properties can be
analyzed by adjusting only the ratio between species. Furthermore, the
elimination of toxic species, such as carbon monoxide, can improve
safety significantly. In this study, we generated a simplified gas mixture
comprising hydrogen and methane, wherein their volume fractions were
balanced to exhibit combustion properties similar to that of the generic
Li-ion gas composition. Table 2 presents all four gas compositions
studied experimentally and compared with theoretical calculations.

All experiments were performed in a 20-L explosion sphere [17,18]
at 300 K and 100 kPa. The experimental results were compared with the
theoretical calculations obtained using the open-source tool Cantera
(version 2.4) [21]. Four different reaction mechanisms, namely the
GRI-MECH 3.0 [22], the San Diego Mech [25], and two DMC combus-
tion mechanisms reported by Glaude et al. [26] and Sun et al. [27] were
used for the theoretical calculations. The results in this study are
indented as input parameters for CFD simulations and safety engineer-
ing models.

Table 2
Gas compositions of the three potential gases vented from a failing Li-ion battery
and the generated simplified gas.

Fuel mixture H, Cco CO, CH4 CoHy CoHeg
[%] [%] [%] [%] [%] [%]
High LBV Li-ion 42.8 37.1 10.0 7.1 3.0 [-]
gas
Low LBV Li-ion 29.5 9.0 48.4 5.6 7.0 0.5
gas
Generic Li-ion 34.9 25.0 20.1 15.0 5.0 [-]
gas
Simplified gas 35.0 [-] [-] 65.0 [-] [-1

Table 1

Collection of normalized gas compositions vented from Li-ion batteries and cells during thermal abuse testing. The details are obtained from the existing literature [13-16].
REF. Cell Type SOC [%] Hy [%] CO [%] CO, [%] CH4 [%] CoHy [%] CoHy [%] CoHe [%] CsHe [%] C3Hg [%] Cyq+ [%]
[13] NCA-32A° 100 16.0 58.4 20.4 2.5 0.2 2.4 0.1 [-] [-1 [-]
[13] NCA-35E° 100 35.7 44.0 14.5 3.6 0.1 2.0 0.1 [-1 [-] [-]
[13] NCA-MJ1¢ 100 43.1 37.1 9.8 7.0 0.2 2.7 0.1 [-1 [-] [-1
[14] LCO 50 30.7 3.6 32.0 5.7 [-] 5.5 2.7 8.1 0.7 11.1
[14] LCO 100 27.5 22.7 29.8 6.3 [-] 2.2 1.2 4.5 0.3 5.6
[14] LCO 150 29.6 24.4 20.8 8.2 [-] 10.7 1.3 0.0 2.5 2.5
[15] LCO/NMC 100 30.0 27.6 24.9 8.6 [-] 7.7 1.2 [-] [-] [—
[15] NMC 100 30.8 13.0 41.2 6.8 [-] 8.2 0.0 [-] [-] [-]
[15] LFP 100 30.9 4.8 53.1 4.1 [-] 6.8 0.3 [-1 [-] [-]
[16] NCA 0° 1.3 1.4 95.7 1.3 [-1] 0.3 0.0 [-1 [-] [-1
[16] NCA 50 17.5 39.9 33.8 5.2 [-] 3.2 0.4 [-] [-1 [-]
[16] NCA 100° 25.7 44.7 19.9 7.1 [-] 2.1 0.4 [-1 [-] [-]
[16] LFP 0 2.7 1.8 93.4 0.7 [-1] 0.7 0.7 [-1 [-] [-1
[16] LFP 50 20.8 4.8 66.2 1.6 [-] 6.6 0 [-] [-1 [-]
[16] LFP 100 29.4 9.1 48.3 5.4 [-] 7.2 0.5 [-1 [-] [-]

? The value is an average of five tests with identical chemistry and SOC.

b The value is an average of three tests with identical chemistry and SOC.

¢ The three gas compositions of the NCA cell type presented by Lammer et al. [13] are from different manufactures.
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2. Materials and methods

Fig. 1 illustrates the experimental setup used in the study. A detailed
description of the experimental setup, procedure, and determination of
LBV is published previously [28,29]. The internal volume of the explo-
sion sphere is 20 L, and a temperature-controlled heating jacket sur-
rounding the vessel regulates the inner ambient temperature. While two
pressure sensors recorded the explosion pressure, a separate pressure
sensor was used to record the ambient pressure in the vessel during
filling. Moreover, the separated fuel and air inlets reduced uncertainties
in fuel-air concentrations. A single high-voltage spark ignited the
fuel-air mixture. The flame propagation was recorded using a
high-speed camera operating at 20,000 frames per second (fps) and the
shadowgraph imaging technique [30]. We analyzed each image using an
in-house image-processing algorithm generated in Python (v3.6) to
obtain the temporal evolution of the flame radius.

The planar unstretched LBV (Sou) was calculated based on the tem-
poral evolution of the flame radius. A detailed description of the pro-
cedure is published previously [28,31]. The laminar flame speed (5%)
and the Markstein length (L) is curve fitted to the implicit functions of
radii (r(t)), which are the derivatives obtained from the most common
stretch extrapolation models [17]. A previous study [31] reported that
the derivatives obtained from these stretch extrapolation models
generate remarkably similar LBV. In this study, we present the LBV
obtained from the linear stretch model as it is commonly used in liter-
ature. The equations presented below are used to calculate the laminar
flame speed, the Markstein length, and the LBV. The maximum explo-
sion pressure and the rate of explosion pressure rise were calculated
based on the recorded pressure.

77 (t) =Syt — 2L, In ry + Cst 1
where, ry, flame radius [m], 8%, laminar flame speed with respect to the

burnt state [m s~ 1, Ly, Markstein length with respect to the burnt state
[m], Cst, integration constant [m]

50— 50Pe 2

u

where, 8%, laminar burning velocity with respect to the unburnt state
[m s~ 11, §%, laminar flame speed with respect to the burnt state [m s,
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pp, density with respect to the burnt state [kg m~>], p,, density with
respect to the unburnt state [kg m™>].

The Cantera module [21] comprises several routines and algorithms
that aid in solving problems of thermodynamics, chemical kinetics, and
transport processes. We used the FreeFlame algorithm that solves the
governing equation of a steady laminar (planar) 1-D premixed adiabatic
flame [32] to calculate the LBV. Furthermore, we used the thermody-
namic solver equilibrate, which finds the composition with minimum
Gibbs free energy at constant internal energy and volume, to calculate
the constant-volume explosion pressure. Both calculations require a
reaction model, which comprises the chemical kinetic, thermodynamic,
and transport data of the included species and reactions, as input. The
results obtained from four different reaction models were compared
with the experimentally measured LBV.

The reaction models chosen in this study was GRI-Mech 3.0 [22], San
Diego Mech [25], a reaction mechanism propose by Glaude et al. [26]
and Sun et al. [27]. GRI-Mech 3.0, which is design for natural gas
combustion, includes 53 species and 325 reactions. In the study by Baird
et al. [4], GRI-Mech 3.0 was used exclusively to predict the combustion
and explosion properties of gas vented from Li-ion cells. The San Diego
reaction mechanism includes 57 species and 268 reactions and is design
to suit a wide range of combustion processes. Both the reaction mech-
anism from Glaude et al. and Sun et al. (hereafter referred to as the
Glaude model and Sun model, respectively) were designed to study DMC
as an oxygenate additive in diesel combustion. The Glaude model con-
tains 102 and 257 species, and the Sun model includes 802 and 1563
reactions. GRI-Mech 3.0 [22] and San Diego Mech [25] were chosen
owing to their versatility in various combustion processes; whereas the
Glaude model and the Sun model were selected because they include
DMC. DMC is a commonly used electrolyte solvent that can be vented
from failing LIBs [8,12].

The explosion characteristics of the simplified gas mixture were
designed to resemble those of the generic Li-ion gas over a range of
fuel-air equivalence ratios. Hydrogen (Hy) and methane (CH4) were
chosen as the simplified gas species owing to their high and low LBV and
low and high constant volume explosion pressure, respectively. We
determined the concentrations of Hy and CH4 in the simplified gas by
matching its LBV and the explosion pressure to those of the generic Li-
ion gas for a fuel-air equivalence ratio between 0.5 and 1.7. GRI-Mech
3.0 was used to calculate the combustion properties for both gas

Air supply

Vacuum

Pump

Fig. 1. Schematic of the experimental setup [28]. 1: explosion chamber; 2: oxidizer inlet; 3: flush inlet; 4: fuel (liquid) injection port; 5: fuel (gas) inlet; 6: vacuum
port; 7: gas outlet; 8: ignition system; 9: thermocouple; 10: glass windows (100 mm); 11: LED light source; 12: high-speed camera; 13: stirrer; 14: heating plate; 15:
ambient temperature display; 16: dual explosion pressure sensors; 17: data acquisition system; 18: control/trigger unit and 19: ambient pressure sensor.
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mixtures. With a concentration of 35% and 65% of Hy and CHy,
respectively, the simplified mixture matched the generic Li-ion gas
reasonably. Fig. 2 depicts the calculated values of LBV and the closed
volume explosion pressure in the generic Li-ion gas and the simplified
mixture.

Further, the coefficient of determination (Rz) and the standard de-
viation of the error (SDE) were calculated to quantify the comparison of
reaction mechanisms and the experimental result. These terms are
commonly used in regression analysis to determine the “goodness of fit.”
Table 3 summarizes the variables and equations used to calculate R? and
SDE.

2.1. 3. Results

Table 5 summarizes the averaged results of the high LBV Li-ion gas
mixture. As predicted, the highest recorded values exist on the fuel-rich
side, wherein the fuel-air equivalence ratio (¢) > 1. The highest value of
LBV recorded at ¢ = 1.4 is 1055 mm s~ . Furthermore, the maximum
laminar flame speed is 7153 mm s ! at ¢ = 1.30; and the maximum
explosion pressure and the maximum rate of explosion pressure rise are
0.78 MPa and 82.88 MPa s, respectively, at ¢ = 1.20. However, the
maximum explosion pressure is nearly identical for ¢ = 1.10 and ¢ =
1.20, with a difference of 0.03 kPa.

Table 6 summarizes the averaged results of the low LBV Li-ion gas
mixture. The highest laminar burning velocity and laminar flame speed
recorded at ¢p = 1.10 are 351 mm s~ ! and 2266 mm s}, respectively.
Additionally, the maximum explosion pressure and the maximum rate of
explosion pressure rise measured at ¢ = 1.0 are 0.72 MPa and 25.34
MPa s~ !, respectively. Moreover, an average difference of 4 kPa is
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Table 3
Description of variables and equations used to calculate the coefficient of
determination (R?) and the standard deviation of the error (SDE).

Description Variable and Equation

Experimental data value
Mean experimental data value

Value calculated from reaction mechanism

8o <~

Number of data points

Sum of squared errors SSE = > (Y;i — Y)?

L ~ —
SSR = Y (Yi - V)
Coefficient of determination R? _ 'SSR
" SSE+SSR

observed in the maximum explosion pressure between ¢ = 1.00 and ¢ =
1.10.

Table 7 summarizes the averaged results calculated for the generic
Li-ion gas mixture. Herein, the highest laminar burning velocity (482
mm s~ ') is recorded slightly on the fuel-rich side (¢ = 1.10), which
concurs well with the preliminary calculation (Fig. 2). The highest
laminar burning velocity and laminar flame speed recorded at ¢ = 1.10
are 484 mm s~! and 3343 mm s}, respectively. Furthermore, the
maximum explosion pressure and maximum rate of explosion pressure
rise are 0.75 MPa and 35.81 MPa s, respectively, at ¢ = 1.00.

Table 8 summarizes the averaged results of the simplified gas
mixture, wherein the highest laminar burning velocity and laminar
flame speed recorded at ¢ = 1.10 are 506 mm s~ and 3751 mm s},

Sum of squared residuals

Standard deviation of the error
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Fig. 2. Comparison of the calculated combustion properties of a generic Li-ion gas and the generated simplified gas. a): Comparison of the laminar burning velocity.

b): Comparison of the explosion pressure.
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Table 5

Laminar flame speed, Markstein length, laminar burning velocity, maximum
explosion pressure, and maximum rate of explosion pressure rise measured for
the high LBV Li-ion gas mixture at 300 K and 100 kPa absolute.
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Table 8

Laminar flame speed, Markstein length, laminar burning velocity, maximum
explosion pressure, and maximum rate of explosion pressure rise calculated for
the binary gas mixture at 300 K and 100 kPa absolute.

Fuel-air Laminar Markstein Laminar Maximum Maximum Fuel-air Laminar Markstein Laminar Maximum Maximum
equivalence flame length (I,)  burning explosion rate of equivalence flame length (I,)  burning explosion rate of
ratio speed [mm] velocity pressure explosion ratio speed [mm] velocity pressure explosion
(%) %) (Pex) pressure (8%) %) (Pex) pressure
[mm [mm [MPa] rise (dp/ [mm [mm [MPa] rise (dp/
s s dt)ex [MPa s s dt)ex [MPa
s71] s71]
0.70 2939 —-0.09 482 0.70 44.29 0.70 1623 —0.22 264 0.67 16.48
0.80 4071 0.21 627 0.74 59.81 0.80 2450 -0.11 370 0.73 26.56
0.90 5061 0.37 745 0.76 70.99 0.90 3223 0.27 455 0.78 35.05
0.99 5965 0.46 852 0.77 77.15 1.00 3680 0.51 498 0.80 39.32
1.10 6573 0.51 935 0.78 81.68 1.10 3751 0.55 506 0.81 37.60
1.20 6984 0.52 1002 0.78 82.80 1.20 3391 0.99 464 0.79 30.56
1.30 7152 0.52 1044 0.78 81.29 1.30 2636 1.80 369 0.76 19.26
1.40 7101 0.53 1055 0.77 76.81 1.38 1810 3.23 257 0.74 11.54
1.49 1194 8.58 174 0.62 5.35
Table 6
Table 9

Laminar flame speed, Markstein length, laminar burning velocity, maximum
explosion pressure, and maximum rate of explosion pressure rise measured for
the low LBV Li-ion gas mixture at 300 K and 100 kPa absolute.

Fuel-air Laminar Markstein Laminar Maximum Maximum
equivalence flame length (L) burning explosion rate of
ratio speed [mm] velocity pressure explosion
(%) (8% (P pressure
[mm [mm [MPa] rise (dp/
s s dt)ex [MPa
s71]
0.80 1750 -0.31 292 0.67 21.26
0.90 2087 0.05 332 0.70 24.61
1.00 2256 0.12 347 0.71 25.10
1.10 2266 0.31 351 0.71 22.59
1.20 2087 0.44 333 0.69 18.18
1.30 1792 0.80 295 0.66 13.49
Table 7

Laminar flame speed, Markstein length, laminar burning velocity, maximum
explosion pressure, and maximum rate of explosion pressure rise measured for
the generic Li-ion gas mixture at 300 K and 100 kPa absolute.

Fuel-air Laminar Markstein Laminar Maximum Maximum
equivalence flame length (I,)  burning explosion rate of
ratio speed [mm] velocity pressure explosion
(%) (% (Pey) pressure
[mm [mm [MPa] rise (dp/
s s dt)ex [MPa
s71]
0.70 1809 —0.36 306 0.66 22.00
0.80 2428 —0.09 384 0.70 29.40
0.90 2969 0.15 446 0.74 34.91
1.00 3308 0.31 479 0.75 35.79
1.10 3316 0.42 479 0.74 32.89
1.20 3051 0.61 451 0.74 27.66
1.30 2559 1.04 388 0.71 20.28
1.40 1900 2.19 295 0.68 11.69
1.50 1453 8.27 231 0.62 6.33
1.59 910 11.45 148 0.49 291

respectively. Additionally, the maximum explosion pressure recorded at
¢ =1.10(0.81 MPa) is only 1 kPa higher than that measured at ¢ = 1.00.
The highest value of the maximum rate of explosion pressure rise
recorded at ¢ = 1.00 is 39.66 MPa s .

Table 9 presents the R? and SDE values determined using the
experimental results and the theoretical calculations with the four re-
action mechanisms using the equations in Table 3. The predictions of
LBV by both GRI-Mech 3.0 and the Glaude model for the high LBV Li-ion
concur well with the experimental results based on their calculated R?

The calculated coefficient of determination (R?) and standard deviation of the
error (SDE) based on experimental laminar burning velocity (LBVs) and the LBVs
predicted by the four different reaction mechanisms.

Glaude Sun
model model

Fuel composition GRI-Mech. San Diego

3.0 Mech

Coefficient of determination (RZ) [-]

High LBV Li-ion 0.997 0.974 0.990 0.957
gas

Low LBV Li-ion 0.547 0.720 0.585 0.970
gas

Generic Li-ion gas 0.860 0.984 0.687 0.952

Simplified gas 0.990 0.972 0.772 0.950

Standard deviation of the error (SDE) [mm s’l]

High LBV Li-ion 11.55 28.39 20.55 37.44
gas

Low LBV Li-ion 60.96 20.42 38.93 4.50
gas

Generic Li-ion gas 47.71 13.74 81.77 21.97

Simplified gas 12.09 19.94 78.89 26.15

and SDE value. Moreover, the San Diego Mech and the Sun model ob-
tained reasonable R? and SDE values, although they underestimate the
LBV for ¢ > 1.1 (Fig. 3a).

Conversely, only the Sun model predicts LBVs that results in high R?
and low SDE values for the low LBV Li-ion gas; the other three reaction
mechanisms, particularly the GRI-Mech 3.0 and the Glaude model
overestimate the LBV, as illustrated in Fig. 3b.

Furthermore, the LBV predictions of the San Diego Mech and Sun
model concur well with the experimental results of the generic Li-ion
gas. All reaction mechanisms predict the LBVs accurately when ¢ < 1;
however, as @ increases, both the GRI-Mech 3.0 and Glaude model over-
predict the LBV (Fig. 3c).

Finally, the LBV predictions of GRI-Mech 3.0 concur best with the
experimental results of simplified gas based on the calculated R? and
SDE values (Table 9). Additionally, both the San Diego Mech and Sun
model predict the simplified mixture reasonably well, as presented in
Table 9 and Fig. 3 d. However, the Glaude model overestimates the LBV
in comparison with the experimental results when ¢ > 0.9.

2.2. 4. Discussion

3.1.1. 4.1 Experimental uncertainties and observations

Thermal diffusion, hydrodynamic instabilities, and buoyancy may
influence the flame propagation, generating uncertainties in the
measured LBV [17,18]. Although no hydrodynamic instabilities caused
by pressure changes or buoyancy instabilities are observed in the
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Fig. 3. Comparison of the predicted laminar burning velocity (LBV) using the four reaction mechanisms and the measured LBVs of a) the high LBV Li-ion gas mixture,
b) the low LBV Li-ion gas mixture, c) the generic Li-ion gas mixture, and d) the simplified gas mixture.
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high-speed video of the experiments, minor front instabilities are
observed in certain experiments on the far fuel-rich and fuel-lean sides.
These can be attributed to thermal diffusion or ignition-induced in-
stabilities. Moreover, the three mixtures with more than two species
exhibited a higher tendency of front instabilities. Most of these front
instabilities can be eliminated by adjusting the spark gap distance.
However, the three gas compositions are significantly more sensitive to
the spark gap distances than the simplified gas. To reduce the un-
certainties, experiments with a flame front that does not propagate
spherically are rejected. Moreover, parallel experiments are performed
for nearly all concentrations to reduce the uncertainties in the experi-
mental results further. However, only minor changes are observed in the
LBV between two parallel experiments, as illustrated in Fig. 4.

The wide range of LBV observed between the gas compositions
(Fig. 4) indicate that certain species influence the LBV significantly. The
maximum LBV of the low LBV Li-ion gas is 351.4 mm s~!, whereas that
of the high LBV Li-ion gas is approximately three times higher at 1055.5
mm s~ !. Furthermore, pure Hy has an LBV of approximately 2900 mm
s~ ! at a similar temperature and pressure [33,34]. The maximum LBV of
a gas mixture with 5% Hy and 95% CO is approximately 650 mm s~ !
[35]. As the high LBV Li-ion gas comprises approximately 80% of H and
CO, a high LBV is expected. Additionally, CO is an inert gas with a
relatively high specific heat, which can reduce the amount of heat
released from the combustible gas [36]. Consequently, an increase in the
CO5, concentration can lower the LBV. Therefore, as the low LBV Li-ion
gas comprises approximately 50% CO,, a low LBV is expected.

3.1.2. 4.2 LBV prediction accuracy of the reaction models

In this section, the LBV predictions of the four reaction models are
compared to the experimentally obtained LBVs. A typical evaluation of
reaction models is very compressive. The chemistry and reaction rates of
gas mixtures must be analyzed [18,27]. In this study, however, we only
perform a statistical analysis and compare the results with those re-
ported in other similar studies to evaluate the LBV prediction accuracy
of the reaction models.

A considerable discrepancy is observed in the prediction of the
Glaude model in comparison with the experimental results. Except in the
case of the experiment on the high LBV Li-ion gas, the Glaude model
overestimates the LBV when ¢ > 0.9 in all other experiments. Addi-
tionally, previous studies have reported that the Glaude model deviates
from experimentally obtained LBVs [27,31,37,38]. For instance, Bardin
et al. [37] reported that the Glaude model over-predicts the LBV
significantly in the case of methanol, ethanol, and DMC. Moreover,
several studies [27,31,38] revealed similar results for the LBV of DMC.
However, the Glaude model estimating the LBV of the high LBV Li-ion
gas accurately (Fig. 3 and Table 9) could be attributed to the mixture
composition, which primarily comprises Hy and carbon monoxide (CO).

The GRI-Mech 3.0 model predicts the LBV for the high LBV Li-ion gas
and simplified gas with the highest accuracy (Table 9 and Fig. 3). The
high LBV Li-ion gas predominantly comprises Hy and CO (approximately
80%), whereas the simplified gas comprises Hy and CHy4 in the ratio of
35% and 65%, respectively. Although GRI-Mech 3.0 is developed for
natural gas combustion, several experimental studies [35,39-41] re-
ported that the model predicts the LBV for different syngas mixtures
accurately. For instance, Wang et al. [35] reported that the GRI-Mech
3.0 predicts the LBV of gas mixtures comprising 95% CO and 5% Hj
with acceptable accuracy. Furthermore, the results of McLean et al. [41]
on the LBV study of syngas mixture (50% CO and 50% Hy) are accurately
predicted by the GRI-Mech 3.0 [22]. Both Rozenchan et al. [39] and
Boushaki et al. [40] reported that the GRI-Mech 3.0 predicts the LBV for
CHj4 accurately in several experiments under normal initial conditions.
As the fuel composition of the high LBV Li-ion gas and the simplified gas
are variations of the syngas and natural gas composition, respectively,
the GRI-Mech 3.0 estimates the LBVs with an acceptable precision.

Conversely, the GRI-Mech 3.0 overestimates the LBVs of the low LBV
Li-ion gas and the generic Li-ion gas. The discrepancy can be attributed
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to the higher CO, concentration as CO-rich mixtures exhibit higher heat
loss owing to the thermal radiation. Typically, heat losses in a propa-
gating flame reduce the propagation speed, which is not considered in
the theoretical calculations, as it assumes adiabatic conditions. How-
ever, Yu et al. [42] studied the effect of thermal radiation on the LBV
numerically and determined that the uncertainty is low, particularly for
fuels diluted using species with strong radiative reabsorption properties.
Thus, Yu et al. determined that the flame propagation speed increases
when the fuel is diluted with up to 20% CO,. Consequently, the
increased radiative heat loss in the flame generated by the increased CO5
is re-absorbed by the unburnt fuel. GRI-Mech 3.0 tends to over-predict
the LBV as the CO, concentration increases in the fuel. Furthermore,
Zahedi et al. [36] reported that the GRI-Mech 3.0 predicts slightly higher
estimates of the LBV for 10% diluted CH4 and 20% COs. Furthermore,
the over-estimated LBVs in their study exists in a similar equivalence
ratio range for the generic Li-ion gas with 20% COa.

Further, based on the R? values calculated using the San Diego Mech
(Table 9), the model predictions concur well with the experimental re-
sults for all mixtures except the low LBV Li-ion mixture. Although the R?
value is high for the high LBV Li-ion gas, Fig. 3 a) indicates that San
Diego Mech under-estimates the LBV for ¢ > 1.1; the peak difference is
55 mm s~ ! at ¢ = 1.4. By contrast, the peak difference between the LBV
predicted by the San Diego Mech for the low LBV Li-ion gas and the
experimentally obtained LBV is 25 mm s ! with an R? value of 0.72.
Additionally, the SDE (Table 9) determined indicates that the discrep-
ancy between calculations and experimental results is large in the case of
high LBV Li-ion gas than that of the low LBV Li-ion gas. Nilsson et al.
[43] reported that the scatter between CH4 LBV experiments is less than
20 mm s ! based on the results observed over the last 15 years.
Furthermore, the average deviance between the San Diego Mech pre-
dictions and the actual LBV of the low LBV Li-ion gas is 18 mm 5%,
which exists in the same range as the experimental uncertainty identi-
fied by Nilsson et al. Therefore, the San Diego Mech model designed to
suit a broad range of combustion applications [25] ensures relatively
reasonable predictions of the experimental LBV.

In comparison with the other reaction mechanisms, the Sun model is
the most consistent with R? values, which are higher than 0.95 for all
mixtures. However, similar to the San Diego model, the Sun model ex-
hibits issues in predicting the LBV for high LBV Li-ion gas (Fig. 3a),
wherein the largest deviance is 71 mm s~! with average deviance of
27.4 mm s~ 1. The reaction mechanism of the Sun model comprises 257
species and 1563 reactions, which renders this the most comprehensive
model owing to the size. The second-largest reaction mechanism is the
Glaude model with 102 species and 802 reactions. Typically, the
computational time increases significantly owing to the detailed mech-
anism involved in the model despite higher prediction accuracy.
Therefore, the Sun model requires 80 times longer computational time
than the other reaction mechanisms.

An advantage of the Glaude and Sun models is that they contain the
electrolyte solvent DMC. Although the studies in Table 1 do not report
DMC or any other electrolyte solvent, a study by Roth et al. [8] reported
11.5% solvent in the vented gas from a failing LIB. Fernandes et al. [12]
detected 42% DMC and 17% ethyl methyl carbonate (EMC) in the
vented gas composition during overcharge abuse testing. These studies
prove that electrolyte solvents, such as DMC can be present in the gases
vented from an LIB. Furthermore, previous studies have reported that
the Sun model predicts the LBV with high accuracy for pure DMC at
normal conditions [31,38].

As shown, the different reaction models may yield different results
when used to predict combustion properties intended for safety engi-
neering models and as input to CFD. Although we identified certain
discrepancies in LBV predictions, the uncertainties in models and CFD
simulation can be substantially larger than the deviations between these
reaction models.
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3.1.3. 4.3 Ideal reaction mechanisms for different gas compositions

As indicated in Table 1, different SOC and chemistry can yield
different gas compositions during an LIB failure. The experimental re-
sults (Fig. 3 and Table 9) verify that all reaction models over- or under-
predict the LBV for the gas compositions listed in Table 2. Therefore, to
predict the LBV accurately, we recommend selecting a reaction model
based on the CO, concentration in the gas composition. Although the
GRI-Mech 3.0 predicts the gas compositions with a low CO2 concen-
tration accurately, the LBV for gas compositions with 20% and higher
CO4, are over-predicted. Furthermore, both the San Diego Mech and Sun
Model perform well in predicting the LBV for gas compositions with a
CO, concentration above 20%. Based on the R?> and SDE values
(Table 9), we conclude that the San Diego Mech and Sun model perform
better for gas composition with moderate and high concentrations of
COo, respectively. Table 10 presents the method of choosing a reaction
model to predict LBVs considering the CO5 concentration in the gas
compositions as a criterion. Fig. 5 illustrates the estimated LBVs for the
different gas compositions (Tables 1 and 2) based on the details pre-
sented in Table 10. However, the criteria (Table 10) may be valid only
for the gas compositions listed in Table 2. If a conservative estimation of
LBVs is essential, GRI-Mech 3.0 can be considered as an ideal choice
than the recommendations presented in Table 10.

The high and low LBV Li-ion gases are based upon cell type NCA-MJ1
[13] and one of the LFP batteries [16], respectively, with certain minor
changes in the gas compositions. We remove the acetylene (CaHz) and
ethane (CyHg) from the NCA-MJ1 owing to their low concentrations, and
the other concentrations are adjusted accordingly. Fig. 5 illustrates a
slight discrepancy between the NCA-MJ1 and the high LBV Li-ion gas
owing to the lower Hy concentration and the removed CyHg, which re-
sults in slightly lower LBV in the case of high LBV Li-ion gas. Conversely,
the concentrations are reasonably identical (+0.2%) in the case of the
compositions of low LBV Li-ion gas and the LFP, resulting in identical
estimations of LBV (Fig. 5).

3.1.4. 4.4 Challenges in generating a simplified Li-ion gas

The simplified gas is generated based on the combustion properties
calculated using the GRI-Mech 3.0. As presented in Fig. 3c) and Table 9,
the GRI-Mech 3.0 do not predict the LBV for the generic Li-ion gas
accurately. Based on these results, we conclude that both reaction
mechanisms should have been used in the preliminary calculations;
while the San Diego Mech is ideal for the generic Li-ion gas calculation,
the GRI-Mech 3.0 can be used for the calculations of the simplified gas.
These two mechanisms can predict the LBV with enhanced accuracy
(Fig. 6).

However, despite the increase in the LBV prediction accuracy, the
specie composition of the simplified gas will remain the same. This
implies that if the LBV in simplified gas is lowered by reducing the Hy
concentration, the explosion pressure increases owing to the increase in
CHy, which further increases the discrepancy in closed volume explosion
pressure. Moreover, the simplified gas can resemble the generic Li-ion
gas to a certain extent using only two species. If a higher level of
resemblance is required, a third inert component, such as CO, must be
added. Additionally, the discrepancy between the calculated and the
experimentally obtained explosion pressures can be attributed to the
heat losses in the explosion sphere.

Table 10

Recommendation for choosing a reaction mechanism to predict laminar burning
velocities of the gases vented from Li-ion batteries based on the carbon dioxide
(COy) concentration in gas compositions.

CO,, concentration Gas mixture

Reaction mechanism

GRI-Mech 3.0 Less than 15% Simplified, High LBV
San Diego Mech Between 15% and 40% Generic
Sun model Above 40% Low LBV

Journal of Power Sources 506 (2021) 230141

The simplified gas generated resembles the generic Li-ion gas only in
terms of combustion properties. In actual experiments, gas dispersion
and mixing with air are essential factors. For instance, the flow in the
gravity current relies on the density difference [44]. The simplified gas
and the generic Li-ion gas have a density of 0.45 kg m~> and 0.86 kg
m’3, respectively, at 300 K and 100 kPa. As the simplified gas is lighter
than the generic Li-ion gas, the dispersion will differ. However, the
temperature of the gas released from a failing Li-ion battery is expected
to be higher than 300 K. An increase in temperature reduces the density
of the vented gas. Consequently, the combustion properties of the gas
are altered. Therefore, matching both density and combustion proper-
ties of a vented Li-ion gas requires the knowledge of release temperature
and species composition. Based on the results of this study, a non-toxic
“pseudo” or “simplified” gas that reproduces the required properties can
be designed using theoretical calculations.

4.0 5. Conclusions

To evaluate the explosion hazards related to gas vented from failed
LIBs, we determined the Markstein length, laminar flame speed, LBV,
maximum explosion pressure, and maximum rate of explosion pressure
rise for various concentrations of three gas compositions and one pseudo
(simplified) Li-ion gas. The high LBV Li-ion gas exhibited the highest
measured LBV of 1055 mm s~! owing to the high content of hydrogen
and carbon monoxide. Conversely, the low LBV Li-ion gas comprised
more than 50% carbon dioxide, which significantly decreased the LBV;
the maximum measured LBV for the low LBV Li-ion gas was 351 mm s 1,
The experimental results are considered novel and can be used in risk
assessments of battery installations.

The measured LBV was compared with the predictions of four reac-
tion mechanisms, namely the GRI-Mech 3.0, San Diego Mech, Glaude
model, and Sun model. Among these, the Sun model exhibited the
highest coefficient of determination (RZ) based on the measured LBVs.
However, in comparison with the other models, the highest discrepancy
in the LBV prediction of high LBV Li-ion gas was observed in the Sun
model, wherein the value was under-predicted by 71 mm s~1. The GRI-
Mech 3.0 predicted the LBV with the highest accuracy for gas compo-
sitions with low CO, content. However, when the CO, content was more
than 20%, the GRI-Mech 3.0 over-predicted the LBV. Furthermore, the
Sun model and San Diego Mech exhibited the most accurate predictions
of the LBV when the CO; concentrations were moderate and high,
respectively. Therefore, based on the CO, concentration in a Li-ion gas
release, the ideal reaction mechanism can be selected to predict LBVs.

The simplified gas composition was designed with combustion
properties similar to that of a generic Li-ion gas. To reduce the number of
species and eliminate toxic species, such as carbon monoxide, the
simplified gas comprised 65% hydrogen and 35% methane. The initial
calculations indicated that the LBV was nearly identical when applying
the GRI-Mech 3.0 reaction model. However, the experimentally deter-
mined LBV was slightly higher in the simplified gas than that of the
original generic Li-ion gas. Although, altering the simplified specie
composition would not improve the combustion property resembles.
This is because matching both explosion pressure and LBV was chal-
lenging based on only hydrogen and methane. However, introducing a
third inert species, such as carbon dioxide, will result in nearly equal
numerical results in terms of explosion pressure and LBV. Thus, a
simplified gas composition can be generated conveniently using tools
(Cantera) to reproduce the combustion properties of a gas vented from
failed Li-ion batteries. The elimination of toxic species in the combus-
tible gas composition, such as carbon monoxide, can improve the safety
of experiments significantly.

5.0. Glossary

Laminar burning velocity is one of the most fundamental properties
in premixed combustion is the and gives an insight into the distinctive
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property of reactivity, exothermicity and in a given diffusive medium. It
is defined as a planar/unstretched, adiabatic, one-dimensional velocity
relative to the unburnt reactants [45].

Markstein length is a coefficient on which the effect of flame stretch/
curvature has on the flame speed.
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ABSTRACT
Several fires and explosions caused by Lithium-ion batteries (LIBs) have been reported in the last
decades. If a LIB is thermally, electrically, or mechanically abused, it can cause a catastrophic
failure of the LIB. Flammable gases such as hydrogen, carbon monoxide, and methane can be
released from the LIB during a catastrophic failure. When these gases mix with air, they form a
combustible mixture, which may cause explosions and fires. This study presents a computational
fluid dynamic (CFD) method for simulating an explosion from gases vented from failing LIBs
using only open-source software. The code mech2Foam was used to generate the required CFD
input parameters for a Li-ion vent gas composition, which was then used in several CFD
simulations of an explosion in a 1-meter rectangular channel. The simulation results were
compared with experimental results as a validation of the method and the CFD model. The CFD
simulation results agreed well with the experimentally measured flame front position and the
maximum explosion pressure. However, discrepancies between experiments and simulations

were observed in the temporal pressure and flame front velocity evolution.

Keywords: Li-ion battery safety, Open-Source Software, OpenFOAM, Explosion simulation,

premixed combustion
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1. INTRODUCTION

Lithium-ion batteries (LIBs) are the leading energy-storing system for sustainable and emission-
free energy. In a Li-ion cell, there is a combination of high energetic materials and flammable
electrolyte solvent. This combination can cause a catastrophic failure of the LIB [1]. However,
the probability of a single Li-ion cell failure is considered very low. Still, a single cell failure
could have severe consequences for large LIB applications such as grid storage, electric vehicles,
and ferries with several thousand cells. The heat released during a single cell failure can lead to

cell-to-cell propagation and cause more and more cells to release toxic and flammable gas [2].

Several fires and explosions caused by LIBs have been reported in the last decades [3-5]. In April
2019, a LIB energy storage system (BESS) caught fire, likely from a single cell failure. Several
hours after the fire had started, an explosion occurred inside the BESS. The BESS was severely
damaged, and several firefighters were injured [6]. In July 2019, a parked electrical car caused an
explosion in a private garage in Montreal, Canada. The strength of the explosion was enough to
throw the garage door across the street and create a hole in the garage ceiling [7]. In October
2019, a hybrid car ferry in Norway caught fire. The cooling system for the LIB is suspected to be
the cause of the fire. After the fire was extinguished, an explosion occurred in the switchboard
room next to the battery room. The explosion occurred due to accumulated flammable gases

vented from the damaged LIB [8].

Various events can cause a catastrophic failure of a LIB. Over-charge, over-discharge, short-
circuit, cell deformation, cell puncture, heat exposure are some of the possible events that can
lead to LIB failure [9,10]. During LIB failure, gases such as hydrogen (H), carbon monoxide
(CO), carbon dioxide (COy), and methane (CH.), and electrolyte solvents ((dimethyl carbonate
(DMC), ethyl methyl carbonate (EMC)) can be vented [11-16]. When these gases mix with air, a
combustible mixture forms that may lead to an explosion in confined and partly confined

rooms/geometries [17].
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Previous experimental and numerical studies have shown that gases vented from LIBs pose an
explosion hazard. Somandepalli et al. [16] studied the explosion characteristics in a 20-liter
explosion sphere for lithium Cobalt Oxide (LCO) cells with different states of charge (SOC). The
study showed that the explosion characteristics were similar to that of hydrocarbons such as
methane and propane. Baird et al. [4] estimated the lower explosive limit, explosion pressure, rate
of explosion pressure rise, and the laminar burning velocity (LBV) numerically for various gas
compositions vented from LIBs. The study showed that LIBs with lithium Nickel Cobalt
Aluminium (NCA) cathode chemistry had a higher LBV than typical hydrocarbons, with an LBV
range between 0.6 m/s to 1.1 m/s. Similar studies on the explosion characteristics and LBVs of

electrolyte solvents have been published by Henriksen et al. and Johnsplass et al. [18-20].

In the last 20 years, computational fluid dynamics (CFD) simulations have been essential for risk
and consequence analysis. CFD tools such as FLACS, OpenFOAM, and ANSYS Fluent have
been widely used to model explosions, blast waves, and gas dispersion [21-24]. However, most
CFD studies related to the LIB hazards focus on thermal analysis of a single cell or cell to cell
propagation. For example, Kim et al. [25] developed a 3-dimensional finite volume method for
studying the thermal runaway (TR) in cylindrical cells subjected to thermal abuse, which showed
the spatial temperature distribution during cell failure. Similar CFD studies of single-cell failure
have been published by Zhao et al.[26] and Kim et al. [27]. In a study by Srinivasan et al. [28],
CFD and thermal modeling investigated cell to cell propagation in a multi-cell battery module.
The study identified that the organic solvents vented can play a significant role in the complex

process of cell-to-cell propagation.

Although the single-cell and cell-to-cell CFD analysis can explain a thermal event and TR
process, the consequence of an explosion from the vented gases is not directly addressed. In a
report by DNV [29], the explosion risk related to LIBs installation in the maritime sector was
thoroughly examined. Their study used the commercial CFD software FLACS [30] to model the

gas dispersion and explosion of a pseudo-Li-ion vent gas composition. DNV reported an
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explosion pressure between 90 kPa (gauge) and 270 kPa (gauge) in a partly confined geometry,

with various Li-ion vent gas release profiles.

The value of CFD simulation results is dependent on the prediction accuracy of the CFD method.
Therefore, the focus of this study is to develop and evaluate the prediction accuracy of a CFD
method for simulating explosions from gases vented from LIBs for safety and consequence
analysis. The CFD method is based upon the XiFoam model/solver in the open-source CFD
toolbox OpenFOAM [31,32]. An essential parameter in this model is the species combustion,
transport, and thermodynamic properties. As previous studies have shown, the gas composition
released from a failing LIB can vary in types of species and concentration. Therefore, a code
(mech2Foam) was developed to generate the required combustion, transport, and thermodynamic
properties for any gas composition. The effect of gas dispersion and partly premixed combustion
were excluded to limit the scope of the study. However, gas dispersion and partly premixed gas
clouds should be addressed for CFD studies of a real scenario of an explosion from gases vented

from a LIB.

The mech2Foam code was validated by comparing the results to numerical calculations using a
reaction mechanism/chemical kinetics model. For evaluating the prediction accuracy of the
XiFoam simulations, the maximum pressure, the temporal evolution of the pressure, flame front
position, and flame front velocity were qualitative compared with experimental results of
premixed gas explosions in a 1-meter explosion channel. Finally, the initial conditions of the CFD
simulations and experiments were typical atmospheric conditions at 293 K and 101.3 kPa

(absolute).
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2. MATERIALS AND METHOD

2.1. Experimental Setup

Data acquisition
b o Pressure sensor 1 to 4
) o }

Flow controller

SEL!

A

Trigger
ir Fuel Fuel Fuel ity .
e 1 2 3 unit High-speed
camera

Figure 1. Photo and schematic illustration of the experimental setup. (a): Photo of the 1-meter

explosion channel; (b): Schematic illustration of the experimental setup.

Figure 1 shows a photo of the 1-meter explosion channel and a schematic illustration of the
experimental setup. The channel's inner length, width, and height are 1000.0 mm, 65.0 mm, and
116.5 mm, respectively. At the top of the channel, 50 mm from the closed end, is the inlet for
premixed fuel and air. Four calibrated rotameters control the volume flow of fuel and air into the
channel. The channel volume was exchanged eight times to ensure a homogeneous mixture. There
is a porous lid in the channel's open-end during filling to avoid gravity currents and stratification.

After filling the channel with premixed fuel and air, a pneumatic controlled valve stops the flow.
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The ignition is delay by one minute to reduce convective flow in the channel. After the one-minute
delay, the porous lid is released, immediately followed by ignition. The ignition has a duration of
0.02 s, which gives two sparks produced by an AC transformer with an output voltage of 10 kV
and a current of 20 mA. Four Kistler 7001 pressure transducers mounted on the top of the channel
record the explosion pressure. The first pressure transducer is located 250 mm from the closed
end of the channel, with an equal interval of 200 mm between the three following pressure
transducers. A Photron SA-1 high-speed camera records the flame propagation with a frame rate

between 2000 and 5000 frames per second (fps).

A research partner determined the vented Li-ion gas composition used in this study, how is part
of the Norwegian Centre for Environment-friendly Energy Research MoZEES [33]. The gas
composition shown in Table 1 was determined by analyzing the vented gas from thermally abused
commercial cells with cell chemistry based upon lithium-iron-phosphate (LFP) with 100% SOC.
A previous study has shown that the LBV of the Generic Li-ion gas composition is in the same
range as many other cell chemistries at 100% SOC [34]. A gas supplier supplied the gas bottle of

the Generic Li-ion gas composition with concentrations shown in Table 1.

Table 1. The gas composition of the Generic Li-ion gas in volume percentage.

Name of fuel mixture H; [%6] CO[%] CO2[%] CH4[%] C:H4[%)]

Generic Li-ion gas 34.9 25.0 20.1 15.0 5.0

2.2. CFD model and computational mesh

The CFD simulations were performed using the XiFoam solver/model, a combustion solver for
premixed and partly premixed gas explosions, part of the OpenFOAM CFD toolbox's official
release [31,32]. The combustion model in XiFoam is based upon a formulation of the laminar-
flamelet approach proposed by Weller et al. [35]. In this approach, the combustion is represented
by a transport equation of regress variable b. Whereas b = 1 is unburnt, and b = 0 is burnt. Below

is the transport equation of regress variable b.
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0
T (pb) + V.(pUb) + V.(pDVb) = —p,, S, E|VD| Eq.1

where: b — reaction regress variable [-], p — density [kg/m®], U — velocity vector [m/s], D —
diffusion coefficient [m?s], Su — laminar burning velocity [m/s], = — turbulent and laminar flame

speed ratio.

In the source term of Eq. 1, the LBV (Sy) is calculated from the Glilder equation [36]. As a flame
propagates, turbulence and instabilities will stretch and wrinkle the flame front. The flame surface
area will change and affects the flame propagation speed. The turbulent and laminar flame speed
ratio () is a function of the turbulence intensity. = models the contribution which the subgrid
turbulence has on the LBV. An in-depth explanation of the combustion model can be found in

Wellers et al.'s publication [35].

For the Large Eddy Simulation (LES) approach, XiFoam solves the Navier-Stokes conservation
equations for mass, momentum, and energy for an unsteady compressible and reactive flow. A
first-order forward Euler scheme was used for the time integration. For the gradient and
Laplacian/diffusion terms, the second-order linear scheme was used. Furthermore, for the
divergence/convective terms, a combination of the first-order upwind scheme and the second-
order limited linear and linear scheme was used to obtain stability and robustness. The discretized
equations are solved using the PIMPLE algorithm, a combination of PISO (Pressure Implicit with
Splitting Operators) and SIMPLE (Semi-Implicit Method for Pressure-Linked Equations). Nicoud
and Ducros's [37] model WALE was used to evaluate the sub-grid turbulence. The WALE model
is based on the square of the velocity gradient tensor and has a near-wall scaling function without
requiring a dynamic procedure. Moreover, the model is suited for complex geometries and flow

that experience laminar to turbulent transition.

The computer-aided design (CAD) geometry was drawn in Onshape, the online CAD tool [38],
under the free subscription. From the CAD file, the computational mesh was generated using
blockMesh and snappyHexMesh. BlockMesh and snappyHexMesh are two mesh utility tools that
are part of the OpenFOAM toolbox. BlockMesh was used to generate the background mesh with

a homogeneous cell size within the channel. Near the channel's open end, the cell size expands
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linearly to twice the initial cell size, creating a rectangular frustum shape with a 500 mm length.
SnappyHexMesh was used to snap the background mesh to the CAD geometry and refine the cell
sizes. After refinement, the computational channel was equal to the experimental channel inner
dimensions. The wall refinement in the computational domain had three layers with a cell size
that was half the background mesh's initial cell size. Four different background meshes with a cell
of 2, 4, 8, and 16 mm were compared. Figure 2 shows the geometry (a) and three angles of the
computational mesh (b,c,d). The mesh shown in Figure 2 was generated from the background

mesh with an initial cell size of 4 mm and had 426 026 cells after refinement.

black: Open Boundary
grey : Wall Boundary

Figure 2. The geometry and the computational mesh. a): Side view of the entire CAD geometry

with boundary conditions; b): Side front view of the computational mesh; c): Horizontal cross-
section view of the computational mesh; d): Close-up of the transition between the channel and
open geometry in the computational mesh.

The boundary condition for the mesh was divided into two domains; typical wall boundary
conditions (the grey part of Figure 2a)) were set on the channel walls, whereas typical open
boundary conditions (black part of Figure 2a)) were set on the boundaries outside the channel.

Inside the channel, the species were premixed fuel and air. Outside of the channel, only air. The
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atmospheric conditions for the simulations were set to 293 K and 101.3 kPa (absolute). Table 2

lists all the wall and open boundary conditions used for each variable in the simulations.

Table 2. List of variables with the applied wall and open boundary conditions.

Variable Wall boundary

Open boundary

Temperature (T) fixed wall temperature

(293 K)
Temperature unburnt  fixed wall temperature
(Tw) (293 K)
Pressure (p) zero gradients at the wall
. zero velocity at the wall
Velocity (U) (noslip)
LBV (Sy) zero gradients at the wall

Tu_r bulent, LBV ratio zero gradients at the wall
(Xi)
regress variable (b) zero gradients at the wall

Fuel mixture fraction .
zero gradient at wall

(ft)

Turbulent viscosity calculated based on the
(nut) turbulent kinetic energy
Turbulent thermal calculated based on the

diffusivity (alphat) turbulent viscosity for
compressible flow

zero gradient outlet
fixed value inlet (T = 293)

zero gradient outlet
fixed value inlet (T,) = 293)

a constant total pressure, dynamic
+ static pressure equals 101.3 kPa.
zero gradient outlet; inlet value
based on flux normal to the
boundary surface

zero gradients at the boundary
surface

zero gradients at the boundary
surface

zero gradients at the boundary
surface

zero gradient outlet
fixed value inlet (ft = 0)

calculated based on the turbulent
properties

calculated based on the turbulent
viscosity

We referred to the OpenFOAM user guide [31] for a more comprehensive explanation of the

boundary conditions and the discretization schemes. The base case for the CFD simulations is

also found in the supplementary materials.

2.1. mech2Foam

For an inhomogeneous combustion simulation with XiFoam, the three species, fuel, oxidant, and

burntProducts require coefficients for the transport, combustion, and thermodynamic models. The

thermodynamic properties heat capacity (Cp), enthalpy (H), and entropy (S) can be calculated by

the NASA polynomials [39], whereas the dynamic viscosity (transport property) can be calculated

by the Sutherland Equation [40]. Furthermore, the LBV can be calculated by the Giilder equation
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[36]. The model/equation coefficient for the NASA polynomials, Sutherland equation, and Gulder
equation were determined using the developed mech2Foam code. The fuel species model
coefficients were calculated from the gas composition in Table 1, whereas the oxidant species
model coefficients were calculated for typical air (21 vol% O and 79 vol% N,). The San Diego
reaction mechanism [41] was chosen as the reaction mechanism used in mech2Foam. A study by
Henriksen et al. [34] has shown that the San Diego reaction mechanism accurately predicts the

LBV for the Generic Li-ion gas composition in Table 1.

For a detailed description of mech2Foam and the complete code, we referred to mech2Foam -
Generating transport, combustion, and thermodynamic properties for the CFD solver XiFoam

(Henriksen and Bjerketvedt [42])

3. RESULTS

3.1. Output from mech2Foam

Table 3 shows the NASA polynomial and Sutherland coefficients for the fuel, oxidant, and
burntProducts created with mech2Foam. As a code verification, the thermodynamic output (C,
H, and S) of the generated NASA polynomial coefficients was compared with values calculated
using the open-source Python module Cantera [43]. For all three species, the coefficient of
determination (R?) was practically one, and the standard deviation of the error (SDE) was
approximately zero. Furthermore, the R? and the SDE values indicate that the thermodynamic
output from Cantera and the newly generated NASA polynomial coefficients are essentially
identical. Comparing the dynamic viscosity from Cantera and the fitted Sutherland coefficients
gave a maximum SDE and minimum R? of 1.547-10° Pa-s and 0.997, respectively. The

Sutherland coefficients are fitted and, therefore, not identical to the Cantera calculated viscosity.

Table 3. NASA polynomial and Sutherland coefficients for oxidant, fuel, and the burntProducts

generated by mech2Foam

NASA Polynomial Coefficients

oxidant fuel burntProducts
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NASA NASA NASA NASA NASA NASA
coefficients coefficients coefficients coefficients coefficients coefficients
(high) (low) (high) (low) (high) (low)
3.0014 3.4003 2.7103 3.1162 3.0830 3.3331
1.4870E-03 4.8320E-04 4.9372E-03 2.2932E-03 2.0433E-03 1.8360E-03
-6.0827E-07 -1.0630E-06 | -2.0779E-06 3.9069E-06 | -7.3569E-07 -2.3696E-06
1.2376E-10 2.4237E-09 4.3680E-10 -5.3380E-09 1.2695E-10 2.9921E-09
-0.8862E-15 -1.2503E-12 | -3.5960E-14 1.9922E-12 | -8.4267E-15 -1.2824E-12
-957.6 -1029.9 -18030.7 -18071.4 -13405.8 -13469.1
5.8698 3.8889 4.5660 2.8315 5.2440 3.9041
Sutherland Coefficients
As Ts As Ts As Ts
1.7943E-06 336.8612 1.6151E-06 377.9981 1.8322E-06 435.4540

Table 4 shows the Glilder coefficients generated by mech2Foam, used to estimate LBVs for the

Generic Li-ion gas composition at different ¢, temperatures, and pressures. Figure 3 shows that

the Gulder equation fits well with the numerically calculated LBVs used in the regression. The

lowest R? for the three fitted LBVs curves was 0.98, where the LBV was a function of pressure

(Figure 3 ¢)).

Table 4. The fitted Gulder coefficients for the Generic Li-ion gas in Table 1 and air generated by

mech2Foam
Gulder Coefficients
® 0.5039 n -0.1455
& 45231 o 1.8735
B -0.3738 f 2.3
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Figure 3. Comparison of the LBVs calculated using the Gullder equation and numerical
calculation in Cantera, using the San Diego reaction mechanism. a): The LBV as a function of ¢,
at constant temperature and pressure; b): The LBV as a function of temperature, at constant ¢

and pressure; c): The LBV as a function of pressure, at constant ¢ and temperature.

3.2. Mesh Sensitivity

Figure 4 compares the temporal evolution of the pressure, flame front position, and flame front
velocity for the four different background meshes. There are discrepancies in minimum and
maximum values between the cases, but the profiles are very similar. Between the 2 mm and the
4 mm case, the maximum pressure difference is 0.24 kPa. Based on the comparison in Figure 4,
the 4 mm case gave an acceptable accuracy compared to the 2 mm case. Furthermore, for large
geometries such as BESS or large battery applications, a cell size of 4 mm is favorable over 2 mm
regarding the computational time and requirements. Therefore, the computational grid generated
from the background mesh with a cell size of 4 mm, was chosen for all following simulation

cases.
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Figure 4. Comparison of four different background meshes with 2, 4, 8, and 16 mm in cell size.

(a): Temporal evolution of the explosion pressure, at pressure transducer one; (
evolution of the flame front for variable b at 0.5; (c): Temporal evolution of th

velocity.

3.3. Experimental and Simulation results

b): Temporal

e flame front

The maximum explosion pressure for all experiments and simulation cases are shown in Figure

5. Only the first two pressure peaks in the experiments were used when evaluating the maximum

explosion pressure. In all experiments and simulation cases, the maximum explosion pressure was

measured at pressure sensor 1, the sensor closest to the ignition source. For the experiments, the

maximum explosion pressure was 1.36 kPa (gauge), at ¢ equal to 1.08; whereas, the maximum

explosion pressure for the simulation was 1.45 kPa (gauge), at ¢ equal to 1.0.
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Figure 5. The maximum explosion pressure, all measured at pressure sensor 1, for the 1-meter

explosion channel experiments and numerical simulations.

Figure 6 shows a side-by-side comparison of the flame propagation in an experiment (left) and a
CFD simulation (right) with a ¢ of 1.2. In the simulation images, an isosurface of regress variable
b equal to 0.5 was used to visualize the flame surface. The explosion pressure measured at
pressure sensor one is shown on both sides in Figure 6, with the experimental pressure on the left
and the simulated pressure on the right. Moreover, the images in Figure 6 shows that the initial
flame propagation is similar in the simulation and the experiment. However, there are some minor
differences in the pressure. The first and second pressure peaks are reached slightly earlier in the
simulation compared to the experiments. There is also a higher peak pressure in the experiment
than predicted in the simulations, as Figure 5 also shows. The pressure decline rate, which occurs
after the second pressure peak, is higher in the experimental case. This higher rate of pressure
decline, and the flame reaching the top and bottom channel walls earlier in the experiments (at
times 40ms, 44ms, and 48), results in an earlier onset of the tulip flame shape. Although there are

some differences between the simulation and the experiment, the overall propagation is in good

144



agreement. For the unfiltered experimental results, we refer to, Experimental data of gas

explosions in a 1-meter open-ended channel (Henriksen and Bjerketvedt [44]).

Time P [kPa] P, [kPa]
0 ms 0.00 0.00
4 ms 0.01 0.26
8 ms 0.40 0.39

12 ms 0.48 0.42

16 ms 0.88 0.97

20 ms 1.27 0.83

24 ms 0.48 0.61

28 ms 0.27 1.00

32 ms 1.07 0.78

36 ms -0.87 0.05

40 ms -1.66 -0.42

44 ms 0.05 » -0.68

48 ms .0.40 J -0.51

52 ms -0.91 | -.038

B

56 ms -0.39 : -0.12

60 ms 1.63 \ 0.03

64 ms -0.89 \ 0.10

68ms | 0.1 = 007

Figure 6. Series of images from the high-speed video and CFD simulation showing the flame
propagation with a time interval of 0.004 seconds. Left: High-speed images of the flame
propagation with a fuel-air equivalence ratio of 1.19. Right: Isosurface images from CFD

simulation of variable b at 0.5 for fuel-air equivalence ratio of 1.2.
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4. DISCUSSION

4.1. Accuracy of the generated CFD input parameter

The sums of the mole-fraction-weighted NASA polynomial coefficients (hereafter referred to as
weighted NASA polynomial) in Table 3 gave nearly identical thermodynamic values as those
calculated from the reaction mechanism. However, different common reference temperatures (the
reference temperature shared by the higher and lower NASA polynomials) for different species
in the reaction mechanism can affect the accuracy of the weighted NASA polynomial. For
example, there are seven different common reference temperatures in the San Diego reaction
mechanism, ranging from 1000 K to 1392 K. It is uncertain how much different common
reference temperatures will affect the accuracy of the weighted NASA polynomial because there
is usually some overlap between the lower and higher NASA polynomials. For gas mixtures with

different common reference temperatures, the weighted NASA polynomial coefficients should be

validated.
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Figure 7 Comparison of the LBVs obtained from the Gulder equation and numerical calculation.

a): LBV at constant pressure of 101.3 kPa (absolute); b): LBV at constant temperature of 300 K.
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Although Figure 3 and Table 4 show that the generated Gulder coefficients fit well with the
regression data, the accuracy is lower when used outside of this range. This reduction in accuracy
between LBVs from Cantera calculations and the Giilder equation can be seen in Figure 7. Figure
7 a) show that as the temperature increases, the Gulder equation under predicts the LBVS on the
lean and rich side. At 650 K, the SDE is 338 mm/s, and R? is 0.66. Figure 7 b) shows that the
Gulder equation slightly overestimates the LBVs as the pressure increases. At constant pressure
of 751.3 kPa (absolute), the SDE and R? were 35 mm/s and 0.70, respectively. The expected
temperature and pressure range in a simulation should be considered when using the Gulder

equation for LBV estimations.

4.2. CFD simulations

Figure 4 a) shows that the temporal evolution of the pressure for the 2, 4, and 8 mm cases have
similar profiles. However, the explosion pressure peaks and crest values differ. These differences
may indicate that there is mesh dependency for the maximum and minimum explosion pressure.
The cell size used in the simulation will affect the gradient of regress variable b (flame thickness).
It is reasonable to assume that the pressure peak and crest values will increase for steeper gradients

of variable b (smaller flame thickness).

The maximum explosion pressure for the 16 mm and the 2 mm background mesh cases is similar,
despite having very different cell sizes. In order to have comparable simulation cases, the
minimum value of variable b after ignition should be close to identical. The strength and duration
of the ignition determine the minimum value of variable b. However, for the 16 mm simulation
case, the ignition's strength, duration, and size had to be increased in order to match the minimum
value of variable b in the other cases. For an open-ended channel, the strength, size, and duration
of the numerical ignition can affect the simulated pressure, and thus resulting in a relatively high-

pressure peak, as in the 16 mm case.

Figure 5 shows that the CFD simulation predicts the maximum explosion pressure with minor
differences compared to experimental results. Although the maximum explosion pressure is

essential for safety engineering purposes, more parameters should be analyzed when validating a
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CFD model. In the following, the simulated explosion pressure, flame front position, and flame

front velocity versus time are compared with experiments at similar ¢.

In Figure 8, the temporal evolution of the pressure is compared for three different cases, A, B,
and C. In all cases, the CFD simulations estimated the initial pressure development (to 0.06 s for
case A and 0.035 s for cases B and C) with only minor deviations compared to the experiments.
However, there is an apparent discrepancy in the pressure profile after the initial pressure
development in all cases. In the experiments, the minimum pressure crests were larger than in the
CFD simulations. Furthermore, the pressure also began to oscillate, which was not predicted by
the simulations. Plotting the temporal evolution of the flame front position for the three cases
shows that the flame thickness starts to grow simultaneously as the onset for pressure discrepancy.
This growth in the simulated flame thickness is a possible explanation for the smoothing of the

pressure oscillations.
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Figure 8. Comparison of the CFD simulated and the experimental measured temporal evolution

of the pressure for the three cases A, B, and C, with different fuel-air equivalence ratios.

The simulated and experimental temporal evolution of the flame front position for cases A, B,

and C, are shown in Figure 9. For cases, A and C, the simulated flame front position agrees with
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the experimental results. However, for case B, there is a more considerable discrepancy between
the experiment and the simulation. There is a difference of 0.03 in the ¢ between the compared
simulation and experiment for case B, which may explain some of the flame front position

discrepancies for this particular case.
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Figure 9. Comparison of the CFD simulated and the experimental measured temporal evolution
of the flame front position for the three cases A, B, and C, with different fuel-air equivalence
ratios.

As discussed, when the pressure starts to decline in the channel, the flame thickness (distance
from 0.1 to 0.9 in regress variable b) significantly increases in the simulation, as seen in Figure
9. In cases A, B, and C, the maximum flame thickness is 152 mm, 177 mm, and 166 mm,
respectively. Compared to the thickness of an actual flame, the maximum modeled flame
thickness is over several hundred times larger. The substantial difference in flame thickness
between simulation and experiments may affect the accuracy of the simulation. A broader flame

may smooth and dampen the pressure response in the simulations.
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Figure 10. Comparison of the CFD simulated and the experimental measured temporal evolution
of the flame front velocity for the three cases A, B, and C, with different fuel-air equivalence

ratios.

Figure 10 shows a comparison of the temporal evolution of the flame front velocity. For cases, A
and C, the first peak in flame front velocity is predicted with only a minor discrepancy compared
to the experimental results. In Figure 10, case B shows a higher peak in flame front velocity than
in the experiment, with a maximum difference of 8 m/s. The higher peak in flame front velocity
in case B is consistent with the difference in the flame front position in Figure 9. Like the pressure
comparison, the initial velocity peak is predicated with a relatively low discrepancy; however, the
later occurring oscillations are not predicted. These oscillations may not be captured due to the
grid cell size chosen. Although the 2 mm mesh case in Figure 4 shows no sign of oscillations in
the flame front velocity or pressure. Therefore, it is uncertain whether the pressure and flame front
velocity oscillations would be predicted with a finer mesh. Furthermore, for large geometries than
the explosion channel in this study, a cell size under 2 mm would require significant

computational effort.

If the combustion model (regress variable b) is the cause of the discrepancy in the simulation

results, a slightly finer mesh would not significantly improve the simulation results. Since first-
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order schemes were used in discretizing the time and some of the convective terms, it may have
influenced the accuracy of the simulation results. Improving both the mesh quality and
discretization scheme may yield a more accurate prediction of the temporal evolution of pressure
and flame front velocity. However, based on the results in Figure 5 and Figure 9, the XiFoam
solver/model predicts the maximum explosion pressure and the flame front position with
acceptable accuracy for safety engineering and consequence analysis. Moreover, there is good
agreement between the simulation and experiment results of the initial pressure peaks and initial
flame front velocity development shown in Figure 8 and Figure 10, respectively. Finally, further
investigation of the prediction accuracy of the XiFoam combustion model can be performed by
improving mesh quality, discretization schemes, and model parameters, but it is beyond this

study's scope.

5. CONCLUSION

This study presents a CFD method for simulating explosions of gases vented from failed LIBs.
The required transport, combustion, and thermodynamic model coefficients for the XiFoam CFD
combustion model/solver were determined by the code mech2Foam. Furthermore, the code
mech2Foam generates the required parameters for homogeneous and inhomogeneous
combustion. Although mech2Foam is designed for XiFoam, any CFD model that can utilize the
same input parameters could use the method. Finally, the prediction accuracy of the CFD method
was evaluated by comparing simulation and experiments of premixed explosions in an open-

ended channel from a gas composition vented from a failed LIB.

The CFD simulations predicted the maximum explosion pressure and flame front position with
only minor discrepancies compared to the experimental results. Simulation results for the pressure
and flame front velocities also agreed with the experimental results in the initial stages of the
flame propagation. However, pressure and flame front velocity oscillations, which occurred as
the flame approached the channel opening, were not accurately predicted. A maximum explosion
pressure of 1.36 kPa (gauge) and 1.45 kPa (gauge) was recorded in the channel for the experiments

and simulations, respectively.
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A complete and open method for generating CFD input parameters and modeling an explosion

from a gas release from a LIB has been presented. The method is intended for evaluating the risk

and consequences related to LIB applications and installations.
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ABSTRACT

Abused and defective Li-ion cells can cause a catastrophic failure of a Li-ion battery (LIB),
leading to severe fires and explosions. In recent years, several numerical and experimental studies
have been conducted on the explosion hazard related to the vented combustible gases from failed
Li-ion cells. Experimentally quantifying fundamental properties for failing LIBs is essential for
understanding safety issues; however, it can be costly, time-consuming, and can be partly
incomplete. Computational fluid dynamic (CFD) simulations have been an essential tool for
studying the risk and consequences in the process industry. In this study, the prediction accuracy
of the open-source CFD combustion model/solver XiFoam was evaluated by comparing
numerical simulations and experiments of premixed gas explosions in a 1-meter explosion
channel partly filled with 18650 cell-like cylinders. The prediction accuracy was determined by
calculating the mean geometric bias and variance for the temporal pressure evolution, maximum
pressure peak, positive impulse, spatial flame front velocity for two different channel geometries,
in addition to two gas compositions at several fuel-air equivalence ratios. From this method, the
XiFoam model/solver gave an overall acceptable model performance for both geometries and gas
composition.

Keywords: Li-ion battery safety, Open-Source Software, OpenFOAM, Explosion simulation,
premixed combustion

1. INTRODUCTION

Over the last decade, several fires and explosions have been caused by failing Li-ion batteries
(LIBs). For example, in Texas, USA, in April 2017, a train car carrying discarded LIBs for
recycling caused an explosion, which shattered windows 350 feet from the incident [1]. In April
2019, a Li-ion battery energy storage system (BESS) caught fire in Arizona, USA. Three hours
after the fire suppressant had extinguished the fire, firefighters entered the BESS, shortly after an
explosion occurred. The BESS was severely damaged, and several firefighters were injured [2].
Similarly, in September 2020, there was a fire in 20 MWh BESS in Liverpool, UK. The BESS
was already well alight when the firefighters arrived, and residents in the vicinity reported hearing
an explosion [3,4]. In April 2021, a fire occurred in a solar panel installation with 25 MWh of
lithium-iron-phosphate (LFP) LIB on the rooftop of a shopping mall in Beijing, China. While the
firefighters tried to extinguish the fire, an explosion occurred. The explosion led to the death of
two firefighters. Due to limiting accidental information, the definite cause of the explosion is not
known [5].

If Li-ion cells are over-charged, over-discharged, short-circuited, deformed, punctured, or
exposed to heat, there is a possibility for a catastrophic failure [6-8]. A failing LIB can release
gases such as hydrogen (H), carbon monoxide (CO), carbon dioxide (CO;), methane (CHa),
electrolyte solvents, and toxic species [7,9-15]. When combustible gases mix with air, they can
cause explosions and fires [16].
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In recent years, researchers have experimentally and numerically investigated the explosion
hazard abused LIBs pose by determining the released gas composition, gas release rates, and
combustion properties of the gas vented [7,9,17-22]. Fernandes et al. [9] determined the gas
composition and total amount of released gas from commercial Li-ion cells abused by overcharge.
The study showed that the abused cells mainly released electrolyte solvent, along with hydrogen
and other hydrocarbons. Henriksen et al. [18,19] experimentally determined the explosion
characteristics of several Li-ion electrolyte solvents and the laminar burning velocity (LBV) for
the solvent dimethyl carbonate (DMC). The Li-ion electrolyte solvents had similar explosion
characteristics as propane, whereas DMC had a slightly lower LBV than propane.

Moreover, Baird et al. [20] numerically estimated the lower explosive limit, explosion pressure,
rate of explosion pressure rise, and the LBV for various vented Li-ion gas compositions found in
the literature. The study showed that LBV ranged from 0.3 m/s to 1.1 m/s, depending on the state
of charge (SOC) and cell chemistry. Kennedy et al. [22] studied the release rates, total volume
released, and gas composition from a single cell to an array of five and ten cells. The study showed
that the venting speed, the total amount of gas released, and cell to cell propagation increased as
the SOC increased. For a more compressive literature study, we suggest the articles by Fernandes
et al. [9], Wang et al. [7], and Baird et al. [20].

Experimentally quantifying fundamental properties for failing LIBs is essential for understanding
safety issues; however, it can be costly and time-consuming and can be partly incomplete.
Computational fluid dynamics (CFD) simulations have become essential for evaluating explosion
consequences and risks, especially in the process industry [23-26]. Using CFD tools such as
FLACS, OpenFOAM, and ANSYS Fluent to predicting explosion pressures, blast loads
(impulse), and gas dispersion can significantly improve the safety of a design. Most CFD
simulations related to LIBs are on single-cell failure, single-cell thermal runaway
characterization, and cell-to-cell propagation [27-29]. In a report by DNV GL [30], the LIB
explosion hazard was investigated by CFD simulations of gas dispersion and gas explosions in
maritime LIB installations. DNV GL reported explosion pressures between 90 kPa (gauge) and
270 kPa (gauge) in a partly confined geometry depending on the Li-ion gas release profile.

The benefits from simulations are heavily dependent on the prediction accuracy of the CFD
models. Therefore, this study explores the prediction accuracy of the XiFoam combustion
model/solver in the open-source CFD toolbox OpenFOAM [29,30]. More specifically, we analyze
prediction accuracy of the temporal evolution of the pressure, maximum pressure peak, positive
impulse, and the spatial evolution of the flame front for two gas compositions in a 1-meter-long
explosion channel, partly filled with 18650 cell-like cylinders. In addition, two different channel
geometries were studied by varying the location of an identical set of 40 18650 cell-like cylinders.
The prediction accuracy with an early-onset for turbulent flame propagation was investigated with
the cylinders close to the ignitions source. Whereas with the cylinders in the center, i.e., further
away from the ignition source, the prediction accuracy with an initial laminar flame propagation
stage could be examined.

Finally, in addition to two gas compositions and the two geometries, the CFD simulations were
compared at three different fuel-air equivalence ratios (¢) 0.8, 1.0, and 1.2, resulting in a total of
12 simulation cases. The numerical and experimental condition was typical atmospheric
conditions, 293 K and 101.3 kPa (absolute).

2. MATERIALS AND METHODS
2.1. Experimental Setup

The explosion channel's length, width, and height are 1000.0 mm, 65.0 mm, and 116.5 mm,
respectively. Two different channel setups were analyzed. The channel setup referred to as the
inner channel geometry had 40 18650 cell-like cylinders near the closed end of the channel,
whereas the channel setup referred to as the center channel geometry had 40 18650 cell-like
cylinders approximately in the center of the channel. Each cylinder has a diameter of 18 mm and
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a length of 650 mm, the same dimensions as a 18650 Li-ion cell. Furthermore, the distance
between the cells in the vertical and horizontal direction is 4.6 mm (0.1 mm), creating a 0.5 void
ratio and maximum blockage ratio of 0.77 in the obstructed part of the channel. For the inner
channel geometry, the center of the first column of cylinders was 40 mm from the closed end of
the channel. The center of the first column of cells was 400 mm from the closed end of the channel
for the center channel geometry. Figure 1 a) shows a photo of the explosion channel with the
center channel geometry, and Figure 1 b) shows a schematic illustration of the experimental setup
with dimensions.

Data acquisition

 —— l Pressure sensor 1to 4
o —
1 [

iDmmi 200 mm 200 mm 200 mm 200 mm
h 1

M)
Ajr Fuel Fuel Fuel Trigger
1 2

3 unit High-speed
camera

Flow controller

AL

Figure 1. Photo and schematic illustration of the 1-meter explosion channel. a): Photo of
explosion channel with the Li-ion 18650 cell-like cylinders in the center of the channel; b):
Schematic illustration of the experimental setup with dimensions.

The premixed fuel-air inlet is located 50 mm from the closed end of the channel. With a porous
lid attached to the open end of the channel, the channel's volume was exchanged eight times to
ensure a homogenous mixture. After filling, there was a one-minute delay before ignition to
reduce convective flow. Moreover, the ignition duration was 0.02 s, which gives two sparks
generated from an AC transformer with an output voltage of 10 kV and a current of 20 mA. At
the top of the channel, four Kistler pressure transducers spaced 250, 450, 650, and 850 mm from
the closed end of the channel recorded the explosion pressure. A Photron SA-1 high-speed camera
records the flame propagation with frame rates ranging from 10 000 and 22 500 frames per
second, depending on the flame propagation speed.

The gas compositions shown in Table 1 are taken from a previously published study by Henriksen
et al. [21]. The High LBV Li-ion gas composition has a relatively high LBV compared to other
published Li-ion vent gas compositions [20,21], and the Simplified Li-ion gas composition is a
pseudo/simplified Li-ion vent gas, which has an LBV in the same range as several different types
of LIBs [21]. The High LBV Li-ion gas was supplied from a premixed gas bottle prepared by a
supplier, whereas two separate gas bottles supplied the hydrogen and methane for the Simplified
Li-ion gas. Furthermore, the ¢ and the fuel ratio in the Simplified Li-ion gas were controlled by
adjusting separate rotameters for the fuel and air. All the gas bottles had a purity above 99.95%.
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Table 1. The gas compositions analyzed numerically and experimentally in this study in volume
percentage.

Name of fuel mixture H, [%6] CO [%0] CO2[%] CH4[%] C2H4[%]

High LBV Li-ion gas 42.8 37.1 10.0 7.1 3.0
Simplified Li-ion gas 35.0 [-] [-] 65.0 [-]

The flame front position and velocity were determined using an in-house developed image
processing code from the high-speed video. The pressure data, flame front position, and velocity
were post-processed by a Savitzky-Golay filter [31] before further analysis.

2.2. CFD Simulation

The XiFoam model/solver, part of the OpenFOAM toolbox's [32,33] official release, was used
for all simulations. In XiFoam, the flame is modeled as a laminar flamelet, which assumes that
the turbulent premixed flame comprises a group of laminar flamelets [34]. With the laminar
flamelet approach, a regress variable (b) can express the flame propagation. Eg. 1 shows the
transport equation for regress variable b implemented in the XiFoam model.

0
e (pb) + V.(pUb) + V.(pDVb) = —p,, S, E|VD| Eq. 1

Where: b — reaction regress variable [-], p — density [kg/m®], U — velocity vector [m/s], D —
diffusion coefficient [m?/s], Sy — laminar burning velocity (LBV) [m/s], = — turbulent and
laminar flame speed ratio [-].

The LBV (Sy) in the source term in Eqg. 1 is calculated from the Gilder equation [35]. = models
the contribution which the subgrid turbulence has on the flame speed. Eg. 2 shows the transport
equation for =. Additional information about the XiFoam combustion model can be found in the
original publications by Weller et al. [36,37].

05 o~ _ ~ Eq.
E+US-V.:= =—RE-1)+ (05— 0p)E 2
Where: Z' is the subgrid wrinkling factor; Us is the surface filter velocity; G is the turbulence
generation rate; R is the turbulence removal rate; os is the surface-filtered strain rate; o is the

resolved strain rate

To determine the discretized schemes and model parameters to apply for all simulations, we
simulated the High LBV Li-ion gas at ¢ equal to 1.0 with the center channel geometry and
compared the results to an experiment with similar conditions (case 38). For the comparison, the
focus was on the flame propagation and explosion pressure in pressure sensor 1 (PS1). This
comparison led to the following discretized schemes and models presented.

The time integration was discretized using the second-order Crank-Nicolson scheme with a ratio
of 0.6 forward Euler and 0.4 Crank-Nicolson. For the gradient and Laplacian/diffusion terms, the
second-order linear scheme was used. Furthermore, the three different second-order schemes,
linear, linear-upwind, and limited-linear, were used for the divergence schemes. The discretized
equations are solved using the PIMPLE algorithm, a combination of PISO (Pressure Implicit with
Splitting Operators) and SIMPLE (Semi-Implicit Method for Pressure-Linked Equations).

Large-eddy simulation (LES) was chosen as the turbulence approach, using the subgrid model
proposed by Akira Yoshizawa [38] for compressible turbulent shear flows. The Van-Driest
dampening function was used for wall turbulence treatment, with the A* coefficient and AC equal
26 and 0.158, respectively.
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The combustion, transport, and thermodynamic properties were generated using the mech2Foam
code [39]. mech2Foam generates the NASA polynomial [40], Sutherland [41], and Gllder
coefficients using a specified reaction mechanism. A study by Henriksen et al. [21] has
demonstrated that the GRI-Mech 3.0 reaction mechanism accurately predicts the LBV for the two
gas compositions in Table 1, and therefore use in this study.

Two computer-aided design (CAD) geometries were drawn, with the exact dimensions as the
experimental channel geometries. The initial cell size is set by the background mesh generated in
the utility blochMesh, with the initial cell size in the channel of 4 mm in all directions. At the
open end of the channel, the cell size expands linearly in all directions to 8 mm, creating a
rectangular frustum with a length of 500 mm outside the rectangular channel, as illustrated in
Figure 2 a). Using the snappyHexMesh utility in OpenFOAM, the background mesh is snapped
to the CAD drawing and refined to three layers with half the initial cell size at the channel walls.
At the cylinder/cell walls, the first three layers have a fourth of the initial cell size, followed by
an additional three layers with half the initial cell size, as shown in Figure 2 ¢). The total amount
of cells for the inner and center channel geometry was 944 849 and 945 843, respectively.

Figure 2 a) shows that the boundaries are divided into two domains, wall boundaries and open
boundaries. Typical wall boundary conditions (grey part of Figure 2 a)) were set on the channel
walls, and typical open boundary conditions (black part of Figure 2 a)) were set on the boundaries
outside the channel. A volume outside the channel was included in the computational domain to
reduce errors caused by the outlet boundary conditions. Inside the channel, the species were
premixed fuel and air, and outside of the channel, there was only air. The atmospheric conditions
for the simulations were 293 K and 101.3 kPa (absolute), similar to the overall experimental
conditions. Table 2 lists all the wall and open boundary conditions used for each variable in the
simulations.

Table 2. List of variables with the applied wall and open boundary conditions.

Variable

Wall boundary

Open boundary

Temperature (T)

Temperature unburnt
(Tw

Pressure (p)

Velocity (U)

LBV (Su)

Subgrid turbulent
kinetic energy (k)
Turbulent, LBV ratio
(Xi)

regress variable (b)
Fuel mixture fraction
(ft)

Turbulent viscosity
(nut)

Turbulent thermal
diffusivity (alphat)

Adiabatic walls (zero gradient)
(293 K)
Adiabatic walls (zero gradient)
(293 K)

zero gradient at the wall
zero velocity at the wall
(noSlip)

zero gradient at the wall

zero gradient at the wall

zero gradient at the wall
zero gradient at the wall
zero gradient at wall

calculated based on the turbulent
kinetic energy

calculated based on the turbulent
viscosity for compressible flow

zero gradient outlet

fixed value inlet (T = 293)

zero gradient outlet

fixed value inlet (T,) = 293)

a constant total pressure, dynamic +
static pressure equals 101.3 kPa.

zero gradient outlet; inlet value based
on flux normal to the boundary
surface

zero gradient at the boundary surface

zero gradient at the boundary surface

zero gradient at the boundary surface

zero gradient at the boundary surface
zero gradient outlet

fixed value inlet (ft = 0)

calculated based on the turbulent
properties

calculated based on the turbulent
viscosity
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Figure 2. Images of the geometry and computational mesh used in numerical simulations. a)
Side view of the entire CAD geometry with boundary conditions. b) Side view of the
computational mesh. ¢) Horizontal cross-section view of the computational mesh cell geometry

Finally, we referred to the OpenFOAM user guide to further explain the boundary conditions and
discretization schemes [32]. The CFD base case is given in the supplementary materials.
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In Table 3, all the experimental cases are listed, with gas composition, ¢, channel geometry, and
the corresponding CFD simulation case name.

Table 3. List of all experiments with the corresponding CFD simulations.

Experiment Case Gas Composition Fuel-Air Equivalence ratio Channel CED Case Name
Number (9) Geometry
Case 01. High LBV Li-ion gas 0.79 Inner High CFD 0.8 Inner
Case 02. High LBV Li-ion gas 0.89 Inner None
Case 03. High LBV Li-ion gas 1.00 Inner High CFD 1.0 Inner
Case 04. High LBV Li-ion gas 1.09 Inner None
Case 05. High LBV Li-ion gas 1.18 Inner High CFD 1.2 Inner
Case 06. High LBV Li-ion gas 1.18 Inner High CFD 1.2 Inner
Case 07. High LBV Li-ion gas 1.29 Inner None
Case 08. High LBV Li-ion gas 1.29 Inner None
Case 09. High LBV Li-ion gas 1.38 Inner None
Case 10. High LBV Li-ion gas 1.38 Inner None
Case 11. High LBV Li-ion gas 1.47 Inner None
Case 12. High LBV Li-ion gas 1.47 Inner None
Case 13. Simplified Li-ion gas 0.69 Inner None
Case 14. Simplified Li-ion gas 0.69 Inner None
Case 15. Simplified Li-ion gas 0.79 Inner Simple CFD 0.8 Inner
Case 16. Simplified Li-ion gas 0.79 Inner Simple CFD 0.8 Inner
Case 17. Simplified Li-ion gas 0.90 Inner None
Case 18. Simplified Li-ion gas 0.90 Inner None
Case 19. Simplified Li-ion gas 0.90 Inner None
Case 20. Simplified Li-ion gas 0.97 Inner Simple CFD 1.0 Inner
Case 21 Simplified Li-ion gas 0.97 Inner Simple CFD 1.0 Inner
Case 22. Simplified Li-ion gas 1.01 Inner Simple CFD 1.0 Inner
Case 23. Simplified Li-ion gas 1.01 Inner Simple CFD 1.0 Inner
Case 24. Simplified Li-ion gas 1.08 Inner None
Case 25. Simplified Li-ion gas 1.10 Inner None
Case 26. Simplified Li-ion gas 1.10 Inner None
Case 27. Simplified Li-ion gas 1.19 Inner Simple CFD 1.2 Inner
Case 28. Simplified Li-ion gas 1.19 Inner Simple CFD 1.2 Inner
Case 29. Simplified Li-ion gas 1.26 Inner None
Case 30. Simplified Li-ion gas 1.29 Inner None
Case 31. Simplified Li-ion gas 1.37 Inner None
Case 32. Simplified Li-ion gas 1.39 Inner None
Case 33. High LBV Li-ion gas 0.79 Center High CFD 0.8 Center
Case 34. High LBV Li-ion gas 0.89 Center None
Case 35. High LBV Li-ion gas 0.89 Center None
Case 36. High LBV Li-ion gas 0.97 Center High CFD 1.0 Center
Case 37. High LBV Li-ion gas 0.98 Center High CFD 1.0 Center
Case 38. High LBV Li-ion gas 0.98 Center High CFD 1.0 Center
Case 39. High LBV Li-ion gas 1.08 Center None
Case 40. High LBV Li-ion gas 1.09 Center None
Case 41. High LBV Li-ion gas 1.09 Center None
Case 42. High LBV Li-ion gas 1.18 Center High CFD 1.2 Center
Case 43. High LBV Li-ion gas 1.18 Center High CFD 1.2 Center
Case 44. High LBV Li-ion gas 1.29 Center None
Case 45. High LBV Li-ion gas 1.29 Center None
Case 46. High LBV Li-ion gas 1.38 Center None
Case 47. High LBV Li-ion gas 1.38 Center None
Case 48. High LBV Li-ion gas 1.47 Center None
Case 49. High LBV Li-ion gas 1.47 Center None
Case 50. Simplified Li-ion gas 0.69 Center None
Case 51. Simplified Li-ion gas 0.69 Center None
Case 52. Simplified Li-ion gas 0.79 Center Simple CFD 0.8 Center
Case 53. Simplified Li-ion gas 0.79 Center Simple CFD 0.8 Center
Case 54. Simplified Li-ion gas 0.79 Center Simple CFD 0.8 Center
Case 55. Simplified Li-ion gas 0.90 Center None
Case 56. Simplified Li-ion gas 0.90 Center None
Case 57. Simplified Li-ion gas 1.01 Center Simple CFD 1.0 Center
Case 58. Simplified Li-ion gas 1.01 Center Simple CFD 1.0 Center
Case 59. Simplified Li-ion gas 1.10 Center None
Case 60. Simplified Li-ion gas 1.10 Center None
Case 61. Simplified Li-ion gas 1.10 Center None
Case 62. Simplified Li-ion gas 1.19 Center Simple CFD 1.2 Center
Case 63. Simplified Li-ion gas 1.19 Center None
Case 64. Simplified Li-ion gas 1.19 Center None
Case 65. Simplified Li-ion gas 1.26 Center None
Case 66. Simplified Li-ion gas 1.26 Center None
Case 67. Simplified Li-ion gas 1.26 Center None
Case 68. Simplified Li-ion gas 1.37 Center None
Case 69. Simplified Li-ion gas 1.37 Center None
Case 70. Simplified Li-ion gas 1.37 Center None

3. RESULTS

The model parameters and discretization schemes used for all simulations were determined by
comparing the experimental Case 38 and the High CFD 1.0 center simulation case. Figure 3
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compares the recorded pressure from the four pressure sensors (PS) for these two cases. The
simulated explosion pressure at PS1 was used as one of the target parameters in the optimization,
and therefore has the lowest deviation of the four pressure sensors. PS4 had the highest difference
in the maximum pressure peak of 117 kPa and a relative deviation of 61%.

—- Case 38 - Experiment —- Case 38 - Experiment

250 4 = 250 + .

=&  High CFD 1.0 Center =&  High CFD 1.0 Center
200 200 1
150 150 4

pressure [kPa (gauge)]
pressure [kPa (gauge)]

=50 4 =50 1
T T T T T T T T T T
0.000 0005 0010 0015 0020 0025 0030 0000 0005 0010 0015 0020 0025 0.030
time [s] time [s]
550 4 —- (Case 38 - Experiment 550 —l- (Case 38 - Experiment
—e  High CFD 1.0 Center —e  High CFD 1.0 Center
200 + 200 ~
= 150 1 =, 150 1
= Z
2 2
5 &
= 100 == 100 +
2 B
% PS3 % PS4 b
E ol J E gl |
|
0 —l—.—-H—‘I-.—J- 0 —I—I—I—‘I—-I-.—ﬁ
=50 4 =50
T T T T T T T T T T
0.000 0005 0010 0015 0020 0025 0030 0000 0005 0010 0015 0020 0025 0.030

time [s] time [s]
Figure 3. Comparison of the temporal evolution of the pressure for the four pressure sensors

(PS1, PS2, PS3, and PS4) for Case 38 and the simulated case High CFD 1.0 center.

Figure 4 shows the comparison of Case 38 and the simulation case High CFD 1.0 center for the
temporal flame front position and flame front velocity and the spatial flame front velocity. The
flame front position in Figure 4 a) shows a good agreement between the simulated and
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experimental results. Figure 4 b) and c) shows that the simulated flame acceleration is under-

predi

flame front velocity [m\s] flame front position [mm]

flame front velocity [m's]

cted after the flame reaches the cylinders.
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Figure 4. Comparison of experimental Case 38 and the simulation case High CFD 1.0 center. a):
Comparison of the temporal evolution of the flame front position; b): Comparison of the temporal
evolution of the flame front velocity; c): Comparison of the spatial evolution of the flame front
velocity.

Figure 5 shows the numerical and experimental maximum pressure peaks for each pressure sensor
recorded in the inner channel geometry for the High LBV Li-ion gas and the Simplified Li-ion
gas. The highest maximum pressure for the High LBV Li-ion gas was 156 kPa (gauge), recorded
at PS3 in case 10 (¢ = 1.38). In the numerical simulations, the highest maximum pressure of 89
kPa (gauge) was in the High CFD 1.2 Inner case. Furthermore, the average absolute deviation
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between the experimental and simulated maximum pressures for the High LBV Li-ion gas is 38
kPa, with a maximum absolute deviation of 64 kPa for case 05 (at PS4).

For the Simplified Li-ion gas experiments, the highest maximum pressure peak was 56 kPa
(gauge) (at PS1) in case 26 (¢ = 1.10). The highest simulated maximum pressure was 77 kPa
(gauge) (at PS2) in the Simple CFD 1.0 Inner case. Finally, the average absolute deviation
between the experiments and simulations for the Simplified Li-ion gas was 14 kPa, with a

maximum deviation of 28 kPa for case 21 (at PS2).
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Figure 5. The maximum pressure peak for each pressure sensor for the inner channel geometry
High LBV Li-ion gas and the Simplified Li-ion gas experiments and numerical simulations.
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Figure 6 shows the simulated and experimental maximum pressure peaks from the center channel
geometry for each pressure sensor. For the High LBV Li-ion gas, the highest experimental
maximum pressure of 223 kPa (gauge) was measured at PS3 for case 41 (¢ = 1.09), and the highest
simulated maximum pressure of 94 kPa (gauge) was measured at PS1 for the High CFD 1.2 Center
case. Moreover, the average absolute deviance between the experimental and numerical results
was 64 kPa, with a maximum absolute deviation of 137 kPa for case 43 (at PS3).

The highest maximum pressure peaks for the Simplified Li-ion gas were 55 kPa (gauge) measured
at PS1 in case 58 (¢ = 1.01) and 119 kPa (gauge) at PS1 in simulation case Simple CFD 1.0
Center. The average absolute deviation was 50 kPa, and the maximum absolute deviation was 97
kPa PS1 for case 62.
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Figure 6. The maximum pressure peak for each pressure sensor for the center channel geometry
High LBV Li-ion gas and the Simplified Li-ion gas experiments and numerical simulations.

Figure 7 shows the positive impulses for each pressure sensor for the inner channel geometry
experiments and simulations. The positive impulse was calculated by numerically integrating the
maximum pressure peak, with the upper and lower integral limits set to one-tenth of the maximum
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pressure. All maximum values for the experimental and simulated positive impulses were
recorded on the first pressure sensor (PS1) for both gas compositions.

The maximum experimental positive impulse was 188 kPa-ms and 160 kPa-ms for the High LBV
Li-ion gas (case 11, ¢ = 1.47) and the Simplified Li-ion gas (case 26, ¢ = 1.10) in the inner channel
geometry, respectively. In the simulations, the maximum positive impulse was 313 kPa-ms (High
CFD 1.2 Inner) and 280 kPa-ms (Simple CFD 1.0 Inner) for the High LBV Li-ion gas and the
Simplified Li-ion gas, respectively. The absolute average deviation between simulation and
experimental positive impulse results for the High LBV Li-ion gas was 100 kPa-ms, whereas 82
kPa-ms for the Simplified Li-ion gas. Furthermore, the maximum absolute deviation was 171
kPa-ms (case 06, at PS2) and 144 kPa-ms (case 20, at PS1) for the High LBV Li-ion gas and
Simplified Li-ion gas, respectively.
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Figure 7. The positive impulse for each pressure sensor for the inner channel geometry High
LBV Li-ion gas and the Simplified Li-ion gas experiments and numerical simulations.

Figure 8 shows the experimental and numerically positive impulses for each pressure sensor for
all center channel geometry cases. All maximum positive impulses were recorded on the first
pressure sensor (PS1) for both gas compositions in the experiments and numerical simulations,
like the inner channel geometry cases. For the High LBV Li-ion gas, the experimental maximum
positive impulse was 591 kPa-ms (case 42, ¢ = 1.18), whereas in the simulation, 666 kPa-ms for
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case High CFD 1.2 Center. The absolute average deviation between the simulation and
experiments for the High LBV Li-ion gas was 100 kPa-ms, with a maximum absolute deviation
of 243 kPa-ms for case 36 (at PS2).

For the Simplified Li-ion gas, the experimental maximum positive impulse was 324 kPa-ms (case
58, ¢ = 1.01). In the simulation, the maximum positive impulse was 743 kPa-ms measured in the
Simple CFD 1.0 Center case. Moreover, the absolute average deviation between the experimental
and numerical positive impulse is 206 kPa-ms, with a maximum absolute deviation of 532 kPa-ms
in case 62 (at PS1).
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Figure 8. The positive impulse for each pressure sensor for the center channel geometry High
LBV Li-ion gas and the Simplified Li-ion gas experiments and numerical simulations.
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Further quantification of the model performance was done by calculating the statistical quantities,
mean geometric variance (VG), and mean geometric bias (MG) for the temporal pressure
evolution, maximum pressure, positive impulse, and spatial evolution of the flame front velocity.
Table 4 presents the criteria used to assess the model performance, taken from the model
evaluation protocol for the HySEA project [42], which is based upon the MEGGE protocol [43].

Table 4. Criteria for evaluating model performance for a specific variable from the model
evaluation protocol for the HySEA project [42].

The scale of Model MG and VG Limits

Performance
Excellent 0.7<MG<13 [Solid vertical lines]
VG <16 [Solid horizontal line]
Acceptable 05<MG<20 [Dashed vertical lines]
VG <33 [Dashed horizontal line]
Poor 0.5>MG>2.0
VG >3.3

Figure 9 shows the MG and VG values for the inner channel geometry High LBV Li-ion gas and
Simplified Li-ion gas cases. The calculated VG and MG values for the temporal pressure
evolution are within the limit for excellent model performance, as shown in Figure 9 a). For the
MG and VG values in Figure 9 b) (maximum pressure peak), only case 42 had an MG value
slightly above the limit for excellent model performance. The MG and VG values shown in Figure
9 a) and b) indicate that the XiFoam model predicted the maximum pressure peaks and temporal
pressure evolution accurately for both gas compositions in the inner channel geometry. For
several cases, the MG values for the positive impulse were outside the acceptable limit. The
spatial flame front velocity MG and VG values were within the acceptable limits for all, except
case 15.

The overall XiFoam model performance was evaluated by equally weighting the arithmetic mean
MG and VG values of the temporal pressure evolution, maximum pressure peaks, positive
impulse, and spatial evolution of the flame front velocity. For the inner channel geometry, the
overall average MG and VG were 0.96 and 1.26 for the High LBV Li-ion gas, respectively,
whereas the overall average MG and VG for the Simplified Li-ion gas were 0.89 and 1.36,
respectively. Both the overall averaged MG and VG for the two gas compositions are within the
acceptable performance criteria.

Figure 10 shows the MG and VG values for the center channel geometry cases. The MG and VG
values for the temporal pressure evolution and the maximum pressure are all within the acceptable
criteria for both gas compositions. The positive impulse MG and VG values for the High LBV
Li-ion cases are all within the excellent performance criterion. However, for the Simplified Li-
ion gas, only case 57 is within the MG acceptable criterion. This poor model performance is
reflected in the predicted positive impulse of the Simplified Li-ion gas in Figure 8. For all cases,
the spatial evolution of the flame front velocity MG and VG values are within the acceptable
criteria for both gas compositions, with seven out of ten within the excellent criteria.

The overall averaged MG and VG values were 1.10 and 1.14 for the High LBV Li-ion gas,
respectively. For the Simplified Li-ion gas, the overall average MG and VG values were 0.80
1.86, respectively. Furthermore, the overall average MG and VG values were within the excellent
performance criteria for the High LBV Li-ion gas. For the Simplified Li-ion gas, the overall
average MG and VG were within acceptable model performance criteria.
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Figure 9. The mean geometric bias and the mean geometric variance for the High LBV Li-ion
gas and the Simplified Li-ion gas in the inner channel geometry; a) Temporal pressure evolution;
b) Maximum pressure; c) Positive impulse; d) Spatial evolution of the flame front velocity
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Figure 10. The mean geometric bias and the mean geometric variance for the High LBV Li-ion
gas and the Simplified Li-ion gas in the center channel geometry; a) Temporal pressure evolution;
b) Maximum pressure; c) Positive impulse; d) Spatial evolution of the flame front velocity

For the unfiltered experimental results, we refer to the dataset Experiments of Premixed Gas
Explosion in a 1-meter Channel Partly Filled with 18650 Cell Geometry (Henriksen and
Bjerketvedt [44]).
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4. DISCUSSION
4.1. Variance in the experimental results

Figure 5 and Figure 6 shows that parallel experiments can give significantly different maximum
pressures peaks. These differences in the results are especially noticeable for the center channel
geometry High LBV Li-ion gas experiments at pressure sensors 2, 3, and 4. The differences in
the maximum pressure peaks can be as high as 60 to 70 kPa, which is in the same range as the
more significant deviations between the simulation and experimental results. Although minor
differences were noticed in the flame front velocity and surface in parallel experiments, no
phenomena or measured parameter could be attributed to the experiments with an increased or
reduced maximum pressure peak. It is common to compare simulated and experimental maximum
pressure peaks results [23,25]; however, it may not be an ideal comparable parameter due to
potential variance between parallel experiments as observed in this study.

4.2. Model Performance

Based on the overall average MG and VG values, the XiFoam model performed acceptable for
the Simplified Li-ion gas and performed excellently for the High LBV Li-ion gas for both channel
geometries. XiFoam had the highest model performance for the High LBV Li-ion gas in the center
channel geometry, which is expected since the model parameters were adjusted to this
configuration at a ¢ equal to 1.0. However, the model showed discrepancies in predict the
maximum pressure peaks recorded at PS3 and PS4, as seen in Figure 6. In the simulations, the
flame thickness grows as it propagates through the geometry. This increase in flame thickness
probably dampens the maximum pressure peaks caused by the rapid increase in flame acceleration
when the flame passes through the cylinders. Although the model does not predict the maximum
pressure peaks at these sensors, the positive impulse is predicated with less deviation.

The XiFoam model performance for the Simplified Li-ion gas was lower than for the High LBV
Li-ion gas, based on the MG and VG values. Although the overall average model performance
for the center channel geometry Simplified Li-ion gas cases were within the acceptable criteria,
only one case was within acceptable performance criteria for positive impulse, as seen in Figure
10 c). Additionally, there is a significant discrepancy between the simulated and experimental
flame front position before the flame reaches the cylinders for these cases. This discrepancy
reveals that the flame accelerates more rapidly in the initial stages in the simulation compared to
the experiments. The higher flame acceleration leads to the higher maximum pressure peaks, as
seen in Figure 6 a) and b) for the Simplified Li-ion gas. Conversely, the experimental and
simulated flame acceleration is in the same range for the inner channel geometry Simplified Li-
ion gas cases, resulting in better model performance.

4.3. Model Parameters and Discretization

There are many different model parameters and discretization schemes to adjust and choose from
in the OpenFOAM toolbox. Our focus was on the XiFoam combustion parameters and the
discretization of time and divergence terms to limit the number of parameters and settings.
However, other model parameters or discretization schemes could also significantly impact the
simulation performance than those chosen in this study.

The Xi () variable in Eqg. 1 and Eq. 2 is the ratio between laminar and turbulent burning velocity.
Xi, cannot be lower than one and will thus only increase or not affect the propagation velocity.
For the center channel geometry, the initial flame acceleration was slightly higher in most
simulation cases compared to the experiments. This discrepancy in flame acceleration was
especially noticeable for the Simplified Li-ion gas cases. In the combustion property file, three
variables can be adjusted to affect the value of Xi, XiCoef, XiShapeCoef, and uPrimeCoef. Using
the Xi transport model, only changes to the uPrimeCoef significantly altered flame acceleration.
uPrimeCoef is multiplied with the turbulent kinetic energy (k) used to evaluate the Xi value.
Initially, the uPrimeCoef coefficient was set to 0.6, which has given good results in previous
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simulations and fitted reasonably well for the High CFD 1.0 Center validation case. However, for
the center channel geometry Simplified Li-ion gas simulation cases, a lower value of the
uPrimeCoef coefficient would have reduced flame acceleration and thus lower maximum pressure
peaks. For example, altering the uPrimeCoef coefficient to 0.1 in the Simple CFD 1.0 Center
simulation case will result in a maximum pressure peak of 25 kPa (gauge). Changes to
uPrimeCoef could lead to an odd-shaped flame surface compared to experiments and previous
simulations, as depicted in Figure 11 c¢). The odd-shaped flame surface can cause significant
changes to the predicted flame front position and velocity.

Figure 11. Examples of images of the experimental and simulated flame propagation in the center
channel geometry. a): Image from the high-speed video; b): Typical numerical flame surface
(isosurface of the regress variable b at 0.5); ¢) Odd-shaped flame surface due to changes in the
numerical schemes or combustion parameters (isosurface regress variable b at 0.5)

Different discretization schemes were tested to analyze if they had any significant effect on the
solution. Discretizing time using first-order forward Euler resulted in numerically stable
simulations, with little to no effect when changing the discretization schemes for the divergence
terms. However, changing the time discretization scheme to second-order backward Euler or
Crank-Nicolson significantly impacted the flame propagation. Using the second-order backward
scheme would lead to convergence errors. Using the Crank-Nicolson scheme, the intended
simulation time was achieved (for most cases) with a Crank-Nicolson coefficient between 0.1 and
0.6. The larger Crank-Nicolson coefficient usually increased the flame acceleration and thus the
maximum pressure peak. For example, by increasing the coefficient to 0.6 for the High CFD 1.0
Center simulation case, the maximum pressure peak was 450 kPa (gauge), 300 kPa higher than
for the simulation case using a coefficient of 0.4. Although a higher coefficient increased the
flame acceleration, it could also lead to similar odd-shaped flames, as shown in Figure 11 c).
Numerical instabilities probably cause the odd-shaped flame surfaces. Thus, a linearUpwind
discretization scheme was used to minimize the numerical instability and retain second-order
accuracy for most divergence terms.

Finally, by adjusting the value of uPrimeCoef and the Crank-Nicolson coefficient in post-analysis
for each simulation case, it is possible to predict the desired target parameter fairly accurately,
whether it be flame acceleration or maximum pressure peak, or positive impulse. However,
accurately predicting all three of these parameters in the same simulation with the XiFoam model
is proven to be challenging.

4.4. Final Observations

In the simulations, the pressure peaks are broader than in most experiments, making it impossible
to predict both the maximum pressure peak and the positive impulse with extreme precision. In
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the simulations, the flame thickness is initially thin with the thickness of a few cells, but as it
propagates, it broadens and can grow to a thickness larger than 200 mm. However, the flame
thickness of an actual flame is at least a hundred times thinner than this. Since the numerical flame
thickness is large, the total heat of combustion is released over a larger volume than the actual
experimental flame, and thus generating a broader pressure peak. A possible solution for this issue
in the XiFoam model could be to reduce the cell size; unfortunately, this could not be investigated
further due to limited computational resources.

For the experimental center channel geometry Simplified Li-ion gas cases, only the cases with a
¢ below 1.19 (case 50 to 61) would propagate through the cylinders without quenching. Most
cases would completely quench within the cylinders in the experiments with ¢ 1.19 and above
(case 62 to 70). However, a few experiments (case 63, 67, 68, and 69) eventually propagated
through, although the time from no visible flame to visible flame in the high-speed video was on
average 0.21 s. By contrast, the average time for the flame to reach the cylinders after ignition for
these cases was 0.05 s. A common occurrence for cases 63, 67, 68, and 69, the first visible flame
after “quenching,” was always in the top part of the channel.

Case 62, which had a ¢ of 1.19, propagated past the cylinders similar to those experimental cases
with a ¢ below 1.19. For case 62, the flame was partly quenched while propagated in the center
of the cylinders. However, the flame continued to propagate without quenching in the top and
bottom of the channel. Since case 62 propagated through the cylinders, similarly to the
experiments with ¢ below 1.19, it was the only experimental case compared to the Simple CFD
1.2 Center simulation case.

Conversely, all the center channel geometry High LBV Li-ion gas cases propagated through
without any indication of quenching. The LBV for the High LBV Li-ion gas is more than twice
that of the Simplified Li-ion gas at similar ¢ [21], which is an essential parameter for this
phenomenon. The quenching may be caused by a highly turbulent flow, which may be violating
the XiFoam laminar flamelet assumption. Further investigation is needed to explain this
phenomenon more deeply, which is beyond the scope of this study.

5. CONCLUSION

This study examined the XiFoam model performance, a combustion solver part of the open-source
CFD toolbox OpenFOAM. The XiFoam model performance was evaluated by comparing
numerical simulations and experiments of premixed gas explosions in a 1-meter explosion
channel partly filled with 18650 cell-like cylinders. In addition to comparing two geometries with
different locations of the 40 18650 cell-like cylinders, two gas compositions with significantly
different LBV at several ¢ were compared. The model performance was based on the prediction
accuracy of the temporal pressure evolution, maximum pressure peak, positive impulse, and
spatial evolution of the flame front velocity.

Based upon the overall average MG and VG values and the model performance criteria in Table
4, the XiFoam had an overall acceptable model performance. XiFoam had the highest prediction
accuracy for the center channel geometry High LBV Li-ion gas cases; however, this was expected
since one of these cases was used to determine the combustion model parameters and
discretization schemes. XiFoam had the lowest prediction accuracy for the center channel
geometry Simplified Li-ion gas cases. The lower prediction accuracy was mainly due to an over-
predicted flame acceleration in the initial laminar flame propagation stage.

Adjusting the combustion parameter uPrimeCoef and the Crank-Nicolson coefficient for the time
discretization would significantly change the flame propagation and thus the simulation results.
By adjusting these parameters in post-analysis for each simulation, one can increase the prediction
accuracy significantly. However, predicting with high precision the maximum pressure peak and
positive impulse in the same simulation is difficult with the XiFoam combustion model.
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mech2Foam

mech2Foam is a code that generates the required combustion, thermodynamic, and transported
properties model coefficients for a computational fluid dynamic (CFD) simulation with the
model/solver XiFoam part of the open-source toolbox OpenFOAM [1], [2]. The code is written
in the open-source programming language Python version 3.6 [3], and the output files are suited
and tested for OpenFOAM version 7. Although the code is written for the CFD solver XiFoam,
other CFD software that uses the same input parameters can utilize mech2Foam. This document
explains how mech2Foam generates combustion, thermodynamic, and transported properties
model coefficients. The thermodynamic and transport properties are in the Generating
thermophysicalProperties file section, whereas the combustion properties section documents the

generation of the Gilder model/equation coefficient.

Generating thermophysicalProperties file

The thermophysicalProperties file in the XiFoam case folder contains the transport and
thermodynamic properties (model coefficients) and defines how these properties are modeled.
There is one mixture specific and three specie specific parameters needed for simulating
inhomogeneous combustion. The global mixture parameter is the stoichiometric air-fuel mass
ratio. Furthermore, the mole weight, NASA polynomial coefficients, and Sutherland coefficients
are the three specie specific parameters. These parameters are calculated using the open-source
package Cantera version 2.4 [4] and a reaction mechanism/chemical Kinetics. As input parameters
to mech2Foam, the fuel and oxidizer composition, the initial pressure (p), temperature (T), and a

reaction mechanism are needed.

The thermodynamic parameters can be evaluated directly for the oxidant and the fuel since all
species and concentrations are input values. For the combustion products, the species are not input
parameters and must therefore be calculated. Using the inbuilt equilibrate function in Cantera, the
burnt product species and concentrations can be determined. The fuel and air mixture is
equilibrated at constant pressure and enthalpy to determine the burnt product species at initial

input (T,p) conditions. Species with a mole fraction below 0.001 are removed to reduce the
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number of species in the product gas. The species concentration is then normalized before the
parameters can be calculated. The function calculate_burnt_product gas composition in the

script calculateThermoProperties.py calculates the stoichiometric air-fuel mass ratio.

For the thermodynamic model Janaf in OpenFOAM, the NASA polynomials [5] are used to
calculate the heat capacity (C,), enthalpy (h), and entropy (s). The NASA polynomials are
functions of temperature, with seven polynomial coefficients. There are two temperature ranges
separated by the minimum, shared/common, and maximum reference temperature. The NASA

polynomial equations are shown below.

C,(T
’;?( ) =ay+a,;T +a,T?* + a3T3 + a,T* Eq. 1
u
h(T) a;T? a,T® a3T* a,T?
= a,T Eq.2
R, = G0 > Tttt q
s(T) a,T?> asT® a,T*
R, = agInT +a4T + > 3 2 +ag Eqg. 3

where: C, — specific heat capacity at constant pressure, [J/(mol-K)]; Ry — Universal gas constant,
[J/(mol-K)]; h —enthalpy, [J/mol]; s —entropy, [J/(mol-K)]; T —temperature, [K], a — polynomial
coefficient velocity vector [J/(mol-K)]; ], a1 — polynomial coefficient, [J/(mol-K?)]; a, —
polynomial coefficient, [J/(mol-K?®)]; as — polynomial coefficient, [J/(mol-K*)]; as — polynomial
coefficient, [J/(mol-K®)]; as — polynomial coefficient, [J/(mol)]; as — polynomial coefficient,
[J/(mol-K)]

As mentioned previously, one of the required inputs to mech2Foam is a reaction
mechanism/chemical kinetics model. The NASA polynomials (Eq. 1 to Eq. 3) are the most
common thermodynamic model used in these reaction mechanisms. Each species in the reaction
mechanism has its own set of NASA polynomial coefficients. In mech2Foam, mole weighted
NASA polynomial coefficients are calculated from the species-specific NASA polynomial

coefficient using Eg. 4. The function calculate_ NASApolynomial_coefficients_for mixture,

calculates the mole weighted NASA polynomial coefficients used in XiFoam.

k

(Tl = Z ai‘ka Eq 4

i=0
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where: @ — mole weighted NASA polynomial coefficient of index i; aixk — NASA polynomial
coefficient of index i and specie k; X —mole fraction of specie k; i — polynomial coefficient index;
k — species.

Different species may have different reference temperatures, which can cause deviations in
thermodynamic properties in some temperature regions. For different reference temperatures in a
mixture, the species with the highest mole fraction will determine the mixture's reference
temperatures. Suppose a mixture contains species with different reference temperatures. In that
case, it will be documented in the support documentation written alongside the
thermophysicalProperties file. If the minimum reference temperature exceeds 200 K, it is

adjusted to 200 K to avoid warnings during OpenFOAM simulations.

The Sutherland equation is the chosen transport model in this case. The dynamic gas viscosity is
calculated from the Sutherland equation below (Eq. 5) [6].

j— AS\/T
- T, Eq. 5

1+

U

where: 1 — dynamic gas viscosity, [Pa-s]; As — Sutherland coefficient; Ts — Sutherland Coefficient;
T — temperature [K]

In the Sutherland equation, two constants need to be curve fitted (As and Ts). The mixture-specific
Sutherland coefficients are fitted to the dynamic viscosities gathered from a Cantera Solution
object generated using the reaction mechanism, initial conditions, and the three species
compositions (fuel, oxidizer, and burntProducts). The temperature range for the viscosity is set to
the minimum and maximum NASA polynomial reference temperatures. The Sutherland

coefficients are calculated in the calculate_sutherland_coefficients_for_gas_mixture function.
Combustion properties— Gulder coefficient

One of the laminar burning velocity (LBV) models in OpenFOAM is the Gdlder correlations
model [7] shown in Eq. 6.

T \* F
S.(¢,T,p) = wpes($-1075) . <_> . < P ) . (1 - Xr .f) Eq. 6
Tref pref
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where: S. — laminar burning velocity, [m/s]; ¢ — fuel-air equivalence ratio, [-]; T — temperature,
[K]; p — pressure, [Pa]; o — Glilder coefficient; » — Gllder coefficient; & — Gulder coefficient; Tres
— Reference temperature; o — Gulder coefficient; prer — reference pressure; g — Gllder coefficient,

Xi— mole fraction of inert [-]; f — Gllder coefficient

Five coefficients in the Giilder equation needs to be estimated, which is w, , & o, and 8. The
coefficient f is set to 2.3, independent of the gas composition. X is the mole fraction of inert that
is not part of the fuel and oxidizer mixture. The Gulder coefficients are fitted in three steps, Eq. 7
to Eq. 9. In the Cantera package, the routine FreeFlame was used to calculate the LBVs used in
the fitting procedure. The FreeFlame routine solves the governing equation for a 1-D premixed,
steady, laminar/planar, adiabatic flame. The reference pressure and temperature values are 101.3

kPa and 300 Kelvin, respectively.

S.(P) = wgpned #1075 Eq.7
T \” Eq. 8
SL(T) = SL((p =1, Tref'pref) : (T_>
ref
B Eq. 9
p
S.(p) = SL(¢ =1, Tref'pref) ’ (P f)

where: S. — laminar burning velocity, [m/s]; ¢ — fuel-air equivalence ratio, [-]; T — temperature,
[K]; p — pressure, [Pa]; o — Gllder coefficient; n — Gulder coefficient; & — Gulder coefficient; Tres

— Reference temperature; a — Gllder coefficient; prs — reference pressure; 5 — Gulder coefficient.
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Figure 1. A diagram that illustrates the structure of the mech2Foam code and all the scripts and

underlying functions.
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Errata

1. Page Xl and Xll, Abbreviations:
LEL - Lower Explosive Limit, to, “LFL - Lower Flammability Limit”
UEL - Upper Explosive Limit, to, “UFL - Upper Flammability Limit”

2. Page Xll and Xlll, Nomenclature:
KG - Deflagration Index — from, bar-m3-s-1, to, “bar-m-s-1”
| - Markstein Length - from M to “m”.
ex — from, maximum explosion pressure in an experiment, to, “explosion
pressure in an experiment”
max — from, maximum explosion pressure in a series of experiments, to,
“maximum pressure in a series of experiments”

3. Page 6, section 2.1:
A primary lithium cell or lithium-metal cell is a non-rechargeable battery that is
“disposable” after use.

4. Page 37, Figure 21:
Updated the dimension 4.6 mm to 22.6 on the schematic illustration of the
experimental setup.

5. Page 38, Figure 23:
Updated Y-axis name from Maximum explosion pressure, to, “explosion
pressure”
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