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a b s t r a c t 

Combined numerical and experimental studies have been carried out to investigate thermal runaway (TR) 

of large format 21700 cylindrical lithium-ion battery (LIB) induced by different thermal abuse. Experi- 

ments were firstly conducted with the Extend Volume Accelerating Calorimetry (EV-ARC) using both the 

heat-wait-seek (HWS) protocol and under isothermal conditions. The kinetic parameters were derived 

from one of the HWS EV-ARC tests and implemented in the in-house modified computational fluid dy- 

namics (CFD) code OpenFOAM. For the subsequent CFD simulations, the cell was treated as a 3-D block 

with anisotropic thermal conductivities. The model was verified by the remaining two HWS tests not 

used in the derivation of the kinetic parameters and validated with newly conducted isothermal EV-ARC 

tests. Further laboratory tests and model validation were also subsequently conducted using Kanthal wire 

heaters. The validated model was also used to fill the experimental gaps by predicting the onset temper- 

ature for TR in simulated EV-ARC environment, heat generation rate due to different abuse reactions, 

the influence of heating power and heating arrangement as well as the effect of heat dissipation on TR 

evolution and the implications for battery thermal management. The present study has identified the TR 

onset temperature of the considered 21700 LIB to be between 131 and 132 °C. The predicted heat gener- 

ation rate due to the decompositions of SEI and anode were found to follow similar patterns while that 

from cathode increase sharply near the maximum cell surface temperature, indicating the possibility of 

delaying TR onset temperature by optimising the cathode material. The time to maximum cell surface 

temperature decreases rapidly with the increase of the heating power. 

© 2022 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Lithium-ion batteries (LIBs) are increasingly used in electric ve- 

icles (EVs) [1] . They are also popular for grid storage applications 

o replace non-battery energy storage device [2] . To deliver the de- 

ired driving range for EVs, the energy density of LIBs is gradu- 

lly increasing. A larger 21700 format has been adopted by some 

anufacturers. The increased cell size leads to larger capacity and 

nergy density in comparison with the 18650 format [3] . How- 

ver, relatively few studies have addressed the thermal behavior 

f 21700 cells [4–7] . 
∗ Corresponding author. 
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LIB performance is influenced by its operational temperature 

 8 , 9 ]. The cell may enter thermal runaway (TR) and fail irreversibly

hen subjected to external heating, releasing particulate matter 

nd flammable gases [ 10 , 11 ]. The propagation of TR from the orig-

nal cell to the adjacent cells in battery packs and modules can es- 

alate into serious fire incidents in EVs and LIB based energy stor- 

ge facilities [12] . The consequence of such potential incidents is 

ven higher for LIBs with high-energy density. 

.1. Knowledge gaps in experimental investigations 

Previous experimental investigations of TR in cylindrical cells 

ave been conducted with a range of heating arrangements includ- 

ng heating in isothermal environment either in Accelerating Rate 

alorimetry (ARC) or other reactor [22–24] , or the heat-wait-seek 

HWS) protocol in ARC [ 5 , 25–27 ] as well as side-heating with plate
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Nomenclature 

A cell surface area of the cell (m 

2 ) 

A i pre-exponential factor for the reaction (s −1 ) 

c i normalized amount of the reactant 

Cp total heat capacity (J/KgK) 

E i activation energy for the reaction (J/mol) 

H i reaction heat 

h conv convective heat transfer coefficient (W/m 

2 K) 

�H heat released during TR 

g gravitational acceleration 

k b Boltzmann’s constant 

κ i rate constant of the reaction 

m battery cell mass (g) 

n reaction order 
˙ Q exo volumetric heat generated 

˙ Q SEI heat due to decomposition of SEI layer (W) 
˙ Q An heat due to decomposition of anode (W) 
˙ Q Ca heat due to decomposition of cathode (W) 
˙ Q Mix heat due to decomposition of electrolyte and other 

remaining materials (W) 

Q conv heat source of the convection (W) 

Q rad heat source of the radiation (W). 

t ex exothermic time (min) 

T ab final adiabatic temperature ( °C) 

δT ab adiabatic temperature rise ( °C) 

T cell surface temperature of the cell ( °C) 

T ∞ 

ambient temperature ( °C) 

T ISC internal short circuit temperature ( °C) 

T max maximum temperature during TR ( °C) 

T mr temperature at maximum rate ( °C) 

T react onset temperature for the self-heating reactions 

( °C) 

T TR thermal runaway temperature ( °C) 

T max maximum cell surface temperature during the 

thermal runaway ( °C) 

T onset onset temperature ( °C) 

(dT/dt) max maximum self-heating rate ( °C/min) 

P pressure (Pa) 

P d dynamic pressure (Pa) 

P ref ambient pressure (Pa) 

u VELOCITY of the airflow (m/s) 

V cell voltage (v) 

W i density of the reactant 

x fractional degree of conversion 

eater [13–18] and patch elements [19–21] . Some tests were also 

onducted with impinging fires [28–30] . 

ARC tests were often used to measure thermal properties like 

pecific heat capacity and heat generation rates due to the decom- 

osition reactions [27] . The average specific heat capacity of the 

attery allows conversion of the measured temperature rise into 

hermal energy. ARC can provide details on the critical degrada- 

ion process at elevated temperatures during a thermally worst- 

ase scenario in a closed adiabatic environment and self-sustaining 

R conditions. In the tests, exothermic reactions were detected at 

 specific onset temperature, from which the cell component ma- 

erials progressed to explosive decompositions and ultimately TR. 

hough, ARC tests are useful in analyzing LIB failure, they were 

ot specifically designed for LIBs. It is not possible, for example, 

o quantify heat generation due to different decomposition reac- 

ions using ARC. In addition, ARC tests using the HWS protocol or 

nder isothermal conditions generally take one to several days to 

each TR. 
2 
Abuse tests through side heating can provide insight about TR 

ropagation in clusters of cylindrical cells [12] . Many researchers 

nvestigated 18650 LIBs [ 23 , 29 , 31–35 ]. Golubkov et al. [23] eval-

ated 18650 LIBs with three different cathode materials in a 

ressure-tight reactor under external heating at a constant rate of 

2 °C/min. They recorded maximum cell surface temperature of 

87 °C after ∼5200 s. Chen et al. [29] used 2 kW coiled heater and

easured heat release rate, mass loss, time to ejection and heat of 

ombustion under different state of charges (SOC) from 25 to 100%. 

he time for the cell surface to reach its maximum temperatures of 

24 to 756 °C varied from 380 to 325 s. Finegan et al. [31] studied

ells at elevated temperatures ( > 250 °C) by applying a heat gun to 

rack the evolution of internal structural damage and thermal be- 

avior during TR initiation and propagation. The cells were found 

o reach maximum temperatures between 168 and 217 s. Lammer 

t al. [32] conducted thermal ramp experiments in a furnace pre- 

eated to 80 °C and then at a thermal ramp rate of 0.5 °C/min. 

aximum cell surface temperatures of 744, 631 and 496 °C were 

bserved at 7902, 6300 and 4 4 40 s for three 18650 cells with 

lightly different chemistry. Liu et al. [33] developed a novel Cop- 

er Slug Battery Calorimetry combined with oxygen consumption 

alorimetry to quantify the heat generation due to abuse reactions 

nd flaming. They exposed 18650 cells with 25, 50 and 100% SOCs 

o a heating power of 20 W, maximum cell surface temperatures 

ere measured as ∼614 °C, 717 °C and 727 °C at ∼2221 s, ∼2019 s

nd ∼1556 s, respectively. The heat generation due to flaming was 

ound to be larger than the sum of the electric energy due to short 

ircuit and abuse reactions. 

Two recent publications of our team have addressed the TR 

haracteristics of 21700 LIBs [ 10 , 20 ]. Chen et al. [10] tested 5 Ah

1700 cells of 30 and 100% SOCs subjected to uniform heating 

ith a flexible heater of 20 W. The maximum cell surface temper- 

tures were found to be 675–719 °C for 30% SOC and ∼583–707 °C 

or 100% SOC in repeated tests. The corresponding times to reach 

he maximum temperature were ∼1398–2875 s for 30% SOC and 

927–10 6 6 s for 100% SOC. They also estimated the heat release 

ate (HRR) of the resulting fire from the flame height using estab- 

ished correlations for jet flames. More recently, further tests have 

lso been conducted for the same cell with flexible and nichrome 

ire heaters of 20 W [20] . Maximum cell surface tempeature was 

ecorded as 517 °C at 1219 s with the nicrome wire heater and 

83.5–707.3 °C at 937–1078 s with flexible patch heater. Elsewhere, 

ang et al. [4] examined heat generation in the 21700 30T (1S18P) 

attery pack based on the power demand during train propulsion 

etween two stations. Relefors [5] conducted ARC tests to deter- 

ine the critical onset conditions of TR for three types of 4–5 Ah 

1700 LIBs. For the NMC-based batteries, a distinct endothermic 

eaction was noted between 116 and 121 °C, an onset tempera- 

ure of exothermic self-heating was estimated to be around 120 °C 

hile an explosive decomposition was observed at about 170 °C. 

he maximum cell surface temperature observed was 590 °C after 

2 h in HWS ARC tests. 

Table 1 provides a summary of the abovementioned experimen- 

al investigations for cylindrical 18650 and 21700 LIBs. Most exper- 

ments used relatively low heating power of around 20 W or the 

WS protocol with ARC. Due to the relatively low heating power, 

t typically took between 900 to over 20 0 0 s for the cell to en-

er TR. For those tests involving patching heating elements [19–21] , 

he readings were also likely affected by heat conduction through 

he cell canister which is generally made of good conductor. While 

ome tests were performed with higher heating power for 18650 

IBs [ 31 , 36 ], no tests have been reported for 21700 LIBs subjected

o localized heating on the surface with heating power larger than 

0 W. It is, however, evident from Table 1 that LIB with the same 

OC exhibits different TR characteristics under different heating 

onditions. 
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Table 1 

Summary of the tests reported in the literature. 

Ref. Cell Type/ 

Dimensions 

SOC Heater type Heating Power/ 

temperature ( °C) 

Time to reach maximum cell 

surface temperature (s) 

Maximum cell surface 

temperature ( °C) 

Golubkov et al. [23] 18650 100 electric heater - - 687 

Chen et al. [29] 18650 25 electric coiled heater 2 kW 380 524 ± 3 

50 360 667 ± 17 

75 353 736 ± 49 

100 325 756 ± 56 

Finegan et al. [31] 18650 100 heat gun > 250 °C 168–217 - 

Lammer et al. [32] 18650 100 electric furnace Thermal ramp 0.5 °C/min 7902 744 ± 57 

6300 631 ± 85.5 

4440 496 ± 71.5 

Liu et al. [33] 18650 25 copper slug battery 

calorimetry 

20 W 2221 + 27 614 ± 2 

50 2019 + 36 717 ± 5 

100 1556 + 46 727 ± 13 

Kriston et al. [36] 18650 100 Coil heater 0.9–1.2 kW - 741–830 

Chen et al. [10] 21700 30 flexible patch heater 20 W 1398–2757 583–707 

100 927–1066 675–719 

Chen et al. [20] 21700 100 ARC HWS 1380–1446.2 710.7–762.1 

Flexible patch heater ∼20 W 937–1078.4 583.5–707.3 

Nicrome wire ∼20 W 1219 517 

Relefors [5] 21700 ARC HWS - 589 
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The above review highlighted the lack of insight about the ef- 

ect of localized thermal abuse for 21700 LIBs as well as heat gen- 

ration by different abuse reactions during the evolution to TR. In 

ddition, there is limited understanding about the effects of differ- 

nt heating methods on TR evolution and the critical temperature 

or TR onset. Kriston et al. [36] developed an alternative TR initia- 

ion method for LIBs using inductive heating and applied it to TR of 

.1 Ah 18650 LIB using relatively high power of 1–1.2 kW for 0.5–

 s. TR was triggered in all the cases and the cells lost structural 

ntegrity with opened casings. Their results indicated that only 1% 

f the cell’s electric energy is sufficient to initiate TR. Higher heat- 

ng powers have been used in tests for pouch cells, e.g. Jin et al. 

37] tested 5.0 AH pouch LIBs with plate heater of 150 and 250 W. 

hey observed maximum cell surface temperatures of 10 0 0 °C af- 

er 1700 s for 150 W and at 700 s for 250 W heater power. 

.2. Knowledge gaps in modeling 

Both two- and three-dimensional (2-D and 3-D) computational 

uid dynamics (CFD) simulations have been conducted to study TR 

volution induced by thermal abuse [ 21 , 38 , 39 ]. In such approach,

he cell was considered as a solid block of 1-D, 2-D or 3-D with the

buse reactions addressed by different methods. The CFD frame- 

ork simulates the interaction between the cell and the environ- 

ent. A range of commercial software like COMSOL Multiphysics 

 4 , 34 , 36 , 39 , 41 ], ANSYS-CFX [40] and ANSYS-Fluent [41] have been

sed. The authors’ group have modified the open source CFD code 

penFOAM to simulate the evolution from normal to abuse condi- 

ions and TR [42] . 

Kim et al. [41] extended the 1-D thermal abuse model of 

atchard et al. [43] to 3-D. This approach has also been adopted 

y others with some variations. Coman et al. [44] incorporated 

enting of the electrolyte and jelly roll (ejecta) into the thermal 

buse model. They also developed 0-D and 3-D models to predict 

R of 18650 LIB triggered by internal short circuit. The authors’ 

roup [20] proposed a simplified mathematical model for predict- 

ng heating induced TR of 21700 cells by using two Arrhenius ex- 

ressions for the exothermic decomposition and autocatalytic re- 

ctions. The model was formulated as lumped 0-D, axisymmetric 

-D and full 3-D. The 0-D lumped model was recommended for 

redicting ARC tests when the Biot number is small, the 2-D ax- 

symmetric model for axisymmetric heating conditions and the 3- 

 model for situations when neither of the above conditions can 

e met such as the flexible and nichrome wire heaters. 
3 
The abuse reactions during TR evolution can be considered with 

ither detailed electrochemical models or simple thermal abuse 

odels. In comparison, the complexity of the equations in the de- 

ailed electrochemical models places relatively higher demand on 

omputing resource [45] . The simpler thermal abuse model has 

ence been adopted by many researchers (e.g. [ 43 , 44 ]) including 

he authors’ team [ 20 , 42 ]. In such approaches, simplified kinetic 

arameters for heat addition were determined through ARC tests. 

nder adiabatic conditions in the calorimeter, the heat from the 

buse reactions result in the increase of the cell surface temper- 

ture. Kinetic parameters for the exothermic reactions at differ- 

nt stages of the evolution to TR can be estimated based on the 

elationship between the measured rate of temperature rise and 

ctual temperature rise in ARC tests [47–49] . Ping et al. [42] es- 

imated the kinetic parameters for six different individual reac- 

ions. The input parameters required for each reaction were ob- 

ained by disassembling the cell to measure the thermal response 

f its components in differential scanning calorimetry (DSC). Chen 

t al. [20] proposed a simple two-stage reaction model, consider- 

ng solid electrolyte interphase layer (SEI) and anode decomposi- 

ion as the first stage and the heat generation by electrolyte and 

he cathode decomposition as the second stage. Such simplifica- 

ion does not distinguish the different stages of the abuse reac- 

ions and hence unable to quantify the associated heat generation. 

thers considred abuse reactions associated with the anode and 

athode decompositions, electrochemical reactions and SEI decom- 

osition separately (e.g. [ 24 , 50 ]). Thus, the kinetic parameters de- 

ived can also be used to estimate the associated heat generation 

ates. 

In CFD analysis of LIBs, the kinetic parameters derived from 

he EV-ARC tests, the heat addition due to decomposition reactions 

re described by partial differential equations (PDE) and added to 

he energy equations for combined simulation of heat generation 

nd dissipation. For the later, most previous simulations assumed 

onstant heat dissipation with presumed heat transfer coefficients 

12–15] . Such assumption neglected the fact that the actual con- 

ective heat transfer vary with tempearture evolution in the do- 

ain and the enviormental conditions. Furthermore, most previous 

imulations simply treated the cell with 0-D lumped model, ne- 

lecting the temperature gradient within the cell [ 20 , 46 ]. Such ap-

roach assumes isotropic thermal properties [ 34 , 35 , 51 ]. In practice,

 relatively higher temperature gradient is expected in the cell. Im- 

roved accuracy can be achieved by considering anisotropic ther- 

al properties [ 20 , 52 ], which requires 3-D cell model [20] . 

https://www.tsn-j.com/wp/wp-content/uploads/2018/11/2018_THT_Brochure.pdf
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Fig. 1. The logic flow and structure of the manuscript. 
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In summary, previous simulations using a variety of commer- 

ial and opensource codes have laid the foundation for the mod- 

ling framework to combine thermal abuse models and cell be- 

avior with surrounding air domain. However, all previous at- 

empts in such context treated the cell with 0-D lumped model 

ith isotropic thermal properties, neglecting the temperature gra- 

ient within the cell. Such treatment is inherently problematic 

s a relatively higher temperature gradient is expected in the 

ell. 

In the present study, combined experimental and numerical 

tudies have been conducted for 4.8 Ah 21700 LIBs at 100% SOC, 

hich is the worst-case scenario in the context of safety. The 

xperiments involved both HWS and isothermal EV-ARC as well 

s Kanthal wire heaters. The kinetic parameters were derived 

rom one of the HWS tests and implemented in OpenFOAM. The 

elly roll stack of the cell is assumed to be a 3-D block with

nisotropic thermal conductivities. The predictions were firstly ver- 

fied by the remaining two HWS tests not used in the deriva- 

ion of the kinetic parameters; and then validated with the tem- 

erature measurements of the isothermal EV-ARC tests. The vali- 

ated model was subsequently used to predict the TR onset tem- 

erature in simulated EV-ARC environments. Finally, the model 

as further validated with the Kanthal wire tests. The 3-D pre- 

ictions have also been used to provide insight about the heat 

eneration rate, time to maximum TR temperature and the influ- 

nce of heating power/arrangement as well as the effects of heat 

issipation. Fig. 1 illustrates the logic flow and structure of the 

anuscript. 

The key innovation of the manuscript includes: 

• Pioneering CFD predictions incorporating 3-D conduction in the 

cell with anisotropic thermal conductivities, HRRs of the abuse 

reactions and the surrounding air domain. 
• Pioneering CFD predictions of TR onset temperature in simu- 

lated isothermal ARC environments. 
• Novel experimental techniques to address localized thermal 

abuse for 21700 LIBs under large heating powers up to 5 times 

that used in the published tests. 
4 
• Innovate use of the CFD predictions to provide insight about pa- 

rameters which are difficult to quantify experimentally, includ- 

ing HRRs of different abuse reactions and the effects of heat 

dissipation. 
• Novel use of the validated CFD model to conduct numerical ex- 

periments examining influence of different heating and cooling 

arrangements. 
• The sensitivity of the time to thermal runaway under different 

heating methods and convective cooling were analyzed to for- 

mulate safety recommendations . 

. Heat generation during TR evolution and heat-wait-seek 

V-ARC tests 

The EV-ARC, which has an extended volume for large format 

IBs, was used to test 21700 LIBs with Li(Ni x Mn y Co z )O 2 cathodes 

nd graphite/silicon anode (NMC). The capacity and nominal volt- 

ge of the cell are 4.8 Ah and 3.7 V, respectively. The cells were 

ully charged to 100% SOC before the tests. The cell surface temper- 

tures were monitored to obtain the self-heating rate of the cell. 

hermal Hazard Technologies, the manufacturer of the EV-ARC has 

tated in their products information sheet that its heating rate is 

n the order of 10 K/s. Three tests were conducted using the HWS 

rotocol. The thermo kinetic parameters of the Arrhenius equa- 

ions for the volumetric heat generated from the abuse thermal 

eactions were determined using the measurements from one of 

he three tests while the measurements of the remaining two tests 

ere used for model verification to be described in Section 4 . 

.1. Heat generation during TR evolution 

The abuse reactions due to decomposition of cell materials oc- 

ur in various temperature ranges, releasing heat and gas [54] . The 

olumetric heat generated from the abuse thermal reactions can 

e evaluated by (e.g. [ 55 , 56 ]): 

˙ 
 exo = 

˙ Q SEI + 

˙ Q An + 

˙ Q Ca + 

˙ Q Mix (1) 

here, ˙ Q SEI is the heat due to decomposition of SEI layer, ˙ Q An is 

he heat due to decomposition of anode, ˙ Q is the heat due to de- 
Ca 
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(

omposition of cathode and 

˙ Q Mix is the heat due to decomposition 

f electrolyte and other remaining materials including the binder 

s well as heat generated by the earlier combustion following ejec- 

ion. This will be explained in more detail in Section 3.2 . 

It is assumed that ˙ Q i ( i = SEI, An, Ca, and Mix) is related to the

ate constant of the reaction κ i , which follows an Arrhenius equa- 

ion, and can be expressed as follows (e.g. [ 43 , 57 ]): 
˙ Q i = W i H i κi , and 

i = A i exp 

(
− E i 

k b T 

)
c i and 

d c i 
dt 

= −κi (2) 

here, W i denotes the density of the reactant, H i the reaction heat, 

 i the normalized amount of the reactant, A i the pre-exponential 

actor for the reaction, E i the activation energy for the reaction, and 

 b is the Boltzmann’s constant. The W i H i was calculated based on 

he change in temperature at different reaction stages expressed as 

 i H i = �H i / V cell . Here, V cell is the volume of the cell. The cell was

reated as a 3-D block with anisotropic thermal conductivities fol- 

owing our previous study [20] , which suggested the need for 3-D 

s neither lumped 0-D nor axisymmetric heating conditions were 

pplicable here. The heat generations from the four different re- 

ctions were divided equally into each control volume within the 

ell block and feed to the temperature calculations for each time 

tep. The average temperature of all the control volumes in the 

ell block was then used to calculate the heat calculations with 

q. (2) for the next time step. 

.2. The reaction kinetics 

During the self-heating stage, the cell temperature increases ex- 

onentially as heat generation by the exothermic abuse reactions 

re far greater than heat dissipation through the battery thermal 

anagement system. The LIB temperature rise in an adiabatic envi- 

onment can be determined following previous work (e.g. [ 21 , 58 ])

nd described by Eq. (3) : 

d T 

d t 
= �T ad . A i · exp 

(
−E i 
k b T 

)
. ( 1 − x ) 

n (3) 

here, x is the fractional degree of conversion with an initial value 

f 0, A i the pre-exponential factor for the reaction and n is reaction 

rder, respectively. By taking natural logarithm on both sides: 

 n 

d T 

d t 
= ln ( �T ad . A i ) −

(
E i 

k b T 

)
+ l n ( 1 − x ) 

n (4) 

If the frequency factor is greater than that of (1-x) n , Eq. (4) can

e simplified to: 

n 

d T 

d t 
≈ ln ( �T ad . A i ) −

(
E i 

k b T 

)
(5) 

here, E i and A i can be obtained from the slope and intercept of 

he fitting curve of ln(dT/dt) versus 1/T plots. 

.3. Heat-wait-seek tests 

A schematic diagram of the experimental set up is illustrated in 

ig. 2 . An open throne was used to hold the cell in an upright po-

ition and prevent it from being fired across the EV-ARC chamber 

f 4.3 L volume during the test. The cell is insulated to reduce heat 

ransfer to and from the metal throne as shown in Fig. 2 . The ther-

ocouples were located on the side and middle height of the cell. 

everal additional thermocouples were placed inside the canister 

tmosphere and at the top and bottom of the cell. 

The tests were performed by Thermal Hazards Technology. 

ig. 3 (a) shows the measured profiles of the voltage, cell surface 

emperature and temperature rate response. Fig. 3 (b) details the 
5

ain exothermic reactions inside the cell during different stages. 

he LIB temperature increased with the heating from the EV-ARC. 

he self-heating reactions, i.e. decomposition of SEI layer, anode 

nd cathode material and the electrolyte were not initiated dur- 

ng the initial stage. The onset temperature for the self-heating re- 

ctions (T react ) started after the cell surface temperature reached 

3.08 °C. The voltage of the battery decreases with the increase of 

ts temperature. The SEI film starts to decompose at 93.08 °C, re- 

ulting in the reaction between the electrolyte and graphite anode. 

oth reactions contribute to a slow rise in the temperature of the 

ell. The voltage dropped from 4.06 to 1.8 V at 102 °C, indicating 

icro short circuit inside the cell, which induced further heat ac- 

umulation inside the cell and led to further temperature increase. 

s the temperature built up further, the separator collapsed, lead- 

ng to further large-scale short circuit inside the cell as shown in 

ig. 3 (a) between 126 and 195 °C. Subsequently, the cathode and 

node materials, electrolyte and other materials inside the cell de- 

omposed drastically and the temperature started to rise exponen- 

ially. 

The maximum self-heating rate (dT/dt) max , internal short cir- 

uit temperature (T ISC ), maximum temperature during TR (T max ) 

nd heat released during TR ( �H) can be derived from the mea- 

urements in Fig. 3 (a) and (b). The start temperature was set to 

0 °C. Heating was increased gradually at a temperature step of 

 °C. The maximum test temperature was 420 °C. When the cell 

urface exceeds this temperature, the calorimeter stopped heating. 

he waiting time was set to 60 min for each temperature increase. 

fter reaching thermal equilibrium during the waiting period, the 

ystem entered the seek period of 10 min. During this period, the 

elf-heating rate of the cell was monitored by tracking the tem- 

erature rise. The point at which the self-heating rate detected 

 larger value than the exothermic sensitivity, which was set to 

.02 °C/min, was treated as the onset of exothermic reactions. The 

eating of the EV-ARC was paused, the corresponding temperature 

ise due to internal exothermic reactions was recorded till the end 

f TR. If a temperature change rate smaller than the exothermic 

ensitivity was detected again, the system would switch back to 

he heating mode. 

Fig. 4 (a) shows the measured transient temperature profiles on 

he top, side and bottom zones in the EV-ARC chamber with the 

aximum being ∼180 °C. As the calorimeter heats much more 

lowly than the cell, at the time the cell reached its maximum 

emperature of ∼750 °C, the calorimeter temperature was only 

180 °C. Fig. 4 (b) illustrates the HWS testing protocol. Table 2 

ummarize the specifications of the HWS tests. 

.4. Evaluation of the thermo kinetic parameters 

Although as shown earlier in Fig. 4 , the temperatures mea- 

ured inside the EV-ARC calorimeter were below 180 °C, the mea- 

ured cell surface temperatures went well above this during TR 

ue to self-heating. Fig. 5 (a) shows the rate of temperature rise vs 

ell surface temperature. From 132.45 °C onwards, the temperature 

ise accelerates sharply till the maximum cell surface temperature. 

his was hence treated as the onset temperature T onset of the self- 

eating stage. Plotting ln(dT/dt) versus 1/T in Fig. 5 (b), the E i and 

 i can be obtained from the slope and intercept of the fitting curve 

or Eq. (5) . The associated heat release can be calculated by: 

H = m battery . C p . ( T max − T T R ) (6) 

here, m battery is the mass of the test cell; Cp is the total heat ca-

acity for the sample LIB, which is around 900 (J/kg •K) that mea- 

ured by the EV-ARC, T TR and T max are thermal runaway and the 

aximum cell surface temperature during the thermal runaway 

K), respectively. 
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Fig. 2. The EV-ARC chamber (left) and Cell placed in a metallic throne (right). 

Fig. 3. Cell surface temperature, temperature rate responses and exothermic chemical reactions inside the LIB in Test 1. 

Fig. 4. The measured transient temperatures inside the EV-ARC calorimeter (a) at the side, top and bottom zones in Test 1; (b) Heat-wait-seek protocol. 
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It should be noted that there are some overlapping of the 

xothermic reactions in some temperature ranges. The exact tem- 

erature ranges for the decomposition of SEI layer, anode, cathode 

nd the electrolyte and other remaining materials including binder 

re dependent on battery specifications [50] . DSC tests [ 42 , 60 ] are

eeded to determine kinetics parameters of each separate exother- 

ic reaction. Due to limited information about the chemical com- 

ositions of the 21700 cell, the activation energy and the reaction 

xponents, at the first three reaction stages (decomposition of SEI, 
6 
node and cathode) were taken from Refs. [ 41 , 43 ] based on the

imilarities of the cell materials. In these stages, the decomposi- 

ion of the electrolyte and other materials was neglected as even 

f their decomposition already started, the heat generation rates 

ere very small in comparison with that due to SEI, anode and 

athode. The effect of change in the thickness of the SEI layer was 

ot considered [43] . As noted by previous researchers [29] , the rel- 

tively large amount of heat generated during the last stage was 

artially due to the ignition of released combustible gases and/or 
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Table 2 

Specifications of the HWS EV-ARC tests. 

Test 1 Test 2 Test 3 

Reaction onset temperature ( °C) T react 93.08 98.34 93.42 

Self-heat rate at t 0 ( °C/min) dT/dt 0.023 0.028 0.022 

Temperature at maximum rate ( °C) T mr 467.96 637.89 555.53 

Maximum self-heat rate ( °C/min) (dT/dt) max 27191 10734 17937 

Final adiabatic temperature ( °C) T ab 798.86 741.42 755.1 

Adiabatic temperature rise ( °C) δT ab 705.78 643.08 661.68 

Heat of reaction (J/g) δH = C p . δT ab δH 635.2 578.77 595.51 

Cell mass (g) M battery 68.40 68.16 68.24 

Total heat of reaction (kJ) �H = δH . m battery �H 43.45 39.45 40.64 

Exotherm time (min) t ex 1312 1012.6 1309.6 

Fig. 5. Self heating stages (a) Temperature rising rate vs cell surface temperature (b) Plot of ln(dT/dt) vs 10 0 0/T; the solid line was used to estimate the values of E a and A. 

Fig. 6. The computational domain and boundary conditions. 
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ammable electrolyte. For simplicity, the combined heat genera- 

ion due to the decomposition reactions of electrolyte and other 

emaining materials including binder and any remains of the an- 

de and cathode as well as some due to combustion of the re- 

eased flammable gases was considered together as ˙ Q Mix as shown 

n Eq. (1) . As shown in Fig. 5 , the maximum cell surface tempera-

ure were well above the auto-ignition temperature of the released 

ammable gases which range from 450 °C for some hydrocarbons, 
7 
80 °C for hydrogen and 609 °C for carbon monoxide. It was likely 

hat ˙ Q Mix may include the contribution from combustion after the 

gnition of the released flammable gases. The thermo kinetics pa- 

ameters were estimated by fitting the test data of the temperature 

ersus time in Test-1. The normalized amount of all the reactants 

c i mentioned in Eq. (2) ) was assumed to be 1 at the initial step

nd subsequently their rates of change follow Eq. (2) . 

The heat generation in the first three stages were mainly due 

o the decompositions of the SEI layer, anode, and cathode. The 

eat produced by these three exothermic reactions under adiabatic 

ondition was calculated per unit volume of 21700 cells based on 

he available data for 18650 NMC cells in [59] due to similarities 

f the cell materials. Although such adoption may introduce some 

rrors due to possible small differences in the electrodes between 

he two types of cells, the influence should be trivial. The com- 

ined heat generation due to the decomposition reactions of elec- 

rolyte and other remaining materials including the binder as well 

s the earlier combustion which started during this stage was cal- 

ulated using Eq. (6) as ˙ Q Mix . The thermo reaction kinetics and re- 

ated parameters for all four stages of the abuse reactions are listed 

n Table 3 . 

. Numerical framework 

The cell was simulated as a solid region. Its heat exchange with 

he environment was considered by convective cooling through an 

ir domain surrounding the cell. The heat generation within the 

ell due to irreversible chemical reactions is calculated using the 

rrhenius equations derived from the current EV-ARC tests follow- 

ng Coman et al. [21] . 
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Fig. 7. Comparison between the predicted and measured cell surface temperatures (a) Test, (b) Test 2, (c) Test 3 (d) Evolution of heat generation rate during Test 1. 

Table 3 

Parameters used in the thermal abuse model. 

Dominant exothermic reactions W i H i (J/m 

3 ) A i (s −1 ) E i (J/mol) c i ,0 

Decomposition of SEI 6.5763e7 ∗∗ 1.14e14 [43] 1.35e5 [43] 1.00 

Anode decomposition 7.3410e7 ∗∗ 7.18e13 [43] 1.35e5 [43] 1.00 

Cathode decomposition 2.06e9 ∗∗ 6.67e13 [41] 1.40e5 [41] 1.00 

Q mix 1.79e9 ∗ 5.12e15 ∗ 1.70e5 ∗ 1.00 

∗ calculated from Eq. (5) . ∗∗calculated based on the available data for 18650 NMC cell in [59] . 

3

m

s

d

c

c

t

r

t

o

n

a

d

c

ρ

w

t

d

o

e

P

w

i

p

.1. Energy balance equation 

The cell was represented by a solid structure formed with ho- 

ogeneous layers. Some of the chemical and electrical energy 

tored in the cell was assumed to convert into thermal energy 

uring the evolution to TR [50] . The exact amount of the electri- 

al energy converts to heat is related to the LIB type and abuse 

onditions. Thermal conduction was assumed to be dominant in 

he solid cell zone. A cylindrical battery cell typically has a “jelly- 

oll-like” layered structure, which is homogenized and assumed 

o be one block with anisotropic thermal conductivities while the 

ther properties are uniform. As OpenFOAM uses Cartesian coordi- 

ates, conversion to local cylindrical coordinates is needed for the 

nisotropic thermal conductivities of the jelly roll inside the cylin- 

rical cell. The energy balance equation in cylindrical coordinates 

an be written as [53] : 

C p 
∂T 

∂t 
= 

1 

r 

∂ 

∂r 

(
λr 

∂T 

∂r 

)
+ 

1 

r 2 
∂ 

∂φ

(
λ

∂T 

∂φ

)
+ 

∂ 

∂z 

(
λ

∂T 

∂z 

)
+ Q exo − Q con v − Q rad (7) 

here, ρ is the density, kg/m 

3 ; Cp is the specific heat capacity of 

he cell (J/kgK); λ is the thermal conductivity (W/mK). Q exo is heat 
8 
ue to the irreversible reaction of TR (W), Q conv is the heat source 

f the convection (W), Q rad is the heat source of the radiation (W). 

For the surrounding air domain, the following equations were 

mployed: 

Continuity: 

∂ρ

∂t 
+ ∇ . ( ρu ) = 0 (8) 

Momentum: 

∂ ( ρu ) 

∂t 
+ ∇ . ( ρu.u ) = ∇ . ( u ∇ u ) − ∇ P d − ∇ ρgH (9) 

Energy: 

∂ ( ρH ) 

∂t 
+ ∇ . ( ρu ) − ∇ . ( k ∇H ) = 

∂P 

∂t 
+ u. ∇P (10) 

The total pressure p is determined by: 

 = P d + ρgH + P re f (11) 

here u is the velocity of the airflow; μ is the effective viscosity; P 

s the pressure; P d and P ref are the dynamic pressure and ambient 

ressure; g is the gravitational acceleration. 
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Fig. 8. Comparison of the predicted and measured cell surface temperatures. 

Fig. 9. Comparison between the predicted cell surface temperatures for simulated 

isothermal heating in EV-ARC environment under 131 and 132 °C. 
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Fig. 10. Comparison between the predicted heat generation rates in the simulated 

isothermal heating in EV-ARC environment under 131 and 132 °C. 
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.2. Heat dissipation 

The heat exchange between the solid cell and air environment 

s calculated using the boundary patch available in OpenFOAM. 

onvective heat flux to the cell surface is evaluated following the 

ewton’s law of cooling: 

 con = h. A cell ( T cell − T ∞ 

) (12) 

here, h conv is convective heat transfer coefficient (W/m 

2 K), A cel l is 

he surface area of the cell (m 

2 ), T cell is the surface temperature of

he cell (K), T ∞ 

is the ambient temperature (K). The radiative heat 

ux out to the boundary is evaluated in the following equations: 

 rad = ε.σ. A cell 

(
T 4 cell − T 4 ∞ 

)
(13) 

here, ε is the average effective emissivity and σ is the Stefan–

oltzmann constant. 

.3. The modeling approach and solution procedure 

Finite volume discretization and variable time step are em- 

loyed. The heat generation due to four different irreversible 

hemical reactions represented by Eqs. (1) and (2) was divided 

qually into the computational volume of the cell and added as 
9

ource terms in the energy equation. Anisotropic thermal conduc- 

ivity was used to solve the heat transfer equation in the local 

ylindrical coordinates for the jelly roll. The cell was treated as a 

-D block with anisotropic thermal conductivities. The spatially av- 

raged predicted temperatures of all the discretized finite volumes 

n the solid-cell region was calculated at every time step and used 

o evaluate the volumetric heat generation rate by the decompo- 

ition reactions in further loop and added to each finite volume. 

his approach is computationally more efficient than solving the 

ecomposition reactions using the temperature value of each con- 

rol volume. 

Heat transfer with the surrounding air is solved through the 

ontinuity, momentum and energy equations to incorporate heat 

ransfer with the surroundings. The surface temperature is calcu- 

ated at the middle on the side of the cylindrical cell surface. The 

apid temperature change during TR was captured using adaptive 

ime steps. 

. Model verification with measurements from the remaining 

wo HWS EV-ARC tests 

To verify the derived thermo kinetic parameters derived from 

he first HWS test, numerical simulations were conducted for the 

emaining two HWS EV-ARC tests. The schematic of the computa- 

ional model is illustrated in Fig. 6 . The cell was represented by 
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Fig. 11. The experimental and computational set-up for the tests with Kanthal wire heaters (a) A cell with the Kanthal wire heater (b) 2D sketch of the cell computational 

model, (c) Cell with the Kanthal wire heater in the computational domain. 

Table 4 

Summary of the predictions and measurements in the HWS tests. 

Test Parameters Test 1 Test 2 Test 3 

Measured time to the maximum surface temperature (min) 2685.15 2618.38 2804.29 

Predicted time to the maximum surface temperature (min) 2685.83 2618.95 2804.53 

Relative difference between the above (%) 0.025 0.022 0.0086 

Measured maximum cell surface temperature ( °C) 798.85 741.42 755.10 

Predicted maximum cell surface temperature ( °C) 764.32 720.93 746.49 

Relative difference between the above (%) -4.32 -2.76 -1.14 
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 cylindrical solid region (21700 LIB cell) with 0.0105 m diameter 

nd 0.070 m height. The surrounding air in the EV-ARC cylindrical 

hamber was enclosed in a computational domain of 0.045 m in 

adius and 0.1 m in height with time dependent temperatures. 

The temperature profiles presented in Fig. 4 (a), for the inner 

urface of top, side and bottom zones of the calorimeter were 

sed as the boundary conditions, which were applied till the self- 

eating detected by the EV-ARC tests as shown in Fig. 4 (b). Subse- 

uently, the cell went into TR due to irreversible heat addition. The 

nterfaces between the solid region of the cell and surrounding air 

ere explicitly coupled and mapped for the boundary conditions. 

Fig. 7 (a–c) show comparison between the predicted and mea- 

ured temperatures in all the three tests. The two additional tests 

ere conducted to check the repeatability of the tests and ver- 

fy the effectiveness of estimated kinetics parameters and the pro- 

osed model. Fig. 7 (d) depicts the evolution of heat generation rate 

ue to the abuse exothermic reactions including the decomposi- 

ions of SEI, anode, cathode electrolyte and other remaining ma- 

erial denoted as ˙ Q Mix . All four reactions follow the same pattern, 

ut ˙ Q Mix increased sharply at the time of the maximum cell sur- 

ace temperature, indicating the start of combustion as discussed 

arlier. 

Table 4 provides a summary of the CFD predictions and mea- 

urements in the HWS EV-ARC tests. The predicted and measured 

imes to thermal runaway occurrence are in excellent agreement 

ith the largest discrepancy being less than 0.025%. Relatively 

arger discrepancies are found between the predicted and mea- 

ured maximum cell surface temperatures, but the largest discrep- 

ncy is 4.3%. This might be partly due to the loosing of the contact 

etween the thermocouples and the cell surface after TR. Overall, 

he good agreement indicates that the derived kinetics parameters 

nd modeling approach can capture well the evolution to TR in 

V-ARC environment. 
10 
. Validation with isothermal EV-ARC tests and predictions of 

R onset temperature 

.1. Validation with isothermal EV-ARC tests 

To further validate model with the kinetic parameters derived 

rom the HWS EV-ARC test for other thermal abuse conditions, 

sothermal EV-ARC tests were conducted using the same facil- 

ty. The computational domain was kept the same as that of the 

WS tests. The wall temperature of the EV-ARC chamber was 

ept constant (isothermal) at 130, 145 and 160 °C to mimic the 

sothermal tests till the cells went into TR. The hard casing out- 

ide the jelly roll is made of thin aluminum with isotropic ther- 

al conductivity. As mentioned in Section 3.3 , by using the spa- 

ially averaged temperatures of all the discretized finite volumes 

n the solid-cell region to evaluate the volumetric heat genera- 

ion rate by the exothermic abuse reactions resulted in a signifi- 

ant reduction in the computational time in comparison with solv- 

ng the decomposition reactions using the temperature value of 

ach discretized finite volume and adding the heat into the energy 

quation. 

Two repeated tests were carried out at 130 °C. Each time, the 

ell was left in the environment for more than a day, but TR was 

ot triggered as heat production was balanced by the heat dissipa- 

ion. Fig. 8 shows the comparison between the predicted and mea- 

ured cell surface temperatures in the middle height for both cases 

re in very good agreement. 

Table 5 compares the predicted and measured temperature evo- 

utions for isothermal abuse conditions with the largest discrep- 

ncy being less than 0.68%. Relatively larger discrepancies of 6.75% 

re found between the predicted and measured maximum cell 

urface temperatures. This agreement indicates that the proposed 

odel with the derived kinetics parameters can also capture the 
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Fig. 12. Comparison between the predicted and measured cell surface temperatures for the tests with Kanthal wire heaters. 

Table 5 

Summary of the predictions and measurements in the isothermal EV-ARC tests. 

Test 

Max cell surface temperature ( °C) Relative error 

(%) 

Time to max cell surface temperature (min) Relative error 

(%) 
Measured Predicted Measured Predicted 

Isothermal 132 °C – 540.01 – – 140.05 –

Isothermal 145 °C 737.05 749.68 1.71 41.16 41.07 0.21 

Isothermal 160 °C 711.06 759.04 6.75 77.27 77.8 -0.68 

11 
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Fig. 13. Cell sample collected after tests (a) rupturing of cell in Test 3, (b) ejection of a part of jelly roll from the top of the cell in Test 4 (c) Position of thermocouple during 

TR in Test 2, (d) position of thermocouple after TR in test 2 (loosing of contact). 

Fig. 14. The predicted heat generation rate for Test 3. 
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hermal behavior under the isothermal heating condition for the 

ame cell. 

In the HWS tests as reported in the previous section, the self- 

eating reactions were found to start after the cell surface tem- 

erature reached 93.08 °C. These results further highlight the dif- 

erence between the HWS protocol and isothermal heating. In the 

ormer, the cell was exposed to continuous heating while in the 

ater it is exposed to a constant temperature environment. It took 

ore than 44 h for the cell surface to reach its maximum temper- 

ture in the HWS tests. As Table 5 shows the time to maximum 
12 
ell surface temperature was 77.27 and 41.16 min for the 145 °C 

nd 160 °C tests, respectively. 

.2. Predictions of TR onset temperature 

To determine the TR onset temperature or the critical tempera- 

ure to trigger TR, numerical simulations were carried out to mimic 

he isothermal tests in EV-ARC with temperatures from 100 to 

45 °C. As shown in Fig. 9 , the cell was found to enter TR when the

emperature was equal or greater than 132 °C. Isothermal abuse at 

31 °C or lower temperatures failed to trigger TR. The onset tem- 

erature to trigger TR of the considered 21700 cell is hence con- 

idered to be between 131 and 132 °C. As shown in Table 5 , under

32 °C isothermal condition, the predicted maximum cell surface 

emperature is lower than that under 145 and 160 °C; and it took 

40.05 min for the cell to reach its maximum temperature. This is 

uch longer than the two isothermal conditions at higher temper- 

tures. 

In Fig. 10 , the heat generation rates of different decomposition 

eactions are plotted against time. It can be observed that the tem- 

erature has considerable influence on the heat generation rates in 

˙ 
 Mix , the heat generation rate due to decomposition of electrolyte 

nd other material as well as earlier combustion, being signifi- 

antly affected. These results suggest that the significant change of 

he heat generation due to cathode and in 

˙ Q Mix from 131 to 132 °C 

s the main reason for the TR onset temperature to be between 

his range for the 21700 LIB considered in the present study. In 

act, the predicted heat generation rates due to the cathode and in 

˙ 
 Mix were almost zero for the 131 °C case with the corresponding 

urves collapsing to the horizontal axis. 
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Fig. 15. The predicted temperature contours of the cell at different times (a) before TR, (b) during TR and (c) after TR during the cooling of the cell (d) Cross section of the 

cell. 

Fig. 16. The supplied heat power vs time (left)) and the predicted heat generation rate (right). 

Table 6 

Summary of the test configuration and Kanthal wire heaters. 

Test No. Initial cell temperature ( °C) Ambient temperature ( °C) Average heater power (W) Heater duration (start time- stop time) 

Test 1 19.2 - 30.66 6.2–523.6 s 

Test 2 25.4 16.1 40.46 9.40 s- Continuous 

Test 3 22.5 14.5 59.85 46.6–260.2 s 

Test 4 26.2 11.5 92.144 54.4–186.2 s 

Test 5 32.3 15.1 101.05 10.5–107 s 
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. Measurements, validation and heat generation rates for tests 

ith Kanthal wire heaters 

.1. Tests with Kanthal wire heaters and further validation 

Laboratory tests were conducted for localized heating by elec- 

rical power of Kanthal wires using the LIB testing facility at the 

cience Divisions of the Health and Safety Executive (HSE) in the 

K. A total of 6 turns (440 mm) of 0.35 mm diameter at de- 

ned power was used. Five tests with different initial and ambi- 

nt temperatures were performed. The test conditions including 

he heating power and its duration are listed in Table 6 . To study 

he changing patterns of cell surface temperature during evolution 

o TR under different initial temperatures and heater powers, they 

ere deliberately kept. The change in the ambient temperature 

as, however, due to natural variation of the weather on the days 

hen different tests were carried out. The heaters were turned on 

t different times and turned off following cell ignition. The power 

f the heater was kept mostly unchanged until it was turned off. 
13
hese tests were named as soft-initiating tests as the heating rate 

as slower than that of patch heater under the same heater power 

s shown in Table 1 [20] . 

Fig. 11 depicts the setting of a heater in the computational 

odel, which mimics the experimental arrangement, in which a 

ayer of double-sided Kapton tape was added around the top of the 

ell as shown in Fig. 11 (a). The Kanthal wire was wound around 

he cell from the 10 mm marking as shown in Fig. 11 (b). Assuming 

n even spacing of 1 mm between the turns, the wire was wound 

round the cell. A layer of the single-sided Kapton tape was then 

dded over the top of the wires to hold them in position, followed 

y a layer of 3M glass fibre insulating tape of 12 mm wide as 

hown in Fig. 11 (c). The cells are kept vertical in the cell holder like

n the EV-ARC tests. The cell surface temperature was monitored at 

he middle height on the side. After TR, a fan was switched on to 

ent the hot gases. 

In the numerical model, the cell bottom was assumed to be 

hermally insulated. The other boundaries exchange heat with the 

urroundings through convection and radiation. The forced cooling 
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Table 7 

Summary of the predictions and measurements for tests with Kanthal wire heaters. 

Test No. Max cell surface temperature ( °C) Relative error 

(%) 

Time to max cell surface temperature (s) Relative error 

(%) 
Measured Predicted Measured Predicted 

Test 1 738.1 713.94 3.27 524.4 510 2.75 

Test 2 655 668.19 -2.01 351.4 353.01 -0.46 

Test 3 695 684.1 1.57 260.2 257.0 1.23 

Test 4 807.5 638.72 20.90 171.2 173.02 -1.06 

Test 5 717.4 558.14 22.20 107.0 127.0 -18.70 
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ue to fan ventilation was neglected in the simulation due to un- 

lear conditions for airflow around the cell. A total of 4200 tetra- 

edra cells were used in the 3-D model based on the mesh inde- 

endence tests. Adaptive time step as mentioned previously was 

mplemented to capture the relatively large temperature change in 

 small duration during the TR of the cell. 

Fig. 12 (a–e) shows the comparison between the predicted and 

easured cell surface temperatures in all five tests. In Test 2 

hown in Fig. 12 (b), continuous heating of 40 W was applied be- 

ore and after TR. To examine the effect of supplied heat on the 

ell after TR, continuous heating was used in Test 2. During TR, the 

jection of some jelly roll was observed in all the tests followed 

y the gradual decrease in the temperature due to heat dissipa- 

ion to the surrounding. As Test 2 with continuous heating already 

howed that continuous heating had little effect on the cell surface 

emperature, it was felt there was no need to repeat the tests with 

he same condition without continuous heating. In other Tests (1, 

, 4 and 5), the heater power was turned off as soon as the cell 

ntered TR. The model with the kinetic parameters derived from 

he EV-ARC HWS tests captures well the TR temperature and tim- 

ng. The higher measured temperature in Fig. 12 (d) (Test 4) may be 

aused by the engulfing flame. While Fig. 12 (e) shows the lowest 

aximum TR temperature in Test 5, which had the highest heat- 

ng power. This might be due to the shorter time to TR onset and

uch shorter duration of the heater, which was switched off after 

aming. 

The predictions agree well with the measurements for Tests 1, 

 and 3, which had constant/uniform heater power as shown in 

ig. 12 (a–c). In Tests 4 and 5, the relatively larger heater power led

o charring and smoking of the adhesive securing the wire heater 

o the cell, adding further heat to the cell while the resulting ad- 

itional temperature increase is not considered in the model and 

ence relatively larger discrepancies are found between the pre- 

icted and measured maximum cell surface temperatures for these 

wo tests. The predicted temperatures during the evolution to TR 

ere noted to be slightly larger than the measurements in almost 

ll the cases. This was thought to be due to the gradually loosen- 

ng of the contact between the cell surface and the thermocouples 

s shown in Fig. 13 . After TR, relatively larger discrepancies were 

ound between the predicted and measured cell surface temper- 

tures. This was mainly because a fan was turned on to remove 

he ejected gases while the numerical simulations only consid- 

red natural convection as the fan speeds were not recorded. In 

ddition, relatively looser contact between the thermocouple and 

he cell surface was also noted after TR and some thermocou- 

les were observed to be falling from the surface of the ruptured 

ell. 

Table 7 illustrates the predicted and measured times to maxi- 

um cell surface temperature are in excellent agreement with the 

argest discrepancy being less than 3% for Tests 1–4. The predicted 

nd measured maximum cell surfaces temperatures differ by less 

han 3.5% for Tests 1–3. Relatively larger discrepancies of over 20% 

xist between the predicted and measured maximum cell surface 

emperatures in Test 4 and 5. This is thought to be likely caused by 

he burning of the adhesive in Tests 4 and 5 as discussed above. 
a

14 
omparing with Table 5 which shows the predictions and mea- 

urements of the isothermal conditions, it is seen that the typical 

ime heating was required for the cell to enter TR in Kanthal wire 

eaters is much shorter than the highest isothermal condition tests 

60 °C, which took 2460 s. 

Fig. 14 analyses the predicted heat generation rates of the dif- 

erent exothermic decomposition reactions in Test 3. It is seen 

hat the decompositions of SEI and anode follow similar patterns 

hile the heat generation due to decompositions of the cathode 

nd “Mix” increased sharply when the cell approaches it maximum 

emperature. This is in consistent with the predictions in Fig. 10 for 

he simulated isothermal EV-ARC environment. Although the pre- 

icted increase of the heat generation due to cathode decomposi- 

ion appears to be more gradual while still rapid for the HWS EV- 

RC test s in Fig. 7 (d), this is mainly because the duration, i.e. the

orizontal axis, is much longer in thousands minutes rather than 

econds. 

Fig. 15 shows the temperature distribution inside the cell be- 

ore, during and after TR. The temperature inside the cell is higher 

han that on the cell surface until the cell temperature is the same 

s the ambient temperature. Although as discussed in Section 2.5, 

he quantity of the heat added to each control volume within the 

-D cell block was the same for each time step, the control vol- 

mes in the outer regions of cell block were affected more by the 

eat gain from the heater and heat loss to the surroundings, result- 

ng in temperature gradients in the predictions shown in Fig. 15 . 

ig. 15 (d) shows the radial distribution of the temperature inside 

he cell. Due to consideration of anisotropic thermal conductiv- 

ty of the cell material a temperature difference of ∼ 50 °K was 

bserved in Fig. 15 (d). The higher temperature inside the cell is 

hought to be because of the prevailing abuse reactions inside the 

ell. The cell surface temperature decreases after TR until it be- 

ame the same as the ambient temperature. 

.2. Heat generation rate during different stages of the tests with 

anthal wire heaters 

The comparison of the supplied heat power in all the soft- 

nitiation tests is shown in Fig. 16 (a). The supplied heater power 

as increased from Test 1 to 5. Except in Tests 2, the heater power 

as stopped once the cell went into TR in all other tests. In Tests 1,

he duration of the heater power was the lowest and it took much 

onger to trigger TR. The predicted time evolution of the heat gen- 

ration rates for the 5 tests in Fig. 16 (b) show similar trends. The 

igher the heater power, the higher of the predicted heat genera- 

ion rate from the abuse reactions, leading to higher temperature 

ising rate and shorted time to the onset of TR. 

In Fig. 17 , the predicted volumetric heat generation rates for the 

ve tests are plotted against the volume averaged cell tempera- 

ure. The cell volume was calculated directly from its diameter and 

eight. The five tests show almost the same results. Although the 

hanges in the heater power resulted variation in the heat gener- 

tion rate vs time, the model predicts the same relationship be- 

ween the heat generation rates and volume averaged cell temper- 

ture. 
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Table 8 

Comparison of maximum cell surface temperature and its time. 

Heater type 

Heating Power (W)/ 

temperature ( °C) 

Time for maximum cell 

surface temperature 

Maximum cell surface 

temperature ( °C) 

ARC HWS 2685.15 min 798.85 

2618.38 min 741.42 

2804.29 min 755.10 

ARC Isotherm 145 °C 77.27 min 711.06 

Isotherm 160 °C 41.16 min 737.05 

Kanthal wire 30.66 W 524.4 s 

351.4 s 

260.2 s 

171.2 s 

107.0 s 

738.1 

655 

695 

807.5 

717.4 

40.46 0057 

59.85 W 

92.144 W 

101.05 W 
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Fig. 17. Evolution of the heat generation rate in all 5 tests vs average cell tempera- 

ture during TR evolution. 

Fig. 18. The predicted heat generation of different abuse reactions during TR evo- 

lution in all the tests. 
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Fig. 18 shows the predicted total heat generated in the entire 

vent of TR in all the five tests. The contribution of the cathode 

nd “Mix” (decomposition of electrolyte and other remaining ma- 

erials inside the cell) decomposition reactions were dominant in 

ll the tests in comparison to that from SEI and anode decomposi- 

ion. As mentioned earlier, some part of ˙ Q Ele −plus may also be due 

o the ignition of the released flammable gases and hence includes 

ome heat generated from the early stage of the combustion. The 

esults show that the supplied heater power has some influences 

n the duration of TR and the heat generation from the abuse reac- 

ions. The predicted total heat generated during the tests ( ∼37.73–

2.1 kJ), which were obtained by integrating the heat generated 

uring the simulation were found to be smaller than that in the 

V-ARC tests ( ∼39.45–43.45 kJ as shown in Table 2 ). This small 

ifference could be possibly caused by the ejection of hot gases 

nd/or jelly roll materials, which led to reduction of the cell mass, 

ts heat holding capacity and cell surface temperature. This factor 

as not considered in the simulation which assumed constant cell 

ass. 

. Influence of heater type and heating power on time to TR 

The peak cell surface temperature and its time of occurrence 

re important parameters in hazard evaluation of LIBs. Table 8 

hows the comparison of maximum cell surface temperature and 

ts time. The same battery shows different TR characteristics under 

ifferent heating methods for the same state of charge. The slow 

eating rates are observed in the cases with Kanthal wire heaters 

s 22–36% of the supplied electrical energy was lost to the ambi- 

nt. 

To further investigate the influence of the heater power and 

ontact area between the heater and cell on TR evolutions, numer- 

cal simulations were conducted to predict the time to maximum 

ell surface temperature under thermal abuse by Kanthal wire and 

exible patch heaters, keeping all other parameters the same. The 

atch heater has a 2 ′′ by 2 ′′ contact area with the cell surface as

sed in our previous study [20] . As shown in Fig. 19 , the time to

R in case of the Kanthal heater is longer than that of the flexible 

atch heater. This was indeed the main reason why the heating by 

anthal heater was referred to as “soft-initiation heating method”. 

t should also be mentioned that the 21700 cell considered in an 

arlier paper of our group [20] abused by the patch heater was a 

lightly different 21700 LIB with 5.0 Ah while the considered LIB 

n the present study was 4.8 Ah. In addition, the earlier tests were 

onducted in lower ambient temperatures and cell initial tempera- 

ures. 

. Effect of heat exchange with the surrounding and mitigation 

Further, the heat exchange between the solid cell and sur- 

ounding air was examined by keeping all other parameters the 
15 
ame Test 1 with Kanthal wire heater. In the literature, heat 

xchange between the cell and the surrounding air has been 

reated as either natural convection [31–36] or forced convective 

ooling [37–39] with assumed constant convective heat transfer 

oefficient in Eq. (12) . While it is theoretically possible to compute 

his directly by incorporating the air domain in the CFD analysis, 

t would significantly increase the computational time required. It 
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Fig. 19. Comparison of the predicted time to TR between the cases with heating 

abuse by Kanthal heater and flexible 2 ′′ by 2 ′′ patch heater. 

Fig. 20. Effect of convection heat transfer coefficient on the cell surface tempera- 

ture. 
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as hence decided to conduct some parametric studies to evaluate 

he effect of variation in convective heat transfer coefficient. 

A range of convective heat transfer coefficients were consid- 

red from previously used in the literature for natural convection, 

 W/m 

2 K [61] , 5 W/m 

2 K [ 62 , 63 ], 7.17 W/m 

2 K [64] , 7.9 W/m 

2 K

65] , 10 W/m 

2 K [ 66 , 67 ] and forced convection, 20 W/m 

2 K [68] ,

1.7 W/m 

2 K [64] and 100 W/m 

2 K [69] . As shown in Fig. 20 , the

alue of the convective heat transfer coefficient has considerable 

nfluences on the predicted cell surface temperature evolution. 

hese results evidence the importance of heat dissipation from the 

eater and cell to the environment on TR evolution. The time to 

each the maximum cell surface temperature increases with the 

ncreased of heat dissipation to the environment when larger heat 

ransfer coefficient was used for natural convection. If the convec- 

ive heat transfer coefficient was specified according to previously 

sed values for forced cooling, the supplied heater power for the 

pecified time would not trigger TR. This finding has important im- 

lication for battery thermal management and the mitigation ef- 

ects, i.e. the use of forced convective cooling, whenever possible, 

ould reduce the propensity to TR and improve safety. 
16 
. Concluding remarks 

An efficient 3-D modeling approach has also been developed 

nd validated with the modified in-house version of OpenFOAM 

ncorporating 3-D conduction within the cell as well as heat dissi- 

ation through convective and radiative heat transfer. Further nu- 

erical simulations have been conducted to fill the experimental 

aps The following key findings can be drawn from the present 

tudy: 

• It is viable to use EV-ARC derived kinetic parameters to predict 

TR behavior and heat generation induced by different thermal 

abuse in a CFD framework. The predicted temperature evolu- 

tions for isothermal abuse conditions agree well with the mea- 

surements with the largest discrepancy being less than 0.68%. 

Relatively larger discrepancies of 6.75% are found between the 

predicted and measured maximum cell surface temperatures. 
• The TR onset temperature of the considered 21700 LIB in 

isothermal EV-ARC environment is predicted to be between 131 

and 132 °C. But it would take more than two hours for TR to be

induced under this temperature. 
• In all considered scenarios for the present LIB, the predicted 

heat generation rate due to the decompositions of SEI and an- 

ode follow similar patterns while that from cathode and “Mix”

increase sharply near the maximum cell surface temperature. 

This finding indicates the possibility of delaying TR onset tem- 

perature by optimising the cathode and electrolyte materials. 
• The time to maximum cell temperature decreases rapidly with 

the increase of the heating power. Under 100 W Kanthal heat- 

ing, for example, it takes less than 2 min to the cell to enter TR.

It is hence of critical importance to prevent TR through efficient 

thermal management. While intervention/mitigation measures 

after the onset of combustion might help to reduce the result- 

ing fire consequences, they are unlikely to be effective to pre- 

vent the propagation of the thermal runaway. 
• Convective cooling on the cell surface has considerable influ- 

ence on TR evolution. The use of forced convection, e.g. by fans, 

is an effective means to mitigate TR. 

Finally, it should be mentioned that the present modeling ap- 

roach, although developed and validated with tests for a specific 

ype of 21700 LIB, the process of its development is generic and 

an be easily extended to other cell types. 
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