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Combustion using Detailed chemistry and AMR

* CONVERGE contains the SAGE detailed chemical kinetics solver, parallelized efficiently for fast run-times
 The SAGE detailed chemistry solver is efficient, even with a large mechanism

e Uses local conditions to calculate reaction rates based on principles of chemical kinetics

* Autonomous meshing is well-suited for complex geometries, eliminating user meshing time

* Adaptive mesh refinement (AMR) automatically resolves the flow, diffusion of vent gas, flame front and
thermal runaway front propagation at low computational expense
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Thermal Runaway Propagation and Vent Gas Analysis

MOLEFRAC 02: 0 0.04 0.08 0.12 0.16 0.2 MOLEFRAC_ 020 0 0.04 0.08 0.12 0.16 0.2

Time : 250.0 sec

MOLEFRAC_CH4: 0.05 0.056 0.062 0.068 MOLEFRAC_H2: 0.04 0.12 0.2 0.28

CFD Modeling of Battery Thermal Runaway and Vent Gas
Ignition Using Detailed Chemistry,
Tristan Burton,

2020 NASA Aerospace Battery Workshop

CFD Modeling of Battery Thermal Runaway Propagation
using Detailed Chemistry,
Kislaya Srivastava et.al,

2021 NASA Aerospace Battery Workshop
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Sample Thermal Runaway Mechanisms in CONVERGE

HATCHARD-KIM TR MECHANISM

e 4 Reactions, LCO battery chemistry
e Kimetal.,, 2007

SEI decomposition (sei)
Rgei (T, Csei) = Agei €XP [_

Ea,sei Mgei

RT Csei

Anode and electrolyte (ne)

Lsei 0 [
Rne(T, Ce) Creg) tsei) = Ane €Xp !_ ] Cneilqe'n exp

sei,ref

Cathode and electrolyte (pe) E -
a,pe

Rye(T,a,c.) = Apea™pert (1 — a)™per2 exp !— o

Electrolyte decomposition (e)

E
R(T, ) = Agexp |- =22

Ea,ne

RT

REN TR MECHANISM

* 6 Reactions, NMC battery chemistry
e Renetal., 2018

K =A exp(_%>f(c)
X X RT X X
¢, =1— |k, dt

fx(cx) = CJTclx Qx = My - AHy - Ky

csgr = 1 — | Kggydt

SEl film decomposition (SEI)
Anode and electrolyte (An-E)
Anode and binder (An-B)
Cathode and anode (Cat-An)
Cathode and binder (Cat-B)
Cathode decomposition (Cat)

Can-E = Ccat—an = 1 — f(KAn—E + Kcat—an)dt

C =c =1- j v
An—B cat—B 1+

Ccat =1 - jKCatdt
Qgen = Qsgr + Qan—g + Qan-B + Qcat-an + Qcat-p + Qcat

y "Kan-p + KCat—B) dt
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Thermal Runaway using Detailed chemistry and AMR

 Thermal runaway initiated through nail penetration into a prismatic LCO-type battery
* Initial heat release due to short-circuiting specified
* KIM TR mechanism employed for heat release within solid
 Temperature-based adaptive mesh refinement (AMR) to closely track propagation

 Comparison to Zhang et al. (2020)

Q=1.3x10° W/m® & dt=8s
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CONVERGE | Code B
Cell Count 91972 68240
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Time :10.25s

5 Runtime (4 cores) 0.47 hours 6 hours
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Coupling Thermal Runaway and Vent Gas Generation

* Vent gas generation proportional to TR reaction rates

dT/dt (°C/s) or dn/dt (a.u.)
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300 400 500

Temperature { °C)

Cell heating rate and gas generation rate based on calorimetry
measurements for an 18650 LCO cell (Ostanek et al., Jhu et al.)
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HR_Rate
Mass Flow Rate (kg/s)

50,000

Option1: Solid-Gas Coupled TR &

9.54 9.56

Time (seconds)

* TR predictions in solid streams coupled with vent INFLOW conditions in fluid streams

Vent gas flow rate Vent gas temperature Vent species composition
mvg = f(HRRTR'RJ') Tvg = f(Tgat) Y; = f(¢sen Cany Ccars CeLES - - - )

TIME : 9.5601 s
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Option2: Porous Media Approach (1/2)

i

 Modelling the battery solid as a gaseous da _
porous volume a

* Based on model presented by Kim et.
One-step lumped thermal abuse reaction
cell — x volatiles +(1-x) remains
» Assumptions: All volatile gases quickly relaxes to
equilibrium compositions measured in the
experiments
Sourced into Species Source: S, ., =Y, .S, .

— Ay(@)"(1—a)" e:«p( - )exp:: _Ba)

RT

al., “Modeling cell venting and gas-
phase reactions in 18650 lithium ion
batteries during thermal runaway”

* Model gas pressure within the battery
porous volume

* Change in porous solid density also
incorporated

5 da
Heat Source: S, ., =H, =y
dat

Porous cell media

(a = degree of conversion)
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Option2: Porous Media Approach (2/2)

* First venting stage :

- Time :0.000 s X

Time :57.600 s

* Pressure controlled event for cell cap burst

e Second venting stage :

* Rapid gas generation due to thermal runaway
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Option3: Lumped Battery Pressure Modeling (1/2)

* Based on model presented by Ostanek et. al., “Simulating Onset and Evolution of Thermal Runaway in Li-
ion Cells using a Coupled Thermal and Venting Model”

* Vent gas mass generation coupled to individual TR reaction rates. Electrolyte vaporization can be included
* Lumped pressure evaluated inside the battery
* Use Optionl type setup to feed mass flow rates calculated as a function of pressure ratio across vent

Calculating pressure inside the battery : Calculating mass flow rate, temperature out of vent:

Equation of state Isentropic, adiabatic equations for flow
_ MyentgasRventgasTeetr through a sharp edge orifice : Myen;t
Pventgas = v,

dmventgas . .
dt = Myent T Mgen

Vy, : Headspace Volume
T.e1: Mean temperature of battery
.l ith y n = g g
R; : TR rxn rate of j rx1.1th mgen,] Am]R]
Am; : Mass of vent gas from j™* rxn

10
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Option3: Lumped Battery Pressure Modeling (2/2)

Results shown are from a
solid-only TR simulation
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Coupled Thermal Runaway and Venting within a Pack

B [hleeei— | [ [ e

TEMPERATURBE 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050

12
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Selecting suitable Thermal Runaway Mechanisms

/' Thermal runaway modeling [Shared_settings]

Hatchard-Kim Ren

e | CO/NMC
= NMC
e |_F P Reaction order, ms: ‘1.0

SEI Decomposition Reaction Anode and Electrolyte Reaction

Reaction order, mu,: |1.U

Pre-exponential factor, As: ‘ 1.667e+15

Pre-exponential factor, Au.z |2.59+13

Activation energy, Esz: ‘135080.0

Activation energy, Eoust |135080.0

Heat release, Hae: ‘257000.0

Heat release, Hy, s |1.714e+[]ﬁ
Initial amount of SEL, cet ‘0.15

Initial amount of anode, cu.: |0.75

Initial measure of SEI layer thickness, tz: ‘[].[]33

rate (°C/s)

Cathode and Electrolyte Reaction Electrolyte Decomposition Reaction

Alpha reaction order, Mea 1t |1.0 | Reaction order, mg: |1.0

(1-alpha) reaction order, Mey a2t |1.U |

Pre-exponential factor, Az: |5.14e+25

Pre-exponential factor, Ac.s: |6.66}'e+13 | 1/s

Activation energy, Bz |274-000.0

Activation energy, E.rast |139600.0 | J/mol

Heat release, He: |155UUU.U

Heat release, Heas! |314000.0 | 1/kg

itial value of alpha, a: |U.U4 | Initial amount of electrolyte, c:: |1.0

1 1 l l 1 1 l 1
100 200 300 400 500 600 700 800 900 Cell Content

cell temperature (°C) Specific carbon content, We: kg/m® = Specific cathode content, Wiy: kg/m® | Specific electrolyte content, We: kg/m?

A.W. Golubkov et. al., “Thermal-runaway experiments on consumer
Li-ion batteries with metal-oxide and olivin-type cathodes” B0 LD
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Experimental Studies on TR Behaviour

Cell-to-cell variability in Li-ion battery thermal runaway: Experimental
testing, statistical analysis, and kinetic modeling

Ener
Storac?e/

Liwen Zhang?, Shiyou Yang", Lu Liu®, Peng Zhao®"

2 Department of Mechanical, Aerospace & Biomedical Engineering, UT Space Institute, University of Tennessee, Knoxville, TN 37388, USA
" Ford Research and Advanced Engineering, Ford Motor Company, Dearborn 48121, MI, USA

Experimental identification of cell-to-cell Raw data from the ARC experiment

variation in thermal runaway of Samsun
y f g Exotherm Thermal runaway | Max Temp® | TR delay Mass

1 86 5 0 LC O b a tte rle S onset Temp! onset Temp? T inax(°C) time change
Texo(°C) Trr(°C) {min) (9)

204.33
7205
1308.96
121.52

Cell Temperature [°C]

897.43
802.80
1584.35

911.74
1000 1500 2000
Time [min]

14 1044.03
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@ @ @
Statistical analysis of frequency factor and global activation energy of all 18650 Samsung LCO cells. de .
. — = —Ace ¥
AT (K) ¢, (J/kg-K) H (J/kg) E (J/mol) A (min™ ") dt
Batt 1 247.2 730 1.80E5 9.65E4 2.00E9 dT i
Balt 2 618.7 730 4.52E5 9.33E4 4.10E8 ¢— = HAce #
Batt 3 277.8 730 2.03E5 8.30E4 9.00E8 dt
Batt 4 332.6 730 2.43E5 8.39E4 4.50E7
Batt 5 306.5 730 2.24E5 8.03E4 3.77E7 =
Batt 6 315.3 730 2.30E5 8.33E4 1.06E8 (Urg (
Batt 8 649.1 730 4.74E5 8.24E4 2.99E7 '
Batt 9 336.9 730 2.46E5 S30E4_ o 7A0E7
Average AT 385.5 Cpave: 730 Hapet 2.29E5 IE,.: 8.58E4 Agye: 3.49E8
Standard deviation ATsp: 156.3 Cpsp: 0 Hgp: 1.73E4 1 E,,: 5.80E3 i Agp: 6.95E8
L
Rando ed A atio erg alue obtalned Tro g3 an d D Oon O ape and D
Pre-e e al Tfactor (A) and Reaction e alp erpolated Tro expe ental da
A tota 60 design po ated der AR onaitio
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Statistical Studies of TR behaviour within pack (1/4
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Statistical Studies of TR behaviour within pack (2/4)

80

p (K)
w
[=)]
[=]

l

w
wu
(=]

|

Pack_Mean_tem,
w
ey
=]
|

——
300
Time (seconds)

p_Cell9 (K)

B3 =3 15 w

o 5] [=] L

o o o (=]
| | | |

Integrated_Heat_Release (J)

Mean_tem

——
300
Time (seconds)

— —— —
* 300
60 cases Time (seconds)




Y
%VERGENT

=\ SCIENCE

©Convergent Science. All Rights Reserved

Statistical Studies of TR behaviour within pack (3/4)

MaostRisk

p (K)

Case #1 | Case #9

TEMPERATURE | | S TEMPERATURE
720 1 | 720
630 | < B 6§80
610 ‘o r 540

L 600 g T : —| 600
580 A ' 560

-+ 520 L — 520
480 3 » : 430
440 g 440
400 | = 400
360 ' 4 360

320

Mean_Tem,

10,000 20,000 30,000 40,000 50,000 60,000 70,000 80,000
Time (seconds)

Worst case scenario : All cells modeled with MostRisk parameters
Results in rapid TR propagation across entire battery pack
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] 640

Time : 185.00 s
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Most Risk cell

Statistical Studies of TR behaviour within pack (4/4)

Multiple cases showcase TR in Cell9 and some in adjacent cells

140,000 700,000

120,000 - 600,000

100,000 f 500,000

Release (])

1 80,000 Em— : %1400,000 -

ed Heat

1 [ - o ]
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*40 cases *40 cases
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Species Perturbation Studies

KIM_T_SEI
036

L. A_T_Sl

04 0.03

0.0348

0036 | 7 Lo TIONG [ 00330 NN 1 000 000
0.0324 0324

00312 . 031

0.03 .03

CPM study for 1% perturbation of all TR species (cyl propagation)

dRun

Homogeneous / Uniform Non-Homogeneous / Perturbed

 Modeling propagation in a non-homogenous domain

. IsotroPic or Gaussian perturbations can be applied on the initial
spatial distribution of any or all TR species

* Differences arise after initial propagation, as expected

e Concurrent Perturbation Method can be utilized to obtain a
confidence interval

* N parallel runs with different random seed for perturbation
*  Cylindrical propagation showed high variability, outliers

*  Further investigations needed for complete understanding, esp
on full 3D systems

p (K)

Mean_Tem)

20
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Lagrangian Particle Modeling within Battery simulations

Battery fire control Vent gas ignition due to hot ejecta

I

"

21
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