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SwRI Technical Divisions

= Applied Power

* Chemistry and Chemical
Engineering

" Defense and Intelligence
Solutions

" |Intelligent Systems

= Mechanical Engineering

= Office of Automotive Engineering

— Powertrain Engineering

— Fuels and Lubricants Research

" Space Sector

— Space Systems

— Space Science

— Solar Systems Science

& Exploration

= Center for Nuclear Waste Regulatory Analyses - FFRDC
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SwRI Technical Divisions

Space Mission
Concepts, Design
and Management

PI Institution IMAGE,
New Horizons, IBEX,
MMS, JUNO, Lucy, and
PUNCH missions

Space
Instrumentation

Plasma Instruments
Ultraviolet Spectrographs
Mass Spectrometers
Magnetometers

" Space Sector

Geosynchronous
Transfer Orbit = -

Mission Support

Quality Assurance
Radiation analyses

Contamination Control
Planetary Protection
Operations and Data Analysis
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Spacecraft

Avionics Boxes
Power Systems
Propulsion

. Spacecraft Bus
SPace Science Environmental Test

Space Systems

Solar Systems Science
& Exploration
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SwRI Technical Divisions

1980s-1990s

1981: Dynamics

Hot-Cold Plasma
Interactions in the
Magnetosphere

HAPY, LAPI

1998:
Advancing
Space Physics
Measurement
Technology
PEPE

2000:

Imaging the Earth’s
Magnetosphere
MENA

2006:

Capturing Stereo
Images of the
Earth’s Ring Current

2009:

Viewing Water-Ice
in Polar Craters
of the Moon

LAMP

2015-2025

2015;

Studying Magnetic
Reconnection Using
Four Spacecraft
HPCA, FPI

Spectrometer That's
Part of the SERENA
Suite of Instruments

2023;

JUICE-Jupiter

lcy moons Explorer,
Ganymede orbiter
Jul

2025:
TRACERS-Measures
Magnetospheric
Cusp lons

1991:
Quantifying Global
Ozone Change

1997:

Surveying Saturn
and its Moons
INMS,

2004:
Analyzing a Comet's
Composition

e, INMS

2008:
Mapping the Boundary
of the Solar System

2011:

Unlocking the
Secrets of Jupiter's
Origins

2016:

Gathering
Unprecedented
Hurricane Data Using
Eight Micro-satellites

2020:
Solar Orbiter
HIS

2024:

Europa Clipper
Exploring Jupiter's
(0]

IMAP- Studies
Solar-Interstellar
Interactions

Cassini-Huygens

S

it

YN
¥’ Rosetta

1992:
Creating Artificial
A

1999:
Command and Telemetry
for Storm-warning Mission

2006:

Exploring
Pluto-Charon

and the Kuiper Belt

2009:

Spacecraft
Avionics to Find
Earth-Like Planets

2011:

Detecting Radiation
from the Sun and
Supernovae

RAD

2018:
The First Mission
to Touch the Sun

2021:

The First Mission
to the Trojan
Asteroids

2025:
Polarimeter to
UNify the Corona
and Heliosphere

2025:

SWFOL1 -
Measures lons and
Magnetic Field for
Space-Weather
Warning

" Space Sector

Space Systems
Space Science

Solar Systems Science
& Exploration
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Project Overview

* Results herein are from an internal research project Vent Gas and Solid
Particle Model Development during Battery Thermal Runaway

— Develop a predictive physics-based model for vent gases and solid
particles during battery thermal runaway.

Cell Destructive .
e Physical Methodology is
simulation Analyses . .
application-
Reference Gaseous agnostic, but the
chemistry emissions project had
automotive / off-
highway focus

Pack Data
simulation analyses
Improved Particulate
chemistry analyses

POWERTRAIN ENGINEERING
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Test Platform

" Cylindrical enclosure of ~26 liters

" Separate oxygen, nitrogen, and air
connections for filling

= Side fill and sampling locations

" Top and bottom purge locations
" Four configurable access panels

* Optional optical access at ends

" Tests were performed on Gotion
55 Ah NMC 81 | prismatic cells

0 POWERTRAIN ENGINEERING 10
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Enclosure and Cell Placement Details

" Showing location of enclosure gas temperature thermocouple
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Test Conditions

Jole Heating Rate Test Heater Emissions
(°C/min) Environment Maximum (°C) | Measurement

2 100
3 100
100
100

30
30

30
30

Nitrogen

Nitrogen

Nitrogen

Nitrogen

550 No
550 Yes
550 Yes
550 Yes

This presentation will focus on the four tests under repeat conditions — 2,3,5,6

SwRI
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Cell Preparation

" |nitial weight, visual inspection and bar
coding

= Multiple surface thermocouples added

3347660080

3347660080
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Heater and Fixture Details

" Failure was initiated by a 1000 W 2”x2” ceramic heater with controlled
heating rate

= Cell was secured in a fixture with heater and thermocouple above cell vent
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Fixture Installation

Camera 2:
Test Cell

Owverview

Window
facing wall
passthrough :

oamgge |
Camera 1 ,*L[

Looking inside §
vessel

'y

Valves facing

Test Cell
Doors
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Test Sequence and Emissions Measurements

e |nitial
conditions

2025 NASA Aerospace Battery Workshop

¢

Heating

e Prescribed
rate

e Signified
by cell
voltage
drop

FTIR

sampling

e 5LPM for
2 minutes

Bag

sampling

e 2 LPM for
8 minutes

Recovery

o After wait
and purge
steps

* FTIR was specifically calibrated to favor major gas species rather than
toxics such as HF to support model development

" Bag sample was subjected to GC-TCD and GC-FID analyses to resolve
hydrogen and hydrocarbon concentrations, unburned electrolytes
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Typical Data
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Post-Test Extraction

®» Enclosure » Fixture

T e
S

* Particulates recovered from the enclosure after article and cell extraction

0 POWERTRAIN ENGINEERING .
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Post-Test Inspections

®* Front

" Cell case remained mostly intact with only vent-patch compromised

0 POWERTRAIN ENGINEERING
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Post-Test Weights

" Cell carcass » Recovered particulates

" ‘
\ \
A
"’
»

1-800-295-5510
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Comparative Operational Results

900 10.0 100% o
S S
800 9.0 90% =
Q.
8 96
=700 8.0 80% 100
(]
Q
£ 7.0 93
s 600 60 > 70% 88
O 0 <)
o 500 J S
© 50 2 c 60%
= T2 o
+= 400 @ =
o 40 o o 50%
> a ©
< 300 3.0 =
O - @ 40%
§ 200 20 CZU
30%
100 1.0
0
0 0.0 20%
0 10 20 30 40 50 60 70 80 90 100 110 120 .
Time (s) 10%
---Test2 TC2 Cell Vent ——Test2 TC5 Chamber Top ---Test3 TC2 Cell Vent 0%
0
——Test3 TC5 Chamber Top ---Test5 TC2 Cell Vent ——Test5 TC5 Chamber Top Test 2 Test 3 Test 5 Test 6
——Test6 TC5 Chamber Top ---Test6 TC2 Cell Vent —Test2 Pressure (barg)
Test3 Pressure (barg) Test5 Pressure (barg) Test6 Pressure (barg) W Carcass weight (g) ™ Particulates weight (g) ™ Gas Produced (g) ™ Unknown (g)

" Pressures and chamber gas temperatures were comparable

" Weight distribution was similar

— Gas produced was calculated using ideal gas law with conditions at 60

seconds
" POWERTRAIN ENGINEERING
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Gaseous Emissions Comparison

30%

25%

)
o
=S

15%

Volume fraction (%)

10%

5%

0%
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CO2_H

M Test 3

W Test5

Hydrogen

HTest 6

ETHYLENE Nitrogen ***

1.0%
0.9%
0.8% W Test 3 W Test 5 B Test 6
<
v07%
O06%
O
g 0.5%
£ 0.4%
=5
S 0.3%
g 0
0.2%
0.1%
005 | B
2 5 * & & &
& > * &’ &’ < N <
& c?"o < éx QQQ\} Q*& é& Qa\g&
< Q O )
8& é§ O ] & NS N
@@ &
N N)

*Used Carbon number 3.5 for Conversion of PPMC to ppm
**Used Carbon Number 7.0 for Conversion of PPMC to ppm
*** Estimated from initial conditions

* Reasonable comparison between the three tests

Some variability in ethylene, propylene, electrolytes, and unknown C2-C4

POWERTRAIN ENGINEERING
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Particle Size Distribution (PSD) Comparison

° » Recovered particles

—Test2 ==Test3 were subject to Malvern
particle size distribution

(PSD) instrument

N

=—Test 6

e=Test 5

2, = Apparent shift in size
. S from Tests 2, 3 to 5,6
o]
g 2 :
E * Samples were not sieved
S
& . but hopper feeder
& limitation of 3.5 mm is
3 0 visible
S 1 10 100 1000
< Diameter (micron)
5
z
u ® POWERTRAIN ENGINEERING 23
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C K series O K series AIK series

Particulates
Typical EDS

EDS Layered Image 3
4 35 o T e
M 1 M 1 Meeq. - 1

250pm 250pm 250pm

Mn K series _ . F K series

" 250um ! P seris _ Co L series " 250um !
S ' = “Overlap” of
atoms may
reveal molecule

locations

250pm

Likely strands
from separator

M aemm 1 T
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Average EDS Composition

70

" Weighting applied based on
magnification of the different
samples

MTest2 MWTest3 MTest5 mMTest6 - Genera”y, 55 o/O C, 24 % O, 7
" % Ni, 5 % F and Al, 3 % Mn, |

w S a1 ()]
o o o o

Atomic concentration (%)

N
o

% Co and P

* Not for quantitative
(TR comparison: only limited
NEALF M CoF locations were investigated

[ERY
o

o
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Test Summary

= Consistent operational data and mass allocation

— CoV = standard deviation / average

* Not a comprehensive statistical treatment of the data

Temperature at 60 s (°C) 114.7 0.7%
Pressure at 60 s (barg) 5.0 3.8%
Tmax (°C) 209.1 3.8%

Pmax (barg) 9.0 3.8%
Carcass weight (g) 616.0 0.9%
Particulates weight (g) 88.7 4.5%
Gas Produced (g) 98.3 1.8%
Gas rate (L/kWh)) 557.4 3.8%

Consistent gaseous emissions

Consistent particulates composition

Variability in particulate size distribution

— Not a primary focus of this project

Limited visual information due to window fouling

Gas composition |Average|CoV (%

Co, 24.4% 1.4%
CH, 3.2% 4.0%
CcoO 21.5% 2.5%
Hydrogen 19.7% 0.7%
Identified Electrolytes 0.6% 32.7%
Unknown C2-C4 0.2% 9.2%
C5-C12 0.3% 8.2%
ETHANE 0.6% 4.1%
ETHYLENE 35% 22.7%
PROPANE 0.1% 3.8%
PROPYLENE 0.6% 13.6%
Nitrogen 25.0% 2.7%
C 57.1% 5%
O 23.0% 10%
Ni 6.6% 6%
Al 4.2% 32%
F 5.2% 7%
Mn 2.9% 4%
Co 0.9% 12%
P 0.6% 15%

Sauter mean diameter 124 micron 69%
50th percentile diameter 466 micron 72%
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Literature Comparisons

A |:| Side heating |:| Nail penetration |:| Overcharge D Oven test
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Simulation Example

* Thermal and " Heat release and = Apply coupled
chemical kinetics venting of gas and solution to a battery
with solid geometry particulates to gas module
of the battery cell domain

. Time=0.00s Time =0.00 s
— TEMPERATURE o TEMPERATURE
700
650
600
. 550
Al / '| 500
[ ]]] 450
[ []] 400
/| 350
J 300

= 900
/ 850
800

750

700

650

600

550

500

450

400

350

) X
\<z TEMPERATURE
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Looking Ahead

= Ongoing work

Nail-penetration abuse testing using the
same cells

* Significantly larger variability with more
sever outcomes

Impact of SOC and SOH
Enhanced bag analyses

Enhanced particulate recovery and
sample preparation

Other cells chemistry, size, and form
factors

Enhanced energy release measurements
and calculations

» Did not talk about:

Destructive Physical Analyses (DPA)

Impact of variations in test conditions
(Tests |,4,and 7)

Cell surface temperature measurements

Model development details and
simulation results

=" Future work

Other abuse initiation
Varying heating rates

Measuring suspended solids from
enclosure

Reintroducing toxic gas analyses

POWERTRAIN ENGINEERING
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