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Lithium-ion battery technology is widely used and is attractive due to demonstrated
specific energies in the 200-300 W-hr/kg range. The excellent, mass-efficient energy storage
capability of lithium-ion batteries has led to their use on many aerospace platforms. However,
lithium-ion batteries can exhibit thermal runaway behavior wherein stored electrochemical
energy is released rapidly as a result of thermal or mechanical failure, electrochemical abuse,
internal or external short circuiting. A single cell undergoing thermal runaway within a
battery has the potential to induce thermal runaway in adjacent cells if heat dissipation is not
properly managed and can result in a catastrophic failure of the battery. Designing batteries
that are resistant to thermal runaway propagation requires an understanding of, not only,
total energy yield but also the means by which that energy is liberated from the cell. While
Accelerating Rate Calorimetry and other techniques provide total thermal runaway energy
yield, they do not provide the fractional breakdown of energy liberated via conduction
through the cell casing from that which is vented from the cell as hot gases and effluents. Such
data are needed to inform battery thermal design and analysis. To measure the total energy
yield, the fraction conducted through the cell casing, and the fraction lost due to gases and
effluents, NASA developed Fractional Thermal Runaway Calorimetry (FTRC). Two
calorimeters have been developed and demonstrated, the Small-format- and Large-format-
Fractional Thermal Runaway Calorimeters (S-FTRC and L-FTRC, respectively). The
technique has been successfully applied to small- and large-format cells (2.4-3.5 Ah and >100
Ah capacity, respectively) and has given new insights into Li-ion cell thermal runaway.
Development of the calorimeters is discussed and results from the initial thermal runaway
testing campaigns are presented.

Nomenclature

ARC = accelerating rate calorimetry

BV = bottom vent

Cp, = specific heat of calorimeter subcomponent i (which can vary with temperature)
EVA = extravehicular activity

FTRC = Fractional Thermal Runaway Calorimetry

L-FTRC = Large-format — Fractional Thermal Runaway Calorimeter

LREBA = Lithium-ion Rechargeable EVA Battery Assembly

m; = mass of calorimeter subcomponent i

NBV = non-bottom vent

n = number of instrumented calorimeter subcomponents

Q, = heat gained in calorimeter subcomponent i due to change in temperature
Qrotal = total thermal runaway energy yield

SEI = solid electrolyte interphase

S-FTRC = Small-format — Fractional Thermal Runaway Calorimeter

AT; = temperature change in calorimeter subcomponent i
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I. Introduction

ITHIUM-ION (Li-ion) battery technology has demonstrated specific energies in the range of 200-300 W-hr/kg *.

For spacecraft, providing high energy and power with as little mass as possible is desirable given the cost of
launching or landing mass. These strengths are also attractive for many terrestrial applications. Even though Li-ion
cells have advantages from a specific energy and specific power perspective, they have a downside that cannot be
neglected. As has been widely reported in the media, there are many instances whereby Li-ion cells have undergone
a rapid exothermic decomposition and subsequent release of their stored energy?*. This is referred to as thermal
runaway and can arise as a result of thermal failure due to overheating, mechanical failure such as a nail puncture,
electrochemical abuse due to charging/discharging, and internal or external short circuiting. Often, cells are arranged
into a battery where cells are packed into close proximity to produce a mass- and volume-efficient configuration. In
addition to the possibility of a single cell within a battery going into thermal runaway, designs must also consider the
propensity of that thermal runaway to propagate to adjacent cells within the battery which could have serious and
potentially catastrophic system impacts.

There are a number of exothermic processes that contribute to thermal runaway including electrolyte breakdown,
anode and solid electrolyte interphase (SEI) decomposition, cathode decomposition and oxygen release, electrolyte
oxidation, and oxidation of the electrolyte in the surrounding air if an atmosphere is present>. While these reactions
do not include the involvement of plastics within the battery, the oxidation of these plastics is estimated to be as great
as the contribution of the electrolyte in terms of heat release, on the order of 2.5 MJ for plastics versus 1.92 MJ for
electrolyte per kilogram of battery®. Therefore, it is important to understand that the energy yield from thermal
runaway has the potential to be more than the amount of electrical energy stored in the cell.

Il. Early Work

In response to the 2013 Boeing 787 Dreamliner incident’, NASA placed additional emphasis on Li-ion battery
safety by assuming a thermal runaway will eventually happen. Any new design should ensure that such a thermal
runaway event is not catastrophic and should demonstrate that propagation to surrounding cells would not occur®,

In 2014, NASA pursued thermal modeling of the Lithium-ion Rechargeable Extravehicular Activity (EVA)
Battery Assembly (LREBA) to inform design decisions and understand the results of extensive development testing
with the goal of enhancing safety against the possibility of thermal runaway propagation. A complete representation
of heat transfer mechanisms required a quantification of heat transfer through the cell casing as well as heat transferred
from the cell via vented gases and effluents resulting from thermal runaway. Single cell models representing reaction
rates and isentropic flow equations during venting were used for preliminary estimates of thermal runaway energy
yield. A model developed using methodology from Hatchard, et al.® was used to establish an early estimate of the
energy liberated during a thermal runaway event. The heating profile resulting from this internal model was used to
develop a simplified, homogeneous cell thermal model where logic within the model was used to trigger the thermal
runaway when any node reached a specified thermal runaway onset temperature. While this model was successful in
modeling some gross characteristics of the thermal response, it did not allow representation of the heat soak to the cell
casing from the internal cell winding™®.
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A more detailed cell model (Figure 1) was pursued but given
that direct internal cell temperature measurement was not possible,
the value of the model could only be assessed based on externally
observable events and post-test evidence such as: matching cell pre-
heating rate and time to trigger thermal runaway as compared to
testing, measurement of cell casing peak temperature, and post-test
destructive physical analysis to determine whether aluminum and
copper within the cell had melted®®. But in order to achieve
correlation, the total energy yield from the thermal runaway event
and how it was escaping from cell were needed. While total energy
estimates could be obtained from the multi-physics model, the test-
to-test variability was not known. And while testing techniques
such as accelerating rate calorimetry could provide total energy
yield and test-to-test variability, the energy fraction conducted
through the cell casing versus the fraction released as hot gases and
effluents could not be readily determined.

Cell Top

Insulator

Cell Winding

Cell Casing \ [

T Insulator

\ Cell Bottom

Figure 1. Cross-sectional view of detailed
18650 Li-ion cell thermal network model.

The model was used for an analytical comparison with a thermal runaway test of an array of 18650 cells in a
“picket fence” arrangement as shown in Figure 2a-c. A single cell was triggered into thermal runaway which heated
an adjacent cell until it was triggered into thermal runaway. Propagation continued until all nine cells experienced
thermal runaway. An analytical model using the previously mentioned cell model showed the same propagation
behavior as shown in Figure 2d-f°. However, the model suggested the thermal runaway behavior propagated faster
than was observed during test. While the test showed that considerable energy was being lost due to the release of
cell contents, the model assumed heat loss via conduction through the cell casing only. Such an assumption could
lead to propagation in the thermal model faster than was observed in test. Clearly, all data needed to build an accurate

model were not available.

Figure 2. Comparison of 9P “picket fence” 18650 test with thermal analysis showing the propagation of

thermal runaway to all cells.

I11. Motivation for a New Type of Calorimeter

To obtain the required data, a number of different calorimetry techniques were investigated including accelerating
rate calorimetry (ARC), bomb calorimetry, and copper slug calorimetry. ARC is used to determine the onset of self-
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heating and thermal runaway in cells. Cells undergoing ARC are heated slowly, using a heat-wait-seek methodology,
which can result in cell venting considerably prior to the onset of thermal runaway and may not be representative of
field failures that might occur as a result of nail penetration or triggering methods. Furthermore, a test can take days
and is not practical if a larger number of tests are to be performed to gather statistical data. A tally of the total thermal
energy yield is available!*. Bomb calorimetry may also be used to measure total energy yield. Copper slug calorimetry
can provide data on the rate of mass ejection during thermal runaway but must be used in conjunction with bomb
calorimetry to tally the energy yield. None of the surveyed techniques can discern the fractions of energy that conduct
through the cell casing, and that which is liberated in the winding, vent gases, and ejecta from the total energy yield?.
If such data are needed, a new technique is required.

With the previously mentioned shortcomings of the LREBA analysis and the calorimetry techniques available, an
effort to develop a new calorimetry technique was pursued for the widely used 18650-size cell. To be of greatest
utility, any new technique must provide®:

e quantification of total thermal runaway energy yield

e separate tallies of thermal runaway energy conducting through the cell casing, energy contained in the
cell winding, and energy liberated as vented gases and effluents

o the ability to measure the volume of liberated gases

o the ability to collect vent gases for subsequent compositional analyses

o the ability to rapidly test cells enabling the collection of statistically significant quantities of data.

A. Small-format — Fractional Thermal Runaway Calorimeter (S-FTRC)

With the dearth of data required to inform battery design and thermal analysis, an effort to develop a new technique,
dubbed Fractional Thermal Runaway Calorimetry (FTRC) was initiated in 2016. Given the ubiquity of the popular
18650-sized cell, initial focus was given to the development of a calorimeter capable of measuring thermal runaway
energy yield and fractions for these cells which are in the 2.4-3.5 Ah range. The S-FTRC design evolved over seven
iterations during the study and was later patented? with continued improvements made thereafter. An overview of
the S-FTRC configuration with the upper insulated lid removed is shown in Figure 3.

Insulation: Insulation is used to
isolate the calorimeter from the
environment

Ejecta Mating
Assemblies: Captw
ejected solids such:
electrode winding

Cell Chamber Assembly: Includes heating
system for thermally induced failure and
mounting point for nail penetration system
Housing: Lightweight
and shipping ready
housing is employed to
support hardware
mobility

Ejecta Bore Assemblies: Slow down
and extract heat from escaping flames
and gas

Figure 3. Overview of the Small-format — Fractional Thermal Runaway Calorimeter (S-FTRC)
with upper insulated lid removed. (Adapted from Ref. 8)

S-FTRC was designed to accommodate different cell types including those with both, top and bottom vents. Initial
designs focused on cylindrical format cells while later versions provided accommodation for pouch format cells. The
calorimeter is shown in the “ambidextrous” configuration in Figure 4. The entire calorimeter is housed in an insulated
case to limit heat loss to the environment. At the heart of the calorimeter is the cell chamber. This region is thermally
isolated from the remainder of the upstream and downstream calorimeter components so that when a cell placed into
the chamber is set into thermal runaway, the heat conducting through the casing can be measured separately. High
flux heaters force the cell into thermal runaway quickly which is more representative of field failures. Adjacent to the
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cell chamber is the ejecta mating assembly which is designed to capture a cell winding (or jellyroll) if ejected during
the runaway event. Further downstream, hot gases and effluents venting from the cell pass through a series of baffles
configured to produce a tortuous flow path. Particulates from the flow are deposited onto the baffles and heat is
absorbed before passing through a copper mesh where additional particulates and heat are removed. The calorimeter
is instrumented with an array of thermocouples on key components where temperature measurements are recorded
during the thermal runaway. The S-FTRC supports quick turnaround allowing many tests in a day. Rapid data
collection and turnaround are key features and allow acquisition of statistically significant quantities of data.

Symmetric (Ambidextrous) Design: Supports
both top and bottom vent (and rupture) thermal
runaway behavior

Tie Rods: Spring loaded tie rods
are used to clamp the up and down
stream components together

e T e Iy

Ejecta Mating
= R - Cell Assembly 3 7
Ceramic Bushings: Low Chamber L Exhaust Ports: Outlets exist on each
conductivity ceramic bushings side of the calorimeter to allow
are used to thermally isolate vented gases to leave the system

the cell chamber assembly

Figure 4. S-FTRC shown in the ambidextrous configuration with cell placement at center.
(Adapted from Ref. 8)

The internal configuration is shown in Figure 5. During a typical test, heat is applied to the cell in the cell chamber.
Temperature and pressure within the cell rise until the cell vent is breached releasing hot gases and effluents into a
pipe and through a series of baffles.

Cell chamber encloses cell
under test

Baffles remove heat and
create a tortuous path fo
exhaust gas flow

Copper mesh removes particulates
and additional heat from exhaust
gases

Cooler gases exit calorimeter for
energy, volume, and compositional
analysis

Figure 5. S-FTRC internal configuration detail depicting the flow of hot gases and
particulates. (Adapted from Ref. 8)

Total thermal runaway energy yield is tallied using a custom Energy Yield Algorithm (EYA) by summing the
energy increase of calorimeter components with known masses and specific heats® using the measured temperature
rise for each component, as measured with the previously described array of thermocouples, as shown in Eg. 1.

Qtotar = Z?=1 Q; = Z?:l micpl-ATi €Y)
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The specific heat (c,) of a given calorimeter component may vary with temperature, which is also accounted for by
the EYA. The mass contribution of soot deposited throughout the system is also considered in energy tally
calculations. System energy loss was measured during calibration and is accounted for in final energy yield estimates.

In addition to the total thermal runaway energy yield, the calorimeter separates the fraction of that energy released
through the cell casing from the fraction that leaves the cell via vented effluents and gases. Since no two thermal
runaway events are identical, it is important to gain insight into the range of possible energy yields and their
distributions. These variations can be due to random and non-random factors. From the data and the post-processing,
distributions are obtained and can be used to formulate a regression model to predict energy release.

Results from an early 18650 testing campaign using a number of cell types are shown in Figure 6%3. To design a
battery that is robust against thermal runaway propagation, data like those presented here are critical to understanding
the range of enery yields for thermal runaway events. As is evident in the plot, some cells tend to show a wider range
of possible outcomes whereas some have a narrower range of responses. The range of possibilities must be understood
as the thermal runaway energy yield for a particular type of cell is not a single number.
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Figure 6. Distribution of total thermal runaway energy yields derived from S-FTRC test data depicting the
relative energy yields and expected ranges of cells tested with bottom vents (BV) and without (NBV).

In addition to rapid test capability and total energy yield, a key advantage of fractional thermal runaway
calorimetry is that it provides insight into where the energy is going and how it is leaving the cell. The calorimeter is
instrumented in the cell chamber and in each ambidextrous leg so that temperature changes can be measured and
processed into the fractional heat energy flow components. A sample of the fractional data collected during the 18650
test campaign is shown in Figure 7. The circular plots show the percentages of thermal runaway energy conducting
through the cell casing, and the fractions leaving the cell top or bottom. The difference in energy flow depending on
whether the cell had a bottom vent or not (at the left) and with or without bottom rupture (at the right) is apparent.
From these data, it is clear that the cells tested release only a small fraction of their thermal runaway energy via
conduction through the cell casing and the remaining energy is released via the vented ejecta material.

6
International Conference on Environmental Systems



Negative End Positive End

Ejecta Fl“"«'ﬁ"“ol‘:jocm Fraction

Cell Casing
Fraction

Non-Bottom

0.12
Hon-By Rupture

Estimated normal distributions reverted to original
unitsoftest datakl)

0.83% -
0.10 27.3% E0EK E19K IEED 10.7% 1.0%
0.08 071.9%

0.08 3.9%

40.4%
0.04
35.7%

0.02

Probability Density

0.00 t t
20 30 40 50 60 70 80 o0
Predicted TR Energy Release (kJ)

Figure 7. Comparison of energy distributions and associated energy fractions for bottom vented and
non-bottom vented cells. Key at top shows: red arc represents cell casing fraction, black arc represents
negative end ejecta fraction, and the purple arc represents positive end ejecta fraction. (Adapted from
Ref. 13)

This thermal runaway performance observed during early S-FTRC runs has implications for battery design.
Recalling that the previously mentioned 9P “picket fence” thermal analysis erroneously assumed all thermal runaway
energy was transferred to the cell surface via conduction through the casing, it becomes clear that such an assumption
was the likely explanation of faster propagation in the model as compared to the test. If most of the thermal runaway
energy leaves a cell as vented gases and effluents as observed from early S-FTRC results, appropriate measures must
be taken to accommodate this important heat transfer path into the design to prevent impingement on neighboring
cells. This was incorporated into the LREBA redesign to allow for gases to vent from the battery.

S-FTRC incorporated other design features to enhance its utility. The cell chamber is made of aluminum rendering
it transparent to x-rays. The calorimeter is portable and has been used in testing campaigns at synchrotron facilities
in Europe where calorimetric measurements and high speed x-ray videography are performed concurrently4. Finally,
exhaust gases can be captured for post-test analysis.

B. Large-format — Fractional Thermal Runaway Calorimeter (L-FTRC)

Large-format cells are finding use in aerospace and other applications. While the small-format cells such as the
previously discussed 18650 show thermal runaway energies in the range of tens of kilojoules, large-format cells such
as the 134 Ah cell tested release on the order of three megajoules during thermal runaway, more than an order of
magnitude more than the 18650. The difference in thermal runaway energy yield between the smaller and larger cells
suggests considerably more potential for a catastrophic outcome for larger cells. The insights gained from
development and utilization of the S-FTRC and larger energy thermal runaway energy yield possible from large-
format cells (>100 Ah) motivated the development of the L-FTRC shown in Figure 8%,
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Calorimeter

Gas Collection System

\ Insulated Case (Lid Removed)

Figure 8. L-FTRC configuration showing calorimeter, insulated case (with upper lid removed), and
gas collection system.

The L-FTRC internal configuration is shown in Figure 9. The operational concept for the L-FTRC is similar to
that of the S-FTRC. A large-format cell is placed into a cell chamber and is set into thermal runaway using a nail
penetration device. Once triggered, the cell self-heats until the cell is breached and its contents (electrode winding,
ejecta, and gases) are expelled into the ejecta basket, a feature unique to the L-FTRC, which catches the ejected
winding while allowing gases and ejecta to pass into a series of baffles. The expelled contents take a tortuous path
through the baffle system depositing energy and soot onto the baffles before flowing through a copper mesh which
removes additional energy and catches particulates for mass calculations. The entire calorimeter assembly is insulated
and key components are instrumented with thermocouples to measure temperature rise. Total thermal runaway energy
yield is tallied using a custom Energy Yield Algorithm (EYA) in a manner similar to that used for the S-FTRC. A
number of pressure sensors are also used.

Nail Penetration
Devices

Ejecta Basket Baffle Insert

Assembly

Copper Mesh

Figure 9. L-FTRC internal configuration depicting the nail penetration devices, ejecta basket, internal
baffles, and copper mesh.

After leaving the calorimeter, the cooled gases flow into the gas collection system where pressure, volumetric flow
rate, total volume, and gas temperature are measured. Post-test, the vent gases may be sampled for compositional
analysis. Using gas volume, composition, and temperature data, the gas energy content may be determined as part of
the overall thermal runaway energy tally.
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During L-FTRC development, the design was refined over three iterations and once mature, a test campaign
consisting of 14 live-fire runs was performed using 134 Ah GS-Yuasa cells with 100% state of charge. Thermal
runaway was induced using the nail penetration system at the midpoint of each cell — approximately halfway between
the terminal and the bottom end on the narrow side. The gas collection system was used successfully for a subset of
these runs?®.

As was done during the S-FTRC test campaign, the distribution of energy yields was determined from the
measured temperature responses and EYA post-processing and is summarized in Figure 1017, On average, the total
thermal runaway energy yield was 2.86 megajoules with only 2 percent of that energy conducting through the cell
casing, 53 percent contained in the ejected winding (jellyroll), and the remaining 45 percent leaving as ejecta and
vented gases. To facilitate rapid test turnaround, two hardware sets were used (denoted by the red triangles and green
diamonds in Figure 10). An overall probability density curve was derived based on the test results and shows the
expected range of thermal runaway energies and their likelihood of occurring.

Total Energy Yield Probability Density Distribution

45 A Average Fraction Energy Yield

= Probability Density Curve Highest

40 1 A Red Hardware Set Likelihood 25 Cell Body
Z 35 ¢ Green Hardware Set Event _
@ Ejecta and
5 3.0 Vented
(a) Gases
= 2.5 4 2.86 MJ
= 2.0
]
815 4
2
a 1.0

05 A Individual Test Results L K A CSA ¢ @

0.0 + t t t t t t t t i

2.3 2.4 25 26 2.7 28 29 3 3.1 3.2 33

Thermal Runaway Energy Release (MJ)

Figure 10. Total energy probability density distribution for GS Yuasa 134 Ah cell derived from test
data obtained during L-FTRC testing campaign and average fractional energy yield for the cell body,
cell winding (jellyroll), and ejecta and vented gases. (Adapted from Ref. 16)

Exhaust gas volume was measured by displacing air as vent gases filled a large bag in the gas collection system.
A flow meter, calibrated for air, measured the air volume displaced by vent gases and was corrected once the vent gas
composition was known. During the testing campaign, the gas collection system was used for a subset of the runs to
collect exhaust gas samples and to measure the pressure, temperature, and volumetric flow rate of vented gases.
Compositional analysis resulting from sampled gas is summarized in Figure 1167, With known constituents, volume,
and temperature, vent gas energy content may be calculated as a component of the overall thermal runaway energy
yield.
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Exhaust Gas Component

Run #1

Run #2

Run #3

Run #4

Run #5

Run #6

Run #7

Run #8

Carbon Dioxide, mole%

45%

Insufficient
Sample

42%

42%

48%

41%

51%

52%

Hydrogen, mole%

35%

30%

35%

28%

33%

41%

35%

Oxygen, mole%

3%

2%

3%

1%

2%

3%

3%

Ethane, mole%

16%

15%

17%

15%

16%

2%

Methane, mole%

1%

5%

4%

4%

Additional HCs +/- 1%

<1%

<1%

<1%

<1%

<1%

<1%

Dimethyl Carbonate, mole %

*

1.732%

1.457%

1.356%

*

1.618%

Ethyl Methyl Carbonate, mole %

*

5.096%

5.935%

7.149%

*

8.754%

Diethyl Carbonate, mole %

*

0.0249%

0.0323%

0.0394%

*

0.0511%

Total Mole% (Volume%)
* No electrolyte data for these runs

Figure 11. Post-test compositional analysis of vent gases sampled from L-FTRC Gas Collection System.

Volumetric flow rate and pressure data are useful to understand not only how the runaway event evolves over time
but also to understand run to run variability. The instantaneous exhaust gas volumetric flow rate, measured in standard
liters per second (SLPS) and the expansion and collection pressures measured in the ejecta mating section and gas
collection system, respectively are shown in Figure 12'%'7. These results demonstrate the highly variable nature of
thermal runaway. The thermal runaway of Li-ion cells is violent and somewhat chaotic, so some level of variance
from run to run is expected. It should be noted that Run 3 showed signs of leakage around the connection to the gas
collection chamber and an elevated sustained pressure at the end of the run which suggests the bag had not been fully

100%

100%

100%

100%

100%

100%

evacuated prior to the run. These factors help explain the lower gas volume measured for Run 31,
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Figure 12. L-FTRC measured instantaneous vent gas volumetric flow rate and pressures measured

within the ejecta mating section (expansion pressure) and within the gas collection system (collection
pressure).

IVV. Conclusion

Lithium-ion cells present the challenge of thermal runaway. Cell-to-cell thermal runaway propagation must be
considered when designing Li-ion batteries to ensure end-user and system safety. Design and analysis require knowing
not only total thermal runaway energy yield but also how the energy is distributed between that which conducts
through the cell casing and that which is vented as gases and effluents. Additional benefit is gained for analysis when
characterization of the total range of possible outcomes is determined (i.e. characterization of event-to-event
variability and associated contributing factors). Existing calorimetric techniques provide some but not all required
data. A novel NASA-developed technique, called Fractional Thermal Runaway Calorimetry, provides data to
ascertain total energy yield as well as distribution amongst various heat transfer modes. FTRC allows rapid testing
with fast turnaround enabling accumulation of statistically significant quantities of data.
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