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Executive Summary
As part of a Notice of Proposed Rulemaking (NPR) published January 11, 2010, the Pipeline and
Hazardous Materials Safety Administration (PHMSA) proposes to eliminate the regulatory
exceptions (Special Provision 188, 49 CFR Section 172.102(c)) for lithium (Li) cells and
batteries when transported aboard aircraft. This would include the exception for Li-ion batteries
with greater than 3.7 watt-hour (Wh) capacity that are “packed with” or “contained in”
equipment. In response to a request from PRBA – The Rechargeable Battery Association,
Exponent performed heat release analyses and conducted testing of Li-ion batteries “contained
in” and “packed with” notebook computer systems as packaged for air shipment (UN3481).
Air shipment packages were analyzed to estimate the quantity of stored energy that would be
released by complete combustion of all components (packing materials, plastics, notebook
computer, and battery) and to compare the contribution of the battery to the heat release expected
from the entire package. Flame attack tests were conducted to compare the fire behavior of
packages containing batteries to those not containing batteries. Cell initiation testing was
conducted to assess the effect of a single cell internal fault occurring in a battery contained in or
packed with equipment.
Test setups and procedures were equivalent in all material respects to those described in the
Federal Aviation Administration (FAA) report entitled “Flammability Assessment of BulkPacked, Nonrechargeable Lithium Primary Batteries in Transport Category Aircraft” [1], except
for the localized heating technique used for cell initiation testing, which is a new procedure.
Based on the analyses and tests conducted, Exponent concludes:
1. Analysis of notebook computer packages indicates, the chemical and electrical
energy contained in batteries is less than 10% of the total energy released if
the entire package is burned (for the specific packages examined, it was 6%7% with fully charged battery packs, and 5%-6% with packs at 50% state of
charge [SOC]). Combustion of materials such as cardboard, paper, and plastic
within the package produce the bulk of the heat release.
2. During flame attack testing in a closed chamber, flames initially attack and
ignite external packaging materials (cardboard) and are likely to be self
extinguished due to limited airflow before the cells in the package vent or go
into thermal runaway. Cells may not vent for an extended subsequent period,
or not vent at all, depending upon a variety of factors such as chamber
temperature, airflow conditions, battery location, cell design, and cell state of
charge (SOC).
3. Flame attack testing on systems with and without batteries showed
temperature and heat flux values during the initial flaming period were
effectively identical (within normally expected variation of fire tests). The
presence of the battery had no discernable effect on the overall heat release
during this time. Subsequent cell thermal runaway and venting, if it occurs,
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(after the initial period) can produce hot spots that cause re-ignition of
combustibles, if sufficient air can enter the enclosure to sustain flaming
combustion. However, under these conditions, normal, smoldering
combustibles in packages without batteries can also re-ignite.
4. Cell initiation testing showed that spontaneous thermal runaway (due to an
external short circuit or internal cell fault) of cells inside equipment packages,
will produce smoke and soot. With cells at a reduced state of charge, flaming
combustion is unlikely to occur due to limited oxygen in a closed
environment. If cells are near 100% SOC, ignition of vent gases becomes
more likely. However, even when flaming combustion is initiated, the
resulting fire is a short duration and relatively low intensity event, and the fire
self-extinguishes due to limited oxygen in the chamber.
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Introduction and Background
On January 11, 2010, the US Department of Transportation (US DOT) Pipeline and Hazardous
Materials Safety Administration (PHMSA) published a Notice of Proposed Rulemaking (NPR)
in the Federal Register: PHMSA-2009-0095 (HM-224F), RIN 2137-AE44. In this NPR,
PHMSA proposes to eliminate the regulatory exceptions (Special Provision 188, 49 CFR
Section 172.102(c)) for lithium cells and batteries when transported aboard aircraft. This would
include the exception on Li-ion batteries with greater than 3.7 Wh capacity that are “packed
with” or “contained in” equipment. As part of the justification for the proposed rule, PHMSA
states because of the rule change, aircraft pilots would be notified of the presence and location of
any Li-ion batteries in cargo shipments on the notice to the pilot in command (NOPIC). PHMSA
goes on to state:
This will allow pilots and crew to make appropriate decisions in the event of an
emergency. For example, if the flight crew identifies fire or smoke in a location
where a lithium battery shipment is stowed, the crew can make an informed
decision about the possible severity of the fire, whether the presence of lithium
batteries could worsen the fire, and the time available to land the aircraft or take
other emergency actions. The NOPIC also allows ground crew, firefighters and
first responders to know how they should respond in case of an emergency
because they will know not only that there are packages of lithium batteries
aboard the aircraft, but also where on the aircraft these packages are located.
A number of studies have been conducted to assess the risk posed by lithium batteries (both Limetal and Li-ion) involved in an unrelated fire [1-5] in an aircraft cargo hold-like environment: a
closed chamber with limited airflow. This testing, however, as a basis for the proposed rule,
contains two significant gaps:
1. Tests in the referenced studies were generally carried out on bare cells, or
groups of cells as arranged for bulk shipping in order to study the response of
the cells without the complexities introduced by packaging materials and
configurations. In no instance was testing conducted on cells or batteries in
complete as-shipped packaging. As packaged for shipping, cells, batteries, or
batteries contained in or packed with equipment are usually surrounded by
combustible material such as cardboard, paper, and plastic. In particular,
there can be a significant quantity of normal combustible materials
surrounding a battery contained in or packed with equipment (e.g., multiple
cardboard boxes, user manuals, electronic devices, etc.). The presence and
combustion of packaging materials likely has non-negligible effects on test
results, particularly in a closed environment with limited airflow, where
production of gaseous combustion products from burning packaging materials
can have a significant impact on the available oxygen in the environment, and
resulting gas flammability.
2. No testing has been conducted to simulate a single cell thermal runaway
condition in cells or batteries packed for shipment. Though field failure
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experience indicates that thermal runaway of a single cell in a consumer
electronic device (e.g., a notebook computer) can propagate to surrounding
cells and lead to a fire, this experience is not necessarily applicable to cells or
batteries packaged for shipment or contained in or packed with equipment.
Again, the effect of packaging must be considered as well as the effect of an
enclosed environment with limited airflow. Failure analysis of Li-ion
batteries that have failed in the field, strongly suggests that most incidents
occur during or directly after charging, usually when the battery is fully
charged. In contrast, cells and batteries packed for shipment have generally
rested for an extended period subsequent to charging. In addition, cells and
batteries can be shipped at reduced states of charge, for example 50% or
below. Thermal runaway testing in the past [6], shows that the reaction of
cells at reduced states of charge is significantly milder than at 100% SOC.
This report presents the results of analysis and testing that Exponent conducted at the request of
PRBA to begin to address the testing gaps described above, and to allow assessment of the
PHMSA assertion that full regulation of Li-ion batteries including those contained in or packed
with equipment will affect or enhance pilot or ground crew decisions regarding responses to an
aircraft cargo hold fire.
This report describes a heat release analysis and tests of Li-ion batteries “contained in” and
“packed with” notebook computer systems as packaged for air shipment (UN3481). Air
shipment packages were analyzed to estimate the quantity of stored energy that would be
released by complete combustion of all components (packing materials, plastics, notebook
computer, and battery) and to compare the contribution of the battery to the heat release expected
from the entire package. “Flame attack testing” was conducted to compare the fire behavior of
packages containing batteries to those not containing batteries. “Cell initiation testing” was
conducted to assess the effect of a single cell internal fault occurring in a battery contained in or
packed with equipment. Test setups and procedures were similar to those described in the FAA
report [1].
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Testing
Individually packaged and shipped notebook computers were selected for this testing as they
typically contain large (relative to the consumer electronics industry) multi-cell batteries so that
the effect of thermal runaway propagation between cells in the same battery can be studied.

Test Models
Five models of notebook computers from three manufacturers (multiple units from each) were
obtained from PRBA members and through direct on-line purchasing. All five models were
well-known notebook computer brands. Three of the models were typical of office or home use
computers (plastic cases, light construction), a fourth model had a moderately ruggedized design
typical of light industrial or outdoor applications, and a fifth model had a ruggedized design
typical of industrial applications. The notebook computers used for testing are described below.

Manufacturer A
•

Notebook provided by PRBA member, 2009 vintage machine, replacement 6cell batteries purchased on-line directly from manufacturer by Exponent prior
to testing

•

Brand name notebook computer typical of office or home applications
− Black plastic case, light construction
− 14-inch display
− $600-$900 current retail cost (depending upon features)

•

48 Wh battery, 6-cell, contained in equipment

Manufacturer B, System 1
•

Notebook provided by PRBA member, 2006 vintage machine, still being sold

•

Brand name notebook computer typical of office or home applications
− Black plastic case, light construction
− 14-inch display
− $700-$2,500 current retail cost (depending upon features)

•

75 Wh battery, 8-cell, packed with equipment for flame attack testing

•

55 Wh battery, 6-cell, packed with equipment for cell initiation testing
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Manufacturer B, System 2
•

Notebook purchased by Exponent on-line from Amazon.com prior to testing
(2010)

•

Brand name notebook computer typical of office or home applications
− Black plastic case, light construction
− 15.6-inch display
− $700-$900 current retail cost (depending upon features)

•

47 Wh battery, 6-cell, packed with equipment

Manufacturer C, System 1
•

Notebook provided by PRBA member, 2007 vintage machine, still being sold

•

Brand name notebook computer, moderate ruggedized design
− Silver and black plastic case, moderate ruggedized construction
− 13.3-inch display
− $2,000-$3,000 current retail cost (depending upon features)

•

87 Wh battery, 9-cell, packed with equipment

Manufacturer C, System 2
•

Notebook provided by PRBA member, still being sold by manufacturer

•

Brand name notebook computer, ruggedized design
− Silver and black plastic case, ruggedized construction
− 13.3-inch display
− $3,000-$4,500 current retail cost (depending upon features)

•

90 Wh battery, 9-cell, packed with equipment

All notebook batteries contained cylindrical 18650 cells with typical Li-ion chemistries (no Liiron-phosphate cells were included). The 18650 designation is a standard industry description
indicating that the cell has a diameter of 18 mm, and a length of 65.0 mm. At present, the 18650
cell is the largest cylindrical cell commonly used in laptop computer batteries.
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Energy Content Analysis
Exponent performed an energy content analysis of four of the notebook computers used in the
flame attack and cell initiation tests. The notebook computer packages were disassembled, the
combustible components were separated and weighed, and estimates were made of the total
available energy that could be released during complete combustion of each component (heat of
combustion). The energy content of the battery was then evaluated as a percentage of the total
energy of the notebook computer as packed for air shipment to determine if the battery
contributed significantly to the total heat released during combustion.
The contents of each notebook computer shipping package were first separated into combustible
materials and non-combustible materials (mostly metal, glass, and printed circuit boards). The
combustible materials were further divided based on the type of material – paper, cardboard,
foam (polystyrene [PS]) and plastic (polyethylene [PE], acrylonitrile butadiene styrene [ABS],
polycarbonate [PC], etc.). The separated components were then weighed and the total energy for
each component was calculated as the heat of combustion (energy per unit mass of material)
multiplied by the mass of the component. Heat of combustion is typically reported in the
literature as a range depending on the products of combustion, which would be affected by test
conditions such as restricted airflow (consistent with FAA chamber testing). The lower reported
heating value was used in all the calculations described here.
The heats of combustion for the various packaging materials like cardboard, paper, and different
types of plastics including those used in various computer components are typically estimated in
accordance with standard tests using a cone calorimeter or an oxygen bomb calorimeter. The
values used in this study were obtained from the references listed below.
•

“Heats of combustion of high temperature polymers,” Walters RN,
Hackett SN, and Lyon RE, Fire and Materials 2000, 24(5), pp 245-252.

•

SFPE Handbook of Fire Protection Engineering, National Fire Protection
Association; Society of Fire Protection Engineers, Quincy, MA, Bethesda,
MD, 2002.

•

Fire Protection Handbook, 18th Edition, National Fire Protection Agency,
1997.

To estimate the mass of combustible material in the notebook computers, one of the
Manufacturer A notebook computers was fully disassembled. Exponent found that
approximately 40% of the mass of the notebook computer was comprised of combustible
material such as plastic, and the remaining 60% was noncombustible. The Manufacturer B
notebook computer brands were of similar construction, and thus were assumed to have similar
contents. Hence, the combustible mass of those notebook computers was estimated at
approximately 40% of their total mass. The Manufacturer C, System 1 notebook computer was a
ruggedized model, and therefore it was assumed that only 30% of the mass of that notebook
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computer was combustible (i.e., made of plastic) while the remaining 70% was likely composed
of noncombustible materials.
We assumed that all plastic parts of the notebook computers were composed of ABS plastic– this
is a commonly used material for the outer casing of notebook computers and the heat of
combustion of ABS is comparable to other types of plastic. Note that fire retardants in plastics
do not significantly affect heat of combustion, although they do affect ignitability and
sustainability of flaming, thus their presence or absence was not considered in this analysis.
We assumed that the power adapter and power cord contained approximately 50% metal and the
remaining 50% of the mass was a combustible material (plastic).
The energy content of the battery was estimated by considering the total chemical energy that
would be available from complete combustion of the electrolyte and the plastic separator and
other insulators in each cell multiplied by the number of cells in the pack as well as the electrical
energy stored in the cells. The batteries shipped with the exemplar notebook computers that
were analyzed in this study were comprised of either 6-cell or 9-cell packs containing 18650 type
Li-ion cells. On average 18650 cells contain 3 to 6 g of electrolyte but the electrolyte content
can be as high as 10 g. To be conservative, Exponent has assumed that 18650 cells contain
approximately 10 g of electrolyte and roughly 1.6 g of separator, which is usually made from
polyethylene, polypropylene, or a combination of these two materials. Since these materials are
both plastics with comparable heats of combustion, we treated the separator as being composed
of polypropylene. Commercial Li-ion cell electrolytes are composed of a mixture of organic
carbonate solvents such as diethyl carbonate (DEC). Since the heat of combustion of DEC is
comparable to other organic carbonate solvents, the heat of combustion of DEC was used to
estimate the chemical energy of the electrolyte. To estimate the electrical energy content of the
battery, we assumed the nominal pack capacity (assume 100% SOC), as listed by the
manufacturer, would be fully converted into heat energy. The energy content of the plastic
battery case was also included in the calculation of the total energy content of the pack.
The numerical results of this analysis are shown in Table 1 through Table 4. The analysis
indicates that the energy content of the batteries was less than 10% (approximately 6-7%) of the
overall energy content of the notebook computers used in this testing as packaged for shipment.
As noted earlier, the energy content of the battery was estimated for a fully charged pack (i.e., at
100% SOC). This represents a conservative estimate, since batteries are most often shipped at
50% SOC and therefore contain approximately only half the electrical energy. At reduced SOC,
the percentage energy content of the battery in comparison to the fully packaged notebook
computer would be slightly lower: approximately 5-6%.
Three out of the four notebook computers analyzed in this energy content study were shipped
with 6-cell batteries. Customers usually have the option to upgrade to higher capacity packs that
may contain 8 or even 12 cells. The total electrical energy per cell is approximately 8-10 Wh
(29-36 kJ) and the chemical energy of the electrolyte and separator materials is on the order of
280 kJ (265 Btu) per cell. Hence the total energy per cell is approximately 310-320 kJ (290-300
Btu), which represents approximately 0.5% of the energy content of the package as shipped.
Therefore, the use of a 12-cell battery in place of a 6-cell battery with a standard notebook
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computer as packed for shipment represents approximately a 3% increase in the energy of the
package as shipped.
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Table 1.

Manufacturer A notebook computer – energy content analysis

Item Description

Component

Notebook Computer

Notebook Computer (ABS)
Cardboard
Foam (PS)
Plastic covers (PE)
Paper
Plastic CDs (PC)

Packaging Materials

Mass of
Component
(g)
2304
576
97
21
239
130

Combustible
Mass
(g)
899
576
97
21
239
130

Heat of
Combustion
(kJ/g)
38.07
13.2
41.96
44.6
16.3
29.85

44

38.07

Energy
Content
(kJ)
34208.7
7603.2
4070.1
936.6
3895.7
3880.5
54595 kJ
(34423 Btu)
1675.1

60

20.92

1255.2

[10]

42.66

409.5

[7]

172.8

As labeled on
battery (48 Wh)

Total Energy of Notebook
Computer + Packaging
Plastic case (ABS)
Electrolyte (DEC)
Battery Model
(6-cell pack)

Separators and other
insulators (PP)

44
60
(10 g per cell)
9.6
(1.6 g per cell)

9.6

Electrical energy

3513 kJ
(3329 Btu)
58107 kJ
(55074 Btu)

Total Energy of Battery

8

Total Energy of Notebook
Computer + Packaging + Battery
Percentage energy content of Battery: 6.0%

Reference
[7]
[8]
[7]
[7]
[9]
[7]
[7]

1000025.000 A0F0 0310 FREP

Table 2.

Manufacturer B, System 1 notebook computer – energy content analysis

Item Description
Notebook Computer

Packaging Materials

Mass of
Component
(g)

Component
Notebook Computer
(ABS)
Cardboard
Foam (PS)
Plastic covers (PE)
Paper
Plastic CDs (PC)

Combustible
Mass
(g)

Heat of
Combustion
(kJ/g)

Electrolyte (DEC)
Battery Model
(6-cell pack)

Separators and other
insulators (PP)

Reference

2623

1115

38.07

42463.3

[7]

732
95
–
211
–

732
95
–
211
–

13.2
41.96
44.6
16.3
29.85

[8]
[7]
[7]
[9]
[7]

43

38.07

9662.4
3986.2
–
3439.3
–
59551 kJ
(56443 Btu)
1637.0

60

20.92

1255.2

[10]

9.6

42.66

409.5

[7]

198.0

As labeled on
battery (55 Wh)

Total Energy of Notebook Computer
+ Packaging
Plastic case (ABS)

Energy
Content
(kJ)

43
60
(10 g per cell)
9.6
(1.6 g per cell)

Electrical energy

9

3518 kJ
(3343 Btu)
63070 kJ
(59916 Btu)

Total Energy of Battery
Total Energy of Notebook Computer
+ Packaging + Battery
Percentage energy content of Battery: 5.6%

[7]
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Table 3.

Manufacturer B, System 2 notebook computer – energy content analysis

Item Description
Notebook Computer

Packaging Materials

Component
Notebook Computer
(ABS)
Cardboard
Foam (PS)
Plastic covers (PE)
Paper
Plastic CDs (PC)

Mass of
Component
(g)

Combustible
Mass
(g)

Heat of
Combustion
(kJ/g)

2771

1147

38.07

768
–
38
166
17

768
–
38
166
17

13.2
41.96
44.6
16.3
29.85

Electrolyte (DEC)

43
60

Battery Model
(6-cell pack)

Separators and
other insulators (PP)

9.6

43
60
(10 g per cell)
9.6
(1.6 g per cell)

Reference

43668.0

[7]

38.07

10137.6
–
1694.8
2705.8
507.5
58714 kJ
(55649 Btu)
1637.0

[7]

20.92

1255.2

[10]

42.66

409.5

[7]

169.2

As labeled on battery
(47 Wh)

Total Energy of Notebook
Computer + Packaging
Plastic case (ABS)

Energy
Content
(kJ)

Electrical energy

10

3471 kJ
(3290 Btu)

Total Energy of Battery
Total Energy of Notebook
Computer + Packaging +
Battery

62185 kJ
(58939 Btu)
Percentage energy content of Battery: 5.6%

[8]
[7]
[7]
[9]
[7]
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Table 4.

Manufacturer C, System 1 notebook computer – energy content analysis

Item Description

Component

Notebook Computer

Notebook Computer (ABS)
Cardboard
Foam (PS)
Plastic covers (PE)
Paper

Packaging Materials

Plastic CDs (PC)

Mass of
Component
(g)
3555
669
58
–
84

Combustible
Mass
(g)
1205
669
58
–
84

113

113

Heat of
Combustion
(kJ/g)
38.07
13.2
41.96
44.6
16.3
29.85

Total Energy of Notebook
Computer + Packaging

3373.1

Reference
[7]
[8]
[7]
[7]
[9]
[7]

61866 kJ
(58636 Btu)
Plastic case (ABS)
Electrolyte (DEC)

Battery Model
(6-cell pack)

Energy
Content
(kJ)
45858.8
8830.8
2433.7
–
1369.2

Separators and other
insulators (PP)

42
90
(10 g per cell)
14.4
(1.6 g per cell)

42

38.07

1599.0

[7]

90

20.92

1882.8

[10]

14.4

42.66

614.3

[7]

313.2

As labeled on
battery (87 Wh)

11

Electrical energy
Total Energy of Battery

4409 kJ
(4179 Btu)

Total Energy of Notebook
Computer + Packaging +
Battery

66275 kJ
(62815 Btu)
Percentage energy content of Battery: 6.7%

Experimental Set-Up
64-Cubic-Foot Test Chamber
A 64-cubic-foot test chamber (Figure 1) similar to the 64-cubic-foot chamber described in the
FAA report [1] was used for testing.
The Exponent 64-cubic-foot chamber is constructed of 1/8-inch uninsulated steel sheeting and
measures 48-in × 48-in × 48-in on the interior. The walls of the chamber are painted semi-gloss
black. The front of the chamber is equipped with a full width and height door that includes a
36-in × 36-in Plexiglas window. The window is sealed to the chamber door with high
temperature foil tape. Another small Plexiglas window (3-in × 3-in) for the video camera is
centered in the right wall, approximately 14-inches below the ceiling of the chamber. Three
1-inch diameter vents are centered on the left, back, and right walls approximately 1.5-inch
above the chamber floor.
Testing of this type is ideally done in still air. However, due to considerations of toxic gas and
smoke generation during testing, the chamber is used at an outdoor location. Thus, increased air
ingress into the chamber can occur during testing due to wind gusts. Increased air ingress can
also occur if the Plexiglas door panel warps due to elevated internal chamber temperatures. If air
ingress into the chamber does occur, it may enhance smoldering or flaming combustion.

Figure 1.

64-cubic-foot test chamber.
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Chamber Instrumentation
The chamber was instrumented with four Type-K high temperature fiberglass jacketed
thermocouples. They were mounted from a vertical steel rod, and were centrally located inside
the chamber at heights of 12, 24, 36, and 48 inches from the floor (referenced as Temp-12”,
Temp-24”, Temp-36”, and Temp-48” in test data plots). For some tests, additional
thermocouples were attached to surfaces of either individual cells or cells inside batteries
(referenced as Thermocouple 1, Thermocouple 2, etc., in test data plots).
The 64-cubic-foot test chamber was also equipped with two circular foil heat-flux transducers1,
which were calibrated to a range of 0 to 7.5 Btu/ft2-sec. See Figure 2 for an example heat-flux
transducer. Cooling water was circulated through the heat flux transducers during testing. One
transducer was mounted in the center of the chamber ceiling (Figure 3, referenced as Flux, top in
test data plots), and the second transducer was mounted on the right chamber wall; centered and
up 12 inches from the chamber floor (Figure 4, referenced as Flux, low side in test data plots).
Thermocouple and heat flux data were recorded with a Personal Daq2 data acquisition system at
a rate of 0.8 to 1 scan per second.

Figure 2.

Example Thermogage TG-1000 circular foil heat-flux transducer. The actual
transducers utilized by Exponent incorporated a flange for mounting.

1

Thermogage TG-1000-0 transducers, Serial numbers 7681 and 7682, Vatell Corporation, Christiansburg, VA.

2

Personal Daq, Model: 56, S/N: 248407, IO Tech, Inc., Cleveland, OH.
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Figure 3.

Interior ceiling of 64-cubic-foot chamber: 48-inch height thermocouple, upper
heat flux transducer, and previously used Halon nozzle (clockwise from upper
left).

Chamber Baseline Tests
Exponent previously ran multiple baseline tests on the 64-cubic-foot chamber while varying the
amount of vent area by completely or partially blocking some or all of the three 1-inch diameter
lower vents. Our baseline testing indicated that the 48-inch ceiling temperatures and upper heat
flux data replicated the published FAA results when all three 1-inch vents were open. In this
configuration, 50 mL of 1-propanol in a 5-inch pan would burn for approximately 3 minutes [4].
Prior to the testing described in this study, the 64-cubic-foot chamber was calibrated with the
propanol fire (no other test articles inside the chamber). Temperature and heat flux data were
recorded from all sensors, but only data from the 48-inch ceiling temperature and the upper heat
flux transducer were compared to the baseline data presented in the FAA report. Values were
comparable to the data in the FAA report.

Heating/Ignition Sources
During testing, systems were placed on a support grate elevated approximately 4 inches above
the floor of the chamber. The support grate was constructed of an angle iron frame and a steel
mesh grid (Figure 4). When used, the flame pan was located underneath the grate. For flame
attack testing, systems were oriented to result in maximum initial heating of the batteries (or
battery areas in tests of packaged systems without batteries). For cell initiation testing, systems
were oriented in the same direction as for flame attack testing to allow convenient comparison of
test results. Some preliminary testing of bare cells and packs were conducted on cinderblocks
instead of the metal grating.
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One of two different heating sources was used for all tests. Flame attack testing was conducted
for systems with and without batteries in as shipped packaging. A pool fire, as described in the
FAA report, was used as the source of heat for the flame attack testing. The pool fire was ignited
in a 5-in (D) × 2-in (H) circular aluminum pan containing 50 mL of 1-Propanol (propanol) fuel.
Cell initiation tests were also conducted. The test methodology adopted for these tests has been
previously developed by Exponent and it has been shown to be an effective way to remotely
induce thermal runaway in a cell within a battery, and study subsequent thermal runaway
propagation. Thermal runaway is defined as rapid self-heating of a cell caused by the release of
its stored energy. Thermal runaway in Li-ion cells usually results in cell venting, and in some
cases, ignition of vent gases. In the cell initiation technique, a Nichrome heating element is used
to locally heat, and initiate thermal runaway in a single cell within a battery. The battery is
prepared by cutting out a small section of the plastic case above a single cell (Figure 5).
Additional holes can be made to install thermocouples on neighboring cells. The Nichrome
heating element is fabricated to conform to an exposed surface of a single cell (Figure 6), and is
installed in the window of the battery (Figure 7). The outer face of the Nichrome heating
element is insulated to prevent melting of battery case material by the heater (Figure 8). The
battery is then reclosed around leads from the heater (Figure 9). The amount of current that must
be supplied to the heater to initiate reliable thermal runaway of the cell will vary depending upon
cell, battery, and heating element design, and can be determined using cell and battery testing,
prior to full system testing. Exponent conducted such tests on spare batteries from Manufacturer
A.
Heating any Li-ion cell above the melting point of its separator (approximately 320°F) will cause
the cell to undergo thermal runaway. However, if the cell is at a low SOC (approximately 50%),
cell case temperatures remain relatively low, and ignition of cell vent gases is unreliable: if vent
gases contact a competent ignition source such as the heater used in the technique described
above, the gases can ignite. At low SOC, the cell case itself will not reach a sufficiently high
temperature to cause ignition of vent gases. At 100% SOC, ignition of cell vent gases after
thermal runaway of a single cell is common, as cell case temperatures will exceed vent gas autoignition temperatures. Figure 10 through Figure 12 show the result of thermal initiation on a
single cell from Manufacturer A at 100% SOC. Vent gas ignition in combination with the
thermal runaway reaction results in measured cell skin temperatures of approximately 1,200°F.
Because the thermal initiation technique can reliably cause cell venting and ignition of vent gases
(at 100% SOC), it is a convenient experimental technique to use for cell failure simulation.
However, compared to an actual field failure, the thermal initiation technique used on cells at
100% SOC must be considered aggressive, as none of the cell’s internal energy is consumed in
initiating the reaction. In an actual internal cell fault or external short circuit failure, a cell’s
stored energy, will initially cause cell self-heating leading to thermal runaway, and thus the cell
will not be at 100% SOC once thermal runaway occurs.
For these experiments, systems were to be tested in as-shipped states of charge. However,
preliminary testing showed that conducting a cell initiation test on a cell inside a battery at
reduced SOC did not reliably result in flaming ignition or significant damage to the battery.
Figure 13 through Figure 16 show the results of cell initiation testing of a Manufacture A battery
at as-received SOC (approximately 50%). In Figure 16, the test data show that the thermally
initiated cell (Thermocouple 2) went into thermal runaway and achieved a skin temperature of
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approximately 800°F. However, surrounding cell temperatures did not exceed 200°F, and
chamber temperatures remained nominal indicating no ignition of cell vent gases.
In order to conduct a more aggressive test (increase the chances of thermal runaway propagation
within the battery and result in the maximum chance of ignition of surrounding packaging
materials), the cell thermal initiation technique was modified. The target-initiating cell was
clipped out of the battery, individually charged to 100% SOC, and then replaced into the pack
creating a pack at the as-received SOC with a single fully charged cell that would be thermally
initiated. Figure 17 through Figure 19 show the results of cell initiation testing of a
Manufacturer A battery at the as-received SOC (most often this will be approximately 50%
SOC), with the thermally initiated cell at 100% SOC. In Figure 19, the test data show that the
thermally initiated cell (Thermocouple 2) went into thermal runaway and achieved a skin
temperature of approximately 1,300°F. The chamber temperature increased, indicating ignition
of vent gases, and skin temperatures on surrounding cells increased consistent with thermal
runaway and exposure to the flames. All cell initiation testing on notebook computers packaged
for shipment was conducted in this manner, with initiation of a fully charged cell, surrounded by
cells in the as-received SOC. A Manufacturer A notebook computer with a battery prepared for
cell initiation testing is shown in Figure 20. The entire shipping package as prepared for testing
is shown in Figure 21.

Figure 4.

5-inch pan under the support grate; also, in view, the 12-inch thermocouple, two
of the three 1-inch diameter lower vents, and the heat flux transducer on the
lower RH wall.
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Figure 5.

Pack modification for cell initiation testing using a Nichrome heating element.
Pack is cut open to expose a single cell for heater installation, and points for
additional temperature monitoring.

Figure 6.

Nichrome heating element enclosed in Kapton tape, placed on a cell internal to a
pack prior to reclosing.
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Figure 7.

Pack modification for cell initiation testing using a Nichrome heating element.
Heating element and additional thermocouples have been installed.

Figure 8.

Pack modification for cell initiation testing using a Nichrome heating element.
Heating element is insulated on its outer face to prevent melting of the pack
exterior.
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Figure 9.

Pack modification for cell initiation testing using a Nichrome heating element.
Battery is reclosed.

Figure 10.

Manufacturer A cell, 100% SOC (4.18 V), before testing.
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Figure 11.

Manufacturer A cell, initially at 100% SOC (4.18 V), after testing.

Figure 12.

Manufacturer A 100% SOC cell, initiated with Nichrome heating element. 3A of
current supplied to a heating element resistance of 4.5 Ω (~ 40 W of power
supplied to heating element).
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Figure 13.

Manufacturer A pack prepared for cell initiation testing. Package at as-received
SOC (3.64 V per cell).

Figure 14.

Manufacturer A battery during cell initiation testing, battery was initially at asreceived SOC (3.64 V per cell). Battery vented but no flames were observed.
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Figure 15.

Manufacturer A modified battery after cell initiation testing at as-received voltage
(3.64 V per cell). Minimal thermal damage observed.

Figure 16.

Manufacturer A battery, cell initiation test data. Battery was at as-received
voltage (3.64 V per cell).
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Figure 17.

Manufacturer A modified battery with initiating cell at 100% SOC (4.13 V) and
other cells at as-received voltage (3.85 V per cell) prior to testing.

Figure 18.

Manufacturer A modified battery with initiating cell at 100% SOC (4.13 V) and
other cells at as-received voltage (3.85 V per cell) after testing. Note severe
thermal damage.
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Figure 19.

Manufacturer A battery with initiating cell at 100% SOC (4.13 V) and battery at
as-received voltage (3.85 V per cell) test data.

Figure 20.

Manufacturer A notebook with battery (contained in equipment) prepared for cell
initiation test.
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Figure 21.

Manufacturer A notebook in shipping package with battery (contained in
equipment) prepared for cell initiation test.
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Results
Flame attack and cell initiation testing was completed on five models of notebook computer
systems as packaged for shipment from three different manufacturers (Table 5). In one model,
cells were contained in equipment (the battery was installed in the notebook computer), while in
the other models, cells were packed with equipment (the battery was placed separately in the
package). Data plots from each test can be found in Appendix A. Photographic documentation
of the tests can be found in Appendices B through D. A detailed discussion of the results
follows.

Flame Attack Testing
Flame attack testing produced similar results for all the notebook computer models tested. Upon
ignition, the propanol fire first attacked and ignited the cardboard packaging of the notebook
computer. The propanol and packaging material burned for approximately five minutes, after
which flames self-extinguished due to lack of oxygen. Comparison of data (Figure 22 through
Figure 25) from systems burned with and without batteries showed that the initial flaming period
was effectively identical (within normally expected variation of fire tests) indicating that the
presence of the battery had no discernable effect during this time.
After the initial flames self-extinguished, the cardboard and other packaging materials continued
to smolder, but the chamber temperatures dropped and remained low for an extended time
period. If no re-ignition of the packaging materials occurred, damage to packages was generally
confined to the area adjacent to the initial propanol fire. The external packages were breached,
but not fully consumed (Figure 26).
The Manufacturer A packages (with and without batteries) did not re-ignite within the initial 30
minute test period, so a re-ignition was forced on both packages by opening the chamber,
refilling the pan with propanol and relighting the propanol (Relight Tests). For the package
containing a battery, the previous fire damage had exposed, but not caused venting of, the battery
cells. However, re-ignition of the propanol pool resulted in direct flame impingement on the
cells, and the cells vented shortly thereafter. Fire damage to both packages (with and without the
battery) was extensive after the Relight Test. Examination of peak temperatures and heat flux
rates (Figure 27) does not suggest that presence of the battery significantly increased the severity
of the fire. In fact, the test with no battery installed produced higher chamber temperatures and
heat flux values.
The Manufacturer B, System 1 package with an 8-cell battery did not re-ignite within
approximately 30 minutes. After this time, the chamber was opened and smoldering packaging
materials re-ignited, causing cell venting shortly thereafter. The Manufacturer B, System 2
package containing a battery re-ignited after approximately 27 minutes of testing, likely as the
result of oxygen ingress due to wind gusts. The Manufacturer C, System 1 package containing a
battery re-ignited after approximately 19 minutes of testing due to either oxygen ingress or cell
thermal runaway and venting. This package later self extinguished because of the limited
oxygen within the chamber. The Manufacturer C, System 1 package without a battery ignited

1000025.000 A0F0 0310 FREP

26

after the 30-minute test was completed and the chamber door was opened due to re-ignition of
smoldering packaging materials.

Cell Initiation Testing
Cell initiation testing of Manufacturer A and B models resulted in venting of the initiating cells
and propagation of cell thermal runaway to adjacent cells so that at least some of the neighboring
cells also vented. Smoke was observed exiting the package at discrete intervals, consistent with
sequential venting of cells. No flaming combustion was observed. Figure 28 through Figure 30
show that the initiating cell case temperatures (heavy green lines) increased to more than 700°F
during testing. Surrounding cell temperatures (thin green lines) also increased. Measured skin
temperature of at least one cell in each test exceeded 300°F, consistent with cell thermal runaway
propagation and venting. Note that thermocouples were not placed on all cells within a pack, so
not all cells were monitored for indications of thermal runaway. The chamber temperatures
(orange) and chamber heat-flux measurements remained constant. The packages were examined
at the end of the tests – damage was limited to packaging directly adjacent to the batteries.
Cell initiation testing of a Manufacturer C, System 2 package with cells at a reduced SOC
(approximately 50% SOC as received) resulted in venting of the initiating cell and propagation
of cell thermal runaway to adjacent cells, some of which also vented (Figure 31). Approximately
15 minutes after the first cell vented, some flaming was observed, indicated by a rise in chamber
temperature (orange lines) and heat flux (blue lines). The flaming combustion was a short
duration event, similar to the initial combustion period observed during flame attack testing, and
likely did not continue due to limited oxygen inside the chamber. The resulting damage to the
package was also similar to that observed after the initial flaming combustion period in the flame
attack tests: much of the package remained intact.
Cell initiation testing of a Manufacturer C, System 2 package with cells at approximately 100%
SOC (as received) also resulted in venting of the initiating cell and propagation of cell thermal
runaway to adjacent cells, some of which also vented (Figure 32). Approximately 3 minutes
after the first cell vented, some flaming was observed, indicated by a rise in chamber temperature
(orange lines) and heat flux (blue lines). Again, the flaming combustion was a short duration
event, similar to the initial combustion period observed in flame attack testing, and likely did not
continue due to limited oxygen within the chamber.
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Table 5.

Summary of notebook computer testing

Manufacturer

Manufacturer A

System

System
1

Battery
Configuration

Contained in
Equipment

System
1

Packed with
equipment

System
2

Packed with
equipment

System
1

Packed with
equipment

System
2

Packed with
equipment

Manufacturer B

Manufacturer C

Test Type
Flame attack with battery
Flame attack without battery
Relight of flame attack with
battery test
Relight of flame attack without
battery test
Cell initiation testing
Flame attack with battery
Flame attack without battery
Cell initiation testing
Flame attack with battery
Flame attack without battery
Cell initiation testing
Flame attack with battery
Flame attack without battery
Cell initiation testing
Repeat of cell initiation testing
100% SOC cells

* Assumed based on cells in other systems (box was not opened prior to testing)
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Number of
Battery
Cells
6
n/a
6

Cell
Voltage
(V)
3.6*

n/a
6
8
n/a
6
6
n/a
6
9
n/a
9
9

3.64
3.65
3.65
3.68
3.69
3.78
3.56
4.07

Figure 22.

Flame attack test data for Manufacturer A packages with and without a battery.
Temperature and heat flux data are effectively identical.
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Figure 23.

Flame attack test data for Manufacture B, System 1 packages with an 8-cell pack
and without a battery. Temperature and heat flux data are effectively identical
throughout the 30-minute test.
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Figure 24.

Flame attack test data for Manufacture B, System 2 packages with and without a
6-cell battery. Temperature and heat flux data are effectively identical until cells
vent approximately 27 minutes into the test.
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Figure 25.

Flame attack test data for Manufacturer C, System 1 packages with and without
a battery. Temperature and heat flux data are effectively identical until cells vent
approximately 19 minutes into the test.
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Figure 26.

Comparison of damage to Manufacturer A packages after initial flame attack
testing. Package with battery (contained in equipment) on left, package without
battery on right.
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Figure 27.

Relight test data for Manufacturer A on systems with and without a battery
(propanol fire restarted after initial fire attack testing). Note the higher chamber
temperatures and heat flux rates of the test without the battery.
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Figure 28.

Manufacturer A cell initiation test temperature and heat flux data and
photographs of system after testing. Note cell skin temperature thermocouples
(green) indicate cell thermal runaway which involves cell venting, but chamber
temperatures (orange) and heat flux measurements (blue) remain constant
indicating no flaming combustion.
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Figure 29.

Manufacturer B, System 1 cell initiation test temperature and heat flux data and
after testing photographs. Note cell skin temperature thermocouples (green)
indicate cell thermal runaway which involves cell venting, but chamber
temperatures (orange) and heat flux measurements (blue) remain constant
indicating no flaming combustion.
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Figure 30.

Manufacturer B, System 2 cell initiation test temperature and heat flux data and
after testing photographs. Note cell skin temperature thermocouples (green)
indicate cell thermal runaway which involves cell venting, but chamber
temperatures (orange) and heat flux measurements (blue) remain constant
indicating no flaming combustion.
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Figure 31.

Manufacturer C, System 2 (pack cells at ~ 3.6 V) cell initiation test temperature
and heat flux data and after testing photographs. Note cell skin temperature
thermocouples (green) indicate propagating cell thermal runaway, chamber
temperatures (orange) and heat flux measurements (blue) indicate flaming
combustion that self extinguishes. Only partial consumption of package
occurred.
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Figure 32.

Manufacturer C system (pack cells at ~ 4.1 V) cell initiation test temperature and
heat flux data and after testing photographs. Note cell skin temperature
thermocouples (green) indicate propagating cell thermal runaway, chamber
temperatures (orange) and heat flux measurements (blue) indicates flaming
combustion that self extinguishes. Only partial consumption of package
occurred.
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Conclusions
Exponent conducted heat release analyses and testing of Li-ion batteries “contained in” and
“packed with” equipment (UN3481): specifically, on notebook computer systems as packaged
for air shipment. Air shipment packages were analyzed to estimate the quantity of stored energy
that would be released by complete combustion of all components (packing materials, plastics,
notebook computer, and battery) and to compare the contribution of the battery to the heat
release expected from the entire package. Flame attack tests were conducted to compare the fire
behavior of packages containing batteries to those not containing batteries. Cell initiation testing
was conducted to assess the effect of a single cell internal fault occurring in a battery contained
in or packed with equipment. Test setups and procedures were similar to those described in the
FAA report [1].
Though the analysis and testing described in this report is not comprehensive and did not include
all types of consumer electronic device packages that may containing Li-ion batteries with
greater than 3.7 Watt-hr capacity, it does provide some insights into the expected behavior of
these devices as packed for shipping in two proposed aircraft cargo hold fire scenarios:
1. External flame attack from an unrelated fire in an enclosure with limited
airflow consistent with an aircraft cargo hold environment.
2. Cell thermal runaway internal to a battery contained in or packed with
equipment in an enclosure with limited airflow consistent with an aircraft
cargo hold environment.
Analysis of notebook computer packages indicates the chemical and electrical energy contained
in batteries is less than 10% of the total energy released if the entire package is burned (for the
specific packages examined, it was 6%-7% with fully charged battery packs, and 5%-6% with
packs at 50% SOC). Combustion of materials such as cardboard, paper, and plastic within the
package produce the bulk of the heat release.
During flame attack testing in a closed chamber, flames initially attack and ignite external
packaging materials (cardboard), and are likely to self extinguish due to limited airflow before
cells vent and go into thermal runaway. Cells may not vent for an extended subsequent period,
or may not vent at all, after the initial fire, depending on a variety of factors such as chamber
temperature, airflow conditions, battery location, cell design, and cell SOC. The shortest time to
cell venting observed in our testing (approximately 19 minutes) involved fire impinging on the
region directly adjacent to cells packed with equipment. Longer times to venting (or no cell
venting), are likely if the battery is contained in equipment, or flames do not directly impinge
upon the area of the battery.
Flame attack testing on systems with and without batteries showed temperature and heat flux
values from the initial flaming period were effectively identical (within normally expected
variation of fire tests). This indicates that the presence of the battery had no discernable effect
on the overall heat release during this time. Subsequent cell thermal runaway and venting (after
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the initial period), if it occurs, can produce hot spots that cause re-ignition of combustibles, if
sufficient air can enter the enclosure to sustain flaming combustion. However, under these
conditions, normal, smoldering combustibles in packages without batteries can also re-ignite.
Cell initiation testing showed that spontaneous cell thermal runaway (due to an external short
circuit or internal cell fault) of cells within equipment packages, will produce smoke and soot,
but with cells at a reduced state of charge, flaming combustion is unlikely to occur due to limited
oxygen in a closed environment. If cells are near 100% SOC, ignition of vent gases becomes
more likely. However, even when flaming combustion is initiated, testing has shown that the
resulting fire is a short duration and relatively low intensity event, and the fire self-extinguishes
due to limited oxygen in the chamber.
A wide variety of consumer devices are shipped with Li-ion batteries contained in or packed
with the equipment. Shippable packages of consumer products such as power tools, cell phones,
and DVD players that include Li-ion batteries contained in or packed with equipment are similar
to those used to ship notebook computers. A shippable package containing any of these items
usually includes a sufficiently large and sturdy cardboard box to enclose and protect the device
itself from damage, associated accessories, user manuals, inner packaging materials, and
cushioning materials (packing peanuts, Styrofoam, paper, bubble wrap, etc). The size and
quantity of packaging materials will roughly scale with the size of the device and its battery: a
small smart-phone package will contain a small battery likely consisting of a small single cell,
while a larger power tool package will likely contain a larger multi-cell battery. The exact ratio
of energy contained in the battery (electrical and chemical) to the total heat release expected
from the entire package upon combustion will vary. However that ratio it is likely to be low
since the majority of heat release is expected to be produced by combustion of packaging
materials. From a fire performance perspective, external flame attack will always result in attack
of packaging before the battery is compromised, and initial fire behavior will not be significantly
affected by the battery.
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Appendix A Test Data
Calibration

A-1
Figure A1.

Calibration test data.
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Flame Attack

A-2
Figure A2.

Manufacturer A with battery, flame attack (FAA) test data.
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A-3
Figure A3.

Manufacturer A without battery, flame attack (FAA) test data.
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A-4
Figure A4.

Manufacturer B, System 1 with battery, flame attack (FAA) test data (chamber was opened at 30 minutes allowing air
ingress and ignition of materials).
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A-5
Figure A5.

Manufacturer B, System 1 without battery, flame attack (FAA) test data.
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A-6
Figure A6.

Manufacturer B, System 2 with battery, flame attack (FAA) test data.
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A-7
Figure A7.

Manufacturer B, System 2 without battery, flame attack (FAA) test data.

1000025.000 A0F0 0310 FREP

A-8
Figure A8.

Manufacturer C, System 1 with battery, flame attack (FAA) test data.
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A-9
Figure A9.

Manufacturer C, System 1 without battery, flame attack (FAA) test data.
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A-10
Figure A10.

Manufacturer A with battery, relight flame attack (FAA) test data.
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A-11
Figure A11.

Manufacturer A without battery, relight flame attack (FAA) test data.
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Cell Initiation

A-12
Figure A12.

Manufacturer A, cell initiation test of a single cell at 100% SOC.
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A-13
Figure A13.

Manufacturer A battery in as-received SOC, cell initiation test data.

1000025.000 A0F0 0310 FREP

A-14
Figure A14.

Manufacturer A battery with one cell at 100% SOC and other cells at as-received SOC, cell initiation test data.
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A-15
Figure A15.

Manufacturer A, cell initiation test data.
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A-16
Figure A16.

Manufacturer B, System 1, cell initiation test data.
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A-17
Figure A17.

Manufacturer B, System 2, cell initiation test data.
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A-18
Figure A18.

Manufacturer C, System 2, cell initiation test data, battery cells at ~ 3.6 V.
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A-19
Figure A19.

Manufacturer C, System 2, cell initiation test data, battery cells at ~ 4.1 V (100% SOC).
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Appendix B Manufacturer A Images

Figure B1.

Manufacturer A, cell at 100% SOC (4.18 V), before testing.

Figure B2.

Manufacturer A, cell initially at 100% SOC (4.18 V) after testing.
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B-1

Figure B3.

Manufacturer A battery, at as-received SOC (3.64 V per cell), before cell initiation
testing.

Figure B4.

Manufacturer A battery, originally at as-received SOC (3.64 V per cell) during
testing.
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B-2

Figure B5.

Manufacturer A battery, initially at as-received voltage (3.64 V per cell), after
testing

Figure B6.

Manufacturer A battery with initiating cell at 100% SOC (4.13 V) and pack at asreceived voltage (3.85 V per cell) prepared for testing.
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B-3

Figure B7.

Manufacturer A battery after testing.

Figure B8.

Manufacturer A packaging.
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B-4

Figure B9.

Manufacturer A packaging, details.

Figure B10.

Manufacturer A battery placement – contained in equipment.
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B-5

Figure B11.

Manufacturer A flame attack test with battery at as-received SOC (3.6 V), before
testing.

Figure B12.

Manufacturer A flame attack test with battery at as-received SOC (3.6 V), after
testing.
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B-6

Figure B13.

Manufacturer A flame attack test with battery at as-received SOC (3.6 V), after
testing with cells exposed, but apparently unvented.

Figure B14.

Manufacturer A flame attack test without battery, before testing.
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B-7

Figure B15.

Manufacturer A flame attack test without battery, after testing.

Figure B16.

Manufacturer A flame attack test with battery relight at as-received SOC (3.6 V),
after testing.

1000025.000 A0F0 0310 FREP

B-8

Figure B17.

Manufacturer A flame attack test without battery relight, after testing.

Figure B18.

Manufacturer A cell initiation test preparation.
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B-9

Figure B19.

Manufacturer A cell initiation test preparation.

Figure B20.

Manufacturer A cell initiation test preparation.
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B-10

Figure B21.

Manufacturer A cell initiation test preparation.

Figure B22.

Manufacturer A cell initiation test, before testing.
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B-11

Figure B23.

Manufacturer A cell initiation test, after testing.

Figure B24.

Manufacturer A cell initiation test, after testing.
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B-12

Figure B25.

Manufacturer A cell initiation test, after testing.

Figure B26.

Manufacturer A cell initiation test, after testing.
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B-13

Figure B27.

Manufacturer A cell initiation test, after testing.

Figure B28.

Manufacturer A cell initiation test, after testing.
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B-14
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Figure C1.

Manufacturer B, System 1 battery packaging.

Figure C2.

Manufacturer B, System 1 packaging, battery packed with equipment.
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C-1

Figure C3.

Manufacturer B, System 1 flame attack test with battery, before testing.

Figure C4.

Manufacturer B, System 1 flame attack test with battery after testing.
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C-2

Figure C5.

Figure C6.

Manufacturer B, System 1 flame attack test without battery, before testing.

Manufacturer B, System 1 flame attack test without battery, after testing.
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C-3

Figure C7.

Manufacturer B, System 1 flame attack test without battery, after testing.

Figure C8.

Manufacturer B, System 1 cell initiation test, before testing.
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C-4

Figure C9.

Manufacturer B, System 1 cell initiation test, after testing.

Figure C10.

Manufacturer B, System 1 cell initiation test, after testing.
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C-5

Figure C11.

Manufacturer B, System 1 cell initiation test, after testing.

Figure C12.

Manufacturer B, System 1 cell initiation test, after testing.
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C-6

Figure C13.

Manufacturer B, System 2 packaging.

Figure C14.

Manufacturer B System 2 packaging.

1000025.000 A0F0 0310 FREP

C-7

Figure C15.

Manufacturer B System 2 packaging, battery packed with equipment.

Figure C16.

Manufacturer B System 2 flame attack test with battery, before testing.
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C-8

Figure C17.

Manufacturer B System 2 flame attack test with battery, during test.

Figure C18.

Manufacturer B System 2 flame attack test with battery, after testing.
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C-9

Figure C19.

Manufacturer B System 2 flame attack test with battery, after testing.

Figure C20.

Manufacturer B System 2 flame attack test without battery, before testing.
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C-10

Figure C21.

Manufacturer B System 2 flame attack test without battery, after testing.

Figure C22.

Manufacturer B System 2 cell initiation test, before testing.
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C-11

Figure C23.

Manufacturer B System 2 cell initiation test, after testing.

Figure C24.

Manufacturer B System 2 cell initiation test, after testing.
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C-12

Figure C25.

Manufacturer B System 2 cell initiation test, after testing.

Figure C26.

Manufacturer B System 2 cell initiation test, after testing.
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C-13

Figure C27.

Manufacturer B System 2 cell initiation test, after testing: internal box damage.

Figure C28.

Manufacturer B System 2 cell initiation test, after testing: pack damage.
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C-14

Figure C29.

Manufacturer B System 2 cell initiation test, after testing: system damage.
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C-15
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Figure D1.

Manufacturer C packaging.

Figure D2.

Manufacturer C flame attack test with battery, before testing.
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D-1

Figure D3.

Manufacturer C flame attack test with battery, after testing.

Figure D4.

Manufacturer C flame attack test with battery, after testing with exposed cells.
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D-2

Figure D5.

Manufacturer C flame attack test with battery, after testing with vented cells.

Figure D6.

Manufacturer C flame attack test without battery, before testing.

1000025.000 A0F0 0310 FREP

D-3

Figure D7.

Manufacturer C battery prepared for cell initiation testing.

Figure D8.

Manufacturer C battery placement, battery packed with equipment.
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D-4

Figure D9.

Manufacturer C battery placement.

Figure D10.

Manufacturer C cell initiation test, before testing.

1000025.000 A0F0 0310 FREP

D-5

Figure D11.

Manufacturer C cell initiation test, after testing.

Figure D12.

Manufacturer C cell initiation test with cells at 100% SOC, before testing.
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D-6

Figure D13.

Manufacturer C cell initiation test with cells at 100% SOC, after testing.
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D-7

