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AUTOMATICALLY GENERATING
FIRE-FIGHTING FOAMS TO COMBAT
LI-ION BATTERY FAILURES

TECHNICAL FIELD

[0001] The present invention relates generally to the field
of fire-fighting equipment and, more particularly, to auto-
matically generating fire-fighting foam to combat Li-ion
battery failures.

BACKGROUND

[0002] Lithium-ion (Li-ion) batteries are an advantageous
energy storage medium because they are rechargeable and
generally have high energy density and high power density.
Li-ion batteries are commonly found in hand-held electronic
devices, such as smartphones, tablets, laptops, power tools,
and various other types of electronic devices. Electric
vehicles also represent a significant use of Li-ion batteries.
Generally, a Li-ion battery includes a carbon-based elec-
trode, a metal-oxide electrode, and a lithium salt that is
dissolved in an organic solvent as an electrolyte.

[0003] Li-ion batteries are likely to fail via thermal run-
away if short-circuited, overheated, or overcharged. Short-
circuiting, for example, can occur via dendritic growth
between the electrodes or mechanical deformation that
brings the electrodes into physical contact. Thermal run-
away can rupture Li-ion battery cells and result in fire and/or
an explosion. Fire is a significant concern in that many of the
organic solvents used in the electrolytic solution are flam-
mable, metal-oxide electrodes can decompose and produce
oxygen at high temperatures, and any deposits of metallic
lithium will burn in the presence of oxygen and/or water.
Concerns over the safety of transporting Li-ion batteries has
led to their regulation.

SUMMARY

[0004] According to one embodiment of the present inven-
tion, an apparatus for automatically generating a fire-fight-
ing foam at elevated temperatures is provided. The apparatus
comprising: a container sized to hold at least one battery;
water stored within the container; and one or more cartridges
stored within the container, the one or more cartridges made,
at least in part, of a temperature-dependent breakdown
material and containing a foaming agent, wherein heat
generated by a failing battery is sufficient to cause the
temperature-dependent breakdown material to fail such that
the foaming agent is released from at least one cartridge to
mix with the water stored within the container.

[0005] According to another embodiment of the present
invention, an apparatus for automatically generating fire-
fighting foams at elevated temperatures. The apparatus com-
prising: a flexible and resealable container sized to hold at
least one battery and having a removable top portion; water
stored within the container; and one or more cartridges
stored within the container and in contact, at least in part,
with the water, the one or more cartridges made, at least in
part, of a temperature-dependent breakdown material and
containing a foaming agent, wherein heat generated by a
failing battery is sufficient to cause the temperature-depen-
dent breakdown material to fail such that the foaming agent
is released to mix with the water stored within the container.
[0006] According to another embodiment of the present
invention, an apparatus for automatically applying fire-
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fighting foams at elevated temperatures is provided. The
apparatus comprising: a pressure vessel; a nozzle having an
interior throat surface that is attached to the pressure vessel;
and an obturator made, at least in part, of a temperature-
dependent breakdown material, wherein the obturator abuts,
at least in part, the interior throat surface of the nozzle and
obstructs the nozzle such that contents of the pressure vessel
cannot pass through nozzle below a threshold temperature.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1A is a functional block diagram illustrating
a system for automatically generating a fire-fighting foam
utilizing an explosive foam generator, in accordance with an
embodiment of the present invention.

[0008] FIG. 1B is a cross-sectional schematic diagram of
an explosive foam applicator, in accordance with an embodi-
ment of the present invention.

[0009] FIG. 2 is a cross-sectional schematic diagram of a
Li-ion battery shipping container that is equipped with a
plurality of instances of the explosive foam applicator
depicted in FIG. 1B, in accordance with an embodiment of
the present inventions.

[0010] FIG. 3A is a cross-sectional schematic diagram of
a pressurized foam applicator, in accordance with an
embodiment of the present invention.

[0011] FIG. 3B is a cross-sectional schematic diagram
showing a more detailed view of the obturated aspirating
nozzle and obturator depicted in FIG. 3A, in accordance
with an embodiment of the present invention.

[0012] FIG. 4 is a cross-sectional schematic diagram of a
Li-ion battery shipping container that is equipped with a
plurality of instances of the pressurized foam applicator
depicted in FIG. 3A, in accordance with an embodiment of
the present inventions.

[0013] FIG. 5A is a perspective view of a schematic
diagram of a Li-ion battery travel case, in accordance with
an embodiment of the present disclosure.

[0014] FIG. 5B is an opposing perspective view of the
schematic diagram of the Li-ion battery travel case depicted
in FIG. 5A, in accordance with an embodiment of the
present disclosure.

[0015] FIG. 5C is a perspective view of the schematic
diagram of the Li-ion battery travel case depicted in FIG. 5A
showing a top-down view of the bottom compartment of the
Li-ion battery travel case, in accordance with an embodi-
ment of the present invention.

[0016] FIG. 5D is a cross-sectional view of the schematic
diagram of the Li-ion battery travel case depicted in FIG. 5A
along line A-A, as depicted in FIG. 5C, in accordance with
an embodiment of the present invention.

[0017] FIG. 5E is a cross-sectional schematic diagram on
an embodiment of the Li-ion battery travel case depicted in
FIGS. 5A and 5B, in accordance with an embodiment of the
present invention.

[0018] FIG. 5F is a perspective view of the schematic
diagram of the Li-ion battery travel case depicted in FIG. 5E
showing a bottom-up view of the top compartment of the
Li-ion battery travel case along line B-B, as depicted in FIG.
5E, in accordance with an embodiment of the present
invention.

[0019] FIG. 5G is a cross-sectional schematic diagram on
the embodiment of the Li-ion battery travel case depicted in
FIG. 5E depicting the Li-ion battery travel case following
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generation of a fire-fighting foam, in accordance with an
embodiment of the present invention.

[0020] FIG. 6A FIG. 6A is a schematic diagram depicting
a view of a single-use containment pouch, in accordance
with an embodiment of the present invention.

[0021] FIG. 6B is a cross-sectional view of the schematic
diagram of single-use containment pouch depicted in FIG.
6A along line C-C, as depicted in FIG. 6A, in accordance
with an embodiment of the present invention.

[0022] FIG. 6C is a cross-sectional view of the schematic
diagram of the single-use containment pouch depicted in
FIGS. 6 A and 6B along line D-D, as depicted in FIG. 6B, in
accordance with an embodiment of the present invention.
[0023] FIG. 6D is the cross-sectional view of the sche-
matic diagram of the single-use containment pouch depicted
in FIG. 6C showing a tear top of the single-use containment
pouch in a partially torn position, in accordance with an
embodiment of the present invention.

[0024] FIG. 6E is the cross-sectional view of the sche-
matic diagram of the single-use containment pouch depicted
in FIG. 6D showing a battery within the resealed single-use
containment pouch in accordance with an embodiment of
the present invention.

[0025] FIG. 6F is the cross-sectional view of the sche-
matic diagram of the single-use containment pouch depicted
in FIG. 6E showing a ruptured foaming agent cartridge and
a fire-fighting foam coating the battery within the resealed
single-use containment pouch in accordance with an
embodiment of the present invention.

[0026] FIG. 7A is a cross-sectional view of a schematic
diagram depicting a view of a single-use containment pouch,
in accordance with an embodiment of the present invention.
[0027] FIG. 7B is a cross-sectional view of the schematic
diagram of the single-use containment pouch depicted in
FIG. 7A along line E-E, as depicted in FIG. 7A, in accor-
dance with an embodiment of the present invention.
[0028] FIG. 7C is the cross-sectional view of the sche-
matic diagram of the single-use containment pouch depicted
in FIG. 7B showing a tear top of the single-use containment
pouch in a torn position and a release of foaming agent and
inert gas, in accordance with an embodiment of the present
invention.

DETAILED DESCRIPTION

[0029] Embodiments of the present invention recognize
that lithium-containing batteries are a growing and increas-
ingly indispensable form of electrical energy storage and
that the transportation of which presents significant engi-
neering challenges. The high energy and power density and
low weight of these batteries make them attractive power
sources for ground vehicles, seafaring ships and boats,
aircraft, and spacecraft. Additionally, these batteries are
ubiquitous in the form of power sources for portable elec-
tronic devices that are carried by the crew and passengers of
such vehicles and/or as cargo carried by such vehicles.
While generally safe, the high energy density of lithium-
containing batteries can threaten the structural integrity of
such vehicles and the wellbeing of any passengers or crew
when one or more batteries fail. Failing Li-ion batteries can
generate temperatures up to 500 degrees Celsius. For
example, embodiments of the present invention recognize
that a fire resulting from a battery failure aboard an aircraft
or spacecraft can quickly degrade a craft’s structural integ-
rity and consequently its airworthiness and/or space-worthi-
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ness, and therefore, such fires must be suppressed and/or
contained as quickly as possible.

[0030] Additionally, embodiments of the present inven-
tion recognize that applying a fire-fighting foam to failing
and/or burning batteries can moderate thermal runaway by
extracting heat from failing components and/or suppress or
prevent further combustion by removing heat from combus-
tible components and starving combustible components of
oxygen. In relatively small, enclosed spaces, such as the
cabin, crew quarters, or cargo hold of an aircraft or space-
craft, it is also advantageous to contain fire and heat gen-
erated by battery failures as quickly as possible and to the
maximum extent possible to minimize the exposure of
passengers and/or crew to smoke and other combustion
products in addition to protecting the structural integrity of
the craft. On the other hand, embodiments of the present
invention recognize that it is advantageous to reduce the
likelihood of inadvertently triggering a suppression/contain-
ment system. Furthermore, providing a simple yet effective
suppression/containment system can minimize costs and
foster adoption of equipment and procedures for combating
Li-ion battery failures.

[0031] Embodiments of the present invention respectively
provide devices and systems for automatically generating
fire-fighting foams utilizing automatic triggering mecha-
nisms. While embodiments of the present invention are
discussed with respect to combating failing Li-ion batteries,
the invention described herein is not to be construed as
limited thereto. Embodiments of the invention can be uti-
lized to combat other forms of exothermic reactions that
generate sufficient heat to activate the triggering mecha-
nisms described herein. It is to be further understood that
these embodiments are described only for the purpose of
illustration and to help those skilled in the art to understand
and implement the present invention, without suggesting
any limitation as to the scope of the invention. The invention
described herein can be implemented in various manners
other than the ones explicitly described herein.

[0032] As used herein, a list of alternatives such as “at
least one of A, B, and C” should be interpreted to mean “at
least one A, at least one B, at least one C, or any combination
of A, B, and C.”

[0033] Additionally, the phrase “based on” should be
interpreted to mean “based, at least in part, on.”

[0034] The term “exemplary” means of or relating to an
example and should not be construed to indicate that any
particular embodiment is preferred relative to any other
embodiment.

[0035] Embodiments of the present invention will now be
described in detail with reference to the Figures.

[0036] FIG. 1A is a functional block diagram illustrating
a system for automatically generating a fire-fighting foam
utilizing an explosive foam generator, in accordance with an
embodiment of the present invention. More specifically,
FIG. 1 is a functional block diagram illustrating explosively-
driven foam application system 100. Explosively-driven
foam application system 100 includes battery heat source
105, thermoelectric generator 110, detonator circuit 120, and
explosive foam applicator 130. Battery heat source 105 is in
thermal contact with hot surface 112 of thermoelectric
generator 110. Thermoelectric generator 110 is electrically
connected to detonator circuit 120, and detonator circuit 120
is communicatively and/or electrically connected to explo-
sive foam applicator 130 such that detonator circuit 120 can
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send a signal to explosive foam applicator 130 that causes,
at least in part, a detonation of a propelling charge of
explosive foam applicator 130. Explosive foam applicator
130 is described in greater detail with respect to FIG. 1B.

[0037] In various embodiments, battery heat source 105
represents one or more Li-ion batteries. In other embodi-
ments, however, battery heat source 105 represents one or
more batteries of a different chemical makeup (e.g., nickel-
metal hydride batteries, nickel-zinc batteries, etc.). In yet
other embodiments, battery heat source 105 represents
another type of energy source, such as a fuel cell. In general,
battery heat source 105 represents a source of heat that is
sufficient, if not suppressed or eliminated, to cause, or have
the potential to cause, combustion of the heat source and/or
surrounding materials and/or produces sufficient heat to
compromise, or have the potential to compromise, the
structural integrity of surrounding structures (e.g., the air-
frame of an aircraft or spacecraft or hull of a boat or ship).

[0038] Thermoelectric generator 110 represents a device
that converts heat from battery heat source 105 into elec-
tricity used to drive detonator circuit 120. In some embodi-
ments, for example, thermoelectric generator 110 is a solid-
state generator in which an array of alternating p-doped and
n-doped elements of one or more semiconductors are elec-
trically connected in series and thermally connected in
parallel such that the array is defined, at least in part, by two
large, planar parallel surfaces. Hot surface 112 represents
one such surface, and cold surface 114 represents another,
opposed surface. Hot surface 112 is in thermal contact with
battery heat source 105 such that heat from battery heat
source 105 flows into thermoelectric generator 110 via hot
surface 112 and is removed from thermoelectric generator
110 via cold surface 114. A difference in temperature
between hot surface 112 and cold surface 114 causes an
electrical current to flow in the thermoelectric materials due
to the Seebeck effect, as will be understood by persons
having ordinary skill in the art.

[0039] Thermoelectric generator 110 can incorporate vari-
ous thermoelectric materials and various dopants as func-
tional materials between hot surface 112 and cold surface
114 (e.g., bismuth telluride and/or lead telluride). Persons
having ordinary skill in the art will further understand that
many thermoelectric materials exist and that these materials
have various properties with respect to electrical conductiv-
ity, thermal conductivity, and Seebeck coefficient, amongst
others, that can affect a thermoelectric generator’s power
factor, efficiency, and operating temperature range. Embodi-
ments of the present invention recognize that it is advanta-
geous to optimize thermoelectric generator 110 via thermo-
electric material selection such that thermoelectric generator
110 is optimized to generate a current between a threshold
hot-surface temperature (i.e., a threshold temperature of
battery heat source 105) and a trigger temperature (i.e., a
temperature at which detonator circuit 120 triggers a pro-
pelling charge). Similarly, embodiments of the present
invention recognize that it is advantageous to optimize
thermoelectric generator 110 via thermoelectric generator
design, and therefore, in addition to embodiments that utilize
single-stage thermoelectric generators, various embodi-
ments of the present invention utilize segmented thermo-
electric generator designs and/or cascaded thermoelectric
generator designs to optimize thermoelectric generator 110
for an operating temperature range and/or trigger tempera-
ture. Some embodiments of the present invention utilize a
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cascaded lead telluride/bismuth telluride design for thermo-
electric generator 110 to optimize thermoelectric generator
110 for operation (i.e., to provide an electric current to
detonator circuit 120) between approximately 200 degrees
Celsius and approximately 360 degrees Celsius (392 to 680
degrees Fahrenheit).

[0040] Embodiments of the present invention recognize
that thermoelectric generators are advantageous in that they
are generally mechanical simple due to a lack of moving
parts and are more reliable than more mechanically complex
types of electric generators. The present invention, however,
is not be construed as being limited to the use of thermo-
electric generators. For example, another form of heat
engine, such as a stirling-cycle engine, can be used to
provide electrical power to detonator circuit 120). In addi-
tion, explosively-driven foam application system 100, in
various embodiments, can be integrated with a power sys-
tem of a host vehicle or container. In, yet other embodi-
ments, explosively-driven foam application system 100 can
utilize, as a primary and/or secondary power source, an
independent power supply (e.g., a back-up battery) that does
not depend on battery heat source 105 and/or a power system
of'a host vehicle or container to provide an electrical current.
Similarly, various embodiments of the present invention can
utilize an independent measurement of the temperature of
battery heat source 105 (e.g., a thermocouple temperature
sensor) as a primary or secondary (i.e., a backup) tempera-
ture sensor.

[0041] Detonator circuit 120 represents one or more elec-
trical devices that detonates a propelling charge of explosive
foam applicator 130 based on heat generated by battery heat
source 105. For example, thermoelectric generator 110 can
power detonator circuit 120 utilizing heat generated by
battery heat source 105 and detonator circuit 120. Persons
having ordinary skill in the art will understand that thermo-
electric generators can produce a current having a tempera-
ture-dependent voltage from a temperature differential, such
as the temperature differential between hot surface 112 and
cold surface 114. Therefore, detonator circuit 120 can infer
the temperature at hot surface 112, and thus the temperature
of battery heat source 105, based, at least in part, on the
voltage of the current generated by thermoelectric generator
110. In the embodiment depicted in FIG. 1A, detonator
circuit 120 incorporates a voltmeter, ammeter, multimeter,
or another instrument for measuring electrical properties
from which the temperature at hot surface 112 can be
inferred. Detonator circuit 120 also stores and executes logic
to determine the temperature at hot surface 112 and to
detonate the propelling charge of explosive foam applicator
130 at a specified threshold temperature of hot surface 112
(e.g., a temperature or range of temperatures between
approximately 150 degrees Celsius and 250 degrees Cel-
sius), as described herein.

[0042] To more accurately determine the temperature of
battery heat source 105, some embodiments of detonator
circuit incorporate one or more temperature sensors (e.g.,
one or more thermocouples) to measure an ambient tem-
perature around explosive foam applicator 130 in order to
advantageously compensate for heat within the ambient
environment that is not reflected in the temperature differ-
ential across hot surface 112 and cold surface 114. In other
embodiments, detonator circuit 120 incorporates logic that
represents assumptions about the temperature of the ambient
environment based, for example, on the temperature differ-
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ential across hot surface 112 and cold surface 114, the
lengths of periods of time corresponding to various tem-
perature differentials across hot surface 112 and cold surface
114, and various other factors relating to the production and
dissipation of heat within the ambient environment.

[0043] In various embodiments, detonator circuit 120 rep-
resents processor(s), cache(s), memories, persistent storage,
input/output (I/O) interface(s), and a bus for passing data
and/or control information between the aforementioned
components. Memory, cache(s), and persistent storage
incorporated in detonator circuit 120 are computer readable
storage media and can include any suitable volatile or
non-volatile computer readable storage media. Program
instructions and data used to practice embodiments of the
present invention can be stored in persistent storage and/or
in memory for execution by one or more processor via
respective cache(s). In some embodiments, for example,
detonator circuit 120 represents a microcontroller that can be
incorporated into thermoelectric generator 110 or explosive
foam applicator 130 and that is programmed with firmware
that provides the functionality attributed to detonator circuit
120. Logic to provide the functionality attributed to deto-
nator circuit 120 can also be provided via program instruc-
tions stored on removable storage media, such as optical and
magnetic disks, thumb drives, and smart cards, or provided
via wired or wireless connection and respective hardware
and communication protocols, which may facilitate modi-
fication of the logic (e.g., to reprogram detonator circuit 120
to detonate the propelling charge at a different trigger
temperature). In other embodiments, detonator circuit 120
represents an electronic device that is discrete from thermo-
electric generator 110 and explosive foam applicator 130. In
some embodiments, for example, detonator circuit 120
includes, or is incorporated into, a display for presenting
information, including the temperature at hot surface 112
and/or whether or not detonator circuit 120 has detonated
explosive foam applicator 130, and is provided with /O
interface(s) for arming/disarming detonator circuit 120 and/
or setting the temperature at which detonator circuit 120
detonates the propelling charge of explosive foam applicator
130. Detonator circuit 120 can, in various embodiments,
transmit information such information and accept such
inputs via various wired and wireless communication pro-
tocols know in the art.

[0044] FIG. 1B is a cross-sectional schematic diagram of
an explosive foam applicator, in accordance with an embodi-
ment of the present invention. More specifically, FIG. 1B
depicts an embodiment of explosive foam applicator 130 in
which two-component foam cartridge 140 and propelling
charge 136 reside within an interior of chamber 132 and
aspirating nozzle 134 is in communication with the interior
of chamber 132. Explosive foam applicator 130 and its
components are drawn so as to facilitate explanation of
various aspects of the embodiments of the present inventions
and are not necessarily drawn to scale. Persons of ordinary
skill in the art will understand that two-component foam
cartridge 140 can be sized so as to produce a specified
amount of fire-fighting foam and that chamber 132, aspirat-
ing nozzle 134, and propelling charge 136 should be sized to
generate and contain pressure that is sufficient to substan-
tially rupture two-component foam cartridge 140 and apply,
via aspirating nozzle 134, a resulting fire-fighting foam to
failing batteries (e.g., battery heat source 105).
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[0045] Inthe embodiment, depicted in FIG. 1B, propelling
charge 136 represents a chemical propellant that is triggered
(e.g., detonates and/or burns) when detonator circuit 120
activates trigger mechanism 137. A first portion of trigger
mechanism 137 can be located in the interior of chamber 132
and include elements for detonating or igniting propelling
charge 136, and a second portion of trigger mechanism can
pass through the wall of chamber 132 to receive signals from
detonator circuit 120. Trigger mechanism 137 can, for
example, represent a spark-gap igniter or an electrically
resistive igniter. In some embodiments, detonator circuit 120
and/or trigger mechanism 137 include elements to step-up
the voltage and/or current generated by thermoelectric gen-
erator 110 to activate trigger mechanism 137 and detonate or
ignite propelling charge 136 (e.g., a spark igniter may
require a higher voltage and a resistive igniter may require
a higher current than that provided by thermoelectric gen-
erator 110). Sodium azide and nitroguanidine are two
examples chemical propellants. Sodium azide and
nitroguanidine respectively decompose at approximately
275 degrees Celsius and approximately 250 degrees Celsius.
These and similar compounds are advantageous in that they
provide safety and redundancy in that they are not flam-
mable but detonate (i.e., decompose) at relatively low tem-
peratures in the event that detonator circuit 120 and/or
thermoelectric generator 110 fail to function correctly,
which may advantageously apply the fire-fighting foam
before the effects of thermal runaway/combustion become
unmanageable. Embodiments of the present invention, how-
ever, are not limited to such chemical propellants. In other
embodiments propelling charge 136 represent a quantity of
compressed gas within a pressure vessel and trigger mecha-
nism 137 represents an actuator-controlled valve, rupturing
charge, or another release mechanism that detonator circuit
120 can activate to release the pressurized gas when appro-
priate.

[0046] Two-component foam cartridge 140 is a multi-
cellular structure that contains a two-component fire-fight-
ing foam. Persons having ordinary skill in the art will
understand the fire-fighting foams are generally aqueous
foams made up of water, a surfactant, and various additives
to help stabilize the foam in the presence of combustion
products, combustion reactants, and various environmental
factors. Persons having ordinary skill in the art will further
understand that specific surfactants and additives are chosen
based on factors including sources of likely fires and the
environments in which fires are expected. With respect to
Li-ion battery fires, for example, it is advantageous to utilize
surfactants and additives that are resistant to the polar
solvents that Li-ion batteries typically contain. Specific
surfactants and additives used in various embodiments of the
present invention can be similarly chosen. Exemplary sur-
factants include sodium dodecylbenzene sulfonate, magne-
sium dodecylbenzene sulfonate, sodium lauryl sulfate, mag-
nesium lauryl sulfate, ammonium lauryl ether sulfate, and
magnesium lauryl ether sulfate, amongst others. Similarly,
concentrations of water, surfactants, and additives can be
chosen based on various usage and environmental factors.
Exemplary fire-fighting foam compositions (i.e., ratios of
the contents of two-component foam cartridge 140) include
foams of approximately 50 to approximately 60 weight
percent water, approximately 35 weight percent surfactant,
and approximately 5 to approximately 15 weight percent
additives. Embodiments of the present invention, however,
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are not to be construed as being limited to the use of only
these surfactants and compositions. As-used herein, a “two-
component foam” refers to a foam having water as a first
component and a “foaming agent” as a second component.
In various embodiments the “foaming agent” represents one
or more surfactants and any additional additives, but does
not exclude the possibly that additional additives are dis-
solved or suspended in the water component.

[0047] Two-component foam cartridge 140 includes aque-
ous cells 142 and foaming agent cells 144. Two-component
foam cartridge 140 can include a different number of aque-
ous cells 142 and foaming agent cells 144 and can have a
different arrangement of cells without departing from the
scope of the present invention. Various additives can be
dissolved in water contained within aqueous cells 142 and/or
mixed with one or more surfactants in foaming agent cells
144. Two-component foam cartridge 140 is made of a
material that is substantially impermeable to water (e.g.,
polyethylene, polypropylene, and various other polymers)
and constructed such that aqueous cells 142 and foaming
agent cells 144 will rupture, causing water and surfactants
and additives contained therein to mix, in response to the
detonation of propelling charge 136. It is advantageous that
two-component foam cartridge 140 be designed such that as
many of aqueous cells 142 and foaming agent cells 144
rupture as possible in response to the expansion of propel-
ling charge 136 upon detonation and/or ignition of propel-
ling charge 136. Persons of ordinary skill in the art will
understand that the material used to form two-component
foam cartridge 140, cell-wall dimensions, and the pressure
generated by propelling charge 136 will affect how two-
component foam cartridge 140 ruptures and how pressure is
built within and released from chamber 132. In some
embodiments, two-component foam cartridge 140 is a uni-
cellular or multicellular cartridge in which water, surfactant
(s), and any additives(s) are premixed with each cell.

[0048] In various embodiments, two-component foam car-
tridge 140 is attached to the interior of chamber 132 by one
or more mechanical fasteners, one or more chemical fasten-
ers, one or more electromagnetic fasteners, frictional forces,
or any combination of the aforementioned elements such
that detonation and/or ignition of propelling charge 136
generates sufficient pressure to rupture two-component foam
cartridge 140 and eject the fire-fighting foam, at least in part,
from chamber 132. In the embodiment depicted in FIG. 1B,
the interior of chamber 132 and a bottom surface of two-
component foam cartridge 140 define a cavity containing
propelling charge 136. Embodiments of the present inven-
tion, however, are not limited to this arrangement of two-
component foam cartridge 140 and propelling charge 136
within chamber 132 and other arrangements are possible, as
will be understood by persons having ordinary skill in the
art.

[0049] In the embodiment depicted in FIG. 1B, aspirating
nozzle 134 is in communication with the interior of chamber
132 such that the two-component fire-fighting foam con-
tained within two-component foam cartridge 140 is expelled
from chamber 132 and directed toward a heat/fire source
(e.g., battery heat source 105) by aspirating nozzle 134.
Aspirating nozzle 134 incorporates a plurality of apertures
(i.e., apertures 135) that serve, at least in part, to draw in air
(i.e., aspirate) as the two-component fire-fighting foam is
ejected through aspirating nozzle 134. Incorporating air via
apertures 135 induces turbulence that advantageous
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increases mixing of water, surfactant(s), and any additives(s)
contained within two-component foam cartridge 140 and
advantageously increases the expansion ratio of the two-
component fire-fighting foam, thereby allowing the foam to
suppress fires within a greater area and/or provide better
knockdown of flames and/or provide a better seal to atmo-
spheric oxygen.

[0050] FIG. 2 is a cross-sectional schematic diagram of a
Li-ion battery shipping container that is equipped with a
plurality of instances of the explosive foam applicator
depicted in FIG. 1B, in accordance with an embodiment of
the present invention. More specifically, FIG. 2 depicts an
embodiment of shipping container 150 that is equipped with
a plurality of thermoelectric generators 110, detonator cir-
cuits 120, and explosive foam applicators 130. Shipping
container 150 and the elements within shipping container
150 are drawn so as to facilitate explanation of various
aspects of embodiments of the present invention and are not
necessarily drawn to scale. Persons having ordinary skill in
the art will understand that the number, size, and arrange-
ments of explosive foam applicators 130, for example, will
vary in accordance with the number of batteries that ship-
ping container 150 is designed to transport, a specified
degree of fire prevention, suppression, and extinguishing
capability, and/or a specified amount of generated foam,
among other parameters.

[0051] Shipping container 150 is an example of a shipping
container for transporting bulk shipments of Li-ion batteries
(e.g., tens, hundreds, or thousands of batteries) between two
geographical points. In some embodiments, shipping con-
tainer 150 represents a shipping container that is sized and
constructed to meet one or more standards for shipping
containers that are transported via cargo aircraft (e.g., such
that shipping container 150 complies with requirements for
carriage in the cargo hold of a passenger or cargo aircraft).
In other embodiments, shipping container 150 represents a
shipping container that is sized and constructed to meet one
or more standards for shipping containers that are trans-
ported via ship, train, and/or truck (e.g., a standardized
intermodal shipping container of “ISO” container). In yet
other embodiments, shipping container 150 is a purpose-
built shipping container designed to transport a specified
number of batteries via one or more forms of transportation.
In the embodiment depicted in FIG. 2, shipping container
150 includes housing 152 that subdivides shipping container
150 into first compartment 154A and second compartment
154B. Subdividing shipping container 150 in this way is
advantageous in order to contain, as much as is practicable,
fire and heat generated by failing batteries to a portion of
shipping container 150 to limit any resulting losses.

[0052] In general, housing 152 is constructed so as to be
resistant to heat generated by failing Li-ion batteries, which
can generate temperatures that reach approximately 500
degrees Celsius. In some embodiments, housing 152 is
constructed from a high-temperature metal alloy (e.g., vari-
ous high-temperature steel alloys). Embodiments of the
present inventions, however, recognize that high-tempera-
ture metal alloys can be expensive in monetary terms and
unsuitable for weigh-sensitive applications (e.g., air trans-
portation) due to their mass, but that light alloys and various
polymer materials, while being light, generally weaken
and/or melt at insufficiently high temperatures (e.g., various
aluminum alloys have respective melting temperatures
between approximately 460 degrees Celsius and approxi-
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mately 670 degrees Celsius). Therefore, various embodi-
ments utilize ceramic thermal barrier coatings, ablative
coatings, thermally insulating coatings, and other tempera-
ture resistant materials known in the art to form, in combi-
nation with one or more structural materials, a composite
structure that provides suitable strength, weight, and heat/
flame resistance for various applications of shipping con-
tainer 150. Additionally, it is advantageous that the one or
more materials that form housing 152 be impact resistant
and water-resistant to protect the contents of shipping con-
tainer 150 during transport and surrounding materials and/or
structures from water/foam if explosive foam applicators
130 are detonated.

[0053] First compartment 154 A and second compartment
154B respectively contain first battery pallet 160A and
second battery pallet 160B. First compartment 154A also
contains first support structure 158A that supports first
battery pallet 160A, and similarly, second compartment
154B also contains second support structure 158B that
supports second battery pallet 160B. Embodiments of the
present invention are not limited to the number and arrange-
ment of compartments depicted in FIG. 2. First battery pallet
160A and second battery pallet 160B each represent a
plurality of Li-ion batteries. To load and unload first and
second battery pallets 160A and 160B into and out of
shipping container 150, first compartment 154A and second
compartment 154B can be accessed via one or more move-
able panels, doors, hatches, and/or various other forms of
moveable barriers known in the art (not shown). In general,
first and second support structures 158A and 158B respec-
tively secure first and second battery pallets 160A and 160B
within first and second compartments 154 A and 154B during
transport of shipping container 150. In some embodiments,
support structures 158A and 158B include sliding and/or
rolling elements to aid in loading and unloading first and
second battery pallets 160A and 160B into and out of first
and second compartments 154A and 154B. In other embodi-
ments, support structures 158A and 158B represent elements
that are integrated with housing 152. Support structures
158A and 158B and be fixedly or removably attached to
housing 152 by any form of mechanical, chemical, and/or
electromagnetic fastener(s) known in the art. Similarly, first
and second battery pallets 160A and 160B can be removably
attached to support structures 158 A and 158B, respectively,
by any form of mechanical, chemical, and/or electromag-
netic fastener(s) known in the art. Persons of ordinary skill
in the art will understand that support structures 158A and
158B can take various forms within, or be omitted from,
shipping container 150 and that embodiments of the present
inventions are not limited to structures of the type depicted
in FIG. 2.

[0054] In the embodiment depicted in FIG. 2, thermoelec-
tric generators 110 are attached to faces of first and second
battery pallets 160A and 160B and detonator circuits 120 are
attached to thermoelectric generators 110. Leads 116 elec-
trically connect detonator circuits 120 to explosive foam
applicators 130. In some embodiments, however, detonator
circuits 120 communicates with trigger mechanism 137 via
a radio signal and/or any wireless protocol known in the art,
and therefore, leads 116 are omitted; detonator circuit 120
and trigger mechanism 137 can incorporate transmitters
and/or receivers to facilitate wireless communication.
Explosive foam applicators 130 are secured to interior
surfaces of first and second compartments 154A and 154B
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such that an aspirating nozzle of each instance of foam
applicator 130 is directed towards a respective face of first
battery pallet 160A or second battery pallet 160B. Explosive
foam applicators 130 can be fixedly and/or removably
secured to housing 152, either directly or utilizing interven-
ing structures, by any form of fastener known in the art. In
this particular embodiment, each instance of detonator cir-
cuit 120 is electrically connected to trigger mechanisms of
two respective explosive foam applicators 130 that are
directed towards a face of first or second battery pallet 160A
or 160B to which a respective instance of thermoelectric
generator 110 is attached. Embodiments of the present
invention, however, are not limited to either the number or
arrangement of thermoelectric generators 110, detonator
circuits 120, and/or explosive foam applicators 130 depicted
in FIG. 2. The placement of thermoelectric generators 110
on first and second battery pallets 160A and 160B and the
placement of explosive foam applicators 130, for example,
can be tailored based on a specific cargo or specific type of
cargo.

[0055] Placing thermoelectric generators 110 in direct
contact with respective surfaces of first and second battery
pallets 160A and 160B is advantageous because it facilitates
early detection of battery failures. By placing thermoelectric
generators 110 in direct contact with first and second battery
pallets 160A and 160B, detonator circuits 120 are able to
measure the temperature at respective surfaces of first and
second battery pallets 160A and 160B directly (i.e., the
temperature of hot surface 112 of thermoelectric generators
110), as opposed to indirectly by measuring rising air
temperatures as a result of heat produced by failing batteries.
Therefore, an instance of detonator circuits 120 can detonate
the explosive foam applicator(s) 130 to which it is connected
as soon as it registers a threshold temperature at hot surface
112 of a respective instance of thermoelectric generators
110, which is likely to occur earlier in time compared to
registering a threshold air temperature because the failing
batteries (i.e., battery heat source 105) do not first need to
produce sufficient heat to raise the temperature of the
ambient air to the threshold air temperature. Additionally,
the use of thermoelectric generators 110 and explosive foam
applicators 130 is advantageous in that proper functioning of
each is not orientation dependent (e.g., gravity dependent),
as will be understood by persons having ordinary skill in the
art.

[0056] As described above, the threshold temperature at
which detonator circuits 120 detonate explosive foam appli-
cators 130 can be adjusted. In some embodiments, one or
more instances of detonator circuits 120 are configured to
detonate respective instances of explosive foam applicators
130 at a first threshold temperature to remove heat from
battery pallets 160A and/or 160B before elements therein
ignite (e.g., via thermal runaway) while other instances of
detonator circuits 120 are configured to detonate respective
instances of explosive foam applicators 130 at a second,
higher threshold temperature to further combat the effects of
battery failures.

[0057] Elements of one or more instances of explosively-
driven foam application system 100 are omitted from FIG.
2 with respect to the bottom surfaces of first and second
compartments 154A and 154B and bottom surfaces of first
and second battery pallets 160A and 160B for illustrative
simplicity in view the depiction of support structures 158A
and 158B. Some embodiments, however, incorporate ele-
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ments of one or more instances of explosively-driven foam
application system 100 with respect to such surfaces in order
to coat, at least in part, the bottom surface of first and second
battery pallets 160A and 160B in the event of battery
failures; support structures 158 A and 158B can be modified
accordingly (e.g., by incorporating a plurality of perfora-
tions). In other embodiments, however, first and second
battery pallets 160A and 160B are arranged within first and
second compartments 154A and 154B of housing 152 such
that bottom surfaces of first and second battery pallets 160A
and 160B are submerged or substantially coated by foam
that pools at the bottoms of first and second compartments
154A and 154B following the detonation of explosive foam
applicators 130.

[0058] Shipping container 151 incorporates first vent
156A and second vent 156B. First vent 156A is in commu-
nication with first compartment 154A of housing 152 via a
corresponding aperture in housing 152. Similarly, second
vent 156B is in communication with second compartment
154B of housing 152 via a corresponding aperture in hous-
ing 152. Embodiments of the present invention are not
limited to the number, type, and arrangement of vents
depicted in FIG. 2. While increased pressure and reduced
oxygen concentration within first and second compartment
154A and 154B can suppress combustion, too much pressure
can compromise the structural integrity of shipping con-
tainer 151. First and second vents 156A and 156B are
advantageous in that they can reduce the buildup of pressure
within shipping container 152 in the event of battery failures
and any subsequent detonations of explosive foam applica-
tors 130. In some embodiments, one or both of first and
second vents 156A and 156B incorporate respective filters
and/or scrubbers to mitigate transmission of combustion
products (e.g., smoke and fumes) to other areas of a vehicle
transporting shipping container 151 (e.g., a passenger com-
partment). For example, a filter/scrubber can include char-
coal filtering elements to filter out particulate matter and/or
calcium-contains salts to mitigate transmission of hydrogen
fluoride gas. Persons having ordinary skill in the art will
understand that filters can incorporate various mechanisms
for mitigating transmission of anticipated combustion prod-
ucts. In other embodiments, one or both of first and second
vents 156A and 156B represent exhaust pipes that vent
combustion products from failing batteries outside of a
vehicle transporting shipping container 151 (e.g., to the
ambient atmosphere outside of a cargo hold of an aircraft);
such exhaust pipes can incorporate filtering/scrubbing ele-
ments as described above.

[0059] FIG. 3A is a cross-sectional schematic diagram of
a pressurized foam applicator, in accordance with an
embodiment of the present invention. More specifically,
FIG. 3A depicts an embodiment of pressurized foam appli-
cator 300, which is configured to generate and apply a
fire-fighting foam at a threshold temperature or threshold
range of temperatures.

[0060] The embodiment of pressurized foam applicator
300 depicted in FIG. 3A includes obturated aspirating nozzle
310, obturator 320, feed tube 330, and pressure vessel 340.
Obturator 320 is designed such that obturator 320 obstructs
obturated aspirating nozzle 310 to prevent the passage of the
contents of pressure vessel 340 through feed tube 330 and
obturated aspirating nozzle 310 below a threshold tempera-
ture or threshold range of temperatures. At and/or above the
threshold temperature or threshold range of temperatures,
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obturator 320 fails due to one or more effects of temperature
on obturator 320 such that the contents of pressure vessel
340 are able to pass through feed tube 330 and out of
obturated aspirating nozzle 310, which obturator 320 no
longer completely obstructs.

[0061] In the embodiment depicted in FIG. 3A, pressure
vessel 340 contains a pre-pressurized inert gas and an
aqueous mixture of the phases of a two-component fire-
fighting foam (e.g., a mixture of water and a foaming agent).
The two-component fire-fighting foam and its various com-
ponents are substantially similar to the two-component
fire-fighting foam discussed previously. In various embodi-
ments, the pressurized inert gas can be one of, or a combi-
nation of, nitrogen, carbon dioxide, helium, argon, and/or
various other inert gases known in the art. In general,
pressures within pressure vessel 340 are comparable to
pressures within various types of fire extinguishers known in
the art. For example, the inert gas can be pressurized to
between approximately 690 kilopascals to approximately
5860 kilopascals depending on factors including the type or
pressurized gas, the amount of two-component fire-fighting
foam contained within pressure vessel 340, a specified flux
of foam, and a specified distance to which pressurized foam
applicator 300 is to apply the foam, amongst other factors.
[0062] In general, the aqueous mixture of the phases of the
two-component fire-fighting foam does not form a stable
mixture with the pressurized inert gas within pressure vessel
340, and thus surface level 350 represents an interface
between the pressurized inert gas and the aqueous mixture.
Feed tube 330 is designed and positioned within pressure
vessel 340 such that first end 332 of feed tube 330 is
positioned below surface level 350 to maximize the amount
of the aqueous mixture that can be applied, as a foam, via
pressurized foam applicator 300. Second end 334 of feed
tube 330 is attached to obturated aspirating nozzle 310 so
that the aqueous mixture, under pressure from the pressur-
ized inert gas, can be ejected through obturated aspirating
nozzle 310 when obturator 320 no longer obstructs obturated
aspirating nozzle 310. Second end 334 of feed tube 330 can
be fixedly or removably attached to obturated aspirating
nozzle 310, either directly or indirectly, by any method
known in the art. Similarly, obturated aspirating nozzle 310
can be fixedly or removable attached to pressure vessel 340,
either directly or indirectly, by any method known in the art
that is sufficient to contain the contents of pressure vessel
340. Features of obturated aspirating nozzle 310 and obtu-
rator 320 are discussed in more detail below with respect to
FIG. 3B.

[0063] FIG. 3B is a cross-sectional schematic diagram
showing a more detailed view of the obturated aspirating
nozzle and obturator depicted in FIG. 3A, in accordance
with an embodiment of the present invention.

[0064] In the embodiment depicted in FIG. 3B, obturated
aspirating nozzle 310 includes bell portion 312, throat
surface 316 and shoulder surface 318. Bell portion 312 is
substantially similar to aspirating nozzle 134, as described
with respect to FIG. 1B, and includes apertures 314, which
are substantially similar to apertures 135, as described with
respect to FIG. 1B. Second end 334 of feed tube 330 is
attached to obturated aspirating nozzle 310, as described
above with respect to FIG. 3A. Throat surface 316 and
shoulder surface 318 of obturated aspirating nozzle 310 (i.e.,
interior surface of obturated aspirating nozzle 310) are
designed to mate with obturator 320, which is similarly
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shaped. Under the force of the pressurized aqueous mixture
of water and foaming agent, obturator 320 is held within
obturated aspirating nozzle 310 by throat surface 316 and
shoulder surface 318 of obturated aspirating nozzle 310.
Shoulder surface 318 of obturated aspirating nozzle 310
resists movement of obturator 320 through obturated aspi-
rating nozzle 310, at least in part, via the application of a
normal force to obturator 320. Throat surface 316 of obtu-
rated aspirating nozzle 310 resists movement of obturator
320 through obturated aspirating nozzle 310, at least in part,
via the application of a frictional force to obturator 320. In
other embodiments, obturated aspirating nozzle 310 incor-
porates additional and/or different types of structural ele-
ments, such as detents, catches, ribs, and other structures
and/or devices known in the art, to resist the movement of
obturator 320. Embodiments of the present invention are not
to be construed as being limited to the elements depicted in
FIG. 3B. In some embodiments, obturator 320 is oversized
relative to throat surface 316 and shoulder surface 318 of
obturated aspirating nozzle 310, thereby causing obturated
aspirating nozzle 310 to compress obturator 320 when
obturator 320 is inserted into obturated aspirating nozzle
310. To resist the compression, obturator 320 exerts normal
forces against throat surface 316 and shoulder surface 318
that advantageously increase frictional forces that assists in
retaining obturator 320 within obturated aspirating nozzle
310.

[0065] In general, the material(s) from which obturator
320 is made affect the pressure that can be held within
pressurized foam applicator 300 and the temperature(s) at
which pressurized foam applicator 300 applies the two-
component fire-fighting foam to failing batteries. In some
embodiments, obturator 320 is made of polyvinyl chloride
(PVC) materials having various degrees of crystallinity. For
example, PVC having a degree of crystallinity of approxi-
mately ten to approximately fifteen percent melts at approxi-
mately 85 degrees Celsius. Controlling the degree of crys-
tallinity can advantageously provides a degree of control
over the melting point and/or glass transition temperature of
the PVC material. Decreasing the degree of crystallinity
generally lowers melting temperatures while increasing the
degree of crystallinity generally increases melting tempera-
ture. In other embodiments, obturator 320 is made of various
types of nylon. Nylon 6,6 (i.e., poly(hexamethylene adip-
amide)), for example, melts at approximately 256 degrees
Celsius. In yet other embodiments, obturator 320 is made of
various low-temperature metallic alloys. For example, vari-
ous alloys of bismuth, tin, and/or lead exhibit melting
temperatures of approximately 47 degrees Celsius to
approximately 138 degrees Celsius. In one more specific
example, an alloy of 58 weight percent bismuth and 42
weight percent tin melts at approximately 138 degrees
Celsius.

[0066] Embodiments of the present inventions recognize
that, at a sufficiently high temperature, the force applied via
the pressurized aqueous mixture of water and foaming agent
can cause obturator 320 to rupture. Embodiments of the
present invention also recognize, that temperature affects the
yield strength and ductility of materials. For example, yield
strength generally decreases as temperature increases while
ductility increases as temperature increases. Additionally,
amorphous and semi-amorphous materials (e.g., polymer
materials of varying degrees of crystallinity) generally tran-
sition from a hard and relatively brittle state to a viscous or
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ductile state at their glass transition temperature. As used
herein, the classes of non-metallic and metallic materials
described above are referred to as “temperature-dependent
breakdown material(s).” Use of temperature-dependent
breakdown materials is also discussed with respect to sub-
sequent figures.

[0067] In the embodiment depicted in FIG. 3B, when
obturator 320 reaches a threshold temperature or threshold
range of temperatures as a result of heat generated by failing
batteries (e.g., battery heat source 105), obturator 320 soft-
ens to the point that it is sufficiently ductile for the force
applied by the pressurized aqueous mixture of water and
foaming agent within pressure vessel 340 to force obturator
320 along shoulder surface 318 of obturated aspirating
nozzle 310, thereby squeezing and elongating obturator 320,
and along throat surface 316 until obturator 320 is ejected
from obturated aspirating nozzle 310 via bell portion 312.
This embodiment, and similar embodiments, advanta-
geously cause obturator 320 to fail such that obturated
aspirating nozzle 310 becomes completely unobstructed
when obturator 320 becomes sufficiently ductile for it to be
forced from obturated aspirating nozzle 310. In other
embodiments, obturator 320 is designed to fail by melting
and/or softening to the point that the force applied by the
pressurized aqueous mixture of water and foaming agent
within pressure vessel 340 is sufficient to rupture obturator
320 in one or more locations. The force of the aqueous
mixture of water and foaming agent flowing through the
now at least partially unobstructed obturated aspirating
nozzle 310 may expand ruptured portions of obturator 320
and thereby increase the flux of the two-component fire-
fighting foam.

[0068] In some embodiments, obturator 320 represents a
valve that restricts passage of the aqueous mixture of water
and foaming agent when in a closed position (e.g., a valve
within feed tube 330 or obturated aspirating nozzle 310).
The valve embodiment of obturator 320 is controlled by a
mechanical actuator that is biased (e.g., via spring pressure)
to maintain the valve in an open position, wherein one or
more structures made of temperature-dependent breakdown
material(s) apply a normal force to the valve and/or
mechanical actuator that causes the valve to remain in a
closed position against the biasing force. At a sufficiently
high threshold temperature or threshold range of tempera-
tures, the one or more structures made of temperature-
dependent breakdown material(s) melt or yield such that the
mechanical actuator moves the valve into the open position
and maintains the valve in the open position under the
biasing force. Valve embodiments of obturator 320 can
include one or more pivoting levers to magnify and/or
transmit the biasing force of the mechanical actuator and/or
normal force of the temperature-dependent breakdown
material structure(s) to the valve.

[0069] FIG. 4 is a cross-sectional schematic diagram of a
Li-ion battery shipping container that is equipped with a
plurality of instances of the pressurized foam applicator
depicted in FIG. 3A, in accordance with an embodiment of
the present inventions.

[0070] More specifically, FIG. 4 depicts shipping con-
tainer 151. Shipping container 151 is substantially similar to
shipping container 150, as described with respect to FIG. 2.
Shipping container 151, however, omits thermoelectric gen-
erators 110, detonator circuits 120, leads 116, and explosive
foam applicators 130. In place of some of explosive foam
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applicators 130, shipping container 151 includes pressurized
foam applicators 300, as described with respect to FIGS. 3A
and 3B. Pressurized foam applicators 300 are arranged
within first and second compartments 154A and 154B of
housing 152 to substantially coat the surfaces of first and
second battery pallets 160A and 160B with the two-com-
ponent fire-fighting foam when air temperatures within first
compartment 154 A and/or second compartment 154B reach
the threshold temperature or threshold range of temperatures
at which obturator 320 of pressurized foam applicators 300
are designed to fail, as discussed with respect to FIG. 3B.
Compared to shipping container 150, shipping container 151
advantageously includes a fewer number of elements as a
result of omitting thermoelectric generators 110, detonator
circuits 120, and leads 116.

[0071] While shipping container 151 includes fewer ele-
ments, in general, pressurized foam applicators 300 depend
more on the orientation of shipping container 151 to func-
tion correctly than explosive foam applicators 130 depend
on the orientation of shipping container 150 to function
correctly. This difference can be due to the fact that first end
332 of feed tube 330 must be below surface level 350 for a
respective instance of pressurized foam applicators 300 to
function correctly; the orientation of surface level 350
depends on the orientation of the instance of the pressurized
foam applicators 300 with relation to the direction of net
gravitational force. This difference can also arise between
embodiments of explosive foam applicator 130 that achieve
higher operating pressures than embodiments of pressurized
foam applicator 300 due to the use of explosives. In the
embodiment depicted in FIG. 4, for example, this difference
is manifested by that the fact that pressurized foam appli-
cators 300 are similarly oriented with respect to the bottom
surface of shipping container 151 and none are attached to
the top surfaces of first and second compartments 154 A and
154B. Instead, pressurized foam applicators 300 are attached
to the side surfaces of first and second compartments 154A
and 154B such that they can spray the two-component
fire-fighting foam onto the top surfaces of first and second
battery pallets 160A and 160B. In some embodiments,
pressurized foam applicators are rotatably attached to sur-
faces of first and second compartments 154 A and 1548 (e.g.,
via ball joints) to compensate for motion of shipping con-
tainer 151.

[0072] To function in a greater range of orientations,
however, pressurized foam applicators 300 can be rotatably
attached to surfaces of first and second compartments 154A
and 154B such that pressurized foam applicators 300 main-
tain an orientation that enables pressurized foam applicators
300 to function correcting. For example, pressurized foam
applicators 300 can be mounted on ball joints, or another
form or rotatable joint, that enable the force of gravity to
maintain pressurized foam applicators 300 within an accept-
able range of orientations within shipping container 151. In
some embodiments, one or more springs or electric motors
can supplement and/or overcome the force of gravity to
maintain pressurized foam applicators 300 within an accept-
able range of orientations. Additionally, pressurized foam
applicators 300 can function in a greater range of orienta-
tions by supplying a propelling force to the aqueous mixture
by a means other than a pressurized inert gas at an interface
with the aqueous mixture. For example, embodiments of
pressurized foam applicators 300 can utilize a movable
diaphragm within pressure vessel 340 that moves within
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pressure vessel 340 under a biasing force supplied by a
pressurized inert gas (i.e., one that is separated from the
aqueous mixture by the diaphragm), a spring, an elastomeric
material, a hydraulic actuator, and/or a mechanical actuator
to eject the aqueous mixture from obturated aspirating
nozzle 310 following the failure of obturator 320. The
biasing force supplied to the diaphragm can be calibrated to
be less than a force that will cause obturator 320 to fail
below the threshold temperature or range of temperatures.
Feed tube 330 can be shortened, omitted, or otherwise
modified to facilitate travel of the diaphragm within pressure
vessel 340.

[0073] While the embodiments of the present invention
discussed thus far contemplate, and are optimized for, con-
taining and suppressing the effects of multiple failing Li-ion
batteries (e.g., tens, hundreds, or thousands of batteries),
other embodiments of the present invention contemplate,
and are optimized for, containing and suppressing the effects
of individual failing Li-ion batteries and/or individual elec-
tronic devices containing Li-ion batteries. Embodiments of
the invention discussed subsequently, however, are not nec-
essarily limited to incorporating a single battery or single
electronic device.

[0074] FIG. 5A depicts a perspective view of a schematic
diagram of a Li-ion battery travel case, in accordance with
an embodiment of the present disclosure. More specifically,
FIG. 5A depicts travel case 500 including top compartment
502 and bottom compartment 504.

[0075] In the embodiment depicted in FIG. 5A, top com-
partment 502 and bottom compartment 504 are selectively
joined to one another via latches 506. As discussed in greater
detail with respect to subsequent figures, separating top
compartment 502 from bottom compartment 504 allows for
the insertion and/or removal of a battery or electronic device
from bottom compartment 504. Top compartment 502 and
bottom compartment 504 can be joined by any form of joint
and/or attachment known in the art. In some embodiments,
for example, a hinge rotatably joins top compartment 502 to
bottom compartment 504 along a common edge and one or
more latches secure top compartment 502 to bottom com-
partment 504 in the closed position.

[0076] In general, travel case 500, and bottom compart-
ment 504 in particular, is sized to accommodate individual
consumer electronic devices containing Li-ion batteries
(e.g., smartphones, tablets, etc.) and/or individual removable
Li-ion batteries from consumer electronic devices (e.g.,
batteries from laptops, power tools, etc.). Due to varying
sizes of consumer electronic devices and batteries therein, in
some embodiments, bottom compartment 504 can accom-
modate multiple small batteries and/or electronic devices if
sized to accommodate a single, larger battery or electronic
device. Embodiments of the present invention, however, are
not necessarily limited to any particular size or number of
batteries and/or electronic devices.

[0077] In the event that a battery contained within travel
case fails, travel case 500 is designed to contain and sup-
press the effects of the failure. To contain such failures, at
least top compartment 502 and bottom compartment 504 of
travel case 500 are constructed of materials that are capable
of withstanding heat generated by such failures. As noted
above, Li-ion battery failures can produce temperatures of
approximately 500 degrees Celsius. In some embodiments,
materials used to construct top compartment 502 and bottom
compartment 504 are analogous to those used to construct
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housing 152 of shipping containers 150 and 151 discussed
with respect to FIGS. 2 and 4 respectively. Some embodi-
ments of travel case 500, however, are small enough that
they may be handled by individuals. For example, crew of
an aircraft transporting a Li-ion battery in travel case 500
may wish to inspect travel case 500 in the event of a battery
failure. In at least some embodiments, it is therefore advan-
tageous to construct travel case 500 such that individuals can
handle travel case 500 via its external surfaces in the event
of a battery failure. In one example of such embodiments,
top compartment 502 and bottom compartment 504 are
constructed of a composite material represented by three
“layers” of material. A first layer of material represents
respective interior surfaces of top compartment 502 and
bottom compartment 504 and is impermeable to water and
is heat and flame resistant under conditions generally pro-
duced by Li-ion battery fires (e.g., a high-temperature metal
alloy). A second, “core” layer is a thermally insulating layer
(e.g., a porous heat-resistant material and/or a heat-resistant
material having low thermal conductivity). A third layer
represents a respective exterior surface of top compartment
502 and bottom compartment 504 and is abrasion and
impact resistance (e.g., a hard polymer material). In the
event of a failure, the first layer preserves the structural
integrity of travel case 500 and the second, “core” layer
reduces the amount of heat that is transmitted to the third
layer representing the exterior of travel case 500. The third
layer resists punctures and abrasion of travel case 500.
[0078] In general, top compartment 502, bottom compart-
ment 504, and any fixtures that attach top compartment 502
to bottom compartment 504 (e.g., latches 506) are con-
structed so as to resist increased pressures within travel case
500 as a result of combustion products during a battery
failure. In the embodiment depicted in FIG. 5A, pressure
relief valve 508 is integrated with bottom compartment 504.
Pressure relief valve 508 represents various types of one-
way valves known in the art (e.g., a springe-tensioned
duckbill valve, umbrella valve, etc.). Pressure relief valve
508 releases gas from bottom compartment 504 when pres-
sure within travel case 500 reaches a threshold pressure to
which the pressure relief valve 508 is calibrated. Pressure
relief valve 508 can also incorporate filtering and scrubbing
elements as discussed with respect to vents 155E and 155F
of FIG. 2.

[0079] FIG. 5B depicts an opposing perspective view of
the schematic diagram of the Li-ion battery travel case
depicted in FIG. 5A, in accordance with an embodiment of
the present disclosure. More specifically, FIG. 5B depicts an
opposing perspective view of travel case 500.

[0080] Inthe embodiment depicted in FIG. 5B, travel case
500 includes additional instances of latches 506 on an
opposing, longitudinal side of travel case 500 with respect to
the longitudinal side of travel case 500 depicted in FIG. 5A.
In addition to latches 506, FIG. 5B depicts a lock that
secures top compartment 502 to bottom compartment 504
and prevents unauthorized individuals from inserting and/or
removing batteries and/or electronic devices from travel
case 500. Embodiments of travel case 500 can utilize a key
lock, a combination lock, or any form of lock known in the
art.

[0081] Various embodiments of travel case 500 also
include identification (ID) tag 514, as depicted in FIG. 5B.
In some embodiments, ID tag 514 represents a radio fre-
quency identification (RFID) tag. In other embodiments, ID
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tag 514 represents a bar code or quick response (QR) code.
1D tag 514 can also represent other forms of identification
known in the art. In some embodiments, ID tag 514 iden-
tifies travel case 500 such that travel case 500 can be tracked
as it moves through a transportation and/or cargo-handling
network as ID tag 514 is scanned at various nodes in the
transportation and/or cargo-handling network. In other
embodiments, ID tag 514 is also associated with the contents
of travel case 500 such that the contents of travel case 500
can be similarly tracked. In some embodiments, ID tag 514
is removably attached to travel case 500 (e.g., via an
adhesive) so that new a new 1D tag can be attached to travel
case 500 (e.g., when the contents of travel case 500 change).
In other embodiments, ID tag 514 represents an electronic
device than can be reprogrammed in response to changes to
travel case 500 and/or the contents of travel case 500.

[0082] In order to alert individuals to the status of the
contents of travel case 500 (e.g., whether or not a failure of
the contents of travel case 500 has occurred), travel case 500
includes temperature indicator 516 in the embodiment
depicted in FIG. 5B. In some embodiments, temperature
indicator 516 represent an element incorporating ther-
mochromic paint pigments that change color in response to
changes in temperature. To enhance the accuracy of tem-
perature indicator 516, temperature indicator 516 can be
attached to the interior to travel case 500 by one or more
thermally conductive members. In other embodiments, tem-
perature indicator 516 represents, at least in part, a digital
display, microcontroller, and power supply that enable tem-
perature indicator 516 to measure and display temperatures
within travel case 500 using a temperature sensor therein
(e.g., using a thermocouple). In general, travel case 500 can
utilize any type of temperature sensor and/or display tech-
nology known in the art to indicate the temperature within
travel case 500 and/or that a battery failure has occurred
within travel case 500.

[0083] FIG. 5C is a perspective view of the schematic
diagram of the Li-ion battery travel case depicted in FIG. 5A
showing a top-down view of the bottom compartment of the
Li-ion battery travel case, in accordance with an embodi-
ment of the present invention. More specifically, FIG. 5C is
a schematic diagram depicting a top-down view of bottom
compartment 504, with respect to an embodiment of travel
case 500.

[0084] In the embodiment depicted in FIG. 5C, battery
520 is depicted, in outline form, between first foaming agent
cartridge 530A and second foaming agent cartridge 530B.
As stated previously, battery 520 can represent one or more
batteries and/or one or more battery-containing electronic
devices that can be inserted into and removed from travel
case 500. First foaming agent cartridge 530A is attached to
bottom compartment 504 at a first end of bottom compart-
ment 504 and second foaming agent cartridge 530B is
attached to a second, opposite end of bottom compartment
504 with respect to second foaming agent cartridge 530B.
First and second foaming agent cartridges 530A and 530B
can be fixedly or removably attached to bottom compart-
ment 504 using mechanical fastener(s), chemical fastener(s),
electromagnetic fastener(s), and/or another type of fastener
known in the art. Embodiments of the present invention are
not to be construed as being limited to either the number or
arrangement of foaming agent cartridges depicted in FIGS.
5C and 5D.
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[0085] First and second foaming agent cartridges 530A
and 530B are made of a temperature-dependent breakdown
material. As previously discussed with respect to FIGS. 3A
and 3B, the temperature-dependent breakdown material can
be one of various metallic and non-metallic materials that
melt, soften, and/or yield at temperatures that result from
battery failures. First and second foaming agent cartridges
530A and 530B contain a foaming agent. Under normal
conditions within travel case 500 (i.e., “ambient” condi-
tions), first and second foaming agent cartridges 530A and
530B prevent the release of the foaming agent. Failure of
battery 520, however, will cause temperatures within travel
case 500 to increase. At a threshold temperature or threshold
range of temperatures, first and second foaming agent car-
tridges 530A and 530B melt or otherwise fail to enable the
release of the foaming agent and facilitate fire-fighting foam
production within travel case 500 to moderate thermal
runaway of battery 520 or suppress or extinguish a fire
resulting from the failure of battery 520. In some embodi-
ments, like the embodiment depicted in FIGS. 5C and 5D,
first and second foaming agent cartridges 530A and 530B
also contain a pressurized inert gas. The inert gas can be one
of, or a combination of, nitrogen, carbon dioxide, helium,
argon, and other inert gasses known in the art. Including a
pressurized inert gas, or gases, within first and second
foaming agent cartridges 530A and 530B is advantageous in
that the pressure exerted by the gas can cause first and
second foaming agent cartridges 530A and 530B to rupture
outwardly when the temperature-dependent breakdown
material forming first and second foaming agent cartridges
530A weakens to the point that it fails via a brittle and/or
ductile failure mechanism (i.e., by fracturing and/or tearing)
at the threshold temperature or threshold range of tempera-
tures. Persons of ordinary skill in the art will understand that
the threshold temperature or threshold range of temperatures
can be adjusted by varying the specific type of temperature-
dependent breakdown material, the dimensions of first and
second foaming agent cartridges 530A and 530B (e.g., wall
thickness and/or cartridge shape), and the pressure of the
inert gas or gases, among other factors. Additionally, in
exiting first and second foaming agent cartridges 530A and
530B, the inert gas can advantageously aid in dispersing the
foaming agent throughout the interior of travel case 500.
Pressure relief valve 508 can advantageously moderate
pressure within travel case 500 such that the release of the
inert gas from first and second foaming agent cartridges
530A and 530B does not cause the pressure within travel
case 500 to exceed the mechanical limits of latches 506
and/or lock 510.

[0086] FIG. 5D is a cross-sectional view of the schematic
diagram of the Li-ion battery travel case depicted in FIG. 5A
along line A-A, as depicted in FIG. 5C, in accordance with
an embodiment of the present invention. More specifically,
FIG. 5D is a cross-sectional schematic diagram, including
top compartment 502 and bottom compartment 504, of
travel case 500 along line A-A, as depicted in FIG. 5C.

[0087] FIG. 5D depicts the first end of bottom compart-
ment 504 including first foaming agent cartridge 530A, as
discussed with respect to FIG. 5C. FIG. 5D also depicts an
outline of battery 520 within bottom compartment 504. In
the embodiment depicted in FIG. 5D, latches 506 secure top
compartment 502 to bottom compartment 504, and top
compartment 502 includes separator 540. Separator 540
represents a water-impermeable, temperature-dependent
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breakdown material that seals top compartment 502 to form
a sealed compartment within a volume defined, at least in
part, by the interior surfaces of top compartment 502. In the
embodiment depicted in FIG. 5D, separator 540 forms a
single sealed compartment within top compartment 502. In
other embodiments, top compartment 502 includes one or
more transverse dividing members and/or one or more
longitudinal dividing member to form, in conjunction with
separator 540, a plurality of sealed subcompartments. Sepa-
rator 540 is impermeable to water so as to enable top
compartment 502 to store a quantity of water. It is advan-
tageous that separator 540 be made of a material of sufficient
hardness and/or toughness to resist punctures and abrasions
that are likely to occur during normal usage of travel case
500. In some embodiments, separator 540 is made of a
composite material having the properties described herein
with respect to separator 540.

[0088] As discussed with respect to FIG. 5C, failure of
battery 520 will cause temperatures to increase within travel
case 500. Similar to first and second foaming agent car-
tridges 530A and 530B, separator 540 is made of a tem-
perature-dependent breakdown material designed to melt or
otherwise fail at a threshold temperature or threshold range
of temperatures. Failure of separator 540 results in water
flowing from top compartment 502 to bottom compartment
504 under the force of gravity and/or inertial force(s). In
some embodiments, separator 540 and first and second
foaming agent cartridges 530 A and 530B are designed to fail
at the same threshold temperature or threshold range of
temperatures. In other embodiments, separator 540 and first
and second foaming agent cartridges 530A and 530B are
designed to fail progressively. For example, separator 540
can be designed to fail at a lower threshold temperature or
threshold range of temperatures than first and second foam-
ing agent cartridges 530A and 530B, and consequently, the
foaming agent and inert gas within first and second foaming
agent cartridges 530A and 530B will be released into water
within bottom compartment 504. Releasing the foaming
agent into water under pressure of the inert gas is advanta-
geous in that it will encourage mixing (i.e., agitation) of the
water and foaming agent to create a two-component fire-
fighting foam to coat battery 520. Additionally, the inert gas
can advantageously increase the expansion ratio of the foam
by aerating the foam. In some embodiments the foaming
agent includes additive(s) that generate additional gas via a
chemical reaction with water and/or solute(s) dissolved in
the water (e.g., reactions between various carbonates and
various acids, which produce carbon dioxide); it is advan-
tageous that the generated gas be an inert gas as opposed to
oxygen and/or a flammable gas. Combustion products pro-
duced by failure of battery 520 can also aerate the foam and
encourage mixing of the foaming agent and water.

[0089] In general, top compartment 502 is sized to contain
an amount of water that is sufficient to generate a foam that
substantially coats the contents of travel case 500. In some
embodiments, the amount of foam can fill or substantially
fill the interior of travel case 500. In other embodiments, the
amount of foam fills or substantially fills only bottom
compartment 504. In general, the volume of battery 520 (i.e.,
the contents of travel case 500) can significantly affect the
degree to which the foam fills the interior of travel case 500;
it is advantageous to provide sufficient water and foaming
agent to generate an amount of foam that is sufficient to
substantially coat battery 520 and thereby moderate thermal
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runaway of battery 520 and/or suppress or extinguish a fire
resulting from a failure of battery 520. Pressure relief valve
508 can be designed to function in the presence of water
and/or foam so as to advantageously moderate pressure
within travel case 500 following failure of separator 540.

[0090] FIG. 5E is a cross-sectional schematic diagram on
an embodiment of the Li-ion battery travel case depicted in
FIGS. 5A and 5B, in accordance with an embodiment of the
present invention. More specifically, FIG. 5E depicts an
embodiment of travel case 500, designated travel case 550,
having exterior features that are substantially similar to
those of travel case 500. In the embodiment depicted in FIG.
5E, for example, travel case 550 includes top compartment
502, bottom compartment 504, and latches 506 as described
with respect to travel case 500 and FIGS. 5A and 5D. Travel
case 550 differs from travel case 500 with respect to ele-
ments used to generate the two-component fire-fighting
foam.

[0091] Like the embodiment of travel case 500 depicted in
FIG. 5D, latches 506 removably join top compartment 502
of travel case 550 to bottom compartment 504 of travel case
550 in the embodiment depicted in FIG. 5E. Battery 520 is
shown, in outline form, within bottom compartment 504 and
can be inserted and removed from travel case 550. Unlike
the embodiment of travel case 500 described with respect to
FIGS. 5C and 5D, bottom compartment 504 of travel case
550 does not contain foaming agent cartridges. Instead, top
compartment 502 of travel case 550 includes foaming agent
cartridges 531. Foaming agent cartridges 531 are substan-
tially similar to first and second foaming agent cartridges
530A and 530B in terms of their design, construction, and
function. In the embodiment depicted in FIG. 5E, for
example, foaming agent cartridges 531 contain a foaming
and an inert gas. Foaming agent cartridges 531, however, are
(1) smaller and more numerous than first and second foaming
agent cartridges 530A and 530B (see FIG. 5F) and (ii) are
co-located in top compartment 502 along with water stored
within top compartment 502 of travel case 550 instead of in
bottom compartment 504. Embodiments of the present
invention, however, are not to be construed as being limited
to the number, arrangement, and/or size of foaming agent
cartridges 531 depicted in FIGS. 5E-5G.

[0092] Water is retained within top compartment 502 by
membrane 542 and scaffold 552. Scaffold 552 include
apertures 554 that enable water, foam, and foaming agents to
flow between top compartment 502 and bottom compart-
ment 504. Membrane 542 represents a water-impermeable
material that seals top compartment 502 analogously to
separator 540 of travel case 500 and that is designed to fail
subsequently to foaming agent cartridges 531. For example,
membrane 542 can be made of a material and of dimensions
so as to remain intact at the threshold temperature or
threshold range of temperatures at which foaming agent
cartridges 531 are designed to fail yet fail under an increase
in pressure within top compartment 502 of travel case 550
as a result of one or more of foaming agent cartridges 531
releasing their contents (e.g., a pressurized inert gas). In
another example, to fail at a higher temperature than foam-
ing agent cartridges 531, membrane 542 is made of a
temperature-dependent breakdown material having a higher
threshold temperature or threshold range of temperatures
than foaming agent cartridges 531 and/or has increased
thickness compared to wall thicknesses of foaming agent
cartridges 531.
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[0093] Scaffold 552 is advantageously made of a rigid
material (e.g., a hard plastic or metal alloy) and attached to
top compartment 502 such that scaffold 552 supports mem-
brane 542 against the weight of water contained within top
compartment 502. In addition to enabling water, foam, and
foaming agents to flow between top compartment 502 and
bottom compartment 504, it is advantageous to design
apertures 554 in scaffold 552 such that they act as stress
concentrators with respect to membrane 542. For example,
concentrating stress within membrane 542 at edges of aper-
tures 554 can promote fracturing and/or tearing of mem-
brane 543 at the edges of apertures 554 under pressure from
the contents of foaming agent cartridges 531.

[0094] FIG. 5F is a perspective view of the schematic
diagram of the Li-ion battery travel case depicted in FIG. 5E
showing a bottom-up view of the top compartment of the
Li-ion battery travel case along line B-B, as depicted in FIG.
5E, in accordance with an embodiment of the present
invention.

[0095] In the embodiment depicted in FIG. 5F, a plurality
of foaming agent cartridges 531 are arranged within top
compartment 502 such that apertures 554 of scaffold 552 lie
to either side of each foaming agent cartridge. Foaming
agent cartridges 531 are shown in outline form because they
are hidden by membrane 542 and scaffold 552. Embodi-
ments of the present invention, however, are not to be
construed as being limited to the number, arrangement, or
size of foaming agent cartridges 531 depicted in FIGS.
53-5G. Apertures 554 of scaffold 552 expose portions of
membrane 542.

[0096] FIG. 5G is a cross-sectional schematic diagram of
the embodiment of the Li-ion battery travel case depicted in
FIG. 5E depicting the Li-ion battery travel case following
generation of a fire-fighting foam, in accordance with an
embodiment of the present invention. More specifically,
FIG. 5G depicts foaming agent cartridges 531 and mem-
brane 542 in failed states.

[0097] In some embodiments, mixing of the foaming
agent contained within foaming agent cartridges 531 and the
water contained with top compartment 502 by membrane
542 occurs prior to membrane 542 failing. For example,
pressurized inert gas within foaming agent cartridges 531
can promote initial mixing of the foaming agent and the
water, and while straining membrane 542, the pressure
applied by the inert gas does not cause membrane 542 to fail;
additional heat generated by battery 520 and/or additional
gas generated by chemical reactions caused by the mixing of
the contents of foaming agent cartridges 531 eventually
causes membrane 542 to fail and apply the two-component
fire-fighting foam to battery 520. In other embodiments,
failure of membrane 542 is caused by the failure of foaming
agent cartridges 531 and mixing of the foaming agent and
water occurs within top compartment 502 and bottom com-
partment 504. Combustion products resulting from the fail-
ure of battery 520 can further mix and aerate the resulting
foam.

[0098] Considerations with respect to sizing top compart-
ment 502 of travel case 550 and bottom compartment 504 of
travel case 550, as well as to the amount of water and
foaming agent provided, are analogous to those for travel
case 500.

[0099] FIG. 6A is a schematic diagram depicting a view of
a single-use containment pouch, in accordance with an
embodiment of the present invention. More specifically,
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FIG. 6A depicts single-use containment pouch 600 that can
be used to contain a Li-ion battery experiencing thermal
runaway and suppress and/or extinguish a resulting fire.

[0100] Inthe embodiment depicted in FIG. 6A, single-use
containment pouch 600 is formed by side panels 602 (i.e.,
front panel 602A and back panel 602B (back panel 602B is
not shown)) that are joined together at their sides such that
two of seems 603 represent, in part, an interface of front
panel 602A and back panel 602B. Side panels 602 are each
joined to bottom panel 604 to form a sealed pouch. One
seem of seems 603 represents an interface of bottom panel
604 and side panels 602. The top portions of side panels 602
are similarly joined together to form tear top 606. Tear top
606 includes tear notch 608. A bottom edge of tear top 606
is defined, at least in part, by tear line 610. Tear line 610
represents a feature that enables an individual to open
single-use containment pouch 600 along tear line 610 (e.g.,
a snap closure, a shearable region, a zip closure, and other
forms of openable seals known in the art). The embodiment
depicted in FIG. 6A contemplates a user tearing off tear top
606 along tear line 610, beginning at tear notch 608.
Embodiments of the present invention, however, are not to
be construed as being limited to requiring a “tearing” motion
to open single-use containment pouch 600. The embodiment
depicted in FIG. 6A can be resealed by rolling back panel
602B onto the portion of front panel 602A including adhe-
sive strip 612. Other embodiments can use other methods of
resealing single-use containment pouch 600, and in some
embodiments, the method of opening single-use contain-
ment pouch 600 can also facilitate resealing single-use
containment pouch 600. As described in greater detail sub-
sequently, single-use containment pouch 600 is designed, in
an unopened condition, to hold a quantity of water. Accord-
ingly, it is advantageous that single-use pouch 600 be
constructed (e.g., with respect to seems 603) so as to be
substantially leak resistant and that the elements that facili-
tate opening and/or resealing single-use containment pouch
600 be leak-resistant.

[0101] Single-use containment pouch 600 is analogous to
travel cases 500 and 550 at least in that single-use pouch is
designed to hold a single battery or single battery-containing
electronic device of a given size (but may hold multiple
batteries and/or electronic devices that are smaller than the
given size). Similarly, individuals may wish to inspect
and/or handle single-use containment pouch 600 after
depositing a battery or electronic device into single-use
containment pouch 600. Additionally, individuals may need
to grasp single-use containment pouch 600 in order to reseal
single-use containment pouch 600 after depositing a battery
or electronic device into it. It is therefore advantageous to
construct single-use containment pouch 600, at least in part,
using thermally insulative materials Like travel cases 500
and 550, single-use containment pouch 600 can be con-
structed (e.g., side panels 602 and bottom panel 604) of a
material or multiple materials (e.g., a composite material)
that retain strength at temperatures generated by failing
Li-ion batteries, insulate exterior surfaces of single-use
containment pouch 600 from such temperatures, and resists
punctures and abrasions from normal use. While embodi-
ments of single-use containment pouch 600 can be rigid or
substantially rigid, it is advantageous that single-use con-
tainment pouch 600 be constructed of more flexible mate-
rials. For example, single-use containment pouch 600 can be
used aboard passenger vehicles (e.g., commercial aircraft) in
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the event that a passenger’s Li-ion battery or Li-ion battery-
containing electronic device begins to fail. Constructing
single-use containment pouch 600 from flexible materials
(e.g., for side panels 602 and bottom panel 604) can enable
storage of single-use containment pouch 600 in irregularly-
shaped locations (e.g., seat-back pockets), thereby poten-
tially increasing the number of instances of single-use
containment pouch 600 that can be stored and/or increasing
the number locations in which single-use containment pouch
600 can be stored.

[0102] Like pressure relief valve 508 of travel cases 500
and 550, the embodiment of single-use containment pouch
600 depicted in FIG. 6A includes pressure relief valve 614
on front panel 602A to moderate pressure within single-use
containment pouch 600. Pressure relief valve 614 is analo-
gous to pressure relief valve 508. Similarly, the embodiment
of single-use containment pouch 600 depicted in FIG. 6A
includes temperature indicator 616 on front panel 602A.
Temperature indicator 616 is analogous to temperature indi-
cator 516. Additionally, embodiments of single-use contain-
ment pouch 600 can include a pair of heat-resistant gloves
(not shown) to facilitate handling of single-use containment
pouch 600 following its use. Hook-and-loop strip 618 rep-
resents a patch of hook material or a patch of loop material
on front panel 602A that allows for a pair of heat-resistant
gloves having an opposite type of hook-and-loop material to
be attached to the exterior of single-use containment pouch
600 for potential re-use. Hook-and-loop strip 618 can rep-
resent other types of reusable attachment material (e.g., a
reusable adhesive strip) or fastener known in the art to attach
a pair of heat-resistant gloves to the exterior of single-use
containment pouch 600.

[0103] FIG. 6B is a cross-sectional view of the schematic
diagram of the single-use containment pouch depicted in
FIG. 6A along line C-C, as depicted in FIG. 6A, in accor-
dance with an embodiment of the present invention. More
specifically, FIG. 6B depicts an interior of single-use con-
tainment pouch 600 when single-use containment pouch 600
is in an unopened condition. Pressure relief valve 614,
temperature indicator 616, and hook-and-loop strip 618 are
omitted from FIG. 6B for illustrative simplicity.

[0104] Water level 620 defines a surface of a quantity of
water contained by single-use containment pouch 600. If
single-use containment pouch 600 (e.g., side panels 602 and
bottom panel 604) is constructed of flexible material(s),
water level 620 can rise and fall as single-use containment
pouch 600 is bent and/or squeezed. When using single-use
containment pouch 600, an individual places a failing bat-
tery and/or electronic device into the water contained within
single-use containment pouch 600. Accordingly, it is advan-
tageous that the quantity of water contained within single-
use containment pouch 600 not be so great that water level
620 exceeds the level of tear line 610 in anticipated usage
scenarios (i.e., based on the anticipated types and sizes of
batteries and/or electronic devices). The individual can
reseal the embodiment of single-use containment pouch 600
depicted in FIG. 6B by rolling a portion of back panel 602B
and the portion of front panel 602A including adhesive strip
612 (side panels 602 are joined at two of seems 603) forward
such that adhesive strip 612 contacts and adheres to a lower
portion of front panel 602A. In some embodiments, addi-
tional material is provided (e.g., a flap of similar construc-
tion to side panels 602) to aid in resealing single-use
containment pouch 600. Different sizes of single-use con-
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tainment pouch 600 can be used to accommodate batteries
and electronic devices of a range of types and sizes.
[0105] In the embodiment depicted in FIG. 6B, single-use
containment pouch 600 includes foaming agent cartridge
622 to facilitate the generation of a two-component fire-
fighting foam. Foaming agent cartridge 622 is analogous to
foaming agent cartridges 530 and 531, as described with
respect to FIGS. 5C-5G, in purpose, construction, and
function. In the embodiment depicted in FIGS. 6A-6F,
foaming agent cartridge 622 to attached to bottom panel 604
using any one of, or a combination of, mechanical fastener
(s), chemical fastener(s), electromagnetic fastener(s), or
other types of fasteners known in the art. In other embodi-
ments, foaming agent cartridge is not attached to any portion
of single-use containment pouch 600 and floats in the water
contained within single-use containment pouch 600.
Embodiments of the present invention are not to be con-
strued as being limited to the number or arrangement of
foaming agent cartridges depicted in FIGS. 6B-6F.

[0106] FIG. 6C is a cross-sectional view of the schematic
diagram of the single-use containment pouch depicted in
FIGS. 6 A and 6B along line D-D, as depicted in FIG. 6B, in
accordance with an embodiment of the present invention.
More specifically, FIG. 6C depicts a cross-sectional view
through foaming agent cartridge 622 when single-use con-
tainment pouch 600 is in an unopened condition. In the
embodiment depicted in FIG. 6C, foaming agent cartridge
622 is filled with a foaming agent and a pressurized inert gas,
analogously to foaming agent cartridges 530 and 531. Water
surrounds foaming agent cartridge 622 and rises to water
level 620 within single-use containment pouch 600, which is
sealed, at least in part, at seems 603 and along tear line 610
of'tear top 606. Pressure relief valve 614 is shown, in outline
form, to provide an exemplary point of reference for water
level 620.

[0107] FIG. 6D is the cross-sectional view of the sche-
matic diagram of the single-use containment pouch depicted
in FIG. 6C showing a tear top of the single-use containment
pouch in a partially torn position, in accordance with an
embodiment of the present invention. More specifically,
FIG. 6C depicts a cross-sectional view through foaming
agent cartridge 622 when single-use containment pouch 600
is in a partially-opened condition. In the embodiment
depicted in FIG. 6C, single-use containment pouch 600 is
opened by shearing, beginning at tear notch 608, tear top 606
along tear line 610 with respect to the lower portion of front
panel 602A (not shown) and back panel 602B.

[0108] FIG. 6E is the cross-sectional view of the sche-
matic diagram of the single-use containment pouch depicted
in FIG. 6D showing a battery within the resealed single-use
containment pouch in accordance with an embodiment of
the present invention. More specifically, FIG. 6E shows
battery 624 deposited into water within single-use contain-
ment pouch 600.

[0109] Depositing battery 624 into the water within single-
use containment pouch 600 raises water level 620 (e.g., as
shown with respect to the outline pressure relief valve 614
between FIGS. 6D and 6F). If battery 624 is experiencing
thermal runaway, the heat produced by battery 624 will raise
the temperature of the water within single-use containment
pouch 600. In FIG. 6D, the temperature of the water within
single-use containment pouch 600 does not yet exceed the
threshold temperature or threshold range of temperatures at
which foaming agent cartridge 622 is designed to fail. In the
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embodiment depicted in FIG. 6E, tear line 610 is shown in
outline form to represent the location of tear line 610 as a
result of resealing single-use containment pouch as
described with respect to FIG. 6A.

[0110] FIG. 6F is the cross-sectional view of the schematic
diagram of the single-use containment pouch depicted in
FIG. 6E showing a ruptured foaming agent cartridge and a
fire-fighting foam coating the battery within the resealed
single-use containment pouch in accordance with an
embodiment of the present invention. More specifically,
FIG. 6F shows foaming agent cartridge 622 in a ruptured
condition and the resulting two-component foam that coats
battery 624. As discussed with respect to FIGS. 5C-5G,
pressurized inert gas released from foaming agent cartridge
622 following the failure of foaming agent cartridge 622 can
advantageously promote mixing of the foaming agent with
the water within single-use containment pouch 600 and
aerate the resulting foam. If safe to do so, an individual may
also lightly shake single-use containment pouch 600 to
promote mixing of the foaming agent and water and aeration
of the foam.

[0111] In general, single-use containment pouch 600 is
sized to contain an amount of water that can generate
sufficient foam to coat the anticipated sizes and types of
batteries and/or electronic devices and fill or partially fill
single-use containment pouch 600. Foam level 626 repre-
sents a height of the foam within single-use containment
pouch 600 at a point in time. Foam level 626 can changes
based, at least in part, on the expansion ratio of the foam.
Sizing single-use containment pouch 600 is analogous to
sizing travel case 500 and travel case 550. Additionally,
single-use containment pouch 600 is advantageously con-
structed to resist pressure resulting from one of, or a
combination of, the release of pressurized inert gas from
foaming agent cartridge 622, gas produced as a result of the
foaming agent mixing with the water, and combustion
products resulting from the failure of battery 624. Pressure
relief valve can advantageously moderate pressures within
single-use containment pouch 600 as previously described.
[0112] FIG. 7A is a cross-sectional view of a schematic
diagram depicting a view of a single-use containment pouch,
in accordance with an embodiment of the present invention.
More specifically, FIG. 7A depicts single-use containment
pouch 650 that can be used to contain a Li-ion battery
experiencing thermal runaway and suppress and/or extin-
guish any resulting fire.

[0113] The embodiment of single-use containment pouch
650 depicted in FIG. 7A is substantially similar to embodi-
ment of single-use containment pouch 600 depicted in FIGS.
6A-6F, at least with respect to its exterior features, construc-
tion, and intended purpose. For example, the embodiment of
single-use containment pouch 650 depicted in FIG. 7A is
constructed by joining front panel 602A, back panel 602B,
and bottom panel 604 along seems 603 and an individual can
reseal single-use containment pouch 600 using adhesive
strip 612. Pressure relief valve 614, temperature indicator
616, and hook-and-loop strip 618 are omitted from FIG. 7A
for illustrative simplicity. Single-use containment pouch
650, however, differs from single-use containment pouch
600, at least in part, in the way in which a foaming agent and
water are mixed. For example, FIG. 7A depicts obturated
foaming agent cartridge 628 in place of foaming agent
cartridge 622. Water surrounds obturated foaming agent
cartridge 628 and has a surface defined by water level 620.



US 2019/0168038 Al

Obturator 630 obstructs an aperture in obturated foaming
agent cartridge 628 and is attached to tether 632, which
flexibly attaches obturator 630 to tear top 606. Tether 632 is
anchored to tear top 606, above tear line 610, at tether
anchor 634. In various embodiments, tether anchor 634
represent a point at which tether 632 is attached to top
portions of one or both of front panel 602A and back panel
602B (i.e., the portions of side panels 602 that form tear top
606) by any type of fastener known in the art.

[0114] Embodiments of the present invention are not be
construed as being limited to the arrangement, number, or
size of obturated foaming cartridges, obturators, and tethers
depicted in FIGS. 7A-7C.

[0115] FIG. 7B is a cross-sectional view of the schematic
diagram of the single-use containment pouch depicted in
FIG. 7A along line E-E, as depicted in FIG. 7A, in accor-
dance with an embodiment of the present invention. More
specifically, FIG. 7B depicts obturator 630 preventing the
release of a foaming agent a pressurized inert gas from
obturated foaming agent cartridge 628 when single-use
containment pouch 650 is in an unopened condition.
[0116] In the embodiment depicted in FIG. 7B, obturated
foaming agent cartridge 628 is constructed so as to resist the
pressure of the pressurized inert gas when submerged in
water (i.e., below water level 620), and thereby contain the
foaming agent, when one or more apertures in obturated
foaming agent cartridge 628 are obstructed by obturator 630.
In some embodiments, obturated foaming agent cartridge
628 is constructed to merely contain the foaming agent when
submerged in water (i.e., for embodiments in which obtu-
rated foaming agent cartridge 628 does not contain a pres-
surized inert gas). Obturator 630 is constructed and inserted,
at least in part, into one or more apertures of obturated
foaming agent cartridge 628 so as to prevent the release of
the foaming agent and inert gas when single-use pouch 650
is in an unopened condition. In some embodiments, fric-
tional forces are sufficient to retain obturator 630 within the
aperture(s) of obturated foaming agent cartridge 628. In
other embodiments one or a combination of mechanical
fastener(s), chemical fastener(s), and electromagnetic fas-
tener(s) are used to retain obturator 630 within the aperture
(s) of obturated foaming agent cartridge 628 when single-
use pouch 650 is in an unopened condition. Similarly,
obturated foaming agent cartridge 628 can be attached to
bottom panel 604 by various types of fastener known in the
art. In some embodiments, obturator 630 and obturated
foaming agent cartridge 628 represents a pocket in bottom
panel 604, in which case obturator 630 can be constructed
similarly to bottom panel 604 and is removably sealed to
bottom panel 604 around its edges to contain the foaming
agent; obturator 630 can be “peeled” away from bottom
panel 604 via tether 632.

[0117] Tether 632 is constructed so as to permit an indi-
vidual to apply sufficient force to tether 632 to dislodge
obturator 630 from the aperture(s) of obturated foaming
agent cartridge 628 and thereby release the foaming agent
and pressurized inert gas within. In various embodiments,
tether 632 is made from a flexible material. Additionally, it
is advantageous for tether 632 to have sufficient length
and/or elasticity to permit single-use pouch 650 to be bent or
squeezed without causing tether 632 to apply significant
force to obturator 630 or tether anchor 634. Tether 632 can
be attached to obturator 630 and tether anchor 634 of tear top
606 (c.g., a tope portion of back panel 602B) by any means
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known in the art that enables an individual to transmit
sufficient force to obturator 630 to dislodge obturator 630
from the aperture(s) of obturated foaming agent cartridge
628.

[0118] FIG. 7C is the cross-sectional view of the sche-
matic diagram of the single-use containment pouch depicted
in FIG. 7B showing a tear top of the single-use containment
pouch in a torn position and a release of foaming agent and
inert gas, in accordance with an embodiment of the present
invention. More specifically, FIG. 7C depicts obturator 630
in a dislodged position as a result of an individual displacing
tear top 606 with respect to a lower portion of single-use
pouch 650 enough to dislodge obturator 630 from the
aperture(s) of obturated foaming agent cartridge 628.
[0119] In various embodiments, the required displacement
of tear top 606 is based, at least in part, on the length of
tether 632 and the displacement of obturator 630 required to
dislodge obturator 630. Anchoring tether 632 to tear top 606
at tether anchor 634 is advantageous in that the act of
opening single-use pouch 650 along tear line 610 triggers
the release of the foaming agent from obturated foaming
agent cartridge 628. In some embodiments, however, tether
632 has a free end that is removably attached to an interior
surface of side panels 602 (e.g., back panel 602B or front
panel 602A (not shown)), in which case opening single-use
pouch 650 and dislodging obturator 630 are separate acts
that can enable an individual to place a failing battery into
single-use pouch 650 before releasing the foaming agent
from obturated foaming agent cartridge 628. In embodi-
ments in which tether 632 is anchored to tear top 606 (i.e.,
embodiment in which opening single-use pouch 650 causes
the release of the foaming agent), it is advantageous to
include a chemical buffer and/or utilize surfactants and
additives that can delay foam generation or moderate initial
foam generation. Delaying or moderating foam generation
can give an individual additional time to place a failing
battery within single-use pouch 650 and reseal single-use
pouch 650, thereby reducing the risk of foam escaping
single-use pouch 650. Omitting a pressurized inert gas from
obturated foaming agent cartridge 628 can similarly mod-
erate initial foam production. In various embodiments, an
individual may also shake single-use containment pouch
600, if safe to do so, in order to promote mixing of the
foaming agent and water and aeration of the foam. Genera-
tion of foam, the moderation of thermal runway, and the
suppression and/or extinguishing of any resulting fires is
otherwise proceeds similarly as with respect to the embodi-
ment depicted in FIGS. 6E and 6F.

[0120] The descriptions of the various embodiments of the
present invention have been presented for purposes of
illustration, but are not intended to be exhaustive or limited
to the embodiments disclosed. Many modifications and
variations will be apparent to those of ordinary skill in the
art without departing from the scope and spirit of the
invention. The terminology used herein was chosen to best
explain the principles of the embodiment, the practical
application or technical improvement over technologies
found in the marketplace, or to enable others of ordinary
skill in the art to understand the embodiments disclosed
herein.

What is claimed is:

1. An apparatus for automatically generating a fire-fight-
ing foam at elevated temperatures, the apparatus compris-
ing:
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a container sized to hold at least one battery;

water stored within the container; and

one or more cartridges stored within the container, the one

or more cartridges made, at least in part, of a tempera-
ture-dependent breakdown material and containing a
foaming agent, wherein heat generated by a failing
battery is sufficient to cause the temperature-dependent
breakdown material to fail such that the foaming agent
is released from at least one cartridge to mix with the
water stored within the container.

2. The apparatus of claim 1, further comprising:

a pressurized inert gas stored within the one or more

cartridges.

3. The apparatus of claim 1, the container further com-
prising:

abottom compartment that is sized to hold the at least one

battery; and

a top compartment that is attached to the bottom com-

partment so as to permit insertion and removal of the at
least one battery from the bottom compartment, the top
compartment storing the water behind one or more
members that seal the top compartment such that, when
the container is sealed, the heat generated by the failing
battery is sufficient to result in the release of the water
into the bottom compartment of the container.

4. The apparatus of claim 3, wherein:

the bottom compartment stores the one or more car-

tridges; and

the one or more members sealing the top compartment are

one or more separators made, at least in part, of the
temperature-dependent breakdown material such that,
when the container is sealed, the heat generated by the
failing battery causes the temperature-dependent break-
down material to fail and release the water into the
bottom compartment to mix with the foaming agent.

5. The apparatus of claim 4, wherein the one or more
cartridges are made of a first temperature-dependent break-
down material that fails at a first threshold temperature and
the one or more separators are made of a second tempera-
ture-dependent breakdown material that fails at a second
threshold temperature that is lower than the first threshold
temperature such that water is released into the bottom
compartment prior to the at least one cartridge releasing the
foaming agent.

6. The apparatus of claim 3, wherein:

the top compartment stores the one or more cartridges

such that, when the container is sealed, the heat gen-
erated by the failing battery causes the one or more
cartridges to rupture and release the foaming agent into
the top compartment to mix with the water; and

the one or more members that seal the top compartment

are one or more membranes that fail subsequently to
the one more cartridges such that failure of the one or
more membranes releases a foam into the bottom
compartment.

7. The apparatus of claim 6, wherein the one or more
cartridges are made of a first temperature-dependent break-
down material that fails at a first threshold temperature and
the one or more membranes are made of a second tempera-
ture-dependent breakdown material that fails at a second
threshold temperature that is higher than the first threshold
temperature such that the at least one cartridge fails prior to
the one or more membranes as a temperature increase
beyond the first threshold temperature.
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8. The apparatus of claim 6, further comprising:

a scaffold that is attached to the top compartment and
having a plurality of apertures that enable the foam, at
least in part, to flow from the top compartment into the
bottom compartment subsequent to the failure of the
one or more membranes.

9. An apparatus for automatically generating fire-fighting

foams at elevated temperatures, the apparatus comprising:

a flexible and resealable container sized to hold at least
one battery and having a removable top portion;

water stored within the container; and

one or more cartridges stored within the container and in
contact, at least in part, with the water, the one or more
cartridges made, at least in part, of a temperature-
dependent breakdown material and containing a foam-
ing agent, wherein heat generated by a failing battery is
sufficient to cause the temperature-dependent break-
down material to fail such that the foaming agent is
released to mix with the water stored within the con-
tainer.

10. The apparatus of claim 9, wherein tearing the remov-
able top portion along a tear line opens the container to
permit the failing battery to be deposited into the water
stored within the container.

11. The apparatus of claim 9, further comprising:

a pressurized inert gas stored within the one or more

cartridges.

12. The apparatus of claim 11, wherein the one or more
cartridges fail at or above a threshold temperature that
corresponds to a temperature at which the temperature-
dependent breakdown material yields under pressure from
the pressurized inert gas stored within the one or more
cartridges.

13. The apparatus of claim 12, further comprising:

a pressure relief valve that is attached to a side panel of

the container.

14. An apparatus for automatically applying fire-fighting
foams at elevated temperatures, the apparatus comprising:

a pressure vessel;

a nozzle having an interior throat surface that is attached
to the pressure vessel; and

an obturator made, at least in part, of a temperature-
dependent breakdown material, wherein the obturator
abuts, at least in part, the interior throat surface of the
nozzle and obstructs the nozzle such that contents of
the pressure vessel cannot pass through nozzle below a
threshold temperature.

15. The apparatus of claim 14, further comprising:

an aqueous mixture contained within the pressure vessel,
the aqueous mixture including water and a foaming
agent;

a pressurized inert gas contained within the pressure
vessel; and

a feed tube having a first end and a second end, wherein
the first end of the feed tube lies below a surface level
of the aqueous mixture and the second end of the feed
tube is attached to the nozzle such that, upon failure of
the obturator, the aqueous mixture is ejected, at least in
part, from the pressure vessel via the nozzle under
pressure applied by the inert gas.

16. The apparatus of claim 14, wherein the obturator is
made, at least in part, of polyvinyl chloride have a degree of
crystallinity of approximately five percent to approximately
15 percent.
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17. The apparatus of claim 14, wherein the temperature-
dependent breakdown material is poly(hexamethylene adi-
pamide).

18. The apparatus of claim 14, wherein the temperature-
dependent breakdown material is a metallic alloy including
bismuth and tin.

19. The apparatus of claim 14, wherein the threshold
temperature corresponds to a temperature at or above which
the temperature-dependent breakdown material yields under
pressure from the contents of the pressure vessel.

20. The apparatus of claim 14, wherein the threshold
temperature corresponds to a melting temperature of the
temperature-dependent breakdown material.
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