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AIRCRAFT INCLUDING MITIGATION SYSTEM FOR RECHARGEABLE BATTERIES

BACKGROUND

Commercial aircraft have typically used bleed air from their turbine
propulsion engines to provide motive power for subsystems such as environmental
controls and brakes. However, this use of bleed air reduces efficiency of the turbine
engines. Moreover, ducts, valves and controls for supplying the bleed air to the
subsystems add weight to the aircraft.

More advanced commercial airliners may use electricity to power certain
subsystems that, in the past, were powered by bleed air. The electrical power Is
supplied from generators driven by the propulsion engines. Backup electrical power Is
available from generators driven by an on-board auxiliary power unit (APU). Additional
backup electrical power is available from a ram air turbine.

Rechargeable batteries provide yet another source of backup electrical
power. However, nickel-cadmium (Ni-Cd) batteries, which were used on earlier
commercial aircraft, aren’t feasible for providing the backup power to certain
subsystems.

Lithium-ion (Li-ion) batteries (LIBs) are the rechargeable batteries of
choice. Lithium-ion batteries such as lithium cobalt oxide batteries have lower weight
and higher energy density than Ni-Cd batteries. They have no memory degradation.

Certain lithium-ion batteries have longstanding issues with thermal

runaway. As used herein, thermal runaway means a situation where an increase In

temperature causes a further increase in temperature that may lead to decreased
efficiency. For example, heat generated from an exothermic chemical reaction may
increase the rate of the chemical reaction. Designers of complex systems may address

such inefficiencies in various ways.

SUMMARY
In accordance with one embodiment, there is provided an aircraft

including a fuselage defining an interior environment inside the fuselage and an exterior
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environment outside the fuselage, a rechargeable battery disposed in the fuselage and
including an array of battery cells, and a metal enclosure surrounding the battery and
defining a cavity sized to receive the battery. The metal enclosure includes at least one
containment wall formed of a ductile material, a wall opening formed in the at least one
containment wall, and a ventilation conduit extending from the wall opening to an
opening In composite skin of the fuselage, to establish fluid communication between the
cavity and the exterior environment. The ventilation conduit is made of metal except for
an end portion at the skin. The end portion functions as an electrical insulator. The
metal enclosure also includes a normally closed vent valve disposed in the wall opening
and configured to open when a pressure inside the enclosure corresponds to a battery
failure event, and the enclosure includes at least one continuously open orifice formed
In the at least one containment wall, fluidly communicating between the cavity and the
interior environment of the fuselage.

According to an embodiment herein, an aircraft comprises a rechargeable
pattery Including an array of battery cells, and means for mitigating consequences of
failure of the rechargeable battery due to aircraft operating cycles.

According to an aspect of the present disclosure there is provided an
aircraft comprising a rechargeable battery including an array of battery cells: and means
for mitigating consequences of failure of the rechargeable battery due to aircraft
operating cycles.

The means for mitigating consequences may include a plurality of

dielectric separators between the battery cells for creating thermal barriers between

opposing surfaces of the battery cells, the dielectric separators made of a fiber
composite.

The fiber composite may include fibers in a phenolic resin matrix.

The fiber composite may include a glass fiber phenolic.

The battery cells may be prismatic, wherein the dielectric separators may
form a lattice, and wherein the battery cells may populate spaces formed by the lattice.

The means for mitigating consequences may include a chassis including a

lower fixation plate, the battery cells on the lower fixation plate, the lower fixation plate
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Including a plurality of flow channels positioned to collect condensate from the battery
cells and move the collected condensate away from the battery cells.

The lower fixation plate may further include a substrate; and wherein the
flow channels may include drainage holes in the substrate, each drainage hole located
beneath portions of at least two battery cells.

The flow channels may further include grooves in the substrate, the
grooves extending between the drainage holes.

The lower fixation plate may further include a lattice of cell dividers on the
substrate, the battery cells located between the cell dividers, the grooves extending
between the drainage holes, along the cell dividers.

A side of each battery cell may include a rupture plate; and the means
may Include a chassis including a frame having vent cutouts; and the battery cells may
be oriented such that their rupture plates are coincident with the vent cutouts.

The means for mitigating consequences may include a battery monitoring
unit (BMU) configured to receive signals from the battery cells, and process the signals
to determine status of the battery cells. The signals may include at ieast one of a
temperature signal, a voltage signal, or a current signal.

The BMU may be configured to removably connect the battery to a
master/module interface; and deliver power from the battery to the master/module
Interface.

The BMU may be further configured to interrupt deliverance of battery
power to the master/module interface.

The BMU may be configured to operate the battery in a voltage range that
reduces heat and Is further configured to prevent over-charging damage.

The means for mitigating consequences may include a metal enclosure,
the battery inside the enclosure.

The metal enclosure may include one or more containment walls made of

a ductile matenal.

The metal enclosure may include a normally closed vent valve configured

to open when pressure inside the enclosure corresponds to a battery failure event.
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The metal enclosure may include at least one wall having at least one
orifice configured for pressure equalization while allowing pressure caused by a battery
failure event to build up within the enclosure and activate the vent valve.

The at least one orifice may be further configured to restrict mass rate of
air flow into the enclosure during a battery tailure event.

The means for mitigating consequences may further include a ventilation
conduit extending from the vent valve to an opening in composite skin of the aircraft, the
conduit made of metal except for an end portion at the skin, the end portion functioning
as an electrical insulator.

The end portion of the conduit may include a tube made of an electrically
non-conductive material, the tube having a length of at least two inches.

The means for mitigating consequences means may further include a
thermal spacer. The end portion may further include a flange fitting at an end of the
tube, the flange fitting having a portion that extends into the opening. The thermal
spacer may be located between the flange fitting and the composite skin.

The rechargeable battery may be a lithium cobalt oxide battery.

The battery may be located in a fuselage of the aircraft, the battery
exposed to harsh environmental conditions.

The battery may be a main battery.

The battery may be an auxiliary power unit (APU) battery.

The means for mitigating consequences may include at least two of the

following six mitigation features: a plurality of dielectric separators between the battery

cells for creating thermal barriers between opposing surfaces of the battery cells, the
dielectric separators made of a fiber composite; a chassis including a lower fixation
plate, the battery cells on the lower fixation plate, the lower fixation plate including a
plurality of flow channels positioned to collect condensate from the battery cells and
move the collected condensate away from the battery cells; a chassis containing the
battery cells, the chassis including vent holes coincident with rupture plates of the
battery cells; a metal enclosure containing the battery, the metal enclosure including

one or more containment walls of the enclosure Is made of a ductile material; a metal

enclosure containing the battery, the metal enclosure including a normally closed vent

4
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valve configured to open when pressure inside the enclosure corresponds to a battery
failure event; and a metal enclosure containing the battery, the metal enclosure

iIncluding at least one wall having at least one orifice configured for pressure

equalization.

5 The means for mitigating consequences may include all six of the
mitigation features, whereby the chassis containing the battery cells is located within the
enclosure, and the enclosure has ductile containment walls, a normally closed vent

configured to open when pressure inside the enclosure corresponds to a battery failure

event, and at least one pressure equalization orifice.

10 These features and functions may be achieved independently in various
embodiments or may be combined in other embodiments. Further details of the

embodiments can be seen with reference to the following description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
15 FIG. 1 is an illustration of an aircraft including an electrical system.

FIG. 2 Is an illustration of an example of an electrical distribution system

Including rechargeable batteries.

FIG. 3 Is an illustration of a rechargeable battery cell.

43



10

15

20

25

30

CA 028596887 2015-06-29

WO 2014/131060 PCT/US2014/019706

FIG. 4 is an illustration of a mitigation system for a rechargeable battery.
FIG. 5 is an lllustration of a method of mitigating consequences of a

battery failure during an operating cycle of an aircraftt.

DETAILED DESCRIPTION

Reference i1s made to FIG. 1, which illustrates an aircraft 110. The aircraft
110 Includes a fuselage 120, wing assemblies 130, empennage 140, and propulsion
units 150. The aircraft 110 further includes an electrical system 160. The electrical
system 160 includes electrical generators driven by the propulsion units 150. The
electrical system 160 also includes at least one generator driven by an auxiliary power
unit (APU). Electrical power generated by the generators is placed on electrical
distribution buses. The electrical system 160 may also have provisions for receiving
ground power.

The electrical system 160 further includes at least one rechargeable
battery. The battery may provide backup power to one or more subsystems of the
aircraft 110.

Reference is now made to FIG. 2, which illustrates an example of an
electrical system for an aircraft 200. The electrical system includes two starter
generators 210 per engine, and two APU starter generators 220. The electrical system
further includes electrical distribution buses 230, and remote power distribution units
240. A main battery is stored in a forward portion of the fuselage, and an APU battery Is
stored in an aft portion of the fuselage.

The main battery 1s used to start the aircraft 200 when the aircraft 200 1s
cold. For example, the main battery provides power to the aircraft's avionics. The main
battery may be used to support ground operations such as refueling and powers the
brakes when the airplane is towed.

The APU battery Is used to start the APU. The APU starter generators 220
draw power from the APU battery (or from ground power) to start the APU, which is then
used to start the starter generators 210, which in turn start the engines.

The batteries provide a source of backup power during flight and landing.
If needed, they provide backup power to operate certain subsystems of the aircraft.

The batteries are subject to harsh operating conditions during an

5
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operating cycle of the aircraft 200. Consider an aircraft 200 that operates between sea
level and 40,000 feet. During a single flight within a relatively short period of time, the
batteries will experience large swings In temperature and pressure. They may also be
subject to extreme humidity.

Reference is made to FIG 3, which illustrates an example of a rechargeable
pattery cell 310. The battery cell 310 includes positive and negative electrodes 320 and
330, a case 340 for the electrodes 320 and 330, and electrolyte (not shown) sealed within
the case 340.

The battery cell 310 is not limited to any particular chemistry. Examples
include, but are not limited to lithium-ion, metal-cadmium, and nickel metal hydride.
Lithium-ion batteries may offer certain advantages (e.q., lower weight, higher energy
density, no memory degradation) over metal-cadmium and nickel metal hydride batteries.
The rechargeable battery may be susceptible to thermal runaway. For example, the battery
cell 310 may be a lithium cobalt oxide battery cell 310.

The battery cell 310 has a vent hole (not shown) at the side of its case 340,
and a rupture plate 350 covering the vent hole. The rupture plate 350 may be a stainless
steel membrane that is resistance welded to the case 340. The rupture plate 350 is
designed to open at a predetermined internal cell pressure (which may be caused by
thermal runaway) and uncover the vent hole. Once the vent hole has been uncovered,
materials from inside the case 340 may be expelled through the vent hole.

The battery cell 310 is not limited to any particular geometry. For example,
the battery cell may 310 be prismatic or cylindrical. Fig. 3 shows a battery cell 310 that is

prismatic.

Reference I1Is made to FIG. 4, which illustrates a mitigation system 410 for a
rechargeable battery of an aircraft. The mitigation system 410 is configured to mitigate

consequences of a battery failure due to thermal runaway. For the purpose of illustration,
the mitigation system 410 will be described in connection with prismatic battery celis
arranged in an array (e.g., a 4x2 array). The mitigation system 410 of FIG. 4, illustrates five

migration features 420 - 460.

The first mitigation feature includes a plurality of dielectric separators 420
between the battery cells for creating thermal barriers between opposing surfaces of the
battery cells. The dielectric separators 420 are made of a fiber composite. The fiber

composite may include fibers in a phenolic resin matrix. For example, the fiber composite
6
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may include a glass fiber phenolic. The dielectric separators 420 may have the form of a
lattice, and the battery cells may populate spaces formed by the lattice. The dielectric

separators 420 are described in greater detall in U.S. patent publication no. 2014-0242435.

The second mitigation feature is a battery chassis 430. The chassis 430
includes a lower fixation plate. The battery cells are supported by the lower fixation plate.
The lower fixation plate includes a plurality of flow channels positioned to collect
condensate from the battery cells and move the collected condensate away from the

battery cells.

The flow channels may include drainage holes in a substrate of the lower
fixation plate. Each drainage hole may be located beneath portions of at least two battery
cells. The flow channels may further include grooves in the substrate. The grooves may
extend between the drainage holes. The lower fixation plate may further include a lattice of
cell dividers on the substrate. The battery cells are located between the cell dividers. The

grooves extend between the drainage holes, along the cell dividers.

The chassis 430 may also include a frame having vent cutouts. The battery
cells are oriented on the lower fixation plate such that their rupture plates are coincident

with the vent cutouts.

The chassis 430 is described in greater detail in U.S. patent publication no.
2014-0242425.

The third mitigation feature is a battery monitoring unit (BMU) 440. The BMU

s configured to receive signals (e.g., temperature signal, a voltage signal, or a current
signal) from the battery cells, and process the signals to determine status of the battery.

The BMU 440 may be configured to removably connect the battery to a master/module
Interface, and deliver power from the battery to the master/module interface. The BMU 440

may be further configured to interrupt deliverance of battery power to the master/module

interface. The BMU may be further configured to operate the battery in a voltage range that
reduces heat and is further configured to prevent over-charging damage. The BMU 440 is
described in greater detail in U.S. patent no. 9,484,604.

The fourth mitigation feature Is a metal enclosure 450. The battery is inside
the metal enclosure 450. The metal enclosure 450 may have any one of the following

features:
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(1) One or more containment walls made of a ductile material.

(2) A normally closed vent valve configured to open when pressure inside

the enclosure corresponds to a battery failure event.

(3) At least one wall having at least one orifice configured for pressure
equalization while aliowing pressure caused by a battery failure event to build up within the
enclosure 450. The at least one orifice may be further configured to restrict mass rate of air

flow into the enclosure 450 during a battery failure event.
The enclosure 450 is described in greater detail in U.S. patent no. 9,508,970.

The fifth mitigation feature is a ventilation system 460 including a ventilation
conduit. The ventilation conduit extends from the vent valve to an opening in composite
skin of the aircraft. The conduit is made of metal except for an end portion at the skin. The
end portion functions as an electrical insulator. The end portion of the conduit may include

a tube made of an electrically non-conductive material. The tube may have a length of at

least two Inches. If the end portion includes a flange fitting having a portion that extends
into the opening in the composite skin, a thermal spacer may be located between the
flange fitting and the composite skin. The ventilation system 460 is described in greater
detail in U.S. patent publication no. 2014-0242896.

The mitigation system 410 may include at least one of these five features
420-460 for mitigating consequences of a battery failure. Some embodiments of the
mitigation system 410 include only a single one of these features 420-460. Some

embodiments of the mitigation system 410 may include combinations of certain ones of

these features 420-460. Still other embodiments of the mitigation system 410 include all of
these features 420-460.

For instance, the first three mitigation features 420-440 may be built into a
rechargeable battery of an aircraft. The battery includes a battery chassis 430 having vent
cutouts and a lower fixation plate having flow channels. A lattice of dielectric separators

420 i1s placed on the lower fixation plate of the chassis 430, and battery cells are placed in

spaces between the dielectric separators 420. The vent holes of the
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battery cells are coincident with the vent cutouts in the chassis 430. The battery
monitoring unit 440 1s added, and the chassis 430 is enclosed.

In some embodiments, a battery having these features 420-440 may be
placed In a compartment. In other embodiments, this battery may be placed in the
enclosure 450, which utilizes the ventilation system 460.

Reference is now made to FIG. 5, which illustrates a method of mitigating
consequences of a failure of a rechargeable battery in an aircraft during an aircraft
operating cycle. During this operating cycle, the aircraft climbs about 25,000 feet to
40,000 feet between take-off and cruise, traverses regions of varying humidity,
pressure, and temperature, and then descends about 25,000 to 40,000 feet to its
destination. The method is described for a mitigation system 410 having all five
features 420-460.

Block 510 corresponds to functions that reduce battery stress prior to
takeoff. When battery power is used on the ground, the BMU 440 operates the battery
In a narrow voltage range to reduce heat. The BMU 440 also prevents over-charging
damage.

Block 520 corresponds to functions that are performed to reduce the
chance of battery failure during flight. Any condensate forming on the battery cells is
drained from the chassis 430 by the flow channels.

Pressure equalization in the enclosure 450 1s performed to reduce stress
on the enclosure components. Stress Is also reduced on the battery inside the
enclosure 450.

Block 530 corresponds to a battery faillure event. If a battery cell
experiences thermal runaway, for instance, the dielectric separators 420 prevent
thermal runaway from propagating from the failed cell to neighboring battery cells.

Materials are expelled from the failed cell, through the vent cutouts in the
chassis 430 and into the enclosure 450. The ductile walls of the enclosure 450 absorb
energy from material expelled into the enclosure 450.

Moreover, the vent valve 1s exposed to a rise In pressure In the enclosure.
When the pressure in the enclosure 450 is indicative of a battery failure event, the vent
valve opens. Hot gas Is vented out the enclosure 450 and exhausted overboard the

aircraft by the ventilation system 460. While the vent valve 1s opened, the pressure

9
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equalization orifices restrict the mass flow of air into the enclosure.

10
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IN WHICH AN EXCLUSIVE PROPERTY OR PRIVILEGE IS

CLAIMED ARE DEFINED AS FOLLOWS:

1. An aircraft comprising:

a fuselage defining an interior environment inside the fuselage and an

S exterior environment outside the fuselage:;

a rechargeable battery disposed in the fuselage and including an array of

battery cells;

a metal enclosure surrounding the battery and defining a cavity sized to

recelve the battery, the metal enclosure including:

10

15

20

at least one containment wall formed of a ductile material;
a wall opening formed In the at least one containment wall;

a ventilation conduit extending from the wall opening to an
opening in composite skin of the fuselage, thereby to establish
fluid communication between the cavity and the exterior
environment, the ventilation conduit made of metal except for an
end portion at the skin, the end portion functioning as an electrical

insulator:

a normally closed vent valve disposed in the wall opening and
configured to open when a pressure inside the enclosure

corresponds to a battery failure event; and

at least one continuously open orifice formed in the at least one
containment wall, fluidly communicating between the cavity and

the interior environment of the fuselage.

11
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The aircraft of claim 1, wherein the at least one continuously open orifice is

configured to permit pressure equalization between the cavity and the interior
environment of the fuselage over a pressure equalization duration that is greater

than a predetermined activation time of the vent valve.

The aircraft of claim 1 or 2, wherein the at least one continuously open orifice is
further configured to restrict mass rate of air flow into the enclosure during a

pattery failure event.

The aircraft of any one of claims 1 — 3, wherein the end portion of the ventilation
conduit includes a tube made of an electrically non-conductive material, the

tube having a length of at least two inches.

The aircraft of claim 4, wherein the end portion of the ventilation conduit further
includes a flange fitting at an end of the tube, the flange fitting having a portion
that extends into the opening of the composite skin of the fuselage, the aircraft
further comprising a thermal spacer located between the flange fitting and the

composite sKkin.

The aircraft of any one of claims 1 — 5, further comprising a plurality of dielectric
separators between the battery cells for creating thermal barriers between

opposing surfaces of the battery cells, the dielectric separators made of a fiber

composite.

The aircraft of claim 6, wherein the fiber composite includes fibers in a phenolic

resin matrix.

The aircraft of claim 6 or 7, wherein the fiber composite includes a glass fiber

phenolic.

The aircraft of any one of claims 6 — 8, wherein the battery cells are prismatic,
wherein the dielectric separators form a lattice, and wherein the battery cells

populate spaces formed by the lattice.

12



10

15

20

25

10.

11.

12.

13.

14.

15.

16.

CA 2896887 2017-05-23

The aircraft of any one of claims 1 — 9, further comprising a chassis including a
lower fixation plate, the battery cells on the lower fixation plate, the lower
fixation plate including a plurality of flow channels positioned to collect
condensate from the battery celis and direct the collected condensate away

from the battery cells.

The aircraft of claim 10, in which the lower fixation plate further includes a
substrate; and wherein the flow channels include drainage holes in the
substrate, each drainage hole located beneath portions of the at least two

battery cells.

The aircraft of claim 11, wherein the flow channels further include grooves in the

substrate, the grooves extending between the drainage holes.

The aircraft of claim 12, wherein the lower fixation plate further includes a lattice
of cell dividers on the substrate, the battery cells located between the cell
dividers, the grooves extending between the drainage holes, along the cell

dividers.

The aircraft of any one of claims 1 — 9, wherein a side of each battery cell
includes a rupture plate, the aircraft further including a chassis including a frame
having vent cutouts, wherein the battery cells are oriented such that their

rupture plates are coincident with the vent cutouts.

The aircraft of any one of claims 1 — 14, further including a battery monitoring
unit (BMU) configured to receive signals from the battery cells, and process the
signals to determine status of the battery cells; wherein the signals include at

least one of a temperature signal, a voltage signal, or a current signal.

The aircraft of claim 15, wherein the BMU is configured to removably connect
the battery to a master/module inferface; and deliver power from the battery to

the master/module interface.
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The aircraft of claim 16, wherein the BMU is further configured to interrupt

delivery of battery power to the master/module interface.

The aircraft of claim 17, wherein the BMU is configured to operate the battery in

a voltage range that reduces heat and is further configured to prevent over-

charging damage.

The aircraft of any one of claims 1 — 18, wherein the rechargeable battery is a

lithium cobalt oxide battery.
The aircraft of any one of claims 1 — 19, wherein the battery is a main battery.

The aircraft of any one of claims 1 — 19, wherein the battery is an auxiliary

power unit (APU) battery.
The aircraft of any one of claims 1 — 5, further comprising:

a plurality of dielectric separators between the battery cells for creating

thermal barriers between opposing surfaces of the battery cells, the

dielectric separators made of a fiber composite; and
a chassis including:

a lower fixation plate, the battery cells disposed on the lower
fixation plate, the lower fixation plate including a plurality of flow
channels positioned to collect condensate from the battery cells

and direct the collected condensate away from the battery cells;

and
vent holes coincident with rupture plates of the battery cells.

The aircraft of claim 22, in which the chassis containing the battery cells is

located within the enclosure.
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FIG. 4 410
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5/

During operation of an aircraft on the ground,
a battery monitoring unit operates batteries
IN a narrow voltage range

During flight, flow channels in lower fixation
plate carry condensation away from
batteries, and orifices in enclosure perform
pressure equalization

In the event of a battery failure, dielectric
separators prevent thermal runaway from
propagating, materials expelled from the
battery flow into the enclosure via vent
cutouts, ductile walls of the enclosure absorb
energy from the expelled maternials, a vent
valve opens when pressure across it
Indicates a battery failure event, and hot gas
IS vented out of the enclosure and exhausted
overboard the aircraft
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