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nulus. Coolant pumped through the cooling member will contact the wall
of the annulus to cool the drive shatt and components thermally coupled
to the drive shaft. Where the flywheel has an upright axis of rotation with
the annulus opening downwardly, coolant falls from the annulus to a
sump positioned below the drive shaft.
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COOLED FLYWHEEL APPARATUS

BACKGROUND

[0001] This invention relates to cooled flywheel apparatus.

[0002] Flywheels are used as energy storage devices. In a typical application, a
flywheel is connected to a motor-generator and electrical power is input to the motor-
generator to spin up the flywheel. Later, power can be extracted from the flywheel by
connecting an electrical load to the motor-generator. To minimize windage losses, the

flywheel rotor typically operates in a partial vacuum environment.

[0003] Flywheels have been used in applications such as power smoothing for wind
turbines. Because of their continuous operation, heat build-up in the flywheel rotor is a

problem that risks early failure of a flywheel apparatus.

SUMMARY

[0004] A flywheel is provided with an annular drive shaft and a stationary cooling
member for directing a coolant into the drive shaft annulus. Coolant pumped through
the cooling member will contact the wall of the annulus to cool the drive shaft and
components thermally coupled to the drive shaft. Where the flywheel has an upright
axis of rotation with the annulus opening downwardly, coolant falls from the annulus to a
sump positioned below the drive shaft. In one aspect, the cooling member can be a
perforated wand disposed in the drive shaft annulus. In another aspect, the cooling

member can be a nozzle disposed adjacent the drive shaft annulus.

[0005] Accordingly, in an embodiment, there is provided a cooled flywheel apparatus
having a flywheel with an annular drive shaft; a stationary perforated wand disposed in
the annulus of said annular drive shaft, and a cooling fluid line in fluid communication

with a base of said wand.
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[0006] In an alternate embodiment, there is provided a cooled flywheel apparatus
having a flywheel with an annular drive shaft; a stationary nozzle disposed adjacent the
annulus of said annular drive shaft; and a cooling fluid line in fluid communication with a

base of the nozzle.

[0007] Other features and advantages will become apparent from the following

description in conjunction with the drawings.

DRAWINGS

[0008] In the figures which illustrate an example embodiment,

FIG. 1 is a perspective view of an energy storage system having a flywheel
cooling apparatus, according to an embodiment of the present invention.

FIG. 2 is a schematic cross-sectional view of the energy storage system of FIG. 1.

FIG. 3 is a cross-sectional schematic detail of a portion of FIG. 2.

FIG. 4 is a schematic view of a system control apparatus.

FIG. 5 is a perspective view of an energy storage system having a flywheel
cooling apparatus according to another embodiment of the present invention.

FIG. 6 is a schematic cross-sectional view of the energy storage system of FIG. 5.

FIG. 7 is a cross-sectional schematic detail of a portion of FIG. 6.

FIG. 8 is a schematic view of another system control apparatus.
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DESCRIPTION

[0009] FIG. 1 is a perspective view of an energy storage system 20 that has a
housing 22 containing a flywheel and a motor-generator (not shown in FIG. 1),
according to an embodiment of the present invention. The motor-generator is coupled
to the flywheel to either drive the flywheel or be driven by the flywheel. The housing 22
has a base 24, a cylindrical side wall 26 and an annular top plate 28 closed by an
extension 30. The housing is positioned over a pit 32 in the floor 34 which

accommodates certain portions of system 20, as will become apparent.

[0010] In an embodiment, the housing 22 is formed from non-ferromagnetic materials
to avoid magnetic drag that would slow the flywheel. Suitable non-ferromagnetic
materials may be selected from a group including, but not limited to, stainless steel,
aluminum, plastics, fibreglass, concrete, and combinations thereof, which materials may
also be reinforced with composite materials, including, but not limited to, carbon fibre,

Kevlar™ or the like.

[0011] As seenin FIG. 2, the housing 22 contains a flywheel 40 having a rotor 42, an
upper support shaft 44, and a lower drive shaft 50, all with a common central axis C. In
an embodiment, the rotor 42 and shafts 44 and 50 are integrally formed from a forged
blank. The diameters of the shafts 44, 50 differ due to the different loads applied. The
flywheel is vertically mounted for rotation about the central axis C by bearing assemblies
46, 48, and 150. Bearing assembly 46 is attached to top plate 28 and supports support
shaft 44 both radially and axially to position the flywheel rotor 42. Bearing assembly 48
is attached to base 24 and supports drive shaft 50 radially, while allowing drive shaft 50
to slide axially. Bearing 150 is a magnetic bearing, with an annular permanent magnet
that carries the majority of the axial load of the flywheel rotor 42 (thereby greatly
extending the operating life of bearing assembly 46). Suitable magnetic bearing
assemblies are further described in U.S. patent application publication no.
US2011/0298293, the disclosure of which is incorporated herein by reference in its

entirety.
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[0012] The rotor 42 may be made from a ferromagnetic material, such as, for example,
high density steel. In alternate embodiments, other ferromagnetic materials from which
the rotor 42 may be manufactured are iron, nickel, cobalt, and the like. The higher the
mass of the rotor 42, the greater the kinetic energy the energy storage system 20 is able
to store at the same rotational speed of the flywheel. In contrast, the higher the mass of

the rotor 42, the greater the frictional forces in the system.

[0013] Referencing FIG. 3 along with FIG. 2, the drive shaft 50 is annular, having a
central annulus 52 with an annulus wall 54. The motor-generator 60 surrounds drive
shaft 50, with the rotor 62 of the motor-generator being a sleeve that is fitted tightly to
the drive shaft and the stator 64 disposed radially outwardly of the rotor 62. The base
24 has an projecting sleeve 68 which abuts the periphery of the stator 64 of the motor-

generator 60.

[0014] The base 24 has a central annulus 72 with a web 74 (that may be shaped like
a wagon wheel) supporting a cooling member. In one aspect of the invention, the
cooling member can be an elongated annular wand 80 so that the wand projects
upwardly into the annulus 52 of the drive shaft 50 and fluid may pass through the wand.
The wand has a series of perforations 82 about its periphery along its length as well as
one or more perforations at its tip 84. The wand is open at its base 86. In another
aspect of the invention, the cooling member can be cooling nozzle 1080, discussed
below with respect to FIGS. 5-8.

[0015] A sump 90 in the form of an open-topped vessel is attached to the underside
of the base 24 and extends into pit 32. An opening of the sump 90 is sealed from the
ambient environment by the housing 22. A coolant line 92a runs from the outlet of the
sump to the inlet of a coolant pump 94. The coolant pump is located at the bottom of pit
32. A coolant line 92b runs from the outlet of the pump to a lower end of a heat
exchange coil 96 that coils along the stator 64. A coolant line 92¢ runs from the upper
end of the coil to a heat exchanger 98. A coolant line 92d runs from the outlet of the

heat exchanger 98 to the base 86 of the wand 80. A heat exchange fluid line 100a runs
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through a flow control valve 102 to the heat exchanger 98 and a fluid line 100b is

connected to a heat exchange fluid outlet of the heat exchanger 98.

[0016] A vacuum pump 110 connects via vacuum line 112 to the interior of the
housing 22. A radial air gap 114 between the rotor 62 and the stator 64 communicates
a vacuum in the housing around bearing assembly 48 to the annulus 52 of the drive
shaft. The interface between the sump vessel and base 24 is sealed so that a vacuum
communicated to the sump is maintained. The flywheel rotor is operated in a partial
vacuum to minimize air frictional losses and heating. However, the partial vacuum
above the coolant surface in the sump 90 requires that the pump 94 be positioned
sufficiently below the sump to provide a pressure head at the pump inlet that is high
enough to avoid loss of flow and cavitation through the expected range of pump

operating speeds.

[0017] Temperature sensor 118 senses temperature of the stator 64, temperature
sensor 120 senses the temperature of the bearing 48, temperature sensor 122 senses
the temperature of the bearing 46, temperature sensor 123 senses the temperature of
magnetic bearing 150, and temperature sensor 124 senses the temperature of coolant
in the sump 90. Flow sensor 126 senses the speed at which coolant is pumped by the
coolant pump 94. Flow sensor 128 senses the speed at which heat exchange fluid
flows through heat exchanger 98. Speed sensor 130 senses the rotational speed of the

flywheel 40. Pressure sensor 132 senses the pressure in the interior of housing 22.

[0018] Turning to FIG. 4, the various sensors input data into a controller 140. The
controller outputs control signals to the coolant pump 94, vacuum pump 110, flow

control value 102, and motor-generator 60.

[0019] The coolant in the sump 90 which is supplied to the wand 80 is a heat transfer
fluid with a boiling temperature that is higher than the normal operating temperatures at
the expected operating pressures (e.g., in a partial vacuum). An example heat transfer
fluid in this regard is DURATHERM 600™ manufactured by Duratherm Extended Life

Fluids, a division of Frontier Resource and Recovery Services Incorporated.
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DURATHERM 600™ is a petroleum-based, non-toxic, heat transfer fluid with a low

vapour pressure and a high operating temperature.

[0020] In operation, the controller 140 may excite the motor-generator 60 to apply a
torque to drive shaft 50 and spin up flywheel 40. Once the flywheel has been spun up to
a target rotational speed -- as determined by the controller based on a speed signal
from speed sensor 130 -- the excitation current to the motor-generator may be shut off
and only intermittently applied to maintain the flywheel at its target speed. With the
flywheel rotating within an operational speed window, an electrical load may be
selectively applied to the motor-generator so that the flywheel powers the load by
rotating the motor-generator. The flywheel rotor operates in a partial vacuum to
minimize air frictional losses and heating. However, a significant amount of heat will be
generated in the motor-generator 60 due to its operation and further heat will be

generated due to friction in the bearings 46, 48, and elsewhere in system 20.

[0021] Removal of heat from the stator 64 of the motor-generator 60 is relatively
straightforward, as heat may be removed via convection to the coolant in cooling coils
96 and by conduction to sleeve 68. On the other hand, removal of heat from the motor
rotor 62 is more challenging, as heat can only be removed from the rotor via forced

convection in view of air gap 114 and the vacuum environment.

[0022] According to an embodiment, controller 140 sets an initial speed of pumps 94
and 110 and an initial flow rate of heat exchange fluid through heat exchanger 98 by
setting the position of flow control valve 102. With coolant pump 94 operating, coolant is
pumped from the sump 90 through heat exchange coil 96 and heat exchanger 98 to
wand 80. The coolant flowing up the wand escapes through the perforations along the
length of the wand, resulting in coolant spraying radially outwardly from the perforations
and impinging on the wall 54 of the annulus 52 of the drive shaft 50. It will be apparent
that, because the rotor 62 is rotating, it naturally spreads the coolant so that it coats the
annular wall of the rotor. As further coolant impinges on the annulus wall, it tends to
displace coolant already on the wall so that the displaced coolant descends toward the

base of the annulus and falls back into the sump 90. The constantly refreshed coolant
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on the wall 54 of the annulus 52 draws heat from this wall and, consequently, from
components in thermal contact with wall 54. The components directly abutting the
annulus wall 54 of the drive shaft 50 are the motor-generator rotor 62 and the bearing
assembly 48. Thus, these components are principal beneficiaries of the cooling of the
annulus wall of the drive shaft 50. However, as will be apparent, the motor-generator
stator 64, flywheel rotor 42, support shaft 44 and upper bearing assembly 46 are all
thermally coupled to the motor-generator rotor 62, and so also benefit from the cooling
of the annular wall of the rotor. Additionally, coolant flowing through the heat exchange
coil 96 directly cools the stator 64 and indirectly cools components thermally coupled to
the stator. The indirect cooling of the flywheel rotor through its thermal coupling to the
rotor and stator of the motor-generator 60 is used to keep the flywheel below a
temperature that would heat the magnetic bearing assembly to a point where the

annular permanent magnet within the assembly would be damaged.

[0023] The heat exchanger 98 cools the coolant exiting the coil 96 before it reaches
the wand 80, so that the coolant is at its coolest when sprayed by the wand into the
annulus 52. The coolant is under pressure between the outlet of the coolant pump 94
and the wand 80, which raises the boiling point of the coolant and avoids risk of the
coolant boiling, even at high temperatures. Thus, it is not important to ensure the
coolant is at its coolest when within coil 96. On the other hand, the coolant is under
vacuum within the annulus such that its boiling point is significantly lower. Consequently,
in circumstances where the coolant temperature exceeds operating norms, there might
be a risk of the coolant reaching its boiling point within the annulus. If the coolant boiled,
it would outgas in the annulus and degrade the vacuum, causing higher frictional drag
on the flywheel rotor surface thereby risking further temperature increase. By ensuring

the coolant is at its coolest in the annulus, this risk is minimized.

[0024] The controller receives input from temperature sensors 118, 120, 122, 123,
and 124. If the temperature at any of these sensors migrates above a pre-set upper
limit, the controller may respond by one or more of increasing the speed of coolant
pump 94, increasing the flow rate of heat exchange fluid through the heat exchanger 98

by re-setting the position of flow control valve 102, and increasing the speed of the
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vacuum pump 110. If the temperatures become too high, the controller could also
refrain from exciting the motor-generator 60, even when the speed of the flywheel fell

below its operational window.

[0025] Giving an example, the vacuum pump may draw a vacuum of 107 Torr within
the housing 22 and the set point for the maximum temperature within the system may
be 70°C, where the coolant chosen for the system 20 will not boil below, say, 80°C at
107 Torr.

[0026] In an embodiment, the pump 94 is located as far below the sump as
practicable to maximize the coolant head and therefore the inlet pressure to the pump.

This allows a higher maximum pump speed before a vacuum is drawn at the pump inlet.

[0027] In an embodiment, the base 24 is a cast or wrought part. Coil 96 can be
formed by a machined or etched spiral groove on the inner wall of sleeve 68 with a thin-

walled inner sleeve press fit to the inner wall of sleeve 68.

[0028] While an example embodiment has been described with respect to FIGS. 1-4,
many modifications are possible. For example, while a specific coolant has been
described, any coolant which will not boil at the expected operating temperatures and

pressures may be substituted.

[0029] With feedback control, additional or different sensors than those described
may be used in the system, provided they supply sufficient feedback information to
enable the controller to adequately control the system. It may, however, be possible to
operate the system with less feedback control. For example, it could be that the
controller controls only the speed of the coolant pump, such that the vacuum pump runs
at a fixed speed and the operating position of the flow control valve is fixed. Indeed, it
may be possible to operate the energy storage system entirely without feedback control,
running the coolant pump and the vacuum pump at fixed speeds and fixing the

operating position of the flow control valve. In such a case, the only sensor may be a
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flywheel speed sensor, which a simplified controller could respond to in order to keep

the speed of the flywheel within an operational window.

[0030] Disposing the flywheel such that its central rotational axis C is upright, ideally
vertical, has the advantage that gravity assists in returning coolant from the annulus to
the sump. It may be possible, however, to operate the energy storage system with the

central rotational axis of the flywheel being horizontal.

[0031] Although frictional losses would be higher, the system could be operated
without a vacuum pump. Or, the rotor annulus could be isolated from the remainder of
the housing, such that only the remainder of the housing was placed under vacuum.
This option has the advantage that the sump need not be sealed to the bottom of the
base.

[0032] Bearing assembly 150 need not be a permanent magnet bearing but may be
any suitable bearing. The base has been described as a cast or wrought part, but of
course this is not necessary and the base could be composed of different parts suitably
affixed together. The coil could be replaced with a coil running along the outside of the
base sleeve, which may allow for a thinner-walled sleeve than shown. While the coil is
shown in a cooling circuit in series with the cooling member, optionally, separate cooling
circuits could be provided for the coil and the cooling member. In this regard, since an
independent stator cooling circuit would not be under vacuum, the coil could be supplied
with heat exchange fluid directly from the heat exchange fluid line. It may be possible to
operate some systems with an air cooled heat exchanger rather than a liquid cooled
heat exchanger. The pit could be eliminated by instead elevating the housing. The

rotor and shafts could be formed from different parts rather than formed integrally.

[0033] FIG. 5 is a perspective view of an energy storage system 1020 according to
another embodiment. Energy storage system 1020 has a housing 1022 containing a
flywheel and a motor-generator (not shown in FIG. 5). The motor-generator is coupled
to the flywheel to either drive the flywheel or be driven by the flywheel. The housing

1022 has a base 1024, a cylindrical side wall 1026 and an annular top plate 1028 closed
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by an extension 1030. The housing is positioned over a pit 1032 in the floor 1034 which

accommodates certain portions of system 1020, as will become apparent.

[0034] In an embodiment, the housing 1022 can be formed from non-ferromagnetic
materials to avoid magnetic drag that would hinder the rotation of the flywheel. Suitable
non-ferromagnetic materials may be selected from a group including, but not limited to,
stainless steel, aluminum, plastics, fibreglass, concrete, and combinations thereof,
which materials may also be reinforced with composite materials, including, but not

limited to, carbon fibre, Kevlar‘m, or the like.

[0035] As seen in FIG. 6, the housing 1022 contains a flywheel 1040 having a rotor
1042, an upper support shaft 1044, and a lower drive shaft 1050, all with a common
central axis C. In an embodiment, the rotor 1042 and shafts 1044 and 1050 can be
integrally formed from a forged blank. The diameters of the shafts 1044, 1050 differ due
to the different loads applied. The flywheel can be vertically mounted for rotation about
the central axis C by bearing assemblies 1046, 1048, and 1150. Bearing assembly
1046 can be attached to top plate 1028 and supports support shaft 1044 both radially
and axially to position the flywheel rotor 1042. Bearing assembly 1048 can be attached
to base 1024 and can support drive shaft 1050 radially, while allowing drive shaft 1050
to slide axially. Bearing 1150 can be a magnetic bearing, with an annular permanent
magnet that carries the majority of the axial load of the flywheel rotor 1042 (thereby
greatly extending the operating life of bearing assembly 1046). As discussed above,
suitable magnetic bearing assemblies are further described in U.S. patent application
publication no. US2011/0298293.

[0036] The rotor 1042 may be made from a ferromagnetic material, such as, for
example, high density steel. In alternate embodiments, other ferromagnetic materials
from which the rotor 1042 may be manufactured are iron, nickel, cobalt, and the like.
The higher the mass of the rotor 1042, the greater the kinetic energy the energy storage
system 1020 is able to store at the same rotational speed of the flywheel. In contrast,

the higher the mass of the rotor 1042, the greater the frictional forces in the system.
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[0037] Referencing FIG. 7 along with FIG. 6, the drive shaft 1050 can be annular,
having a central annulus 1052 with an annulus wall 1054. The motor-generator 1060
surrounds drive shaft 1050, with the rotor 1062 of the motor-generator being a sleeve
that is fitted tightly to the drive shaft and the stator 1064 disposed radially outwardly of
the rotor 1062. The base 1024 has an projecting sleeve 1068 which abuts the periphery
of the stator 1064 of the motor-generator 1060.

[0038] The base 1024 has a central annulus 1072. A cooling nozzle 1080 extends
into central annulus 1072. In a further aspect of the invention, cooling nozzle 1080 can
extend into central annulus 1052. Cooling nozzle 1080 includes a nozzle annulus 1081
that extends through the length of cooling nozzle 1080 from nozzle base 1086 to nozzle
tip 1084. Cooling nozzle 1080 can include a removable piece 1087 that attaches to
nozzle base 1086 at one end and to coolant line 1092d on a second end. Cooling
nozzle 1080 can include a nozzle end piece 1082 that is secured within nozzle tip 1084.
Nozzle end piece 1082 can be detachably attached to cooling nozzle 1080. In one
aspect, nozzle end piece 1082 includes threading so that nozzle end piece 1082 can be
attached to cooling nozzle 1080 by screwing nozzle end piece 1082 into nozzle tip 1084.
In another aspect, nozzle end piece 1082 can be press-fit into nozzle tip 1084. Cooling
nozzle 1080 can include seal 1083 between cooling nozzle 1080 and nozzle end piece
1082 to prevent coolant from bypassing nozzle end piece opening 1085. Nozzle end
piece opening 1085 controls the pressure of the coolant passing through cooling nozzle
1080 into central annulus 1052. Nozzle end piece 1082 can be replaced to change the
size of nozzle end piece opening 1085 or if nozzle end piece 1082 deteriorates due to

coolant wear.

[0039] Cooling nozzle 1080 is secured to nozzle housing 1076. In one aspect,
cooling nozzle 1080 is permanently fixed to nozzle housing 1076. In an alternate aspect,
cooling nozzle 1080 can be detachably attached to nozzle housing 1076 through bolts,
screws, fasteners, or other attachment means. In one aspect of the invention, an
exterior surface of cooling nozzle 1080 includes threading so that cooling nozzle 1080

can be attached to nozzle housing 1076 by screwing cooling nozzle 1080 into nozzle
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housing 1076. In a further aspect of the invention, cooling nozzle 1080 can be

permanently affixed to nozzle housing 1076.

[0040] Nozzle housing 1076 can be attached to base 1024. Nozzle housing 1076 can
include an opening 1302 so that coolant can drain from nozzle housing 1076 into sump
1090. In one aspect of the invention, nozzle housing 1076 is detachably attached to
base 1024 through bolts 1077. In another aspect of the invention, nozzle housing 1076
can be detachably attached to base 1024 through screws, latches, or other suitable
fastening means. In a further aspect of the invention, a surface of nozzle housing 1076
and a surface of base 1024 can include threads such that the entirety of nozzle housing

1076 can be attached to base 1024 by screwing nozzle housing 1076 into base 1024.

[0041] A sump 1090 in the form of an open-topped vessel is attached to the
underside of the base 1024 and extends into pit 1032. An opening of the sump 1090 is
sealed from the ambient environment by the housing 1022. A coolant line 1092a runs
from the outlet of the sump to the inlet of a coolant pump 1094. The coolant pump is
located at the bottom of pit 1032. A coolant line 1092b runs from the outlet of the pump
to a lower end of a heat exchange coil 1096 that coils along the stator 1064. A coolant
line 1092c runs from the upper end of the coil to a heat exchanger 1098. A coolant line
1092d runs from the outlet of the heat exchanger 1098 to the base 1086 of the cooling
nozzle 1080. A heat exchange fluid line 1100a runs through a flow control valve 1102 to
the heat exchanger 1098 and a fluid line 1100b is connected to a heat exchange fluid

outlet of the heat exchanger 1098.

[0042] A vacuum pump 1110 connects via vacuum line 1112 to the interior of the
housing 1022. A radial air gap 1114 between the rotor 1062 and the stator 1064
communicates a vacuum in the housing around bearing assembly 1048 to the annulus
1052 of the drive shaft. The interface between the sump vessel and base 1024 is
sealed so that a vacuum communicated to the sump is maintained. The flywheel rotor is
operated in a partial vacuum to minimize air frictional losses and heating. However, the
partial vacuum above the coolant surface in the sump 1090 requires that the pump 1094

be positioned sufficiently below the sump to provide a pressure head at the pump inlet



WO 2014/067018 PCT/CA2013/050840

13

that is high enough to avoid loss of flow and cavitation through the expected range of

pump operating speeds.

[0043] Temperature sensor 1118 senses temperature of the stator 1064, temperature
sensor 1120 senses the temperature of the bearing 1048, temperature sensor 1122
senses the temperature of the bearing 1046, temperature sensor 1123 senses the
temperature of magnetic bearing 1150, and temperature sensor 1124 senses the
temperature of coolant in the sump 1090. Flow sensor 1126 senses the speed at which
coolant is pumped by the coolant pump 1094. Flow sensor 1128 senses the speed at
which heat exchange fluid flows through heat exchanger 1098. Speed sensor 1130
senses the rotational speed of the flywheel 1040. Pressure sensor 1132 senses the

pressure in the interior of housing 1022.

[0044] Turning to FIG. 8, the various sensors input data into a controller 1140. The
controller outputs control signals to the coolant pump 1094, vacuum pump 1110, flow

control value 1102, and motor-generator 1060.

[0045] The coolantin the sump 1090, which is supplied to the cooling nozzle 1080, is
a heat transfer fluid with a boiling temperature that is higher than the normal operating
temperatures at the expected operating pressures (e.g., in a partial vacuum). A suitable
heat transfer fluid in this regard is DURATHERM 600"™ manufactured by Duratherm
Extended Life Fluids, a division of Frontier Resource and Recovery Services
Incorporated. DURATHERM 600" is a petroleum-based, non-toxic, heat transfer fluid

with a low vapour pressure and a high operating temperature.

[0046] In operation, the controller 1140 may excite the motor-generator 1060 to apply
a torque to drive shaft 1050 and spin up flywheel 1040. Once the flywheel has been
spun up to a target rotational speed -- as determined by the controller based on a speed
signal from speed sensor 1130 - the excitation current to the motor-generator may be
shut off and only intermittently applied to maintain the flywheel at its target speed. With
the flywheel rotating within an operational speed window, an electrical load may be

selectively applied to the motor-generator so that the flywheel powers the load by
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rotating the motor-generator. The flywheel rotor operates in a partial vacuum to
minimize air frictional losses and heating. However, a significant amount of heat will be
generated in the motor-generator 1060 due to its operation and further heat will be

generated due to friction in the bearings 1046, 1048, and elsewhere in system 1020.

[0047] Removal of heat from the stator 1064 of the motor-generator 1060 is relatively
straightforward, as heat may be removed via convection to the coolant in cooling coils
1096 and by conduction to sleeve 1068. On the other hand, removal of heat from the
motor rotor 1062 is more challenging, as heat can only be removed from the rotor via

forced convection in view of air gap 1114 and the vacuum environment.

[0048] Controller 1140 sets an initial speed of pumps 1094 and 1110 and an initial
flow rate of heat exchange fluid through heat exchanger 1098 by setting the position of
flow control valve 1102. With coolant pump 1094 operating, coolant is pumped from the
sump 1090 through heat exchange coil 1096 and heat exchanger 1098 to cooling nozzle
1080. The coolant flows through the nozzle annulus 1081 and escapes through the
nozzle end piece opening 1085, resulting in coolant spraying upwards and radially
outwardly to contact the wall 1054 of the annulus 1052 of the drive shaft 1050. It will be
apparent that, because the rotor 1062 is rotating, it naturally spreads the coolant so that
it coats the annular wall of the rotor. As further coolant contacts the annulus wall, it
tends to displace coolant already on the wall so that the displaced coolant descends
toward the base of the annulus and falls through opening 1302 in nozzle housing 1076
back into the sump 1090. The constantly refreshed coolant on the wall 1054 of the
annulus 1052 draws heat from this wall and, consequently, from components in thermal
contact with wall 1054. The components directly abutting the annulus wall 1054 of the
drive shaft 1050 are the motor-generator rotor 1062 and the bearing assembly 1048.
Thus, these components are principal beneficiaries of the cooling of the annulus wall of
the drive shaft 1050. However, as will be apparent, the motor-generator stator 1064,
flywheel rotor 1042, support shaft 1044 and upper bearing assembly 1046 are all
thermally coupled to the motor-generator rotor 1062, and so also benefit from the
cooling of the annular wall of the rotor. Additionally, coolant flowing through the heat

exchange coil 1096 directly cools the stator 1064 and indirectly cools components
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thermally coupled to the stator. The indirect cooling of the flywheel rotor through its
thermal coupling to the rotor and stator of the motor-generator 60 is used to keep the
flywheel below a temperature that would heat the magnetic bearing assembly to a point

where the annular permanent magnet within the assembly would be damaged.

[0049] The heat exchanger 1098 cools the coolant exiting the coil 1096 before it
reaches the cooling nozzle 1080, so that the coolant is at its coolest when sprayed by
cooling nozzle 1080 into the annulus 1052. The coolant is under pressure between the
outlet of the coolant pump 1094 and the cooling nozzle 1080, which raises the boiling
point of the coolant and avoids risk of the coolant boiling, even at high temperatures.
Thus, it is not important to ensure the coolant is at its coolest when within coil 1096. On
the other hand, the coolant is under vacuum within the annulus such that its boiling point
is significantly lower. Consequently, in circumstances where the coolant temperature
exceeds operating norms, there might be a risk of the coolant reaching its boiling point
within the annulus. If the coolant boiled, it would outgas in the annulus and degrade the
vacuum, causing higher frictional drag on the flywheel rotor surface, thereby risking
further temperature increase. By ensuring the coolant is at its coolest in the annulus,

this risk is minimized.

[0060] The controller is input by temperature sensors 1118, 1120, 1122, 1123, and
1124. If the temperature at any of these sensors migrates above a pre-set upper limit,
the controller may respond by one or more of increasing the speed of coolant pump
1094, increasing the flow rate of heat exchange fluid through the heat exchanger 1098
by re-setting the position of flow control valve 1102, and increasing the speed of the
vacuum pump 1110. If the temperatures become too high, the controller could also
refrain from exciting the motor-generator 1060, even when the speed of the flywheel fell

below its operational window.

[0051] Giving an example, the vacuum pump may draw a vacuum of 107 Torr within
the housing 1022 and the set point for the maximum temperature within the system may
be 70°C, where the coolant chosen for the system 1020 will not boil below, say, 80°C at
107 Torr.
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[0062] In an embodiment, the pump 1094 is located as far below the sump as
practicable to maximize the coolant head and therefore the inlet pressure to the pump.

This allows a higher maximum pump speed before a vacuum is drawn at the pump inlet.

[0053] In an embodiment, the base 1024 is a cast or wrought part. Coil 1096 can be
formed by a machined or etched spiral groove on the inner wall of sleeve 1068, with a

thin-walled inner sleeve press-fit to the inner wall of sleeve 1068.

[0064] While an example embodiment has been described, many modifications are

possible, as described above with respect to FIGS. 1-4.

[0055] Other modifications will be apparent to those skilled in the art and, therefore,

the invention is defined in the claims.
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WHAT IS CLAIMED IS:

1. A cooled flywheel apparatus comprising:

a flywheel having an annular drive shaft;

a stationary cooling member for directing a coolant into an annulus of the annular
drive shaft; and

a cooling fluid line in fluid communication with the cooling member.

2. The apparatus of claim 1, wherein the flywheel rotates about a vertical axis.

3. The apparatus of claim 2, the flywheel further comprising a flywheel rotor,
wherein the annular drive shaft extends below the flywheel rotor such that the

annulus opens downwardly.

4. The apparatus of claim 3, further comprising a sump disposed below the annular

drive shaft for receiving cooling fluid.

5. The apparatus of claim 1, wherein the cooling member includes perforations

along its length and about its periphery for directing coolant out of the cooling member.

6. The apparatus of claim 1, wherein the cooling member includes an opening at its

top end for directing coolant out of the cooling member.

7. The apparatus of claim 1, further comprising a motor-generator having a motor-

generator rotor attached to the annular drive shaft.

8. The apparatus of claim 7, wherein the motor-generator rotor is a sleeve abutting

the annular drive shaft.

9. The apparatus of claim 8 further comprising:



WO 2014/067018 PCT/CA2013/050840

18

a housing surrounding the flywheel and the motor-generator and sealing an
opening to a sump from the ambient environment, wherein the sump receives cooling
fluid from the annular drive shaft; and

a vacuum pump for drawing a vacuum within the housing.

10.  The apparatus of claim 1, wherein the coolant is petroleum-based.

11.  The apparatus of claim 9, further comprising a coolant pump having an inlet at
the sump and an outlet in fluid communication with the cooling fluid line for pumping the

coolant into the cooling member.

12. The apparatus of claim 11, further comprising a heat exchanger in the cooling

fluid line.

13. The apparatus of claim 12, wherein the cooling fluid line includes a heat

exchange section about a stator of the motor-generator.

14. The apparatus of claim 13, wherein the heat exchange section is between the

outlet of the coolant pump and an inlet of the heat exchanger.

15. The apparatus of claim 12, wherein the cooling member is downstream of an

outlet of the heat exchanger.

16.  The apparatus of claim 11, further comprising a temperature sensor for sensing a

rotor temperature.

17.  The apparatus of claim 16, further comprising a controller operatively connected
to the coolant pump for controlling a speed of the coolant pump based on an input from

the temperature sensor.

18. The apparatus of claim 17, wherein the controller is operatively connected to the

vacuum pump for controlling an interior pressure of the housing.
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19. The apparatus of claim 17, wherein the controller is operatively connected to the

motor-generator.

20. A cooled flywheel apparatus comprising:

a housing having an internal pressure at a partial vacuum;

a flywheel contained within the housing, the flywheel having an annular drive
shaft;

a stationary cooling member for directing a coolant into an annulus of the annular
drive shaft; and

a cooling fluid line in fluid communication with the cooling member.
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