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A Flywheel

The invention relates to an apparatus and method for constructing a flywheel

for energy storage.

Backeround of the Invention

Flywheels are known for the storage 6f energy in the form of kinetic energy,
for example for use in vehicles. In such instances it is known to use a flywheel
to store the energy which would otherwise be converted to heat in the vehicle’s
braking system when the vehicle decelerates, this stored energy then being

available for use to accelerate the vehicle when desired.

A known type of flywheel according to Figure 1 has a central metallic support
section (1) which can be mounted on a central support such as a shaft. At least
one composite ring (2) is mounted on the central support section. The
composite ring in this type of flywheel is filament wound from carbon fibre.
When the flywheel is in rotation, the ring will tend to expénd in diameter due to
the centrifugal forces acting on it. The ring has high strength in hoop for
re-acting the centrifugal forces when the flywheel is in rotation. However, the
outer ring can become a loose fit on the central support section and potentially
(dangerously) become dismounted from the central support section. In addition

the radial stress can result in failure of the composite ring.

In order to counteract the tendency of the ring to grow, the ring is typically
machined with a smaller inner diameter than the outer diameter of the central
support section and is then mounted onto the central support section with an
interference fit. The mismatch in diameters results in a pre-load such that that

ring exerts an inward force onto the central support section. This inward
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preload is greatest when the flywheel is not rotating and results in a
requirement for the central support section to be sufficiently structurally strong
that it can withstand the preload force when the flywheel is stationary. It is
known for more than one composite ring to be pressed together and further
mounted onto the central support. The pre-load increases towards the centre of
the flywheel and with the number of rings pressed together. Consequently a
large amount of material may be required in the central support section of the
flywheel in order to counteract this pre-load force, and this material, being near
the centre of the flywheel, adds only very inefficiently to the rotational inertia
of the flywheel.

Yet further, in the known system, exceeding the maximum stress rating of the
composite ring will result in failure. In the known flywheel type above, the
central support section exerts an outward force on the composite ring due to the
pre-load. This force is in the same direction as the centrifugal forces acting on
the ring when the flywheel is in rotation. The ring must therefore be strong
enough to counteract the sum of the preload force and the centrifugal forces
when the flywheel is rotating at maximum speed. A further problem with this
known type of flywheel is therefore that the preload reduces the maximum

rotation speed of the flywheel.

A further problem with known systems is that if a flywheel is to be coupled to,
for example, a vehicle transmission, a splined coupling is normally required in
order that high transient torque levels (for example when the vehicle gearbox
ratio is changed quickly, thus requiring the flywheel to accelerate or decelerate

rapidly) may be transmitted to the flywheel without slippage.
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Brief description of the invention

The invention is set out in the claims. According to a first aspect of the
invention, a flywheel is provided with a drive transfer element and a rim
comprising a mass element, where the rim and the drive transfer element are

coupled by a winding.

According to the first aspect of the invention, the winding supports the rim,
which incorporates the mass element, on the drive transfer element, for
example a shaft, without the need for a pre-loaded interference fit between the
mass element and the drive transfer element. This removes the requirement for
a substantial central support to counteract a preload force and thereby reduces
the amount of inertially inefficient mass in the flywheel. Yet further, the rim
becomes more securely fixed on the drive transfer element as the speed of
rotation of the flywheel increases. This advantage results from a tightening of
the winding as rotational speed increases and the centrifugal forces acting on

the rim cause it to grow in diameter.

Furthermore, there is no requirement for a portion of the tensile strength of the
rim to be used to counteract the reaction of a central support section to the
preload, as there is no substantial preload between the drive transfer element
and the mass element. The flywheel is thereby able to run at a higher rotational
speed, store more energy for a given flywheel mass and rotational speed, and

thereby deliver a higher energy storage density for a given weight of flywheel.

According to a second aspect of the invention, a flywheel is provided with a
rim, the rim having a mass element and a circumferential support element at

least partially disposed radially outside the mass element. In one embodiment
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the circumferential support element can comprise the radially outermost part of

a winding coupling the rim and drive transfer element.

In this aspect of the invention, as the reinforcing element is radially outside the
mass element it is able to support the mass element without the need for a
substantial preload as the tendency for the rim to grow in diameter as the
rotational speed increases and disengage the support element is reduced. As
the flywheel rotational speed increasés, the mass element tends to be forced
towards the support element by centrifugal forces, thereby increasing the
security of the fit between the two elements. Hence the available strength of
the materials used to construct the flywheel are used for counteracting
centrifugal forces in a more efficient manner allowing higher achievable

rotational speeds and thereby a higher realisable energy storage density.

In another embodiment, the mass element is a dense liquid. Mercury is a
suitable dense liquid. This gives the advantage that the mass element is self-

balancing.

According to a third aspect of the invention, there is provided a flywheel
having a drive transfer element, for example a shaft, the drive transfer element
being substantially torsionally compliant. A flywheel incorporating this
torsionally compliant drive transfer element may also be coupled with a rim

incorporating a mass element by a winding.

The torsional compliance of the drive transfer element in this aspect of the
invention provides a cushioning effect allowing it to store energy in a similar
manner as a spring stores energy, such that the peak torque levels across a

coupling to the drive transfer element are reduced. This allows for means of
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coupling other than splined couplings to be used. For example, frictional or
magnetic couplings, which have a lower peak torque handling capacity than

splined couplings may be used.

In further aspects, the invention comprises methods of manufacturing or

assembling the flywheel.

Figures

Embodiments of the invention will now be described with reference to the
drawings, of which:

Figure 1 is a representation of a known flywheel;

Figure 2 is an isometric view of an embodiment of the present invention;
Figure 3 is a cross-sectional view of the embodiment of Figure 2;

Figure 4 is a view of a shaft construction;

Figure 5 is a detailed view of a winding pattern;

Figure 6 is a view of the winding at a shaft;

Figure 7 is a view showing alternative winding methods at a rim;

Detailed description

In overview, the apparatus and method described herein relates to a flywheel
energy storage device where material used in its construction is deployed in an
inertially efficient manner, and where the support structure is under tension, a
rim comprising a mass element is held in place on its outer surface by a
winding which also passes around a drive transfer element, rather than for

example by a compressive interference fit to its inner surface.



10

15

20

25

WO 2009/071922 PCT/GB2008/004050

In other aspects a support element can surround the rim to counteract
centrifugal forces and a torsionally compliant or resilient drive transfer element

such as shaft can be provided.

The winding may be configured in a number of ways as described below and
may also be pre-tensioned. The drive transfer element may be a shaft, which
may be hollow and may be constructed from wound carbon fibre. The rim may
comprise a circumferential support member and a mass element mounted

radially inwards of the support member.

In embodiments the rim may be constructed of a composite material, for
example a wound carbon fibre and resin. The mass element may be a ring,
pressed or moulded into the reinforcing element. Alternatively, the mass
element may comprise one or more dense elements incorporated into the rim by
moulding, drilling, pressing or adhesive attachment to the inside of the

reinforcement element.

The drive transfer element may be a hollow shaft for instance, and this may be
formed from a wound carbon fibre composite. The composite may be wound
with fibres oriented in directions arraﬁged such that both bending of the shaft
and twisting of the shaft result in a change in the length of the fibres, these
deformations therefore being resisted by the fibre’s natural tendency to resist
changes in length. The shaft may thereby be formed so that it is compliant to a

twisting motion.

Referring to Figures 2 and 7, in order to effectively provide a high inertia, a rim
(50) including a mass element (10) comprising, for example, a ring of relatively
massive material is disposed at a relatively large radius, compared with the size

of the flywheel (30), from a drive transfer element such as a shaft (60)
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providing a central rotating axis (20). The mass element (10) has a high
density in order to effectively provide.inertia. Suitable materials may be lead
or steel for example, although other materials could be used. The mass element
(10) is subject to stress when the flywheel (30) is in rotation, this being induced
by centrifugal forces.

An outer circumferential support member (40) is located radially outside the
mass element. The support member (40) has a high hoop strength and is able
to counteract the centrifugal forces acting on the mass element (10) when the
flywheel (30) is in rotation. The support member (40) is preferably a carbon
fibre composite, wound in a circumferential direction so as to impart a high
strength in hoop. In the embodiment shown the support member (40) is
pressed onto the mass element (10) with a small interference preload such that
the two are effectively joined, forming a rim (50). The preload only needs to
be small since it merely functions to hold the two elements together in an
interference fit when the flywheel is stationary. Alternatively, the two may be
joined by an adhesive bond or similar. The more efficient placement of mass,
concentrating mass near the rim of the flywheel results in a lighter flywheel for
a given energy storage capacity. Although the mass element is shown in
Figure 2 as a continuous ring, alternatively it may be separate ring segments, or
may be discrete elements of mass. For example, an alternative arrangement is
shown in Figure 7 wherein the mass may be inserted or moulded into the
support member (40), either as a ring, or as discrete elements into receiving

holes in the support member (40).

Referring to Figures 2, 5 and 6, a winding couples the rim (50) to the shaft
(60). The winding is configured such that it consists of substantially or
partially radial portions (80) extending from the shaft (60) to the rim (50) and
substantially axial portions (90) extending around the rim (50). In the
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embodiment shown the winding is filament wound in a winding operation
proceeding as follows: radial portions from shaft (60) to rim (50), axial
portions over the rim (50) so as to form a ‘sling’, and then radial portions back
from rim (50) to shaft (60), in a repeating fashion. The winding (87) may pass
at least partially around the circumference of the shaft (60) between some but
not necessarily all iterations of the winding operation. The winding (80, 90)
will stretch slightly as the rim (50) grows under centrifugal forces and will
exert a counteracting force on the rim (50). Thereby, the winding (80, 90)
assists the support member (40) of the rim (50) in resisting the centrifugal
forces acting on the mass element (10) and in resisting the radial growth of the
rim (50). The winding (80, 90) could be made of a fibre, including carbon,
glass fibre, Kevlar, Zylon or nylon, or could be made of a metal wire in low
stress applications. As a result more massive mounting arrangements such as a

central support section or spokes are not required.

In embodiments where the mass element comprises a ductile or malleable
material, the support member (10) and the winding (80, 90) can be pre-
tensioned during manufacture by the following method: The flywheel is
assembled in the way herein previously described, with drive transfer element
(60) and rim (50) coupled by a winding, the rim (50) comprising a mass
element (10) and an outer support member (40). No or negligible pre-load
inwardly need be applied at this stage. The flywheel is then spun at an angular
velocity sufficiently high that the centrifugal forces on the mass element (10)
are sufficient to cause it to yield and smaller than its ultimate tensile strength.
As a result, the mass element (10) yields outwardly and its circumference
increases. The increase in circumference of the mass element (10) results in a
secure interference fit between mass element (10) and support member (40),
thereby stretching and pre-tensioning the support member (40) and also
stretching and pre-tensioning the winding (80, 90). The mass element (10) has
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a low to moderate Young’s modulus, which is less than that of the support
member (40), such that the mass element’s (10) tendency to deform under
centrifugal forces is greater than that of the support member (40). This
operation results in a pre-tensioning of both the support member (40) and the
winding (80, 90). In this way, both the support member (40) and the winding
(80, 90) are pre-tensioned, compared to the result of fitting the mass element
(10) to the support member (40) with an interference fit before adding the
winding, which would result in a pre-loading of the support member (40) only.
In other embodiments the above methéd can be used to pre-tension the support

member alone.

In other embodiments, a material with an extremely low Youngs’s modulus
comprises the mass element (10), such as Mercury. The use of a dense liquid
such as Mercury results in a flywheel in which the mass element (10) is self-
balancing. The support member (40) constrains the mass element (10) radially

inside the support member (40).

Suitably ductile or malleable materials for use in comprising the mass element
(10) have a large ultimate tensile strength compared with their first point of
yield strength, defining a sufficiently large ductile region that the yield point of
the material can be exceeded during the manufacturing operation detailed
above without a risk of exceeding the ultimate tensile strength of the material.
A suitable ratio of yield strength to ultimate tensile strength would be close to
1:2. The material used for the mass element (10) also has a first point of yield
which is sufficiently low that it may be exceeded at moderate flywheel speeds
such that failure of other parts of the flywheel is avoided, such parts being for
instance the outer support member (40) and winding (80, 90). The material also
has properties such that the centrifugal forces resulting in the pre-loading

process cause a sufficiently large circumferential deformation of the mass
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element (10) that the resulting deformation of the support member (40) and
winding (80, 90) results in a pre-load which significantly counteracts
centrifugal forces acting on the mass element (10) when it is rotating at the

typical rotational speeds encountered during normal operation.

In embodiments where the mass element (10) is not ductile and is not pre-
loaded using the above method, the ultimate tensile strength of the mass
element is optimally close to that of the support member (40) and the yield
strength of the mass element (10) is as close as possible to the ultimate tensile

strength of the support member (40).

Referring to Figure 5, the angle of the winding portions (80) from shaft (60) to
rim (50) may be selected to determine the characteristics of torque transfer
between shaft (60) and rim (50). The angle used may be selected between i) a
tangent to the shaft circumference and ii) perpendicular to the shaft
circumference. A selected angle which is close to a perpendicular angle to the
shaft (60) will enhance the contribution made by the winding (80) to the
counteraction of centrifugal forces acting on the mass element (40). A selected
angle which is close to a tangent to the shaft circumference will enhance the
ability of the winding (80) to transfer torque between the rim (50) and the shaft
(60). A compromise angle within the range of angles above can be selected in
order to optimise the contribution made by the winding. Since the winding (80,
90) is only able to transfer torque when in tension, the radial winding portions
(80) can be arranged in both clockwise (85) and anticlockwise (86) directions
such that either clockwise (85) or anticlockwise (86) winding portions are in
tension, depending on whether the flywheel is accelerating or decelerating. Yet
further the axial position along the shaft about which the winding is arranged

can be varied to vary the strength of tensile support.
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Referring to Figure 2, the number of turns of the winding (80, 90), and as a
result its strength, may be varied. Likéwise, the number of turns of fibre in the
carbon support member (40) may be varied so as to alter its strength. Since the
reaction against the centrifugal forces acting on the mass element (10) is a
combined reaction from the support member (40) and the winding (80, 90), the
relative contribution from each can be varied by altering the number of turns in
the winding (80, 90) and the number of turns in the support member (40). In
one aspect, the support member (40) can be removed altogether, the centrifugal
forces acting on the mass element being counteracted solely by the winding
(80, 90). Yet further the winding can extend continuously around the whole
circumference or can be interrupted with gaps in the circumferential direction
between individual or groups of fibres, providing a “spoke-like” arrangement.
For example, in the case where the mass element is a number of discrete
elements the winding at the rim (90) can be aligned with the discrete mass

elements.

Referring to Figure 3, the rim (50) is at least temporarily supported by a carrier
portion (70) on the drive transfer element, which may be a shaft (60). The
carrier portion is preferably made of a lightweight material so as to reduce
overall flywheel mass and concentrate mass at the periphery. The carrier
portion may for example be made of wood, wax, resin or other lightweight
material. The carrier portion allows mounting of the rim on the drive transfer
element while the winding is being applied during manufacture. The carrier
portion may be removed or removable after the winding has been applied to the
rim and drive transfer elements, by way of erosion, dissolution, melting or

sublimation.

The winding and the carrier portion are relatively light compared with the rim,

thereby the flywheel may thus be configured with a rim comprising a mass
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element such that the majority of the mass of the flywheel is near the rim where
it is most inertially efficient. The carrier portion (70) may be glued to the shaft
(60) and/or the rim (50).

Referring to Figure 4, the shaft (60) may be solid, but is preferably hollow so
as to reduce its mass. The shaft (60) is preferably a carbon fibre composite,
woven such that it is torsionally compliant and axially stiff. The shaft could
however be made of other materials such as glass fibre, steel, titanium, other
metals or composites. In the case of a fibre composite shaft, the weave pattern
of the fibres may be altered so as to influence the degree of resistance to
bending and twisting, and to fine tune the torsional compliance of the shaft.
The shaft may have one or more bearing surfaces (65) pressed or glued onto it.
One or more bearing surfaces (65) may also incorporate a drive coupling (66),
or a separate drive coupling may be glued or pressed onto the shaft. The
torsional compliance of the shaft has the effect of limiting peak torque levels at
the drive coupling and therefore allows the use of drive couplings with lower
peak torque handling capability than that of splined drive couplings, for

example frictional or magnetic couplings.

Manufacture of the flywheel can be further understood by referring to Figures 3
and 6. The winding (80, 90) can be formed by a ‘wet winding’ process
whereby a binder is provided for example using a resin or adhesive. The fibre
which forms the winding (80, 90) can Be impregnated with a resin or adhesive
and can be wound while the resin or adhesive was still ‘wet’, that is to say that
the resin or adhesive is in the uncured state. Alternatively, the support member
(40) can be coated with a resin or adhesive before or during the process of
forming the winding (80, 90) such that the winding (80, 90) adheres to the
support member (40). Likewise, the shaft (60) can be coated with a resin or

adhesive prior to or during the winding process such that the winding (80, 90)
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adheres to the shaft (60). These techniques enhance the transfer of torque
between shaft (60) and rim (50). Alternatively, an interference fit between
winding (80, 90), shaft (60) and rim (50) could be used.

Referring to Figure 7, the winding (80, 90) and the support element (40) have
henceforth been described as separate wound elements. However, it would be
possible to combine both elements by, for instance, interleaving turns of the
winding (80, 90) and turns of the support element (40). It would also be
possible to first form the support element (40), form holes (45) through it, and
then form the winding (80, 90) with the winding portions (80, 90) passing
through the holes (45) in the support element (40). The shape of the support
element (40) may be hemispherical or parabolic in order to spread stress in the
portion of the winding (90) which contacts the support element (40). Any

smooth sectional outline shape is envisaged as being suitable.

Referring to Figures 2 and 5, spaces may be left between the winding portions
at the rim (80, 90) such that access to the carrier portion (70) remains. The
carrier portion (70) may be left in place or may be removed by blasting,
erosion, dissolution, melting or sublimation, after the winding (80, 90) has been
formed. The carrier portion could for example be made of ceramic, resin, wax
or other suitable material to enable this operation. Removing the carrier
portion (70) would result in an even lighter flywheel having an even lower
proportion of inertially inefficient mass. With the carrier portion removed, the
winding provides the only substantial means of support for the rim on the drive

transfer element.

In alternative approaches the flywheel can be constructed with the
circumferential support member providing hoop strength but the ring being

mounted using a conventional central support section rather than a winding.
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In use the flywheel may be mounted in a vehicle or any other appropriate
setting for storage of energy or other purpose such as stabilisation and coupled
or decoupled from a drive-providing or receiving component such as a motor,

engine or dynamo as appropriate via the drive transfer element.

It will be seen that, as a result of the configuration described above, a stronger

more efficient flywheel can be provided.
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CLAIMS

15

A flywheel having a drive transfer element and a rim comprising a
mass element and a circumferential support element at least partially
disposed radially outside the mass element, the drive transfer

element being coupled to the rim by a winding around each.
The flywheel of claim 1 wherein the winding is a fibre.
The flywheel of claim 2 wherein the fibre is carbon.

The flywheel of any preceding claim wherein the winding is

impregnated with resin or adhesive.

The flywheel of any preceding claim wherein the winding is in

tension.

The flywheel of any preceding claim wherein the drive transfer

element is a shaft.

The flywheel of any claim 6 wherein the winding passes at least

partially around the circumference of the shaft.

The flywheel of any preceding claim wherein the winding passes

around the exterior of the rim.

The flywheel of claims 1 to 7 wherein the winding passes through

the rim.
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10.

11.

12.

13.

14.

15.

16.

17.

16

The flywheel of claim 11 wherein the support element comprises

circumferentially wound fibre.

The flywheel of claim 1 wherein the winding incorporates
substantially radial portions extending between the drive transfer

element and the rim

The flywheel of claim 11 wherein the radial portions are wound in
clockwise and anticlockwise directions from the normal direction to

the circumferential surface of the drive transfer element.

The flywheel of claim 11 or 12 in which the winding incorporates

substantially axial portions extending around or through the rim.

The flywheel of claim 13 wherein the axial winding portions are

spaced substantially equally around the circumference of the rim.

The flywheel of any preceding claim in which the drive transfer
element comprises a substantially torsionally compliant drive

transfer element.

A flywheel having a rim, the rim incorporating a mass element and a
circumferential support element, the support element being at least

partially disposed radially outside the mass element.

The flywheel of claim 16 wherein the circumferential support

element comprises a circumferentially wound fibre.



10

15

20

25

WO 2009/071922 PCT/GB2008/004050

18.

19.

20.

21.

22.

23.

24.

25.

26.

17

The flywheel of claim 17, wherein the circumferential support

element further comprises a binder.

The flywheel of any of claims 16 to 18 further incorporating a drive
transfer element and a winding, the winding coupling the drive

transfer element and rim.

The flywheel of any preceding claim wherein the rim edge has a

hemispherical or parabolic cross-sectional profile.

The flywheel of any of claims 16 to 20 wherein the mass element is
pressed into, moulded into ‘or glued to the support element, or is

inserted into receiving holes in the support element.

The flywheel of any preceding claim in which the mass element is

ductile.
The flywheel of any of claims 16 to 22 further incorporating a drive
transfer element, in which the drive transfer element comprises a

substantially torsionally compliant drive transfer element.

A flywheel having a drive transter element which is substantiaily

torsionally compliant.

The flywheel of claim 24 wherein the drive transfer element is a
shaft.

The flywheel of claim 25 wherein the shaft is hollow.
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31.

32.
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The flywheel of any of claims 24 to 26 wherein the drive transfer

element comprises a composite wound from a fibre

The flywheel of claim 27 wherein the composite incorporates a resin

or adhesive.

The flywheel of any of claims 24 to 28 further incorporating a rim,

the rim coupled to the drive transfer element by a winding.

The flywheel of any preceding claim comprising a carrier portion,
the flywheel rim being held in position relative to the drive transfer

element by the carrier portion.

A method of constructing a flywheel comprising providing a
winding around a rim comprising a mass element and a
circumferential support element at least partially disposed radially

outside the mass element, and a drive transfer element.

A method as claimed in claim 31 in which the winding is provided
by winding a fibre in a path, the path being; from the drive transfer
element to the rim in a radial direction, around the rim in an axial
direction, from the rim to the drive transfer element in a radial

direction.

The method of claim 31 or 32 wherein the winding is wound around
the drive transfer element in both clockwise and anti-clockwise

directions.
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36.

37.

38.

39.

40.

41.
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The method of claim 32 or 33 in which the winding is wound such
that there is at least one of an axial or angular offset separating radial

winding portions.

The method of any of claims 31 to 34 wherein the winding is

impregnated with a binder.

The method of claim 35 in which the winding is wound when the

binder is in an uncured state..

The method of any of claims 31 to 36 wherein the rim is supported
on the drive transfer element by a carrier while the winding operation

is performed.

The method of claim 37 wherein the carrier is removed after the

winding operation has been completed.

The method of claim 38 wherein the carrier is removed by at least

one of erosion, dissolution, melting or sublimation.

The method of claim 39 wherein the support member is pre-loaded

to urge the mass element inwardly.

The method of claim 39 wherein the mass element is ductile and
wherein both the winding and the support element are pre-loaded by
rotating the flywheel such that centrifugal forces acting on the mass

element cause it to yield outwardly.
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20

The method of claim 40 wherein the flywheel is rotated at a speed

greater than normal operating rotational speeds.

A method of constructing a flywheel having a mass element of
ductile material and a circumferential support element, the support
element being at least partfally disposed radially outside the mass
element, comprising the step of rotating the flywheel such that
centrifugal forces acting on the mass element cause it to yield

outwardly.

The method of claim 42 wherein the mass element and support
element comprise a rim, including coupling the rim to a drive

transfer element by a winding.

The method of claims 43 or 44 wherein the flywheel is rotated at a

speed greater than normal operating rotational speeds.

A flywheel or method substantially as described herein with

reference to the drawings.

A flywheel having a drive transfer element and a rim comprising a
mass element, the drive transfer element being coupled to the rim by

a winding around each.
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