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(57) A closed cycle regenerative heat engine com-
prises a housing defining a chamber; a resiliently de-
formable displacer housed in said chamber; a shaft
connected with said resiliently deformable displacer;
and a movable member housed in said chamber. The
resiliently deformable displacer is secured to said hous-
ing and is resiliently deformable in response to move-
ment of said shaft to displace a working fluid between
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respective heating and cooling locations in said cham-
ber. The displacer comprises a heat storage reservoir
mounted on a thermally insulating member to store
heat received from said working fluid when said work-
ing fluid is displaced from said heating location to said
cooling location and reject said stored heat to said
working fluid when said working fluid is displaced from
said cooling location to said heating location.
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Description

Field of the Invention

[0001] The invention relates to closed cycle regen-
erative heat engines.

Background to the Invention

[0002] A closed cycle regenerative heat engine is an
external combustion engine that operates by cyclic
heating and cooling of a gaseous working fluid. Such
engines include a heat exchanger known as a regen-
erator that is arranged to take heat from the working
fluid as the working fluid moves to a cool part of the
engine and return the heat to the working fluid when it
moves back from the cool part of the engine towards a
hot part of the engine at which heat is applied to the
working fluid from an external source. Such engines
are often referred to as Stirling engines.

Summary of the Invention

[0003] The invention provides a closed cycle regen-
erative heat engine as specified in claim 1.

[0004] The invention also includes a closed cycle re-
generative heat engine as specified in claim 12.

[0005] The invention also includes a closed cycle re-
generative heat engine comprising a displacer that in
use reciprocates in a chamber displace a working fluid
between respective heating and cooling locations,
wherein said displacer comprises a multi-start volute
spring.

[0006] The invention also includes a closed cycle re-
generative heat engine comprising a displacer that in
use reciprocates in a chamber displace a working fluid
between respective heating and cooling locations,
wherein said displacer is provided with an internal
through-passage through which said working fluid
passes when displaced between said heating and cool-
ing locations and a heat storage reservoir housed in
said through-passage to store heat received from said
working fluid when said working fluid is being displaced
from said heating location to said cooling location and
reject heat to said working fluid when said working fluid
is being displaced from said cooling location to said
heating location.

[0007] The invention also includes a closed cycle re-
generative heat engine comprising a displacer that in
use reciprocates in a chamber to displace a working
fluid between respective heating and cooling locations,
wherein said displacer comprises a first body portion
and a second portion and said first and second portions
are at least partially separated to define a thermally
insulating space therebetween.
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Brief Description of the Drawings

[0008] In the disclosure that follows, reference will be
made to the drawings in which:

Figure 1 is side elevation of an example of a closed
cycle regenerative heat engine;

Figure 2 is an end elevation of the closed cycle
regenerative heat engine of Figure 1;

Figure 3 is a section view on line IlI-Ill in Figure 1;

Figures 4 to 9 are views corresponding to Figure 3
illustrating a cycle of the closed regenerative heat
engine;

Figure 10 is a section view of another example of a
closed cycle regenerative heat engine;

Figure 11 is an enlargement of a portion of Figure
10;

Figure 12 is a section view of another example of a
closed cycle regenerative heat engine;

Figure 13 is an enlargement of a portion of Figure
12;

Figure 14 is a cross-section view showing a mod-
ification of the displacer shown in Figures 12 and
13;

Figure 15 is a section view on line XV-XV in Figure
14;

Figure 16 is a cross-section view showing a resili-
ently deformable displacer that is a modification to
the displacer shown in Figures 12 and 13; and

Figure 17 is a schematic plan view of a resiliently
deformable displacer in the form of a four-start vo-

lute spring.

Detailed Description

[0009] Referring to Figures 1 to 3, a closed cycle re-
generative heat engine 10 comprises a housing 12 de-
fining a chamber 14 that has a longitudinal axis 16. The
engine 10 further comprises a displacer 18 to displace
a gaseous working fluid in the chamber 14 between
respective heating and cooling locations in said cham-
ber at which heat is input to the working fluid and the
working fluid is cooled. The displacer 18 is secured to
the housing 12 and to a shaft 24 that extends along the
chamber 14. The displacer 18 is resiliently deformable.
Deformation of the displacer 18 in response to move-
ment of the shaft 24 causes parts or portions of the
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displacer to move between the heating location and
cooling location to displace the working fluid.

[0010] Referring particularly to Figure 3, the chamber
14 is configured to define a displacer compartment 26
that houses the displacer 18 and a piston compartment
28 that houses a power piston 30. In the illustrated ex-
ample the displacer and piston compartments 26, 28
are defined by respective end regions of the chamber
14. The displacer 18 and power piston 30 are each
movable in the axial direction of the chamber 14. The
displacer and piston compartments 26, 28 are in fluid
communication so that working fluid in the chamber 14
can flow between the two compartments.

[0011] The housing 12 comprises a first housing por-
tion 32, a second housing portion 34 and a thermally
insulating portion 36 disposed intermediate the first and
second housing portions. The first housing portion 32 is
arranged to receive heat Q) from a heat source 40 and
may be provided with fins or other surface area enhan-
cers to facilitate heat transfer between relatively cool
working fluid in the chamber 14 and the heat source.
The heat source 40 may, for example, comprise one or
more solar panels that heat a fluid such as water. The
first housing portion may, for example, be at least par-
tially surrounded by a body or assembly defining a
water jacket supplied with hot water used to heat the
first housing portion 32. At least a part of the second
housing portion 34 is arranged to reject heat Q,; from
the working fluid in the chamber 14 to an external cold
zone 41. The second housing portion 34 may be pro-
vided with fins or other surface area enhancers to facil-
itate the transfer of heat from the relatively warmer
working fluid to the external cold zone 41. The external
cold zone 41 may take any form capable of receiving
heat from the second housing portion 34 to cool the
working fluid in the chamber 14 and may, for example,
be ambient air or a cold-water jacket that at least par-
tially surrounds the second housing portion 34.

[0012] The displacer compartment 26 of the chamber
14 may vary in diameter along at least portions of its
length. In the illustrated example, the displacer com-
partment 26 has two oppositely directed frusto-conical
portions 26-1, 26-2, respectively defined by the first and
second housing portions 32, 34, and a circular section
portion separating the two frusto-conical portions. The
circular section portion may be defined by the thermally
insulating portion 36 of the housing 12. The displacer
18 is secured to the housing 12 at, for example, the
thermally insulating portion 36 and is movable by defor-
mation into both frusto-conical portions 26-1, 26-2 of
the displacer compartment 26. Since the frusto-conical
portion 26-1 is defined by the first housing portion 32
(which in use receives heat Q) from the heat source
40) and the frusto-conical portion 26-2 is defined by the
second housing portion 34 (which in use rejects heat
Q¢ to the external cold zone 41) and they are sepa-
rated by the thermally insulating portion 36, there will
be temperature gradient between them. Accordingly,
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for ease of reference, in the description that follows the
frusto-conical portion 26-1 will be referred to as the hot
end of the displacer chamber and the frusto-conical
portion 26-2 will be referred to as the cold end of the
displacer compartment. It is to be understood that the
terms ’hot’ and ’cold’ are used in a relative sense as
convenient labels to indicate that, in use, there is a
temperature difference between the two ends of the
displacer compartment 26 so that the hot end 26-1 is a
location in the chamber 14 at which the working fluid is
heated and the cold end 26-2 is a location in the cham-
ber at which the working fluid is cooled and beyond
this, the terms should not be interpreted restrictively
such as to limit the scope of the invention defined by
the claims.

[0013] The piston compartment 28 of the chamber 14
has a constant diameter and is in fluid communication
with the displacer compartment 26, for example, via an
opening 42 disposed adjacent the narrow end of the
frusto-conical cold end 26-2 of the displacer compart-
ment. The opening 42 may be defined by the second
housing portion 34. The shaft 24 extends from the dis-
placer compartment 26 into the piston compartment 28
via the opening 42. The shaft 24 passes through an
axially extending through-hole provided in the power
piston 30 and out of the piston compartment 28. The
end of the shaft 24 disposed remote from the displacer
18 and outside of the chamber 14 is connected with a
flywheel 46. The shaft 24 may be connected with the
flywheel 46 by a connecting shaft, or link, 48. The con-
nection to the flywheel 46 allows the displacer 18 to
receive stored mechanical energy from the flywheel to
cause the displacer to deform to move working fluid
between the hot and cold ends 26-1, 26-2 of the displa-
cer compartment 26. The piston 30 is connected with
the flywheel 46 by a piston shaft, or link, 50. The shafts
24, 50 are connected with the flywheel 46 such that
they are 90° out of phase.

[0014] The displacer 18 comprises a volute spring,
which in the illustrated example comprises a resilient
strip having a first, or starting, end connected with the
housing 12 and a second end connected with the shaft
24. The resilient strip winds about the shaft 24 to form a
coil having an axis generally coincident with the long-
itudinal axis 16 of the chamber 14. In the illustrated
example, the first end of the resilient strip is fixedly
connected with the thermally insulating portion 36 of
the housing 12 and the second end is fixedly connected
with the shaft 24 so that the displacer 18 is secured to
the housing 12 and is forced to deform when the shaft
24 reciprocates in the chamber 14. Since the first end
of the resilient strip is fixedly connected with the hous-
ing 12 and the second end moves with the shaft 24
when the shaft reciprocates in the chamber 14, the dis-
placer 18 may deform from the condition shown in Fig-
ure 3 to respective first and second conditions in which
it at least substantially fills the frusto-conical hot and
cold ends 26-1, 26-2 of the displacer compartment 26.
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Examples of the displacer 18 at least substantially fill-
ing the respective hot and cold ends 26-1, 26-2 of the
displacer compartment 26 can be seen in Figures 5
and 8. This deformation of the displacer 18 causes it to
displace working fluid in the displacer compartment 26
to move it between the hot and cold ends 26-1, 26-2 so
as to bring the working fluid into contact with the first
and second housing portions 32, 34 to be heated and
cooled respectively.

[0015] The heating of the working fluid by contact
with the first housing portion 32 causes it to expand.
The expansion of the working fluid at the hot end 26-1
drives the power piston 30 away from the displacer
compartment 26 on its outward, or power, stroke. The
cooling of the working fluid at the cold end 26-2 by
contact with the second housing portion 34 causes it to
contract, allowing the power piston 30 to move back
towards the displacer compartment 26 of the chamber
14 on its inward, or return, stroke. The relative displa-
cement of the displacer 18 and movement of the power
piston 30 are illustrated by Figures 4 to 9, which show a
full cycle of the closed cycle regenerative heat engine
10.

[0016] Referring to Figure 4, most of the working fluid
is at the hot end 26-1 of the displacer compartment 26
and the power piston 30 is at least substantially at the
end of its return stroke at which it is disposed the clo-
sest it gets to the displacer compartment. The working
fluid at the hot end 26-1 receives heat Q) from the
heat source 40. The heating of the working fluid causes
it to expand. The expanding working fluid drives the
power piston 30 away from the displacer compartment
26-1 on its power stroke as indicated by the arrow 52 in
Figure 5. The outwards translational movement of the
power piston 30 is transmitted to the flywheel 46 by the
shaft 50 causing the flywheel to rotate clockwise (as
viewed in the drawings). Figure 6 shows the power
piston 30 close to the end of its power stroke at which
is disposed the furthest it gets from the displacer com-
partment 26. At this stage, the momentum of the fly-
wheel 46 provides mechanical energy to cause the dis-
placer 18 to move from cold end 26-2 of the displacer
compartment 26 to the hot end 26-1. As shown in Fig-
ure 7, as the displacer 18 moves into the hot end 26-1
of the displacement compartment, the working fluid is
displaced to the cold end 26-2. The working fluid does
not pass around the displacer 18 as it would in a con-
ventional Stirling engine, but instead passes between
the coils of the displacer, which effectively defines at
least one through passage through which the working
fluid passes as it moves between the hot and cold ends
26-1, 26-2 of the displacer compartment 26. When at
the cold end 26-2, the working fluid rejects heat Q; to
the external cold zone 41 via the second housing por-
tion 34. The cooling of the working fluid at the cold end
26-2 causes it to contract so that the power piston 30 is
drawn inwardly towards the displacer compartment 26
as indicated by the arrow 54 in Figures 8 and 9. Figure
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9 shows the power piston approaching the end of its
return stroke and the displacer 18 commencing its
movement from the hot end 26-1 towards the cold end
26-2 to return to the position shown in Figure 4. The
mechanical energy to move the displacer from the hot
end 26-1 to the cold end 26-2 is provided by the fly-
wheel 46. As the displacer 18 moves into the cold end
26-2, the working fluid is again displaced to the hot end
26-1 and the cycle described above repeats. Thus, the
displacer 18 reciprocates in the displacer compartment
26 to move the working fluid between the hot and cold
ends 26-1, 26-2 and the power piston 30 reciprocates
in the piston compartment 28 in response to the chan-
ging pressure of the working fluid as it is heated and
cooled to provide a mechanical power output. Although
not essential, in this example the mechanical power
output provided by the closed cycle regenerative heat
engine 10 is delivered to the flywheel 46. In other ex-
amples, the mechanical power output may be delivered
to a crankshaft or an electric generator.

[0017] Figures 10 and 11 show another example of a
closed cycle regenerative heat engine 110. Features of
the closed cycle regenerative heat engine 110 that are
the same as or similar to features of the closed cycle
regenerative heat engine 10 are indicated by the same
reference numerals incremented by 100 and may not
be described in detail again.

[0018] The closed cycle regenerative heat engine
110 comprises a housing 112 defining a chamber that
has a displacer compartment 126 and a piston com-
partment 128. A resiliently deformable displacer 118 is
housed in the displacer compartment 126. A power pis-
ton 130 is housed for reciprocating movement in the
piston compartment 128. The piston compartment 128
is in fluid communication with the displacement com-
partment 126 so that working fluid heated in the displa-
cement compartment can act on the power piston 130.
As in the previous example, the displacer compartment
126 varies in diameter along its length. In particular, the
hot end 126-1 increases in diameter towards the ther-
mally insulating portion 136 and the cold end 126-2
decreases in diameter from the thermally insulating
portion towards the piston compartment 128. In this ex-
ample, the piston compartment 128 is defined by a
thermally insulating portion 136 of the housing 112 that
is disposed between a first housing portion 132 at
which heat Qy is input to the chamber to heat the
working fluid and a second housing portion 134 at
which heat Qg7 is rejected from the chamber to cool
the working fluid.

[0019] As best seen in Figure 11, the first and hous-
ing portions 132, 134 may be provided with projections
127-1, 127-2 extending into the displacer compartment
126 at the hot and cold ends 126-1, 126-2 of the com-
partment. The projections 127-1, 127-2 may define re-
spective convoluted passages 129-1, 129-2 into which
the displacer 118 moves at it reciprocates between the
hot and cold ends 126-1, 126-2 of the displacer com-
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partment 126. The projections 127-1, 127-2 may com-
prising spiralling walls. The projections 127-1. 127-2
may be configured such that the respective passages
129-1, 129-2 are at least substantially filled when the
displacer 118 is at the respective ends of the displacer
compartment 126 so that the displacer 118 is able to fill
the hot and cold ends 126-1, 126-2. The projections
127-1, 127-2 may be integral parts of the first and sec-
ond housing portions 132, 134 or separate components
or assemblies fitted to the respective housing portions.
The projections 127-1, 127-2 provide additional surface
area for heat transfer at the hot and cold ends of the
displacer compartment 126, which may improve the ef-
ficiency of the heat transfer process.

[0020] Referring to Figure 11, the projections 127-1,
127- 2 may be hollow. This provides the possibility of
flowing a heated fluid, for example hot water, through
the projection, or projections, 127-1 at the hot end
126-1 of the displacer compartment 126. Similarly, a
cooling fluid, for example cold water, may be flowed
through the projection, or projections, 127-2 at the cold
end 126-2 of the displacer compartment 126. Providing
fluid flow paths extending into the projections 127-1,
127-2 to allow a heating or cooling fluid respectively to
flow into the projections may further enhance the effi-
ciency of the heat transfer process.

[0021] In this example, the resiliently deformable dis-
placer 118 displaces along a first axis 116 defined by
the shaft 124 that is connected to the resiliently deform-
able displacer and the power piston 130 displaces
along a second axis 156 defined by the piston compart-
ment 128 of the chamber. The respective reciprocating
movements of the resiliently deformable displacer 118
and power piston 130 are mutually perpendicular as
indicated by the respective arrows 157, 158. Since the
relative displacements of the resiliently deformable dis-
placer 118 and power piston 130 are at 90° to one an-
other, their connections with the flywheel 146, or crank-
shaft, are in phase and not 90° out of phase as in the
closed cycle regenerative heat engine 10.

[0022] Referring to Figure 10, the closed cycle regen-
erative heat engine 110 further comprises a frequency
adjustor 160 that is connected with the resiliently de-
formable displacer 118. The frequency adjustor 160 is
configured to act on the resiliently deformable displacer
to adjust, modify or tune the natural frequency of the
displacer 118. The frequency adjustor 160 comprises a
rocker 162 mounted on a pivot 164. The pivot 164 is
supported by an arm 166 that may be secured to the
housing 112. A first end 168 of the rocker 162 is pivo-
tally connected to an end of the shaft 124 via a link 170
and the second end 172 of the rocker is pivotally con-
nected to an end of a link 174. The opposite end of the
link 174 is connected to the flywheel 146 or a crank-
shaft connected with the power piston. The rocker 162
supports oppositely disposed weights 176, 178. The
positioning of the weights 176, 178 can be changed to
adjust the natural frequency of the displacer 118. Mov-
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ing the weights 176, 178 radially inwards, towards the
pivot 164, increases the natural frequency of the displa-
cer, while moving the weights radially outwardly, away
from the pivot 164, decreases its natural frequency.
This allows the natural frequency of the displacer 118
to be tuned to match the drive speed of the engine.
[0023] The operation of the closed cycle regenerative
heat engine 110 is analogous to the operation of the
closed cycle regenerative heat engine 10 as illustrated
by Figures 4 to 9 and so will not be described in detail
again. In similar fashion to the displacer 18 of the
closed cycle regenerative heat engine 10, the displacer
118 of the closed cycle regenerative heat engine 110
fills the hot and cold ends 126-1, 126-2 when it reaches
the respective ends of its reciprocating motion between
the two ends.

[0024] In the examples illustrated by Figures 1 to 13,
the housing defines a chamber that has a displacer
compartment and a piston compartment that respec-
tively house a resiliently deformable displacer and a
power piston. The displacer compartment is configured
to have opposite ends that are shaped to correspond to
the deformed shape of the resiliently deformable dis-
placer at each end of its stroke and the two compart-
ments are in fluid communication to allow working fluid
heated in the displacer compartment to act on the
power piston. In other examples, only one end of the
chamber may be shaped to correspond to the de-
formed shape of the resiliently deformable displacer
and the crown of the power piston may be provided
with a depression shaped to receive the deformed resi-
liently deformable displacer at one end of its stroke. In
such examples, there are no clearly defined displacer
and piston compartments since the crown of the power
piston effectively forms a wall of a notional displacer
compartment.

[0025] The resiliently deformable displacer in the illu-
strated examples of a closed cycle regenerative heat
engine acts as a spring so that the engine may be run
at natural frequency, thereby minimising power losses
due to reciprocating movement in the engine. The resi-
liently deformable displacer may be configured such
that it has relatively low stiffness so that the system
has a relatively low natural frequency. This allows for
slow engine running. A slow running engine allows
more time for heating and cooling of the working fluid,
which may allow for greater power delivery.

[0026] The coils of the resiliently deformable displa-
cer may provide a significantly greater surface area
than a conventional solid displacer piston allowing it to
receive and store significant amounts of heat as the
relatively hot working fluid is displaced to the cool end
of chamber and return that heat to the relatively cool
working fluid as it is displaced to the hot end of the
chamber so that the displacer may function as a regen-
erator.

[0027] Figures 12 and 13 show another example of a
closed cycle regenerative heat engine 210. Features of
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the closed cycle regenerative heat engine 210 that are
the same as or similar to features of the closed cycle
regenerative heat engine 10 are indicated by the same
reference numerals incremented by 200 and may not
be described in detail again.

[0028] The closed cycle regenerative heat engine
210 comprises a housing 212 defining a chamber that
has a displacer compartment 226 having a hot end
226-1 and a cold end 226-2 and a diaphragm compart-
ment 228. A resiliently deformable displacer 218 is
housed in the displacer compartment 226. A diaphragm
230 is housed for reciprocating movement in the dia-
phragm compartment 228. The diaphragm compart-
ment 228 is in fluid communication with the displace-
ment compartment 226 so that working fluid heated in
the displacement compartment 226 can act on the dia-
phragm 230.

[0029] In this example, there is no flywheel 46 and
instead the shaft 224 connected to the displacer 218 is
connected with a moving part 247 of a linear electric
actuator 246, which in some examples may comprise a
voice coil. The linear electric actuator 246 is supplied
with electric current via a controller 249 such that the
electric current causes the moving part 247 to recipro-
cate. The controller 249 may control the supply of elec-
tricity such that the moving part 247 may reciprocate at,
or close to, the natural frequency of the displacer 218.
Thus, the mechanical energy input to cause the displa-
cer 218 to move between the hot and cold ends 226-1,
226-2 of the displacer compartment 226 is provided by
the linear electric actuator 246 and controlled such that
the displacer 218 reciprocates between the hot and
cold ends 226-1, 226-2 at least substantially at its nat-
ural frequency.

[0030] In this example, the diaphragm 230 is moved
by changes in the pressure of the working fluid to pro-
vide a mechanical energy output of the closed cycle
regenerative heat engine 210. The mechanical energy
output when the diaphragm 230 moves in response to
the expansion of the heated working fluid is input to a
moving part 280 of a linear electrical generator 282,
which in some examples may be a voice coil. The dia-
phragm 230 may be connected to the moving part 280
by an elongate connecting member, or link, 231. The
connector 231 may comprise a hollow shaft that is
clamped to a central region of the diaphragm 230. The
hollow shaft may receive the end 225 (Figure 13) of the
shaft 214 that is located remote from the linear electric
motor 246. In use, when the working fluid expands and
contracts as it is successively heated and cooled, the
diaphragm 230 reciprocates causing linear reciprocat-
ing movement of the moving part 280, which in turn
causes the linear electrical generator 282 to generate
an electrical current that may be used to power electri-
cal equipment or charge one or more batteries.

[0031] As best seen in Figure 13, the resiliently de-
formable displacer 218 may be an elongate resilient
strip comprising a composite structure, laminate struc-
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ture or assembly, secured to the housing 212 between
annular diaphragm mounts 235. The displacer 218 may
comprise a first resilient coil 218-1, a second resilient
coil 218-2 disposed opposite and spaced apart from the
first resilient coil and a thermally insulating member
218-3 disposed intermediate and separating the first
and second resilient coils. The resilient coils 218-1,
218-2 may be made of a metal such as aluminium, or
an aluminium alloy. The thermally insulating member
218-3 should be capable of withstanding the operating
temperatures within the displacer chamber 218 and is
preferably an elastomer or polymer that is stable at
relatively high temperatures. The thermally insulating
member 218-3 may comprise a hard rubber or poly-
ether ether ketone (PEEK). In use, the provision of a
thermally insulating member 218-3 between the resili-
ent coils 218-1, 218-2 may maintain a temperature gra-
dient across the displacer 218 that is greater than is
achievable with a conventional one-piece displacer pis-
ton so that the temperature of the resilient coil 218-1
disposed in the hot end 226-1 of the displacer compart-
ment 226 stays at least relatively close to the tempera-
ture of the hot end 226-1 while the temperature of the
resilient coil 228-2 disposed in the cold end 226-2 of
the displacer compartment 218 stays at least relatively
close to the temperature of the cold end 226-2. This
may provide for more efficient heat transfer to the work-
ing fluid at the hot end 226-1 as for each cycle of the
displacer 218, the resilient coil 218-1 should absorb
less of the heat Q) input at the first housing portion
232. Similarly, the heat transfer from the working fluid
at the cold end 226-2 may be enhanced as the resilient
coil 218-2 may remain relatively cooler than a conven-
tional one-piece displacer piston operating in similar
working conditions.

[0032] As in the previous examples, the displacer
compartment 226 varies in diameter along its length. In
particular, the hot end 226-1 increases in diameter to-
wards the thermally insulating portion 236 and the cold
end 226-2 decreases in diameter from the thermally
insulating portion towards the diaphragm compartment
228. As best seen in Figure 13, the first and housing
portions 232, 234 may be provided with projections
227-1, 227-2 extending into the displacer compartment
226 at the hot and cold ends 226-1, 226-2 of the com-
partment. The projections 227-1, 227-2 may define re-
spective convoluted passages 229-1, 229-2 into which
the displacer 218 moves as it reciprocates between the
hot and cold ends 226-1, 226-2 of the displacer com-
partment 226. The projections 227-1, 227-2 may com-
prising spiralling walls. The resilient coil 218-1 may at
least substantially fill the passage 219-1 when the dis-
placer is at the hot end 226-1 of the displacer compart-
ment and the resilient coil 218-2 may at least substan-
tially fill the passage 219-2 when the displacer is at the
cold end 226-2. The projections 227-1, 227-2 provide
additional surface area for heat transfer at the hot and
cold ends 226-1. 226-2 of the displacer compartment
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226, which may improve the efficiency of the respective
heat transfer processes. Although not shown in the ex-
ample illustrated by Figures 12 and 13, the or each
projection 227-1 or the or each projection 227-2 may
be hollow to allow the feed of a heating or cooling fluid
through the projections as described above in connec-
tion with Figure 11.

[0033] The resilient coils 218-1, 218-2 define respec-
tive spiralling channels 221-1, 221-2 that are connected
via a spiralling channel 223 provided in the thermally
insulating member 218-3. The spiralling channels
221-1, 221-2, 223 define a through-passage in the dis-
placer 218 that allows working fluid to pass through the
displacer to move between the hot and cold ends
226-1, 226-2 of the displacer compartment 226 as the
displacer moves between the hot and cold ends. The
spiralling channels 221-1, 221-2 may be configured to
mate with the projections 227-1, 227-1 so as to reduce
the dead volume in the displacer compartment.

[0034] In some examples, it may be desirable to
pressurise the displacer compartment 226 prior to run-
ning the closed cycle regenerative heat engine 210 so
that the initial pressure is above atmospheric. For ex-
ample, the displacer compartment 226 may be pres-
surised to 2 atmospheres (approximately 200kPa). In
examples in which the displacer compartment 226 is
pre-pressurised, it is desirable to ensure that the pres-
sure on either side of the piston, or diaphragm, is ba-
lanced. Figures 12 and 13 show a pressurisation sys-
tem configured to allow pre-pressurisation of the displa-
cer compartment 226. Referring to Figure 12, a valve
286 is provided in a wall 288 of the housing 212 that
partially defines the diaphragm compartment 228. The
valve 286 may be a one-way valve or, for example, a
Schrader valve. Referring to Figure 13, one or more
bypass passages 290 may be provided to bypass the
diaphragm 230 and allow working fluid to be pumped
into the displacer compartment 226 via the valve 286
and diaphragm compartment 228. The or each bypass
passage 290 may take any convenient form according
to the particular configuration of the engine housing. In
the illustrated example, a bypass passage 290 is
shown comprising a through-hole in an annular housing
member 292 disposed between the wall 288 and the
second housing portion 234, a recess in an end of the
wall 288 that is in flow communication with the up-
stream end of the through-hole and a recess in the
second housing portion 234 that is in flow communica-
tion with the downstream end of the through-hole.
[0035] The operation of the closed cycle regenerative
heat engine 210 is analogous to the operation of the
closed cycle regenerative heat engine 10 as illustrated
by Figures 4 to 9 and so will not be described in detail
again. In similar fashion to the displacer 18 of the
closed cycle regenerative heat engine 10, the displacer
218 of the closed cycle regenerative heat engine 210
fills the hot and cold ends 226-1, 226-2 when it reaches
the respective ends of its reciprocating motion between
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the two ends.

[0036] In use, working fluid pumped in at the valve
286 passes from the diaphragm compartment 228 to
the cold end 226-2 of the displacer compartment via
the connecting passage 290 and two openings 242 that
extend between the displacer compartment and the
diaphragm compartment. From the cold end 226-2 of
the displacer compartment 226, the pumped working
fluid is able to flow to the hot end 226-1 of the displacer
compartment 226 by passing through the spiralling
channels 221-2, 221-2 and apertures 223 of the displa-
cer 218. From the hot end 226-1, the pumped working
fluid is able pass into the compartment 284 that houses
the linear electrical actuator 246 via the clearance be-
tween the shaft 214 and a bearing 294 that supports
the shaft 214. Thus, the displacer compartment 216,
the diaphragm compartment 228 on both sides of the
diaphragm 230 and the compartment 246 represent a
closed system that can be pre-pressurised to a pres-
sure above atmospheric that is substantially equal
throughout the closed system so as not to adversely
affect the operation of the moving parts of the engine
in the chamber.

[0037] Figures 14 and 15 shows a modification of the
displacer 218 shown in Figures 12 and 13. The displa-
cer 318 shown in Figures 14 and 15 may be an elon-
gate resilient strip comprising a composite structure,
laminate structure or assembly comprising a first resili-
ent coil 318-1, a second resilient coil 318-2 disposed
opposite and spaced apart from the first resilient coil
and a thermally insulating member 318-3 disposed in-
termediate and separating the first and second resilient
coils. The resilient coils 318-1, 318-2 may be made of a
metal such as aluminium, or an aluminium alloy. The
thermally insulating member 318-3 should be capable
of withstanding the operating temperatures within the
displacer chamber and is preferably an elastomer or
polymer that is stable at relatively high temperatures.
The thermally insulating member 318-3 may comprise
a hard rubber or polyether ether ketone (PEEK). In this
example, the displacer 318 may be provided with a
heat storage reservoir 345 to store heat received from
the working fluid when the working fluid is displaced
from the hot end 226-1 of the displacer compartment
to the cold end 226-2 and reject the stored heat to the
working fluid with the working fluid is displaced from the
cold end to the hot end.

[0038] The resilient coils 318-1, 318-2 define respec-
tive spiralling channels 321-1, 321-2 that are connected
via a spiralling channel 323 provided in the thermally
insulating member 318-3. The spiralling channels
321-1, 321-2, 323 define a through-passage in the dis-
placer 318 that allows working fluid to pass through the
displacer to move between the hot and cold ends of the
displacer compartment as the displacer moves be-
tween the hot and cold ends. The spiralling channels
321-1, 321-2 may be configured to mate with the pro-
jections in similar fashion to the spiralling channels
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221-1, 221-2 and the projections 227-1, 227-1 shown in
Figure 13.

[0039] In some examples, the depth of the thermally
insulating member 318-3 may be increased as com-
pared with the rather thinner thermally insulating mem-
ber 218-3 that may be utilised in the displacer 218. The
heat storage reservoir 345 may comprise a metal mem-
ber fixed to the thermally insulating member 318-3. To
increase the surface area available for heat transfer,
the heat storage reservoir 318-3 may be corrugated. In
some examples, the heat storage reservoir 318-3 may
comprise corrugated aluminium, aluminium alloy or
copper foil.

[0040] The width of the spiralling channel 323 is pre-
ferably kept small to minimise the dead volume and the
heat storage reservoir 345 preferably occupies as
much of the available width as is possible without rub-
bing against another part of the displacer 318. Thus, as
illustrated in Figures 14 and 15, the heat storage reser-
voir 345 may be fixed to a face 347 of the thermally
insulating member 318-3 that defines a side of the spir-
alling channel 323 and extend across at least substan-
tially the entire width of the channel, but not so as to
touch the opposite face 349.

[0041] It is to be understood that the heat storage
reservoir 345 may be a single member or an assembly
of members made of a material capable of absorbing
heat from the working fluid. For example, the heat sto-
rage reservoir 345 may comprise a series of strips of
metal fixed to the thermally insulating member 318-3.
[0042] Figure 16 shows modification of the resiliently
deformable displacer 218 shown in Figures 12 and 13.
In the description of Figure 16 that follows, parts the
same as, or similar to parts shown in Figures 12 and
13 will be referenced by the same reference numerals
incremented by 200 and for economy of presentation,
may not be described again.

[0043] In the example shown in Figures 12 and 13,
the resiliently deformable displacer 218 is a composite
body that includes two resilient coils 218-1, 218-2 dis-
posed in opposed spaced apart relation separated by a
thermally insulating member 218-3 so as to provide the
resiliently deformable displacer with respective rela-
tively hot and relatively cold sides. In the modified ex-
ample shown in Figure 16, the resiliently deformable
displacer 418 has two resilient coils 418-1, 418-2 dis-
posed in opposed spaced apart relation in analogous
fashion to the resilient coils 218-1, 218-2, but instead of
being separated by a thermally insulating member, the
two coils are separated by a thermal break comprising
a laterally expanding space or volume418-3 that may
be referred to as an air gap 418-3. Although having a
thermal break in the form of a thermally insulating
member separating the two sides of the resiliently de-
formable displacer 218 results in the displacer having
relatively hotter and colder sides than in the case of
displacers such as those shown in Figures 1 to 11 that
have no thermal break between the two sides of the
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displacer, there is still the potential for considerable
conductive heat transfer between the two resilient coils
218-1, 218-2. By providing a thermal break comprising
an air gap 418-3 between the two resilient coils 418-1,
418-2, the potential for conductive heat transfer is at
least considerably reduced as there will be no conduc-
tive heat transfer via the air in the air gap, which will be
constantly moving as the resiliently deformable displa-
cer reciprocates back and forth in the displacer com-
partment 426-1, 426-2. Similarly, there will be no con-
vection via the constantly moving air. Thus, the only
mode of heat transfer across the air gap 418-3 is by
radiation. However, this can be minimised if the facing
surfaces of the two resilient coils 418-1, 418-2 are gi-
ven a good silver finish. A further advantage to using an
air gap 418-3 to insulate between the two resilient coils
418-1, 418-2 is that a plastics thermally insulating
member will tend to act as a damper, so that more
energy is required to drive a resiliently deformable dis-
placer provided with such a resiliently deformable
member. It is to be understood that references to the
thermal break 418-3 as an air gap are not to be taken
as limiting as the working fluid that fills the space be-
tween the two resilient coils 418-1, 418-2 need not be
air.

[0044] The resilient member or members that form
resiliently deformable displacers shown in Figures 1 to
11 each comprises a resilient member that has a first,
or starting, end connected to the engine housing and a
second end connected to the reciprocating engine
shaft. Similarly, in the examples shown in Figures 12 to
16, the two resilient members that form the resiliently
deformable displacer have respective first, or starting,
ends connected to the engine housing and respective
second ends connected to the reciprocating engine
shaft. This is not essential. For example, as shown in
Figure 17, the resiliently deformable displacer 518
comprises four resiliently deformable members 518-1
to 518-4 having respective first, or starting, ends 519-1
to 519-5 connected to the housing 512 and respective
second ends 521-1 to 521-4 connected to the recipro-
cating shaft 524. The resiliently deformable members
518-1 to 518-4 may have substantially the same length
and height and in directions perpendicular to the long-
itudinal axis of the shaft 524 may be disposed in the
same planes so as to define a resiliently deformable
displacer 518 comprising a four-start volute spring. In
analogous fashion, instead of comprising two resilient
members disposed in opposed spaced apart relation-
ship, the resiliently deformable displacers illustrated by
Figures 12 to 16 may comprise two four-start multi-vo-
lute springs disposed in opposed spaced apart relation-
ship and separated by a thermally insulating member
as shown in Figures 12 to 15 or an air gap as shown in
Figure 16. It will be understood that while Figure 17
shows the multi-start displacer spring as a four-start
spring, this is not essential. A multi-start displacer
spring or springs for a resiliently deformable displacer
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suitable for use in the examples of a closed cycle re-
generative heat engine shown in Figures 1 to 16 may
comprise any number of starts, for example two or a
number greater than two.

[0045] A resiliently deformable displacer comprising
one or more multi-start springs may provide a more
uniform heat distribution across the displacer in direc-
tions transverse to the longitudinal axis of the recipro-
cating shaft 524. With a single-start spring, the tem-
perature in the spring may only be at least substantially
the same as the temperature of the housing portion to
which it is connected over the first turn, or spiral, of the
spring. With a four-start spring, the first turn, or spiral, is
four times closer to the centre of the resiliently deform-
able displacer than the first turn, or spiral, of a single-
start spring.

[0046] A closed cycle regenerative heat engine em-
bodying one or more of the operating features de-
scribed above has a resiliently deformable displacer
that has a portion that is anchored so that it cannot
move and a portion that is connected with a reciprocat-
ing shaft or other moving part. As the shaft recipro-
cates, the displacer deforms so as to move a working
fluid between respective heating and cooling locations
in a chamber. The shaft may be driven by a flywheel
powered by the engine output or an electrical actuator.
The shaft may reciprocate at or near the natural fre-
quency of the resiliently deformable displacer. This
may reduce the input energy needed to operate the
displacer and so increase the efficiency of the engine.
In some examples, a frequency adjuster may be pro-
vided to tune the natural frequency of the displacer to
the engine drive speed.

[0047] As the working fluid moves between the re-
spective heating and cooling locations, it passes
through the resiliently deformable displacer. As com-
pared with a conventional one-piece piston displacer,
this may significantly increase the surface area of the
displacer available for heat exchange with the working
fluid.

[0048] In some examples, the displacer may com-
prise first and second members, or body parts, sepa-
rated by a thermal break comprising thermal insulation.
One of the first and second members is disposed on
the side of the heating location and the other is dis-
posed on the side of the cooling location. The effect of
the thermally insulating layer may be to prevent, or at
least significantly inhibit heat transfer between the first
and second members. Thus, the member on the side of
the heating location will be maintained at a relatively
higher temperature than the member on the side of the
cooling location. Accordingly, the first and second
members will be maintained at a temperature the same
as, or at least closer to, the temperature of the respec-
tive heating and cooling locations, thereby potentially
increasing the efficiency of the heat transfer processes
affecting the working fluid at the heating and cooling
locations. The thermal break may comprise a laterally
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extending space or gap separating the two sides, or
ends, of the resiliently deformable displacer. In some
examples first and second body portions may each
have a width in a first direction and the displacer moves
in second and third directions that are transverse to
that first direction, typically perpendicular to that direc-
tion, and the space, or gap, between them defining the
thermal break may extend over at least 80% of that
width. It will be understood that the depth of the space
measured in the second and third directions may be
small compared with the width of the displacer suffi-
cient to at prevent thermal conduction across the ther-
mal break. Thus, by way of example, the depth of the
space, or gap, may be between 0.5 and 2.00mm. It will
be understood that in examples such as that shown
illustrated by Figure 17, the first and second body por-
tions may comprise a plurality of separate members
with each set of members spaced from the other by
the thermal break.

[0049] In some examples, provision may be made for
pre-pressurising the working fluid. This may provide for
improved power output. A pressurisation system may
be provided to allows pressurisation of the working
fluid. The pressurisation system includes one or more
passages or clearances between components to allow
the pressurisation to affect all parts of the engine cham-
ber in which moving parts associated with the displacer
and power piston or diaphragm are housed so that the
pressures acting on those parts are at last substantially
balanced.

[0050] In conventional Stirling engines, there is a sig-
nificant clearance between the displacer piston and the
walls of the cylinder. This is to allow the working fluid to
pass around the displacer piston when moving be-
tween the heating and cooling locations. This means
that when the displacer piston is at the respective ends
of its reciprocating movement there is a dead space
around the displacer piston containing a significant
body of working fluid. This reduces the overall effi-
ciency of the engine. In the illustrated examples of a
closed cycle regenerative engine, the resiliently de-
formable displacer at least substantially fills the heating
and cooling locations when at the ends of its reciprocat-
ing movement. In the example illustrated by Figures 1
to 9, the resiliently deformable displacer deforms so as
to leave substantially no gap between the outer periph-
ery of the displacer and the housing and the internal
through-passage through which the working fluid
passes as it moves between the heating and cooling
locations is closed up. In similar fashion, in the exam-
ples shown in Figures 10 to 17, the resiliently deform-
able displacers leave substantially no gap between the
outer periphery of the displacer and the housing and
the internal through-passage through which the work-
ing fluid passes as it moves between the heating and
cooling locations is blocked. Blockage of the internal
through-passage may be partly due to deformation of
the resiliently deformable displacer and partly due to
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the projections entering the internal through-passage.
When the displacer is filling the heating and cooling
locations, an outer periphery of the displacer may vir-
tually, or actually, engage the housing so that there is
no dead space surrounding the displacer. This may in-
crease the efficiency of the closed cycle regenerative
heat engine by ensuring that a larger volume of the
working fluid is heated and cooled at the heating and
cooling locations.

[0051] Para 1. Embodiments of the invention com-
prise a closed cycle regenerative heat engine compris-

ing:

a housing defining a chamber;

a resiliently deformable displacer housed in said
chamber;

a shaft connected with said resiliently deformable
displacer; and

a movable member housed in said chamber,
wherein said resiliently deformable displacer is se-
cured to said housing and is resiliently deformable
in response to movement of said shaft to displace
a working fluid between respective heating and
cooling locations in said chamber at which heat is
input to said working fluid and said working fluid is
cooled,

said resiliently deformable displacer comprises a
multi-start volute spring and

said movable member is in sealing engagement
with said housing and movable in response to
pressure changes of said working fluid caused by
said heating and cooling of said working fluid to
provide a mechanical power output.

[0052] Para 2. A closed cycle regenerative heat en-
gine as specified in Para 1, wherein said resiliently de-
formable displacer is secured to a wall of said chamber.
[0053] Para 3. A closed cycle regenerative heat en-
gine as specified in Para 2, wherein said housing com-
prises a first housing portion at which, in use, heat is
input to said chamber from an external source to heat
said heating location, a second housing portion at
which, in use, heat is rejected from chamber to cool
said cooling location and a thermally insulating portion
disposed intermediate said first and second housing
portions.

[0054] Para 4. A closed cycle regenerative heat en-
gine as claimed as specified in Para 3, wherein said
wall to which said resiliently deformable displacer is
secured is defined by said thermally insulating portion.
[0055] Para 5. A closed cycle regenerative heat en-
gine as specified in any one of the preceding Paras,
wherein said chamber comprises a first compartment
that houses said displacer, said first compartment has
a first end, a second end and a width that increases
from said first end towards an intermediate region and
decreases from said intermediate region to said second
end.
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[0056] Para 6. A closed cycle regenerative heat en-
gine as specified in Para 5, wherein said first and sec-
ond ends each have a substantially frusto-conical pro-
file.

[0057] Para 7. A closed cycle regenerative heat en-
gine as specified in Para 5 or 6, wherein said resiliently
deformable displacer and said first and second ends
are configured such that when, in use, said resiliently
deformable displacer has displaced said working fluid
to said cooling location said resiliently deformable dis-
placer fills said first end and when said resiliently de-
formable displacer has displaced said working fluid to
said heating location said resiliently deformable displa-
cer fills said second end.

[0058] Para 8. A closed cycle regenerative heat en-
gine as specified in Para 7, wherein said resiliently de-
formable displacer and said first and second ends are
configured such that when filling said first and second
ends said displacer engages said housing.

[0059] Para 9. A closed cycle regenerative heat en-
gine as specified in any one of Paras 5 to 8, wherein
said chamber defines a second compartment that
houses said movable member and said first and sec-
ond compartments are in fluid communication to permit
said working fluid to act on said movable member.
[0060] Para 10. A closed cycle regenerative heat en-
gine as specified in any one of the preceding Para,
wherein said resiliently deformable displacer defines at
least one through-passage configured so that, in use,
working fluid displaced between said heating and cool-
ing locations passes through said through-passage.
[0061] Para 11. A closed cycle regenerative heat en-
gine as specified in any one of the preceding Paras,
wherein said resiliently deformable displacer deforms
to reciprocate between said heating and cooling loca-
tions along a first axis in said chamber and said mova-
ble member reciprocates along a second axis that is
perpendicular to said first axis.

[0062] Para 12. A closed cycle regenerative heat en-
gine as specified in any one of the preceding Paras,
wherein said resiliently deformable displacer comprises
a first resilient portion and a second resilient portion
and a thermal break mis defined intermediate said first
and second resilient portions to at least reduce thermal
conduction between said first and second resilient por-
tions, wherein said thermal break comprises at least
one of:

i) a thermally insulating member disposed inter-
mediate said first and second resilient portions;
and

ii) a gap defined between said first and second
resilient portions.

[0063] Para 13. A closed cycle regenerative heat en-
gine as specified in Para 12, wherein said thermally
insulating member comprises a polymer.

[0064] Para 14. A closed cycle regenerative heat en-
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gine as specified in Para 12 or 13, further comprising a
heat storage reservoir mounted on said thermally insu-
lating member to, in use, store heat received from said
working fluid when said working fluid is displaced from
said heating location to said cooling location and reject
said stored heat to said working fluid when said work-
ing fluid is displaced from said cooling location to said
heating location.

[0065] Para 15. A closed regenerative heat engine as
specified in Para 14, wherein said heat storage reser-
voir comprises a corrugated metal member.

[0066] Para 16. A closed cycle regenerative heat en-
gine as specified in any one of the preceding Paras,
further comprising at least one projection extending into
said chamber at one of said respective locations,
wherein said at least one projection defines a convo-
luted passage and said resiliently deformable displacer
is deformable to enter said convoluted passage when
displacing said working fluid to the other of said respec-
tive locations.

[0067] Para 17. A closed cycle regenerative heat en-
gine as claimed in Para 16, wherein at said at least one
projection is hollow.

[0068] Para 18. A closed cycle regenerative heat en-
gine as specified in any one of the preceding Paras,
wherein said shaft is connected with an electrical ac-
tuator configured to drive said resiliently deformable
displacer.

[0069] Para 19. A closed cycle regenerative heat en-
gine as specified in Para 18, wherein said electrical
actuator is configured to drive said resiliently deform-
able displacer at a natural frequency of said resiliently
deformable displacer.

[0070] Para 20. A closed cycle regenerative heat en-
gine as specified in any one of Paras 1 to 17, further
comprising a frequency adjustor connected with said
resiliently deformable displacer to act on said resiliently
deformable displacer to adjust the natural frequency of
the displacer.

[0071] Para 21. A closed cycle regenerative heat en-
gine as specified in Para 20, wherein said frequency
adjustor comprises a rocker connected with said shaft
and at least one member moveable along said rocker
to adjust said natural frequency.

[0072] Para 22. A closed cycle regenerative heat en-
gine as specified in any one of the preceding Paras,
wherein said movable member comprises a piston or a
diaphragm.

[0073] Para 23. A closed cycle regenerative heat en-
gine comprising:

a housing defining a chamber;

a displacer housed in said chamber; and

a movable member housed in said chamber,
wherein said displacer is movable in said chamber
to displace a working fluid between respective
heating and cooling locations in said chamber at
which heat is input to said working fluid and said
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working fluid is cooled,

said displacer comprises a first body member, a
second body member and a thermally insulating
member intermediate said first and second body
members and configured such that when said dis-
placer moves to displace said working fluid into
said cooling location, said first body member
moves into said heating location and when said
displacer moves to displace said working fluid into
said heating location, said second body member
moves into said cooling location,

said displacer further comprises a heat storage re-
servoir mounted on said thermally insulating mem-
ber to, in use, store heat received from said work-
ing fluid when said working fluid is displaced from
said heating location to said cooling location and
reject said stored heat to said working fluid when
said working fluid is displaced from said cooling
location to said heating location, and

said movable member is in sealing engagement
with said housing and movable in response to
pressure changes of said working fluid caused by
said heating and cooling of said working fluid to
provide a mechanical power output.

[0074] Para 24. A closed cycle regenerative heat en-
gine as specified in Para 23, wherein:

said chamber comprises a first compartment that
houses said displacer, said first compartment has
a first end, a second end and a width that in-
creases from said first end towards an intermediate
region and decreases from said intermediate re-
gion to said second end, and

said resiliently deformable displacer and said first
and second ends are configured such that when, in
use, said resiliently deformable displacer has dis-
placed said working fluid to said cooling location
said resiliently deformable displacer fills said first
end and when said resiliently deformable displacer
has displaced said working fluid to said heating
location said resiliently deformable displacer fills
said second end.

[0075] Para 25. A closed cycle regenerative heat en-
gine comprising:

a housing defining a chamber;

a displacer housed in said chamber; and

a movable member housed in said chamber,
wherein said displacer is movable in said chamber
to displace a working fluid between respective
heating and cooling locations in said chamber at
which heat is input to said working fluid and said
working fluid is cooled,

said displacer defines an internal through-passage
such that, in use, when said displacer moves to
displace said working fluid between said heating
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and cooling locations, said working fluid passes
through said displacer,

said displacer further comprises a heat storage re-
servoir mounted on said thermally insulating mem-
ber to, in use, store heat received from said work-
ing fluid when said working fluid is displaced from
said heating location to said cooling location and
reject said stored heat to said working fluid when
said working fluid is displaced from said cooling
location to said heating location, and

said movable member is in sealing engagement
with said housing and movable in response to
pressure changes of said working fluid caused by
said heating and cooling of said working fluid to
provide a mechanical power output.

[0076] Para 26. A closed cycle regenerative heat en-
gine as specified in Para 23, 24 or 25, wherein said
heat storage reservoir comprises a corrugated metal
member.

[0077] Para 27. A closed cycle regenerative heat en-
gine comprising:

a housing defining a chamber;

a resiliently deformable displacer housed in said
chamber;

a shaft connected with said resiliently deformable
displacer; and

a movable member housed in said chamber,
wherein said resiliently deformable displacer is se-
cured to said housing and is resiliently deformable
in response to movement of said shaft to displace
a working fluid between respective heating and
cooling locations in said chamber at which heat is
input to said working fluid and said working fluid is
cooled,

said displacer comprises a heat storage reservoir
mounted on a thermally insulating member to, in
use, store heat received from said working fluid
when said working fluid is displaced from said
heating location to said cooling location and reject
said stored heat to said working fluid when said
working fluid is displaced from said cooling location
to said heating location, and

said movable member is in sealing engagement
with said housing and movable in response to
pressure changes of said working fluid caused by
said heating and cooling of said working fluid to
provide a mechanical power output.

[0078] Para 28. A closed cycle regenerative heat en-
gine as specified in Para 27, wherein said resiliently
deformable displacer is secured to a wall of said cham-
ber.

[0079] Para 29. A closed cycle regenerative heat en-
gine as specified in Para 28, wherein said housing
comprises a first housing portion at which, in use, heat
is input to said chamber from an external source to heat
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said heating location, a second housing portion at
which, in use, heat is rejected from chamber to cool
said cooling location and a thermally insulating portion
disposed intermediate said first and second housing
portions.

[0080] Para 30. A closed cycle regenerative heat en-
gine as specified as Para in claim 29, wherein said wall
to which said resiliently deformable displacer is se-
cured is defined by said thermally insulating portion.
[0081] Para 31. A closed cycle regenerative heat en-
gine as specified in any one of Paras 27 to 30, wherein
said chamber comprises a first compartment that
houses said displacer, said first compartment has a first
end, a second end and a width that increases from said
first end towards an intermediate region and decreases
from said intermediate region to said second end.
[0082] Para 32. A closed cycle regenerative heat en-
gine as specified in Para 31, wherein said first and
second ends each have a substantially frusto-conical
profile.

[0083] Para 33. A closed cycle regenerative heat en-
gine as specified in Para 31 or 32, wherein said resili-
ently deformable displacer and said first and second
ends are configured such that when, in use, said resili-
ently deformable displacer has displaced said working
fluid to said cooling location said resiliently deformable
displacer fills said first end and when said resiliently
deformable displacer has displaced said working fluid
to said heating location said resiliently deformable dis-
placer fills said second end.

[0084] Para 34. A closed cycle regenerative heat en-
gine as specified in Para 33, wherein said resiliently
deformable displacer and said first and second ends
are configured such that when filling said first and sec-
ond ends said displacer engages said housing.

[0085] Para 35. A closed cycle regenerative heat en-
gine as specified in any one of Paras 31 to 34, wherein
said chamber defines a second compartment that
houses said movable member and said first and sec-
ond compartments are in fluid communication to permit
said working fluid to act on said movable member.
[0086] Para 36. A closed cycle regenerative heat en-
gine as specified in any one of Paras 27 to 35, wherein
said resiliently deformable displacer defines at least
one through-passage configured so that, in use, work-
ing fluid displaced between said heating and cooling
locations passes through said through-passage and
said heat storage reservoir is disposed in said at least
one through-passage.

[0087] Para 37. A closed cycle regenerative heat en-
gine as specified in any one of Paras 27 to 36, wherein
said resiliently deformable displacer deforms to recipro-
cate between said heating and cooling locations along
a first axis in said chamber and said movable member
reciprocates along a second axis that is perpendicular
to said first axis.

[0088] Para 38. A closed cycle regenerative heat en-
gine as specified in any one of Paras 27 to 37, wherein



23 EP 4 826 236 A2 24

said resiliently deformable displacer further comprises
a first resilient member and a second resilient member
and said thermally insulating member is disposed inter-
mediate said first and second resilient members to ther-
mally insulate said first resilient member with respect to
said second resilient member.

[0089] Para 39. A closed cycle regenerative heat en-
gine as specified in Para 38, wherein said thermally
insulating member comprises a polymer.

[0090] Para 40. A closed cycle regenerative heat en-
gine as specified in any one of Paras 27 to 39, wherein
said heat storage reservoir comprises a corrugated me-
tal member.

[0091] Para 41. A closed cycle regenerative heat en-
gine as specified in any one of Paras 27 to 40, wherein
said resiliently deformable displacer comprises a multi-
start volute spring.

[0092] Para 42. A closed cycle regenerative heat en-
gine as specified in any one of Paras 27 to 41, further
comprising at least one projection extending into said
chamber at one of said respective locations, wherein
said at least one projection defines a convoluted pas-
sage and said resiliently deformable displacer is de-
formable to enter said convoluted passage when dis-
placing said working fluid to the other of said respective
locations.

[0093] Para 43. A closed cycle regenerative heat en-
gine as specified in Para 42, wherein at said at least
one projection is hollow.

[0094] Para 44. A closed cycle regenerative heat en-
gine as specified in any one of Paras 27 to 43, wherein
said shaft is connected with an electrical actuator con-
figured to drive said resiliently deformable displacer.
[0095] Para 45. A closed cycle regenerative heat en-
gine as specified in Para 44, wherein said electrical
actuator is configured to drive said resiliently deform-
able displacer at a natural frequency of said resiliently
deformable displacer.

[0096] Para 46. A closed cycle regenerative heat en-
gine as specified in any one of Paras 27 to 43, further
comprising a frequency adjustor connected with said
resiliently deformable displacer to act on said resiliently
deformable displacer to adjust the natural frequency of
the displacer. Para 47. A closed cycle regenerative
heat engine as specified in Para 46, wherein said fre-
quency adjustor comprises a rocker connected with
said shaft and at least one member moveable along
said rocker to adjust said natural frequency.

[0097] Para 48. A closed cycle regenerative heat en-
gine as specified in any one of Paras 27 to 47, wherein
said movable member comprises a piston or a dia-
phragm.

[0098] Para 49 A closed cycle regenerative heat en-
gine comprising:

a housing defining a chamber;
a resiliently deformable displacer housed in said
chamber;
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a shaft connected with said resiliently deformable
displacer; and

a movable member housed in said chamber,
wherein said resiliently deformable displacer is se-
cured to said housing and is resiliently deformable
in response to movement of said shaft to displace
a working fluid between respective heating and
cooling locations in said chamber at which heat is
input to said working fluid and said working fluid is
cooled,

said resiliently deformable displacer is a laminate
including a thermally insulating member and a heat
storage reservoir mounted on said thermally insu-
lating member to, in use, store heat received from
said working fluid when said working fluid is dis-
placed from said heating location to said cooling
location and reject said stored heat to said working
fluid when said working fluid is displaced from said
cooling location to said heating location, and

said movable member is in sealing engagement
with said housing and movable in response to
pressure changes of said working fluid caused by
said heating and cooling of said working fluid to
provide a mechanical power output.

[0099] Para 50. A closed cycle regenerative heat en-
gine comprising:

a housing defining a chamber;

a resiliently deformable displacer housed in said
chamber;

a shaft connected with said resiliently deformable
displacer; and

a movable member housed in said chamber,
wherein said resiliently deformable displacer is se-
cured to said housing and is resiliently deformable
in response to movement of said shaft to displace
a working fluid between respective heating and
cooling locations in said chamber at which heat is
input to said working fluid and said working fluid is
cooled,

said resiliently deformable displacer comprises a
volute spring and a heat storage reservoir mounted
on said volute spring to, in use, store heat received
from said working fluid when said working fluid is
displaced from said heating location to said cooling
location and reject said stored heat to said working
fluid when said working fluid is displaced from said
cooling location to said heating location, and

said movable member is in sealing engagement
with said housing and movable in response to
pressure changes of said working fluid caused by
said heating and cooling of said working fluid to
provide a mechanical power output.

[0100] 51. A closed cycle regenerative heat engine
as claimed in claim 50, wherein said volute spring is a
multi-start volute spring.
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[0101] Para 52. A closed cycle regenerative heat en-
gine as specified in Para 49, 50 or 51, wherein said
heat storage reservoir comprises a corrugated metal
member.

[0102] Para 53. A closed cycle regenerative heat en-
gine comprising:

a housing defining a chamber;

a displacer housed in said chamber; and

a movable member housed in said chamber,
wherein said displacer is movable in said chamber
to displace a working fluid between respective
heating and cooling locations in said chamber at
which heat is input to said working fluid and said
working fluid is cooled,

said displacer comprises a first body portion and a
second body portion disposed in opposite said first
body portion and configured such that when said
displacer moves to displace said working fluid into
said cooling location, said first body portion moves
into said heating location and when said displacer
moves to displace said working fluid into said heat-
ing location, said second body portion moves into
said cooling location,

wherein a gap is defined between said first and
second body portions to at least reduce heat con-
duction between said first and second body por-
tions, and

said movable member is in sealing engagement
with said housing and movable in response to
pressure changes of said working fluid caused by
said heating and cooling of said working fluid to
provide a mechanical power output.

[0103] Para 54. A closed cycle regenerative heat en-
gine as specified in Para 53, wherein said first and
second body portions have a width in a first direction
and said displacer is movable in oppositely directed
second and third directions that are transverse to said
first direction.

[0104] Para 55. A closed cycle regenerative heat en-
gine as specified in Para 54, wherein said gap extends
over at least 80% of said width.

[0105] Para 56. A closed cycle regenerative heat en-
gine as specified in Para 53, 54 or 55, wherein at least
one of said first and second body portions comprises at
least one spiralling member.

[0106] Para 57. A closed cycle regenerative heat en-
gine as specified in any one of Paras 53 to 56, wherein
at least one of said first and second body portions com-
prises a multi-start volute spring.

[0107] Para 58. A closed cycle regenerative heat en-
gine as specified in any one of Paras 53 to 57, wherein
said gap contains said working fluid.
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Claims

1. A closed cycle regenerative heat engine compris-
ing:

a housing defining a chamber;

a resiliently deformable displacer housed in
said chamber;

a shaft connected with said resiliently deform-
able displacer; and

a movable member housed in said chamber,
wherein said resiliently deformable displacer is
secured to said housing and is resiliently de-
formable in response to movement of said
shaft to displace a working fluid between re-
spective heating and cooling locations in said
chamber at which heat is input to said working
fluid and said working fluid is cooled,

said displacer comprises a heat storage reser-
voir mounted on a thermally insulating member
to, in use, store heat received from said work-
ing fluid when said working fluid is displaced
from said heating location to said cooling loca-
tion and reject said stored heat to said working
fluid when said working fluid is displaced from
said cooling location to said heating location,
and

said movable member is in sealing engage-
ment with said housing and movable in re-
sponse to pressure changes of said working
fluid caused by said heating and cooling of
said working fluid to provide a mechanical
power output.

2. A closed cycle regenerative heat engine as
claimed in claim 1, wherein said resiliently deform-
able displacer is secured to a wall of said chamber.

3. A closed cycle regenerative heat engine as
claimed in claim 2, wherein said housing com-
prises a first housing portion at which, in use, heat
is input to said chamber from an external source to
heat said heating location, a second housing por-
tion at which, in use, heat is rejected from chamber
to cool said cooling location and a thermally insu-
lating portion disposed intermediate said first and
second housing portions and preferably wherein
said wall to which said resiliently deformable dis-
placer is secured is defined by said thermally insu-
lating portion.

4. A closed cycle regenerative heat engine as
claimed in any one of the preceding claims, where-
in said chamber comprises a first compartment that
houses said displacer, said first compartment has a
first end, a second end and a width that increases
from said first end towards an intermediate region
and decreases from said intermediate region to
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said second end.

A closed cycle regenerative heat engine as
claimed in claim 4, wherein said resiliently deform-
able displacer and said first and second ends are
configured such that when, in use, said resiliently
deformable displacer has displaced said working
fluid to said cooling location said resiliently deform-
able displacer fills said first end and when said
resiliently deformable displacer has displaced said
working fluid to said heating location said resiliently
deformable displacer fills said second end and pre-
ferably wherein said resiliently deformable displa-
cer and said first and second ends are configured
such that when filling said first and second ends
said displacer engages said housing.

A closed cycle regenerative heat engine as
claimed in any one of the preceding claims, where-
in said resiliently deformable displacer defines at
least one through-passage configured so that, in
use, working fluid displaced between said heating
and cooling locations passes through said through-
passage and said heat storage reservoir is dis-
posed in said at least one through-passage.

A closed cycle regenerative heat engine as
claimed in any one of the preceding claims, where-
in said resiliently deformable displacer further com-
prises a first resilient member and a second resili-
ent member and said thermally insulating member
is disposed intermediate said first and second resi-
lient members to thermally insulate said first resili-
ent member with respect to said second resilient
member and preferably wherein said thermally in-
sulating member comprises a polymer.

A closed cycle regenerative heat engine as
claimed in any one of the preceding claims, where-
in said heat storage reservoir comprises a corru-
gated metal member.

A closed cycle regenerative heat engine as
claimed in any one of the preceding claims, where-
in said resiliently deformable displacer comprises a
multi-start volute spring.

A closed cycle regenerative heat engine as
claimed in any one of the preceding claims, further
comprising at least one projection extending into
said chamber at one of said respective locations,
wherein said at least one projection defines a con-
voluted passage and said resiliently deformable
displacer is deformable to enter said convoluted
passage when displacing said working fluid to the
other of said respective locations and, preferably
wherein said at least one projection is hollow.
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A closed cycle regenerative heat engine as
claimed in any one of the preceding claims, where-
in said shaft is connected with an electrical actua-
tor configured to drive said resiliently deformable
displacer and preferably wherein said electrical ac-
tuator is configured to drive said resiliently deform-
able displacer at a natural frequency of said resili-
ently deformable displacer.

A closed cycle regenerative heat engine compris-
ing:

a housing defining a chamber;

a displacer housed in said chamber; and

a movable member housed in said chamber,
wherein said displacer is movable in said
chamber to displace a working fluid between
respective heating and cooling locations in
said chamber at which heat is input to said
working fluid and said working fluid is cooled,
said displacer comprises a first body portion
and a second body portion disposed in oppo-
site said first body portion and configured such
that when said displacer moves to displace
said working fluid into said cooling location,
said first body portion moves into said heating
location and when said displacer moves to dis-
place said working fluid into said heating loca-
tion, said second body portion moves into said
cooling location,

wherein a gap is defined between said first and
second body portions to at least reduce heat
conduction between said first and second body
portions, and

said movable member is in sealing engage-
ment with said housing and movable in re-
sponse to pressure changes of said working
fluid caused by said heating and cooling of
said working fluid to provide a mechanical
power output.

A closed cycle regenerative heat engine as
claimed in claim 12, wherein said first and second
body portions have a width in a first direction, said
displacer is movable in oppositely directed second
and third directions that are transverse to said first
direction and said gap extends over at least 80% of
said width.

A closed cycle regenerative heat engine as
claimed in claim 12 or 13, wherein at least one of
said first and second body portions comprises at
least one spiralling member and preferably wherein
at least one of said first and second body portions
comprises a multi-start volute spring.

A closed cycle regenerative heat engine as
claimed in any one of claims 12 to 14, wherein said
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gap contains said working fluid.
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