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the low energy per unit volume of ambient air. The heat
exchange elements deployed in such arrangements are also
generally vulnerable to ice accretion due to moisture
within the air.

Accordingly, the present applicants have appreciated
the need for an improved heat pump which can use
atmospheric air as the heat source and which overcomesg, oY
at least alleviates, some of the problems associated with
the prior art.

In accordance with a first aspect of the present
invention, there is provided apparatus for use as a heat
pump comprising: compression chamber means; inlet means
for allowing gas to enter the compression chamber means;
compression means for compressing gas contained in the
compression chamber means; heat exchanger means for
receiving thermal energy from gas compressed by the
compression means; expansion chamber means for receiving
gas after exposure to the heat exchange means; expansion
means for expanding gas received in the expansion chamber
means; and exhaust means for venting gas from the
apparatus after expansion thereof.

The gas may be air from the surrounding atmosphere.
In this way, a heat pump is provided in which atmospheric
air may be used as both the heat source and as the working
fluid (e.g. single phase working fluid). Advantageously,
the use of atmospheric air as the working fluid means that
there is no need to use potentially polluting coolants.
Furthermore, since the heat source and the working fluid
may be one in the same, the size and complexity of the
heat pump may be considerably reduced. For example, the
heat pump may be configured such that a substantial
proportion of the overall volume of the device 1is
thermodynamically active. In ;his way, the heat pump may
be housed in a single compact unit configured for ease of
installation. Furthermore, since all heat exchange may
occur within the unit itself, the present invention does

not require a large complex heat exchanger.
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The compression may be substantially isentropic or
adiabatic. The heat exchange may Dbe substantially
isobaric. The expansion may be substantially isentropic or
adiabatic.

The inlet means may comprise at least one inlet
aperture in fluid communication with the compression
means. For example, the compression means may be housed
in a casing and the inlet means may comprise an array of
apertures in the casing. ‘The array of apertures may in
use be located at a lower part (e.g. base) of the casing.

Alternatively, the array of apertures may in use be
located at an upper part (e.g. top face) of the casing

The inlet means may further comprise at least one

‘inlet wvalve for controlling ingress of gas into the

compression chamber means. When actuated, the at least
one inlet wvalve may be configured to seal the or a
respective inlet aperture. The at least one inlet wvalve
may be a non-return valve. The at least one inlet valve
may comprise a passively-controlled inlet wvalve. For
example, the at least one inlet wvalve may comprise a
pressure-activated inlet wvalve (e.g. a reed valve, or
plate wvalve). The inlet wvalve may be configured to be
held lightly closed when sealing its respective aperture.
The at least one inlet valve may be configured to remain
closed whilst the or a respective delivery valve is open
(see Dbelow). In another embodimeﬁt, the at least one
inlet wvalve comprises an actively-controlled inlet wvalve
(e.g. a plate valve or a rotary valve). The at least one
inlet wvalve may be configured to open when pressure on
either side of the valve is equalised.

Alternatively, the at least one valve may comprise a
passageway extending from the at least one inlet aperture,
and a member configured to be freely moveable along a
section of the passageway between a first position
blocking the at least one inlet aperture and a second
position spaced from the inlet aperture. In this way, a

valve (hereinafter referred to as a “ball valve”) may be
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provided in which movement of the member may be activated
automatically by a pressure difference across the member.
The member may be substantially spherical (hereinafter
referred to as a “ball member”). The member may be formed
from plastics material.

Advantageously, the distance between the first and
second position for a ball member need only be half the
diameter of the ball. Thus, in the case of a ball having
a diameter of 3mm, the ball only needs to be displaced 1.5
mm to fully seal/unseal the inlet. In this way, only a
very small amount of space is required in the compression
chamber means to accommodate movement of the ball.
Furthermore, since the ball member is light and moves by
only a small distance, the ball wvalve may be operated
quietly even when opening and closing 1560 times per
minute. In one specific embodiment, the inlet means
comprises 3000 of such ball valves, with each ball formed
from plastics material having a low specific gravity. In
this way, a valve is provided in which the moveable part
(i.e. the balls) has a low inertia compared to a
convention metal plate valve.

The compression means may comprise compression piston
means for compressing gas contained in the compression
chamber means. The compression piston means may be
coupled to driving means for driving the compression
piston means in the compression chamber means to compress
gas contained therein.

The compression piston means may have an effective
piston diameter to piston stroke length ratio of at least
2:1. Advantageously, such a ratio allows near isentropic
compression (and hence high cycle efficiency) since,
although the piston means has a higher surface area per
unit volume of gas compressed than a conventional piston
with more equal dimensions, the gas in contact with the
piston face 1is effectively near stagnant whereas the
cylinder walls experience gas in unavoidable motion and

this wall area 1is reduced in proportion by such a
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configuration. Reducing the area of the cylinder wall when
compared with that of the piston therefore minimises flow
of the gas across conductive surfaces.

Other advantages of such a ratio include:

i) a relatively large mass of air may be moved at a
low velocity;

ii) there are lower mechanical losses as the piston
has less far to move;

1ii) there are lower frictional losses 1n seals
associated with the compression piston means as the piston
has less far to travel and/or each seal serves more air
per cycle for a given stoke.

iv) leaks in peripheral seals associated with the
compression piston means have less effect than they would
in a piston of conventional proportions.

In the case of a 2:1 piston diameter to piston stroke
length, the ratio of piston face area to cylinder wall
area is 1:1. In contrast, in a normal diesel engine, the
piston diameter to piston stroke length is around 1:1 and
the ratio of piston face area to cylinder wall area 1is
1:2. In one embodiment, the effective piston diameter to
piston stroke length ratio is at least 3:1.

In another particularly advantageous embodiment, the
effective piston diameter to piston stroke length ratio is
at least 4:1. Tt has been found that a ratio of 4:1 or
more provides a notable improvement in efficiency over a
piston of conventional proportions. For example, the
effective piston diameter may be around 500mm and the
effective stroke length between 30 and 70mm.

The compression piston means may comprise a single
compression piston. For balanced operation, the single

compression piston may be configured to operate in anti-

phase (i.e. 180 degrees out of phase) with a
counterweight. Alternatively, the compression piston
means may comprise a plurality of compression pistons. In

this way, the mass and load forces acting on the piston

means may be more readily balanced. In the case of a
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plurality of compression pistons, the effective piston
diameter to piston stroke length ratio is defined as the
ratio of the combined effective piston diameter to the
mean piston stroke length.

In the case of a plurality of compression pistons,
two or more of the pistons may be configured to move out
of phase. Each piston may, for example, lag behind a
neighbouring piston by an equal interval. For example, in
the case of n pistons, each piston may be (1/n) *360° out of
phase with an adjacent piston. In this way, a more
constant force loading is experienced by the driving
means, thereby reducing the mneed for flywheels and
allowing the use of a single high speed (constant power)
electric motor. It also allows additional
compressor/expander modules to be readily added to the
apparatus if more power is required.

In one embodiment, the plurality of pistons are
laterally spaced along an axis. In another embodiment,
the plurality of pistons are spaced circumferentially
around a central axis. For example, the compression
pistons means may comprise a pair of diametrically opposed
pistons (e.g. a boxer-type arrangement) . The opposed
pistons may be configured to compress separate volumes of
gas. In one embodiment, the opposed compression pistons
operate in anti-phase. In this way, the action of the
pistons may be balanced.

In the case of compression piston means comprising a
single compression piston, the compression chamber means
may comprise a single compression chamber for receiving
the single compression piston. In the case of compression
piston means comprising a plurality of compression
pistons, the compression chamber means may comprise a
plurality of discrete compression chambers, each
associated with a respective compression piston. Each
compression chamber may have at least one respective inlet
valve.

The or each compression piston may be moveable from a
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first position to a second position, with compression of
gas contained in the or each respective compression
chamber occurring as the or each compression piston moves
from the first position to the second position. The inlet
means may be configured to allow gas to enter the or each
compression chamber as the or each respective compression
piston moves to the first position. For example, at least
one inlet valve may be configured to open when the or a
respective compression piston moves from the second
position to the first position (e.g. after a previous
compression stage). Once gas has entered the or each
compression chamber, the compression chamber is sealed
(e.g. by closing the at least one inlet valve) and the or
each respective compression piston is moved by the driving
means from the first position to the second position to
compress the gas.

The driving means may comprise a mechanically linked
driving mechanism. In another version, the driving means
may comprise a non-mechanically linked driving mechanism
(e.g. an electromagnetic drive).

Once gas has been compressed by the compression
means, the gas (which should now have a temperature
elevated above its inlet temperature by virtue of the
compression) is ready to be exposed to heat exchanger
meang. In one embodiment, the or at least one compression
piston may comprise one or more apertures each with a
delivery valve for allowing gas to pass through the or the
least one piston from the or its respective compression
chamber to the heat exchanger means. The or each aperture
may be located on a working face of the or the at least
one compression piston. By providing the aperture(s)
through the working face of the piston(s), the area of the
compression piston means available for wvalve means is
maximised. With a conventional design of compressor where
the valve means is located entirely in a cylinder head,
only about half of the area of the cylinder head is

available for providing ingress and half for delivery.
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The compression piston means of the present invention may
provide about twice as much valve area for a given bore of
conventional compressor.

The or each delivery valve may be configured to seal
the one or more compression piston apertures as the or the
at least one compression piston starts to move from the
first position to the second position. In one version,
the or each delivery wvalve may comprise a pressure-
activated valve (e.g. a perforated reed valve, a ball
valve, a plate valve, or a rotary valve) which is closed
as the or the at least one piston moves from the first
position towards the second position. The or each
pressure-activated valve may be configured to close as a
result of gas pressure within the heat exchange means
which may be above the pressure of gas in the compression
chamber associated with the compression piston or the at
least one compression piston for most of the compression
stage. Once the pressure of gas in the or the respective
compression chamber is equal to or greater than the gas
pressure within the heat exchange means, the or each
pressure-activated valve may be configured to open and the
compressed gas may be delivered to the heat exchange
means.

The heat exchanger means may comprise a thermally
conductive body for housing a load fluid, the thermally
conductive body being configured to encourage transfer of
heat from the compressed gas to the load fluid. For
example, the thermally conductive body may have a high
surface area to volume ratio. In this way, the heat
exchanger may extract heat from relatively low temperature
gas. The heat exchanger means may be housed in a sealable
chamber.

The heat exchanger means may be configured to remove
water wvapour from the compressed gas. In this way, water
in the gas may be removed before the subsequent expansion
stage to minimise formation of ice in the exhaust means.

The heat exchanger means may have a large cross-
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sectional area permitting a high mass, low velocity gas
flow. Advantageously, such a flow maximises exposure time
of the gas to the heat exchanger means to allow increased
condensation of water <Vvapour. For example, the heat
exchanger means may be optimised or configured to accept a
gas flow rate of 5 metres per gsecond or less. The need
for such a low velocity is to ensure that condensate does
not get blown through to the expansion means but instead
gsettles on surfaces of the heat exchanger means. In one
embodiment, the heat exchanger means is configured to
accept a gas flow rate of 3 metres per second or less. 1In
another embodiment, the heat exchanger means is configured
to accept a gas flow rate of between 1.5 to 2 metres per
second.

The heat exchanger means may comprise a collection
trap for collecting condensed water. As gas cools within
the heat exchanger means, any water vapour contained
within the gas may condense. The heat exchanger may be
configured to direct condensates into the collection trap.

Water collected in the collection trap may be ejected by
means of a float valve or other water-sensing valve once
the water level has reached a threshold value.

In some situations, it may not be possible to remove
all of the water content of the air prior to expansion and
thus some ice accretion within the expander may be likely
to occur. In one embodiment, some of the heat output from
the heat pump is used in an occasional de-ice cycle. In
another embodiment, additional moisture is removed from
the gas in the heat exchanger means by providing a further
heat exchanger after the first-mentioned heat exchanger
means, but prior to the expansion means, that is cooled by
the air leaving the apparatus through the exhaust means.
The overall coefficient of performance is likely to be
reduced by the second heat exchanger means, but the
operation of the heat pump should not be unduly
compromised since additional pre-expansion cooling should

not be needed at all times and should be regulated such
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that any additional pre-expansion cooling of the air is
limited to that degree necessary for moisture extraction
only.

In one version, the heat exchanger means may further
comprise a heat transfer fluid surrounding (at least
partially) the thermally conductive body, and means for
passing the compressed gas through the fluid, whereby
thermal energy is transferred from the compressed gas to
the heat transfer fluid. In turn, thermal energy is
transferred from the heat transfer fluid to the thermally
conductive body to maximise the proportion of heat that is
transferred to the load fluid. For example, the means for
passing the compressed gas through the fluid may comprise
a foramenous (e.g. perforated) screen. The foramenous
screen may be configured to generate a bubble structure
within the fluid, the bubble structure having a very high
surface-area to volume ratio. The foramenous screen may
be positioned between the compression means and the
thermally conductive body. The heat transfer fluid may be
a liguid, and may be chosen to have a viscosity suitable
for carrying bubbles created by gas flowing through the
foramenous screen. The heat transfer fluid may comprise
an oil (e.g. gilicone oil). The heat transfer fluid may
be chosen to be immiscible with water, have a Ilower
density than water, and have a self ignition temperature
which is higher than the temperature of the pressurised
gas passing therethrough. In order to maintain an output
of fine bubbles, more than one foramenous screen may be
deployed. In another version, the load fluid may be the
heat transfer liquid, thereby avoiding the need for the
thermally conductive body.

The means for passing the compressed gas through
the fluid may be configured to produce a gas flow which is
concentrated around a localised region in the heat
exchanger means (e.g. a flow path which is stronger in a
central part of the heat exchanger means than in

peripheral parts thereof) and may be configured to direct
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condensates formed in the heat exchanger means towards the
collection trap. For example, the means for passing the
compressed gas through the fluid may comprise a foramenous
screen having a convex or conical body including an apex
which is, in use, above the collection trap. In one
embodiment, the collection trap may comprise a peripheral
collection trap. In addition, the heat transfer fluid may
be selected to have a lower density than the condensate,
thereby encouraging the condensate to be displaced away
from the localised gas flow and towards regions where the
bubble path is less concentrated where the condensate can
fall and be collected in the collection trap.

If a heat transfer liquid is used, liquid may leak
down past the compressor valves during periods when the
compression means is idle. Such liquid may be contained
within the casing and the liquid may be pumped back by the
compressor stage on start up.

The expansion means may comprise an expansion piston
means. The expansion piston means may comprise a single
expansion piston (e.g. when the compression piston means
comprises a single compression piston). For Dbalanced
operation, the single expansion piston may be configured
to operate in anti-phase with a counter weight.
Alternatively, the expansion piston means may comprise a
plurality of expansion pistons (e.g. when the compression
piston means comprises a plurality of compression
pistons). In the case of a plurality of expansion
pistons, two or more of the pistons may be configured to
move out of phase. For balanced operation, opposed pairs
of expansion pistons may operate in anti-phase.

In the case of expansion piston means comprising a
single expansion piston, the expansion chamber means may
comprise a single expansion chamber for receiving the
single expansion piston. In the case of expansion piston
means comprising a plurality of expansion pistons, the
expansion chamber means may comprise a plurality of

discrete compression chambers, each associated with a
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respective expansion piston.

The or at least one expansion piston may move in
sympathy with the or a respective compression piston.

The or at least one expansion piston means may have a
piston stroke length that corresponds to that of the or a
respective compression piston. In one embodiment, the or
the at least one expansion piston has an effective piston
diameter to piston stroke length ratio that is equal to
that of the or a respective compression piston (e.g. at
least 2:1, at least 3:1 or at least 4:1).

The or at least one expansion piston may be moveable
from a first position to a second position, with expansion
of gas contained in the or a respective expansion chamber
occurring as the gas does work to help move the or the at
least one expansion piston from the first position to the
second position. In this way, some of the original energy
of compression contained in the processed gas may be
recovered and may be used to assist with the work of the
compression stage.

In the first position, the or each expansion piston
may be configured to allow gas to enter the or a
respective expansion chamber (after the gas has been
exposed to the heat exchanger means). For example, the or
at least one expansion piston may comprise one or more
apertures, each with a mechanically driven inlet wvalve
(hereinafter referred to as the '"expansion inlet valve")
for allowing gas to pass through the or the at least one
expansion piston from the heat exchanger means to the or a

respective expansion chamber. The or each aperture may be

located on a working face of the or the at least one
expansion piston. By providing the apertures(s) through
the working face of the pistons(s), the area of the

expansion piston means available for valve means is
maximised.

The or each expansion inlet valve may be configured
to allow gas to flow through its respective expansion

piston aperture as the or the at least one compression
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piston moves into the first position.

In one embodiment, the or at least one expansion
inlet valve may be disposed on an underside of the or the
at least one expansion piston and the expansion means may
comprise a protuberant part registrable with an aperture
in the or the at least one expansion piston and configured
to force the expansion inlet valve open when the
protuberant part comes into contact with the expansion
inlet valve as the or the at least one expansion piston
moves to the first position, and which allows the
expansion inlet valve to close as the or the at least one
expansion piston moves towards the second position. The
protuberant part may be adjustably mounted relative to the
or the at least one expansion chamber. In this way, the
proportion of stroke over which the expansion inlet wvalve
is open may be controlled. For example, the protuberant
part may be resiliently biased to maintain a predetermined
position relative to an adjustable abutment part. For
example, the protuberant part may be coupled to a spring.

A plurality of protuberant parts may be provided to
supply a plurality of actuation loads to the or each
expansion inlet wvalve.

In another embodiment, the or at least one expansion
inlet valve may comprise a rotary valve. The rotary valve
may comprise a plate rotatably coupled to a face (e.g. a
rear face) of the or the at least one expansion piston,
the plate comprising at least one aperture for registering
with the or each aperture of the or the at least one
expansion piston. The plate may be rotatable relative to
the or the at least one piston between a first position in
which the aperture(s) on the plate and expansion piston
are registered, to a second position in which the
apertures are no longer registered to any degree. The
rotary valve may be configured to oscillate between first
and second positions separated by a small angle (e.g. 5 to
10 degrees). In the second position, the plate may be
configured to be urged against a face (e.g. a rear face)
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of the or the at least one expansion piston.

The rotary valve may comprise spacing means for
reducing friction and/or varying spacing between the plate
and a face of the or the at least one piston during wvalve
operation. In this way, the potential for the plate and
piston face to lock up as a result of the pressure of air
passing through the at least one aperture is minimised.
The spacing means may comprise a member configured to
rotate when the plate rotates relative to the piston face.

For example, the member may comprise a roller bearing or
a ball Dbearing. In one embodiment, the member is
configured to engage a tapered profile, the direction of
the taper being such as to cause separation of the plate
and piston face as the plate moves from the second
position to the first position. The tapered profile may
comprise a tapered groove. The tapered profile may be
located on the piston face and the member may be located
on the plate (or vice versa). Advantageously, the plate
does not need to move far between the first and second
positions (so the valve is relatively quiet) and the wvalve
is relatively easy to control (especially at high speeds)
as the plate is stiff in the horizontal axis. In another
embodiment, the spacing means comprises spring means (e.g.
leaf spring means).

The expansion inlet valve(s) may be operated by one
or more of: pressure; mechanical actuation,
electromagnetic actuation, hydraulic actuation or by any
other suitable means. In one embodiment of the present
invention, the compression piston means and the expansion
piston means may be coupled together to work in synchrony.

For example, in the case of a single compression piston
and a single expansion piston, the pistons may be
connected together (e.g. rigidly) by connection means
(e.g. interconnecting struts). In the case of a plurality
of compression pistons and a plurality of expansion
pistons, pairs of compression and expansion pistons may be
connected together. In this way, the expansion stage may
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be used to assist with the work of the compression stage

and reduce (e.g. significantly reduce) the work per cycle

of the apparatus. The main benefits of having such a

piston arrangement are:

i) energy returned during expansion can be used directly
to aid that required during compression;

ii) it helps to stabilise the two pistons faces;

iii) it allows for a lightweight piston structure that can

cope with the high loads imposed upon it; and

iv) the loads are generally reduced as they can often be

cancelled by external pressure at certain points in the

cycle.

In another arrangement, pairs of compression pistons
may be connected together (e.g. rigidly). Alternatively,
or in addition, pairs of expansion pistons may be
connected together (e.g. rigidly). The above advantages
ii)-iv) apply for such compressor-compressor pairs;
advantages i) -iv) apply for such expander-expander
combinations.

As the compression and expansion chambers may be of
large diameter and short stroke (e.g. in the order of 0.6m
and 0.03m respectively), the region between the pistons’
may be used to house the heat exchanger means. In this
way, a highly compact heat pump may be obtained which may
be readily mounted in or adjacent a wall of a domestic
building. However, 1in another embodiment the heat
exchanger means may be located outside of the region
between the pistons. The main benefits of having a
separate heat exchanger that is not situated in the space
directly between the pistons are:

i) it allows for a much lighter and less complicated
arrangement of pistons;

ii) it allows for a much simpler heat exchanger as there
is no need for the heat exchanger to accommodate
interconnecting rods;

iii) it allows for much greater flexibility in physical

layout of components;
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iv) it allows a plurality of compression pistons and
expansion pistons to share one heat exchanger;

V) it allows the possibility of using the working fluid
as a direct form of heating, for example by providing a
radiator designed to wuse heated compressed air to
effectively provide one large heat exchanger spread over a
building.

The exhaust means may comprise one or more outlet
apertures in fluid communication with the expansion
chamber means and may comprise an exhaust valve (e.g.
rotary valve of the type defined above) for controlling
escape of gas through the one or more outlet apertures.
The exhaust valve may be mechanically actuated and may be
closed for most of the compression/expansion stages. For
example, the exhaust valve may be actuated in dependence
upon movement of the compression means (e.g. via a cam
rotating with the driving means controlling the
compression means) . The expansion inlet wvalve actuation
means may be configured to allow the pressures within the
expangion chamber means and the heat exchanger means to
substantially equalise prior to opening of the expansion
inlet valve. The exhaust valve may be closed for most of
the expansion/compression stroke. As the pressure in the
expansion chamber equalises with a base pressure (e.g.
atmospheric pressure), the exhaust valve may be configured
to allow the pressure within the expansion chamber to
remain substantially at a base or atmospheric pressure for
the remainder of the expansion stroke. For example, the
exhaust valve may be configured to open as the pressure
in the expansion chamber equalises with the base or
atmospheric pressure. In this way, reduction of pressure
below atmospheric pressure as a result of over-expansion
of the working gas (which may cause a sudden inefficient
pressure rise when the exhaust valve is opened) may be
avoided.

The exhaust means may be located at one end of the

heat exchanger means and the inlet may be located at an



10

15

20

25

30

35

17

opposed end thereof. In this way, contact between the air
and the heat exchanger means may be maximised during flow
between the inlet and the exhaust means.

In one embodiment, the inlet means may be located
adjacent (e.g. above) the driving means for driving the
compression piston. In this way, the heat pump may
operate using air that d1g slightly above ambient
temperature.

USE AS AN AIR CONDITIONING UNIT
Apparatus according to the first aspect of the

present invention may also be used as an air conditioning

unit. For example, the inlet and exhaust may comprise
bifurcated ducts, each duct having a limb for
drawing/releasing air inside and outside a building. A

valve (e.g. a flap wvalve) may be wused to vary the
proportion of air taken in from the building and the
exterior of the building, and also the proportion of air
exhausted to the building and the exterior of the
building. To cool a building, air would enter the pump
from within the building, initially heated by compression,
lose energy to the load fluid (as previously described)
and then expanded (and hence cooled) and returned to the
building. The load fluid may be cooled using an external
heat exchanger or, in another embodiment, it could simply
be poured away. For example, if the load fluid is water,
a local swimming pool, lake or river may be used as both a
water supply and heat dump.
USE AS A HEAT ENGINE

Apparatus according to the first aspect of the

present invention will generally have a very high
percentage of overall volume avallable as
thermodynamically active volume. Accordingly, and since
the apparatus may handle large amounts of power at modest
temperature differentials, apparatus according to the
present invention may be configured to operate as an
effective low temperature differential heat engine. In

this mode of operation, atmospheric air would enter the
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compression stage, be compressed, transferred to the heat
exchanger means, be heated by what used to be the load
fluid but is now the heat supply, and then be expanded
through the expansion means. The expansion means may be
configured to have a larger expansion chamber than in the
corresponding heat pump version as the specific volume now
increases through the device. However, the apparatus is
essentially the same.

The ideal cycle thermal efficiency of the heat engine
is simply the inverse of the coefficient of performance of
a heat pump working over the same temperature range. In
this way, there is provided an effective way of extracting
further energy from low grade heat. Such an arrangement
could, for example, be used to replace a cooling system of
a power station and extract further energy in the process.

In accordance with a second aspect of the present
invention, there is provided apparatus for use as a heat
pump comprising a heat exchanger comprising a chamber for
receiving pressurised gas, the chamber comprising a heat
transfer fluid and means for passing the compressed gas
through the heat transfer fluid, whereby thermal energy is
transferred from the compressed gas to the heat transfer
fluid.

The means for passing the compressed gas through the
heat transfer fluid may comprise a foramenous (e.g.
perforated) screen. The heat transfer fluid may be a
liquid, and may be chosen to have a viscosity suitable for
carrying bubbles created by the pressurised gas passing
through the foramenous screen. The heat transfer fluid
may comprise an oil (e.g. silicone oil). The heat
transfer fluid may be chosen to be immiscible with water,
have a lower density than water, and have a self ignition
temperature which is higher than the temperature of the
pressurised gas passing therethrough. In oxder to
maintain an output of fine bubbles, more than one
foramenous screen may be deployed.

In one version the heat exchanger means may comprise
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a thermally conductive body for housing a load fluid, the
thermally conductive body being configured to encourage
transfer of heat from the heat transfer liquid to the load
fluid. For example, the thermally conductive body may
have a high surface area to volume ratio.

In another version, the load fluid may be the heat
transfer 1liquid, thereby avoiding the need for the
thermally conductive body.

As gas cools within the heat exchanger means,
condensates (e.g. water) may be formed in the heat
exchanger means. The means for passing the compressed gas
through the heat transfer £fluid may Dbe configured to
produce a gas flow which 1is concentrated around a
localised region in the heat exchanger means (e.g. a gas
flow which is stronger in a central part of the heat
exchanger means than in peripheral parts thereof) and may
be configured to direct condensates formed in the heat
exchanger means towards a peripheral collection trap. For
example, the means for passing the compressed gas through
the heat transfer fluid may comprise a foramenous screen
having a convex or conical body including an apex which
is, in use, above the peripheral collection trap. In
addition, the heat transfer fluid may be selected to have
a lower density than the condensate, thereby encouraging
the condensate to be displaced away from the localised gas
flow and towards regions where the gas flow 1s less
concentrated where the condensate can fall and be
collected in the peripheral collection trap.

Water collected in the peripheral collection trap may
be ejected by means of a float wvalve or other water-
sensing valve once the water level has reached a threshold
value.

In accordance with a third aspect of the present
invention, there is provided apparatus for use as a heat
pump comprising: inlet means for allowing atmospheric air
to enter a compression chamber; compression means for

compressing atmospheric air contained in the compression
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chamber; heat exchanger means for receiving thermal energy
from atmospheric air compressed by the compression means;
and exhaust means for venting atmospheric air from the
apparatus once thermal energy has been transferred to the
heat exchanger means.

In accordance with a fourth aspect of the present
invention, there is provided a valve comprising a first
part having a first aperture and a second part having a
second aperture, the first part being rotatable relative
to the second part between a first position in which the
first and second apertures are not registered to prevent
passage of a fluid and a second position in which the
first and second apertures are registered to allow passage
of fluid, wherein the wvalve further comprises spacing
means for varying spacing between the first and second
parts during valve operation.

The spacing means may be configured to allow the
first and second parts to be urged together as the first
part moves into the second position. In this way, the
potential for the two parts to lock up as a result of the
pressure of fluid passing through the first and second
apertures may be minimised. The first part may be
substantially plate-like.

The spacing means may comprise a member configured to

rotate when the first part rotates relative to the second
part. For example, the member may comprise a roller
bearing or a ball bearing. In one embodiment, the member

is configured to engage a tapered profile, the direction

of the taper being such as to cause separation of the

first and second parts as the first part moves from the
second position to the first position. The tapered
profile may comprise a tapered groove. The tapered

profile may be located on the second part and the member
may be located on the first part (or wvice versa).
Advantageously, the first part does not need to move far
between the first and second positions (so the wvalve is
relatively quiet) and the wvalve is relatively easy to
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control (especially at high speeds) as the first part is
stiff in the horizontal axis.

In another embodiment, the spacing means comprises
spring means (e.g. leaf spring means) .

Embodiments of the present invention will now be
described by way of example with reference to the
accompanying drawings in which:

Figure 1 shows a schematic cross-sectional view of a
first heat pump embodying the present invention;

Figure 2 shows a series of schematic views of the
heat pump of Figure 1 in wvarious stages in a heat pump
cycle;

Figure 3 shows schematic details of exhaust means
deployed in the heat pump of Figure 1;

Figure 4 shows a P-V diagram modelling a typical
cycle of the pump of Figure 1;

Figure 5 shows a schematic cross-sectional view of a
second heat pump embodying the present invention;

Figure 6A shows schematic details of a piston and
rotary valve deployed in the heat pump of Figure 5;

Figure 6B shows an underside view of the piston shown
in Figure 6A; and

Figure 6C shows a schematic cross-sectional view of
the piston and rotary valve shown in Figure 6A.

Figure 1 shows a heat pump 10 comprising a body 20
including: inlet means 30; a compression chamber 40;
compression means 60; heat exchanger means 80; an
expansion chamber 124; expansion means 120; and exhaust
means 100.

Inlet means 30 comprises a plurality of inlet
apertures 32 and an inlet valve 34. Inlet wvalve 34
includes a plurality of inlet wvalve apertures 36, offset
relative to the inlet apertures 32, whereby the inlet
apertures 32 are sealed as the inlet valve 34 is moved to
obstruct inlet apertures 32. Inlet wvalve 34 may be a
pressure-actuated valve (e.g. a perforated reed valve).

Compression means 60 comprises a compression piston
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62 coupled to a driving mechanism 64. Compression piston
62 1is slidably mounted in compression chamber 40 and
configured to compress gas contained therein. Compression
piston 62 has a working face 63 which includes apertures
66 and a delivery valve 68 disposed on a top surface
thereof for controlling gas flow through the piston
apertures 66. Delivery valve 68 comprises a plurality of
delivery valve apertures 70, offset relative to the piston
apertures 66, whereby apertures 66 are sealed as the
delivery valve 68 1is moved to obstruct the delivery
apertures 66. Delivery valve 68 may be a pressure-
actuated valve (e.g. a perforated reed valve).

In use, air entering the heat pump via inlet means 30
is allowed to pass into the compression chamber 40. Once
alr has entered the compression chamber 40, the inlet
apertures 32 are sealed by inlet wvalve 34 and the
compression piston 62 1s then actuated (with piston
apertures 66 sealed by gas pressure within the heat
exchange means 80) by driving mechanism 64. Once air
contained in the compression chamber has been compressed
by the compression means 60 up to approximately the level
in the heat exchanger means 80, the gas is transferred to
heat exchanger means 80 by opening delivery valve 68.

Heat exchanger means 80 comprises a heat exchanger
chamber 81 housing a thermally conductive body 82
surrounded by heat transfer liquid 84 (e.g. oil).
Thermally conductive body 82 comprises a network of pipes
86 defining a pathway for guiding flow of a load fluid
therethrough. The heat exchanger means 80 also includes a
conical foramenous screen 88 ©positioned between the
compression means 60 and the thermally conductive body 82,
the foramenous screen 88 being configured to encourage the
formation of bubbles as the compressed air leaves the
compression means 60 and enters the heat transfer liquid
84. The heat transfer means is chosen to have a viscosgity
suitable for propagating bubbles created by the foramenous
screen 88. A collection trap 90 is provided around the
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periphery of the Dbase of the body 20 to collect
condensates formed in the heat exchanger means as the air
cools. Water collected in the peripheral collection trap
may be removed by means of a float valve or other water-
level sensing valve (not shown).

Expansion means 120 comprises an expansion piston
122, rigidly coupled to compression piston 62 by means of
interconnecting struts 101, and =slidably mounted in
expansion chamber 124. Expansion piston 122 has a piston
face 123 comprising a plurality of apertures 126 and an
expansion inlet valve 128 disposed on a underside thereof
for controlling gas flow through the expansion piston
apertures 126. Expansion inlet wvalve 128 comprises a
plurality of apertures 130, offset relative to apertures
126, whereby apertures 122 are sealed as the expansion
inlet wvalve 128 bears against the expansion piston 122.
The expansion inlet valve 128 is configured to allow air
to flow through the expansion piston apertures 126 as the
expansion inlet wvalve 128 is displaced from the expansion
piston apertures 126 by means of protuberant parts 130,
131 or (in another version) by pressure from the expansion
means.

As can be seen from Figures 1 and 3, protuberant
parts 130, 131 are registrable with apertures 132, 133
respectively in the expansion piston 122. Protuberant
parts 130, 131 are configured to urge the expansion inlet
valve 128 away from a central portion of the expansion
piston 122 as the expansion piston 122 moves towards the
outlet apertures 102, whilst allowing the expansion inlet
valve 128 to reseal the expansion piston apertures 122 as
the piston begins to move to towards the heat exchanger
means 80. Expansion inlet valve 128 is biased to maintain
its closed position by a light spring.

Protuberant parts 130, 131 are resiliently biased by
springs 134 to increase the length of stroke available
whilst the expansion inlet valve is open. The proportion
of stroke over which the expansion inlet valve 128 is open
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may be adjusted by wvarying the position of the spring by
sliding plunger adjuster barrel 136.

Exhaust means 100 comprises a plurality of outlet
apertures 102 and a mechanically actuated exhaust wvalve
104. Exhaust valve 104 includes a plurality of exhaust
valve apertures 106, offset relative to the outlet
apertures 102, whereby the outlet apertures 102 are sealed
as the exhaust valve 104 is moved to obstruct outlet
apertures 102. The exhaust valve 104 may be mechanically
actuated wvia a cam (not shown) which rotates in sympathy
with driving mechanism 64.

In Figure 2, heat pump 10 is shown with the driving
mechanism 64 at eight sequential '"crank" positions (each
at 45 degree increments) during a heat pump cycle. The
heat exchange unit and the bubble screen have been omitted
for the sake of clarity. The wvarious positions are
described as follows (paragraph numbers refer to diagram
numbers) :

1: Crank (of driving mechanism 64) at bottom dead

centre.
All valves are closed, piston assembly is about
to start to move upwards.

2: Piston assembly is 1in upward motion, exhaust
valves 104 (at top of assembly) are open, and
inlet wvalve 34 (at bottom of assembly) is open.
Approximately zero pressure difference across
the assembly as both expansion and compression
chambers 124,40 are vented to atmosphere.
Expansion chamber 124 is emptying to atmosphere,
compression chamber 40 is receiving fresh charge
of atmospheric air.

3: Mid stroke, piston assembly moving upwards,
expansion chamber 124 half evacuated,
compression chamber 40 half filled with fresh
charge of atmospheric air. Valve positions as
at stage 2.

4: Crank approaching top dead centre. Exhaust valve
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104 is closing. Expansion inlet valve 128 (on
lower face of expansion piston) is about to
open. Inlet valve 34 is closing.

Top dead centre. Expansion inlet wvalve 128 is
open and admitting pressurised processed air
which has been cooled by the heat exchanger
means 80 within the inter-piston space as it
passes from inter-piston space to expansion
chamber 124. Compression chamber valves are
closed. Exhaust valve 104 is closed.

Crank no longer at top dead centre. Piston
assembly descending. Expansion inlet wvalve 128
closing. Compression chamber valves closed, air
in compression space being compressed,
compression assisted by pressurised expansion
chamber wvia inter-piston struts and Thence
recovering some of the previous compression
energy. Exhaust valve 104 is closed.

Mid stroke, piston assembly descending.
Expansion chamber wvalves now closed, air in
expansion space expanding and performing work on
piston, this work transmitted to the compression
piston via the inter-piston struts. All
compression chamber valves closed and air in the
compression chamber is being compressed.
Approaching bottom dead centre. Alr in expansion
chamber 124 is now below atmospheric temperature
and atmospheric specific volume, the exhaust
valve 104 being only lightly retained against
its seat by a spring or similar (not shown) now
opengs and allows some air at atmospheric
pressure to re-enter the expansion chamber 124
such that for the remainder of the down stroke
the expansion chamber 124 pressure remains
roughly atmospheric. The delivery valve 68 now
opens as the pressure difference between the

inter-piston space and the compression piston
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has equalised. Compressed, warm air transfers
from the compression chamber 40 to the inter-
piston space ready to transfer energy to the
load via the heat exchanger means 80.

9: Crank at bottom dead centre again. All valves
closed, piston assembly about to start to move
upwards.

In the operation described above, it should be noted that:

a) only one of valves 34 and 68 on the compression side
is open at a time and when a valve opens the pressure
on each side is approximately equal;

b) only one of valves 128 and 104 on the expansion sgide
is open at a time and when a valve opens the pressure
on each side is also approximately equal.

The expansion chamber is initially pressurised by
closing the exhaust valve just prior to top dead centre
(IDC), this gives a pre-compression to the level of the
heat exchange chamber and equalises the pressures either
side of the expansion chamber inlet valve at which point
the valve actuator, which is sprung and was compressed
during the upstroke, pushes it away from its seat. As the
piston moves away from the cylinder head the valve loses
contact with the valve actuator when the latter runs out
of travel and this closes the valve. Setting the travel of
the actuator thus controls the expansion ratio and, since
the compression is simply via automatic valves to the heat
exchange space, also the pressure within that space. The
control of roughly constant pressure in the heat exchange
space is very simple, since as the heat exchange space has
about 15 to 20 times as much volume as the volumetric flow
per cycle, the pressure fluctuations are low.

EXPANSION CHAMBER VALVE OPERATION:
The expansion chamber wvalve operates as a form of

airlock that is cycling air between two pressures. The
purpose of the expansion chamber is to get the pressurised
(cool) air from the heat exchanger back to atmospheric
pressure with minimal aerodynamic losses before exhausting
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the gas. This means

i) taking in a charge of pressurised heat exchanger

air

ii) decompressing it to atmospheric pressure

iii) expelling most of this charge to the atmosphere

iv) BUT leaving just enough air in the cylinder to

re-pressurise it back to heat exchanger pressure

V) Then taking in another charge of pressurised

heat exchanger air and repeating the cycle.

The compression piston adds a FIXED MASS of gas to
the heat exchanger during each stroke. The only variable
is the pressure at which it is added and consequently the
amount of work that needs to be done on the gas to get it
to that pressure.

The timing of the closure of the expansion inlet
valve determines the VOLUME of compressed air that is left
in the chamber to be expanded. Essentially the pressure in
the heat exchange space will continue to rise until the
MASS of gas being expanded and expelled EACH STROKE is
EQUAL to that ENTERING.

If a REDUCTION in PRESSURE is required, the expansion
inlet valve is allowed to CLOSE LATER and the VOLUME to be
INCREASED.

If an INCREASE in PRESSURE is required, the expansion
inlet valve is allowed to CLOSE EARLIER and the VOLUME to
be DECREASED.

However, the expansion inlet +wvalve must not be
allowed to close so late that the mass of gas is so large
that the pressure inside the expansion chamber never drops
to ambient, even at Bottom Dead Centre (BDC).

This one single control determines the pressure of
the whole system and the temperature reached inside the
heat exchanger. The actual temperature is additionally a
function of inlet gas temperature, but an increase in
temperature inside the heat exchanger may be achieved by
raising the pressure of the system.

A summary of the steps involved in the operation of
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the expansion chamber valve (as the expansion piston moves
from position BDC through position 2, to position 3 TDC,
and then from position 3 through position 4 back to
position 1 BDC) is provided below:

EXHAUST VALVE OPENS AND THEN EXPANDED GAS BEING EXPELLED

FROM EXPANSION CHAMBER

Heat Pump Expansion 1

Piston Position

1 (Bottom Dead Centre)

Piston Direction stationary
Expansion inlet valve closed
Exhaust wvalve open

Expansion chamber

Heat Pump Expansion 2

Piston Position
Piston Direction
Expansion inlet valve
Exhaust wvalve

Expansion chamber

Heat Pump Expansion 3

Piston Position
Piston Direction
Expansion inlet valve
Exhaust wvalve

Expansion chamber

EXHAUST VALVE CLOSES

ambient pressure

moving from 1 to 2
moving up

closed

open

ambient pressure

arriving at 2
moving up
closed

open

ambient pressure

TO ALLOW REMAINING GAS TO

RECOMPRESSED TO HEAT EXCHANGER PRESSURE

Heat Pump Expansion 4

BE
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Piston Direction
Expansion inlet valve
Exhaust valve

Expansion chamber

Heat Pump Expansion 5

Piston Position
Piston Direction
Expansion inlet valve
Exhaust valve

Expansion chamber

heat exchanger pressure

29

2

moving up
closed
closed

ambient pressure

moving from 2 to 3
moving up

closed

closed

rising from ambient pressure to

IN ORDER TO ALLOW EXPANSION INLET VALVE TO OPEN AND
CONNECT HEAT EXCHANGER SPACE AND THE EXPANSION SPACE

Heat Pump Expansion 6

Piston Position
Piston Direction
Expansion inlet valve
Exhaust valve

Expansion chamber

Heat Pump Expansion 7

Piston Position
Piston Direction
Expansion inlet wvalve
Exhaust valve

Expansion chamber

moving from 2 to 3
moving up

open

closed

heat exchanger pressure

3 (Top Dead Centre)
stationary

open

closed

heat exchanger pressure

AND THEN TO ALLOW A NEW CHARGE OF COMPRESSED GAS TO PASS
FROM THE HEAT EXCHANGE SPACE TO THE EXPANSION SPACE
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Heat Pump Expansion 8

Piston Position moving from 3 to 4
Piston Direction moving down

Expansion inlet wvalve open

Exhaust valve closed

Expansion chamber heat exchanger pressure

Heat Pump Expansion 9

Piston Position arriving at 4

Piston Direction moving down

Expansion inlet wvalve open

Exhaust valve cloged

Expansion chamber heat exchanger pressure

THIS EXACT CHARGE OF GAS BEING DETERMINED BY THE FORCED
CLOSURE OF THE EXPANSION INLET VALVE

Heat Pump Expansion 10

Piston Position 4

Piston Direction moving down

Expansion inlet valve closed

Exhaust valve closed

Expansion chamber dropping from heat exchanger

pressure to ambient pressure

THIS CHARGE OF GAS THEN BEING EXPANDED BACK TO AMBIENT
PRESSURE

Heat Pump Expansion 11

Piston Position moving from 4 to 1
Piston Direction moving down
Expansion inlet wvalve closed

Exhaust wvalve closed
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Expansion chamber dropping from  heat exchanger

pressure to ambient pressure

Heat Pump Expansion 12

Piston Position moving from 4 to 1

Piston Direction moving down

Expansion inlet wvalve closed

Exhaust wvalve closed

Expansion chamber dropping from heat exchanger

pressure to ambient pressure

Figure 4 shows an idealised P-V (pressure plotted
against volume) diagram for heat pump 10. Curve 150 at
the right-hand side of the diagram represents an
isentropic compression from ambient temperature and
pressure; the straight portion 160 represents isobaric
cooling of the flow as it passes through the heat
exchanger means 80; and curve 170 at the left-hand side of
the diagram represents an isentropic expansion back to
atmospheric pressure. Of course, the real P-V diagram is
likely to exhibit some differences from the idealized
cycle due to irreversible processes occurring within the
real cycle.

Using the idealized cycle depicted in the P-V diagram
of Figure 3, the following performance figures are

predicted:

Energy of ingested air= 2195 J
Energy of exhausted air= 1736 J
Work done by atmosphere on exhaust

gas= 184 J
Energy pumped to load= 825 J
Energy input= 182 J
Coefficient of Performance= 4.54 J
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In the above example, the heat pump 10 is assumed to
have a compression and expansion cylinder diameter of 0.6m
operating at 800 cycles per minute and delivering 11 kw to
the load for an input of 2.423 kw of mechanical power. It
is assumed that the load is heated to 90 degrees Celsius
from an initial 10 degrees Celsius with an assumed heat
exchanger effectiveness of 90%, and that the exhaust gas
(air in this example) is ejected at a temperature of -49
degrees Celsius.

The example above represents a change in load fluid
temperature of 80 degrees Celsius. As the load fluid is
warmed such that the initial temperature is above the
original wvalue (as would occur in a circulating heating
system flow) the working gas flow is cooled to a lesser
degree by the load fluid, this resultg in more work being
available for the expansion stage which reduces the input
work per cycle although the coefficient of performance
remains largely unchanged. In the extreme situation that
the load is initially at the same temperature as the gas
flow leaving the compressor stage, no thermal work is done
on the load and all the energy added to the gas by the
compression 1is available for expansion. The energy
recovered by the expansion in this case for the idealised
cycle would exactly equal the energy of compression and
hence no mechanical work would be needed to drive the
device. This is obviously only true for an idealised
frictionless, lossless system but is used to illustrate
that the idealised coefficient of performance is only a
function of the temperature difference between the input
ambient working gas and the peak temperature of the load
fluid. This temperature difference is controlled by the
compression and expansion ratio, since the compression
valving may Dbe automatic (e.g. driven by pressure
differentials) the pressure ratio of the device and hence
the temperature of the output may be entirely controlled
by the timing of the inlet valve of the expansion stage.

It may be further noted that losses within the real
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cycle within the compressor and due, for example, to
forcing the flow through the foramenous screen will be
manifested as heat that can be extracted by the load
fluid. The only point at which energy losses may not be
accessed by the load fluid is between the inlet to the
expansion stage and once the gas has wvacated the heat
exchanger means. If the driving mechanism/motive power
gource generates waste heat even this can be utilised by
causing the inlet flow to also be the cooling flow for the
driving system. Losses within the system below the level
of the expander inlet will thus reduce the coefficient of
performance (COP) but will still result in useful heating
of the load fluid.

Figure 5 shows a heat pump 10’ comprising a body 207

including: inlet means 30’; a compression chamber 40’;
compression means 60’; heat exchanger means (not shown);
an expansion chamber 124’; expansion means 120’; and

exhaust means 100’.

Inlet means 30’ comprises a plurality of inlet
apertures 32’ each having a corresponding ball inlet valve
34" . Each ball inlet wvalve 34’ comprises a ball 35
constrained to move in a passageway connected to a
respective inlet aperture 32'. When pressure in the
compression chamber 40’ is greater than atwmospheric, each
ball 35 is urged against its respective inlet aperture 32’
to provide a seal. When pressure in the compression
chamber 40’ drops to atmospheric, balls 35 are free to
move away from theilr respective inlet apertures 32’ to
allow ingress of air.

Compression means 60’ comprises a single compression
piston 627 coupled to a driving mechanism 64°'.
Compression piston 62’ is slidably mounted in compression
chamber 40’ and configured to compress gas contained
therein. Compression piston 62’ has a piston face 637
including a plurality of apertures 66’ each having a
corresponding ball delivery wvalve 68’ disposed on a top
surface thereof for controlling gas flow through the
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piston apertures 66'. Each ball delivery wvalve 68
comprises a ball 69 constrained to move in a passageway
connected to a respective aperture 66’. When pressure in
the compression chamber 40’ 1is below that in the heat
exchanger means, each ball 69 1is wurged against its
respective aperture 66’ to provide a seal. When the
pressure on both sides of the piston face 63’ equalises,
ballg 34 are free to move from their respective apertures
66’ to allow compressed gas to pass through the piston
face 63'.

In use, air entering the heat pump 10’ wvia inlet
means 30’ is allowed to pass into the compression chamber
407 . Once air has entered the compression chamber 40’,
the inlet apertures 32’ are sealed by ball inlet wvalve 34’
as the compression piston 62’ is actuated (with piston
apertures 66’ sealed by gas pressure within the heat
exchange means 80’) by driving mechanism 64’. Once air
contained in the compression chamber has been compressed
by the compression means 60', the gas is transferred to
heat exchanger means (not shown) via outlets 83 when ball
delivery valves 68’ open automatically. Heat energy and
water vapour are removed from the compressed gas in the
heat exchange means (not shown) before the gas is passed
to expansion chamber 124’ (via inlets 85) for further
processing by the expansion means 120'. Moveable geals
200, 201 and 202 are provided to ensure gas passes through
each stage of the heat pump.

Expansion means 120’ comprises an expansion piston
122’, rigidly coupled to compression piston 62’ by means
of lightweight interconnecting struts 101’, and slidably
mounted in expansion chamber 124°7. A lightweight
stiffening structure (or “structural piston core”) 103 1is
coupled to struts 101’ to provide increased rigidity.
Expansion piston 122’ has a piston face 123’ comprising a
plurality of apertures 126’ and a rotary expansion inlet
valve 128’ disposed on a underside thereof for controlling
gas flow through the expansion piston apertures 126'.
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Rotary expansion inlet wvalve 128’ comprises a
circular plate 129 including a plurality of apertures 130
which are registrable with apertures 126’ on the piston
face 123’ and a plurality of arcuate grooves (not
illustrated) each for receiving and allowing oscillation
of a vrespective interconnecting strut 101’. The
circular plate 129 is rotatably mounted to the piston face
123’ and rotatable from a first position in which
apertures 126’ and 130’ are registered to a second’
position in which all apertures 126’ and 130’ are not
registered to any degree. In the second position, the
circular plate 129 is urged against the piston face 123’
to seal apertures 122'. As can be seen from Figures 6A-
6C, the circular plate 129 comprises a plurality of roller
bearings 135 each mounted in a respective grooves 137 in
the circular plate 129. Piston face 123’ comprises a
plurality of tapered (or cam-shaped) grooves 138 each for
receiving a corresponding roller bearing 135. The tapered
grooves 138 and grooves 137 are configured to fully
receive the roller bearings 135 when the circular plate is
in the second position. As the circular plate 129 rotates
from the second position to the first position, the
profile of the tapered grooves 138 deceases 1in depth
causing the circular plate 129 and piston face 123’ to
separate. The circular plate 129 is rotated by means of a
first rotatable actuator 140 housed within drive shaft 65
of the driving mechanism 64’. The circular plate 129 may
be biased in the second position (e.g. by a spring coupled
to the first rotatable actuator).

Exhaust means 100’ comprises a plurality of outlet
aperturesg 102’ and a rotary exhaust wvalve 104'. Rotary
exhaust valve 104’ comprises a circular plate 105
including a plurality of apertures (not shown) which are
registrable with outlet apertures 1027. The circular
plate 105 is rotatably mounted to an underside face 22’ of
body 20’ and is rotatable from a first position in which
the apertures in the circular plate 105 and outlet
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apertures 102’ are registered to a second position in
which the apertures are no longer registered to any
degree. In the second position, the circular plate 105 is
urged against the underside face 22’ of the body 20’ to
seal apertures 102’. The form and operation of the rotary
expansion inlet wvalve 104’ corresponds to that of the
rotary expansion inlet valve 128’ discussed above. The
circular plate 105 is rotated by means of a second
rotatable actuator (not shown). The circular plate 105
may be biased in the second position (e.g. by a spring
coupled to the second rotatable actuator).
Certain modifications may be made to the heat pumps
10 and 107. For example, the drive shaft may enter the
body through its base. The compression stage may occur at
the top of the body and the expansion stage at the bottom.
The air flow can also be reversed so that ambient air
comes in and out from the side of the body, with
compressed air going out from the top and bottom of the
body. In addition, the compression and expansion pistons
can be separated and operated independently. For example,
a heat pump may be provided comprising a single
compression piston housed in a single compression chamber
(with one side of the piston face vented to atmosphere)
and a single expansion piston housed in a single expansion
chamber (with one side of the piston face vented to
atmosphere). Alternatively, twin compression chambers may
be provided to allow both sides of the piston face to be
used to compress gas and/or twin expansion chambers may be
provided to allow both sides of the expansion piston face

to be used to expand gas.
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ANNEX

ADVANTAGES OF THE PRESENT INVENTION
A difficult problem for many heat pump systems is the

accretion of ice on the cold side of the unit. A heat
pump made 1in accordance with the present invention is
likely to be resistant to icing problems since moisture-
bearing air entering the heat pump will be above, or in
the worst case of freezing fog slightly below, ambient
freezing conditions. Compression within the heat pump
should raise the temperature well above the freezing level
and cooling of the pressurised flow by the load will
result in the water condensing within the unit as a liquid
from where is may be ejected as a liquid. The gas flow
entering the expander will then be very dry by comparison
with the input flow and hence ice formation should be
limited. A further benefit of the present invention is
that the heat of vaporisation of the moisture extracted
from the flow will be available to the load.

In conclusion, the present invention offers a heat
pump with a high potential coefficient of performance
where most of the likely mechanical and thermal losses
will result in thermal energy available to the load. The
installation costs in a domestic environment are likely to
be very low and probably equivalent to the installation of
a simple boiler. Common problems associated with heat
pump such as large and remote heat collection
installations and ice accretion are alleviated, perhaps
even avoided, by the intrinsic nature of the present
invention.

VALVING ARRANGEMENTS FOR COMPRESSION STAGE
For a high COP it is essential to have the following

air flow characteristics:
i) Low aerodynamic losses i.e. Low air flow rate
ii) High Mass flow rate of Air
iii) Large area for air flow when valves open
When a short piston stroke to piston diameter arrangement
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ig used, a large piston face is available but only a small
area of cylinder wall. This means it is better to provide
valving directly through the piston faces.

The compression valves may be self-actuating and
consequently may be simple to operate. Possible choices

of valves include:

i) Plate valves
ii) Multiple Ball valves
iii) Reed Valves
For higher running speeds it may be necessary to
actuate these valves, in which case they will need to be

designed along the same lines as the expansion valves.

VALVING ARRANGEMENTS FOR EXPANSION STAGE
For a high COP it is essential to have the following

air flow characteristics:
iv) Low aerodynamic losses ie Low air flow rate
V) High Mass flow rate of Air
vi) Large area for air flow when valves open

When a short piston stroke to piston diameter
arrangement is used, it is again better to provide valving
directly through the piston faces.

The expansion valves need to be physically actuated
(mechanical, pressure or electrical/electronic). They can
be:

i) Plate valves
ii) (Intermittent) Rotary Valves.
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Claims:
1. Apparatus for wuse as a heat pump comprising:

compression chamber means;

inlet means for allowing gas to enter the compression
chamber means;

compression meansg for compressing gas contained in
the compression chamber means;

heat exchanger means for receiving thermal energy
from gas compressed by the compression means;

expansion chamber means for receiving gas after
exposure to the heat exchange means;

expansion means for expanding gas received in the
expansion chamber means; and

exhaust means for venting gas from the expansion

chamber means after expansion thereof.

2. Apparatus according to claim 1, wherein the gas is
air.
3. Apparatus according to claim 1 or claim 2, wherein

the compression means comprises compression piston means
for compressing gas contained in the compression chamber
means, the compression piston means being moveable between
a first position and second position, with compression of
gas contained in the compression chamber means occurring
as the compression piston means moves from the first
position to the second position.

4. Apparatus according to claim 3, wherein  the
compression piston means has an effective piston diameter
to piston stroke length ratio of at least 2:1.

5. Apparatus according to claim 4, wherein the effective
piston diameter to piston stroke length ratio is at least
3:1.

6. Apparatus according to claim 5, wherein the effective
piston diameter to piston stroke length ratio is at least
4:1.

7. Apparatus according to any of claims 3 to 6, wherein
the compression piston means comprises a compression

piston aperture with a compression delivery wvalve for
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allowing gas to pass through the compression piston means
from the compression chamber means to the heat exchanger
means .

8. Apparatus according to claim 7, wherein  the
compression piston aperture is located on a working face
of the compression piston means.

9. Apparatus according to claim 7 or claim 8, wherein
the compression delivery valve is configured to seal the
compregsion piston aperture as the compression piston
means starts to move from the first position to the second
position.

10. Apparatus according to claim 9, wherein  the
compression delivery valve 1s configured to open before
the compression piston means reaches the second position.
11. Apparatus according to any of claims 7 to 10, wherein
the compression delivery valve is pressure-activated.

12. Apparatus according to claim 11, wherein the
compression delivery valve is configured to open when gas
pressure in the compression chamber means is equal to or
greater than gas pressure within the heat exchange means
to allow delivery of compressed gas to thereto.

13. Apparatus according to any of claims 7-12, wherein
the compression delivery valve is selected from the group
of: a ball valve; a plate valve; a reed wvalve; and a
rotary valve.

14. Apparatus according to any of the preceding claims,
wherein the expansion means comprises expansion piston
means, the expansion piston means being moveable between a
first position and a second position, with expansion of
gas contained in the expansion chamber means occurring as
the gas does work to help move the expansion piston means
from the first position to the second position.

15. Apparatus according to claim 14, wherein the
expansion piston means has an effective piston diameter to

piston stroke length ratio of at least 2:1.
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16. Apparatus according to «c¢laim 15, wherein the
effective piston diameter to piston  stroke length ratio is
at least 3:1.

17. Apparatus according to claim 16, wherein the

5 effective piston diameter to piston stroke length ratio is

at least 4:1.
18. Apparatus according to any of claims 14 to 17,
wherein the expansion piston means comprises an expansion

piston aperture with an expansion inlet valve for allowing

10 gas to pass through the expansion piston means from the

heat exchanger means to the expansion chamber means.
19. Apparatus according to claim 18, wherein the
expansion piston aperture is located on a working face of

the expansion piston means.

15 20. Apparatus according to claim 18 or claim 19, wherein

the expansion inlet valve is configured to allow gas to
flow through the expansion piston aperture ag the
compression piston means movesg into the first position.

21. Apparatus according to any of claims 18 to 20,

20 wherein the expansion inlet valve is selected from the

group of: a plate valve; and a rotary valve.
22. Apparatus according to any of claims 3-21, wherein
the compression piston means compriges a single

compression piston.

25 23. Apparatus according to any of claims 14-22, wherein

30

35

the expansion piston means comprises a single expansion
piston.

24. Apparatus according to claim 23 (when dependent upon
claim 22), wherein the expansion piston is configured to
move in sympathy with the compression piston.

25. Apparatus according to claim 24, wherein the
compression piston and the expansion piston are connected
together by a mechanical linkage.

26. Apparatus according to claim 25, wherein the
mechanical linkage comprises one or more struts.

27. Apparatus according to claim 26, further comprising a
stiffening structure for bracing the one or more struts.
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28. Apparatus according to any of claims 3 to 21, wherein
the compression piston means comprises a plurality of
compression pistons.

29. Apparatus according to claim 28, wherein two or more
of the plurality of compression pistons are configured to
move out of phase with one another.

30. Apparatus according to claim 28 or claim 29, wherein
the plurality of compression pistons are laterally spaced
along an axis.

31. Apparatus according to claim 28 or 29, wherein the
plurality of compression pistons are spaced
circumferentially around a central axis.

32. Apparatus according to claim 31, wherein the
compression pistons means comprises a pair of
diametrically opposed compression pistons configured to
operate in anti-phase.

33. Apparatus according to any of claims 28-32, wherein
the compression chamber means comprises a plurality of
discrete compression chambers, each associated with a
respective compression piston.

34. Apparatus according to any of claims 28-32, wherein
the expansion piston means comprises a plurality of
expansion pistons.

35. Apparatus according to claim 34, wherein each
expansion piston is configured to move in sympathy with a
respective compression piston.

36. Apparatus according to claim 35, wherein the
expansion piston and its respective compression piston are
connected by a mechanical linkage.

37. Apparatus according to claim 34, wherein the
expansion piston means comprises a pair of diametrically
opposed compression pistons configured to operate in anti-
phase.

38. Apparatus according to any of the preceding claims,
wherein the compression means and the expansion means are
spaced from one another to define a chamber therebetween,

and the heat exchanger means is located outside of the
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chamber.

39. Apparatus according to claim 20, wherein the rotary
valve comprises a plate rotatably coupled to a face of the
expansion piston, the plate comprising at least one
aperture for —registering with the expansion piston
aperture of the expansion piston, the plate being
rotatable relative to the piston between a first position
in which the aperture on the plate and expansion piston
are registered and a second position in which the
apertures are no longer registered.

40. Apparatus according to claim 39, wherein the rotary
valve further comprises spacing means for varying spacing
between the plate and the face of the expansion piston
during valve operation.

41. Apparatus according to claim 40, wherein the spacing
means comprises a the member configured to engage a
tapered profile, the direction of the taper being such as
to cause separation of the plate and piston face as the
plate moves from the second position to the first position
42. Apparatus according to claim 41, wherein the member
is configured to rotate when the plate rotates relative to
the piston face.

43. Apparatus according to claim 41 or claim 42, wherein
the tapered profile comprises a tapered groove.

44. A refrigerator comprising the apparatus as defined in
any of claims 1-43.

45. A heat engine comprising the apparatus as defined in

any of claims 1-43.
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