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A HEAT TNGI'E AND HEAT DUMP

This i'nvent:.i.on' relates to heét engines-: -ahd_ 'ne'at
pumps, -and in particular to those for providing power
and/or heat apprdpriate. to domestic appliances, service
industries, commerce and manufacturing industry. '

‘The attainment of h:.gh thermal eff:.c:.ency is near 1y

.always an :.mportant consxderatlon in the field of power
. generation for the reason that the fuel cost is generally

responsible for about two thirds of the cost of the power
produced. In addition to the cost J.ncentlve, enviromental

considerations require that greater effort be directed

towards the achiévemeht of higher efficiencies in order to
minimise the production of carbon dioxide and other

- undesirable emissions. -

In general it is possible to achieve a higher thermal
efficiency and fewer emissions in large generating units
than in small ones. This is partly b'ecause of heat losses,
friction and leakage flows wluch tend to be proportlonally
less sxgn;f:.cant in large units than in small ones. Also
economies of scale make it possible to ‘have more
sophisticated equipment 'in large units. In small units,
the cost of such equipment may be pr_ohibitive. ' '

In spite of these fa'.ct'ors;'_ there are circumstances

where small generatxng um.ts are needed and it is important

that they should be as eff:.c:.ent and ’ env:.romentally benign
as possz.ble. This situation arises in the many parts of

the world where no electr1c1ty ,_.g;::Ld is awvailable. It may'
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be that constructicn oI a power station ToO sugpply

electricity is bev vond the financial capacity of the local
gopulation or ;:'-say be that the electricity demand is toc
small to justify s construct:.o'\. " The -"’ormer situaticn
arises in many ‘._e_ss_ uevelopeo countries.  The la<ter

situation: aoplles 'in nmany remote or thinly populated

regions and on offshore’ islands.

Another appllcatlon for small ‘efficient 'engine_s'
arises in connection with combined heat and power (c'{Pj
The use of heat and power together usually results in a
higher overall energy eff1c1encv than the use of mains
power rom the electricity grid. Since heat cannot be
transported economically over any significant distance, CHP
systems have to be sized for the 'local_ heat 1load. This

| usually implies generating units of_ modest size._ | |

_ The invention descrlbed here can be applled eJ.ther as
a heat engine or in” mod:.f:.ed form as a heat pump._ rIeat
pumps transfer heat from a low temperature heat source to a
high temperature heat sink. For eXample, in cold weather a
~heat pump can extract heat from ‘the atmospherlc air and
pump it to a higher téemperature in order to heat a
- building. Alternatively, in- hot weather, the heat pump can
operate as an air conditioning unit to extract heat from
the internal air of the building and reject it to the
'outsxde atmosphere, even. though the outside temperature is
hlgher than the inside temperature. The heat pump may also
be used to cool air in order to condense the water vapour
in it. The heat rejected from the heat pump may then be
‘used to restore heat to the a:.r. In this case the heat N
| .'pump is used to de-hum:.dz.fy the air. As with CHP, heat -
pumps have to be sized ln accordance with the local heat
load. Consequently, most ‘heat pump capac:.ty will be
required in the form of small rather.th_an large units.

Most types of heat pum'p,' air conditioning unit or
refrigeration  system  require  the ~ use ' of an
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evaporating/condensing fluid which boils at an appropriate
semperature such as one of =he cnlcfo—f_luoro-ca*pcns-
(CFC's). These substances are known to deplete the earth's
ozone layer which protects human a_nd' animal life £ronm
harmful _ultra-vic'let radiation. although cerza.n
alternatives to ‘CFC's a:e known, some cf these also cause
czone de’pleticn,'_ but to a lesser d_eg'ree.' Qther
alternatives have disadvantages such as flammability, |
toxicity, high cost, poor thermcdynamlc prcpertles or a
‘tendency to increase global warm:.ng

E:ng:.nes and heat pumps based on the Stirling Cycle
are well known. One form cfl Stirling engine includes a
compress:.on chamber and an expansion chamber connected
'ccqether via a regenerative heat exchanger fomlng a gas
space which ccm:a:.ns a wcrk:.nq gas. Accordzng to the ideal
St:.rl:.ng Cycle workzng gas. in the compresslcn chamber is
compressed by a plston an’d-_ undergoes  isothermal
compression, the"heat of compression being rejected to a
low temperature heat sink. After this process is complete
the cold working 'gas is _pushed through the regenerator
where it is preheated before entering ‘the expansion
chamber. In the expans'icn' chamber, the hot ccn;pr'e'ssed
working gas is allowed to expand by forcing the piston out
of the expansion chamber. During expansion, heat is added
to the working gas so that the gas expands isothermally.
The hot expanded gas is then pushed back through the
regenerator to which it gJ.ves up its heat before being
admltted to the ccmpresszcn chamber to beg:.n the next cycle.

US 4148195 ‘d'escribe_s a-heat actuated heat piuixp which
requires a high temp'er_a'tu_:e heat source .such as the
combustion of fuel and another heat source at low

. temperature such as atmospheric air. The heat output is at
. an intermediate temperature. The purpose of the heat pump
is to convert a certain amount of heat energy at high
temperature to a larger amount of heat energy at the
intermediate temperWne by extracting heat
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anergy from ‘*he ow temperature 'heat_ source. The neat
actuated pump described in Us 4148195 is a closed- cyc’:‘;-
system without valves Whlch approx:LI'lates to the Stirlin

cycle. Liquid tistons contained in a series of fc_u;-
‘interconnected U-tubes and whlch are ccnnected in a closed

circuit dlsplace "he working gas between adjacent expansicn
and 'compress:l.on chambers formed in the arms of <xe
U-tubes. The  liquid plstons transmlt power around <th

closed circuit directly from the expanding gas in the
_'ekpanSion_' chamber to the compressing gas' in the adjacent

compression chamber, an expansion chamber and a compression
chamber being formed 'in . opposed arms cf the same U=-tube.
The four U-tubes '_ are connected via the gas space with

' regenerators. T4o ©Oof the four regenerators and the

associated gas volumes work in a ‘temperature range between
the h:.gh temperature and the intermediate temperature._ The .

other two reqenerators and assoc:.ated gas volumes work in a

temperature range between the 1low temperature and the
intermediate temperature. The cycle is operated in such a’
way that power zs transmitted via the medium of the llquzd
pistons from 'the gas volumes working over ~the high
temperature range to the gas volumes worklng over the low
temperature range. '

21st Inter-'sooi'ety' Energy Conversion Engineering
Conference Volume 1 (1986) pages 377 to 382 describes a
Stirling heat actuated heat pump similar to that described
in US4148195, in whic_h the working gas is heated or cooled

by taking liquid from a liquid piSton, heating or cooling

the lJ.un.d externally and rein]eot:.nq it into the expans:.on
or compress:.on cyl:.nder as an aerosol.

One drawback of these known heat pumps is that the
max:.mum working temperature of the high temperature heat
source is very low in comparison to what can be achieved in
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modern advanced rower generating tec'nsoloc_:'.es, such as the
combined cycle gas zurbine. For example <:ze temperature of
heat addition o the heat pump is likely =2 be llmlted to
5._00°C, whereas the -aer.ne lnlet temperature of a modern_
poﬂver'generating gas turblne_ J.S_ anything up to 1300°C.
.consequently the -efficiency of conversion of the high -
temperature heat to internal work within the heat actuated
heat pump is also 'low, as would be .e_xpected from
clonsiderations of Carnot's theoren. As a result the
overall coefficient of performance is very ‘.ow.' |

Another disadvantage of the heat ac: uated heat pump
described in US 4148195 lies in the fact that the liquid
pistons' have to be very long in order <o achieve a 1low
natural frequency of oscillation. The frequency of
oscillation must be low because sufficient time must be
allowed for heat transfer ‘between the droplet spray and the
gas. The requii‘:ed length of liquid piston is particularly
dJ.ff:Lcult to achieve in a small device operating at h:.gh_
pressure. 'Also friction losses arising from 1long liquid
pistons are likely to become unnacceptably high 1n a small
device. Furthermore a high value for the ratio of length
' to stroke is required to avo:.d the so-called shuttle loss
which arises from the tran_sfer of heat from one end of each
‘liquid piston to the other end. . The shuttle loss occurs
because the two ends of each liquid piston are at different
temperatures and there is consequently some mixing of the-
liquid and transport of heat.

' UsS 3608311 describes an engine whose operation is
based on the Carnot Cycle, in wluch gas is success:wely |
compressed and expanded in a single cylinder by a l:.qu:.d
displacer. Hot and cold lJ.qu:Ld from the liquid d:.splacer
is alternately injected into the cylinder to heat the gas
during part of the expansion process, and to cool the gas
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' during part cf the':ompression process.

One drawback of this known heat engine is that the .
sower output ,per' cycle is relatlvelv low_.because it

'*equlres an extre-ely hlgh compresszon ratio to raise the

~ temperature of the worklnq gas to a reasonable value durlng
, aolabatlc ccmpressron, and_such a compresszon_ratlc is not
'.po551ble in practzce. A further drawback of this engine is
that the working gas is contznually cycled between hlgh and
low  temperatures dhz;e remaznrng in the same cyl;nder
throughout the ' process. Therefore ~the walls of' the
'cyllnder also cycle from low to high temoeratures and back
again which implies large entropy chanqes and a reductlon
in thermodynamzc e‘fzclency '

Accordino to one aspect of the present invention
'there is prov:.ded a heat eng:.ne comprising a compress:.on_
chamber to contain gas to be compressed and a flrst piston
' to compress said gas by movement of the plston in said
compresSionl chamber and driving means arranged to drive
said first piston'into the compression chamber to compress
said gas, an expansion chamber and a second piston'to allow
gas to expand therein by movement of the seconad pxston out:
of the expansion chamber, means to feed compressed gas from
said compressicn chamber to said expansion chamber, and
means to heat said compressed gas from the compresszon
chamber, transmission means operatzvely coupled to said
second prston to permit power from the engine to be drawn,
and means form:.ng a spray of lJ.qu:.d in said compress:.on
chamber to cool the gas on compresszon therein. '

One advantage of this arrangement is that heat is
rejected eff;czently to the liquid in the lquLd spray,_at
the lowest temperatures in the heat engine cycle.
Furthermore, expansion is done in a separate chamber so
that temperatures in each chamber and therefore the various
parts of the chamber and of the p;stons do not cycle |

'_between hzgn and low temperatures, and thus reduceing the

e
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efficiency.

 In a preferred embodiment, the engine further
comprises means to 24d heat to the gas =1 the expansion
' chamber during expanéic_:n thereof. Thus. the expansion
process may be appfoximat_ely'_ isothermal. '

 Preferably, the heating means also includes heat
exchanger means arranged to pre-hea_t compressed gas from
the compression chamber with heat from gas expanded in the
expansion chamber. Thus, expanding the gas isothermally in
the 'éxpansion chamber provides an opportunity of recovering
some of this heat :in a 'heat 'exchaﬂger w‘nich is used to
pre-heat the compressed gas from the comnresszon ‘chamber
‘prior to expansion. The _hea_t exchanger may for examplg be
a regenerative heat - exchanger if expanded gas from the
~ .expansion chamber f‘.o_"vs along. the same flow path as the
incdminé co_mpressed gas from the c_ompreSsion chamber, .or a .
recuperative heat exchangez_‘ if ‘the gases flow along
different flow paths. A recuperative heat exchanger is
| particularly advantageous where heat exchange is réquired
between two gases where mixing of the gases is undesirable
and/or the two gases are at' substantially different
‘pressures. o '

' One embodiment includes means for returning expanded
gas léawiing the expansion chamber to the compression
chamber for recompression. The returning means may be
separate from the means for feeding compressed gas to the

. expansion chamber, or the woi:kiﬁg gas may flow back and
forth between the compression and exparision chambers along
the same flow path. Embodiments in which the. same body of
workzng gas is cont:.nuously recycled betwee_n the
compression and expansion chambers will be referred to as a
clqsed-cycle engine.  Because the 'working' gas ‘is sealed
within the engine, the gas can be pre-pressufised so that
the minimum pressure atta:.ned by the gas dur:.ng 'che cycle
- is much greater than atmos Jher:.c.
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- In one embodinent of the engine, =he means to add
heat to the gas :in the expans:Lon chamber compr:l.ses means
forming a spray -f hot liquid in the exnans:Lon chamber.
The liquid used in the  spray may be neated using an-
external heat excnanqer and the source of heat may be waste
heat e.g., J.ndustrlal waste heat, solar energy or heat from
a combustion chamber ceol:.nq system. Using a hot liq\iid
spray to transfer heat into the expans'ion 'chamber' is
- particularly advantageous when used in closed-cycle engines
which have a heat source at relat:l.vely low temperature
Liéuid' sprays are not su:.table for use at very high

'~ temperatures.

An alternative 'emb_o'd'im_e‘nt includes first _valve means
operative to admit ~air or other oxidising gas into the
‘compression chamber, second valve means operative to
prevent gas in the expansion ' chamber returning to the

- compre,ssion" chamber through said “means for feeding
compres_s,ed gas to the e_xpane'ion chamber and wherein the
means to add heat comprises means to provide a combustible
fuel in the expansion chamber. 1In this embodiment, the
mixture of fuel and hot_ eempressed gas in the expansion
chamber ignites and after expansion the combustion products
' are expelled from the engine via the heat exchanger means.
A fresh supply of working gas is therefore required at the
beginning of each cycle. 'Emhodiments in which the working
gas is renewed each c'ytle Wwill be referred to as an
open-cycle engine. One form of this embodi'ment may include
means to control the rate of flow of combustible fuel into
the expanszon chamber to prov:.de substant:.ally :.sothermal.
expans:.on. ' '

It is generally preferable that the first and second
-pistons provide a geod _e'eal'fOr the workihg gas and this is
-particularly important in  the clesed-cytle .engine.
" Advantageously, the first and/or second pistons may
comprise a 1iquid thus'elimihating the sealing difficulties
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whicn'nay otherwise ce present if the plstons are solid. A
preferred embodiment comprises a pair of generally U-shapec
conduits each containing a body of liquid as a piston, 2
compression chamber ssrmed in each arm of one conduitz and
an expansion chamber formed in each arm of the other
conduit, and means feedlng compressed qas from one of said
compresszon cnambers to one of Sald expansion chambers and
separate means feed;ng compressed gas from the other
compression chamber =0 the other expansion chamber. In
this embodiment, expansion and compression each occur twice
per cycle and the timing of the liquid pzstons is
preferably arranged so that the expansion process in one of
the expans;on chambers drives the compress;on; process in
one of the compression chambers. This may be achieved by
appropriate coupling between the drive means and the
transmission means. A preferred embodiment comprises
| another pair of said generally U-shaped conduits whereby in
use, the liquid piston in one U-shaped conduit containing
expansion chambers is substantlally 90° out of phase with
the lquld piston in the corresponding U-shaped conduit
containing the other expanslon chambers. It will thus be
appreciated that this arrangement can provide' a net
positive power output at each stage during a complete cycle
of the engine, thereby removing the need for a fly wheel or
other means to sustazn the operation of the engine between
power strokes. '

When expanded gas is forced out of the expansion
chamber by movement of the second piston into the expansion.
chamber, the gas pressure is increasing. A preferred
embodiment of the engine includes means to provide liquids
of at least two different temperatures for use in the
liquid spray in the expanszon chamber and includes means
forming a spray of l;quzd during compresszon of gas in the
expanszon chamber tc control the gas temperature. The
temperature of the lxquxd spray is preferably such that the
temperature of the ~gas remains constant during compression

thereof. Advantageously, if said second plston comprises a
‘This Sheet Has Been R

BT




WO 94/12785 -0 pc_'r/'cnssmwz.

--guld. said means <s ov1de may be arranged to supply
Ziquid from the leUlu piston dlrectly to the spray formlng_

means.

After compresslon of gas in the compressxon chamber,
the gas pressure decreases and the gas expands as a result
of both pistons moving out of their respective chambers. A
preferred embodiment :includes means to provide liquids of
at-least two different temperatures in the'liquid spray in
the compression chamber and includes means forming a spray
of liquid during expansion of gas in the compression
‘chamber to control gas temperature. Preferably, the
temperature of the liguid spray is such that the gas
- temperature is maintaihed _ constant dur;ng expansxon._'
Advantageouslyy if said' first piston comprises a liquid,
said means to prov1de may be arranged to supply liquid from
"said first piston directly to- the spray formlng_means. |

Where any of the'first pistons comprise'a liquiqd, 'the
drive means may comprise a member arranged to cooperate
with the first piston such that ‘motion of the member
imparts motion in at least one direction to the pzston.
The member may comprise a solld plston and may be meersed
in the 1liquid piston or floating on the surface thereof.
The solid piston may be coupled to a shaft extendzng
~through the ~wall of the conduit containing the liquid
piston. ' '

Likewise, where the or one of the second plstons

comprlses llquzd the transmission neans may comprzse a

member arranged to coonerate with said second piston such
that motion of the liquid piston 1n at least one dlrectlon
is imparted thereto. The member may comprise a sol;d
_ piston which is immersed in the liquid piston or arranged
to float on the surface thereof. A shaft may be coupled to
the solid plston and extend through the wall of the conduzt
contaxnlng the second piston.
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Alternatively, =xe . first and second piston may
comprise a solid material. = One embodiment includes a pair
of compression chambers and a pair of expansion chambers
wherein in use the pistons in the compressidn chambers are
arranged to move substant 1ally in antiphase with each other
and the pistons in the expansion’ chambers are arranged to

move substantially in antlphase with each other. In a
preferred embodiment, another said pair of compression
chambers and another said pair of expansion chambers are
provided wherein in use, the pistons in one pazr of
compression chambers are arranged to. move substantlally
'90° out of phase with the pistons in said other pair of
:eompressidn_ chambers and the pistons in one pair of
expansien'chambers are arranged to move substantially 90°
out of phase with the pistons in the other said palr of
expansion chambers.

Prefereblyj in a ' closed-cycle engine the : heat
exchanger means ccmpriseS» a regeneratdr. The purpose of
the regenerator is to enable heat to be transferred to and
from the working gas effxc;ently.

In a preferred embodiment, separator means ere
provided to separate 1liquid from the gas leaving the or
each compression chamber. In emb'cdiments operating in a
clcsed-cycle, a sebarator' means may also be provided to
separate liquid fron'the'gas leaving the or each_expansioh
chamber. | - '

Where the first and/or second pistons comprise a
-liquid, means are preferably provided to'supply the or each
means forming a spray with liquid from the liquid'pistons.
Advantageously, said means to supply may include a pump
arranged to be driven by a respective piston.

In one embodiment said driving means includes
coupling means coupled to said transmission means so that
Th1s Sheet Has Been R
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_:.:nas__e relationship. It will be apprec;.ated that coule."o
<he first and second pistons togetner_ by for example a

-a use, said first and second olstons nove Ln predetern*neo

' mechanical means such as a crankshaft is a convenient
sethod to. enable .large compression ratics to be achieved,
"and at the same. time maintain the phasing of the pistons.
o The phase angle between the first an'd second pistons .may be
such that the second piston leads the f:.rst p:.ston by at
- least 90° Alternat:.vely the p:.stons could be driven
independently and may each be <adapted together with any
' means for coupling to an external drive, to withstand
substantial forces aga_inst_ " the 'pressures ~in their
respective chambers. | |

In one em.bod:.inent, the enq:l.ne may further comprise a
combust:Lon chamber for the . combust:.on of fuel, wherein the
'heatlng means comprises means to heat compressed gas from
' said compression chamber with heat conducted across at
1east one of the surfaces def:.n:.nq the combustion chamber
of the engine. Thus, advantageously the present invent:.on
may readiiy be adapted to provide a cool:Lng apparatus for a
conventional combustion engine (e.g. petrol, diesei or gas)
which recovers heat, normally- wasted by conventional
cooling apparatus and. converts this heat into |wuseful
power. Cold compressed gas is produced in the conpres'sion.
chamber and heat lost to the combustion chamber walls is
transferred to the compressed gas to provide cooling of the
engine. The same method can be. used to recover heat from.
~ the ‘exhaust gases of a’ conven_t:l.onal combustion engine, for
example - by putting compressed air cooling channels through
the exhaust manifold or by including a heat exchanger
through wh:.ch the exhaust gases would pass. The pre-heated
_ compressed gas is then J.njected Lnto the expanslon chamber
which expands forc:.ng the pJ.ston out of the chamber and
tnereby generatzng useful mechanical work. In one
embod:.ment, the expansion piston may be connected to an
external output drive of the engine. This arran_gement has

the advantage RS . of
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increasing the a-"cvency of conventional <combustion

- e g

engines.

According to another aspect of the present inventicn
there is brdvided a 'heat pump comprising an expansion
ehamber to contain gas to be expanded and a first piston to
allow the gas to ‘expand by movement of the piston out of
the expansion :hamber',' a compression chambez_-'to contain gas
to be compressed and a second piston to compress said gas
by ni'cvement of said second piston in the compression
chamber, means to feed gas from one of said expansion
chamber ‘and said compress:.on -chamber to the otner chamber,
and means to form a spray of liquid in saiad compress1on
.chamber to absorb heat from .sa;d gas during compress_lon.
wherein said second piston is adapted to be driven by an
'external source of power into said compression chamber to

conpress the gas.

'This' form of heat pump enables the pumped'heat to be-
'transferred to an external heat sink extremely efficiently
via the medium of a 'lj;quid spray in the hot compression
chamber and at the same time can be driven through, for
example a ;nechanical coubli'ng, by an external source of _
power' and in particular an eiet’:tric motor to provide a heat
pump with a. higher coeffxc:l.ent of performance than can be
achieved by known heat pumps.

Advantageously, this form of heat pump can perform
heating or cooling .ixi either a closed-cycle or an
cpen-—cycl'e.' For example, one embodiment may be adapted for
air eonditionlng in which air is drawn into the compression
chamber from an external source, compressed substantially
isothermally using the liquid spr’ay' and passed to the
expansion chamber in which it expands, so that it does
work, returning some of 'the energy used for compressidn.
The expans:.on may be adiabat:.c so that the qas cools, and.
the cool gas may then be ejected from the heat ‘pump: to
provide air  conditioning. Alternatively,  another

embodiment of the heat pump may further include means to-
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sugply neat - to ;-_-a_' "as':duri'n'g- expahsicn thereof in _:»-,a
expansion chamber so that the expansion is approx:.mately
isothermal. This nay be done eff;c:.em:ly by employing a
lizuid sp'ray in <he expans:.on chamber. Heat is absorbed
£rom the liquid droplets, which cool, and the cooled spray
lizuid may be ‘used for cocling, e. g.,' air cbnd’itioning_
The liquid spray -njectlon J.nto the expanszon chamber also
allows eff:Lc_J.ent heat _transf_er from a low temperature heat
scuree 'so _that ~the heat pump can pump this heat to higher
temperature sink, for the purpose of heating. The heat
punp can be modified for either cpen or closed-cycles.

In ano'ther embodiment the heat pump may further
ccmprise heat exchanger means arranged to pre-~heat said
expanded gas ‘with heat £rom compressed gas leavmg the
ccmpression chamber. This is partlcularly advantaqeous in
the closed cycle in which the same gas is pumped back and
forth between the expansion and compression chambers.

A pfeferred embodim’ent includes coupling means for
counllng the second pJ.stcn to the external source of power,
wherein the coupling means J.s adapted ¢to wz_thstand
‘substantial force against the ‘pressure of gas in the
ccm‘pression chamber. doupiing the heat pump to an e'xte'rnel
‘source of power in this way, enables much higher pressures
and therefore a higher compression ratic to be achieved in
_the compression chamber so that a .'g_r':eater' amount of heat
can be pumped per cycle t_rxan"_a.chieved by prior art heat
pumps. At the same time, the use of such a coupling
" enables the heat pump to _he compact, since the ettainhtent
'of high pressures (and therefore out?ut) does not rely on

' the inertia of '.the p1stons which would have to Dbe
relatively massive and therefore large in size. = The
coupling means may for e-xa;nple comprise a crank shaft.

In a 'p'referredln.embod_iinent, the first and second
pistons are coupled to_getner_' by a mechanical coupling
means, e.g. a crank shaft so that the phasing of the
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c1stons can be easily contrclled.

Another important advantage of <the heat pump
accsrding to the present invention is that it does not
eguire an evanoratlng or condensing fluid, and can be used
with a gas whlch ‘does not condense and a liquid which does

not evaporate to any SLgnlflcant degree. There is no
requirement for a sneczflc bozllng point. Indeed, it is

possible to choose a gas such as. helium and a liquid such
as water, which will cause no harm to the environment
should they be released. This is also an important

advantage of the heat pump according to the present
invention. An additional advantage of not_'requi:ing' a
specific boiling peint is that the heat_punp can work over
a wider range of operaﬁing temperatures_than conventiocnal

heat pumps.

The heat pump may include any one or more of the
preferred or alternative features mentioned above in
association with the heat engine. '

Embodiments of the heat engine _and' heat: pump may
include any number of compression and expansion chambers
and the number of comp:essibn and expansion chambers need

‘not be eqnal.

Exemples of.embodinents_of the present invention will
now be described with reference to the drawings in which:-

Figure 1 shows a schematic diagram of a first.
embodiment of the present invention which includes 1liquid
pistons and operates in a closed-cycle:

~ Figure 2 shows -a schematic diegram of a second
embodiment of the present invention including liquid
pistons and which operates in an open-cycle, '

Figure 3 shows a 'schematic diégram of a third
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smbodiment of <the rcresent -nvention including solid pistens

znd which operates in an ogen-cycle, and

Figure 4 shows a schematic diagram of a fourzh
emnodzment of the oresent invention lncluolng solid. pxstons

-and which operates -n an ooen cycle.

_ Referring to Figure 1, a palr of U-shaoed conduits
and 3 each contain a body of lzquzd 5 and 7. A compresszon

-chamoer 9, 11 is formed lﬂ each of the arms 13 and 15 of

one of the U-shaped condults 1 and an expan51on chamber 17,
19 is formed in each arm 21 and 23 of the other U-shaped

. conduit 3. One of the ccnnresszon chambers 9 is connected

through a regenerator 25 to one of the expanszon chambers
i8 ahd ‘+he other compresszon chamber il is connected
through another regenerator 27 to the other -expansion

chamber 17. In practice; thelvéshaped conduits shown in

Figure 1 would each be rotated 90° to face each other,

‘with the regenerators havzng the same length. The two
- U-shaped conduits and regenerators are thus confzgured as a

saddle and will be referred to as "saddle loop",] An engine .
or a heat pump which'cOnsiSts of a single inter-connected
mass of gas with a_single'regenerator, a single compression
chamber and a single expansion chamber, each with a ligquid
or solid piston and each with means for addition or removal
of heat is described as a "half saddle loop".

Liquid sprays are provided in both compre551on
chambers and both expahsion chambers. quuld used in the
sprays'zs and 31 in the compression chambers is preferably

.- drawn from the body of liquid in the conduit 1 and the

liquid:sprays 33 and 35 in the expansion chambers 17 and 19
is preferably drawn from the liguid in the corresponding
conduit 3. The llquzd drawn from conduit 1 may be passed
through. a cooler (not shown) prior to injection in the
compre551on chambers 9 and 11 and liquid drawn from conduit
3 may be passed through a heater prior to injection in the
expansion chambers 17 and 19. A working_ gas fills the
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_space formed by the compression chambers $ and :1 and their

rresoondlng exnanszon chambers 19 and 17 with which they
communicate via ' a .-espeCtlve regenerator 25 and 27.
Separators 37; §9, 41 and 43 are prov1ded between the
chambers and corresponding regenerators to . remove any
-;‘cuzd in the worklng gas oefore ‘the fluzd passes through_

the regenerator concerned.

Each U-shaped conduit 1 and 3 has a linear section 45
and 47 joining the adjacent arms._'Mechanical_means coupled
' to each ligﬂid piston is provided toptranSmit'power to and
from the pistons. In this embodiment, a solid piston 49
'and 51 is disposed in each of the linear sections of the
conduit 'and' is free to ‘execute linear motion along the
‘length thereof'with'the:liQuid pistons formed either side.
A drive shaft 53, 55 is connected to each solid piston 49
and 51 and extends through the wall of each conduit to
. prov:Lde means for driving or transm:.tt:.ng ‘power from the
llquzd pxstons.

The two drive shafts 53 and 55 are coupled together
by an external drive mechaniSm so that the displacement of
~each piston is app:oximately sinusoidal with time and so
that a predetermined phase relationship is maintained

between the pistons in different conduits. This can be
achieved for example by coupllng the drive shafts 53 and 53'
to a crankshatt as for petrol or d;esel engxnes.

.The engine operates by' passing the working gas
through a thermedynamic cycle which involves repeated
compressions and_expansions. The conpression is done when
‘most of the working gas is in the compression chamber 9 and
11 while the expanszon is done when most of the working gas
is in the expansion chamber 17 and 19. This may be
achieved by arranglng for the pistons ln the expanszon
chambers to lead the pxstons in the compreSSLon chambers by
a phase angle of 90°' The phase angle between the pistons

'in- the = expansion chambers or compression 'chambers'
_— oo
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is 1800 .ur.h t...' ar 'angement'. .the expansion preccess  ;:~.
one 09I the expans:.on chambers wil 1 drive the compression
nrocese 1’1 the o.her compression chamoer. For example
"expans:Lon in chamber 9 will drive <=he _compré_ésion in
chamber 11 and the expansion in chamber 17 will drive the
compression in chamber 9. ' |

.~ one complete cycle of the engine will now be
descr:.bed in relatlon to one compressxon chamber and one
expansion chamber only, beginning with compress:.on " in
compression chamber ‘9. At the start of compression the
liquid,pisten in the compression chamber 9 is at the bottom
of it's stroke _and'the piston in the expansion'c_hamb'er. 19 is
at the mid-point of its stroke and moving 'up'wards'. Most of
the work:.ng gas shared between the compression chamber 9
and the expansion chamber 19 is :Ln the compression chamber
9. The ccmpressxon p:.stcn moves into the compress:.on.-
chamber 9 and compresses the working gas against the gas
- pressure resulting from movement of the expansion piston
'ihto the expansion chamber 19. Cold liquid is sprayed into
the compresszon chamber to cool the ‘working gas dur:.ng_
' compression. This liquid may be obtained by drawing off
liquid from the cold liquid piston (i.e. the compression
-pistcn) and then passing it through an external cooler (not
shown)' before injecting it into the compression chamber.
When the eompresSion piston in compression chamber 9 is at
the mid-point of its strdk_e the expansion piston in
expansion chamber 19 will be at the top of its stroke and
about . to reverse di_rectio_n. As the '_ compression p_istoh
continues moving upwaz-_ds in the compression chamber,
' compression of the working gas continues but at the same
time the cool compressed gas beg:.ns to flow through the
regenerator towards the expansion chamber 19 as ‘the
expansioxi piston beg_ihs to move downwards. "Th'e cool
'compressed gas leaving the com'pressioh chamber 9 is
pre-heated with heat from the expanded gas which left the
expansion cnamber at the end of the prev:.ous cycle.
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when the coﬁpression piston in c;mpreséicn chamber ¢
hés_feached tne.top of its stroke, the expansion piston in
expansion chamber 19 is at the mid-point <f its stroke and
moving downwérd, out of ‘the expansion chamber. Hot liquic
is sprayed intoc the expanSion chamber to maintain the
temperatﬁre of the gas as it expands on continued downward
movement .of ‘the expansion piston. This liquid may be
‘obtained by drawing off liquid from the hot liquid piston
" (i.e. the expansion piStoh) andlthen passing it through an
external heater (not shown) before injecting it into the
expansion chamber. At the same time, the compression
-plstcn has reversed dlrectzon and is moving out of the
compression chamber 9. To prevent the gas in the
compression chamber from cooling during expansion it may be
advantageous to spray liquid drawn directly from the liquid
piston rather than liquid which has been pre-cocled in an
external cooler. ' ' ' '

When the expansion piston has reached the bottom of
its stroke in the expansion chamber 19 the compression
piston will be at the mid-point of its stroke in the
compression chamber 9 and'movihg'downwards. The expansion
piston reverses direction and the two pistons move in
opposite directions forcing: - the working gas out of the
expansion chamber, through the regenerator and into the
compression chamber. The hot expanded gas leaving the
expansion chamber is pre-coocled in the reqéneratorjbefore 
returning to the compression chamber. As the expansion
piston moves upwards into the expansion chamber, the gas
remaining in that chamber undergoes some compression. To
prevent heating of the gas, liquid may be sprayed into the
exapnsion chamber. This liquid should preferably be taken
diréctly from the hot liquid piston without passing through |
the external heater. When .the compression piston in the
compression chamber 9 reaches the bottom of its stroke, the
expansion piston in the expansion chamber 19 is at the
mid-point of its Stroke ~and travelling upwards into the
expansion chamber, the compression piston revérses
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direct:ion and the cycle is repeated.

_ . AS mentioned above, <the 'thermodynamic- cycle in
chambers 9 and_19 is 180° out-of phase with the cycle_in
' chambers 11 and 17. Thus, the'expansion'stroke_in chamber
19 drives the compression stroke in chamber 11 and the
.expansiOn"stroke in ' chamber '17 drives the compressicn
stroke in chamber 9. However, there, are points in the
cycle between the compression and expansion strokes where
no net power output from the engine_is occuring. Thus, to
sustain the operation of the engine over the cycle a fly
wheel may be used or it may ‘be possible to rely on t_he
inertia of the pistons :themselves if they are massive
enough. However, the need for a fly wheel can be avoided
by.providing a second saddle'loop'whose.operating cycle is
'garranged to be 90° out of phase with that*of_the'first_
saddle loop. This may be 'achieVed by incorporating an
appropriate external drive mechanism. This embodiment of
the heat engine is then capable of proViding a net energy
output at all stages of the cycle.

One of the most important features of the engine
described above is the use of hot and cold liquid sprays to
maintain the temperature of the working gas within each
chamber at the desired value. As stated above, the liguid
sprays may be maintained throughout the cycle, although the'
liquid passes through the heat exchangers during only part
of the injection cycle. The reason for this can be

- explained in connection with each chamber separately.

‘During compression, the function of the spray is to
keep the working gas temperature in the compression chamber'_
‘as low as possible. Thus the 1liquid should be passed.
through the external cooler during this part of the cycle.
When the gas is expanded, in a later part of the cycle, they
function of the spray is to prevent the gas -from cooling
too much. During this part of the cycle, it is better to
take the liquid directly ‘from the liquid piston and not to
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The converse argument applies to the expansion

chamber. During expansion the gas must be as hot as
possible and therefore the liguid spray should be passed
through the external heater. During compression, it is

important to prevent the gas from becoming too hot.
Therefore, the liquid should be taken directly from the
liquid piston during this stage.

In one embodiment, the pumping of the liquid used for

_the spray may be achieved' by making direct use of the
reciprocating motion of the piston and drive shaft. The

pump which may be mounted within the conduit comprises. a.

small piston driven by the liquid piston, the solid piston

‘or the drive shaft and which is arranged to slide in a
 cylinder incotppratinq non-return valves. A single pump in
'eéch conduit may be provided if the pump is double ended
i.e. fills and pumps at both ends. This enables liquid to

be supplied from each end alternately while the other end

is filling. One double ended pump would sérve two 1liquiad

spray injectors associated with that particular conduit.

Each end of the pump may have two outlets, one which leads
' to the spray nozzle in one of the chambers associated with
the particular conduit, while the other leads directly to

the spray nozzle in the other chamber. Thus, although a\

liquid spray would be ma;m:ained almost cont:.nuously, the

temperature of the injected liquid would vary during the

cycle according to whether it had passed through the heat

exchanger or not.. ' |

The separators situated above the _spray injector
nozzles and which may comprise carrugated plates, also play
an J.mportant part in the heat transfer process between the
llquld spray and working gas, since the ‘corrugated surfaces
are expected to be cooled or heated by contact with the
liquid from the spray, and will extend the contact area
between the working gas and the liqu-id. When the -gas flow
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_-.:-.' a particular cnamber is upward, <=hen most <I the

plets injected at that time will be carried upwards into
zhe separator. However there will still be many droplets.
n the 1owez: ‘gas space, resul.lng from the: :Lnjec"lon at

-

[EH

ealrlie'r "'mes. When the gas flow is downward, most of the
liquid that has been separated onto the corrugated plates
'will be swept downwards into the chamber. In this way, it
" is expected tnat_ the separato_rs will repeatedly collect
then discard the liquid carried over into them. The
separators ma? 'in addition, or a_lternati'vely be arranged to
cause the working gas to swirl to facilitate the removal of
liquid droplets, while at the same time minimising the
pressure loss of the gas flow. |

The purpose of the regenerators is to change the
temperature of the work:.ng gas from hot to cold or vice
'versa in- a thermodynam.cally efficient - way. " The
regenerat'or may comprise an array of narrow "channels of
various cross sectiocnal geometries deslgned to provide a
large heat transfer area ‘between ‘the gas and the material
of the regenerator. The narrow channels may be formed
using for example plates or tubes. The regen_erator_'stores
~the heat from the work:.ng gas ' until the. working gas
reverses l.tS dJ.rect:Lon of flow, after which the heat is
restored to the working gas. The regenerator should also
be des:.gned to minimise the pressure drop over its length.

The choice of working gas'and heat transfer liquid in
the liquid pistons depends on the application and the
temperature range over which the engine needs to work.
'Because the engine operates in a closed-cycle and the
liquid pistons form a perfect seal, the choice of working
gas is not necessarily restricted by availability or cost
and may be chosen for its ‘thermodynamic properties. Thus,
_the working gas may be for example helium or hydrogen,
whz.ch have excellent heat transfer characterzst:.cs. Helium
- may be preferred to hydrogen on safety grounds, although it
would be more expens:.ve. - Another advantage of the
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ciosed-cycle engine is that the operating pressures of the
working gas can be relatively high and would generally be
in the range of 1-20 MPa (10-200 bar). :

At cperating temperatures up to about 200°C, water
‘may be used as the heat transfer liquid. However, at
higher temperatures water would probably not be suitable
because of the high pressures needed to maintain it in the.
liquid state. For operating temperatures up to about
400°C, commercial heat transfer fluids which are also
liquid at low temperatures may be used. It is likely that
helium wOuld again be selected as the working gas for this
hlgher temperature range. For operating temperatures above
400°C a llun.d metal such as the sodium-potassium eutect:.c
mixture (NaK) may be used with helium as the working gas.
" Eutectic NaK remains liquid down to =-12°C and boils at
785°C (at atmospheric - pressure). Molten s,alts' are
possible high temperature alternatives to 1liquid metals.
However, because of the likely engineering difficulties in
designing' an engine suitable for use with high temperature-
liquids at temperatures above 400°C, it may be better not
to use a hot liquid at all. Instead, heat may be
transferred into the engine through the walls of a heat
exchanger enabling the engine to be driven from much higher
temperature heat sources including the combustion of fuel.
This fuel could be heavy oil, coal, biomass or domestic
waste, since the products of combustion do not enter the
- engine. Thus, embodiments of the heat engine which employ
~hot 1ligquid injection, are B very suitable for péwer
generation from relatively low temperature heat s’ources'
such as industrial waste heat or solar energy. |

The closed~cycle heat engine can be modifled to
operate as a heat pump in which mechem.cal energy 1is used
to pump heat from a low temperature socurce to a high'
temperature sink. Thus, in contrast to the heat engine,
compression is done on the working gas when the gas is hot
and ekpansign_ is done when the working g'as 'is cold. one
embodiment of the heat pump may be described with reference
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= Figure 1. In this emboalment, mechanical energy =5’

rive the heat pump is imparted to the solid plstons 49 and

z1 via drive shafts 53 and 55. In contrast to the heat
eng:.ne, the l:Lun.d pxston J.n the compressxon chamber leads
the ' piston in the asso;::l.a.ted expansion chamber by a
prede.temih_ed phase angle, e.q. 90° instead ' of vice
- versa.. Referrin'g to Figure 1, _liquid' sprays 29 and 31 in
chambers é'_ and 11 are used to transfer heat to the heat
'pump from a low temperature heat source.- Ccoi liquid is
injected into chambers 9 and 11 durlng expansion of the
work:.ng gas in the chambers which is driven by the llun.d

pistons. During expans:l.on, heat from the spray is
transferred to the working qas and the expans:.on process
‘may be approxlmately isothermal. After heat has been

. extracted from the droplets in the 'liquid ‘'spray, the now
cooler droplets recombine with the 1liquid in the 1liquid
piston whose temperature w:.ll decrease as a result. Cool
liquid from the liquid piston is passed to a’ suitable heat
exchanger (not shown) in which heat is transferred to the

. liquid from a. heat source. The heat source for the cold

'-l:.quld could be atmospherzc air, the ground, a river,
stream or other body of water. Another possibility is. to
use extracted stale air f_roni a ventilation system as the
heat source. Alternatively warm waste water from baths
etc. may be used. This is the converse of the operation of
the heat exchanger in the heat engine in which the heat
exchanger transfers heat from the liquid to a low
temperature heat sink. '

‘Liquid sprays 33 and 35 in chambers 17 and 19 spray
" hot 1liquid into the chambers during compression of the
worklng gas which is drlven by the lz.quid piston. . The hot
'llq'LIId spray serves as a heat sink to the workz.nq gas.
~absorbing the heat produced by the work of compress:.on.
'After compression, the now hotter liquid droplets in the
spray. recombine with the liquid pisto'n whose temperature is
thereby increased.  Hot iiq‘u_:‘.d from the liquid piston is
Passed to a suitable heat exchanqer. (not shewn__) in whilch'
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neat from the liquid 1is transferred to the point of use.
This is the converse of the operation of the heat exchanger
in the heat engine in which tne heat exchanger transfers
heat from a hot source to the ligquid. The heat may, f£fcr
example be supplied to a hot water systenm similar to thecse
used in many households. Alternatively the heat may be
supp‘l-ied to a ducted air systemnm. '

A cycle of the heat pump in relation to one of the
cold chambers 9 and the associated hot chamber 19 proceeds
as follows, beginning with the liquid piston in the hot

chamber 19 at the top of its stroke and reversing direction.

As the liquid p:Lstcn reaches the top of its stroke in
the hot chamber 19, the liquid piston in the cold. chamber 9
is reaching the mid-point of its stroke and moving out of
the cold chamber 9. On continued movement of the liqui'd

' piston out of chamber 9, the cool gas expands and at the

same time, cool liquid is injected into the cold chamber.
via the spray 29. The working gas in chamber 9 absorbs
heat from the 1liquid spray and the gas expands
approximately isothermally. When the liquid piston in cold
chamber 9 ‘reaches the bottom of its 'st:oke and reverses
direction, the 1iquid piston in hot chamber 19 reaches the
mid-point of its stroke and is moving out of the chamber.
As the liquid piston in chamber 9 moves into the chamber,
cool working gas is forced out of the chamber, passes
through the regenerator in which it _is preheated with heat
from the working gas' which left the hot chamber at the end
of the previocus cycle, and enters the hot chamber 19. When
the ligquid piston in chamber 19 reaches the bottom of its
stroke and reverses direction, hot liquid is sprayed into

chamber 19 via spray nozzle 35. At this point the liquid

piston 'in chamber 9 reaches the mid-point of its stroke and
most of the working gas is in the hot chamber 19. The
liquid p:.stcn in chamber 19 moves upwards into the chamber
and compresses the working gas. The heat of compression is
transferred to the liquid droplets in the hot spray and the
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"cc'nnreSsion process "‘:ay be approximately isothermal. AS

zhe liquid piston in chamber 19 reaches the mid-point cf
its stroke, the l;qu:.d pJ.ston in the cold chamber 9. reaches
the top of its stroke and reverses direction. On continued

' movement of the liquid piston Into chamber 19 the working
gas is forced out ‘of the chamber and through the

regeneratcr 25 to wh:.ch it glves up its heat. The cool gas
leav:.nq the regenerator returns to the cold chamber where

‘the cycle begzns again.

When the piston in the cold chamber 9 is moving i‘hto_
the chamber and forcing' gas out, the gas pressdre
increases, tendinq to ihcre_ase the gas t_emperat‘ure.' Liquid
may’ be spray'ed into the cold chamber as the gas is being

' compressed to prevent the gas from heating too much and

pre'ferably' to maintain 'the gas temperature constant. If a

liguid piston is used, liquid for the spray may’_'

advantagecusly be drawn. d:.rectly from the llquld piston.
Similarly, when the plstcn in the hot chamber is moving out
of the chamber and draw:Lng. gas in, the gas pressure drops,
tending to lower the gas"temperature. To pre‘vent this,
liquid may be sprayed into the hot Chamber as the gas
expands, 'so as to maintain the gas temperature constant

If a l:.qu:.d piston is used, lJ.quld for the spray may
advantageously be drawn directly from the liquid p:.stcn. '

As for the heat engine, two saddle locps may be used

-and these Wwill be 90° out cf phase with each other.

Preferably, the working gas :.s a gas whzch does not pass
through a phase trans:.ticn (i. e. condense or evaporate).'
within the range of operat:.ng temperatures and pressures
used in the heat pump The working gas may, for ex_ample,

.be helium or hydrogen as’ f_'cr'_'_the ~heat engine. The heat
transfer 1liquid may be water, and depending on the

temperature of the cold source, anti-freeze may have to be
added. If air is used as the heat source, then the heat

.seur‘ce heat exchanger m_ay-'have_ to be regularly d'e-frcsted. '
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The heat pump may be used for exampie for domestic ‘cr

cgmmerclal ap.pl:.cat:.ons for a;r-conditioning,
‘refrigeration, space heating or for l_ieat:ing water. The
efficiency of a heat pump is usually expressed as the
' co-efficient of perf'qrmance,_. or COP, Wwhich is <the
conversion ratio of electricity to heat. The COP also
: depends on the temperatures of the heat source and the
fequired heat supply. For heating of water for ' space

heating and other domestic purposes, a conventional heat
pump might be able to achieve a COP of about 3. The heat
pump cycle described above, is expected to achieve COP's of
about 3.5 in a domestic application when the heat source is
just above freezing temperatures. The achievable COP
should be about 4 with the heat source temperatures:
increased by the use of solar. panels or by heat recovery
from domestic waste water. Alternatively a heat pump as
described above could extract heat from the atmosphere at
- near freezing 'po:i.nt'_to provide ducted warm air for space.
heating at a COP of about 4. The COP could be improved
above 4 if some heat was 'teeovered from waste water, from
stale ventilation air or from solar warming.

Returning to the heat engine, another embodiment
relies on the combustion of fuel to add heat to the working
gas. A combustible fuel is injected into the expansion

' chamber, mnixes with the hot compressed gas and ignites.
The fuel is preferably a clean fuel such as ges or light
distillate oil. An embodiment of this version of the heat
engine is shown schematically in Figure 2. Many of the
features in the embodiment shown in Figure 2 are similar to
those of the embodiment shown in Figure 1 and like features
are represented by like numerals. '

Referring to Figure 2, the heat engine comprises a
pair of U=-shaped conduits 1 and 3 each. partially filled
with liquid@ each of which serves as a liqizid piston.
Compressicn chambers 9 and il are formed in the arms 13 and

15 of one of the conduits 1 a=d combustion chambers 17 and
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.‘.9 are formed in the arms 21 and 23 o,f.tne other conduis
.:-.. one of the conpreSsion chambers 11 is arranged to
communicate with one of the combust:.on cnam.bers 17 through
a heat exchanger which is preferably_al_ regenerator 27 and
~ <he other compress’i_on'crxamb'er' 9 is 'arra_nged to. coxnmunicate
with the other combustion chamber 19 through another. heat
exchanger '25 which 'may also be a regenerator. " The
compresszon chambers 9 and 11 are provided with gas inlet
valves, to admit air or other OdelSlng gas into the
'cnambers and these may, for example be non-return valves.
Each compressi_on chamber 9 and 11 has a liquid spray
‘_injector _29_.a—nd 31, the liquid used in the spray being
drawn from the liquid piston, ‘as before. Another valve 61,
63 is positioned_between_the compression chamber 9, 11 and
the regenerator 25, 27 to prevent exhaust gases' from the
combustion chamber 19, 17 via thé regenerator 25, 27
returning to the compression ' chamber 9, 11. An exhaust
port 65, 67  operated by ‘an exhaust valve 69, 71, is
provided between valve 61, 63 and the regenerator 25, 27 to
enable exhaust gases to be expelled after passing through
a_nd giving up their heat to the regenerator 25, 27. A fuel
inlet port 73, 75 is prévided in each combustion chamber
17, 19 to enable fuel to be introduced inte the chamber.
- Each exhaust valve 69, 71 is operated by a suitable timing
- mechanism (not shown). o '

The engine cytle' in relation to one of the
compression chambers and the associated combustion chamber
is as follows. When the level of liquid in the compression
.chamber 9 falls to the point at which the 1nternal pressure
. becomes less than the pressure on the other side of the
'non-return valve 57, the ‘inlet valve 57 opens and oxidising
gas is drawn in. If the gas source is atmospherzc az.r,
.then the inlet valve will open when the pressure :Ln the
compression chamber is 1less than atmospheric. As the
Piston in the compression chamber reaches and falls beyond
the mid-point of its stroke, the piston in the combustion
chamber 19 reaches the bottom of J.ts stroke and reverses
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direction. The exneust valve 63 is cpened and as he
combustion piston moves into the combustion chamber, the
exhaust gases are Zforced through the re_genera_tor' givi'ng.-_. up
their heat in <the process. The non-return valve 61
prevents the exhaust gases from entering the compression .

chamber 9.

When | the combustion piston reaches and gb.e_s beyond . |
the mid-point of its str_cike J.n the combustion chamber, the
compression 'piston' reaches the bottom of its stroke and
reverses direction. When the compression piston reaches
its lower limit and starts to rhove upwards, the inlet valve
closes so that the oxidising' gas that was drawn in becomes
compressed. The liquid spray maintains the gas close to
ambient tempe'ratuz"e,_ thus providing an approximately
. isothermal compression. ' ‘During = compression - when - the
compression piston is between its lower limit and the
mid-point of its stroke, the expansion piston continues to
move intoc the expansion chamber 19 forcing the hot
combustion gases through the exhaust port 65 via the
regenerator 25. When the 'pres'sure in the compression
chamber exceeds that of . the combustion chamber, the
‘non-return valve 61 connect:.ng the chambers opens and cool
compressed gas passes through ‘the _reg_enerator, extracting
heat so that it enters the combustion chamber at high
temperature. The combustion piston reverses. direction and
moves out of the comb{xstion chamber while the compression
piston approaches the top of its stroke in the compression
chamber. 'Shoz‘tiy before the liquid pisten reaches the top
of its 'stroke in the compression chamber, and shortly
‘before the combustion piston in the combustioin chamber
reaches the mid-point of its stroke, fuel is injected into
' the combustion chamber 19 and ignites either spontaneously'
or with the help of a pilot flame or spark (not shown) At
some point during the cont:.nued downward movement of the
combust:.on piston out of the combust:.on chamber, the fuel
is turned off. The rate of injection of fuel may be
regulated to provide appr_oxixﬁetely'- isothermal expansion.
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The ccmpressicn piston will have reversec_i direction drawing
2 fresh subplv Sf qa’s “ i'nto the amber and a_s' the
~cmbustxcn piston approaches the botten of J.ts s"roke <he
exhaust vaLve 65 opens and the cycle is repeated.

To avoid ..he need for a fly wheel two saddle loops
may be prcvxded which are arranged to operate 90° out of
phase frcm each cther.. A mechanical drive system would be
used as for the closed-cycle engine.' The liquid forming
the liquid piston in the conduits containing the combustion
chambers and the ccmpress:l.cn chambers may be 011 water or
poss:.bly another fluid. The liquids in the two conduits
are not necessarily the same. Floats 22, 24 comprising a
solid mater:.al which  float on’ the surface of the liquid
p:.stcn in each ccmbustzon chamber may be prcv:.ded to limit
the contact of the combustion gases with the liguid. Some
means of cooling the ccmbustlon chamber walls may also be

prov:.ded .

'Botn the cldsed’-cyc'le engine ‘and . the open-cycle
engine described above prcdixce_ a work ov.itput involving
large reciprocating forces at low frequency, for example
abou-t 1 Hz. If the_" engines are' to be used in elec'crical
power generat:l.cn, ~a means"’ w::uld generally have to be
brov:Lded to convert the slcw speed form of mechan1cal .
energy into a su:Ltable form to drive an electric
generator. For modest unit sizes with a generatihg
capacity up to about 1- Mw, a slow speed crank shaft could
be used, ccnnected to a generatcr by appropr:.ate geanng.
Alternatz.vely, a hypc-cyclic gear mechanism or worm drive
"gearing may be used. In the case of hypc-cyclzc ge_ars, the
drive shaft o©of the engine 'is connected to a planet wheel
-hav:.ng gear ‘teeth arcund :.ts external circumference. The
planet wheel rolls around the inside of a fixed wheel
having gear teeth on its internal c:.rcumference. The
planet wheel is mounted on an arm which rotates as the
plan_et wheel rolls around the inside of the fixed wheel.
The rctating arm drives a generator via a speed-up
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gearing. T™his achieves the same kind of motion as

crankshaft, but with the advantage that "‘;arge side thr_uéts
otherm.se producea by a crankshar are avoided. It s
also possible to make ‘;he hy_po-c*_'clic gear more compact
shan a conventional crankshaft. Alternatively, the engine
could be adapted to pump a hydraulic fluid through =
turbine connected to a generator. This technique would Ete
suitable for both large and small unit sizes.

In another embodiment the 1liquid pistons may be |
replaeed by solid pistons. Although it is possible to use
solid pistons in the closed-cycle engine :Ln which the

"working gas is passed back and forth between the expansion
and compression chambers,' it may be difficult to achieve
adequate sealing of the enclosed ‘high pressure gas, whic;'i
'is likely to be helium or hydrogen. Sealing is less
critical for the open cycle engine in which a freeh supply
of air or other oxidising gas 'is used at every cycle and
consequently the use of solid pistons might be more

R appfepriate for this case. Figure 3 shows one embodiment
of this form of heat engine.

Referring to Figure 3, an 'embodiz'nen't of the engine is
generally indicated at 100, and comprises four cylinders
113, 115, 121 and 123. A piston is prov:.ded for each
cylinder and each piston is connected to a crankshaft 169
by a connecting red 171. In this embodiment, the engine is
oriented such that the crankshaft is above the cylinders.
Compression chambers 109 efnd_ 111 are formed in two of the
cylinders 113 and 115 and expansion ‘chambers 117 and 119
are formed in the other cylinders 121 and 123.  Each
compression chamber has a gas inlet port 156, '158_
controlled by gas inlet valves 157, 159 and a compressed
gas outlet port 173, 175. A gas feed line 177, 179
connects a compression chamber 109, 111 with a respective
expansion chamber 119, 117 via a compressed gas inlet port
181, 183, each controlled by a gas inlet valve 185, 187 in
the expansion chamber 119, 117. Each expansion chamber |
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117, 119 has an exhgust g‘as outlet port .57, 165 controlled
by an exhaust valive 193, 191. © All the gas inlet and outlet
ports are situated near the botton of the expans:.o_n an_o

.compress:.on chambers. -

A sprav ‘nozzle 12'9., 131  is orov:.ded .in eacn
"compressn.on chamber 109, 111 for njecting a liquid spray
into each chamber 109, 111 durihg compression. A separator
137, 139 is mounted within each compres's'ion: chamber 109,
'_'111 to remo'{re' liquid from the compressed gas before the gas
leaves the 'compression' chamber. Thus the separator 137,
139 is situated above the compressed gas outlet port l73
175. vVarious kinds of separator nay be -used, but it is
"iﬁxportant for the separator to be as compact as possible
without causing Too great a pressure drop in the gas
entering the chamber or the compresseo gas leaving the
chamber. To avoid ‘the separator causing a pressure drop in
the flow of inlet ‘gas, the gas inlet port may be sxtua_t_ed
‘on the piston side of the separator. To achieve small
- pressure loss, the separator may comprise a number of small
'swirl vanes mounted in short pipe sections with the pipe
'sections mounted in parallel. The induced swirl of gas
causes entrained droplets to be thrown outwards end
collected at the pipe walls. Swirl vane separators are
' often used for example in the steam generators and steam to
' steam reheaters of pressur_iSed water reactors.

_ Each separator 137, 139 is connected to an external
cooler 197, 199 by a duct 201, 203. The flow of liquid
from the separator to the 'c'ool'er is controlled by valves
205 and 207, which may be. non-return .valves. ‘Cooled liquid
from the cooler is returned to a compression chamber via a
duct 209, 211 and a valve 129, 131 which may be of ‘the
non-return type. The flow of liquid around this circuit
may be driven by the cyclxc pressure var:.at:.on in the
compression chamber, which forces the . liquid through the.
'non-rei:u'rn valves in the requ:.red dJ.rectJ.on. . It is
'_ necessary to ma:.m:ain a gas space above the l:Lqu:Ld level '-
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within the ccoler o allow this grocess to occur. This

could be done by the use of a level controller, such as a

‘pall valve, sounted in the cooler. A separate supply cf

liquid may be connected to the cooler to replace any liquid
which is lost in the gas flow to the ccabustion chamber.

The replacement of llquld may also be controlled by the

level céontroller, if this is used.

The separatcer and coollng circuit described above

'prov1des for <he separatlon, re-circulaticsn and pumping of

cooled ligquid as a fine spray into the compress1on chamber
without the use of external pumps. A siailar arrangement
may also be implemented in heat engines having liquid

_pistons. For some applications it may be appropriate not

to use a non-retu n valve upstream of the spray injector,
but to control the Lnjectlon using for example, a cam which

..would allow better control of the tlmlng of the spray.

Preferably, ‘the tining is optimised to take account of the
pressure difference between the cooler and the compression
chamber and the finite -transit ‘time of the droplets within
the chamber. Alternatively, internal or external pumps may
be used to drive the flow of l;quld through the spray
lnjectors.. In tnzs ~ case the pumps are preferably

- mechanically coupled to the piston shafts . so that a

separate power source is not needed. Spray pumps are more

'llkely to be approprlate ‘for use with engines or heat pumps

in which there is a liquid piston, because of the slower

_ operating speed. 1In these cases, the transit time of the

droplets may be rather short in comparison with the time to
complete one cycle of the engine. a |

Each expansion chamber 119, 117 has a regenerative
heat exchanger 125, 127 mounted so that gas passes through
the'heat exchanger before enterlng or leaving the expansion
chamber via the inlet and outlet ports respectively. Each
expansion chamber has a fuel injection valve 174, 176

controlled by a suitable timing mechanism and a spark plug .

178 to ignite the fuel/gas mixture_which may be used for

.starting the.enginelor for both sta:ting and continuously
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' ‘during running.

The 'rege'n_er ti&}e_ heat exchanger .-ay cons:.st ecf a
_arge number of' '“arallel channels of s=all. dlameter ano
‘'short length cast for example in. a hcreycomb structure :
The heat exchanger is mounted 1ns:.de the zombustion Chamber
‘'in order to s:.mp..l..y the design and mir:mise the unswept
.'gas volumes, but a separate regenerator ::.ght be preferred
for some appllcatlcns.

‘The chambers are _arranged in pairs, each - pair
comprising one cecmpression chamber feeding cool c‘ompressed
gas't'ol' one expansion chamber. The opera\.lng cycle of the
palrs o'f chambers are separated by 180° In th:.s
embod:.ment, this is accompllshed by an aoproprlate des:.gn
of crankshaft 169. In each pair the expanslon process in
the expans:.on chamber leads the compression process in the.
compression chamber by a predetermined phase angle which in
this particular embodiment is 90° Again, the phase angle
is fixed by appropriate design of the crankshaft 169. 1In
this way, compression takes place when most of the gas is
in the compression chamber, and expansion takes place when'

' most of the gas is in the expansion chamber. Also, the
expans:.on process occurring in the expans:.on chamber of one
pair of chambers d:.rectly drives the compression process
occurring in the compresszon chamber of the other pair.

. The _operating c_y-cle of one pair of chambers _proce'eds,

‘as follows, beginning with gas induction " into the
compression chamber. As the _compres_sion piston reaches the
bottom o_f its "stroke "in the compression 'chamber, (i.e.
farthest poin't from the crankshaft 169) the gas inlet port
157 opens and gas is drawn :Lnto the compress:.on chamber as
‘the piston moves out of the compress:.on chamber 109. At
| _the same tzme,_ the compressed gas inlet port. 181 _ln_ the
' expansion chamber i‘s_closed and fuel is injected into the
~ expansion chamber 119 ‘as the expansion piston | reaches
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mid-stroke moving out - of the ekpansicn chamber. The
nixture of fuel an’d'gas. in the expansion chamber ignites
and the combustion gases expand driving the expansion
piston to the top of its stroke, (i.e. nearest point

relative to crankshaft 169).

The expansion pislt_:on_ reverses direction and the
exhaust valve 193 opens and the exhaust gases pass through
the regenerator 125 and are expelled through the exhaust
port 189. .Gas continues to be drawn intoc the compressicn
chamber until the compression piston reaches the top of its
stroke when the gas inlet valve 157 closes.. The
compréssion piston reverses direction and moves into the
compression chamber at which peint cool liquid is sprayed
into the chamber E:o'olirig the gas during compression.

As the compression pist_én reaches mid stroke, the
expansion piston re'a'ches the bottom of its stroke .in the -
expansion chamber and reverses direction. At this point
the exhaust valve 191 closes and the compressed gas inlet
valve 185 opens, allowing cool compressed gas from the
compression chamber to flow into the expansion chamber.
The cbmpréssgd gas passes through the regenerator 125 in
which it is pre-heated with heat from the exhaust gases.

As the compréssidn piston in the compressidn chamber
're'achés thé bottom of ifs Strbke, the compressed qas inlet
valve 181 in the expansion chamber 119 closes and fuel is
injected into ,the e_xpa_ns:l.qn _chamber, mixes with the
pre-heated 'compressed gas and ignites. The c::mbu_stion gas
expands forcing the expansion piston to the top of its
stroke and the cycle is repeated. Liquid remgVéd from the
compressed gas before l,eéVing the compressian' chamber is
forced out cof the c'ompre_ssio_n' chamber through valve 205._'
The 1liquid is cooled in the cooler 197 before being
_returned and injected into the compression chamber.

The other pair of chambers pr'.'ogress' through a si'milarh'
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cycle but as mentioned ‘above the operating cycles of each
pair are. separated by 180° such an engine could run
satlsfactorlly if the motlon ‘was sustamed throughout the
cycle w:.th a large £ly wheel - However, _ the englne may
'comprlse two sets of four cylinders connected to a single
crankshaft, with the operation of :ach set of four
cylinders being out  of phase by 90° ”'hls would allow
posxtlve drive at all stages of the cycle, ‘with the result
‘that a fly wheel would not be necessary to achieve

'~ continuous operatlon.

In addition, it_' 'may _also" be possible to des_ign an
ehg’ine comprising one compressj,oh' chamber and one expansion
chamber as long as some means are provided to 'sdstain the
operation of the ené;ine, over the cycle period between the
| expansi-on or combustion strokes. o

- The orientation ‘of an engine with solid pistons may
be as shown in Figure 3, with the crankshaft above the
cylinders. Thls has the advantage that the separation and
removal of liquid droplets from the cylinder is ass:Lsted by
gravxty On the other hand it may not be so easy to
provide lubrloatlcn to the crankshaft and . there may be
other practical d:.sadvam:ages to this arrangement. An
alternative arrangement is to place the crankshaft below .
the cylxnders and to arrange the p:.ston to push the spent_ .
spray liquid out through the valve 1ead:.ng to the expansion
cylinder. Means of separating the liquid could then be
provided in the pipe lead_ihg to the expansi'on'chamb_er. "An
alternative method of separation for the configuration with
the crankshaft below the cylinders is for the piston to .

- push the liquid over an internal weir at the 'top_ of the
cylinder. The 1liquid would . then be drained  away by_
gravity. This would avoid the need for a large connecting
pipe ahd'external separator. ' ' |

The attraction of using solid pistons instead of
liquid pistons is that it should be possible to run the
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engine at higher speeds. *‘h.’.s implies a nigher output fer
a given unit size, such ..nat this engine could be suitable
for ﬂoblle'appllcatlons, _for example in boats and road

'vehicles, in addition to static power generation. The

sealing of the pistons will in general not be as good as
that if liquid pistons were used, but the sealing in an
open-cycle engit_\e 'is not as important as it is in a

closed=-cycle engine. It is also possible to devise ‘an

engine comprising- both lJ.un.d and sol:.d p:.stcms, for

'example w:.th liquid pistons in the compressxon chambers and

solid pistons in the combustion chambers.

Figure 4 shows’ ahother_ embodiment of a heat engine
which is similar to that shown in _Figure 3 but which  has

-been modified in a number cf ways for improved performance

including better eff;c:.ency and a much hz.gher ocutput in
terms of work rate.

' The heat engine shown in Figure 4 con;prise's_ a pair of
compression cylinders 113, 115 each having associated spray
liquid cooling and re-circulating apparatus, and a pair of

expansion or combustion cylinders 121, 123 and the
-d-es_criptien of these components described above in relation

te the embodiment shown - in Figure 3 applies to

_correspondlng components shown in Figure 4 and like

components are deszgnated by like reference numerals. The
modifications to the heat engine which contribute to the
J.mproved performance of the embod:.ment shown J.n Figure 4,
will now be described. _

The moisture separetors 137 and 139 have been removed
from the interior of the compression chambers 109 and 111

‘and instead placed externally of the compression chambers

and are connected in the compressed air feed lines 177, 179
between the compr_essed gas outlet port 173, 175 of the
compression chambers and the hot compressed gas inlet ports
165, 167 of the expansion chambers 119 and 117. Placing
the moisture separators outside the compressi_on chambers
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removes the dead wvolume ¥ithin the chambers wnich would

otherwise be present throughout compression and contritute
<o a lower ccmpressioh ratio. Compressed g’a’s' outlet valves
204 - and 206 have been added ‘to seal the compression
chambers 109 and il ir rom the volume enclosed by the
external pipewor__k leading from '\.hle compressed gas outlet
po'rts 173, 175 of the compression chambers to 'the inlet

ports of the expansion chambers, and to control the ‘final

pressure of the compressed gas in each compression chamber
- before the gas is passed to a respective _expan_sicn chamber

and also to control the timing of the flow of compressed

‘. gas to- the expansion chambers. Both the addition of <he

outlet valves 204 and 206 and the removal of the moisture
separators from the inside of - the compression chambers
enable_s much higher ccmpre'ssi'o'n ratios to be achieved. |

The regenerat:.ve heat exchangers 125 and 127 wn:.ch

.' ‘are housed within ‘the expanszcn chambers in the embcdz.ment
- 'shown in Figure 3, have been replaced by recuperat:.ve heat

exchangers 244 and 246 mcunted externally of the expans:.on
chambers in the embcd:.m_ent_ shown in Flgure_ 4. Aga:.n, this
greatly reduces the dead volume within the expansion

-chambers so that the energy of expansion of the hot

compressed gas admitted into the expansion chambers is not
wasted by firstly expanding into the dead volume of exhaust
gas, from the previcus cycle, trapped within the
regenerative heat exchangers, and thereby reducing the.

'temperature of the gas. 'I'hus, much hlgher temperatures can
_ be ach:.eved in the expans:.cn chanmber.

The recuperat:.ve heat exchangers 244 and 246 are each
ccnnected in a respective compressed gas feedline 177, 179
between a respect:.ve moisture separator 137, 139 and the

‘hot ccmpressed gas inlet pcrt 181, 183 of a respective

expans:.cn chamber and are arranged to pre-heat the cool

compressed gas frcm the ccmpress:.on chambers with exhaust .
- gas leaving the expans:.cn chambers thrcugh the exhaust

ports 165, 167. The anreas_ed comp.ress:.lon ratio obtainable
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. srom the engine snown in Figure + means that the ratio c?

the absolute temperatures befcre and after expansion is

' increased also._ The tenoerature after the expansion s

-

likely to be similar for both the engines shown in Figure 3
and Figure 4 since this is determined by the materials cf
the heat exchanger. Hence t‘1e peak temoerature of the

'-eng'irie shown in Eigure 4 will be higher and the average'
temperature of heat additlon aurlng the expansion will be
_'hlgher also The above mentloned lmprovements enable both

higher pressure differences and hlgh temperatures to be

-achieved within the cycle, with heat belng rejected at the

lowest teuperature within the cycle and heat being added at
the highest temperature, which 1leads to an increase in

power output.

Further modifications have beeh made the embodiment.
shown in Figure 4 to recover waste or excess heat in

 various parts of the cycle and to convert this heat into
useful power, to increase the efficiency of the engine. 1In

particular, each of the_combustion cylinders 123, 121 is
surrounded by a cooling jacket 212, 214 for reooverinq heat
conducted through the combustion_ohamber walls. A'bypass
line 208, 210 is conneoted'into'the'compressed gas feedline
177, 179 between the moisture separator 137, 139 and the
recuperative heat exchanger 244, 246 to supply cool
compressed air from the compression chamber 109, 111 to tﬁe

cooling jacket 212, 214. The bypass line 208, 210 is

connected near the bottom on the cooling jacket 212, 214

'where the temperature of the con’xbustioh'_' chamber walls is

least. A pair of expansion cylihders 220, 222 are proﬁided
with associated pistons 224, 226 which are also connected

to ‘the crank shaft 169 via connecting rods 171. Each

expansion chamber has a gas inlet port 216, 218 controlled
by an inlet valve 232, 234 and a gas outlet port 236, 238
controlled by an outlet valve 240, 242. The inlet port
21s, 218 is connected to a point near the top of the
cooling Jjacket 212, 214, the uppermost part ~of which

"surrounds the exhaust port and extends to the hot side of
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‘zhe recuperative heat excianger = 244, 246, where <ne
zemperatures are expected to be greatest.

Thus, heat iost- to _:ﬁe wvalls at the top of <he
combustion chamber is recovered and converted into useful
work.by directing part of the cool compressed gas from the.
compression chaﬁbers__to the combustion - chamber ~walls.
Compressed air is-muchimore affec:ive as a cooling medium
than air a;.atmoSpheric pressﬁre; - The cool compressed air
anters the cooling jacket near the bottom in order to first
cool the combustion chamber walls since the combustion
chamber walls have to be kept below a'temperacure which is'
determined by the lubricating oil. The Compressed gas_is
pushed upwards in the'cooiing,jacket towards the top of the
combustion chamber, absorbing heat and gradually rising in

_ temperature. Having gained ~some heat in this cooling
'process, the compressed air is then used to cool the hotter
-arts of the system, such as the cyllnder_head .and valves.
Finally, the hot compressed air is intermittently extracted
from the cooling system by opening the inlet valve into the
expansion chamber in which ‘it expands, driving the
_associated piston out of the chamber, thereby generating
‘additional mechanical'ﬁork. | :

Because, in practice, the heat capacity of the
‘-exhaust gas leav;ng the comnustzon chambers will generally
be 1arger than the compressed gas from the compression
chambers, there will be more heat available zn the exhaust
gas tnan is required to pre-neat the cool compressed gas in
=ne recuperatlve heat exchanqers. This excess ‘heat may'

'-a-so be recovered by compress;ng more gas than ls required
for combustlon, directing tnis gas through the recuperatlve
heat excnangers in whlch it is pre-heated with the excess

_heat available in the . exhaust gas and then directing this

e-heated compressed gas toc one or more of the expansion
chambers. |

- The advantage of this nddification is a reduction in
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the final temperature oI the exhuast gases, and an increase
in the fuel efficiency of the engine.
_ < | \

One c¢r more expansion chambers to recover waste cr
excess heat from various parts cf the engine may also be
used in any of the other embodiments deser_ibed herein. '

The embodiment of the heat engine shown in Figure 4
is essentially symmetrical about the vertical centre line A
with the right hand half of the engine be:.ng a mirror image
of the left hand half. In this particular embodiment, the .
‘three pistons to the left of the centre line A are 180°
out of phase from the three 'pi'sto_ns to the right of <he
centre line, since this z.s - expected to give the most
uniform torque on the crank shaft 169‘.'. Also, <the
combustion chamber pistons in each half of the engine are
arranged, via the crank shaft, to lead the cerresp"onding
compression chamber pistons by about 90°  This will
provide a high torgue to the crank shaft .at the time when
it is needed to achieve a high pressure in the compression
chamber. This arrangemeht also has the possible adventege
that compressed air is drawn into the combustion chamber
from the feed line and heat exchanger before this gas is
'replen;shed by the opening of the outlet valve from the
compression chamber.

A complete operating cycle of the heat engine shown
in Figure 4 will now be described with reference to__' the
three eylinder’e to the left of the centre line only, as the
.operation of the right hand side of the 'engine is
 essentially the’ same but is 180° out of phase. In this
. example, air is used as the ox:.d:.sxng gas for combust:.on,. |
although this need not necessar:.ly be the case.

. When the piston 112 in the 'compressioh ‘chamber 109
reaches the top of its stroke and begins to reverse
: dire'ction, the compressed gas outlet valve 204 closes and
the inlet velveJ.S'I/c:’;:EEMospheric air is drawn into
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the compressicn .c-xanb"er :hro’uch ':h'e- alr inlet porT 1356. AT
the same t: e as the compress:.on piston 1.2 reaches th tcp
of its stroke, _t_:he piston 122 ‘in the combustion chamber and
the piston 224 in the'_expans;on chamber are at the m’idpoi‘n:

. of - their stro_kes and moving downward. Th_e combustion
chamber, at this point, contains pressurized hot combustion
'gases wh:.c"x are expandlng and driving the p:.ston out of the
chamber. Likewise, the expans:.on chamber 228 contains hot:
pressur:.zed air wh:.ch is also expandlng and dr1v1ng the
_expans:.on piston 224 out of the chamber. The outlet ‘valves
in both the combust:Lon chamber and expan51on chamber are
-closed and the inlet valves may also be closed. '

As the combression piston 112' reaches the mid point
of its stroke, the: combust:.on and expansion pistons reach
_the bottom of the:.r strokes and reverse direction. At _thJ.s
point, the exhaust outlet valve 191 in the combustion
chamber and the gas outlet valve 240 in the expansion

| chamber both open. As the _pistons move into their
- respective ' chambers',' exhaust' gas is 'expelled from the
combustlon chamber through the outlet port 165 and passes
-through the heat exchanger 244 and out intoc the
atmosphere. Likewise, the.expanded gas is pushed out of'_
the expansion chamber through the gas outlet port_ 2'36.

Reductlon of nltrogen oxides in. the exhaust gases can '
‘be achieved, if desired, by injecting amonia upstream of or
~directly into the heat exchanger, and/or by J.ncorporatzng a
'catalyt:.c surface w:LthJ.n the heat exchanger 1tself.

When the combust:.on and expansion chamber p:.stonS-
."212, 224 reach the mldpomt of their upward stroke, the
compression piston 112 reaches the bottom of its stroke and
reverses d;.rec ion. At this po:.nt, the aJ.r inlet valve 157
closes and a spray of cool liquid is injec:e_d' into t_he
‘compression chamber 109 through the spray injection valve
129 so that the air in the compression chamber is
compressed approxinately-isothermally._ -
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, ~ When the ccmbustion_end exbansion pistons reach the
‘top of their stroke, their respective cutlet valves 191,
'240 both close and their respe_ct:.ve a_J.r_ -nlet valves 18%,
232 open, admitting 'pre—heated compressed air into the
chambers via a respective air inlet port 181, 216. At a
predetermined point, the inlet valve supplying pre-heated
compressed air into the ;ombustidn chamber is closed and
fuel is  injected into the chamber via the fuel injectien,
valve 174. An ignition source 178, such as a spark plug,
may be used to ignite the fuel, or the ignition may be
spontaneous as the fuel mixes with the - pre-heated
cemp'res_sed air.. The piston' 212 is driven out of the
combustion chamber 119 by the pressure of the " hot
combustion gases, whi_ch 'cdoll to some degree as a result of
doing work against the piston. | '

‘The gas inlet valve 232 in the expansion chamber 228
is also closed at some predetermined point and the air
expands adiabatically, driving the piston 224 downward and
out of the chamber. |

'As the piston 112 in the compression chamber 109
'a'_pproacnes the top of its stroke, the compressed gas outlet
valve 204 opens and the mixture of air and spray liquid is
expelled from the chamber 1nto the mo:Lsture separator 137,
in which. the air and l:.qu:.d are separated. - The moisture

' separator 137 is sized not,only to achieve separation of
the air/liquid mixture, bui:' also to act as a reservoir fer
the liquid and a pressure accumulator for the compressed
air.

Ligquid flows from the moisture separator 137 to the
-cooler 197 where the heat absorbed .during the process of
compression is llberated to the atmosphere or to some other
heat sink. The llqu:l.d from the cooler 197 then flows back
ro the liquid spray injection valve 129 which controls the
J.njectlon an ebmpre,ssion. Since the -
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injection of the spray will normally occur while the
pressure in the compressi_.on" champber is below its max'lnuh,.
it should be' possible to achieve sufficient -njec.lon

ng this time. By the time the pressure has rzsen,to
the injection pressure and cut off the -njectlon £low,
sufficient liquid droplets will already be present in the
compression chamber. Hence the . compression ohamber piston
112 can effectively prov1de the means to pump the l-quld'
around the coollng circuit and through the spray lnjectlon

nozzles.

il Cool compressed air flows from the molsture separator
137 to the recuperatlve heat exchanger 224 in which it is
pre-heated by the exhaust gases from the comhustion_chamber_
119. o . ' -

When <the piston 112 in the compression chamber 109

has reached ‘the top of its stroke, the compressed gas

-outlet valve 204_closes, the alr inlet valve 157 opens and
the cycle is repeated; '

Phaszng of the plstons ln the various chambers is not
too critical, particularly 'if  the engine has a large
fly-wheel to maintain its: motion. However, it will
generally be desirable to even out . the torque on the crank
shaft to minimise the operating stresses, to maintain an
even motion and to hinimise vibration. The phasing of the
pistons will also affect the "breathing" i.e;,'the.floﬁ of
air from the compression chamber to the combustion chamber
and the pressure'variations in the moisture separator and
the heat exchanger. Although the phase angle between the
combustion chamber pistons and the compression chamber
pistons is ‘about 90° in the embodiment shown in Figure 4,
the phase angle may be different in other embodiments, but
the-_choice of phase angle 'is a ‘matter for careful
optimisation in the 1light of practical experience and
measurements. ' ' | o
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Although the embodiments shown :in Figure 4 has Two
moisture separators and two ‘n'eat exchangers, the heat
enq-ine may be arranged with fewer separators .and/or heat
exchangers so that a single separator and/or heat exchanger
is shared between two or more cylihders. This may have the
advantage of rediicing the size of these components, improve
=he uniformity of air flow and possibly reduce the costs.

_ A further embodiment of any o'f_ the open cycle engines
described above, incorporates a turbo-charger in the cycle,
such as is often used for petrol and diesel enqlnes. The
_turbo-charger may consist of a rotary compressor and a
rotary expander on the same shaft. The compressor boosts
the pressure of the atmospheric air before it is admitted
into the :.sother:_nal compression chamber. The compressor is
preferably driven by the = expander, which is arranged
‘between the exhaust outlet of the combustion chamber and
the exhaust inlet to the heat exchanger. The overall
effect of the turbo-charqe_r is to raise the average
pressure o¢f the -gases in both the compression and
combustion <chambers, so that an engine of given size has
more powér. The use of a turbo-charger will tend to reduce
the efficiency of the engine slightly, because of the lower
efficiencies of the rotary compressor and expander and
.because the turbo-compressor compresses adiabatically
rather than isothermally; However, the incorporationl of a
turbo-charger may well be attractive because the reduced
'efflc:.ency may be more than offset by a large increase in
the power output from the same size of engine. '

Although the embodiment shown in Figure 4 shows the
crank shaft driving a .generator 247, the ~engine could
alternat:.vely be used to drive road or ra:.l wheels or a
ship's propellor. '

In an alternative embodiment, the pistons may be,

coupled together and driven by a rotating mechanical system
other than a crank sha_ft, for ex_ample a hypo-cyclic gear.
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In a furcher embodinent,'?t may be advantageous =o
arrange the engine such that the conpresslon process in the
.conoreSSLOn chanbers take place at a slower speed <harn
conoustlon in th e combustlon chambers. In. other words, the
erigine may be arranged such that there are more combustlo
' cycles per unit time than compression cycles. This may te
achieved by providing approprlate gearlng between the crank
shaft of the conmpression chamber and that of the combustion
chamber. If the'engine also has an air expansion chamber
to recover waste or excess heat in various parts cf the
cycle, it is also possible to arrange the engine such that -
the air expansion cycle is faster than the isothermal
compression cycle. The advantages of such an arrangement
wOuld' be that the compresszon process may always be
'nalntaxned at a noderate rate to allow SUfflClent time for
the transfer of heat between the gas and the 1liquid
droplets 50 tha;_.the compression process may always be
_substantially isothermal,'that the heat_loss per'cycle from
the combustion chamber dis_ reduced to provide higher
efflczency and that the power output from the englne can be

~h1gher. ' ' '

In an alternative embodiment, the present invention
may be adapted to proyide cooling for a conventional
petrol, diesel or gas engine for the purpose of recovering
heat and convertlng this heat into useful work. In its
basic form, such an embodlment lncludes a compression

' chamber and an assoczated plston for compressing gas
isothermally by liquid spray injection during compression,
an expanszon chamber and an associated piston connected
elther to an output dr1ve of the engine or to some other
drive which could benefit from additicnal power and a heat
'exchanger to pre-heat the cool compressed gas 'from the |
lsothermal compression Chamber w1th. heat from the engine
(which would otherw:.se be wasted) and means to feed the

'pre-heated compressed gas ‘into the expanslon chamber. The
heat exchanger may simply COHSlSt of passages formed in the
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scmpustion cham.oer walls of <the engine to allow =zhe
compressed air to circulate before being admitted into zhe
‘expansion  chamber. The isothermal compression and
expansion chambers may be similar to those illustrated in
Tigure 4, =he main difference cf this embodiment from that
snown in Figure 4 being that ali <the isothema'll-_,
compressed air is used for heat recovery, not just a part.

of it.

Any of the engines described above can readily be
adapted for use with combined heat and power systems, if
required. - The "'us'e of a non-condensing gas as the working
gas allows much greater flexz.b:.l:.ty over the choice of
'operat:.ng temperatures than does a condensing vapour
cycle. The systenm is _simply adjusted to rejeet heat at a
higher temperature than woul_d'be _'us'ed for power generation

onlyQ

Another opt;on which could be used to produce the
maximum amount of low temperature heat for drying, space
heating or. heat:mg water, is to arrange a heat engine to
drive a heat pump. The rejected heat from the engine may
provide some of the low temperature heat. In addition, the
mechanical output of the engine could drive a heat pump
which would provide more heat. Calculations have indicated
that it should be possible with an open=-cycle
combustion-driven engine to produce twice as much low
temperature heat as is cqn_sumed in terms of the calorific
value of the fuel. The additional heat may ‘be pumped from
the atmosphere, from the ground or from a large body of
water. '

The heat pump with both hot and cold liquid spray
injection would be very suitable for domestic or commercial
space and water heating. However, there would alsc be
scope for the design of a heat pump operating at a much
higher temperature. An advantage of this particular type

'of heat pump is that 1t is not t:Led so tightly to a
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.' sarticular range = eemperatures as is the case for hee_:
pmmps_ ‘which rely. on the evaporaticn of a liguid and_'.:he
condensation cf the vapour. '
other emnoq-:aents of the heat pump may inelude valves
so as to operate *n open cycle similar ta the systens shown
| in Figures 2, 3 or 4. ‘However in this case, there would be
" no ¢ombustion in the expansion chamber and there may not _be
~any form of reCuperative_pr regenerati‘ve' heat exchanger or
droplet injection in the cool expansion chamber. For .
example, the air in the expansmn chamber could be expanded
adiebatically. The air in the compress:.on chamber would be
..compressed isothermally by use of a piston and a droplet
spray and the 'excess' . heat would be transferred to a
"c'onve'niemt heat sink. Th:Ls form of heat pump m:.ght be used
-.as . an air condltlonzng and vent:.latlon unit with the
expamd_ed air 1eav1ng the  systen slgnlflcantly cooler than
the incoming air. The system would not be very suitable
for the 'pumping of heat into a building from a cold
atmosphere,' because of the problem of J.cz.ng ms:.de the “
expansion chamber.

Further embodiments of the heat pump would be similar
to those described herein but without the liquid plstcns
All the compresalon ‘and expans:.on would be performed using
solid pistons only. For example, it is possible to have
‘liquid seals without_n_e_‘cessarily having liquid pist'o,ns;

It will be appreciated by those skilled in the art
that there are many alternative mechanical arrangements for
converting the linear motion of a piston to rotation of a
drive shaft. Where a liquid piston is used and part of the
mechanical drive compris__es a drive. or transmission shaft
extending through a wall in the conduit, as: ‘shown in
Figures' 1l and 2, a seal must be prov1ded between the wall
and the reclprocatz.ng drive shaft. However, one possible
- disadvantage of <this arrangement is that there '_may.'be.
considerable friction between the seal and drive shaft. an
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alternative arrangement which would zerhaps reduce <zhe

(D

¢riction involves a rack-and-pinion =ounted within <=

(11}

norizontal secticn of the conduit. The pinion would =
rotatabl_.y mounted -with its axis transverse to direction =
motion of the piston, and the rack would be apprdpriatel'_-’
coupled or connected to the 'solid pisten or pistons. Th
"pinion may be ar anged to drive a rotatable shaft whica
extéends through the wall of the conduit via a seal, ==
transmit power <Irom the piston externally. The solid
piston which is coupled to the motion cf the liquid piston
would be arranged to move back and forth in one or other cf
the arms of the conduit and more than one such solid pisten

(1]

may be used within one conduit.

Alternatively, linear motion of the piston may be
converted to rotational motio’n of the drive - shaft by
- mounting some fora of fluid screw such as a propellor or
turbine blade inside the conduit which is rotatably mounted
on a drive shaft extexidi_ng _th_reugh the conduit. 1In this
case the drive shaft is parailel'to the direction of motion
of the piston. Where 'reciprocat'ing drive shafts are used
in two saddle loops, it may be convenient to couple the
drive shatt of one compresslon loop to the er.ve shaft of
the other expansion loop. A hydraul:.c drive system may be
used instead of a mechanical system. Thus, in the above
case, each combined drive shaft of the saddle loop would
drive an external rec’:’iprocatinq' pisten in an external
'hydraulic cylinder . to . pump ~ hydraulic fluid. " The
predetermined phase angle: (for_ example 90° . ) between the
two combined drive shafts could be achieved by timing the
opening of valves in' the hydraulic cylinders SO0 as to
prevent either shaft departing too far from its desxred'
pcs:.tmn at a partzcular stage of the cycle.

In the engines or heat pumps in which liquid pistens
are used, solid floats may be arranged to float on the
surface of the l:.qu:.d p:.stons.
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.. An engine ccoprising a compression ctnamber to ccntain
gas to be compressed and a first pisten to compress saic
sas by movement <Z the piston in the c:smpression chanber

and driving means arranged to drive'sa_.ici first piston into
the compression cramber to compress said zas, an expansion
chamber and a seccnd piston to allow gas To expand therein
by movement of the second piston out of the expansion
éhamber, means to Zeed compressed gas frcx= said compres_sicn
chamber to said expansion chamber, and heating means
-arranged to heat said compressed gas frex said compression
chamber, transmission means cperatiVely coupled to said
second p:.ston to rermit pover from the engine to be drawn
and means to form a spray of liquid in said compress:Lon
chamber to cool the gas on compresszon therein.

2. An engine as claimed in claim 1 further comprising
means to add heat to sa:.d gas in said expans:.on chamber
'durlng expansion t..ereof._

3. An engine as claimed in claim 2 wherein said heating
means comprises heat excha_nger means arranged 1_:6 pre-heat
compressed gaLs fron said compression chamber with heat from |
gas expanded in the expansion chamber.

4. An engine as claimed in claim 3 including return
means for returning expanded gas leaviz_'xg said expansion
chamber to said compression chamber for re-compression.

5. An engine as claimed in clainm 4 including means for
cooling said expanded gas before returning to said

compression chamber.

6. = An engine as claimed in claim 5 wherein said means
for cooling comprises said heat exchanger nmeans. '

7. An engine as claimed in any one of claims 2 to 6
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wherein said mneans =32 add heat comprises =eans to form =&
- spray of hot ligquid .n said expansion champer. '

3. ' An engine as <claimed in claim 7 including supply
means_arranged <o eupply liquids of at least two different
temperatures for use in the liquid spray in said expansion

chamber.

9. - An engine as claimed'in claim's including means to

| form a .spray of liquid ln sald. expansxon chamber during

cbmpressien of  gas. -nereln ‘to control the temperature of

said gas.

10. An engine as claimed in claim 1 further comprising a

combustioﬁ chamber Isr the combustion of Zuel and wherein
said heatlng means ccmprlses means to heat compressed gas
from said compre551on chamber with heat conducted across at

| least one of the surs aces defznzng said combustion chamber._

'll. An eng'ine as claimed i'n” claim 10 including'a third

piston in said combustion chamber arranged to be driven by
combustlon in said combustion’ chamber and operatively
coupled to said transmission means. | | |

12. An engine as claimed in claims 2 or 3 including first
valve means operative to admit gas for combustion into said
compressien .chamber, secend;'valve means operative to
prevent gas in said expansion chamber returning 'to_ said
compression chamber through said means to feed and wherein

'said means to add heat comprises means to provide a
combustible fuel in said expansion chamber.

13. An engine as claimed in claim 12 including means to

‘control the rate of flow of said combustible fuel into said

expansion chamber.

14. An engine as claimed in any preceding claim, further

" including valve mean's operative'to control the flow of gas
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.3, An engine as cilaimed in claim 14, wherein said valve
means comprises outlet valve means arranged to allow gas to
oe drawn from said ccmpression chamber after compression.

16.  An engine as claimed in claim 14 or 15 wherein said
valve means comprises inlet valve means operable to admit
‘hot compressed gas from said heating mneans into said

expansion chamber.

17. An engzne as claimed in any preceding claim furthe*
-ncludzng a further chamber to contain gas to be expandea
and a. further piston to allow said gas to expand by
nmovement of said piston out of said further chamber, means
to0 feed compressed gas from said compressioh chamber to
said further chamber, and means to preheat the compressed'
gas befbre entry into said further chamber.

18. An engine 'as claimed in claim 17 wherein said means
to pre-heat comprises heans to pre-heat compressed gas with
‘heat conducted through at 1least one of the surfaces
defining said expansion chamber. '

9. An engine as claimed in claim 17 or 18 whereln sald
means to pre-heat comprises heat exchanger means arranged
to pre-heat compressed gas with expanded gas from said
expansion chamber.

20. An engine as claimed in any one of claims 17 to ls,
wherein said further piston is operatively coupled to said
-transmission means.

21. An engine as claimed in any one of claims 14 to 20
including further_valvé means operable to control the flow
of compressed gas from said means. to pre-heat into said
further chaﬁber.
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Z. An engine as l2imed in any creceding claim wherein
sard driving neans ;:cludes 'coupling neans coupled to said
=ransmission means so that in use, said first and second
cistons move in pre-deterﬁined phase relationship.

ss. An engine as claimed ‘in any zreceding clalm whereln

-

'said driving neans is - operatively coupled to said
transmission means such that said second piston driven by

expansion of gas i sazd expansion chamber drlves said
first plston into saic comprasszon chamber. '

" 24.  an engine as claimed in ‘claim 22 or 23, further
comprising a crank shaft operatively coupled to at least

one of said driving means and said transmission means.

235. An éngine as claimed in any preceding claim arranged

such that the time to'complete the compreSsiqn stroke in
said compression chamber is greater than the time to
ccmplete the expansion stroke in said expansion chamber.

' 26. An engine as claimed in claim 17 or any one of claims
18 to 25 as dependent on claim 17 arranged such that the

timé to complete the compression stroke in said compression
chamber is greater than the time to complete the éxpansion

'st roke ln said further chamber.

27. An eﬁgine as élaimed_in any preceding claims arranged
such that the time to complete two consécutive_compressions_
in said compression 'éhambér is greater than the time to
complete two consecutive expansions in said expansion

chamber;

28. An engine as 1c1aime§' in any preceding clainm
comprising containing means for containing a body of liquid
and .including a conduit forming . at least_:one'_of said
pistons, said conﬁaining means including one of said
chambers at one end thereof. - | |
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29. An endine as w.z:u.meci in <claim 23 wherein said
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contaxnlng means is rormed as ‘a generallj U-shaped conduic.

th

O

30. An engine as claimed in claim 29 comprising a pa:ir
qeneraliy :U-shaped conduits each containing a body
liquid as a piston, a compression chamber formed in each
arm of one conduit and expansxon chamber formed in each arnm
of the other conduit, and means feeding compressed gas fron
one of said compression chambers to one of said expansion
chambers and means feeﬁinq compressed gas from the other
compression chamber to the other expansion chamber;

Q.
Yy

31. An'enqine-as claimed in claim 30 further comprising
another pair of said genefally U~shaped conduits'whereby in
use, the liquid pistcn,in one U-shaped conduit containing
expansion chambers is substantially 90° out of phase with
the 1liquid piston in the corresponding U—shaped condul*
containing the other expan51on chambers.

32.  An engine as claimed in any one of claims 28 to 31
wherein the or each said first piston comprises a liquid
and said drive means comprises a member arranged to
cooperate with said first piston such that motion of said
member imparts motion in at least one direction to said
piston.

33. An engine as claimed in clazm 32 whereln said member
comprxses a solid piston.

34. An engine as claimed in claim 33 including a shaft
coupled to said solid piston and extending througn the wall
of the conduit contalnlng said liquid p15tcn.

3s5. An engine as claimed in any one of claims 28 to 34
wherein the or each said second piston comprlses a ligquid
and said transmission means comprlses a member arranged to
cocperate with said second plston such that motion of the
liquid piston in at least one direction is imparted thereto.
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" 8. - An engine as clalned ln cla:.m 3:: wherein said member
comprises a solid p:.s.on. |
37, An engine as claimed in claim 36 including a sha'f*-

coupled to said solid pJ.ston and extendlng through the wall
cf the. condult ccntamzng said liquid plston.

18. An engine as claimed in any one of claims 28 to 37
'rncludlng means to supply the or each means to form a spray
: w-lth a la.quz.d fronm the l:.qu:.d p:.ston.

39.° _An engine as cla.imed' in _claim 38 wherein said means
€2 supply_ includes a pun_xp arranged to be driven by a said
liquid piston. '

40. An engine as claimed in any one of claims 1 to 27
whereln said first and second plstons comprise a sol id
material. o '

$l. An engine a_s claimed in claim 40 including a pair of
said compression chambers and a pair of said expansion
chambers wherein in use the pxstons in the compression
chambers are arranged to move substant:.ally in antzphase
_'wz.th each other, and the pistons. in the expansion chambers
are arranged to nove substant:.ally ln antlphase with each'
other. '

32. An engine as claimed in claim 41 including another
‘said pair of said. compression chambers and another said
Pair of said expansion chambers wherein in use the pistons
in one pa:.r of said compress:.on chambers, are arranged to
operate substant:.ally in quadrature with the pistons in the
other pair of compression chambers and the pzstons in one
pa:.r of saJ.d expansion chambers are arranged to operate
substant:.ally in quadrature with the p:.stons in the other
: _pazr of said expans:.on chambers.

Sheet Has Been Replaced

R i




wm
~1

wossnzrss | IHIHTAREN N III|

+3. An englne as claimed in any preceding claim wherein
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said heat exchanger means cbmprises a regeneratcr.

4. An engine as claimed in any preceding claim wherein
said heat exchanger means comprises a recuperative heat

exchanger.

45. An engine as claimed in any preceding claim inciudinq
separator means arranged to S'eparate liquiad from the gas
leaving the or each said compression chamber and/or the or
each said expansicn chamber. | |

46. an engine as claimed in any preceding claim including
supply means arranged to supply liquids of at least two
different temperatures for use in the ligquid spray in the
or each compressicn chamber. '

47. An engine as claimed in claim 46 including means to
form a'spray of liquid in the or each compression chamber
during expanszon of gas therein to controcl the temperature
of said gas.

48. A heat punp comprising' an expansion .chamber to
contain gas to be ékpanded and a first piston to allow the
gas to expand ty movement of the piston out of the
expansion chamber, a compression chamber to contain gas to
be compressed and a second piston to compress said gas by
movement of said second piston into the compression
chamber, means to feed gas from one of said expansion
chambér and said éompressicn chamber to the other
chamber,an@l means to form a spray of 1liquid in said
compression chamber to absorb heat from said gas during
compression, w_heréin_ said second piston is adapted to be
driven by an external source of power into said compression
chamber to compress-the gas.

_ 49. A heat pump as claimed in claim 48 further comprising-
means to supply heat to the gas during expansion thereof in
SUppty Tesr .= e
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zC. A heat pump as claitied in claim 48 or 49 including

.heat'exchanger means arranged to pre-heat said expanded gas'
ith heat <from ccmpressed gas leaving the compression

wisa

chamber.

51, A heat pump as clained in any one of claims 48 to 50
including means for returning compressed gas leaving said
compression chamber e _said ~ expansion chamber for

re-expansion.

- 52. A heat pump as claimed in claim 51 lncludlng means
- for cooling said compressed gas before returnlmg to sald
expansion chamber. '

53, A heat pump as claimed in claim 52 wherein_said means
for cooling comprises said heat exchanger means.

54, A heat. pump as claimed in claim 49 or any one of
.claims 50 to 53 dependent on claim 49 wherein'said means to
'sunnly heat comprises means tc form a spray of cool llquld

in said expansion chamber. ' |

- 55, A heat pump as claimed in any one of claims 48 to 54
ccmprising_ccntainingfmeans fcr containing a body of liquid
and including a conduit forming at least ~one of said
pistons, said containing means ‘including one of said
chambers at one end thereof. B

56. A heat pump as claimed in claim 55 wherein said
containing means is formed as a generally U-shaped conduit.

- 57. A heat pump as'claimed'in claim 56 comprising a pair
of generally U-shaped conduits each containing a bedy of
liquid as a"pi'stcn, a compression chamber formed in each
arm of one conduit and an expanszcn chamber fcrmed in each
arm of the cther ccnduit and means feeding expanded. gas
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tzom one of -said expansion chamoers o one of said
ccmpression chambers and means feedlng exnanded gas from
the other expansion chamber to the other compression

chamber.

58. A'neat pum§ as claimed in any one of claims 48 to 57
wherein said heat exchanger means comprises a regenerator.

59. A heat pump as claimed in any one of Claims 48 to 58
including separator means arranged to separate liquid from
the gas leaving said compression chamber and/or expansion

chamber.

.60. A heat pump as claimed in any one of claims 55 to 59

including means to supply the or each means to form a spray'
with'a.liquid from the liquid piston.

61. A heat pum§ as claimed in claim 60 wherein said means
to supply xncludes a pump arranged to be driven by a llquxd

- piston.

62. A heat pump as claimed in ahy one of claims 48 to 61
further comprising coupling means coupled between said
first piston and said second piston to maintain said first
and second pistons in'predeterminedlphasg relationship.

- 63. A heat pump as claimed in claim 62, wherein said

coupling means comprises a crank shaft.

64. A heat pump as clalmed zn any preceding claim wherein

said first piston is adapted to be driven by an external

source of power.

- 65. A heat pump as claimed in any precediné claim

arranged to be driven by an electric motor..

66. A heat pump as claimed in any preceding claim
comprzsxng_gQQELLEQ_EEEEE_goupled between said first piston
- This Sheet Has Been Rep
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' and said external source of power, whereln said coupling
means is adapted to wiftnstland a substantial force against
=he pressure of gas in said compression chamber.

' 57. A heat pump as claimed in any precedlng clair
-comprising ccuplmq means coupled between said first plston
and an external source of power, wherein said. coupllng
means is adapted to withstand substantial force against the
pressure of gas in said expansion chamber.

68. A heat pump as claimed in any preceding claim
-including supply means arranged to supply liquids of at
least two different temperatures for use in the liquid
spray in said expansion chamber.

59. A heat pump as claimed in claim 68 including means to
form a spray of liquid in said e:é'panéion chamber during
'compression of said gas therein to control the te_mpetature
of said gas. ' | -

70. A heat punmp as ciaimed in any one of claims 48 to 69
including supply means arranged to suppiy liquids of at
least two different temperatures for use in the 1liquid
spray in said compression éhax_nber. '

71. A heat pump as claimed in claim 70 including means to
form a spray of liquid ‘in said compression cha’mb'er' during
. expansion of said gas therein to'co_m':r':cl the temperature of
said gas. ' - '

72. A cooling apparatus for a combustion engine.
comprising a compression chamber to contain gas to be
compressed and a first p_:.s_t.on to compress sa:.d gas by
movement of t_n_e ‘piston into the compression chamber and
_ driving' means arranged to drive said first piston into the
'comp:e'ssio'n _chambér to ;cinpress said gas, an expansion
chamber and a second piston to allow gas to é_xpand' therein
by moveme'n_t_: of the second’ pistori out of the expansion
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:hamber} means to feed compreésed gas from said compression
chamber to said expansion cpamber; and heat exchanger means
arranged to heat said compressed gas from said compression
chamber with heat £rom said combustion engine, coupling
means coupled between said second piston and an 'outpﬁt
drive from said. combustien engine, and means to form a
spray of ligquid in said compression chamber to cocl the gas
on compression therein. ' |

73. A cooling apparatus as claimed in claim 72 wherein
said heat exchanger means is arranged to '.hea't compressed
gas. from said compression chamber with heat conducted
across at least one of the surfaces defining said

combustion chamber.

74. A cooling 'apparatus as claimed in claim 72 or 73
wherein said heat exchanger means is arranged to heat
éompressed gas from said cdmpression chamber with heat from
exhaust gas from said combustion chamber.
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