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This inven't:ion relates to heat engines- and hea~ 

pumps, and in particular to those for providing power 

and/or heat appropriate to domestic appliance_s, service 

industries, commerce and manufacturing industry. 

The attainment of high thermal ~fficiency is nearly 

always an impor't:ant consideration in the field of power 

generation for the reason tha't: the fuel cost is generally 

responsible for about two thirds of_ the cost of the power 

produced. In addition to the cost incentive, enviromen-cal 

- considerations require that great~~ effort be direc't:ed 

towards the achievement of higher ef f iC:iencies in order to 

minimise the production of carb6n dioxide and o-cher 

undesirable emissions~ 

In qeneral it is possible to achieve a hiqher thermal 

efficiency and fewer emissions in large generatinq units 

than in small ones. This is partly because of heat losses, 

friction and leakage flows which tend to be proportionally 

less significant in large units than in small ones. Also 

economies of scale make it possible to have more 

sophisticated eq\iipment ·in large _units. In small units, 

the cost of such equipment may be prohibitive. 

In spite of these factor$~ _- there are circumstances 

·where small qeneratin9 units are needed and it. is important 

thai: they should be as - efficient and 'enviromentally benign 
. .·~ 

as possible. This situation arises in···the many l?arts _of 

the world where no electricity .. g_tid is available. It may 
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be -:hat · const:::-·'.!C':ion o: a power st:at:ion :o su;:ply 

elec-:ricity is be.yond the !inancial capacit:y . of :he :ocal 

poptilation or !: ~ay be that the elec:::-ici~y demand is :06 

small to j usti!y i~s 

arises i~ many :ess 

construct:ion. ~he former situat:icn 

developed countries.· The :a~ter 

situation applies in many remote or .thinly populated 

::-egions and on offstiore islands. 

Another application for small efficient engines 

arises in connection with combined heat and power ( CHP) • 

The use of heat and power together usually results in a 

higher overall energy efficiency than the use of nains 

power f::-om the electricity grid~ Since heat cannot be 

. tran.sported economically over any significant distance, CHP 

systems have to .be sized for the local heat load. '!'his 

usually implies generating units of modest size. 

The invention described here· can be applied either as 

a heat engine or in.- modified form as · a heat pump. Heat 

pumps transfer heat from a low temperature heat source to a 

hiqh temperature heat sink. ·For example, in cold weather a 

heat pump can extract heat from the· atmospheric air and 

pump it to a higher temperature 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 

outside atmosphere, even. thouqh the outside temperature is 

hiqher than the inside temperature. The heat pump may also 

be used to cool air in order to con.dense the water vapour 

in it. The heat rejected froin the heat pump may then be 

used to restore heat· to the air. In this case the hea-c 

. pump is used to ·de-humidify the· air. As with CHP, heat 

pumps have to be sized in accordance with the local heat 

load. Consequently,. most heat pump. capacity will be 

reqUired in the form of small rather than large units. 

Most. types of heat 

refriqeration system 

pump, air conditioning unit 

require the use of 

or 

an 
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evaporating/condensing fluid which boils at an approp:::.a-:e 

~emperature such as one of -=.he chloro-fluoro-carbons 

(CFC's). These su.bstances are known to deplete the ear-:~·s 

ozone layer which protects human and· animal life f::c~ 

harmful ultra-violet radiation. Although ce~~a:.~ 

alternatives to 'CFC's are known~ some cf these also cause 

ozone deple~ion, but to a lesser degree. Qthe:: 

alternatives have disadvantages such as flammability, 

toxicity, hic;h cost, poor thermodynamic properties or a 

tendency to increase global. warming. 

Engines and. heat pumps based on the Stirling Cycle 

are well known. one form of Stirling engine includes a 

compression chamller and an expansion chamber connected 

together via a regenerative heat exchanger forming a gas 

space which contains a workfng . gas. According to the ideal 

Stirling cycle working gas in the compression chainber is 

compressed cy a piston and· 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 expansion chamber, the hot compressed 

working gas is allowed to expand by forcing t~e 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 gives up its heat before being 

admitted to the compression chain))er to begin the next cycle. 

us 4148195 describes a heat actuated heat pump which 

requires a high temperature 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 

intermediate temperature. 
amount of heat energy at the 

This is done ·by extracting heat 
I 
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energy from :O:he :ow 1:emperature :ieai: source~ The ~ea-: 

aci:uated pump described in us .;, :.;8195 :s a closed-cycle 
sys-C:em without .· valves which a·pproxima-ces to the Stir! i~; 
cycle. Liquid :;:ist:ons contained in a series of fol.!= 
·interconnected u-o:.u.bes and -which are connected in a closed 
circuit di~place -:he working gas between adjacent expansich 
and compression chambers formed in the arms of ~~e 

u-tubes. The· l~quid pistons transmit power around 'the 
closed circuit directly from the expandinq qas in the 
expansion· chamber to · the compressinq qas in the adj acer.-: 
compression chamber, an elq>ansion chamber _and a compression 
chamber beinq fo:-::ied ·in . opposed arms cf the same U~tube. 

The four u-tubes are connected via the gas space wit!'l 
reqenerators. ".:'"..ro of the four regenerators and the 
associated gas volumes work in a temperature ranqe between 
the high temperature and the interl':lediat~ temperature. The 
other two regenerators and associated gas volumes work in a 
temperature range between the low temperature and the 
intermediate temperature. The cycle is operated in such a · 
way that power . is transmitted via 1:he medium of the liquid 
pistons from the qas volumes working over the high 
temperature ranqe to the gas volumes working over the low 
temperature ranqe. 

21st Inter-society Enerqy Conversion Enqineerinq 
Conference Volume l ( 1986) pages 377 to 382 describes a 
Stirlinq heat act:uated heat pump similar to that described 
in US4148195, in which the working qas is heated or cooled 
by takinq lic;Uid from a liquid piston, heatinq or coolinq 
the liquid externally and reinjectinq it into the expansion 
or compression cylinder as an aerosol. 

Orie drawback of these know.n heat pumps is that the 
maximum workinq temperature of the high temperature heat 
source is very low in comparison to what can be achieved in 
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modern advanced power generating technolog:es, such as the 
combined cycle gas -::.!rbine. For example -:::e temperature of 
heat addition -:o -:~e heat pump is likely -:o be limited to . . . . 

4 o ooc, whereas t:he -:ur.b:Lne inlet 
power generatinq gas turbine is 
consequently the efficiency of 

tempera-::ire Of a modern 
anythinq up to lJOooc. 

conversion of the high 
temperature heat to internal work within -:he heat actuated 
heat pump is also ·low, as would be expected from 
considerations of Carnot's theorem. As a result the 
overall coefficient of performance is very :ow. 

Another disadvantage of the heat ac-:uate~ ·heat ·pump 
described in us 4148195 lies in the fact that the liquid 
pistons have to be very lonq in order ~o achieve a low 
natural frequency of oscillation. The frequency of 
osc1llation must be low because sufficient time must be 
allowed for heat transfer·between the droplet spray and the 
gas. The required length of liquid pisto:i is· pa.rticularly 
difficult to achieve iri a small device operating at high 
pressure. ·Also friction losses arising from long· liquid 
pistons are likely to become unnacceptably hiqh in a small 
device. Furthermore a hiqh value for the ratio of length 
to stroke. is required ·to ·avoid the so-called shuttle loss 
which arises from the transfer 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 mixinq of the· 
liquid and transport of heat. 

us 3608311 describes an enqine whose operation is 
based on the Carnot Cycle, in which qas is successively 
compressed and expanded in a single cylinder by a liquid 
displacer. Hot and cold liquid from the liquid displacer 
is alternately inject:ed into the cylinder to heat the gas 
durinq part of the expansion process, and to cool the gas 
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=uring par~ cf ~he =ompression process. 

One drawback of this known hea-c e!1gine is that: ~he 

?Ower o~tput per cycle is relatively low because ·­

:-equires an ext:re=ely high compression :-at,io to raise the 

temperature ~f the working gas to a reasonable value during 

aciiabatic compression, and such a compression ratio is not 

_possible in practice. A further drawback of this engine is 

that the wc:>rking 9as is continually.cycled between high and 

low temperatures #hile remaining in ~he same cylinder 

throughout the process. Therefore · the walls of the 

•:' ~ ..... · 

cylinder also cycle from low to high temperatures and back 

again which implies large entropy changes and a reduction 

in thermodynamic efficiency. 

According to one aspect of the present invention 

there is provided a heat engine comprising a compression 
. . 

chamber to contain gas to be compressed and a first piston 

to compress said gas by movement of the piston in said 

compression chamber· and driving means arranged to drive 

said first piston into the com;tression chamber to compress 

said gas, an expansion chamber anc:i a second piston to allow 

gas to expand therein by movement of the second piston out 

of the expansion chamber, means to feed compressed gas from 

said compression chamber to said expansion chamber, and 

means to heat said compressed gas from the compression 

chamber, transmission means operatively coupled to said 

second piston to permit power from the engine to be drawn, 

.and means forming a spray of liquid in said compression 
chamber to cool the gas on compression therein. 

one advantage of this arrangement is . that heat is 

rejected efficiently to the. liquid in the liquid sp·ray, 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 pistons do not cycle 
between high and low temperatures, and thus reduceing the 
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efficiency. 

In a prefer=ed embodiment, the enqine further 

comprises means to add heat to the gas :.:i the expansion 

chamber durinq expansion thereof. Thus. the expansion 

process may be approximately isothermal. 

Preferably, t~e heating means also includes heat 

exchanqer in·eans arranqed to pre-heat compressed qas from 

the compression chal:kler with heat from qas expanded in the 

expansion chamber. !hus, expanding the qas isothermally in 

the expansion chamber provides an opportuni~y of recovering 
some of this heat in a · heat exchanqer which is used to 

pre-heat the compressed qas from the compression chamber 

·prior to expansion. The he•t exchanqer may for example be 

a reqenerative heat exchanqer if expanded qas from the 

.expansion chamber f!ows alonq. the same flow path as the 

incominq compressed gas from the compression chamber, or a 

recuperative heat exchanqer if the qases flow alone; 

different flow paths. A recuperative heat exchanqer is 

particularly advantageous where heat exchanqe is required 

between two qases where mixinq of the qases is undesirable 

and/or the two qases are at· substantially different 

pressures. 

One embodiment. includes means for returninq expanded 

qas leavinq the expansion chamber to the compression 

chamber for recompression. The returnin.q means may be 

separate from the means for feedinq compressed qas to the 
expansion chamber, or the working qas may flow back and 
forth between the compression and expansion chambers alonq 
the same flow path. Embodiments in which the same body of 

workinq qas is continuously recycled between the 

compression and expansion _chambers will be referred to as a 

closed-cycle enqine. . Because the workinq qas is sealed 

within the enqine, the qas can be pre-pressurised s~ that 
the minimum pressure attained by the qas durinq the cycle 
is much qreater than atmospheric. 
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In one em.bodi::tent of the engine, -:!'le· means to add 

heat to the gas 

forming a spray 

The liquid used 

:n the expansion chamber comprises means 

=f hot liquid in the expansion chamber. 

i~ the spray may be heated using an · 

external heat exchanger and the source of heat ~ay be waste 

heat e.g., . industrial waste heat, solar energy or heat from 

a combustion chaml:>er cooling system. Using a hot liquid 

spray to transfel:'. he~t into the expansion · chamber is 

particularly advant:ageous when used in closed-cycle engines 

which have a heai: source at relatively low temperature. 

Liquid sprays are not suitable for use at very high 

temperatures. 

An alternai:ive embodiment includes first valve means 

operative to admit . air or other oxidis.inq gas into the 

compression chanmer, second valve means operative to 

prevent gas in the expansion ·chamber returninq to the 

compression chamber tl;lrough said means for feeding 

compressed qas to the eXpansion chamber and wherein the 

means to add heat comprises means to provide a combustible 

fuel in the expansion chamber. In this embodiment, the 

mixture of fuel and hot. compressed qas in the expansion 

chamber ignites and after expansion the combustion products 

are expelled from the enqine via the heat exchanger means. 

A fresh . supply of working qas is· therefore required at the 
beginning of each cycle. Embodiments in which the working 

qas is renewed each cycle will be referred to as an 

open-cycle enqine. one form of this embodiment may include 

means to control the rate of flow of combustible fuel into 

the expansion chamber to provide substantially isothermal 

expansion. 

It is generally preferable that the first and second 

pistons provide a good seal.for the working gas and this is 

particularly important in the closed-cycle engine. 
Advantageously, the first and/or second pistons may 

comprise a liquid thus eliminating the sealing difficulties 
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·.,rhich may otherwise i:e present if -:he pistons are solid.. ;,. 
pref erred em.bodiment =omprises a pair of generally u-shapec 
conduits each containinq a body of liquid as a ·piston, a 
=ompression chamber !=rmed in each arm of one cond_ui-; and 
an expansion chamJ:)er formed in each arm of the other 
conduit, ~nd m~ans feedinq compressed qas from one of said 
compress"ion chambers -:o one of said expansion chambers and 
separate means feeding compressed gas from the other 
compression chamber to the other expansion. chamber. Ir: 
this embodiment, expansion and compression each occur twice 
per cycle and the timing of the liquid pistons is 
preferably arranqed so that the expansion process _in.one of 
the expansion chambers drives the compression process i:: 
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 substantially 90° out of phase with 
the liquid piston in the correspondinq u-shaped conduit 
containinq the other expansion chambers. It will thus be 
appreciated that this arranqement can provide a net 
positive power output at each stage during a complete cycle 
of the enqine, thereby removing the need for a fly wheel or 
other means to sustain· 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 qas pressure is increasinq. A preferred 
embodiment of the enqin~ includes means to provide liquids 
of at least two different temperatures for use in the 
liquid spray in the expansion chamber and ·includes means 
forminq a spray of liquid durinq comp~ession of qas in the 
expansion chamber to control the qas temperature. The 
temperature of the liquid spray is preferably such that the 
temperature of the. qas remains constant durinq. compression 
thereof~ Advantaqeously, if said s_econd piston comprises a 
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:iquid, said :neans ':::: provide ::tay be arranged. to supply 
:iquid from the liquid pisi:on directly to ~he spray forming 

::ieans. 

After compression of qas in the compression chamber, 
the qas pressure decreases and the qas expands as a result 
of both pistons:movinq out of their respective chambers. A 
preferred embodiment :.ncludes means to provide liquids of 
at least two different temperatures in the· liquid spray in 
the compression chamber and includes means forminq a spray 
of liquid during expansion of gas in the compression 
chamber to control qas temperature. Preferably, the 
temperature of the liquid spray is such that the qas 
temperature is maintained constant durinq expansion. 
Advantaqeously, if said first piston comprises a liquid, 
said means to provide may be arranged to supply liquid from 
said first piston directly to the spray forminq means. 

Where any of the first pistons comprise a liquid, the 
drive means may comprise a member arranqed ·to cooperate 
with the first piston such that motion of the member 
imparts motion in at least one direction to the piston. 
The member may comprise a solid piston. and may be. immersed 
in the liquid piston or floatinq on the surface thereof. 
The solid piston may be coupled to a shaft extendinq 
throuqh the . wall of the conduit containinq the liquid 
piston. 

Likewise, where the or one of the second pistons 
comprises liquid, ·the transmission means may comprise a 
member arranqed to cooperate with said second piston such 
that . motion of the liqUid piston in at least one direction 
is imparted thereto. The member may comprise a solid 
piston which is immeJ;:sed in the liquid piston or arranqed 
to float on the surface thereof. A shaft may be coupled to 
the solid piston and eX'tend throuqh the wall of the conduit 
containinq the second piston. 
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Alternatively, ~~e .first and second piston ~ay 

cor.rprise a solid material. One embodiment includes a pair 

of compression chaml:Jers and a . pair of expansion chaml:Jers 

wherein in use the pis~ons· in.the compression chambers are 

arranged to move substan~ially in antiphase with each other 
and · the pisi:ons in the expansion · chambers are arranged to 

move substantially in antiphase 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 pair of 

compression chambers are arranqed to move substantially 

900 out of phase with· the pistons in said other pair of 

compression chambers and the pistons in one pair of 

expansion chambers are arranqed to move substantially 90° 

out of phase with the pistons in the other said pair of 

expansion chambers. 

Preferably, in a closed-cycle enqine the heat 

exchanqer means comprises a reqenerator. The purpose of 

the regenerator is to enable heat to be transferred to and 

from the working qas efficiently. 

In a preferred embodiment, separator . means are 

provided to separate liquid from the gas leaving the or 

each compression chambe·r. In embodiments operatinq in a 

closed-cycle, a separator means may also be provided to 
separate liquid from the gas leaving the or each expansion 
chamber. 

Where the first and/or second pistons compris·e a 
liquid, means are preferably provided to supply the or each 
means forminq a spray with liquid from the liquid pistons. 

Advantageously, said means to supply may incl.ude a pump 

arranged to be driven by a respective piston. 

tn ·one embodiment said driving means includes 
coupling means coupled to said transmission means so that 
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:~ use, said firs~ and second pistons move in predetermined 

.::nas~ relationship. !t will be appreciated that coupling 

~he first and second pistons ·together by for example a 

::iechanical means such as a crankshaft is a conyeniem: 

::iethod to enable large compression ratios to be achieved, 

and at the same. time maintain the phasing of the pistons. 

The phase ·angle between the first and second pist·ons . may be 

such that the second piston leads the first piston by at 

least 900 Alternatively the pistons could be driven 

independently and may . ea~h be adapted together with any 

means for couplinq to an · external drive,. to withstand 

substantial forces against · the pressures in their 

respective chambers. · 

In one embodiment, the engine may further comprise a 

combustion chamber for the combustion of fuel, wherein the 

heating means comprises means to heat compresse_d qas f rem 

said compression chamber with heat conducted across at 

least one of the surfaces defining the combustion chamber 
. . . 

of ~he enqine. Thus, advantageously the present invention 
may readily be adapted to provide a cooling apparatus for a 

conventional combustion engine (e.g. petrol, diesel or qas) 

which recovers heat, normally· wasted by conventional 

cooling apparatus and. converts this heat into useful 

power. Cold compressed qas is produced in the compression. 

cha111Der and heat lost· to the coml:lustion chamber· walls is 
eransf.erred_ to the compressed gas to provide cooling of the 

enqine. The same method can be used to recover heat from 

the exhaust gases of a· conventional combustion engine, for 

example · by puttinq compressed air coolinq channels through 

the exhaust manifold or by including a heat exchanger 

through which the exha~st gases would pass. The pre-heated 

compressed qas is then inje~ted into the expansion chamber 

which . expands forcing the piston · out of the chamber and 

thereby generatinq ·. u,seful mechanical work. In one 

embodiment, the expansion piston may be · conn.acted to an 

external output drive of the engine. This arrangement has 

'Che advantage of 
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conven-::.onal combust:ion 

Accordinq t:o another aspect of the present invention 

~here is provided a heat pump comprisinq an expansion 

chamber to contain qas to be expanded and a first: piston to 
allow the qas to ·expand by movement of the piston out of 

the expansion chamber, a compression chamber to contain ·qas 

to · be compressed and a second piston to compress said gas 

by movement of said second piston in the compression 

chamber, means to feed qas from one of said expansion 

cha~er and said compression .chamber to the other chamber, 

and means to form a spray ·of liquid in said compression 
. . 

chamber to absorb heat from said qas durinq compression, 
wherein said second piston is adapted to be driven by an 

external source of power into said compression chamber to 

compress the qas. 

This form of heat pump enables· the pumped heat to be · 

transferred to an external heat sink extremely efficiently 
via the medium of a liquid spray in the hot compression 

chamber and at the same time can be driven . throuqh, for 

example a mechanical couplinq, by an external source of 

power and in particular an electric motor to provide a heat 
pump with a hiqher coefficient of performance than can be 

achieved by known heat pumps. 

Advantaqeously, this ·.form of heat pump can perform 

heatinq or coolinq in either a closed-cycle or an 

open-cycle. For example, one embodiment may be adapted for 

air conditioninq in whic;:h air is drawn into the compression 

chamber from an external source, compressed substantially 

iso~hermally using the liquid spray and passed to the 

expansion chamber in which it expands, so that it does 

work, returninq some of the enerqy used for compression. 

The expansion may be ac:tiabatic so that the qas cools, and 
the. cool qa~s may then be ejected from the heat p~p to 
provide air conditioninq~ Alternatively, another 
embodiment of the heat pump may further include means to 

THIS SHEET HAS BEEN 
REPLACED 



.. . 
·' 

WO 94112785 PCT /GB93/02472 

supply h.ea1: to -:::.e gas · during expansicn thereof :.n the 

expansion chamber so that th_e expansion is approximately 

.:.sothermal ~ This ::tay be done efficiently by employing a 

~i.;uid spray in <:he expansion chamber. Heat is absorbed 

==:::n the liquid droplets, which cool, and the cooled spray 

!. i.quid may be . used for cooling, e.g. , air c1;:mditioning. 

~he liquid spray :.nj ection into the expansion chamber also 

allows efficient heat _transfer from a low temperature· heat 

source so that the heat pump can pump this heat to higher 

temperature sink, for the purpose of heatinq. The heat 

pump can be modified for either open or closed-cycles~ 

In another embodiment the heat pump may further 

cc:nprise heat exchanqer means arranqed to pre-heat said 

expanded qas ·with heat from compressed qas leavinq the 

compression chamber. This -is particularly advantaqeous in 

the _closed cycle in which the same qas is pumped back and 

forth between the expansion and compression chambers. 

A preferred embodiment includes coupling means for 

couplinq the second piston to·the external source of power, 

wherein the couplinq means is adapted to withstand 

substantial force aqainst_ the ·pressure of qas in the 

compression chamber. coupling the heat pump to an external 

source of power in this way, . enables much higher pressures 

and therefore a higher compression ratio to be achieved in 

the compression chamber so that a_ qreater amount of heat 

can be pumped per cycle than achieved by prior art _heat 

pumps. At the same time, the use of such a coupling 

enables the heat pump to be compact, since the attainment 
of h~gh pre,ssures · (and therefore output) does not rely on 

the inertia of the pistons which would have to· be 

relatively massive and therefore large in size. The 

couplinq means may for exampie comprise a crank shaft. 

In a 
pis1:ons _are 

means, e.q. 

pref erred 

coupled 

a crank 

embodiment, the 

together by a 

shaft so that 

first and second 

mechanical coupling 

the phasing of the 
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?is~ons can be easily contr:lled. 

Another ir.tportant advantage of heat: pump 

3cc::::rding to the present: :nven-eion is t:ha-e it does no~ 

:-ecr..tire an evaporating or condensing fluid, and can be used 

wit~ a gas which does not condense and a liquid which does 

not evaporate to ·any significant degree. There is no 

requirement for a specific boiling 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 environmen-e 

should they be released. This is also an importan-e 

advantage of the heat pump according to the present: 

invention. An additional advantage of not requiring a 

specific boiling point is that the heat pump can work over 

a wider range of operating temperatures than conventional 

hea-e 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 compression and expansion chambers need 

·not be equal. 

Examples of .embodiments of the present invention will 

now be described with reference to the drawings in which:-

Fiqure l shows a schematic diagram of a first 

embodiment of the present invention which includes liquid 

.Pistons and operates in a closed-cycle; 

Fiqure 2 snows . a schematic diaqram of a second 

embodiment of the. presen-c invention including liquid 

pistons and which operates in an open-cycle, 

Fiqure 3 shows a schematic diagram of a third 

tt1i1Ui1il1mnr '. 
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e!:\bodiment of ·-:ne ?resent :..nvention including solid. pis<ccns 

~nd which oper~~es ~~ an open-cycle, and 

Fiqure 4 shows a schematic diagram of a four4C::: 

emeodiment of the present invention including solid pistons 

and which operates in an open cycle. 

Referring to Figure l, a pair of u-shaped coriduits : 

and 3 each contain a body of liquid 5 and 7. A compression 

chamber 9, ll is formed in each of the arms 13 and 15 of 

one of the u-shaped condui-cs l and an expansion chamber 17, 

19 is formed in each arni 21 and 23 of the other u-sha·ped 

conduit 3. One of the compression chambers 9 is connected 

throuqh a regenerator 25 to one of the expansion chambers 

19 ~nd the other compression chamber 11 is connected 

4Ch,rouqh another reqenera-cor 27 to the other expansion 

chamber 17. In practice; the u-shaped conduits shown· in 

Fiqure l would each be rotated 90° to face each other, 

·with the regenerators havinq the same lenqth. The two 

u-shaped conduits and reqenerators are thus conf iqured as a 

saddle and will be referred to as 11 saddle loop"... An enqine 

or a heat pump which ·consists of a sinqle inter-connected 

mass of qas with a_ sinqle reqener·ator, a sinqle compression 

chamber and a ·sinqle expansion chamber, each with a .1 iquid 

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 

chambers and both expansion chambers. 

both compression 

Liquid used · in the 

sprays 29 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 liquid in the ccrrespondinq 

conduit 3. The liquid drawn from conduit 1 may be passed 

thrcuqh a cooler (not shown) prior to injection in the 

compression chambers 9 and ll and liq\lid drawn from conduit 

3 may be passed throuqh a heater prior to inj action in the 
expansion chambers 17 and · 19. A workinq qas fills the 

':- · .. ···_.· 
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soace formed bv the cornoression chambers 9 and :1 and thei= . . . 
corresponding expansion char:\Ders 19 and : 7 with which they 

c:::::ununicate via a . =espec-:.ive · regenerator 25 and 27. 

separators J 7, 3 9, .; 1 and 4 3 are providec;:J. between the 

chambers and corresponding regenerators to . remove any 

liquid in the working gas before the fluid passes through 

the regenerator concerned. 

Each u-shaped conduit l and J has a linear section 45 

.and 47 joining the adjacent arms. Mechanical means coupled 

to each liquid piston is provided to transmit power to and 

from the pistons. In this· e~odiment,. a solid piston 49 

and Sl 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 

provide means for driving or transmitting power from the 

liquid pistons. 

The two drive shafts 53 and 55 are coupled together 

by an external drive mechanism so that the displacement of 

each. piston is approximately 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 coupling th.e drive shafts 53 and 55 

to a crankshaft as for petrol or diesel engines. 

The engine operates by passing the working gas 

through a thermodynamic cycle which involves repeated 
compressions and expansions. The compression is done when 

most of the working gas is in the compression chamber 9 and. .. 
ll while the expansion is done when most of the working gas· 
is in the expansion chalilDer l 7 and 19 • This may ·· be 

achieved by arranging for the pistons in the expansion 

chambers to lead the pistons in the compression chambers by 

a phase anqle of 90° 

in· the expansion 

. · .. 

The ph2'.Se anqle between the :pistons 
chambers or compression chambers 
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is iao 0 With i:hls arrangemeni:, -=he expansion. precess .:.~ 

one o: the expansion chambers will drive the compression 

process in the o'Cher compression cham.ber. For example 

expansion in cham.ber !9 will drive ~he .compression ~~ 

chamber ll and the expansion in chamber ! 7 will drive· 'Che 

compression in C:hamber 9. 

one complei:e cycle of the engine will now be 

descri·bed in relation to one compression chamber and one 

expansion chamber only, beginning with compression in 

compression chamber 9. At the start of compression the 

liquid piston in the compression chamber 9 is at the bottom 

of its stroke and the piston in the expansion chamber 19 is 

at the mid-point of its stroke and moving upwards. Most of 

the workinq qas shared between the compression chamber 9 

and the. expansion chamber 19 is in the compression chalnber 

9. The compression piston moves into the compression 

chamber 9 and compresses t.he workinq gas against the gas 

pressure resulting f.rom movement of the expansion piston 

into.the expansion chamber 19. Cold liquid is sprayed into 

the compression chamber to cool the . workinq qas durinq 

· compression. This liquid may be obtained by drawing off 

liquid from the cold liquid piston (i.e. the compression 

piston) and then passing it throuqh an external cooler (not 

shown) before injecting it into the compression chamber. 

When the compression piston· in compression chamber 9 is at 

the mid-point of its stroke the expansion piston · in 

expansion chamber 19 will be at the top of its stroke and 

.about to reverse direction. As the· compression piston 

continues movinq upwards in the compression chamber, 

compression of the working qas continues but at the same 

time the cool compressed qas . beqins to flow through the 

reqenerator towards the expansion chaml::u!!r 19 as the 

expansion piston beqins to move downwards. The cool 

compressed gas leaving the compression chamber 9 is 

pre-hea-eed with heat from the expanded gas wnich left the 

expansion chamber at the end of the previous cycle. 
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When the .compression piston in comp::ession challU:>er 9 

has reached the top of its st::oke, the expansion piston i~ 

expansion chaml:>er l9 is at the mid-point =f its stroke and 

moving downward, out of ,the expansion chamber. Hot. liquid 

is sprayed into the expansion chamber to maintain the 

temperature 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 piston} and then passing it through an 

external heater (not shown) before injecting it j..nto the 

expansion chamber. At the same time, the compression 

piston has reversed direction and is moving out of the 

compression chamber 9. To prevent the qas 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-cooled 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 moving downwards. The expansion 

piston reverses direction and the two pistons move in 

opposite directions forcing· the working 9as out of the 

expansion chamber,. throu9h the regenerator and into the 

compression chamber. The hot expanded 9as leavin9 the 

expansion chamber is pre-cooled in the regenerator before 

returninq to the compression chamber. As the expansion 

piston moves upwards into the expansion chamber, the 9as 

remainin9 in that chamber undergoes some compression. To 

prevent heating of the qas, liquid may be sprayed into the 

exapnsion chamber. This liquid should preferably be taken 

directly 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 

expan•ion chamber,· the compression piston reverses 
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~irect!6n and the cycle i~ repeated . 

...... -·· . As mentioned above, <:he thermodynamic cycle 
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 st:roke in chamber 11 and the 

. ' 

expansion stroke in· chamber 17 drives ·the compression 
stroke in chamber 9. However, there. are points in the 
cycle between the compression and expansion strokes where 
no ·net power output from the eriqine is occurinq. T~us, to 
sustain the operation of. the enqine over the cycle a fly 
#heel may be used or it may be possible to rely on the 
inertia of the pistons themselves if they are massive 
enough. However, the need for a fly wheel can be avoided 
by. providinq a second saddle loop whose . operatinq cycle is 
arranged 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 enqine. is then capable of providinq 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 workinq qas within each 
chalnber at the desired value. As stated above, the liquid 
sprays may be maintained thrcuqhout 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 eo.nnection with each chamber separately. 

During compression, the function of the spray is to 
keep the workinq gas temperature in the compression chamber 
as low as possible. Thus the liquid should be passed · 
throuqh the external cooler durinq this part of the cycle. 
When the gas is expanded, in a later part of the cycle, the. 
function of the spray is to prevent the gas . from cooling 
too much. ourinq this part of the cycle, it is better to 
take the liquid directly ·from the liquid piston and not tQ 
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::061 it. 

The converse argument applies to the expansio~ 

chamber. During expansion the gas muse be as ho~ as 

po-ssible Cl,nd therefore . the liquid spray should be passed 

through the ext~rnal heater. During compression, it is 

importan·t to prevene 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 shaf,t. 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 incorporating non-return valves. A single pump in 

each 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 serve two liquid 

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 maintained ~lmost continuously, 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 corrugated plates, also play 

an important part in the heat transfer process between the 

liquid 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 tne working gas and the liquid. When the gas flow 
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-:hen most c: -:he 

~=cplets injected a~ chac time ~ill be carried upwards into 

-:!":.e separator. However there ;.,·ill still be many d:-oplets 

in the lower gas space, resul:.inq from the inject:ion at: 

earlier t:imes. When the gas flow is downward, most: of the 

l~quid that has . been separated onto the corrugated plates 

«ill be swept downwards into the chamber. In this way, it 

is expected that the separators will repeatedly collect 

then discard the liquid carried over into them. The 

separators may in addition, or alternatively be arranged.to 

cause the working gas to swirl.to facilitate the removal of 

licr.J.id droplets, while at the same time minimising the 

pressure l6ss of the gas flciw. 

The purpose of the regenerators is to change the 

temperature of the workinq .qas from hot to cold or vice 

versa in a thermodynamically efficient way. The 

regenerator may comprise an. array of narrow channels of 

various cross sectional geometries desiqned to provide a 

large heat transfer area between ·the gas and the material 

of the reqenerator. The narrow channels may be formed 

using for example plates or tubes. The reqenerator · stores 

the heat from the .workinq gas until the. working qas 

reverses its direction of.· flow, after which the heat is 

restored to thE! workinq qas. The reqenerator should also 

be desiqned to minimise the pressure drop over its length. 

The choice of working qas and heat transfer liquid in 

the liquid pistons depends on the application and the 

temperature ranqe over which the engine needs to work. 

· Because the enqine operates in a closed-cycle and the 

liqt.iid pistons form a pei::fect seal, the choice of workinq 

qas is not necessarily restricted by availability or cost 

and may be chosen for its thermodynamic properties. Thus, 

the working qas may be for example belium or hydroqen, 

which have .excellent beat transfer characteristics. Helium 

may be preferred to hydrogen on safety grounds, al'though it 

would be more expensive. Another advantaqe of the 
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~losed-cycle engine is tha-c ~he operating pressures of ~~e 

workinq qas can be relatively high and .,,..ould generally be 

in ~he ranqe of l-20 MPa (10-200 bar). 

At operating -cempera-cures up to about 200°c, wa-cer 

. ::iay be used as the heat transfer .l~quid. However I a-c 

higher temperatures water would ·probably not be suitable· 

because of the hiqh pressures needed to maintain it in the 

liquid state. For operatinq temperatures up to abou-c 

4oooc, commercial heat transfer fluids which are also 

liquid at low temperatures may be used. It is likel~, that 

helium would again be selected as the workinq gas for this 

higher temperature range. For operating temperatures above 

4 oooc a liquid mei:al such a_s the sodium-potassium euteci:ic 

mixture (NaK) may be used with helium as the working gas. 

Eu-cect:ic NalC remains liquid down to -12°c and boils at 

7asoc (at atmospheric ·pressure). Molten $alts are 

possible high temperature alternatives to liquid metals. 

However, because of the likely engineering difficulties in 

desiqninq 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, sine• the products of combustion do not enter the 

engine. Thus, embodiments of the heat engine which employ 

hot liquid injection, are very suitable for power 

generation from relatively low temperature heat sources 

such as industrial waste heat or solar energy. 

The closed-cycle heat engine can _be modified to 

operate as a heat pump in which mechanical energy is used 

to pump heat from a . low temperature source to a high 

temperature sink. Thus, in contrast to the heat engine, 

compression is done on the working gas when the qas is hot 

and expansi~n is done when the working qas is cold. one 

embodiment of the heat pump ma¥-be described with reference 
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-:=> Figure l. ::::::'l this embodiment, mechanical energy -:~ 

drive the heat pump is imparted to the solid pistons 49 and 

51 via drive shafts 53 and 55. In contrast to the hea~ 

engine, the liquid piston in the compression chamber leads 

-:.he piston in the associated expansion chamber by a 

predetermined phase_ angle, e.g. 90° instead of vice 

versa. Referring t.o Figure 1, liquid sprays 29 and 31_ in 

chambers 9 and 11 are used to transfer heat to the heat 

-pu~p from a low temperature _heat source. - cool liquid is 

injected into cbam.bers 9 and 11 during expansion of the 

workinq gas in the chambers which is driven by the liquid 

pistons. During expansion, heat from the spray is 

transferred to the workinq gas and the expansion process 

may be approximately isothermal. After heat has been 

extracted from the droplets in the liquid spray, the now 

cooler droplets recombine with the liquid in the liquid 
- -

piston whose temperature ·~ill 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 
liquid could be atmospheric air, the ground, a river, 

stream or other body of water. Another possibility is to 

use extracted stale air from 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 exchanqer 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 liquid in-to the chambers during compression of the 

working gas which is driven by the liquid piston. The hot 

·liquid spray serves 'as _a neat sink to the working _gas, 

absorbing the heat produced by the work of compression. 

After compression, the now hotter 1 iquid droplets in the 

spray_ recombine with the liqufd piston whose temperature is 

thereby increased. - Hot liquid from the liquid piston is 

passed to a suitable heat exchanger (not shown) in which 
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heat from i:he liquid is i:ransferred i:o the point of use. 

This is the converse of the operation of the heat exchanger 

in: the heat enqine in ;.vhich the heat exchanqer transfers 

heat from a hot source to the liquid. The heat may, for 

example be supplied to a hot water system similar to those 

used in many hduseholds. Alternatively the heat may be 

supplied to a ducted air system. 

A cycle of the heat pump in relation to one of the 

cold chaml:lers 9 and the associated hot chamber 19 proceeds 

as follows, beqinninq with the liquid piston in the hot 

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

As the liquid piston reaches the top of its stroke in 

the hot chall\l:)er 19, the liquid piston in the cold chamber 9 

is reachinq the mid-point of its stroke and movinq out of 

the cold chamber 9. On continued movement of . the liquid 

piston out of chamber 9, the cool qas expands and at the 

same tlme, cool liquid is injected into the cold chamber . 

via the spray 29 •· The working qas in chamber 9 absorbs 

heat from the liquid spray and the qas expands 

approximately isothermally. When the liquid piston in cold 

chamber 9 reaches the bottom· of its stroke and reverses 

direction, the liquid piston in hot chamber 19 reaches the 

mid-point of its stroke and is movinq out of the chamber. 

As the liquid piston in chamber 9 moves into the chamber, 

cool workinq qas is f creed out of the chamber, passes 

throuqh the reqenerator in which it is preheated with heat 

from the workinq qas which left the hot chamber at the end 

of the previous cycle, and enters the hot chamber 19. When 

the liquid piston in chamber 19 reaches the bottom· of i ~s 

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 workinq qas is in the hot chamber 19. The 

liquid piston in chamber 19 moves upwards into the chamber 

and compresses the workinq qas. The heat of compression is 

transferred to the liquid droplets in the hot spray and the 
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":. ·.,- .... · 

compression process ::tay be approximately isothermal. .;s 

~he liquid . piston in chamber :9 reaches the mid-point cf 

its stroke, the liquid piston in the cold charit.ber 9 reaches 

the top of its stroke and reverses direc-cion. on continued 

movemen-c of the liquid piston into chamber 19 the working 

·gas is forced out of the chamber and through the 

regenerator 25.to which it gives up its heat. The cool gas 

leaving· the regenerator returns to the cold chamber where 

the cycle begins aqairt. 

When the piston i~ the cold chamber 9 is moving .i:nto 

the. chamber and f orcinq gas out., the gas pressure 

increases, tending to increase the gas temperature. !..iquid 

rnay· be · sprayed into the cold chamber as the gas is being 

compressed to prevent the qas from heating too . much and 

preferably to maintain the qas temperature constant. If a 

·liquid piston is used, liquid for. the spray may 

advantageously be drawn. directly from the liquid piston. 

Similarly, when the piston in tne hot chamber is moving out 

of the chamber and drawing_ gas in, the qas pressure drops, 

tending to lower the gas temperature. To. prevent this, 

liquid may be sprayed into the hot chamber as the gas 

expands, so as to maintain the · qas temperature constant. 

If a liquid piston is used, ·liquid for the spray may 

advantageously be drawn directly from the liq\.tid piston. 

As for the heat enqine, two· saddle loops may be used 

-and these will be 90° out of phase with each other. 

Preferably~ the working qas is a qas which does not pass 

through a phase transition ( i. e. condense or evaporate} . 

within the range of operating temperatures and ·pressures 

used in the heat pump. The working gas may, for example, 

. be helium or hydro9en as· for the . heat engine. The heat 

transfer liquid 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 hea-c 
sour·ce heat exchanger may have to be reqularly de-frosted. 
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The heat pump r.tay. be used for example for domes1:::.= · c::­

commercial applications for air-conditioning, 

refrigeration, space heating or for hea1:ing water. !he 

efficiency of a heat pump is usually expressed as ~he 

co-efficient of performance, or COP, which is the 

conversion ratio of electricity to heat. The COP also 

depends on the temperatures of the heat source and the 

required 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 J. 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 freezinq ·point to provide ducted warm air for space 

heatinq at a COP of about 4. The COP could be improved 

above 4 if some heat was recovered from waste water, from 

stale ventilation air or from solar warming. 

Returninq to the ·heat enqine, another embodiment 

relies on the combustion of fuel to add heat to the working 

gas. A combustible fuel is injected into the expansion 

chamber, mixes with . the hot compressed gas and ignites. 

The fuel is preferably a clean fuel such as gas or light 

distillate oil. An embodiment of this version of the heat 

enqine . is shown schematically in Fiqure 2. Many of the 

features in the embodiment shown in Figure 2 are similar to 

those of the embodiment shown in Fi9ure -l and °like features 
are represented by like numerals. 

Referr.l,.nq to Fig~re 2, the heat engine comprises a 

pair of u-shaped conduits l and 3 each partially filled 

with liquid each of which serves as a liq\lid piston. 

Compression chambers· 9 and 11 are formed in the arms 13 and 

15 of one of the conduits , 39~ combustion chambers 17 and 
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:s are !ormed in ~he arms 21 and 23 of ~he other condui~ 
•. one of the compression chambers ~~ is arranged to 
communicate with one of the combustion chambers 17 through 
a heat exchanger which is preferably a regenerator 27 and 
~he other compression chamber 9 is arranged to communicate 
·..1ith the other combustion chamber 19 through another heat 
exchanger 25 which may also be a regenerator. · The 
compression chambers 9 and ll are provided with gas inlet 
valves, to admit air or other oxidising gas into the 
chambers and these may, for example be non-return valves. 
Each compression chamber 9 and ll has a liquid .spray 
injector 29 and 31, the liquid used in the spray being 
drawn from the liquid piston, as before. Another valve 61, 
6 3 is positioned between the compression chamber 9, 11 and 
the regenerator 25, 27 to p;rev~nt exhaust gases from the 
combustion chamber 19, 17 via the 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, 2.7 to 
enable exhaust gases to be expelled after passing through 
and givinq up their heat to the regenerator 25, 27. A fuel 
inlet port· 73, 75 is provided in each combustion chamber 
17, 19 to enable fuel to be introduced into the chamber. 
Each exhaust valve 69, 71 is operated by a suitable timing 
mechanism (not shown). 

The engine cycle in relation to one of the 
compression chambers and the associated combustion chamber 
is as follows. When the ievel of liquid in the compression 

. chamber 9 falls to the point at which the internal 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 atmospheric air, 
then the inlet valve will open when the pressure in the 
compression chamber is less 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 its stroke and reverses· 
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· :iirection. The exnaust: valve· 65 is cpened and as :he 

com.bustion piston r.toves into the coml:lus~ion chamber, the 

exhaust qases are forced through the regenerator givinq. up 

:heir heat in ~he process. The nort-return valve 61 

prevents :ne exhaust g·ases from entering the compression 

chamber 9. 

When the combustion piston reaches and goes beyond.· 

the mid-point· of its stroke in 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 move upwards, the inlet valve 

closes so that the oxidising qas that was drawn in becomes 

compressed. The liquid spray maintains the qas close to 

ambient temperature, thus providing an approximately 

isothermal compression. · Ourinq compression when the 

compression piston is ·bet~een its lower limit and the 

mid-point of its stroke, the expansion piston continues to 

move into the expansion chamber 19 forcinq the hot 

combustion qases tlirouqh · the exhaust port 65 via the 

reqenerator 25. When the pressure in the compression 

chamber exceeds that of the combustion chamber, the 

non-return valve 61 connectinq the chambers opens and cool 
. . . 

compressed qas passes throuqh the reqenerator, extracting 

heat so that it enters the combustion chambe.r at hiqh 

temperature. The combustion piston reverses direction and 

moves out of the combustion chamber while the compression 

piston approaches the top of its stroke in the compression 

chamber. Shortly before the liquid piston reaches the top 

of its stroke in the compression chamber, and shortly 

before the combustion piston in the combustion 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 durinq the continued downward movement of the 

combustion piston out of the combustion chamber, the fuel 

is turned off. The rate of injection of fuel may be 

regulated to provide approximately- isothermal expansi.on. 
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:~e compression piste~ will have ~eversed direction drawing 

a .fresh supply cf gas into -:.he =!'lamber and as -:he 
=ombustion piston a pp.roaches the bottom of its stroke -:he 

exhaust valve 65. opens and the ·cycle is repeat.ed. 

To avoid ":.he need for a fly wheel, two saddle locos .. . . . . 
:::iay be. provided which are arranged to operate 90°. out of 

phase from.each other~. A mechanical drive system would be 

used as ··for the closed-cycle . engine. The liquid forming 

-:.he liquid piston in the conduits containing the com.bustion 

chambers and the compression chambers may be oil, water or 

:EJOssibly another fluid~ The liquids in the two conduits 

·are not necessarily the same. Floats 22, 24 comprising a 

solid ~aterial which .. float · on· the surface of the liquid 

piston in each combustion chaniber may be provided to limit 

the conta.ct of the combustion gases with the liquid. Some 

means of cooling the combustion chamber walls may also be 

provided. 

Both the clo~ed-cycle engine ·and . the .open-cycle 

engine described above produce a work output involving 

large reciprocatinq forces at low frequency, for example 

about l Hz. If the engines are· to be used in electrical 

power generation, a means· would generally have to be 

provided to convert the slow speed form of mechanical 

energy into a suit.able form to drive an electric 
generator. For modest unit sizes with a qeneratinq 
capacity up to about l MW, a slow speed crank shaft could 

be used, connected to a generator by appropriate gearing. 

Alternatively, a. hypo-cyclic qear mechanism or worm drive 

·qearinq may be used. In the case of hypo-cyclic gears, the 

drive shaft of the enqine is connected to a planet wheel 

havinq gear teeth around its external circumference. The 

planet wheel roils around the inside of a fixed wheel 

havinq gear teeth on its · internal circumference. The 

planet wheel is mounted on an arm which rot.ates as the 

planet wheel rolls around the inside of . the fixed wheel. 
The rotatinq arm drives a generator via a speed-up 
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;earing. :'his achieves the same kind of :iotion as :. 

crankshaft, but with the advan~age :hat :arge side thrusts 

o~herwise produced by a crankshaf:, are avoided. !t .:.s 

also possible to make the · hypo-cyclic gear more compac-: 

~han a conventional crankshaft. ~lterna~ively, the engine 

could be adapted to pump a hydrauli= :luid through _ 

turbine connected to a generator. This technique would ce 

suitable for both larg.e and small unit sizes. 

In another embodiment the liquid pistons may be 

replaced by solid pistons. Althouqh it is possible to use 

soi id pistons in the closed-cycle engine in which the 

working gas is passed back and f or~h between the expansion 

and compression chambers, it may be difficult to achieve 

adequate sealing of _the enclosed high pressure gas, which 

is likely to be helium or hydrogen. Sealing is less 

critical for the open cycie engine in which a fresh supply 

of air or other oxidising gas is used at every cycle and 

consequently the use of solid pistons might be more 

~ppropriate for. this case. Figure 3 shows o:rie embodiment 

o·f this form of heat engine. 

Referrinq to Figure 3, an embodiment of the engine is 

generally indicated at 100, and comprises four cylinders 

113, 115, 12l. and 123. A piston is provided for each 

cylinder and each piston is connected to a crankshaft 169 

by a connectinq rod 171. In this embodiment, the engine is 

oriented such that the crankshaft is- above the cylinders. 

Compression chaml:ters 109 and lll 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 ~nd a compressed 

gas outlet port 173, 175. A gas feed line 177, ·179 

connects a compression chamber 109, lll 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 

. I 
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ll 7, 119 has an exhaust qas outlet ;:iort :5i, 165 controlled 
. by an exhaust valve 193, 191. All ~he ga~ inlet and outlet 
ports are sieuated near the bottom of t:he expansion and 
compression chambers. 

A spray :-:.ozzle 129, 131 is provided . in each 
·compression chamber 109, lll for :.nj ect:.nq a liquid spray 
into each chamber 109, l.11 durinq compression. A separator 
137, 139 is mounted wfthin each compression chamber 109, 
lll to remove· liquid from. the compressed qas before the gas 
leaves the compression chamber. ":'hus the separator 137 I 
139 is situated above the compressed qas outlet port 173, 
175. various kinds of separator :nay be used, but it is 

·important for the separator to be as compact .as possible 
without causinq ~oo qreat a pressure drop in the gas 
entering the chamber or the compressed gas leavinq the 
chamber. To avoid the separator causinq a pressure drop in 
the flow of inlet gas, the qas inlet port may be sit~ated 
on the piston side of t~e separator. To achieve .. small 
pressure loss, the separator may comprise a number of .small 

. swirl vanes mount.ed in short pipe sections with the pipe 
sections mounted in parallel. The induced swirl of· gas 
causes entrained droplets to · be thrown outwards and 
collected at the pipe walls. swirl vane separators are 
often used for example in the steam qenerators and steam to 
steam reheaters of pressurised 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 ·cooler 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 cyclic pressure variation in the 
compression chamb.er, which forces . the. liquid throuqh the 
non-return valves in the required direction. It is 
necessary to maintain a gas space above the liquid level 
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;1ithin the cooler -:o allow this process to occur. :'his 

could be done by -:he use of a level· coni::.=oller, such as a 

bali valve, ::ounted · in the cooler. A separate supply of 

liquid may be connected.to the cooler to =eplace any liquid 

which is lost in -:he gas flow to the c:::.bustion chamber. 

The replacement of liquid may also be controlled by the 

level c·ontroller, :..: this is used. 

The separator and cooling circuii::. described above 

provides for -:.he separati.on, re-circulation and . pumping of 

cooled liquid as a fine spray into the compression chamber 

without the use of external pumps. A. si::iilar arrangement 

may also ·. be implemented in heat engines having liquid 

. pistons. For some applications it may be appropriate not 

to · use a non-return valve upstream of t!le spray injector, 

but to control the injection using for example, a cam which 

would. allow better control of the. timir.g of the spray. 

Preferably, the ti:iing 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 chaml:>er. Alternatively, internal or external pumps may 

be used to drive the flow of liquid through the spray 

injectors. . In this case the pumps are preferal:>ly 

mechanically coupled to the piston shafts so that a 

separate power source is not needed. Spray pumps are more 

likely to be appropriate for use with engines or heat pumps 

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

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

droplets may be rather short in comparison with the time to 

complete one cycle of the engine. 

': .. ·· .. 

Each expansion chamber 119, ll 7 has a regenerative 

heat exchanger 125, 127 mounted so that gas passes through 

the heat exchanger before entering 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 sui tal:>le timing mechanism and a s·park plug 

178 to ignite the fuel/gas mixture which may be used for 

starting the · enqine or for both starting and continuously 
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The regenera~ive heat exchan~er :ay consist cf a 

:arge number of ;:arallel channels of s=all . diameter and 
·short length cast for example in a hc:-:eycomb structure.·· 

The heat exchanger is mounted inside. the :omoustion chamber 
. . . 

. in order to. si~plify the design and mir:.~:nise the uriswept 

.gas volumes, but a separate regenerator =ight be preferred 

for some applications. 

The chambers are arranged in ;airs, each··. pair 

comprising one cc:ipression chaml:>er feedir.; cool compressed 
gas to one expansion chamber. The opera~ing . cycle of the 

pairs of chal!lbers are separated by 180° In this 

embodiment, this is accomplished by an appropriate ·design 

of crankshaft 169. In each. pair the expansion process in 
the. expansion chaml:ler. leads the compression process in the 

compression chamber by a predetermined phase angle which in 
this particular ecbodiment is 90° Again, the pha_se angle 
is fixed by appropriate design of the crankshaft 169. In 
this way, compression takes place when most of the qas is 

in the compression chamber, and expansion takes place when 
most of the gas· is in the expansion chamber. Also, the 

expansion process occurring in the expansion chamber of one 

pair of chambers directly drives the co:ipression process 

occurring in the co:npre•sion chamber of the other pair. 

The operatinq cycle of one pair of chambers proceeds. 

as follows, beginning with gas induction into the 
compression chamber. As the compression piston reaches the 
bottom of its stroke in the compression chamber, (i.e. 

farthest point from ·the crankshaft 16.9) the gas inlet port 

157 opens and gas i~ drawri into the compression chamber as 

the piston moves out of the compression chamber 109. At . 

the same time, th• compressed gas inlet port 181 in the 

expansion chamber i·s . closed and fuel_ is injected into the 
expansion chamber 119 as the expansion piston reaches 
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rnid-st:roke moving out: of the expansion chamber. The 

::iixt:ure of fuel and gas in the expansion chamber ignites 

and the coml:Justion gases expand driving the expansion 

piston to the top of its stroke, (i.e. nearest poin~ 

relative to crankshaft 169)~ 

The expansion piston 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 into the compression 

chamber until the compression piston reaches the top of its 

stroke when the gas inlet valve 157 closes.. The 

compression piston reverses direction and moves into the 

compression chamber. at. which point cool liquid is sprayed 

into the chamber cooling the gas during compression. 

As the compression· piston r~aches mid stroke, the 

expansion piston reaches the bottom of its st.roke in the 

expansion chaml:)er 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 compressed gas passes through the_ regenerator 125 in 

which it is pre-heated with heat from the exhaust gases. 

As the compression piston in the .compression chamber 
reaches the :Cottom of its stroke, the compressed gas inlet 

valve 181 in the expansion chamber 119 closes and fuel is 

injected into .the expansion chamber, mixes with the 

pre-heated compressed qas and ignites. The combustion gas 

expands forcinq the expansion . piston to the top of its 

stroke and the cycle is repeated. Liquid removed from the 

compressed qas before leaving the compression chamber is 

forced out of the compression chamber through valve 205. 

The liquid is cooled in the cooler 197 before beinq 

. returned and injected into the compression chamber. 

.. 

The other pair of chambers progress through a similar 
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cycle but as r.ientioned above ~he operating cycles of eac::. 

pair are ·. ~eparated by 180° such an enqine could ru~ 

satisfactorily if the motion ...,as sustained throughout the 

cycle with a· large fly wheel. · However, the engine may 
. . . 

comprise two sets of four cylinders connected to a single 

crankshaft, with the operation of :ach set of four 

cylinders beinq oµt· o~ phase by 90° ~his would allow 

positive drive at all staqes .of the cycle,· with the result 

that a fly wheel would. not be necessary to achieve 

continuous operation. 

In addition, it may . also· be possible to desiqn an 

enqine comprisinq one compression chamber and. one expansion 

chamber as lonq as some means are provided to sustain the 

operation of the enqine over the cycle period between the 

expansion or combustion strokes. 

The orientation of an enqine with solid pistons may 

be as shown in F iqura 3 , with the crankshaft above the 

cylinders. This ·has the advantaqe that the separation and 

removal of liquid droplets from the cylinder is assisted by 

qravity. ·. On the other hand it may not be so easy to 

provide lubrication to the crankshaft and there may be 

other practical disadvantaqes to this arranqement. An 

alternative arranqement is to place the cranksnaft below 

the cylinders and to arranqe the piston to push the spent 

spray liquid out thrauqh the valve leadinq ta the expansion 

cylinder. Means of separati,nq the liquid could then be 

provided in the pipe leadinq to the expansion chamber. An 

alternative method of separation for the confiquration with 

the crankshaft below the cylinder~ is for the piston to 

push the liquid over- an internal weir at the top of the 

cylinder. The liquid would then be drained . away by 

qravity. This would avoid the need for a larqe ·connecting 

pipe and external separator. 

The attraction of usinq ·solid pistons. instead of 

liquid pistons is tha.t ·it should be possible to . run the 
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angine ae higher speeds. :'his implies a higher output fo= 

a given unit size, such that ~his enqirie could be suitable 

for mobile applications, for example in boats and =oad 

vehicles, in addition to static power generation. The 

sealing of the pisi:ons will ·:.n general not be as good as 

ehat if liquid pistons were used, but the sealing in an 

open-cycle engine is not as important as ·it is in a 

closed-cycle enqine. It is also possible to devise an 

enqine comprising both liquid and solid pistons, for 

example with liquid pistons in the compression chambers and 

solid pistons in the com}:)ustion chambers. 

Figure 4 shows anothei;- embodiment of a heat engine 

which is similar to that shown - in Figure 3 but which -has 

been modified in a number of -:Nays for improved performance 

including better efficiency and a much higher output in 

terms of work rate. 

The heat engine shown in Figure 4 co~p~ises a pair of 

compression cylinders 113, 115 each having associated spray 

liquid coolinq and re-circulating apparatus, and a pair of 

expansion or coml:)ustion cylipders 121, 123 and the 

-description of these components described above in relation 

to the embodiment shown · in Figure J applies to 

corresponding components shown in Figure 4 and like 

components are desiqnated -by like reference numerals. The 

modifications to the heat engine which contribute to the 

improved performance of the embodiment shown in Figure 4, 

will now be described. 

The moisture separators 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 compressed gas outlet port 173, 175 of the 

compression chambers and the-hot compressed qas inlet ports 

165, 167 of the expansion chambers 119 and 117. Placing 

the _moisture separato~s outside the compression chambers 
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:-emoves ~he dead ·;olume 'N'ithin the chambers ·..rnich ·..;oulc 

otherwise be presen'C. throughou~ compression . and contribute 

~o a lower compression ra'C.io. Compressed g~s outlet valves 

204 and 206 have been added to seal the compression 

chambers :09 and 111 from the volume enclosed by the 

ex-cernal pipework leading from the compressed gas outlet. 

ports 173, 175 of the compression chambers to ·the inlet 

perts of the expansion ·chanibers, and to control the ·final 

pressure cf th.e compressed qas in each compression chamber 

before the gas is passed tc·a respective expansion chall\Der 

and also to control the timing of the· flow of compressed 

gas to the expansion chambers. Both .the addition of the 

outlet valves 204 and 206 and the removal of the moisture 

separators: from the inside of· the compression chambers 

enables much higher compression ratios to be achieved. 

The regenerative .heat exchangers 125 and 127 which 

·are housed within the expansion chambers in the embodiment 

shown in Figure 3, have been replaced by recuperative heat 

exchangers 244 and 246 mounted externally of the expansion 

chambers in the embodiment shown in Figure 4. Again, 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 cf exhaust 

gas, from the previous cycle, trapped within the 

regenerative heat exchangers, and thereby reducinq the 

temperature of the qas. Thus, much higher temperatures can 
be. achieved · in the expansion chamber. 

The recuperative heat exchangers 244 and 246 are each 

connected in a respective compressed gas feedline 177, 179 

.between a respective moisture separator 137, 139 and the 

·.hot compressed gas ·inlet port. 181, 183 of a respective 

expansion chamber and are · arranqed to pre-heat the cool 

compressed gas from· the compression chambers with exhaust 

_gas leaving the expansion ch~mbers t~rouqh the exhaust 

ports 165, 167. The increased compression ratio obtainable 
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:=om t:.he engine snown in Figure .; means -:!'lat the =at.:.o c: 

-:he absolute temperatures before and after expansion ~s 

.:.ncreased also. The t.empera-cu::e after -:he expansion .:..s 

:ikely to be similar for.both t!'le erigines shown in Figure: 

and Figure 4 since this. is dete=mined by the mat:.erials of 

the heat exchanger. Hence the peak temperature of the 

engine shown in F iqure 4 will be higher and the average 

.temperature of heat addition during the expansion will be 
. . . ' 

· higher also. The above mentioned improvements enable bot:.h 

higher pressure differences and high temperatures to be 

achieved within the cycle, with heat .being reject:.ed at:. the 

lowest temperature within the cycle and heat:. being added at 

the highest temperat:.ure, which leads to an increase in 

power output. 

Further modifications have been made the embodiment. 

shown in Figure 4 to recover waste or excess heat in 

various parts of the cycle and to convert_ this heat int:.o 

useful power, to increase .the efficiency of the engine. In 

pari:icular, each of the combust:.ion cylinders 123, 121 is 

surrounded by a cooling jacket 212, 214 for recovering heat 

conducted through the combustion chamber walls. A .bypass 

line 20$, 210 is connected into t:.he compressed qas feedline 

177, 179 between the m~isture separator 13 7, 13 9 and the 

recuperative heat exchanger 244, 246 to supply cool 

compressed. air from the compression chamber 109, 111 to the 
coolinq j a.cket 212, 214. The bypass line 2 08, 210 is 

connected near the bottom on the cooling jacket 212, 214 

where the temperature of the combustion chamber walls is· 

least. A pair of expansion cylinders 220, 222 are provided 

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 qas outlet port 236, 238 

controlled by an . outlet .valve 240, 242. The inlet port 

216, 218 is connected to a point near the top of the 
cooling jacket 212, 214, the uppermost part of which 

surrounds the exhaust port and _extends to the hot side of 
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Thus, heat lost to -:he walls at the top .of -:he 
t::or.L.bustion chamber is recovered and converted into useful 
;,rork by dl.rectii:q part of -:he cool ·compressed qas from ~he 

compression chambers to -:!':.e combustion chamber walls. 
compressed air is much mo.re :ffective as a coolinq medium 
than air at atmospheric pressure. The cool compressed air 
:nters the coolinq jacket near the bottom in order to first 
cool the combustion chamber walls since ·the combustion 
chamber walls have to be kept: below a temperature Which is 
determined ·by the lubricatinq oil. The compressed gas is 
pushed upwards in the cooiinqjacket towards the top of the 
combustion chamber, absorbinq neat and gradually rising in 
t~mperature. Having gained some heat in this cooling 
·process, the compressed air is then used to cool the hotter 
:.:irts of the _system, such as the cylinder head ·and valves.· 

. . 

Finally, the hot compressed air is intermittently extracted 
from the cooling system byopeninq the inlet valve into the 
expansion chamber in Which . it expands, drivinq the 
associated piston out of the chamber~ thereby generating 
additional r.techanical·work. 

Because, in practice, the heat capacity of the 
exhaust gas leaving the co::U:>:'.lstion chambers will generally 
be larger than the compressed gas from the compression. 
chambers, there will · be more heat available in the exhaust 
qas than is.required to pre-heat the cool compressed gas in 
':.he recuperative heat exchanqers. This . excess ·heat may 
a.:.ao be recovered by compressing more· gas than is required 
for combustion, directing tnis qas throuc;h the recuperative 
heat exchangers in which it is pre-heated with the excess 
r.,.:i.at available in the ·exhaust c;as and then directinc; this 
p:e-heated compressed gas to one .or more of the expansion 
chambers. 

The advantage of this :tiodification is a reduction in 
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~he firial ~empera~ure of the exhuas~ gases, and an increase 
in the fuel efficiency of the •ng~ne. 

one er more expansion chambers to recover waste c::­
excess heat from various parts cf the engine may also .:oe 
used in any of the other embodiments described herein. 

The embodiment of the heat enc;ine shown in Figure ~ 

is essentially symmetrical about the vertical centre line A 
with the right hand half of the enqine beinq 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 pisto!ls to the ric;ht of ~he 

centre line, since this .is expected to give the most 
uniform torque on the. crank shaft 169.. Also, ~he 

combustion. chamber pistons in each half o.f the engine are 
arranged, via the crank shaft, to lead the corresponding 
compression chamber pistons by about 90° This will 
provide a hiqh torque to the crank shaft . at the time when 
it is needed to achieve a hiqh pressure in the compression 
chamber. '!'his arranqement also has the possible advantage 
that compressed .air is drawn into the combustion chamber 
from the feed line and heat exchanqer before this qas is 

·replenished by the openinq of the outlet valve from the 
compression chamber. 

A complete operatinq cycle of the heat engine shown 
in Fic;ure .; will now be described with reference to the 
three cylinders 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, ai:- is used as the oxidisinq gas for combustion, 
although this need not necessarily be the case. 

When the piston 112 in the compression ·chamber 109 
reaches the top of its stroke and begins to reverse 
direction, the compressed qas outlet valve 204 closes and 
the inlet valve 157 opens- ·and atmospheric air is drawn into 
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-che compress:..on c:iar:i.ber -:.hrough -:he air :..nlet pot'":. !.56. ,;-: 
~he same t~~e as the compression piston ::2 reaches the tcp 
of its stroke, the piston 122 ·in the combustion chamber and 
the piston '2~ in_ the expansion chamber are at the r.tidpoin~ 
of their st:-okes and moving downward. The combustion 
chamber, at this point, contains pressurized hot combustion 
gases which are expanding and driving the piston out of the 
chamber. Likewise, the expansion chamber 228 contains hot 
pressurized air which is also . expanding and driving the 
expansion piston 224 out of the chamber. The outlet valves 
in both the combustion chamber and expansion· chamber are 
closed, and the inlet valves may also be closed. 

As the compression piston 112 reaches the mid point 
of its stroke, the: combustion and expansion pistons reach 
the bottom of their strokes and reverse direction. At this 
point, the exhaust outl·et 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 
combustion chamber through the outlet port 165 an_d passes 
throuc;h the heat exchanger 244 and out into the 
atmosphere. Likewise, the. expanded gas is pushed out of 
the expansion chamber throuc;h the gas outlet port 236. 

Reduction of ni troc;en .·oxides in . the exhaust c;ases can 
be achieved, if desired, by injecting amonia upstream of or 
directly into the heat exchanger, and/or by incorporating a 
catalytic surface within the heat exchanqer itself. 

When the combustion and expansion chamber pistons 
. 212, 224 reach the midpoint of their upward stroke, the 
compression piston 112 reaches the bottom of its· stroke and 
reverses direction. At this point, the air inlet valve 157 
closes and a spray of cool liquid is injected into the 
compression chamber iog through the spray injection valve 
12 9 so that the air in the compression chamber is 
compressed approximately isothermally. 
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When the combustion and expansion pis..:ons :-each t.~e 

~op of t.heir si:roke, their respective c~-clet valves 19:, 

240 boi:h close and their respec-cive air inlet: valves :ss I 

232 open, admittinq pre-heated compressed air in~o t.~e 

chambers via a respeci:ive air inlet pori: lSl, 216. At a 

predetermined point, the inlet valve supply.inq pre-heated 

compressed air into the combustion chamber is closed and 

fuel is . injected into the chamber · via the fuel inj ec-eion. 

valve l 74. A.n iqnition source l 78, such as a spark plug, 

may be used to iqni te the fuel, or the ignition may be 

spontaneous as the fuel mixes with the ·pre-heated 

compressed air. The piston 212 is driven out of the 

combustion chamber 119 by the pressure of the hoi: 

com})ustion gases, which cool to some degree as a result of 

doing work against: the piston. 

·The qas inlei: valve 2·32 in the expansion chamber 228 

is also closed at some predetermined point and the air 

expands adiabatically, drivinq the piston 224 downward and 

out of the chamber. 

As the piston 112 in the compression chamber 109 

approaches the top of its stroke, the compressed qas outlet 

valve 204 opens and the mixture of air and spray liquid is 

expelled from the chamber into the moisture separator lJ 7, 

in which the air and liquid are separated. The moisture 

separator 137 is sized not. only to achieve separation of 

the air/liquid mixture, but also to act as a reservoir for 

the liquid and a pressure accumulator for the compressed 

air. 

Liquid flows from the moisture separator 137 to the 

cooler 197 where the heat absorbed . durinq the process of 

compression is liberated to the atmosphere or to some other 
heat sink. The liquid from the cooler 197 then flows back 

to the liquid spray injection valve 129 which controls the 

injection · o·f . liqUid dnrinq compre$sion. Since .the 
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~nJection of the spray will ~ormally occur while the 

pres$ure in the compression· chanll:>er 

it should be possible to achieve 

is below its ma.xi:r.ium, 

sufficient injection 

during this time. · By the time the pressure has risen 1=::> 

the injection pressure and cut off the injection ~low, 

sufficient liqui~ droplets will already be present in the 

compression chamber. Hence the . compression chamber piston 

112. can effectively provide. the means to pump the liquid 

around the cooling circuit and through the spray injection 

nozzles. 

,,,<, · '·cool compressed air flows from the moisture separator 
;t37. to the recuperative heat exchanger 224 in which it is 

pre~heated by the exhaust gases trom the combustion chamber 

119. 

When the piston 112 in the compression chamber 109 

has reached the top of· its stroke, the ·compressed qas 

outlet valve 204 closes, the air inlet valve 157 opens and 

the cycle is repeated. 

Phasing of the pistons in the various chambers is not 

too critical, particularly if the enqine 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 minimise vibration. The phasinq of the 

pistons will also af feet ~he "breathing" i. e ~ , the . flow of 

air from the compression chamber to the combustion chamber 

and the pressure variations in the moisture separator and 

the heat exchanqer. Althouqh the phase anqle between the 

combustion chamber pistons and the compression chamber 

pistons is ·about 90° in the embodiment shown in Fiqure 4, 

the phase angle may be different in other embodiments, but 

the choice of phase anqle is a matter for careful 

optimisation in the light of practical experience and 
measurements. 
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Al though ~he eml:lodimem:s shown .:.:i. F iqure 4 has ~!No 

~oisture separat:ors and t:wo heat exchangers, the heai:: 

engine may be arranged with fewer separators _and/or heai:: 

exchangers so that: a single separator and/or heat exchanger 

is sh_ared between two 

advantage of reducing 

the unifor:nity of air 

or more cylinders. This may have the 

the size of these components, improve 

flow and possibly reduce the costs.· 

A further embodiment of any of the open cycle engines 

described above, incorporates a turbo-charger in the cycle, 

such· as is often ·used for petrol and diesel engines. The 

i::urbo-charc;er 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 isothermal 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-charger is to raise the average 

pressure of the gases in both the compression and 

combustion ·chambers, so that an engine of given size has 

more power. Th_e use of a turbo-charger will tend to reduce 

the efficiency of the enqine sliqhtly, because of the lower 

efficiencies of the rotary compressor and expander and 

.because the turbo-compressor compresses adiabatically 

rather than isothermally. However, the incorporation of a 

turbo-charc;er may well be attractive because the reduced 

· efficiency may be more than offset by a larqe increase in 

the power output from the same size of enqine. 

Al thouqh the embodiment shown in _ Fiqure 4 shows the 

crank shaft . drivinq a qenerator 247, the . enqine could 

alternatively be used to drive road or rail wheels or a 

ship's propeller. 

In an alternative embodiment, the pistons may be 

coupled toqether and driven by a rotatinq mechanical system 

other than a crank sh~ft, for example a hypo-cyclic_ gear. 
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:!n a !ur~her em.bodir.ient, i~ :iay be advantageous -::: 
ar:::-anqe.the engine such that the compression process ::1 t.he 
cor.:pression chaml:>ers take place at a slower· speed ":har. 
combustion in the combustion chambers. In.other words, the 
engine may be arranged such that there are r.iore . combustion 
cycles per unit <;i:ne than _·compressi_on cycles. This may be 
achieved by providing apptopriate ge~ring between the crank 
shaft of the compression chamber and that of the combustion 
chamber. If the ·engine al.so has an air expansion cham.b_er 
to recover waste or excess heat in various parts c: the 
cycle, it is also p~ssible 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 compression process may always be 
maintained at a moderate rate to allow sufficient time for 
the transfer of heat between the gas and the liquid 
droplets so that . the compression process ~ay always be 
substantially isothermal, that the heat loss per cycle from 
the combustion chamber is reduced to provide higher 
efficiency and that the power output from the engine can be 

·.higher. 

In an alternative embodiment, the present invention 
may be adapted to provide cooling for a conventional 
petrol, diesel or gas engine for the purpose of recovering 
h~at and converting this. heat into useful work. In its 
basic form, such an embodiment includes a compression. 
chamber and an associated piston for compressing gas 
isothermally by liquid· spray injection during compression, . 
an expansion chamber and an associated piston connected 
either to an output drive of the engine or to some other· 
drive which could benefit from additional power and a heat 
exchanger to pre-heat the cool compressed gas from the 
isothermal compression chamber with heat from the engine 
(which would otherwise be wasted) and means to feed the 
pre-heated compressed gas into the expansion chamber. The 
heat exchanqer may simply consist of passages formed in the 
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=~mi:>ustion =ham.oer walls of ~he engi~e to allow ~~e 

:ompressed air :o circulate before being admitted into ~~e 

· axpansion cham.ber. .The isotherr.i.al compression and 

expansi·on cham.bers may· be similar· to ~hose illustrated i.:"l 

Figure 4, :he r.iain difference cf t:his em.bodiment from t:hai: 

shown in Fiqure 4 being that all t:he isothermally 

compressed air is used for heat recovery, not just a par~ 

cf it. 

Any of the engines described above can readily ·be 

adapted for use with coml:lined heat and power systems, if 

required. The use of a non-condensing gas as the working 

gas allows m:uch qrea.ter ·flexibility over the choice of 

operating temperatures than does a condensing vapour 

cycle. The system is simply adjusted to reject heat at a 

higher temperature than would be used for power generation 

only. 

Anoeher option which could be used to produce the 

maximum amount of low temperature · heat for drying, space 

heatinq or. heating 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 indicaeed 

that it should be possible with an open-cycle 

coml:lustion~driven enqine to produce twice as much low 

temperature heat as is consumed 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 

wa-cer. 

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 also 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 it is not tied so tightly to a 
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?ar~icular ::-ange == temperai:ures as is -;he case for hea-: 
pumps which :::-ely on the evapora'l;:ion . of a liquid and -=~e 

condensai:ion cf t~e vapour. 

other .emcod.:..::tents of the heat pump r.tay include valves 
so as to operate ~n open cycle similar to the systems shown 
in Figures 2, .3 o:- 4. However in. this case, there would be 
no combustion in ~he expansion chamber and there may not be 
any form of recuperative or regenerative heat exchanger or 
droplet injec~ion in the cool expansion chamber. For 
example, the air in the expansion chamber could be expanded 
adiabatically. The air in the compression chamber would be 
compressed isothermally by use of a pis't.on and a droplet 
spray and the excess heat would be transferred to a 
convenient heat sink. This form of heat pump might.be used 
as . an air conditioninq and ventilation unit with the 
expanded air leavinq the· system significantly cooler than 
the incominq air. The system would no't. be very suitable 
for the pumpinq of heat into a buildinq from a cold 
atmosphere, because of the problem of icinq inside the 
expansion chamber. 

Further embodiments of the heat pump would be similar 
to those described herein but without the liquid pistons. 
All the compression and expansion would be performed usinq 
solid pistons only. For example, it is possible to have 
liquid seals without necessarily havinq liquid pistcms. 

It will be· appreciated by those skilled in the art 
that there are many altern.ative mechanical arranqements for 
convertinq the linear ·motion of a piston to rotation of a 
drive shaft. Where a liquid piston is used and part of the 
mechanical drive comprises a drive. or transmission shaft 
extendinq throuqh a· wall in the conduit, as shown in 
Fiqures l and 2, a· ·seal. must be provided between the wall 
and the reciprocatinq drive shaft. .However, one possible 

· disadvantaqe of tilis arranqement is that there may be 
considerable friction between·· the seal and drive shaft~ An 
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alternative arra:i.qemem: which ·..;ould ;:ernaps. reduce -:!'".e 

:riction involves a rack-and-pinion ~ounted within ':~e 

horizontal section of the conduit. ':!".e pinion :would :::e 
::::-otatably mounted ·w~ th its axis transve::::-se to direct:. ion :: ::: 
:::totion of t!'le piston, and the rack would be appropriat:el::· 
::oupled or connec-:ed to the solid piston· or pistons. :'~e 

· pinion may be arranqed to drive a re-eatable sha_ft whic~ 

extends throuqh -:he wall of the conduit via a seal,. -::: 
transmit power :rom the piston externally. The soli: 
piston which is coupled to the motion cf the liquid p_iston 
would be arranqed to move back and forth in one_ or other cf 
the arms of the conduit and more than one such solid piSto:i. 

~ay be used within one conduit. 

Alternatively, linear motion of the piston may be 
converted to ro-cational motion of the drive shaft by 
mountinq some for::i of fluid screw such as a propeilor or 
turbine blade inside the conduit which is rotatably mounted 
on a drive shaft ext.aridinq th_rouqh the conduit. In this 
case the drive shaft is parallel to the direction of mo~ion 
of the piston. where reciprocatinq drive shafts are used 
in two saddle loops, it may be convenient to couple the 
drive shaft of one compression loop to the drive shaft of 
the other expansion loop. A hydraulic drive system may be 
used instead of a mechanical system. Thus, in the above 
case, each comeined drive shaft of the saddle loop would 
drive an external reciprocatinq piston in an external 
hydraulic cylinder to pump hydraulic fluid. The 
predetermined phase anqle {for example 90° · ) between the 
two combined drive shafts· could be achieved by timinq the 
openinq of valves in the hydraulic cylinders so as to 
prevent either shaft departinq too far from its desired 
position at a particular staqe of the cycle~ 

In the enqines or heat pumps in which liquid pistons 
are used, solid floats may be arranqed to float on the 
surface of the liquid pistons. 
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Modifica~ioris -;;:, ~he embodi::ient:s ::esc::'ibed wil.:. . be 

apparent to those skilled in the art. 
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An engine c:=prising a compression =~amber to c=~~ai~ 

to be compressed and a first piston -:o compress said 

:;as by movement :: the piston in the c:=:pression c~arnber 

and driving means arranqed to drive said !irst piston into 

the compression chamber to compress said ;as, an expansion 

chamber and a seccnd piston to allow gas -:o expand therein 

-~Y movement of ~~e second piston out of the expansion 

chamber, means to :eed compressed qas frc~ said compression 

chamber to said expansion chamber, a~d heating means 

arranqed to heat said compressed gas frc= said compression 

chamber, transmission means operatively coupled to said 

second piston to permit power from the enqine to be drawn 

and means to .for:: a spray of liquid "in said compression 

chamber to cool the qas on compression therein. 

2. An enqine as claimed in claim l :-.:rther comprising 

means to add heat to said qas in said expansion chamber 

during expansion tr.ereof. 

J. An enqine as claimed in claim 2 wherein said heatinq 

means comprises heat exchanqer means arranqed· to pre-heat 

compressed qas fro::i said compression chaml:ler with heat from 
gas expanded in the expansion chamber. 

4. An ·-engine as claimed in claim 3 includinq return 

means for returnir.q expanded gas leavinq said expansion 

chamber to said COl:lpression Chamber for re-compression~ 

5. An enqine as claimed in claim 4 including means . for 
cooling said expanded qas before returning to said 

compression chamber. 

6. An engine as claimed in claim 5 wherein said means 
for cooling comprises said heat exchanger J:1.eans. 

7. An engine as c;:laimed in any one of claims 2 to 6 
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· . .rnerein said :':leans -:: add heat: =o:::prises ~eans to fo~ c. 

spray of hot liquid :..:i s·aid exp_ansion chamoer ~-

a. An engine as ·claimed in claim 7 ::lcluding suppl::· 

::leans arranged ~o su~ply liquids of at: leas't:. two different 

tempera~ures for use in the liquid spray :~ said expansion 

chamber. 

9. An engine as claimed ·in claim 8 including means to 

. for:n a . spray of liquid in said expansion chamber during 

compression of gas. -:herein to control the temperature of 

said gas. 

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

combustion chamber =~r the combustion of :uel and wherein 

said heating means comprises means to heat compressed gas 

from said compression chamber with heat conducted across at 

least one of the surfaces defining said combustion chamber . 

. 11. An engine as claimed in claim 10 including. a third 

piston in said combustion chamber arranged to be driven by 

combustion in said combustion· chamber and operatively 

coupled to said trans~ission means. 

12. An engine as claimed in claims 2 or 3 including first 

valve means operative to admit gas for combustion into said 

compression chamber, second valve means operative to 

prevent gas in s~id 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 exp-nsion chamber. 

13. An engine as claimed in claim 12 includin9 means to 

control the rate of flow of said combustible fuel into said 

expansion chamber. 

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

including valve means operative to control the flow of gas 
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:=om said compress1c~ chamber :~~o said expansion chamber. 

:s. An engine as =!aimed in elaim 14, ~herein said valve 
~eans comprises ou~:ee valve means arranged to allow gas 
~e drawn from said c:~pression chamber after compression. 

-­._ .J 

:6, An engine as claimed in claim 14 or 1.5 wherein said 
valve means comprises inlet valve means operable to admi'= 
hot compressed gas from said heating ~eans into said 
expansion cham.ber. 

l 7 • An enqine as claimed in any preceding claim further 
including a further chamber to contain gas to be expanded 
and a. further piseon to allow said gas to expand by 

movement of said piseon ou_t of said further cham.ber, means 
-:o feed compressed gas from said compression cham.ber to 
said further chamber, and means to preheat the compressed 
gas before entry into said further chamber. 

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

1.9. An engine as claimed in claim 17 or 18 wherein said 
means to pre-heat comprises heat exchanqer means arranged 
to pre-heat compressed gas with expanded qas from said 
expansion chamber. 

20. An enqine as claimed in any one of claims 17 to 19, 
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 valve means operable to control the flow 
of compressed qas f:-om said means. to pre-heat into said. 
further chamber. 
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-- . An engine as c!air.\ed i:i any :::::-eceding clai::t ~herei~ 

sa~d driving ~eans :~eludes coupling ~eans coupled to s~id 

-::-ansmission means so -:hat in use, said first and second 

;:is-::ons move in pre-det:ermined phase relationship. 

: : . An engine as c!.ai:ned in any . preceding claim wherein 

said driving ::\eans. is · · operatively coupled to said 

't.ransmission means such that said second p.iston driven by 

expansion of gas i:: said expansion chamber drives said 

:i.rst piston into saia compr~ssion chamber. 

2.;. An engine as claimed in claim 22 or 23, further 
. . . 

comprising a c:.-ank shaft operatively coupled to at least 

one of said d~iving means ~nd said transmission means. 

2·5. An engine as claimed in any precedinq claim arranged 

such that _the time to complete the compression stroke in 

said compression chaml:>er is great.er than the time to 

complete the expansion stroke in said expansion chamber. 

26. An enqine as.claimed in claim l7 or any one of claims 

18 to 25 as dependent on claim l7 arranqed such that the 

time to complete the compression stroke in said compression 

chamber is qreater than the time to complete the expansion 

stroke in said further chamber. 

27. An engine as claimed_ in any preceding claims arranged 

such that the time to complete two consecutive compressions 

in said compression chamber is greater than the time to 

complete two consecu~ive expansions in said expansion 

chamber. 

28. An engine as claimed in any precedinq claim 

comprising containing means· for containing a body of liquid 

and includin; a conduit forming at least one of said 

pistons, said containing means includinq one of said 

chambers at one end thereof. 
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29. An engine as =laimed !n clai~ 2a ~herein said 

containing means is formed as a generally ~-shaped condu~~. 

JO. An engine as claimed in claim 29 comp~isinq a p~:= of 

generally a-shaped conduits each concaining a body cf 

liquid as a piston, a compression chamber formed in each 

arm of one conduit and expansion chamber formed in each arr. 

of the other conduit, and means feeding compressed qas f=or:i 

o·ne of said compression chambers to one of said expansion 

chambers and means feeding compressed gas from the other 

compression chamber to the other expansion chamber. 

J l. An enqine as claimed in claim 3 O further comprising 

another pair of said qenerally u-shaped conduits whereby in 

use, the liquid piston in one u-shaped . conduit containing 

expansion chambers is substantially 90°. out of phase with 

the liquid piston in the corresponding· u-shaped conduit 

containinq the other expansion chambers. 

32. An enqine as claimed in any one of claims 28 to 3 l 

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 claim 32 wherein said member 

comprises a solid piston. 

3 4. An engine as claimed in claim 3 3 including a shaft 
coupled to said solid piston and extending through the wall 

of the conduit containinq said liquid piston. 

35. An enqine as claimed in any one of claims 28 to 34 
wherein the or each said second pist.on comprises a liquid 

and said transmission means comprises a member arranged to 

cooperate with said second piston such that motion of the 
liquid piston in at least one direction is imparted thereto. 

THIS SHEET HAS BEEN 
REPLACED 



WO 94/12785 I 11111111111111111111111111111. 
--- :;,o - PCT /GB93102472 

* C L M S * 

:6. An engine as clai~ed in claim 35 ~herein said member 

=omprises a solid pis~on. 

:-:-. Ari engine as claimed in claim 36 including a shaf~ 
coupled to said ~olid piston and extending through the Wal: 
cf the. conc:lui t ccntainin"g said liquid piston. 

~8. An engine as claimed in any one of claims 28 to 37 

i-ncludinq means to supply the or each means to form a spray 
with a liquid from the liquici piston. 

39. · . An engine as cla.imed in claim 38 · wherein said means 
-=o supply includes a pump arranged to .be driven by a said 
:iquic:l piston. 

~o. An engine as claimed in any one of claims l to· 27 
wherein said first and second pistons comprise a solid 
material. 

~ l. An engine as claimed in claim 40 includinq a pair of 
said compression chambers and a pair of said expansion 
chambers wherein in use the pistons in the compression 
chambers are arranged to move substantially in antiphase 
...,ith each other, and the pistons·. in the expansion chambers 
are arranged to move substantially in antiphase with each 
other . 

.;2. An engine as claimed in claim 41 including another 
said pair of said.· compression chambers and another said 
pair of said expansion chaml;)ers wherein in use the· pistons 
in one pair of said compression chambers, are arranged to 
operate substantially in ~adrature with the pistons in the 
other pair of compression chambers and the pistons in one 
pair of said expansion chambers are arranged to operate 
substantially in quadrature· with the pistons in the other 
pair of said expansion chambers. 
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.; :3. An engine as cl.aimed in any preceding claim wherein 
said heat exchanger means comprises a reqenera~cr . 

.;.; . An engine as claimed in any preceding ::laim wherei~ 
said heat exchanger ~eans comprises a =ecuperative hea~ 

exchanger. 

45. An engine as claimed in any preceding claim including 
separator means arranged to separate liquid !rom the gas 
leaving the or each said compression chamber and/or the or 

each said expansion chamber. 

46. An engine as claimed in any preceding claim including 
supply means arranged to supply liquids of at leas't 'two 
different 'tempera'tures for use in the liquid spray in the 
or each compression chamber. 

4 7. An engine as claimed in claim 46 including means to 
form a· spray of liquid in the or each compression chamber 
during expansion of gas therein t~ control the temperature 
of said gas. 

48. A heat pu~p comprising an expansion chamber to 
contain gas to be expanded and a first piston 'to allow the 
gas to expand cy .movement of the piston out of the 
expansion chamber, a compression chamber to contain gas to 
be compressed and a second piston to compress saifi gas by 
movement of said second piston into the compression 
chamber, means to feed qas from one of said ·expansion 
chamber and said compression chamber to the other 
chamber,and means to form a spray of liquid in said 
compres~ion chamber to absorb heat from said gas during 
compression, wherein said second piston is adapted to be 
driven by an external source of power into said compression 
chamber to compress the qas. 

49. A heat pump as claimed in claim 48 further comprising 
means to supply heat.to the gas during el<pansfon thereof in 
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:c. A heat pump as c:a:.::i.ed in claim 48 or 49 including 
hea~ exchanger means arra~ged to pre-heat: said expan~ed gas 
Ni~~ heat: from c=~pressed gas leaving ~he compression 
cha!:'.ber. 

51. A heat pump as clai:ied in any one of claims 48 to 50 
.including means for returning compressed gas leaving said 
co:ipression chamber ~o said expansion ch~mber for 
re-expansion. 

52. A heat pump as claimed in claim 51 including means 
fo::- cooling said compressed gas before returning to said 
expansion chamber. 

SJ. A heat pump as clai:ied in claim 52 wherein. said ~eans 
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 
supply heat comprises means to form a _spray of coo~ liquid 
in said expansion chamber. · 

ss. A heat pump as clai~ed in any one of claims 48 to 54 
comprising containing means for containing a body of liquid 
and· including a conduit forming at least one of said 
pist:ons, said containing means ·including one of said 
chambers at one end thereof. 

56. A heat pump as claimed in claim S5 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 body of 
liquid as a piston, a co:z:i.pression chamber formed in each 
arm of one conduit and an expansion chamber formed in each 
arm of the· other conduit, and means feeding expanded. gas 
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::-om one of . said expansion cham.i::>ers -:::> one of said 

compression chambers and means feeding expanded gas from 

the other expansion chamber to the o-cher compression 

chamber. 

58. A heat pump· as claimed in any one of claims 48 to 57 

wherein said heat exchanqer means comprises a reqenerator. 

59. A heat pump as claimed in any one of Claims 48 to SS 

includinq separator means arranqed to separate liquid from 

the qas leavinq said compression chamber . and/or expansion 

chamber. 

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

includinq means to supply the or each means to form a spray 

with a liquid from th~ liquid piston. 

61. A heat pump as claimed in claim 60 wherein said means 

to supply includes a pump arranqed to be driven by a liquid 

piston. 

62. A heat pump as claimed in any one of claims 48 to 61 

further comprisinq couplinq means coupled between said 

first piston and said second piston to maintain said first 

and second pistons in predetermined phas~ relationship • 

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

couplinq means comprises a crank shaft. 

64. A heat pump as claimed in any precedinq claim wherein 

said first piston is adap1:ed to be driven by an external 

source of power. 

. 
65. A heat pump as claimed in any precedinq claim 

arranqed to be driven by an electric motor. 

66. A heat pump as claimed in any precedinq claim 

comprisina couplin9 means coupled between said first piston 
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and said external source of power, . wherein said coupling 

~eans is adapted to withs~~nd a substantial force against 

-:.he pressure of gas in said compression chamber. 

5;. A heat pump as claimed in any. preceding clair.: 

=omprising coupling means coupled between said first piston 

and an external source of power, ·wherein said. coupling 

~eans is adapted to withstand substantial force against the 

pressure of gas in said expansion chamber. 

68. A heat pump as claimed in any preceding clai,m 

· including supply means arranged to supply liquids of at 

:east two different temperatures for use in the liquid 

spray in said expansion chamber. 

69. A heat pump as claimed in claim 68 including means to 

!or::t a spray of liquid i:'l said expansion chamber during 

compression of said gas therein to control the temperature 

of said gas. 

70. A heat pump as claimed in any one of claims 48 to 69 

i,ncluding · supply means arranqed to supply liquids of at 

least two different temperatures for use in the liquid 

spray in said compression cha:ml:>er. 

71. A heat pump as claimed in claim 70 including means to 

form a spray of ;liquid in s.aid compression chamber during 

expansion of said gas therein to control the temperature of 

said gas. 

72. A cooling apparatus for a combustion engine 

comprising a compression chamber to contain qas to be 

compressed and a first piston to compress said gas by 

movement of the . piston in~o the compression chamber and 

drivinq means arranged . to drive said first piston into the 

compression chamber 

cha1DDer and a second 

by movement of the 

to compress said qas, an expansion 

piston to allow_qas to expand.therein 

second·· piston out of the expansion 
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=hamber, means to feed compressed gas from said compression 
chamber to said expansion c~amber, and heat· exchanger means 
arranged to heat said co~pressed gas from said compression 
chamber with heat !rom. said combustion engine, coupling 
~eans coupled between said second piston and an output: 
drive from said. combustion enqine, and means <:.o form a 
spray of· liquid in said co:ipression chamber -::o eccl the gas 

on compression therein. 

73. A cooling apparatus wherein 
said heat exchan9er means 

as claimed in claim i 2 

is arran9ed to heat 

chamber with heat 

compressed 

gas from said compression 

least one of 

conducted 
across at the surf aces defining said 
combustion chamber. 

74. A cooling apparatus as· claimed in claim i2 or 73 

~her•in said heat excha·nger means is arranged to heat 
compressed 9'as from said compression chamber with heat from 
exhaust gas from said combustion chamber. 

iiiii1Di THIS SHE . ET HAS BEP-N 
REPLACE!) 


