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RE?KAGENENT SHEET A HEAT ENG NE AND HEAT PUMP This invention rel at es,

eat eng\g%a;égg heat punps, and in pardi<cular to those for p?@t’idi!gﬂﬁz@@vver '.

andj'or

oprirate to-donmestic appliances, service industries,

" conmerce and nanufacturing industry. The attainment of high thermal
- effi«ciency is nearly always an |rrportant consi deratlon inthe field of

- power generation for the rea
. for about two thirds of thé-¢s
- cost incentive, environmental considerations require that greater effort be

di rect e'd_ '

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

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

ir
' always an :.mportant cons:.deratlon in the field of power
. generation for the reason that the fuel cost is generally

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

considerations require that greater effort be directed

towards the achieveme‘ht of higher efficiencies in order to
minimise the production of carbon dioxide and other

undesirable emissions. -

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

In spite of these facters;'_ there are circumstances

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

that they should be as eff:.c:.ent and ’ env:.romentally benign

as possz.ble. This situation arises in the many parts of '

the world where no electr1c1ty ,_.g;::Ld is awvailable. It may
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In addition to the



st owdrds the achi evenent of higher efficiencies in order to nminimse the

‘production of kbon dioxi de and other wungesirabl e enissions. pc/@gaRARMN:2 |'t o
i s’ possi BYe 9?'(}§§5h| eve. a higher thermal effici ency and fewer em ssions in
| arge generating units than in small ‘ones. This is partly because of heat

| osses, friglionpgrd |egkage.tkown whegh taenobdswebe plteltd.rdn onabl y éuaxs-.‘
significant 1n I arge units than in snall, @I S0, ££Q00MM €se Qf,le SC
make it rﬁﬂs%*#'%ﬂ"e— 1%% -#’Fhve'e"ﬁﬁ‘rde E%%hl’sf‘lagg eqgui p h? 9t | arge unﬁ 5.

In smal I urugpsdlgbpo‘qogtr = sHak mqautnmttheyeléscpr‘om.m)t i dgemand s twof

t hese factors t here are CI cunstan - : _ -
“small to ‘r ms's Egﬁstruc.‘.o'\ The ‘ormer sxtuat-cn

arises in' many -ess, aeVelopec countries. The lazcer
situation aoplles “in n'a'ny remote oOr th:.nly populated

regions and on orfsnore J.slands

Another appllcatlon for small efficient 'engine_s'
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 mnains
power from the electricity grid. Since heat cannot be
transporteo economically over any s:LgnJ.f:.cant dlstance,_ CHP
systems have to be sized for the local heat load -Thz.e

| usually implies generating un:Lts of_ modest size.

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

Most types of heat pum'p,' air conditioning unit or
refrigeration  system  require the ~use '~ of  an
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swher’e "snal | generatlng units are needed and .it is inportant that t hey
shoul d be as efficient and environental |y benign as possible. This '
sifuati GRoai13ees i N the many parts of tha world where no el ecPET/GBOYOI;T2 d
‘is-available. It may be that construction of a power-station to

- supply electricity is beyond the financial capacity of the |ocal populatlon
or it nmay deapdratihg/coriensing ddndsd WRicdo bl &5 jaRt APPTPFS ac

construction, %Jéﬁ pbO B! WAl 1 0BndT I ¥ LRe MuMlciéseludevearsing

countries. (CFC s). These substances are known to deplete the earth's
ozone layer which protects human and animal life <from
harmful _ultra-vic'let radiation. although cerza.n
alternatives to ‘CFC's are known, some cf these also cause
czone de’pleticn,'_ but to a lesser d_egree.' Qther
alternatives have disadvantaqes such as flammability, |
toxicity, high cost, poor thermcdynamlc prcpertles or a

_tendency to J.ncrease global warm:.ng

E:ng:.nes and heat pumps based on the Stirling Cycle
are well known. One form cfl Stirling engine includes a
compresszon chamber and an expansion chamber connected
'ccqether via a regenerative heat exchanger forming a gas
space which ccntalns a wcrkznq gas. Accordzng to the ideal
St:.rl:.ng Cycle workzng gas. in the compresslcn chamber is
compressed by a plston 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 ekpansicn' chamber, the hot ccmpreSsed
working gas is allowed to expand by forcing the piston out
of the expansion chamber. During expansion, heat is added
to the working gas so that the gas expands isothermally.
The hot expanded gas is then pushed back through the
regenerator to which it glves up its heat before being
admltted to the ccmpresszcn chamber to begln the next cycle.

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

- temperature such as atmospherlc a:.r. The heat output is at-
. an intermediate temperature. The purpose of the heat pump
is to convert a certain amount of heat energy at high
temperature to a larger amount of heat energy at the
intermediate temperWne by extracting heat
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sltuatnon ‘applies in nmany renote or thlnly popul ated regions and on
of ftshorewéb@,m Anot her application fersssall efficient engpeEEBIINEES N
connection with conbi ned heat and power (CHP). The use of heat and power

t oget her usually results in a higher overal | energy efficiency than the use
of mai ns’ pamerdy onixem cthet riQﬁtyt%}FP%Iratustno'eematsosmm b&he neaz

t t t . di \ P t :
ranspor e%%@ ocaldr%ea}t{f{ léagf}_,{lggn |§§ggcesC§ EXEE%@S-J' GL 0. E

be sized for . This usual I y I mpl i es- generat | ng of
nmodest si z@YSHRM| HASRAWH dééé’rq%e(‘!hﬂ&he BRRTREIABRPFeF i RS & lé-ﬁé'a_

engine or igydmsli fiedidoie agigcioed oWcaikdd in a series of four

‘interconnected U-tubes and whlch are ccnnected in a closer-
circuit dlsplace the working gas between adjacent expans:.c'l
and 'compress:l.on chambers formed in the ~arms of the
U-tubes. The ligquid plstons transmit power around the
closed circuit directly from the expanding gas in the
_'ekpansion_' chamber to the compressing gas' in the adjacent
compression chamber, an expansion chamber and a compression
chamber being formed 'ih.epposed arms cZ the sanme U,;-t_ube.
The four U-tubes '_ are connected via the gas space with

' regenerators. ™i0 of the four regenerators and the
associated gas volumes work in a ‘temperature range between
the h:.gh temperature and the intermediate temperature._ The .
other two regenerators and assoc:.ated gas volumes work in a
temperature range between the 1low temperature and the
intermediate temperature. The cycle is operated in 'su.(::h_ a’
way that power is transmitted via the medium of the liquid
pistons from - the ga's' volunmes working over the high
temperature range to the gas volumes worklng over the low
temperature range. ' '

21st Int_er-'sqci'ety' Energy Conversion Engine_eri_ng '
Conference Volume 1 (1986) pages 377 to 382  describes a
Stirling heat actuated heat pump similar to that described
..in US4148195, in whic_h the working gas is heated or cooled
by taking liquid from a liquid piSton, heating or cooling
the lJ.un.d externally and rein]ect:mg it into the expans:.on
or compress:.on cyl:.nder as an aerosol.

One drawback of these known heat pumps is that the
max:.mum working temperature of the high temperature heat
source is very low in comparison to what can be achieved in
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Qurrpé transfer heat froma |ow tenperature heat source to a hi gh
terperature heat sink. For exanple, in cold weat her a heat punp can- extract

heat "frow({ gqrospheric air and punp-i§ to a higher tenpera er
t o heat U|Fg| ng. Alternatively, in hot weat her; the heat ptijérlrfp'%Bbs'mﬂ{?g

operate as an air conditioning unit to extract: heat fromthe internal air

of the buidsliden aadvaicd thued ldenordcise ebea%h@&esveeuwm%@ the
out si de tenperature i.s_highér than the inside t enperature punp
may al so FERRERERoCY¥Ge HASi R=5PABL t o FEn AP} P RAt SCTRRFARUTS Of.

- The heat nai@ct addfitadr heohente pxmtrrmambhan; bpixaegg t=» rl@étQ&%ﬂt‘iﬁi téo

the air. lcﬂ) Il S Ra3Ra " A zurbine inlet temperature of a modern
power'generatlng gas turblne J.S_ anything up to 1300°c..
-~ Consequently the efficiency of conversion ~of the high -
temperature heat to internal work within the heat actuated
heat pump is also 'low, as would be .e_xpected from
clonsiderations of Carnot's theoren. As a result the
overall coefficient of performance is very ‘.ow.' |

Another disadvantage of the heat ac: uated heat pump
described in US 4148195 lies in the fact that the liquid
pistons have to be very long in order to achieve a low
natural frequency of oscillation. The freduency of
oscillation must be low because sufficient time must be
allowed for heat transfer ‘between the droplet spray and the
gas. The requii‘:ed length of liquid piston is particularly
difficult to achieve in a small device operating at high
pressure. 'Also friction losses arising from 1long llqu:.d'.
pistons are likely to become unnacceptably high 1n a small
device. Furthermore a high value for the ratio of length
' to stroke is required to avo:.d_ the so-called shuttle loss
which arises from the t'ran_sfer of heat from one end cf each
‘liquid piston to the other end. . The shuttle loss occurs
because the two ends of each liquid piston are at different
temperatures and there is consequently some mixing of the-
liquid and transport of heat.

- US 3608311 describes an engine whose operation is
based on the Carnot Cycle, in wluch gas is success:wely |
compressed and expanded in a single cylinder by a l:.qu:.d
displacer. Hot and cold lJ.qu:Ld from the liquid d:.splacer
is alternately injected into the cylinder to heat the gas
during part of the expansion process, and to cool the gas
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-punp i's used to de- hunidffy'the air. As with CHP, heat punps have to be
"’sized in acco e with the local heat_lgad. =~ Consequently, pc"ﬁéﬁss/di@?zt
purp cap be required in the ?orn1of smal I rather than large

units. Mst types of heat "punp, air conditioning unit or refrlgeratlon

system ' reQpih§ parkher o-ﬂ,@&onpﬁéssxoﬁ.n roc@¥apor ati ng/ condensing fluid
whith boils as an appropriate terrperature -such as one of ‘the

chloro-fluoro-carbons (CFC s). These substances are known to deplete the
earth's One drawback of this known heat engine is that the .

sower output aper' cycle isi relatlvelv low . because it
'requlres an extre-ely hlgh compresszon ratio to raise'the"
~ temperature of the worklng gas to a reasonable value durlng
, adlabatlc compresslon, and_such a compresszon_ratlo is not
'.po551ble in practzce. A further drawback of this engine is
that the working gas is contznually cycled between hlgh and
low  temperatures dhzle remaznzng in the same cyl;nder
throughout the zrocess.  Therefore 'the walls of' the
'cyllnder also cycle from low to high temoeratures and back
again which implies large entropy changes and a reductlon
in thermodynamzc e‘fzclency '

_ According- to one aspect of the present .invention
there is provided a h"eatf engine comprising a compression_
chamber to contain gas to be compressed and a flrst piston
“to compress said gas by movement of the plston in said
ccmpresszon chamber and driving means arranged to drlve
said first piston'into the compression chamber to compress
said gas, an expansion chamber and a second piston'to allow
gas to expand therein by movement of the seconad pxston out:
of the expansion chamber, means to feed compressed gas from
said compression chamber to said expansion chamber, and
means to heat said compressed gas from the compresszon
chamber, transmission means operatzvely coupled to said
second p;ston to permit power from the engine to be drawn,
and means form:.ng a spray of lJ.qu:.d in said compress:.on
chamber to cool the gas on compresslon therein. '

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

' between high and low temperatures, and thus reduceing the
—_—
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‘ozone ', l ayer which protects human .and '-ar_li mal life frfom harnful
‘ul tra-viol et radi ati.on. " Although - " certain alternatives to CFC s

are know&, ﬁﬁiﬁs of these al so cause ozomre. depletion, but pctigB93/084T2 -
| esser e% - Qther alternatives have disadvantages such- as
flammability, toxi city, high cost, poor thernodynam'c properties or-a
" tendency %g?/‘ gI obal warm ng. Engines and heat punps based on the
Stirling e are vveII known. One formof Stirling engine includes a B
conpression chanber and an expansion chanber connected together .via a
regenerative heghn exghangesféprating emmpdimgreece Wiheh cemgdines afugthierg -
~gas. Accgggbg_ ste?s trrﬂga'ngeajc. add  heat %to the gas ‘.1 the expansion

" chamber durlng expanSion thereocf.  Thus., the expansion

process may be approximat_ely'_ isothermal.

'_.Preferab_ly, the heating means also includes heat
exchanger means arranged to pre-hea_t compressed gas from
the compression chamber with heat from gas expanded in the
expansion chamber. Thus, expanding the gas isothermally in
the expansxon chambe* provides an oppcrtum. ty of recovenng
some of this heat in a heat exchanger wn:l.ch is used to
pre-heat the compressed gas from the comnresszon ‘chamber
‘prior to expansion. The _hea_t exchanger may for example be
a regenerative heat - exchanger if expanded gas from the
~ .expansion chamber f‘.o_"vs along. the same flow path as the
inceminé compressed gas from the c_ompreSsion chamber, .or a .
recuperative heat exchangez_‘ if ‘the gases flow along
different flow paths. A recuperative heat exchanger is
| particularly advantageous where heat exchange is required
between two gases where mixing of the gases is undesirable
and/or the two gases are at' substantially different
‘pressures. : o '

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

. expansion chamber, or the woi:kiﬁg gas may flow back and
forth between the compression and expansion chambers along
the '_'same_ flow path. Embodiments in which the same body of
working gas is continuously recycled betwee_n the
compression and expansion chambers will be referred to as a
clesed-cycle engine.  Because the 'working' gas ‘is sealed
within the engine, the gas can be pre-pressufised so that
the minimum pressure atta:.ned by the gas dur:.ng 'che cycle
- is much greater than atmos Jher:.c.
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:Stir'litng Cycle working gas in the conpression chanber is conpreéessed by

a . pistoppesapds undergoes . isothermald conpression, the herdT/GB93/02472
conpression being rejected to a [ow tenperature heat sink. After this’
process is conplete the cold working gas is pushed through the regenerator
where it is preheated before entering the expansion chanber. 1In the

expansi on C’harmerznt%%ehogp%mﬁsaie%w |40 etdineS aLhoverbd Qs exRANG qBY
forcing the -piston out of e expansi on chanber.” During expansion, heat is
added to t heator RPngtRfis 986 tHat thite G¥B2BRPARISSHARRSTer RAFPFLSAfe REANS
expanded gagmiddieRd Pysbay bACknoRr Ovghuife Legem abgbah8ivh Cohainbgiryes
up i-ts heat befare being . T .
Th liquid “used in the . spray may be neated using an-
external heat exchanger and the source of heat may be waste
heat e.g., industrial waste heat, solar energy or heat from
a combustion chamber cooling system. Using a hot liquid
spray to transfer heat into the expansion 'chamber' is
- particularly advantageous when used in closed-cycle engines
which have a heat source at._relatively' low temperature.
Liquid sprays are not suitable for use at very high

'~ temperatures.

An alternative embﬁdimént'includes first valve means
operative to admit ~air or other oxidising gas into the
'compréssion chamber, second valve means operatiﬁe to
prevent gas in the expansion ' chamber returning to the

- compression" chamber through said.'_means for feeding
compr'es_s,ed gas to the e_xpané'ion chamb'er and wherein the
means to add heat comprises means to provide a combustible
fuel in the expansion chamber. 1In this embodiment, the
mixture of fuel and hot_ c_bmpres_sed gas in the expansion
chamber ignites and aftef expansion the combustion products
' are expelled from the engine via the heat exchanger means.
A fresh supply of working gas is therefore required at the
beginning of each cycle. Embodiments in which the working
gas is renewed each cycle Wwill be referred to as an
open-cycle engine. One form of this enbodiment may include
means to_cpntrol the rate of flow of combustible fuel into
the expansién chaﬁbeﬁ to provide substantially isothermal
expansion. | ' o '

It is generally preferable that the first and second
-pistons provide a gbod_ééal'fcr the workihg gas and this is
-particularly important in  the closed-c?cle .engine.
" Advantageously, the first and/or second pistons may

comprise a liquid thus'elimihating the sealing difficulties
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adn1tted to the conpression chanber to begln the next cycle. US 4148195
descri besWQ M&2785%ct uat ed heat punp whi chraquires a hi gh tenpREHGBIHOMHIAL
source such-as the conbustion of fuel and another heat source at Iovvdlate
temper at ur criHTE BRVoSTEGMIAR ReaeTRAREY 4% b bapRoRE.dte 4 Lifunt hor
heat energypmeferyedt empexdimere: t ocomprasgsr aimadrt of Igeaiermlﬂr;gyUasnapec
| nter medi at &, £ §PEL Al IBhEa;%.‘?ij’e b%o%fg}féﬁ“ﬂwt as a piston, 2
compression chamber fsormed in each arm of one conduitc ang
an expansion chamber formed in each arm of the other
conduit, and means feedlng compressed qas from one of said
compresszon chambers to one of Sald expansion chambers and
separate means feed;ng compressed gas from the other
compression chamber =0 the other expansion chamber. In
this embodiment, expanSLon and compression each occur twice
per cycle and the tlmlng of the liquid pzstons is
preferably arranged so that the expansion process in one of
the expans;on chambers drives the compress;on; process in
one of the compression chambers. This may be achieved by
appropriate coupling between the drive means and the _
transmission means. A .preferred embodiment comprises
| another pair of said generally U-shaped conduits whereby in
use, the liquid piston in one U-shaped conduit containing
expansion chambers is substantially 90°_odtnof phase with
the lquld piston in the corresponding U-shaped conduit
containing the other expansxon chambers. It will thus be
appreciated that this arrangement can provzde a net
positive power output at each stage during a complete cycle
of the engine, thereby removing the need for a fly wheel or
other means to sustazn the operation of the engine between
power strokes. '

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

_
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-REPLACENENT SHEET energy from the Iom1tenperature heat source. .The,
“heat act ugpesd/2e8s described in US 4148195 i€ a cl osed-cycle m@m:wzamut
val ves which approximates to the Stirling cycle. Liquid pistons _
contained in a series of four interconnected U-tubes and which are

. connected intguidoseshrdr caeansli $pl aREOYhde wsIkY ndpegasrbangedn &alj amsmn\,
er '
expansi on %#ﬁguf?quI 'éHE £haubersi stBRMAG rddt 1y NG ﬁﬁ?ﬁe C%Xs

Ut ubes. pistons transmt —power “aroun IrCUIt
directly freeaRfe expanding gas i'n the expansion chamber to the conpreSS|ng
gas in the adjacent conpre55|on chanber, an expan5|on chanber and a

conpr essi on
P After compresslcn of gas in the ' compressxon chamber,

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

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

Likewise, where the or one of the second plstons
comprlses llquzd the transmission neans may comprzse a
member arranged to cooperate with said second piston such
that motion of the liquid piston 1n at least one dlrectlon
is imparted thereto. The member may comprise a sol;d

- piston wh;ch is immersed in the liquid piston or arranged
to float on the surface thereof. A shaft may be coupled to
the solid plston and extend through the wall of the conduzt
contaxnlng the second piston.
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éhanﬁe?- being formed in opposed arns. of the same U-tube. The four U tubes.

are, conpec la the gas space with_regenerators. Two o
re_genero['?)o#@&’g%d t he associ ated gas volunes work in a tenp%%?%?ge"'l&rﬁ;%e

bet ween the high tenperature and the internediate tenperature. The ot her

two regenerator 3)edmaSOrd A €d ¢&% VOFUPFBE Waird | NsacbABPEIB&E8nT aRGR,
between the | ow tenperature ‘and the_internedi ate teggerature.. The cycl'e is

oper at ed $¢PRBEERCa Ha§OLRd: MAFRMT 3L t r IS $RROCIPEANFhS NFHARS of HFLT
liquid pistonomgressibhe clgffbers| WRE awopking opvekpanizdorhi ghambers
Lemeral keralfl® i G086 982 ‘O14UBRs "IN e C8hotUSS B SHBRESLY Sre
arranged to move substantially in antiphase with each other
and the pistons in the expan_Sion'chamb.ers” are a:i-anged to
. move substantially in antip'hase ‘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 arranged to move substahtially
'90° out of phase with the pistons in said other pair of
bom’pressidﬁ_ chambers and the pistons in one pair of
e:tp'ans.i-on' chambers are arranged to move substantially 90°
out of phase with the pistons in the other said pair of

expansion chambers.

Pr-_efer'ably_', in a ' closed-cycle engine the : heat
exchanger means co'mpris_es a regeneratdr. The purpose of
the regenerator is to enable heat to be transferred to and
from the working gas efficiently. -

In a preferred 'embod'iment, separator means ;:e
provided to separate 1liquid from the gas leaving the or
each compression chamber. In emb'cdiménts operating in a
clcséd-cyc;le, a sebaratdr means may also be provided to
separate liquid fr_oni' the gas leaving the or each _exp_ansio_h
chamber. | - '

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

In one embodiment said driving means includes
coupling means coupled to said transmission means so that
This Sheet Has Been
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-21st’ ‘Inter-society Energy Conversion Engineering Conference Volune 1
(1986) pages 377 to 382 describes a Sti I’LI ng heat actuated heat 8 . '
sifii | ar WO ¥Mit&78%escri bed i n US41481957 A whi ch the wor ki ng B¢ P@%&‘ted .
or -cooled by taking liquid froma |iquid piston, heating or cooling the

Ly XL S8 A LEl i ddhe, ALEC BTSN ) AN e
maxi mim woghasg trepatibnstiof. t het hiwgh 1t ebpergpires ilaced sbnace daupkiyg| ow
In. conparisgn tpx%@t S84 bSeé‘SHa%%ths together by for example =z
_ ' mechanical means such as a cran);shaft is a convenient
sethod to. enable .large compression ratics to be achieved,
"and at the same. time maintain the phasing of the pistons.
o The phase angle between the first an'd second pistons .may be
such that the second piston leads the f:.rst p:.ston by at
- least 90° Alternat:.vely the p:.stons could be driven
independently and may each be adapted together with any
'means_ for coupling to an external dr:.ve, t'o withstand
substantial forces .aga_lnst_ " the pressures ~in _their
respective chambers. |

In one em.bod:.inent, the enq:l.ne may further comprise a
combust:Lon chamber for the . combust:.on of fuel, wherein the
'heatlng means comprises means to heat compressed gas from
' said compression chamber with heat conducted across at
1east one of the surfaces def:.n:.nq the combustion chamber
of the eng:Lne. ’I‘hus, advantageously the present invent:.on
may readily be adapted to provide a cool:Lng apparatus for a
conventional combustion engine (e.g. petrol, diesel or gas)
which recovers heat, normally- wasted by conventional
cooling apparatus and. converts this heat into |wuseful
power. Cold compressed gas is produced in the conipression.
chamber and heat lost to the combustion chamber walls is
transferred to the compressed gas to provide cooling of the
engine. The same method can be. used to recover heat from.
- the - exhaust gases of a’ convent:.onal combustion engine, for
example by putt;nq compressed air cooling _ channels through
the exhaust manifold or by including a heat exchanger
through wh:.ch the exhaust gases would pass. The pre-heated
compressed gas is then J.njected Lnto the expans:Lon chamber
which expands forc:.ng the pJ.ston out of the chamber and
thereby generatzng useful mechanical work. In one
embod:.ment, the expansion piston may be connected to an
external output drive of the engine. This arran_gement has
the _ \adw | . of
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REPLACENENT SHEET -5- lE "E ed: power generating technol ogl es, such
as -t he conbi ned cycl For exarrpl e the tenperature of heat
addi t i on*94/KaT8Reat y t6 be ITnited to 400 err PEV/GHIRR4R

the turbine inlet terrperature of a nodern power generating gas turbine 'is

The. i gh { BRGEPARHE hea Pleo FREBFAATaNbr kO 1 h AT RICHERR oot HAPEY %” 2

punp is ahganesow, woul d- be expected fromconsiderations. :
Carnot's theorem As a- result  the - :

According to another aspect of the present inventicn
there is provided a heat pump comprising ‘an expansion
chamber to contazn gas to be expanded and a first piston to
allow the gas: to expand by movement of the plston out of
the expans:.on_ c_hamber, a compr_ess:l.on chamber to contain gas
to be compressed and a second piston to compress said gas
by novement of said second piston in the compression
chamber, means to feed gas from one of said expansion
chamber ‘and said compress:.on -chamber to the other chamber,
and means to form a spray of liquid in saiad compress1on

.chamber to absorb heat from sa;d gas during compress_lon.
wherein said second piston is adapted to be driven by an
'external source of power into said compression chamber to

conpress the gas.

This form of heat pump enables the pumped heat to be-
'transferred to an external heat sink extremely efficiently
via the nedium of a l:.qu:.d spray J.n the hot compresszon
chamber and at the same time can be dr:.ven through, for
example a mechan:.cal coupling, by an external source of _
power and in particular an electric motor to provide a heat
pump with a. higher coeffxc:l.ent of performance than can be
achieved by known heat pumps. '

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

embodiment of the heat pump may further include means to-
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soveral] coefficient of. performance is Very | ow. Anot her di sadvant age of t he
‘heat act uat ed h{!ﬁ:t punp described in US 4148195 lies in the ﬁ?%ﬂ#‘ﬁ he

liquid piv& ve to be very long in or der to achieve a lo

~frequency of oscillation. . The frequency ‘of oscillation nust be |ow
because su;,jéﬁlﬁntnégge fyst- e @Hg)wadrflg[; heabahiaesf eenbebyeen: 4 hane
dropl et spray and the '

g Tereci:lwred ength of Liquid piston is .
particul ar¢¥P@anEiPBul € a@bgzhi Ve ST § Ileﬁgﬁf‘ﬁé" perst ,apgr&pcqmad:@ly
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£rom the: ‘_J.un.d drcplets, which cool, and the cooled spray
lizuid may be ‘used for cooling, e.g., air conditioning.
The liquid spray injection into the ekpansion chamber also
a--ows effxc:.ent heat transfer from a low temperature heat
scurc_e 'so that the heat pump can pump this heat to higher
temperature sink, for the purpose of heating. The heat
punp can be modified for either cpen or closed-cycles.

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

A preferred embodimént includes coupling means for
counllng the second pzstcn to the external source of power,
wherein the coupling means J.s adapted ¢to wz_thstand
‘substantial force against the ‘pressure of gas in the
ccm‘pression chamber. doupiing the heat pump to an e'xte'rnal
‘source of power in this way, enables much higher pressures
and therefore a higher compression ratic to be achieved in
_the compression chamber so that a .'greater' amount of heat
can be pumped per cyclé t_han"_ach'ieved by prior art heat
pumps. At the same time, the use of such a coupling
" enables th_e heat pump to _he compact, since the attainh:ent
'of high pressures (and therefore out?ut) does not raly on

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

In a 'p'referredln.embod_iﬁent, the first and second
pistons are coupled to_getner_' by a mechanical coupling
means, e.g. a crank shaft so that the phasing of the
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10 Stroke Is required to av0|d the so-called shuttle |oss which arlsgs from
the trangbeya/ahsheat fromone end of eachSliquid piston to t FETSEREY 07

.Thé shuttle |loss occurs because the two ends of each liquid piston are at'
different tenmperatures and there is consequently some i xing of the liquid
and transppRE=EnNsHERN ke 889BB11°°REIELEBEs  an engi ne whose operation is
based on the Carnot Cycle, in which gas is succeSS|ver conpressed and
expanded in a single cylinder

fromthe liquid & er |1 %%/‘eai’htat elua;?q’aﬁ]lte%%%gequm o t'h H%ngyﬁgl g: guhheat

t he ‘gas dugbag—ﬁarrtg ofeat hehexpanesentpr:cmees;land t® odwtthe gdoes noc
reguire an evanoratlng or condensing fluid, and can be usec
with a gas whlch ‘does not condense and a 1li quid which does
not evaporate to any SLgnlflcant degree There is no
.requlrement for a speczflc boiling point. Indeed, it is
possible to Choose'a_gas such es.helium and a liquid such
as water, which will cause no harm to <the environment
should they be released. This is also an important
advantage of the heat pump according to the present
invention. An additional advantage of not_'requi:ing' a
specific boiling peint is that the heat_punp can work over
a wider range of operaﬁing temperatures_than conventiocnal

heat pumps.

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

Embodiments of the heat engine and heat: pump may
include any number of compression and'expansion chambers
and the number of comp:essien and expansion chambers need
‘not be equal.

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

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

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

Figure 3 shows a 'schematic diegram of a third

_  This Sheet Has BeenR

 NEwi o




~6- *during part of the conpression process. One drawback of this known heat

‘engi ne ? %} he power output per cyche i-s relatively |ow ﬁ@g@qg@goup _
require 2 extrenely hi gh conpression ratio to raise the- tenperature of

the working gas to a reasonabl e val ue during adi abatic conpression, and
- such-a COWM:{ abEo dne negwRsi DheehvipnadinadecingA fatihepideansack

.ngtrga eT¥r1 | S trg%egggegoiglgg gggnl%VATglrgﬁgly cycled betmeen hlgh.'

Ficure 4 shows a schematlc dlagram of a fourtc:
emnodzment of the oresent invention lncluolng solid. pxstons
-and which operates -n an ooen cycle.

_ Referrlng to. Flgure 1, a palr of U-shaped conduits
and 3 each contain a body of lzquzd 5 and 7. A compresszon
-chamoer 9, 11 is formed in each of the arms 13 and 15 of
one of the U-shaped condults 1 and an expan51on chamber 17,
19 is formed in each arm 21 and 23 of the other U-shaped
. conduit 3. One of the ccnpresszon chambers 9 is connected
throuqh a regenerator 25 to one of the expanszon chambers
i% ahd ‘the other compression chamber i1 is connected
through another regenerator 27 to the other -expansion
chamber 17.' In practice, thelvéshaped conduits shown in
Figure 1 would each be rotated 90° to face each other,
‘with the reqenerators havzng the same length. The two
- U-shaped conduits and reqenerators are thus confzgured as a
saddle and will be referred to as "saddle lcop".  An engine .
or a heat pump which'cOnsiSts of a single inter-connected
mass of gas with a_single'regenerator, a single compression
chamber and a sinqle expansion chamber, each with a liquid
or solid piston and each with means for addition or removal

of heat is described as a "half saddle loop".

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

. drawn from the body of liquid in the conduit 1 and the
liquid:sprays 33 and 35 in the expansion chambers 17 and 19
is preferably drawn trom the licuid in the corresponding
conduit 3. The liquid drawn from conduit 1 may be passed
through. a cooler (not showh)' prior to injection in the
compre551on chambers 9 and 11 and liquid drawn from conduit
3 may be passed through a heater prior to injection in the
expansion chambers 17 and 19. A working_ gas fills the
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terrperatures while remaining in the same cylinder throughout the process.

They ef ore .t I's of the cylinder also.cyclefromlowto hi
tenperat"gpeggﬁ#]\@ back agai h which inplies |arge entrophy chanlg’grsc;g?l3 02472

reduction in thernmdynam c efficiency. According to one aspect of the

present | nyepid Ofbméaebbs e OVdcd%é’sé‘fé‘n quldhefsore)raﬁangwaaﬁaWrFé&OH

chanber to“contaln as td be conpressed and a first pi_ston to conpress sai d
gas by noverzesrAndip puestp@mswrt HENRBRBFEs s DnaBfanter” i YREGRnENRYNS

arr anged Ea-ﬂl{drm:é@éd liiast Pi stespesward y @égbheraew eszas onaglamher . to-
conpress said. e%pan5| on chanbe.r akn_,‘d secondvndst n.tq all ow gas to
expand Separ tors are provide between
chambers and correspondlng regenerators to remove any '
;‘cuz.d in the worklng gas oefore ‘the fluzd passes through_

the regenerator concerned.

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

The two drive shafts 53 and 55 are coupled together
by an external drive mechaniSm so that the displacement of
~each piston is app:oximately sinusoidal with time and so
that a predetermined phase relationship is maintained
between the pistons in different conduits. This can be
achieved for example by coupl:.ng the drive shafts 53 and 5:>'
to a crankshatt as for petrol or d;.esel engines.

.The engine operates by' passing the working gas
through a thermedynamic cycle which involves repeated
compressions and_expansions. The compression is done when
‘most of the working gas is in the compression chamber 9 and
11 while the expanszon is done when most of the working gas
is in the expansion chamber 17 and 19. This may be
achieved by arranglng for the pistons ln the expanszon
chambers to lead the pxstons in the compreSSLon chambers by
a phase angle of 90°' The phase angle between the pistons
'in- the expans;on chambers or compression 'chambers'
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t'her &i n by rmverrent of the second “piston outwardly of said expansr on

chanber & feed conpr essed gas f romygsai d conpression charihepssin4sAi d
expansi on chan er and heating neans arranged to heat said corrpressed gas -
from sai d conpressi on chanber, transmni ssion nmeans conprising a solid nmenber

operativel y; goupd gd t@zﬁﬁad&@%onévsaﬁgeﬁehe petHet €apysfdwMpreeesryi N8
to be drawn, neans to forma spray of I|qU|d jn said co ression chanber

to cool . theSf&s Im Coifor BXNAGHF ¥kr EPANMBRESs dpht at S NEanSPEr raPBRER BLCR
separat e | i gebdesOoMithe wprestsar mdmsmsamldampr essron cdveantiel e

One ‘advant-age_of th| S arrangenent_is,dh eat,l ej ed y IQ
the Iiquid XP aﬂglﬁ qwlcf‘sp a;wéa 5 %11*1 azfvé ‘9% &%}:Qég%ll\ |
chamber 11 and the expansion J.n chamber 17 will drive’ c-he

compression in chamber 9.

. .~ one complete cycle of the engine will now ‘be
descr:.bed in relatlon to one compressxon chamber and one
expansion chamber only, beginning with compress:.on' in
compression chamber ‘9. At the start of compression the
liquid,pisten in the compression chamber 9 is at the bottom
of it's stroke _and'the piston in the expansion'c_hamb'er. 19 is
at the mid-point of its stroke and moving 'up'wards'. Most of
the work:.ng gas shared between the compression chamber 9
and the expansion chamber 19 is :Ln the compression chamber
9. The ccmpressxon p:.stcn moves into the compress:.on.-
chamber 9 and compresses the working gas against the gas
- pressure resulting from movement of the expansion piston
'into the expansion ;hamber 19. Cold liquid is sprayed into
the compression chamber to cool the working _gas' during .
compression. This liquid may be obtained by drawing off
liquid from the cold liquid piston (i.e. the compression
-pistcn_) and then passing it through an external cooler (not
shown) before injecting it into the compression chamber.
When the eompresSion piston in compression chamber 9 is at
the mid-point of its strdk_e the expansion piston in
expansion chamber 19 will be at the top of its stroke and
about . to reverse di_rectio_n. As the '_ compression p_istoh
continues moving upwaz-_ds in the compression chamber,
' compression of the working gas continues but at the same
time the cool compressed gas beg:r.ns to flow through the
regenerator towards the expansion chamber 19 as ‘the
expansioxi piston beg_ihs to move downwards. "Th'e cool
'compressed gas leaving the com'pressioh chamber 9 is
pre-heated with heat from the expanded gas which left the
expansion cnamber at the end of the prev:.ous cycle.
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| owest tenperatures in the. heat engine cycle. Furthernore,

expansion is done in a separate chanber so that tenperatures in each

chamber woloamzassf ore the various parts &f rhe chanber and of PERGBIORHIS

do not cycle between high and Iom1tenperatures and t hus reduci ng the

8-

when the compre551on piston in compression chamber ¢

has_feached the top of its stroke, the expansion piston in
expansion chamber 19 is at the mid-point <f its stroke and
moving downward, out of the expansion chamber. Hot liquid

is sprayed intoc the expanSion chamber %to maintain the
temperatﬁre of the gas as it expands on continued downward

movement of +the expansion piston. This liquid may be

‘obtained by drawing off liquid from the hot liquid piston
" (i.e. the expansion piston) and then passing it through an

external heater (not shown) before injecting it into the
expansion chamber. At the same time, the compression

-plstcn has reversed dlrectzon and is moving out of the

compression chamber 9. To prevent the gas in the

compression chamber from cooling during expansion it may be

advantageous to spray liquid drawn directly from the liquid

piston rather than liquid which has been pre-cocled in an

external cooler.

When the expansion piston has reached the bottom of
its stroke in the expansion chamber 19 the compression
piston will be at the mid-point of its stroke in the
compression chamber 9 and moving downwards. The expansion
piston reverses direction and the two pistons move in
opposite directions forcing: - the working gas out of the
expansion chamber, through the regenerator and into the

compression chamber. The hot expanded gas leaving the

expansion chamber is pre-coocled in the regenerator before

returning to the compression chamber. As the expansion
piston moves upwards into the expansion chamber, the gas

remaining in that chamber undergoes some compression. To

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

exapnsion chamber. This liquid should preferably be taken

diréctly from the hot liquid piston without passing through
the external heater. When .the compression piston in the
compression chamber 9 reaches the bottom of its stroke, the
expansion piston in the expansion chamber 19 is at the
mid-point of its stroke .and travelling upwards into the
expansion chamber, the compression piston revérses

Thls Sheet:Has Been Replac

T




effibfency In a preferred enbodiment, the engine further conpri ses

means. to to the gas in the expang an chanber during 53
t her eof . vﬁ9$ﬁnfﬂﬁ the expansi-on process may be approxi mately |§o grnal

Preferably, the heating means also includes heat exchanger neans

arranged t@ﬂ@étﬁﬁﬁﬁ &AAPERESEYcYas ikr e@dieda &p.Npr essi on - chanber Wi th heat
fromgas expanded in the expansion chamber. Thus, expanding the gas
isothermal |y in the expansion chanber provi des an opportunity of recovering

some of this heatasn aehedlonedchatgere whi chel s tiserimbdypamibeatcydie  in
comwessed %?%géégnbh Q9n956§§(Hb5pagB%rof phase w1th the cycl *n
fchambers 11 and 17: Thus, the expansion stroke in chamber
19 drives _the compression stroke in chamber 11 and the
.expansiOn"stroke in ' chamber '17 drives the compressicn
stroke in chamber 9. However, there, are pcints in tne
cycle between the compression and expansion strokes where
no net power output from the enqine_is occuring. Thus, to
sustain the operation of the engine over the cycle a fly
wheel may be used or it may ‘be possible to rely on the
inertia of the pistons :themselves if they are massive
enough. However, the need for a fly wheel can be avoided
by.providing a second saddie'loop'whose.operatinq cycle is
'garranged to be 90° out of phase with tnat*of_the'first_
saddle loop. This may be 'achieVed by incorporating an
appropriate external drive mechanism. This embodiment of
the heat engine is then capable of proViding a net energy

output at all stages of the cycle.

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

‘During compression, the function of the spray is to
keep the working gas temperature in the compression chamber'_
‘as low as possible. Thus the 1liquid should be passed.
through the external cooler during this part of the cycle.
When the gas is expanded, in a later part of the cycle, thep
function of the spray is to prevent the gas -from cooling
too much. During this part of the cycle, it is better to
take the liquid directly ‘from the liquid piston and not to
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pridr to expansion. The heat exchanger may for exanple be a regenerative .
*heat exchanger if expanded gas fromthe expansion chamber flous hgﬂ%é%e
saire f| WO BMIRT8s the incom ng conpressed gas fromthe conpré’ggl er
‘or a recuperative heat exchanger if the gases flow along di fferent
flow paths. . Ar ecuperative heat exchanger is particularly advant ageous
wher e heaF%h%ge Is required between two gases where m xi ng of the gases
-1s undesirable and/or the two gases are at substantially different

DL o R ER e e B R g LU T 28 S0 o
- chamber. During expansion the gas must be as hot as
possible and therefore the liguid spray should be passed
through the external heater. During compression, it is
important to prevent the gas from becoming too hot.
Therefore, the liquid should be taken directly from the

liquid piston during this stage.

_ In one embodiment, the pumping of the liquid used for
_the spray may be ach:.eved by mak:.ng direct use of the
reciprocating motion of the piston and drive shaft. The
pump which may be mounted within the conduit comprises. a.
small piston driven by the liquid piston, the solid piston
‘or the drive shaft and which is arranged to slide in a
 cylinder incorporatinq non-return valves. A single pump in
'eech 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 1liquiad
spray injectors associated with that particular conduit.
Each end of the pump may have two outlets, one which leads
' to the spray nozzle in one of the chambers associated with
the particular conduit, while the other leads directly to
the spray nozzle in the other chamber. Thus, although a
liquid spray would be ma;m:ained almost cont:.nuously, the
temperature of the injected liquid would vary during the
cycle according to whether it had passed through the heat
exchanger or not.. ' |

The separators situated above the _spray injector
nozzles and which may comprise corrugated plates, also play
an J.mportant part in the heat transfer process between the
llquld spray and working gas, since the ‘corrugated surfaces
are expected to be cooled or heated by contact with the
liquid from the spray, and will extend the cont_act area
between the working gas and the liqu-id. When the gas flow
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~charber for . reconpression. The returning neans 'may be separate from
ot he neans for feeding conpressed gas to the_expansion chanber p~pjcHoRR2472
~wor ki ng d‘é@’ﬂé‘}/’ | ow back and forth betweén the conpr essi on ap‘a‘?eXpansi on
chanbers along the sane flow path: Enbodi nents in which the same body of

working = gas , ig, »-&%EH‘UOUSlynbeLeWS' edowalyat Weehen t K SO £SSERE
and expansftn Ehafbers w beteferred to as a cl'osed- cycle engine,

Because t hérupileitsy Jubestedearedndt HiPe Hel bhgPRe CaTRd edadRUAT IR into
pre- preSSULLEeCL SPatdebrt e qapdvesn phegeuras B t @iviad hve t hangasaebsiogst he

cycle IST 'rruc eeat_eorwetpangaaé rr[s)g ggr'l tesulting. from the: lnjec"z.on at
ea_rl:.er t:.mes_. When the gas flow is d_ownward, most of the
liquid that has been separated ‘onto the corrugated_ plates
'will be swept downwards into the chamber. In this way, it

' is expected that the separato_r"s will repeatedly collect
then discard the liquid carried over into them. The
separators ma? 'in addition, or a_lternati'vely be arranged to
cause the working gas to swirl to facilitate the removal of
liquid droplets, while at the same time minimising the

pressure loss of the gas flow.

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

The choice of working gas'and heat transfer liquid in
the liquid pistons depends on the application and the
temperature range over which the engine needs to work.
'Because the engine operates in a closed-cycle and the
liquid pistons form a perfect seal, the choice of 'working
gas is not necessanly restricted by avallab:.llty or cost
and may be chosen for its thermodynam.c propert:.es. Thus,
_the working gas may be for example helium or hydrogen,
whlch have excellent heat transfer charaoterzst:.cs. Helium
- may be preferred to hydrogen on safety grounds, although it
would be more expens:.ve. - Another advantage of the
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kN bhe‘ enbodi nment 6f the engine, the neans to add heat to the gas in the
expan5| on chanber conprises neans formng a spray of hot liquid in the
expansi on chanber. The liquid used in the spray may be heated usi
externawméﬂ@z’éﬁchanger and the sourcé€ of° heat may be waste ﬁ’gﬁ‘{&&% 2472

I ndustrial waste heat, solar energy or heat from a conbusti on chanber

cooling system a _hat ui .er at_into th |
‘expansi ongcﬁérﬁ?e.c¥§f%amgcﬁﬂear% g8§§ %eouéegﬁéfl'g s&ﬁﬁ‘?‘ﬁ%%ea%cyaee
engi nes Whioelk iray egashezdn sber aelatiretky i hdgn |and t e'npdldatqenerally be

in the range of 1-20 MPa (10-200 bar). :

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

The closed~cycle heat engine can be modifled to
operate as a heat pump in which mechem.cal energy 1is used
to pump heat from a low temperature socurce to a high'
temperature sink. Thus, in contrast to the heat engine,
compression is done on the working gas when the gas is hot_
and ekpansign_ is done when the working g'as is cold. One
embodiment of the heat pump may be described with reference
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~Li q‘u‘i d. sprays are not suitable for use at very hi'g'h tenperatures. An

"al ternat i Veg/?f.@@d' ment includes first yapjye_neans operative g,@-rm,%wbr or
va _

ot her oYY gas into the conpression- chanber, second nmeans
'operatlve to prevent gas in the expansion chanber returning to the

conpressi an, &' 1lhrough (5al d enFiimed®! [RHHALCLPERSEGY 9as to
- the expansi on “‘Chanber and wherein the me%as] to add heat conprises neans to
provi de a doHPRSERBl &8k PURPt hE ARPARSESH Tharifersolid PASSORFHAS fdt

the m xturs) ok jfauelirand hehaeeEPIRSSEAAUEEJ N The cupersson whagher uaﬁtes

] anti after = f‘,ﬁ‘é',on thelcg'un? Stpllosrt]: nrofirl!J Q:Ee compressxon chamber leads
the ' piston in the assoc:.ated expansion chamber by a
prede_temihed phase angle, e.g. 90° instead ' of wvice
- versa.. Referrin'g to Figure 1, _liquid' sprays 29 and 31 in
chambers é'_ and 11 are used to transfer heat to the heat
‘pump from a low temperature heat source.: Ccoi liquid is
injected into chambers 9 and 11 durlng expansion of the
working gas in the chambers which is driven by the llun.d
pistons. During expan_s:.on, heat from the spray is
transferred to the working gas and the expansion process
‘may be appreximately isothermal. After heat has been
. extracted from the droplets in the 'liqu_id ‘spray, the now
cooler droplets recombine with the 1liquid in the 1liquid
piston whose temperature w:.ll decrease as a result. Cool
liquid from the liquid piston is passed to a suitable heat
exchanger (not shown) in which heat is transferred to the

. liquiad from a. heat source. The heat source for the ‘cold

'-l:.quld could be atmospherzc air, the ground, a river,
stream or other body of water. Another possibility is. to
use extracted stale air 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 exchanger in the heat engine in which the heat
exchariger transfers heat from the ligquid to a 1low
temperature heat sink. '

‘Liquid sprays 33 and 35 in chambers 17 and 19 spray
" hot 1liquid into the chambers during compression of the
worklng gas which is drlven by the lz.quid piston. . The hot
'llq'LIId spray serves as a heat sink to the workz.nq gas.
~absorbing the heat produced by the work of compress:.on.
'After compression, the now hotter liquid droplets in the
spray. recombine with the liquid pisto'n whose temperature is
thereby increased.  Hot iiq‘u_:‘.d from the liquid piston is
Passed to a suitable heat exchanqer. (not shewn__) in whilch'
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are ‘expel l ed fromthe engine via the heat exchanger neans. A fresh supply
‘of working gas is therefore required at the beginning of each cycle.

- Enbodi men(t)s9 }lgégni ch the working gas is;srenewed each cyclreT/@B9Y/02402

ref erred’08 ~an open-cycle engine.. One formof this enbodi nent may

|ncl-ud_e neans to.control the rate of flow of conbustible fuel into the

expansi on &g S md® RHQVI ggqﬁk@stigntigihgfésereaerml tepapsiny. dft use.

B el 0cet B AR HAGH: BhbR Sl R4 &y Bpafoae?

closed-cyclg tH¥gheat Adrgihagequskiich ttiee fieast exoliApgersctoamsters

pi stons rggat from a hot source to the.liquid. The heat may, f£cr
example be supplied to a hot water system similar to thcse
used in many households. Alternatively the heét_ may .be
supplied to a ducted air system. a

A cycle of the heat pump in relation to one of the
cold chambers 9 and the associated hot chamber 19 proceeds
as fdlloﬁs, beginning with the 1liquid piston in the hot
chamber 19 at the top of its stroke and reversing direction.

As the liquid piston reaches the top of its stroke in
the hot chamber 19, the liquid piston in the cold chamber 9
is reaching the mid-point of its stroke and moving out of
the cold chamber 9. On continued movement of the liqui'd
' piston out of chamber 9, the cool gas expands and at the
same time, cool liquid is injected into the cold chamber.
via the spray 29. The working gas in chamber 9 absorbs
heat from the 1liquid spray and the gas expands
approximately isothermally. When the liquid piston in cold
chamber 9 ‘reaches the bottom of its 'st:oke and reverses
direction, the 1iquid piston in hot chamber 19 reaches the
mid-point of its stroke and is moving out of the chamber.
As the liquid piston in chamber 9 moves into the chamber,
cool working gas is forced out of the chamber, passes
through the regenerator in which it _is preheated with heat
from the working gas' which left the hot chamber at the end
of the previous cycle, and enters the hot chamber 19. When
the liquid piston in chamber 19 reaches the bottom of its
stroke and reverses direction, hot liquid is sprayed into
chamber 19 via spray nozzle 35. At this point the liquid
piston 'in chamber 9 reaches the mid-point of its stroke and
most of the working gas is in the hot chamber 19. The
liquid piston in chamber 19 moves upwards into the chamber
and compreéses the working gas. The heat of compression is
transferred to the liquid droplets in the hot spray and the
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corrprlse a liquid thus elimnating the sealing difficulties ~ -10- which
‘may ot her\wégﬂb@ggresent I f the pistons aresselid. A preferrwrlemmm _
conprises a pair of generally U-shaped condui ts each containing a body of

l'iquid as a piston, a conpression chanber forned in each arm of one conduit
and an 'expanebmnressrﬁm foarowxb s nTeychbar muresimataky cisukhéermahd neens

f eedi ng Comrﬂgseldicg@gdf OMLE8e Qb SHAhAAIPE 8SSLofehBaMgS £2a0P8,RE SA d

expan5|on chanber’s R o _

its stroke, the liquid piston in the cold chamber 9 reaches
the top of its stroke and reverses direction. On continued

' movement of the liquid piston Into chamber 19 the working

gas is forced out ‘of the chamber and through the
regeneratcr 25 to whlch it glves up its heat. The cool gas

leav:.nq the regenerator returns to the cold chamber where
‘the cycle begzns again.

When the piston in the cold chamber 9 is moving i'nto_
the_' chamber and forcing' gas out, the gas pressdre
increases, tending to incre_ase the gas t_emperat‘ure.' Liquid
may be spray'ed into the cold chamber as the gas is being
'compressed to prevent the gas from heating tco'_ much and
pre'ferably' to maintain 'the éas temperature constant. If a
liquid piston 'is used, liquid for. the Spray may’_ '
advantagecusly be drawn. d:.rectly from the llquld piston.
Similarly, when the plstcn in the hot chamber is moving out
of the chamber and draw:Lng. gas in, the gas pressure drops,
tending to lower the gas"temperature. To pre‘vent this,
liquid may be sprayed into the hot Chamber as the gas
expands, 'so as to maintain the gas temperature constant
If a l:.qu:.d piston is used, lJ.quld for the spray may
advantageously be drawn directly from the liquid p:.stcn. '

As for the heat engine, two saddle locps may be used
-and these Wwill be 90° out cf phase with each other.
Preferably, the working gas :.s a gas wluch does not pass'
through a phase trans:_.tion (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 hydrogen as"f_'cr'_'_the ~heat engine. The heat |
transfer 1liquid may be water, and depending on the
temperature of the cold source, anti-freeze may have to be
added. If air is used as the heat source, then the heat
.scur‘ce heat exchanger m_ay-have to be regularly de—frosted. o
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sepdrate means feeding conpressed gas fromthe other conpression chanber
‘t.o,the ot her expansion chanber. [In this enbodinent, expansion and

conpres F358s occur tw ce per cycle-aned the timng of the PCTVGBIINRS2ONS
S preferab y arranged-so that the expanS|on process in one of the
expansi on chanbers drives the conpression process in one of the conpression
chanbers. This npyebgeadhimyes JnyagarQabﬁat‘epleoyﬁamﬂgnbe‘bweerbnté&df|ae
means and the transm ssion ans. . A preferred enbodinent co ri ses
“anot her pSTMRATSLAY gener ARRFHFAHPW condur P& wher eBY 5 11 qui d
pi ston i nr@&id;éi‘@ﬂﬁdnconépatecohéatmngg erpaﬂsromemanbgrswa'ser The

subst ant i glgé/l o8 8{[ 9f ROgse Jidd is usually expressed as <the

'co-efficie’nt of performance, or COP, which is the
conversion ratio of electricity to heat. The COP also
- dépends on the temperatures of the heat source and the
fequired heat supply. For heating of water for space

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

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

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

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

15 of one of the conduits 1 a=d combustion chambers 17 and
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1 hé fiquid pi ston in the _correspdndi ng U—shaped _condtjit ‘contai-ni ng the
‘ot-her expamgidt8schanbers. It will thuS 8 appreciated that !’ﬁ‘irg;mg’oz‘fn
arrangement can provide a net positive power output at each stage during a

conpl ete cycle of the engine, thereby renmoving the need for a fly wheel or
ot her rr'eans’tér?us}t%me hetbpErat RS of g?ﬁé“&gﬁ%e%etaﬁen"ﬁgﬁr St Vkbs.

“When expangded gasei soforthd ostmpfessionxpananbarshabberiby aryemged ofothe
T her east ngs SRyl SabHC SHERT 30 CENERET copbiBe HE GRUMESERC Az Nesepan
“provide |iguhdatofexchanger twiniah f £8r amefaraiek vt 8r sedenexatorn2fhend
- the other compression chamber 9 is arranged to communicate
with the other combustion chamber 19 through another heat
exchanger 25 w_hich 'may_ also be a regeneraf:or, " The
con’ipression ehambers '9l and 11 are provided with gas inlet
vaives, to admit air or other 'o'xidisin'g gas into the
chambers and these may, for example be non-return valves.
Each compreesi_on chamber 9 and 11 has a liquid spray
‘_injector _29_.a-x_1d 31, the liquid used in the spray being
drawn from the liquid piston, ‘as before. Another valve 61,
63 is posiﬁion’ed_bétween_the comptession chamb'e: 9, 11 and
the regenerator 25, 27 to prevent 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, 27 to
enable exhaust éases to_ be expelled efter passing thr'ough
and giving up their heat to the regenerator 25, 27. A fuel
inlet port 73, 75 is prévided in each combustion chamber
17, 19 to enable fuel to be introduced inte the chamber.
~ Each exhaust valve 69, 71 is operated by a suitable timing
- mechanism (not shown). ' '

The engine cycle in relation to one of the
compression chambers and the associated combustion chamber
is as follows. When the level of liquid in the compression
. chamber 9 falls to the point at which the internal pressure
. becomes less than the pressure on the othef_ 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 _ehamb_er 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 :eeches the bottom of its stroke and reverses
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sliquid spray in the expansion chanber and_includes means formn a spra
©of. |iqui dvdmnn@ﬂScorrpresm on of  gas in Th& expansion chanber HH%I
thé gas tenperature. " The tenperature of the |iquid spray |s preferably

such that the tenperature of the gas remains constant dur| ressi.on -
t her eof . ASHERCHRMs| y, The sgrxaa gé&on?ﬁ V&t ofSconpri §8§“5 ng?ﬁ Sgﬁd

means, to pPhemduie iy qelgﬁbangwuég sy ythequedmbusmibine d:hqmbdrpl stha
"'dl rectly tgx'&‘réeusstpragsfeosr ma? orced through the regenerator giving up
their heat in <he process. The non- return valve 61
prevents the exhaust gases from entering the compression .

chamber 9.

When | the combustion piston reaches and gb.e_s beyond . |
- the mid-point of its streke J.n ‘the combustion chamber, the
compression 'piston' reaches the bottom of its stroke and
reverses direction. When the compression piston reaches
its lower limit and starts to rhove upwards, the inlet valve
closes so that the exidising' gas that was drawn in becomes
compressed. The liquid spray maintains the gas close to
ambient tempe'rature,_ thus providing an approximately
. isothermal compression. ' ‘During = compression - when - the
compression piston is between its lower limit and the
mid-point of its stroke, the expansion piston continues to
move intoc the expansion chamber 19 forcing the hot
combustion gases through the exhaust port 65 via the
regenerator 25. When the 'pres'sure in the compression
chamber exceeds that of . the combustion chamber, the
‘non-return valve 61 connect:.ng the chambers opens and cool
compressed gas passes through ‘the _reg_enerator, extracting
heat so that it enters the combustion chamber at high
temperature. The combustion piston reverses direction and
moves cut of the comb{xstien chamber while the compression
piston approaches the top of its stroke in the compression
chamber. 'Shortiy before the liquid pisten reaches the top
of its 'stroke in the compression chamber, and shortly
‘before the combustion pJ.ston in the combustioin chamber
reaches the m:.d-pomt of its stroke, fuel is injected into
' the combustion chamber 19 and ignites either spontaneously'
or with the help of a pilot flame or spark (not shown) At
some point during the cont:.nued downward movement ef the
combust:.on piston out of the combust:.on chamber, the fuel
is turned off. The rate of injection of fuel may be
regulated to provide appr_oxixﬁetely'- isothermal expansion.
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-After conpression of gas in the conpression chanber, the gas pressure .
‘decreases_and the gas expands as a result §f bot h pi st ons novige;08¢3/0k72

t heir res‘ﬁ@c’ﬂf'@@ chanbers. A preferred énbodi ment includes means to provi de
i quids of at |east' two dlfferent terrperatures in the I|qU|d spray in.the

Sompr essi on. chapBee rand. {0c! Udes AN A U0 v epLay ol Ad i dh ot

expansi on of* anber con gas nper at ut e.
Preferably,za tﬂrebhnpesuzmllxe of glas | irdd d -lsﬁpray ‘ambersu@mdt has t ieheas

tenperature, nt u Six@n. Vahk oUS
nmp 3 ngﬁ Oaigegn %?kfé@dﬁneéj eheg bERPASb2N. 1 AGVa tr%@:‘é S

| f saldflrs:t’ rises sai d - peans to provide may be
arranged tOeWS' yaqﬁred &3 cﬁﬁens and the cycle is reneated.

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

prov:.ded .

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

This Sheet Has Been Rep laced

THIS SHEET HAS BEEN
REPLACED




sald first piston dlrectly to the spray form ng neans. Were _
‘first piveooad288nprise a liquid, the dTiv¥® Treans may conpri sﬁ%yﬁg%@%

- arranged to cooperate with the first pi ston such that notion of the member

inparts motion in at Ieast on .dire'cti._n-t.o t he piston. ;J'he rTF er My |
conpri se @eRFIRL pi st oR t&nd HES echanth 3¢ quPl pTREBR0r2S 2
floating (s-dmessattacadbvenaeh the advandagpi sthat rraygee sndwpttlerhsts a

ol ston. Lipaeiae iraaifsts by s (EARKANE: SOUA Dalosdan, T8 e,
the transnilss opamsiislenyteomakeethe hypo-cyclic gear more compac:
' shan a conventional crankshaft. Alternatively, the engine
could be adapted to pump a hydraulic fluid through =
turbine connected to a generator. This technique would Ete
suitable for both large and small unit sizes.

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

"working gas is passed back and forth between the expansion
and compression chambers,' it may be difficult to achieve
adequate sealing of the enclosed ‘high pressure gas, whic;'i
'is likely to be helium or hydrogen. Sealing is less
cr:Lt:.cal for the open cycle eng:.ne in which a fresh supply
of air or other ox:Ld:.sJ.ng gas is used at every cycle and
consequently the use of solid plstons might be more

- appropriate for this case;  Figure 3 shows one embodiment
of this form of heat engine.

Referring to Figure 3, an 'embodiz'nen't of the engine is
generally indicated at 100, and comprises four cylinders
113, 115, 121 and 123. A piston is prov:.ded for each
cylinder and each piston is connected to a crankshaft 169
by a connecting red 171. In this embodiment, the engine is
oriented such that the crankshaft is above the cylinders.
Compression chambers 109 efnd_ 111 are formed in two of the
cylinders 113 and 115 and expansion ‘chambers 117 and 119
are formed in the other cylinders 121 and 123.  Each
compression chamber has a gas inlet port 156, '158_
controlled by gas inlet valves 157, 159 and a compressed
gas outlet port 173, 175. A gas feed line 177, 179
connects a compression chamber 109, 111 with a respective
expansion chamber 119, 117 via a compressed gas inlet port
181, 183, each controlled by a gas inlet valve 185, 187 in
the expansion chamber 119, 117. Each expansion chamber
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rrenber arranged to cooperate wi th said second piston such that_noti n of
the |iqWa9%i{l318n in at | east one dlrectT%n is inparted t h&CE{@BI3/02473.
nmenber may conprise . a solid pi ston WhICh is imrersed in the liquid piston

or arranged _to float_on the surface A shaft_ pay coupl ed to t he
sol i d. pi storl 'an‘d"gaPaﬁd at’hr%xu%‘ﬁu?ﬁe %%rletthe"%"ndtﬁ‘[ coggafcﬁi’\ﬁct |
second Pi gyoran exhERERCEMENTe SHEET 1912 - All the gas inlet and outlet

ports are situated near the bottcn of the expans:.on ano

compress:.on chambers. .

A sprav ‘nozzle 12'9., 131 - is orov:.ded .in eacn
; 'compressn.on chamber 109, 111 for njecting a liquid spray
- into each chamber 109, 111 during compress:.on. A separator
137, 139 is mounted WJ.thln each compress:.on chamber 109,
'_'111 to remove liguid from the compressed gas before the gas
leaves the 'compression' chamber. Thus the separator 137,
139 is situated above the compressed gas outlet port ¢73
175. vVarious kinds of separator nay be -used, but it is
"iﬁxportant for the separator to be as compact as possible
without causing Too great a pressure drop in the gas
entering the chamber or the compresseo gas leaving the
chamber. To avoid ‘the separator causing a pressure drop in
the flow of inlet ‘gas, the gas inlet port may be sxtua_ted
‘on the piston side of the separator. To achieve small
-pressure loss, the separator may compr:.se a number of small
'swirl vanes mounted in short p:.pe sections with the pipe
-sections mounted in parallel. The mduced 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 generators and steam to
' steam reheaters of pressur_ised water rea'c_:to'rs. :

_ Each separator 137, 139 is connected to an external
cooler 197, 199 by a duct 201, 203. The flow of liquid
from the separator to the 'c_ool'er is controlled by valves
205 and 207, which may be. non-return valves. ‘Cooled liquid
from the cooler is returned to a compression chamber via a
duct 209, 211 and a valve 129, 131 which may be of the
non-return type. The flow of liquid around this circuit
may be driven by the cyclxc pressure var:.at:.on in the
compression chamber, which forces  the. - liquid through the
'non-rei:u'rn valves in the requ:.red dJ.reotJ.on. . It is
'_ necessary to mazntain a gas space above the l:l.qu:.d level '-
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‘Altérnatively, the first and second pi ston conpri se a soll id material.

*Oae enbodi ment includes a pair of conpression -chanbers and a
s expansi owo®ARTssr s wherein in use the pls? ons in the conpresﬁﬁéﬁﬁé%grs

are arrangedhto nove substantially in antiphase with each other and the
pi stons in the expansion chanbers age arr ed L0 ub I all n
~anti phase Y4FRAD SERE HRPEET =9 n iioffr e%é?? g%gme% agneg%her %{%l%
~pair of cdoa&d;gasw abaghays -e:md aset lofr zaldvpai rcqﬁtmbhﬁmoﬁu@ﬁarﬂ%re
are provide erein in_use | e
chanbers a‘?%lgn ﬁge%l tomté B'Elt ;&?QaFFy %gee t out phas%glp\%ltyh ?he '
pi stons - |n1squddommy majconnected to the ‘cooler to --place any liquid
' which is lost in the gas flow to the ccabustion chamber.
The replacement Oof llquld may also be controlled Dby the

level céontroller, if this is used.

The separatcr and cooling circuit described above
'proVides for <he separation, re-circulaticsn and pumping of
cooled ligquid as a fine spray into the compress1on chamber
without the use of external pumps. A siailar arrangement
may also be implemented in heat engines having liquid
_pistons. For some applications it may be appropriate not
to use a non-retu n valve upstream of the spray injector,
but to control the injection using for example, a cam which

..would allow better control of the timing of the spray.
Preferably, ‘the tining is optimised to take account of the
pressure difference between the cooler and the compression
chamber and the finite -transit ‘time of the droplets within
the chamber. Alternatively, internal or external pumps may
be used to drive the flow of liquid through the spray
injectors.. In tnis ~ case the pumps are preferably

-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. 1In these cases, the transit time of the
droplets may be rather short in comparison with the time to
complete one cycle of the engine. ' a |

Each expansion chamber 119, 117 has a regenerative
heat exchanger 125, 127 mounted so that gas passes through
the'heat exchanger before 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 suitable timing mechanism and a spark plug .
178 to ignite the fuel/gas mixture_which may be used for

.starting the.engineior for both starting and continuously
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conpr essi on chanbers and the pistons in one pair of expansion chanbers are

arranged to nove substantially 90[err] out, of phase with the the
ot her salYYQJ%ﬁ”r”Qﬁ expansi on chanbers. PréTerany,. in - ?gior‘%cb?cok‘gn

~engine . the heat exchanger means conprises a regenerator ' The pur pose of =
- the regenerator rh%neﬂu | e heat to be transferred to and from the working
gas effici eﬁ‘f‘F§ngI Aa preterred enbodi ment of the heat engine having one or
nmore further conpression chanbers, separator means |s aI so provided to .

'separate |iquidfrap tt q@?erfﬁvx}é‘grf‘e?é@ fed g O MRS Si¥h £1@ebel ¢

enbodi nment s operat| ng in osed-cycle, a separa rreans may al so Be

' large number of caral el channels of szall . diameter ano
‘short length cast for _example in a hcreycomb structure.-
The heat exchanger is mounted inside the sombustion chamber
'in order to simplify the design and mir:mise the iin'swe_pt
.'gas.volumes, but a sepa’rate_regenerator :_ight be p'ref'erred
for some applicaticns. : '

‘The chambers are arranged in pairs, each’ .pair
compr:.s:.ng one ccmoresslon chamber feeding cool compressed
gas to one expansion chamber. The opera\.lng cycle of the
palrs of chambers are separated by 180° In th:.s
embod:.ment, this is accompllshed by an aoproprlate des:.gn
of crankshaft 169. In each pair the expanslon process in
the expans:.on chamber leads the compression process in the.
compression chamber by a predetermined phase angle which in
this particular embodiment is 90° Again, the phase angle
is fixed by appropriate design of the crankshaft 169. 1In
this way, compression takes place when most of the gas is
in the compression chamber, and expansion takes place when’

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

. The _operating c_y-cle of one pair of chambers __proce'eds,
‘as  follows, begimiing with gas induction " into the
compression chamber. As the compress:l.on p*ston reaches the
bottom o_f its “_stroke in the compression chamber, (i.e.
farthest point from the crankshaft 169) the gas inlet port
157 opens and gas is drawh i’nto th_e-Compression chamber as -
‘the piston moves out of the compression chambe_r _109. ‘At
| the same time, the compressed gas inlet 'po'rt. 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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provfded to separate liquid fromthe gas |eaving the or each expansion

chanber . “)Mgg,gz,tague first and/or second - pjsstons conprise a . |i ggriGBIIMAAR
are preferably provided to supply the or each means forming a spray wth
liquid fromthe liquid pistons. Advantageously, said neans to supply may

include a RUML A ¥ edmbe ik drdwyen bf athespenijates oAt Ochambedl€ The
enbodi nent said drivi ng rre ns ICPC| udes, go%%l | ngxmea-ns coupled. to said.

transm ssi GHNFIRR ef F gas 1 pansion chamber ignites
and the combust:.on gases expand driving the expansion

piston to the <top of its stroke, (i.e. nearest point

relative to crankshaft 169).

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

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

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

The other pair of chambers pr'.'ogress' through a si'milarh'
This Sheet Has Reen R
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~13- in use, said first and second pistons nove in predeternined phase .-
Telati on%g ; gk will be appreciated that; coupling the firstpPcIvGBIZ0A2
pi stons t ?IPer by for exanple a nmechani “cal means. such as a crankshaft is
‘a -convenient nmethod to enable |arge:conpression ratios to be achieved, and

at -the sameJd @ BBENGLa Mmikheishasi rwo@iethseploﬁiewc Thecpiaes angl each
bet ween t he first and:second pi stons LrFé such t hat t he.second
orerr]

| eads t he R3F HRZ] or?ﬁﬂﬂ%ﬂt?%asl?y 9 “‘iﬁ’te?xﬂat?\'}%f'?e t & S,S;f?‘glﬁs
~could be gt Mefndusterppdant | yhandiomioreawhsheswategpined t ahatchezhawt htaey
means for _C%u llngl Et% ag eféér”a'e ”"’iﬁdeéf’ W tl-f?ﬁ}e‘vgi' the engine may
'comprlse two sets of four cylinders connected to a single
crankshaft, w:.th the ‘operation of 3ach set lef ~ four
cylinders being out  of phase by 90° ”'hls would allow
posxtlve drive at all stages of the cycle, ‘with the result
‘that a fly wheel would not be necessary to achieve

'~ continuous operatlon.

In addition, it_' 'may _also" be possible to des_ign an
eﬁg’ine comprising one compressj,oh' chamber and one expansion
chamber as long as some means are provided to 'sustain the
onerat:.on of the engine over the cycle per:.od between the
_ expanszon or combustlon strokes.

- The orientation ‘of an engine with solid pistons may
be as shown in Figure 3, with the crankshaft above the
cylinders. Tlus has the advantage that the separation and
removal of liquid droplets from the cylinder is ass:Lsted by
gra_vxty.; On the other hand it may not be so easy to
provide lubrication to the crankshaft and there may be
other practical d:.sadvantages to this arrangement. An
alternative arrangement is to place the crankshaft below .
the cylxnders and to arrange the p:.stcn to push the spent_ .
spray liquid out through the valve 1ead:.ng to the expansion
cylinder. Means of separating the liquid could then be
provided in the pipe leadiﬁg to the expansi'on'chamb_et. "An
alternative method of separation for the configuration with
the crankshaft below the cylinders is for the piston to .
push the liquid over an internal weir at the 'top_ of the

" cylinder. The 1liquid would . then be drained  away by_
gravity. This would avoid the need for a large connecting
pipe ahd'external separator. 2 ' |

The attraction of using solid pistons instead of
liquid pistons is that it should be possible to run the
This Sheet Has Been R
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-subgt anti al forces against t he pressures in their respective
“ *chanbers. I'n one enbodinent, the engine nmay further conprise a conbustion
chanberwhays/f2hgs combusti on: of fuel, wheEgi r the heating mearRCTYGBRINML
means to heat conpressed gas from sai d conpressi on chanber w th heat
conduct ed across at |east one of the surfaces defining the conbustion
chamber oéngh.eleer@t nBighiers soehdei agEbis| ymiHd 5 ed eAEINAFe MY TR FRFCT

readily bg ﬁetprs%éie 04-1&99 P aéﬁlﬁercauqanwtg@mehble
.conbustlon glne pet rol | esel -gas) recovers heat

nornal |y Z@astagbi ;¢ mwsrcoélq ng S¥STRLe udNanBoassvernd t FP&dheat

into Userlan:.cles, in addition to static power generation. The

sealing of the pistons will in general rot be as good as
that if liquid pistons were used, but the sealing in 'a_n
open-cycle engihe 'is not as important as it is in a
_closed-cycle engine. It is also possible to devise ‘an
engine compris:.ng- both lJ.un.d and sol:.d p:.stcms, for
'example w:.th liquid pistons in the compressxon chambers and
solid pistons in the combustion chambers.

Figure 4 shows’ ahother_ embodiment of a heat engi_'n.e
which is similar to that shown in Figure 3 but which has
-been modified in a number cf ways fer improved performance
including better eff;c:.ency and a much hz.gher ocutput in
terms of work rate.

' The heat engine shown in Figure 4 con;prise's_ a pair of
compreseion cylinders 113, 115 each having aesociated spray
liquid cooling and re-circulating apparatus, and a pair of
expansion or combustion cylinders 121, 123 and the
-d-es_cription of these components described above in relation

to the embodiment shown - in Figure 3 applies to

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

The moisture separetors 137 and 139 have been removed
from the interior of the cempressian chambers 109 and 111
and instead placed externally of the compressidri chambers
and are connected in the compressed air feed lines 17.‘7',' 179
between the compr_essed gas outlet port 173, 175 of the
compression chambers and the hot compressed gas inlet ports
165, 167 of the expansion chambers 119 and 117. Placing
the moisture separators outside the compressi_on chambers
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power. Cold conpressed gas is produced in the conpression chanber and heat
lLost to the conbustion chamber walls is transferred to the conpressed as

t 0, pr oviwle saagtssng of the engine. The 3af® nethod can be useﬁﬁ;"r 9R0e7ér
heat fromthe exhaust gases of a conventional conbustion engine, for

"exanple by putting conpressed -ai r _cool i.ng .channel s thr h t he exhaust
mani f ol d oF eBYVERRcl BaPngT82Reaf O EXBRaige hr & E‘ﬁegﬁe dRAGRst Yk

woul d . passoﬁiﬁbewmsﬁ heat @d-e@yﬁud fesnndugnetﬁts ctdmessmﬁ ?dnﬁnt@ﬁmsute
expansi on cha i ch ands forgi t t of 't

t her eby geﬂeFaﬁ‘l"r’f’ger RS esﬁé@ﬂaﬁ%ca‘% rimg}ggfga ghé é’r]f‘[e)tc}cﬁh:f’renﬁelvﬁle
expansi on post oanday 296 cdmreet coleen adhdded ‘to seal the ccnmpression

chambers 109 and 111 Zr rom t"xe _volume enclosed by the
external p:.pework leadlng from che compressed gas ocutlet
ports 173, 175 of the ccmpressz.on chambers to the Iinlet
ports of the expans:.cn chambers, -and to co_nt_rcl the 'fiha_l
pressure of the compressed gas in each compression chamber
-'befcre the gas is passed to a respective _e:épan_sibn chamber
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
'enable_s much higher ccinpre'ssi'o'n ratios to be achieved. '

The reqeneratlve heat exchangers 125 and 127 wnlch
."are housed within ‘the expanszcn chambers in the embcdzment
- 'shown in Figure 3, have been replaced by recuperatlve heat
exchangers 244 and 246_mcunted externally of the expansion
chambers in the embodiment shown in Figure 4. Again, this
greatly reduces the dead volume within the expansich
-chambers so that the energy of expansion of the hot
compressed gas admitted into the expansica'chambers is not
wasted by firstly expanding into the dead volume of exhaust
gas, from the previcus cycle, trapped within the
regenerative heat exchangers, and thereby reducing the.
'temperature of the'gas}’ Thus, much hlgher temperatures can
_be achzeved in the expanszcn chanmber.

The recuperatzve heat exchangers 244 and 246 are each
ccnnected in a respective compressed gas feedline 177, 179
between a respect:.ve moisture separator 137, 139 and the
‘hot ccmpressed gas inlet pcrt 181, 183 of a respective
expanszcn chamber and are arranged to pre-heat the cool
compressed gas frcm the ccmpress:.on chambers with exhaust

- gas leaving the expansxcn chambers thrcugh the exhaust
ports 165, 167. The anreased compress;cn ratio obtainable

ThlS Sheet Has Been Rep slaced

THIS SHEET HAS BEEN
. REPLACED




ext érnal out put drlve of the engine. Th| s arrangenent has the

'advantage of - 14 - increasing the
convent |wo<aﬂ4llamﬂoust i on engl nes. Accord] A§ fo anot her aspect %é*’?ﬁégg%éent

invention there is provided a heat punp conprising an expansi on chanber to.

roverent Cof=e8 dhe; BPYIRE et Wb L o e o R Al P 1B P

corrpre55|OﬂnahaabscluaeCOMEmperg&ﬁres befcre and after expansicn is
increased also._ The tenneratu-e after the expansion s
likely to be similar for both the engines shown in Figure :=
and Figure’ 4 since this ;s determined by the materials of
the heat exchanger. Hence t‘1e peak temberature of the'
'-eng:.ne shown in :J.gure 4 will be higher and the average
temperature of heat addztlon aurlng the expansion will be
_'hJ.gher also The above ment:.oned lmprcvements enable both
higher pressure differences and h:Lgh temperatures to be
-achieved within the cycle, with heat bemg rejected at the
lowest teinperature within the cycle and heat being_ added at
the highest temperature, which leads to an increase in_

power output.

Further modifications have beeh made the embodiment.

shown in Figure 4 to recover waste or excess heat in
 various parts of the cycle and to convert this heat into
'useful power, to increase the efficiency of the engine. 1In
particular, each of the combustion cylinders 123, 121 is
surrounded by a cooling jacket 212, 214 for rec_overinq heat
conducted through the combustion chamber walls. A bypass
line 208, 210 is connected' into 'th'e'compressed gas feedline
177, 179 between the mo:.sture separator 137, 139 and the
recuperative heat exchanger 244, 246 to supply cool
compressed air from the compression chamber 109, 111 to tl'ie_
cooling jacket 212, 214. The bypass line 208, 210 is
connected near the bottom on the cooling jacket 212, 214
'where the temperature of the cen’xbustieh'_' chamber wallls is
least. A pair of expansion cylihders 220, 222 are proﬁided
with associated pisto'.ns 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 controlle_d_
by an inlet valve 232, 234 and a gas outlet port 236, 238
controlled by an outlet valve 240, 242. The inlet port
21s, 218 is connected to a point near the top of the
~ cooling Jjacket 212, 214, the uppermost part of which
"_su_.rro'und_s the exhaust port and extends to the hot side of
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t0 Be conpressed and a second piston to conpress said gas'by novement of

*sai d second gﬁ}agn I nwardly of said corn:)reOSS| on chanber, heang?.{.,%Bg?,ﬁg"gas

frpn1one expansi on chanber ‘and said conpre55|on chanb
ot her chanber, neans to forma spray of liquid in said conpression chanber'

to absorb. mqg f%@gﬁ?@?@él dugégg CQQEL%%@Ienab pg a.sqlid,

operativel y coupled to sald secon plston t e sai d Secon plston

be driven mﬁmﬂﬁﬁﬁ&%ﬁﬁﬁla§6uﬁ@@eGF efo e SenwHeH e SR sai d conpression
~chanber to conpress the gas. Thi's forn1of heat punp enabl es the punped heat
" to be transferred to an external heat sil extrenel eff|C|entIy via the

medium of a | i quith¥Pr ayrfATt hECFBt Qdnpr the top of =zhe

ccnmbustion chamber is recovered and converted into useful
work.by directing part of the cool compressed gas from the.
compression chambers__to =he combustion - chamber walls
Compressed air is much more affecrive as a cooling medium
than air at atmoSpheric pressﬁre; - The cool compressed air
~ a2nters the cooling jacket near the bottom in order to first
cool the combustion chamber walls since the combustion
chamber walls have to be kept below a'temperarure which is'
determined by the lubricating oil. The compressed gas_is
pushed upwards in the'cooiing,jacket towards the top of the
combustion chamber, absorbing heat and gradually rising in
_ temperature. Having gained ~some heat'_in this cooling
.process,'the compressed air is then used to cool the hotter
-arts of the system, such as the cylinder_head~and valves{
Finally, the hot compressed air is intermittently extracted
from the cooling system by opening the inlet valve into the
expansion chamber in which ‘it expands, driving the
_associated piston out of the chamber;' thereby generating
‘additional mechanical'ﬁork. | :

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

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

_heat available in the . exhaust gas and then directing this
p:e-heated compressed gas to one or more of the expansion
chambers. |

- The advantage of this nddification is a reduction in

L THIS SHEET HAS BEEN o
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-chaﬁ'ber and -at the sane tine can be driven t hrough, for exarrp'l e a

‘rrechani cal coupling, by an external source qof power and in pagti
el gctricW zp prOV| de a heat punp w tﬁ' a hi gher coeffici egéhg;l#g%?fﬁg

performance than can be achi eved by known heat punps. Advantageously, this
- form of heaaepmaan-eﬁbé%%%aw&ﬁ &£RLALE Igraseéédhesn& &ﬁ%ﬁeras%' e

or an open-cycle. For. exanple, one enbodiment may apted for air
condi ti oni A FReWYST £FE1S1EREYNCEf nERet BBSEAor essi on chanber  from an
external source, conpressed substantially isothermal'ly using the liquid
h It
dhes ark, P00 0o 108 UBELSISRHAE' Ul b FBEE: SRSl L
excess heat from various parts cf the ‘engine may also be

used in any of the other embodiments desér_ibed herein.

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

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

. When the piston 112 in the 'compressioh ‘chamber 109
reaches the top of its stroke and begins to reverse
- direction, the compressed gas outlet valve 204 closes and
the inlet velveJ.S'I/c:’;:ErEMospheric air is drawn into
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T et-dr ni ng sonme of the energy used for conpression.

thg heat punp to provide .- 15 --air conditioning. Alternatively,

The expansi on may be
"adi abat i cwog4i228s t he gas cools, ‘and the cool gas may then be PETEGBBW24720m

errbodl ment of the heat punp may’ further i-ncl ude means to

anot her

the compressicn champer through the ailr inlet pors 156. AT
the same tine as the compress:.on piston 112 reaches the tcp
of its stroke, _t_:he piston 122 ‘in th_e_ combustion chamber and
the piston 224 in the'_expans;on chamber are at the m’idpoi‘n:
. of - their strc_kes and moving downward. Th_e combustion
| chamber, at this point, contains pressurized hot combustion
'gases wh:.c"x are expandlng and driving the p:.ston out of the
chamber. Likewise, the expans:.o_n chambe,r 228 contains hot:
pressurized air which is also expanding and driving the
_expansion piston 224 out of ﬁhe' chamber. The outlet valves
in both the combust:Lon chamber and expans1on chamber are
-clcsed and the inlet valves may also be closed. '

As the ccmbressicn piston 112' reaches the mid point
of its stroke, the: ccmbust:.cn and expansion pistons reach
_the bottom of the:.r strokes and reverse direction. At _thJ.s
point, the exhaust outlet valve 191 in the combustion
chamber and the gas outlet valve 240 in the expansion
chamber both open. As the :pistons move into their

L respective chambers, exhaust gas is ‘expelled from the

combustlcn chamber threugh the outlet port 165 and passes
-through the heat exchanger 244 and out into ~ the
atmosphere. Likewise, the expanded gas is pushed out of
the expansion chamber through the gas outlet pcrt_ 2'36.

Reductlcn of nltrcgen oxides in. the exhaust gases can '
‘be achieved, if desired, by injecting amonia upstream of or
~directly into the heat exchanger, and/or by J.ncorporatzng a
'catalyt:.c surface w:LthJ.n the heat exchanger 1tse1f.

When the combust:.on and expansion chamber p:.stcnS-
."212, 224 reach the mldpcmt of their upward stroke, the
compression piston 112 reaches the bottcm of its stroke and
reverses d;.rec ion. At this pc:.nt, the aJ.r inlet valve 157
closes and a spray of cool liquid is injec:e_d' into t_he
‘compression chamber 109 through the spray injection valve
129 so that the air in the compression chamber is
compressed apprcxinately-isethermally._ -
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+ 16+ supply heat to the gas during expansion thereof in the expansion
*chanber so that the expansion is approximtely isothermal. This may be
-dope eff|C|§ E&ﬁsby enpl oying a liquid_spgay in the-expansionpghgﬂggmzxp
Heat is AR fromthe liquid droplets, which cool, and the cool ed spray
I|qU|d may be used for cooling, e-g., air condltlonlng The liquid spray
injection into the expansi on chanber also allows efficient heat transfer
froma |ow tenperature_heat source so that the_ heat pu can[ﬁig%thls heat

to higher tenper #h@&M% §Pfk, CORBRSEHHRR p@FoseXBRIREEN Ry s‘?ﬂﬁ ‘buip®can
be nodi fi eeof,oroﬁl tdm;mpe&ma:,l oshdigydempective cetlet valves 1191,

240 both close and their respecrlve alr_-nlet valves 185,
232 open, admitting 'pre—heated compressed air into the
chambers via a respective air inlet port 181, 216. At a
predetermined point, the inlet valve supplying pre-heated
compressed air into the _combustio_’n chamber is closed and
fuel is  injected into the chamber via the fuel injectien,
valve 174. An ignition source 178, such as a spark plug,
may be used to ignite the fuel, or the ignition may be
spontaneous as the fuel mixes with the - pre-heated
compressed air.. The piston' 212 is driven out of the
combustion chamber 119 by the pressure of the hot
combustion gases, whicn'coollto some degree as a result of
doing work against the piston. | '

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

'As the piston 112 in the compression chamber 109
'a'_pproacnes the top of its stroke, the compressed gas outlet
valve 204 opens and the mixture of air and spray liquid is
expelled from the chamber intc the moisture separator 137,
in which the air and liquid are separated. The moisture

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

Ligquid flows from the moisture separator 137 to the
-cooler 197 where the heat absorbed .during the process of
compression is llberated to the atmosphere or to some other
heat sink. The llqu:l.d from the cooler 197 then flows back
to the 1:Lqu1d spray injection valve 129 which controls the

J.njectlon of ligquid _‘ng compre,ss;on. Since the
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1 n dnot her enbodi ment the ‘heat punp may further conprise heat -.exchanger
‘means arranged to pre-heat said expanded gas with heat fromc ressed gas
| eavi NgWON84/E278Hr essi on chanber. This 3 $éparticularly advantpﬂggﬁp’f‘zr‘f”r he
cl osed cycle in which the same gas is punped back and forth between the
expansi on and conpression chanbers. A preferred enbodi nent includes '
coupl i ng nﬂamﬁﬁkﬂnco%ﬁl|ﬁ§ethéU§@dbn ikt s ke SQG@iFal WBddece the

power, whengidbydd®inCotipdi RemgPAFion Schadpateds t@el&rt hdfNfaximum,
substanti a force agai nst the pressure of as in the ¢ ressi on.chanber.
Coupl i ng bhelﬁﬁﬁuhﬁnpb?o BRAS& Penalts %ﬁerxﬁﬁﬁ RRFs 7Y SCEALM es

nuchrngh@mﬂyﬁ§suﬁgg time. By the tzme the pressure has rzsen,*o
the injection pressure and cut off the -njectlon £low,
sufficient liquid droplets will already be present in the
compression chamber. Hence the . compression Chamber piston
112 can effectively prov1de the means to pump the l-quld'
around the coollng circuit and through the spray lnjectlon

nozzles.

il Cool compressed air flows from the molsture separator

137 to the recuperatlve heat exchanger 224 in which 1. is
pre-heated by the exhaust gases from the combustlon chamber_

119.

When <the piston 112 in the compression chamber 109

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

-outlet valve 204_c1oses, the alr inlet valve 157 opens and
the cycle is repeated; '

Phasing of the pistons in the various chambers is not
too oritical,' particularly_'if"the engine has a large
fly-wheel to malntaln its' motion. However, it will
generally be desirable to even out . the torque on the crank
shaft to minimise the operatlng stresses, to maintain an
even motion and to hinimise vibration. The phas;ng of the
pistons will also affect the "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 exchanger. Although the phase angle between the
combustion chamber pistons and the compression chamber
pistons is ‘about 90° in the embodiment shown in Figure 4,
the phase angle may be different in other embodiments, but
the-_choice of phase angle 'is a ‘matter for careful
optimisation in the 1light of practical . experience' and
measurements. ' ' -
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and *therefore a hi gher conpression ratio to be achi eved in'the conpr essi on
‘chanber so that a greater anount of heat can be punped per cycle than
achi eved“ﬁ%@ 8; art heat PUWPS. At thgs same time, the usepgf;cpdsM2478

‘coupl i ng'et t he heat punp to be conpact since the attai nnent of high
pressures (and therefore output) does not rely on the inertia of t he

pi stons which woyhdhaym t eple éﬁﬁé&iﬁ&h!s TSk © AN gL of o | arge
in size. The coupling means nay f exanple conpri se crank shaft. In

a preferragdissHpsdi ARATaEeEs fﬁﬁét t'éﬂd “QéEon&ﬁ&WiQQ%F%re ER&pl RAAT
toget her. byna; ABCHRAY Cade cattmaln@@drmanan Edvert ceparaduds aod/ftat hbat

phaS|ng of tchangers so that a single separator and/or heat exchanger
is shared between two or more cyllnders. This may have the
advantage of redhoing the size of these components, improve
=he uniformity of air flow and possibly reduce the costs.

_ A further embodiment of any of the open cycle engines
oescrzbed above, incorporates a turbo-charger in the'cycle,
such as is often used for petrol and diesel engines. The
_turbo-charger may consist of a rotary compressor and a
rotary expander on the same shaft.' The compressor boosts
the pressure of the atmospheric air before it is admitted
into the lsothermal 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-char@er is to raise the average
pressure o¢f the -gases in both the compression and
combustion <chambers, so that an engine of given size has
more power. The use of a turbo-charger will tend to reduce
the efficiency of the engine slightly, because of the lower
efficiencies of the rotary compressor and expander and
.because the turbo-compressor conpresses adiabatically
rather than isothermally; However, the incorporation of a
turbo-charger may well be attractive because the reduced
'effzc;ency may be more than offset by a large increase in
the power output from the same size of engine. '

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

ship's propellor.

In an alternative embodiment, the pistons may be,

coupled together and driven by a rotatingamechanical system
other than a crank shaft, for example a hypo-cyclic gear.
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=174 p| sfons can be easily controlled Another inportant advant age of -t he

*heat punp to the present - invent i60n Is that it 1689962472
r egui Pe ' agﬁg?xggig?gu ng or condensing fluid, and can be used Wlf?ﬁ -

“whi ch does not condense and a l'i quid whi ch does not evaporate to any
~significant degree. . There is no requirenent for a specific boiling point.

teed, i ssi_ble tao choose a gas. such as,hel lumand.a liquid such as
\I/\g?g(rad, Wlh}[clhswpﬁ In a furzther rrgaodlnent, *... nay be advantageous =zs

arrange the engine such .that the coﬂpresslon process in the
compression chanbers take place at a slower speed <harn
conoustlon in th e combustlon chambers. In. other words, the
erigine may be arranged such that there are more combustlou
' cycles per unit time than compression cycles. This may te
achieved by providing approprlate gearlng between the crank
shaft of the conmpression chamber and that of the combustion
chamber. If the'endine also has an air expansion chamber
to recover waste or excess heat in various parts cf the
cycle, it is also possible to arrange the engine such that -
the air expansion cycle is faster than the isothermal
compression cycle. The_advahtages of such ah arrangement
w0uld' be that the compréSsion process may always be
'nalntaxned at a noderate rate to allow SUfflClent time for
the transfer of heat between the gas and the 1liquid
droplets so that .the compresslon process may always be
substantially lsothermal, that the heat_loss per cycle from
the combustion chamber dis_ reduced to provide higher
efflczency and that the power output from the englne can be
~h1gher. ' '

In an alternative embodiment, the present invention
may be adapted to proyide cooling for a conventional
petrol, diesel or gas engine for the purpose of recovering
heat and convertlng this heat into useful work. In its
basic form, such an embodlment _1ncludes a compression

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

'pre-heated compressed gas ‘into the expanslon chamber. The
heat exchanger may simply COHSlSt of passages formed in the

| THIS SHEET HAS BEEN
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.cauge no harmto the environment should they be released. This is also an
“inportant advantage of the heat punp according to the present invention.

An,.addi ti | antage of not requiring & specific boiling pgdchsdaad
t he heat_"gﬁ%‘)ﬂcaé work over a w der range of operating tenperatures than
conventional heat punps. The heat punp may. include any one or nore of the

preferred an glisnnal | Verhsaldl eS,dPndi oned ahave diyaseockali on i h Lhe
heat engi né€.™ %(?dll nment s o?&ﬁ?e,heat engi_ne_ and hea‘?g pu mag i'nc':l] ude any
nunber of compressiash éﬂc}‘.ei%aﬁéréﬁl@m@%dbﬁﬁégn%%t edcdm%Cessian
and expansi;QR RaHer s ARampRe. be The  isothermal  compression  and
~ expansion chambers may be similar to those illustrated in

Tigure 4, the main difference cf this embodiment from that

shown in Figure 4 being <that ali <the isothermally
compfessed air is used for heat recovery, not just a part

ef it.

Any of the engines described above can readily be
adapted for use with combined heat and power systems, if
required. - The '_"us'e of a non-condensing gas as the working
gas allows much greater flexibility over the choice of
'operatihg tempéi’atures than does a condensing vapour
cycle. The systenm is simply adjusted to rejeét heat at a
higher temperature than woul_d'be _'us'ed for power generation

only.

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

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

 of heat pump is that it is not tied so tightly to a
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-.equatf Ref er ences her ei nabove and bel ow to pistons noving "into" and "out :
-of" their respective chanbers sinply indigate the dlrectlon O}C B
a pi stonW@I’éFF'U’é to a chamber, i.e. the ?g "into" and ' g&/ﬁg,rhei used
in the dynam c sense to indi cate that a piston is nmoving i nwardly or

out v dl v ofa LL pet £aBecting, ChabeLnoBiatlias ofs TOUIENS L e ALesent

|nvent|0n Vit Now be descri bed w rence e drawin n mhl
Fi gure 1 simympa sdtamt Felyl agnarthe £VRRoRa téiAnode frerit llquld and "‘-e

concensatlon cf the vapour.

Other emnoq-:aents of the heat pump may lnclude valves
so as to operate *n open cycle similar ta the systens shown
| in Figures 2, 3 or 4. ‘However in this case, there would be
" no ¢ombustion in the expansion chamber and there may not _be
~any form of reCuperative_er regenerati‘ve' hea_t exchanger or
droplet injection in ‘the cool ex'pansion 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 piston and a droplet
spray and the 'excess' . heat would be transferred to a
_ "c'onve'niemt heat sink. This" form of heat pump m:.ght be used
-.as . an air condltlonzng and vent:.latlon unit with the
expamd_ed air 1eav1ng the  systen slgnlflcantly cooler than
the incoming air. The systenm would not be very suitable
for the pumping of heat into a building from a cold
atmosphere,' because of the problem of J.cz.ng ms:.de the
expansion chamber. '

Further embodiments of the heat pump would be -'sunzlar'
to those described herein but without the liquid plstcns
All the compresalon and expans:.on would be performed using
solid pistons only. For example, it is possible to have
'liquid seals without_n_e_cessar:.ly h_av:mg liquid pistons.

It will be appreciated by those skilled in the art
that there are many alternative mechanical arrangements for
_conVerting the linear motion of a piston to rotation of a
drive shaft. Where a 11qu1d piston is used and part of the
mechanical drive comprlses a drive. or transm1551on shaft
extend:.ng *hrough a wall in' the conduit, as shown in
Figur'es' 1 and 2, a seal must be prov1ded between the wall
and the reclprocatz.ng drive shaft. However, one possible
- disadvantage of <this arrangement is that there '_may_'be.
considerable friction between the seal and drive shaft. An B

This Sheet Has Been Rq

[ lll Illf =




of the present invention which includes quuid pi stons and operates in a

‘closed-cycle. Figure 2 shows a schematic diagram of-a second gppRritisRRsdr:of
t ha presé”rﬂ 811}{5@%,[ ion including liquid pi%f_ons and whi ch operat eisiﬁl n an
open-cycle; Figure 3 shows a schematic diagramof a third REPLACEMENT

SHEET 19 élternative arrangement which would zerhaps reduce <zhe
| | sriction involves a - rack-and-pinion =ounted w'i_thin The
norizontal secticn of the conduit. The pinion would te
:otétab]_.y mounted -with its axis transverse to direction =2
motion of the piston, and the rack would be apprdpriatel'_-’
coupled or connected to the solid pisten or pistons. The
'pinion may be arrahgéd t_'o' drive a rotatable shaft whicn
extéends through the wall of the conduit via a seal, ==
transmit power <Irom the piston externally. The soliZ
piston which is coupled to the motion cf the liquid piston
would be arranged to move back and forth in one or other cf
the arms of the conduit and more than one such solid pisten

may be used within one conduit.

Alternatively, linear motion of the piston may be
converted to rotational motion of the | drive shaft by
- mounting some fora of fluid screw such as a propellof or
turbine blade inside the conduit which is rotatably mounted
on a drive shaft extexidi_ng _th_rdugh the conduit. 1In this
case the drive shaft is par'a'tilel'to the direction of motion
of the piston. Where 'x_:'eciprc_:cat'ing drive shafts are used
in two saddle loops, it may be convenient to 'couple the
drive shaft of'_ one compression lobp to the driv'e shaft of
the other -expansion loop. A hydraulic drive system inay be
used instead of a mechanical system. Thus, in the above
case, each combined drive shaft of the saddle loop would
drive an external rec’:’iprocatinq' pisten in an external
'hydraulic cylinder . to . pump ~ hydraulic fluid. " The
predetermined phase angle: (for_ example 90° .) between the
two combined drive shafts could be achieved by timing the
opening of valves J.n the hydraulic cylinders so as to
prevent either shaft departing too far from its desired
pésition at a particulaf- stage of the cycle. o

In the engines or heat pumps in which liquid pistons
are used, solid floats may be arranged to float on the
surface of the liquid pistons. |
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enbolli nent of the 'pr esent i nvention including solid pistons and which:
operates i Ry@nRsqpme-cycle, and Figure 4 _ ws a schematic diagram of
a .

fourth enbodi ment of the present invention including solid p?gT 3912
which operates in an open. cycle. Referring to Figure |, a pair of U shaped
condui ts 1 and 3 eawugpneatmoﬁsbody ofnd i @b H

_%Q.% / onpr essi on _
chanber é :fe%(ge n_each of the arns 13 an of‘eéﬁe'lg)e h&’ill be
U-shaped cond&R ‘0°aﬁhgiﬁaﬁsréﬂre@h&ﬁb&hel'ﬁrtw is fornmed in each arm
21 and 23 of the other

U-shaped conduit 3. One of the conpression chanbers. -
9 is connected through a regenerator 25 to one of the expansion chanbers

‘This Sheet Has Beep,
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419 &nd the other conpression chanber 11 is connected through anot her
‘regenerator 27 to the other expansion chanmber 17. |In practice; the U- shaped
caondui t swghedmeIg Fi gure 1 woul d each be:zrotat ed 90[err] to f BEBHGBAYP2472
other, with the regenerators having the san® T engthn The LWUT)-Sha ed
condwts and regenerators are thus conflgured ig’ﬁlﬂ%«lmmﬂtﬂ

referred tazagMSsaddl e | oop". An engi ne or isi sts of a
sinngl e inter-connected mass of gas with a si ngl e regenerator a 'single
conpressi on chanmber and a single expansion chanber, each with a liqui d or
solid pistdn. andABa@NGHNe FEERS IFINRRI FPBATBFS i@RovaRTeMe? Fantain

described ggasa tdlabk SosibhPebse8” and a first piston o compress saic
sas by movement <Z the piston in the c:smpression chanber

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

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

3. An engine as claimed in claim 2 wherein said heating

means ccmprises heat excha_nger means arranged 1_:6 pre-heat

compressed gas froz said compression chamber with heat from |
gas expanded in the expansion chamber.

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

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

compression chamber.

6. . An engine as claimed in claim 5 wherein 's-aid means
for cooling comprises said heat exchanger means. '

7. An engine as claimed in any one of claims 2 to 6

Thxs Sheet Has Been Replaced
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- Li:qui d sprays are pﬂﬂmﬂﬂ ' ._orrpr_ess_i.on chanbers and both expansion
- .Chanberg, %4,%89 us mn m;zg. agpd 31 in the conpregaiTUGBSHIGRIMEr S
is preferabl'y 'drawn Trdm tthe*body of tiquid in the conduit 1 and the |iquid
- sprays 33 and 35 in the expansion chambers 17 and 19 is preferably drawn
fromthe Liqasghn nshha cosdespenrdi agc cordit t cdmpFbeesi ceiahgir aon fsom =
conduit 1 may be passed. throygh_a_coaler (not. shown rior to injection in
 the corrp’resé%’-lyad'h %ﬁ%ﬁr%‘@éﬁd'?lsﬁﬁﬁ 'Iﬁ"(ﬁ:iﬂ’}f%\/ﬁp%“}ngern'conduit 3 may be
passed throyghfa heater prior to injection in the expansion chanbers 17 and -
19 Aworking 645 fdddfhdN%s ciaimed in claim 7 :including supply
means arranged to supply liquids of at least two different
temperatures for use in the liquid spray in said expansion

char_nber’.

9. - An engine as claimed in claim 8 incl_uding means to
form a spray of liquid in said expansion chamber during
compression of gas <therein to control the temperature of

said gas.

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

combustioni chamber Zor the combustion of Zfuel and wherein

said heating means comprises _méans _td heat compressed gés

from sa'i-.d _coxhpréssién chamb_e: 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 combusticn’ chamber and - operatively
coupled to said transmission means. ' | | |

12. An engine as claimed in claims 2 or 3 including first
valve means operative to admit gas for combustion into said
compressién .chamber, second ' valve means operative to
prevent gas in said expansion chamber returning 'to_ said
compression chamber through said means to feed and wherein
'said means to add heat coinprisés means to provide a
_combustible fuel in said expansion chamber.

13. An engine as claimed in claim 12 including means to
‘control the rate of flow of said combustible fuel into said
- expansion chamber. ' ' o '

14. An engine as claimed in any preceding claim, further
" including valve means op_erative'to control the flow of gas

This Sheet Has Been Replaced'
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=263*§pace formed b ﬂﬁﬂ ‘jchanbers 9 and 11 and their
*gorrespondi ng expan ﬂﬂﬁ i nd 17_ with which they comunic Vi a
a ..r espe&‘f.‘i’\?é’u?sége i’ % ” 27 Separators 37, 39, PCIiG%ﬁéP

are -provided between the chanbers dnd correspondlng regenerators
renove . any, n _the working gas -.before_the fl ui gasses t hr ough the

d
regener at or- t%ﬁc%?ﬁédc°éaﬁ$§§%ﬂui PR Ut °9 §$ﬂ°3eﬁ8 NS 4O &2 mRRY i on

45 and 47 jOInIng t he adj acent arms. Mechani cal means coupl ed
3. An engine as cilaimed in claim 14, wherein said valve
means comprises. outlet valve means arranged to allow gas t=3
oe drawn from said c:mpfession chamber after compression.

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

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

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

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

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

21. An engine as claimed in any one of claims 14 to 20
including further_valvé means operable to control the flow
of compressed gas from said means. to pre-heat into said
further chaﬁber.
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~to «ach liquid pi stomullmmlmﬂmumbransmt power to and fromthe
- pi stons. \wplgd/1kfess € pisfon 49 and 51 is di POTLEBHINO24RACh
of the linear sections of the Tordui* and is free to execute linear notion
along the length thereof with the I|qU|d pi stons formed either side. A
drive shaftz53, 58ni erpiteched 41z @fad sal ighypi steneéanancbbarand.r@ﬁeands
t hr ough t he mal of. _each conduit _to Erov i de ans for

transmitti mf PoweF VrSM (FRADT qafd *BR&Core U wo - ar re"vols‘%q“f%)i 53 &3 %s

are coupl ecctngEmibesibn ameaxs eswal < !mlatve.meuhenl saisb thastthnd second

di Spl acenenj_éiﬁoggcgopésg_qnDE%_%@Q %L'Wetcelﬁhééé‘usé’igé‘io%ﬁbpt.' me and so

<3, An engi‘ne as cl_a‘:.:ned in any receding cla:.m wherem
'said driving neans. is cperatlvely coupled <to saic
"ransmzssmn means such _that'said secon'd' piston driven by
expansion of gas in said expansion chamber dr:.ves said

- - o

sirst piston into saic compression chamber.

 24. An engine as claimed in claim 22 or 23, further
comprising a crank shaft operatively coupled to at least
one of said driving means and said transmission means.

235. An éngin_e as claimed in any precéding claim arranged
sucnh that the time to 'ccmpl'et'e the compre_Ssic_n stroke in
said compr'essich chainlber' is greater than the time to
ccmplete the expansion stroke in said expansion chamber._

- 26. An engine as claimed in claim 17 or any on_é-"of_ claims
18 to 25 as dependent on claim 17 arranged SQch'that the
ti;né to complete the compressicn stroke in said compression
chamber is greater than the time to ccmplete the éxpa_nsion
‘stroke in said further chamber. ' '

27. An erigine as cla'ime'd in any preceding claims arranged
such that the time to complete two consecutive compress:.ons _
in sald compression chamber is greater than the time to
complete two consecutive expansions in said expansion
chamber. o

28. An engine as 'claimed in any precéding' claim
ccmprzsxng containing neans for containing a bcdy of liquid
and including a conduit forming at least one ~of said
pistons, said ccnﬁaining means including one of said
chambers at one end thereof. - | |
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sthat--a pr edet er m ipis mai nt ai ned between t he pi st ons

-in different conduit chi eved for exanple by coupling the
drive shebteasfaggsand Iﬂl“l]“ﬂ““ﬂill“ﬂwt- as5fer petrol or di esdlICIEGEPHEMT2 The

engi ne operates by pdssing“t h® rklng gas through a thernodynam c cycle

whi ch invol ves repeated conpressions land expansi ons. The conpression is
done when a2mst oAnt hengdmiel ngesyasciainadt her‘cortplrmi ofR3 chaineare i ansla id

whi l e the<_-€C an%h?ﬂgl§egg%el@h§%=%E$%|S LY MQf %QQ ga8nabed tdhtu:s

expansi on Be achi 2ved by arranging For
~the pistons in the -expansion chanbers to |lead the pistons in the
conpressi ofy chanPRr énBine as claimed in claim 29 comprising a pa:ur

generally :U-shaped conduits each containing a kody
liquid as a piston, 'a compression chamber formed in each
arm of one conduit and expansion chamber formed in each arnm
of the other conduit, and means feeding compressed gas fron
one of said compression chambers to one of said expansion
chambers and means feeﬁing compressed gas from the other
compression chamber to the other expansion chamber;

o
tn

Q.
Yy

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

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

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

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

3s5. An engine as claimed in any one of claims 28 to 34
wherein the or each said second piston comprlses a ligquid
and said transmission means comprlses a member arranged to
cocperate with said second plston such that motion of the
liquid piston in at least one direction is imparted thereto.
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- a phase angl e of ngl e between the pi stons i'n the

—96{—ef—|ﬂ——¥he—phase—a
expansi s5gchanbers - 21- peri&R9} MBI
"Wth th 94:5&%3?{3 Jﬂll"ﬁ“ﬂl“ﬂgﬁlﬂmﬁ process in one of the expansion
chambers will drive thé cé npf es$i oh process in the ot her . conpression
chanber . For exanpl e expansion in chanber 19 will - drive" the

compress on, 1SRRI 800 UUSRPUR! 8041 T rdln bl 400
conpressioh™in c AERE _ _ |
comprises a solid p;s.Oﬂ _

g An engine as claimed in claim 36 including a sha'f‘-

ccupled to said solid pJ.ston and extendmg through the wall
cf the. condult ccntamzng said liquid plston.

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

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

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

1. An engine a_e claimed in claim 40 including 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 suhstantially' in antiphase
_'with each other, and the pistons. in the expansion chanibers
are arranged to nove substant:.ally ln antlphase with each'
other.

22, An engine as claim'ed in claim 41 including another
‘said pair of said. compresszon chambers and another said
pa:.r of said expans:.on chambers where:.n in use the p:.stons
in one pair of said compress:.on chambers, are arranged to
doperate 'substantially' in 'qﬁadrattire with the pistons in the
cther pair of compression chambers and the pzstons in one
pa:.r of saJ.d expansion chambers are arranged to operate
substant:.ally in quadrature with the p:.stons in the other
: _pazr of said expans:.cn chambers.
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(hé ‘conpl ete cycle nom1be described in relatlon to one
conpr essi on chanber lﬁm&mw n chanber only, beginning wt
' co.rtpressm94lﬁ7§$mp At3the start of conpregglrfﬁp9§f?é47z =

l'iquid piston in the conpression chamber 9 is at the bottomof its stroke
and the piston in the expansion chanmber 19 is at the nid-point of its

stroke and Tovi n*RlipRRAdNe MBSt Df2 PR workiHY gRESSRIAEP bELRLBn YIRFein
conpr essi onsLidtieat SeroHahbe rexpans womdtides 49résenarahkerconpression
chanber 9. The conpression piston noves into the conpression
chanber 9 and conpresses the working gas against the gas pressure resul ting
from novenmsi. of Ameeogiaesi 88 mlgimed in any preceding claim wherein

said heat exchanger means comprises a recuperative heat

exchanger.

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

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

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

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

_ 49. A heat pump as claimed in claim 48 further comprising-
means to supply heat to the gas during expansion thereof in
SUppty Tesr .= e
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inte-the expansion chanber 19. Cold liquid is sprayed into the conpression
chanber tWomaak7dshe wor ki ng 'gas during comdression. This |iqRCA/GRIB/AILT2
obt ai ned by drawing off liquid fromthe cold /gLl | STO —e. the
conpression .piston) and then passing it thml‘g‘fwﬂ wilﬂ"'\MHFO' er (not
shown) -bef os@:Enp¥ERNAGON Shameegthe conpr essi . Ml t he
conpression piston in conpression chanber 9 is at the nidﬁpoint of its
stroke:the expansion piston in expansion chanmber 19 will be at the top of
its stroke 3fd abBuf'®dF PEREr &S Frfec®donit Adetfe $dnPress? ordnGlidbing
continues niyifgesphangder mddits CoApLrgetioroCiprdidieat 08PIESekdanded fas
_morklng gasxfggt'ﬁggé b%%o%t E@%ﬁ%ggged gas leaving the compression

chamber.

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

re-expansion.

- 52. A heat pump as claimed in claim 51 inCluding'means
- for cooling said compressed gas before returning to said
expansion chamber. o | -

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

54, A heat pump as claimed in claim 49 or any'one of
claims 50 to 53 dependent oh_claim 49 wherein said means to
'supply heat comprisés'means to form a spray of cool liquid
in said expansion chamber. o ' ' ' |

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

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

- 57. A heat pump as'claimed'in claim 56 comprising a pair
of generally U-shaped conduits each _cohta_ini‘n’g a body of
liquid as a piston, a compression chamber formed 'in each
arm of one conduit and an expansion chamber'forméd in_éach
arm of the other conduit, and means feeding expandéd_gés
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-‘tfne t he cool conpreﬁ 0 flow through the regenerator t owar ds
_the expansi on chanbej Imm Qmm on piston begins to nove
downwaryg coot conpres | ggving the conpressi opcGReNGLard | S

pre- heatéc? ’uﬁ;geheat fromthe expanded gas which Ieft the expansion chamber

at. the end of the preV|ous cycl e. - 22 - \Wen the conpression piston in

corrpressql_no,ghashsr 3113554 £ACh DAL I FnahSess’ Oks, Ui SXPANSLATG
iston in ™" '
P cempression chambers and means feeding exnanded gas from

trhe other expanslon chamber to the other compression

chamber.

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

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

.60. A heat pump as claimed in any one of claims 55 to 59
including means to supply the or each means to form a spray'
with'a.liquid from the liquid piston.

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

to supply xncludes a pump arranged to be driven by a llquxd
" piston. -

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

- 63. A heat pump as claimed in claim 62, wherein said
coupling means comprises a crank shaft.

64. A heat pump as clalmed zn any preceding claim wherein
said first piston is adapted to be driven by an external
source of power. | B

- 65. A heat pump as claimed in any precediné claim
arranged to be driven by an electric motor..

66. A heat pump as claimed in any preceding claim
comprzsxng_gQQELLEQ_EEEEE_goupled between said first piston
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. expansi on chanber Im m oint of its stroke and novi ng downward,
out of &?’9 g'mllllum(" IIW(M rlqusd LS sprayed i'nt o tIpCTECPIBMRI4TN .
-chanber "t00 nai n aln t hé ténpérafur% .of the gas as it expands on continued
~downward novenent of the expansion’ piston. This liquid may be

obt ai ned Pysdrawd 9 edfefeddalui dolired t&e hwdd quivHepeshonsdide.cduiPling

expansi on piston) and then passing it ough an external _heater (not
shown) beR8RBSi mecRARGTEL |‘rﬂowl"%@ é%s?oﬁ (?I’FM&FQ farce; RF2NTE

time, theneCpFREeuYOR DigHNmas:idveospredsiont chamaar.i s noving out of

t he conpression chanber- -9: To prevent the gas in. the corrpre55| on
'chanber fromcool ing during expansion it my be
57, A heat pump as claimed any precedlng clairn

‘comprising ccuplmq neans coupled between said first plston
and an external source of power, ‘wherein said. coupllng
means is adapted to withstand substantial force against the
pressure of gas in said expansion chamber.

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

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

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

71. A heat pump as claimed in claim 70 including meens to
form a spfay of liquid ‘in said compression cha’mber' 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 gas to be
compressed and a first p_:.s_t.on to compress sa:.d gas by
movement of t_n_e ‘piston into the compression chamber and
_ driving' means arranged to drive said first piston into the
'comp_re'ssio'n _chamber to ecinpress said gas, an expansion
chamber and a second piston to allow gas to e_xpand' therein
by movemen_t_: of the second’ pistori out of the expansion
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' adVantageous to spr rectly fromthe liquid piston rather
t han Ilgﬁld whi ch h ,ﬂ u@m& I n_an external cool er. \Wen the .
éxpansi OMOP¥ERHT has »re om 8f Tts stroke in the g{ﬁ?\%’/%"z

chanmber 19 the conpression piston will be at the md-point of its stroke in

t he conpres 9 and_ Qunwar ds. . The_expansion piston
rever ses dlﬁg%?e%ﬂ:H%FQ% nglstoﬁ%ﬁﬁiﬁ?qrg%ﬁpbs??esal QIPEEF BT ng
t he wor ki nghgadeguttofsaid expansuon chamber,, tdmodubeathexchpermnimeansd

b on” BEESFERNY o HUERCTe ol UICONE) 1 08" dldlsason
chamber with heat Zfrom said combustion engine, coupling
means coupled between sald second piston and an 'outpﬁt
drive from said. combustien engine, and means to form a
spray of ligquid in said compression chamber to cocl the gas

on compression therein.

73. A cooling apparatus as claimed in claim 72 wherei'n'
saJ.d heat exchanger ‘means 1is arranged to heat compressed
gas from said compression chamber with heat conducted
across at least one of the surfaces defining said

combustion chamber.

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

returning to the conpression chanber. As the expansion piston noves
upwards into the expansion chanber, the ggf remai ni ng in that chanber
eati

under goes sonme conpression. To prevent h

sprayed into the exapnsion chanber. This liquid should preferably be taken

ing of the gas, liquid may be

directly fromthe hot |iquid piston wthout passing through the external

heat er .

When the conpression piston in the conpression chanber 9 reaches

the bottomof its stroke, the expdaBdh HiRtAICIR the expansi on chanber 19
is at the md-point of its stroke and travelling upwards into the expansi

chanber,

t he conpr essi on pi ston rever ses

A HEAT ENGINE AND HEAT PUMP

An engine is provided comprising a compression
chamber to contain gas to be compressed tand a first piston
to compress the gas by movement of the piston into the
compression chamber, and driving means are arranged to
drive the first piston into the éompression chamber to
compress the gas. The heat engine further comprises an
expansion chamber and 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 the
compression chamber to the expansion chamber, and heating
means arranged to heat the compressed gas from the
compression chamber. Transmission means are operatively

-coupled to the second piston to permit power from the

engine to be drawn and means to form spray of liquid in the
compression chamber is provided to cool the gas during

compression.
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-23- direction and the cycle i.s repeated. As nmentioned above, the

t hernmodynam c cycle n chanbers 9 and 19 is 180[err] our of phase wth

‘the cyclwoswiigsbers 11 and-17. Thus, the expansion stroke igy ? Eiu}g
drives the conpression stroke in chanber 11 and the expanS|on S i

~chanber 17 drives the conpression stroke in chanmber 9. However, there
are points in the cycle between the conpression and expansi on strokes wher e

no net power output fromthe engine.is occuring. Thus, to
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sustain the operation of the engine over the cycle a fly wheel may be used
or it m%§4m2§g ble to rely on the inertia of the pistons thenselves if
they are S enough. However, the need for a fly wheel cat PGB &
by providing a second saddl e | oop whose operating cycle is arranged to be
90[err] out of phase with that of the first saddle | oop. This may be
achi eved by incorporating an appropriate external drive nechanism Thi's
enbodi ment of . the heat engine is then cagd8® of providing a net energy
output at all stages of the cycle. One of the nobst inportant features of

t he engi ne descri bed above is the use of hot and cold liquid sprays to
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mai mtain the tenperature of the working gas within each chanber at the
desired value. As stated above, the |liquid sprays may be maintai ned

t hr.ougho&D 942785 cl e, al t hough the liquid passes through the HEGBI3/02472
exchangers during only part of .the injection cycle. The reason for
"this can be explained in connection with each chanber separately. During
conpression, the function of the spray is to keep the working gas _
tenperature in the conpression chanber)z%l ow as possible.” Thus the
liquid should be passed through the exXtrnal cooler during 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 '
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" foosnuch.. During this part of t he cycle, it is better to take the |iquid

directly womari2hgs | i quid pi ston and not to - 24 - cool it. PCTEGBI3OIMEY S€
argunment applies- to the expansian chanber. During expansion the
gas nust be as hot as possible and therefore the li'quid spray shoul d
~be passed through the external heater. During conpression, it is
i nportant to prevent the gas from becom ng too hot.
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Therefore, the liquid should be taken directly fr the liquid piston
during this stage. |In one enbodi hamis SHERT BASBERY pf the |iquid used for

t'he spray may be achi eved by nmak|ng diREPEACERe of f he reci Lnratina noti on

of the piston and drive shaft. TRe punp whi ch may be nount FﬁﬁSHEE
conduit conprises a small piston driven by_the Iiquid pist n SO T

pi ston or the drive shaft and whichis arranged to slide i Mﬁy
i ncorporating non-return valves. A single punp in each con UI ﬁé§ 1997

provided if the punp is double ended i. e. fills and punps both.ends.
This enables liquid to be s agh.e I ate y whil e the
Thi s enab “PREES LROREKIoREAR BEI

This invention relates to heat engines and heat
pumps, and in particular to those for broviding power
and/or heat appropriate to domestic appliances, service
industries, commerce and manufacturing industry. '

The attainment of high thermal efficiency is nearly
always an important consideration in the field .of power
generation for the reason that the fuel cost is generally
responsible for about two thirds of the cost of the power
produced. In addition to the cost incentive, enviromental
considerations require <that greater effort be directed
towards the achievement of higher efficiencies in order to
minimise the production of carkton dioxide and other

undesirable emissions.

In general it is possible to achieve a higher thermal
efficiency and fewer emissions in large generating units
than in small ones. This is partly 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 equipment in large units. In small units,
the cost of such equipment may be prohibitive.

In spite of these factors, there are circumstances
where small generating units are needed and it is important
that they should be as efficient and enviromentally benign
as possible. This situation arises in the many parts of
the world where no electricity grid is. available. It may
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Is filling. One doubl e ended. pwp-—wetH-d—serve—fwo |i quijd bpl ay—Thnjectons
associated with that particul ATHISHEETHASBER dnd of t He fagye |t o
outlets, one which leads to the spREVLAER 1 e id one of |t e cha er S
associated with the particular conduit,--whide the othe] I'Tagdsdirrectty-td
the spray nozzle in the other chanber. Thus, although] | i quid spray woulld

be mai ntai ned al nost continuously, the tenperature of the T n
woul d vary dudri rghdthe gbﬁggr@@ctquﬁi Nt 0 ahetdwyer t Hadtfba‘:;sed-'-q hréughlvhe

hee S5 hnaSTAE B R e ors, PRYOTR, iy biHARELaT Ul pes) d crbea,
population or it may be that the electricity demand is too
small to justify its construction. The former situation
arises in many less developed countries. The latter
situation applies in many remote or thinly populated

regions and on offshore 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 mains
power from the electricity grid. Since heat cannot be
transported economically over any significant distance, CHP
systems have to be sized for the local heat load. This
usually implies generating units of modes_i: 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
high 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 though the outside temperature is
higher than the inside temperature. The heat pump may also
be used to cool air in order to condense the water vapour’
in it. The heat rejected from the heat pump may then be
used to restore heat to the air. In this case the heat
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 pump, air conditioning unit or
refrigeration system require the use of an
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-an inportant part in the heat fransfer process etwee1W1

| he
wor ki ng gas, since the corrugal BHISSHEEICBAS BEBN gxpect pd [t & BeMAYABSY pr
heat ed by contact with the |iquid fRERLABED spray, and |l _extend the
contact area between the working gas and 3he |iquid. phen the gas Tl ow

| 1 qui d Sprayjand

25 - in a Particular chanber is upward, then nhst__of the dropl bts

injected at that time will be carried upwards into the separator. Howecve
there wi'll siidpoketimgycandeheing fluid which boils at an appropriate

temperature such as one of the ch;oro-fluoro-carbons
(CFC's). These substances are known to deplete the earth's
ozone layer which protects human and animal 1life from
harmful  ultra-violet radiation. Although certain
alternatives to CFC's are known, some of these also cause
ozone depletion, but to a lesser ‘degree. Other
alternatives have disadvantages such as flammability,
toxicity, high cost, poor thermodynamic properties or a

tendency to increase g_'i.obal warning.

Engines and heat pumps based on the Stirling Cycle
are well known. One form of Stirling engine includes a
compression chamber and an expansion chamber connected
together via a regenerative heat exchanger forming a gas
space which contains a working gas. According to the ideal
Stirling Cycle working gas in the compression chamber is
compressed by 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 the piston out
of the expansion chamber. During expansion, heat is added
to. the working gas so that the gas expands isothermally.
The hot expanded gas is then pushed back through the
regenerator to which it gives up its heat before being
admitted to the compression chamber 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 amount of heat energy at the
intermediate temperature. This is done by extracting heat



in the | ower gas space, resulting from th%_J,-nEe' ' :tion'aqumc : td .
When the gas flow is downward, | mss SBEET HAS|BERHi 1 t ha hEMEN-sre%ﬁt pd
onto the corrugated plates will be sREBACEBwnwarbs info tﬂ?ﬁ)ﬂ er. In
this way, it is expected that the separators will repeht 19%7ct] t he

discard the liquid carried over irtd Them Th in
addition, or alternatively be arranged to cause the rking gas to swr

facilitate the renoyal of_liqujd droplets [ | t

i ni mi si ng ERETEYesSHPR IBéE (L)Hrc’ het%é%erﬁtb .éTﬁieésp%rppse ot thé €
regener at or acksatedchpume tdescriipet atior eUST 418 WBFkitRy gasclesadnsycis
cold or Vicg srem without valves which approximates to the Stirling

cycle. Liquid pistons contained in a series of four

n

to .~

interconnected U-tubes and which are connected in a closed _

circuit displace.the working gas between adjacent expansion
and compression chambers formed in the arms of the
U-tubes. The 1liquid pistons transmit power around the
closed circuit directly from the expanding gas in the
expansion chamber to the compressing gas in the adjacent
compression chamber, an expansion chamber and a compression
chamber being formed in opposed arms of the same U-tube.
The four U-tubes are connected via the gas space with
regenerators. Two of the four regenerators and the
associated gas'volumes work in a temperature range between
the high temperature and the intermediate 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 the medium of the liquid
pistons from the gas volumes working over the high
temperature range to the gas volumes working over the low
femperature range.

21st Inter-society Energy Conversion Engineering
Conference Volume 1 (1986) pages 377 to 382 describes a
Stirling heat actuated heat pump similar to that described
in US4148195, in which the working gas is heated or cooled
by taking liquid from a liguid piston, heating or cooling
the liquid externaily and reinjecting it into the expansion
or compression cylinder as an aerosol.

One drawback of these known heat pumps is that the
maximum working temperature of the high temperature heat
source is very low in comparison to what can be achieved in



egeperat or

ver sa I n a thernmodynamically__ efficient way.

conprise an array of narrow channeirHISSSHBEATHABIBEEN QSS S CREPBRGEMEﬁW%!EE‘Te\

designed to provide a | arge heat [transReEPLATEDR bet Ween gas-an

material of the regenerator. The narrow- channelrs my pe fﬂ WAWW
exanpl e plates or tubes. The regenerator"s?o?es t he hept

working gas wuntil the working gas reverses its dirpection—of—flow
after which t 0 0 eg Ator en
shoul d al so HbJe?J(E1 gande 1:18(;&?” %‘E@e& %ea‘ %ﬁnﬂ fek? 'I:teqb

O
choi ce of womW% %urfalme@@smunbiee-l i aerdepqantpd@ 1SRRI BeBPRFRRdre of
depends on t hRa¥dLetion @8d dHee heat pump is likely to be limited to

'400°C, whereas the turbine inlet temperature of a modern
power dgenerating gas turbine is anything up to 1300°C.
Consequently the efficiency of conversion of the high
temperature heat to internal work within the heat actuated
heat pump is also 1low, as would be expected from
considerations of Carnot's theorem. As a result the
overall coefficient of performance is very low.

Another disadvantage of the heat actuated heat pump
descr:x.bed in US 4148195 lies in the fact that the 1liquid
pistons have to be very long in order to achieve a low
natural frequencj of oscillation. The frequency of
oscillation must be low because sufficient time must be
allowed for heat transfer between the droplet spray and the
gas. The required length of liquid piston is particularly
difficult to achieve in a small device operating at high

pressure. Also friction losses arising from long liquid

pistons are likely to become unnacceptably high in a small
device. Furthermore a high value for the ratio of length
to stroke is required to avoid the so-called shuttle loss
which arises from the ‘t_:rarisfer of heat from one end of each
liquid piston to the other end. The shuttle loss occurs
because the two ends of each liquid piston are at different
temperatures and there is consequently some mixing of the
liquid and transport of heat.

US 3608311 describes an engine whose operation is
based on the Carnot Cycle, in which gas is successively
compressed and expanded in a single cylinder by a liquid
displacer. Hot and cold liquid from the liquid displacer
is alternately injected into the cylinder to heat the gas
during part of the expansion process, and to cool the gas

4
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tenperature range over which theTgl@gng Segp jWor k. Beca
f orm aﬁgm_Af(;gW

choi ce of working gas is not necessart+ty—restr+eted byja
and may be chosen for its thernodynam c-.@ operti es.
may be for exanple heliumor hydrogen, which have excgl
characterlstlcs Hel i um may be preferred to hydrogen oh $

operates in a closed-cycle and jthe RgpL g St ONs
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One drawback of this known heat engine is that £,

power output per cycle is relatively

low Dbecause i

requires an extremely high compression ratio to raise tphe

temperature of the working gas to a reascnable value during

adiabatic compressien, and such a compression ratio is nog

possible in practice. A further drawback of this engine is
that the worklng gas is continually cycled between high ang
low temperatures while remaining in the

+hroughout the process. Therefore

the

same
walls

cyllnder
of - the

cylinder also cycle from low to high temperatures and back
again which implies large entropy changes and a reduction

in thermodynamic efflclency.

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 compression chamber to compress
said gas, an expansion chamber and a second piston to allow
5as 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-

thamber to cool the gas on compression therein.

One advantage of this efrangement is that heat is
rejected efficiently to the liquid in the liquid spray, at

the 1lowest 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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In a preferred embodiment, the engine further
comprises means to add heat to the gas in the expansion
chamber during expansion thereof. Thus, the expansion
process may be apf:roximatel-y isothermal.

Preferably, the heating means also includes heat
exchanger means arranged to pre-heat compressed gas from
the compressién chamber with heat from gas expanded in the
expansion chamber. Thus, expanding the gas isothermally in
the expansion chamber provides an opportunity of recovering
some of this heat in a heat exchanger which is used to
pre-heat the compressed gas from the compression chambér
prior to expansion. The heat exchanger may for example be
a regenerative heat exchanger if expanded gas from the
expansion chamber flows along the same flow path as the
incoming compressed gas from the compression chamber, or a
recuperative heat exchanger if the gases flow along
different flow paths. A recuperative heat exchanger is
particularly advantageous where heat exchange is required
between two gases where mixing of the gases is undesirable
and/or the two gases are at substantially different

pressures.

One embodiment includes means for returning expanded
gas leaving the expansion chamber to the compression
chamber for recompression. The returning means may be
separate from the means for feeding compressed gas to the
expansion chamber, or the working gas may flow back and
forth between the compression and expansion chambers along
the same flow path. Embodiments in which the same body of
working gas _J'.s continuously recycled between the
compression and expansion chambers will be referred to as a
closed-cycle engine. Because the working gas is sealed
within the engine, the gas can be pre-pressurised so that
the minimum pressure attained by the gas during the cycle
is much greater than atmospheric.

s.aof the MDEISII ng_gas
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forming a spray of hot liquid in the expansion chamber.
The liquid used in the spray may be heated using an
external heat exchanger and the source of heat may be waste
heat e.g., industrial waste heat, solar enefgy or heat from
a combustion chamber cooling system. Using a hot 1liquid
spray to transfer heat into the expansion chamber is
particularly advantageous when used in closed-cycle engines
which have a heat source at relatively low temperature.
Liquid sprays are not suitable for -use at very high

temperatures.

An alternative embodiment includes first valve means
operative to admit air or other oxidising gas into the
compression chamber, second valve means operative to

. prevent gas in the expansion chamber returning to the

compression chamber through said means for feeding
compressed gas 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 gas in the expansion
chamber ignites and after expansion the combustion products
are expelled from the engine via the heat exchanger means.
A fresh supply of working gas is therefdi‘e required at the
béginning of each cycle. Embodiments in which the working
gas is renewed each cycle will be referred to as an
open~cycle engine. One form of this embodiment may includé
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 pistohs may
comprise a liquid thus eliminating the sealing difficulties

at . art
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conduits each containing a body of ligquid as a piston, a

. compression chamber formed in each arm of one conduit and

an expansion chamber formed in each arm of the other

conduit, and means’ feeding compressed gas from one of said

compression chambers to one of said expansibn chambers and

separate means feeding compressed gas from the other

compression chamber to the other expansion chamber. In

this embodiment, expansion and compression each occur twice

per cycle and the timing of the 1liquid pistons is

preferably arranged so that the expansion process in one of

the expansion chambers drives the compression process in

ocne 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 corresponding U-shaped conduit

containing the other expansion chambers. It will thus be

appreciated that this arrangement c¢an provide a net

positive power output at each stage during a complete cycle

of the engine, thereby removing the need for a fly wheel or

other means to 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 gas pressure is increasing. A preferred
embodiment of the engine includes means to p:ovide liquids
of at 1least two different temperatures for use in the
liquid spray in the expansion chamber and includes mears
forming a spray of liquid during compression of gas in the
expansion chamber to control the gas temperature. The
temperature of the liquid spray is preferably such that the
temperature of the gas remains constant during compression
thereof. Advantageously, if said second piston comprises a
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liquid, said means to provide may be arranged to supply

liquid from the liquid plston directly to the spray forming

means.

After compression of gas in the compression chamber,
the gas pressure decreases and the gas expands as a result
of both pistons moving out of their respectlve chambers. a
preferred embodiment includes means to provide liquids of

on

at least two different temperatures in the liquid spray in-

the compression chamber and includes means forming a spray
of liquid during expansion of gas in the compression
chamber to contrel gas temperature. Preferably, the
temperature of the liquid spray is such that the gas
temperature is maintained constant during expansion.
Advantageously, if said first piston comprises a 1liquid,
said means to provide may be arranged to supply liquid from
said first piston directly to the spray .forming means.

Where any of the first pistons comprise a liquid, the
drive means may comprise a member arranged to cooperate
with the first piston such that motion of the member
imparts motion in at least one direction to the piston.

The member may comprise a solid piston and may be immersed

in the liquid pistén or floating on the surface thereof.
The solid piston may be coupled to a shaft extending
through the wall of the conduit containing the 1liquid

piston.

Likewise, where the or one of the second pistons

comprises liquid, the transmission means may comprise a

member arranged to cooperate with said second piston such
that motion of the liquid piston in at least one directipn
is imparted thereto. The member may comprise a solid
piston which is immersed in the ligquid piston or arranged
to float on the surface thereof. A shaft may be coupled to
the solid'piston and extend through the wall of the conduit
containing the second piston.
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I S passed toof swmpatess iegnt chambers and a pair of expansion chambers
wherein in use the pistons in the compression chambers are
arranged to move substantially in antiphase with each other
and the pistons in the expansion chambers are arranged to
move substantially in antiphase w:.th 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 arranged to move substantially
90° out of phase with the pistons in said other pair of

. compression chambers and the . pistons in one’ pair of
expansion chambers are arranged to move substantially 90°
out of phase with the pistons in the other sa:.d palr of

expansion chambers.

‘Preferably, in a closed-cycle engine the heat
exchanger means comprises a regenerator. The purpose of
the re'generator is to enable heat to be transferred to and
from the working gas effieiently. '

; In a preferred embodiment, separator means are
provided to separate liquid from the gas leaving the or
each compression chamber. In embodiments operat:.ng 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 comprise a
liquid, means are preferably provided to supply the or each
means forming a spray with liquid from the liquid pistons.
Advantageously, said means to supply may include a pump
arranged to be driven by a respective piston.

In one embodiment said driving means includes
coupling means coupled to said transmission means so that
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the first and second pistons together by for example a

‘mechanical means such as a crankshaft is a convenient

method 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 pistons may be
such that the second piston leads the first piston by at
.least 90° Alternatively the pistons could be driven
.independéntly’ and may each be adapted together with any
means for coupling 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 .compressed gas from
said compression chamber with heat conducted across at
least one of the surfaces defining the combustion chamber
of the engine. Thus, advantagecusly the present invention
may readily be adapted to provide a cooling apparatus for a
conventiocnal combustion engine (e.g. petrol, diesel or gas)
which recovers heat, normally wasted by conventional
cooling apparatus and converts this heat into useful
power. Cold compressed gas is produced in the compression
chamber and heat lost to the combustion chamber walls is
tfansferred to the compressed gas to provide cooling of the
engine. The same method can be used to recover heat from
the exhaust gases of a conventional combustion engine, for
example by putting compressed air cooling channels through
the exhaust manifold 'or by -including a- heat exchanger
through which the exhaust gases would pass. The pre-heated
compressed gas is then injected into the expansion chamber
which expands forcing the piston out of the chamber and
thereby generating wuseful mechanical work. In one
embodiment, the expansion piston may be connected to an
external output drive of the engine. This arrangement has
the advantage of
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According to another aspect of the present invention
there is provided a heat pump comprising an expansion
chamber to contain gas to be expanded and a first piston to
allow the gas to expand by movement of the piston out of
the expans:.on chamber, a compression chamber to contain gas
to be compressed and a second piston to compress said gas
by movement of said second piston in the compression
chamber, means to feed gas from one of said expansion
chamber 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 gas during compression,
wherein said second pistdn is adapted to be driven by an
external source of power into said compression chamber to

compress the gas. o _ .

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 through, for
example a mechanical coupling, by an external source of
;;ower and in particular an electric motor to provide a heat
pump with a higher coefficient of performance than can be
achieved by known heat pumps.

_ Advantageodsly, this form of heat pump can perform
heating or «cooling in either 'a <closed-cycle or an
open-cycle. For example, one embodiment may be adapted for
air conditioning in which air is drawn into the compression
chamber from an external sou:.:ce, comﬁressed substantially
isothermally using the 1liquid spray and passed to the
expansion chamber in which it expands, so that it does
work, returning some of the energy used for compression.
The expansion may be adiabatic so that the gas cools, and
the cool gas may then be ejected from the heat pump to
provide air conditioning. = Alternatively, another
exgbodiment of the heat pump may further include means to
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liquid spray in the expansion chamber. Heat is absorbed
from the liquid droplets, which cool, and the cooled spray
liquid may be used for coo;ing, e.g., air conditioning.
The liquid spray injection into the expansion chamber also
allows efficient heat transfer from a low temperatﬁre heat
source so that the heat pump can pump this heat to higher
temperature sink, for the purpose of heating. The héat
pump can be modified for either opén or closed-cycles.

In another embodiment the heat pump may further
comprise heat exchanéer means arranged to pre-he_at said
expanded gas with heat from compressed gas leaving the
compression chamber. This is particularly advantageous in
the closed cycle in which the same gas is pumped back and
forth between the ‘expansion and compression chambers.

A preferred embodiment includes coupling' means for
coupling the second piston to the external source of power,
wherein the coupling means is adapted to withstand
substantial force against the pressure of gas in the
éompression 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 greater 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 high pressures (and therefore output) does not rely on
the inertia of the pistoné which would have to be
relatively massive and therefore large in size. The
coupling means may for example comprise a crank shaft.

In a preferred embodiment, the first and second
pistons are coupled together by a mechanical coupling
means, e.g. a crank shaft so that the phasing of the
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pi ston in chamber 9 noves into the chanber, cool working gas is forced out
of the chanber, padpether important advantage of the heat pump

according to the present invention is that it does not
require an evaporating or condensing fluid, and can be used
with 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. 1Indeed, it is
possible to choose a gas such as helium and a liquid such
as water, which will cause no harm to the environment
should they be released. This 1is alsc an important
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

heat pumps.

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

Embodiments of the heat engine ahd 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:-

Figure 1 shows a schematic diagram of a first
embodiment of the present invention which includes liquia
pPistons and operates in a closed-cycle;

Figure 2 shows a schematic diagram of a second
embodiment of the present invention including 1liquid

pistons and which operates in an open-cycle,

Figure 3 shows a schematic diagram of a third
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embodiment of the present invention including solid pistons
and which operates in an open cycle.

Referring to Figure 1, a pair of U-shaped conduits 1
and 3 each contain a body of liquid 5 and 7. A compression
chamber 9, 11 is formed in each of the arms 13 and 15 of
one of the U-shaped conduits 1 and an expansion chamber 17,
19 is formed in each arm 21 and 23 of the other U-shaped
conduit 3. One of the compression chambers 9 is connected
through a regenerator 25 to one of the expansion chambers
19 and the other compression chamber 11 is connected
through another regenerator 27 to the other expansion
chamber 17. In practice, the U-shaped conduits shown in
Figure 1 would each be rotated 90° to face each other,
with the regenerators having the same length. The two
U-shaped conduits and regenerators are thus configured as a
saddle and will be referred to as "saddle loop". An engine
or a heat pump which consists of a_éingle inter-connected
mass of gas with a single regenerator, a single compression
chamber and a single expansion chamber, each with a liquid
or solid piston and each with means for addition or removal
of heat is described as a "half saddle loop"{

Liquid sprays are provided in both compression

chambers and both expansion chambers. 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 corresponding

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

through a .cooler (not shown) prior to injection in the
compression chambers 9 and 11 and liquid drawn from conduit
3 may be passed through a heater prior to injection in the
expansion chambers 17 and 19. -A working gas fills the
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corresponding expansion chambers 19 and 17 with which they
communicate via a respective regenerator 25 and 27.
Separators 37, 39, 41 and 43 are provided between the
chambers and corresponding regeneratcrs to remove any
liquid in the wérking gas before the fluid passes through

the regenerator concerned.

Each U-shaped conduit 1 and 3 has a linear section 45
and 47 joinirfg the adjacent arms. Mechanical means coupled
to each liquid piston is provided to transmit power to and
from the pistons. In this embodiment, a solid piston 49
and 51 is disposed in each of the linear sections of the
conduit and is free to execute 1linear motion along the
length thereof with the ligquid 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 dr_ivirig 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 the drive shafts 53 and 55
to a crankshaft as for petrol or diesel engines.

to

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
11 while the expansion is done when most of the working gas
is in the expansion chamber 17 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 angle of 90° The phase angle between the pistons
in the expansion chambers or compression chambers
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One complete cycle of the engine will now be
described in relation to one compreésion chamber and one
expansion chamber only, beginning with compression in
compression chamber 9. At the start of compression the
ligquid 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 working gas shared between the compression chamber 9
and the expansion chamber 19 is in the compression chamber
9. The compression piston moves into the compression
chamber 9 and compresses the working gas against the gas
pressure resulting from movement of the expansion piston
into the expansion chamber 19. Cold liquid is sprayed into
the compression chamber to cool the working gas during
compression. This liquid may be obtained by drawing off
'liquid from the cold liquid piston (i.e. the compression
piston) and then passing it through 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 pistoz'u
continues moving wupwards in the compression chamber,
compression of the working gas continues but at the same
time the cool compressed gas begins to flow through the
regenerator towards the expansion ' chamber 19 as the
expansion piston begins to move downwards. The cool
compressed gas leaving the compression chamber 9 is
pre-heated with heat from the expanded gas which left the
expansion chamber at the end of the previous cycle.
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expansion chamber 19 is at the mid-point of 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 into the
expansion chamber. At the same time, the compression
piston has reversed direction and is noving out of the
.compression chamber 9.  To prevent the gas in the
compression chamber from cooling during expansion it may be
advantageous to spray liquid drawn directly from the liquid
piston rather than liquid which has been pre-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 gas out of the
expansion chamber, through the regenerator and into the
compression chamber. The hot expanded gas leaving the
ekpansion chamber is pre-coocled in the regenerator before
returning to the compression chamber. As the expansion
piston moves upwards into the expansion chamber, the gas’
remaining in that chamber undergoes some compression. To
prevent heating of the gas, liquid inay 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
expansion chamber, the compression piston reverses
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The efficiency of a heat punp 1is usuél_?gl ~expressed
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As mentioned abdve, the thermodynamic cycle in
chambers 9 and 19 is 180° out of phase with the cycle in
chambers 11 and 17. Thus, the expansion stroke in chamber
'19 drives the compréssion- stroke '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 engine is occuring. Thus, to
sﬁstain the operation of the engine over the cycle a fly
wheel 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 providing a second saddle loop whose operating cycle is
arranged ‘to be 90° out of phase with that of the first
saddle 1loop. This may be achieved by incorporating an
appropriate external drive mechanism. This embodiment of
the heat engine is then capable of providing a net energy
output at all stages of the cycle.

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

During compression, the ‘function of the spray is to
keep the working gas temperature in the compression chamber
as low as possible. Thus the liquid should be passed
through the external cooler during this part of the cycle.
When the gas is expanded, in a later part of the cyé:le, the
function of the spray is to prevent the gas from cooling
too much. During this part of the cycle, it is better té
take the liquid directlv fram +ha Timm-d2
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chamber. During expans:.on the gas must be as hot as
possible and therefore the liquid spray should be passed
_through the . external heater. During compression, it is
important to prevent the gas from becéming toco hot.
‘Therefore, the 1liquid should be taken directly from the
liquid piston duriz_'xg this stage.

In one embodiment, the pumping of the liquid used for
the spray may be achieved by making direct use of the
reciprocating motion of the piston and drive shaft. The
pump which may be mounted within the conduit comprises a
small piston driven by the liquid piston, the solid piston
or the drive shaft and which is arranged toc 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 almost continuously, the
temperature of the injected liquid would vary during the
tycle 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
M important part in the heat transfer process between the
Bauid spray and working gas, since the corrugated surfaces
A¥e expected to be cooled or heated by contact with the
]Jquid from the spray, and will extend the contact area
between the working gas and the liquid. When the gas flow
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in the lower gas space, resulting from the injection at
earlier times. When the gas flow is downward, most of the
liquid that has been separated onto the corrugated plates
will be swept downwards into the chamber. 'In this way, it
is expected 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 .
liquid droplets, while at the same time minimising the

pressure loss of the gas flow.

The purpose of the regenerators is to éhange the
temperature of the working gas 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 designed to provide a
large heat transfer area between the gas and the material
of the regenerator. The narrow channels may be formed
using for example plates or tubes. The regenerator stores
- +the heat from the working gas until the working gas
reverses its direction of flow, after which the heat is
restored to the working gas. The regenefator should also
be designed to minimise the pressure drop over its length.

The choice of working gas and heat transfer liquid in
the 1liquid pistons depends on the application and the
temperature range over which the engine needs to work.
Because ‘the engine operates . in a closed-cycle and the
liquid pistons form a perfeét seal, the choice of working
gas is not necessarily restricted by availability or cost
and may be chosen for its thermodynamic properties. Thus,
the working gas may be for example helium or hydrogen,
which have excellent heat transfer characteristics. Helium
may be preferred to hydrogen on safety grounds, although it
would be more expensive. Another advantage of the
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closed-cycle engine is that the operating pressures of the

working gas can be relatively high and would generally be
in the range of 1-20 MPa (10-200 bar).

At operating ﬁemperatures up to about 200°C, 'water
may be used as_ the heat transfer -liquid. However, at
higher temperatures water would probably .not be suitable
because of the high pressures needed to maintain it in the
liquid state. For operating temperatures up to about
400°C, commercial heat transfer fluids which are also
liquid at low temperatures may be used. It is likely that
helium would again be selected as the working gas for this
higher temperature range. For operating temperatufes above
400°C a liquid metal such as the sodium-potassium eutectic
mixture (NaK) may be used with helium as the working gas.
Eutectic NaK remains liquid down to <129C and boils at
785°C (at atmospheric pressure). . Molten salts are
possible high temperature alternatives to liquid metals.
However, because of the likely engineering difficulties in
designing an engine suitable for use with high temperature
liquids at temperatures above 400°C, it may be better not
to use a hot 1liquid at all. Instead, heat xﬁay be
i;ransferred 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 o0il, coal, biomass or domestic
waste, since the products of combustion do not enter the
engine. Thus, embodiments of the heat engine which employ
hot 1liquid injection, are very suitable for power”
generation from relatively low temperature heat sbﬁrces
such as industrial waste heat or solar energy.

The closed-cycle heat engine can. be modified to
Ooperate 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 gas is hot
and expansion is done when the working gas is cold. One
embodiment of the heat pump may be described with reference

<
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.engine, the liquid piston in the compression chamber leads
the piston in the associated expansion chamber by a
predetermined phase angle, e.g. 90° instead of vice
versa. Referring to Figure 1, liquid spralys 29 and 31 in
chambers 9 and 11 are used to transfer heat to the heat
pump from a low temperature heat source. Cool liquid is
injected into chambers 9 and 11 during expansion of the
working gas in the chambers which is driven by the liquid
pistons. = During expansion, heat from the spray is
transferred to the working gas and the expansion process
may be approximately isothermal. After heat has been
extracted from the droplets in the 1liquid spray, the now
cooler droplets recombine with the 1liquid in the 1liquid
piston whose temperature will decrease, as a result. Cool
liquid from the liquid piston is passed .to a suitable heat
exchanger (not shown) in th.ch ‘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 exchanger in the heat engine in which the  heat
exchanger transfers heat from the 1liquid to a low
temperature heat sink.

Ligquid sprays 33 and 35 in chambers 17 and 19 spray
hot 1liquid into the chambers during compression of the
-working gas which is driven by the liquid piston. The hot
liquid spray serves as a heat sink to the working gas,
~ absorbing the heat produced by the work of compression.
After compression, the now hotter liquid droplets in the
Spray recombine with the liquid piston whose temperature is
thereby increased. Hot liquid from the liquid piston is
passed to a suitable heat exchanger (not shown) in which



-

REPLACEMENT SHEET
' nt
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19, 17 via the regenerator lzgﬁlszwﬁﬂtfmmbamto the conpre¢sy g a?a'g?fr 9,
11. An exhaust port 65, 67 _oper ZEBAGED an exhaust val ye 63’, % [ _
provi ded between valve 61, 63 and the regenéerator 25, PR7° ugt
gases to be expelled after passing throu‘gr?san"d giving pp their heat to the
regenerat or 25, 27 A fuel inlet port 73, 75 is provided TmEach

conmbustion c?\%gtaerf%%? %gef[ qfcgg’%?éfau?fa%%g%%% regguq._q{g | pbenth@chagder .

Each exhaust “Val've IS0 a surte i mng nechani sm (not
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in the heat engine in which the heat exchanger transfers

heat from a hot source to the ligquid. The heat may, for
example be supplied to a hot water system similar to those
used in many households. Alternatively the heat may be
supplied to a ducted air system. ' '

er

A cycle of the heat pump in relation to one of the
cold chambers 9 and the associated hot chamber 19 proceeds
as follows, beginning with the liquid piston in the hot
chamber 19 at the top of its stroke and reversing direction.

As the liquid piston reaches the top of its stroke in
the hot chamber 19, the liquid piston in the cold chamber ¢
is reaching the mid~point of its stroke and moving out of
the cold chamber 9. On continued movement of the liquid
piston out of chamber 9, the cool gas expands and at the
same time, cool liquid is injected into the cold chamber
via the 'spray 29. . The working gas in chamber 9 absorbs
heat from the 1liquid spray and the gas expands
approximately isothermally. When the ligquid 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 moving out of the chamber.
As the ligquid piston in chamber 9 moves into the chamber,
cool working gas is forced out of the chamber, passes
through the regenerator in which it is preheated with heat
from the working gas which left the hot chamber at the end
of the previous cycle, and enters the hot chamber 19. When
the liquid piston in chamber -19 reaches the bottom of its
stroke and reverses direction, hot liquid is sprayed into
chamber 19 via spray nozzle 35. At this point the liquid
piston in chamber 9 reaches the mid-point of its stroke and
most of the working gas is in the hot chamber 19. The
liquid piston in chamber 19 moves upwards into the chamber
and compresses the working gas. - The heat of compression is
transferred to the liquid droplets in the hot spray and the
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the top of its stroke and reverses direction. On continued
movement of the liquid piston into chamber 19 the working
gas 1is 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 again.

When the piston in the cold chamber 9 is moving into
the chamber and forcing gas out, the gas pressure
increases, tending to increase the gas temperature. Liquid
may be sprayed into the cold chamber as the gas is being
compressed to prevent the gas from heating too much and
preferably to maintain the gas 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 the hot chamber is moving out
of the chamber and drawing gas in, the gas 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 gas temperature constant.
If a liquid piston is used, 1ligquid for the spray may
advantageously be drawn directly from the liquid pistdn. '

As for the heat engine, two saddle loops may be used
and these will be 90° out of phase with each other.
Preferably, the working gas is a gas 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 exanmple,
be helium or hydrogen as for the heat engine. The heat
transfer 1liquid may be water, and depending on the
temperature of the cold source, anti-freeze may have to be
added. If air is used as the heat source, then the heat
source heat exchanger may have to be regularly de-frosted.
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refrigeration, space heating or for heating water. The
efficiency of a heat pump is usually expressed as the
co-efficient of performance, or COP, which is the
cenvarsion 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 purpéses, a conventional heat
pump might be able to achieve a COP of about 3. The heat
purp 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 achievabls COP
should be about 4 with <the heat - source temperatures
increased by the use of solar panels or by heat recovery
from domestic waste water. Alternatively a heat pump as
described above could extract heat from the atmosphere at
near freezing point to provide ducted warm ailr for space
heating at a COP of abeut 4. The COP could be improved
above 4 if some heat was recovaered from waste water, £rom
stals ventilation air or from sclar warming

Returning to the heat angine, another embodiment
relies on tha combustion of fuel to add heat to the working
gas. A combustible fuel is -injectad into the cxpahsion
chamber, mixes with the hot compressed gas and ignites.
The fuel is preferably a clean fuel such as gas or light
~distillate o©il. An embodiment of this version of the heat
engine is shown schematically in Figure 2. Many of the
features in ths embodiment shown in Figure 2 are similar to
those of the embediment shown in Figura 1 and like features
are represented by like numerals.

Referring to Figure 2, the heat engine comprises a
pair of U-shaped conduits 1 and 3 each partially filled
with 1liquid each of which serves as a liquid pisten.
Compression chambarz $ and 11 are formed in the arms 13 and
15 of one of the conduits 1 and combustion chambers 17 and

i on
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a heat exchanger which is preferably a regenerator 27 and
the other compression chamber 9 is arranged to communicate
with the other combustion chamber 19 through another heat
exchanger 25 which may also be a regenerator. The
compression chambers 9 and 11 are provided with gas inlet
valves, to admit air or other oxidising gas into <the
- chambers and.these may, for example be non-return wvalves.
Each compression chamber 9 and 11 has a 1liquid spray
injector 29 and 31, the liquid used in the spray being
drawn from the liquid piston, as before. Another valve 61,
63 is positioned between the compression chamber 9, 11 and
the regenerator 25, 27 to prevent exhaust gases from the
combustion chamber 19, 17 via <the regenerator 25, 27
returning to the compression chamber -9, 11. An exhaust
port 65, 67 operated by an exhaust valve 6%, 71, is
provided between valve 61, 63 and the regenerator 25, 27 to
enable exhaust gases to be expelled after passing through
and giving up their heat to the regenerator 25, 27. A fuel
inlet port 73, 75 is provided in each combustion chamber
;.1;7, 19 to enable fuel to be introduced into the chamber.
' Each exhaust valve 69, 71 is operated by a suitable timing
mechanism (not shown). :
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The engine cycle in relation to one of the
compression chambers and the associated combustion chamber
is as follows. When the level of liquid in the compression
chamber 9 falls to the point at which the 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
pPiston 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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prevents the exhaust gases from entering the compression

chamber 9.

Wwhen the combustion piston reaches and goes beyond
the mid-point of its stroke in the combustion chamber, the
compression éiston' 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 gas that was drawn in becomes
compressed. The liquid spray maintains the gas close to
ambient temperature, thus providing an approximately
isothermal compression. 'During compression when the
compression piston is between its lower 1limit and the
mid-point of its stroke, the expansion piston continues to
move into the expansion chamber 19 forcing the hot
combustioﬁ gases through the exhaust port 65 via the’
regenerator 25. When the pressure in the compressioh
chamber exceeds that of the combustion chamber, the
-non-return valve 61 connecting the chambers opens and cool
compressed gas passes through the regenerator, extracting
heat so that it enters the combustion chamber at high
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 intb
the combustion chamber 19 and ignites either spontaneously
or with the help of a pilot flame or spark (not shown). Aﬁ
some point during 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 expansion.
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The compression plston will have reversed direction drawing
a fresh supply of gas into the chamber and as the
combustion piston' approaches the bottom of its stroke the
exhaust valve 65 opens and _the cycle is repeated.

To avoid the need for a fly wheel, two saddle loops
may 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 1liquid forming
the liquid pi'ston in the conduits containing the combustion
chambers and the compression chambers may be oil, water or

are not necessarily the same. Floats 22, 24 comprising a
solid material which float on the surface of the liquid
piston in each combustion chamber may be provided to limit
the contact of the combustion gases with “the liquid. Some

means of cooling the combustion chamber walls may also be

provided.

Both the closéd-cycle engine and the open-cycle
engine described above produce a work output involving

65

- possibly another fluid. The liquids in the two conduits"

large reciprocating forces at low frequency, for example
- about 1 Hz. If the engines are to be used in electrical

powér ge_neration , a means would generai ly have to be
provided to convert the slow speed form of mechanical
energy into a suitable form to drive an electric

'generator. For modest unit sizes with a generating

capacity up to about 1 MW, a slow speed crank shaft could
be used, connected to a generator by appropriate gearing .
Alternatively, a hypo-cyclic gear mechanism or worm drive
gearing may be used. In the case of hypo-cyclic gears, the
drive shaft of the engine is connected to a planet wheel
having gear teeth around its external circumference. The
planet wheel rolls around the inside of a fixed wheel
having gear teeth on its internal circumference. The
planet wheel is mounted on an arm which rotates as the
planet wheel rolls around the inside of the fixed wheel.
The rotating arm drives a generator_ via a speed-up
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also possible to make the hypo~cyclic gear more compact
than a conventional crankshaft. Alternatively, the engine
" could be adapted to pump a hydraulic ):Eluid through a
turbine connected to a generator. This technigue would be

suitable for both large and small unit sizes.

In another embodiment the 1ligquid pistons may be
replaced by solid pistons. Although it is possible to use
solid pistons in the closed-cycle engine in which the
working gas is passed back and forth between ‘the expansion
and compression chambers, it may be difficult to achieve
adequate sealing of the enclosed high pressure gas,. which
is 1likely to be helium or hydrogen. Sealing is less
critical for the open cycle 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
appropriate for this case. Figure 3 shows one embodiment
of this form of heat engine.

Referring to Figure 3, an embodiment of the engine is
generally indicated at 100, and comprises four cylinders
113, 115, 121 and 123. A piston is provided for each
cylinder and each piston is connected to a crankshaft 169
by a connecting rod 171. In this embodiment, the engine is
oriented such that the crankshaft is above the cylinders.
Compression chambers 109 and 111 are formed in two of the
cylinders 113 and 115 and expansion chambers 117 and 119
are formed in the other cylinders 121 and 123. Each
compression chamber has a gas inlet port 156, 158
controlled by gas inlet valves 157, 159 and a compressed
gas outlet port 173, 175. A gas feed 1line 177,- 179
connects a compression chamber 109, 111 with a respective
expansion chamber 119, 117 via a compressed gas inlet port
181, 183, each controlled by a gas inlet valve 185, 187 in
the expansion -chamber 119, 117. Each expansion chamber
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ports are situated near the bottom of the expansion and

compression chambers.

A spray nozzle 129, 131 is provided in each
compression chamber 109, 111 for injecting a liquid spray
into each chamber 109, 111 during compression. A separator
137, 139 is mounted within each compression chamber 109,
111 to remove liquid from the compressed gas before the gas
leaves the compression chamber. Thus the separator 137,
139 is situated above the compressed gas outlet port 173,
175. Various kinds of separator may be used, but it is
important for the separator to be as compact as possible
without causing too great a pressure drop in the gas
entering the chamber or the compressed gas leaving the
chamber. To avoid the separator causing a preséure drop in
the flow of inlet gas, the gas inlet port may be sit_:uated
on the piston side of the separator. To achieve small
pressure loss, the separator may comprise a number of small
'sw:x.rl vanes mounted in short pipe sections with the pipe
sections mounted in parallel. The induced swirl of gas
‘causes entrained droplets to be thrown outwards and
collected at the pipe walls. Swirl wvane éeparators are
often used for example in the steam generators 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 chamber, which forces the 1liquid through the
non-return valves in the required direction. It is
necessary to maintain a gas space above the 1liquid 1level

o
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witHim the cooler to allow this process to occur. This
could be done by the use of a level controller, such as a
ball valve, mounted in the cooler. A separate supply of
liquid may be connected to the cooler to replace any liquid
which is lost in the gaé_flow to the combustion chamber.
The replacemenf of liquid may also be cqntrolled by the
level controller, if this is used.

The separator and cooling circuit described above
provides for the separation, re-circulation and pumping of
cooled liquid as a fine spray into the compression chamber
without the use of external pumps. A similar arrangement
may also be implemented in heat engines having 1liquid
pistons. For some applications -it may be appropriate not
to use a non-return valve upstream of the spray injector,
but to control the injection using for example, a cam which
would allow better control of the timing of the spray.
Preferably, the timing is optimised to take account of the
pressure difference between the cooler and the compression
chamber and the finite transit time of the droplets within
the chamber. Alternatively, internal or external pumps may
be used to drive the flow of liquid through the spray
injectors. In this case "the pumps are preferably
mechanically coupled to the piston shafts so that a
separate power source is not needed. Spray pumps are more
likely to be appropriate fpf 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 comparlson with the time to°
complete one cycle of the engine.

Each expansion chamber 119, 117 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 suitable timing mechanism and a spark plug

178 to ignite the fuel/gas mixture which may be used for
starting the engine or for both starting and continuously



L]

gearing This achieves the same - kind of notion ps—a-ctankshaft,

but with the advantage that |arge side thrusts otherw se REQEAGMEWS@:EET
crankshaft, are avoided. It is also possible to nake t}he ..,'““ SyC e

mor e corrpact t Hafgm fmredd EeN |cr anksbafig. - Al ternatielly tcﬁhm@nﬁgze

coul d be adapted to pespacethydradlic fluid through a turbijn tfo
generator. Thi s—techmgue Woul d be suitable for both | ajge—antd—sratl—unilt
sizes. In anipeig eresingnt the |iquid pistons may be repl aced by solid
pistons. Alt hough it is possible to use solid pistons inmthe—etesed-cyclel
engine in which the working gas is passed back and forth between &

expansi on The regenerat:l.ve heat exchanger may consis of a

large number of parallel channels of small diameter and
short length cast for example 'in a honeycomb structure.
The heat exchanger is mounted inside the combustion chamber
in order to simplify the design and minimise the unswept
gas volumes, but a separate regenerator might be preferred

for some applications.

' The chambers are arranged in pairs, each pair
comprising one compression chamber feeding cool compressed
-gas to one expansion chamber. The operating cycle of the
pairs of <chambers 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 chamber leads the compression process in the
compression chamber by a predetermlned phase angle which in
this particular embodiment is 90° Again, the phase angle
is fixed by appropriate design of the crankshaft 169. 1In
this way, compression takes place when most of the gas is
in the compression chamber, and expansion takes place when
‘most of the gas is in the expansion chamber. Also, the
expansion process occurring'in the expansion chamber of one
pair of chambers dz':rectly drives the compression process
occurring in the compression chamber of the other pair.

The operating cycle of one pair' of chambers proceeds
as follows, beginning with gas induction into the
ccmpression chamber. As the compression piston reaches _the
bottom of its stroke in the compression chamber, (i.e.
farthest point from the crankshaft 169) the gas inlet port
157 op’ehs and gas is drawn into the compression chamber-as
the piston moves out of the compression chamber 109. At
the same time, the compressed gas inlet port 181 in t_'.he
expansion chamber is closed and fuel is injected into the
expansion chamber 119 as the expansion piston reaches
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and the combustion gases  expand driving the expansion
piston to the top of its stroke, (i.e. nearest point

relative to crankshaft 169).

The expansion piston reverses dirédtion 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 1liquid is sprayed
into the chamber cooling the gas during compression.

As the compression piston reaches mid stroke, the
expansion piston reaches the bottom of its stroke in the
expansion chamber and reverses direction. At this point
the exhaust valve 191 closes and the compressed gas inlet
valve 185 opens, allowing cool compressed gas from the
compression chamber to flow into the expansion chamber.
The 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 bottom 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 gas and ignites. The combustion gas
expands forcing the expansion piston to the top of its
stroke and the cycle is repeated. Liquid removed from the
compressed gas before leaving the compression chamber "is
forced out of the compression chamber through valve 205.

 The liquid is cooled in the cooler 197 before being
returned and injected into the compression chamber.

The other pair of chambers progress through a similar
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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 eact} set of four
cylinders being out of phase by 90° This would allow
positive drive at all stages 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 design an
engine compr'ising one compression chamber and one expansion
chamber as long as some means are provided to sustain the
operation of the engine over the cycle period between the
expansion or combustion strokes. '

The orientation of an engine with solid pistons may
be as shown in Figure 3, with the crankshaft above the
cylinders. This has the advantage that the separation and
removal of liquid droplets from the cylinder is assisted by
gravity. on the other hand it may not be so easy to
provide lubrication to the crankshaft and there may be
other practical disadvantages to this arrangement. An
alternative arrangement is to place the crankshaft below
the cylinders and to arrange the pisi:on to push the spent
spray liquid out through the valve leading to the expansion
cylinder. Means of 'separating the liquid could then be
provided in the pipe leading to the expansion chamber. An
alternative method of separation for the configuration with
the crankshaft below the cylinders is for the piston to
push the liquid over an internal weir at the top of 'i:he
cylinder. The 1liquid would then be drained away by
gravity. This would avoid the need for a large connecting
pipe and external separator.

The attraction of using solid pistons instead of
liquid pistons is that it should be possible to run the
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a given unit size, such that this engine could be suitable
for mobile applications, for example in boats and road
vehicles, in addition to static. power generation. The
sealing of the pistons will in general not be as good as
that if liquid pistons were used, but the seallng in an
open-cycle engine is not as important as it is in a
closed-cycle engine. It is also possible to devise an
engine comprising both 1liquid and solid pistons, for
example with 1liquid pistons in the compression chambers and
solid pistons in the combustion chambers.

Figure 4 shows another embodiment of a heat engine

which is similar to that shown in Figure 3 but which has
been modified in a number of ways for improved performance
including better efficiency and a much higher output in

terms of work rate. .

The heat engine shown in Figure 4 comprises a pair of
compression cylinders 113, 115 each having associated spray
liquid cooling and re-circulating apparatus, and a pair of
expansion or .combustion cylinders 121, 123 and the
aescription of these components described above in relation
to the embodiment shown in Figure 3 applies to
corresponding components shown in Figure 4 and like
components are designated 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 gas inlet ports

165, 167 of the expansion chambers 119 and 117. Placing
the moisture separators outside the compression chambers
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sections wittotaelpiwpe compression ratio. Compressed gas outlet valves
204 and 206 have been added to seal the compression
chambers 109 and 111 from the volume enclosed by the
external pipework leading from the compressed gas outlet
ports 173, 175 of the compression chambez"s to the inlet
ports of the expansion chambers, and to control the final
pressure of the compressed gas in each compression chamber
before the ga's is passed to a respective expansion chamber
and also to control the timing of the flow of coxﬁpressed
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.

v

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
éxchangers 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 ekpansion chambers is not
wasted by firstly expanding into the dead volume of exhaust
gas, from the ©previous cycle, trapped within the
regenerative heat exchangers, and thereby reducing the
temperature of the gas. Thus, much higher temperatﬁres 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 arranged to pre-heat the cool
conpressed gas from the compreésion chambers with exhaust
gas leaving the expansion chambers through the exhaust
ports 165, 167. The increased compression ratio obtainable
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likely to be similar for both the engines shown in Figure 3
and Figure 4 since this is determined by the materials of
the heat exchanger. Hence the peak temperature of the
engine shown in Figure 4 will be higher and the average
temperature of heat addition during the expansion will be
higher also. The above mentioned improvements enable both
higher pressure differences and high temperatures to be
achieved within the cycle, with heat being rejected at the
lowest temperature within the cycle and heat being added at
the highest temperature, which 1leads to an increase in
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power output.

Further modifications have been made the embodiment
shown in Figure 4 to recover waste K or excess heat in
various parts of the cycle and to convert this heat into
useful power, to increase the efficiency of the engine. 1In
particular, each of the combustion cylinders 123, 121 is
surrounded by a cooling jacket 212, 214 for r_'ecovering heat

conducted through the combustion chamber walls. A bypass

1line 208, 210 is connected into the compressed gas feedline

177, 179 between the moisture separator 137, 139 and the

recuperative heat exchanger 244, 246 to supply cool

‘compressed air from the compression chamber 109, 111 to the

cooling jacket 212, 214. The bypass line 208, 210 is
connected near the bottom on the cooling Jacket 212, 214
where the temperature of the combustion chamber walls is
least. A pair of expansion cylinders 220, 222 are prdvided-
with associated pistons 224, 226 which are also connected
to the crank shaft 169 via conhecting rods 171. Each
expansion chamber has a gas inlet port 216, 218 controlled
by an inlet valve 232, 234 and a gas outlet port 236, 238
controlled by an outlet valve 240, 242. The inlet port
216, 218 is connected to a point near the top of the
cooling 3jacket 212, 214, the uppermost part of which
surrounds the exhaust port and extends to the hot side of
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temperatures are expected to be greatest.

Thus, heat lost to the walls at the top of the
combustion chamber is recovered and converted into useful
work by directing part of the cool compressed gas from the
compression chambers to the combustion ' chamber walls.
Compressed air is much more effective as a cooling medium
than air at atmospheric pressure. The cool compressed air
enters the cooling jacket near the bottom in order to first
cool the combustion chamber walls since the combustion
chamber walls have to be kept below a temperature which is
determined by the lubricating oil. The compressed gas is
pushed upwards in the cooling jacket towards the top of the
combustion chamber, absorbing heat and gradually rising in
temperature. Having gained some heat in this cooling
process, the compressed air. is then used to cool the hotter
parts of the system, such as the cylinder head and valves.
Finally, the hot cohpressed air is intermittently extracted
from the cooling system by opening the inlet wvalve into the
expansion chamber in which it expands, driving the

- associated piston out of the chamber, thereby generating

additional mechanical work.

Because, in practice, the heat capacity of the
exhaust gas leaving the combustion chambers will generally
be larger than the compressed gas from the compression
chambers, there will be more heat available in the exhaust
gas than is required to'pre-heat the cool compressed gas in
the recuperative heat exchangers. This excess heat may
also be recovered by compressing mofe-gas than is required
for combustion, directing this gas through the recuperative
heat exchangers in which it is pre-heated with the excess
heat available in the exhaust gas and then directing this
pre~heated compressed.gas'to one or more of the expansion
chambers.

The advantage of this modification is a reduction in
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one or more expansion chambers to recover waste or
xcess heat from various parts of the engine may also be
used in any of the other embodiments described herein.

The embodiment of the heat engine shown in Figure 4
| is essentially symmetrical about the vertical centre line A
with the right hand half of the engine being 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 pistons to the right of the
centre 1line, since this is expected to give the most
uniform torgque on the c¢rank shaft 169. Also, the
combustion chamber pistons in each half of the engine are
- arranged, via the crank shaft, to lead the corresponding
compression chamber pistons by about 90° This will
provide a high torque to the crank shaft at the time when
it is needed to achieve a high pressure in the compression
chamber. This arrangement also has the possible advantage
that compressed air 1is drawn into the combustion chamber
from the feed line and heat exchanger before this gas. is
replenished by the opening of the outlet valve from the
compression chamber. -

A complete operating cycle of the heat erigine shown
in Figure 4 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, air is used as the oxidising 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 gas outlet valve 204 closes and
the inlet valve 157 opens and atmospheric air is drawn into
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the piston 224 in the expansion chamber are at the midpoint
of their strokes and moving downward. The combustion
chamber, at this ‘point, contains pressurizeg 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 pisfon 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 outlet valve 191. in the combustion
chamber and the gas outlet valve 240 in the expansion
chamber both open. As the pistons move into their
respective chambers, exhaust gas is expelled from the
combustion chamber through the outlet port 165 and passes

through the heat . exchanger 244 and out into the

atmosphere. Likewise, the expanded gas is pushed out of
the expansion chamber through the gas outlet port 23s6.

Reduction of nitrogen oxides in the exhaust gases 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 exchanger 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 ahd
reverses direction. At this point, the air inlet valve 157
closes and a spray of cool liquid is injected into the
compression chamber 109 through the spray injection valve
129 so that the air in the compression chamber is
compressed approximately isothermally.
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starting the engine or for both starti.ng and conti nuousl
? J When the combustion gand expansr:ion :}./stons reach the

top of their stroke, their respective outlet valves 191,
240 both close and their respective air inlet valves 185,
232 open, admitting pre-heated compressed air into the
chambers via a respective air 1nlet port 181, 2lé. At a
predetermined point, the inlet valve supplylnq pre-heated'
compressed air into the combustion chamber is closed  and
fuel is injected into the chamber via the fuel injection
valve 174. An ignition source 178, such as a spark plug,
may be used t.o ignite 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 hot
combustion gases, which cool to some degree as a result of
doing work against the piston.

The gas inlet valve 232 in the expansion chamber 228
is also closed at some predetermined poiht and the air
expands adiabatically, driving 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 gas outlet
valve 204 opens and the mixture of air and spray liqﬁid is
expelled from the chamber into the moisture separator 137,
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 during 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 of 1liquid during compression. Since the
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this enbodlnentSu%Q| z&sthe compression chamber is below its maximum,
it should be possible to achieve sufficient injection
during this time. By the time the pressure has risen to
the injection pressure and cut off the injection flow,
sufficient liquid droplets will already be present in the
compression chamber. Hence the compressiod 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
137 to the recuperative heat exchanger 224 in which it is
pre-heated by the exhaust gases from the combustion chamber

119.

When the piston 112 in the compression chamber 109
has reached the top of - its stroke, the compressed gas
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
Eoo critical, particularly if the engine has a large
fly-wheel to maintain its motion. However, it will
generally be desirable to even out the torque on the crank
shaft to minimise the operating stresses, to maintain an
even ﬁotion and to minimise vibration. The phasing of the
pistons will also affect the "breathing® i.e., the flow of
air from the compressioh chamber to the combustion chamber
and the pressure variations 1n the moisture separator and
the heat exchanger. Although the phase angle between the
combustion chamber pistons and the compression chamber
pistons is about 90° in the embodiment shown in Figure 4,
the phase angle may be different in other embodiments, but
the choice 6f phase angle is a matter for careful
"optimisation in the 1light of practical experience and
measurements.



accorrpl i shed by an appropriate design of crankshaft 160 REIPAAQWENBaSHEEﬂ'h,

expansi on process i e hanber. | eads t he clonpressionm pro I n
t‘he conpression ch n’%g? Fé}l,?kg ef m ned phase angl g whi 86 iMAYt Iq)gy
particul ar enbodi IS err] . Aghin; 'f‘ﬁe‘phase angl el is fixed by
appropri ate design of t he crankshaf t 169 In this way,] conpression takes
pl ace when nost of the t he.co essmn cha W '
takes place when nb%‘?h%‘ggﬁheétfa Tgofiﬁm SexPRIER ot h  he
expansi on prggessure&ccsepangtPnst handxpiwei ohealtarrbeqch@hgmz,s paithef heat
chanber s di rect% diiy ay°Sp £NQLGUIHYRE SUPBNPT AGRSS Qepadedtd Nahlifor heat
conpr essi on BR% t e ot her "pal r.:
exchangers so that a ‘single separator and/or heat exchanger
‘s shared between two or more cylinders. This may have the
.advantage of reducing the size of these components, improve

the uniformity of air 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
turbo-charger may consist of a rotary compressor and a
rotary expander on the same shaft. The compressor boosts
the pressure of the atmospheric air before it is admitted
into the 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. The use of a turbo-charger will tend to reduce
the efficiency of the engine slightly, because of the lower
efficiencies of the rotary compressor and expander and
because the turbo-compressor compresses adiabatically
rather than isothermally. However, the incorporation of a
turbo-charger may well be attractive because the reduced
efficiency may be more than offset by a large increase in -
the power output from the same size of engine. .

Although the embodiment shown 'in Figure 4 shows the
crank shaft driving a generé.tor 247, the engine could
alternatively be used to drive road or rail wheels or a

ship's propellor.

In an alternative embodiment, the pistons may be
coupled together and driven by a rotating mechanical system
other than a crank shaft, for example a hypo-cyclic gear.
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expansi on chanber 119 as the expansion piston reaches
' In a further embodiment, it may be advantageous to

arrange the engine such that the compression process in the
compression chambers take place at a slower speed than
combustion in the combustion chambers. In other words, the
engine may be arranged such that there are more combustion
cycles per unit time than compression cycles. This may be
achieved by providing appropriate gea:ing between the crank
shaft of the compression chamber and that of the combustion
chamber. If the engine also has an air expansion chamber
to recover waste or excess heat in various parts of the
cycle, it is also possible to arrange the engine such that
the air expansion cycle is faster than the isothermal
compression cycle. The advantages of such an arrangement
would be that the compression process may always be
maintained at a moderate rate to allow sufficient time for
the trénsfer of heat between the gas and the 1liquid
droplets so that the compression process may 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
heat 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 exchanger may simply consist of passages formed in the
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expansion chamber. The ~ isothermal compression and
expansion chambers may be similar to those illustrated in
Figure 4, the main difference of this embodiment from that
shown in Figure 4 being that all the isothermally
compressed air is used for heat recovery, not just a part

of it.

Any of the engines described above can readily be
adapted for use with combined heat and power systems, if
required. The use of a non~condensing gas as the working
gas allows much greater 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.

Another option which could be used to prodﬁce the
maximum amount of low temperature heat for drying, spa'ce'
heating 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 indicated
that it should be possible with an open-cycle
combustion-driven engine 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 fromw
the atmosphere, from the ground or from a large body of

water.

The heat pump with both hot and cold liquid spray
injection would be very suitable for domestic or commercial
space and water heating. However, there would also be
scope for the design of a heat pump operating at a mué.h
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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condensation of the vapour.

Other embodiments of the heat pump may include valves
so as to operate in open cycle similar to the systems shown
in Figures 2, 3 or 4. However in this case, there would be
no combustion in the expansion chamber and there may not be
any form of recuperative or regenerative heat exchanger or
droplet injection 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 piston 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 conditioning and ventilation wunit with the
expanded air leaving the system significantly cooler than
the incoming air. The system would not be very suitable
for the pumping of heat into a building from a cold

id
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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 using
solid pistons only. For example, it is possible toc have
liquid seals without necessarily having liquid pistons.

It will be appreciated by those skilled in the art
that there are many alternative mechanical arrangements for
converting the linear motion of a piston to rotation of a
drive shaft. Where a liquid piston is used and part of the
mechanical drive comprises a drive or transmission shaft
extending thrbuqh a wall 'in the conduit, as shown in
Figures 1 and 2, a seal must be provided between the wall
and the reciprocating drive shaft. However, one possible
disadvantage of this arrangement is that there may be
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‘horizontal section of the conduit. The pinion would be

rotatably mounted with its axis transverse to direction of
motion of the piston, and the rack would be appropriately
coupled or connected to the solid piston or pistons. The
pinion may be arranged to drive a rotatable shaft which
extends through the wall of the conduit wvia a seal, to
transmit power <from the piston externally. The solid
piston which is coupled to the motion of the liquid piston

| would be arranged to move back and forth in one or other of

the arms of the conduit and more than one such solid piston
may be used within one conduit.

Alternatively, linear motion of the piston may be
converted to rotational motion of the drive shaft by
mountintj some form of fluid screw such as a propellor or
turbine blade inside the conduit which is rotatably mounted
on a drive shaft extending through the conduit. In this
case the drive shaft is parallel to the direction of motion
of the piston. Where reciprocating drive shafts are used

in two saddle loops, it may be convenient to couple the

drive shaft of one compression lodp 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 combined drive shaft of the saddle loop would
dfive an external reciprocating piston in- an external
hydraulic cylinder to pump hydraulic fluid. The
predetermined phase angle (for example 90° ) between the
two combined drive shafts could be achieved by timing the
opening of valves in the hydraulic c¢ylinders so as to
prevent either shaft departing too far from its desired
position at a particular stage of the cycle.

In the engines or heat pumps in which liquid pistons
are used, solid floats may be arranged to float on the
surface of the liquid pistons.
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An engine comprising a compression chamber to contain
to be compressed and a first piston to compress said
by movement of the piston in the compression chamber
driving means arranged to drive said first .piston into
compression chamber to compress said gés, an expansion

chamber and 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 heating means
arranged to heat said compressed gas from said compression
chamber, transmission means operatively coupled to said
second piston to permit power from the engine to be drawn
and means to form a spray of liquid in said compression
chamber to cool the gas on compression therein. |

2.

An engine as claimed in claim 1 further comprising

means to add heat to said gas in said expansion chamber

during expansion thereof.

3.

An engine as claimed in claim 2 wherein said heating

mneans comprises heat exchanger means arranged to pre-heat
compressed gas from said compression chamber with heat from

gas expanded in the expansion chamber.

. 4.‘

An engine as claimed in claim 3 including return

means for returning expanded gas leaving said expansion
chamber to said compression chamber for re-compression.

S.

An engine as claimed in claim 4 including means for

cooling said expanded gas before returning to said
Compression chamber. '

6.

An engine as claimed in claim 5 wherein said means

or cooling comprises said heat exchanger means.

3.

An engine as claimed in any one of claims 2 to ¢
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8. An engine as - claimed in claim 7 including supply
means arranged to supply liquids of at least two different
temperatures for use in the liquid spray in said expansion

chamber.

9. An engine as claimed in claim 8 including means to
form a spray‘ of liquid in said expansion chamber during
compression of gas therein to control the temperature of .

said gas.

10. An engine as claimed in claim 1 further comprising a
combustion chamber for the combustion of fuel 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 transmission 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 said expansion chamber returning to said
compression chamber through said means to feed and wherein
said means to add heat comprises means 'to_ provide a
combustible fuel in said expansion chamber.

13. An engine as claimed in claim 12 including means to
control the rate of flow of said combustible fuel into said
expansion chamber.

14. An engine as ‘claimed in any preceding claim, further
including valve means operative to control the flow of gas

R O R O
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15. An engine as claimed in claim 14, wherein said valve
means comprises outlet valve means arranged to allow gas to
be drawn from said compression chamber after compression.

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

expansion chamber.

17. An engine as claimed in any preceding claim further
including a further chamber to contain gas to be expanded
and a further piston to allow said gas to expand by
movement of said piston out of said further chamber, means
to feed compressaed gas from said compression chamber to
said further chamber, and means to preheat the compressed
gas before entry into said further chamber.

is. 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 1least one of the surfaces
defining said expansion chamber.

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

20. An engine as claimed in any one of claims'17.to 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 gas from said means to pre-heat into sa1d

further chamber.
| R O D
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transmission means so that in use, said first and second
pistons move in pre-determined phase relationship.

23. An engine as claimed in any preced:.ng claim wherein
said driving means is operatively coupled to said
transmission means such that said second piston driven by
expansion of gas in said expansion chamber drives said
first' piston into said compression chamber.

24. An engine as claimed in claim 22 or 23, further
comprising a crank shaft operatively coupled to at least
one of said driving means and said transmission means.

25. An engine as claimed in any preceding claim arranged
such that the time to complete the caompression stroke in
said compression chamber is greater than the time to
complete the expansion stroke in said expansion chamber.

26. An engine as claimed in claim 17 or any one of claims
18 to 25 as dependent on claim 17 arranged such that the
time to complete the compression stroke in said compression
chamber is greater 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 consecutive expansions in said expansion
chamber.

28. An engine as claimed in any preceding claim
comprising containing means for containing a body of liquid
and including a conduit forming at least one of said
pistons, said containing means including one of said
chambers at one end thereof.

LT
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30 An engine as claimed in claim 29 comprising a pair of
generally U-shaped conduits each containing a body of
‘1liquid as a piston, a compression chamber formed in each
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arm of one conduit and expansion chamber formed in each arm
of the other conduit, and means feeding compressed gas from
one 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.

31. An engine as claimed in claim 30 further comprising
another pair of said generally U-shaped conduits whereby in
use, the liquid piston in one U-shaped conduit containing
ex;iansion chambers is substantially 90° out of phase with
the 1liquid piston 'in the corresponding U-shaped conduit
containing the other expansion chambers.

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

piston.

33. An engine as claimed in claim 32 wherein said member
comprises a solid piston.

-

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

35. An engine as claimed in any one of claims 28 to 34
wherein the or each said second piston 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.

A
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36. An engine as claimed in claim 35 wherein said member

comprises a solid piston.

37. An engine as claimed in claim 36 including a shaft
coupled to said solid piston and extending through the wall
of the conduit containing said liquid piston.

38. An engine as claimed in any one of claims 28 to 37
including meahs to supply the or each means to form a spray
with a liquid from the liquid piston.

" 39. An engine as claimed in claim 38 wherein said means
to supply includes a pump arranged to be driven by a said
liquid piston.

40. An engine as claimed in any one of claims 1 to 27
wherein said first and second pistons comprise a solid

material.

41. An engine as claimed in claim 40 including 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
with each other, and the pistons in the expansion chambers
are arranged to move substantially in antiphase with each
other.

42, An engine as claimed in claim 41 including another
said pair of said compression chambers and another said
pair of said expansion chambers wherein in use the pistons
in one pair of said compress:f.on chambers, are arranged to
operate substantially in quadrature 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 gquadrature with the pistons_ in the other

pair of said expansion chambers. }
A )
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204 and 206 have been added LHH %%thggsqgﬁ§¢=ssion cha ra lUU atre
the '

fromthe vol une encl osed by eﬁgﬁgmgb pi pe rk | eadi fg |f 199
conpressed gas outl et -port3d—FE3—F5—of~—the Conpressi o hanbers tg ?h
inlet ports of the expansion chanbers, -ahd&+%c- control the Tinar—pressa~& (
the conpressed gas in each conpression chanber before the gas is passed t

£.l.qw

a respective expansion chanber and also to control the timng of~—the—&
of conpressed,;gas ha tdreyingansi arlximetheis. anfotprédedingi tdlainfwheérein

outlet valves 04,206 208naRdd:nGieatE lnghli 1P M{éé{% gepgrators from

t he insi de of3ffe onpre55|o chanbers en es much conpr essi on

rati os to be achi eved.
44. An engine as claimed in any preceding claim wherein

said heat exchanger means comprises a recuperative heat

®

\—4

exchanger.

45. An engine as claimed in any preceding claim including
separator means arranged to separate liquid from 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 least two
different temperatures for use in the liquid spray in the
or each compression chamber.

47. An engine as claimed in claim 46 .ncluding means to
form a spray of liquid in the or each compression chamber
during expansion of gas therein to control the temperature

of said gas.

48. A heat pump comprising 'an expansion chamber to
contain gas to be expanded and a first piston to allow the
gas to expand by movement of the piston out of the
expansion chamber, a compression chamber to contain gas to
be compressed and a second piston to compress said gas by
movement of said second piston into the coﬁpression
chamber, - means to feed gas from one of said expansion’
chamber 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 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 gas.

49. A heat pump as claimed in claim 48 further comprising
means to supply heat to the gas during expansion thereof in



The regenerative heat exchangers 125 and 127 which are 1di£§’é.¢AC\‘EMENH'rSHEEG'
expansi on chanbers in the oc-rett |B§%\é|'n Fi gure 3, ced
by recuperative heat exch%n@@?%s v %ﬁ?ﬁ _Jm)unt ed ext

expansi on chanbers in the tn Fi gure 4.
greatly reduces the dead volune mnthlnTrﬁge&pansion chh _ he
energy of expansion of the hot conpressed gas admtted | nto the expansion
chanbers is not wasted by firs expandi ng i nto the dead vorume of—extaust
gas, from SRRE eypPans3En QHﬁﬁqéé trapped within the regenerative heat
exchangers, and thereby reducing the tenperature of the gas. Thus, much

hi gher terrpg{)z?turis et pump as claimed in claim 48 or 49 including
heat exchanger means arranged’ to pre-heat said expanded gas
with heat from compressed gas leaving the compression

chamber.

117

51. A heat pump as claimed in any one of claims 48 to 50
including means for :r;eturning compressed gas leaving said
compression chamber to said expansion chamber for

re-expansion.

52. A heat pump as claimed in claim 51 including means
for cooling said compressed gas before returning to said

expansion chamber.

53. A heat pumé as claimed in claim 52 wherein said means
for cooling comprises said heat exchanger means.

54. A heat pump as claimed in claim 49 or any one of
claims 50 to 53 dependent on claim 49 wherein said means to
'-supply heat comprises means to form a spray of cool liquid
J.n said expansion chamber.

55. A heat pump as claimed in any one of claims 48 to 54
comprising containing means for containing a body of liquid
and including a conduit forming at 1least one of said
pistons, said containing means including one of said

chambers at one end thereof.

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

57. A heat pump as claimed in claim 56 comprising a pair
of generally 'U-shaped conduits each containing a body of
liquid as a piston, a compression 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

A A
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be achi eved in the expansi on.chanber. The recuperative hga gﬂﬁ

and 246 are each connect ed ijnTRISISHEREGASVEFRNONPr essed ga

bet ween a respective npi sturje seprRERitAApl37, 139 and th W
inlet port 181, 183 of a respective expansion chanber gnd
pre-heat the cool conpressed gas fromte5&ofpressi on cHanbers with exhausf

-+

gas | eaving the expansion chanbers through the exhaust ports—i65;

i ncreased conpression ratio obtainable |, : :
ggom one of said expansion chambers to one of said

compression chambers and means feeding -expanded gas from
the other expansion chamber to the other compression

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

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

chamber.

60. A heat pump as claimed in any one of claims 55 to 59
including means to supply the or each means to form a spray
with a liquid from the liquid piston.

61. A heat pump as claimed in claim 60 wherein said means
to supply includes a pump arranged to be driven by a liquid

piston.

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

ifurther comprising coupling means coupled between said
first piston and said second piston to maintain said first
and second pistons in predetermined phase relationship.

63. A heat pump as claimed in claim 62, wherein said
coupling means comprises a crank shaft.

64. A heat pump as claimed in any preceding claim wherein
said first piston is adapted to be driven by an external

source of power.

65. A heat pump as claimed in any preceding claim
arranged to be driven by an electric motor.

66. A heat pump as claimed in any preceding claim

comprising coupling means coupled between said first piston
_ npoes TeeTmET male

) O 1
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the pressure of gas in said compression chamber.

67. A heat pump as claimed in any preceding clainm

comprising coupling means coupled between s§id first piston
and an external source. of power, wherein said coupling
means is adapted to withstand substantial force against the
| pressure of gas in said expansion chamber.

68. A heat pump as claimed in any preceding claim
including supply means arranged to supply liquids of at
least two different temperatures for use in the 1liquid

'spray in said expansion chamber.

-69. A heat pump as claimed in claim 68 including means to
form a spray of liquid in 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
including supply means arranged to supply liquids of at
least two different temperatures for use in the 1liquid
spray in said compression chamber.

71. A heat pﬁmp as claimed in claim 70 inéluding means to
form a spray of liquid in said 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 contdin gas to be
compréssed and a first piston to compress said gas by
movement of the piston into the compression chamber and
driving means arranged to drive said first piston into the
compression chamber to compress said gas, an expansion

chamber and a second piston to allow gas to expand therein

by movement of the second piston out of the expansion
- T
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t enperat ure
nodi fi cati ons have been made the enbodi nent shown in Fi dur

-waste or excess heat in various parts of the cycle and o

i nt o usef ul

each of the conmbustion cylinders 123, 121 is surroundedjby a cooling jack
212, 214 for

T

which | eads to ah i ncRERLACH B out put .

power, to increase the effici&cy of the en

ET

o
i

recovering heat conducted through the conbiStion—ehanber

wal |'s. A bypshenhers ZEAN® 1P | fsethARRRLASSER: §ashreBBRids SonpTessien
177, 179 bet vigaihddie ¢80 sdil G i it lcnbfiber] 38ndNtekCexchanger means

arranged to heat said compressed gai from sald compression
chamber with heat from said“camhustion engine, coupling
means . coupled between said 'seéénd piston ‘and an output
drive from sald combustien engine, and nmeans to form a
spray of ligquid in said compression chamber to cocl the gas

on compression therein.

73. A cooling apparatus as claimed in claim 72 wherein
said heat exchanger means is arranged to heat conrpressed
gas from said compression chamber with heat conducted
across at least one of the surfaces defining said

" cembustion chamber.

74, A cooling apparatus as claimed in claim 72 or 73
wherein said heat exchanger neans 1is arranged to heat
compressed gas from said comprassion chamber with heat from
exhsust gas from said cémbustion chamber. .
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recuperative heat exchanger |246is suRéPuak®Beenupply cool Wsi [
fromthe conpression chanber 109, 1lgggiackbe coo}ling j acke CEMENT §m]'
bypass line 208, 210 is connected Tear—ttebottom on the :op'l"i"rrg—-j—a-s-ket.__

212, 214 where the tenperature of the conbustion chanber wal pﬁ@@ﬁ@m A

pair of expansion cylinders 220, 222 are pr&ided w th asspc at ed S

224, 226 which are also connected to the crank shaft 169 jvi @ comeethg
rods 171. Each expansion chanber has a gas inlet port 236, 218 controlled

by an inlet valve 232, 234 and a gas outlet port 236, 238 conirortedt—by—alI
outlet valve 240, 242. The inlet ptg Zlep RIB ¢grconnected to a point

near the top of the

A HEAT ENGINE AND HEAT PUMP

An engine is provided comprising a compression
chamber to contain gas to be compressed and a first piston
to compress " the gas by movement of the piston into the
compression chamber, and driving means are arranged to
drive the first piston into the compression chamber to
.compress the gas. The heat engine further comprises an
expansion chamber and a second piston to allow gas to
expand therein by movement of the second piston out of the -
expansion chamber, 'means to feed compresséd gas from the
compression chamber to the expansion chamber, and heating
means arranged to heat the compressed gas from the
compression chamber. Transmission means are operatively
coupled to the second piston to permit power from the
engine to be drawn and means to form spray of liquid in the
~compression chamber is provided to cool the gas during

‘compression.

FIGURE 1.




- Thus, heat lost to the wall at—the

owal | s.

cooling jacket 212, 214, the uppernDst part of which surrounds the exhaust

port and extends to the hot si dergf } recuperative heat
exchanger 244, 246, where tjhe Ssé{EEpEL%E)@% je expect ;ﬁ[u re—g+reat-est
n_of S

he combu EBMGEMEMESHE%T
recovered and converted into useful work by “directi ng partrE Tte—cool

conpressed gas fromthe conpression chankers to the donpugty MAY ﬁg?nter
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Conpressed air is nuch nore affective as a cooling diumthan air at
at nospheri c pressure. The cool conpTHSSEEEAIHASHHEY $ t he cQoling j acket

Mear the bottomin order to first cool RBRLACHERbusti n cha DREP
t he conbustion chanber walls have to be kept bel ow a tenpgraglfu

heat and gradually rising in tenperature. Having gained
~this cooling process, the conpressed air is then used t'
parts of the system such as the cylindegahea and val vebk

conpressed air is intermttently extract xj
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fromthe cooling system by opening the_infet val ve into the expansion

e

chanber in which it expands ! T ssoci at go—p+st+en—out _of the
chanber, thereby generating addT??gﬁgézﬁgg%gﬁ?ial wor K. ﬁggbﬁ@ﬁWENT‘SHEET
practice, the heat capacity of eavi ng [t hETonbustion
chanbers will generally be larger than the conpressed Jggs GEppgbhgﬁ
conpression chanbers, there will be nore fieat availabl ¢ ijn the h Zt ggs
than is required to pre-heat the cool conpressed gas i g the Tectperativde

heat exchangers.

nore gas than is required for conbustion

recuperative

Thi s excess heat nmay. al so be recovergd by conpressing

directing this ga
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“heat exchangers in which it is pre-heated with the excess heat available in
t he exhaust gas and then directjng this pr%hea-l-jd conpressed gas to one or

,nmore of the expansion chanbers.| THE mnﬂggg@‘ﬁm this nodification is a
reduction in -44 - the final]tenp®ERLAEED of the exhuapty

increase in the fuel efficiency of the engine. One or nofe E’%ag?\ﬂsnl’é@ﬂdsﬁéh
chanbers to recover waste or -4 -

0 6 MAY 1397

120

\ .
i: _/ \ s . .
- gl j . ¥ r
z*: = 5 5
— &
l T = & P
o~ « ( s
s ) L
~ g T \r’_
N ™ -
o~ oy - N
L -



N3 e ==ty

‘fexdess héat fromvarious parts of the engine may al'so be useg bn an of t he
bt her "ermbodi nents descri bed herein. The enbodi nent - of the he 3 Ie‘\f@

in Figure 4 is essentially symetrical about the vertical centre |ine A
-with the right hand half of the engine heing a mrror imge of the left

hand hal f. In thi's particular enbodi nent5 the three pistofsgtm f
the centre line A are 180[err] out of phase fromthe thref quAtgg;MEé\@ $’H§T

right of the centre line, since this is expected to give t uniform
torque on the crank shaft 169. AI so, the corrbustl )n o éULdﬂgsms
: M el ~PIDME Af t—ti-o..lead the

in each half of the engi nefadiss
correspondi ng

This invention réi‘ates to heat engines and heat
pumps, and in particular to those for providing power
and/or heat appropriate to domestic appliances, service .
industries, commerce and manufacturinq industry.

The attainment of high thermal efficiency is nearly
always an important consideration in the field of pover
generation for the reason that the fuel cast is generally -
responsible for about twe thirds of the cost of the power
produced. In addition to the cost incentive, enviromental
considerations require that greater effort be directed
towards the achievement of higher efficiencies in order to
minimise <the production of carbon dioxide and other
undesirable emissions.

In general it is possible to achieve a higher thermal

efficiency and fewer emissions in large generating units

than in small ones. This is partly because of heat losses, _
friction and leakage flows which tend to be proporticnally

- less significant in large units than in small cnes. Alsc

ecocnonries - of scale make it possible to have more

sophisticated equipment in 'la.rge units. In small units,

the cost of such equipment may be prohibitive.

In spite of these factors, there are circumstances
where small generating units are needed and it is important
that they should be as efficient and enviromentally benign
as possible. This situation arises in the many parts of
the world where no electricity grid is available. It may



T our
conpression chanber pistons by about: OﬁéprLlp]C.EMENThlsgt-ETwi Il provide a
high torque to the crank shaft at the time|wlen it is HEPLABERMENT SHEFR
hi gh pressure in the conpression chamber. |THi & ar rlthg@ nt gl so has the
_ possi bl e advantage that conpressed air-is €{4rgwn_into the confjusti on chanber
fromthe feed Iine and heat exchanger beforje this gas is repljeni shed by the
opening of the outlet valve fromthe conprgssion chanmher. . A-gonplete
operati ng ogcl eehdt t heonsxzugtdione IDWNAi n FIYRF e STAELPOnowDe H8EEFVbed
with refergige-bacibe (1L Cedounidne tonhheikal leafadiiey cent rnd i pecanly,

as the operation o e -rlght' hand side of the_engine.is C.
~ population or i¥ may be that the elecIricity demand is tac

small to justify its construction. The former situaticn
arises in many less developed countries. The ' latter
situation applies in many remote or thinly populated

regions and on offshore islands.

Anoth.er application for small - efficient engines
arises in connection with combined heéat and power (CHP).
The use of heat and power together usually results in a
higher overall energy efficiency than the use of mains
power from the electricity grid. Since heat cannot be
transported econamically over any significant distance, CHP -
systems have to be sized for the local heat load. This
usually implies generating units of modest size.

The invention described here can be applied either as
2 heat engine or in modified form as a heat pump. Heat
pumps transfer heat from a low temperature heat source to a
high temperature heat sink. For example, in cold weather a
heat pump can extra.é.t heat from the atmospheric air and
pump it to a higher temperature in order to heat a
building. Alfernatively, 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
ocutside atmosphere, even though the ocutside temperature is
higher than the inside temperature. The heat pump may also
be used to cocol air in order to condense the water vapour
in it. The heat rejected from the heat pump may then be
used to restore heat to the air. In this case the heat
pump is used to de-humidify_ the air. Aas 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 pump, air conditioning unit or
refrigeration system require the use of an



essentially the sanme but is 180[err] out of | HEMACEMENTtSHEETexanple, air is

used as the oxidising gas for conbustion, alt ' ) PLACEMENT SHEET

necessarily be the case. Wien the piston 11 ingtiejggniggqas n chanmber 109
verse drrecti '

reaches the top of its stroke and begirn8 tojr t he
conpressed gas outlet valve 204 closes and th opens and
atmospheric air is drawn into, -45- the c¢npressi on chanber |t hrough the
air inlet evagormEng/gondensing fluid whid= &—as ropriace
cemperature such as one of the caloro-fluoro-caracns

' (CFC's). These substances are known to deplete the earzh's
ozone layer which protects human and animal 1life <rom

harmful ultra-violet radiation. Although cerzain
alternatives Tto CFC's are known, some cf these also cause
oczone . depletion, but to a lesser degree. Other

" alternatives have disadvantages such as flammability,
toxicity, high 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
'compressicn chamber and an expansion chamber connected
| together via a regenerative heat exchanger forming a gas
space which contains a working gas. According to the ideal
Stirling Cycle working gas  in the compression chamber is
compressed by a piston and undergoes iscthermal
compressien, 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 expansidn chamber, the hot cbmpressed
working gas is allowed to expand by forcing the piston out
of the expansion chamber. During expansion, heat is added
tc 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 chamber 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 amount of heat energy at the
intermediate temperature. This is done by extracting heat



its stroke,
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conbusti on

the sane tinme as the conpression piston 112 | REFMASEMERTtSHERTT
the piston 122 in the conbustion chanber andjt | '
expansi on chanber are at the m dpoint of the
The conbustion chanber, at this point, cgnta
gases whi ch are expandi ng and driving Th& pi
Li kewi se, the expansion chanber 228 cont ai ns

The out | ot SHATEE. (4390t fiithe LoBp e RPR2EHEROGRe AR d SHRERE" on TRANTHERr e
cl osed, ancadtumted cpumpl véesamybaldsoiie US osadslAs t he canulessadicyalsd on
112 reaCheSsygl'een{ﬁ gigﬂi:ﬂt: Oiralves -which approximates to the Stirling
cycle. Liquid pistons contained in a series cf four
intetccnnected U-tubes and which are ccnnected in a closed
circuit displace the working gas between adjacent expansicn
and compression chambers formed in the arms of the
U=-tubes. The liquid pistons transmit power around the
closed circuit cdirectly <from the expanding gas in the
expansion chamber to the compressing gas in the adjacent
compression chamber, an expansion chamber and a compression
chamber being formed in opposed arms of the same U-tube.
The four U-tubes are connected via the gas space with
regenerators. Two of the four regenerators and the
associated gas volumes work in a temperature range between
the high temperature and the intermediate 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 the medium of the liquid
pistons from the gas volumes working over the - high
temperature range to the gas volumes working over the low
temperature range.
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"hot pressurized agr mhich S

21st Inter-society Energy Conversion Engineering
Conference Volume 1 (1986) pages 377 to 382 describes a
.Stirling heat actuated heat pump similar to that described
in US4148195, in which the working gas is heated or cooled
by taking liquid from a liquid piston, heating or cooling
the liquid externally and reinjecting it into the expansion
or compression cylinder as an aerosol.

One drawback of these known heat pumps is that the
maximum working temperature of the high temperature heat
source is very low in comparison to what can be achieved in



its stroke, the conbustion and expan5| on pi st nﬁEPan@gMENHes}I@ggncm of their
strokes and reverse direction. At this point, |t he—exhaust—outl
in the conbustion chanber and the gas outl et

REMLACERIENS SHEET
L aI v% §43 Lrﬁgwe'e) pansi on
chanber both open. As the pistons nove into {hgi B C elchanbers,
exhaust gas is expelled fromthe conmbustd on char outl et port
165 and passes through the heat exchanger 244}and out |nto t he 4t nosphere. _
Li kewi se, the expanded gas is pushed out of ti r through

the gas oumbeRIPoradvEBBIecReBANEF o aNeLATiNG) cheERNALSSHASY hSUSthadSt t88ses

can be achigugdnehl §R3ied ths biuipige! | ngc@ﬁ@d&t@l@%b@aﬁwﬁeﬁatdréeatfl y

into the heat exchandger, and/or b |nco orati
heat addltgion to the l}lea P ais rﬁ. ikely to be limited to

400°C, whereas the turblne inlet temperature of a modern
power generating gas turbine is anything up to 1300°C.
Consequently the efficiency of conversion of the high
temperature heat to internal work within the heat actuated
heat pump is also low, as would be expected from
considerations of Carnot's theorem. As a result the
overall coefficient of performance is very low.

Another disadvantage of the heat actuated heat pump
described in US 4148195 lies in the fact that the liquid
pistons have to be very long in order to achieve a low
natural fréquency of oscillation. The <frequency of
oscillation must be low because sufficient time must be
allowed for heat transfer ‘-between the droplet spray and the
gas. The required length of liquid piston is particularly
difficult to achieve in a small device operating at high
pressure. Also friction losses arising from long liquiad
pistons are likely to become unnacceptably high in a small
device. Furthermore a high value for the ratic 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 mixing of the
liquid and transport of heat.

US 3608311 describes an engine whose operation is
based on the Carnot Cycle, in which gas is successively’
compressed and expanded in a single cylinder by a liquid
displacer. Hot and cold liquid from the liquid displacer
is alternately injected into the cylinder to heat the gas
during part of the expansion process, and to cool the gas



catalytlc surface within the heat exchanger I tself. Rmn@@ENE@ s thi
- expansi on chanber pistons 122, 224 reach the m dp¢i —of ! ggwﬂEﬁ[}%HEET

stroke, the conpression piston 112 reaches the boft éfﬁ ﬁz ééi e and
reverses direction. At this point, thg air inlet aIv 5# 1 and a
spray of cool liquidis injected into the conpresgi t hr ough
the spray injection valve 129 so that the air.inl he conpreSS|on ch@nber is
conpressed approxi mately -46-

during part of the compression process.

One drawback of this known heat engine is that the power
output per cycle is relatively low because it requires an
extremely high compression ratio to raise the temperature of
the working gas to a reascnable value during adiabatic
compression, and such a compression ratio is not possible in
practice. A further drawback of this engine is that the
working gas is continually cycled between high and low
temperatures while remaining in the same cylinder throughout
the process. Therefore the walls of the cylinder also cycle
from low to high temperatures and back again which implies
large entrophy changes and a reduction in thermodynamic
efficiency.

According to one aspect of the present invention there
is proéided 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 the compression chamber
and driving means arranged to drive said first piston
inwardly of the compression chamber to compress said gas, an
expansion chamber and a second piston to allow gas to expand
therein by movement of the second piston outwardly of said
expansion chamber, means to feed compressed gas from said
compression chamber to said expansion chamber, and heatinge
means arranged to heat said compressed gas from said
compression chamber, transmission means comprising a solid
member operatively coupled to said second piston to permit
power from the engine to be drawn, means to form a spray
of liquid in said compression chamber to cool the gas on
compression therein and separator means arranged to separate liquid

from the compressed gas leaving said compression chamber.

One advantage of this arrangement is that heat is
rejected efficiently to the liquid in the liquid spray, at
the lowest temperatures in the _heat engine cycle.
Fu:thermore, expansion is done in a separate chamber so that
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their stroke, their respective outlet valves |[194...24 oth_clo

respective air inlet valves 185, 232 Open, admfting e; heatfed conpressed
ek 097 LG8,
g

air into the chanbers via a respective air in
predet erm ned point, the inlet val ve-silppl yin _
into the conbustion chanber is closed and fugl is injected intg the chanber
via the fuel injection valve 174. An ignitioH hdas a spark

plug, may be used to ignite the fuel, or the ignition may be spontaneous as

Uhe f uel " xg8e WA dLdd'S P eSO L e b Al ford ¥nd Pl A Bd e 1T Ve
of the chamber and of the pistons do not cycle between high
and low temperatures, and thus reducing the

[prlessed air




‘the conbustion chamber 119 by the pressureRgpLAdme ﬁ@ﬁtu tion gases,
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whi ch cool to sone degree as a result of {doLng. Wor

t} t he piston.

as inlet valve 232 in the expansi on chanbef 8 is cl josREPLAC
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predet erm ned point and the air expands gdi

ng the piston

224 downward and out of the chanber. -As8tfhel pi :ton 112 1.3 thhe conpression
chanber 109 approaches the top of its strjoke, the conpress gas outl et
val ve 204 epiémsianctyt-he m xture.of air a spray-liquid ls.gexpelled from

comprises means to add heat to the gas in the expansion
chamber during expahsion thereocf. Thus, the expansion
process may be approximately isothermal.

Preferably, the heating means alse includes heat
exchanger means arranged to pre-~heat compressed gas from
the compression chamber with heat from gas expanded in the
expansion chamber. Thus, expanding the gas isothermally in
the expansion chamber provides an opportunity of recovering
some of this heat in a heat exchanger which is used to
pre-heat the compressed gas from the compression chamber
prior to expansion. The heat exchanger may for example be
2 regenerative heat exchanger if expanded gas from the
expansion chamber flows along the same flow ‘path as the
incoming conpressed gas from the compression chamber, or a
recuperative _heat exchanger if the gases flow along
different flow paths. A recuperative heat exchanger is
particularly advantageous where heat exchange is required
between two gases where mixing of the gases is undesirable
and/or the two gases are at- substantially different
pressures.

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

the chanber into the noisture separ ator 137, in which the air and liquid
are separated. The noi sture ) - ) ' .
In a preferrad embodiment, the engine further

expansion chamber, or the w_ork'ixig gas may flow back and -

forth between the compression and expansion chambers along
the same flow path. Embodiments in which the same body of
working (gas is continuously recycled between the
compression and expansion chambers will be referred to as a
closed-cycle engine. Because the working gas is sealed
within the engine, the gas can be pre-pressurised sb that
the minimum pressure attained by the gas during the cycle
is much greater than atmospheric.



.
separator 137 is sized not only to achieve s%%PL CtEMc?rNTr)?HE Te air/liquid

m xture, but also to act as a reservoir fonf tihe Liquid I :
accurrul ator for the conpressed air. Liquid f1]lovis9 fa lﬁg%ﬂ’u@@gmﬁ”m
separator 137 to the cooler 197 where the Hegt abanhpd dudi rlg the process
of conpression is liberated to the ataosphdre or to sone ot hegr heat sink.

The liquid fromthe cool er 197 then fl ows Hack to the ligu-a-spray

inj ection valve $g9 mcfau&(aatz.&@n% tBe ith&Clenyin®f, | tH8i dnglitis Ngc add
conpress| Ogeagl r{:coe :[\:ne gas in' the expansion chamber comprises means
forming a spray <f hot liquid in the expansion chamber.
The liquid used in the spray may be neated using an
external heat exchanger and the source of heat may be waste
heat e.g., industrial waste heat, sclar energy or heat from
a combustion chamber cooling system. Using a hot liquid
spray to transfer heat into the expansion chamber is
particularly advantageous when used in closed-cycle engines
which have a heat source at relatively low temperature.

Liquid sprays are not suitable for use at very high

—+

temperatures.

An alternative embodiment includes first valve means
cperative to admit air or other oxidising gas into the
compression chamber, second valve means operative to
prevent gas in the expansion chamber returning to the
-compression chamber <through said means for feeding
compressed gas 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 gas in the expansion
chamber ignites and after expansion the combustion products
-are expelled from the engine .via the heat exchanger means.
A fresh supply of working gas is therefore required at the
beginning of each cycle. Embodiments in which the working
gas is renewed each cycle will be referred to as an
open-cycle engine. One form of this embodiment may include
means to control the rate of flow of combustible fuel into
the expansion chamber to provzde substantially J.sothermal
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 ai'_sd/or second pistons may
comprise a liquid thus eliminating the sealing difficulties
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- 47 - injection of the. spray wll no nnl“g n&ﬁi ille the
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~possi ble to achieve sufficient injection dyrilng-this flnP y the tinme the

pressure has risen to the injection pressufe and cut oftughe.lnjectlon
flow, sufficient liquid droplets will a0Oréi he conpre55|on
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separator conduits each containing a body of liquid as a piston, a
compression chamber Zormed in each arm of one ccndpit ang
an expansion chamber formed in each arm of the other
conduit, and means feeding compressed gas from one of said
compression chambers to one of said expansion chambers and
separate means feeding compressed gas from the other
compression chamber to the other expansion chamber. In
this embodiment, expansion and compression each occur twice
per cycle and the timing of the liquid pistons is
preferahly arranged so that the expansion process in one of
the expansion chambers drives the compression process in
‘one of the compression chambers. This may be achieved by
appropriate coupling bketween the drive means and the
transmission means. A preferred embocdiment comprises
ancther pair of said generally U-shaped conduits whereby in
use, the liguid piston in one U-shaped conduit containing
expansion chambers is substantially 90° cut of phase with
the liquid piston in the corresponding U-shaped conduit
containing the other expansion chambers. . It will thus be
appreciated that this a:rangsment can provide a net
positive power output at each stage during a complete cycle
of the engine, thereby removing the need for a fly wheel or
other means to sustain the operatlon of the engine between
power strokes.

When expanded gas is forced out of the expansion
chamber by movement of the second piston into the expansion
chamber, the gas pressure is increasing. A preferred
embodiment of the engine includes means to provide ligquids
of at least two different temperatures for use in the
liquid spray in the expansion chamber and includes means
forming a spray of liquid during compression of gas in the
expansion chamber to control the gas temperature. The
temperature of the liquid spray is preferably such that the
temperature of the gas remains constant during compression
thereof. Advantageously, if said second piston comprises a
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exhaust gases fromthe conmbustion chanber {1} stjon .
conpr essi on chanber 109 has reached the tgp of(; Bt gyst1988e| tithe conpressed
gas outlet valve 204 closes, the air inletf jalve 157 open end the cycle is

repeat ed. Phasing of the pistons in thdlvgrious chanbers Ts jnot too
critical, particularlyif t he engi ne has | arge fly-wheel fto nmaintain
its notion,, we . g Ly d r QCVED QW

t orque on 4T JJ'r_égnk\ég aft %8“% néom Qg(’%geo rg%ét ?brglég % §§ ?o ma?ﬁ?al n
an liquid from the liguid piston dlrectly to the sprav farm.mc

means.

After compressicn of gas in the compression chamber,
the gas pressure decreases and the gas expa_nds- as a result
of both pistons moving ocut of their respective chambers. &
preferred embodiment includes means to provide liquids of
at least two different temperatures in the liquid spray in
the compression chamber and includes means forming a spray
of liquid during expansion of gas in the compression
chamber to contrel gas temperature. Preferably, the
temperature of the liquid spray is such that the gas
temperature is maintained constant during expansion.
Advantageously, 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 forming means.

Where any of the first pistons comprise a liquid, the
drive means may comprise a member arranged to cooperate
with the first piston such that motion of the member
imparts motion in at least one direction to the piston.
The member may comprise a solid piston and may be immersed
in the 1liquid piston or flecating on the surface thereof.
The solid piston may be coupled to a shaft extending
through the wall of the conduit containing the 1liquid
piston.

. Likewise, where the or one of the second pistons
comprises liquid, the transmission means may comprise a
member arranged to cooperate with said second piston such
that motion of the liquid piston in at least cne direction
is imparted thereto. The member may comprise a solid
piston which is immersed in the liquid piston or arranged
to float on the surface thereof. A shaft may be coupled to
the solid piston and extend through the wall of the conduit
containing the second piston.
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affect the "breathing i.e., the flow of air
t he combustion chanber and the pressure var]afi (ﬁrbsangL @ npi
separator and the heat exchanger. Althoughjthe“ph 4 b
conbusti on chanber pistons and the cond?ess) oh~eharber—pistion
90[err] in the enbodi ment shown in Figure 4 the phase angle
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of compression chambers and a pair of expansion chambers
wherein in use the pistons in the compression chambers are
arranged to move substantially in antiphase with each other
and the pistons 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 arranged to move substantially
90° out of phase with the pistons in said other pair of
compression chambers and the pistons in oi'xe pair of
expansion chambers are arranged tb move substantia.lly 900
out of phase with the pistons in the other said pair of
expansion chambers.

Preferably, in a 'closed-cycle engine the heat
‘exchanger means comprises a regenerator. The purpose of
the regenerator is to enable heat to be transferred to and
from the working gas efficiently.

In a preferred embodiment of the heat engine having one

or more further compression chambers, separator means is also provided to

separate liquid from the gas 1eav:.ng each further compression chamber. In
embodiments operating in a clased_-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 comprise a
liquid, means are preferably provided to supply the or each-
- means forming a spray with liquid from the liquid pistons.
Advantageously, said means to supply may include a pump
arranged to be driven by a respective pisten.

In one embodiment said driving means includes
coupling means coupled to said transmission means so that
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separators and two heat exchangers, the hF

with fewer separators and/ or heat exchangers |s AQE@&WSHEST
and/ or heat exchanger is shared between two . {Thi s may

have t he advantage of reducing the si 38 of these conponents, inprove the
uniformty of air flow and possibly reduce 't , - T enboxgi mrent

of any of tilte Usion SB4d of EWEF nand JESEPPB LTS “Hﬁ'c,eor‘ﬁbr%ﬁ%cge%eml ed
turbo-char g@lage" #+dPa€¥6hehip. It will be appreciated that coupling

the first and second pistons together by for example a
mechanical means such as a crankshaft is a convenient
method to enable lafqe compression ratios to be achieved,
and at the same time maintain the phasing of the pistons.
The phase angle between the first and second pistons may be
such that the second piston leads the first pi'ston by at
least 90° Alternatively the pistons could be driven
independently and may each be adapted together with any
means for coupling 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 compressed gas from
said compression chamber with heat conducted across at
least one of the surfaces defining the combustion chamber
of the engine. Thus, advantageously the present invention
may readily be adapted to provide a ccoling apparatus for a
conventional combustion engine (e.g. petrol, diesel or gas)
'which recovers heat, normally- wasted by conventional
cocling apparatus and .converts <this heat into wuseful
power. Cold compressed gas is produced in the compression
chamber and heat lost to -the combustion chamber walls is
transférred to the compressed gas to provide cooling of the
engine. The same method can be used to recover heat from
the exhaust gases of a conventional combustion engine, for
exampie by putting cdmpressed_ air cooling channels throué'h
the exhaust manifold or by including a heat exchanger
through which the exhaust gases would pass. The pre-heated
compressed gas is then injected into the expansion chamber
which expands forcing the piston out of the chamber and
thereby generating useful mechanical work. In one
embodiment, the expansion piston may be connected to an
external output drive of the engine. This arrangement has
the advantage of
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such as is often used for petrol and diesel eggiLﬁgEMEN];'hSPHEEIr ﬁ?’é%@%mnaysgr

consist of a rotary conpressor and a rotaryfe pﬁ;bdgj oagé£e spnme shaft. The
conpressor boosts the pressure of the at m)s:)h«ﬁr\r yL r t is admtted
into the isothermal conpression chanber. The ¢caopressor.i.s-preferably
driven by the expander, which rsl4arrahged between the exhaust outl et
of the conbustion chanber and the exhaust Linletto-.t-he-heat exchanger.
The overall effect of the turbo-charger is to raise the average
pressure ~ | £le s kAN comBds€ 08R Usid Hes .
chanbers, g%nct: %‘ﬁﬁ? néef%*%ntogiefgﬁﬁggﬁfgrﬁgqpomr. The usegof a
turbo-charger will tend to reduce ' :

According to another aspect of the present invention
there is provided a heat pump comprising an expansion chamber
to contain gas to be expanded and a first piston to allow the
gas to expand by movement of said first piston outwardly of

D

said expansion chamber, a compression chamber to contain gas
to be compreésed and a'second_piston to compreés said gas by
movement of said second piston inwardly of said compression
chamber, means to feed gas from one of said expansion chamber
and said compression chamber to the other chamber, means to
form a spray of liquid in said compression chamber to absorb
heat from said gas during compression, and a solid member
operatively coupled to said second piston to enable said
second piston to be driven by an external source of power
inwardly of said compression chamber to compress the gas.

This form of heat pump enables the pumped heat to be
transferred to an external heat sink extremely efficiently
via the medium of a liquid spray in the hot compression
chamber and at the same time can be driven through, for
example a mechanical coupling, by an extermal source of power
and in particular an electric motor to provide a heat pump
with a higher coefficient of performance than can be achieved
by known heat pumps.

Advantageously, this form of ~heat pump can perform
heat:ing or cooling in either a closed-cycle or an open-cycle.
For example, one embodiment may be adapted for Cair
cond;’_.tioning in which air is drawn into the compression
chamber from an external source, compressed substantially
isothermally using the iiquid spray and passed to the
expansion chamber in which it expands, so that it does work,
returning some of the energy used for compression. The
expansion .may be adiabatic so that the gas cools, and the
cool gas may then be ejected from the heat pump to provide



the efficiency of the engine slightly, because of the | ower efficiencies of
. the rotary conpressor and expander and becau the turbo-conpressor
conpr esses adi abatically rather than isoth rREﬂthngN‘;;f ME T QHEET
|ncorporat|on of a turbo-charger may wel | be at Ne reduced
ef ficiency may be nore than offset by &5larg %Hg ‘power out put
fromthe sane size of engine. Al though the e i n Figure 4
shows the crank shaft driving a generator 24},
alternatively be used to drive road or rail eels or a Shlp St propellor
'nan aJtEHFEEfVébﬁﬁEE{gﬁgﬁgg fﬂfn&rﬁé??éaf?’ another embodlment of the
heat pump may further include means to
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coupl-ed together and driven by a rotating mRHMCEMEN%y&l-ﬂEETI ther than a
crank shaft, for exanple a hypo-cyclic geaf. - l.él’
enbodi nent, it may be advantageous to arraphgé¢ ?h? mg 1ngs C PIHAEEMENTSHEET
conpressi on process in the conpression chafbér acelaff a sl ower:

speed than combustion in the conbustd kb chir rds, the

engi ne may be arranged such that there arelnore conbustlon cycles per unit

time than gggm@ssnmcyw exne Thas ndyr ing—e%pansi ef 1n the

expansion chamber so that the expansion is approximately
This nay be done efficiently by employing a
the expansion chamber. Heat is absorbed

isothermal.
liquid spray in |
fr-om the liquid droplets, which cool, and the cocled spray
liquid may be used faor cooling, e.g., air conditioning.
The liquid spray injection 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, £or the purpose of heating. The heat
pump can be modified for either open or closed-cycles.

In another embodiment the heat pump may further
comprise heat exchanger means arranged to pre-heat said
expanded gas with heat from compressed gas leaving the
compression chamber. This is particularly advantageous in
the closed cycle in which the same gas is pumped back and
forth between the expansion and compression chambers.

A preferred embodiment includes coupling means for
coupling the second piston to the external source of power,
wherein the coupling means is adapted +¢o withstand
substantial force against the -‘pressure of gas 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 greater amount of heat
can be pumped per cycle than achieved by prior art heat
punmps. At the same time, the use of such a coupling
enables the heat pump to be compact, since the attainment
of high pressures (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
coupling means may for example comprise a crank shaft.

In a preferred embodiment, the first and second
pistons are coupled together by a mechanical coupling
means, e.g. a crank shaft so that the phasing of the



achi eved by providing appropriate gearing between the crank shaft of the

conpressi on chanber and that of the conbusti :
has an air expansi on chanber to recover .wast Hﬁ‘PLAﬁEMENTI"&ﬁE'I'I

parts of the cycle, it is also possible to afr g $uch that the
air expansion cycle is faster than thel¥set hpr o_w)[q opn ¢ycle. The
advant ages of such an arrangement would be |t at conpf egsi on
process always be maintained at a noderate rate to—atl oy sufficient
time for t r of heat ,between ‘and the liquid dfoplets so
that the c%ls%égg %% pggcsgflﬂ'éfy BF’\'RE?;ESQ -subStantTarty—fsothermal , that .
t he heat Ioss per cycle from _ :
Another important advantage of the heat pump according to

the present invention is that it doces not require an
evaporating or condensing fluid, and can be used with 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 environment should they be released.
This is also an important advantage of the heat pump according
to the present invention. An additional advantage of not
requiring a specific boiling point is that the heat pump can
work over a wider range of operating temperatures than
conventional heat pumps.

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

Embodiments of the heat engine and heat pump may include
any number of compression and expansion chambers and the
number of compression and expans:.on chambers need not be
equal.

References hereinabove and below to pistons moving “into”

and “out of" their respective chambers simply indicate the

. direction of movement of a piston relative to a chamber, i.e.

the terms “into” and *‘out of” are used in the dynamic sense to

indicate that a piston is moving inwardly or outwardly of its
respective chamber.

Examples of embodiments of the present invention will now
be described with reference to the drawings, in which:-

Figure 1 shows a schematic diagram of a first embodiment

ngi ne al so
EDLAGEMENT SHEET -
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conpressing gas isothernmally by liquid spray ThectTom aurTn
an expansi on chanber and an associ ated piston connected either to an output

drive of the engine or to songe other

conpr essi on,

of the present invention which includes liquid pistoné and

operates in a closed-cycle;

Figure 2 shows a schematic diagram of a second embodiment
of the present invention including liquid pistons and which

operates in an open-cycle;

Figure 3 shows a schematic diagram of a third



drive which could benefit from additional
pre-heat the cool conpressed gas fromth
with heat fromthe engi ne (which would og
feed the pre-heated conpressed gas into
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her vj ge 189§t ¢d)} and neans to
heg \éux%a%giﬁon chamjer. The heat

exchanger may sinply consist of passades [fd - -1 50 - conpustion
chamber walls of the engine to al I"iw _the conpressedljair to circulate
bef or e bei egoadimensd afhtthe heresent Lnv r—30lid pistons .

and which operates ia an open-cycle, and

Figure 4 shows a schematic diaqram' of a fourth
ambodiment of the present 'inven_tion including solid 'pistcns
and which operates in an open cycle.

_ Referring to Figure 1, a pair of U-shaped conduits 1
and 3 each contain a body of liquid S and 7. A compression
chamber 9, 11 is formed in each of the arms 13 and 15 of
one of the U=-shaped conduits 1 and an expansion chamber 17,
19 is formed in each arm 21 and 23 of the other U-shaped
conduit 3. One of the compression chambers 9 is connected
'through a regenerator 25 to one of the expansion chambers
19 and the other compression chamber 11 1is connected
through another regenerator 27 to the other expansion
chamber 17. In practice, the U-shaped conduits shown in

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

with the Tregenerators having the same length. The twe
U~-shaped conduits and regeneratbrs are thus configured as a
-saddle and will be referred to as "saddle loop". An engine
or a heat pump which consists of a 's'ingle inter-connected
mass of gas with a single regenerator, a single compression
chamber and a single expansion chamber, each with a liquid
or solid piston and each with means for addition or removal
of heat is described as a "half saddle loop".

Ligquid sprays are provided in both compression
chambers and both expansion chambers. Ligquid 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 corresponding

conduit 3. The liquid drawn from conduit 1 may be passed
through a cooler (not shown) prior to injection in the
compression chambers 9 and 11 and liquid drawn from conduit
3 may be passed through a heater prior to injection in the
expansion chambers 17 and 19. A working gas fills the
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The system I'S”s| to reject heat at a _
communlca Jvfa“a respecnlve regenerator 25

and 27.

Separators 37, 29, 41 and 43 are provided between the
chambers and corresponding regenerators to remove any
ligquid in the working gas before the fluid passes through

tHe regenerator concerned.

Each U-shaped conduit 1 and 3 has a linear section 45
and 47 joining the adjacent arms. Mechanical means coupled
to each liquid piston is provided to transmit power to and
from the pistons. In this embodiment, a solid piston 49
and 51 is disposed in each of the linear sections of the
conduit and - is free to execute linear motion along the
length therecf 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 cf each conduit to
provide means for driving or transmitting power from the

liquid-piétons.

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 p:.stons in different condu:.ts. This can be
achieved for example by coupling the 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

ccmpressxons and expansions. The compression is done when-
most of the working gas is in the compression chamber 9 and
11 while the expansion is done when most of the working gas
is in the expansion chamber 17 and 19. This may be
achieved by arranging for the pistons in the expansion
Chambers to lead the pistons in the compression chambers by
a2 phase angle of 90° The phase angle between the pistons

in the expansion chambers or compression

chambers



hi gher tenperature than woul d be used fo RE:RMBEM&N&%HEE% only. Anot her

option which could be used to produce the¢ nmext-romramount |off | T
heat for drying, space heating or heating- , U5 1899 afran g%ﬁ'ﬁggﬂéml‘%ﬁg
engine to drive a heat punp. The rej ect d euzl? f’romt_he engi ne may provide
some of the |low tenperature heat. I'n | trom—the nmechanijcal out put of

the engine could drive a heat punp whi ch woul d provide " nord heat.

Cal cul ati Ongotgé’de’ | ngli gﬂt e&xigararrahheme par¥icH Dpfoceystin an

open- cycle ustion-driven P uce twce as nuch .low
terrperat ur engeas athes %Wl ﬁhﬁ@r’-’ﬁé'sofw’e%e GRiyS fFRe compressicn

process in the other caompression chamber. For example
expansion in chamber 119 will drive the c_:ompress:.on in
chamber 11 and the expansion in chamber 17 will drive the

(

cdmpressian in chamber 9.

One complete cycle of the engine will now be
described 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 working gas shared between the compression chamber ¢
and the expansion chamber 19 is in the compression chamber
9. The compression pisten moves into the compression
chamber 9 and compresses the working gas against the gas
pressure resulting from movement of the expansion pisten
into the expansion chamber 19. Cold liquid is sprayed into -

" the compression chamber to cool the working gas during
compression. This liquid may be obtained by drawing off
ligquid from the cold liquid piston (i.e. the compression

- piston) and then passing it through an external cooler (not
shown) before inj ecting it into the compression chamber.
When the compression piston in compression chamber 9 is at
the mnid-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 moving upwards in the compression chamber,
compression of the working gas continues but at the same
time the cool compressed gas begins to flow through the
regenerator towards the expansion chamber 19 as the
expansion piston begins to move 'downward_s. The cool
compressed gas leaving the compression chamber 9 is
pre~heated with heat from the expahded gas which left the
expansion chamber at the end of the previous cycle.
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value of the fuel. The additional heat may] b gunped fronmt h atnDSEhere, '
fromthe ground or froma |arge body of watler] 08e J\Hatgggurip MRERLAGEMENRSHEEF
and cold liquid spray injection would be vdgry] suitable for [dgmestic or
~commerci al space and water heating. Howevgr, there would alfso be scope

for the design of a heat punp operariﬁ& at. much hi gher tengerature. An
advantage of this particular type of heat punp,is that 1T 15 not tied g0

‘tightly to a When the compfession piston 1n comprassion chamber

has reached the top of its stroke, the expansion pisten in_
expansion chamber 12 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 cantinued 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 into the
expansion chamber. At the same time, the ccmpression
pis‘;:on has reversed direction and is moving out of the
compression chamber 9. To prevent the gas in the
compression chamber from cocling during expansion it may be
advantageous to spray ligquid drawn directly from the ligquid
piston rather than liquid which has been pre-coccled in an

external cooler.

When the expansion pistan 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 fdrcing - the working gas out of the
expansion chamber, through the regenerator and into the
compression chamber. .‘l'he hot expé,nded gas leaving the
expansion' chamber is pre-cooled in the regenerator before
returning to the compression chamber. As the expansion
piston moves upwards into the expansion chamber, the gas
remaining in that chamber undergoes some compression. To
prevent heating of the gas, liquid may be sprayed into the
exapnsion chamber. This liquid should preferably be taken
directly from the hot liquid piston without passing through
the external heater. When the compi‘essian 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
aexpansion chamber, the compression piston reversas
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rely on the evaporation of a liquid and th
O her enbodi nents of the heat punp may in E@g
open cycle simlar to the systens shown i gures 2, or
this case, there would be no conbusti &®-i1 the exparnsTtor
‘may not be any form of recuperative or redenerative heat -exghanger or

dropl et i Rjiaeddwibn iand tiee ©pfle EXPPEBedtadCha xampl e, the
air in the expansion chamber could be expanded adlabatlcally“’The air in

t he conpression chanber woul d be .
As mentioned above, cthe thermodynamic cycle in

chambers 9 and 19 is 180° out of phase with the cycle in
chambers 11 and 17. Thus, the expansion stroke in chamber
19 drives the compression stroke in chamber 11 and the
expansion stroke in chamber 17 drives the compressicn
stroke in chamber 9. However, there are points in the
cyclé between the compression and expansion strokes where
no net power output from the engine is occuring. Thus, to
sustain the operation of the engine over the cycle a fly
wheel may be used or it may be possible to rely on the
inertia of <the pistons themselves if they are massive
encugh. However, the need for a fly wheel can be avoided
by providing a second saddle locop whose operating cycle is
arranged to be 90° out of phase with that of the first
saddle loop. This may be achieved by incorperating an
appropriate external drive mechanism. This embodiment of

- the heat engine is then capable of providing a net energy
output at all stages of the cycle. '

o operate in
" However in
er and there

on
ef\Bl mas

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

During compression, the function of the spray is to
keep the working gas temperature in the compression chamber
as low as possible. Thus the liquid should be passed
through the external cooler during this part of the cycle.
When the gas is expanded, in a later part of the cycle, the
function of the spray is to prevent the gas from cooling -
toc much. During this part of the cycle, it is better to
take the liquid directly from the liquid piston and not to
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excess heat would be transferred to a corveniai t heat iirk. This form
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t he expanded air |eaving the system si gni ficanfl lcooler than i ncom ng
air. The system woul d not be very suitéble for fthe punping Qi hegt into a
buil ding froma cold atnosphere, because of t h el I nsi de the

expansi on ciegdbekt. Further enbodi ments of the heat punp woul d be sinil ar to
those described herein but without the liquid pistons. Al the conpression

and expansi on woul d be performéd using ) _ )
The converse argument applies to the expansion

chamber. During expansion the gas must be as hot as
possible and therefore the liquid' spray should be passed
through the eaxternal heater.' During compression, it is
important to prevent the gas from becoming toe hot.
Therefore, the liquid should be taken directly from the
liquid piston during this stage.

In one embodiment, the pumping of the liquid used for
the' spray may be achieved by making direct use of the
reciprocating motion of the piston and drive shaft. The
‘pump which may be mounted within the conduit comprises a
small piston driven by the liqtiid 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 liguid to
be supplied from each end alternately while the other end
is f£illing. One double ended pump would serve two liguid
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 almost 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 inj ector
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 the working gas and the liquid. When the gas flow
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in the lower gas space, resulting from the injection at
earlier iimes. When the gas flow is downward, most of the
liquid that has been separated ontc the corrugated plates
will 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
liquid droplets, while at the same time minimising the

pressure loss of the gas flow.

The purpose of the regenerators is to change the
temperature of the working gas 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 designed to provide a
large heat transfer area between the gas and the material
of the regenerator. The narrow channels may be <formed
using for example plates or tubes. The regenerator stores
‘the heat from the working gas until the working gas
reverses its 'direg:tion of flow, after which the heat is
restored to the working gas. The regenerator should also
be designed to minimise the pressure drop over its length.

The choice of working gas and heat transfer liquid in
the 1liquid piétons depends on the application and the
temperature range over which the engine needs to work.
Because the engine operates in a closed-cycle and the
liguid pistons form a perfect seal, the choice of working
gas is not necessarily restricted bjr availability or cost
and may be chosen for its thermodynamic properties. Thus,
the working gas may be for example helium or hydrogeh,
which have excellent heat transfer characteristics. Helium
may be preferred to hydrogen on safety grounds, although it
would be more expensiva. Another advantage of the

EAASSHEET
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REPLACEMENT SHEET -52- alternative arrangenent{ WhiCh woute g
reduce the friction involves a rack-and-pinion m)umgadjm-_q 'g“u ﬁ 'ﬂ' MENT SHEET
‘hori zontal section of the conduit. The pinion jwuld be rotatabj y!nounted

with its axis transverse to direction of notionf of the prstom—anfl the rack
woul d be appropriately coupled or comné€ted to fthe solid piston of pistons.

The pi ni on R/ 1 9AgiRe disY Geitad OLRb AR MW g WEEDsuras cf =he
wo:_'king gas can be relatively high and would generally be
in the range of 1-20 MPa (10-200 bar). '

At operating temperatures up to about 200°C, water
may be used as the heat transfer liquid. However, at
higher temperatures water would probably not be suitable
because of the high pressures needed to maintain it in the
liquid state. For operating temperatures up to about
400°C, commercial heat transfer fluids which are also
liquid at low temperatures may be used. It is likely that
helium would again be selected as the working gas for this
higher temperature range. For cperating temperatures above
400°C a ligquid metal such as the sodium-potassium eutectic
mixture (NaK) may be used with helium as the working gas.
Eutectic NaK remains liguid down to -129C and boils at
785¢C (at atmospheric - pressure) Molten salts are
possible high temperature alternatives to ligquid metals.
‘However, because of the likely engineering difficulties in
designing an engine suitable for use with high temperature
-liquids at temperatures above 400°C, it may be better not
to use a hot 1liquid at all. Instead, heat may be
transferred into the engine through the walls of a heat
exchanger enabling the engine to be driven from much higher
temperature heat sources including the combustion of fuel.
This fuel could be heavy oil, coal, biomass or domestic
waste, "since the products of combustion do not enter the
engine. Thus, embodiments of the heat engine which employ
hot 1liquid 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
.t° 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 gas is hot
and expansion is done when the working gas is cold. One
embodiment of the heat pump may be described with referance
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engine, the liquid piston in the compression chamber leads
the piston in the associated expansion chamber by a
predetermined phase angle, e.g. 90° instead of vice
versa. Referring to Figure 1, liquid sprays 29 and 31 in
chambers 9 and 11 are used to transfer heat to the heat
pump from a low temperature heat source. Cool liquid is
injected into chambers 9 and 11 during expansion of the
working gas in the chambers which is driven by the liquid
pistons. During expansion, heat from the spray is
transferred to the working gas and the expansion process
may be approximately isothermal. After heat has been
extracted from the droplets in the liquid spray, the now
cocler droplets recombine with the liquid in the 1liquid
piston whose temperature '‘will 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
ligquid from a. heat source. The heat source for the cold
liquid could be atmospheric air, the ground, a river, -
stream or other bedy of water. Another possibility is to
use extracted stale air from a ventilation system as the
heat source. A'lt_ernatively warm waste water from baths
etc. may be used. This is the converse of the operation of
the heat exchanger in the heat engine in which the heat .
exchanger transfers heat from the 1ligquid to a low
temperature heat sink. |

Liquid sprays 33 and 35 in chambers 17 and 19 spray
hot 1liquid into the chambers during compression of the
working gas which is driven by the liquid piston. The hot
liquid spray serves as a heat sink to the working gas,
absorbing the heat produced. by the work of compression.
After compression, the now hotter liquid droplets in the
spray recombine with the ligquid piston whose temperature is
thereby increased. Hot 1ligquid from the liquid piston is
passed to a suitable heat exchanger (not shown) in which
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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 households. Alternatively the heat may be

supplied to a ducted air system.

A cycle of the heat pump in relation to cne of the
cold chambers 9 and the associated hot chamber 19 proceeds
as follows, beginning with the ligquid piston in the hot
chamber 19 at the top of its stroke and reversing direction.

As the liquid piston reaches the top of its stroke in
the hot chamber 19, the ligquid piston in the cold chamber S
is reaching the mid-point of its stroke and moving out of
the cold chamber 9. On 'continued movement of the ligquid
piston out of chamber 9, the cocl gas expands and at the
same time, cool liquid is injected into the cold chamber
via the spray 29. The working gas in chamber 9 absorbs

‘heat from the 1ligquiad spray and the gas expands

approximately isothermally. When the liquid piston in cold
chamber 9 reaches the bottom of its stroke and reverses
direction, the ligquid piston in hot chamber 19 reaches the
nid-point of its stroke and is moving ocut of the chamber.
As the liquid piston in chamber 9 moves into the chamber,
cool working gas is forced out of the chamber, passes
through the regenerator in which it is preheated with heat
from the working gas which left the hot chamber at tﬁe end
of the previous cycle, and enters the hot chamber 19. When
the liquid piston in chamber 19 reaches the bottom of its
stroke and reverses direction, hot liguid 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
mest of the working gas is in the hot chamber 19. The
liquid piston in chamber 19 moves upwards into the chamber
and cémpresses the working gas. The heat of compression is
transferred to the liquid droplets in the hot spray and the

sygtem Thus, Tn e labove case,
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compression process nay be approximately isothermal. As
the liquid piston in chamber 19 reaches the mid-point of
its stroke, the liquid piston in the cold chamber 9 reaches
the top of its stroke ‘and reverses direction. On continued
movement of the liquid piston into chamber 19 the working
gas is forced out of the chamber and through the
regenerator 25 to which it gives up its heat. The cool gas
leaving the regenerator returns to the cold chamber where
the cycle begins again. '

When the piston in the cold chamber 9 is moving into
the <chamber and forcing gas out, the gas pressure
increases, tending to increase the gas temperature. Ligquid
may be sprayed into the cold chamber as the gas is being
compressed to prevent the gas from heating too much and
preferably to maintain the gas temperature constant. If a
liquid piston is wused, 1liquid for the spray may
advantageously be drawn 'directly from the ligquid piston.
-Similarly, when the piston in the hot chamber is moving out
of the chamber and drawing gas' in, the gas 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 ‘gas tempefature constant.
If a liquid piston is used, liquid for the spray may
advantageously be drawn diréctly from the liquid piston.

As for the heat engine, two saddle loops may be used
and these will be 90° out of phase with each other.
Preferably, the working gas is a gas which does not pass
through a phase transition (i.e. condense or evaporate)
within the range of operating teinperatures and pressures
used in the heat pump. The working gas may, for example,
be helium or hydrogen 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 heat
source heat exchanger may have to be regularly de-frosted.
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said first piston inwardly of the cogp%833|on chanber e$s sai d gas,
an expansi on chanber and a second pistdn to allow gas to expand t herein by
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feed conpressed gas from ression chanber t
commercial appl:.ca ions a:.r-ccnd:.tzonmq, _

refrzgerat:.on, space heating or for heating water. The
efficiency of a heat pump is usually expressed as the

to contain
novenent of

co-efficient of = performance, or COP, which 1is the
conversion ratic of electricity to heat. The COP also
depends an | the temperatures of the heat source and the
required heat supply. For heating of water for space

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

Returnix;g to the heat engine, another ' embodiment
relies on the combustion of fuel to add heat to the working
gas. A combustible fuel is injected into the expansion
chamber, 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 i:he heat
engine is shown schematically in Figqure 2. Many of the
features in the embodiment shown in Figure 2 are similar to
those of the embodiment shown in Figure 1 and like features
are represented by like numerals.

Referring to Figure 2, the heat engzne comprises a
pair of U-shaped conduits 1 and 3 each partially filled
with liquid each of which serves as a liquid piston.
Compression chambers 9 and 11 are formed in the arms 13 and
15 of one of the conduits 1 and combustion chambers 17 and
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operatively coupled to said second piston to jpefmt powe rdm i he engi ne
to be drawn, neans to forma spray of liquid{in Sard conpressi gn chanber to
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| Ia heat exchanger which is preferably a regenerator 27 and
«he other 'compressicn chamber 9 is arranged_to communicate
with the other combustion chamber 19 through ancther heat
exchanger 25 which may also be a regenerator. = The
compression chambers 9 and 11 are p'rovided 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 11 has a liquid spray
injector 29 and 31, the 1liquid used in the spray being
drawn from the liquid piston, as before. Ancother valve 61,
63 is positioned between the compression chamber 9, 11 and
the regenerator 25, 27 to prevent exhaust gases from the
combustion chamber 19, 17 via the regenerator 25, 27
returning to the compression chamber 9, 1l1l. An exhaust
port 65, 67 operated by an exhaust valve 6%, 71, |is
provided between valve 61, 63 and the regenerator 25, 27 to
enable exhaust gases to be expelled after passing through
and giving up their heat to the regenerator 25, 27. A fuel
inlet port 73, 75 is pravided 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 level of ligquid in the compression
chamber 9 falls to the point at which the internal pi'essure

. 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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combustion plston moves into the combustion chamber, the.
exhaust gases are forced through the regenerator giving up
their heat in the process. The non-return valve 61
prevents tne exhaust gases from entering the: compressz.cn

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 gas that was drawn in becomes
compressed. The liquid spray maintains the gas close to
ambient temperature, thus providing - an approximately
isothermal compression. During compression when the
compression piston is between its lower 1limit and the
mid;point of its strocke, the expansion piston continues to
move into the expansion chamber 19 forcing the hot
combustion gases through the exhaust port 65 via the
regenerator 25. When the pressure in the compression
chamber exceeds that of the combustion chamber, the
non-return valve 61 connecting the chambers opens and cool
compressed gas passes through the regenerator, extracting
heat so that it enters the combustion chamber at high
temperature. : The combusticn piston reverses direction and
moves cut 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 during 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 expansion.
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a2 fresh supply of gas inte the chamber and as the
- combustion piston approaches the bottom of its stroke the
exhaust valve 65 opens and the cycle is repeated.

To avoid the need for a fly wheel, two saddle loops
may be provided which are arranged to ' operate .90° ocut of
phase from each other. A mechanical drive system would be
used as for the closed-cycle engine. The liquid forming
the liquid piston in the conduits containing the combustion
chambers and the compression chambers may be oil, water or
possibly another fluid. The liquids in the two conduits
are not necessarily the same. Floats 22, 24 comprising a
solid material which float on the surface of the liquid
piston in each combustion chamber may be provided to limit
the contact of the combustion gases with the liquid. Some
means of cooling the combustion chamber walls may also be

provided.

Both the closed-cycle engine and the open-cycle
engine described above .proauce a work output involving
large feciprcca’cing forces at low frequency, for example
about 1 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 intc a suitable form to drive an electric
generator. For modest unit sizes with a generating
capacity up to about 1 MW, a slow speed crank shaft could
be used, connected to a generator by appropriate gearing.
Alternatively, a hypo-cyclic .gear mechanism or worm drive
gearing may be used. In the case of hypo-cyclic gears, the
drive shaft of the engine is connected to a planet wheel
having gear teeth around its external circumference. The
planet wheel rolls around the inside of a fixed wheel
having gear teeth on its internal circumference. The
planet wheel is mounted on an arm which rotates as the
planet wheel rolls around the inside of the fixed wheel.
The rotating arm drives a generator via a speed-up

ged to supply .
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conmpressi on or gas therein to control thejt ¢efrperature—of
: ARERENT st

engine as claimed in claim1l further conpfi gi Wgnégﬁrﬁgggt

t he conbustion of fuel and wherein said heafi Drifses neans to
heat conpressed gas from sai d conpression cfra-n‘bm'-—m—Hﬂ—-I‘raht conduct ed

across at |east one of the surfaces def3aihg said cofibustio chanber 11.
An engine as clained in claim10 includin

conbust i onJERDIDS ar TRided ahieves | FEP hFAMPhH IS DN 9 %‘:&‘:&)nﬁast Fon
chanber and_-qpgisHaisee] ogeURieH hesAddivifieags Thaen nmayes. side Ahresgsne

as clai mdo‘t%e?:lw%.lsr;s grodu?éeldnC|1lrJdl ngc];'larzi?cshaf are avoided. It is

also possible to make the hypo-cvclic gear more compact

than a conventional crankshaft. Alternatively, the engine

could be adapted to pump a  hydraulic £luid through a

turbine connected to a generator This uechru.que would be
- suitable for both large and small unit sizes.

In another embediment the liquid pistons may be
replaced by solid pistons. Although it is possible to use
solid pistons in the closed-cycle engine in which the
working gas is passed back and forth between the expansion
and compression chambers, it may be difficult to achieve
adequate sealing of the enclosed high pressure gas, which
is 1likely to be helium or hydrogen. Sealing is less
critical for the 6pen cycle 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
appropriate for this case. Figqure 3 shows one embodiment
of this form of heat engine. '

Referring to Figure 3, an embodiment of the engine is
generally indicated at 100, and comprises four cylinders
113, 115, 121 and 123. A piston is provided for each
cylinder and each piston is connected to a crankshaft 169 .
by a connecting rod 171. In this embodiment, the engine is
oriented such that the crankshaft is above the cylinders. .
Compression _chinbers 109 and 111 are formed in two of the
cylinders 113 and 115 and expansion chambers 117 and 119
are formed in the other "cylinders 121 and 123. Each
compression chamber has a gas inlet port 156, 158
controlled by gas inlet valves 157, 159 and a compressed
gas outlet port 173, 175. A gas feed line 177, 179
connects a compression chamber 109, 111 with a respective
expansion chamber 119, 117 via a compressed gas inlet port
181, 183, each controlled by a gas inlet valve 185, 187 in
the expansion chamber 119, 117. Each expansion chamber
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val ve neans operative to admt gas for confjusgien—inta sal
chanber, second val ve neans operative to prleyv n@ g iibggai
chanber returning to said conpression chamjer| t 3033“— d
and wherein said neans to add heat conprisgs
fuel in said expansion chanber. 13. An3¥ngijne as cl ai med.d.n
I ncl udi ng neans to -56- control the rat '
fuel intoldid 119 has an exhaust gas cutlet port .57,

by an exhaust valve 193, 191. All the gas inlet and outlec
ports are situated near the bottsm of the expansion and

ressi on
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| ns to feed .
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165 controlled

compression chambers.

A spray nozzle 129, 131 is provided in each
compression chamber 109, 111 for injecting a liquid spray
into each chamber 109, 111 during compression. A separator
137, 139 is mounted within each compression chamber 109,
111 to remove ligquid from the compressed gas before the gas
leaves the compression chamber. Thus the separator 137,
139 is situated above the compressed gas outlet port 173,
175. Varicus kinds of séparatar may be used, but it is
important for the separator to be as compact as possible
without causing too great a pressure drop in the gas
entering the chamber or the compressed gas leaving the
chamber. To avoid the separator causing a pressure drop in
the flow of inlet gas, the gas inlet port may be situated
on the piston side of the separator. To achieve small
pressure loss, the separator may comprise a number of small
swirl vanes mounted in short pipe sections with the pipe
sections mounted in parallel. ' The induced swirl of gas
causes entrained droplets to -‘be thrown outwards and
collected at the pipe walls. Swirl vane separators are
often used for example in the steam generators 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 ligquid arocund this circuit
may be driven by the cyclic pressure variation in the
compression chamber, which forces the 1liquid through the
non-return valves in the required direction. It is
necessary to maintain a gas space above the liquid level
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expansi on chanber. 14. An engine as clained i apy precedi-rg~gl gt m further
i ncl udi ng val ve neans operative to control thg f gof 2w grc BEALEMENT SHEET
conpressi on chanber into said expansi on chanbgr. nengrn s cl ai med

in claim114, wherein said val ve nmeans conpri sg¢s out |. et _vatrve ns arranged

to allow gas to be drawn from sai d corapsessi ap_chamber after corfpr essi on.

10 AN SNt é' "Eshidr Cled kol i ¥h iRl de gt €y ansrhig
conprises In va nmeans operable to adm t- hot conpressed gas from sai d
heati ng msswd nee® éane S Re olsen&fed . leyel ArF°é'}Fg'| cg‘éFPre& S 3 any

precedi ng g@1al Mrhtvehemounted in the cooler. A separa.te supply of
liquid may be connected to the cooler to replace any liquig
which is lost in the gas flow to the ccmbustion chamber,
‘The replacement of liquid may also be controlled by the .
level controller, if this is used.

The separatecr and cooling circuit dJdescribed above
provides for the separaticri, re-circulaticn and pumping of
cooled liquid as a fine spray into the compression chamber
without the use of external pumps. A sizilar arrangement
may also be inplemented in heat engines having liquid

" pistons. For some applications it . may be appropriate not
to use a non-return valve upstream of the spray injectoer,
but to control the injection using for example, a cam which
would allow better contrcl of the timing of the spray.
Preferably, the timing is optimised to take account of the
pressure difference between the cooler and the compression
chamber and the finite transit time of the droplets within
the chamber. Alternatively, internal or external pumps may
be used to drive the flow of liquid through the spray
injectors. In this case the pumps are preferably
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 cne cycle of the engine.

Each expansion chamber 119, 117 has a regenerative
heat exchanger 125, 127 mounted so that gas passes through
the heat exchanger before entering or leaving the expanéicm
chamber via the inlet and ocutlet ports respectively. Each
expansion chamber has a fuel injection valve 174, 176
controlled by a suitable timing mechanism and a spark plug
178 to ignite the fuel/gas mixture which may be used for
starting the engine ~or for both starting and continuously



including a further chamber to contain gas a'further

piston to allow said gas to expand by nove nREEﬁA&EMENTfBHEﬁErgglston
outwardly of said further chanber, means to|fe g4 ERMMINENUSHEET
conpr essi on chanber to said further- chanber | gn gﬁgpi %@gp eljeat the
conpressed gas before entry into said-f@rthgr jcha n jengi ne as
claimed in claim 17 wherein said neans to pfe- feans to

pre-heat conpressed gas with heat conducted through at | east dne of the
surfaces defining said expansion chanber. 1 imed in claim

17 or 18 uheﬁagnr&amdngﬁans to pre- heat conprlses heat exchanger means
arr anged

The regenerative heat exchanger may consist of a large
number of parallel channels of small diameter and short length
cast for example in a honeycomb structure. The heat exchanger
is mounted inside the combustion chamber in order to simplify

- the design and minimise the unswept gas volumes, but a
separate regenerator might be preferred for some applications.

The chambers are arranged in pairs, each pair comprising
one compression chamber feeding cool compressed gas to one
expansion chamber. The operating cycle of the pairs of
chambers are separated by 180°. In this embodiment, this is
accomplished by an appropriate design of crankshaft 169. 1In
each pair the expansion process in the expansion chamber leads
the compression process in the compression .chamber by a
predetermined phase angle which in this particular embodiment
is 90°. Again, the phase angle is fixed by appropriate design
of the crankshaft 169. In this way, compression takes place
when most of the gas is in the compression chamber, and
expansion takes place when most of the gas is in the expansion
chamber. Also, the expansion process occurring in the
expansion chamber of one pair of chambers directiy drives the

compression process occurring in the compression chamber of
the other palr.

The operating 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 169) the gas inlet port 157 opens and gas is
drawn into the compression chamber as the piston moves out of
the compression chamber 109. At the same time, the compressed
gas inlet valve 185 in the expansion chamber is closed and
fuel is injected into the expansion chamber 119 as the
expansion piston reaches



to pre-heat conpressed gas with expanded gas f$%ﬂ¥§%W&“§%§ﬂﬁ§? n chanber.

20. = An engine as clainmed in any one of claifrel17 T0 197 WTe] efhppSRieMENT SHEET
further piston is operatively coupled to saif 0-95Jyt 193N Ssion neans.
21. An engine as clainmed in any one of claifms{14 to 20 I ncl pdifng further

val ve neans operable to control .the f4 @8 ¢f fonpressed gas ftromsaid nmeans

to pre-heat into said : :

U

mid-stroke moving ouﬁ of the expansion chamter. The mixture of
fuel and gas in the expansion chamber ignites and the
combustion gases expand driving the expansion piston to the top
of its stroke, (i.e. nearest point relative to crankshaft 169)

The expansion piston reverses direction and the exhausgt
valve 191 opens and the exhaust gases pass through the
regenerator 125 and are expelled through the exhaust port 183,
Gas continues to be drawn into the compression ch;mber 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 cccling the gas during
compression.

As the compression piston reaches mid stroke, the
expansion piston reaches the bottom o its stroke in the.
expansion chamber and reverses directior. At this point the
-exhaust valve 191 closes and the compresss: gas inlet valve 185

- opens, allowing cool compressed gas Zrom 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 bottom of its stroke, the compressed gas inlet
valve 185 in the expansion. chamber 115 closes and fuel is
injected into the expansion chamber, mixes with the pre-heated
coupressed gas and ignites. The combusticn gas expands forcing
the expansion piston to the top of its stroke and the cycle is
. repeated. Liquid removed from the compressed gas before
leaving the compression chamber is Sforced out of the
compression chamber through valve 205. The liquid is cooled in

the cooler 197 before being returned and injected into the
compression chamber.

The other pair of chambers progress through a similar
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further chamber. 22. An engine as clained in gny[pr i_n} wher ei n
said driving means includes coupling means coypl pd0o HAI 999 ARPAGRMEWT SHEET
means so that in use, said first and second pilstons nove i n prije-det er m ned
phase rel ationship. 23. An engine as clainmed ijn any precedatrmg=clfai m wherein
said driving neans is operatively coupl 88 to daid transnission ans such

chanber dreUele SRS A SReBTLPRY AHEVA oo  CRNA SR CELr BRE CRENGRED 24

An engi ne gsirl aamed sepatated 2byr LEY° f ursuah @mprersdine a eAwlkdk shar t

operati Ve'Xa&fQP&@é’oéﬁ?t ilfeaéﬁe motion was sustained throughout the
cycle with a large fly whéei. However, the engine may
comprise two sets of four cylinders connected to a single
crankshaft, with the operation of :2ach set o¢f four
cylinders being out of phase by 90° This would allow
positive drive at all stages 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 design an
engine comprising one compréssion chamber and one expansion
chamber ‘as long as some means are provided to sustain the
operation of the engine over the cycle period between the
expansion or combustion strokes.

The orientation of an engine with solid pistons may
be as shown in Figure 3, with the crankshaft above the
cylinders. This has the advantage that the separation and
removal of liquid droplets from the cylinder is assisted by
gravity. On the other hand it may not be so easy to
_ provide lubrication to the crankshaft and there may be
other practical disadvantages to this arrangement. An
alternative arrangement is to place the crankshaft below
the cylinders and to arrange the piston to push the spent
spray liqt;id out through the valve leading to the expansion
cylin;ler. Means of separating the liquid could then be
provided in the pipe leading to the expansion chamber. Aan
alternative method of separation for the configuration with
the crankshaft below the cylinders is for the piston to
push the liquid over an internal weir at the top of the
cylinder. The liquid would then be drained away by
gravity. This would avoid the need for a large connecting
pipe and external separator.

The attraction of using solid pistons instead of
liquid pistons is that it ghould be possible to run the
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one of said driving means and sai d t ransmi spi . An} engi ne as
clainmed in any precedl ng claimarranged such {hat gj‘z t .
conpression stroke in said conpression chanpe %g ‘at1g$§3t ﬁf@@é%SH&T
conplete the expansion stroke in said ex anki } An engine as
clainmed in claim17 or any one of clarng018|to 25 as dependen on claim 17
arranged such _that _the .tj to co Iete, sai d
conpr essi on® Eﬁéﬂﬁe# ‘é’a’g@gﬁ e?t’??l% thénﬁpma]‘ 0" tonp ef EIPEE ex"{p 5 ofeT
stroke in sai givent uaditchaides  sedh Ashagndgitics engiaerrsdluﬂ-d_ ae e g
claims arrapged sueh & halpditedd Bnd 0 P! Shiangie CABSeEUhELe GRAPTSSSI ONS
vehicles, in addition to static power generation. The
sealing of the pistons will in general not be as good as
that if liquid pistons were used, but the sealing in ap
open~cycle engine is not as important as it is in 3
closed-cycle engine. It is also possible to devise an
engine comprising both ' liquid and solid pistons, for
example with liquid pistons in the compression chambers and
sol:.d pistons in the combustion chambers. _

Figure 4 shows another embodiment of a heat engine
which is similar to that shown in Figqure 3 but which has
been modified in a number of ways for improved performance
including better efficiency and a much higher output in
terms of work rate.

‘The heat engine shown in Figure 4 comprises a pair of
compression cylinders 113, 115 each having asseciated spray
liquid cooling and re-circulating apparatus, and a pa:.r of
expansion or combustion cylinders 121, 123 and the
description of these components described above in relation
to the embodiment shown - in Figure 3 applies to
corresponding components .shown in Figure 4 and 1like
components are designated by like reference numerals. The
modifications to the heat angine 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 gas inlet ports
165, 167 of the expansion chambers 119 and 117. Placing
the moisture separators outside the compression chambers



in said conpression chanber is greater than the {iREPLAGEMENT SI9EET
two consecutive expansions in said expansion chpnipet : i
clainmed in any preceding claimconprising contai i
body of liquid and including a conduit enclosingfa
pi stons, said containing neans includi-n¢lore of
t hereof .

remcves the dead volume within th ers which fwvould
gtherwise be preSeét throughout compression and contribute
to a lower compression ratic. Compressed gas outlet valves
204 and 206 have been added to seal the ccmpression
chambers 109 and 111 £from the volume enclosed by the
external pipework leading from the compressed gas outlet
“ports 173, 175 of the compressicn chambers to the inlet
ports of the expansion chambers, and to control the final
pressure of the compressed gas in each compression chamber
before the gas is passed to a respective expansion chamber
and alsc 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 externa.ily 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 of exhaust
gas, from the ©previocus cycle, trapped within the
regenerative heat exchangers, and thereby reducing the
temperatﬁre of the gas. 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 arranged to pre-heat the cool
compressed gas from the compression chambers with exhaust
gas leaving the expansion chambers through the exhaust
ports 165, 167. The increased compression ratio obtainable
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29. An engine as clained in claim 28 er raifni ng neans
is formed as a generally U shaped conduit. 30. [Aq qngi na12fg g EMQEMENTSHEET
claim 29 conprising a pair of generall y U- shapg¢d {condul ts each cgntaining a

body of liquid as a piston, a conpression chanper Tormed—Tm—eeathjarm of one
- conduit and an expansi on chanber f or med4gn-each arm of the. ot her {condui t,
and neans for feeding conpressed gas from one.of Sai d COnpresston chanbers

to one of F&FH e%nSFﬁﬁnEh s Jei'hdF H#EHRe formeaRy| ﬁ&a(?orﬁﬂ%sgéﬁlgas:f rom
the ot her Q@x@oraasbmﬁtehaﬁbﬁﬁefa:ﬁfesotmcﬁépaensdoraﬁ&rrb@rxpa&%m% gQgi ne

as claimed .I rcl'.1'.":'e|aasle§l 39.1fsgr.the’£‘h ernltgelraq:x..re after the expansion ig
likely to be similar for both the engines _shot_am in Figure 3
and Figure 4 since this is determined by the materials or
_ the heat exchanger. Hence the peak temperature of the
engine shown in Figure 4 will be higher and the average
temperature of heat addition during the expansion will be
higher also.The above mentioned improvements enable both
higher pressure differences and high temperatures to be
achieved within the cycle, with heat being rejected at the
lowest temperature within the cycle and heat being added at
the highest temperature, which leads t& 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 into
useful power, to increase the efficiency of the engine. In
particular, each of the combustion cylinders 123, 121 is
surrounded by a cooling jacket 212, 214 fcr recover:.ng heat
conducted through the ceombustion’ chamber walls. A bypass
line 208, 210 is connected into the compressed gas feedline
"177, 179 between the moisture separator 137, 139 and the
recuperative heat exchanger 244, 246 to supply cool
- compressed air from the compression chamber 109, 111 to the
cooling Jjacket 212, 214. The bypass 1line 208, 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 cyiinders 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 gas 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 Jjacket 212, 214, the uppermost part of which
surrounds the exhaust port and extends to the hot side of
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anot her pair of said generally U shaped condui se, the liquid
pi ston in-one U-shaped conduit containing exjpah a rs i b ;
substantially 90[err] out of phase with the Iqu| pﬁn gﬁﬁ tthPLACEMENTSHEET
correspondi ng U-shaped conduit containing tHe ortrer—exparsidn [chanbers. 32.
An engine as clained in any one of cla ng to 31 wherein thgq or each said
first piston conprises a liquid and said driVve TEamrs—eeAp~-sds a nenber

arranged t &cheopeecuperativeai Hefinr stexthangesucldshat 2vd i onwbéreai the

menber | My diidiihd b iRt edl $§04E o Lge 5 d pi ston.

' Thus, heat lost to <he walls at the top of zthe
combustion chamber is recovered and converted into useful

wark by directing part of the cocl compressed gas

from the

compression chambers to <the combustion chamber walls.
cbmpressed air is much more s=ffective as a cooling medium
than air at atmospheric pressure. The ccol compressed air
enters the cooling jacket near the bottom in order to first
coocl the combustion chamber walls since the combustion

chamber walls have to be kept below a temperature

which is

determined by the 1lubricating oil. The compressed gas is
- pushed upwards in the cooling jacket towards the top of the

combusticon chamber, absbrhing heat and gradually

rising in

temperature. Having gained some heat in this cooling
process, the compressed air is then used to cool the hotter
parts of th; system, such as the cylinder head and valves.

Finally, ;he hot compressed air is intermittently
from the ccoling system by opening the inlet valve

extracted
into the

expansion chamber in which it expands, driving the

additional mechanical work.

Because, in practice, the heat capacity
exhaust gas leaving the combustion chambers will

associated piston out of the chamber, thereby generating

of the
generally

be larger. than the compressed gas from the compressicn
Chambers, there will be more heat available in the exhaust

gas than is required to pre-heat the cool compress
the recuperative heat exchangers. This excess
also be recovered by compressing more gas than is

ed gas in
heat may
required

for combustion, directing this gas through the recuperative
heat exchangers in which it is pre~heated with the excess
heat available in the exhaust gas and then directing this

Pre-heated compressed gas to one or more of the
chambers.

The advantage of this modification is a red

expansion

uction in
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a solid piston. 34. An engine as clainmed in cldin 33 includi ng® MEN_TSHEETf
coupled to said solid piston and extendi ng throyg t$8 \d;hIIU 1988 t/hd conduit
containing said liquid piston. 35. An _engine as |cljained in _any of

neg

claims 28 to 34 wherein the or each sai d4second |pi ston conprises & |iquid
and said transnj ssion neans conpri ses a nenber drranged {0 .co éfe W th
ease

sai d second¥i SO IPRIEATUZE of the exhuast gag,

in the fuel efficiency of the engine.

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

The embodiment of the heat engine shown in Figure ¢
is essentially symmetrical about the vertical centre line 2
with the right hand half of the engine being 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°
ocut of phase from the three pistons to the right of the
centre 1line, since this is expected to give the most
uniform torqﬁe on  the crank shaft 169. Also, =he
combustion chamber pistons in each half of the engine are
arranged, via the crank shaft, to lead the corresponding
compression chamber pistons by about 90° This will
provide a high torgque to the crank shaft at the time when
it is needed to achieve a high pressure in the compression
chamber. This arrangement also has the possible advantage
that compressed air is drawn into the combustion chamber
from the feed line and heat exchanger before this gas is
replenished by the opening of the outlet valve from the
compression chamber.

‘A complete operating cycle of the heat engine shown
jrn Figure 4 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, air is used as the oxidising 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
directicn, the compressed gas outlet valve 204 closes and
the inlet valve 157 opcns. and atmospheric air is drawn into



notion of the liquid piston in at |east one d rHEP ﬁ%ﬂ“ﬁ'!ﬂ%m AUE‘MMTOSH ET
36. An engine as clained in claim 35 wherein s |& nmenber - Co ses a sol
piston. 37. An engine as clained in claim 36 fincl Ud n@ﬂafﬂﬂﬁaft oupled to
said solid piston and extending through the Wall_of the conddit{ containing
said liquid piston. 38.- An engine as <l48 red |i n any one of claijns 28 to 37

i ncl udi ng neans to supply the or each neans tlefarmaa spray witjh a liquid
fromthe liquid piston. 39. An engine as clainmed in claim38 wherein said

means to sypply. Jcludss d HUMLEL " PRISIShOcRE d5EVERIRE PR Ase. ac
the same time as the compression piston 112 reaches the top of
its stroke, the piston 122 in the combustion chamber and the
piston 224 in the expansion chamber  are at the midpoint of
their strokes 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-expahsion 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 outlet valve 191 in the combustion chamber and the
gas outlet valve 240 in the expansion chamber both open. As
the pistons move into their respective chambers, exhaust gas
is expélled from the combustion chamber through the ocutlet
port 165 and passes through the heat exchanger 244 and out
into the atmosphere. Likewise, the expanded gas is pushed out
of the expansion chamber through the gas outlet port 236.

Reduction of nitrogen oxides in the exhaust gases can be
achieved, if desired, by injecting ammonia upstream of or
directly into the heat exchanger, and/or by incorporating a
catalytic surface within the heat exchanger itself.

When the combustion and expansion chamber pistons 122,
224 reach the midpoint of their upward stroke, the compression
piston 112 reaches the bottom of its stroke and reverses
direction. At this poinﬁ, the air inlet valve 157 closes and
a spray of cool liquid is injected into the compression
chamber 109 through the spray injection valve 129 so that the
air in the compression chamber is compressed approximately



liquid piston. 40. An engine as clainmed in any on MENT SHEET
wherein said first and second pistons conprise a go An
engine as clained in claim40 including-a pair of} shi Chanber s
and a pair of said expansion chanbers wherein, inu n the
conpression .. -60- chanbers are arranrge@ t-o nov an
phase - :

isothermally.

When the combustion and expansion pistons reach the top
of their stroke, their respective outlet valves 191, 240 both
close and their respective air inlet valves 185, 232 open,
admitting pre-heated compfessed air into the chambers via’a'

- réspective air inlet port 181, 21s6. At a predetermined point,
the inlet valve supplying pre-heated compressed air into the - -
combustion chamber is closed and fuel is injected into the
chamber via the fuel injection valve 174. An ignition source
178, such as a spark plug, may be used to ignite the fuel, or
the ignition may be spontaneous as the fuel mixes with the
pre-heated compressed air. The piston 122 is driven out of
the combustion chamber 119 by the pressure of the hot
combustion gases, which cool to some degree as a result of
doing work against the piston.

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

'As the piston 112 in the compression chamber 109
approaches the top of its stroke, the compressed gas outlet
valve 204 opens and the mixture of air and spray liquid is
expelled from the chamber into the moisture separator 137, in
which the air and 1liquid 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 during 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 of liquid during compression. Since the
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wi th each other, and the pistons in the expansijo E%Hg%%@?g.gﬁgEQ PémQEWE&P '
nove substantially in antiphase with each otherl. 42. An engi ne{ag cl ai ned SHEET
in claim4l including another said pair of said codbaedUid%gahé ers and
anot her said pair of said expansion chanbers whdrein, in _use.lthe pistaons
in one pair of said conpression chanbersy, -are drranged to operat
substantially in quadrature with the pistons in |
conpr essi opréj:baﬂbeﬁs add ttl;e psstays Wildne ngamaldly saiaEuwsx partsilen (Sm_mbe[]s
are arranged_to gper.ate : NeQkREE At Yr t pi : n the
ot her pairpﬁ?sﬁﬁfg égbaﬁégoﬁggggﬁggﬁéd c &f qgegl;g? E%s,ﬁ%*¥ﬁ#d'

it should be possible to achieve sufficient 1injection

during this time. By the time the pressure has risen to

the injecticn pressure and cut aff the injection ZIlow,
. sufficient liquid droplets will already be present in the
compression chamber. Hence the ccmpressicn chamber piston
.112 can effectively provide the means to pump the liquid
around the cooling circuit and tproﬁgh the spray injection

‘nozzles.

Cool compressed air flows from the moisture separator
137 to the recuperative heat exchanger 224 in which it is
'pre—heated by the exhaust gases from the combustion chamber

119.

" When the piston 112 in the compression chamber 109
has reached the top of its stroke, the compressed gas
outlet valve 204 closes, the air inlet valve 157 opens and
the cycle'is repeated.

Phasing of the pistons in the various chambers is nct
too critical,' particularly if ‘the engine has a large
fly-wheel to maintain its motion. However, it will
generally be desirable to even out the torgue on the crank
shaft to minimise the operating stresses, to maintain an
even motion and to minimise vibration. The phasing of the
Pistons will also affect the "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 exchanger. Although thé phase angle between the
combustion chamber pistons and the compression chamber
pistons is about 90° in the embodiment shown in Figure 4,
the phase angle may be different in other embodiments, but
the choice of phase angle is a matter for careful
optimisation in the light of practical experience and
measurenents.
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43. An engine as clained in any preceding claii exchanger
means conprises-a regenerator. 44. An engi ne RU#QHMENﬂBHEET
cl ai m wherei n said heat exchanger neans conpri _ heat
exchanger. 45. An engine as clained in any one|of ' ifncl udi ng

separator neans arranged to separate +|45ﬁu-d fr m the gas | eavi ng sai d

expansi on chamber 6 e igspﬂ§

i ncl udi ng suppl y%ﬁl‘n Qpraﬁge 0 sup&? | qU| ' east two di ftf'@rent

tenperaturmsthunguasQPQ#E;¢¢Qnu¢F%pr@W°|rh%%% exchangers, the heac
engine may be arranged with fewer saparators and/or heat

exchangers so that a single separator and/or heat exchanger
is shared between two or more cylinders. This may have the
advantage of reducing the size of these components, improve
the uniformity of air 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
turﬁo-charger may consist of a rotary compressor and a
rotary expander on the same shaft. The compressor boosts
the pressure of the atmospheric air before it is admitted
into the isothermal compression chamber. The compresscor 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. The use of a turbo-charger will tend to reduce
the efficiency of the engine slightly, because of the lower
efficiencies of the rotary compressor and expander and
because the turbo~compressor compresses adiabatically
rather than isotherhally. However, the incorporation of a
turbo-chargei' mély well be attractive because the reduced
efficiency may be more than offset by a large increase in
the pgwer output from the same size of engine.

Although the embodiment shown in Figure 4 shows the
crank shaft driving a generator 247, the engine could
alternatively be used to drive road or rail wheels or a
ship's propellor.

In an alternative embodiment, the pistons may be
coupled together and driven by a rotating mechanical system
other than a crank shaft, for example a hypo-cyclic gear.
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or each conpression chanber. 47. An engine as clpiped 1n claim ncl udi ng

means to forma spray of liquid in the or seach CDer@?Lﬁ?hﬁwﬁu@?ﬁgf@?s%ﬁ

expansion of gas therein to control the tenperatpré¢ ¥
»]

48. An engine as clained in any preceding claimgol
crankshaftg coupled to said first pi st0n4&nd a ST:ond crankshaft CQJp| ed to

sai d second piston. .
In a Zurther  embodiment, it may be advantageous =o

arrange the engine Such that the compression process in the
compression chambers take place at a slower speed than
combustion in the ccmbustion chambers. In other words, the
engine may be a_.ri'anqed such that there are more combustion
cycles per unit time than compression cycles. This may be
achieved by providing appropriate gearing between the crank
shaft of the compression chamber and that of the combustion
chamber. -If the engine also has an air expansion chamber
To recover waste or excess heat in various parts cf the
cycle, it is also possible to arrange the engine such that
the air expansion cycle is faster than the isothermal
compression cycle. The 'a_dva.ntages of such an arrangement
would be that the éompression process may always be
maintained at a moderate rate to allow sufficient time for
the transfer of heat between the gas and the lz.quz.d
'droplets so that the compress:.on process may always be
substantially iscthermal, that the heat loss per cycle from
the combustion chamher' is reduced to provide higher
effzcz.ency and that the power output from the engine can be
higher.

In an é.lten;ative embodiment, the present invention
may be adapted to provide cooling for a conventional
petrol, diesel or gas engine for the purpose of recovering
heat 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
:.sothermally 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 powver 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 exchanger may simply consist of passages formed in the
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49. An engine as claimed in claima48 further cp ( E{Eed |
between said first and second crankshafts and a ngmegl §|q|p & NPFBQ—'HEET
sion cha er |sigreater

to conpl ete the conpression stroke in said conp
than the tinme to conplete the expansion stroke hanber
50. An engine as claimed in claim49-c8frising

conpr essi on ng sp Y |, ed to
said first spg%cﬁ aé%mgg%#u ?l?.% o%césalélgxpanm on chanbears eac he
having a r esppressede)@brsiton PETGIRTSUPREFTRO RAHNT sAEBAETEAaARShaldhe 51.
An engi ne i&pﬁh@'ﬂgﬁd | @ ecedi fgacl 2l Bbrhadmadi Ng compression  ang

expansion cnambers' may be similar to those illustrated in
Figure 4, the main difference of this embodiment from that
shown in Figure 4 being that all <the isothermally
compressed - air is used for heat recovery, not just a parc

of it.

Any of the engines described above can readily be
adapted for use with combined heat and power systems, if
required. The use of a non-condensing gas as the working
gas allows much greater flexibility over the choice of
cperating temperatures than does a condensing vapour
cycle. The syster is simply adjusted to reject heat at a |
higher temperature than would be used for power generation

only.

Another option which could be used to preduce the
maximum amount of low temperature heat for drying, space
heating or heating water, is to arrange a2 heat engine to
drive a heat pump. The rejected heat from the engine may
provide some of the low tenpei:ature heat. "In addition, the
mechanical output of the engine could drive a heat pump
which would provide more heat. Calculations have indicated
that it should be possible with an open-cycle
cambustion-dr:.van engine to produce twice as mnuch 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
water.

The heat pump with both hot and cold liquid spray
injection would be very.suitable for domestic or commercial
space and water heating. However, there would 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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first valve means operative to admt gas into dai{d conpression lc nber,

second val ve nmeans operative to prevent gas in |sai di 8xgdist998
returning to sai.d conpression chanber through daijd neans to fg
further including a turbo-charger arranged to i|jncrease the pr.essu
before being adnmitted into said conpre$di on chggher. 52.  An_enqi as

clainmed in claim5l, wherein_said turbq- charger ¢ LS a,r MY an -

conpr essorPAnTEEH ﬁar’?r@&)aﬁgertmﬁagﬂ"gﬁsat gg -slaér)rengégt g%lg‘shg?? 5{"535' An

engi ne as pimbsedhichc| neky53n wabeei evapsraticms ofo add d@uid cangr ithes '

nmeans to péé’x’(&gﬁsftf&?bé’?t Eggévgﬁghri.n.sai d expansi on chanber, said heating
S : ; . _ .

nmeans conpri se

Other embodixents of the. heat pump may include valves
so as to cperate in open cycle similar to the systems shown
in Figures 2, 3 or 4. However in this case, there would be
no combustion in the expansion chamber and there may not be
any form of recuperative or regenerative heat exchanger or
droplet injection 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 piston 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 conditioning and ventilation unit with the
' expanded air leaving the' system significantly cooler than
" the incoming air. The system would not be very suitable
for the pumping of heat into a building from a cold
'at:hospher'e, because of the problem of icing inside the
expansion chamber. N

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

"It will be appreciated by those skilled in the art
that there are many alternative mechanical afrangements for
converting the linear motion of a piston to rotation of a
drive shaft. Where a liquid p;iston is used and part of the
mechanical drive comprises a drive or transmission shaft
extending through a wall in the conduit, as shown in
Figures 1 and 2, a seal must be provided between the wall
and the reciprocating drive shaft. However, one possible
disadvantage of this arrangement is that there may be
considerable friction between the seal and drive shaft. An
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heat exchanger means arranged to' pre-heat conpressee—gas— ?{%ng‘%&w{b‘é
SHEET

conpressi on chanber with heat from exhaust gap 1rgr$] me 1%#)' NS
a

Pt

-and said rotary expander is arranged between {he

of said

expansi on - -62- chanmber and the exhaust inlpt “o—sard—heat—ex¢hanger
means. 54. An engine as clainmed in any2recefling claim furthey including

a drive shaft coupl ed between said second pi stomammd—ametectrtity

gener at or .

alternativa arrangement which would perhaps reduce the
Zriction involves 'a rack-and-pinion mounted within the
haerizontal section of the conduit. The pinien would re
rotatably mounted with its axis transverse to direction =¢
motion of the piston, and the rack would be appropriateliy
coupled or connected to the solid pisten or pistons. The
pinion may be arranged to drive a rotatable shaft whicn
extends through the wall of the conduit via a seal, ==
transmit power <£rom the piston externally. The saolid
piston which is coupled to the motion cf the liquid pisten
would be arranged to move back and forth in one or other cf
thé arms of the conduit and more than one such solid pisten

may be used within one conduit.

_ Alternatively, linear motion of the piston may be
converted to rotational motion of the drive shaft by
mounting some form of fluid screw such as a propellor or:
turbine blade inside the conduit which is rotatably mounted
on a drive shaft extending through the conduit. In this
case the drive shaft is parallel to the direction of motion
of the piston. ~ Where reciprocating drive shafts are used
in two saddle loops, it may be convenient to couple the
drive shaft of one compress:.an loop to the drive shaft of
the other expansion loop. A hydraul:.c drive system may be
used instead of a mechanical system. Thus, in the above
case, each combined drive shaft of the saddle loop would
drive an external reciprocating piston in an external
hydraulic cylinder to ‘pump hydraulic  fluid. The
predetermined phase angle ' (for example 90° ) between the
two combined drive shafts could be achieved by timing the
opening of valves in the hydraulic cylinders so as to
prevent either shaft departing too far from its desired
position at a particular stage of the cycle.

In the engines or heat pumps in which liquid pistons
are used, solid floats may be arranged to float on the
surface of the ligquid pistons.



55. A heat pu cb rising an expansi on ché eBEPkAQHMﬁNi SHEE:
B ot ror piSton to al DR REPCACRMENT SHeET

expanded and a first piston to allow the gas |t eXpamdt—by-meye
first piston outwardly of said expansion chabgr,0g ggpregsijory chanber to
contain gas to be conpressed and a second pi n to conpressisgid gas by -

movenent .of said second piston inwardky53f-sqi d conpr Thdnber, neans
to feed gas fromone of said expansion chanbg¢r and said conpregsi on chanber
to the other chanber, neans to-forma spray of [iqura rnm sarg™tonpression

chanber to absorb heat from said gas durin ression, and _a solid, nenber

co .
operati-vel y cou&"@é-ft‘tf%%%l’%e@&ndtﬁﬁst%‘Fl"g%l’éﬁ Ffe sasaribednd'iisi 8% to
be drivenappazenXief Hlose skilled in the arcT.

o Wl ¢))




source of power inwardly of said conpr essi on chanher 10 conpress the gas.

56. A heat punp as clained in claimb55 further f ki

heat to the gas during expansion thereof in s FFPERCHWEMQ é%C§&$ﬁE§HEET
heat punp as claimed in claimb55 or 56 including means
arranged to pre-heat said expanded gassﬂt*l ‘gas

| eaving the conpression chanber. 58. A heat ny one of

claims 55 to 57 including nmeans for returnin conpressed gas | epvi ng said
conpressi on SRAEMIr to said expansion chanberl—fer

1. A heat eng:.ne compr:.s:.ng a compression chamber tg
concaln gas to be compressed and a first piston to compress
said gas by movement of the piston in the compression
chamber and driving means arranged to drive said first
piston inwardly of the compression chamber to compress said
ges, an expansion chamber and a second piston to allow gas
to expand therein by movement of the second piston
outwardly of said expansion chamber, means to feed
compressed gas from said compression chamber to said
expansion chamber, and heating means arranged to heat said
compressed gas from said compression chamber, transmission
means comprising a solid member operatively coupled to said
second piston to permit power from the engine to be drawn,

means to form a spray of liquid in said compression

chamber to cool the gas on compression therein and separator
means arranged to separate liquid from the compressed gas leaving said
cempression chamber.

2. An engine as claimed in claim 1 further comprising
means to add heat to said gas in said expanszon -chamber
during expanszon thereof

3. An engine as claimed in claim 2 wherein said heating
means comprises heat exchanger means arranged to pre-heat
- compressed gas from said compression chamber with heat from
gas expanded in the expansion chamber.

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

S. An engine as claimed in claim 4 including means for

cooling said expanded gas before returning to said
compression chamber.

6. An engine as claimed in claim 5 wherein said means for
R

AN, O



re-expansion. 59. A heat punmp as clained in claim|5 E 5 for
-63- cooling said conpressed gas before-  retuning]|t Qﬁﬁ*@%@gﬁﬂﬁﬁﬁ EMENTSHEET
chanber. 60. A heat punp as clainmed in claimb59 & diﬁendent on i m57,

wherein sai d means for cooling conprises said heaf andht ﬁm9n<.
heat punp as clained in claimb56 or anyssne of

t‘h

. cooling comprises said héat exchanger means.

7. An engine as claimed in any one of claims 2 to 6
wherein said means to add heat comprises means to form a
spray of hot liquid in said expansxon chamber.

8. An engine as claimed in claim 7 including supply means
arranged to supply liquids of at least two different
temperatures for use in the liquid spray in said expansion
chamber. |

9. An engine as claimed in claim 8 including means to
form a spray of liquid in said expansion chamber during
compression of gas therein to control the temperature of
‘said gas.

. 10. An engine as claimed in claim 1 further comprising a
combustion chamber for the combustion of fuel and wherein
said heatlng means comprzses 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 transmission 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 said expansion chamber returning to said
compression chamber through said means to feed and wherein
said means to add heat comprises means to provide a
combustible fuel in said expansion chamber.

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

* [~ L M s *




claims 57 to 60 as dependent on claim 56, MergEPLégFME%%EJO | y heat
conprises neans to forma spray of cool liquifd | n_said expans] oh 6EMENTSHt
'62. A heat punp as clainmed in any one of claijns 58 & oJlH11 npri5|ng

contai ning neans for containing a body of |idquid.and jncluding fp condui-t

encl osing at |east one of said pistors56saidjcontaining neans ijcludi ng one

of said chanmbers at one end thereof. 63. A heat—punp_as clained in claim62
wherein said containing neans is forned as a generally U- shaped condui t.

64. A heat puspatEelk|tdienwdtienof an.anchaapdummigxamer fafelgdmialdaid

U- shaped condgkﬁgngfgﬁléﬁgmggplng a body of

14. An engine as claimed in any preceding claim, further
including valve means operative to control the flow of gas
from said compression chamber into said expansion chamber.

15. An engine as claimed in claim 14, wherein said valve
means comprises outlet wvalve means arranged to allow gas to
be drawn from said compression chamber after compression.

16. An engine as claimed in claim 14 or 1S wherein said
valve means comprises inlet valve means operable to admit
hot compressed gas from said heating means into said
expansion chamber.

17. An engine as claimed in any preceding claim further
including a further chamber to contain gas to be expanded
and a further piston to allow said gas to expand by
movement of said further piston ocutwardly of said further
chamber, means to feed compressed gas from said compfession
chamber 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 1least one of the surfaces
defining said expansion chamber.

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

20. An engine as claimed in any one of claims 17 to 19,
wherein said further piston is operatively coupled to said
R —
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liquid as a piston, a conpression chanber for PLAC ' one conduit -
and an expansi on chanber forned in each arm EWEwTQﬂﬁ%Ei PiAﬁBMﬂWHBHEET
for feeding expanded gas from one of said exgan i@g giaﬁﬁés t o] one of said
conpressi on chanbers and neans for feeding exjpand 3

expansi on chamber to the other conpressggn-cha . it Jounp as
clainmed in any one of clains 55 to 64, whereiln said heat excharjger neans
conprises a regenerator. 66. A _heat punp as cCtartet—+hr—aly-LQRedof clainms 55
to 65, |nclu&amgmyasmun(meaﬁgﬂw arranged to separate Irqurd from

21. An engine as claimed in any one of claims 14 to 20
including further valve means operable to control the flow
of compressed gas from said means to pre-heat into said
further chamber. '

- 22. An engine as claimed in any preceding claim wherein
said driving means includes coupling means coupled to said
transmission means so that in use, said first and second
pistons move in pre-determined phase relationship.

23. An engine as claimed in any preceding claim wherein
said driving means is operatively coupled to said
transmission means such that said second piston driven by
expansion of gas in said expansion chamber drives said
first piston inwardly of said compression chamber.

24. An engine as claimed in claim 22 or 23, further
comprising a crank shaft operatively coupled to at least
one of said driving means and said transmission means.

25. An engine as claimed in any preceding claim arranged
such that the time to complete the compression stroke in
said compression chamber is greater than the time to
complete the expansion stroke in said expansion chamber.

26. An engine as claimed in claim 17 or any one of claims
18 to 25 as dependent on claim 17 arranged such that the
time to complete the compression stroke in said compression
chamber is greater 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

* [+ L M H *
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HEFTn

- 64- the gas |eaving said conpression chanbgr expan | chanber
67. A heat punp as claimed in any one of claijmy HEF I.Ng olng neans
to supply the or each nmeans to forma spray 6&igllc'} wgﬂrc A VERT ERHERT

pi ston. 68. A heat punp as clained in claim; 7 i
supply includes a punp arranged to be.dggver by aliquid plsto :
punp as clainmed in any one of clains 55 to

69. A heat

complete two consecutive expansions in said expansion
‘chamber. '

28. An engine as claimed in any preceding claim comprising
containing means for containing a body of liquid and
including a conduit enclosing at least one of said pistons,
said containing means including one of said chambers at one
end thereof. |

29. An engine 'as claimed in claim 28 wherein said
containing means is formed as a generally U-shaped conduit.

30. An engine as claimed in claim 29 comprising a pair of
generally U-shaped conduits each containing a body of
liquid as a piston, a compression chamber formed in each
arm of one conduit and an expansion chamber formed in each
arm of the other conduit, and means for feeding compressed
gas from one of said.compression chambers to one of said
expansion chambers and means for feeding compressed gas
from the other compress;on chamber to the other expansion
chamber.

31. An engine as claimed in claim 30 further comprising
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 corresponding U-shaped conduit
containing the other expansion chambers.

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

member imparts motion in at least one direction to said
piston.

[T



further conprising coupling neans coupl ed bet vegﬁpls%qWENTr SHEﬁﬁ NTERENT SHEET
said second piston to maintain said first andjsgcond pr3tomrs—hn '
predet ermined phase relationship. 70.- A heat purfp B8 guyai 199 g n fcl ai m 69,
wherein said coupling neans conprises a crank|shaft. 71. eat {punp as
clainmed in any one of clains 55 to 70,- wherei p said Trrst pﬁsror I s adapt ed
to be driven by an external source of power. A heat punp asyclaimed, in
any one of clains_55 to, 71, arranged to be driven by an €rectI notor. 73.
A heat punp 3% cl3f neRIiRe AP Ghaldedcini fadm O3 MGMrS@%@w i ng
nmeans coupl esbiet iees aasdlsacgigeon.

34. An engine as. claimed in claim 33 .including a shaft
coupled to said solid piston and extending through the wall
of the conduit c¢containing said liquid piston.

35. An engine as claimed in any one of claims 28 to
34 wherein the or each said second piston 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. |

36. An engine as claimed in claim 35 wherein said member
comprises a solid piston.

37. An engine as claimed in claim 36 including a shaft
coupled ‘to said solid piston and extending through the wall
of the conduit containing said liquid piston.

38. An engine as claimed in any one of claims 28 to 37
including means to supply the or each means to form a spray
with a liquid from the liquid piston.

39. 2an engine as claimed in claim 38 wherein said means to

supply includes a pump arranged to be driven by a said
liquid piston. .

40. 2An engine as claimed in any one of claims 1 to 27

wherein said first and second pistons comprise a solid
material. |

4l1. An engine as claimed in claim 40 including a pair of
said compression chambers and a pair of said expansion
chambers wherein, in use, the pistons in the compression

U A O I




pi ston and said external source or Fomer,.mher | - id_coupl i IREPUREPRENT SHEET

adapted to withstand a substantia orce agai ngt - - gas in

saig conpressi on chanmber. 74. A heat punp as ¢ a':lE Lﬁ"?’ﬂ'ﬁ@ﬁ%ﬁ@ pf ¢l ai ns

55 to 73, conprising coupling means coupled befweep said first!p[ston and

an external source of power, wherein sagg coupli hgUikaHh. i89%dapfed to

wi t hstand substantial force against the - Lpressure of 5 in said

expansi on.chanber. ] :
chambers are arranged to move s

,phase
with each other, and the pistons in the expansion chambers
are arranged to move substantially in antiphase with each
other. '

42. An engine as claimed in claim 41 including another
said pair of said compression chambers and another said
pair of said expansion chambers wherein, in use, the
pistons in one pair of said compression chambers, are
arranged to operate substantially in quadrature 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.

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

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

exchanger.

45. An engine as claimed in any one of claims 7 to 9 including

separator means arranged to separate liquid I,from the gas
leaving

said expansion chamber.

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

47. 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 to control the temperature
of said gas. -

. ' * c L M S *



75. A heat punp as clainmed in any one of cl ai

nmeans arranged to supply liquids of at |east ' ratures
use in the liquid spray in said expansion chafb rn 619 t}pyunp as
claimed in claim75, including neans to formhp @ %V @ﬁ n said
expansi on chanber during conpression _ofgysaid gas theret-r—+e—ebn{rol the

tenperature of said gas. 77. A heat punp as cjained in any one
i ncl uding supply nmeans arranged to sup
di f f er ent 4&npekrtenging @s @haimed s Anyupres
chanber .

to 76,

a first crankshaft' coupled to said first piston and a
second crankshaft coupled to said second piston.

49. An engine as claimed in claim 48 further comprising

gearing coupled between said first and second crankshafts
and arranged such that the time to complete the compression
stroke in said compression chamber is greater than the time
to complete the expansion stroke in said expansion chamber.

50. An engine as claimed in claim 49 comprising a

plurality of said compression chambers each having a

#t—tf €ast two

T gurasS—on
$3¥®Q|¢#%#ﬂ(§Qﬂ§ﬁBPé§§lon

respective .compression piston coupled to said first -

crankshaft and a plurality of said expansion chambers each
having a respective expansion piston coupled to said second
crankshaft.

51. An engine as claimed in any preceding claim, including
first valve means operative to admit gas into said
compression chamber, second valve means operative to

_ prevent gas in said expansion chamber returning to said

conpressicn chamber through said means to feed and further
including a turbo-charger arranged to increase the pressure
of gas before being admitted into said compression chamber.

S2. An engine as claimed in claim 51, wherein said turbo-
charger comprises a rotary compressor and a rotary expander
mounted on the same rotary shaft.

53. An engine as claimed in claim S2, wherein said means
toc add heat comprises means to provide a combustible fuel
in said expansion chamber, said heating means comprises
heat exchanger means arranged to pre-heat compressed gas
from said compression chamber with heat from exhaust gas
from said expansion chamber, and said rotary expander is
arranéed between the exhaust outlet of said expansion

* [+ L M S *
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78. A heat punp as clained in claim77 includihg-rear al spray of
liquid in said conpression chanber during expans|o herein to
control the tenperature of said gas. 79. A heat RAPENCEMENT SHRET
1 incorporated in a conbustion engi ne having clerby shadbef, the heat
engi ne further conprising heat exchangeéznpan arranged to heat paid- :

conpressed gas from said conpressi on chanber conbusti on
engi ne and wherein said solid nenmber is coupled to an output drive of said
conbusti on erghantberB@ndAtheakxhRagstcintet! &b Ngdlid meataiexchangeer aeAngai d
heat ' '

S4. An éngine'as claimed in any preceding claim, further
including a drive shaft coupled between said second piston
and an electricity generator. ' ' '

S5. A heat pump comprising an expansion chamber to contain
gas to be expanded and a first piston to allow the gas to
expand by movement of said first piston outwardly of said
expansion chamber, a compression chamber to contain gas to
be compressed and a second piston to compress said gas by
movement of said second piston inwardly of said compression
chamber, means. to feed gas from one of said expansion
chamber and said compression chamber to the other chamber,
means to form a spray of liquid in said compression chamber
to absorb heat from said gas during compression, and a
solid member operatively coupled to said second piston to
enable said second piston to be driven by an external
source of power inwardly of said compression chamber to
compress the gas.

56. A heat pump as claimed in claim 55 further comprising
means to supply heat to the gas during expansion thereof in
said expansion chamber.

§7. A heat pump as claimed in claim 55 or 56 including
heat exchanger means drranged to pre-heat said expanded gas
with heat from compressed gas leaving the compression
chamber.

58. A heat pump as claimed in any one of claims S5 to 57
including means for returning compressed gas leaving said
compression chamber to said expansion chamber for
re-expansion. ' '

59. A heat pump as claimed in claim 58 including means for

| ) ) AR I
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.exchanger neans is arranged to heat conpressed
chamber with heat conducted across at | east on

LAGGMENT {SHERT

?ﬁi\ﬁkﬁ@m SHEET

sai d conbustion chanber. 81. A heat engine as gl girmed—m—ctarm 7P or.
wherein - 66 - said heat exchanger neans is|afrgm }q t-,onpressed
gas from said conpression chanber with ggat frpnmfexhaust gas. fr071said
combusti on chanber. 82. A heat engine substantialTy as NererTbefore

descri bed :
: - cooling said compressed gas befofF said

expansion chamber.

- 60. A heat pump as claimed in claim 59 as dependent on
claim 57, wherein said means for cooling comprises said
heat exchanger means. '

61. A heat pump as claimed in claim 56 or any one of
claims 57 to 60 as dependent on claim 56, wherein said
means to supply heat comprises means to form a spray of
cool liquid in said expansion chamber.

62. A heat pump as claimed in any one of claims 55 to 61
comprising containing means for containing a body of liquid

- and including a conduit enclosing at least one of said
pistons, said containing means including one of said
chambers at one end thereof.

63. A heat pump as claimed in claim 62 wherein said
containing means is formed as a generally U-shaped conduit.

64. A heat pump as claimed in claim 63 comprising a pair
of generally U-shaped conduits each containing a body of
liquid as a piston, a compression chamber formed in each
arm of one conduit and an expansion chamber formed in each
arm of the other conduit, and means for feeding expanded
gas from one of said expansion chambers to one of said
compression chambers and means for feeding expanded gas
from the other expansion chamber to the other compression
chamber.

65. A heat pump as claimed in any one of claims 55 to 64,
wherein said heat exchanger means comprises a regenerator.

66. A heat pump as claimed in any one of claims 55 to 65,
including separator means arranged to separate liquid from

A




and with reference to and illustrated by ahy 0 -
drawi ngs. 83. A heat punp substantially as hargﬁﬁ@g}%“ ﬁ@gg
reference to and illustrated by any one of tHe [acconpanyin
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- 64 -

the gas leaving'safd compreséion chamber and/or expansion
chamber. ' |

67. A heat pump as claiméd in any one of claims 62 to 68§,
including means to supply the or each means to form a spray
with a liquid from the ligquid piston.

68. A heat pump as claimed in claim 67, wherein said means
to supply includes a pump arranged to be driven by a liquid
piston.

69. A heat pump as claimed in any one of claims 55 to 68,
further comprising coupling means coupled between said
first piston and said second piston to maintain said first
"and second pistons in predetermined phase relationship.

70. A heat pump as claimed in claim 69, wherein said
coupling means comprises a crank shaft.

71. A heat pump as claimed in any one of claims 55 to 70,
wherein said first piston is adapted to be driven by an
external source of power.

72. A heat pump as claimed in any one of claims 55 to 71,
arranged to be driven by an electric motor.

73. A heat pump as claimed in any one of claims S5 to 72,
comprising coupling means coupled between said second
piston and said external source of power, wherein said
coupling means is adapted to withstand a substantial force
against the pressure of gas in said compression chamber.

74. A heat pump as claimed in any one of claims S5 to 73,
comprising coupling means coupled between said first piston
. and an external source of power, wherein said coupling
means is adapted to withstand substantial force against the

,,_,,;’,,,__,_,,,;,,
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pressure of gas in %aid ekpansion chamber.

75. A heat pump as claimed in any one of claims 55 to 74,
including supply means arranged to supply liquids of at
least two different temperatures for use in the liquid
spray in said expansion chamber.

76. A heat pump as claimed in claim 75, including means to
form a spray of liquid in said expansion chamber during
compression of said gas therein to control the temperature
of said gas.

77. A heat pump as claimed in any one of claims 55 to 76,
including supply means arranged to supply liquids of at
least two different temperatures for use in the liquid
spray in said compression chamber.

78. A heat pump as claimed in claim 77 including means to
form a spray of liquid in said compression chamber during
expansion of said gas therein to control the temperature of
said gas. ' ' '

79. A heat engine as claimed in claim 1 incorporated in a
combustion engine having a combustion chamber, the heat
engine further comprising heat exchanger means arranged to
heat said compressed gas from said compression chamber with
heat from said combustion engine and wherein said solid
member is coupled to an output drive of said combustion
engine.

80. A heat engine as claimed in claim 79 wherein said heat
exchanger means is arranged to heat compressed gas from
said compression chamber with heat conducted across at
least one of the surfaces defining said combustion chamber.

81. A heat engine as claimed in claim 79 or 80, wherein
I —

I
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said heat exchanger means is arranged to heat compressed
gas from said compression chamber with heat from exhaust
gas from said combustion chamber.

82.' A heat engine substantially as hereinbefore described
and with reference to and illustrated by any one of the
accompanying drawings.

83. A heat pump substantially as hereinbefore described

and with reference to and illustrated by any one of the
accompanying drawings.
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ABSTRACT

H GIN AT _PUMP

An engine 1is provided 'comprisinq a compression
chamber to contain gas to. be compressed and a first piston
to compress the gas by movement of the piston intc the
compression chamber, and 'driving means are arranged to
drive the first piston into the compression chamber to
.compress the gas. The heat engine further comprises an
expansion chamber and a second piston to allow gas to
expand therein by movement of the second piston cut of the
expansion chamber, means to feed compressed gas from the
compression chamber to the expansion chamber, and heating
means arranged to heat the compressed gas ' from the
compression chamber. Transmission means are operatively
coupled to the second piston to permit power from the
engine to be drawn and means toc form spray of liquid in the
compression chamber is provided to cool the gas during
compression. '

FIGURE 1.
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