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This invention relates to qas compressors for 

supplying comp.ressed gas and in particular to compressors 
-~' 

for. supplyinq1?( compressed air or other· qas in qas turbine 

·---- 'plan't.s fo·r the 
1 
generation of electricity. 

:;;..:: ........ •:.-

compres~fs f oi· producing hot compressed qas, such as 

air for burning with fuel in the combustion chamber of a 

ga~ ~urbine are well known. The qas produced by the 

cc:r.p=~ssor is heater! a~ it is coinpressed bv the adiabatic 

natu=e of the compression cycle. Because the qas is heated 

du~inq compression, more enerqy is required to achieve the 

~ --. desired co:cpression than if the temperature of the qas 
' 

:. ' .... 

dqring compression was maintained constant, i.e. if the qas· 
'-

was · compressed isothermally. It is also generally 

irieff icient to use the mechanical enerqy of the compressor 

to heat the body of qas bein~ compressed. 

One example of a known apparatus desiqned to co~press 

qas more effi.ciently is the hydraulic qas compressor in 

w~ic!l gas is compressed in a downward movinq column of 

l~quid. The qas which is in the form of bubbles is cooled 

by the liquid durinq compression. The qas is then 

separated from the liquid at the bottom of the column where 

it is conveniently stored providinq a supply of cool 

compressed . gas which may subsequentJ.y be used for power 

generation. 

A heat enqine whose operation is based on 

cycle is described in U.S. Patent No. 3608311. 

the Carnot 

Isothermal 
compression of the workinq fluid in the cycle is achieved 

by spraying a liquid into the chamber containing the 

workinq fluid so that the temperature of .. the qas is 

maintained constant during compression. However, this 

apparatus relates to heat enqines and consists of a closed 

cycle heat enqine in which each volume of working fluid 



WO 93/2.i7S4 This Sheet Has Been R 

1111111111111 m111r 
-2- PCT/GB93/0113i 

THIS SHEET H1:\S Bt::EN 
. .. REPLACED 

=emains permanently within a respective chamber. It is not 
=oncerned with gas co=pressors, which supply compressed gas. 

In conventional gas turbine plants the exhaust gas 
fro~ the gas turbine is generally much hotter than the 
ambient temperature cf the surrounding at:nosphere so that 
the excess heat of the exhaust gas may be wasted unless it 

can be converted back into useful energy for example to 

generate electricity. In one particular type of gas 
-cur!:ine plant, the com.bined-cycle gas turbine and steam 

plan-: (CCGT) , the excess heat in the exhaust qas from the 
gas turbine is converted into steam to drive a second 

tur:lne. Although t~e CCGT is efficient, it does reqUire 
addi ~ional plant such as a heat recovery steam generator 
and an associated steam turbine. 

According to one aspect of the present invention 
there is provided a gas compressor comprising a chamber to 
contain qas to be compressed, a piston in the chamber and 
means to drive the piston into the chamber to compress the 
gas, means to form a spray of liquid in the chamber to cool 
the gas on compression therein, and valve means to allow 
compressed gas to be drawn from the chamber, wherein said 
means to drive the piston comprises means to deliver 
driving energy stored in a fluid directly to the piston. 

Thus, the invention provides a useful source of 
compressed gas, in which the qas temperature is controlled 
by the liquid spray. The heat of compression is 
transferred to the droplets in the spray so that during 
cc~pression, the qas temperature may be controlled to 
remain constant or to decrease. If the temperature of the 
gas is held constant, the energy required for compression· 
is much less than it is if the temperature is allowed to 
rise. Advantageously, the piston is driven directly by the 

energy stored in a fluid, which may be the energy stored in 
a co:npressed qas or a combustible fuel/air mixture or the 
potential energy of a .liquid. This enables the isothermal 
compression to be driven directly from a very high 
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in the system is 

in the cycle. The 

from the fluid to be 

very efficiently converted into compression energy of the 

gas, and provides ·.the opportunity of temporarily storing 

the energy released from the· fluid as kinetic energy in 

such a way that large energies can be transferred to the 

piston, .and therefore larqe volumes of gas can be 

compressed, but the rate at which the piston moves into the 

chamber can be controlled by the inertia of the piston so 

that the compression process is as near isothermal as 

possi!:Jle. The. invention also provides the opportunity of 

recovering excess heat released from the fluid to preheat 

the isothermally compressed gas. Furthermore, because the 

pisi:on is driven directly, more complex mechanical 

arrangements involving rotating parts such as crankshafts 

are not required. 

In a preferred embodiment, the compressor comprises 

kinetic enerqy storage means coupled to the piston and to 
-

whic:i sufficient kinetic enerqy can be imparted to enable 

the piston to compress the qas. Advantageously, the 

kinetic energy storage means may comprise a mass arranged 

to move in phase with the piston, and in a pref erred 

embodiment the mass may be provided by the piston itself. 

Advantaqeously, the kinetic energy storaqe means may have a 

larqe inertia to control the rate of compression to allow 

suf:icient time for the heat of compression to be 

transferred to the spray so that the compression is 

isothermal. The kinetic energy storaqe means may comprise 

a rotatably mounted mass, e.q. a fly wheel, which is 

coupled to the piston so that rotational energy of the mass 

is converted into compression enerqy of the qas by the 

pis~on. The rotatable mass may be arranged to reverse 

direction with the piston or to rotate in one direction 
only, independently of the direction of movement of the 

piston. In the former case, the piston may be mounted on a 
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ro~atable disc, 

being along an 

along a linear 

movemen~ of the piston into the chamber 

arc produced by rotation of the disc or 

path, with the piston being allowed to 

swivel relative to the disc. 

Alternatively, a rack may be connected to the piston, 

the rack being arranged to drive a pinion, which either 

provides the rotating mass or to which a rotating mass is 

connected. In the latter case, the piston may be coupled 

to the rotating mass via a crankshaft. Advantageously, the 

compressor may include coupling means coupled to the piston 

to enable power to be drawn from or supplied to the piston 

di=a:tli'. An o'.ltput drive from the piston may be used to 

drive, for example, valves and liquid spray injection pumps 

associated with the compressor and mechanical compressors, 

supplying hot compressed gas to drive the compressor. 

Power from the piston may be extracted via any suitable 

mechanical coupling. 

In a preferred embodiment, the compressor comprises 

means to impart kinetic energy to the kinetic energy 

storage means. If the kinetic energy storage means is 

provided by the mass of the piston, then the means to 

impart may be arranged to impart kinetic energy directly to 

the piston. The compressor may comprise means to convert 

the kinetic energy used to impart movement to the piston in 

one direction into kinetic energy to impart movemement to 

the piston in the other direction. The means to convert 

enables, for example, kinetic enerqy to be imparted to the 

kinetic energy storage means such that the piston moves out 

of the compression chamber and subsequently such that the 

piston moves into the compression chamber to compress the 

gas. Alternatively, t.Jie means to convert may be used to 

convert some of the. kinetic energy used to drive the piston 

into the chamber· to compress the gas, to drive the 'piston 

in the other direction out of the chamber. The means to 

convert may include means 

used to impart movement 

to convert the kinetic energy 

to the piston into potential 
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energy. For example, the kinetic energy may be converted 

into potential energy by arranging a mass to displace 

vertically on movement of the piston. This could be a 

separate mass or the mass could be provided by the piston 

itself. 
In a preferred embodiment, the compressor comprises a 

second chamber and a second piston, each arranqed such that 

on movement of the piston into the chaml:>er, the second 

piston moves out of the second chameer. The first and 

second pistons may be indirectly mechanically coupled 

together, for example by a crankshaft. such coupling may 

be adapted ~= pres£t t~e relative phasinq of the pistons to 

any phase angle. Alternatively, the first and second 

pistons may be directly connected together and may comprise 

a unitary body, i.e. be formed as a sinqle piston. The 

kinetic energy storage means may be provided by the mass of 

the second piston either alone or jointly with the mass of 

the first piston. 
In. one embodiment, the means to convert includes a 

body of gas contained in the second chaml:>er. Thus, the 

kinetic energy stored, for example in the mass of the first 

and second pistons may be absorbed by the adiabatic 

compression of the gas in the second chamber and then 

allowing the relatively hot compressed qas to expand 

adiabatically to impart kinetic energy to the pistons in 

the other direction, driving the first piston into the 

first chamber to compress the gas therein. 

In one embodiment, the qas compressor comprises 

containing means for containinq a body of liquid and 

including a conduit forming the piston. The containing 

means may be formed as a qenerally u-shaped conduit with 

the chamber formed in one arm of the conduit and the second 

chamber (if there is one} formed in the other arm. 

Advantaqeously, the liquid in the liquid piston makes a 

perfect seal between .the piston and the walls of the 

chamber. This form of compressor may include a piston 



WO 93/24754 -6-
THIS SHEET HAS BEEN 

REPLACED 

comprising a solid material arranged in the conduit between 

the liquid piston and the chamber. Another piston 

comprising a solid material may also be arranged in the 

conduit on the other side of the liquid piston away from 

the chamber. Each of the solid pistons may have a greater 

density than the liquid in the liquid piston, so that, 

advantageously, the size of the composite piston comprising 

the solid and liquid components can be reduced for a given 

mass. Furthermore, the use of solid pistons above the 

liquid piston prevent direct contact between the liquid and 

gas and these par.:s of the chamber which may be relatively 

hot. · ::i=lid pi~t:ns also pre"ent: interfacial disturbances 

at the liquid surface and the entrainment of liquid into 

the gas. 

In another embodiment, the piston comprises a solid 

material and may in its construction include a number of 

different solid materials and may enclose, as part of its 

bulk mass, a liquid material. The piston and the chamber 

may be arranged such that movement of the piston into the 

chamber is in a substantially vertical plane or in a 

substantially horizontal plane. In the latter arrangement, 

low f:-iction bearing means may be provided to support the 

piston to facilitate movement of the piston relative to the 

chamber. Advantageously, if the piston is arranged to move 

vertically and linearly, no bearing means may be required. 

Alternative arrangements in which the piston moves in other 

planes are also contemplated. 

In one embodiment, the means to deliver driving 

energy comprises second valve means operable to admit hot 

compressed gas into the second chamber to drive the second 

piston out of the second chamber. Thus, if the hot 

compressed gas is allowed to expand adiabatically, most of 

the enerqy of the gas. will be transferred to the kinetic 

energy storage means, which may be provided by the mass of 

the first and second pistons, the stored kinetic enerqy 

then being used to achieve isothermal compression of the 
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gas in the first chamber. Since the enerqy released by the 

expansion of hot compressed gas is greater than the energy 

required to achieve isothermal compression of that gas, the 

mass of gas compressed in the first chamber can be grea~er 

than the mass of hot gas expanded in the second chamber. 

The kinetic energy storage means enal':lles the energy 

released by the expansion of hot compressed gas to be used 

in a thermodynamically 

of gas in the first 
for isothermal compression of gas 

efficient way. After compression 

chamber the expanded gas in the second chamber may 

subsequently · be compressed by driving the second pis~on 

int~ the second ch3m!:e:. This may be achieved for examole 

in a vertical arrangement by allowing the piston to fall 

under its own weight. 

The compressor may include third valve means operable 

after compression of gas in the second chamber by movement 

of the piston into the second chamber, to allow compressed 

gas to be drawn from the second chamber. Preferably, in 

. this embodiment, the compressor includes means to for:i a 

spray of liquid in the second chamber to cool the gas 

during compression. Thus, the hot compressed gas 

int:oduced into the second chamber and allowed to expand 

adiabatically, may subsequently be compressed 

isothermally. The qas compressor may further comprise 

fourth valve means operable after expansion in the second 

chamber of hot compressed qas introduced by the second 

valve means, to draw in additional low pressure qas before 

the velocity of the second piston in the direction ou1: of 

the second chamber reaches zero. Thus, some of the kinetic 

enerqy imparted from the hot compressed qas is used to draw 

in an additional mass of gas into the second chamber before 

the qas is compressed. 

In another embodiment, either with or without a 

second chamber, the means to deliver drivinq energy 

comprises .further valve means operable to admit hot 

compressed qas into the first chamber to drive the piston 

This Sheet Has Been Replaced 
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out of the first chamber. In this embodiment, the same qas 

us.ad to drive the piston out of the chamber in the first 

half of the cycle, is compressed in the cham}:)er in the 

second half of the cycle. This embodiment may comprise 

means to convert the kinetic energy imparted by movement of 

the piston out of the chamber into kinetic energy to impart 

movement to the piston into the chamber to compress the 

gas. A second chamber and a second piston may be provided, 

the second chamber containing a body of qas which converts 

the kinetic energy imparted by the hot compressed qas 

introduced into the first chamber into kinetic energy to 

drive the pis"tcn back in~o the first c:hamb"er to compress 

the gas. Thus, as the second piston moves into the second 

chamlJer, the gas therein is compressed adiabatically and 

then subsequently expands adiabatically, driving the second 

piston out of the second chamber and the first piston into 

the first chamber. Alternatively, the compressor may 

comprise a second chamber having second, third and fourth 

valve means as mentioned above. The compressor may also 

include valve means, operable after expansion in the first 

chamber of hot compressed gas introduced by the further 

valve means, to draw in additional low pressure gas, before 

the velocity of the piston in the direction out of the 

chamber reaches zero. 

Advantaqeously, 

alternately into the 

adia:batically, the 

if the hot compressed qas introduced 

first and second chamber is expanded 

thermal enerqy of the qas is 

conveniently converted into mechanical energy, e.g. the 

kinetic enerqy of the piston, so that an additional mass of 

gas can after each expansion, be admitted into each chamber 

as the free volume of the chamber increases. The piston 

then momentarily comes to rest . in one of the chambers and 

its motion is reversed by the injection and expans.ion of 

hot compressed gas in the same chamber, drivinq the piston 

into the other chamber which compresses the qas at a much 

lower temperature than the initial temperature of the hot 
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compressed gas previously in-:roduced. Thus, a given mass 

of cc:tpressed gas is converted into a larqer mass of 

compressed gas, whereby the additional mass is effectively 

provided by the thermal energy of the hot compressed qas 

introduced into the chamber. 

In another embodiment, the means to deliver dri vinq 

enerqy comprises means to provide a combustible fuel 

mixture in the second chamber, whereby combustion thereof 

imparts kinetic energy to the piston or other kinetic 
energy storage means. In another embodiment, the means to 

deliver driving energy comprises means to admit compressed 

~as in't.c the c::::::o:ic chamber ~nd ~urther means to form a 

spray of hot liquid to heat the gas in the second chamber. 

Alternatively, the means to deliver drivinq energy 

comprises means to admit a gas producing medium together 

with a reaction gas for qasification into the second 

chamber. In each of these embodiments the means· to deliver 

driving energy may further include means to feed compressed 

gas from the first chamber into the second chamber. 
Advantageously, heat exchanqer means may be arranged to 

preheat cool compressed gas from the first chamber with hot 
expanded gas from the second chamber. Some of the 

prehea~ed compressed gas leaving the heat exchanger may be 

used to drive a gas turbine. Use of some ·o·f the cool 

compressed qas to drive a turbine is particularly 

beneficial, if more heat is available in the hot expanded 

qas leavinq the second chamber than is needed to preheat 
the volume of cool compressed qas required to drive the 

compressor. The compressor may be designed to produce 

additional cool compressed qas to recover this excess 

hea~. In this way, the surplus heat may be recovered so 

tha~ it can be converted into useful power. 

The compressor may comprise a third chaniber to 
con~ain qas to be compressed and a third piston to compress 

the qas by movement of _the third piston into the third 

chamber and include further valve means to allow compressed 
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c;·--; to be drawn from the third chamber. The third cham.ber 

and ~hird piston may be arranged such that when the second 

pis~:m moves out of the second chamber, the third piston 

moves into the third chamber. Thus, the processes which 

drive the second _piston out: of the second chamber may be 

used to drive the compression of gas in the third chamber. 

Where the compressor comprises a u-shaped conduit 

con1:aining a liquid piston forming the first and second 

pistons, the third piston may be formed by, for example 

arranging the third chamber in the same arm of the conduit 

as the first chamber. A piston comprising a solid material 

?nay b'! arr('.!'lqi=ad between the third piston and the third 

cha?!lber. If a solid piston is also provided above the 

liquid piston in the first chamber, the solid pistons may 

be arranged to move independently cf one another or 

connected together and, for example may comprise a unitary 

body. Where the first, second and third pistons all 

comprise a solid material, the pistons may be effectively 

f or:ed as a unitary body and collectively serve to provide 

the kinetic energy storage- means. The qas in the third 

chamber may .be compressed adiabatically and the compressed 

qas ~ay be used to drive a qas turbine. If a separate gas 

tur=ine is used to recover excess heat in the hot expanded 

gas f rem a process in the second chamber, exhaust gas from 

the separate turbine (which may be still relatively hot) 

may be used to preheat some of the cold compressed gas from 

the first chamber, for example in a heat exchanger, and 

this preheated compressed gas may be used to drive the gas 

turbine driven by adiabatically compre~sed qas from the 

third chamber. Alternatively, adiabatically compressed qas 

from t.~e third cha:ml:)er and preheated compressed qas used to 

recover excess heat from the exhaust qas, may both be 

directed to a single turbine, thereby advantaqeously 

avoiding the need ·for more than one turbine. 

In an alternative arranqement, the second chamber and 

second piston may each be arranged such that on movemen~ of 

·: .-··.· 1ii~iU 
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the f~rst and third pistons into a respective chamber, the 

second piston moves into the second chamber. A process in 

the second chamber then drives the first, second and third 

pistons out of th~ir respective chambers impartinq k.inetic 

energy to the kinetic energy storage means, which may 

advantaqeously be the combined mass of the pistons. Means 

to convert the kinetic enerqy into kinetic energy to drive 

the pistons back into their respective chambers is provided 

and may comprise an adiabatic compression/expansion 

chamber, containing a body of qas, and an associated piston 

coupled to the other pistons so that on movement of the 

second piston out of the seco~d chamber, the further piston 

moves into the adiabatic/expansion chamber. 

In another embodiment, the second chamber and second 

piston are each ~rranqed such that on movement of the first 

and third pistons into their respective chambers, the 

second piston moves out of the second chamber. The qas 

compressor may comprise a fourth chamber and a fourth 

piston each arranqed such that on movement of the second 

piston into the second chamber, the fourth piston moves out 

of the fourth chaml:>er. In addition to drivinq energy beinq 

delivered by a process in the second chamber to. drive the 

first and third pistons into their respective chambers to 

compress the qas therein, a process includinq any of those 

mentioned above in connection with the second chamber may 

be ar::-anqed to occur in the fourth chamber to drive the 

second piston back into the second chamber, and 

consequently the first and third pistons out of their 

respective chambers. 

The qas compressor may further comprise a ·fifth 

piston and a fifth chamber to contain qas to be compressed 

by movement of the fiftn piston into the fifth chamber, the 

f ift.~ piston and fifth chamber beinq arranqed such that on 

movement of the second piston into the second chamber, the 

fifth piston moves into the fifth chaml:>er and the 

co:npressor includes further valve means to allow comt:1ressed 
. -

1iimU 
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qas to be drawn from the fifth chamber. The fifth chamber 

may be used to compress gas adiabatically which may be 

subsequently used to drive a gas turbine which may be the 

same gas turbine driven by adiabatically compressed qas 

from the third chamber. The adiabatic compression in the 

fifth chamber is driven by a process in the fourth chamber. 

·Further, the compressor may comprise a sixth piston 

and a sixth chamber to contain qas to be compressed by 

movement of the sixth piston into the sixth chamber, the 

sixth piston and sixth chamber being arranged such that on 

movement of the second piston into the second chamber, the 

sixth piston ~o~es into the sixth chamber, and the 

compressor comprises further means to form a spray of 

liquid in the sixth chamber to cool the gas on compression 

therein and further valve means to allow compressed_ qas to 

be drawn from the sixth chamber. The sixth chamber thus 

provides a second isothermal compression chamber to produce 

cool compressed qas. The isothermal compression in the 

sixth chamber is also driven by the process in the fourth 

chamber. Thus, in this form of the compressor, a process 

in the second chamber drives the isothermal and adiabatic 

compression processes. in the first and third chamber, 

respectively, during one half of the cycle, and a process 

in the fourth chamber drives the adiabatic and isothermal 

compression processes in the fifth and sixth chambers, 

respectively, in the other half of the cycle. The means to 

deliver driving energy may further include means to· feed 

compressed gas from the sixth chamber into the second 

and/or fourth chamber and may further include heat 

exchanqer means to preheat compressed gas from the sixth 

chamber with qas from the second and/or fourth chamber. 

The heat exchanqer means may comprise the same heat 

exchanqer means arranqed to preheat compressed qas from the 

first chamber with gas from the second chamber. Heat which 

is not required to preheat the cool compressed qas from the 

sixth chamber required to drive the process in the second 
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and/or fourth chamber may be recovered by passing 

additional cool compressed gas from the first and/or sixth 

chaml:Jers through the heat exchanger means , whereupon the 

excess heat is used to preheat the additional compressed 

qas and then this .gas may be used to drive a qas turbine. 

In any of the above eml:Jodiments, any two or more of the 

pistons may be arranqed in tandem and for example, 

inter-connected by one or more sealed shafts passinq from 

one chamber to the next. Alternatively, any two or more of 

the pistons may be spaced laterally relative to their 

direction of motion into and out of their respective 

char.!:: crs . 

Where hot compressed gas is used to drive the 

compressor, the qas may be provided by a conventional 

mechanical compressor, or from cool compressed qas produced 

in the isothermal compressor itself which is then preheated 

with hot expanded gas from the second and/or fourth 

chambers by means of a heat exchanqer, and which is then 

heated further in a main heater by for example combustion 

of fuel. In qeneral, the resultinq hot compressed gas will 

be at a much higher temperature than the qas produced by a 

mechanical compressor. The very hot compressed qas is then 

introduced into the second and/or fourth chamber in which 

it expands to drive the compressor. Advantaqeously, the 

hot compressed qas introduced into the second and/or fourth 

chamber drives the compressor by simple adiabatic expansion 

and is therefore a much cleaner process than either 

combustion or qasification. 

In another -embodiment, the compressor may comprise in 

addition to a first cha~er and a second chamber, if there 

is one, a further chamber to contain qas to be compressed, 

a further piston to compress the gas by movement of the 

further piston into the further chamber, valve means to 

allow compressed qas to be drawn from the further chamber 

and means to feed compressed qas from the further chamber 

to the first and/or second chamber. The further piston is 
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independent of the first piston and the compressor may 

comprise second kinetic energy s't.orage means coupled to the 

furt~er piston, and to which sufficient kinetic energy can 

be i.::tparted to enable the further piston to compress the 

gas in the further chamber. The second kinetic energy 

storage means may comprise a mass arranqed to move in phase 

with the further piston and the mass may conveniently be 

provided by the further piston. The qas contained in the 

fur~~er chamber is compressed adiabatically and may used to 

drive the isothermal compression process in the first 

chal!ti:er and the second chamber (if there is one) . 

Aci.labatically cor.tpres:;ed c;as may also bP- used to drive a 

gas turbine. 
This form of the compressor may further comprise 

means to impart k~netic energy to the second kinetic energy 

storage means and may also comprise means to convert the 

- kine't.ic energy used to impart movement to the further 

piston in one direction into kinetic energy to impart 

movement to the further piston in the other direction. The 

means to convert may include means to convert kinetic 

energy used to impart movement to the piston into potential 

energy, for example by providinq a mass arranqed displaced 

ver~ically on movement of the further piston, which may be 

provided by the mass of the further piston itself. 

The· compressor may also comprise a fourth chamber and 

a fourth piston each arranged such that on movement of the 

fur:her piston into the further chameer, the fourth piston 

moves out of the fourth chamber, and the further and fou~h 

pis't.ons toqether may comprise a unitary body. Although in 

this embodiment there may not be a second chamber and a 

second piston the fourth chamber and fourth piston are so 

ter::ied for the purpose of distinguishing one chamber and 

pis't.on from another. The means to convert the kinetic 

enerqy used to impart movement to the further piston may 

include a body of qas contained in the fourth chamber, 

which is alternately compressed and allowed to expand 
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adiabatically, to drive the fu~...her piston into the further 

chamber to compress the gas. This is particularly 

advantageous where the means to impart kinetic energy to 

the second kinetic energy storage means comprises a process 

in the further chamber. For example, the means to deliver 

driving enerqy to the further piston and impart kinetic 

enerqy to the second kinetic enerqy storage means may 

comprise means to provide a co::mustible fuel mixture in the 

further chamber, whereby combustion thereof imparts the 

kinetic enerqy. Alternatively, the means to impart kinetic 

enerqy to the second kinetic energy storage means may 

c::mp=i::e means to admit r~mpressed qas into the further 

chamber and further means forming a spray of hot liquid to 

heat the gas in the further chamber. In another 

embodiment, the means to deliver driving energy to the 

further piston comprises means to admit a gas producing 

medium together with a reaction gas for gasification into 

the further chamber and in another embodiment the means to 

deliver driving energy to th~ further piston may comprise 

valve means operable to admit hot compressed qas into the 

further chamber. Thus, in any of the above embodiments, 

the adiabatic compression in the further chaml:>er is driven 

by a process whic;:h. takes place in the same chamber. As a 

result of the process, hot gas in the further chamber 

expands and drives the . further piston out of the further 

chamber. Valve means, operable after expansion of gas in 

the further chamber, may be provided to draw qas into the 

chamber which is subsequently to be compressed 

adiabatically. The valve means may be positioned so that 

the qas is drawn in directly above the piston. In this 

embodiment, the compressor further comprises valve means 

·operable after induction of_ gas into the further chamber, 

to allow the hot expanded gas to be expelled from the 

chamber on movement of the piston into the further 

·chamber. The valve means is operable, after exp~lsion of 

hot expanded gas from the chamber, to close . to allow the 
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qas drawn into the chamber after the expansion process to 
be co::ipressed. The kinetic enerqy imparted to t~e second 
kinet~c energy storage means by the process in the further 
chamber may be converted into kinetic enerqy to impart 
movement to the further piston into the further chamber by 
adiabatic compression and expansion of gas in the fourth 

chaml:ler. 
In another embodiment, the fourth chamber may 

incorporate any of the features described above in relation 
to the further chamber, so that a precess in the fourth 
chamber drives the adiabatic compression in the further 
chalnl:er and the proces~ in the further chamber drives 
adiabatic compression in the fourth chamber. 
Advantageously, this embodiment produces adiabatically 
compressed qas twice during one complete operating cycle. 
The separation of the gas to be compressed adiabatically 
and the process g~s in the further chamber and the fourth 
chamber is effected by natural thermal stratification. 

In another embodiment, adiabatic compression and ·a 
process to drive the adiabatic compression may take place 
in separate chambers. Thus, adiabatic compression only may 
take place in the further chamber and the process to drive 
the adiabatic compression may take place in the fourth 
cham.ber. 

In another embodiment, the fourth chamber and the 
four-...h piston may each be arranged_ such that on movement of 
the further piston into the further chamber, the fourth 
piston moves into the fourth chamber. Henceforth, the 
further piston and further chamber will be referred to as 
the third piston and third chamber, respectively, although 
there may not be a second piston and a second chamber. 
Likewise, the terms fourth, fifth and sixth distinquish one 
piston or chamber from another although there may not be a 
second chamber. The compressor may further comprise a 
fift."1 chamber and a fifth piston, each arranged such that 
on movement of the third piston into the third chamber, the 
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fif~h piston moves out of the fifth chamber. In this 

eml:odi:ment, means to impart kinetic enerqy to the second 

kinetic energy storage means may comprise a process in the 

fourth chamber whic;h drives the fifth piston into the fifth 

chamber. The fifth chamber may contain a body of gas which 

converi:s the kinetic enerqy into kinetic enerqy to impart 

movement to the fifth piston so as to drive the third 

piston into the third chamber to compress the gas contained 

therein. 
In another embodi::nent, the gas compressor may 

comprise means to provide a process in the fifth chamber so 

a£ ~= i:::.par~ kinetic ene?:"gy to tlie second kinetic energy 

storage means, thereby to drive the further piston into the 

further chamber to compress. the gas therein. Thus, the 

means to impart kinetic energy to the second kinetic energy 

storage means may comprise means to provide a combustible 

fuel mixture in the fifth chamber, whereby combustion 

thereof imparts the kinetic energy. Alternatively, the 

kinetic energy storage means may comprise means to admit 

co~pressed qas into the fifth chamber and further means to 

form a spray of hot liquid to heat the gas in the fifth 

chamber. In another embodiment, the means to impart 

kinetic energy to the second kinetic energy storage means 

may comprise means to admit a qas prcducinq medium together 
with a reaction qas for gasification into the fifth 

chamber. In another embodiment, the means to impart 

kinetic energy to the second kinetic energy storaqe means 

may comprise valve means operable to admit hot compressed 

qas into the fifth chamber. 

The qas compressor may further comprise a s.ixth 

chamber to contain qas to be compressed, a sixth piston 

arranqed with the sixth chamber such that on movement of 

the fifth piston into the fifth chamber, the sixth "piston 

moves into the sixth chamber and may further include valve 

means to allow compressed- qas to be drawn from the sixth 

chamber. Thus, in this emeodiment, adiabatic compression 

"; .· .· 
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is performed in two chambers and the process to drive the 

compression is performed in two other chambers. The 

process in the fifth chamber drives the compression in the 

third chamber and the process in the fourth chaml:>er drives 

the adiabatic compression in the sixth chamber. Thus, 

advan-eaqeously, the adial:latically compressed qas is kept 

completely separate from the process gas. Furthermore, 

this eml:>odiment is symmetric and produces adiabatically 

compressed gas twice per cycle. The adiabatically 

compressed qas fror.t each of the third cham.ber and sixth 

_chamber may be used to drive the isothermal compression in 

-:ha f!rs-= ::hal"..l:er {and second chamher .i..f any) and may also 

be used to drive a gas turbine. 

In a preferred embodiment, the means to impart 

kinetic enerqy to_ the second kinetic energy storaqe means 

further comprises means to feed compressed from the first 

· and/or second chamber to the third, fourth· or fifth 

chambers, as required, to drive 

Preferably, heat exchanger means are 

a process therein. 

provided to preheat 

compressed gas from the first and/or second chamber with 

heat from the hot expanded process gas leaving any one of 

the third, fourth or fifth chambers. 

In another embodiment of the compressor, enerqy 

required for isothermal compression may be provided by a 

reservoir of liquid. one form of a liquid driven gas 

compressor comprises a conduit and a further piston 

arranged within and to move along the conduit and to drive 

the first piston into the first chamber to compress the qas 

therein. A reservoir for containing liquid is connected at 

one end of the conduit and the compressor further includes 

a main flow valve operable to control flow of liquid from 

the reservoir into the conduit to drive the further piston 

along the conduit, and discharqe valve means operable, 

after compression of ·gas in the first chamber, to allow 

liquid to discharge from the conduit. The further piston 

may comprise a liquid or solid piston or a combination of 
-----------··--
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both and may be formed integrally with the first piston. 

The compressor may comprise a plurality of chaml::>ers to 

contain gas to be compressed and pistons to compress the 

gas in each chamber, each of the pistons driven 

independently by an associated further piston, each of 

which is driven along a separate conduit one end of which 

is connected to a common reservoir. Preferably, the 

compressor includes means to return liquid discharged 

through the or each valve discharq~ means to the reservoir 

and the means to return may comprise a pump. Where the 

compressor comprises a plurality of conduits and associated 

::isto~s driving c"m!_),..ession p't'ocesses in a plurality of 

chambers, the main flow valves and discharge valves may be 

timed to operate so that liquid is being returned to the 

reservoir at the -same time as liquid is being discharged 

therefrom so that the inventory of the reservoir is 

maintained substantially constant. In a preferred 

embodiment, the compressor further comprises means to 

pressurize the liquid in the reservoir. The reservoir may 

comprise a chamber enclosinq a body of pres~urized gas 

above the liquid. Where the means to return liquid to the 

reservoir comprises a pump, it will be appreciated that by 

arranging the main flow valve means in each conduit to 

control the pistons to operate out of phase, the pump can 
operate continuously and at optimum eff ici·ency, since it is 

required to continuously supply liquid to the reservoir. 

conveniently, where the compressor comprises a liquid 

piston, the compressor may include means to supply the or 

each spray forming means with liquid from the liquid piston 

as liquid in the spray. 

Preferably, the compressor includes coolinq means for 

cooling the liquid used in the spray. The compressor 

preferably also includes means for controllinq the size of 

droplet in the spray. The spray forming means may include 
a pump timed to operate only while qas in the or each 

chamber is beinq compressed. The spray forming means is 
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preferably arranqed to provide a spray of constant flow 

rai:e while qas in the or each cha:mber is beinq compressed 

and the spray forminq means may include a positive 

displacement pump. 

One embodiment may include 

couple a piston to the spray pump. 

mechanical coupling may facilitate 

means to mechanically 

Advantageously, such 

the timinq of spray 

liquid injection and allow transfer of mechanical power 

from the piston to the pump and vice versa. The mechanical 

couplinq may comprise for example a crankshaft driven by 

the piston or a rack, connected to the piston and arranged 

to drive a p:i.nion. Rotation of .the crankshaft or pinion 

may be used to drive a rotary pump or may be translated 

into reciprocating motion to drive a reciprocating pump. 

In some eml:>odiments spray liquid is expelled from the 

compression chamber with the compressed gas. Such liquid 

is at a relatively high pressure, and may be, for part of 

the cycle at a higher pressure than is required to inject 

the spray liquid into the chamber. In this case, the pump 

may produce positive power, which may be used to drive the 

piston. Alternatively, the compressor may be designed 

with out a mechanical pump, the pressure for inj ectinq the 

spray beinq provided by the piston itself. Alternatively, 

the pump may be driven electrically or by some other 

means. It the pump provides a net power output, then it 

may be appropriate to connect the pump to drive a qenerator. 

In a preferred embodiment, the compressor includes 

means to extract liquid from the compressed qas drawn from 

the or each chamber, if any, and may comprise a moisture 

separator. Preferably, the compressor also. includes means 

to feed liquid from the means to extract to the or each 

spray forminq means. Thus, advantageously the spray liquid 

recovered after isothermal compression (or in some 

em.Dodiments after isothermal expansion) is continuously 

recycled. 

The compressor may include means for controlling any 
------

': .· ·.· 1ii[iif 
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one or more of the valve means to open or to close 

depending on any one or more of a num.ber of parameters such 

as the position of the piston in a respective chamber, the 

pressure of gas in. one of the chaml::lers, time dependency or 

when a predetermined mass or volume of gas has either left 

or entered a chaml::ler. such parameters may be measured or 

detected by sensors, which provide corresponding output 

$ignals used to control the valves, for example, 

hydraulically, electromaqentically and/or mechanically. 

The sensor or sensors may be for example electromagn~tic, 

inductive, capacitive, electrical contact, ultrasonic or 

piaz.:clect=ic. A micri:iproce,;e:or or other type of computer 

may be arranged to process and interpret output signals 

from the sensor(s). 

In one embodiment, one or more of the valve means may 

be mechanically coupled to. one or more pistons, so that the 

piston drives the valve means to open and/or to close. An 

appropriate mechanical couplinq may be provided by a rack 

connected to the piston arranqed to drive a pinion mounted, 

for example, on the wall or base of the chaml::ler. The 

pinion may be arranged to rotate a cam or drive a camshaft 

which opens and/or closes one or more valves at the 

appropriate time. 

Where the compressor includes a liquid piston, a 

float 0£ solid material may be arranged to float on the 

surface cf the liquid piston in at least one of the 

chambers. The float may be either rigid or flexible and is 

effective to supress tur~ulance at the surface of the 

piston and entrainment of liquid into the qas above the 

liquid piston, both of which are potential loss 

mechanisms. Advantageously, the float may be made of 

porous material to facilitate the spray liquid to comk:line 

with the liquid in the liquid piston. 

is 

In some circumstances, 

desirable, depending on 

cooling of the chaml::ler walls 

the heat qenerated by the 

various processes occurring in the chambers. The chamber 
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walls may be cooled by cool compressed gas from one or more 

of the isother:ial compression chambers. The chamber walls, 

may have a plurality of holes formed therein so t!lai: the 

cooling gas, after takinq up heat from the chamber walls, 

may pass into the chamber and expand with the other 

expanding gas in the chamber. Alternatively, the heated 

compressed cooling gas may be passed to and expanded in a 

turbine. Advantageously, either method enables excess heat 

to be recovered from the chamber walls in such a way as to 

be convertable into useful mechanical power. 

Where the compressor includes heat exchanger means to 

co~l the ex..~aus~ gas from ~ process in one of the chanibers 

with cool compressed gas from the isothermal compression 

chamber, it may be desirable to provide moisture removing 

means to remove liquid from the cool exhaust gas leaving 

the heat exchanger means. such an arrangement may include 

- second heat exchanger means to cool the exhaust gas from 

the first heat exchanger means, means to remove moisture 

from the cooler exhaust gas leaving the second heat 

exchanger means, a cooler to reduce the temperature of the 

cooler exhaust gas leaving the moisture removing means, 

second moisture removing means to remove moisture from the 

cold gas leaving the cooler and means to feed the cold 

exhaust qas from the second moisture removing means to the 

second heat exchanger in which it is heated with the cool 

exhaust gas leaving the first heat exchanger. 

Another aspect of the invention provides a gas 

turbine plant comprising a qas turbine, an isothermal 

compressor producing cold compressed gas, means to preheat 

the cold compressed gas, a main heater to generate hot high 

pressure qas from the preheated compressed gas and means to 

feed the hot high pressure gas to drive the turbine. 

Preferably, the means to preheat comprises a heat exchanger 

arranqed to preheat the cold compressed gas from hot low 
pressure qas leavinq the qas turbine. 

In one embodiment of this aspect of the present 
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invention, the ::iain heater comprises a combustion chamber 

burning fuel in the preheated pressurized gas and producing 

combustion gas as the hot high pressure qas. 

In another embodiment of this aspect of the present 

invention, the main heater comprises an external source of 

heat. This external source of heat may be for example a 

coal or oil fired furnace, a chemical or industrial 

process, a nculear reactor or a solar furnace. 

Advantageously, the qas turbine plant may include 

means for feeding part of the cold compressed qas to the 

gas turbine blades for cooling thereof. This enables any 

upper limit of the temperature inside the turbine set by 

the turbine blades to be increased. 

In one embodiment, the ga~ turbine plant may include 

a further gas turbine and means for feedinq part of the hot 

compressed qas from the heat exchanger to drive the further 

_gas turbine. This is especially advantageous when the heat 

exchanger exchanges heat between a cooler gas having a 

higher specific heat and a hotter qas havinq a lower 

specific heat, so that not all the heat in the hotter gas 

is need to raise the temperature of ·the cooler qas. The 

residual heat can conveniently be used to heat part of the 

cool qas from the compressor to drive a further qas turbine. 

The above embodiments may further include a third qas 
turbine, a second heat exchanqer to preheat part of the 

cold compressed gas from hot low pressure gas leavinq the 

further gas turbine and means to feed the preheated gas to 

drive the third qas turbine. Preferably, . the isothermal 

compressor is driven by one of the qas turbines. The 

isothermal compressor may comprise the gas compressor or 
. . 

any embodiments thereof mentioned above. 

In another embodiment of this aspect of the present 

invention, the gas turbine plant may further include a 

vessel for storinq cold compressed gas from the isothermal 

compressor and means for recovering the stored compressed 

gas for driving the turbine when required. 

1111iii1ii1nr 
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According to another aspect of the present inven~ion, 

there is provided ·an energy storage plant comprising an 

isothermal gas compressor as described and claimed, a 

storage vessel for storing cold compressed qas from the 

compressor and ~eans to feed gas from the compressor to the 

storage vessel. 

Preferably the energy storage plant includes an 

isothermal expander comprising a chamber to contain gas to 

be expanded, a piston to allow the gas to expand by 

movement of the piston out of the chamber, means to for:n a 

spray of liquid in the chaml::>er to heat the gas on expansion 

therein, and valve means to admit compressed qas into the 

chaml::>er from the storaqe vessel. The isothermal expander 

may further comprise a second chamber to contain g~s to be 

compressed by movement of the piston into the second 

chaml::>er, and valve means to allow compressed gas to be 

drawn from the second chamber. Advantageously, the hot 

compressed qas, which may be air, may be used to drive a 

qas turbine. 

The gas compressor accordinq to various aspects of 

the present invention, may be driven in reverse as an 

isothermal qas expander, the difference beinq that cool 

compressed qas is intrcdu.ced into the chamber and allowed 

to expand by movement of the piston out of the chamber, and 

the means to form a spray of liquid in the chamber 

transfers heat to the gas durinq expansion so that the 

expansion may be approximately isothermal. The energy 

imparted to er via the piston may be used to compress the 

expanded gas in the chaml::>er adial:latically or if there is a 

second chamber, 

adiabatically. 

to compress qas in the second chamber 

The adiabatically· compressed qas may then 

be used to drive a qas turbine, for example an air 

turbine. Thus, the qas compressor/expander provides a 

means of converting cold compressed gas stored in a storage 

vessel into usefu1 power. 

Accordinq to another aspect of the present invention, 
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there is provided a qas compressor comprisinq a chamber to 

contain qas to be compressed, a pistcn to compr·ess the qas 

by movement of the piston into the chamber, valve means to 

allow compressed qas to be drawn from the chamber, wherein 

the mass of the piston is sufficient to enable all· the 

enerqy required to compress the qas to be stored in the· 

piston. 
Kinetic enerqy would normally be imparted to the 

piston by some process which involves the expansion of 

qas. The enerqy released in the process may continuously 

vary over time. Advantaqeously, by providinq a massive 

piston, all the enerqy released durinq the process is 

transferred to kinetic enerqy of the piston. Furthermore, 

because the piston is sufficiently massive to store the 

kinetic enerqy released by the process, a fly wheel is not 

required which removes the need for mechanical linkaqes and 

couplinqs which are susceptible to wear. 

Accord.inq to another aspect of the present invention, 

there is provid.ed a qas compressor comprisinq a piston, 

means f orminq a chamber to contain qas to be compressed and 

to compress the qas by movement of the chamber over the 

piston, means to form a spray of liquid in the chamber to 

cool the qas on compression therein and valve means to 

allow compressed qas to be d.rawn from the chamber. In this 

as~ect of the present invention, the piston is arranqed to 

remain stationary relative to the movement of the chamber. 

As will be appreciated by those skilled in the art, the 

various embod.iments described in relation to a compressor 

comprisinq a moveable piston and a stationary chamber may 

be mod.if ied, mutatis mutandis, so .that motion is imparted 

to the or each chamber and the piston remains stationary. 

The ter:is "hot" and "cool" or "cold " used throuqhout 

the specification and claims are used in a relative ·sense 

to distinquish that which is at a hi9her temperature from 

that which is at a lower. temperature and are not intended 

to limit the temperatures to any particular value or 
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range. Thus, the term ho~ includes temperatures which may 
no~ally be considered cold, and the term cold includes 
temperatures which may norI:tally be considered hot. 

Examples of. embodiments of the present invention will 
now be desc=~bed with reference to the drawings in which:­

Figure l shows an embodiment of a qas driven 
compressor including a liquid piston; 

Figure 2 shows another embodiment 
compressor including both solid and liquid 

Figure 3 shows a third embodiment 
compressor including a solid piston; 

F:!.:;r..ire 4 sh~ws ~ fourth em.bod.i.ment 
compressor including a solid piston; 

Figure 5 shows a fifth em.bodiment 
compressor including a solid piston; 

-
Fiqure 6 shows a sixth embodiment 

compressor including a solid piston; 

of a gas driven 
pistons; 
of a gas driven 

Of a qas d:-iven 

Of a gas driven 

Of a gas driven 

Fiqure 7 shows a seventh embodiment of a qas driven 
compressor including a solid piston; 

Fiqure 8 shows an embodiment of a liquid driven 
compressor including a liquid piston; 

Fiqure 9 shows in a block diagram an embodiment of a 
gas turbine plant including an isothermal compressor; 

Figure 10 shows in a block diagram another embodi:nent 
of a qas turbine plant incorporating an isothermal 
compressor: 

Fiqure 11 shews an embodiment of a plant fired by 
coal or other fuel and incorporating an isothermal 
compressor and an air turbine: 

Fiqure 12 shows in a bicck diaqram another embodiment 
of a gas turbine plant including both a gas turbine and an 
air turbine: 

Figure lJ (a) shows an arranqement for storinq cold 
compressed gas: 

Figure lJ(b) shews an arrangement for· recovering 
stored compressed gas to qenerate power: 
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Figure l~ shows a block diagram illustrating tNo 

arrangements f::r energy storage; 
Figure 15 shows an embodiment of a thermally powered 

compressor and additional plant for power generation: 

Figure 16 shows another em.bodiment of a thermally 

powered compressor and additional plant for power 

generation; 
Figure l 7 shows another embodiment of a thermally 

powered compressor together with additional plant for power 

generation; 
Figure 18 shows another embodiment of the thermally 

powered additional plant for power 

qenerat:ion; 

Figure l.9 shows another embodiment of 

powered compres~or and additional plant 

a thermally 

for power 

generation; 

Fiqure 20 shews a block diaqram of a system for 

recoverinq vapour from exhaust gases; 

Figure 21 shews in a block diagram an embodiment of a 
closed cycle qas turbine- plant includinq a thermally 

powered compressor: 

Fiqure 22 shows in a block diagram an embodiment of a 

power generat:ing plant including a thermally powered 

compressor and a second air turbine arranged for recovery 

of excess heat:: 

Fiqure 23 shows embodiments of closed and open cycle 

thermally powered compressors in which heat is supplied by 

injection of hot liquid: 

Fiqure 24 shews an embodiment of a thermally driven 

compressor 

gasification 

Fiqure 

compressor 

incorporated 

cycle; 

25 shews an 

incorporated 

gasification cycle: 

in a power 

embodiment 

in a power 

generation and 

of a gas driven 

generation and 

Fiqure 26 shows an embodiment of a thermally powered 

compressor including two alternative arrangments for energy 

s~orage. 

": .~ ... 
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Referring tq Figure 1, a liquid piston isothermal 

compressor qenerally shown at 1 comprises a long, generally 

u-shaped conduit or pipe 2 having an elongate linear 

mid-section 3 which is horizontal or near horizontal and 

two arms 4 and 5 which extend vertically upwards. The 

conduit 2 is partially filled with water or with some other 

liquid thus forming a liquid piston 7. The conduit 2 is of 

s~!!icisnt !enqth and diameter to provide the liquid piston 

with the required mass to control the rate of compression. 

Chambers 9 and 11 are formed in the vertical arms 4 and s. 
Each chaml:ier is provided with a number of inlet and outlet 

ports for controlling the input and output of gas to and 

from each chamk>er. Ports 13 and 15 each have va.l ves 17 and 

19 to allow cold compressed gas to be drawn from each 

chamber. Ports 21 and 23 each have valves 25 and 27 to 

admit a controlled mass of hot compressed gas into each 

chamber, and ports 29 and 31 are controlled cy valves 33 

and 35 for admitting an additional mass of gas into each 

chamber. Each chamber 9 and ll is provided with a further 

pert 37 and 39 to enable a liquid spray to be injected into 

each chamber. A spray injection pump 43, 44 is connected 

to a respective spray injection port 3 7, 3 9 • An outlet 

port 41 is formed in the mid-section 3 of conduit 2 and 

connected to each pump 43, 44 for supplyinq liquid from the 

liquid piston to ports 37 and 39 for the spray. In this 
embodiment, each pump is a positive displacement pump in 

which liquid is drawn into the pump chamber 40, 42 by a 

displacer 46, 48 over the period of the compressor 

operating cycle in which the liquid piston is movinq ·out of 

the chamber 9, ll: and in which liquid is continuously 

forced out of the pump chamber 40, 42 by the displacer 46, 

48 when qas is being compressed in chamber 9, 11, on 
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movement · of the liquid piston into that chamber 9, ll. A 

cooler 45 is connected between outlet port 41 and the pumps 

43, 44 to cool the liquid drawn from the liquid piston 

before the liquid is injected into each chamber 9 and 11 as 

a spray. 

A reservoir or tank 51 of liquid for use in the 

liquid spray is provided to replace liquid which is lost to 

the moisture Separators 47 I 49 in order tO maintain the 

inventory of the liquid piston constant durinq operation. 

Liquid collected by the moisture separators 4 7, 49 may be 

returned to the liquid piston or to the sprays via the tank 

51, as required. Tee tank of liquid 51 also provides 

liquid for the spray durinq start-up of the compressor. 

Floats so and 52 may be provided to float on t!'le 

surface of the liquid pistons in each chamber 9, ll and may 

comprise a porous or fibrous material, throuqh which the 

liquid used in the liquid piston can diffuse. ·The floats 

may be riqid or flexible. The floats suppress waves at the 

surface of the piston and the entrainment of liquid into 

the ports through which cool compressed qas is drawn. In 

addition the porous nature of the floats 50, 52 facilitates 

the re-combination of liquid from the liquid sprays with 

the liquid in the piston. 

In operation, a quantity of hot compressed gas from 

an external scurce such as a conventional rotary 

compressor, is injected into c~amber 9 throuqh port 21. At 

this point valves 17 and 33 are already closed and the 

liquid piston 7 is at the top of its stroke in chamber 9. 

The hot compressed gas expands in chamber 9 causing the 

liquid piston 7 to accelerate towards the opposite end of 

the lonq pipe 2. As the qas expands it cools, so that both 

the thermal and pressure enerqy of the qas is converted to 

kinetic enerqy of the piston 7. When the pressure· of the 

gas falls to atmospheric pressure (or to some other 

pressure at which additional relatively unpressurised gas 

. is available), valve 33 opens and allows an additional 

1iii1ii 
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volume of the gas to enter through port 29. The liquid 

piston 7 continues its motion drawing gas into the 

expanding volume of chamber 9. 

At the time that the liquid piston 7 was at the top 

of i t:s stroke in c:hamber 9, chamber ll contained a volume 

of· gas comprising a quantity of cool expanded qas 

previously introduced as a quantity of hot compressed qas 

through port 23 and an additional quantity of relatively 

unpressurised .gas introduced through port 31. As the 

liquid piston 7 moves out of chainDer 9 into chamber 11, the 

gas in chamber ll is co~pressed. As the gas is compressed 

liquid is ~prayed i~ th9 form of small dro~lets into 

chatr..i:::er 11 to maintain the gas at a near constant 

temperature. The liquid in the spray falls through the gas 

space and mixes with the liquid forming the liquid piston 

7 . In this embodlment, the spray ].iqui~ is drawn from the 

liquid in pipe 2 and is pumped back to spray inlets 37 and 

39 by pumps 43 and 44 via the cooler 45. 

At a certain stage of the compression, the gas in 

chamber 11 will reach the desired pressure, at which point 

the liquid injection is stopped and valve 19 opens to allow 

the gas to exit from the chamber. Separators 47 and 49 are 

provided to remove any liquid which h_as been entrained in 

the gas. 

As the liquid piston 7 in chamber ll reaches the top 

of its stroke, exit valve l9 closes, and va1ve 27 opens 

injectinq a quantity of hot compressed gas into chamber ll 

to drive the liquid piston 7 to the other end of the pipe 

2. Simu1taneous1y, valve 33 closes and the volume of qas 

in chaml:Jer 9, comprisinq a· cooled expanded quantity of qas 

admitted through port: 21 and the additional quantity of qas 

admitted throuqh port 2 9 1 is compressed in chamber 9 • As 

the gas is compressed, liquid is sprayed in the form of 

droplets into cham.ber 9 to maintain the qas at a near 

constant temperature... The liquid in the spray falls 

through the gas space and mixes with the liquid forming the 

liiiii1ii1ii1f 
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certain staqe of· the compression, 

desired pressure, at which point 

the qas to exit from the chamber. 

The qas passes throuqh separator 4 7 to remove any liquid 

which has been entrained in it. 

the liquid piston approaches the 

Exit valve · 13 closes as 

top of its stroke in 

ch"amber 9 , and another quantity of hot compressed qas is 

injected into the small residual volume remaining in 

chamber 9. This gas drives the liquid piston 7 back to the 

other end of the pipe 2 and the cycle is repeated. 

Under steady operation, the hot compressed gas inlet 

valv.::s ~5 and 27 a:s ~i:.ed to open when the liquid level 

reaches the top of its travel in chambers 9 and 11. They 

close again when a set volume of gas has entered one of the 

chambers. This cQuld be when the liquid piston has fallen 

by a set distance. 

The cooled compressed qas outlet valves 17 and 19 

only open during the _part of the cycle when the liquid 

piston is moving into one of the chambers 9 and 11. The 

valves open when the pressure in the system exceeds that of 

the outlet pipe work but close before the hot qas inlet 

valves 2 S and 2 7 open. Non-return valves (check valves) 

could be used, provided that they are controlled to operate 

only when the liquid piston is movinq upward in that 

particuJ.ar chamber. Low pressure qas inlet valves 3 3 and 

3 5 open when the pressure in the appropriate chamber 9 or 

ll falls below that of the source of the low pressure 9as. 

Non-return valves can be used for this purpose. 

The opera ti on of the valves may be determined by 

pressure and water level chanqes. With reqard to the 

pressure, an internal mechanicaJ. system may be used, such 

as exists for a non-return valve. Alternatively, pressure 

sensors may be used to provide an electrical signal which 

may be used to triqqer a valve actuator. With reqard to 

liquid level, although a mechanical system would be 

possible, a sensor providing an electrical signal is a more 
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prac~ical alternative. The liquid level sensor might 

opera1:e in· a number of alternative ways, such as detection 

of the buoyancy of a float, the use of a conductivity or· 

_ <=;~pacitance meter, an optical method or the use of 
·.: • .. •.·· . . 

ultrasonics. The yalves themselves might be actuated (i.e. 

powered) electrically or by compressed air. 

The liquid spray system is intended to produce a 

larqe number of droplets in a particular size ranqe which 

maximises the heat transfer between the liquid and the gas, 

while minimising the power consumption of creating the 

spray. Also it is important that the droplets are not too 

s&.1all, fr::: t~e point of view of separating the dro;:ilets 

from the gas either by gravity or by the action of the 

separators 4 7 and 49. The separators remove any liquid 

droplets which are carried upwards into the off-take pipe 

on the other side of the outlet port 13 and 15. The 

separators can be of various kinds. For example, inertial 

or centrifugal separators may be used or some combination 

of these. 

The spray pumps 43 and 44 circulate water from pipe 2 

through external cooler 45 and the injection sprays ~7 and 

39 back into pipe 2. A positive displacement pump may be 

used for this purpose in order to maintain a constant flow 

rate while the pressure differential in chambers 9 or 11 is 

varyinc;. The positive displacement pump may be a 

piston-type pump, which is.timed to work in phase with the 

movement of the liquid piston 7 so that injection only 

occurs while gas is beinq compressed. ·In this case, it 

would not be necessary to have valves to control the 

injection of the spray. Alternatively, if · centrifuqal or 

mixed-flow pumps were used and run continuously, then spray 

valves would be needed. The external cooler 45 rejects the 

heat which has been absorbed by the liquid sprays. 

Reduction of the spray temperature reduces the energy 

needed to compress a given mass of gas. To achieve the 

lowest possible temperature of the spray, the spray liquid 

" 
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through the coolers immediately prior to 

The cooling may be performed by forced draft 

by using cooling towers or by re-circulating 

water from a lake, a river or the sea. 

Floats 50 and 52. which float on the surface of the 

liquid piston in each chamber suppress waves and the 

entrainment of liquid into the ports through which cool 

compressed gas is drawn. The advantage of incorporating a 

float is that the suppression of the liquid entrainment 

allows more cycles of the liquid piston in a qiven. time. 

Consequently, this will increase the output of cold 

compr=:.sed gas from a gi,!en size of l!'achil'le. 

LIOUip/SOLip P!ST0?-1 GAS-DRIVEN COMPRESSOR 

In addition to liquid providing the larqe mass of the 

piston, the mass may be provided by solid material. The 

material can be chosen to have a _much hiqher density than 

the liquid so that, advantaqeously, the dimensions of the 

compressor can be qreatly reduced. The piston may consist 

entirely of a solid material, or may comprise a combination 

of a number of solid and liquid pistons. An example of a 

gas compressor having both liquid and solid pistons is 

shown·in Fiqure 2. 

, Re~errinq to Fiqure 2, the compressor 1 comprises a 

generally u-shaped conduit 2 partially filled with liquid 

forming a liquid piston 7. A solid piston 55, 57 is 

supported by the liquid piston in each arm 4, 5 of conduit 

2. Each arm 4, 5 is elonqate, linear and arranqed so that 

the solid pistons 55, 57 are free to execute vertical 

linear motion into and out of the chambers 9, 11. 

The density of the solid pistons 55, 57 is greater 

than that of the liquid in the liquid piston 7, so that the 

overall size of the composite piston including its solid 

and liquid componen~s ~ay be relatively compact. sea1s-s6, 

ss for sealing the qap· between the solid pistons 55, 57 

This Sheet Has Been Replaced 
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and the arms 4, 5 of the conduit 2 are provided on and near 

the bottom of the solid pistons 55, 57. Al though the 

purpose of the seals 56, 58 is to prevent the liquid 

escaping from under the solid pistons 55, 57, some leakage 

may inevitably occur, in which case it will be necessary to 

replace the lost liquid. This may be done by pumping 

liquid directly into the section of conduit containing the 

liquid piston. 

The solid pistons 55, 57 conveniently suppress 

interf acial disturbances at the surface of the liquid 

piston 7 and also prevent the entrainment of liquid from 

the liquid surface into th~ gas. However, the solid 

pistons 55, 57 and their respec~ive seals 56, 58 will 

prevent liquid used in the liquid spray from combining with 

liquid in the liquid piston. Therefore, liquid for the 

spray is provided by a separate source and not by the 

liquid piston itself as for the previously described 

embodiment. In the present embodiment, the liquid is held 

in a tank or reservoir 51 which supplies liquid to the 

spray injection pumps 43-- and 44. The spray liquid is 

removed from the chambers 9, 11 by the action of the solid 

pistons 55, 57, which simply push the liquid out through 

the respective compressed gas outlet ports 13, 15 along 

with the isothermally compressed qas. The liquid is then 

separated from the compressed gas in an external moisture 

separator 47. The separated liquid in the moisture 

separator 47 is returned to the tank 51 via one or more 

coolers 45, to be recirculated. 

Apart from the way in which the spray liquid is 

removed from the chambers, the operation of the gas 

compressor shown in Figure 2 is essentially the same as 

that of the compressor previously described with reference 

to Figure 1. 

The compressors described so far are essentially 

symmetric, in that they all have a piston which is driven 

back and forth between two chambers, in each of which the· 

iiii~ilill 



.-

WO 93/24754 -35- PCT/GB93/0l 137 

THIS SHEET HAS BEEN 
REPLACED 

same processes occur, namely alternate expansion and 

compression of gas. However, in alternative embodiments 

compression may take place on one side of the piston only 

so that compression is done by displacement of the piston 

in one direction· only. Also the expansion of hot 

compressed qas to impart kinetic energy to the piston for 

the compression of q~s may also take place on one side of 

the piston only, i.e. on the same side as compression or on 
the opposite side. such an embodiment may be described as 

asymmetric. 
In an asymmetric compressor having a liquid piston, 

~h~ pipa could be f or.:~d in the shape nf a 

Figures l and 2 or in the form of a 'J'. 
pipe would comprise the compression chamber 

arm could be OJ>en ended and exposed 

'U' as shown in 

One arm of the 

while the other 

to atmospheric 

pressure, or closed and having a qas space enclosed 

therein. In operation, a quantity of hot compressed gas is 

injected into the chamber where it expands and cools 

forcing the liquid piston to the other end of the pipe. 

The pressure and thermal enerqy of the qas is converted 

into kinetic enerqy of the liquid piston, and a volume of 

relatively low pressure 9as is admitted into the chamber as 

the liquid piston is in motion. As the liquid piston rises 

in the other end of the pipe, the kinetic energy is 

converted ·into potential enerqy due to the height of the 

piston in the pipe, if the pipe is open ended or into a 

combination of potential enerqy due to the height of the 

liquid piston and the pressure and thermal energy of qas 

compressed above the liquid piston if the end of the pipe 

is closed. The latter option may be preferable since the 

arm of the pipe would not have to be so hiqh. The 

po~ential energy is then converted to kinetic energy of the 

piston in the direction of the compression chamber. ·rf the 

qas at the end of the closed pipe is compressed 

adiabatically, then the potential enerqy of the gas will be 

converted back to kinetic energy as the liquid piston 
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reverses and enters the compression chamber to compress the 
volu:e of qas. The gas is compressed isothermally by 

activating the liquid sp~ays. 

SOL:;) PISTON GAS-DRIVEN COMPRESSOR 
As~~etric Version 

As mentioned above, it may be advantageous to use a 
solid piston made of a high density material to reduce the 
size of the compressor. Fiqure 3 shows an embodiment of 
the compressor havinq a sinqle solid piston and which is 
designed to opcr~te in the astmmetric mode. 

With reference to Fiqure J, the qas compressor 
comprises an upper chamber a to contain gas to be 
compressed, disposed substantially vertically above a lower 
chamber lO. A piston 12 comprisinq a solid mate_rial is 
free to move up and down, into and out of the upper and 
lower chambers a, 10. The upper chamber S has a qas inlet 
per: 29 controlled.by a qas inlet valve 33 and a compressed 
qas outlet port 13 controlled by a qas outlet vaive 17. A 
liquid spray injection port 37 is provided to inject a 
liquid spray into the upper chamber s. The lower chamber 
10 has a qas inlet port 23 controlled by a qas inlet valve 
2 7 and a qas outlet port 2 4 controlled by a qas outlet 
valve 26. 

A typical cycle of the operation of the compressor 
will now be described, beginning with the solid piston 12 
at rest and supported by a cushion of compressed qas just 
above the base of the lower chamber 10. 

At this point, the upper chamber 8 contains a fresh 
quantity of qas -to be compressed and both the gas inlet and 
outlet valves 33 and 17 are closed 

A quantity of hot compressed qas from a suitable 
source, for example a conventional compressor, is injected 
into the lower chaml:l-er 10 via the qas inlet port 23. The 
hot compressed qas expands, impartinq kinetic enerqy to the 
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piston and forcing the piston 12 upwards into the upper 
chamber 8. As the piston 12 moves into the upper chamber 
a, the gas in the upper chamber is compressed. Liquid. is 
sprayed. into the upper chamber 8 via the· spray injection 
port 37 during the .compression process to cool the gas, so 
that compression may be approximately isothermal. At some 
point during the upward movement of the piston 12, the qas 
inlet valve 27 in the lower chamber 10 closes and the gas 

in the lower chamber expands adiabatically. 
When the gas in the upper chamber 8 reaches a certain 

pressure, the compressed gas outlet valve 17 opens, the 
1 iquid s;:ra:t :.~ s-:cpped and compreseed qas together with 
the spray liquid is drawn from the chamber via the gas 
outlet port 13. As the piston 12 reaches the top of its 
stroke in the upper chamber 8 , the compressed gas outlet 
valve 17 closes and any residual gas in the upper chamber 
a, may serve to absorb any kinetic enerqy of the solid 
piston before it comes to rest at the top of the chamber. 
This residual gas is compressed adiabatically so that the 
enerqy stored therein may be released by allowinq the qas 
to expand adiabatically, thereby imparting kinetic enerqy 
to the piston 12 in the other direction, out cf the upper 
chamber. 

once the piston 12 has reversed direction, the gas 
outlet valve 26 in _the lower chamber 10 opens and the 
relatively cool expanded gas in the lower chamber is 
exhausted throuqh the gas outlet port 24. When the 
pressure in the upper chamber . falls to the gas inlet 
pressure, the gas inlet valve JJ in the upper chamber a 
opens and relatively low pressure gas is drawn into the 
upper chal1Wer 8 as the piston 12 moves downward out of the 
chamber. 

As the piston 12 approaches the base of the· lower 
chamber 10, the gas outlet valve 26 closes and the residual 
gas in the lower chamber is compressed adiabatically, 
retarding the downward motion of the piston and serving as 

'; .· .. : 
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a cushion bet~een the piston 12 and the base of the 

chamber. The t:.::iing cf closure of the gas outlet valve 26 

may be such that the pressure of gas in the lower chamber 

at t~e time of piston reversal is equal to the inlet 

pressure of the hot compressed gas. When the piston comes 

to rest in the lower chamber, the compressed gas inlet port 

27 opens, a fresh charge of hot compressed gas is injected 

into the lower chamber, and the cycle is repeated. 

In this embodiment, gravity alone may provide the 

means to convert the kinetic energy of the piston in one 

direc-:ion into potential energy to impart kinetic energy to 

t~e piston in the other direction. In this case the 

opera-=ing frequency of the compressor would be li::iited by 

·'the gravitational restoring force. However, the frequency 

may be increased by providing some means to absorb and 

impar~ kinetic energy of the piston at a greater rate than 

provided by gravity, for example by providing a pocket of 

gas above the piston which is compressed and expands during 

reversal of the motion of the piston in the upper chamber, 

as mentioned above. 

soL:=' P!STON GAS-DRIV'EN COMPRESSOR 
SV?nr.e1:=i.= Version 

In another embodiment of the gas compressor in which 

a solid piston is arranged to move linearly and vertically, 

means also may be provided to inject hot compressed gas 

into the upper chamber as well as the lower chamber, so 

that energy is imparted to the piston in both direc~ions by 

the injection and expansion. of qas. Also, the compressor 

may be adapted so that isothermally compressed gas is 

produced in the lower chamber as wel_l as the upper 

chamber. Fur~hermore, the compressor may be arranged so 

that an additional mass of relatively low pressure gas is 

drawn into each chamber after expansion of the hot 

compressed gas, so that the compressor produces a greater 



WO 93/24754 -39- PCT/GB93/0l 137 

THIS SHEET HAS BEEN 
REPLACED 

mass of compressed qas than is required to drive it. Such 
a compressor is symmetric in the sense that the same 
processes occur either side of the piston, but is 
asymmetric in the sense that the driving and restoring 
forces are biased -by qravi ty. An example of this for::i of 

qas compressor is shown in Figure 4. 
Referring to Fiqure 4, a qas compressor l comprises 

an upper chamber 9 arranged substantially vertically above 
a lower chamber ll and a solid piston 12 which is free to 
move up and down, into and out of the upper and lower 
chambers. Sealing means 14 is arranged to prevent gas 
leaking f=:::: each chaml:l~r between the piston 12 and the 
char.U:sr walls. Each chamber 9, ll has a hot compressed gas 
inlet port 21, 23 controlled by a compressed qas inlet 
valve 25, 27 for ~ntroducing a charge of hot compressed gas 
into the chamber, a compressed qas outlet port 13, 15 

· controlled by a compressed gas outlet valve ·17, 19 to 
enable cool compressed qas to be drawn from the chamber, a 
qas inlet por-c 29, 31 controlled by a gas inlet valve 33, 
JS to admit an additional mass of gas into the chamber, and 
a liquid spray injection port 37, 39 for introducing a 
spray of liquid into the chamber during compression. 

Liquid sprayed into each compression chamber is 
recovered and recirculated. The liquid recovery sysi:em 
comprises a moisture separator 47, 49 connected to each of 
the compressed qas outlet ports 13, 15, for separating 
spray liquid from the cool compressed qas: a cooling system 
45 connected to each of the moisture separators 47, 49, for 
cooling the spray liquid, and separate pumps 43, 44 
connected between the cooling system and each spray 
injection per~ 37, 39, to pump liquid from the moisture 
separators 47, 49 through the ccolinq system 45 and into 
the compression chaml:>ers 9, ll. The pumps are preferably 
designed to pump spray liquid into the chambers a~ a 
constant rate as the pressure in the compression chambers 
inc:.-eases during compression. A header tank 51 is provided 
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to replace any liquid which is not recovered or <:hat is 

lost fr:::n .the recovery system. 

A typical operating cycle of the gas compressor l 

shown in Figure 4, proceeds as follows, beginning with the 

solid piston 12 momentarily at rest just above the base of 

the lower chamber 11 . and supported by a cushion of 

compressed gas. At this point, all the gas inlet and 

outlet valves in both the upper and lower chambers 9, 11 

are closed, and the upper chamber contains a mass of cool 

expanded gas previously introduced via the hot cc::pressed 

gas inlet port 21, together with an additional. mass of gas 

previously introduced via gas inlet port 29. 

As the piston 12 comes to rest in the lower chamber 

11, the hot compressed gas inlet valve 27 opens and a 

charge of hot compre.ssed qas is introduced into the lower 
-

chamber. After a predetermined time the inlet valve 

.closes. The gas then expands adiabatically, forcing the 

piston 12 out of the lower chamber 11 and into the upper 

chamber 9. Thus, the energy of expansion of the hot 

compressed qas is transferred to kinetic energy of the 

massive solid piston which is thrust upwards and gains 

potential enerqy. In turn, the kinetic enerqy of the 

piston is converted in part to the compression energy of 

the cc:ipressed qas in the upper chamber 9. As the piston 

12 moves into the upper chamber 9, the gas in the upper 

chamber 9 is compressed and a cool liquid spray is injected 

into the upper chamber 9 to prevent the qas from heating so 

that the compression may be approximately isothermal. 

The adiabatic expansion of the hot compressed gas 

introduced into the lower chamber 11, imparts sufficient 

kinetic energy to the piston 12 in the direction of the 

upper chamber 9, so that when the upward thrust produced by 

the expanding qas in the lower chamber 11, acting on the 

piston 12 becomes less than the downward force acting on 

the piston (due to its. mass and the weight and pressure of 

gas in the upper chamber), the piston 12, by virtue of its 
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large inertia, will continue its upward motion into the 

upper chamber 9. When the qas pressure in the lower 

chamber falls below that of the supply of additional qas, 

the gas inlet valve 3 5 in the lower chamber opens and an 

additional mass of qas is drawn into the ·lower chamber as 

the piston continues to move upward. 

When the gas pressure in the upper chamber reaches 

the desired value, the compressed qas outlet valve 17 opens 

and cool compressed gas together with the spray liquid is 

drawn from the upper chamber through the compressed gas 

outlet port 13. The compressed gas passes through the 

~cist~re separat~r 47 in which the spray liquid is removed 

from the compressed qas and the extracted liquid is passed 

to the cooler 45 in which it is cooled before re-use in the 

liquid spray. 

As the piston 12 reaches the limit of its travel in 

the upper chamber 9 , the compressed qas outlet valve 1 7 

closes, and any residual gas remaining in the upper chamber 

will bring the piston 12 to rest. The timing of the 

closure of the gas outlet valve 17 is preferably such that 

at the point of piston reversal in the upper chamber 9, ~he 

qas pressure in the chamber is equal to the hot compressed 

qas inlet pressure. As the piston comes to rest the gas 

inlet valve 35 in the lower chamber closes so that, at this 

point, all the gas inlet and outlet valves in the lower 
cham):)er ll are closed. The hot compressed qas inlet port. 

25 then opens and a charqe of hot compressed qas is 

introduced into the upper chamber via the hot compressed 

qas inlet port 21. After a predeterlDined time, the gas 

inlet valve closes and the gas then expands adiabatically 

forcing the piston 12 out of the upper chamber 9 and into 

the lower chamber ll. Thus, the_enerc;y of expansion of qas 

in the upper chamber is transferred to kinetic enerqy of 

the piston in the direction of the lower chamber. The 

potential enerqy of the piston due to its mass and heiqh~ 

is also converted into kinetic enerqy. The qas in the 
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lower chamber (which consists of a mass of cool expanded 

gas previously introduced via the hot compressed gas inlet 

por't 23 and a mass of additional qas introduced via qas 

inlet port 31) is compressed on movement of the piston 12 

into the lower chamber 11 and a spray of liquid is injected 

into the lower ch:aml:ler to absorb the heat of compression 

from the gas, thereby preventing the gas temperature from 

increasing so that the compression process may be 

approxi:ately isothermal. Thus, the kinetic energy of the 

piston is converted in-co compression energy of the gas in 

the lower chaml:ler ll. 

W?ie!'l ~he i;:ras pressure i~ the upper chamber 9 falls 

below that of the supply of additional gas, the gas inlet 

valve 33 opens and an additional mass of gas is drawn into 

the upper chamber 9 as the piston 12 continues its downward 

motion out of the upper chamber 9. 

When the gas pressure in the lower chamber ll reaches 

the desired value, the compressed gas.outlet valve 19 opens 

and the compressed gas together with the spray liquid is 

drawn f:-om the lower chamber through the compressed gas 

outlet port 15. The compressed gas and spray liquid are 

passed to the moisture separator 49 in which the spray 

liquid is removed from the compressed gas and the liquid is 

then passed to the cooler 45 before being re-used in the 

liquid spray. 

J'ust before the piston 12 reaches the limit of its 

travel in the lower chamber 11, the compressed gas outlet 

valve 19 closes, trapping the remaininq compressed qas in 

the lower chamber which serves to bring the piston to 

rest. The closure of the gas outlet valve is preferably 

timed such that the pressure of qas in the lower chamber at 

the point of piston reversal is equal to the hot compressed 

gas inlet pressure. When the piston comes to rest, the gas 

inlet valve 33 in the upper chamber closes so that all the 

qas inlet and outlet valves in the upper chamber 9 are 

closed. The hot compressed gas inlet valve 27 opens 
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introducing a fresh charge of hot compressed qas into the 

lower chamber. The cycle is then repeated. 
As mentioned above, the vertical linear gas 

compressor shown in Fiqure 4 is only approximately 

symmetric due to of the weight of the piston which biases 

the restoring forces towards the lower chamber. In 

general, it may be desirable for the compressed gas outlet 

pressure to be the same in both the upper and lower 
chambers so that compressed gas can be supplied at constant 

pressure over the cycle. Furthermore, it may also be 

desirable ~or the hot compressed gas inlet pressure in both 

the upper and low~r chnmbers to be the same. Each of the 

above objects may be achieved by providing gas flows in the 

upper and lower chambers of different masses. The 

throughput of qas into the upper and lower chambers may be 

controlled according to the size of the gas inlet and 

- outlet ports and/or the period during which the· gas inlet 

and outlet valves are open. 

Because of the finite qap which is always left 

.between the piston and the -top of the upper chamber when 

the piston comes to rest, not all the spray liquid in the 

upper chamber will be expelled and some liquid always 

remains in the upper chamber. However, the residual liquid 

is not expected to seriously affect the performance of the 

compressor. Some liquid may also remain in the lower 
chamber after each compression cycle but removal of the 

spray liquid can be assisted by, for example, shaping the 
base of the chamber and positioning the gas inlet and 
outlet ports so thit liquid can drain out of the chamber. 

SOLID PISTON GAS-DRTYEN COMPRESSOR 

Asymmetric Version 

Another embodiment of the qas compressor with a 
linearly and vertically moving solid piston, implemented in 

a gas · turbine plant is shown in Fiqure 5. In this 
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embodimen't:, cool compressed gas is produced in the upper 

chamber and in this respect the compressor is simil·ar to 

the embodiments shown in Figures J and 4. However, unlike 

the previous embodiments, the lower chamber is closed and 

contains a body of gas which serves as a spring to absorb 

the kinetic energy. of the piston as it travels downward, 

out of the upper chamber, and to re-impart kinetic energy 

to the piston in the opposite direction into the upper 

chamber. 

Referring to Figure 5, the qas compressor 1 comprises 

an upper chamber 9, positioned substantially vertically 

above a lower chamber 11 and a solid piston 12 which is 

arranged to oscillate freely between the two chambers. The 

compressor l includes sealing means 14 to prevent gas 

leaking from either chamber between the piston and chamber 

walls. The upper ehamber 9 has a hot compressed gas inlet 

port 21 controlled by a valve 25, to allow hot compressed 
- . 

. gas into the chamber: a cool compressed gas outlet port 13 

controlled by a valve 17, to allow cool compressed gas to 

be drawn from the chamber, and a gas inlet port 29 

controlled by a valve 33 to admit an additional mass of gas 

into the upper chamber 9 when the gas pressure in the 

chamber falls below a certain value. 

A spray injection port 37 is also formed in t~e upper 

chamber for the injection of a liquid spray during 

compression. A recovery system is arranged to recover and 

cool spray liquid from the compression chamber after 

compression. The recovery system includes a moisture 

separator 47 connected to the output port 13 of the upper 
io 

chamber, to remove spray liquid from the cool compressed 

gas leaving the chamber: a cooling system 45 connected to 

the moisture separator 4 7 to cool the spray liquid, and a 

pump 4 3 connected between the cooling system 4 5 and the 

spray injection port 13 of the upper chamber 9 to pump 

liquid from the moisture separator 47, through the cooling 

system 45 and into the upper chamber 9 via a spray nozzle 
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(not shown) . A header tank conl:aining spray liquid is 

arranged to replace any liquid which is not recovered or is 

lost from the recovery system. 

The lower chamber 11 contains a volume of gas which 

is, as far as possible, permanently sealed within chamber 

ll. Some gas may inevitably leak from the lower chamber 

through the seal 14 between the solid piston and the 

chamber walls, but measures can be taken to replace any gas 

lost from the lower chamber by, for example, providing a 

gas inlet port in the lower chamber controlled by a valve 

to admit replacement gas from a suitably pressurized source. 

A typical operatinq cycle of the compressor shown in 

Figure 5 proceeds as follows beginning with the solid 

piston 12 momentarily at rest at the top of its stroke in 

the upper chamber 9. At this time the compressed gas 

outlet valve 1 7 and the gas inlet valves 2 5 and 3 3 a:-e 

closed and the chamber may contain a pocket of compressed 

gas. 

As the piston reverses direction, the hot compressed 

gas inlet valve 25 opens, introducing a charge of hot 

compressed gas into the upper . chamber. Afte:- a 

predetermined time interval, the hot compressed gas inlet 

valve 25 closes and the hot compressed gas expands 

adiabatically driving the piston 12 downward out of the 

upper chamber. As the piston 12 moves into the lower 

chamber ll, the gas in the lower chamber is compressed 

adiabatically, so that the kinetic energy imparted to the 

piston 12 in the direction of the lower chamber is absorbed 

by the gas both as~pressure energy and thermal energy, the 

latter resulting in a concomitant increase in the gas 

temperature. When the pressure of the expanding gas in the 

upper chamber 9, falls to the inlet pressure of the supply 

of additional gas, the gas inlet valve 33 opens and a 

additional mass of gas is drawn into the upper chamber on 

continued downward movement of the piston 12. When all the 

kinetic energy of the piston has been absorbed by the gas 

This Sheet Has Been Replaced 
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in the lower chamber, the piston momentarily comes to rest 
and the gas · inlet valve 3 3 in the upper chamber closes. 
The now hot compressed gas in the lower chamber then 
expands adiabatically, imparting kinetic energy to the 
piston 12 toward the upper chamber 9. As the piston moves 
back into the upper chamber 9, the gas in the upper 
cham.ber, which consists of the mass of gas previously 
introduced as hot compressed gas through gas inlet_ port 13 
and an additional mass of relatively low pressure gas 
introduced via gas inlet port 2 9, is compressed. As the 
gas is compressed, liquid is sprayed into the upper chamber 
in the form of small droplets to absorb the heat of 
compressi~n from the gas so that the compression process 
may be approximately isothermal. Injection of the spray 
may be timed to start when the temperature of gas in the 
upper chamber reaches the temperature of the spray liquid. 
When the gas pressure in the upper chamber 9 reaches the 
desired value, the compressed gas outlet valve 17 opens and 
the cool compressed gas together with the spray liquid is 
drawn from the upper chamber via the gas outlet port 13 . 
The compressed gas and spray liquid are passed to the 
moisture separator 47 in which the spray liquid is removed 
from the gas. 

Before the piston reaches the limit of its travel in. 
the upper chamber, the compressed gas outlet valve 17 
closes and the gas remaining in the upper chamber assists 
in bringing the piston to rest. As the piston comes to 
rest, the hot COJ?pressed gas inlet valve 25 opens and a 
fresh charge of hQt compressed gas is introduced into the 
upper chamber 9 via gas inlet port 21 to repeat the cycle. 

As this embodiment only has one chamber for producing 
cool compressed gas, compressed gas is only produced once 
per cycle. To produce gas at a more constant rate over the 
period of the cycle, one or more further such gas 
compressors can be provided which operate out of phase from 
each other. For example, if one further compressor was 

---··---·------



WO 93/24754 -47-
THIS SHEET HAS BEEN 

REPLACED 

provided, their operating cycle could be separated by 

iso0
• Depending on how the compressors are arranged, the 

phase separation may be used to assist in preventing 

mechanical vibration produced by acceleration and 

deceleration of the.massive solid pistons. 

In an alternative embodiment of the compressor having 

a linearly and vertically moving solid piston, the lower 
chamber could be adapted to produce isothermally compressed 
gas, and for the introduction of hot compressed gas to 

impart kinetic energy to the piston in the upward 
direction. The upper chamber may serve to enclose a body 

of gas which is compressed adiabatically by the piston on 

the upward stroke to absorb the kinetic energy of piston 

and then expands to impart kinetic energy to the piston 
downward in the direction of the lower chamber. In this 
embodiment, which is essentially an inverted form of the 

-embodiment shown in Figure s, the· kinetic energy of the 

piston in the direction of the upper chamber would be 

converted into both compression and thermal energy of the 
gas in the upper chamber -and potential energy due to 
gravity. Alternatively, the upper chamber may be omitted 
al together so that all the kinetic energy imparted to the 
solid piston by the introduction of hot compressed gas into 

the lower chamber is converted into potential energy due to 
gravity and then released as kinetic energy in .. the opposite 

direction towards the lower chamber to compress the gas 
therein. Thus, advantageously, this particular embodiment 
requires only one · ~hamber and does not require 

. . . . . 
equipment associated with an 

compression/expansion chamber for replacing lost 

auxiliary 

adiabatic 

gas. An 
advantage of having the isothermal compression done in the 

lower chamber is that the chamber can be designed to make 
use of the potentiai assistance provided by gravity i"n the 
removal of spray liquid . 



----------------------------------~·· ··--·-··--·-· 

WO 93/24i54 -48-

SOLID PISTON GAS-DRIVEN COMPRESSOR 

Symme~~!c Version 

PCT /GB93/0113i 

THIS SHEET HAS .. BEEN 

R~PLACED 

In another embodiment, the gas compressor may include 

a solid piston which is arranged to move in the horizontal 

plane. Fiqure 6 shows an example of one such embodiment 

which includes two horizontally opposed chambers and a 

massive solid piston arranged to move linearly back and 

forth into and out of each chamber. 

Referring to Figure 6, the gas compressor comprises 

two horizontally opposed chambers, 9, 11 each having a hot 

compressed gas inlet port 21, 23 controlled by a valve 25, 

27 to introduce hot compressed gas into each chamber, a 

compressed gas outlet port 13, 15 controlled by a valve 17, 

19 to allow compressed gas to be drawn from each chamber, a 

gas inlet port 31, 3 3 controlled by a gas inlet valve 3 s, 
· 3 7 to admit additional gas into each chamber, and a spray 

injection port 37, 39 for injecting a liquid spray into 

each chamber to control the gas temperature. The gas 

compressor has a massive solid piston 12 supported by 

anti-friction bearings 14, 16 and which is free to 

oscillate between the two chambers 9, 11. A sliding seal 

56, 58 is provided between the piston and the wall of each 

chamber to prevent gas leaking through the gap between the 

piston 12 and the chamber walls. In this embodiment, each 

end of the piston 12 is curved as too are the ends of the 

chambers 9 , 11. 

A recovery sys.tem is arranged to recover liquid used 

in the spray after the isothermal compression of gas in 

each chamber, and to process the liquid for ·re-use in the 

spray. The recovery system includes moisture separators 

47, 49 connected to a respective compressed gas outlet·port 

13, 15 to remove spray liquid from the compressed gas. The 

outlet ports are formed in the lower part of each chamber 

to facilitate its removal. The mois~ure separators 47, 49 
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are connected to a cooling system 4 5 to cool the · spray 

liquid. A pump 43, 44 for each chamber is connected 

between the cooling· system 45 and the spray injection ports 

37, 39, for pumping liquid from the moisture separators 47, 

49, through the cooling system ans:i back into each chamber 

through the spray injection ports. 

The operating cycle of this embodiment of the gas 

compressor proceeds as follows, beginning with the piston 

12 at the limit of its travel in the right hand chamber 11, 

with all the valves in· the chamber 11 closed. The right 

hand chamb~r 11 contains a smal.l amount of adiabatically 

compressed qas used to bring the piston to rest. At this 

point, the left hand chamber con~ains a mass of gas 

consisting of a mass of cooled expanded gas previously 

introduced as hot compressed gas through the hot compressed 

gas inlet pert 21 and an additional mass of relatively low 

pressure gas previously introduced through gas inlet port 

31. All the valves in the left hand chamber 9 are closed. 

After the piston has come to rest, the compressed gas 

remaining in the right hand chamber 11 begins to expand and 

push the piston 12 out of the chamber. At ·the same time 

the hot compressed gas inlet valve 27 opens and a charge of 

hot compressed gas is introduced into the right hand 

chamber. After some predetermined time interval , the gas 

inlet valve 27 closes. The hot compressed gas then expands 

adiabatically, forcing the piston 12 out of the right hand 

chamber 11 and into the left hand chamber 9. Thus, the 

energy of expansion.is transferred to the kinetic energy of 
• the· piston in the direction of the left hand chamber 9. As 

the piston 12 moves into the left hand chamber 9, the gas 

is compressed and at the same time liquid in the form of a 

liquid spray is injected into the chamber to cool the gas 

during compression. 

When the pressure of the expanding gas in the right 

hand chamber 11 falls below a predetermined value, the gas 

inlet valve 37 opens and an additional mass of relatively 

_J 
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· · low ~~ure gas is drawn · into"· the right hand c~amber 

through~~e gas inlet port 33. ~ 
When the gas pressure in the left hand chamber 9 

reaches the desired value, the spray injection through port 

37 is stopped, the compressed gas outlet valve 17 opens and 

compressed gas together with the spray liquid is· drawn from 

the chamber through the compressed gas outlet port 13. The 

compressed gas and spray liquid pass through the moisture 

separator 47 in which the spray liquid is removed from the 

gas. The spray liquid is then passed through a cooler 45 

before being re-used in the spray. 

Befors the piston 12 reaches the limit of its travel 

in the left hand chamber 9, the compressed gas outlet valve 

17 closes and the remaining gas in the chamber is 

compressed adiabatically, bringing the piston momentarily 

to rest. At this time the gas inlet valve 37 in the right 

hand chamber 11 closes. The piston then reverses direction 

as the remaining gas expands and at this point, the hot 

compressed gas inlet valve 25 opens and a fresh charge of 

hot compressed gas is injected into the left hand chamber 9 

through the hot compressed gas inlet port 21. Valve 25 

closes after some predetermined time interval has elapsed. 

The hot compressed qas then expands adiabatically, forcing 

the piston 12 out of the left hand chamber 9 and back into 

the right hand chamber 11. 

All the inlet and outlet valves in the right hand 

chamber 11 are closed and the chamber 11 contains a mass of 

qas consisting of a mass of cooled expanded gas previously 

introduced as hot ·c:ompressed gas through inlet port 23 and 

an additional mass of relatively low pressure gas 

previously introduced through inlet port 33. As the piston 

12 moves into the right hand chamber 11, the gas is 

compressed and simultaneously a spray of liquid is injected 

into the chamber through the spray injection port 39 to 

cool the gas during compression. 

When the gas pressure in the left hand chamber 9 has 
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fallen to some predetermined value, the gas inlet valve 17 

opens and an additional mass of relative!~ low pressure gas 

is drawn into the left hand chamber 9 via gas inlet port 13. 

When the gas pressure in the right hand chamber 11 

reaches the desired value, the compressed gas outlet valve 

1.9 opens and the ·compressed gas together wi tll the spray 

liquid is drawn from the chamber through outlet port 15. 

The compressed gas and spray liquid are then passed to the 

moisture separator 49, in which the spray liquid is removed 

from the compressed gas. The liquid is th~n passed to a 

cooler 45 in which it is cooled before being returned for 

use as liquid in the spray. 

Before the piston reaches the limit of its travel in 

the right hand chamber 11, the compressed gas outlet valve 

19 closes, the spray injection stopped and the remaining 

gas is compressed adiabatically bringing the piston 12 

momentarily to rest. · At this point all the val ve.s in the 

·left hand chamber 9 are closed and the hot compressed gas 

inlet valve 27 opens introducing a fresh charge of hot 

compressed gas into the right hand chamber 11 which expands 

forcing the piston out of the right hand chamber and into 

the left hand chamber to repeat the cycle. 

Other forms of gas compressor having a horizontally 

moving solid piston and having different modes of operation 

to that described above are also contemplated. For example 

one of the chambers may be used as an adiabatic 

compression/expansion chamber and contain a sealed body of 

gas which alternately is compressed and expands 

adiabatically, conv~rting the kinetic energy imparted to 

the piston in the "direction of the chamber into kinetic 

energy of the piston in the other direction out of the 

chamber. Thus the chamber would function in a similar way 

to the lower chamber shown in Figure 5. 

Because the solid piston is arranged to move in the 

horizontal plane, some means must be provided to support 

the piston and at the same time preferably minimise any 
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fric-:ional force tending to oppose horizonl:al movement of 

the · ·piston. The support bearings may be mechanical 

bearinqs, for example, roller bearings specially designed 

to support the weight of the piston. The weight of the 

piston supported by each bearing may be reduced by 

increasinq the number of bearings. Al though it is 

desirable to make the piston as compact as possible the 

weight of the piston per unit length and width may be 

varied by sizinq the piston accordingly. The piston may be 

of any shape and may vary in cross sectional geometry and 

size along its lenqth. Thus, the mass of the piston may 

also vary along its length and it may be appropriate to 

concentrat·e the mass of the piston in one part of the 

piston than in another. In some applications it may be 

appropriate to design the support bearings to contribute to 

a significant proportion of the total mass of the piston. 

Other types of anti-friction bearings may also be used to 

-support the piston such as those whose operation is based 

on the principle of magnetic levitation or levitation by 

forced fluid. 

In some applications- it may be advantageous to 

generate t.~e liquid spray which maintains the air or gas in 

the compression chamber at near isothenual conditions 

during compression, outside the compression chamber. The 

spray or mist may be generated in a separate external 

vessel containing air or other gas. The liquid spray or 

mist may then be drawn into the compression chamber with 

the air or other gas prior to compression. 

Figure 7 shows a linear vertical gas compressor, 

similar to that s!lown in Figure 5, but incorporating a 

separate vessel external of the compression chamber in 

which a mist for cooling the gas during comt;)ression is 

generated and mixed' with atmospheric air before being 

admitted into the compression chamber. Referrinq to Figure 

7, the compressor comprises an upper chamber. 9 vertically 

disposed above a lower chamber ll and having a solid piston 
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12 which is free . to oscillate _vertically into and ou1: of 

each cham.ber. The upper chamber 9 has a hot compressed gas 

inlet port 21 controlled by a valve 25, for ad.mi tting hot 

compressed gas into the chamber to drive the piston 12 

downward: a cool compressed gas outlet port 13 controlled 

by a valve 17 to allow cool compressed gas to be drawn from 

the cham.ber 9, and a gas inlet port 29 controlled by a 

valve 3 J to allow the liquid spray to be drawn into the 

chamber along with the additional relatively low pressure 

qas. Gas inlet port 29 is connected to a separate vessel 

55 in which the mist is generated. A gas inlet pert 57 is 

provided to allow gas to be drawn into the mist generator 

55. 

Liquid separated from the ecol compressed gas leaving 

the compression chamber is re-circulated by a pump 43 via a 

cooler 45 and returned to the mist generator 55. The 

liquid spray or mist may be generated within the mist 

qenerator 55 usinq any conventional means, for example by 

forcing the liquid through one or more spray nozzles. 

During downward movement of the piston 12, gas inlet valve 

JJ opens and qas is drawn into the mist generator 55 

through gas inlet port 57 and sweeps the fine liquid 

droplets into the compression chamber through gas inlet 

pore 29. Because the liquid spray is introduced into the 

compression chamber when the pressure therein is relatively 

low and because the spray is admitted prior to rather than 
during compression, the work of pumping the liquid is 

reduced and a better distribution of droplets in the gas 

inside the compression chamber should be achieved. By 

forming a spray external of the compression chamber, it may 

also be possible to achieve a finer spray. For example, it 

may be worthwhile to separate out the larger droplets and 

re-circulate them rather than to inject them into the 

isothermal compressor. It may also be desirable to assist 

the gas flow into the mist generator with low pressure 
fans. The mist generator may also incorporate a mechanical 
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Apart from the manner in whic~ the liquid spray and 

atmospheric air are introduced into the compression 

chamber, the gas compressor shown in Figure 7 operates in a 

exac~ly the same way as that described above with reference 

to Figure s. 

LIOU!P-QRIVEN COMPRESSOR 

Liauid Piston '!ersion 

The embodiments of the compressors described above 

are all driven by hot compressed gas. An alternative 

method of driving the compression is to use a head of 

liquid. The kinetic energy storage means may conveniently 

be provided by a massive piston, whether solid, liquid or 

both, arranged to transfer the energy of the liquid into 

compression energy of the gas. An embodiment of a liquid 

piston isother::ial compressor which operates in this way is 

shown in Figure 8. 

Referring to Figure 8, the isothermal compressor 

comprises two pipes 102 and 103, each having a horizontally 

disposed mid-section 105 and 107 and each containing a 

liquid piston 109 and 111. One of the end sections 113 and 

115 of each pipe 102 and 103 extend vertically upwards and 

have chambers 117 and 119 respectively formed therein for 

gas to be compressed. The end section of each of the pipes 

102 and 103 are formed as a single large vessel 127. 

Main flow valves 129 and 131 are disposed in 

horizontal sections~ 105 and 107 of pipes 102 and 103 to 

control the flow of liquid from the accumulator 127. 

Outlet ports 133 and 135 are formed in the horizontal 

sections 105 and 107 between the main flow valves 129 and 

131 and the vertical sections 113 and 115 of the pipes 102 

and 103. Drain valves 137 and 139 are disposed in outlet 

ports l.33 and 135 to control the flow of liquid draining 
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from the pipes 102 and 103. A main pump 141 is connected 

between the outlet ports l3J and 135 and the accmnulator 

127 to re-charge the accumulator with liquid drained 

through outlet ports 133 and 135. 

As before, liquid sprays are provided for each 

chamber 117 and 11'9 for cooling the compressed gas. Each 

chamber 117 and 119 is provided with a gas outlet port 147 

and 149 each having a valve 151 and 153 to allow cold 

compressed gas to be drawn from each chamber 117 and 119. 

Each chamber has a gas inlet port 155 and 157 to admit gas· 

from an appropriate source into each chamber. 

In o.peration, t.tie accumulator acts as a store of 

pressurised liquid to provide surges of flow to drive the 

liquid pistons 109 and 111. The timing of these surges is 

controlled by the main flow valves 129 and 131 situated in 

pipes 102 and lOJ.. When a main flow valve is opened a 

surge of liquid flows through that valve and drives the 

·liquid piston into the chamber and compresses the gas. At 

the same time, the spray associated with that chamber is 

activated to cool the gas during compression. The 

compressed gas outlet valve opens when the pressure in the 

chamber reaches a predetermined value. 

When the liquid piston reaches the top of its travel, 

the main flow valve closes and the drain valve opens. At 

the same time the gas outlet valve closes and the gas inlet 

valve opens allowing low pressure gas to take the place of 

the draining liquid. The draining liquid is re-circulated 

back to the accumulator by the main pump 141. 

Preferably, the timing of operation of the liquid 

pistons 109 and 111 in each pipe is such that liquid is 

being returned to the accumulator from one pipe while 

liquid is flowing out of the accumulator into the other 

pipe. In a two pipe system, therefore, the liquid piston 

cycle in each pipe should be in antiphase. In general," the 

gas above the liquid level is compressed when the inflow 

exceeds the outflow and expands when the reverse is true. 
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The aim is to minimise va.riations in the head and flow 
delivered by t:..~e pump 141, so that it can operate close to 

its best-efficiency point all the ~ime. Preferably the 
volume of qas expands and contrac-:s adiabatically. The 

accumulator is insulated to minimise heat losses when the 

accumulator qas is compressed. The accumulated qas is not 

connected to the qas beinq compressed and indeed there is 

no need for the composition ~f the two qases . to be the 
same. Advantageously, the flow rate of liquid out of the 

accumulator is limited by the inettia of liquid pis-eon 

which prevents too qreat a variation in the pressure of the 

qas in the acc-.ll:lulator. 

The main flow valves 129 and 131 initiate the 

movement of t.~e liquid piston. These control valves open 
when the liquid has been pumped out of the compression 
chamber. They shu~ when the liquid piston has reached its 

maximum point of travel in the compression chamber. The 
·main control valves are a critical item of the 

liquid-driven isothermal compressor. The pipe diameter may 

be quite larqe and yet it is important that the valves can 
open and close rapidly and - frequently. The valves will 
need to hold back a pressure of perhaps eiqht bars. A 
further requirement is that the valves must offer a mini~al 
flow resistance when open. A mi tiqatinq feature is t.'1at 

the valves only open or close when the liquid flow is 

reversing in direction and is momentarily at zero 
velocity. Althouqh other valve desiqns miqht be possible 
for this duty the valve preferably comprises a set of 
louvres supported . on a number of rods which traverse the 
cross-section of the pipe. The louvres would be profiled 
to minimise the flow resistance when they are aliqned with 
the flow. 

The drain valves 137 and 139 are arranqed to open 
when the liquid piston reaches the maximum extent of its 
travel and to close when the compression chamber is 
drained. This means that the valves operate laoo out of 
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phase from the main flow valves 129 and lJl. The liquid. 
drain valves are preferably of the same type as the main 
flow valves. 

spray pumps 159 and 161 are connected between the 
accumulator vessel·and the sprays to supply liquid for the 
sprays. Preferably, coolers 163 and 165 are connected 
between the spray pumps 159 and 161 and the sprays to cool 
the liquid. The spray pumps may be of the 
positive-displacement type to.ensure a constant flow while 
the pressure in the compression chamber is changing. 

The .main differences between the qas driven and 
li:;ui: d~iven isoth~nnal ~ompressors thus far described are 
as follows. Although both types of compressor are based on 
the same physical principles, i.e., using a massive liquid 
and/or solid piston to perform isothermal compression, the 
main power is provided by different means. Comparing the 
liquid piston compressors, the gas-driven system does not 
have large valves immersed in the liquid in the main 
pipe-line. The frictional dissipation of the liquid piston 
is therefore minimised in the gas-driven system. The 
embodiment of the gas-driven liquid piston compressor shown 
in Figure l compresses two volumes of gas in each cycle of 
the liquid piston as compared with one volume of gas per 
cycle in the liquid-driven compressor. The liquid-driven 
compressor normally requires a large pump as the main 
source of power while the gas-driven compressor requires a 
conventional gas compressor, such as that which might 
normally be attach~d to a gas turbine . 

• Although with reference to Figures 1, 2 and a the 
arms of the pipe forming the liquid piston are 
substantially vertical, and the pipe has been desc=ibed as 
having a near horizontal mid-section, so that the pipe is 
shaped as a 'U', the arms may be inclined at any angl"e, and 
the 'U' may be broad, narrow, shallow or deep. several 
'U'-tubes may be joined so that one of the arms is shared 
between several tubes, as shown in F iqure 8 al though this 

1iii~f 
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may apply equally to the gas-driven compressors shown ·in 

Figures 1 and 2. The pipe may have any cross sectional 

geometry, and in pari:icular may be circular, oval, 

elliptical, triangular, square, reci:angular, hexagonal, 

polygonal or irregular. The pipe may be of constant 

cross-section along its length or· the cross-section may 

vary (e.g. both in area and/or geometry). Thus, the 

cross-sectional area of the compression chamber(s) may be 

larger or smaller than that part of the conduit for:ning the 

liquid piston. Advantageously, a conduit having a 

relatively small cross-sectional area may be less expensive ,. 

and less ccmplicate~ to construct. The length of the pipe 

can be between 10 and 500 metres in length and the diameter 

can be between o. 2 and 10 metres. However, these 

dimensions are indicative and values outside these ranges 

could be used for some applications. The pipe may be 

fonned as a tunnel through the ground for the horizontal 

part of its length, or it may be laid in a trench or simply 

supported fro~ the ground. However it is preferable to 

dimension the pipe to house a massive liqUid piston so that 

energy may be stored as kinetic energy of the piston and 

also so that frictional losses due to the flow of liquid 

next to the surface of the pipe are kept to a minimum. 

Instead of the liquid-driven isothermal compressor 

having two pipes and two liquid pistons, it could be made 

to operate with one or more than two pipes and liquid 

pistons. If a single pipe was used, the main pump would 

only need to ope;-ate for half the duration of a complete 

cycle of the liqutd piston. This situation would be well 

served by a reciprocating pump comprising a mechanical 

piston which operated in phase with the liquid piston. 

Furthermore, the need for .a drain valve in the outlet 

for::ted in the main pipe would be removed. 

Alternatively, embodiments of the compressor having a 

liquid piston may include a mechanical solid piston 

disposed in the main pipe, and driven by some external 

This Sheet Has Been Replaced 
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means to drive the liquid piston. The solid piston would 

preferably oscillate back and forth in the horizontal 

section of the main pipe and there may be liquid pistons on 

either side of the solid piston. 

Although, with reference to the liquid piston 

compressors, the liquid spray may be continuously 

re-circulated by drawing it from the larqe pipe and 

circulating it throuqh an external cooler before it is 

injected into the qas as ·in the embodiments shown in 

Figures 1, 2 and a, the liquid spray could be drawn from a 

large supp~y or reservoir. In this case, the liquid would 

be simultaneously drained from the large pipe to keep the 

inventory approximately constant. 

The heat transferred between the spray and the gas 

may involve some evaporation of the vapour or it may not. 

This largely depends on the initial temperature of the 

·droplets in the spray, the amount of heat absorbed by the 

droplets, and the time over which gas is being compressed. 

GAS TURBINE PLANT WITH COMBUSTION CHAMBER AND ISOTHEID.f_?\L 

COMPRESSOR 

The main applications of the isothermal gas 

compressor are expected to be in the area of electricity 

generation. For example, the compressor might be used in 

association with a gas turbine. With reference to Figure 

9, a gas turbine plant, generally shown at.200 comprises a 

qas turbine 201, ·.an isothermal compressor 203, a heat 
• exchanger 205 to pre-heat the cold compressed gas using the 

hot low pressure qas leaving the gas turbine 201, and a 

main heater 207 to generate hot high pressure gas from the 

pre-heated compressed gas to drive the gas turbine 201. 

The _gas turbine 201 is arranged to drive an electricity 

generator 209. The main heater 207 comprises a combustion 

chamber for burning fuel in the pre-heated pressurised gas, 

whereby the hot high pressure gas is combustion gas. 
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If the isothermal compressor comprises a gas 
compressor in accordance with the present invention, it 
will generally be driven by the gas turbine. For example, 
in the gas-driven_compressor, the hot compressed gas may be 
provided by a conventional compressor. As described above, 
this type of isothermal compressor produces a larger mass 
of cold compressed gas than a conventional compressor for a 
given energy input. However in the liquid-driven 
isothermal compressor, the same mass of gas will be 
produced as in a conventional compressor but it will 
require less energy. Therefore, either less power from the 
gas turbine will be consumed in driving the compressor, or 
the energy to drive the isothermal compressor will be the 
same as for a conventional compressor except that a grea~er 
mass of gas will be produced for use in driving the gas 
turbine. 

Because ~~e exhaust heat from the gas turbine is used 
to pre-heat the inlet gas which will usually be air, there 
will be no need for a heat recovery steam generator and 
associated steam turbine _which is required in the 
combined-cycle gas turbine and steam plant. Because a 
steam plant is not required, the constraints on a gas 
turbine plant imposed by the steam plant are removed. 
Therefore, the exhaust temperature from the gas turbine can 
be increased above the values · appropriate to a steam-cycle 
and optimised to achieve the best performance of the 
gas-turbine. This could include the use of a gas-turbine 
with more than one combustion stage (i.e. gas-turbine 
re-heat). Furthermore, a proportion of the cool compressed 
gas from the isothermal compressor can be used to increase 
the cooling of the gas turbine blades in order that a 
higher turbine inlet temperature can be achieved. 

Any for.:i of cooling system might be used with the 
cycle, such as wet, dry or hybrid cooling towers or direct 
cooling to the atmosphere or to a body of water such as the 
sea, river or lake. 
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In a case where the cold compressed gas is air and 

the hot high pressure gas is the gaseous product of 

combustion, there will generally be more heat available in 

the combustion gas than is needed to pre-heat the cold 

compressed air (by ·virtue of the differences in the heat 

capacity of the two gas streams). This excess heat may be 

used for another purpose such as to heat an additional flow 

of cold compressed air which is then expanded (without 

combustion of fuel) through one or more air turbines to 

generate more power, possibly using one or more auxiliary 

heat exchangers to achieve this. The additional air 

t11l:"bines and auxiliary heat exchangers would be much 

smaller than the main components of the system, since the 

flow through this part of the circuit would only be a 

fraction of the main flow. Alternatively, the additional 

heat from the combustion gas may be used to provide process 

heat, space heating or heat for some other external 

purpose. Figure 10 shows a block diagram of a gas turbine 

plant 300 which implements the first of these alternatives. 

GAS TURBINE PLANT AND AUXILIARY AIR TURBINES 

A gas turbine plant 300 comprises a gas turbine 301 

which drives a first generator 309, an isothermal 

compressor 303, a heat exchanger 305 for heating the cold 

compressed air from the compressor by the exhaust gas of 

the gas turbine 301. Most of the pre-heated compressed air 

is fed into the cOmbustion chamber for burning with the 
• 

fuel to provide combustion gas for the gas turbine 301, and 

a fraction of the pre-heated compressed air is fed to the 

input of a first air turbine 313 which drives a second 

generator 315. The exhaust air from air turbine 31:3 is 

passed through an air-to-air heat exchanger 

a portion of cold compressed air from 

compressor to drive a second air turbine 
embodiment of a gas turbine plant, 

317 to pre-heat 

the isothermal 

319. In this 

the · isothermal 
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compressor is a gas driven compressor which is driven by a 
rotary compressor 311, driven by the gas turbine 301. 

AIR '!'URBINE PLANT AND ISOTHERMAL COMPRESSOR 

Instead of· the main heater 307 comprising a 

combustion chamber, it may comprise an external source of 
heat, which could be a coal or oil fired furnace, heat 
produced from a chemical or industrial process, a nuclear 
reactor or a solar furnace. Figure 11 shows a block 
diagram of a gas turbine plant comprising an air turbine 
401 and in which the main heater 407 is a coal-fired 
furnace. The arrangement is similar to that shown in 
Figure . 9 excep~ that the cold compressed air from the 
isothermal compressor is pre-heated by exhaust air from the 
air turbine and the pre-heated air from the heat exchanger 
is heated· by the main heater 407 and then expanded in the 
air turbine. This arrangement would be used in cases where 
it is undesirable for the combustion products from a 
combustion chamber to pass through the turbine. A very 
similar circuit would be used for heat sources (i.e. 
industrial, chemical, solar, nuclear, geothermal) where 
there are no combustion products. The essential difference 
would be that the coal fired furnace would be replaced by 
another kind of heat exchanger. 

As for the gas turbine plant shown in Fiqure 9, the 
externally heated cycle may incorporate re-heating stages 
during the expansion of the air in the turbine. A feature 
of ·any open or clqsed externally heated cycle, which does 
not have combustion products as the working fluid, is that 
the thermal .capacity of the exhaust gas from the turbine is 
essentially the same as that of the inlet gas. Thus, there 
is no surplus heat which would otherwise be due· to a 
difference in the heat capacity of the two gas streams, and 
therefore there are no additional turbines in this part of 
the circuit. 
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Figure 12 shows ·another elnl:lodiment of a gas turbine 

plant generally indica~ed at 450, which includes both a gas 

turbine 451 driving a first generator 453 and an air 

turbine 455 driving a second generator 457. Heat in the 

exhaust gas from. the gas turbine 451 is recovered by_ 

heating a supply of cold compressed air which is then 

expanded through an air turbine 455. Because an air 

turbine is used at the final low temperature stage of the 

power generating cycle, the cycle is referred to as an air 

bottoming cycle. 

gAS TURBINE PI.ANT WIT-; AIR BOTTOMING CYCI.E 

Referring to Figure 12, hot compressed air from a 

first rotary compressor 459 is fed. to a combustion chamber 

461 for combustion with fuel. The combustion gas is then 

.fed to the input of the gas turbine 451 which drives the 

first generator 453. Hot compressed air from the second 

conventional rotary compressor 4 63 is fed to an isothermal 

compressor 465 which may be a gas driven compressor of the 

kind described above and shown in any one of Figures 1 to 

7. Cold compressed. air from the isotherm.al compressor 465 

is directed to a heat exchanger 467 in which the compressed 

air is heated with hot exhaust gas from the gas turbine 

451. The hot compressed air from the heat exchanger 467 is 

fed to the input of the air turbine 455 which drives the 

second generator 457. 

Although the air bottoming cycle with isothermal 

compressor may not•be as efficient as the cycle illustrated 

in Figures 9 and 10, a significant advantage of this cycle 

is that the gas turbine used in the cycle could be one of 

those currently implemented in existing gas turbine 

plants. Therefore, this embodiment avoids the expense of 

new gas turbine development while also avoiding the capital 

costs of the steam plant used in a CCGT. 
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The ·isothermal compressor may be used for the storage 

of energy in the form of compressed gas such as air. 

schemes already e'xist for storing energy in the form of 

compressed gas but the use of conventional compressors 

means that a significant fraction of the energy is 

dissipated as heat and cannot be recovered. If the air is 

compressed isothermally, less energy is consumed in the 

process of compression and a greater fraction of the 

original energy can be recovered. The cold compressed air 

could be stored in a suitable large cavity which can 

tolerate the imposed pressure without undue leakage. For 

example, a disused mine or oil well might be used for this 

purpose. Aii. exhausted off-shore oil well would have the 

- advantage that the sea would provide a natural external 

pressurisation which would inhibit leakage. 

In general, to run the isothermal compressor as an 

isothermal expander, cool compressed gas from the storage 

vessel is introduced into the compression chamber and 

allowed to expand, driving the piston out of the chamber. 

As the gas expands, liquid is sprayed into the chamber to 

:naintain the gas temperature constant or to increase the 

gas temperature. The pressure (and thermal) energy of the 

gas is converted into kinetic energy which is available to 

either a second piston to compress a body of gas in a 

second chamber or to the same piston to compress the gas on 

its·return stroke ~nto the compression chamber. The gas is 

compressed adiabatically so that its temperature is raised 

to the operating temperature of a turbine, e.g. about 

Joo 0 c for an air turbine. 

Figure 13 shows an energy storage scheme in· more 

detail in which the stored energy is recovered by running 

an isothermal compressor in reverse as an isothermal 

expander. Referring to Figure l3a, the energy storage 

This Sheet Has Been Replaced 

11111111 Wiii\ l~I Ill \Im 



-65-
W093/24754 PCT /GB93/01137 

THIS SHEET HAS BEEN 
REPLACED 

plant comprises an isothermal compressor 501, similar to 

that shown in fiqure 5 driven by a rotary compressor 503 

which is itself driven by a motor 505. The compressor 

comprises an upper chamber 509 disposed vertically above a 

lower chamber 511, ~nd a solid piston which is free to move 

vertically up and down, into and out of each chamber. The 

lower chamber 511 contains a sealed volume of gas and 

serves as an adiabatic bounce chamber, to drive the piston 

back into the compression chamber 509. The upper chamber 

509 has a hot compressed air inlet port 521, controlled by 

a valve 525 for admit-ting hot compressed air. into the 

chamber from the rotary compressor. An air inlet port 529 

controlled by a valve 533 is provided to ad.mi~ an 

additional mass of low pressure air into the upper chamber 

509 during outward movement of the piston 512. A 

compressed gas cutlet pert 513 controlled by a valve 517 is 

provided to allow compressed gas to be drawn from the 

chamber. The compressed gas outlet port 513 is connected 

via a moisture separator to a large cavity, for example a 

disused mine, for the storage of ecol compressed air. The 

upper chamber 509 has a liquid spray injection port 537 

through which liquid is sprayed into the chamber from an 

injection pump 543. Liquid is supplied to the spray 

injection pump from a suitable source, for example a 

reservoir, river, lake or storage ·tank 544 and is 

subsequently returned from the moisture separator to a 

water storage tank or reservoir 544. Spray liquid expelled 

frpm the compression chamber after compression will 

generally be at a ;temperature ab~ve ambient temperature, 

and the heat in the liquid may be stored for subsequent use 

during energy recovery. In this case it is preferable to 

thermally insu.late the water storage tank to prevent heat 

leakage from the stored water to the surroundings. 

Figure l3b shows one possible scheme for recovering 

the energy from the stored compressed air, and includes an 

isothermal expander generally indicated at 501. 
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The isother.:ial expander 501 comprises an upper 

chaml:>er 509 disposed vertically above a lower chamber 511 

and a solid piston 512 free to oscillate vertically into 

and out of each chamber. The upper chamber has a cool 

compressed gas inlet port 521 situated at the top of the 

chaml:>er, controlled by a valve 525 and which is connected 

to the compressed ·gas storaqe vessel 548. The upper 

chamber also has a liquid spray injection port 537 

connected to a water storage tank 544 via a liquid spray 

injection pump 543. A gas outlet port 513 controlled by a 

valve 517 is fonned in the wall of the upper chamber some 

distance from the top and which is connected to a moisture 

separator 547. 
The lower chamber 511 has a gas inlet port . 518 

cont=olled by a valve 519 to allow air to be drawn into the 

chamber, and 

a valve 529 

turbine 531. 

a compressed qas outlet port 527 controlled by 

which is connected to the input of an air 

The gas inlet and outlet ports 517 and 527 

are situated in the chamber walls some distance above the 

base of the lower chamber. The air turbine 531 is arranged 

to drive a generator 533. 

A typical operating cycle of the energy recovery 

plant shown in Figure 13b is as follows, beginning with the 

piston 512 at its maximum elevation in the upper chamber 

509. At this point the lower chamber 511 contains a fresh 

volume of air to be compressed and both the inlet and 

outlet valves 519, 529 are closed. 

As the piston momentarily comes to rest at the top of 

its stroke, the pompressed qas inlet valve 525 opens to 

admit a fresh charge of cool compressed air from the 

compressed air storage vessel 548 into the upper chamber 

509 through the gas inlet port 521. The compressed air 

then expands forcing the piston downward. At the same time 

warm water from the water storage tank 544 is injected into 

the upper chamber in the .form of a spray. The liquid spray 
transfers heat to the compressed air as it expands to 
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prevent the air coolinq so that 

approximately isothermal. 

expansion may be 

As the piston moves into the lower chamber, the air 

in the lower chamber is compressed adiabatically, and when 

the air pressure reaches the desired value, the qas outlet 

valve 529 opens an·d hot compressed air flews- out of the 

lower chamber and is expanded in the air turbine 531. As 
the piston 512 passes the qas inlet and cutlet perts 518, 
527 the residual air t:-apped in the chamber below the qas 
inlet and outlet ports is compressed adiabatically and 
serves as a temporary store for the remaininq enerqy of the 
piston to return the piston to the top of its stroke in the 

upper chamber. 

The piston mcmen-carily comes to rest above the base 
of the lower chamber and is then driven upwards as the 
trapped hot compressed air expands. As the piston reverses 
.direction, the qas outlet valve 517 in the upper chamber 
opens and the expanded air toqether with the spray liquid 
is expelled from the chamber through the moisture separator 
547. The spray liquid is. separated from the air and 
returned to the water storage tank 544 and the air from the 
moisture separator is expelled into the atmosphere. As the 
piston travels upwards past the air inlet pert 518 in the 
lower chamber, the air inlet valve 519 opens and a fresh 
charge of air is drawn into the chamber for compression 
during the next cycle. The upward motion of the piston is 
stopped by the residual pocket of air trapped in the upper 

chamber when the piston passes the qas outlet port 513 . 
Finally, the piston reaches the top of its stroke in the 
upper chamber to complete the cycle. 

Although Fiqures l3a and b each show a single water 
storage vessel, th_e optimum storage method would be to have 
one or more insulated storage tanks which contained cold 
water that had been through the isothermal expander and one 
or more insulated storage tanks for warm water which had 
been through the isothermal compressor. In the next 

iliiiii1nr 
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storage and recovery cycle, the cold water woul 

for isothermal compression and the warm water would be used 

for isothermal expansion. 
The energy storage and recovery scheme illustrated in 

Figures 13a and lJb and described above does not require 

any fuel or external source of heat during the energy 

recovery process. The isothermal compressor and the 

isothermal expander may be one and the same unit modified 

as necessary according to its function (either as a 

compressor or an expander), or two separate units may be 

implemented, one specifically for compressing gas 

isothermal+y for energy storage and the other for expanding 

gas isothermally for energy recovery. Al though isothermal 

expansi_on for energy recovery requires the input of hea't. to 

prevent the cooling of the air as it expands, this heat 

could be provided by a water supply at ambient 

temperature. If a heat source above ambient temperature is 

available, (eg. from an industrial process or from a 

cooling system of an existing power station) it would be 

possible to retur:l more_ electrical energy than was 

originally stored. 

An alternative approach to energy storage is to 

employ a cycle similar to those previously described and 

illustrated in Figures 9 to 11, but with the facility to 

store the cold compressed air. When the demand for power 

is low, the excess power is used to pressurise the cavity. 

When demand is high, cool air is drawn from the cavity and 

maximum power is delivered to the consumer. 

One possible energy storage recovery scheme 
• 

implemented with the isothermal compressor and gas turbine 

plant described above in relation to Figure 9, is shown in 

Figure 14. The components of the gas turbine plant shown 

in Figure 14 are exactly the same as those in Figure 9 and 

like components are designated by like numerals. Two 

alternative energy storage schemes are shown in Figure 14, 

one involving the storage of thermal energy as ice and the 
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other involving the s~orage of energy in the form of cold 
compressed air, as described above. In the latter scheme, 
the. output of the iso~ermal compressor is connected to a 
large cavity in whic!l compressed air can be stored. At 
times of low power· demand, more isothermal air is produced 
than is needed to drive the gas turbine plant, and this air 
is stored. At times_ of hiqh power demand, the amount of 
isothermal air produced by the plant is reduced and the air 
is taken from the storaqe cavity. The attraction of an 
isothermal compressor enerqy storaqe system relative to 
conventiona~ compressed air storage systems, is that as the . 
air is compressed at the same temperature as it is stored, 
energy is not consumed in producing excess heat which would 
otherwise be wasted. 

The second energy storage scheme shown in Figure 14 

includes a refrigeration system 213 connected to a storage 
tank for storing ice/water. The water from the storage 
tank 215 may be supplied to the isothermal compressor 203 
for use in the spray during compression. The ice/water 
ther?nal storage system is an attractive option when there 
is a large difference between day time and night time 
temperatures. Typically at night, when the ambient 
temperature is low, but power demand is also low, the plant 
may be. run at ful1 capacity, with the excesS! power being 
used to drive the refrigeration system 213 to freeze water 
and store it as ice. The external spray water cooling 
system 217 would be fully utilised during this time. 
During the day whep the power demand is high, the spray 

• water cooling system 217 would be replaced or supplemented 
by cooling provided by the melting ice. 

There are various industrial processes which involve 
the large scale co~pression of gases, including air. 
Examples for these are refrigeration and liqliefaction. 
This is often used as a method of separating and purifying 
gases. The compression process is energy intensive. The 
isothermal compressor reduces the power consumption and 
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could be used for refrigera'ting and/or liquefying ·a wide 

variety of gases. 

IHER..?.!.~LLY POWERED GAS COMPRESSORS 

Combustion-Driven Cornoressor 

Figure 15 shows an embodiment of a thermally powered 

gas compressor implemented as a component in a power 

generating· plant. Referring to Figure 15, the compressor 

generally indicated at 700 comprises a gas compressor 701 

dri verf by hot compressed c;:as and a combustion compressor 

703 driven by combustion of fuel. The gas driven 

isothermal compressor 701 is very similar to the isothermal 

compressor described above wit..li reference to Figure 5 and 

like numerals incremen'ted by 700 refer to like parts. 

The combustion compressor 703 comprises an upper 

compartment 726 disposed above a lower compartment 728, 

each compartment being cylindrically symmetric. The 

diameter of the upper compartment 726 is less than that of 

the lower compartment and the compartments are 

substantially coaxially aligned. A combustion chamber 730 

is formed in the upper compartment 726 and has a hot 

compressed gas inlet port 736 controlled by a valve 738, a 

fuel inlet port 744 and an exhaust gas outlet port 740 

controlled by a valve 742. The hot compressed gas inlet 

port 736 is connected to the compressed gas outlet port of 

the gas driven isothermal compressor 701 via a gas-to-air 

heat exchanger 770, which preheats the cool compressed gas 

or air from the ispthermal compressor 701 with exhaust gas 

from the combustion chamber 726. 

The combustion compressor 703 further comprises an 

adiabatic compression chamber 732 formed in the upper part 

of the lower compartlnent 728, the compression chambe'r 732 

having a gas inlet inlet port 746 controlled via valve 748 

and a compressed gas outlet port 750 controlled by a valve 

752 and which is connected to an air turbine 776 which 
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drives a generator 782. An adia.batic compression/expansion 

or bounce chamber 734 is fonied in the lower part of the 

lower compart:nent 728. The combustion compressor has a 

massive solid piston 759 consisting of an upper part 760 

which is sized to the diameter of the upper compartment 726 

and a lower part 762 sized to the diameter of the lower 

compartment 728. 
The adiabatic boun~e chamber 734 contains a sealed_ 

volume of air or other gas to provide means for converting 

the downwardly directed kinetic enerqy of the piston into 

upwardly directed kinetic enerqy thereby to d=ive the 

return stro'ke of the piston. 

A cooling jacket 758 is formed around the combustion 

chamber walls and also over the head of the combustion 

chamber in which the gas inlet and outlet valves are 

situated, to provide circulation of cooling . fluid _to cool 

- the combustion chamber walls. conveniently, pa-rt of the 

cool compressed air from the isothermal compressor 701 

provides L~e cooling fluid and is directed to the cooling 

jacket 758 after moistur~ has been removed from the 

compressed gas by the moisture separator 749. The cooling 

jacket 758 has an exit port 764 which is connected to the 

supply line connecting the compressed gas outlet port 750 

in the adia.batic compression chamber 732 to the air turbine 

776 .. Thus, the cool co~pressed gas directed to the cooling 

jacket recovers heat from the combustion chamber walls, and 

this enerqy is usefully converted into mechanical power by 

expanding the hot compressed gas leaving the cooling jacket 

in the air turbine 776. 

The isothermal gas compressor 701 is driven by part 

of the hot compressed gas produced by the cc:nbustion 

compressor 703 in the adiabatic compression chamber 732. 

The function of the gas compressor 701 is to provide large 

quantities of cool cc:pressed air or other oxidant at a 

temperature of, for example 40°c. The compressor 701 

produces a significant:ly greater mass of. compressed air 
---------·----
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than is required to drive it. Cool compressed air from the 

isothermal compressor 701 is heated and used to drive the 

combustion compressor 703. The function ct the combustion 

compressor 703 is to produce large quantities of hot 

compressed air wh~ch may subsequently be used to drive a 

turbine for the purpose of qeneratinq electricity. As 

mentioned above, part: of the hot compressed air produced by 

the combustion compressor is used to drive the isothermal 

compressor 701. 

The cold compressed air cutlet port 713 of the 

isothermal compressor 7 O l is connected to the hot 

compressed air inlet port 736 of the combustion compressor 

703 via the moisture separator 749 and a gas-to-air heat 

exchanger 770. The exhaust qas outlet port 740 of the 

combustion compressor is connected to the qas-to-air heat 

exchanger 770 so that heat from the hot exhaust gas leaving 

. the combustion chamber is transferred to the cool 

compressed air from the isothermal compressor 701. The hot 

compressed air outlet port 750 of the combustion compressor 

is connected to the hot compressed air inlet port 721. of 

the isothermal compressor 701. 

A typical operating cycle of the compressor shown in 

Figure 15 will now be described starting at the poin~ in 

time when the piston 712 is at the top of its stroke in the 

isothermal compression chamber 709 of the isothermal 

compressor 701. All the gas inlet and outlet valves in the 

isothermal compression chamber are closed. 

As the piston 712 momentarily comes to rest, the hot 

compressed gas inlet valve 725 opens to admit hot 

compressed air from t~e combustion compressor 703 into the 

chamber 709 via the h:Jt compressed gas inlet port 721. 

This drives the piston 712 downward from its highest 

position out of the chamber 709. When the piston reaches a 

predetermined position, the compressed gas inlet valve 725 

closes and the air expands adiabatically and continues to 

drive the piston downwards. When the pressure of the air 
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.:.:i t.!"le c!'la=i.ber i09 falls t:.o some predet:er::iined value, 

gas i~let valve 733 opens and 

pressu=e air (i.e. at::iospheric} 

additional relatively , """ .. ......... 
is drawn into the c!-.ar::.te:-

709 on continued movement of the piston 712 out. c: 
chambe:?:" 709. At this stage, the piston 712 continues :::.s 

downwa=~ ~ct.ion by virtue of its large inertia. 

As the piston moves downward, it coI:lpresses t!:e gas 

in the adiabatic bounce chamber 711 below, this co?:lp:-essi.o:: 

being per::::::r::ied adiabatically. Event:ually all the 
. . . 
JC.:ie-=:.~ 

energy c:: the piston is transformed into energy of t!:e gas 

in the bounce chamber 711 and the piston 712 momen-o:ar:.:y 

cor.ies to rest. At this point gas inlet valve 733 i~ t!:e 

isc~her:::al co~pressicn cha~~er closes. 

T!:e piston then reverses direc'":icn as the gas ~~ '":!:e 

bounce c!'lamber 711 begins to expand, driving the p~s-:.~:-: 

upwards. The piston 712 is driven back into the isot::e::-:::a: 

co~pression chamber, compressing the air contained t!:erei~, 

which c:::::q;:-ises a mass of cool expanded air previ.cus.::-· 

introduced through port 7 21 from the combustion cor.ip:-ess::::-

703 an"d an additional mass of relatively low presst:.=e ai:­

introduced through port 7 2 9 • The initial compress ic:i is 

adiaba~i.=, but when the air reaches the temperature c: t~e 

availab2.e spray liquid, the liquid is injected i~-=::: t~e 

compression chamber 709 through t!:e spray injection pc:--: 

737. ~he diameter of the droplets for:ning the liquid sp::-ay 

is t::·pi=ally about o. 4Ii.m which gives a large heat t=ans::e:­

area sc that the temperature of the air is maintained belcN 

about ~o0c. With~ut: the spray, the temperature would 

reach over Joo 0 c. 
When the air pressure in the compression chambe:- 709 

. ..."' . . 1 reac:ies ....... e requ.:..rea va ue, the compressed gas outlet valve 

opens and cool compressed air ~ogether with the 

liquid is drawn from the char.tber through the gas cu-:le~ 

port 7:3. The mixt~re of cool compressed air and spr3.y 

liquid .i.s passed to the mois~!lre saparator 749 where '":!:e 

spray l~auid is separat:ed and ret:~=:ied via the ret:u=:i l~:ie 
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753 t::: the coolir.= svstem 7~5 in which it is cooled before . ~ . 

being re-used in t~e spray. 

Before the piston 712 reaches the top of its stroke, 

the c==.pressed gas outlet valve 717 may close and the 

remai!1:..ng kinet:.c E?nergy of the piston may be part:.ally 

abscr=ed by co~pressing the residual gas at the top of t!':.e 

char:'J:::e:- 709. As t~e piston 712 momentarily comes to res-: 

in the char.tber 709, the ·hot compressed gas inlet valve 72S 

opens and a f:-esh charge of hot compressed air fron t!':.e 

co::'.bustion cc:npressor 703 is adr.titted into the chambe:- 709 

through t~e . hot ·c::::':lpressed gas ~nlet port 721. The piste:: 

is then driven dc~nward by the expanding compressed ai:- a!1~ 

the cyc!e is repeated. 

The cool cc=.pressed gas from the compression c!:aml:e:: 

709 of the isother::ial compressor 701, having passed throug~ 

the mcisture separator 749 is then passed to the gas-to-air 

heat exchanger 770 in which it is heated by heat fro~ t!':.e 

exhaus-: gases the combustion compressor, from a 

40°c to about aso 0
.: temperature of, fer example, 

or more. This te?:lperature is 

about 

deter:nined by the materials 

li~ita-::.ons on the heat exchanger 770 and the pipework fro~ 

the hea~ e~changer to the combustion compressor. 

':'ur:li!1g no·.v to the combustion compressor 7 03, whe:: 

the p:.s~on 759 momentarily comes to rest at the top of its 

stroke in the co~ustion chamber 73 o, the hot compressed 

gas i:llet valve 738 opens and a predetermined mass c: 

prehea"C.ed air fror:l the heat exchanger 770 is introduced 

into -=.he chamber 73p through the hot compressed gas inle-= 

por-: i36. The air inlet valve 738 then closes and a 

prede~e?:"::l.ined mass of fuel is injected into the chamber 730 

through the fuel injection port 744. The fuel ignites and 

cor.tbusticn takes place, driving the piston 759 downwar~ and 

ou"C. c= the combustion chamber 730 thereby imparting kinetic 

energy to the piston. The fuel is added in such a way tha~ 

the gas pressure remains approximately constant during the 

fuel injec~ion. When the required amount of fuel has been 
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inj ec-::ed, fuel injection stops and the combustion gases 

expand approximately adiabatically from about 20 or 30 bars 

down to near at~ospheric pressure. 

During the constant pressure combustion phase, cool 

compressed air is injected into the cooling jacket 758 

around the combustion chamber 73 O to cool the combustion 

chamber walls. 

As the piston 759 moves downward from its highes-c 

position, at~ospheric air is drawn into the adiabatic 

compression chamber 732 through the gas inlet port 746. At 

the same time, the piston moves into the adiabatic bounce 

chamber 734 and begins to compress the sealed volume of 

gas. After the compressed gas inlet valve 738 has closed 

and the fuel injection into the combustion chamber has 

stopped, the combustion gases expand adiabatically and 

continue to impart kinetic energy to the piston 712. This 

energy is absorbed by the gas in the adiabatic bounce 

chamber 7 3 4 and eventually the piston comes momentarily to 

res~, at which point the gas inlet valve 748 in the 

adiabatic co:npression chamber 732 closes. The gas in the 

adiabatic bounce chamber 734 then begins to expand 

adiabatically driving the piston upward into both the 

adiabatic compression chamber 732 ·and the combustion 

chamber 730. As the piston moves into the combustion 

chamber 730, the hot combustion gases are expelled from the 

combustion chamber through the exhaust gas outlet per~ 

740. As the pis.ton moves upwards into the compression 
• 

chamber 7 3 2 , it compresses the air previously drawn into 

the cha~er, adiabatically, so that the heat of compression 

increases the temperature of the air during this process 

to, for example, over Joo 0 c. When the air in the 

adiabatic compression chamber 732 reaches the required 

pressure, e.g. the operating air inlet pressure of the air 

turbine, which may be between 20 and 30 bars, the hot 

compressed gas outlet valve 752 opens and the hat 

compressed gas leaves the compression chamber 732 via the 
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gas 0 ..... , c,. ........... __ _ per"= 750. The piston 759 continues to the -:.::p 

cf l.. ~ <:: -- s"t::-oke, whereupon the hot compressed gas ou~:e~ 

valve 1=: closes. 
"'4'o - o.;: t~ h +- ... - ... -es · · ai· r _; s used to drive t. .... o_ .• s... ... •• e • c ... c ....... :--... sea 

:nain a ; .... -- turbine 776, but par~ of the compressed a ,, ... -- :..s 

used t.o d=ive the iscther::al compressor 701. 

Bec3use there is more heat available in the exhaus~ 

gases f=or.t the . cc::-.bustion co:npressor 703 than is req-..ii.:::-e·:: 
t.o heat the isother::i.ally co~pressed air necessary to d:::-i.ve 
the co?:bustion conpressor, the surplus heat is used to nea~ 
addit.i.onal air f ro:n the isothermal compressor and ..... ;... ~ -

\..,. .. _:::. 

p::-ehea"=ed compressed air, having a temperature of abo::.~ 

aso 0
.: or more is passed di::-ec"=lY to the air turbine 775 

in which it is expanded to produce additional power. 
To maxi~ise energy recovery from the hot exhaus~ 

gases, the ther::ially powered compressor should be des ig::ed 
so t~at the ter.tperature and pressure of the compressed a:..r 
leavi~g the gas-to-air heat exchanger 770 matches or near:y 
mat=hes the temperature and pressu=e of the compressed a~­
f:::-o~ the adiabati.c compression cha!:l.ber 732. This is 
possible by designing the compressor with a h:.;~ 

co:::pressl.on ratio (for exar.;.ple between 25 and 40). T!'le 
op:::.~~~ c~~pression ratio is deter::iined by the ratio o= t~e 
acsclute combustion temperature to the absolute temper~~::.=e 

of t~e exhaust gases as they leave the combustion char..be:r. 
:::n ~~is case it is convenient to ext=act all the excess 
heat i~ a single expansion by simply adding the surplus a~= 
fr=~ t~e gas-to-air neat exchanger to the inf!ow of t~e 
t.-.:rt:·i:ie. By recovering the excess heat in this 

a ..... --
way, 

advantageously the need fer a separate small air turbi::;e 
and asscciatsd generator is avoided and this will redt!ce. 
the capi::al cost of the plant. The heat in the exhaust gas 
whic!'l is not required to pre-heat the cool compressed gas 
required for combustion, will usually be a small f:rac:::..~n 

(cf t!"le order of 12%) of the total available heat in ........ c '-··-
exhaust gas. However, in order to maximise the eff icie?:c::l 
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of t:::e power plant it is irnport.ant to recover all :.he 
surpl~s hea't. fro~ any par~icular process. It· wi:.: i::e 

appreci.ated that surplus exhaust heat from the cc::bus-::.cn 

chaw~er can be recovered in a variety of ways, and that t~e 
app_ropriate method will be dependen't. on the design 
paramaters (such 

inlet temperature 

as the gas 

to the 

compression ratio, the 

combustion chamber · and 

a ;.,.. --
t!'le 

temperature of combustion) of the particular compressc:::-. 
For example, in some applications it may be appropriate to 

incor~orate·more than one auxiliary air or gas turbine and 
assoc:.ated heat exchangers and power generators. 

To star~ the compressor 700 fro~ re~t, req~:.res 

exter~al means to provide the initial energy to s~ar-: the 
pistc~s moving, this may be done by providing a relati?ely 
small axial compressor to produce hot compressed ai:- to 

star-: the isothermal compressor. Once the isothe:-=:al 
compressor is producing cool compressed air, this may be 
used ~o star~ the combustion compressor. 

Although the operation of the isothermal cornpresso::­
is dependent on the combustion compressor and vice versa, 
the relative phase between the operating cycle of the 

isot~ermal compressor and that of the. combustion co~presscr 
is entirely arbitrary. Also, the operating frequenc:.: of 
the isothermal compressor can be different from that o: the 
combustion compressor. In general, there will be a f~~ite 

time interval between the output of cool compressed air 
fro~ the isothermal compressor and the injec~icn of 

preheated compressed air into the combustion compressor. 
Likewise, there will be a finite time interval between the 
outp~~ of hot compressed 

and t~e injec~ion of hot 
compressor. Thus, the 

constant which can 

air from the combustion compressor 

compressed air into the isotber=ial 
system will have a finite ~~me 

be varied depending on the 

characteristics of the components, for example, the leng~~ 

of pipework used for the passage of compressed gas be~Neen 
the compressors. The construction of the isot!':e:-=:al 
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co~pressor may be changed to any of those described above 

in relat.i.on t::> Figures 1 to 4 or 6 or with modifica-:.:..ons 

apparent to those skilled in the art. 

Further::iore, the combustion compressor may also have 

a const:=uction similar to that of any of the isother::i.al 

compressors described herein and with modificacions 

apparent: to those skilled in the art. For example, the 

co~bustion compressor may comprise a composite solid/liquid 

piston arranged in a u-shaped conduit, similar to that 

desc=ibed above in relation to Figure 2, and the operation 

of the combustion compressor may be symmetric, so that it 

pruduces hot: cc~n~essed air twice per cycJe. 

CO?-!Bt' ST! ON-!)R TVEN COMPRESS OR 

Solid Piston - ~svm~etric 

In another embodiment of the thermally powered 

compressor, both the adiabatic and isothermal compression 

processes may be directly driven by combustion of fuel via 

a single massive piston. 

A chamber on one side of the piston may serve as a 

combustion chamber in which a mixture of fuel and air or 

ot:her oxidant are ignited producing high tempe?."ature 

c::Jr.lbustion gas to impart kinetic energy to the piston. A 

cha!!lber on the other side of the piston contains gas to be 

compressed, which may subsequently be used to drive a 

tur~ine. Because the combustion gas will generally be at a 

muc~ higher temperature than the gas from a rotary 

compressor, much greater energy will be imparted to the 

piston, provided the gas is allowed to expand fully, 

enabling a greater quantity of gas to be compressed in the 

corr.pression chamber. The air or other oxidant used for t.he 

combustion of fuel may itself be compressed in a part of 

the compression chamber. The air/oxidant may be cooled 

during compression using a liquid spray, in orde?." to 

m:inimise t.he work of compression. Advantageously, a heat 
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exchanger can be arranged to preheat at least part of the 

cool compressed gas with hot exhaust: gas from the 

combustion chamber, and part of this preheated gas can be 

admi t'ted to the cor.lbust:ion chamber for combustion with a 

suitable fuel. 
Part of the gas in the compression chamber may be 

compressed adiabatically and fed directly to drive a gas 

turbine. The compressed gas may, for example, be air to 

drive an air turbine, which operates at a relatively low 

temperature. and whose exhaust gas is very close to the 

ambient temperature of the atmosphere. Thus, the 

combination of a gas c::::::.pres3:::r d::-iven by combustion gas at 

extremely high temperatures enabling the thermal energy to 

be converted into the compression energy of a large volume 

of compressed air, and an air turbine driven by the 

compressed air which rejects heat 

temperatures, can be regarded as a 

operai:ion approaches that of the ideal 

has an efficiency ,, given by 

'1 = 1 - t1/t2 I 

at relatively low 

heat engine whose 

Carnot cycle which 

where t
1 

is the temperature at which 

t 2 is ~he temperature at which heat is 

heat is rejected and 

absorbed. 

The piston may ~e arranged to move up and down or 

alternatively back and forth in a horizontal plane. An 

embodiment in which a solid piston is arranged to oscillate 

vertically up and down between adj a cent upper compression 

chambers and a lo~er combustion chamber is shown in Figure 

16 as a component in an electricity generating plant. 

Referring to Figure 16, the thermally powered 
compressor, 

isothermal 
generally indicated 

compression cha~.ber 

at 500, 

503 and 

comprises an 

an adjacent 

adiabatic compression chamber 505 both arranged above a 

combustion chamber 507. The compression chambers 503, 505 

are separated by a vertical baffle 509 which extends 

downward from the tap of each chamber. A piston 511 

comprising a solid mat:erial has a slot 510 formed therein 



WO 93/2.ii5.t -ao- PCT/GB93/0l 137 

THIS SHEET HAS BEEN 
REPLACED 

I ·-· ... ,.,...,..._ ..... ..,., 

~hich extends from ~he ~op 512 of the piston 511 dc~n~ar=s 

-:o ac::o::uncdate the ver-:ical baffle 509 so that the pis-c::::i 

is f:::-ee to ::iove up and down, into and out of the iso-=he!::3.l 

a:id adiabat~c compression c::ar.~ers 503, 505. 

The c=mbus-cicr: c!'lamber 507 has a hot compressed a.; .... 

inle~ por-c 513 ccn~rclled by a hot compressed air i.nle": 

·1al ve 515 fer the inj ec-=ion of hot compressed ai.:- int= t!:e 

chambe:::-, a fuel injec-=ion per~ 517 and an exha~s-: gas 

outlet. port 519 con~rolled by an exhaust gas outlet valve 

521 to allow hot exhaust gases to be expelled fror:& t!:e 

chani.ber 507.. The combustion chamber is surrounded by a 

:::ooling jacket 52~ t~==~gh whic~ cooling ai:::- may be 

ci.r::~la~ed to cool the combustion chamber walls 525. Each 

cf the isothermal and adiabatic compression cha:mbe:::-s 503, 

505 has an air inlet per-: 527, 529 controlled by a valve 

531, 533 to allow air to be drawn into each cha:mbe:::-, and a 

cor.~ressed air outlet pert 535, 537 controlled by a 

compressed ai::- outlet valve 539, 541 to allow co:::.p:::-essed 

a; - to be drawn from each chamber. The iso~her::i.al 

compression chamber 503 also has a liquid spray injec-:~on 

per": 543 for the injectic:1 of a cool liquid spray. ':he 

spray is injected by means of a pump 54 5 which draws s!=:-ay 

liquid from a cooling sys-cem 547. 

The compressed air outlet port 535 of the iso-c~e!::al 

cor.t~=ession chamber 503 is connected to a mois~ure 

separator 549 in which spray liquid, entrained i~ t!:e 

compressed air, is separated. The compressed ai::- out:.~et 

per~ 537 of the ,adiabati= compression chamber 505 is 
• 

connected to the input of a main air turbine 551 · .. ;hi::~, 

t:oge~her ;..rith a second air tul:'.bine 553, dri.ves ar: 

elec~rici":.y generator 555. 

Cool compressed air from the moisture separat=:r 5 -~ 9 

is directed three ways. Part of the air is passed -=o :..-ie 

gas-to-air heat exchanger 557 in which it is heated wit~ 

heat from the exhaust gases from the combustion c:iaz::l::e:::-

507. Par--:. of the cool compressed air from the mcis~:ire 
---·-----------··· 
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separ3.":~r 549 is passed to the cooling jacket 523 of t!":.e 

combus\:i.on chamber 507 to effect cooling of the combus\:.:.::n 

cham.ter walls 525. Another part of the cool compressed a:.= 

from the moisture separator is passed to an air-to-air hea~ 

exchanger 559 in which it is pre-heated with exhaus\: ai:­

fron the second air turbine 553 to be passed to the inpu~ 

of t!:e main air-turbine 551 along with the main flow of h::-o: 

comcressed air fror:t the adiabatic ccrncression chamber 505. - -
A typical operating cycle of the compressor 500 wi:l 

now be desGribed beginning with the piston 511 momentarily 

at rest just above the base 508 of the combustion chan!:er 

:>07 and s::ppor":sd by a pock.et of compressed air in t!:e 

cor:tbt.:.s\:ion chamber. Each of the adiabatic and iscthe!""::al 

co=.pression chambers 503, 505 contain air drawn in throug~ 

their respective gas inlet ports 529, 527 during "':~e 

previous part of the cycle, and their respective gas inle~ 

valves 533, 535 and gas outlet valves 539, 541 are new 

, . c .... osea. 

After the 

chamber 507, the 

trapped air 

piston 

piston 

begins 

comes 

may 

to 

to rest in the combus"':i.cn 

reverse its motion as the 

expand adiabatically. 

Simultaneously, the hot compressed gas inlet valve 515 

opens and a charge of hot compressed air is introduced in~c 

the c!'lamber through the compressed gas inlet port s::. 

Fuel is injected into the chamber through fuel injec"':.:.cn 

port 517 mixes with the hot inlet air and ignites producing 

cor.:.busticn gas at.· temceratures in excess of 2000°c The . -
cor:iliusticn gas then expands at constant pressure, dri·1ing 

the piston upward and out of the combustion chamber. 

I! the fuel is natural gas this will igni -te 

spon~aneously if 

External 

the air temperature is above abou"': 

ignition will be needed if the ai:- is 

hea tsd to a lower temperature, for example in start: up. 

Some fuels may require_ ignition on every cycle even when 

the air temperature is very high. The rate of fuel 

injec~~cn is cont=olled so that the pressure in t~e 
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combus~ion charr~er 507 remains approximately constant. The 

advan~age c: t~i.s is that the peak pressure~ achieved i:i 

the vessel a:::-e quite moderate. This avoids the need fer 

very thick pressure vessel walls and limits the noise and 

vibration during· operation. ·The penalty is a small 

reduction in effic:ency. 

The pressure in the combustion chamber remains 

approximately cons~ant during the combustion stage. At t~e 

same time, the piston 511 starts to compress the air 

contained in the isothermal and adiabatic compression 

chambers 5.03, 505. During compression of the air in the 

isothe1:::.c1al cc:::pressicn chamber, a liquid spray is injec~ed 

into the cha!r'.be?:" to cool the gas and to absorb the heat o,f 

compression. Injection of the liquid spray into the 

chamber may cc::uuence when the temperature of the air in the 

compression char.tber reaches the temperature of the sp:::-ay 

liquid. The spray liquid may be injected at a constant 

rate. At a cer~ain point during the upward travel of the 

piston 511, the compressed air inlet valve 515 in the 

combustion chamber is closed and the fuel injection 

stopped. ~his may be when predetermined amount of fuel has 

been injected. Thereafter, the combustion gases expand 

adiabatically down to perhaps atmospheric pressure. The 

expansion of the combustion gases does work on the piston 

511 which gains kinetic and potential energy as a result, 

and continues its motion to the top of its stroke in each 

of the cor.pression chambers SOJ, 505. 

When the pressure of the compressed air in the 

adiabatic compression chamber 505 reaches the required 

value, the compressed gas outlet valve 541 opens and hot 

compressed gas flows out of the chamber through the 

compressed gas outlet port 537. The hot compressed gas is 

then directed to the input of the main air turbine· 551 in 

which it expands, producing mechanical power to drive the 

generator 555. Preferably the inlet temperature of the 

main air turbine and the outlet temperature of 
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adiabatically compressed air from the compressor are 

matched. The temperature of exhaust air from the main air 

turbine is close to the ambient temperature of the 

at:nosphere. 

When the pressure of air in the isother.:ial 

compression chamber 503 reaches the required value, the 

compressed gas outlet valve 53 9 opens and cool compressed 

air along with the spray liquid is drawn out of the chamber 

through the compressed gas outlet port 535 and passes into 

the mois.tur~ separator 54 9, in which the spray liquid is 

separated from the compressed air. The spray liquid from 

the moisture separator is then circulated through the 
cooling sys~em 547 before being re-used in the spray. 

Part of the cool compressed air is passed from the 
moisture separator 549 to the gas-to-air heat exchanger 557 

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

expelled from the combustion chamber during a previous part 

of the cycle. Some of the pre-heated compressed air 

leaving the gas-to-air heat exchanger 557 is directed to 

the combustion chamber 507 and some is directed to the 

input of the second air turbine 553 in which it expands 

producing mechanical power to drive the generator 555. 

Some of the cool compressed air from the mois-:.ure 
separator 549 is passed through the air-to-air heat 

exchanger 539 in which it is heated with exhaust air from 

the second air turbine 553 and then this pre-heated 
compressed air is directed to the main air turbine 551 to • 
supplement the main flow of hot compressed air from the 
adiabatic compression chamber 505. 

Cool compressed air from the moisture separator 549 
is also directed to the cooling jacket 523 surrounding the 

combustion chamber to cool the combustion chamber walls. 

Some of this cooling air may also be used to cool the 
piston head 514 in the combustion chamber. This may be 
achieved by forming a plurality of holes in the combustion 

chamber walls through which air can flow from the cooling 
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in the sides c: 
pis\::::n which co::::-::-espcnd in position to the holes · - t!:e 

cha::iber wal'ls. The inside of the piston is desig~ed ":.::: 

allo·.v air to flc·.v f=or.i the slots or holes to the pis~::n 

head to ef f ec-= cooling thereof. Alternatively, nassaces . . 
may be f or::ied in t!"le piston which allow a direc-:., .,......,-.., ..... _ 

rest:::icted flow .of a.;,.. -- f ro:::i one or bot:.h of the cor.rp::-es s ic:1 

chambers to the piston head 514. 

The cooling ai::: event:.ually passes from the c:::c:..ing 

jacket 523 into the combustion chamber through holes in the 

combust:.ion.chamber walls. The air also circulates t~==ugh 

air passages fo::-:ned in the basP. 508 of the cc~~~s~::::~ 

chamber 507 to cool the base, the valves and t!:e valve 

sea\:s. Alternatively the equipment can be designed so that 

the cooling air does not enter the combustion cha::U:e:?:: l:u-:. 

is added to the air flowing to the main air turbine. :~is 

allows a more efficient recovery of the heat given to t!"le 

cooling air. 

When the piston 511 has reached the top of i-=s 

stroke, the compressed gas outlet valve 539, 541 in eac!: of 

t!"le co~pression c!"lar.U:::ers 503, 505 closes, so that so~e of 

the compressed air remains in each cha~.ber. The pis~=~ 511 

reverses direction under the influence of gravity a:;.d by 

vir't:.ue of the expansion of the trapped compressed air and 

begins to move out of the cornpression chambers and ir.~o ~he 

combustion chamber 5 07 • When the pressure i:l "=!le 

compression chambers reaches the pressure of the inlet a~=. 

the respec-:.ive gas inlet valves 527, 533 open and ai= is • 
drat·m int:o 

535, 537. 

When 

the chambers t~rough a respective ga S l.. " , c - - .... .,..._ ··--- ~ ....... - ..... 

the pressure of the combustion gases . -......... 

combustion chamber reaches a value suf=icient to pus~ t:.!1.e 

gases through the gas-to-air heat:. exchanger ---=~I and 

event:.ually out into the at:nosphere, the exhaust valve 521 

opens, and 

cor..bus"t:..ion 

the exhaust gases 

chamber -:.hrough the 

are expelled &..,......,_ ............... 
exhaust: gas outle~ 

the 

por-= 
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519. Low pressure cooling air may be circulated around t~e 

combustion chamber jacket and introduced into the 

combustion chamber durina this part of the cycle. The a~~ 
~ . 

admitted into the cqmbustion chamber will serve to displace 

and flush out the remaining exhaust gas. The low pressure 

cooling air may be provided by fans drawing air direc-:ly 

frorn the atmosphere. 
Before the piston 511 reaches the base of the 

combustion chamber 508 and before all the cooling air is 

forced out of the combustion chamber 507, the exhaust valve 

521 closes, and the remaining air and any exhaust gases are 

compressed ndiabatically. retarding. the piston and 

event:ually bringing the piston 511 to rest just above the 

base of the combustion chamber. The timing of the closure 

of the exhaust valve 521, is such that the pressure in the 

combustion chamber at the point ·of piston reversal is 

approximately equal to the pressure of the hot cor.ipressed 

air delivered by the heat: exchanger at the start of the 

combustion stage. 

As the piston comes to rest in the combus~ion 

chamber, the gas inlet valves 527, 529 in the compression 

chambers 503, 505 close. The hot compressed gas inlet 

valve 515 in the combustion chamber opens and a 

predeter=tined amount of 

gas-to-air heat exchanger 

combustion chamber. Fuel 

through the fuel i~jection 
• 

the resulting combustion 

hot compressed air fror.t the 

557 is introduced int:o the 

is injected into the- char.lber 

port 517, the fuel ignites and 

of the fuel/hot compressed air 
mixture drives the piston 511 upward, to start the next 
cycle. 

With reference 

turbine 553 and the 

provided to maximise 

to Figure 16, the additional 

air-to-air heat exchanger 559 

the recovery of heat from the 

air 
a..-o 

hot 

gases leaving the combustion chamber 507. In general, 

there is more heat in the exhaust gases than is needed to 

heat the incoming co::ipressed combustion air. The excess 



WO 93/24i54 -86-
PCT/GB93/0l 13i 

THlS SHEET l-JAS BEEN 
·REPLACED 

heat: is used to heat: mere co:r.pressed air which~i-=s=--::::r."="'i!:":v~e"""r=-=,....e-c.~--·-·· 

to the second s~aller air turbine 553, which operates at: a 

higher inlet te=pera-cure than the main air turbine 551. 

The outlet ai= f=orn the second air turbine 553 is still hot 

enough for add~tional heat recovery. This heat is 

t:::-ansferred in a ·swall heat exchanger 559 to a sepa:-ate 

s~:::-ean of cool c=~p:-essed air. The system can be designed 

in such a way tha-= the resulting hot compressed air is at a 

suitable tempera't:ure and pressure for the expansion ir. the 

main ai= tu:::-bine, in which case this flow can be added to 

the main flow of adiabatically compressed air. 

A rarige o= mcis-cure separate:- designs are availa.i:le, 

-:nos~ of which have been used fer many years in t::.e pcwer 

generat:icn indus~ries and elsewhere. Common exar.iples are 

cyclone separa~ors, axial swirl vane separators and 

cor:::-ugated plate separators. However, whichever se;arator 

is used, it is i~por~ant that the pressure loss due to the 

separator is minimised, since this will affec"': the 

eff~ciency of the cc-:npressor. 

The heat exchangers are a c=itical component c: the 

syster.i because of the high temperatures of the exhaust 

gases. Indeed the exhaust temperature will be one o: t!'le 

c=i~~cal parane~ers which deter.nines the design o: the 

whole sys"tem. There will be a pressure difference c: at 

least 10 bars across the· walls of the heat exchanger. This 

implies that a rotary regenerative heat exchanger would no~ 

be a suitable choice on account of the sealing diff~culties 

with such a pressure difference. A valve regenerator could 

be used but there would still be substantial cross-leakage 

of flow fro~ the high to the low pressure as a consequence 

of the volu=.etri.c capacity involved. Therefore, t~e best 
loo. • c ... cice is 

exchanger. 

probably a counter-current recuperative heat 

To keep the costs to a minimum, it would be 

possible to have different materials for the high a~d low 

temperature par~s of th~ exchanger. 

A facili --=-~· for the periodic cleaning of the heat 

This Sheet Has Been Replaced 
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exchanger surfaces will be needed. This would probably be 

done when the system is off load, but an on load cleaning 

system might be considered. 

With reference to Figure 16, the gas to air heat 

exchanger 557 must have the capacity to either store heat 

from the hot exhaust: gas or to store the compressed gas 

since the production of exhaust and compressed gas does not 

happen simultaneously but is separated by a time interval 

equal to half the period of one complete cycle of the 

liquid piste~. 

Furtherr.i.ore, the thermally powered compressor shown 

:..:i Figure 16 t.rhose power is extracted by compressing 

adiabatically a large volume of gas to be expanded through 

an air turbine, only provides compressed air at discrete 

ti~e intervals, which would normally be a few seconds 

apart. However the power turbine requires an approximately 

continuous flow of compressed air. This mismatch between 

the timing of the air flows in the different parts of the 

system can be overcome by the use of accumulator vessels 

(not shown) which store the air temporarily. However, in 

large installations the need for accumulator vessels can be 

avoided by providing several compressor units (perhaps 

about 8 or 12 of them) manifolded together in a convenient 

way. A similar manifolding option would exist in relation 

to the gas-to-air heat exchanger, though in this case it 

may be advantageous to have a smaller group of compressors 

(perhaps 4) linked-, to one · of the main gas to air heat 
• 

exchangers. 

The use of. manifolding as an alternative to 

accumulator vessels implies the need for controlled phasing 

of the compressor units. This can be achieved by a 

microprocessor control of the air and combus~ion gas valves. 

The embodiment of the thermally powered compressor 

shown in Figure 16 has a combustion chamber on one side of 

the piston and both adiabatic and isothermal compression 

chambers on the other side of the _.p;:_:i.=· s:::..t=o=n:..:....:..... _ _,C=o=mb=u=stion and 

-~--~·-···· .. ···· .. ~' 
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subseq-uent: expansion of the combustion gases impart kine~i.c 

energy to the piston which then moves into the compression 

char.~ers to cc~press the gas contained therein. After the 

gas has been compressed and drawn from each of the 

compression chamb~rs, the piston reverses directi.cn and 

moves back int:o the co~~ustion chamber. The retur:i mct:icn 

of the piston is driven by gravity and the expansion of any 

compressed gas remaining in the compression chambers. The 

for.Yard and return strokes of the piston are driven by 

different: mechanisms and gas is compressed on movemen-: of 

the piston in one direction only. This embodi~en-: is 

therefore an asymmetric device. 

It is ir.tportant that the downward return st:roke cf 

the piston occurs at a reasonable speed and this is 

achieved by arranging for the entire mass of the pisto~ to 

travel in the direction of the restoring force applied by 

gravity over the entire period of the return stroke. Thus, 

the maximum restoring force due to gravity is applied to 

the piston during the return motion, which i~plies a 

maxi:mu::i. downward acceleration of about lg. The downward 

acceleration may be incr·eased further by expanding residual 

air or other gas in . at least: one of the adiabat:ic and 

isother:nal compression chambers. 

An important therr.ially powered 
compressor is that 

feature of the 

the pis ton has enough mass to 

temporarily store combustion gas expansion energ:i· as 

kineti.c or potential energy of the piston. A solid pist:on 

can achieve the same mass as a liquid piston in a much ~ore 
• 

compac~ assembly. Furt.her::iore, the friction due to the 

pist:on will be generally less if a solid piston rather t:han 

a li~~id piston with one or more bends, is used. 

Therefore, the accelera~ion of the piston by ~he cc:±us~~on 

process may be greater for a solid piston than for a liquid 

piston, although the acceleration is ultimately li~ited by 

the rate of heat transfer between the droplets in the 

liquid spray and the gas in the isothermal compression 
----

c!lamber. 

.. ~ ....... ... 
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is expec~ed that t~e dew point of the exhaust gas 

reached at the cold end of the gas-to-air heat 

leading to condensation in either the heat 

itself or in t!'le chimney plume. The chi:tiney 

pl ur.i.e and, if necessary, t!"le condensation within the heat 

exchanger, can be avoided by mixing the exhaust gas with 

some of the warm air exi ti.~g from either of the two air 

turbines. A power generati.~g plant may include a number of 

compressors all arranged to drive a single pair of air 

turbines. The cor.tpressors 

of phase from one another. 

may be arranged to operate out 

~his may enable hot compressed 

air to be sucolied to the ~~=~ines continuously as well as 

facil'i tating the operation of each individual compressor. 

For example, due to the fi.:1ite time constant in the system, 

cool compressed air produced in one compressor may be used 

to drive the combustion process in another compressor. 

Cooling air for cooling the combustion chamber walls during 

the exhaust stroke in one c::::::lpressor may be supplied from 

the isothermal coI:lpressio:1 chamber of another compressor. 

Also, arranging the col:lpressors to operate out of phase may 

assist in reducing vibration produced by acceleration and 

deceleration of the massive solid pistons. 

In anothe:!:' ernbcdi:::en-= of the thermally powered 

compressor having a single solid piston, the adiabatic and 

isother=ial compression char.tbers may be separated in a 

direc~ion parallel to the r.totion of the solid piston rather 

than t=ansverse to ·its mot!.c:1, as shown in Figure 16. An 

embodi~ent which iAcorporates this feature is shown in 

Figure 17 as a component in a power generating plant. 

Referring to Figure 17, the thermally powered 

compressor generally indicated at 600 comprises essentially 

two co::ipart:nents disposed ve!:"tically one above the other. 

A combustion chamber 603 is formed in the upper part of the 

upper compartment 601 and an adiabatic compression chamber 

605 is formed in the lower part of the upper compar-=::ient 
601.~ An isother:nal compression chamber 609 is formed in 
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the upper par-: of t!'le lower compart:nent 607, an?!!'.· an 

adiaba1=:.c compression/expansion chamber 613 is for:ned in 

the lower par-: of the lower ccmpartment 607. 

The co:n.bust:.on chamber 603 has a hot compressed air 

inlet por-= 623 cont=olled by a valve 625 to admi-: hot 

compressed air in-:o· the chamber, a fuel injection per-: 627 

for t!":.e injection of fuel into the chamber and an exhaust 

gas outlet per-: 629 controlled by a valve 631, to allow 

exhaust gases to be expelled from the combustion cha::-.ber 

603. The compressed air inlet port 623 and the exhaust/gas 

outlet port are connected to the same side of a gas-tc-air 

heat: exchanger 670. 

The adiabat:ic cornpression chamber 605 and the 

isot!'ler::ial . ""' . co:npress ion c ... am.oer 609 each have an ai= inle~ 

port 633, 635, cont=olled by a valve 637, 639 to allow air 

to be drawn into each chamber 605, 609, and a cor.tpressed 

air outlet port 641, 643, controlled by a valve 645, 647 to 

allow compressed air to be drawn from each chamber. 

The isothermal compression chamber 609 also has a 

number of liquid spray injection ports 648 for the 

inj ec-:.:.on of a liquid spray into the chamber. The spray 
nozzles are preferably arranged in such a way as to pro·1ide 
a spray throughout the annular volume. The 

compressed air outlet per""= 643 in the isot!1.e::::-::ial 
compression chamber 609 is connected to a moisture 

separat:or 680 which separates spray liquid entrained ~~ the 

compressed air. The moisture separator 680 is connected to 

the spray injection _port 648 via a cooling system 682 and a 

spray injection pump; 650. The cooling system 682 cools the 

spray liquid from the moisture separator before the li~~id 

is re-used in the spray. The pump 650 effects cont.:..nuous 

circulation of liquid from the moisture separator 60 o to 

the isothermal compression chamber. A header tank 604 

containing reserve spray liquid is provided to replace any 

liquid which is lost from the circuit. 

The compressed air outlet port 641 in the adiabat:i.c 
----·--·---

iiiinrnr1rn 
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co~pression chamber 605 is connected to the input of a main 

ai= turbine 672, which drives a generator 674. Hot 

cc~pressed air from the compressor is expanded in the 

turbine 672 to provide mechanical power to gene=a~e 

elec~=icity. Part ·of the cool compressed air from the 

moist~re separator is directed to a gas-to-air heat 

exchanger 670 in which it is preheated with heat from 

exhaust gases from the combustion chamber. Some of the 

preheated air is then directed to the combustion cha:::-.ber 

603 for use in combustion. 

However, there will usually be more heat available in 

the exhaust gases than is necessary to preheat the cool 

com:Jressed ai= reauired for combustion. To recover t!'lis 
~ . 

excess heat, the compressor is designed to produce a 

greater quantity of compressed air than is act::.J.ally 

required to drive the combustion. A proportion of this 

surplus compressed· air is passed through the gas-to-air 

heat exchanger 670 to absorb the excess heat in the exhaust 

gases, and is then directed to a second air turbine 676 in 

which it is expanded to produce useful mechanical power. 

The temperature of the exhaust air from the second 

air turbine 676 is significantly higher than the alnbient 

temperature of the atmosphere, and heat in the exhaus~ air 

may be recovered by transferring the heat to a propcr":ion 

of cool compressed air leaving the moisture separator 680, 

in an air-to-air heat exchanger 678. The pre-heated 

compressed air is then directed to the main air turbine 672 

in which it is expahded along with the hot compressed air 

f:ro~ the adiabatic compression chamber 605. 

The adiabatic/compression chamber 613 contains a mass 

of gas e.g. air which, during operation of the compressor, 

is alternately compressed and expanded. The gas is 

eff ec~i ve as a spring whose purpose is to convert kinetic 

energy of the piston in one direction into kinetic energy 

of the piston in the opposite direction. The gas provides 

the ~eans by which the piston is returned to the top of its 
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stroke to complete the operati.ng cycle of the compresscr. 

Thus, this chamber does no-:. requ;re gas inlet and out.!.et 

ports con~rolled by valves which open and close during the 

normal operating cycle of the compressor. However, means to 

replace any gas which leaks from the chamber (not sho~n) 

may be required. 

A piston 615 ccr.ipr.:.sing a solid material has upper, 

middle and lower par-:.s and is free to oscillate linearly 

and vertically. The upper part 617 of the piston 615 is 

sized to the diameter of the upper compart:I:J.ent 601 and is 

free to move up and down between the vertical extremities 

of the comp.artment. into and out of both the combustion and 

adiabatic compression chambers 603, 605. The lower part 

619 of the piston 615 is sized to the diameter of the lower 

compartment 607 and is free to move up and down between the 

vertical extremities of t~e compartment, into and ou-:. of 

both the isothermal co:::pression chamber 609 and the 

adiabatic compression/expansion chamber 613. The upper and 

lower parts 617, 619 of the piston 615 are connected 

togethe::- and vertically spaced apart by a middle part 621 

which comprises a shaft having a diameter less than tha~ of 

the upper and lower compar-:.~ents. The shaft passes through 

an aperture 623 formed in the partition 611 separating the 

upper and lower compart~ents. A sliding seal 612 is 

provided in the aperture 611 which seals to the shaft to 

prevent air passing through the aperture 611 between the 

adiabatic compression chamber 605 and the isotherr.ial 

compression chamber 609. The sliding seal 612 is designed 

to enable the shaft to slide freely in either direction 

through the aperture 611. seals 614, 616 are provided 

betJ.Teen the piston and the walls of the chambers to prevent 

gas leaking from one chamber to another. 

In this embodiment, when the upper 

piston 615 is at its highest level in 

part 617 of the 

the combust.io:n 

chamber, the free volume inside t.,e adiabatic compression 

char..ber 605 and the adiabatic compression/expansion cha!:lber 

1Uiii11ii111Hrrf 
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613 is at a maximum, while the free annular volume i:i the 

isothermal compression chamber 609 is at a min~=u~. 

Conversely, when the upper part 617 of the piston 615 is at 

its lowest level, ·the free volume in both the combus'tion 

and isothermal compression chambers 

maximum and the free volume in 

compression chamber 605 and 

603 and 609 is at a 

both the adiabatic 

the adiabatic 

compression/expansion chamber 613 is at a minimum. Thus, 

in this embodiment the combustion process directly d:::i ves 

the adiabatic compression process, the induction of air 

into the .isothermal compression chamber and adiabatic 

compression of the gas in the adia:t:atic 

compression/expansion , chamber. The adiabatic expansic::i c:: 

gas in the adiabatic compression/expansion chamber 613 

drives the isothermal compression process, the inducti~n of 

air into the adiabatic compression chamber 605 and t~e 

expulsion of exhaust gas from the
1 

combustion chamber 603. 

A typical operating cycle of the compressor 600 shown 

in Figure 17 proceeds as follows, beginning with the piston 

615 at its maximum elevation in the combustion chambe::- 603 

and about to reverse direction. At this point the gas 

outlet valves 645, 647 in each of the compression cha~~ers 

605, 609 are closed. The adiabatic compression chambe::- 605 

contains air drawn in through the gas inlet port 633 during 

the previous part of the cycle, and the gas inlet valve 637 

is now closed. Th~ lower part 619 of the piston 615 is at 

its uppermost level in the isothermal compression c~amber 

609, so that the free volume in the compression chamber is 

at a minimum, and the gas inlet valve 639 is open, to alloN 

air to be drawn into the chamber during the downward s~:::cke 

of the piston.· The lower part 619 of the piston 6:5 is 

withdrawn from the adiabatic compression/expansion chamber 

613 so that the free volume therein is fully extended. · 

As the piston 615 momentarily comes to rest in the 

combustion chamber 603 and reverses direction, the hot 

compressed gas inlet valve 625 opens and a predeter::i.ined 
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amount of hot compressed air is introduced into the 

combustion chamber. Fuel is injected into the combustion 

chamber through the fuel injection port 627, and ignites 

resulting in combustion of the hot compressed air/fuel 

mixture. The combustion gases expand at constant pressure 

driving the piston 615 downward out of the combustion 

chamber 603 and into the adiabatic compression chamber 605, 

and the upper part of piston starts to compress the air 

contained therein. At the same time, the lower part 619 of 

the piston 615 moves out of the isothermal compression 

chamber 609 and into the adiabatic compression/expansion 

chamber 613. As the piston moves downward, air is drawn 

into the expanding volume in the isothermal compression 

chamber 609 through the gas inlet port 635. At the same 

time the lower part of the piston compresses the gas 

con~ained in the adiabatic compression/expansion char.Der 
61.J. 

When the piston 615 reaches a certain level, the fuel 

injection is stopped. The combustion gases continue to 

expand adiabatically until the piston 615 reaches the 

bottom of its stroke. 

When the pressure of air in the adiabatic compression 

chamber 605 reaches the required value, the compressed gas 

outlet valve 645 opens and hot compressed gas flows out of 

the adiabatic compression chamber 605, through the 

compressed gas outlet port 641 and is passed to the input 

of the main air turbine 672. The hot compressed air is 

expanded in the turbine, producing mechanical power to 
• 

drive the generator 674. 

On continued downward movement, the piston 615 is 

gradually retarded as its kinetic energy is transferred to 

compression energy of the gas contained in the adiabatic 

compression/expansion chamber 613. Eventually the kinetic 

energy of the piston reaches zero and the pist:on comes 

momentarily to rest at ·the bottom of its stroke. As the 

piston 615 comes momentarily to rest and reverses 
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direc~icn, the compressed gas outlet valve 645 in the 

adiabatic compression chamber 605 closes and the gas inlet 

valve 637 opens~ to allow air to be drawn into the chamber 

during the upward movement of the piston 615. At the same 

time the gas inlet valve 639 in the isothermal compression 

chamber 609 closes. 

The hot compressed gas in the adiabatic 

compression/expansion chamber 613 begins to expand 

adiabatically, driving the piston 615 upward, the lower 

part being driven out of the chamber 613 and into the 

isother::i.al compression chamber 609. As the piston starts 

to compress the air in the isothermal compression chamber 

609, liquid is sprayed into the chamber 609 through the 

spray injection port 648 to cool the air, so that the 

compression process may be approximately isothermal. At: 

the same time, the upper part 617 of the piston 615 begins 

to move out of the adiabatic compression chamber 605 and 

into the combustion chamber 603. Consequently, air is 

drawn into the adiabatic compression chamber through the 

gas inlet port 633. When the pressure of the combustion 

gases reaches a value sufficient to push the exhaust gases 

through the gas-to-air heat exchanger 670 and eventually 

out into the atmosphere, the exhaust gas outlet valve 631 

opens to allow the exhaust gases to be expelled from the 

combustion chamber 603. 

When the pressure of air 

compression chamber· 609 reaches the 

compressed gas outlet valve 647 opens 

in the isothermal 

desired value, the 

and ecol compressed 

air· is drawn out of the isothermal compression chamber 609 

together with the spray liquid. The cool compressed air 

and spray liquid are then passed to the moisture separator 

680 in which the liquid is separated from the compressed 

air. The separated liquid is then passed to the cooling 

system 682 which cools the liquid before it is re-used in 
the spray. 

Part of the cool compressed air from the moist:ure 
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separator is passed through the qas-to-air heat: excb.ange:-

670, in which it is pre-heated with heat from the exhaust 

gases leaving the combustion chamber 603. Some of the 

pre-heated compressed air is directed ·to the ccmbus~ion 

chamber 603 for use in the next cycle and some is passed to 

the input of the second air turbine 676 which drives the 

generator 674. Part of the cool compressed air leaving the 

moisture separator 680 is passed through an air-to-air heat 

exchanger 678 in which it is pre-heated with hot exhaust 

air leaving the second air turbine 676. The preheated 

compressed air from the air-to-air heat exchanger 678 is 

then passed to the main air turbine 672 in whic!l it is 

expanded along with the hot compressed air from the 

adiabatic compression chamber 605. 

When the piston 615 reaches the top of its s~:::-oke, 

the exhaust valve 631 in the combustion chamber 603, the 

gas inlet valve 637 in the adiabatic com'Cression chamber 

605, the compressed gas outlet valve 647 in the isother::al 

compression chamber 609 are all closed and the gas inlet 

valve 637 in the adiabatic compression chamber 605 is 

opened. The hot compressed gas inlet valve 625 in the 

combustion chamber 603 is then opened to admit a fresh 

charge o! hot compressed air into the combustion cha?r.be:­

from the gas-to-air heat exchanger 670. Fuel is inj ec-=ed 

into the combustion chamber through the fuel injection por~ 

627 which ignites in the hot compressed gas. The result~ng 

con'.bustion drives the piston downward and the cycle is 
repeated. 

• By incorporating 

chamber to retard and 

an adiabatic compression/expansion 

reverse the · motion of the solid 

piston at the bottom of its stroke, the need for more 

complex methods which involve the movement of gas to and 

from a chamber and which require valves to open and· close 

with very precise timing are avoided. 

As with any of the previously described embodiments 
in which cooling of t..~e chambers walls is desirable, a 
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cooling jacket may be arranged around the walls of the 

combustion chamber in the embodiment shown in Figure l i' 

through which cooling fluid can circulate to absorb the 
heat from the chamber walls. The cooling fluid may 
comprise a proportion of cool compressed gas produced in 
the isothermal compression chamber. The combus~ion chamber 

walls may have a plurality of apertures formed therein to 
allow the compressed air (or other gas) to eventually pass 
into the combustion chamber, and expand with the combustion 
gases. However, even after the cooling fluid has absorbed 
heat from the combustion chamber walls, it ·will still be 
relatively cool compared to the temperature of the 
combustion gases. Thus, the introduction of relatively 
cool gas into the combustion chambers may cause a loss in 
the efficiency of the system (for example due to a 
relatively large change in entropy). Thus, a transpiration 
cooling method is not necessarily the most efficient method 
of recovering heat from the combustion chamber walls. 

Alternatively, cooling fluid may be circulated around 
the co:nbustion chamber walls to absorb heat, and may then 
be passed to another part of the system in which the 
absorbed heat may be released in a part of the cycle whose 
temperature more closely matches that of the heated cooling 

fluid. For example, if the cooling fluid is isothermally 
compressed, air from the isothermal compression chamber, 
part of the compressed air may be caused to circulate 
around the combustion chamber walls and the heated 
compressed air may then be directed to an air turbine whose 
inlet temperature is matched to the temperature of the 
heated compressed air. 

An embodiment incorporating this method of recovering 
heat lost to the combustion chamber walls, is shown in 
Figure 18. The embodiment shewn in Figure 18 is similar in 
many respects to that shown in Figure 17 and like features 
are designated by like . numerals. Referring to Figure 18, 
the upper compartment 601 is surrounded by a cooling jacket 
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620 to · effect cooling of the walls of the combus.tion· · · 
. chamber ·G03 · and possibly the adiabatic compression chamber 
605. TP,e . moisture separator 680 is connected to the cool 
side of the gas-to-air heat exchanger 670 via a main cool 
compressed gas supply line 618. A cooling fluid supply 
line 622 connects the cooling jacket 620 to the main supply 
line 618. The connection of the cooling fluid supply line 
622 to the cooling jacket is made near the lower end of the 
upper compart:nent 601 where the temperature of the 
combustion chamber walls is relatively cool. The cooling 
jacket 620 extends to the top of the combustion chamber and 
is arranged so that cooling air can flow around the top of 
the combustion cha?r.ber in which both the hot compressed gas 
inlet· valve 625 and the exhaust gas outlet valve 631 are 
situated. 

The hot compressed gas outlet port 64 l in the 
adiabatic compr.ession chamber 605 is connected to the input 
of the air turbine 672 via a gas supply line 626. The 
cooling fluid outlet port in the cooling jacket 620 is 
connected to the gas supply line 626 via a supply line 
624. The cooling fluid exit pert from the cooling jacket 
is situated at the top of the coinDustion chamber 603 where 
the temperature is highest. This positioning of the 
cooling fluid exit port ensures that the compressed air 
leaving the cooling jacket has absorbed sufficient heat so 
that the temperature of the compressed air matches that of 
the hot compressed air leaving the adia.batic compression 
chamber 605. 

The embodiment shown in F iqure 18 is des iqned to 
drive a single air turbine 6i2, avoiding the need for a 
second air turbine and associated heat exchanger 
incorporated in the power generating plant shown in Figure 
l 7. In the embodiment shewn in Figure 18, cool compressed 
qas used to recover excess heat from the exhaust qas in the 
qas-to-air heat exchanger 670 is passed directly to the 
input of the air tur.bine 672 via gas supply line 628. This 
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aspect of the embodiment shown in Figure 18 has already 
been described in relation to the embodiment shown in 

Figures 15. 

In operation, cool compressed gas from the isother.:ial 
compression chambe·r 609 passes through the moisture 

separator 680, the main proportion of the compressed gas 

then being directed to the gas-to-air heat exchanger 670. 

The cool compressed gas is pre-heated in the heat exchanger 
670, and part of ·the pre-heated compressed gas which is 
required for combustion is directed to the combustion 
chamber 603. That part of the pre-heated compressed gas 
which is used to recover excess heat from the exhaust gas 
is passed directly to the air turbine 672, in which it is 
expanded along with the adiabatically compressed gas from 
the adiabatic compression chamber 605. 

Part of the cool compressed gas from the moisture 
separator is passed to the cooling jacket 620 to effect 

cooling of the combustion chamber walls. The compressed 
gas circulates through the cooling jacket, gaining heat 
from the combustion chamber walls, and eventually leaves 
via the cooling fluid exit port and joins the main flow of 
adiabatically 

672. Valves 
compressed gas flowing to the air turbine 
(not shown) may be required to control the 

flow of cooling air from the moisture separator through the 
cooling jacket and into the supply line 626 carrying the 
main flow of adiabatically.compressed gas. 

An embodiment of a symmetric thermally powered 
compressor incorporating vertically separated chambers is 
shown in Figure 19, in conjunction with electricity 
generating plant arranged in a similar way to that 
described above in relation to Figures 16 and 17. 
Referring to Figure 19, the compressor, generally indica~ed 
at 900, comprises a u-shaped conduit 901 partially filled 
with liquid forming a liquid piston 903. The arms 905 and 
907 of the conduit 9.01 are linear and extend vertically 
upwards. A compartment 908, 910 is formed adjacent to t!'le 

.• .. : 

-
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top of each ar:n 905, 907, the upper part. o; which serves ... as · 

a coln.bus-:ion chanlber 909, 911 and the lower part of which· 

serves as an adiabatic compression chamber 913, 915. A 

lower compartment 912, 914 is formed in each arm 905, 907 

below each upper compartment 908, 910. The lower 

compartments each serve as an i!$O~~ermal compression 

chamber 917, 919. The adiabatic compression chamber in 

each ar:n is arranged between the combustion and isothermal 

compression chambers in order to reduce, as far as 

possible, the thermal gradient down the. lenqth of the ar::i 

and therefore to minimise the thermal conductance from the 

combustion chamber to the isotherma~ co~pression chamber. 

A solid piston 921, 923 havinq a hiqher density than 

the liquid piston 903 is disposed in each arm 905, 907 o: 

the conduit 901 and comprises essentially three parts 

upper, middle and lower. The lower part of each pisto~ 

921, 923 is sized to the diameter of the· arm 905, 907 of 

the conduit 901, is supported from below by the liquid 

piston 903 and is free to move up and down, into and out of 

the isothermal compression chamber 917, 919. Seals 984 are 

provided adjacent the lower edqe of the pistons to prevent 

liquid leakinq between the piston and the chamber walls. 

The upper part 929, 931 of the solid piston 921 and 923 is 

sized to the diameter of the upper compartment 908, 910 and 

is free to move vertically between the upper and lower 

extrer.iities of the upper compartment 908, 910. The upper 

and lower parts of the solid piston 921, 923 are connected 

together and spaced apart vertically by a middle par~ 930, 

932· in the form of a shaft and having a diameter less than 

the diameter of both the upper and lower parts. The middle 

part 93 o, 932 passes from the upper to the lower 

compar::nent throuqh an apperture 933, 935 formed in the 

partition 937, 939 which separates the upper and· ·lower 

compartl:1ents. A slidinq seal 941, 943 is provided between 

the aperture 933, 935 and the shaft to prevent qas leaking 

between the isothermal and adiabatic compression chaml::>ers. 
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·'·\ When each of the solid pistons is at its lowest level 
·:. ·. "': 

., in a respective arm of the conduit, the free volume inside 

both the combustion and isothermal compression chambers is 

fully extended and.· at a maximum. Simultaneously, the. free 

volume inside the adiabatic compression chamber is at a 

minimum, the upper part of the piston beinq at the lower 

limi·r. of its travel in the upper compartment. Conversely, 

when each of the solid pistons is at its highest level, the 

free volume inside the combustion and isothermal 

compression chambers is at a minimum, whereas the free 

volume inside the adiabatic. compression chamber is at a 

maximum, the upper part of the piston being at the upper 

limit of its travel in the upper compartment. 

Each combustion chamber 909, 911 has a hot compressed 

gas inlet port 945, 947 controlled by a valve 949, 951 for 

the introduction of pre-heated compressed air or other 

oxidising gas into the chamber: a fuel injection port 953, 

955 for the injection of fuel into the chamber, and an 

exhaust gas outlet port 957, 959 controlled by a valve 961, 

963 for the expulsion of hot exhaust gases from the 

combustion chamber. Each adiabatic compression chamber 

913, 915 has gas inlet port 965, 967 control1ed by a valve 

969, 971 to allow qas to be drawn into the chamber and a 

compressed qas outlet port 973, 975 controlled by a valve 

977, .979 to allow adiabatically compressed gas to be drawn 

from the chamber. Each isothermal compression chamber 917, 

919 includes a gas inlet port 981, 983 controlled by a 

valve 985, 987 to allow qas to be drawn into the chamber, 

and a compressed gas outlet port 989, 991 controlled by a 

valve 993, 995 to allow isothermally compressed 

drawn from the compression chamber. Each 

compression chamber also includes a number 

injection ports 918, 920, 922, 924 arranged to 

uniform spray of liquid throughout the annular 

each chamber durinq compression. 

qas to be 

isothermal 

of spray 

provide a 

volume of 

In the operating cycle of the compressor shown .in 

"; .- ·.· 
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Figure 19 the combustion process in one arm Of the conduit 

drives· simultaneously the adiabatic compression process in 

the same ar::i, and the isothermal compression process in the 

other arm. 
A typical operating cycle of the thermally powered 

compressor shown in Figure 19 proceeds as follows beginning 

with the piston 923 at the top of its stroke in the 

combustion chamber 911 and the piston 921 at the bottom of 

its stroke in the coml::lustion chamber 909. The combustion 

chamber 909 contains hot expanded combustion gases from the 

previous combustion and both the hot compressed qas inlet 

valve 949 and exhaust gas outlet .valve 961 are closed. The 

isothermal compression chamber 917 contains air previously 

drawn in through the gas inlet port 981 during the previous 

part of the cycle, and the gas inlet and outlet valves 985, 

993 are closed. The adiabatic compression chamber 915 in 

the other arm 907 of the conduit 901 also contains air 

previously introduced through the gas inlet port 967 and 

the qas inlet and outlet valves 987, 995 are closed. 

': .-··.· 

As the solid piston 923 momentarily comes to rest at 

the top of its stroke and reverses direction, the hot 

compressed gas inlet valve 951 opens and a predetermined 

amount of hot compressed gas from the gas-to-air heat 

exchanger 970 is introduced into the combustion chamber 

9li~ Fuel is injected through the fuel injection port 955 

into the combustion chamber 911. The fuel ignites, 

resultinq in combustion of · the fuel-air mixture which 

drives the piston 923 downwards and out of both the 

combustion chamber 911 and the isothermal compression 

chamber 919. Initially, fuel continues to be admitted into 

the combustion chamber,. so that the combustion occurs at 

approximately constant pressure. The compressed gas outlet 

valve 995 in the isothermal compression chamber · 919 is 

closed and the gas inlet valve 987 is open, to allow air to 

be drawn into the compression chamber 919 as the piston 

moves out of the chamber. 

1ii1ifiUr 
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As the upper part 931 of the piston 923 moves 

downward out of the col'!\bustiori chamber 9 ll, it moves into 

the adiabatic compression chamber 915 and compresses the 

air previously introduced into the chamber during the last 

cart of the cvcle. . . -
Downward movement of the solid piston 923 is 

acco:::ipanied by upward movement of the other piston 921, 

this movement being driven by the combustion process in the 

opposite arm 907. curing upward movement of the solid 

piston 921 in the arm 905, the compressed gas outlet valve 

977 in the adiabatic compression chamber 913 is closed and 

the gas inle~ val~e 969 is open allowinq air to be drawn 

into the chamber. Both the gas inlet and outlet valves in 

the isothermal compression chamber 917 are closed and the 

lower part 925 of the piston 921 begins to compress the air 

contained in the isothermal compression chamber. During 

compression, a cool liquid spray is injected into the 

isothermal compression chamber through the spray inj ec'tion 

ports 918, 924, to cool the air so that the compression may 

be approximately isothermal. The exhaust valve 961 in the 

combustion chamber 909 opens when the pressure is 

sufficient to drive the combustion gases out of the 

combustion chamber, through the gas-to-air heat exchanger 

970 and eveni:ually out into the atmosphere. 

At some point during ~he downward travel of the solid 

piston 923, the fue· : njection is stopped. The piston 923 

continues to be dri jownward to ·the bottom of its stroke 

by the adiabatic expansion of the combustion gases. 

When the air pressure in the isothermal compress ion 

chamber 917 reaches the desired value, the compressed gas 

outlet valve 993 opens and compressed. air along with the 

spray liquid is dra't;n out of the chamber through the 

compressed qas outlet port 989. The mixture of compressed 

qas and spray liquid passes through the moisture separator 

972 in which the sp-~y liquid is separated. The spray 

liquid is then retur~ to the coolinq system 974, where it 

'; .- ..... 
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spray. Par~ 

the moisture 

separator to the gas-to-ai= heat exchanger 970 in which it 

is pre-heated by heat from the hot exhaust gases from the 

combustion process. Part of the pre~heated compressed air 

is then passed from the gas-to-air heat exchanger 970 for 

use in combustion, and another part is passed to the input 

of a small air turbine 978. 

When the air pressure in the adiabatic cor.:pression 

chamber 915 reaches the recr~ired value, the compressed gas 

outlet valve 979 opens and hot compressed air flows out of 

the c:iamber through the cc:npressed gas outlet port 975 and 

is passed to the main air turbine 976 in which it expands, 

producing mechanical power to drive the generator 980. 

Heat from the exhaust gas of the second air turbine 978 is 

recovered by transferring this heat to part of the cool 

compressed air from the moisture separator 972 in the 

air-to-air heat exchanger 982. The hot compressed air 

leaving the air-to-air heat exchanger is then passed to the 

main air turbine 976 in which it is expanded along with the 

main flow of adiabatically compressed air. When the solid 

piston 923 reaches the bottom of its stroke and piston 921 

reaches the top of its stroke, the exhaust gas outlet valve 

961 in the combustion char.tber 909, the gas inlet valve 969 

in the adiabatic compression chaml:ler 913 , and the 
' compressed qas outlet valve 993 in the compression cha~er 

917, the compressed gas ou.tlet valve 979 in the adiabatic 

compression chamber 915 and the gas inlet valve 987 in the 

isothermal compression chamber 919 , all close. The hot 

compressed qas inlet valve 949 in the combustion chamber 

909 then opens and then closes shortly after admitting a 

charge of hot compressed· gas into the chamber. Fuel is 

injected into the combus~ion chamber through the fuel 

injection port 9 5 3 • The fuel ignites and the resulting 

combustion of the pre-heated compressed air and fuel 

mixture drives the piston 921 downward, out of both the 
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isother::tal 

compression chamber 91 i, commencing the return st:-oke of 

the piston and the second half of the operating cycle. 

Because the embodiment of the compressor shown in 

Figure 19 is a symmetric device, the second half of tt1e 

cycle is similar to the first, with compression of air in 

adiabatic and isothermal compression chambers 913 and 919, 

induc":.ion of air in adiabatic and isothermal compression 

chambers 915 and 917 and expulsion of combustion gases fro~ 

combustion chamber 911. These processes are all driven by 

combustion in combustion chamber 909. By having the 

various combustion and compression chambers separated 

vertically, the construction of the compressor is 

relatively simple and also robust. 

In alternative embodiments, the liquid and solid 

pistons may be replaced by a single solid piston. In this 

case the u-shaped conduit whose primary function is to 

contain liquid and to convert downward motion of one part 

of the piston into upward motion of another part and vice 

versa would not be required. The piston may be arranged to 

move linearly, and the combustion chambers may be arranged 

with one combustion chamber below the other or with both in 

the same horizontal plane, with. the solid pis-con 

oscillating between them. The compression chambers may be 

similarly arranged. 

In any embodiment of the gas compressor which has a 

solid piston, there is the possibility tha• the piston may 

over run and cause a damac;ing impact at .1e end of the 

chamber. Sensors and control mechanisms which operate 

valves to inject qas into the chamber can be provided to 

prevent this occurrance. In addition, it may be desirable 

to construct the solid piston i:i such a way as to mit:i.;:3t:a 

the effect of such an impact. For example, the end ·or :iead 

of the piston may be designed to be collapsible, so that 

the enerqy of impact is absor~ed. This may be achieved by 

for:ning the end of the piston as a crumple zone. 
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Alternatively the 

telescope inwards 

end of the 
. .. on l.r.lpac ... 

piston may be 

The collapsible 

designed ~:) 

end portion 

should be as light as possible so that the kinetic energy 

of this par~ of the piston is minimised. 

In all the _embodiments shown in Figures 15 to 19, 

heat is supplied to the thermally powered compressor by 

internal combustion of fuel. However other heat sources 

such as nuclear, solar, chemical and industrial process 

heat can also be used and embodiments using alternative · 

sources of heat are described in detail below. To 

distinguish cot:tpressors using internal and external heal: 

sources, they shall be refer~ed to as internal combustion 

and externally heated compressors respactively. Figures 15 

to 19 illustrate embodiments of the internal combustion 

compressor together with the components of a circuit 

suitable fer the generation of electrical power, includi~g 

at least one air turbine. Such systems will be referred to 

as ICCAT (Internal Combustion Compressor and Air Turbine). 

The fuel for an ICCAT system may be gaseous, liquid 

or solid. In the case of solid fuel such as coal, it is 

necessary to either gasify the fuel or to grind it to fine 

particles (i.e. pulverised fuel) as is done in ·exist.:.ng 

coal-fired power stations. Other alternatives are to have 

fluidised bed combustors as in some modern power plant or 

to have chain-grate co~ustors as was done in the past. 

For some fuels it will be necessary to provide means to 

remove particulates. and sulphur dioxide from the exhaust 

gases and from the compressor itself. For most fuels, 

measures to control the emission of nitrogen oxides will be 

needed, either by control of the combustion process or by 

treat~ent of the exhaust gas. 

The exhaust gas from the combustion chamber will 

generally contain a quantity of water vapour. w_ater ·vapour 

will be produced in the combustion process itself due to 

the presence of hydroq~n in the fuel. The amount of water 

vapour produced will depend on the combustion fuel. For 
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example natural gas or methane (CH4) will produce more 
water vapour than coal. 

METHOD OF WATER RECOVERY FROM EXHAUST GAS 

The recovery cf· water from the combustion gases may 
be important for various reasons. Conservation of water, 
particularly if the water has been demineralised, is one 
important reason. Also, the presence of water vapour could 
cause an unsightly plume above the chimney from which the 
exhaust gas is finally emitted. If water could be removed 
from the combusti;,n gases prior to their release into the 
a tr.to sphere no plume would form above the chimney. 
Condensation of water vapour is an effective method of 
removing some undesirable pollutants from the exhaust gas, 
and this method might be used on its own or as a supplement 
to other methods of control. Depending on the type of 
fuel, these pollutants may include sulphur oxides, nitrogen 
oxides, ammonia, mercury and other heavy metals and 
particulates. If the water vapour is condensed, a 
proportion of these pollutants will be removed from the 
exhaust gas by dissolving in the condensate. In some 
cases, it may be necessary to add certain chemicals to the 
condensate to assist in the solution of the pollutant into 
the water phase. For example, the capture of sulphur 
oxides can be achieved by the addition of limestone or some 
other alkali, as is done in conventional flue qas 
de-sulphurisation systems. Other additives may be used to 
facilitate the capture of other pollutants. 

Some pollutants, such as ammonia, are very soluble in 
water and no additive is necessarily required to achieve 
efficient capture. Ammonia may be injected into the heat 
exchanger, in the combustion chamber or into the connecting 
pipe work in order to reduce the nitroqen oxides which are 
formed at high temperatures. Dependinq on the conditions 
and the amount··. of ammonia injected, there may be 
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circumstances when the combustion gases have excess arnmc:iia 

and it will be desirable to remove this before the gases 

are released to the atmosphere. condensation is also an 

effec~ive method of removing particulates including ash 

particles from t;he exhaust gas. For fuels 'N'i th a 

significant ash content, such as coal, conventional 

elec~rostatic precipitation may be used in addition to 

condensation. 

An apparatus for 

exhaust gas is shown 

apparatus shown may be 

condensing water 

schematically in 

directly added to 

vapour from the 

Figure 20. The 

the cool exhaust. 

gas cutle1= side of the high temperature gas-to-air heat 

exchanger shown in any one of F.igures 15 to 19. Howeve?: 

the apparatus may be implemented in other systems where it 

is desirable to recover water from exhaust or other gas. 

Referring to Figure 20, a low temperature gas-to-gas 

heat exchanger 656 is connected to the exhaust gas ou-:.let 

side of the high temperature gas-to-air heat exchanger 649 

which serves to heat isothermally compressed air with the 

exhaust gas from the combustion chamber of the compressor. 

A cooler 658 is connected to the gas-to-9as heat exchanger 

656 such that exhaust. gas from the gas-to-gas heat 

exchanger 656 passes through the cooler 658 and retur~s to 

the low temperature side of the gas-to-9as heat exchanger 

656. A fan 660 is arranged to force air through the cooler 

for cooling the exhaust gas. The fan could be si t-.:ated 

either upstream or downstream of the cooler. 

For the purposes of il_lustrating the operation o! the 

water recovery apparatus, various temperatures wil: be 

assumed at different points in the apparatus, al thoug:i in 

practice these temperatures may well be different. Ex.~aust 

gas from the combustion chamber passes through the high 

temperature 9as-to-air heat exchanger 649 in which· i":. is 

cooled to about 6o0 c by the isother:nally compressed air 

·from the isothermal compression chamber which has a 

temperature of about 4o0 c. The exhaust gas fro~ the 
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gas-'t.o-air 

tempera't.ure 

heat exchanger 

gas-to-gas heat 

649 passes through the low 
exchanger 656 in which i":. is 

3s0 c, by cool exhaust gas 

658. The exhaust gas is then 

cooled further, to about 
returned from the -cooler 
directed to the cooler where it is cooled to a temperature 
of about 2s0 c by a stream of atmospheric air with an 
initial temperature of about 1s0 c and is then returned to 
the gas-to-gas heat exchanger 656. Water which has 
condensed from the exhaust gas as a result of cooling in 
the gas-to-gas heat exchanger 656 is removed before t!'le 
exhaust · gas is passed to the cooler 65c and water 
condensed as a result of further cooling in t.:~.a cooler 658 
is removed after this stage and before -:::.e exhaust gas is 
returned to the gas-to-gas heat exchanger 656. The cooled 
exhaust gas is returned to the gas-to-gas heat exchanger 
656 so that some of the removed heat is restored. Tt.e dry 
exhaust gas whose temperature is raised to about so0 c in 
the gas-to-gas heat exchanger 656 is then expelled into the 
atmosphere. Reheating the ~ ·haust gas avoids the formation 
of the unsightly vapour pl~e above the chimney and also 
increases the buoyancy of the exhaust gas to aid in its 
dispersal in the atmosphere. 

Although the cooler 658 shown in Figure 20 uses air 
to cool th~ combustion gases, other methods of cooling sue~ 
as by water from a lake, river, cooling tower or the sea 
are also possible and contemplated. If the c )Ustion fuel 
is natural ·gas, the recovery of water can i:...:. achieved at 
relatively high temperatures because the flue gases 
produced by combustion have a dew point of about 6o0 c. 

INTERNAL COMBUSTION COMPR?SSORS 

The ICCAT system has a numl::>er of advantages over the 
combined cycle gas-turbine system (CCGT) and convent:ional 
coal and oil-burning steam plant. The ICCAT does not ·have 
a gas turbine driven by hot combustion gases !=om a 
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separate combust:ion chamber. In a CCGT the maximum 

temperature is limited by the maximum temperature that the 

gas turbine blades can withstand, which is about 1Joo 0 c. 
Because heat in the combustion gas in the ICCAT system is 

directly t=ansferred to the kinetic energy of the piston 

(or some other means to store kinetic energy coupled to the 

piston), the maximum temperature limit is very much greater 

and should be in excess of 2000°c. 

The exhaust gas from the gas turbine in a CCGT is at 

a temperature of about soo 0 c, and this gas is used to 

raise steam to drive a steam turbine. However, in the 

ICCAT system the temperature of. the exhaust gas can be of 

the order of soooc and is used to preheat the inlet air to 

the combustion chamber via a heat exchanger. Thus, the 

ICCAT system does not require a steam plant which reduces 

the capital cost. 

In a CCGT plant a conventional rotary ·compressor 

provides hot compressed inlet air at a temperature of about 

3S0°c. This temperature is achieved as a result of heat 

transferred to the compressed air during the adiabatic 

compression process. The heat transferred to the inlet gas 

is provided by mechanical energy of a rotary compressor. 

However, in the ICCAT system the inlet air is at a 

temperature of about soo 0 c and is not heated by mechanical 

enerqy but by the heat in the exhaust gas from the 

compressor. 

3S0°c to 
Thus, iri the CCGT the temperature is raised by 

12aaoc whereas in the ICCAT system the 

temperature is raised from soo0 c to 2000°c. Therefore, 

in the ICCAT system the average temperature at which heat 

is added to the system is much higher than it is in the· 

CCGT system. This is very beneficial from the point of 

view of the Carnot efficiency defined previously. 

Furthermore, because the inlet air is compressed 

isothermally, much less energy is required to compress a 

given mass of gas than is required by the rotary compressor 

in the CCGT. 

This Sheet Has Been Replaced 
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Most of the compressed air used to drive the 
ther::ially powered compressor in the ICCAT system is 
consumed in the combustion process, whereas in the CCGT 
large amounts of compressed air are required fo~ cooling of 
the turbine components and to dilute the combustion gases 
so that the gas temperature does not exceed about 1Joo0 c. 

In a CCGT the outlet temperature of the steam plant 
to atmosphere is about so 0 c. It should be possible to 
achieve lower exhaust temperatures of the air and 
combustion gases in the ICCAT system, implyinq less wasted 
heat and higher efficiency. Furthermore, in the ICCAT 
sys~e~ power is extracted using an air turbine which 
operates at a comparatively low temperature and whose 
outlet temperature is close to ambient. Because the air 
turbine operates at a comparatively low temperaeure, 
cooling should not be needed anc materials problems should 
not arise. 

The ICCAT system also has advantages over the power 
generation plant shown in Figure 9 because hi~ner 

temperatures can be achieved, althouqh coolinq the gas 
turbine blades with cold compressed air may enable the gas 
turbine to operate at a temperature of the order of isoo 0 c 
as opposed to i2oooc. 

With a carefully designed ICCAT system, waste heat 
should be kept to a minimum, and ideally the only part of 
the cycle in which a siqnificant amount of heat is rejected 
is during isothermal compression. In addition to the 
coolinq strateqy outlined above, any form of cooling can be 
used with the cycle, such as wet, dry or hybrid cooling 
towers or direct coolinq to the atmosphere or to a body of 

water such as the sea, a river or lake. 

EXTERNALLY HEATEP COMPRESSOR ANO AIR TURBINE 

Alternative sources of heat may be used to drive the 
thermally powered compressor other than heat from a 
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combustion process. In this case the heat source would 

generally be external to the thermally powered compressor. 

systems in which such a thermally powered compressor is 

effective as a component in a power generating plant 

driving an air tu~bine, shall be referred to as EHCAT 

(Externally Heated compressor and Air Turbine). As 

mentioned above, the heat may be provided by a chemical or 

industrial process, by solar energy or by nuclear heat. An 

external heat exchanger may also be preferred for 

combustion of certain fuels, which might not be easily 

gasified or burnt inside the compressor itself. Examples 

could be tho incineration of waste and possibly biomass and 

coal. 

Figure 21 shows diagrammatically one embodimen': of 

the externally heated compressor oper~tive in an EHCAT 

system. The compressor 701 comprises an isothe~al 

compression chamber producing cool compressed gas, and an 

adiabatic compression chamber producing hot compressed 

gas. In this respect the compressor may be similar to the 

internal combustion compressor shown in any one of Figures 

15 to 19. However, in the externally heated compressor the 

combustion chamber of the internal combustion compressor is 

replaced by an ·expansion chamber into which very hot 

compressed gas is injected without fuel. The very hot 

compressed gas expands and cools without combustion, 

imparting kinetic enerqy to the piston or other kinetic 

energy storage means. Hot exhaust gas is expelled from the 

expansion chamber and is fed to a gas-to-gas heat exchanger 

703 to preheat the cool compressed qas drawn from the 

isothermal compression chamber. This preheated gas is fed 

to a process heat exchanger 705 in which the gas is heated 

to its final temperature with heat generated by some 

thermal process. The very hot compressed gas from the 

process heat exchanger 705 is fed into the expansion 

chamber of the externally heated compressor to drl.ve the 

piston. In this embodiment, power is extracted from the 
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external.ly heated compressor by compressinq a quantity of 

qas adiabatically and expanding this gas through a gas 

turbine 707 to drive an electricity qenerator 709. 

If the heat to drive the thermally powered compressor 

is provided via an: external heat exchanqer, it is possible 

to arrange the workinq qas to circulate in a closed cycle. 

The advantaqes of a closed-cycle system are that the 

pressure of the working qas can be increased in order to 

achieve a higher output for qiven plant size, and that a 

qas other than air can be selected to improve heat transfer. 

A closed-cycle system is also shown in Fiqure 21 with 

the necessary modifications from the open cycle system 

being indicated by the dotted lines. 
cool exhaust gas emitted from the qas to gas heat 

exchanqer 703 is combined with the cool low press~re 

exhaust qas from the main qas turbine 707 and this qas is 

admitted to the compression chambers of the compressor, 

part of which is compressed adiabatically to drive the main 

qas turbine 707 and part of which is compressed 

isothermally, preheated by the qas-to-qas heat exchanger 

703, passed to the process heat exchanqer 705 to be hea·-~ 

with heat from some external thermal process and t~ .... :l 

injected as very hot compressed qas into the expansion 

chamber to drive the compressor. 
The thermal. capacity of the exhaust qas from the 

externally heated compressor 701 is the same as the inlet 
qas frolll the isothermal compression cham!:ler. Thus there is 
no surplus heat in the compressor exhaust gas, in contrast 

to the situation with the internal combustion compressor. 

In this case, a second gas turbine and second heat 

exchanqer which in some applications· are· desirable in the 

ICCAT system may not be required in the EHCAT system, as 

shewn in Figure 21. However, the external process heat may 

be available over a considerable temperature ranqe and 

under these circumstances, two or more gas turbines miqht 
be used. For example, if the external heat exchanger is a 

·: .· .... 
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furnace burning a fuel, then depending on the exhaust gas 
tempera~ure, there could be surplus heat. Figure 22 shows 
one em.bodimen~ of an externally heated compressor 
implemented in an EHCAT system in which surplus heat ~f the 
exhaus-c gas from qn externally fired furnace is converted 
to useful power. 

The power generating plant shown in Figure 22 
comprises a furnace 805 which serves as the main heater t~ 
heat the compressed air for driving the externally heated 
compressor 801. A fan 811 supplies air to the furnace 805 
via a main gas-to-air heat exchanger 813. The gas-to-air 
heater 813 prehea~s the inlet air to the furnace 805 with 
part of the exhaust gas expelled from the furnace. The 
power plant further includes a second air turbine 815 
driving a second generator 817 and a second gas-to-air heat 
exchanger 819. Part of the isothermally compressed air 
from the externally heated compressor is fed to the second 
gas-to-air heat exchanger 819 which is arranged to preheat 
this air with part of the exhaust gas from the furnace 
sos. The preheated compressed air is then fed as inlet air 
to the second air turbine 815 for generating additional 
power. The operating temperature of the second air turbine 
815 is considerably higher than that of the main turbine 
807, so that exhaust air from the second air turbine 815 
will contain a considerable amount of heat. A second 
air-to-air heat exchanger 821 is provided to recover this 
heat by way of preheating a further part of the 
isothermally compressed air from the externally heated 
compressor 801 which is then added to the flow of 
adiabatically compressed air to drive the main air turbine 
807. Depending en the composition of the exhaust gas from 
the furnace, means to clean the exhaust gas 823 may be 
added before the exhaust gas is released into· the 
atmosphere. 

A second air turbine may also be used when the source 
of external heat is not combustion of a fuel, but is an 
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in,.;·~s~rial proces;s, a waste heat stream or some other heat ...•. 
s. ::e. The pa:n:ticular arrangement would depend on the 
h~-~ source and ho~ it is matched to the externally heated 
compressor circuit. 

EXTERNALLY HEATED HOT LIQUID INJECTION COMPRESSOR 

Figure 23 shows an embodiment of the externally 
heated compressor in which heat is transferred to liquid 
rather than qas in the external heat exchanger. The 
therm.ally powered compressor indicated at 900 has many 
similarities to the combustion compressor described above 
with reference to Figure 17 and like numerals incremented 
by 300 refer to like parts. Therefore, the description cf 
those components including the solid piston, the adiaba~ic 
and isothermal compression chambers and the lower bou:'lce 
chamber together with the water recovery system, the air 
turbine and generator of the combustion compressor appl:t 
equally well to the thermally powered compressor shown in 
Figure 23. The main differences between the internal 
combustion compressor and the externally heated compressc= 
concern the function of the upper chamber and the way in 
wnich heat is transferred into the upper chamber, and these 
will now be described. 

The upper chamber 903 of the externally heated 
compressor. has a compressed qas inlet port 929 controlled 
by a valve 931, a exhaust gas ou~let port 923 controlled by 
a valve 925 and a spray liquid injection port 928. The hot 
compressed gas inlet port 929 is connected to the 
compressed qas outlet pert 943 in the isothermal 
compression chamber 909 via a moisture sepa:"ator 980 and a 
qas-to-gas heat exchanger 970. The exhaust qas outlet por~ 
923 is connected to the qas-tc-qas heat exchanger 970"via a 
second moisture separator 982. .The liquid spray inj action 
port situated at the tc;>p of the expansion chamber 903 is 
connected to the spray liquid output of the mois~ure 
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separator 983 via a process heat exchanger 985 and a second 

liquid spray injection pump 986. 
The manner in which the compressor is driven will now 

be described beginning with the piston 915 at the top of 
its stroke ·in the expansion chamber 903. As the piston 
comes to rest at. its point of maximum elevation, the gas 
inlet valve 931 opens and preheated compressed qas is 

introduced into the expansion chaml:Jer 903 through the qas 
inlet port 929. At the same time, hot liquid from the 
process heat . exchanger 984 is injected into the expansion 
chaml::ler 903 by the spray injection pump 986. · The preheated 

compressed qas is heated further by the liquid spray and 
expands driving the liquid piston downwards. Heat is 
transferred from the injected droplets to the qas as the 
qas continues _to expand in order that the qas temperature 
is maintained throuqhout the expansion process. 

As the piston reaches the bottom of its stroke in the 
expansion chamber 903 and reverses direction, the exhaust 
qas outlet valve 925 opens and the low pressure exhaust gas 
toqether with the spray liquid is expelled from the 
expansion chamber throuqh the exhaust qas outlet port 923 
and flows through the moisture separator 983 in which the 
spray liquid is removed. The low pressure exhaust qas then 
flows through the qas-to-qas heat exchanqer 970 in which 
compressed qas from the isothermal compression chaml:ler 909 
is preheated before being introduced into the expansion 
chamber 903 • The spray liquid separated in the moisture 
separator 983 is returned to the process heat exchanqer 985 
in ·which it is re-heated before being re-used in the spray. 

In an ope.n-cycle system, in which air is the qas, 
exhausi: air leavinq the heat exchanqer 970 is expelled to 
the atmosphere. In a closed-cycle system, the qas leaving 
the heat exchanqer 970 is directed to the isothermal 
compression chamber 909 for compression. In this way the 
qas may be continuously recycled in a closed circuit. 
FUrt.."lermcre, in an open-cycle system exhaust air from the 
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turbine 972 is expelled, but in a closed-cycle system the 

gas is directed back to the adiabatic compression chamber 

905. In the latter case the qas used to drive the turbine 

972 is also continuously recycled. Thus, the externally 

heated compressor may either operate in an open-cycle or a 

closed-cycle as indicated by the dotted lines. In Figure 

23 it is seen that the qas which passes through the 

adiabatic compression chamber and the turbine does not mix 

with the qas in the remainder of the system. Therefore it 

is possible to have different qases in these two circuits 

and indeed one circuit can be open-cycle while the other is 

closed-cycle. 

The use of injected liquid as the medium of heat 

transfer is advantaqeous in that the external heat 

exchanger 970 can be more compact and mere efficient. 

Another advantage of using liquid is that the heat can 

continue to be supplied to the injected qas throughout the 

expansion, which improves the thermodynamic efficie~cv. 

The use of liquid as the heat transfer medium limits the 

maximum temperature of the heat source to that which can be 

accommodated by a suitable ·liquid. Preferably, the ·iquid 

to be used will have acceptable physical and c. ical 

properties, will be non toxic, enviromentally acce;. r.able 

and relatively inexpensive.· 

An externally !.eated compressor with hot liquid 

injection may be suitable for power generation with low 

temperature heat sources such as solar enerqy, geothermal 

energy or low temperature waste heat. 

In a closed cycle operation case, it may be necessary 

to provide some additional cooiinq to the qas after it 

leaves the turbine in order to maintain a stable 
temperature. 
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Advantageously, the thermally powered compressor can 
operate using a wide range of different fuels including 
natural gas, light and heavy oils, orimulsion, coal, 
biomass or domestic waste. Various schemes for using 

combustible fuels will now be described. 

Natural gas and light oils are in a suitable form for 

direct injection and firing inside the heated combustion 
chamber. Alternatively, these fuels may be burnt inside a 
combustion chamber external of but attached to the heated 
chamber. Conveniently, the fuel may ignite spontaneously 

depending on the temperature of the inlet air and/or 
pressu::-e in the chamber; as for example happens in diesel 
engines. The combustion products contain essentially no 
particulates and very little sulphur dioxide, although a 
certain amount of nitrous oxides (NOX) will be present. 
The emission of NOX can be limited by either catalytic or 
non-catalytic reduction with ammonia. There are a number 
of schemes for burning heavy oils, orimulsion or coal. 

With reference to the ICCAT system, heavy oils and 
orimulsion could be atomised into fine droplets by heating, 
then injected into the expansion chamber at the required 
intervals, and burned by internal combustion. The droplets 
may ignite in the high temperature air from the heat 
exchanger and be rapidly burned. If necessary, an ignition 
system could be used which for example may involve the 
injection of another fuel to initiate the combustion 
process. Coal may also be injected into the combustion 
chamber in the form of fine dust (pulverised fuel) which is 
transported to the expansion chamber along a pipe in a flow 
of air or another suitable transporting medium. It is 
important to ensure that there is no risk of premature 
explosion of the coal dust in the transportinq fluid. This 
may or may not lead to the choice of fluid other ·than air 
to convey the coal dust. 

In another embodiment, the heavy oil, or1mulsion or 
coal could be gasified using air or oxygen in a suitable 
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qasif ica.t:ion plant. . Liquid fuel i.e. orimulsion or heavy 
oil is simpler to handle in a gasification process than 
coal, since there is no requirement for mills to grind the 
fuel or for a suitable gaseous transport medium. 

In another embodiment, an external pressurised 

furnace burning of heavy oils, crimulsion coal or gasified 
fuel, could be used to produce hot combustion gases which 
ente:- the expansion chamber of the compressor under t!:e 
cont:rol of high temperature valves. 

With reference to the EHCAT system, orimulsion, heavy 
oil or coal could be burnt in a main heater to heat: the 
working fluid for the thermally powered compressor. The 
main heater may include an unpressurised furnace arranged 
to burn the fuel in preheated atmospheric air and may 
fur~her include a heat exchanger through which the working 
fluid, which may be preheated compressed air from the 
therr.tally powered compressor, is passed. The preheated 
compressed air is heated by heat from tne furnace, and then 
injec~ed as very hot compressed air into the expansion 
chamber to drive the piston. 

If the fuel undergoes some form of gasification, then 
preferably the sulphur would be removed prior t~ the 
combustion stage. Removal of sulphur after gasifi.cation 
but bef cre coml:lustion is advantageous because the gas 
volumes are very much less. Also, the sulphur is likely to 
be extracted in its elemental for:n rather than as gyps\L'll. 
This means that the mass of produc't. material is also very 
much less. On the other hand, if the fuel is not gasified, 
then exhaust gas from the combustion process should undergo 
desulphurisation before being admitted to the atmosphere. 

Where possible·, direct combustion of fuel in the 
combustion chamber cf the t."lermally . powered compressor 
would. generally be preferred over the use of an external 
fur:tace whether or ·not the fuel is _ gasified. The 
combustion qas produced by qasif ied fuel is generally 
cleaner than ·from direct combustion of a solid or heavy 
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liquid fuel. However, the choice between these two methods 
will largely depend on relative cost and environmental 

acceptability. 
Biomass and domestic waste may also be used as fuels 

if prepared in a suitable form. Although generally it is 

not practical to chop domestic waste or most forms o: 
biomass into particles of sub-millimetre sizes, as is done 
in the case of pulverised coal, biomass could be burned in 
a suitably designed internal coml:Justion system if the 
particles are small enough to achieve a significant degree 
of burn-up. Alternatively the biomass could be gasified. 
For example, in one embodiment, biomass could be gasified 
externally iri a fixed bed or possibly in a fluidised bed 
where gasification could occur as a continuous process. 
Either oxygen or air could be used. It would be desirable 
to maximise the chemical energy of the gasification produc~ 
and minimise the heat production of the gasification 
stage. The heat of the gasification could be transferred 
by a heat exchanger to isothermally compressed air and then 
expanded to increase the power output of the system. The 
gas would be combusted in an ICCAT system similar to that 
used for natural gas. 

THERMALLY POWEREP GAS COMPRESSOR WITH GASIFICATION 

As mentioned a.Dove, gasified fuels such as coal, 
heavy oils, orimulsion or biomass for use in a combustion 
compressor may be an attractive option. Figure 24 shows 
the application of one embodiment of the internal 
combustion compressor and air turbine to an inteqrated 
gasification and p·ower cycle. Referring to Figure 24, the 
thermally powered compressor together with spray liquid 
recovery and coolinq system has previously been desc:-ibed 
with reference to Figures 17 and 18 and comprises a massive 
vertically reciprocating solid piston. Like components are 
designated by like numerals. 
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The gasification plant includes an air separation 

unit 652 connected to the output of the moisture separator 

680 to receive part of the cool compressed air produced by 

the combustion compressor 600. The air separation unit 

produces both pressurized nitrogen . and pressurized oxygen. 

The air separation unit 652 is arranqed to supply 

pressurized oxygen to a gasifier 654 in which the oxygen is 

used to convert pulverised coal (or other fuel) to a raw 

fuel gas which contains among other gases, carbon monoxide 

and hydrogen. A vessel 653 is connected below the gasifier 

654 to collect slag produced by the gasification process. 

A cooling jacket 655 is arranged around both the gasifier 

654 and the slag collection vessel 653 to allow cooling 

fluid to circulate around the walls of the gasifier to 

ena.ble heat generated by the qasif ication ~ Jcess to be 

recovered. In this e:nbodiment, pressurized nitrogen 

produced in the air separation unit 652 serves as the 

cooling fluid and the nitroqen output from the air 

separation unit 652 is connected to a lower part of the 

cooling jacket 655. A hot compressed nitrogen exit port is 

provided near the top of the gasifier cooling jacket and is 

connected directly to the input of the air turbine 672. 

Thus, heat from the gasifier is recovered in a form in 

which it can be conveniently converted into useful power. 

The raw fuel qas output of the qasif ier 654 is 

connected to a 

raw qases are 

nitrogen from 

qas-to-air heat exchanger 656 in which the 

cooled by a further supply of pressurized 

the air separation unit 652. The hot 

compressed nitrogen leaving the qas-to-air heat exchanger 

656 is directed to the air turbine 672 in which it is 

expanded to produce useful mechanical power. The raw gas 

output of the gas to air heat exchanqer 656 is connected to 

an ash cyclone 658 in which the raw gases are treated to 

remove any ash. Treated gas from the ash cyclone 658 is 

then directed to a sulphur removal ·· unit 662 via a 

raw-qas-to-clean-qas heat exchanqer 660 in which the raw 
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gas is cooled prior to its int:roducticn i~t:o the sulph~r 

removal unit 662, with clean fuel gas leaving th~ sulphur 

removal unit. The clean fuel gas leaving the 

raw-gas-to-clean-gas heat exchanger 660 is then direct:ed to 
the combustion chamber of the co:nbustion compressor 600 via 

the fuel injection port 627 for combustion in the 

combustion chamber 60J. Part of the isothermally 
compressed air produced in the combustion cc::lpressor may be 

used to supplement the pressurized nitrogen for recoveri.::"lg 

heat from the gasification process, if necessary. 

This gasification scheme is expected to deliver 
significantly higher efficiences than current: designs as a 

result of the following factors. Because the pressurized 

air required for the air separation u!1i t, for combus-.:icn 
and for cooling is compressed isothermally, less 
compression work is required. ·The heat of gasificat:ion is 
recovered is such a way that it is used at a higher 
temperature than is usually possible in current designs for 
integrated gasification power ·plants. Furthermore, the use 

of the gasified fuel in an ICCAT combustion chamber 
increases the efficiency of conversion of clean fuel gas to 
electrical power. 

In an alternative eml:::iodiment, the gasification cycle 
can be implemented without air separation, by using 
isother:nally compressed air in·the gasification process and 

for the removal of heat in the heat exchanger 656 
downstream of the gasifier 654. However, the conversion of 
fuel to fuel gas is less effective if air is used, and it 
would be essential to preheat the isother:nally compressed 
air prior to its introduction into the gasifier. 

The main advantage of using oxygen in the 
gasification cycle is that a higher temperature of 
gasification makes it possible to achieve a more comple":e 
conversion of the carbon in the fuel to carbon monoxide. 
The higher temperatures of gasification may also permit a 
more efficient conversion of heat to mechanical and 
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elect=ical enerqy through the heat recovery process from 

the gasifier to the air turbine. In another embodiment it 

may be advantageous to use oxygen in the combustion process 

rather than air. This would limit the amount of NOX 

formation to that which is caused by the nitrogen in the 

fuel. For combustion products of coal burnt in air, the 

dew point for condensation of water is about 38°c which 

provides very little possibility of condensing this water 

and recovering any of the latent heat. In the case of coal 

burnt in oxygen, the dew point is about 67°c and there is 

an opportunity to use the .:..:.tent heat to preheat some of 

the compressed nitrogen from the ai= separation unit, for 

example, in the air turbine. Furthermore, for the case of 

coal burnt in oxygen, with contaminants such as sulphur 

removed and the water condensed, the combustion products 

consist almost entirely of carbon dioxide. If it is 

considered necessary to rec- .rer the carbon dioxide for 

enviromental reasons, then the gas is in a suitable form. 

Gasification of fuel may also be implemented in the 

isothermal compressor and gas turbine cycle. Figure 25 

shows an embodiment of a gas driven isothermal C"~mpressor 

in an integrated gasification and power plant. The 

partic~lar eml:lodiment of the isothermal compressor has been 

previously described with reference to Figure 5 and like 

numerals incremented by 800 refer to like parts. In 

particular, the isothermal · compressor comprises an upper 

chamber 809 disposed vertically above a lower chamber 811 

and a massive solid piston which is free to oscillate 

vertically into and out of each chamber. The upper chamber 

has a hot compressed air inlet port 821 controlle~ by a 

valve 825: a compressed air outlet pert 813 controlled by a 

valve 817, and a spray injection pert 837. The lower 

chamber contains a sealed volume of gas which provides the 

means for conver:.ing the kinetic energy of the piston in 

the downward direction to kinetic ene::-gy in the upwward 

direction. The water recovery and coclinq syste:r.i is 
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identical to that described above in relation to Figure 5 
and comprises a moisture separator 847 connected to the 

·compressed qas outlet port a cooler 8 4 5 connected to the 
moisture separator via a return line 853 and· an injection 
pump 834 connected between the cooler 845 and the spray 
injection port 837. The compressed gas inlet port 821 in 
the isothermal compression chamber 809 is connected to the 
output of a rotary compressor 861 which supplies he~ 

compressed air to drive the isothermal compressor 801. 
Cool compressed air produced in the isother::tal 

compressor is drawn from the compressed air outlet port 813 
via the moisture sep~rato~ 847 and is directed essentially 
three ways. Part of the cool compressed air is used for 
gasification and is initially directed to an air separation 
unit 869 in which the compressed air is separated into 
pressurized nitrogen and oxygen. Part of the cool 
compressed air is directed to a combustion chamber 857 in 
which it is burnt to provide hot high pressure gas to drive· 
a gas turbine 859. The gas turbine is arranged to drive a 
main generator 863. Before being introduced into the 
co::tbustion chamber 857, the cool compressed air from the 
isothermal compressor is preheated in a gas-to-air heat=.er 
855 with exhaust qas from the gas turbine. 

Generally, there will be more heat available in the 
exhaust gas from the gas turbine than is required to 
preheat the cool compressed air for combustion in the 
combustion chamber 857. Therefore, a· furth~r part of the 
cool compressed air from the isothermal compressor is 
preheated in the qas-to-air heater 855 to recover this 
excess heat, and this preheated compressed air is directed 
to an air turbine 865 in which it is expanded to drive a 
second qenerator 867. 

The gasification plant is similar to that described 
above in relation to· the embodiment shown in Figure 24 and 
comprises an air sepa~ation unit 869 connected to the 
outpui: of the moisture separator 847. Pressurized oxygen 

': .-··.· 
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produced in the air separation unit 869 is directed to a 

gasifier 871 in which pulverised coal or other fuel is 

gasified. A vessel 873 is connected below the gasifier to 

callee~ slag from the gasification process. Both the 

gasifier 871 and the slag collection vessel 873 are 

surrounded by a cooling jacket 872. The gasifier has a 

gasified fuel outlet port which is connected to a 

gas-to-air heat exchanger 875. Pressurized nitrogen from 

the air separation unit 869 is direc~ed to beth the cooling 

jacket surrounding the gasifier 87: for cooling the walls 

of the gasifier and recovering excess heat, and is also 
passed through the gas-to-air heat exchanger --5 to cool 

the raw fuel gas from the gasifier. He compressed 

nitrogen from both the cooling jacket ana the heat 

exchanger are directed to the input of the air turbine 865 
in which it is expanded along with hot ccm~r~ sed air from 

the gas-to-air heater 855. The eccl raw gas cutlet side of 

the gas-to-air heat exchanger 875 is connected to the 

combustion chamber 857 via a fuel gas clean up system 

comprising an ash cyclone 877, a raw-gas-to-clean-gas heat 

exchanger 879 and a sulphur removal unit 881. Raw gas f::·o::-. 

the gas-to-air heat exchanger 875 is passed to the ash 

cyclone 877 to remove any ash from the raw gases. The fuel 

gas is then passed to the sulphur removal unit 881 via the 

raw-gas-to-clean-gas heat exchanger 879 in which the fuel 

gas is cooled by clean fuel gas l £Ving the sulphur removal 

unit. This clean fuel gas after passing through the 

raw•gas-to-clean-gas heat exchanger 879 is fed directly to 

·the combustion chamber 8 57 ·in which it is combusted with 

preheated compressed air from the gas-to-air heat exchanger 
855. 

The ISOGT integrated gas !ication cycle may be 
pref erred to the ICCAT integrated gasif icaticn cycle if the 

costs are lower. The air turbine 865 and its associated 

generator 867 implemen~ed in the ISOGT gasification cycle 

wi-11 produce a large fraction cf the total power, since the 

·: .· · .. 
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hea1:. =f gasifica"t.ion is recovered i:1 the air turbine. ;..s 

wi t!:l the ICC~T im:eg:-ated gasification cycle, the a ~ ... --
sepa:-3~ion unit may also be omitted in the ISOGT integ=a~ed 

gasi~!cation cycle. 

OF ENERG'l STCR..n.GE 
,.,... ... ,.._.,..,.r,.,. • •r 

- ...... • ... I • -··-·--·---
POWE~E~ COMPRESSOR 

As desc:::-ibed above in connec-;icn with the gas d::-iven 

and liquid driven isothermal compressors, it may also be 

advantageous to include provision for energy storage i:1 t~e 

powe:- generating plant incorporating a therr.ially d!:':ven 

compressor. During periods of low demand for power., a 

large fraction of the isothermally compressed gas (which 

may er may .not be air) could be s't.ored in a large cavit:r 

such as a disused mine or oil well. When the power de~and 

is high, cool compressed gas is then released from the 

ca vi ~7 to supplement that produced by the compressor. An 

alter~ative method of energy storage is to refrigerate and 

freeze water during periods when the external power de~and 

is lcw and then to use this store of "cold" to increase the 

powe:- output when demand is high. 

Figure 26 shows one embodiment of a combined power 

generation and enerqy storage plant which includes the 

faci:ity to, store energy either in the form of compressed 

gas or in the for.::t of ice. In this embodiment, the 

compressed gas is air and the compressor is an inter:-ial 

cor.'.b~stion compressor. 

The combustion compressor . 750 produces cool 

ccr.p:::-essed air, at least some of which is fed t~ a 

gas-~c-air heat exchanger 751 in which it is preheated wi~h 

hot exhaust gas from the compressor before being inj ec~ed 

into the combustion chamber. Power is extracted from the 

compressor by compressing atmospheric air adiabatically and 

expanding the compressed air· through an ai= turbine 753 

whic~ drives the power generator 755. The combus't.:on 
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compressor 750 includes means t.::i control the rela"::.·:e 

propor"":ions of gas which are comprassed adiabaticall.y ar.::i 

isother::tally. If the combustion compressor has the ==~ 

desc=ibed above with reference to Figures 1 7 or 13, ':!:e 

amount of air compressed adiabatically can be cont:-c2.:ec. 

simply by adjusting the timing of the adiabatic air ou~:et 

valve. If this is closed early, then less air goes tc ~he 

air turbine and a greater fraction of the available ener;y 

can be used for isothermal compression. To increase <:!:e 

air flow to the air turbine the reverse adjustment to :~e 

adiabatic outlet valve can be made. To maintain the sa:e 

pist::m strcke, it will be necessary to reduce the mass c: 

gas in the bounce chamber, and this may be achieved 

relatively easily, for example by including a valve i~ ~::.e 

boun::e chamber controlled t::i release er ad:rni t gas f:-c:.: c:­

intc the chamber. 

During periods of low demand, a larger proportic~ of 

isot:hermally compressed air is pr..,duced than is needed -=o 
drive the combustion compressor, and the excess =cld 

co:npressed air is directed to a large cavity 757 in · ... ·::.:..=h 

it is stored. Then, during periods of high demand, mos~ of 

the 

used 

power. available in the combus-:.ion compressor 

to compress air adiabatically for d=iving t!:e 

is 
.=l.:,... --· 

turbine 753. The isother::i.ally compressed air required for 

coirJ:ustion is provided ·by both the combustion compressor 

and the large_ cavity 757. 

The power generating and e!'!ergy storage plan-: also 

includes an ice/water storage tank 761 and a refrigera::ion 

syster.i 763 which cools or freezes the stored water. As 

described above, heat t:ransferred to spray liquid d~:!.ng 

isothermal compression is normally extracted fror.t ":he 

compressor by a cooling system 759. In periods c: low 

demand, the refrigeration system 763 cools the water· i~ the 

thermal storage tank 761 preferably to temperatures ::elow 

the freezing point of wa't.er· so that ice is formed. When 

the power demand is high, the refrigeration system ::i.ay be 
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turned off to maximise the net power output and the cooling 

of the liquid spray is provided partly by the ext:.ernal 

cooling system 759 and partly by melting the stored ice. 

Maximum demand would normally be during the day and if the 

ambient temperatures are high the ice could be melted to 

provide cool water for isothermal compression. The 

external plant cooling system, 759, which would have to 

reject heat to a high atr.bient temperature may not be used 

or may be used at reduced capacity during this time. An 

attraction of this system is that the ice store can be 

built up at night when the power demand is low and the 

ambient temperature is also low. !n this case the 

compressor may be run at full capacity, the excess power 

being used to freeze water to produce ice. This gives a 

dual advantage, since not only is energy stored for release 

at a time of maximum demand but also the overall thermal 

efficiency of the system is improved by the reduction in 

the temperature of the cold spray at the time of maximum 

demand. 

The dotted lines in Figure 26 indicate that the 

particular component in the energy storage or cooling plant 

may only be used part of the time. The compressed air 

s1:orage method and the. ice-water storage method are 

independent of each other. The plant may incorporate 

either storage system or both. 

Features which have been described in relation to 

specific eml:lodiments may be included in other embodiments. 

Furthermore, the principles of the various operating cycles 

including the various methods ·of driving the gas compressor 

which have been described in relation to specific 

embodiments may be applied to other embodiments. 

Modifications to the embodiments described and to their 

operating cycles will be· apparent to those skilled · in the 
art. 
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1. . A gas compres_sor comprising a chamber to contain gas 

to be compressed, a piston in the chamber and means to· 

drive the piston into the chamber to compress the gas, 

means. to form a spray of liquid in the chamber to cool the 

gas on compression therein, and valve means to allow 

compressed gas to be drawn from the chamber, wherein said 

means to drive the piston comprises means to deliver 

driving energy stored in a fluid directly to the piston~ 

2. A gas compressor as claimed in claim 1 comprising 

kinetic energy storage means coupled to said piston and to 

which sufficient kinetic energy can be imparted to enable 

said piston to compres$ said gas. 

3. A gas compressor as claimed in claim 2 wherein said 

kinetic energy storage means comprises a mass arranged to 

move in phase with said piston. 

4 • A qas compressor as claimed in claim 3 wherein said 

mass is provided by said piston. 

s. A qas compressor as claimed in any one of claims 2 to 

4 comprising means to convert the kinetic energy used to 

impart movement to the piston·in one direc~ion into kinetic 

energy to impart movement to the piston in the other 

direction. 

6 • A qas compressor as claimed in 

means to qonvert includes means to 

enerqy used to impart movement to the 
energy. 

claim 5 wherein said 

convert the kinetic 

piston into potential 
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7. A gas cc::tpressor as cl.aimed i!'l claim 6 wherei:i. said 

means to convert kinetic energy into potential energy 

comprises a mass arranged to displace ver~ical:y on 

movement 0£ said piston. 

a. A gas compressor as cl.aimed in claim 7 wherei:-: said 

mass is provided by said piston. 

9. A gas compressor as claimed in any bne of claims 5 to 

s co::iprising a second chamber and a second piston each 

ar=ZJ.:rlged such tha't 0!1 movement: of said piston into said 

chamber, said second piston moves into said second chamber. 

10. A gas compressor as claimed in any one of clai=s 5 to 

9 comprising a second chamber and a second pisto:i each 

arranged such that on movement of said piston into said 

chamber, 

chamber. 

said second ... pis ... on moves out of said second 

ll. A gas compressor as claimed in claim 10 wherein said 

first:. and second pistons together comprise a unitary body. 

12. A gas compressor as claimed in claim 10 or claim 11 

as dependent o-n any one of claims 5 to S wherein said means 

to convert includes a body of gas contained in said second 

chamber. 

13. A gas compressor as claimed in any precedin~ claim 

comprising containing means for containing a body of liquid 

and including a conduit for:ning said piston. 

14. A gas compressor as claimed in claim 13 wherein said 

containing means is formed as a generally U-shaped conduit. 

15. A ga~ compressor as claimed in claim 14 wherein said 
-------

chamber is in one arm of the u-shaped conduit. 
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16. A gas compressor as claimed in a~/ of claims 11 to 15 

as dependent on claim 10 wherein said second chamber is in 

the other arm of sa~d conduit. 

17. A gas compressor as claimed in any one of claims 13 

to 16 including a piston comprising a solid material and 

arranged in said conduit between said liquid piston and 

said chamber. 

18. A gas compressor as claimed in any one of clair.i.s 13 

to 17 including a piston comprising a solid material and 

arranged in said conduit on the side of said liq-..iid piston 

away from said chamber. 

19. A qas compressor as claimed in claim 17 or 18 wherei~ 

said piston comprising solid material has a greater densi~:r 

than the liquid in the liquid piston. 

20. A qas compressor as claimed in any one of claims 17 

to 19 wherein one of said solid piston and said conduit 

includes sealing means to control or prevent the flow o: 

lic:r~id b~tween the solid piston and said conduit. 

21. A gas compressor as claimed in any one of claims 1 to 

12 wherein said piston comprises a solid material. 

22 • A gas compressor as claimed in claim 21 wherein said 

piston and said chamber are ar=anged such that movement of 

said piston into said chamber is in a substantially 

vertical plane. 

23 • A gas compressor as claimed in claim 21 wherein said 

piston and said chamber are arranged such that movement of 

said piston into said chamber is in a substantially 

horizontal plane. 
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2 4. A gas compressor as claimed in claim 2 3 further 

comprising low friction bearing means to support said 

piston and adapted to facilitate movement of said piston 

relative to said chamber. 

25. A gas compressor as claimed any one of claims l to 24 

wherei~ said chamber is adapted for linear movement of said 

piston into said chamber. 

26. A gas compressor as claimed in claim 9 or claim 10 or 

any cne of claims 12 t~ 25 as dependent on Claims 9 or 10, 

wherein said means to deliver driving energy comprises 

second valve means operable to admit hot compressed gas 

into said second chamber to drive said second piston out of 

said second chamber. 

2 7. A gas compressor as claimed in claim 2 6 including 

third valve means operable after expansion of . gas in said 

$econd chamber to allow expanded gas to leave said second 

chamber by movement of the piston into said second chamber. 

28. A gas compressor as claimed in· claim 27 including 

valve controlling means arranged to close said third valve 
means before all the expanded gas has left said second 

chamber. 

29. A gas compressor as claimed in claim 26 including 

third valve means operable after compression of gas in said 

second chamber by movement of said piston into said second 

· chamber, to. allow compressed gas to be drawn from said 

second chamber. 

JO. A gas compressor as claimed in claim 29 including 

means to form a spray of liquid in said second chamber to 
cool the gas on compression therein. ------------·---

1i1iU1fi1ifii 
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31. A gas compressor as claimed in claim 29 or 30 

including fourth valve means operable after expansion in 

said second chamber of hot compressed qas introduced by 

said second valve ~eans, to draw in additional low pressure 

gas before the velocity of. said second piston in the 

direction out of said second chaml:ler reaches zero. 

32. A gas compressor as claimed in any preceding claim, 

wherein said means to deliver drivinq energy comprises a 

further valve means operable to admit hot compressed qas 

into ~aid :hamber to drive sajd piston out of said chamber. 

· 33. A gas compressor as claimed in claim 32 and includinq 

valve means, operable after expansion in said chamber of 

hot compressed qas introduced by said further valve means, 

to draw in additional low pressure qas, before the velocity 

of said piston in the direction cut of said chamber reaches 

zero. 

34. A gas compressor as claimed in claim 9 or claim 10 or 

any one of claims 11 to 25 as dependent on claims 9 c · 10 

wherein said means to deliver drivinq energy comprises 

means to provide a combustible fuel mixture in said second 

chaml:ler, whereby combustion thereof delivers said drivinq 

energy. 

35. A gas compressor as claimed in claim 9 or claim 10 or 

any one cf claims 11 to 25 as dependent upon claim 9 or 10 

wherein said means to deliver drivinq enerqy comprises 

means to ad.mi t compressed gas into said second chamber and 

further means to form a spray cf hot liquid to heat said 

gas in said second chamber. 

36. A gas compressor as claimed in claim 9 or claim 10 or 

any one c claims ll to 25 as dependent on claim 9 or 10 
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wherein said means to deliver driving energy cor:i.prises 

means to admit a gas producing medium together with a 

reac~ion gas for gasification into said second chamber. 

37. A gas compressor as claimed in claim 9 or 10 er 

anyone of claims 11 to 25 as dependent on claims 9 er 10 

wherein said means to deliver driving energy comp::-ises 

means to admit hot compressed gas into said second char.~er. 

3 8. A gas compressor as· claimed in any one of clai::ts 3 4 

to 3 i, including valve means to draw gas from said second 

cha~ber after expansion of the gas in said second chamber. 

39. A gas compressor as claimed in claim 38 wherein said 

means to deliver driving energy includes means for feeding 

compressed gas from said chamber into said second chamber. 

40. A gas compressor as claimed in claim 38 or 39 

including heat exchanger means arranged to pre-heat 

compressed gas from said chamber with gas from said second 
chamber. 

41. A gas compressor as claimed 

combination with a gas turbine and 

feeding pre-heated compressed gas 

in claim 40, in 

including means for 

leaving said heat 
exchanger means to drive said gas turbine. 

42. A gas compressor as claimed in any one of claims 26 

to 41 comprising a third chamber to contain gas to be 

compressed and a third piston to compress said gas by 

movement of said third piston into said third chamber, and 

including further valve means to allow compressed gas to be 

drawn from said third chamber. 

43. A gas compressor as claimed in claim 42 wherein said 

third chamber and said third piston are arranged such that 

': .-·· .. 
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when said second piston moves out of said second chamber, 

said third piston moves into said third chamber. 

44. A gas compressor as claimed in claim 42 or 43 wherein 

said second piston ~nd said third piston toge~her cc:p=ise 

a unitary body. 

45. A gas compressor as claimed in claim 44 wherein said 

piston and said third piston each comprise a solid material. 

46. A gas 

connection 

compressor as claimed 

means connecting said 

piston together. 

in claim 

piston and 
4 S including 

said third 

47. A gas compressor as claimed in claim 46 wherein said 

connecting means comprises said second piston comprising a 

solid material. 

48. A gas compressor as claimed in any one of clair.s 42 

to 47 in combination with a gas turbine and including means 

for feeding compressed gas from said third chamber to drive 

said gas turbine. 

49. A gas compressor as claimed in any one of clai::s 42 
to 48 comprising a fourth chamber and a fou~h piston, each 

arranged such that on movement of said second piste~ into 

said second chamber, said fourth piston moves out of said 

fourth chamber. 

50. A gas compressor as claimed in claim 49 wherein said 

means to deliver driving energy comprises means to provide 

a combustible fuel mixture in said fourth chamber, where.by 

combustion thereof drives said fourth piston out of·· said 

fourth chamber. 

51. A gas compressor as claimed in claim 49 wherein said 

"; .- · .. 
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means to deliver driving ·energy comprises means to admit 
compressed gas into said fourth chamber and further means 
to for::i a spray of hot liquid to heat said gas in said 

fourth chamber. 

52. A gas compressor as claimed in claim 49 wherein said 
means to deliver driving energy comprises means to admit a 
gas producing medium together with a reaction gas for 

gasification into said fourth chamber. 

53. A gas compressor as claimed in claim 49 wherein said 
means to deliver driving energy comprises means to admit 
hot compressed gas into said fourth chamber. 

54. A gas compressor as claimed in any one of claims 4 9 
to 53 further comprising a fifth piston and a fifth chamber 
to contain gas . to be compressed by movement of said fifth 
piston into said fifth chamber, said fifth piston and said 
fifth chamber being arranged such that on movement of said 
second piston into said second chamber, said fifth piston 
moves into said fifth chamber, the compressor including 
further valve means to allow compressed gas to be drawn 
from said fifth chamber. 

55. A gas compressor as claimed in claim _54 in 
combination with a gas turbine including means for feeding 
compressed gas from said fifth chamber to drive ·said gas 
turbine. 

56. A gas compressor as claimed in claim 54 or 55 
comprising a sixth piston and a sixth chamber to contain 
gas to be compressed.by movement of said sixth piston into 
said sixth chamber, said sixth piston and sixth chamber 
being arranged such that on movement of said second piston 
into said second chamber, said sixth piston moves into said 
sixth chamber, the compressor comprising further means to 
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form a spray of liquid in the sixth chamber to coo the gas 
on compression therein, and further valve means to allow 
compressed gas to be drawn from the chamber. 

57. A gas comp~essor as claimed in claim 56 wherein said 
means to deliver driving energy in· 'udes means for feeding 
compressed gas from said sixth c •. ~.n.ber into said second 
and/or fourth chamber. 

ss. A gas compressor as claimed in claim 56 or 57 
including heat exchanger means arranged to pre-heat 
compressed gas from said sixth chamber with gas from said 
second and/or fourth chamber. 

59. A gas compressor as claimed in claim 58 in 
combination with a gas turbine and including. means for 
ft:eding pre-heated compressed gas leaving said heat 
exchanger means to drive said qas turbine. 

60. A gas compressor as claimed in any one of claims 42 
to 59 wherein any two or more of said pistons are arranged 
in tandem. 

61. A qas compressor as claimed in any one of claims 42 
to 59 wherein any two or more of said pistons are spaced 
laterally relative to their direction of motion into and 
out of their respective chambers. 

62. A gas compressor as claimed in any one of claims 2 6 
to 33 further comprising a third chamber to contain gas to 
be compressed, a third piston in the third chamber and 
mean·s to drive the third piston into said third chamber to 
compress the gas, valve means to allow compressed gas· to be 
drawn from said third chamber, and means to feed compressed 
gas from said third chamber to said·- chamber and/or said 

'cond chamber. 

'.J 
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to said t~i:-:l 

energy. can be 

imparted to enable said third piston to compress said gas. 

64. A qas compressor as claimed in claim 63 wherein said 

second kinetic energy storage means comprises a ~ass 

arranged to move in phase _with said third piston. 

65. A gas compressor as claimed in claim 64 wherein 

mass is provided by said third piston. 

66. A . gas compressor as claimed in any one of claims 63 

to 65 comprising means to impart kinetic energy to sai.d 

second kinetic energy storage means. 

67. A qas compressor as claimed in any one of claims 63 

to 66 comprising means to convert the kinetic energy used 

to impart movement to the third piston in one direc~:.on 

into kinetic energy to impart movement to the third pis~~n 

in the other direction. 

68. A qas compressor as claimed in claim 67 wherein said 

means to convert includes means to convert kinetic energy 

used to impart movement to the third piston into poten~ial 

energy. 

69. A gas compressor as claimed in claim 68 wherein said 

means to convert kinetic energy into potential ene:-gy 

comprises a mass arranged to displace vertically on 

movement of said third piston. 

70. A qas compressor as. claimed in claim 69 wherein said 

mass is provided by said third piston. 
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71. A gas compressor as claimed in any one of cl.aims 62 

to 70 comprising a four~h chamber and a fourth piston each 

arranged such that on movement of said third piston into 

said third chamber, the fourth piston moves ir.to sai~ 

fourth chamber. 

72. A gas compressor as claimed in claim 71 wherein said 

third and fourth pistons together comprise a unitary body. 

73. A gas compressor as claimed in claim 71 or 72 further 

comprising a fifth chamber and a fifth pistor., each 

arranged such that on movement of said third piston into 

said third chamber, the fifth piston moves out of said 

fifth chamber. 

74. A gas compressor as claimed in claim 73 as dependent 

on any one cf claims 67 to 70 wherein said means to conver~ 

includes a body of gas contained in said fifth chamber. 

75. A gas compressor as claimed in any one of cl.aims 71 

to 74 wherein said third piston comprises a solid material. 

76. A gas compressor as claimed in claim 75 wherein said 

third piston and said third chamber are arranged such that 

movement of said piston into said third chamber is in a 

substantially vertical plane. 

77 .· A gas compressor as claimed in claim 75 wherein said 

third piston and said third chamber are arranged such that 

movement of said third piston into said third chamber is in 

a substantially horizontal plane. 

78 • A gas compressor as claimed in claim 77 further 

comprising low· friction bearinq means to support said third 

piston and adapted to facilitate mcvement_~-~----~·aid thi:::-d. 

piston relative to said third chamber. 
· .. · .· 
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79. A gas compressor as claimed in any one of claims 71 

to 78 wherein said third chamJ::ler is adapted for linear 

movement of said third piston into said third chamber. 

so. A gas compres~or as claimed in anyone of· claims 71 to 

79, wherein said means to drive said third piston comprises 

means to deliver driving energy stored in a fluid directly 

to said third piston. 

81. A gas compressor as claimed in claim 8 O wherein said 

means to deliver driving energy to said third piston 

comprises means to provide a combustible fuel mixture in 

saici fourth chamber, whereby combustion thereof delivers 

said driving energy. 

82. A gas compressor as claimed in a~y one of claims 103 

to 118, wherein said means to deliver driving energy to 

said third piston comprises means to admit compressed gas 

into said fourth chamber and further means to form a spray 

of hot liquid to heat said gas in said fourth chamber. 

83. A gas compressor as claimed in claim 80, wherein said 

means to deliver driving energy to third piston comprises 

means to admit a gas producing medium together with a 

reaction gas for gasification into said fourth chamber. 

84. A gas compressor as claimed in claim 80, wherein said 

means to deliver driving energy to said third piston 

comprises valve means operable to admit hot compressed gas 

into said fourth chamber whereby expansion thereof delivers 

said driving enerqy. 

85. A qas compressor as claimed in any one of claims 81 

to 84 wherein said means to deliver driving enerqy to said 

third piston further comprises means to feed compressed qas 
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from at least one of said chamber and said second chamber 

to said fourth chamber. 

86. A gas compressor as claimed in any one of claims 81 

to 85, including heat exchanger means arranged to preheat 

compressed gas from at least one of said chamber and said 

second chamber with gas from said fourth chamber. 

87. A gas compressor as claimed in claim 85 or 86, in 

combination with a gas turbine and including means to feed · 

preheated compressed gas from said heat exchanger means to 

drive said gas turbine. 

88. A gas compressor as claimed in any one of claims 62 

to 87 in combination with a gas turbine and including means 

to feed hot compressed qas from said third chamber to drive 

said gas turbine. 

89. A gas compressor as claimed in any one of claims 41, 

48, 54, 59, 87 or 88 wherein said gas turbine is an air 

turbine. 

90. A gas compressor as claimed in any one of claims 2 to 

2 6, comprising a conduit and a further piston arranged in 

and to move alonq said conduit and to drive ·said piston 

into said chamber, a reservoir for containinq liquid at one 

end of said conduit, the compressor further including a 

main · flow valve operable to control flow of liquid f=c:n 

said reservoir into the conduit to drive said further 

piston alonq said conduit, and discharge valve means 

operable, after compression of gas in said chamber, to 

allow liquid to discharge from said conduit. 

91. A qas compressor as claimed in claim 90 comprising a 

second chamber to contain qas to be compressed and a second 

piston to compress the qas by movement of said p_;~ton _into 
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said second 

coupled to 

chamber, second kinetic enerqy storage means 

said second piston and to which sufficient 
kinetic energy can be imparted to enable said piston to 
compress said gas, a second conduit and a further pis-:on 
arranged in and to move along said second conduit and to 
drive said second piston into said second chamber, wherein 

said reservoir is at one end of said second conduit and the 
co:in-oressor includes a further main flow valve o-oerable to - . -
control flow of liquid from said reservoir into said second 
condtii t to drive said further piston along said second 
conduit, thereby to drive said second piston into said 
second chamber to compress said gas, and further comprisi~g 

further discharge valve means operable after compression of 
gas in said second chamber to allow liquid to discharge 
from said second conduit. 

92. A gas compressor as claimed in claim 90 or 91 
including means to return liquid discharged through the or 
each valve discharge means to said reservoir. 

93. A gas compressor as claimed in claim 92 wherein said 
means to return comprises a pump. 

94. A gas compressor as· claimed in claim 92 or 93 as 
dependent on claim 91 including means for controlling each 
Of Said discharge Valve means SO that liquid discharged 
from one of said conduits is being returned to said 
reservoir for at least part of the time liquid is flowing 
into the other conduit through a respective main flow valve. 

95. A gas compressor as claimed in any one of claims 90 
to 94 further comprising means to pressurize the liquid in 
said reservoir. 

9 6. A gas compressor as claimed . in any preceding claim 
including a liquid piston comprising means to supply the or 
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each means to form a spray wit!'- liquid from said liquid 
piston as liquid in the spray. 

97. A gas compressor as claimed in any preceding clai:i 
including a liquid piston, wherein the liquid in the liqu~j 
piston comprises one or more of an organic liquid, a::. 
inorganic liquid, a synthetic l~quid or water. 

98. A gas compressor as claimed in any preceding cl.ai:::i 
including a liquid piston, comprising a float of solid 
material floating on the surface of the liquid piston in at 
least one of the chambers. 

99. A gas compressor as claimed in claim 98 wherein said 
solid material is porous. 

100 ~ A gas compressor as claimed in any preceding cl.ai::t 
including cooling means for cooling the liquid used in the 
spray. 

101. A gas compressor as claimed in any preceding clai:::i. 
including means for controlling the size of droplet in the 
spray. 

102. A qas compressor as claimed in any preceding clai:::i 
wherein said spray forming means includes a pump timed to 
opera~e only while qas in the or each chamber is being 
compressed. 

103. A gas compressor as claimed in any preceding clai:::i 
wherein said spray forming means is arranged to provide a 
spray at a controlled flow rate while gas in the or each 
chamber is being compressed. 

104. A gas compressor . as claimed in any preceding claiI:t 
wherein said spray for:ning means includes a positive 
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displacement pump to pressurize the liquid prio_r to forming 
a spray. 

105. A gas compressor as claimed in any preceding claim, 
comprising a mixing chamber connected to at least one of 
said chamber ·and said second chamber, means to for.n a spray 
of liquid in said mixing chamber means to admit gas into 
said mixing chamber to mix with said spray and means 
operable to admit the gas spray mixture into said chamber 
and/or said second chamber. 

106. A gas compressor as claimed in claim 105 as dependent 
on any one Of claims 31 to 3 3, Wherein said Val Ve means 
comprises said valve means operable to draw in additional 
low pressure gas. 

107. A gas compressor as claimed in any preceding claim 
including means to extract liquid from the compressed gas 
drawn from the or each chamber, if any. 

108. A gas compressor as claimed in claim 107 wherein said 
means to extract liquid comprises a moisture separator. 

109. A gas compressor as claimed in claim 107 or 108 
including means to feed liquid from said means to extract 
to the or each spray forming means. 

110. A gas compressor as claimed in any preceding claim 
including means for controlling any one or more of said 
valve means to open or to close depending on the position 
of a piston·in a respective chamber. 

111. A gas compressor as claimed in any preceding · claim 
including means for controlling any one or m.ore of said 
valve means to open or to close dependinq on the pressure 
of qas in a chamber. 

·: .· · .. ii1i1iii1iiflf 
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112. A gas compressor as claimed in any preceding claim 
including means for controlling any one or more of said 
valve means to open or to close for a predetermined length 
of time. 

llJ. A gas compressor as claimed in any preceding claim 
including means for controlling any one or more of said 
valve means to close when a predetermined mass of gas has 
either left or entered a chamber. 

114. A gas compressor as claimed in any preceding claim 
including means to extract heat from the end and/or walls 
of at least one of said chambers. 

115. A gas compressor as claimed in claim 114 wiH?~ein said 
means to extract heat comprises means to feed coc.._ng fluid 
adjacent said end and/or walls. 

116. A gas compressor as claimed in claim 115 wh_ ~in said 
means to feed comprises a cooling jacket formed adj a cent 
said end and/or said walls. 

117. A gas compressor as claimed in claim 115 or 116 
wherein said means to extract further comprises means to 
feed ecol compressed gas from at least one of the chambers 
including spray forming means, to the cooling fluid feeding 
means. 

118. A gas compressor as claimed in claim 117 in 
combination with a gas turbine including means to feed 
compressed gas, after extraction of said heat, from said· 
cooling fluid feeding means to drive said turbine. 

119 • A gas compressor as claimed in ··any preceding claim, 
inQluding means to feed cool compressed .ga~ from said 

~ ... · 
' . 
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chamber to cool the walls of at least one of the other 
chambers. 

120. A gas compressor as claimed in any preceding claim 
including said heat exchanger ~eans and further including 
moisture removing means arranged to remove liquid from the 
cool exhaust gas leaving said heat exchanger means. 

121. A gas compressor as claimed in claim 120 further 
including heating means arranged to heat the exhaust gas 
leaving said moisture removing means. 

122. A gas compressor as claimed in claim 121, further 
including a cooler arranged to cool the exhaust gas leaving 
said heat exchanger means and including second moisture 
removing means to remove liquid from the exhaust gas 
leaving said cooler and wherein said heating means is 
arranged to heat exhaust gas leaving said second moisture 
removing means. 

123. A gas compressor as claimed in claim 122, wherein 
said heating means comprises a second heat exchanger means 
arranged to heat exhaust gas from said cooler with exhaust 
·gas from said heat exchanger means. 

124. A gas compressor as claimed in any one of claims 26 
to 33 in combination with a rotary compressor or a 
reciprocating mechanical compressor, comprising means to 
feed hot compressed gas from the compressor to at least one 
of said first and second chambers. 

125. A converter for converting a mass of compressed gas 
at a first temperature into a larger mass of compressed gas 
at a second temperat~re below the first temperature 
comprising a gas compressor as claimed in any one of claims 
31 to 33. 
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126. A qas turbine plant comprisinq a qas turbine, an 

isothermal qas compressor producinq cold compressed qas, a 

heat exchanger arranqed to preheat the cold compressed gas 

from hot low pressure qas leaving the gas turbine, a main 

heater to generate hot high pressure qas from the preheated 

compressed gas and means to feed the hot hiqh pressure gas 

to drive the turbine. 

127. A qas turbine plant as claimed in claim 12 6 wherein 

said main heater comprises a combustion chamber burning 

fuel in the preheated pressurized qas and producing 

combustion gas as the hot high pressure qas. 

128. A qas turbine plant as claimed in 12 6 wherein said 

main he·ater comprises an external source of heat. 

129. A qas turbine plant as claimed in any one of claims 

126 to 128 includinq means for feedinq part of said cold 

compressed gas to the qas turbine blades for cooling 

thereof. 

130. A 

to 129 

f eedinq 

qas turbine plant as claimed in any of 

includinq a further qas turbine and 

part of the preheated compressed qas 

claims 126 

means for 

from said 

means to preheat to drive said further qas tur=ine. 

131. A qas turbine plant as claimed in 

a third gas turbine, a second heat 

preheat part of the cold compressed 

claim 130 including 

exchanqer means to 

gas from hot low 

pressure qas leavinq said further qas turbine and means for 

feedinq the preheated compressed qas from said second heat 

exchanqer means to drive said third qas turbine. 

132. A qas turbine plant ~s claimed in claim 131 wherein 

said third qas turbine is an air turbine. ----··----·-··----------
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13 3. A gas turbine plant as claimed in any one of claims 
13 o to 132 wherein said further gas turbine is an air 

turbine. 

134. A gas turbine plant as claimed in any one of claims 
126 to 133 including a compressor for supplying hot 
compressed gas to drive said isothermal compressor. 

13 s. A gas turbine plant as claimed in claim · 13 4 wherein 
said compressor is driven by one of said gas turbines. 

136. A gas turbine plant comprisinq a gas turbine, an 
isothermal gas compressor producinq cold compressed gas, 
heat exchanger means to preheat the cold compressed gas and 
means to feed the preheated compressed gas from said heat 
exchanger to drive said gas turbine. 

13 7. A qas turbine plant as claimed in claim 13 6 wherein 
the said qas turbine is an air turbine. 

138. A gas turbine plant as claimed in claim 136 or 137 
comprisinq a further qas turbine and means to feed hot low 
pressure exhaust qas from said further qas turbine to said 
heat exchanqer means to preheat the cold compressed qas 
from said isothermal qas compressor. 

13 9. A qas turbine plant as claimed in any one of claims 
126' to 138 includinq a vessel for storinq cold compressed 
qas from said isothermal compressor and means for 
recoverinq ·said stored compressed qas for driving said 
turbine when required. 

140. A qas turbine plant as claimed in claim 139, wherein 
said means for recoverinq comprises said isothermal 
compressor. 
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14 · . A gas turbine plant as claimed in any one of claims 

126 to 139 wherein said isothermal gas compressor comprises 

a qas compressor as claimed in any one of claims l to 124. 

14 2 • An energy storage plant comprising an isothermal gas 

compressor as claimed in any one of claims l to 124, a 

storaqe vessel for storing cold compressed qas from sai.: 

compressor and means to feed compressed qas from said 

compressor to said storage vessel. 

143. A energy storaqe plant as claimed in clai~ 142 

includinq an isothermal expander comprising a chamber to 

contain qas to be expanded, a piston to allow said gas to 

expand by movement of said piston out of said chamber, 

means to form a spray of liquid in t~e chamber to heat the 

gas on ex;~nsion therein, and valve means to admit 

compressed qas into the chamber from said storaqe vessel. 

144. An enerqy storage plant as claimed in claim 143 

wherein said isothermal expander further comprises a second 

chamber to contain qas to be compressed by movement of said 

piston into sai~ second chamber, and valve means to allow 

compressed qas to be drawn from said second chamber. 

·14s. A gas expander comprising a chamber to contain qas to 

be expanded, a piston to allow. said gas to expand by 

movement of said piston out of said chamber, means to form 

a spray of liquid in the chamber to heat the qas on 

expansion therein, and valve means to admit compressed gas 

i~to the chamber. 

14 6. A qas compressor comprising a chamber to contain qas 

to be compressed, a piston to compress the qas by movement 

of said piston into the chamber, valve means to allow 

compressed gas to be drawn from the chamber wherein the 

.- .. : 
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mass of the piston is sufficient to enable all the energy 
required to compress said gas to be stored in said piston. 

147. A gas compressor comprising a piston, means forming a 
chaml:>er to contain gas to_be compressed and to compress the 
qas by movement of said chamber over said piston, means to 
form spray of liquid in the chamber to cool the gas on 
compression therein, and valve means to allow compressed 
qas to be drawn from the chamber. 

148. A gas compressor as claimed in claim 147 comprising 
kinetic enerqy storage means coupled to said means forming 
a chamber and to which sufficient kinetic enerqy can be 
imparted to enable said chamber to compress said gas. 

149. A qas compressor as claimed in claim 148 wherein said 
kinetic enerqy storage means comprises a mass arranged to 
move in phase with said chamber forming means. 

150. A gas compressor as claimed in claim 149 wherein said 
mass is provided by said chamber. 

151. A gas compressor comprising a piston, means forming a 
chamber to contain gas to be compressed and to compress the 
qas by movement of said means forming a chamber over said 
piston, valve means to allow compressed 9'as to be drawn 
from the chamber and kinetic energy storage means coupled 
to said means . forming a chamber and to which sufficient 
kinetic energy can be imparted to enable said means forming 
a chamber to compress said gas. 

152. A gas compressor as 
piston is arranged to 
movement of said chamber. 

claimed in claim 151 wherein said 
be stationary relative to the 

153. A gas compressor as claimed in any one of claims l to 
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12 wherein said char.\ber is arranged to be stationary 

relati~e to said piston. 

154. A method of s-eoring energy by isother::ially 
cc:npressing gas using a gas compressor as claimed in any 

preceding claim. 
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