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This invention relates to gas compressors for
supp‘yiné compressed'gas and in particular to compressors
for supnlylng‘ compressed air or other gas :Ln gas turbine
*plants for the generation of electr:.cxty

Compress"' s for producing hot compressed gas, such as
air for burning with fuel in the combustion chamber of a
) gas turbine are well known. The gas produced by tre
cemprassor is heated as it is compressed by the adiabatic
nature of the compression cycle. Because the gas is heated
du’_frinq compression, more energy is required to achieve the
_cle:sired compression than if the temperature of the gas
- during compression was maintained constant, i.e. if the gas’
was compressed isothermally. It is also generally
inefficient to use the mechanical energy of the compressor
to heat the body of gas being compressed. '

One example of a known apparatus designed to ccopress
gas more efficiently is the hydraulic gas compressor in
_wti'glich gas 1is compressed in a downward moving column of
 liquid. The gas which is in the form of bubbles is cooled
'by the 1liquid during compression. The gas is then
separated from the liquid ‘at the bottom of the column where
it 1is conveniently stored providing a supply of cool
compressed .gas which may subsequently be used for power
generation.

A heat engine whose operation is based on the Carnot
cycle is described in U.S. Patent No. 3608311. Isothermal
comp'rlessicn of the working fluid in the cycle is achieved
by spraying a 1liquid into the chamber containing the
working fluid so that the temperature of the gas is
maintained constant during compression. "'However, this
apparatus relates to heat engines and consists of a closed
cycile heat engine 1in whiéh each volume of working fluid
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remains permanently within a respective chamber. It is not
concerned with gas ccmpressors, which supply compressed gas.

In conventional gas turbine plants the exhaust gas
from the gas turbine is generally much hotter than the
ambient temperaturé cf the surrounding atmosphere 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
turkine plant, the combined-cycle gas turbine and steam
plant (CCGT), the excess heat in the exhaust gas from the
gas turbine is converted into steam to drive a second
turtine. Although the CCGT is efficient, it does require
additional 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 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
cenpressed 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
conmpressed gas, in which the gas temperature is controlled
by the 1liquid spray. The heat of compression is
transferred to the droplets in the spray so that during
comgression, the gas 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 st‘ored.in
a compressed gas or a combustible fuel/air mixture or the
potantial energy of a .liquid. This enables the isothetmé.l
compression to be driven directly from a very high
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temperature heat source, while heat in the system is
rejected at the lowest temperatures in the cycle. The
pistzn enables large energies released 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
pistan, and therefore 1large 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
pcssible. The. invention also provides the opportunity of
recovering excess heat released from the fluid to preheat
the isothermally compressed gas.. Furthermore, because the
piston is driven directly, more  <complex mechanical
arrangements involving rotating parts such as crankshafts
" are not required. _

In a preferréd embodiment, the compressor comprises
kinetic energy storage means coupled to the piston and to
which sufficient kinetic en—ergy can be imparted to enable
the piston to compress the gas. Advantageously, the
kinetic energy storage' means may comprise a mass arranged
to move in phase with the piston, and in a preferred
embodiment the mass may be provided by the piston itself.
‘Advantageously, the kinetic energy storage means may have a
large inertia teo control the rate of compression to allow
sufficient time for the heat of compression to be
transferred to the spray so that the ccmpressidn is
isothermal. The kinetic energy storage means may comprise
a rotatably mounted mass, e.g. a fly wheel, which is
coupled to the piston so that rotational energy of the mass
is converted inte cdnipression energy of the gas by the
piston. 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. 1In the former case, the piston may be mounted on a
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rotatable disc, movement of the piston into the chamber
being along an arc proauced by rotation of the disc or
along a linear path, with the piston being allowed to
swivel relative to the disc.

Alternatively, a rack may be connected t; 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
directly. An output drive from the piston may be used to
drive, for example, valves and liquid spray injection pumps
associated with the cocmpressor 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 k:.net:.c energy used to meart movement to the piston in
one d:.rect:.on inte kinetic energy to impart movemement to
the piston in the other direction. The means to convert
enables, for example, kinetic energy 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, the 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 ¢to convert the Kinetic energy
used to impart movement to the piston into potential




WO 93/24754 This Sheet Has Been R laced -l . PGIG893/01 137

““ll l“l" Illl l“ THIS SHEET HAS BEEN

REPLACED
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 arranged such that
on movement of the piston into the chamber, the second
pisten moves out of the second chamber. The first and
second pistons may be 1nd1rectly mec:hanlcally coupled
together, for example by a crankshaft. Such coupling may
be adaptad tc preset the relative phasing of the pistons to
any phase angle. Alternatively, the first and second
pistons may be directly connected together and may comprise
a unitary bedy, i.e. be formed as a single 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
bedy of gas contained in the second chamber. 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 gas to expand
adiabatically to impart kinetic energy to the pistons in
the other direction, driving the first p:Lston into the
first chamber to compress the gas therein.

In one embodiment, the gas compressor comprises
containing means for containing a body of 1liquid and
indluding a conduit forming the piston. The containing
means may be formed as a generally 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.
Advantageously, the 1ligquid in the 1liguid piston makes a
perfect seal between .the piston and the walls of the
chamber. This form of compressor may include a piston
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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 sqlid 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 ccmponents 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 parts of the chamber which may be relatively
hot. 'Sclid pistons also prevent 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 friction bearing means may be provided to support the
piston to facilitate movement of the pistbn 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 inte the second chamber to drive the second
piston out of the second chamber. Thué, if the hot
. compressed gas is allowed to expand adiabatically, most of
the enefgy 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 Xkinetic energy
then being used to achieve isothermal compression of the
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gas in the first chamber. Since the energy 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 greater
than the mass of hot gas exnanded in the second chamber.
The Kinetic energy storage means enables the energy
releasad by the expanszon of hot compressed gas to be used
for isothermal compression of gas in a thermodynamically
efficient way. After conmpression of gas in the first
chamber the expanded gas in the second chamber may
subsequently be compressed by driving the second piston
into the sececnd chamter. This may be achieved for example
in a vertical arrangement by allowing the pisten to fall
under its own weight.
_ The compreﬁsor 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 form a
spray of 1liquid in the second chamber to cool the gas

during compression. Thus, the hot compressed gas
introduced into the second chamber and allowed to expand
adiabatically, may subsequently be ccmpressed

isothermally. The gas compressor may further comprise
fourth valve means operable after expansion in the second
chamber of hot compressed gas introduced by the second
valve means, to draw in additional low pressure gas before
the velocity of the second piston in the direction out of
the second chamber reaches zero. Thus, some of the kinetic
energy imparted from the hot compressed gas is used to draw
~in an additional mass of gas into the second chamber before
the gas is compressed. |
In another embodiment, either with or without a
second chamber, the means to deliver driving energy
Comprises further valve means operable to admit hot
compressed gas'intc the first chamber to drive the piston
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out of the first chamber. In this embodiment, the same gas

used f:o drive the piston out of the chamber in the first

half of the cycle, is compressed in the chamber 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 ints the chamber to compress the

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

the second chamber containing a body of gas which converts

the kinetic energy imparted by the hot compressed gas

introduced into the first chamber into kinetic energy to

drive the pistcn back into the first chamber to compress

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

chamber, 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 ocut of the

chamber reaches zere.

Advantageously, if the hot compressed gas introduced
alternately into the first and second chamber 1is expanded
adiabatically, the thermal energy of the gas |is
conveniently converted into mechanical energy, e.g. the
kinetic energy of the pistoh, so that an additional mass of
gas can after each expa'nsio_h-, be admitted into each chamber
as the free volume of the chamber inc:easés. The piston
then momentarily comes to rest in one of the chambers and
its motion is reversed by the injection and expansion of
hot compressed gas in the same chamber, driving the piston
into the other chamber which compresses the gas at a much
lower temperature than the initial temperature of the hot
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compressed gas previously introduced. Thus, a given mass
of ccmpressed gas is converted into a larger mass of
compressed gas, whereby the additional mass is effectively
provided by the thermal energy of the hot compressed gas
introduced into the chamber.

In another embodiment, the means to deliver driving
energy 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
gas into the szcond chamber and further means to form a
spray of hot liquid to heat the gas in the second chamber.
Alternatively, ' the means to deliver driving enerqgy
comprises means to admit a gas producing medium together
with a reaction gas for gasification inte 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 inte the second chamber.
- Advantageously, heat exchanger means may be arranged to
preheat cool compressed gas from the first chamber with hot
expanded gas from the second chamber. Some of the
preheated compressed gas leaving the heat exchanger may be
used to drive a gas' turbine. Use of some of the cool
compressed gas to drive a turbine is particularly
beneficial, if more heat is available in the hot expanded
gas leaving the second champer than is needed to preheat
‘the volume of cool compressed gas required to drive the
coinpressor. The compfesscr may be designed to produce
additional cool compressed gas to recover this excess
heat. In this way, the surplus heat may be recovered so
that it can be converted into useful power.

The compressor may comprise a third chamber to
~contain gas to be compressed and a third piston to compress
the gas by movement of the third piston into the third
chamber and include further valve means to allow compressed
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G.5 to be drawn from the third chamber. The third chamber
and +third piston may be arranged such that when the second
piston 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 cemprises a U-shaped conduit
containing 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
may pe arranged between the_' third piston and the ¢third
chanber. If a solid piston is also provided above the
liguid piston in the first chamber, the solid pistons may
be arranged to move independently of one another or
connected togethez-' 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
formed as a unitary body and collectively serve to provide
the kinetic energy storage- means. The gas in the third
champer may be compressed adiabatically and the compressed
gas may be used to drive a gas turbine. If a separate gas
turtine is used to recover excess heat in the hot expanded
gas from a process in the second chamber, exhaust gas from
the separate turbine (which may be still relatively hot)
may be used to prehea't 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 compressed gas from the
third chamber. Alternatively, adiabatically compressed gas
from the third chamber and preheated compreésed gas used to
recover excess heat from the exhaust gas, may both be
directed to a single turbine, thereby advantageously
avoiding the need for more than one turbine.
In an alternative arrangement, the second chamber and
second piston may each be arraﬁged such that on movement of
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the first and third pistons into a respective chamber, the
second piston moves intc the second chamber. A process in
the second chamber then drives the first, second and third
pistons out of their respective chambers imparting kinetic
energy to the kinetic energy storage means, which may

.advantageously be the combined mass of the pistons. Means
to convert the kinetic energy 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'gas, and an associated piston
coupled to the other pistens so that on movement of the
sacond pistcn out of the second chamber, the further piston
moves into the adiabatic/expansion chamber.

In another embodiment, the second chamber and second
piston are each arranged such that on movement of the first .
and third pistons into their respective chambers, the’
second piston moves out of the second chamber. The gas
compressor may conmprise a fourth chamber and a fourth
piston each arranged such that on movement of the second
piston into the second chaﬁber, the fourth piston moves out
of the fourth chamber. In addition teo driving energy being
delivered by a process in the second chamber to drive the
first and third pistons into their respectiﬁe chambers to

' compress the gas therein, a process including any of those
mentioned above in connection with the second chamber may
be arranged to occur in the fourth chamber to drive the
second piston back inte the second chamber, and
consequently the first and third pistons out of their
respective chambers.

‘The gas compressor may further comprlse a fifth
piston and a fifth chamber to contain gas to be compressed
by movement of the fifth piston ints the fifth chamber, the
fifth plstcn and fifth chamber bexng arranged such that on
movement of the second piston into the second chamber, the
fifth piston moves into the fifth ' chamber and the
compressor includes further valve means to allow comnressed
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gas 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 gas
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 gas 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 moves into the sixth chamber, and the
compressor comprises further means to fcrm a spray of
liquid in the sixth chamber to cool the gas on compression
therein and further valve means to allow compressed gas to
be drawn from the sixth chamber. The sixth chamber thus
provides a second isothermal conipression chamber to produce
cool compressed gas. The isothermal compression in the
sixth chamber is also driven by the pra_céss 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
-exchanger means to preheat compressed gas from the sixth
chamber with gas from the second and/or fourth chamber.
The heat exchanger means may comprise the same heat
exchanger means arranged to preheat compressed gas from the
first chambér with gas from the second chamber. Heat which
is not required to preheat the cool compressed gas from the
sixth chamber required to drive the process in the second

This Sheet Has Been Replaced

T




WO 93/24754 13- | PCT/GB93/01137

THIS SHEET HAS BEEN
REPLACED

and/or fourth chamber may be recovered by passing
add:.t:.onal cool compressed gas from the first and/or sixth
chambers through the heat exchanger means, whereupeon the
excess heat is used to preheat the additional compressed
gas and then this gas may be used to drive a gas turbine.
In any of the above embodiments, any two or more of the
p:.stons may be arranged in tandem and for example,
inter-connected by one or more sealed shafts passing from
one champber to the next. Alternatively, any two or more of
the pistons may be spaced laterally relative to their
direction of moticn into and out of their respective
chankters. |

Where hot compressed gas 1is wused to drive the
compressor, the gas may be provided by a conventlcnal
mechanical compressor, or from cool compressed gas 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 exchanger, and which is then
heated further in a main heatei’ by for example combustion
of fuel. 1In general, the resulting hot compressed gas will
be at a much higher temperature than the gas prcduced'by a
mechanical compressor. The very hot compressed gas is then
introduced intc the second and/or fourth chamber in which
it expands to drive the compressor. Advantageously, the
hot compressed gas 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 gasification. . _

In another embodiment, the compressor may comprise in
addition to a first chamber and a second chamber, if there
"is one, a further chamber to contain gas 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 gas to be drawn from the further chamber
and means to feed compressed gas 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 mnay
comprise second kinetic energy storage means coupled to the
further piston, and to which sufficient kinetic energy can
be imparted to enable the further piston to compress the
gas in the further chamber. The second kinetic energy
storage means may comprise a mass arranged to move in phase
with the further piston and the mass may conveniently be
provided by the further piston. The gas contained in the
further chamber is compressed adiabatically and may used to
drive ¢the isothermal compression process in the first
chamcer and the second chamber (if there is one).
Adiabatically Compressed gas ma'y also be used to drive a.
gas turbine. _ | | '
This form of the compressor may further comprise
.means to impart kinetic energy to the second kinetic energy
storage means and may also comprise means to convert the
" Kinetic 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 Kkinetic
energy used to impart movement to the piston into potential
energy, for example by prcviding a mass arranged displaced
vertically 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
further piston into the further chamber, the fourth piston
. moves out of the fourth chamber, and the further and fourth
pistons together may comprise a unitary bedy. Although in
this embodiment there may not be a second chamber and a
seczond pistbn the fourth chamber and fourth piston are so
termed for thé purpose of distinguishing one chamber and
piston from another. The means to convert the kinetic
energy used to impart movement to the further piston may
include a body of gas contained in the fourth chamber,
which 1is alternately compressed and allowed to expand

This Sheet Has Been Replaced

AR




WO 93/24754 L | PCT/GB93/01137

THIS SHEET HAS BEEN
REPLACED

adiabatically, to drive the further piston into the further
chamber to ccmpress 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 cham-her.' For example, the means to deliver
driving energy to the further piston and impart Kkinetic
energy to the second kinetic energy storage means may
comprise means to provide a combustible fuel mixture in the
further chamber, whereby combustion thereof iinpart:s the
kinetic energy. Alternatively, the means to impart Kkinetic
energy to the second Xinetic energy storage means nmay
comprise means to admit compressed gas 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 drwmg energy to the
further piston comprises means to admit a gas producing
‘medium together with a reactien gas for gasification into
the further chamber and in another embodiment the means to
deliver driving energy to the further pisto'n may comprise
valire means operable to a_.dm—it hot compressed gas into the
further chamber. Thus, in any of the above embodiments,
the adiabatic compression in the further chamber is driven
by a process which 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 gas into the
chamber = which is subsequently te be  compressed
adiabatically. The valve means may be positioned so that
the gas is drawn in directly abbve 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 expulsion of
hot expanded gas from the chamber, to close to allow the
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gas drawn into the chamber after the expansion prscess to
be compressed. The kinetic energy imparted to the second
kinetic energy storage means by the process in the further
chamber may be converted irito_ kinetic energy ts impart
movement to the further piston into the further chamber by
adiabatic compression and expansibn of gas in the fourth
chamber. _ _

In another embodiment, the fourth chamber may
incorporate any of the features 'descri_bed above in relation
to the further chamber, so that a process in the fourth
chamber drives the adiabatic compression in the further
chamber and the process in the further chamber drives
adiabatic compression in the fourth chamber.
Advantageously, this embodiment produces adiabatically
compressed gas twice during one complete operating cycle.
The separation of the gas to be compressed adiabatically
and the process gas in the further chamber and the fourth
chamber is effected by natural thermal stratification.

In another embodimeht, 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
chamber.

In another embodiment, the fourth chamber and the
fourth 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, respeé‘!_:ively, although
there may not be a second piston and a second chamber.
'Likewise, the terms fourth, fifth and sixth distinguish cne
piston or chamber from another although there may not be a
second chamber. The compressor may further comprise a
fifth chamber and a fifth piston, each arranged such that
on movement of the third piston into the third chamber, the
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fifth piston moves out. of the fifth chamber. In this
embodimeht, means to impart kinetic energy to tl}e second
kinetic energy storage means may comprise a process in the
fourth chamber which drives the fifth piston into the fifth
chamber. The f_lfth chamber may conta:.n a body of gas which
converts the kinetic energy into kinetic energy 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 embodiment, the gas compressor may
comprise means to provide a process in the fifth chamber so
as tc impart kinetic energy to the second kinetic energy
storage means, thereby to drive the further piston into the
further chamber to ccmpreés, 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
compressed gas into the fifth chamber and further means to
form a spray of hot liguid to heat the gas in the fifth
chamber. In another embeodiment, the means to impart
kinetic energy to the Segond kinetic energy storage means
may comprise means to admit a gas producing medium togetner
with a reaction gas for gasification into <the fifth
chamber. In another embodiment, the means to impart
kinetic energy to the second kinetic énergy storage means
may comprise valve means operable to admit hot compressed
gas into the fifth chamber. |

The gas compressor may  further com_prise a sixth
chamber to contain gas' to be compressed, a sixth piston'
arranged 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 gas to be drawn from the sixth
chamber. Thus, in this embodiment, 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 chamber drives
the adiabatic compression in the sixth chamber. Thus,
advantageously, the adiabatically compressed gas is Kkept
completely separate from the process gas. Furthermore,
this embodiment is symmetric and produces adiabatically
compressed gas twice - per <cycle. The adiabatically
compressed gas from each of the third chamber and sixth
Chamber may be used to drive the isothermal compression in
the £irst chamker {and second 'ch_amher Af any) and may also
be used to drive' a gas turbine. _

In a preferred embodiment, the means to impart
kin.etic 'energy to the second kinetic energy storage means
further cqmprises means to feed compressed from the first

- and/or second chamber to the third, fourth' or fifth
chambers, as required,. to drive a ©process therein.
'Preferably) heat exchanger means are provided to preheat
compressed gas from the first and/or second chamber with
heat £from the hot expahded process gas leaving any one of
the third, fourth or fifth chambers.

In another embodiment of the compressor, energy
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 gas
t_hérein. A reservoir for ccntaining liquid is connected at
cne end of the conduit and the compressor further includes
a main flow valve operable to ‘control flow of liquid frem
the reservoir into the conduit to drive the further piston
along the conduit, and discharcje valve means opérable,
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 ccmpressor may cemprise a plurality of chambers to
centain gas to be cor_npresséd 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. Preferahly, the
ccmpresscr' includes means to return liquid discharged
through the or each valvé discharge means to the reservoir
and the means to return may comprise a pump. Where the
compressor comprises a plurality of conduits and associated
pistons 'driving comnression processes in a plurality of
chambers, the main flow valves and discharge valves may be
timed to operate so that liquid is bei_ng returned to the
reservoir at the -same time as liquid is being discharged
_th"erefrcm 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
ccmprise a chamber enclosj:_ng' a body of pressurized gas |
above the ligquid. Where the means to return liquid to the
reservoir comprises a pump, it will be appreciated that by
arranging the main flow valve meéans in each conduit to
control the pis'tons to operate out of phase, the pump can
operate continuously and at optimum efficiency, 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 cooling means for
coocling the 1liquid used in the spray. The compressor
preferably also includes means for controlling the size of
droplet in the spray. The spray formini; means may include
a pump ¢timed to operate only while gas in the or each
chamber 1is being compressed. The spray forming means is
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preferably arranged to provide a spray of constant flow
rate wn;,‘e gas in the or each chamber is being cecmpressed
and the spray forming means may include a positive
displacement pump. |
| One embodiment may include means to mechanicélly
couple a piston to the spray pump. Advantageously, such
mechanical coupling may facilitate the timing of spray
liquid' injection and allow transfer of mechanical power
fr_bm the piston to the pump and vice versa. The mechanical
coupling may comprise for example a crankshaft driven by
the piston or a rack, connected to the piston and arranged
to drive a pinion. 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 embodiments spray 1liquid 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
"without a mechanical pump, the pressure for injecting the
spray being provided by the piston itself. Alternatively,
the pump may be driven electrically or by some other
means. If the pump provid'e_s a net powér output, then it
may be appropriai:e to connect the pump to drive a generator.
In a preferred embodiment, the compressor includes
means to extract liquid from the compre'ssed gas 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 forming means. Thus, advantageously the spray liquid
recovered after 1isothermal compression (or in some
embodiments after isothermal expansion) 1is continuously
recycled. .
The compressor may include means for controll;.nq any
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one or more of the valve means to open or to close
depending on any one or more of a number of parameters such
as the position of the piston in a respective chamber, the
pressure of gas in one of the chambers, time dependency or
when a predetermined mass or volume of gas has either_ left
or entered a chamber. Such parameters may be measured or
detected by sensors, which provide correspending output
signals used to <control the valves, for example,
hydraulically, electromagentically and/or mechanically.
The sensor or sensors may be for example electromagnetic,
inductive, capacitive, electrical contact, ultrasonic or
piezcclectric. A'microprocesécr 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 cotipling may be provided by a rack
cennected to the piston arrangéd to drive a pinion mounted,
for example, on the wall or base of the chamber. 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 1ligquid piston, a
float of solid material may be arranged to float on the
surface of the 1liquid piston in at least one of the
chambers. The float may be either rigid or flexible and is
effective to supress turbulance at the surface of the
piston and entrainment of liquid into the gas above the
liquid piston, both of which are potential 1loss
mechanisms. Advantageously, the float may be made of
pcrous material to facxlltate the spray liquid to combzne
- with the liquid in the liquid piston.

In some circumstances, cooling of the chamber walls
is desirable, depending on the heat generated by the
various processes occurring in the chambers. The chamber
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walls may be cooled by cocol compressed gas from one or more
o'f the isctherz:ai compression chambers. The chamber walls,
may have a plurality of holes formed therein so that the
cooling gas, after taking 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 expahded in a
turbine. Advantageously, either method enables excess heat
to be recovered frdm the chamber walls in such a way as to
be convertable into useful mechanical power.
_ Where the compressor includes heat exchanger means to

cool the exhaust gas from a process in one of the chambers
with cool compressed gas from the isothermal compression
chamber, it may be desirable to provide moisture removing
means to remove ']:iquid 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 exchané‘er 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 gas 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 gas turbine, an isothermal
compressor produeing c"o'ld compressed gas, means to preheat
the cold compressed gas, a main heater to generate hot high
pressure gas 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
arranged to preheat the cold compressed gas from hot low
pressure gas leaving the gas turb:.ne.

In one embodiment of this aspect of the present
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invention, the main heater comprises a combustion chamber
burning fuel in the preheated pressurized gas and producing
combustion gas as the hot high pressure gas.

In another embodxment 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 gas turbine plant may include
means for feeding part of the cold compressed gas 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 empodiment, the gas turbine plant may include
a further gas turbine and means for feeding part of the hot
compressed gas 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 gas having a 1lower
specific heat, so that not all the heat in the hotter gas
is need to raise the temperéture of the cooler gas. The
residual heat can conveniently be used to heat part of the
cool gas from the compressor to drive a further gas turbine.

The above embodiments may further include a third gas
turbine, a second heat exchanger to preheat part of the
cold compressed gas from hot low pressure gas leaving the

further gas turbine and means to feed the preheated gas to

drive the third gas turbine. Preferably, the isothermal
compressor is driven hy one of the gas turbines. The
isothermal compressor may comprise the gas compressor or
any embodiments thereof menticned above. _

In another embodiment of this aspect of the present
invention, the gas turbine plant may further include a
vessel for storing cold compressed gas from the isothermal
compressor and means for recovering the stored compressed
gas for driving the turbine when required.
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According to another aspect of the present inventicn,
there is provided an energy storage plant comprising an
isothermal gas compressor as described and claimed, a
storage vessel for storing cold compressed gas from the
compressor and means 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 form a
spray of liquid in the chamber to heat the gas on expansion
therein, and valve means to admit compressed Qas into the
chamber from the storage vessel. The isothermal expander
may further comprise a second chamber to com_:aim gas to be
compressed by movement of the piston inte the second
chamber, and valve means to allow compressed gas to be
drawn from the second chamber. ‘Advantageously, the hot
compressed gas, which may be air, may be used to drive a
gas turbine. |

The gas compressor accordzng to various aspects of
the present invention, may be driven in reverse as an
isothermal gas expander, the difference being that ccol
compressed gas is introduced intoc the chamber and allowed
to expand by movement of the piston out of the chamber, and
the means to form a spray of 1liquid in the chamber
transfers heat to the gas during expansion so that the
expansion may be approximately isothermal. - The energy
imparted to or via the piston may be used to compress the
expanded gas in the chamber adiabatically or if there is a
second chamber, to compress gas in the second chamber
adiabatically. The adiabatically compressed gas may then
be used to drive a gas turbzne, for example an air
turbine. Thus, the gas compressor/expander provides a
means of converting cold compressed gas stored in a storage
_ vessel intc useful power.

According to another aspect of the present invention,
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there is provided a gas c‘ompfesso: comprising a chamber to
contain gas to be compressed, a pistcn to compress the gas
by movement of the piston " into the chamber, valve means to
allow compressed gas to be drawn from the chamber, wherein
the mass of the piston is sufficient to enable all' the
energy required to compress the gas to be stored in the
piston.

Kinetic energy would normally be imparted to the
piston by some process which involves the expansion of
gas. The energy released in the process may continuously
vary over time. Advantageously, by providing a massive
piston, all the energy released during the process is
transferred to kinetic energy of the pistoen. Furtherm_ore,-
because the piston is sufficiently massive to store the
kinetic energy released by the process, a fly wheel is not
required which removes the need for mechanical linkages and
couplings which are susceptible to wear.

According to another aspect of the present invention,
there is provided a gas compressor comprising a pistoen,
means forming a chamber to contain gas to be compressed and
to compress the gas by movement of the chamber over the
piston, means to form a spray of ligquid in the chamber to
cocl the gas on compreSsion therein and valve means to
allow compressed gas to be drawn from the chamber. In this
aspect of the present invention, the piston is arranged to
remain stétionary relative to the movement of the chamber.
As will be appreciated by those skilled in the art, the
various embodiments described in relation to a ‘compressor
comprising a moveable piston and a stationary chamber may
be modified, mutatis mutandis, so that motion is imparted
to the or each chamber and the pistori remains .stationary.

The terms "hot" and "cool" or "cold " used throughout
the specification and claims are used in a relative ‘sense
to distinguish that which is at a higher 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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rénge. Thus, the term hot includes temperatures which may
normally be considered cold, and the term cold includes
temperatures which may normally be considered hot.

- Examples of embodiments of the present invention will
now be described with reference to the drawings in which:-

Figure 1 shows an embodiment of a gas 'driven_
compressor including a liquid piston;

Fighre 2 shows another embodiment of a gas driven
compressor'including both solid and liquid pistons:

Figure 3 shows a third embodiment of a gas driven
compressor including a solid piston}

Figure 4 shows a fourth embodiment of a gas driven
cempressor including a solid piston:

‘Figure 5 shows a fifth embodiment of a gas driven
compressor lncludlng a solid piston: '

Figure 6 shows a sixth embodiment of a gas driven

- compressor including a solid piston:

Figure 7 shows a seventh _embodiment of a gas driven
compressor including a solid piston:

_ Eiguré 8 shows an embodiment of a 1ligquid driven
compressor including a liquid piétcn:

Figure 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 embodiment
of a gas turbine plant incorporating an isothermal
compressor; . '

' Figure 11 shows an embodiment of a plant fired by
cocal or other fuel and incorporating an isothermal
_comnre:scr and an air turblne.

Figqure 12 shows in a block dlagram another embodiment

of a gas turbine plant including both a gas turb;ne and an
- air turbine; '

Figure 13(a) shows an arranqement for storing cold
compressed gas: _

Figure 13(b) shows an arrangement for recover;ng
stored compressed gas to generate power:; |
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Figure 14 shows a block diagram illustrating twe
arrangements £or energy storage;

Figure 15 shows an embodiment of a thermally powered
comprsssdr and additional'plant for power generation:;

Figure 16 shows another embodiment of a thermally
powered compressor and additional plant for power
generation:; _

Figure 17 shows another embodiment of a thermally
powered compressor together with additional plant for power

. generation: o _

Figure 18 shows another embodiment of the thermally
powersad comprasssr and additional plant for  power
generation: o

Figure 19 shows another embodiment of a thermally
powered compressor and additibnal plant for power

generation:

Figure 20 shows a block diagram of a system for
recoverlng vapour from exhaust gases:;

Figure 21 shows in a block diagram an embodiment of a
closed cycle gas turbine” plant including a thermally
powered COmpressor; ' |

Figure 22 shows in a block diaéram an embodiment of a
power generating plaht including a thermally powered
compressor and a seccnd air turbine arranged for recovery
of excess heat; '

Figure 23 shows embodiments of closed and open cycle
thermally powered compresscfs in.which heat is supplied by
lnjectlcn of hot liquid:

Figure 24 shows an embodlment of a thermally driven
compressor  incorporataed in a power generation and
gasification cycle; )

Figure 25 shows an embodiment of a gas driven
compressor incorporated in a power generation and
gaslflcatlon cycle;

_ Flgure 26 shows an embodiment of a thermally powered
compressor including two alternative arrangments for energy
sﬁorage. '
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GAS-DRIVEN LIQUID PTISTON COMPR FSSOR
Symmetxic . '

Referring to Figure 1, a liquid piston isothermal
comptessor generally 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 S5 which extend vertically upwards. The
conduit 2 is partially filled with water or with some other
lliquid thus forming a liquid piston 7. The conduit 2 is of
sufficient length and diameter to provide the liguid piston
with the required mass to control the rate of compression.
Chambers 9 and 11 are formed in the vertical arms 4 and 5.
Each chamber is provided with a number of inlet and outlet
ports for controlling the input and output of gas to and
‘from each chamber. Ports 13 and 15 each have valves 17 and
19 to allow cold cbmpressed 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 by valves 33
and 35 for admitting an additional mass of gas into each
chamber. Each chamber 9 and 11 is provided with a further
port 37 and 39 to enable a ligquid spray to be injected into
each chamber. A spray injection pump 43, 44 is connected
to a respective spray injection port 37, 39. An outlet

- port 41 is formed in the mid-section 3 of conduit 2 and
connected to each pump 43, 44 for supplying 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 1liquid 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 moving out of
the chamber 9,. 11; and in which 1ligquid is continuously
forced out of the pump chamber 40, 42 by the displacer 46,
48 when gas is being ccmpréssed in chamber 9, 11, on
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movement of the liquid piston into that chamber 9, 11. A
coocler 45 is connected between outlet port 41 and the pumps
43, 44 to cool the liquid drawn from the liquid pisten
before the liquid is injected into each chamber 9 and 11 as
a spray. o | '
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, 49 in order to maintain the
inventory of the liquid piston constant during operation.
Liquid collected by_' the moisture separators 47, 49 may be
returned to the liquid piston or to the sprays via the tank
51, as regquired. The tank of liquid 51 also provides
liquid for the spray' during start-up of the compressor.

Floats 50 and 52 may be provided to float on the
surface of the liquid pistons in each chamber 9, 1l and may
comprise a porous or fibrous material, through which the
liquid used in the liquid piston can diffuse. 'The floats
may be rigid or flexible. The floats suppress waves at the
surface of the piston and the entrainment of 1ligquid into
the ports through which cool compressed gas is drawn. 1In
addition the porous nature of the floats 50, 52 facilitates
the re-combination of ligquid from the liquid sprays with
the liguid in the piston. :

In operation, a quantity of hot compressed gas from
an extermal socurce such as a conventional rotary
- compressor, is injected into chamber 9 through port 21. At
this point valves 17 and 33 are already closed and ‘the
ligquid 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 long pipe 2. As the gas expands it cools, so that both
the thermal and pressure energy of the gas is converted to
kKinetic energy of the piston 7. When the pressure' of the
gas falls to atmospheric pressure (or to some other
pressure at which additional relétively unpressurised gas
.is available), valve 33 opens and alWl
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volume of the gas to enter through port 29. The liquid
piste 7 cntinues its mdtidn drawing gas into the
expanding volume of chamber 9.

At the time that the liquid piston 7 was at the top
of its stroke in chamber 9, chamber 11 contained a volume
ofr gas comprising a quantity of cool expanded gas
previocusly introduced as a quantity'of hot compressed gas
through port 23 and an additional quantity of relatively
unpressurised gas introduced through port 31. As the
liquid piston 7 moves out of chamber 9 into chamber 11, the
gas in chamber 11 is compressed. As the gas is compressed
liquid is sprayed in ths form of small droplets into
chamber 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 embodiment, the spray ;iquid 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 peoint

the liguid 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 has been entrained in

- the gas. _ '

As the liquid piston 7 in chamber 11 reaches the top
of its stroke, exit valve 19 clocses, and valve 27 opens
injecting a quantity of hot compressed gas into chamber 11
to drive the ligquid piston 7 to the other end of the pipe -
2. Simultaneously, valve 33 closes and the volume of gas
in chamber 9, comprising a cooled expanded quantity of gas
admitted through port 21 and the additional'quantity of gas
admitted through port 29, is compressed in chamber 9. as
the gas is compressed, liquid is sprayed in the form of
droplets into chamber 9 to maintain the: gas at a near
constant temperature.  The 1liquid in the spray falls
through the gas spaée'and mixes with the ligquid forming the
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liquid piston 7. At a certain stage of the compression,

the gas will reach the desired pressure, at which point }
valve 17 opens to allow the gas to exit from the chamber.
The gas passes through separator 47 to remove any liquid
which has been entrained in it. Exit valve 13 closes as
the 1liquid piston approaches the top of its stroke in
chamber 9, and another quantity of hot compressed gas is
injécted intes 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
valves 25 and 27 are timed to open when the liguid 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 could be when the liquid piston has fallen
by a set distance.

The cooled compressed gas 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 preéshfe in the system exceeds that of
the outlet pipe work but close before the hot gas inlet
valves 25 and 27 open. Non-return valves (check valves)
could be used, provided that they are controlled to operate
only when the 1liquid piston 1is moving upward in that
particular chamber. Low pressure gas inlet valves 33 and
35 open when the pressure in the appropriate chamber 9 or
11 falls below that of the source of the low pressure gas.
Non-return valves can be used for this purpose.

The operation of the valves may be determined by
bressure and water level changes. Wwith regard to the
pressure, an internal mechanical 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 trigger a valve actuator. With regard to
liquid 1level, although a mechanical system would be
possible, a sensor providing an electrical signal is a more
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.'pract'ical - alternative. The 1liquid level sensor might
operate in a number of alternative ways, such as detection
of the buoyancy of a float, the use of a conductivity or
. capacitance meter, an optical method or the use of
.'-i.t'l.trésonics. The valves themselves might be actuated (i.e.
powered) electrically or by compressed air.

The liquid spray system is intended to produce a
large number of droplets z.n a particular size range which
maximises the heat transfer between the lJ.un.d and the gas,
" while minimising the power consumption of creating the
spray. Also it is important that the droplets are not too
swall, frcm the peint of view of separating the droplets
from the gas either by gravity or by the action of the
separators 47 and 49. The separators remove any liquid
droplets which are carried upwa_rds into the offftake 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. o .

The spray pumps 43 and 44 circulate water from pipe 2
through external cooler 45 and the injection sprays 37 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
varying. The positive displacement pump may be a
piston-type pump, which is timed to work in phase with the
movement of the 1liquid plston 7 so that injection only
occurs while gas is being ccmpressed. 'In this case, it
"would not be necessary to have valves to control the
injection of the spray. Alternatively, if ce_ntr:.fugal or
mixed-flow pumps were used and run continuouély, then spray
valves would be needed. The external cooler 45 rejects the
heat which has been absorbed by the 1liquid sprays.
Reduction of the spray temperature reduces the energy
' needed to compress a given mass of gas. To achieve the
lowest péssible temperature of the spray, the spray liquid
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is passed throuch the coolers immediately prior to
injection. The cooling may be performed by forced dratft
air cooling, 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 liguid piston in a given time.
Consequently, this will increase the cutput' of cold
compressed gas from a given size of machine.

UID/SO ISTON GAS-DRIVEN COMPRESSO

In addition to liquid providing the large mass of the
piston, the mass may be provided by solid material. The
material can be chosen to have a much higher density than
the ligquid so that, advantageously, the dimensions of the
compressor can be greatly 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 Figure 2.

. Referring to Figure 2, the compressor 1 comprises a
generally U-shaped conduit 2 partially filled with liquid
forming a 1liquid 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 elongate, linear and arranged so that
the solid pistons 55, 57 are free to execute vertical
linear motion into and out of the chambers 9, 1l1.

The density of the solid pistons 55, 57 is greater
than that of the liquid in the 1iq1;id piston 7, so that the
overall size of the composite piston including its solid
and liquid components may be relatively compact. Seals 56,
58 for sealing the gap between the solid pistons 53, 57

This Sheet Has Been Replaced

IR Hn i N




wO ?3/24754 -34- - PCT/GB93/01137

THIS SHEET HAS BEEN '
" REPLACED

and the arms 4, 5 of the conduit 2 are provided on and near
the bottom of the solid pistons 55, 57. Although the
purpose of the seals 356, 58 is to prevent the 1liquid
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 direct ly into the section of conduit containing the °
liquid piston.

_ The solid pistons 55, 57 conveniently suppress
interfacial disturbances at the surface' of the 1liquid
piéton 7 and also prevent the entrainment of liquid from
the liquid surface into the gas. However, the solid
pistons 55, 57 and their respective 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 providéd by a separate source and not by the
'liquid pisten itself as for the previously described
embcdiment. 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 gas. The ligquid is then
separated frecm 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
ccclers 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
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same proéesses occur, hamely alternate expansion and
compression of gas. However, in alternative embodiments
_compreésion niay 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
cbm_pressed gas to impart Kinetic energy to the piston for
the compression of gas niay also take place on one side of
the piston only, i.e. on the same side as _coxnpressibn or on
the opposite side. Such an embodiment may be described as
asymmetric. |
In an asymmetric compressor having a liquid piston,
the pipe could ke formsd in the shape of a 'U' as shown in
Figures 1 and 2 or in the form of a 'J'. One arm of the
pipe would comprise the compression chamber while the other
arm could be o_pen ended and exposed to atmospheric
pressﬁre,. or c¢losed and 'having a gas 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 energy of the gas is converted
-into kinetic energy of the liquid piston, and a volume of
relatively low pressure gas 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 potentiél energy due to the height of the
piston in the pipe, if the pipe is open ended or into a
combination of potential energy due to the height of the
liquid piston and the pressure and thermal energy of gas
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 high. The
potential energy is then cenverted to kinetic ‘energy of the
piston in the direction of the compression chamber. 'If the
~gas at the end of the <closed pipe 1is compressed
adiabatically, then the potential energy of the gas will be
converted back to kinetic energy as the 1liquid piston
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reverses and enters the cdmpression chamber to compress the
volune of gas. The gas is compressed isothermally by

activating the liquid sprays.

SOLI2 PISTON GAS~-DRIVEN COMPRESSOR
Asvmmetric 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. Figure 3 shows an embodiment of
the compressor having a single solid piston and which .is
designed to opcrate in the asymmetric mode.

- With reference to Figure 3, the gas compressor
comprises an upper chémbsr 8 to contain gas to be
compressed, disposed substantially vertically above a lower
chamber 10. A piston 12 com_prising a solid material is
free to move up and down, into and out of the upper and
lower chambers 8, 1d. The uppsr chamber 8 has a gas inlet
port 29 controlled by a gas inlet valve 33 and a compressed
gas outlet port 13 controlled by a gas outlet valve 17. A
liquid spray injection port 37 is provided to inject a
liquid spray into the upper chamber 8. The lower chamber
10 has a gas inlet port 23 controlled by a gas inlet valve

27 and a gas outlet port 24 controlled by a gas outlet
valve 26.

A typical cycle of the operation of the compressor

will now be described, beginning with the seclid piston 12
~at rest and supported by a cushion of compressed gas just
above the base of the lower chamber 10. :

At this poznt, the upper chamber 8 contains a fresh
quantity of gas to be compressed and both the gas inlet and

- outlet valves 33 and 17 are closed

A quantity of hot compressed gas from a suitable

source, for example a conventional compressor, is injected
- into the lower chamber 10 via the gas inlet pert 23. The
hot compressed gas expands, imparting kinetic energy tc 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
8, 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 gas
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
liquid spray ic steopped and compressed gas together with
the spray 1liquid 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
8, may serve to absorb any kinetic energy of the solid
piston before it comes to rest at the top of the chamber.
This residual gas is compressed adiabatically so that the
energy stored therein may be released by allowing the gas
to expand adiabatically, thereby imparting kinetic energy
to the piston 12 in the other direction, out of 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 through the gas outlet port 24. When the
pressure in the upper chamber falls to the gas inlet
préssure, the gas inlet valve 33 in the upper chamber 8
opens and relatively low pressure gas is drawn into the
upper chamber 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 between the piston 12 and the base of the
chamber. The timing cf closure of the gas outlet valve 26
may ke such that the pressure of gas in the lower chamber
at the time of piston reversal is equal to the inlet
pressure of the hot compressed gas. When the'pistcn 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 pistcn in one
'direc:ich into potential energy to impart kinetic energy to
iston in the other direction. In this case  the
ing fregquency of the compressor would be limited by
- the gravitational restoring force. However, the frequency
may be increased by providing some means to absorb and
impart 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. '

Svmmetric Versicn

.In another embocdiment of the gas compressor in which
a solid piston is arrangéd 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 gas. Also, the compressor
may be adapted so that isothermally compressed gas 1is
produced in the 1lower chamber as well as the upper
chamber. Furthermcre}_ 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
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mass of compressed gas than is required to drive it. Such
al compressor is symmetric in the sense that the same
processes occur either side of the piston, but Iis
asymmetric in the sense that the driving and restoring
forces are biased by gravity. An example of this form of
gas compressor is shown in Figure 4.

Referring to Figure 4, a gas compressor 1 comprises
an upper chamber 9 arranged substantially vertically above
a lower chamber 11 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 frcm cach chamber between the piston 12 and the
chamcesr walls. Each chamber 9, 1l has a hot compressed gas
inlet port 21, 23 controlled by a compressed gas inlet
valve 25, 27 for introducing a charge of hot compressed gas
into the chamber, a compressed gas outlet port 13, 15

“controlled by a compressed gas outlet valve 17, 19 to
enable cool compressed gas to be drawn from the chamber, a
gas inlet port 29, 31 controlled by a gas inlet wvalve 33,
35 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 systen
comprises a moisture separator 47, 49 connected to each of
the compressed gas outlet ports 13, 15, for separating
spray liquid from the cocol compressed gas; a cooling system
45 connected to each of the moisture separators 47, 49, for
cooling the spray 1liquid, and separate pumps 43, 44
connected between the cooling system and each spray
injection port 37, 39, to pump liquid from the moisture
separators 47, 49 through the coolinq system 45 and :into

 the compressicn chambers 9, 11. The pumps are preferably
designed to pump spray liquid into the chambers at a
constant rate as the pressure in the compression chambers
increases during compression. A header tank 51 is provided
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to replace any liquid which is not recovered or that is
lost frcm the recovery system.

" A typical operating cycle of the gas ccmpressc*' 1
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
ocutlet valves in both the upper and lower chambers 9, 11
are closed, and the upf:er_ chamber contains a mass of cool
expanded ges' previously introduced via the hot ccﬁpressed
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 compressed gas is introduced into the lower
chamber. After a predetermined time the inlet valve
closes. The gas ‘then expands adiabatically, forcing the
" pisten 12 out of the lower chamber 11 and into the upper
chamber 9. Thus, the energy of expansion of the hot
'ccmpressed gas is transferred to kinetic energy of the
_‘massive solid piston which is thrust upwards and gains
potential energy. In turn, the kinetic energy of the
piston is converted in p'art to the compression energy of
" the ccopressed gas 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 gas from heating so
that the compressiori 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 gas in the lower chamber 11, acting on the
piston 12 becomes less than the downward force acting on
the piston (d_ue 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 gas pressure in the lower
chamber falls below that of the supply of additional gas,
the gas inlet valve 35 in the lower chamber opens and an
additional mass of gas 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 gas outlet valve 17 opens
and cool compressed gas together with the spray liquid is
drawn from the upper chamber through the compressed gas
outlet pdrt 13. The compressed gas passes through the
meisture separator 47 in which the spray liquid is removed
from the compressed gas 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 chambef 9, the compressed gas outlet valve 17
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 dutlet valve 17 is pfeferably such that
at the point of piston reversal in the upper chamber 9, the
gas pressure in the chamber is equal to the hot compressed
gas inlet pressure. As the piston comes to rest the gas
inlet valve 35 in the lower chamber closes so that, at this
peint, all the gas inlet and outlet valves in the lower
chamber 11 are closed. The hot compressed gas inlet port
25 then opens and a charge of hot compressed gas is
introduced into the upper chamber via the hot compressed
gas inlet port 21. After a predetermined 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 11. Thus, the energy of expansion of gas
in the ﬁpper chamber is transferred to Xkinetic energy of
the piston in the direction of the lower chamber. The
potential energy of the piston due to its mass and height
is also converted into kinetic energy. The gas in the
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lower chamber (which consists of a mass of cool expanded
gas prev:.ously introduced via the hot compressed gas inlet
port 23 and a mass of additional gas introduced via gas
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 chamber to absorb the heat of compression
from the gas, theréby preventing the gas temperature from
increasing so that the compression process may be
approximately isothermal. Thus, the kinetic energy of the
piStdn is converted into compression energy of the gas in
the lower chamber 11. | |

When +ha gas pressure in 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 chémber 9 as the piston 12 continues its downward
motion out of the upper chamber 9. '

When the gas pressure in the lower chamber 11 reaches

the desired value, the compressed qas.ou'tlet valve 19 opens
and the compressed gas together with the spray _i.iquid is
- drawn from 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.

Just before the piston 12 reaches the limit of its
travel in the lower chamber 11, the compressed gas outlet
valve 19 closes, trapping the remaining compressed gas 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 gas 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
gas 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 gas into the
lower chamber. The cycle is then repeated.

As mentioned above, the vertical linear gas
compressor shown in Figure 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 for the hot compressed gas inlet pressure in both
the upper'and lower chambers 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 gas 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 gap 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 liguid always
remains in the upper chamber. However, the residual liquid
is not expected to seriously affect the performance of the
compressor. Some liguid may also remain in the 1lower
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 th;t liquid can drain out of the chamber.

SOLID PISTON GAS-DRIVEN COMPRESSOR
Asymmetric Version

Another embodiment of the gas compressor with a
linearly and vertically moving solid piston, implemented in
a gas - turbine plant is shown in Figure 5. In this
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embodiment, cool compressed gas is produced in the upper
chamber and in this respect the compressor is similar to
the embodiments shown in Figures 3 and 4. However, unlike
. the previous embodiments, the lower chamber is clecsed and
contains a body of gas which serves as a spring tc 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 gas compressor 1 coaprises
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 1 includes sealing means 14 to prevent gas
leaking from either chamber between the piston and chamber
walls. The upper chamber 9 has a hot compressed gas inlet
port 21 controlled by a valve 25, to allow hot conpressed
._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 the upper
chamber for the injection of a liqu'id' 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
chamber, to remove ispray liquid from the cool compressed
gas leaving the chamber; a cooling system 45 connected to
the moisture separator 47 to cool the spray liquid, and a
pump 43 connected between the cooling system 45 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 containing spray 1ligquid 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
11. 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 typlcal operating 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 17 and the gas inlet valves 25 and 33 are
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. After 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 11, the gas in the lower chamber is compressed
ac.liabatically, 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 anc{ ;
additional mass of gas is drawn into the upper chamber on
c?ntinued downward movement of the piston 12. When all thé
kinetic energy of the piston has been absorbed by the gas
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in the lower chamber, the piston momentarily comes to rest
and the gas inlet valve 33 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
chamber, which consists of the mass of gas previously
introduced as hot compressed gas through gas inlet port 13
and an additional mass of relatively 1low pressure gas
introduced via gas inlet port 29, 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
compression from the gas so that the compression process
may be approximately isothermal. 1Injection 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 1liquid is
drawn from the upper chamber via the gas outlet port 1i3.
The conpressed 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 compressed gas inlet valve 25 opens and a
fresh charge of hoét 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
pericd of the cycle, one or more further such gas
compressors can be provided which operate ocut of phase from
each other. For example, if one further compressor was
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provided, their operating cycle could be separated by
180°. 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 abksorb the Xinetic 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 5, 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 1in the upper chamber -and potential energy due to
gravity. Alternatively, the upper chamber may be omitted
altogether 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 ‘chamber and does not require auxiliary
equipment associated with an adiabatic
compression/expansion chamber for replacing lost 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 potential assistance provided by gravity in the

removal of spray liquid .
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SOLID 2ISTON GAS-DRIVEN COMPRESSOR
Symmetzic Ve:sion

In another embodiment, the gas' compressor may include
a solid piston which is arranged to move in the horizontal
plane. Figure 6 shows an example of one such embodiment
which includes two horizontally opposed chambers and a
massive solid piston arranged to move 1linearly 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
compreséed 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 comnressed gas to be drawn from each chamber, a
gas inlet port 31, 33 controlled by a gas inlet valve 35,
"37 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 1is 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 syé.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 remova.l. The moisture separators 47, 49
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are connected to a coolimj system 45 to co‘ol 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 and baék into each chamber
through the spray injection porté. ,

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 chamber 11 contains a small amount of adiabatically
compressed gas used to bring the piston to rest. At this
point, the 1left hand chamber contains a mass of gas
consisting of a mass of cooled expanded gas previously
introduced as hot compressed gas through the hot compressed
gas inlet port 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. B

When the pressure of the expanding gas in the right
hand chamber 11 falls below a predetermined value, the gas
inlet wvalve 37 opens and an additional mass of relatively
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FEesure gas is drawn ' into. the right hand chamne*'
throuc;h %he gas inlet port 33.

Whén 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 1iquid is removed from the
gas. The spray liquid is then passed through a cooler 45
before being re-used in the spray. _

Before 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 compresséd 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 gas then expands adiabatically, forcing
the piston 12 out of the left hand chamber $ 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
gas consisting of a mass of cooled expanded gas previously
introduced as hot 'c‘:cmpressed gas through inlet port 23 and
an additional mass of relatively 1low 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 relatively 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
19 opens and the compressed gas together with the spray
liquid is drawn from the chamber through outlet port 15.
The compressed gas and spray liguid are then passed to the
moisture separator 49, in which the spray liguid is removed
from the compressed gas. The liquid is then passed to a
cooler 45 in which it is cooled before being' returned for
use as liquid in the spfay.

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 valves 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 'rignt 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 sclid 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, converting 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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frictional force tending to oppose horizontal movement o

the plstcn. The support bearings may be mechanical
bearings, 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
increasing the number of bearings. Although 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 sizing the piston accordingly. The piston may be
of any shape and may vary in cross sectional geometry and
size along its length. Thus, the mass of the pistdn may
also vary along its length and it may be appropriate to
concentrate 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 ant-i-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 the liquid spray which maintains the air or gas in
the compression chamber at near .isothermal 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.

Figqure 7 shows a 1linear vertical gas compressor,
similar to that él_mwn in Figure 5, but incorporating a
separate vessel external of the compression chamber in
which a mist for coocling the gas during compression is
generated and mixed' with atmospheric air before being
admitted into the compression chamber. Referring to Figure
7, the compressor comprises an upper chamber 9 vertically
disposed above a lower chamber 11 and having a solid piston

e
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12 which is free to oscillate vertically into and out of
each chamber. The upper chamber 9 has a hot compressed gas
inlet port 21 controlled by a valve 25, for admitting 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 chamber 9, and a gas inlet port 29 controlled by a
valve 33 to allow the liquid spray to be drawn into the
chamber along with the additional relatively 1low pressure .
gas. Gas inlet port 29 is connected to a separate vessel
55 in which the mist is generated. A gas inlet port 57 is
provided to allow gas to be drawn into the mist generator
55.

Liquid separated from the cool 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 mnist
generator 55 using any conventional means, for example by
forcing the 1liquid through one or more spray nozzles.
During downward movement of the piston 12, gas inlet valve
33 opens and gas is drawn into the mist generator 55
through gas inlet port 57 and sweeps the fine 1liquid
droplets into the compression chamber through gas inlet
port 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 1liguid is
reduced and a better distribution of droplets in the gas
inside the compression chamber should be achieved. By
forming a spray extérnal 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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up the droplets into a fine mist.

Apart from the manner in which the llq’u1d spray and
atmospheric air are introduced into the <compression
chamber, the gas compressor shown in Figure 7 operates in a
exactly the same way as that described above with reference

THIS SHEET HAS uu;N]

to Figure S.

JTD- VEN COMPRESSO
Licquid Piston Version

The embodiments of the compressors described above
are all driven by hot compressed gas. An alternative
methed 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, 1liquid or
both, arranged to transfer the energy of the liquid into
compression energy of the gas. An embodiment of a liquid
piston isothermal 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 1ligquid 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 pipeé 102
and 103. Drain valves 137 and 139 are disposed in outlet
ports 133 and 135 to control the flow of ligquid draining

I .
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from the pipes 102 and 103. A main pump 141 is connected
petween the outlet ports 133 and 135 and the accumulator
127 to re-charge the accumulator with liquid drained
through outlet ports 133 and 135.

As before, 1liquid sprays are provided for each
chamber 117 and 119 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 1189.
Each chamber has a gas inlet port 155 and 157 to admit gas
from an appropriate source into each chamber.

In operation, the 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 103. When a main flow valve is opened a
surge of 1liquid 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 ligquid 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 plaé:e 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 1liquid
pistons 109 and 1151. in each pipe is such that liquid is
being returned to the accumulator from one pipe while
liquid is flowing out of the accumulator intoc 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 variations in the head and flow
delivered by the pump 141, so that it can operate close to
its best-efficiency point all the time. Preferably the
volume of gas expands and contracts adiabatically. The
accumulator is insulated to minimise heat losses when the
accumulator gas is compressed. The accumulated gas is not
connected to the gas being 'compressed and indeed there_ is
no need for the composition of the two gases to be the
same. Advantageously, the flow rate of ligquid out of the
accumulator is 1limited by the inertia of 1liquid piston
which prevents too great a wvariation in the pressure of the
gas in the accumulator.

The main flow valves 129 and 131 initiate <the
movement of the ligquid piston. These control valves open
when the 1ligquid has been pumped out of the compression
chamber. They shut 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
B liquid-driven isothermal compressor. The pipe diameter may
be quite large 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 eight bars. A
further requirement is that the valves must offer a minimal
flow resistance when open. A mitigating feature is that
the valves onlj open or close when the 'liquid flow is
reversing in direction and is momentarily at zeroc
velocity. Although other valve designs might 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 aligned with
the flow. .

The drain valves 137 and 139 are arranged to open
when the 1liquid piston reaches the maximum extent of its
travel and to <close when the compression chamber is
drained. This means that the valves operate 180° out of
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phase from the main flow valves 129 and 131. The liquid
drain valves are preferably of the same type as the main
flow valves.

Spray pumps 159 and 161 are connected between the
accunulator 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 gas driven and
liquid driven isothermal rompressors 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 1liquid 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 1 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 night
normally be attached to a gas turbine.

Although with reference to Figures 1, 2 and 8 the
arms of the ©pipe forming the 1liquid piston are
substantially vertical, and the pipe has been described as
having a near horizontal mid-section, so that the pipe is
shaped as a 'U', the arms may be inclined at any angle, 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 Figure 8 although this
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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 ©particular may be circular, oval,
elliptical, triangular, square, rectangular, hexagonal,
polygonal or irregular. The pipe may be of constant
cross-section alohg 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 forming the
liquid piston. | Advantageously, a conduit  having a
relatively small cross-sectional area may be less expensive
and less complicated to construct. The length of the pipe
can be between 10 and 500 metres in length and the diameter
can be Dbetween 0.2 and 10 metres. However, these
dimensions are indicative and values outside these ranges
could be used for some applications. The pipe may be
formed as a tunnel through the ground for the horizontal
part of its length, or it may be laid in a trench or simply
supported from 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 1liquid
pistons. If a single pipe was used, the main pump would
only need to operate for half the duration of a complete
cycle of the ligquid piston. This situation would be well
served by a reciprocating pump comprising a mechanical
piston which operated in phase with the 1liquid piston.
Furthermore, the need for a drain valve in the outlet
formed 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

——
Sheet Has Been Replaced

I



WO 93/24754 -59~- PCT/GB93/01137

THIS SHEET HAS BEEN
REPLACED

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 1liquid pisten
compressors, the 1liquid spray may be continuously
re~-circulated by drawing it from the 1large pipe and
circulating it through an external cooler before it |is
injected into the gas as 'in the embodiments shown in
Figqures 1, 2 and 8, the liquid spray could be drawn from a
large supply or reservoir. 1In 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 e:vaporation of the wvapour 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 PIANT WITH COMBUSTION CHAMBER AND TISOTHERMAT,
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
gas turbine 201,'_an isothermal compressor 203, a heat
exchanger 205 to pi'e-heat the cold compressed gas using the
hot low pressure gas leaving the gas turbine 201, and a
main heater 207 to generate hot high pressuré 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
wili 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 iscthermai compressor produces a larger mass
of cold compressed gas than a conventional compressor for a
given energy input. However in the 1liquid-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 greater
mass of gas will be produced for use in driving the gas
turbine. )

Because the exhaust heat from the gas turbine is used
to pre-heat the inlet gas which will usually be air, there
Wwill be no need for a heat recovery stéam generator and
associated steam turbine - which is required in the
combined-cycle gas turbine and steam plant. Because a
steam plant 1is 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). Furtherﬁgre, 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 form 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
turbines and auxiliary heat exchangers would be mnuch
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 fldw. 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 TURB ; A AUX A T

- 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 313 is
passed through an air-to-air heat exchanger 317 to pre-heat
a portion of cold compressed air from the isothermal
compressor to drive a second air turbine 319. In this
embodiment of a gas. turbine plant, the isothermal

This Sheet Has Been Replaced




WO 93/24754 -62- PCT/GB93/01137

THIS SHEET HAS BEEN
REPLACED

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

IANT AND ISOTHERMATL COMPRESSOR

AIR TURBINE P

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 except 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 ccmbustion 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 piant shown in Figure 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 clésed 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 embodiment of a gas turbine
plant generally indicated 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 TURBINfZ PL_.A.NT WITH ATR BOTTOMING CYCLE

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 463 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 isothermal 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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ENERGY STORAGE AND RECOVERY METHOD

The isothermal compressor may be used for the storage
of energy in the form of compressed gas such as air.
Schemes already exist 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. An 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
maintain 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 into the compression chamber. The gas is
compressed adiabatically so that its temperature is raised
to the operating temperature of a turbine, e.g. about
300°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 13a, the energy storage
[
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plant comprises an isothermal compressor 501, similar to
that shown in figure 5 driven by a rotary compressor 503
which- is itself driven by a motor S505. The compressor
comprises an upper chamber 509 disposed vertically above a
lower chamber S11, and 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 admitting hot compressed air into the
chamber from the rotary compressor. An air inlet port 529
controlled by a valve 533 is provided to admit an
additional mass of low pressure air into the upper chamber
509 during outward movement of the piston 512. A
compressed gas outlet port 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 cocl 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 S544. Spray liquid expelled
from the compression chamber' after compression will
generally be at a ;temperature above 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 insulate the water storage tank to prevent heat
leakage from the stored water to the surroundings.

Figqure 13b shows one possible scheme for recovering
the energy from the stored compressed air, and includes an
isothermal expander generally indicated at 501.

This Sheet Has Been Rep laced




-56~
WO 93/24754 PCT/GB93/01137

THIS SHEET HAS BEEN
REPLACED

The isothermal expander 501 comprises an upper
chamber 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
chamber, controlled by a valve 525 and which is connected
to the compressed gas storage vessel 548. The upper
chamber also has a 1liquid spray injection port 537
connected to a water stofage tank 544 via a 1liquid spray
injection pump 543. A gas outlet port 513 controlled by a
valve 517 is formed in the wall of the uppe'r chamber some
distance from the top and which is connected to a moisture
separator 547.

The lower chamber 511 has a gas inlet por:t 518
controlled by a valve 519 to allow air to be drawn into the
chamber, and a compressed gas outlet port 527 controlled by
a valve 529 which is connected to the input of an air
turbine 531. 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 -.compressed gas inlet valve 525 opens to
admit a fresh charge of cool compressed air from the
compressed air storage vessel 548 into the upper chamber
S09 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 cooling so that expansion may be
approximately isothermal.

As the piston moves intc the lower chamber, the air
in the lower chamber is compressed adiabatically, and when
the air pressure reaches the desired value, the gas outlet
valve 529 opens and hot compressed air flows out of the
lower chamber and is expanded in the air turbine 531. As
the piston 512 passes the gas inlet and outlet ports 518,
527 the residual air trapped in the chamber below the gas
inlet and outlet ports is conmpressed adiabatically and
serves as a temporary store for the remaining energy of the
piston to return the piston to the top of its stroke in the
upper chamber.

The piston momentarily 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 gas outlet valve 517 in the upper chamber
" opens and the expanded air together with the spray liquid
is expelled from the chamber through the moisture separator
547. The spray 1iqﬁid 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 port 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 gas outlet port 513.
Finally, the pistom reaches the top of its stroke in the
upper chamber to complete the cycle.

Although Figures 13a and b each show a single water
storage vessel, the 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
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storage and recovery cycle, the cold water woul e use

for isothermal compressicn and the warm water would be used
for isothermal expansion.

The energy storage and recovery scheme illustrated in
Figures 13a and 13b and desc:ibed 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
isothermally for energy storage and the other for expanding
gas isothermally for energy recovery. Although isothermal
expansion for energy recovery requires the input of heat 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 return 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 enerqgy 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 ccmponents of the gas turbine plant shown
in Figure 14 are exactly the same as those in Figure 9 and
like components are designated by 1like numerals. Two
alternative energy storage schemes are shown in Figure 14,
cne involving the storage of thermal energy as ice and the
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other involving the storage of energy in the form of cold

compressed air, as described above. In the latter scheme,

the output of the isothermal compressor is connected to a

large cavity in which 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 high power demand, the amount of

isothermal air produced by the plant is reduced and the air

is taken from the storage cavity. The attraction of an

isothermal compressor énerqy storage system relative to

conventional 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
thermal 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 alsc low, the plant
may be run at full capacity, with the excess power being
used to drive the refrigeration system 213 to freeie water
and store it as ice. The external spray water cooling
system 217 would be fully utilised during this time.
During the day ~whén the power demand is high, the spray
water cooling syste.m 217 would be replaced or supplemented
by cooling provided by the melting ice.

There are various industrial processes which involve
the large scale compression of gases, including air.
Examples for these are refrigeration and 1liquefaction.
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 refrigerating and/or liquefying ‘a wide

variety of gases.

THERMALLY POWERFD GAS CCMPRESSORS
Combustion-Driven Compressor

Figure 15 shows an embodiment of a thermally powered
gas compressor implemented as a component 1in a power
generating plant. Referring to Figure 15, the compressor
generally indicated at 700 comprises a gas compressor 701
driven by hot compressed gas 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 with reference to Figure 5 and
like numerals incremented 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 iépthermal 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 compartment 728, the compression chamber 732
having a gés inlet inlet port 746 controlled via wvalve 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 adiabatic compression/expansion
or bounce chamber 734 is formed in the lower part of the
lower compartment 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 bounce chamber 734 contains a sealed
volume of air or other gas to provide means for converting
the downwardly directed kinetic energy of the piston into
upwardly directed kinetic energy thereby to drive the
return stroke 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, part of the
cool compressed air from the isothermal compressor 701
provides the cooling fluid and is directed to the cooling
jacket 758 after moisture has been removed from the
ccnpressed gas by the moisture separator 74S. The cooling
jacket 758 has an exit port 764 which is connected to the
suprly line connecting the compressed gas outlet port 750
in the adiabatic compression chamber 732 to the air turbine
776. . Thus, the cool ccmpressed gas directed to the cooling
jacket recovers heat from the combustion chamber walls, and
this energy 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 combustion
compressor 703 in the adiabatic compression chamber 732.
The function of the gas compressor 701 is to provide large
quantities of cool compressed air or other oxidant at a
temperature of, for example 40°C. The compressor 701
produces a significantly 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 of the combustion
compressor 703 is to produce large quantities of hot
compressed air which may subsequently be used to drive a
turbine for the purpose of generating electricity. As
mentioned above, part of the hot compressed air produced by
the combustion compressor is used to drive the isothermal

v

'compressor 701.

The cold compressed air outlet port 713 of the
isothermal compressor 701 is <connected to the hot
compressed' air inlet port 736 of the combustion compressor
703 wvia the moisture separator 749 and' a gas-to-air heat
exchanger 770. The exhaust gas outlet port 740 of the
combustion compressor is connected to the gas-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 point 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 the combustion compressor 703 into the
chamber 709 via the h>t 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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iq the chamber 709 falls to some predetermined value, tXe

~o o
- W
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as inlet valve 733 opens and additional relatively
pressure air (i.e. atmospheric) is drawn into the chanrkter
202 on continued movement of the piston 712 out. c the
champber 709. At this stage, the piston 712 ccntinues Its
downwars metion by virtue of its large inertia.

As the piston moves downward, it compresses the gas
in the adiabatic bounce chamber 711 below, this compressicn
ing perfcrmed adiabatically. Eventually all the kinez:ic

e
energy cf the piston is transformed into energy of tRhe gas

H

in the bounce chamber 711 and the piston 712 momenta
comes +t2 rest. At this point gas inlet valve 733 in the
isctherszal conmpressicn chamkber closes.

The piston then reverses direction as the gas in the
btounce chamber 711 begins to expand, driving the piston
upwards. The piston 712 is driven back into the isothermal
compression chamber, compressing the air contained therein,
which ccnrrises a mass of cool 'expanded air previcusly
introduced through port 721 from the combustion conmpresscr

703 and an additional mass of relatively low pressure air

introduced through port 729.  The initial compressicn Iis
adiakatiz, but when the air reaches the temperature cI the
available spray liquid, the 1ligquid is injected intc the

-~
-

(6]
of

compression chamber 709 through the spray injection ¢
The diameter of the droplets forming the liquid scra

v

is twpically about 0.4mm which gives a large heat transisr
area sc that the temperature of the air is maintained below
about 40°c. Without the spray, the temperature wculd
reach over 300°c.

When the air pressure in the compression chamcer 70¢
reaches the required value, the ccmrressed gas outlet valive

717 orens and cool conmpressed air together with the scray

-

liquid is drawn from the chamber through the gas cutlet

3

pert 713. The mixture of cool cocapressed air and sgray
liquid is passed to the mnoisture separator 749 whers <txe

spray liquid is separated and returned via the return lline
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783 tc the cooling sYstem.745 in which it is cooled before
being re—-used in the spray.

Before the piston 712 reaches the top of its stroke,
the ccmpressed gas outlet valve 717 may close and the
remaining kinetic energy of the piston may be partially
abscrted by ccmpressing the residual gas at the top of th
chamkter 709. As the pisten 712 momenta'rily comes to resz
in the chamber 70¢, the~hot'compressed gas inlet valve 72%

opens and a fresh charge oi hot compressed air from the

ombusticn ccmpresser 703 is admitted into the chamber 709

0

f

rt

hrough the het ccmpressed gas inlet port 721. The pisten
is then driven dcwnward by the expanding compressed air and
the cycle is repeated.

The cool ccmpressed gas from the compression chamker
709 of the isothermal compressor 701, having passed through
the mcisture separator 749 is then passed to the gas-to-air
heat exchanger 770 in which it is heated by heat fren the
exhaust gases £from the combusticn compressor, frem a
tenmrerature of, for example, about 40°c to about 85 0°

()

or more. This temperature is determined by the materiais
limitztions on the heat exchanger 770 and the pipework frec=o
the heat exchanger to the combustion compressor.

Turning now to the combustion compressor 703, when
the piston 759 momentarily comes to rest at the top of its
stroke in the cocmbustion chamber 730, the hot compressed
gas inlet valve 738 opens and a predetermined mass ciI
preneated air from the heat exchanger 770 1is intrcduced
ints <the chamber ‘73b through the hot compressed gas inlet:
por= 736. The air inlet wvalve 738 then closes and a
predeternined mass of fuel is injected into the chamber 730
through the fuel injection port 744. The fuel ignites and
combusticn takes place, driving the piston 759 downward and
out ci the combustion chamber 730 thereby imparting kinetic
energy to the piston. The fuel is added in such a way that
the gas pressure remains approximately constant during the
fuel Injection. When the required amount of fuel has been
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expand aprroximately adiabatically from about 20 or 30 bars
down to near atmospheric pressure.

During the constant pressure combustion phase, cool
compressed air is injected into the cooling Jjacket 758
around the conmbustion chamber 730 to cool the combustion
chamber walls.

As the piston 759 moves downward from its highest
position, atmospheric 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 injecticn 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 734 and eventually the piston comes momentarily to
rest, at which point the gas inlet valve 748 in the
adiabat.ic compression 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
combusticon chamber through the exhaust gas outlet por:
740. As the piston moves upwards into the compression
chamber 732, it c;:mpresses the air previously drawn into
the chamber, adiabatically, so that the heat of compression
increases the temperature of the air during this process
to, for example, over 300°¢c. When <the air in the
adiabatic compression chamber 732 reaches the required
pressure, e.g. the operating air inlet préssure of the air
turbine, which may be between 20 and 30 bars, the hot
compressed gas outlet valve 752 opens and the hot
compressed gas leaves the compression chamber 732 via the
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gas cutlet peort 750. The piston 759 continues to the oo

cf 1its stroke, whereupcn the hot compressed gas outle:

Most of the hct ccmpressed air is used to drive the
main air turbine 776, but part of the compressed air is
used to drive the iscthermal compressor 701.

Because there is more heat available in the exhaust
gases from the ccmbustion compressor 703 than is regquires
to heat the isothermally compressed air necessary to driv
the combustion compressor, the surplus heat is used to heac

additional air from the isothermal compressor and this
preheated compressed air, having a temperature of akocu:z
850°C or more is passed directly to the air turbine 775

in which it is expanded to produce additional power.

To maximise energy recovery from the hot exhaust
gases, the thermally pcwered compressor should be designes
so that the temperature and pressure of the compressed air
leaving the gas-to-air heat exchanger 770 matches or nearl'_
matches the temperature and pressure of the compressed ai
frem  the adiabatic compressicn chamber 732. This is
pessible by designing the compressor © with a high

compression ratio (for example between 25 and 40). T

o

optinum compression ratio is determined by the ratio of the
acsclute combusticn temperature to the absolute temperzture

of tnhe exhaust gases as they leave the combustion chanmter

In this case it is convenient to extract all the excass
heat In a single expansion by simply adding the surplus air
from the gas-to-air heat exchanger to the inflow of the air
turkine. By recovering the excess heat in this way,
advantadgdeously the need for a separate small air turtine
and asscciated generator is avoided and this will reduce
the capital cost of the plant. The heat in the exhaust gas
which is not required to pre~heat the cool compressed gas
required for combustiocn, will usually be a small fractizcn
(cf the order of 12%) of the total available heat in the
exhaust gas. However, in order to maximise the efficiencwy



WO 93/24758  Tric Sheet Has Been R e PCT/GB93/0113-

lIIIIIIHIIIIHHHIHIII T s

et

of the power plant it is important to recover all <he
surplus heat £rcm any particular process. It will re
appreciated that ‘surplus exhaust heat from the ccmbuszticn

chamkber can be recovered in a variety of ways, and that the

..

aprrcrriate method will be dependent on the des g
parameters (such as the gas compression ratio, the
inlet temperature to the combustion chamber  and the
temperature of combustion) of the particular compresscr.

n
§=-
8|

For example, in some applications it may be appropriate ts
incor;orateQmore than one auxiliary air or gas turbine and
assoclated heat exchangers and power generators.

To start the cmpressor 700 from rest, requir

A
(]
n

external means to provide the initial energy to start the
pistcns moving, this may be done by prov1d1ng a relatively
small axial conmpressor to produce hot compressed air to
start the isothermal compressor. Once the isothermal
compressor is producing cool compressed air, this may be
used to start the combustion compressor.

- Although the operation of the isothermal conpressor
is dependent on the combustion compressor and vice_versa,
the relative phase between the operating cycle of the
isothermal compressor and that of the combustion compresscr
is entirely arbitrary. Also, the -operatlng frequency of
the isothermal compressor can be different from that of the
combustion compressor. In general, there will be a finite
time interval between the output of cool compressed air
from the isothermal compressor and the injecticn of
preheated compressed air into the combustion comrressor.
Likewise, there will be a finite time interval between the
output of hot compressed air from the combustion ccmpresscr
and the injection of hot compressed air into the isothermal
compressor. Thus, the system will have a finite <ime
constant which can be varied depending on the
characteristics of the components, for example, the length
of pipework used for the passage of compressed gas between
the compressors. The construction of the isothermal
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cmpressor may be changed to any of those described akove

0

in relation to Figures 1 to 4 or 6 or with modifications
arent to those skilled in the art.
Furthermore, the combustion compressor may also have

‘app

a construction similar to that of any of the isothermal
CCRMEressors described herein and with modificatcions
apparent to those skilled in the .ari_:. For example, the
combustion compressor may comprise a composite solid/liquid
piston arranged in a U-shaped conduit, similar to that
described above in relation to Figure 2, and the operation
of the combustion compressor may be symmetric, so that it

produces hot ccocnpressed air twice per cycle.

COMBUSTTION-DRIVEN COMPRESSOR

olid Piston - Asvmrmetric

]

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
other oxidant are ignited producing high temperature
combustion gas to impart kinetic energy to the piston.. A
chamber on the other side of the piston contains gas to be
compressed, which may subsequently be used to drive a
turbine. Because the combustion gas will generally be at a
muci 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
compression chamber. The air or other oxidant used for the
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 order to
minimise the 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 thié preheated gas can be
admitted to the ccmbustion chamber for combustion with a
suitable fuel.

Part of the gas in the compression chamber may be
conmpressed 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 'rela.tively low
temperature. and whose exhaust gas is very close to the
ambient temperature of the atmosphere. Thus, the
cembination of a gas ccmpresscr driven 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 at relatively 1low
temperatures, can be regarded as a heat engine whose
operation approaches that of the ideal Carnot cycle which
has an efficiency n given by
7=1 - tl/tzn
whers tl is the temperature at which heat is rejected and
t, is the temperature at which heat is absorbed.

The piston may be 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 adjacent upper compression
chambers and a loi'ger combustion chamber is shown in Figure
16 as a component in an electricity generating plant.

Referring to Figure 16, the thermally powered
compressor, dgenerally indicated at 500, comprises an
isothermal compression chamber 503 and 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 top of each chamber. A piston 511

comprising a solid material has a slot 510 formed therein
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which extends from the top 512 of the piston 511 dcwnwar
-5 accommedate the vertical paffle 509 so that the pist
is free to move up and down, into and out of the isothermal
and adiabatic compressicn chambers 503, 505.

The combusticn chamber 507 has a hot compressead
inlet port 513 cecntrclled by a hot compressed air
valve 515 fcr the injection of hot compressed air intzs the
chamber, a fuel injection port 517 and an exhaust gas

outlet por:t 519 ccntrolled by an exhaust gas outlet valve

i

21 +5 allow hot exhaust gases to be expelled from tQe
chamber 507. The combustion chamber is surrounded by a
cscoling Jjacket 522 <through which cooling air mayv be
circulated to cool the combustion champer walls 523, Each
cf the isothermal and adiabatic compression chambers 502,
has an air inlet porz 527, 529 controlled by a valve

£,

533 to allow air to be drawn into each chamber, and a
compressed air outlet pert 535, 537 controlled by a
compressed air outlet valve 539, 541 to allow cocmpressed
air to be drawn from each chamber. The isothermal
ccnpression chamber 503 also has a liquid spray injection
port 543 £for the injection of a cool liquid spray. Th
spray is injected by means of a pump 545 which draws scray
ligquid £rom a cooling system 547.

The compressed air outlet port 535 of the isctherma

'..‘

con~ression chamber 503 is connected to a moiscur

(D

separator 549 in which spray licquid, entrained in <the
compressed air, is separated. The compressed air o ©
por:t 537 of the';adiabati:: compression chamber 3503 is

connected to the input of a main air turbine 551 which

together with a second air turbine 533, drives an
electricity generator 555.

Cool compressed air from the moisture separatcr 3:°9
is directed three ways. Part of the air is passed to lae

gas-to-air heat exchanger 557 in which it is heated with

heat £from the exhaust gases from the combustion charke

'1

507. Par-= of the cool compressed air from the nmoisture

This Sheet Has Been Replaced

AR




WO 93/24754 This Sheet Has Been Replaced

-81- ~PCT/GBI3/01137

THIS SHEET HAS BEEN
REPLACED

[T

separatsr 549 1is passed to the cooling jacket 523 of the

compustion chamber 507 to effect cooling of the combusticn
chamber walls 52S5. Another part of the cool compressed alr
from the moisture separator is passed to an air-to-air heat
exchanger 559 in which it is pre-heated with exhaust alr
from the second air turbine 533 to be passed to the input
of the main air- turbine 531 along with the main flow of hct
compressed air from the adiabatic ccmpression chamber 50S.

A typical operating cycle of the compressor 500 wWill
now be described beginning with the piston 511 momentarily
at rest just above the base 508 of the combustion chanter
507 and suppcrted by a pocket of compressed air in <the
combustion chanmber. Each of the adiabatic and iscthermal

compression chambers 503, 505 contain air drawn in through

ok

83
]

their respective gas inlet ports 529, §27 during th
previous part of the cycle, and their respective gas inlet
valves 533, 535 and gas outlet valves 539, 3541 are now

After the piston comes to rest in the combusticn
chamber 507, the piston may reverse its motion as the
trapred | air begins to expand adiabatically
Sirmultaneously, the hot compressed gas inlet wvalve 315
opens and a charge of hot compressed air is introduced Zintc
the chamber through the compressed gas inlet port 3i3.
Fuel is injected into the chamber through fuel injection
port 517 mixes with the hot inlet air and ignites producing
cormbusticn gas a\,_. temperatures in excess of 2000°C  The
combusticn gas then expands at constant pressure, driving
the pistcn upward and out of the combustion chamber.

b

£ +the fuel is natural gas this will ignite
spontaneously if <the air temperature is above about
550°C. External ignition will be needed if the aixr Iis
heated 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

injeczion is controlled so that the pressure in ne
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combustion chamber :07 remains approximately constant. The
advantage cZ this is that the peak pressures achieved in
the vessel are quite moderate. This avoids the need for
very thick pressure vessel walls and limits the noise and
vibration during- operation. ~The penalty is a small
reduction in efficiency. _

The pressure in the combustion chamber remains
approximately constant during the combustion stage. At the
same time, the piston 511 starts to compress the air
contained in the isothermal and adiabatic compression
chambers 503, S0S5. During compression of the air in the
isothermal ccmpressicn chamker, a liquid spray is injected
into the chamber to cool the gas and to absorb the heat of
compression. Injection of the liquid spray into the
chamber may ccmmence when the temperature of the air in the
compression chamber reaches the temperature of the spray
liquid. The spray liquid may be injected at a constant
rate. At a certain point during the upward travel of the
piston 511, the compressed air inlet wvalve 515 in the
combustion chamber is closed and the fuel injection
stopped. This 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 compression chambers 503, 505.

When the é;essure 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 S37. The hot compressed gas is
then directed to the input of the main air turbine 531 in
which it expands, producing mechanical power to drive the
generator 535. Preferably the inlet temperature of the

main air turbine and the outlet temperaturs 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
atmosphere. - _

When the pressure of air in the isothermal
compression chamber 503 reaches the required value, the
compressed gas outlet valve 539 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 moisture separator 549, in which the spray 1liquid is
separated from the compressed air. The spray liquid from
the méistura separatcr is then circulated through the
cooling system 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 537 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 5S5.

Some of the cool compressed air from the moisture
separator 549 is passed through the air-to-air heat
exchanger 559 in which it is heated with exhaust air from
the second air turbine 553 and then this pre-heated
compressed air is t__lirected 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 codl 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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jackez S23. Holes or slots are formed in the sides c¢I the

ich correspend in position to the holes in the
chanber walls.. The inside of the piston is designed <o
allow air +o flow frem the slots or holes to the pisten
head ﬁo effect cooling thereof. Alternatively, passaces
may be formed in the piston which allow a direct, but
restricted flow of air from one or becth of the comrressicn
chambers to the piston head 514. ,

The cooling air eventually passes from the coccling
jacket 523 into the ccmbustion chamber through holes in the
combustion .chamber walls. The air also circulates thrcugh
air passages formed in the base 508 of the ccnbusticn
chamber 507 to cool the base, the valves and the valve
seats. Alternatively the equipment can be designed so that
the cooling air does not enter the ccmbustion chanmber but
is added tc the air flowing to the main air turbine. This
allows a more efficient recovery of the heat given tc the
cooling air.

When the pisten 511 has reached the top of it

w0

stroke, the compressed gas outlet valve 539, 541 in each o

rh

the compression chambers 503, 505 closes, so that some o

Hy

the cocmpressed air remains in each chamber. The pistcn 52

'_l

reverses direction under the influence of gravity and kb

-

virtue of the expansion of the trapped compressed air and
begins to move out of the compression chambers and into the
combustion chamber 507. When the pressure in  <he
compression chambers reaches the pressure of the inlet air,
the respective qaé inlet valves 527, 533 open and air is
drawn into the chambers through a respective gas inlet pcr:
535, ©537.

When the pressure of the combustion gases in <the
compbustion chamber reaches a value sufficient to push the
gases through the gas-to-air heat exchanger 537 and
eventually out into the atmosphere, the exhaust valve 521

frem t

opens, and the exhaust gases are expelled frcm  the

cormbustion chamber <through the exhaust gas outlser Tors
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519. Low pressure cooling air may be circulated around the
combustion chamber jacket and  introduced into the
combustion chamber during this part of the cycle. The air
admitted into the combustion chamber will serve to displace
and flush ocut the remaining exhaust gas. The low pressure
cooling air may be provided by fans drawing air directly
from the atmosphere. '

Before the piston 511 reaches the base oI 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 adiabatically. retarding . the piston and
eventually-bringing the piston 5il 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 conmpressed
air delivered by the heat exchanger at the start of the
combustion stage.

As the piston comes to rest in the combusction
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
predetermined amount of hot compressed air from the
gas—-to-air heat exchanger 557 is introduced into the
combusticn chamber. Fuel 1is injected into the chanter
through the fuel injection port 517, the fuel ignites and
the resulting combhstion of the fuel/hot compressed air
mixture drives the piston 511 upward, to start the next
cycle.

With reference to Figure 16, the additional air
turbine 533 and the air-to-air heat exchanger 559 are
provided to maximise the recovery of heat from the hct
gases leaving the combustion chamber 507. In generazal
there is more heat in the exhaust gases than is nesded to
heat the incoming cbmpressed combustion air. The excess
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heat is used to heat mcre compressed air which 1s diver<ed
+o0 the second smaller air turbine 553, which operates at a
higher inlet temperature than the main air turbine 331.
The outlet air from the second air turbine 553 1is still hot
enough for additional heat recovery. This heat |is
transferred in a small heat exchanger 559 to a separate
strean of cocl compressed air. The system can be designed
in such a way that the result nﬁ; hot compressed air is at a
suitable temperature and pressure for the expansicn irn the
main air turbine, in which case this flow can be added to
the main flow of adiabatically compressed air.

A range of mcisture separator designs are availarle,
most ©f which have been used fcr many years in the pcwer
generaticn industries and elsewhere. Common exanmples are
cyclone separators, axial swirl vane separater and
corrugated plate separators. However, whichever serarator
is used, it is important that the pressure loss due to the
separator is minimised, since this will affect the
efficiency of the ccmpressor. .

The heat exchangers are a critical component cf the
systen because of the high temperatures of the exhaus:
gases. Indeed the exhaust temperature will be one ocf the
critical parameters which determines the design of the
whole systemn. There will be a pressure difference ci at
least 10 bars across the walls of the heat exchanger. This
implies that a rotary regenerative heat exchanger would nct
be a suitable choice on account of the sealing difficulties
with such a pressure difference. A valve regenerator could
be used but there would still be substantial cross-leakage

of flow from the high to the low pressure as a conseguence

of the volumetric capacity involved. Therefore, the best
checice is robably a counter-current recuperative heat
exchanger. To keep the costs to a minimum, it would be

possible to have different materials for the high and low
temperature parts of the exchanger.

A facility for the periodic cleaning of the heat
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exchanger surfaces will be needed. This would probably be

done when the systenm is off load, but an on load cleaning
syvstem 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 pericd of one complete cycle of the
liquid piston.

Furthermore, the thermally powered compressor shown
in Figure 14 whose power 1is extracted by compressing
adiabatically a large volume of gas to be expanded through
an air turbine, only provides compressed air at discrete
time intervals, which would normally be a few seconds
apart. However the power turbine requires an approximately
centinuous 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
abcut 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 advantagebus 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 combustion 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 piston. Combustion and
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subsequent expansion of the combustion gases impart Kinetic
energy to the piston which then moves into the compressicn
charmpers to ccmpress the gas contained therein. After the
gas has been conmpressed and drawn from each of the
compression chambers, the piston reverses directicn and
moves back into the combusticn chamber. The return mctien
of the piston is driven by gravity and the expansion of any
compressed gas remaining in the compression chambers. The
forward and return strokes of the piston are driven by
different mechanisms and gas is compressed on movemen:t of
the piston in one direction only. This embodiment is
therefcre an asymmetric device.

It is important that the downward return stroke of
the piston occurs at a reasonable speed and this is
achieved by arranging for the entire mass of the pisten 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 implies a
maxinun downward acceleration of about 1g. The downward
acceleration may be increased further by expanding residual
air or other gas in .at least one of the adiabatic and
isothermal compression chambers.

An important feature of the thermally powered
compressor is that the piston has enough mass to
tempcrarily store combusticn gas expansion energy as
kinetic or potential energy of the piston. A solid piston
can achieve the same mass as a liquid piston in a much nore
compact assembly. ) Furthermore, the friction due to the
piston will be generally less if a solid piston rather than
a ligquid piston with one or more bends, is used.
Therefore, the acceleration of the piston by the coxbusction
process may be greater for a solid piston than for a liguid
piston, although the acceleration is ultimately limited by
the rate of heat transfer between the droplets in the

liquid spray and the gas in the isothermal compression
chamber.
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It is expectad that the dew point of the exhaust gas
will be reached at the czld end of the gas-to-air heat
exchanger leading to condensation in either the heat
exchanger itself or in the chimney plume. The chimney
plume and, if necessary, the condensation within the heat
exchanger, can be avoided by mixing the exhaust gas with
some of the warm air exiting from either of the two air
turkbines. A power generating plant may include a number cf
conpressors all arranged to drive a single pair of air
turbines. The conpressors may be arranged to operate out
of phase from one another. This may enable hot compressed
air to be supplied to the turbines continuously as well as
facilitating the operatioh of each individual compressor.
For example, due to the finite time constant in the systen,
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 ccmpressor may be supplied from
the isothermal compression chamber of another compressor.
Also, arranging the compresscrs to operate out of phase may
assist in reducing vibraticn produced by acceleration and
deceleration of the massive solid pistons.

In another embecdiment of the thermally powered
compressor having a 'single solid piston, the adiabatic and
isothermal compression chambers may be separated in a
direction parallel to the motion of the solid piston rather
than transverse to -;‘.ts moticn, as shown in Figure 16. An
embedinent which 'iﬁcorporates this feature is shown in
Figure 17 as a component in a power generating plant.

Referring to Figurs 17, the thermally powered
compressor generally indicated at 600 comprises essentially
two ccumpartments disposed vertically 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 compartient

601. An isothermal compression chamber 609 is formed in
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the upper part of the lower compartment 607, anE an

adiabatic compression/expansicn chamber 613 1is formed in
the lower part of the lower ccmpartment 607.

The cocmbustion chamber 603 has a hot compressed air
inlet port 623 controlled by a valve 625 to admit hot
cempressed air into the chamber, a fuel injection pert 627
for the injection of fuel into the chamber and an exhaust
gas outlet port 629 controlled by a valve 631, to allow
exhaust gases to be expelled from the combustion chanmber
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 exéhanger 670. _

The adiakatic conpression chamber 605 and the
isothermal compression chamber 609 each have an air inles
port 633, 635, controlled by a valve 637, 639 to allow ai
to be drawn into each chamber 605, 609, and a conpresse
air outlet port 641, 643, controlled by a valve 645, 647 to
allow compressed air to be drawn from each chamber.

3

£

The isothermal compression chamber 609 also has a
number of liquid spray injection ports 648 for the
injection of a liquid spray into the chamber. The spray
nozzles are preferably arranged in such a way as to provide
a uniform spray throughout the annular volume. The
compressed air outlet port 643 in the isothermal
compression chamber 609 is <connected to a moisture
separator 680 which separates spray liquid entrained ia the
compressed air. The moisture separator 680 is connected to
the spray injection port 648 via a cooling system 632 and a
spray injection pump: 650. The cooling system 682 cools the
spray liquid frcm the moisture separator before the liquid
is re-used in the spray. The pump 650 effects continuous
circulation of liquid from the moisture separator 650 to
the isothermal compression chamber. A header tank 634
containing reserve spray liquid is provided to replacs any
liquid which is lost from the circuit.

The conpressed air outlet port 641 in the adiabatic
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compression chamber 605 is connected to the input of a main
air <turbine 672, which drives a generator 674. Hot
ccmpressed air from the compressor is expanded in the

turbine 672 to provide mechanical power to generate
electricity. Part "of the cool compressed air from the
moisture 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 charker
603 for use in combustion.

However, there will usually be more heat available in
the exhaust gases than is necessary to preheat the czol
ccmpressed air required for combustion. To recover this
excess heat, the compressor is designed to producs a
greater quantity of compressed air than is actually
required to drive the combustion. A proportion of this
surplus compressed air is passed through the gas-toc-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 ambient
temperature of the atmosphere, and heat in the exhaust air
may ke recovered by transferring the heat to a propecrticn
of cool compressed air leaving the moisture separator 630,
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 expai'xded along with the hot compressed air
from 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 1is
effective 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 prcvides
the means by which the piston is returned to the top of its
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stroke to ccmplete the operating cycle of the compresscr.
Thus, this chamber dces not require gas inlet and outlet
ports controlled 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 shown)
may be required. - |

A piston 615 ccmprising a solid material has upper,
middle and lower parts and is free to oscillate 1linearly
and vertically. The upper part 617 of the piston 615 is
sized to the diameter of the upper compartnent 601 and is
free to move up and down between the vertical extremities
of the compartment. 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 the compartment, into and out of
both the isothermal compression chamber 609 and the
adiabatic compression/expansion chamber 613. The upper and
lower parts 617, 619 of the piston 615 are connected
together and vertically spaced apart by a middle part 621
which comprises a shaft having a diameter less than that of
the upper and lower compartments. The shaft passes thrcugh
an aperture 623 formed in the partition 611 separating the
upper and lower comparthents. A sliding seal 612 1is
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 isothermal
compression chamber 609. The sliding seal 612 is designed
to enable the shaft to slide freely in either direction
throuch the aperture 611. Seals 614, 616 are provided
between the piston and the walls of the chambers to prevent
gas leaking from one chamter to another.

In this embodiment, when the upper part 617 of the
piston 615 1is at its highest 1level in the combustion
chamber, the free volume inside the adiabatic compression
chamber 605 and the adiakatic .compression/expa'nsion chamber
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613 is at a maximum, while the free annular volume in the
isothermal compression chamber 609 is at a minizum.
Conversely, when the upper part 617 of the piston 615 is at
its lowest level, the free volume in both the combustion
and isothermal compression chambers 603 and 609 is at a
maximum and the free volume in both the adiabatic
compression chamber 605 and the adiakatic
compression/expansion chamber 613 is at a minimum. Thus,
in this embodiment the combustion process directly drives
the adiabatic compression process, the induction of air
into the  isothermal compression chamber and adiabatic
compression of the gas in the adiakatic
compression/expansion chamber. The adiabatic expansicn of
gas in the adiabatic compression/expansion chamber 613
drives the isothermal compression process, the inducticn of
air into the adiabatic compression chamber 605 and the
expulsion of exhaust gas from the combustion chamber 603.

A typical operating cycle of the compressor 600 shown
in Figure 17 proceeds as follows, beginning with the pisten
615 at its maximum elevation in the combustion chamber 603
and about to reverse direction. At this point the gas
outlet valves 645, 647 in each of the compression chanmkters
605, 609 are closed. The adiabatic compression chamber 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. The lower part 619 of the piston 615 is at
its uppermost level in the isothermal compression chamber
609, so that the free volume in the compression chamber is
at a minimum, and the gas inlet valve 639 is open, to allow
air to be drawn into the chamber during the downward stroke
of the piston. The lower part 619 of the piston 615 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 predeternined
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amount of hot compressed air 1is introduced into the
comkbustion chamber., Fuel is injectad into the combustion
chamber through the fuel injection'portl627, 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 1lower part of the piston compresses the gas
contained in the adiabatic compression/expansion chamber
613.

When the piston 615 reaches a certain level, the fuel
inject;cn 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 piston comes
momentarily to rest at the bottom of its stroke. As the

piston 615 comes momentarily . to rest and reverses
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directicn, 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 ;ralve 639 in the isothermal compression
chamber 609 closes.

The hot compressed gas in the = adiabatic
compres-sion/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
isothermal compression chamber 609. As the piston starts
to ccmpress 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 in the isothermal
compression chamber 609 reaches the desired value, the
compressed gas outle;t valve 647 opens and cool compressed
air- is drawn out of the isothermal compression chamber 609
together with the spray ligquid. 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 moisture
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separator is passed through the gas-to-air heat exchanger
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 combustion
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 1leaving 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 whicha it is
expanded along with the hot compressed air from the
adiabatic compression chamber 605.

When the piston 615 reaches the top of its stroke,
the exhaust valve 631 in the combustion chamber 603, the
gas inlet valve 637 in the adiabatic compression chamber
605, the compressed gas outlet valve 647 in the isothermal
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 of hot compressed air into the combustion chamber
from the gas-to-air heat exchanger 670. Fuel is injected
into the combustion chamber through the fuel injection port
627 which ignites in the hot compressed gas. The resulting
combustion drives the pisten downward and the cycle is
repeated. -

By incorporat.inq an adiabatic compression/expansion
chamber to retard and reverse the motion of the solid
pisten at the bottom of its stroke, the need for mere
ccnplex methods which involve the movement of gas to and
rom a chamber and which require valves to open and close
with very precise timing are avoided.

As with any of the previously described embcdiments
in which cooling of the chambers walls is desirable, a
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cooling jacket may be arranged arocund the walls of the

combustion chamber in the embodiment shown in Figure 17,
through which cooling fluid can circulate to absorb the
heat from the chamber walls. The cooling fluid may
compr-ise- a proportion of cool compressed gas produced in
the isothermal compression chamber. The combustion 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
'coolihg method is not necessarily the most efficient méthod
of recovering heat from the combustion chamber walls.

- Alternatively, '.cooling fluid may be circulated around
the combustion chamber walls to absorb heat, and may then
be passed to another pa&:t 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
comprassed air may then be directed to an air turbine whose
inlet temnerature is matched to the temperature of the
heated compressed air.

An embodiment incorporating this method of recdvering
heat lost to the combustion chamber wails, is shown in
Figure 18. The émb'odimen't shown 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_coclinq' of the walls of the combustion
chamber 603- and possibly the adiabatic compression chamber '
605. 'fhe.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 cpoling 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 compartment 601 where the temperature of the
combustion chamber walls is relatively coel. 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 chamber 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 641 1in the
adlabatlc compress:.on chamber 605 is connected to the J.nput
of the air turbine 672 via a gas supply line 62s. The
‘cooling fluid outlet port in the cooling jacket 620 is
connectad to the gas supply line 626 via a supply line
624. The cooling fluid exit port from the cooling jacket
is situated at the top of the combustion 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 leav:an the adiabatic compression
chamber 605. o
| The embodiment shown 'in Figure 18 is designed to
drive a single air turbine 672, avoiding the need for a
second air turbine and associated heat exchanger
incorporated in the power generating plant shown in Figure
17. 1In the embodiment shown in Figure 18, cool compressed
gas used to recover excess heat from the exhaust gas in the
gas-to-air heat exchanger 670 is passed directly to the
input of the air turbine 672 via gas supply line 628. Tnie
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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 isothermal
compression chamber 609 passes' through the moisture
separator 680, the main proportion of the compressed gas'
then be'ing directed to the gas~to—alr 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 a'long with the adi’abaﬁic’ally compressed gas from
the adiabatic compression chamber 60S. _

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 leaveé
via the cooling fluid exit port and joins the main flow of
adiabatically compressed gas flowing to the air turbine
672. Valves (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 carrylng tne
main flow of adiabatically compressed gas.

An embodiment of a symmetric thermally powered
compressor incorporating vertically separated chambers is
shown in Figure_ 19, 1in 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 indicated
at 900, comprises a U-shaped conduit 901 partially filled
with liquid fofming a liquid piston 903. The arms 905 and
907 of the conduit 901 are linear and extend vertically
upwards. A compartment 908, 910 is formed adjacent to the
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‘top of each arm 905, 907, the upper part.of which serves .as™
a combustion chamber 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 isothermal compression
chamber 917, 919. The ad;abat...c compression chamber in
each arm is arranged between the combustion and isothermal
' compression chambers in order to reduce, as far as
possible,' the thermai gradient down the length of the amm
and therefore to minimise the thermal conductance from the
combustion chamber to the isothermal compression chamber.

A solid piston 921, 923 having a higher density than
the ligquid piston 903 is disposé.d in each arm 905, 907 of
the conduit 901 and comprises esse_ntially three parts :
upper, 'mid'dle and lower. The lower part of each pisten
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 edge of the pistons_to prevent
liquid 1leaking 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
extremities of the upper compartment 908, 810. The upper
and lower parts of the solid piston 921, 923 are connected
together and spaced apart Vertically by a middle part 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 930, 932 passes from the ﬁpper to the lower
compartment through an apperture 933, 935 formed in the
_partitz’._cn 937, 939 which separates the upper and- ‘lower
compartments. A sliding seal 941, 943 is provided between
the aperture 933, 935 and the shaft to prevent gas leaking
between the isothermal and adiabatic compression chambers.

This Sheet Has Been Replaced




WO 93/24754  pis Sheet Has Been Replaced

|

T

REPLACED

BEEN ’

When each of the solld pistons is at its lowest level
in a respective arm of the ccndult, the free volume inside
both the combustion and J.sothermal compress:.on chamne*s is
fully extended and -at a maximum. Slmultaneously, the free
volume inside the adiabatic compress:.on chamber is at a
minimum, the upper part of the piston being at the _1ower
limit 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 mininum, ' 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 ixijectien 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
combusticon chamber. Each adiabatic compression chamber
913, 915 has gas inlet port 965, 967 controlled by a valve
969, 971 to allow gas to be drawn into the chamber and a
compressed gas 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 gas to be drawn into the chamber,
~and a compressed gas outlet port 989, 991 controlled by a

valve 993, 995 to allow isothermally compressed gas to be
drawn from the compression chamber. Each isothermal
compression chamber alsc includes a number of spray
injectien ports 918, 920, 922, 924 arranged to provide a
uniform spray of 1liquid throughout the annular volume of
each chamber during compression. |

In the operating cyéle of the compressor shown in
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Figure 19 the combustion process in one arm of the conduit
drives simultaneocusly the adiabatic compression process in
the same arm, and the isothermal cdmpression 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 combustion chamber 909. The combustion
chamber 909 contains hot expanded combustion gases ffom the
previous combustion and both the hot compressed gas inlet
valve 949 and exhaust gas outlet valve 961 are closed. The
isothermal compression'chamher 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 ccmpressiqﬁ chamber 915 in

‘the other arm 907 of the conduit 901 also contains air
- previously introduced thfough the gas inlet port 967 and
the gas inlet and outlet valves 987, 995 are closed.

As the solid pistcn 923 momentarily comes to rest at
the top of its stroke and reverses direction, the hot
compreésed 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
911. Fuel is injected through the fuel injection port 955
into the combustion chamber 911. The fuel ignites,
resulting in combustion of the fuel-air mixture which
drives the piston 923 downwards and out of both the
cohbustion chamber 911 and the isothermgl ' compression
chamber 919. 1Initially, 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.
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As the upper part 931 of the piston 923 moves
downward out of the combustion chambe* 911, it moves into
: rhe adiabatic ccmpression chamber 915 and compresses the
air preVLQusly-Lntrcduced into the chamber during the last
part of the cycle.

Downward movement of the solid piston 923 is
accompanied by upward mcvement' of the other piston 921,
this movement being driven by the combustion process in the
opposite arm 907. During 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 inlet valve 969 is open allowing 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. Dﬁring
compression, a cool liquid spray is injected into the
isothermal compression chamber through the spray injection
ports 918, 924, to cool the air so that the compreSsion may
be approximately iscthermal. The exhaust valve 961 in the
combustion chamber 909 opens when the pressure 1is
sufficient to drive the combustion gases out of the
combustion chamber, through the gas-to-air heat exchanger
970 and eventually out into the atmosphere.

At some point durlng the downward travel of the solid
piston 923, the fue' ‘njection is stopped. The piston 923
continues to be dri downward to the bottom of its stroke
by the adiabatic expansion of the combustion gases.

When the air pressure in the isothermal compression
cﬁamner 917 reaches the desired value, the ccmpressed gas
outlet valve 993 opens and compressed air along with the
spray liquid is drawn out of the chamber <through the
compressed gas outlet port 989. The mixture of compressed
gas and spray liquid passes through the moisture separator
972 in which the sp-iy liquid is separated. The spray
liquid is then returr to the cooling system 974, where it
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is cooled before being re-used in the liquid spray.  Par:

of the cool compressed air is passed from the moisture
separator to the gas-to-air heat exchanger 970 in which it
is pre-heated by heat from the hot exhaust gases from the
combustion prbcess. 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 compression
chamber 915 reaches the required value, the compressed gas
outlet valve 979 opens and hot compressed air flows out of
the chamker thrcugh the ccmpressed gas outlet port 975 and
is passed to the main air turbine 976 in which it expands,
producing mechanical powér to drive the generator 980.
Heat from the exhaust gas of the second air turbine 973 is
recovered by transferring this heat to part of the cool
éompréssed 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 6f its stroke, the exhaust gas outlet valve
961 in the combustion chamber 909, the gas inlet valve 969
in the adiabatic ccmpressioxi chamber 913, and the
compressed gas outlet valve 993 in the compression chamber
917, the compressed gas outlet valve 979 in the adiabatic
compression chamber 915 ahd'the gas inlet valve 987 in the
lsotﬁe*mal compression chamber 919, all close. The hot
compressed gas inlet valve 949 in the combusticn chanmcer
902 then opens and then closes shortly after admitting a
charge of hot coﬁpressed- gas into the chamber. Fuel is
injected into the combustion chamber through the fuel
injection port 953. 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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compustion chamber 909 and out of the iscothermal
compression chamber 917, commencing the return stroke 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 the
cycle is similar to the first, with compression of air in
adiabatic and isothermal cdmpress;on chambers 913 and 919,
induction of air in adlabatlc and isothermal compression
chambers 915 and 917 and expulszon of combustion gases from
combustion chamber 911. These processes are all driven by

combustion in combustion chamber 909. By having the
various combusticn 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 horizental plane, with  the solid piston
cscillating between them. The compression chambers may be
similarly ‘arranged.

In any embodiment of the gas compressor Whlch has a
solid piston, there is the possibility tha* tne piston may
over run and cause a damaging impact at .1e end of the
chamber. Sensors and control mechanisms which operate
valves to inject gas into the chamber can be provided to
prevent this occurrance. In_addition, it may be desirable
to construct the solid pistcn in such a way as to miticate
the effect of such an impact. For example, the end or aead
of the piston may be designed to be collapsible, so that
the energy of impact is absorbed. This may be achieved by
forming the end of the piston as a crumple zone.
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Alternatively the end of the piston may be designed <o
telescope inwards on“imoac* The collapsible end porticn
should be as light as poss‘ble so that the kKinetic energy
of this part 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 ccmbustion of fuel. However other heat sources
such :as. nuclear, solar, chemicél and industrial process

heat can also be used and embodiments using alternative =

sources of heat are described in detail below. To
distinguish compressors using internal and external heat
sources, they shall ke referred to as internal combusticn
and externally heated compressors respectively.' Figures 15
to 12 illustrate embodiments of the internal combusticen
compressor together with the components of a «circuit
suitable fcr the generation of electrical power, including
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 ‘existing
coal-fired power stations. Other alternatives are to have
fluidised bed combustors as in some modern power plant or
to have chain-grate combustors 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,
messures.to control the emission of nitrogen oxides will be

needed, either by cont:dl of the combustion process or by'

treathnent of the exhaust gas.

The exhaust gas from the combustion chamber will
generally contain a quantity of water vapour. Watér-vapcur
will be produced in the combustion process itself due to
the presence of hydrogen 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.

The Irecovery of water from the combustion gases may
be important for wvarious 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 combustian gases prior to their release into the
atmosphere no plume would form above the chimney.
Condensation of water vapour is an effective methed of
removing somé 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 sulph\ir 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 gas
de-sulphurisation systems. Other additives may be used to
facilitate the capture of other pollutants.

Some pollutants, such as.ainmonia, 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 nitrogen oxides which are
formed at high temperatures. Depending on the conditions
and the amount of ammonia injected, there may . be
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circumstances when the combustion qases_nave excess anmmcni
and it will be des‘ranle to remove this before t e gases
are released to the atmosphere. Condensation is also an
effective methecd of removing particulates including ash
partgcles from the exhaust gas. For fuels with a
sxgnlflcant ash content, such as coal, conventicnal
electrostatic prec1p1tatlon may be used in addition to
condensat-on.

An anparatus for condensihg water vapour from the
exhaust gas is shown schematically in Figure 20. The
apparatus shown may be directly added to the cool exhaust
gas cutlet side of the high temperature gas-tc-air heat
exchanger shown in any one of F‘gu*és'ls to 1¢. However
the apparatus may be lmplemented 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 outlet
side of the high temperature gas-to-air heat exchanger 649
which serves to heat isothermally ccmpréssed air with thé
exhaust gas from the combustion chamber of the ccmpres=or.
A ccole* 658 1is connected to the gas-to-gas heat exchanger
656 such that exhaust gas from the gas-to-gas heat
exchanger 656 passes through the cooler 658 and returns to
the low temperature side of the gas-to-gas heat exchanger
656. A fan 660 is arranged to force air through the cooler
for cooling the exhaust gas. The fan could be situated
either upstream or downstream of the cooler.

 _ For the purposes of illustrating the operaticn of the.
water recovery apparatus, various temperatures 'will be
assumed at different peints in the apparatus, althoucgh in
practice these temperatures may well be different. Exhaust
gas from the combustion chamber passes through the high
temperature gas-to-air heat exchanger 649 in which it is
cooled to about 60°C by the isothermally compressed air
‘from the isothermal compression :hamber which has a
temperature of about 4o°c.- The exhaust gas from the
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gas-to-air heat exchanger 649 passes through the low
témperature gas-to~gas heat exchanger 656 in which it is
cooled further, to aboﬁt 35°C, by <cool exhaust gas
returned from the -cooler 658. The exhaust gas is then
'dirécted to the cooler where it is cooled to a temperature
of about 25°% by a stream of atmospheric air with an
initial temperature of about 15°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 the
exhaust " gas is passed to the cooler 65¢& and water
condensed as a result of further cooling in tue cooler 638
is removed after this stage and before t:ie exhaust gas is
returned to the gas-to-gas heat exchanger 656. The ccoled
exhaust gas is .returned to the gas-to-gas heat exchanger
656 so that some of the removed heat is restored. Tre dry
exhaust gas whose temperature is raised to about 50°C in
the gas-to-gas heat exc'hanger 656 1s then expelled into the
atmosphere. Reheating the e ‘haust gas avoids the formation
of the unéightly vapour pl.me above the chimney and also
increases the buoyancy of the exhaust gas to aid in its
dispersal in the atmosphere.

Although the coocler 658 shown in Figure 20 uses air
to cool tha combustion gases, other methods of cooling such
as by water from a lake, river, cooling tower or the sea
are also possible and contemplated. If the ¢ sustion fuel

| is natural gas, the recbvery of water can kt. achie_ved at
relatively high temperatures because the flue gases
produced by combustion have a dew point of about 60°cC.

INTERNAL COMBUSTION COMPRESSORS

The ICCAT system has a number of advantages over the
combined cycle gas-turbine system (CCGT) and conventional
coal and oil-burning steam plant. The ICCAT does not have
a gas turbine driven by hot combustion gases from a
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separate combustion chamber. In a CCGT the maximum
temperature is limited by the maximum temperature that the
gas turbine blades can withstand, which is about 1300°C.
Because heat in the combustion gas in the ICCAT system is
directly ‘transferred to the kinetic energy of the piston
'(or some other meané to store kinetic energy coupled to the
pistan); 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 500°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 800°C 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
350°C. This temperature is achieved as a result of heat
transferred to the compressed air during the adiakatic
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
témperature of about 800°C and is not heated by mechanical
energy but by the heat in the exhaust gas from the
compressor. Thus, in the CCGT the temperature is raised by
350°C to 1200°C whereas in the ICCAT system the
temperature is raised from 800°C to 2000°cC. 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 systen. 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. '
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thermally 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 1300°C.

In a CCGT the outlet temperature of the steam plant
to atmosphere is about 80°C. It should be possible to
achieve 1lower exhaust temperatures of the air and
combustion gases in the ICCAT system, implying less wasted
heat and higher efficiency. Furthermore, in the ICCAT
system power is extracted using an air turbine which
opérates at a comparatively low temperature and whose
outlet temperature is close to ambient. Because the air
turbine operates at a comparatively low temperature,
cooling should not be needed anc¢ materials problems should
not arise. .

The ICCAT systenm also has advantages over the power
generation plant shown in Figure 9 because hiner

- temperatures can be achieved, although cooling the gas
turbine blades with cold compressed air may enable the gas
turbine to operate at a temperature of the order of 1500°C
as opposed to 1200°C.

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 significant amount of heat is rejected
is ' during isothermal compression. In addition to the
coeling strategy cutlihed'above, any form of cooling can be
used with the cycle, such as wet, dry or hybrid cooling
towers or direct coclihg to the atmosphere or to a body of
water such as the sea, a river or lake. |

XTERNALLY H ED COMPRESSOR AND A TUR

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 Dbe external to the thermally powered compresscr.
systems in which such a thermally powered compressor is
effective as a conponent ih a power denerating plant
driving an air turbine, shall be referred to as EHCAT
(Externélly Heated CompreSsor ahd 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 the incineration of waste and possibly biomass and
coal. | |
Figure 21 shows diagrammatically one embodiment of
the externally heated compressor operative in an EHCAT
system. The compressor 701 | comprises an isothermal
compression chanmber 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 énergy 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 gas 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 drive the
‘piston. In this embodiment, power is extracted from the
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externally heated compressor by compressing a quantity of
gas adiabatically and expanding this gas through a gqas
turbine 707 to drive an electricity generator 709.

If the heat to drive the thermaliy powered compressor
is provided via an external heat exchanger, it is possible
to arrange the working gas to circulate in a closed cycle.
The advantages of a closed-cycle system are that the
pressure of the working gas can be increased in order to
achieve a higher output for given plant size, and that a
gas other than air can be selected to improve heat transfer.

A closed-cycle system is also shown in Figure 21 with
the necassary mnodifications from the open cycls system
being indicated by the dotted lines.

Cool exhaust gas emitted from the gas to gas heat
exchanger 703 is combined with the cool 1low pressure
exhaust gas from the main gas turbine 707 and this gas is
admitted to the compression chambers of the compressor,
part of which is compressed adiabatically to drive the main
~gas turbine 707 and part of which is compressed
isothermally, preheated by the gas-to-ges heat exchanger
703, passed to the process heat exchanger 705 to be hea*-3
with heet from some external thermal process and t..xn
injected as very hot compressed gas into the expansion
chamber teo drive the compressor. .

The thermal capacity of the exhaust gas from the
externally heated compressor 701 is the same as the inlet
gas from the isothermal compression chamber. 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
exchanger which in some applications are desirable in the
ICCAT system may not be required in the EHCAT system, as
shown in Figure 21. However, the external process heat may
be ava:.lable over a considerable temperature range and
under these circumstances, two or more gas turbines mlqht
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
temperature, there could be surplus heat. Figure 22 shows
one efnbodiment' of an externally heated compressor
mplemeﬂted in an EHCAT system in which surplus heat of the
‘exhaust gas from an externally fired furnace is converted
to useful powver. '

The power generating plant shown in Figure 22
comprises a furnace 805 which serves as the main heater to
heat the compressed air for driving th_e' externally heated
compressor 801. A fan 811 supplies air to the furnaca 805
via a main gas-to-air heat 'exchanger 813. The gas-to-air
heater 813 preheats 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 genérax‘:_br 817 and a second gas~-to-air heat
exchanger 819. Part of the isothérmally 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
805. The preheated compressed air is then fed as inlet air
to the second air turbine 815 for gen_érating 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 on the composition of the exhaust gas frem
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\_..:'.al procesf_s, a waste heat stream or some other heat
s. ce. The p_é;ticular arrangement would depend on the
he.Z source and how it is matched t'o 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 gas in the external heat exchanger. ~ The
thermally powered compressor indicated at 900 has many
similarities to <the ccmbdstion compressor described atove
with reference to Figure 17 and like numerals incremented
by 300 refer to like parts. Therefore, the description c¢
those components including the solid piston, the adiaka=z:ic
and isothermal compression chambers and the lower bounce
chamber together with the water recovery system, the air
turbine and generator of the combustion compressor apply
equally well to the thermally powered compressor shown in
Figure 23. The main differences between the internal
combustion compressor and the externally heated compresscr
concern the function of the upper chamber and the way in
which heat is transferred into the upper chamber, and these
will now be described.

The wupper chamber 903 of the externally heated
compressor has a compressed gas inlet port 929 controlled
by a valve 931, a exhaust gas outlet 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 gas outlet port 943 in the isothermal
compression chamber 909 via a moisture separator 980 and a
gas-to-gas heat exchanger 970. The exhaust gas outlet por:
923 is connected to the gas-to-gas heat exchanger 970 via a
second moisture separator _982.' The liquid 'spray' injection
port situated at the top of the expansion chamber 903 is
connected to the spray 1liquid output of the moiscure
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separator 983 via a process heat exchanger 985 and a second

liguid spray injection pump 986,

The manner in which the compressor is driven will now
pe described beginning with the piston 915 at the tcp of
its stroke 'in the expansion chamber 903. As the piston
comes to rest at its point of maximum elevaticn, the gas
‘inlet valve 931 opens and preheated compressed gas is
introduced z.nto the expansion chamber 903 through the gas
inlet port 929. At the same time, hot liquid from the
process heat -exchanger 984 is injected into the expansion
‘chamber 903 by the spray injection pump 986. The preheated
compressed gas is heated further by the liquid spray and
expands driving the liquid piston downwards. Heat is
transferred from the injected droplets to the gas as the
gas continues to expand in order that the gas tempe*ature
:LS maintained throughout the expansion process.

As the piston reaches the bottom of its stroke in the
expansion chamber 903 and reverses direction, the exhaust
gas outlet valve 925 ocpens and the low pressure exhaust gas
together with the spray liquid is expelled from the
expansion chamber through the exhaust gas outlet por: 923
" and flows through the moisture separatcf: 983 in which the
spray liquid is removed. The low pressure exhaust gas then
flows through the gas-to-gas heat exchanger 970 in which
compressed gas from the isothermal compression chamber 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 exchanger 985
in which it is re-heated before being re-used in the spray.

In an ope,n-cyclé system, in which air is the gqas,
exhaust air leaving the heat exchanger 970 is expelled to
the atmosphere. 1In a closed-cycle system, the gas leaving
the heat exchanger 970 is directed to the isothermal
compression chamber 909 for compression. In this way the
gas may be continuously recycled in a closed circuit.
Furthermere, 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 gas used to drive the turbine
972 1is 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. 1In Figure
23 it is seen that the gas which passes through the
adiabatic compression chamber and the turbine does not mix
with the gas in the remainder of the system. Therefore it
is possible to have different gases in these two circuits
and indeed one circui_t can be open-cycle while the other is
closed=-cycle. -

The use of injected 1liquid as the medium of heat
transfer is advantagecus in that the external heat
exchanger 970 can be more compact and more efficient.
Another advantage of using 1liquid is that the heat can
continue to be supplied to the injected gas throughout the
" expansion, which | improves the thermodynamic effici_ehcy.
The use of liquid as the heat transfer medium limits the
maximum temperature of the heat source to that which can be
accemmodated by a suitable liquid. Preferably, the °iquid
to be used will have acceptable physical and c. ical
properties, will be non toxic, enviromentally accegcable
and relatively inexpensive. ' ' |

An externally leated compressor with hot 1ligquid
injection may be suitable for power generation with low
temperatxi’re heat sources such as solar energy, geothemal
energy or low temperatﬁr_e waste heat. _ "

In a closed cycle operation case, it may be necessary
to provide some additional '. cooling to the gas 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 o:.ls,_ or:.muls:.cn, 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 inay ignite spontaneously
depending on the temperature of the inlet air and/qr
pressure in the chamber, as for example happens in diesel
engines. The combustion products contain eSsentially no
particulatee and very little sulphur dioxide, although a
certain amount of nitroue 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 atom:.sed into fine droplets by heatlng,
then injected into ‘the expansion chamber at the required
intervals, and burned by internal com_bust:.on. 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 alsc 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
explos:.on of the coal dust in the transperting 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, orimulsion or
coal could be gasified using air or oxygen in a suitable
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gasification plant. Ligquid fuel i.e. orimulsion or heavy

0oil 1is simpler ¢to hand1e 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, orimulsion coal or gasified
fuel, could be used to produce hot combustion gases which
enter the exﬁansion chamber of the compressor under the
control of high temperature valves.

With reference to the EHCAT system, orimulsion, heavy
0il or coal cculd be burnt in a main heater to heat the
warking £1luid for the thermally powered compressor. The
main heater may include an unpressurised furnace arranged
to burn the fuel in preheated atmospheric air and may
further include a heat exchanger through which the working
fluid, which may be preheated compressed air from the
thermally powered compressor, is passed. The preheated
compressed air is heated by heat from the furnace, and then
injected 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 wouid be removed prior to the
combustion stage. Removal of sulphur after gasification
but before combustion is advantageous because the gas
volumes are very much less. Also, the sulphur is likely to
‘be extracted in its elemental form rather than as gypsun.
This means that the mass of product 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 combustlon of fuel in the
- combustion chamber o¢f the thermally .powered compressor
would generally be preferred aver the use of an external
furnace whether or not the fuel is gasified. The
combustion gas produced by gasified fuel is generally
cleaner than from direct combusticn_ 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 of
biomass into particles of sub-millimetre sizes, as is done
in the case of pulverised coal, biomass could be burned in
a suitably desiQned internal dombustion 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 in 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 product
and minimise the heat production of the gasification
stage; The heat of the gésification 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 POWERED GAS COMPRESSOR WITH GASIF ON

As mentioned above, 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 integrated
gasification and power cycle. Referring to Figure 24, the
thermally powered compressor together with spray 1liquid
recovery and cooling system has préviousry been described
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 arranged to supply
p":essurizec_i 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
enable heat generated by the gasification [ Jcess to ke
recovered. In this embodiment, pressurized nitrogen
produced in the air separation unit 652 serves as the
cooling fluid and the nitrogen output from the air

separation unit 652 is connected to a lower part of the |

cooling jack-ét 655. A hot compresséd 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 gas output of the gasifier 654 is
connected to a gas-to-air heat exchanger 656 in which the
raw gases are cooled by a further supply of pressurized
nitrogen from the air 'éeparation unit 652. The hot
compressed nitrogen leaving the gas-to-air heat éxchanger
656 is directed to the air turbine 672 in which it is
expanded to produce useful mechanical power. The raw gas
ocutput of the gas to air heat éxchanger 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-gas-to-clean-gas heat exchanger 660 in which the raw
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gas is coocled prior to its introducticn into the sulphur

removal unit 662, with clean fuel gas leaving the sulphur

'removal unit. The clean fuel gas  leaving the
raw-gas-to-clean-gas'heat exchanger 660 is then directed to
the combustion chamber of the combustion compressor 600 via
the fuel injection port 627 for combustion in the
combustion chamber  603. Part of the isothermall;
compressed air producéd_in the combustion ccmpressor may be
used to supplement the pressurized'nitrogen for recovering
heat from the gasification process, if necessary.

This gasification scheme 1is 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 unit, for combustien
and for cooling is compressed isothermally, less

~compression work is required. The heat of gasification is
recovered is such a way that it 1is wused at a higher
temperature than is usually possible in current designs for
integrated gasification power plants. Furthermdfe, 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 embodiment, the gasification cycle
can be implemented without air separation, by using
isothérmally compressed air in the gasification process and
for the removal of heat in the heat exchanger 636
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 isothermally compressed
air prior to its introduction into the gasifier. _

The main advantage of using oxygen in the
gasification cycle 1is that a higher temperature of
gasification makes it possible to achieve a more complete
conversion of the carbon in the fuel to carbgn monoxide.
The higher temperatures of gasification may also permit a
more efficient conversion of heat to mechanical and
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electrical energy 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 1limit the amount of NOX
flormation to that v:rhich is caused by the nitrogen in the
fuel. For combustion prdducts of coal _hur_nt in air, the
dew point for condensation of water is about 38°C which
provides very little possibility of condensing this water
and recoverlng any of the latent heat. 1In the case of ccal
burnt in oxygen, the dew point is about 67 °¢ and there is
an opportunity to use the .ctent heat to preheat some of
the ccmpressed nitrogen from the air separation unit, for
éxample, in the air turbine. -Furthérmore, for the case of
coal burnt in oxygen, with contaminants such as sulphur
removed and the water condensed, the combustion produc'ts
consist almost entir.ely' of carbon dioxide. CIf it s
considered necessary to rec.ser 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 compressor
in an integrated gasification and power plant. The
particular embcdimén_t of the isothermal compressor has been
previously described with reference to Figqure 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 ihlet port 821 controlled by a
valve 825; a compressed _air outlet port 813 controlled by a
valve 817, and a spray injection port 837. The lower
chamber contains a sealed volume of gas which providés the
_méans for converting the kinetic energy of the piston in
the downward direction to kz.net:l.c ene-gy in the upwward
direction. The water recovery and 'cooling system is
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. identical to thét descfibed above in relation to Figure 5
and comprises a moisture separator 847 connected to the
"cdmpress'ed gas 6utlet_ port é_ cooler 845 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 compressi'on chamber 8_09_ is connected to the
output of a rotary compressor 861 which supplies hc‘:
compressed air to drive the isothermal compressor 801.

Cool compressed air produced in the isothermal
compréssor is drawn from the compressed air outlet port 813
via the moisture separator 847 and is directed essentially
three ways. Part of the cool compressed air is used fer .
gasification and is initially directed to an air separation
unit 869 in which the compressed air is separated into
pressurized nitrog,en' and oxygen. Part of the ¢ool
compressed air is directed to a cgmbustion 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
combustion chamber 8'5'7, the cocl compressed air from the
isothermal compressor is préh_eated in a gas-to=-air heater
855 with exhaust gas 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 further part of the
cool compressed air from the isothermal compressor is
preheated in the gas-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 generator 867.

‘The gasification plant is similar to that described
above in relation ﬁo'the embodiment shown in Figure 24 and
comprises an air separation unit 869 connected to the
output of the moisture separator 847. Pressurized oxygen
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produced in the air separatlon unit 869 is dJ.rected to a
gasifier 871 in which pulverised cocal or other fuel is
gasified. A vessel 873 is connected below the gasifier to
collect slag from the gasifiéation process. Both the
gasifier 871 and " the slag collection \ies_sel 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 directed to both 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 ~“75 to cool
the raw fuel gas from the gasifier. Hc compressed
nitrogen from both the cooling Jjacket ana the heat
exchanger are directed to the input of the air turbine 865
in which it is expanded along with hot compr: sed air from
the gas-to-air heater 855. The cool raw gas outlet side of
the gas-to-eir 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 g'as'fro:.
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
rew-gas-to-clean-gas heat exchanger 879 in which the fuel
gas is cooled by clean fuel gas 1 aving 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 857 'in which it is combusted with
preheated compressed air from the gas-to-a:.r heat exchanger
855. | _ |
The ISOGT integrated gas ZIication cycle may be
preferred to the ICCAT integrated gasification cycle if the
costs are lower. The air turbine 865 and its associated
generator 867 implemented in the ISOGT gasification cycle
will produce a large fraction of the total power, since the
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heat cf gasification is recovered in the air turbi_ne. AS
with the ICCAT integrated gasification cycle, the air
'senara:".on unit may also be omitted in the ISOGT integrated

gasification cycle.

THC F_ENERGY STORAGE AND RECOVERY USING THERMATTy
ME—A.-D OL adl i L SL\-R—. =

POWEZZD COMPRESSOR

As described above in connecticn with the gas driven

]

nd liquid driven isothermal compressors, it may also be

advantageous to inciude provision for energy storage in the

power dgenerating plant incorporating a thermally driven

compressor. During_ periods of 1low demand for power, a

‘large fraction of the isothermally compressed gas ('«n‘._.

may cr may not be air) could be stored in a large cavitvy

such as a disused mine or oil well. When the power demand '
is high, cool compressed gas is then released from the

cavity to supplement that produced by the ccmpressor. An

alternative method of energy stora:ge is to refrigerate and

freeze water during periods when the external power demand

is low and then to use this store of "cold" to increase the
power output when demand is high.

Figure 26 shows one embodiment of a combined power
generation and energy storage plant which includes the
facility to. store energy either in the form of compressed
gas or in the form of ice. In this embodiment, the
compressed gas is air and the compressor is an internal
combustion compressor. ' |
. The  combustion compres's'or. 750 produces ccol
. conpressed air, at least some of which |is fed to a
gas-tc-air heat exchanger 751 in which it is preheated wist
hct exhaust gas from the compressor before bei'nq injeczed
intes the combustion chamber. Power is extracted from the
compressor by compressing atmospheric air adiabatically and
expanding the compressed air through an air turbine 753
which drives the power generator 7535. The combustion
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compressor 750 includes means t3 control the relative
proporzions of gas which are 'cdmprassed adiabatically and
isothermally. If the combustion corpressor has the Izrm
descriked above with reference to Figures 17 or 13, =the
amount of air compressed adiabatically can be contrcliled
simply by adjusting the timing of the adiabatic air outlet
valve. £ this is closed early, then less air goes tc the
air turbine and a greater fracticn_ of the available enerzy
can be used for isothermal compressio’n. To increases tzhe
air flow to the air turbine the reverse adjustment to the
adiabatic outlet valve can be made. To maintain the saze
piston strcke, it will be necessary to reduce the mass sf
gas 1in the bounce chamber, and this may be achieved
relatively easily, for example by including a valve in the
bounce chamber controlled t> release or admit gas frcm cr
intc the chamber. ' _ :

During periods of low demand, a larger proporticn of
isoth iermally compressed air is produced than ls needed <o
drive the combustion compressor, and the excess ccid
compressed air is directed to a large cavity 757 in which
it is stored. Then, during periods of high demand, mos:t of
‘the power available in the combustion compressor 735 is
used %o compress air adiabatically fer driving the a:
turbine 753. The isothermally compressed air required fcr
combustion is provided by both the combustion compressor
and the large cavity 757.

- The power generating and energy storage plant aise
includes an ice/water storage tank 761 and a refrigeratzion
systen 763 which cools cr freezes the stored water. As
described above, heat transferred to spray llquz.d during
isothermal compression is normally extracted from <the
compressor by a cooling system 755.  In periods cI low
demand, the refrigeration system 763 cools the water in the
thermal storage tank 761 preferably to temperatures felow
the freezing point of water so that ice is formed. When
the power demand is high, the refrigeration system navy be
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tﬁrned off to maximiée the net power output and the cooling
of the liquid spray is provided partly by the external
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 ambient_temperature may not be used
or may be used at reduced capacity during this time. Aan
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. In 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 alsoc the overall thermal
efficiency of the system is improved by the reduction in
the temperature of the cold spréy 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
storage 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 embodiments may be included in other embodiments.
Furthermore, the principles of the various operating cycles
including the various methcds of driving the gas compressor
which have been described in relation to specific
embodiments ‘may be applied to other embodiments.
Modlflcatlons to the embodiments descrlbed and to their

operating cycles will be apparent to those skilled' in the
art. '
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1. A gas compressor comprising a chamber to contain gas
to be compressed, a piSton in the chamber and means to
drive the pisten 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

'driﬁing energy stored in a fluid directly to the pistom:

2. A gas compressor as claimed in claim 1 comprising
Kinetic énergy'storage means coupled to said piston and to
which sufficient.kinetic energy can be imparted to enable
said piston to compress 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 gas compressor as claimed in claim 3 wherein said
mass 1s provided by said piston.

5. A gas compressor as claimed in any one of claims 2 to
4 comprising means to convert the Kinetic energy used to
impart movement to the pistbn-in one direction into kinetic

energy to impart movement to the piston in the other
direction. '

6. A gas compressor as claimed in claim 5 wherein said
means to convert includes means to convert the Kkinetic

~energy used to 1mpart movement to the piston into potentlal
energy.

This Sheet Has Been Rep

HIIIIH i 13



WO 93/24754

-130- PCT/CB93/01137
L N T
' - | | REPLACED
* ¢ L M s * . . :
7. A gas ccmpressor as claimed in claim 6 wherein said

means to convert kinetic energy 1into potential energy
comprises a mass arranged to displace vertically on
movenment of said piston.

8. A gas compressor as claimed in claim 7 wherein said

mass is provided by said piston.

9. . - A gas compressor as claimed in any one of claims 5 to
8 comprising a second chamber and a second piston each
-anged such that on movement of said piston into said
chanmper, said second piston moves into said seccnd chamber.

'10. A gas ccmpressor as claimed in any one of claims 5 to
9 comprising a second chamber and a second piston each
arranged such that on movement of said piston into said
chamber, said second piston moves out of said seccnd
chamber.

11. A gas compressor as claimed in claim 10 whe*e-n sai d
first and second pistons together comprise a unitary body.

12. A gas compressor as claimed in claim 10 or claim 11
as dependent on any one of claims S5 to 8 wherein said means
to convert includes a body of gas contained in said second
chamber. |

13. A gas compressor as claimed in any preceding clainm
comt:r-s:.ng ccntalnlng means for containing a body of l.hcruld
and including a condult forming said piston.

14. A gas compressor as claimed in claim 13 wherein said
containing means is formed as a generally U-shaped ccnduit.

1s. A gas 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 any of claims 11 to 15

as dependent on claim 10 wherein said second chamber is in
the other arm of said conduit.

17. A gas compressor as claimed in any one of clainms 13

to 16 including a piston ccmprising a solid material and
arranged in said conduit Letween said liquid pisten and
said chamber.

18. A gas compressor as claimed in any one of claims 12
to 17 including a piston comprising a solid material and
arranged in said conduit on the side of said liquid piston
away from said chamber.

19. A gas compressor as claimed in claim 17 or 18 wherein
said piston comprising solid material has a greater density
than the ligquid in the liquid piston.

20. A gas conmpressor as claimed in any one of claims 17
to 19 wherein one of said solid piston and said conduit
includes sealing means to centrol or prevent the flow of
liquid between 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 arranged 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 sai
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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24. A gas compressor as claimed in claim 23 further
comprising low friction bearing means to support said
piston and adapted to facilitate movement of said plstow
relative to said chamber.

25. A gas compressor as claimed any one of claims 1 to 24
wherein 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 to 25 as dependent on claims 9 or 10,
'whereln said means to deliver driving energy comprises
second valve means cpérable to admit hot compressed gas
into said second chamber to drive said second piston out of
said second chamber.

27. A gas compressor as claimed in claim 26 including
third valve means operable after expansion of gas in said
‘second 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
'seccnd chamber by movement of said piston into said second
chamber, to. allow compressed gas to be dfawn' from said
second chamber.

30. A gas compressor as claimed in claim 29 including
means to form a spray of llquld in sald second chamber to
cool the gas on ccmpre551on therein.
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31. A gas compressor as claimed in claim 29 or 30

including fourth valve means operable after expansion 1in
said second chamber of hot compressed gas introduced by
said second valve means, to draw in additional low pressure
gas before the velocity of. said second piston in the
direction out of said second chamber reaches zero.

32. A gas CcOonpressor as claimed in any preceding claim,
wherein said meens to deliver driving energy comprises a
further valve means operable to admit hot compressed gas
into ='=1d chamber to drive sajd piston out of said chamber.

©33. A gas compressor as claimed in claim 32 and including
va-l_ve means, operable after expansion in said chamber of
hot compressed gas introduced by said further valve means,
- to draw in additional low pressure gas, before the velocity

of said piston in the direction out 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 ¢ - 10
wherein said means to deliver driving energy comprises
means to provide a combustible fuel mixture in said second

chamber, whereby combustion thereof delivers said driving
energy.

35. A gas compressor as claimed in claim 9 or claim 10 or
any one of claims 11 to 25 as dependent upon claim 9 or 10
wherein said means to del:.ver drlv:Lng energy compr:.ses
means to admit compressed gas into sa:.d_second chamber and
further means to form a spray of hot ligquid to heat said
gas in said second chamber.

36. A gas compressor as claimed in claim 9 or claim 10 or
any one ¢ claims 11 to 25 as dependent on claim 9 or 10

This Sheet Has Been Replaced

T




"_/// .
WO 93/24754

THIS SHEET HAS BEEN
REPLACED

\\!l\\l}\\\\\l\\l}\\\\\!\\\!l\ e . .P(I:'r/c;393/01137

wherein said means to deliver driving energy comprises
means to admit a gas producing medium together with a
reaction gas for gasification into said second chamber.

- 37. A gas écmprgssor as claimed in claim 9 or 10 er
anyone of claims 11 to 25 as dependent on claims 9 cr 10
wherein said means to deliver driving energy comprises
means to admit hot compressed gas into said second chamker.

8. A gas comnressor as’ c‘almed in any one of claims 34
to 37, including valve means to draw gas from said seccnd
chamber after expansion of the gas in said second chamker.

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 chamker.

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 seccnd
chamber.

41. A gas compressor as claimed in <claim 40, in
combination with a gas turbine and including means for
feeding pre-heated compressed gas leav1ng said heat
exchance* means to drive said gas turbine.

42. A gas compressor as claimed in any one of clainms 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 sald second chamoe-,
said third plston moves into said third chamber

44. A gas compressor as claimed in claim 42 or 43 wherein
said second piston and said third piston together ccmprise
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 compressor as claimed in claim 45 including
connecticn means connecting: said piston and said cthird
piston together. |

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 claims 42
to 47 in combination with a gas turbine and including means
for fesdiog compressed gas from said third chamber to drive
said gas turbine.

49. A gas compressor as claimed in any one of cla1 S 42
to 48 comprising a fourth chamber and a fourth piston, each
arranged such that on movement of said second pisten into
said second chamber, said fourth piston moves out of said
fourtb chamber.

50. A gas compressor as claimed in claim 49 wherein sald
means to deliver driving energy comorlses means to provzde
a combustible fuel mixture in said fourth chamber, whereby

combustion thereof drives sald fourth plston out of ' said
fourth chamber.

S51. A gas compressor as claimed in claim 49 whereln sald
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means to deliver driving energy 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. | |

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 compresscr as claimed in any one of claims 49
to 53 further comprising a fifth piston and a fifth chamber
to contain gas to be compressed by movement of said fifth
pisteon 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 ti_;rbine 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 s:thh 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 ccmp;eésor as claimed in claim 56 wherein said
means to deliver driving energy in- ‘udes means for feeding
compressed gas from said sixth c..amber into said second
and/or fourth chamber.

58. A gas coﬁpressor as claimed in claim 56 or 57

including heat exchahger' means arrahged. 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
cembination with a gas turbine and including. means for
feeding pre-heated compressed gas leaving said heat
exchanger means to drive said gas 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 tandemn.

61. A gas 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 intgland
out of their respective chambers.

62. A gas'compressor as claimed in any one of claims 26
to 33 further comprising a third chamber to contain gas to
be compressed, a third piston in the third chamber and
means 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
2cond chamber.
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63. A gas compressor as claimed in claim._62 comprising
second kinetic energy storage means coupled to said thir
piston, and to which sufficient kinetic energy. can ke
imparted to enable_said third piston to compress said gas.

64. A gas ccmpressor as claimed in claim 63 wherein said
second kinetic energy storage means comprises a mass
arranged to move in phase with said third piston.

65. A gas compressor as claimed in claim 64 wherein said
- mass is provided by said third piston.

66. A gas compressor as claimed in any one of claims 63
to 63 comprising means to impart kinetic energy to sai
second Xkinetic energy storage means.

67. A gas 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 direcz:ion
into kinetic energy to'impart movement to the third plstcﬁ
in the other direction.

68. A gas 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 potential
energy. |

69. A gas compressor as claimed in claim 68 wherein said
means to convert kiﬁétic energy into potential energy
coﬁprises a mass ‘arranged to displace vertically on
movement of said third piston. | |

70. A gas compressor as clalmed in claim 69 wherein said
mass is provided by said thlrd piston.
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71. A gas compressor'as.claimed in any one of claims 62
to 70 comprising a fourth chamber and a fourth piston each
arranged such that on movement of said third piston into
said third chamber, the fourth piston moves into said
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 piston, each
arranged such that on movement of said third pisten 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 of 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 claims 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 chambef 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 bearing means to support said third
piston and adapted to facilitate movement Of said third
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 chamber is adapted for linear
movement of said third piston into said third chamber.

80. A gas conpressor as claimed in anyone of claims 71 to
79, whereln said means to drive said third plston comprises
means to deliver dr1vxng energy_stored in a fluid directly
to said third piston.

81. A gas compressor as claimed in claim 80 wherein said
means to deliver drivihg energy to said third piston
coinprises means to provide a combustible fuel mixture in
said fourth chamber, whereby combustion the:eof delivers
said driving energy. |

82. A gas compressor as claimed in any 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 COmpréssor as claimed in claim 80, wherein said
means to deliver driving énergy 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 energy. |

85. A gas compressor as claimed in any one of claims 81
to 84 wherein said means to deliver driving energy to séid

third piston further comprises means to feed compressed gas
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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 gas 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 ai
turbine.

90. A gas compressor as claimed in any one of claims 2 to
26, comprising a conduit and a further piston arranged in
and to move along said conduit and to drive said piston
into said chamber, a reservoir for containing liquid at one
end of said conduit, the compressor further including a
“main flow valve operable to control flow of liquid fxcm
said reservoir into the conduit to drive said further
piston along said cdnduit, and discharge valve means
operable, after compression of gas in said chamber, to
allow liquid to discharge from said conduit.

91. A gas compressor as claimed in claim 90 comprising a
second chamber to contain gas to be compressed and a second
piston to compress the gas by movement of said piston into
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said second chamber, second kinetilc energy storage means
coupled to said second piston and to which sufii ient
kinetic energy can be imparted to enable said piston to
compress said gas, a second conduit and a further pisten
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
compressor includes a further main flow valve operable to
control flow of .l.iquid from said reservoir into said seceond
conduit 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 comprising
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 saia discha::ge 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 flowin’g
into the other conduit through a respective main flow valve.

95. A gas compressor as cla:.med in any one of claims %0
to 94 further comprising means to pressurzze the 11qu1d in
said reservoir.

96. A gas compressor as claimed .in any preceding claim
including a ligquid 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 clain
including a liqﬁid piston, wherein the liquid in the liquid
piston comprises one or more of an organic liquid, a=n
inorganic liquid, a synthetic liquid or water. '

.98. A gas compressor as claimed in any preceding clain
including a 1liquid piston, comprising a flocat 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 cqmi:ressor as claimed in any preceding clain
including cooling means for cooling the liquid used in the
spray.

101. A gas _compressor' as claimed in any preceding clain
including means for controlling the size of droplet in the
spray. '

102. A gas compressor as claimed in any preceding clain
wherein said spray forming means includes a pump timed to

operate only while gas m the or each chamber is be*ng
ccmprnssed

103. A gas compressor as claimed in any preceding claim
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 compressqr ‘as claimed in any preceding claim
wherein said spray forming means includes a positive

This Sheet Has Been Replaced

M




vowaoss (MM -+ _rvovnmen

THIS SHEET HAS BEEN
.REPLACED

displacement pump to pressurize the liquid prior to forming
a spray.

105. A gas compressor as claimed in any preceding clainm,
comprising a mixing chamber connected to at least ocne of
said chamber and said second chamber, means to form a spray
of liquid in said mixing_chambér means to admit gas into
said mixing chamber to mix with said spray and means
operable to admit the gas spray mixture into said chambe;
and/or said Second chamber.

106. A gas compressor as claimed in claim 105 as dependent
on any one of claims 31 to 33, wherein said valve means
comprises said valve means operable to draw in additional
low pressure gas. | |

107. A gas compressor as claimed in any preceding clainm
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.

108. A gas compressb: 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 respectlve chamber.

111. 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 pressure
of gas in a chamber.
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112. A gas ccmpréssor as claimed in any preceding claim
including means for 'controliing any one or more of said
valve means to open or to close for a predetermined length
of time. '

113. A gas compfessor 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.

1l14. 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 wiievein 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 adjacent
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 cool compressed gas from at least one of the chambers

including spray forming means, to the cooling fluzd 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,
including means to feed cool compressed gas 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 ekchanger means and further including
moisture removing heans 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 1in clalm 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 leaVJ.ng said second moisture
removing means.

123. A gas compressor as claimed in claim 122, wherein
said heating means compriées a second heat exchanger means
arranged to heat exhaust gas from said cooler with exhaust
gas from Sald heat exchanger means.

124. A gas compressor as claimed in any one of claims 26
to 33 in combination w:.th a rotary compressor or a
reciprocat:.ng mechanical compressor, comprising means to
feed hot compressed gas from the compressor to at least one
of said first and second chambers.

125. A convertor for converting a mass of compressed gas
at a first temperature into a larger mass of compressed gas
at a second temperature - below the first temperature
comprising a gas compressor as cla:.med in any one of claims
31 to 33. -_—
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126. A gas turbine plant comprLSLng a gas turblne, an'
1sothermal gas compressor producing cold compressed gas, a
heat exchanger arranged to preheat the cold compressed gas

from hot low pressure gas leaving the gas turbine, a main
heater to generate hot high pressure gas from the preheated
compressed gas and means to feed the hot high pressure gas
to drive the turbine.

127. A gas turbine plant as claimed in claim 126 wherein
said main heater comprises a combustion chamber burning
fuel in the preheated pressurized gas and producing
combustion gas as the'hot high pressure gas.

128. A gas turbine plant as claimed in 126 wherein said
main heater comprises an external source of heat.

129. A gas turbine plant as claimed in any one of clainms
126 to 128 including means for feeding part of said cold

compressed gas to the gas turbine blades for cooling
thereof.

130. A gas turbine plant as claimed in any of claims 126
to 129 including a further gas turbine and means for
feeding part of the preheated compressed cas from said
means to preheat to drive said further gas turc-ine.

131. A gas turbine plant as claimed in claim 130 including
a third gas turbine, a second heét exchanger means to
preheat part of the cold compressed gas from hot low
pressure gas leaving said further gas turbine and means for
feeding the preheated compressed gas from said seccnd heat
exchanger means to drive said third gas turbine.

132. A gas turbine plant as clalmed in claim 131 wherein
said third gas turbine is an air turbine.
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133. - A gas turbine plant as claimed in any one of claimé
130 to 132 wherein said further gas turbine is an air
turbine. ' '

134. A gas turbine plant as claimed in any one of clainms
126 to 133 including a compressor for supplying hot
compressed gas to drive said isothermal compressor.

135. A gas turbine plant as claimed in claim 134 wherein
said compressor is driven by one of said gas turbines.

136. A gas turbine plant comprising a gas turbine, an
isothermal gas compressor preducing cold compréssed gas,
heat exchanger means to pfeheat the cold compressed gas and
means to feed the preheated compressed gas from said heat
exchanger to drive said gas turbine.

137. A gas turbine plant as claimed in claim 136 wherein
the said gas turbine is an air turbine.

'138. A gas turbine plant as claimed in claim 136 or 137
comprising a further gas turbiné and means to feed hot low
pressure exhaust gas from said further gas turbine to said
heat exchanger means to preheat the cold compressed gas
from said isothermal gas compressor.

139. A gas turbine plant as claimed in any one of clainms
126 to 138 including a vessel for storing cold compressed
gas from said isothefmal ccmpresscr and means for
recovering -said stored compressed gas for driving said
turbine when required.

140. A gas turbine plant as claimed in claim 139, wherein

said means for recovering 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 gas compressor as claimed in any one of claims 1 to 124.

142. An energy storage plant comprising an isothermal gas
conmpressor as claimed in any one of claims 1 to 124, a
storage vessel for storing cold compressed gas from sai.
compressor and means to. feed compressed gas from said
compressor to said storage vessel.

143. A energy storage plant as claimed in claim 142
including an isothermal expander comprising a chamber to
contain gas 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
gas on expansion therein, and valve means to admit
compressed gas into the chamber from said storage vessel.

144. An energy storage plant as claimed in claim 143
wherein said isothermal expander further comprises a second
chamber to contain gas to be compressed by movement of said
piston into saicd second chamber, and valve means to allow
compressed gas to be drawn from said second chamber.

'145. A gas expander comprising a chamber to contain gas 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 gas on
expansion therein, and valve means to admit compressed gas
into the chamber. .

146. A gas compressor comprising a chamber to contain gas
to be compressed, a piston to compress the gas 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 SUfflClent 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
cnambér to contain gas to be compressed and to compress the
gas by movement of said chamber over said piston, means to
form spray of 1liquid in the chamber to cool the gas on
compression therein, and wvalve means to allow compressed
gas to be drawn from the chamber.

148. A gas compressor as claimed in claim 147 comprising
kinetic energy storage means coupled to said means fbrming_
a chamber and to which sufficient kinetic energy can be
impai:te_d to enable said chamber to compress said gas.

149. A gas compressor as claimed in claim 148 wherein said
kinetic energy 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
gas by movement of said means fcrm_ing a chamber over said
piston, valve means to allow compressed gas to be drawn
from the chamber and kinetic energy storage means coupled
te 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 claimed in claim 151 wherein said
piston is arranged to be stationary relative to the

movement of said chamber.

153. A gas compressor as claimed in any one of claims 1 to
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12 wherein said chamber is arranged to be stationary

relative to said piston.

154. A method of storing energy by  isothermally
cempressing gas using a gas compressor ‘as claimed in any

pr=ced1ng clainm.
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