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1
GAS COMPRESSOR

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

This mvention relates to gas compressors for supplying,
compressed gas and 1n particular to compressors for sup-
plying compressed air or other gas turbine plants for the
generation of electricity.

Compressors 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 the compressor
1s heated as 1t 1s compressed by the adiabatic nature of the
compression cycle. Because the gas 1s heated during
compression, more energy 1s required to achieve the desired
compression than if the temperature of the gas during
compression was maintained constant, 1.e. 1f the gas was
compressed 1sothermally. It 1s 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 compress
ogas more efficiently 1s the hydraulic gas compressor 1n which
gas 1s compressed in a downward moving column of liquid.
The gas which 1s 1n the form of bubbles i1s cooled by the
liquid during compression. The gas 1s then separated from
the liquid at the bottom of the column where 1t 1s conve-
niently stored providing a supply of cool compressed gas
which may subsequently be used for power generation.

A heat engine whose operation 1s based on the Carnot
cycle 1s described 1n U.S. Pat. No. 3,608,311. Isothermal
compression of the working fluid in the cycle 1s achieved by
spraying a liquid into the chamber containing the working
fluid so that the temperature of the gas 1s maintained
constant during compression. However, this apparatus
relates to heat engines and consists of a closed cycle heat
engine 1n which each volume of working fluid remains
permanently within a respective chamber. It 1s not concerned
with gas compressors, which supply compressed gas.

In conventional gas turbine plants the exhaust gas from
the gas turbine 1s generally much hotter than the ambient
temperature of the surrounding atmosphere so that the
excess heat of the exhaust gas may be wasted unless 1t can
be converted back into useful energy for example to generate
clectricity. In one particular type of gas turbine plant, the
combined-cycle gas turbine and steam plant (CCGT), the
excess heat 1n the exhaust gas from the gas turbine 1is
converted 1nto steam to drive a second turbine. Although the
CCGT 1s efficient, 1t 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 1s
provided a gas compressor comprising a chamber to contain
gas to be compressed, a piston 1n the chamber and means to
drive the piston into the chamber to compress the gas, means
to form a spray of liquid in the chamber to cool the gas on
compression therein, and valve means to allow compressed
gas to be drawn from the chamber, wherein said means to
drive the piston comprises means to deliver driving energy
stored 1n a fluid directly to the piston.

Thus, the 1nvention provides a useful source of com-
pressed gas, 1n which the gas temperature 1s controlled by
the liquid spray. The heat of compression 1s transferred to the
droplets 1n the spray so that during compression, the gas
temperature may be controlled to remain constant or to
decrease. If the temperature of the gas 1s held constant, the
energy required for compression 1s much less than it 1s 1f the
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temperature 1s allowed to rise. Advantageously, the piston 1s
driven directly by the energy stored 1n a fluid, which may be
the energy stored 1n a compressed gas or a combustible
fuel/air mixture or the potential energy of a liquid. This
enables the i1sothermal compression to be driven directly
from a very high temperature heat source, while heat 1n the
system 1s rejected at the lowest temperatures 1n the cycle.
The piston enables large energies released from the fluid to
be very efficiently converted into compression energy of the
oas, and provides the opportunity of temporarily storing the
energy released from the fluid as kinetic energy 1n such a
way that large energies can be transferred to the piston, and
therefore large volumes of gas can be compressed, but the
rate at which the piston moves into the chamber can be
controlled by the 1nertia of the piston so that the compression
process 1s as near 1sothermal as possible. The invention also
provides the opportunity of recovering excess heat released
from the fluid to preheat the 1sothermally compressed gas.
Furthermore, because the piston i1s driven directly, more
complex mechanical arrangements involving rotating parts
such as crankshafts are not required.

In a preferred embodiment, the compressor comprises
kinetic energy storage means coupled to the piston and to
which sufficient kinetic energy can be imparted to enable the
piston to compress the gas. Advantageously, the kinetic
energy storage means may comprise a mass arranged to
move 1n phase with the piston, and 1n a preferred embodi-
ment the mass may be provided by the piston itself.
Advantageously, the kinetic energy storage means may have
a large 1nertia to control the rate of compression to allow
suflicient time for the heat of compression to be transferred
to the spray so that the compression 1s 1sothermal. The
kinetic energy storage means may comprise a rotatably
mounted mass, €¢.g. a fly wheel, which 1s coupled to the
piston so that rotational energy of the mass 1s converted 1nto
compression energy of the gas by the piston. The rotatable
mass may be arranged to reverse direction with the piston or
to rotate 1n one direction only, independently of the direction
of movement of the piston. In the former case, the piston
may be mounted on a rotatable disc, movement of the piston
into the chamber being along an arc produced 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 to the piston, the
rack being arranged to drive a pinion, which either provides
the rotating mass or to which a rotating mass 1s 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 compressor and mechanical compressors, supplying
hot compressed gas to drive the compressor. Power from the
piston may be extracted via any suitable mechanical cou-
pling.

In a preferred embodiment, the compressor comprises
means to 1impart kinetic energy to the Kinetic energy storage
means. If the kinetic energy storage means 1s provided by the
mass of the piston, then the means to 1impart may be arranged
to impart kinetic energy directly to the piston. The compres-

sor may comprise means to convert the kinetic energy used
to 1mpart movement to the piston 1n one direction into
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
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chamber and subsequently such that the piston moves 1nto
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 mnto 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 move-
ment to the piston into potential 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
piston moves out of the second chamber. The first and
second pistons may be indirectly mechanically coupled
together, for example by a crankshaft. Such coupling may be
adapted to 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
body, 1.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 body
of gas contained 1n the second chamber. Thus, the kinetic
energy stored, for example 1n the mass of the first and second
pistons may be absorbed by the adiabatic compression of the
gas 1n the second chamber and then allowing the relatively
hot compressed gas to expand adiabatically to impart kinetic
energy to the pistons 1n the other direction, driving the first
piston 1nto the first chamber to compress the gas therein.
In one embodiment, the gas compressor comprises con-
taining means for containing a body of liquid and imncluding
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 1s one) formed in the other arm. Advantageously, the
liquid 1n the liquid piston makes a perfect seal between the
piston and the walls of the chamber. This form of compres-
sor may Include a piston comprising a solid material
arranged 1n the conduit between the liquid piston and the
chamber. Another piston comprising a solid material may
also be arranged 1n the conduit on the other side of the liquid
piston away from the chamber. Each of the solid pistons may
have a greater density than the liquid 1n the liquid piston, so
that, advantageously, the size of the composite piston com-
prising the solid and liquid components can be reduced for
a given mass. Furthermore, the use of solid pistons above the
liquid piston prevent direct contact between the liquid and
cgas and these parts of the chamber which may be relatively
hot. Solid 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 1its 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
1s 1n a substantially vertical plane or 1n a substantially
horizontal plane. In the latter arrangement, low friction
bearing means may be provided to support the piston to
facilitate movement of the piston relative to the chamber.
Advantageously, if the piston 1s arranged to move vertically
and linearly, no bearing means may be required. Alternative
arrangements 1n which the piston moves 1n other planes are
also contemplated.
In one embodiment, the means to deliver driving energy
comprises second valve means operable to admit hot com-
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pressed gas 1mnto the second chamber to drive the second
piston out of the second chamber. Thus, if the hot com-
pressed gas 1s allowed to expand adiabatically, most of the
energy of the gas will be transferred to the kinetic energy
storage means, which may be provided by the mass of the
first and second pistons, the stored kinetic energy then being
used to achieve 1sothermal compression of the gas in the first
chamber. Since the energy released by the expansion of hot
compressed gas 1s greater than the energy required to
achieve 1sothermal compression of that gas, the mass of gas
compressed 1n the first chamber can be greater than the mass
of hot gas expanded in the second chamber. The kinetic
energy storage means enables the energy released by the
expansion of hot compressed gas to be used for 1sothermal
compression of gas 1n a thermodynamically efficient way.
After compression of gas 1n the first chamber the expanded
oas 1n the second chamber may subsequently be compressed
by driving the second piston into the second chamber. This
may be achieved for example 1n a vertical arrangement by
allowing the piston to fall under its own weight.

The compressor may include third valve means operable
after compression of gas 1n the second chamber by move-
ment of the piston i1nto 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 liquid 1n the second chamber to
cool the gas during compression. Thus, the hot compressed
cgas Infroduced into the second chamber and allowed to
expand adiabatically, may subsequently be compressed 1s0-
thermally. 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 1n 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 1mparted from the hot compressed gas 1s used to
draw 1n an additional mass of gas 1nto the second chamber
before the gas 1s 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
into the first chamber to drive the piston out of the first
chamber. In this embodiment, the same gas used to drive the
piston out of the chamber 1n the first half of the cycle, 1s
compressed 1n the chamber 1n 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 1nto kinetic energy to impart movement to the
piston 1nto 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 1mparted by the hot compressed gas introduced into
the first chamber 1nto kinetic energy to drive the piston back
into the first chamber to compress the gas. Thus, as the
second piston moves 1mto the second chamber, the gas
theremn 1s 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 cham-
ber having second, third and fourth valve means as men-
tioned 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 1n additional low pressure gas, before the velocity of
the piston 1n the direction out of the chamber reaches zero.

Advantageously, if the hot compressed gas introduced
alternately into the first and second chamber 1s expanded




US RE37,603 E

S

adiabatically, the thermal energy of the gas is conveniently
converted into mechanical energy, e.g. the kinetic energy of
the piston, so that an additional mass of gas can after each
expansion, be admitted 1into each chamber as the free volume
of the chamber increases. The piston then momentarily
comes to rest 1n one of the chambers and 1ts motion 1s
reversed by the injection and expansion of hot compressed
gas 1n the same chamber, driving the piston into the other
chamber which compresses the gas at a much lower tem-
perature than the initial temperature of the hot compressed
gas previously imtroduced. Thus, a given mass of com-
pressed gas 1s converted 1nto a larger mass of compressed
ogas, whereby the additional mass 1s effectively provided by
the thermal energy of the hot compressed gas introduced 1nto
the chamber.

In another embodiment, the means to deliver driving
energy comprises means to provide a combustible fuel
mixture 1n the second chamber, whereby combustion thereot
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 second 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 energy comprises
means to admit a gas producing medium together with a
reaction gas for gasification into the second chamber. In each
of these embodiments the means to deliver driving energy
may further include means to feed compressed gas from the
first chamber 1nto the second chamber. Advantageously, heat
exchanger means may be arranged to preheat cool com-
pressed gas from the first chamber with hot expanded gas
from the second chamber. Some of the preheated com-
pressed 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 1s particularly beneficial, 1f more heat is
available 1n the hot expanded gas leaving the second cham-
ber than 1s needed to preheat the volume of cool compressed
gas required to drive the compressor. The compressor 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 gas 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 comprises 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 1n the same arm of the conduit as the first chamber.
A piston comprising a solid material may be arranged
between the third piston and the third chamber. If a solid
piston 1s also provided above the liquid piston in the first
chamber, the solid pistons may be arranged to move 1nde-
pendently of one another or connected together and, for
example may comprise a unitary body. Where the {irst,
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 1n the third chamber may be compressed
adiabatically and the compressed gas may be used to drive
a gas turbine. If a separate gas turbine 1s used to recover
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excess heat 1n the hot expanded gas from a process 1n the
second chamber, exhaust gas from the separate turbine
(which may be still relatively hot) may be used to preheat
some of the cold compressed gas from the first chamber, for
example 1n a heat exchanger, and this preheated compressed
cgas may be used to drive the gas turbine driven by adia-
batically compressed gas from the third chamber.
Alternatively, adiabatically compressed gas from the third
chamber and preheated compressed 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 arranged such that on movement
of the first and third pistons into a respective chamber, the
second piston moves 1nto the second chamber. A process 1n
the second chamber then drives the first, second and third
pistons out of their respective chambers 1mparting 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 1s provided and
may comprise an adiabatic compression/expansion chamber,
containing a body of gas, and an associated piston coupled
to the other pistons so that on movement of the second piston
out of the second chamber, the further piston moves 1nto 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 compres-
sor may comprise a fourth chamber and a fourth piston each
arranged such that on movement of the second piston 1nto
the second chamber, the fourth piston moves out of the
fourth chamber. In addition to driving energy being deliv-
ered by a process 1n the second chamber to drive the first and
third pistons into their respective chambers to compress the
ogas therein, a process including any of those mentioned
above 1n connection with the second chamber may be
arranged to occur 1n the fourth chamber to drive the second
piston back into the second chamber, and consequently the
first and third pistons out of their respective chambers.

The gas compressor may further comprise a fifth piston
and a fifth chamber to contain gas to be compressed by
movement of the fifth piston into the fifth chamber, the fifth
piston and fifth chamber being arranged such that on move-
ment of the second piston into the second chamber, the fifth
piston moves 1nto the fifth chamber and the compressor
includes further valve means to allow compressed gas to be
drawn from the fifth chamber. The fifth chamber may be
used to compress gas adiabatically which may be subse-
quently used to drive a gas turbine which may be the same
oas turbine driven by adiabatically compressed gas from the
third chamber. The adiabatic compression 1n the fifth cham-
ber 1s driven by a process 1n the fourth chamber.

Further, the compressor may comprise a sixth piston and
a sixth chamber to contain gas to be compressed by move-
ment of the sixth piston mto the sixth chamber, the sixth
piston and sixth chamber being arranged such that on
movement of the second piston 1nto the second chamber, the
sixth piston moves into the sixth chamber, and the compres-
sor comprises further means to form a spray of liquid in the
sixth chamber to cool the gas on compression therein and
further valve means to allow compressed gas to be drawn
from the sixth chamber. The sixth chamber thus provides a
second 1sothermal compression chamber to produce cool
compressed gas. The 1sothermal compression i1n the sixth
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chamber 1s also driven by the process 1n the fourth chamber.
Thus, 1 this form of the compressor, a process 1n the second
chamber drives the 1sothermal and adiabatic compression
processes 1n the first and third chamber, respectively, during
one half of the cycle, and a process in the fourth chamber
drives the adiabatic and 1sothermal compression processes in
the fifth and sixth chambers, respectively, 1n the other half of
the cycle. The means to deliver driving energy may further
include means to feed compressed gas from the sixth cham-
ber 1nto 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 com-
pressed gas from the first chamber with gas from the second
chamber. Heat which 1s not required to preheat the cool
compressed gas from the sixth chamber required to drive the
process 1n the second and/or fourth chamber may be recov-
ered by passing additional cool compressed gas from the
first and/or sixth chambers through the heat exchanger
means, whereupon the excess heat 1s 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 pistons may be arranged 1n tandem and
for example, 1nter-connected by one or more sealed shafts
passing from one chamber to the next. Alternatively, any two
or more of the pistons may be spaced laterally relative to
their direction of motion into and out of their respective
chambers.

Where hot compressed gas 1s used to drive the
compressor, the gas may be provided by a conventional
mechanical compressor, or from cool compressed gas pro-
duced 1n the 1sothermal compressor itself which 1s then
preheated with hot expanded gas from the second and/or
fourth chambers by means of a heat exchanger, and which 1s
then heated further 1n a main heater by for example com-
bustion of fuel. In general, the resulting hot compressed gas
will be at a much higher temperature than the gas produced
by a mechanical compressor. The very hot compressed gas
1s then introduced 1nto the second and/or fourth chamber 1n
which 1t expands to drive the compressor. Advantageously,
the hot compressed gas 1ntroduced mto the second and/or
fourth chamber drives the compressor by simple adiabatic
expansion and 1s therefore a much cleaner process than
cither combustion or gasification.

In another embodiment, the compressor may comprise in
addition to a first chamber and a second chamber, 1f there 1s
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 1s inde-
pendent of the first piston and the compressor may 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 1n phase with
the further piston and the mass may conveniently be pro-
vided by the further piston. The gas contained 1n the further
chamber 1s compressed adiabatically and may used to drive
the 1sothermal compression process 1n the first chamber and
the second chamber (if there is one). Adiabatically com-
pressed gas may 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
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means and may also comprise means to convert the kinetic
energy used to impart movement to the further piston 1n one
direction 1nto Kinetic energy to impart movement to the
further piston 1n the other direction. The means to convert
may 1nclude means to convert kinetic energy used to impart
movement to the piston 1nto potential energy, for example by
providing 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 body. Although in
this embodiment there may not be a second chamber and a
second piston the fourth chamber and fourth piston are so
termed for the purpose of distinguishing one chamber and
piston from another. The means to convert the kinetic energy
used to 1impart movement to the further piston may include
a body of gas contained in the fourth chamber, which 1s
alternately compressed and allowed to expand adiabatically,
to drive the further piston into the further chamber to
compress the gas. This 1s particularly advantageous where
the means to impart kinetic energy to the second Kinetic
energy storage means comprises a process in the further
chamber. For example, the means to deliver driving energy
to the further piston and impart kinetic energy to the second
kinetic energy storage means may comprise means to pro-
vide a combustible fuel mixture 1n the further chamber,
whereby combustion thereof imparts the kinetic energy.
Alternatively, the means to impart kinetic energy to the
second kinetic energy storage means may 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 driving energy to the further piston comprises means
to admit a gas producing medium together with a reaction
ogas for gasification into the further chamber and 1n another
embodiment the means to deliver driving energy to the
further piston may comprise valve means operable to admat
hot compressed gas 1nto the further chamber. Thus, 1n any of
the above embodiments, the adiabatic compression in the
further chamber 1s driven by a process which takes place 1n
the same chamber. As a result of the process, hot gas 1n 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 1s subsequently to be compressed
adiabatically. The valve means may be positioned so that the
ogas 1s drawn 1n directly above the piston. In this
embodiment, the compressor further comprises valve means
operable after induction of gas into the further chamber, to
allow the hot expanded gas to be expelled from the chamber
on movement of the piston into the further chamber. The
valve means 1s operable, after expulsion of hot expanded gas
from the chamber, to close to allow the gas drawn 1nto the
chamber after the expansion process to be compressed. The
kinetic energy imparted to the second Kinetic energy storage
means by the process in the further chamber may be con-
verted 1nto kinetic energy to impart movement to the further
piston into the further chamber by adiabatic compression
and expansion of gas in the fourth chamber.

In another embodiment, the fourth chamber may 1ncor-
porate any of the features described above 1n relation to the
further chamber, so that a process i1n the fourth chamber
drives the adiabatic compression in the further chamber and
the process 1n the further chamber drives adiabatic compres-
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sion 1n the fourth chamber. Advantageously, this embodi-
ment produces adiabatically compressed gas twice during
one complete operating cycle. The separation of the gas to
be compressed adiabatically and the process gas i the
further chamber and the fourth chamber 1s effected by
natural thermal stratification.

In another embodiment, adiabatic compression and a
process to drive the adiabatic compression may take place in
separate chambers. Thus, adiabatic compression only may
take place 1n 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 1nto the fourth chamber. Henceforth, the
further piston and further chamber will be referred to as the
third piston and third chamber, respectively, although there
may not be a second piston and a second chamber. Likewise,
the terms fourth, fifth and sixth distinguish one 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 fifth
piston moves out of the fifth chamber. In this embodiment,
means to 1impart Kinetic energy to the second kinetic energy
storage means may comprise a process 1n the fourth chamber
which drives the fifth piston into the fifth chamber. The fifth
chamber may contain a body of gas which converts the
kinetic energy mto 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 com-
prise means to provide a process 1n the fifth chamber so as
as impart kinetic energy to the second kinetic energy storage
means, thereby to drive the further piston into the further
chamber to compress the gas therein. Thus, the means to
impart kinetic energy to the second kinetic energy storage
means may comprise means to provide a combustible fuel
mixture in the fifth chamber, whereby combustion thereot
imparts the kinetic energy. Alternatively, the Kinetic energy
storage means may comprise means to admit compressed
gas 1nto the fifth chamber and further means to form a spray
of hot liquid to heat the gas in the fifth chamber. In another
embodiment, the means to impart Kinetic energy to the
second kinetic energy storage means may comprise means to
admit a gas producing medium together with a reaction gas
for gasification into the fifth chamber. In another
embodiment, the means to impart kinetic energy to the
second Kkinetic energy storage means may comprise valve
means operable to admit hot compressed gas into the fifth
chamber.

The gas compressor may further comprise a sixth cham-
ber to contain gas to be compressed, a sixth piston arranged
with the sixth chamber such that on movement of the fifth
piston 1nto the fifth chamber, the sixth piston moves 1nto 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 1s performed 1n
two chambers and the process to drive the compression 1s
performed 1n 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 compres-
sion 1n the sixth chamber. Thus, advantageously, the adia-
batically compressed gas 1s kept completely separate from
the process gas. Furthermore, this embodiment 1s symmetric
and produces adiabatically compressed gas twice per cycle.
The adiabatically compressed gas from each of the third
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chamber and sixth chamber may be used to drive the
isothermal compression in the first chamber (and second
chamber if any) and may also be used to drive a gas turbine.

In a preferred embodiment, the means to impart Kinetic
energy to the second kinetic energy storage means further
comprises means to feed compressed from the first and/or
second chamber to the third, fourth or fifth chambers, as
required, to drive 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
expanded process gas leaving any one of the third, fourth or
fifth chambers.

In another embodiment of the compressor, energy
required for 1sothermal compression may be provided by a
reservolr of liquid. One form of a liquid driven gas com-
pressor comprises a conduit and a further piston arranged
within and to move along the conduit and to drive the first
piston 1nto the first chamber to compress the gas therein. A
reservolr for containing liquid 1s connected at one end of the
conduit and the compressor further includes a main flow
valve operable to control flow of liquid from the reservoir
into the conduit to drive the further piston along the conduit,
and discharge valve means operable, after compression of
oas 1n 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 both and may be formed inte-
orally with the first piston. The compressor may comprise a
plurality of chambers to contain gas to be compressed and
pistons to compress the gas in each chamber, each of the
pistons driven independently by an associated further piston,
cach of which 1s driven along a separate conduit one end of
which 1s connected to a common reservoir. Preferably, the
compressor Includes means to return liquid discharged
through the or each valve 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 compression processes 1n a plurality of
chambers, the main flow valves and discharge valves may be
timed to operate so that liquid 1s being returned to the
reservolr at the same time as liquid i1s bemg discharged
therefrom so that the inventory of the reservoir 1s maintained
substantially constant. In a preferred embodiment, the com-
pressor further comprises means to pressurize the liquid in
the reservoir. The reservoir may comprise a chamber enclos-
ing a body of pressurized gas above the liquid. Where the
means to return liquid to the reservoir comprises a pump, 1t
will be appreciated that by arranging the main flow valve
means 1n each conduit to control the pistons to operate out
of phase, the pump can operate continuously and at optimum
efliciency, since 1t 1s required to continuously supply liquid
to the reservorr.

Conveniently, where the compressor comprises a liquid
piston, the compressor may 1nclude means to supply the or
cach spray forming means with liquid from the liquid piston
as liquid 1n the spray.

Preferably, the compressor includes cooling means for
cooling the liquid used 1n the spray. The compressor prei-
erably also includes means for controlling the size of droplet
in the spray. The spray forming means may include a pump
timed to operate only while gas 1n the or each chamber 1s
being compressed. The spray forming means 1s preferably
arranged to provide a spray of constant flow rate while gas
in the or each chamber 1s being compressed and the spray
forming means may include a positive displacement pump.

One embodiment may include means to mechanically
couple a piston to the spray pump. Advantageously, such
mechanical coupling may facilitate the timing of spray
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liquid 1injection and allow transfer of mechanical power from
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 liquid 1s expelled from the compression
chamber with the compressed gas. Such liquid 1s at a
relatively high pressure, and may be, for part of the cycle at
a higher pressure than 1s 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 1tself. Alternatively, the pump may be
driven electrically or by some other means. If the pump
provides a net power output, then 1t may be appropriate to
connect the pump to drive a generator.

In a preferred embodiment, the compressor includes
means to extract liquid from the compressed gas drawn from
the or each chamber, 1f 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 isothermal compression (or 1n some embodi-
ments after 1sothermal expansion) 1s continuously recycled.

The compressor may 1nclude means for controlling any
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 1n a respective chamber, the
pressure of gas 1n 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 corresponding output
signals used to control the wvalves, for example,
hydraulically, electromagentically and/or mechanically. The
sensor or sensors may be for example electromagnetic,
inductive, capacitive, electrical contact, ultrasonic or piezo-
clectric. A microprocessor 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 coupling may be provided by a rack
connected to the piston arranged 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
fime.

Where the compressor includes a liquid piston, a float of
solid material may be arranged to float on the surface of the
liquid piston 1n at least one of the chambers. The float may
be either rigid or flexible and 1s effective to suppress
turbulance at the surface of the piston and entrainment of
liquid 1nto the gas above the liquid piston, both of which are
potential loss mechanisms. Advantageously, the float may be
made of porous material to facilitate the spray hiquid to
combine with the liquid in the liquid piston.

In some circumstances, cooling of the chamber walls 1s
desirable, depending on the heat generated by the various
processes occurring 1n the chambers. The chamber walls
may be cooled by cool compressed gas from one or more of
the 1sothermal 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,
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may pass 1nto the chamber and expand with the other
expanding gas i1n the chamber. Alternatively, the heated
compressed cooling gas may be passed to and expanded 1n
a turbine. Advantageously, either method enables excess
heat to be recovered from the chamber walls 1n 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 1 one of the chambers
with cool compressed gas from the 1sothermal compression
chamber, 1t may be desirable to provide moisture removing
means to remove liquid from the cool exhaust gas leaving
the heat exchanger means. Such an arrangement may include
second heat exchanger means to cool the exhaust gas from
the first heat exchanger means, means to remove moisture
from the cooler exhaust gas leaving the second heat
exchanger means, a cooler to reduce the temperature of the
cooler exhaust gas leaving the moisture removing means,
second moisture removing means to remove moisture from
the cold gas leaving the cooler and means to feed the cold
exhaust gas from the second moisture removing means to
the second heat exchanger 1n which 1t 1s 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 1sothermal compressor
producing cold compressed gas, means to preheat the cold
compressed gas, a main heater to generate hot high pressure
cgas 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 turbine.

In one embodiment of this aspect of the present
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 embodiment of this aspect of the present
invention, the main heater comprises an external source of
heat. This external source of heat may be for example a coal
or oil fired furnace, a chemical or industrial process, a
nculear reactor or a solar furnace.

Advantageously, the 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 1inside the turbine set by the turbine
blades to be increased.

In one embodiment, 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
cgas turbine. This 1s especially advantageous when the heat
exchanger exchanges heat between a cooler gas having a
higher specific heat and a hotter gas having a lower speciiic
heat, so that not all the heat in the hotter gas 1s need to raise
the temperature 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 1sothermal com-
pressor 1s driven by one of the gas turbines. The 1sothermal
compressor may comprise the gas compressor or any
embodiments thereof mentioned above.

In another embodiment of this aspect of the present
invention, the gas turbine plant may further include a vessel
for storing cold compressed gas from the 1sothermal com-
pressor 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 invention,
there 1s provided an energy storage plant comprising an
1sothermal 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 isother-
mal 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 gas 1nto the chamber
from the storage vessel. The i1sothermal expander may
further comprise a second chamber to contain gas to be
compressed by movement of the piston mto 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 according to various aspects of the

present invention, may be driven in reverse as an 1sothermal
cgas expander, the difference being that cool compressed gas
1s mtroduced into the chamber and allowed to expand by
movement of the piston out of the chamber, and the means
to form a spray of liquid 1n the chamber transfers heat to the
ogas during expansion so that the expansion may be approxi-
mately 1sothermal. The energy imparted to or via the piston
may be used to compress the expanded gas 1n the chamber
adiabatically or if there 1s a second chamber, to compress gas
in the second chamber adiabatically. The adiabatically com-
pressed gas may then be used to drive a gas turbine, for
example an air turbine. Thus, the gas compressor/expander
provides a means of converting cold compressed gas stored
in a storage vessel 1nto useful power.

According to another aspect of the present invention,
there 1s provided a gas compressor comprising a chamber to
contain gas to be compressed, a piston 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 1s 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 1involves the expansion of gas. The
energy released 1n the process may continuously vary over
fime. Advantageously, by providing a massive piston, all the
energy released during the process is transferred to kinetic
energy ol the piston. Furthermore, because the piston is
sufliciently massive to store the kinetic energy released by
the process, a fly wheel 1s 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 1s provided a gas compressor comprising a piston,
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 liquid in the chamber
to cool the gas on compression therein and valve means to
allow compressed gas to be drawn from the chamber. In this
aspect of the present mvention, the piston 1s arranged to
remain stationary relative to the movement of the chamber.
As will be appreciated by those skilled in the art, the various
embodiments described 1n relation to a compressor com-
prising a moveable piston and a stationary chamber may be
modified, mutatis mutandis, so that motion 1s imparted to the
or each chamber and the piston remains stationary.

The terms “hot” or “cool” or “cold” used throughout the
specification and claims are used in a relative sense to
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distinguish that which 1s at a higher temperature from that
which 1s at a lower temperature and are not intended to limit
the temperatures to any particular value or range. 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 mnvention will
now be described with reference to the drawings 1n which:

FIG. 1 shows an embodiment of a gas driven compressor
including a liquid piston;

FIG. 2 shows another embodiment of a gas driven
compressor including both solid and liquid pistons;

FIG. 3 shows a third embodiment of a gas driven
compressor including a solid piston;

FIG. 4 shows a fourth embodiment of a gas driven
compressor including a solid piston;

FIG. 5 shows a fifth embodiment of a gas driven com-
pressor 1ncluding a solid piston;

FIG. 6 shows a sixth embodiment of a gas driven
compressor mcluding a solid piston;

FIG. 7 shows a seventh embodiment of a gas driven
compressor including a solid piston;

FIG. 8 shows an embodiment of a liquid driven com-
pressor 1ncluding a liquid piston;

FIG. 9 shows 1n a block diagram an embodiment of a gas
turbine plant including an 1sothermal compressor;

FIG. 10 shows 1n a block diagram another embodiment
of a gas turbine plant incorporating an isothermal compres-
SOr;

FIG. 11 shows an embodiment of a plant fired by coal or
other fuel and incorporating an isothermal compressor and
an air turbine;

FIG. 12 shows 1n a block diagram another embodiment
of a gas turbine plant including both a gas turbine and an air
turbine;

FIG. 13(a) shows an arrangement for storing cold com-
pressed gas;

FIG. 13(b) shows an arrangement for recovering stored
compressed gas to generate power;

FIG. 14 shows a block diagram 1llustrating two arrange-
ments for energy storage;

FIG. 15 shows an embodiment of a thermally powered
compressor and additional plant for power generation;

FIG. 16 shows another embodiment of a thermally pow-
ered compressor and additional plant for power generation;

FIG. 17 shows another embodiment of a thermally pow-
ered compressor together with additional plant for power
generation;

FIG. 18 shows another embodiment of the thermally
powered compressor and additional plant for power genera-
tion;

FIG. 19 shows another embodiment of a thermally pow-
ered compressor and additional plant for power generation;

FIG. 20 shows a block diagram of a system for recov-
ering vapour from exhaust gases;

FIG. 21 shows 1n a block diagram an embodiment of a
closed cycle gas turbine plant including a thermally powered
COMPressor;

FIG. 22 shows 1n a block diagram an embodiment of a
power generating plant including a thermally powered com-
pressor and a second air turbine arranged for recovery of
excess heat;

FIG. 23 shows embodiments of closed and open cycle
thermally powered compressor 1n which heat 1s supplied by
injection of hot liquid;

FIG. 24 shows an embodiment of a thermally driven
compressor incorporated 1n a power generation and gasifi-
cation cycle;
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FIG. 25 shows an embodiment of a gas driven compres-
sor 1ncorporated 1n a power generation and gasification
cycle;

FIG. 26 shows an embodiment of a thermally powered
compressor 1ncluding two alternative arrangements for
energy storage.

Gas-Driven Liquid Piston Compressor
Symmetric
Referring to FIG. 1, a liquid piston 1sothermal compressor
generally shown at 1 comprises a long, generally U-shaped

conduit or pipe 2 having an elongate linear mid-section 3
which 1s horizontal or near horizontal and two arms 4 and 5
which extend vertically upwards. The conduit 2 1s partially
filled with water or with some other liquid thus forming a
liquid piston 7. The conduit 2 1s of sufficient length and
diameter to provide the liquid piston with the required mass
to control the rate of compression. Chambers 9 and 11 are
formed 1n the vessel arms 4 and 5. Each chamber 1s 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 compressed
gas to be drawn from each chamber. Ports 21 and 23 each
have valves 25 and 27 to admit a controlled mass of hot
compressed gas 1nto each chamber, and ports 29 and 31 are
controlled by valves 33 and 35 for admitting an additional
mass of gas 1nto each chamber. Each chamber 9 and 11 1s
provided with a further port 37 and 39 to enable a liquid
spray to be injected into each chamber. A spray injection
pump 43, 44 1s connected to a respective spray injection port
37, 39. An outlet port 41 1s formed 1n 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 1s a positive displacement
pump 1n which liquid 1s 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 1s moving out of
the chamber 9, 11; and 1 which liquid 1s continuously
forced out of the pump chamber 40, 42 by the displacer 46,
48 when gas 1s being compressed 1n chamber 9, 11, on
movement of the liquid piston into that chamber 9, 11. A
cooler 45 1s connected between outlet port 41 and the pumps
43, 44 to cool the liquid drawn from the liquid piston before
the liquad 1s 1njected 1nto each chamber 9 and 11 as a spray.

A reservoir or tank 51 of liquid for use 1n the liquid spray
1s provided to replace liquid which is lost to the moisture
separators 47, 49 1n 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 required. 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, 11 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 liquid into the ports through
which cool compressed gas 1s drawn. In addition the porous
nature of the floats 50, 52 facilitates the re-combination of
liquid from the liquid sprays with the liquid in the piston.

In operation, a quantity of hot compressed gas from an
external source such as a conventional rotary compressor, 1S
injected 1into chamber 9 through port 21. At this point valves
17 and 33 are already closed and the liquid piston 7 1s at the
top of its stroke in chamber 9. The hot compressed gas
expands 1n chamber 9 causing the liquid piston 7 to accel-
erate towards the opposite end of the long pipe 2. As the gas
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expands 1t cools, so that both the thermal and pressure
energy of the gas 1s converted to kinetic energy of the piston
7. When the pressure of the gas falls to atmospheric pressure
(or to some other pressure at which additional relatively
unpressurised gas is available), valve 33 opens and allows an
additional volume of the gas to enter through port 29. The
liquid piston 7 continues i1ts motion drawing gas into the
expanding volume of chamber 9.

At the time that the liquid piston 7 was at the top of its
stroke 1n chamber 9, chamber 11 contained a volume of gas
comprising a quantity of cool expanded gas previously
mtroduced as a quantity of hot compressed gas through port
23 and an additional quantity of relatively unpressurised gas
itroduced through port 31. As the liquid piston 7 moves out
of chamber 9 into chamber 11, the gas in chamber 11 1is
compressed. As the gas 1s compressed liquid 1s sprayed en
the form of small droplets into chamber 11 to maintain the
oas at a near constant temperature. The liquid 1n the spray
falls through the gas space and mixes with the liquid forming
the liquid piston 7. In this embodiment, the spray liquid 1s
drawn from the liquid 1n pipe 2 and 1s 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 1n chamber
11 will reach the desired pressure, at which point the liquid
injection 1s 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 1n the gas.

As the liquid piston 7 1n chamber 11 reaches the top of 1ts
stroke, exit valve 19 closes, and valve 27 opens injecting a
quantity of hot compressed gas into chamber 11 to drive the
liquid piston 7 to the other end of the pipe 2. Stmultaneously,
valve 33 closes and the volume of gas in chamber 9,
comprising a cooled expanded quanfity of gas admitted
through port 21 and the additional quantity of gas admatted
through port 29, 1s compressed in chamber 9. As the gas 1s
compressed, liquid 1s sprayed in the form of droplets into
chamber 9 to maintain the gas at a near constant tempera-
ture. The liquid 1n the spray falls through the gas space and
mixes with the liquid forming the 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 1t. Exat
valve 13 closes as the liquid piston approaches the top of its
stroke 1n chamber 9, and another quantity of hot compressed
oas 15 1njected 1nto 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 1s repeated.

Under steady operation, the hot compressed gas inlet
valves 25 and 27 are timed to open when the liquid level
reaches the top of its travel 1n 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 1s
moving 1nto one of the chambers 9 and 11. The valves open
when the pressure 1n 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
liquid piston 1s moving upward 1n that particular chamber.
Low pressure gas inlet valves 33 and 35 open when the
pressure 1n 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 pres-
sure and water level changes. With regard to the pressure, an
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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 level, although
a mechanical system would be possible, a sensor providing
an electrical signal 1s a more practical alternative. The liquid
level sensor might operate 1n 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 ultrasonics. The valves themselves might be actuated
(i.e. powered) electrically or by compressed air.

The liquid spray system 1s intended to produce a large
number of droplets in a particular size range which maxi-
mises the heat transfer between the liquid and the gas, while
minimising the power consumption of creating the spray.
Also 1t 1s 1important that the droplets are not too small, from
the point of view of separating the droplets from the gas
cither by gravity or by the action of the separators 47 and 49.
The separators remove any liquid droplets which are carried
upwards 1nto the off-take pipe on the other side of the outlet
port 13 and 15. The separators can be of various kinds. For
example, inertial or centrifugal separators may be used or
some combination of these.

The spray pumps 43 and 44 circulate water from pipe 2
through external cooler 45 and the injection sprays 37 and 39
back 1nto pipe 2. A positive displacement pump may be used
for this purpose 1n order to maintain a constant flow rate
while the pressure differential in chambers 9 and 11 1s
varying. The positive displacement pump may be a piston-
type pump, which 1s timed to work in phase with the
movement of the liquid piston 7 so that injection only occurs
while gas 1s being compressed. In this case, 1t would not be
necessary to have valves to control the injection of the spray.
Alternatively, 1f centrifugal or mixed-tflow pumps were used
and run continuously, then spray valves would be needed.
The external cooler 45 rejects the heat which has been
absorbed by the liquid sprays. Reduction of the spray
temperature reduces the energy needed to compress a given
mass of gas. To achieve the lowest possible temperature of
the spray, the spray liquid 1s passed through the coolers
immediately prior to 1njection. The cooling may be per-
formed by forced draft air cooling, by using cooling towers
or by re-circulating water from a lake, a niver or the sea.

Floats 50 and 52 which float on the surface of the liquid
piston 1n each chamber suppress waves and the entrainment
of liquid into the ports through which cool compressed gas
1s drawn. The advantage of incorporating a float 1s that the
suppression of the liquid entrainment allows more cycles of
the liquid piston 1n a given time. Consequently, this will
increase the output of cold compressed gas from a given size
of machine.

Liquid/Solid Piston Gas-Driven Compressor

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 liquid 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 1s shown 1n

FIG. 2.

Referring to FIG. 2, the compressor 1 comprises a gen-
erally U-shaped conduit 2 partially filled with liquid forming
a liquid piston 7. A solid piston 55, §7 1s supported by the
liquid piston 1n each arm 4, § of conduit 2. Each arm 4, 5 1s
clongate, linear and arranged so that the solid pistons 55, §7
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are free to execute vertical linear motion 1nto and out of the
chambers 9, 11.

The density of the solid pistons 5§, 57 1s greater than that
of the liquid 1n the liquid piston 7, so that the overall size of
the composite piston 1ncluding its solid and liquid compo-
nents may be relatively compact. Seals 56, 538 for sealing the
cgap between the solid pistons 55, 57 and the arms 4, 5 of the
conduit 2 are provided on and near the bottom of the solid
pistons 35, 57. Although the purpose of the seals 56, 58 1s
to prevent the liquid escaping from under the solid pistons
55, 57, some leakage may inevitably occur, in which case 1t
will be necessary to replace the lost liquid. This may be done
by pumping liquid directly into the section of conduit
containing the liquid piston.

The solid pistons 55, 57 conveniently suppress interfacial
disturbances at the surface of the liquid piston 7 and also
prevent the entrainment of liquid from the liquid surface mnto
the gas. However, the solid pistons 35, §7 and their respec-
five seals 56, 58 will prevent liquid used 1n the liquid spray
from combining with liquid in the liquid piston. Therefore,
liquid for the spray 1s provided by a separate source and not
by the liquid piston 1tself as for the previously described
embodiment. In die present embodiment, the liquid 1s held
in a tank or reservoir 51 which supplies liquid to the spray
injection pumps 43 and 44. The spray liquid 1s 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 1sother-
mally compressed gas. The liquid 1s then separated from the
compressed gas 1n an external moisture separator 47. The

separated liquid 1n the moisture separator 47 1s returned to
the tank S1 via one or more coolers 45, to be recirculated.

Apart from the way 1n which the spray liquid 1s removed
from the chambers, the operation of the gas compressor
shown 1n FIG. 2 1s essentially the same as that of the
compressor previously described with reference to FIG. 1.

The compressors described so far are essentially
symmeftric, 1n that they all have a piston which 1s driven back
and forth between two chambers, 1n each of which the same
processes occur, namely alternate expansion and compres-
sion of gas. However, 1n alternative embodiments compres-
sion may take place on one side of the piston only so that
compression 1s done by displacement of the piston in one
direction only. Also the expansion of hot compressed gas to
impart kinetic energy to the piston for the compression of
cgas may also take place on one side of the piston only, 1.e.
on the same side as compression or on the opposite side.
Such an embodiment may be described as asymmetric.

In an asymmetric compressor having a liquid piston, the
pipe could be formed in the shape of a ‘U’ shown in FIGS.
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 open ended and exposed to atmospheric pressure,
or closed and having a gas space enclosed therein. In
operation, a quantity of hot compressed gas 1s 1njected 1nto
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 1s converted into kinetic energy of the
liquid piston, and a volume of relatively low pressure gas 1s
admitted into the chamber as the liquid piston 1s 1n motion.
As the liquid piston rises 1 the other end of the pipe, the
kinetic energy 1s converted into potential energy due to the
height of the piston 1n the pipe, 1f the pipe 1s 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 1f the end of the pipe is
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closed. The latter option may be preferable simnce the arm of
the pipe would not have to be so high. The potential energy
1s then converted to kinetic energy of the piston in the
direction of the compression chamber. If the gas at the end
of the closed pipe 1s compressed adiabatically, then the
potential energy of the gas will be converted back to kinetic
energy as the liquid piston reverses and enters the compres-
sion chamber to compress the volume of gas. The gas is
compressed 1sothermally by activating the liquid sprays.

Solid Piston Gas-Driven Compressor
Asymmetric Version

As mentioned above, 1t may be advantageous to use a
solid piston made of a high density material to reduce the
size of the compressor. FIG. 3 shows an embodiment of the
compressor having a single solid piston and which 1is
designed to operate in the asymmetric mode.

With reference to FIG. 3, the gas compressor comprises
an upper chamber 8 to contain gas to be compressed,
disposed substantially vertically above a lower chamber 10.
A piston 12 comprising a solid material 1s free to move up
and down, 1nto and out of the upper and lower chambers 8,
10. The upper 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 1s 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 solid piston 12 at rest
and supported by a cushion of compressed gas just above the
base of the lower chamber 10.

At this point, the upper chamber 8 contains a fresh 3
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, 1s 1njected into the
lower chamber 10 via the gas inlet port 23. The hot com-
pressed gas expands, imparting kinetic energy to the piston
and forcing the piston 12 upwards mto the upper chamber 8.
As the piston 12 moves 1nto the upper chamber 8, the gas in
the upper chamber 1s compressed. Liquid 1s sprayed 1nto the
upper chamber 8 via the spray injection port 37 during the
compression process to cool the gas, so that compression
may be approximately 1sothermal. 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 1n 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 1s stopped and compressed, gas together with
the spray liquid 1s drawn from the chamber via the gas outlet
port 13. As the piston 12 reaches the top of its stroke 1n the
upper chamber 8, the compressed gas outlet valve 17 closes
and any residual gas 1n the upper chamber 8, may serve to
absorb any kinefic energy of the solid piston before 1t comes
to rest at the top of the chamber. This residual gas 1is
compressed adiabatically so that the energy stored therein
may be released by allowing the gas to expand adiabatically,
thereby 1imparting kinetic energy to the piston 12 1in the other
direction, out of the upper chamber.

Once the piston 12 has reversed direction, the gas outlet
valve 26 1n the lower chamber 10 opens and the relatively
cool expanded gas in the lower chamber i1s exhausted
through the gas outlet port 24. When the pressure in the
upper chamber falls to the gas inlet pressure, the gas inlet
valve 33 1n the upper chamber 8 opens and relatively low
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pressure gas 1s drawn 1nto the upper chamber 8 as the piston
12 moves downward out of the chamber.

As the piston 12 approaches the base of the lower cham-
ber 10, the gas outlet valve 26 closes and the residual gas 1n
the lower chamber 1s compressed adiabatically, retarding the
downward motion of the piston and serving as a cushion
between the piston 12 and the base of the chamber. The
timing of closure of the gas outlet valve 26 may be such that
the pressure of gas 1n the lower chamber at the time of piston
reversal 1s equal to the inlet pressure of the hot compressed

ogas. When the piston comes to rest in the lower chamber, the
compressed gas 1nlet port 27 opens, a fresh charge of hot
compressed gas 1s 1njected 1nto the lower chamber, and the
cycle 1s repeated.

In this embodiment, gravity alone may provide the means
to convert the kinetic energy of the piston in one direction
into potential energy to impart kinetic energy to the piston
in the other direction. In this case the operating frequency of
the compressor would be limited by the gravitational restor-
ing 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 1s compressed and expands during reversal of the
motion of the piston in the upper chamber, as mentioned
above.

Solid Piston Gas-Driven Compressor
Symmetric Version

In another embodiment of the gas compressor in which a
solid piston 1s arranged to move linearly and vertically,
means also may be provided to inject hot compressed gas
into the upper chamber as well as the lower chamber, so that
energy 1s 1mparted to the piston in both directions by the
injection and expansion of gas. Also, the compressor may be
adapted so that 1sothermally compressed gas 1s produced 1n
the lower chamber as well as the upper chamber.
Furthermore, the compressor may be arranged so that an
additional mass of relatively low pressure gas 1s drawn 1nto
cach chamber after expansion of the hot compressed gas, so
that the compressor produces a greater mass of compressed
cgas than 1s required to drive 1t. Such a compressor 1is
symmetric 1n the sense that the same processes occur either
side of the piston, but 1s asymmetric in the sense that the
driving and restoring forces are biased by gravity. An
example of this form of gas compressor 1s shown 1n FIG. 4.

Referring to FIG. 4, a gas compressor 1 comprises an
upper chamber 9 arranged substantially vertically above a
lower chamber 11 and a solid piston 12 which 1s free to move
up and down, 1nto and out of the upper and lower chambers.
Scaling means 14 1s arranged to prevent gas leaking from
cach chamber between the piston 12 and the chamber walls.
Each chamber 9, 11 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 com-
pressed gas to be drawn from the chamber, a gas inlet port
29, 31 controlled by a gas inlet valve 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 1nto each compression chamber 1s recov-
ered and recirculated. The liquid recovery system comprises
a moisture separator 47, 49 connected to each of the com-
pressed gas outlet ports 13, 15, for separating spray liquid
from the cool compressed gas; a cooling system 45 con-
nected to each of the moisture separators 47, 49, for cooling
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the spray liquid, 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 cooling system 45 and into the compression
chambers 9, 11. The pumps are preferably designed to pump
spray liquid into the chambers at a constant rate as the
pressure 1n the compression chambers increases during,
compression. A header tank 51 1s provided to replace any
liquid which 1s not recovered or that 1s lost from the recovery
system.

A typical operating cycle of the gas compressor 1 shown
in FIG. 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
ogas. At this point, all the gas inlet and outlet valves 1n both
the upper and lower chambers 9, 11 are closed, and the upper
chamber contains a mass of cool expanded gas previously
introduced via the hot compressed 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 1nlet valve 27 opens and a charge of
hot compressed gas 1s 1ntroduced 1nto the lower chamber.
After a predetermined time the inlet valve closes. The gas
then expands adiabatically, forcing the piston 12 out of the
lower chamber 11 and into the upper chamber 9. Thus, the
energy of expansion of the hot compressed gas 1s transferred
to kinetic energy of the massive solid piston which 1s thrust
upwards and gains potential energy. In turn, the Kinetic
energy of the piston i1s converted 1n part to the compression
energy of the compressed gas 1n the upper chamber 9. As the
piston 12 moves into the upper chamber 9, the gas in the
upper chamber 9 1s compressed and a cool liquid spray 1s
injected 1nto the upper chamber 9 to prevent the gas from
heating so that the compression may be approximately
1sothermal.

The adiabatic expansion of the hot compressed gas intro-
duced 1nto the lower chamber 11, imparts sufficient kKinetic
energy to the piston 12 in the direction of the upper chamber
9, so that when the upward thrust produced by the expanding
cgas 1 the lower chamber 11, acting on the piston 12
becomes less than the downward force acting on the piston
(due to its mass and the weight and pressure of gas in the 4
upper chamber), the piston 12, by virtue of its large inertia,
will continue its upward motion into the upper chamber 9.
When the gas pressure 1n the lower chamber falls below that
of the supply of additional gas, the gas inlet valve 35 1n the
lower chamber opens and an additional mass of gas 1s drawn
into the lower chamber as the piston continues to move
upward.

When the gas pressure 1n the upper chamber reaches the
desired value, the compressed gas outlet valve 17 opens and
cool compressed gas together with the spray liquid 1s drawn
from the upper chamber through the compressed gas outlet
port 13. The compressed gas passes through the moisture
separator 47 1n which the spray liquid i1s removed from the
compressed gas and the extracted liquid 1s passed to the
cooler 45 1 which it 1s cooled before re-use 1n the liquid
spray.

As the piston 12 reaches the limit of its travel 1in the upper
chamber 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
outlet valve 17 1s preferably such that at the point of piston
reversal 1n the upper chamber 9, the gas pressure in the
chamber 1s equal to the hot compressed gas 1nlet pressure.
As the piston comes to rest the gas inlet valve 35 1n the lower
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chamber closes so that, at this point, all the gas inlet and
outlet valves 1n the lower chamber 11 are closed. The hot
compressed gas inlet port 25 then opens and a charge of hot
compressed gas 1s introduced 1nto 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 mto the lower chamber 11. Thus, the energy of
expansion of gas in the upper chamber 1s transferred to
kinetic energy of the piston 1 the direction of the lower
chamber. The potential energy of the piston due to its mass
and height 1s also converted mnto kinetic energy. The gas 1n
the lower chamber (which consists of a mass of cool
expanded gas previously mtroduced via the hot compressed
oas 1nlet port 23 and a mass of additional gas mtroduced via
gas inlet port 31) is compressed on movement of the piston
12 1nto the lower chamber 11 and a spray of liquid 1s injected
into the lower chamber to absorb the heat of compression
from the gas, thereby preventing the gas temperature from
increasing so that the compression process may be approxi-
mately 1sothermal. Thus, the kinetic energy of the piston is
converted 1nto compression energy of the gas 1n the lower
chamber 11.

When the gas pressure 1n 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 1s drawn 1nto the upper
chamber 9 as the piston 12 continues 1ts downward motion
out of the upper chamber 9.

When the gas pressure 1n the lower chamber 11 reaches
the desired value, the compressed gas outlet valve 19 opens
and the compressed gas together with the spray liquid 1s
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
1s removed from the compressed gas and the liquid 1s 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 1n the lower
chamber which serves to bring the piston to rest. The closure
of the gas outlet valve 1s preferably timed such that the
pressure of gas 1n the lower chamber at the point of piston
reversal 1s equal to the hot compressed gas inlet pressure.
When the piston comes to rest, the gas inlet valve 33 1n the
upper chamber closes so that all the gas inlet and outlet
valves 1n the upper chamber 9 are closed. The hot com-
pressed gas inlet valve 27 opens introducing a fresh charge
of hot compressed gas 1nto the lower chamber. The cycle 1s
then repeated.

As mentioned above, the vertical linear gas compressor
shown 1n FIG. 4 1s only approximately symmetric due to of
the weight of the piston which biases the restoring forces
towards the lower chamber. In general, 1t may be desirable
for the compressed gas outlet pressure to be the same 1n both
the upper and lower chambers so that compressed gas can be
supplied at constant pressure over the cycle. Furthermore, 1t
may also be desirable for the hot compressed gas inlet
pressure 1n both the upper and lower chambers to be the
same. Each of the above objects may be achieved by
providing gas flows 1n 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 1nlet and outlet ports and/or the period during which
the gas inlet and outlet valves are open.

Because of the finite gap which 1s always left between the
piston and the top of the upper chamber when the piston
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comes to rest, not all the spray liquid 1n the upper chamber
will be expelled and some liquid always remains 1n the upper
chamber. However, the residual liquid 1s not expected to
seriously affect the performance of the compressor. Some
liquid may also remain i1n the lower chamber after each
compression cycle but removal of the spray liquid can be
assisted by, for example, shaping the base of the chamber
and positioning the gas inlet and outlet ports so that liquid
can drain out of the chamber.

Solid Piston Gas-Driven Compressor
Asymmetric Version

Another embodiment of the gas compressor with a lin-
carly and vertically moving solid piston, implemented 1n a
ogas turbine plant 1s shown 1n FIG. 5. In this embodiment,
cool compressed gas 1s produced 1n the upper chamber and
1n this respect the compressor 1s similar to the embodiments
shown 1 FIGS. 3 and 4. However, unlike the previous
embodiments, the lower chamber 1s closed and contains a
body of gas which serves as a spring to absorb the kinetic
energy of the piston as 1t 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 FIG. 5, the gas compressor 1 comprises an
upper chamber 9, positioned substantially vertically above a
lower chamber 11 and a solid piston 12 which 1s arranged to
oscillate freely between the two chambers. The compressor
1 includes sealing means 14 to prevent gas leaking from
cither chamber between the piston and chamber walls. The
upper chamber 9 has a hot compressed gas inlet part 21
controlled by a valve 25, to allow hot compressed gas into
the chamber a cool compressed gas outlet port 13 controlled
by a valve 17, to allow cool compressed gas to be drawn
from the chamber, and a gas inlet port 29 controlled by a
valve 33 to admit an additional mass of gas into the upper
chamber 9 when the gas pressure 1n the chamber falls below
a certain value.

A spray 1njection port 37 1s also formed in the upper
chamber for the 1njection of a liquid spray during compres-
sion. A recovery system 1s arranged to recover and cool
spray liquid from the compression chamber after compres-
sion. The recovery system includes a moisture separator 47
connected to the output port 13 of the upper chamber, to
remove spray 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 (not shown). A
header tank containing spray liquid 1s arranged to replace
any liquid which 1s not recovered or 1s lost from the recovery
system.

The lower chamber 11 contains a volume of gas which 1s,
as far as possible, permanently sealed within chamber 11.
Some gas may 1nevitably 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 replace-
ment gas from a suitably pressurized source.

Atypical operating cycle of the compressor shown 1n FIG.
5 proceeds as follows beginning with the solid piston 12
momentarily at rest at the top of its stroke 1n 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
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cgas 1nto the upper chamber. After a predetermined time
interval, the hot compressed gas inlet valve 235 closes and the
hot compressed gas expands adiabatically driving the piston
12 downward out of the upper chamber. As the piston 12
moves 1nto the lower chamber 11, the gas in the lower
chamber 1s compressed adiabatically, so that the kinetic
energy 1mparted to the piston 12 1n the direction of the lower
chamber 1s 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
oas 1n the upper chamber 9, falls to the inlet pressure of the
supply of additional gas, the gas inlet valve 33 opens and a
additional mass of gas 1s drawn 1nto the upper chamber on
continued downward movement of the piston 12. When all
the kinetic energy of the piston has been absorbed by the gas
in the lower chamber the piston momentarily comes to rest
and the gas inlet valve 33 1n the upper chamber closes. The
now hot compressed gas 1n 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 low pressure gas introduced via gas inlet
port 29, 1s compressed. As the gas 1s compressed, liquid 1s
sprayed 1nto the upper chamber 1n the form of small droplets
to absorb the heat of compression from the gas so that the
compression process may be approximately isothermal.
Injection of the spray may be timed to start when the
temperature of gas 1 the upper chamber reaches the tem-
perature of the spray liquid. When the gas pressure 1n the
upper chamber 9 reaches the desired value, the compressed
cgas outlet valve 17 opens and the cool compressed gas
together with the spray liquid 1s drawn from the upper
chamber via the gas outlet port 13. The compressed gas and
spray liquid are passed to the moisture separator 47 1n which
the spray liquid 1s 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 1 the upper chamber assists 1n
bringing the piston to rest. As the piston comes to rest, the
hot compressed gas inlet valve 25 opens and a fresh charge
of hot compressed gas 1s introduced 1nto the upper chamber
9 via gas 1nlet port 21 to repeat the cycle.

As this embodiment only has one chamber for producing
cool compressed gas, compressed gas 1s only produced once
per cycle. To produce gas at a more constant rate over the
period of the cycle, one or more further such gas compres-
sors can be provided which operate out of phase from each
other. For example, if one further compressor was 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 cham-
ber could be adapted to produce isothermally compressed
gas, and for the mntroduction 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 1s
compressed adiabatically by the piston on the upward stroke
to absorb the kinetic energy of piston and then expands to
impart kinetic energy to the piston downward in the direc-
tion of the lower chamber. In this embodiment, which i1s
essentially an mverted form of the embodiment shown in
FIG. §, the kinetic energy of the piston 1n the direction of the
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upper chamber would be converted into both compression
and thermal energy of the gas 1n the upper chamber and
potential energy due to gravity. Alternatively, the upper
chamber may be omitted altogether so that all the kinetic
energy 1mparted to the solid piston by the introduction of hot
compressed gas 1nto the lower chamber 1s converted into
potential energy due to gravity and then released as kinetic
energy 1n 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 1sothermal compression done 1n the
lower chamber 1s that the chamber can be designed to make
use of the potential assistance provided by gravity in the

removal of spray liquid.

Solid Piston Gas-Driven Compressor
Symmetric Version

In another embodiment, the gas compressor may include
a solid piston which 1s arranged to move 1n the horizontal
plane. FIG. 6 shows an example of one such embodiment
which includes two horizontally opposed chambers and a
massive solid piston arranged to move linearly back and
forth 1nto and out of each chamber.

Referring to FIG. 6, the gas compressor comprises two
horizontally opposed chambers, 9, 11 each having a hot
compressed gas 1nlet port 21, 23 controlled by a valve 25, 27
to 1ntroduce hot compressed gas into each chamber, a
compressed gas outlet port 13, 15 controlled by a valve 17,
19 to allow compressed gas to be drawn from each chamber,
a gas 1nlet 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 1s free to oscillate between the
two chambers 9, 11. A shiding secal 56, 58 i1s provided
between the piston and the wall of each chamber to prevent
oas leaking through the gap between the piston 12 and the
chamber walls. In this embodiment, each end of the piston
12 1s curved as too are the ends of the chambers 9, 11.

A recovery system 1s arranged to recover liquid used 1n
the spray after the 1sothermal compression of gas 1n 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 1ts removal. The moisture separators 47, 49 are
connected to a cooling system 45 to cool the spray liquid. A
pump 43, 44 for each chamber 1s connected between the
cooling system 45 and the spray injection ports 38, 39, for
pumping liquid from the moisture separators 47, 49, through
the cooling system and back mto each chamber through the
spray 1njection ports.

The operating cycle of this embodiment of the gas com-
pressor proceeds as follows, beginning with the piston 12 at
the limit of 1its travel 1n the right hand chamber 11, with all
the valves 1n 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 left hand
chamber contains a mass of gas consisting of a mass of
cooled expanded gas previously introduced as hot com-
pressed 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.
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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 1nlet valve 27 opens and a charge of hot
compressed gas 1s introduced into the right hand chamber.
After some predetermined time 1nterval, the gas inlet valve
27 closes. The hot compressed gas then expands adiabati-
cally forcing the piston 12 out of the right hand chamber 11
and 1nto the left hand chamber 9. Thus, the energy of
expansion 1s transferred to the kinetic energy of the piston in
the direction of the left hand chamber 9. As the piston 12
moves 1nto the left hand chamber 9, the gas 1s compressed
and at the same time liquid 1n the form of a liquid spray 1s
injected nto the chamber to cool the gas during compres-
siom.

When the pressure of the expanding gas 1n the right hand
chamber 11 falls below a predetermined value, the gas inlet
valve 37 opens and an additional mass of relatively low
pressure gas 1s drawn into the right hand chamber through
the gas 1nlet port 33.

When the gas pressure 1n the left hand chamber 9 reaches
the desired value, the spray injection through port 38 is
stopped, the compressed gas outlet valve 17 opens and
compressed gas together with the spray liquid 1s drawn from
the chamber through the compressed gas outlet port 13. The
compressed gas and spray liquid pass through the moisture
separator 47 1n which the spray liquid 1s removed from the
cgas. The spray liquid 1s then passed through a cooler 45
before being re-used in the spray.

Before the piston 12 reaches the limait of its travel i the
left hand chamber 9, the compressed gas outlet valve 17
closes and the remaining gas 1n the chamber 1s compressed
adiabatically bringing the piston momentarily to rest. At this
time the gas inlet valve 37 1n the right hand chamber 11
closes. The piston then reverses direction as the remaining
cgas expands and at this point, the hot compressed gas 1nlet
valve 25 opens and a fresh charge of hot compressed gas 1s
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 com-
pressed gas then expands adiabatically, forcing the piston 12
out of the left hand chamber 9 and back into the right hand
chamber 11.

All the inlet and outlet valves m 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 compressed gas through inlet port 23 and
an additional mass of relatively low pressure gas previously
introduced through inlet port 33. As the piston 12 moves into
the right hand chamber 11, the gas 1s compressed and
simultaneously a spray of liquid 1s injected into the chamber
through the spray injection port 39 to cool the gas during
compression.

When the gas pressure 1n the left hand chamber 9 has
fallen to some predetermined value, the gas inlet valve 17
opens and an additional mass of relatively low pressure gas
1s drawn 1nto 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 1s drawn from the chamber through outlet port 15. The
compressed gas and spray liquid are then passed to the
moisture separator 49, 1n which the spray liquid 1s removed
from the compressed gas. The liquid 1s then passed to a
cooler 45 1 which 1t 1s cooled before being returned for use
as liquid 1n the spray.

Before the piston reaches the limit of its travel 1n the right
hand chamber 11, the compressed gas outlet valve 19 closes,
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the spray injection stopped and the remaining gas 1s com-
pressed adiabatically bringing the piston 12 momentarily to
rest. At this point all the valves 1n the left hand chamber 9
are closed and the hot compressed gas inlet valve 27 opens
introducing a fresh charge of hot compressed gas into the
right hand chamber 11 which expands forcing the piston out
of the right hand chamber and into the left hand chamber to
repeat the cycle.

Other forms of gas compressor having a horizontally
moving solid piston and having different modes of operation
to that described above are also contemplated. For example
one of the chambers may be used as an adiabatic
compression/expansion chamber and contain a sealed body
of gas which alternately 1s compressed and expands
adiabatically, converting the kinetic energy imparted to the
piston 1n the direction of the chamber 1nto kinetic energy of
the piston 1n the other direction out of the chamber. Thus the
chamber would function 1n a similar way to the lower
chamber shown 1 FIG. 5.

Because the solid piston 1s arranged to move i1n the
horizontal plane, some means must be provided to support
the piston and at the same time preferably minimise any
frictional force tending to oppose horizontal movement of
the piston. 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 1s 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 piston may also vary along its length and 1t
may be appropriate to concentrate the mass of the piston in
one part of the piston than 1n another. In some applications
it may be appropriate to design the support bearings to
contribute to a significant proportion of the total mass of the
piston. Other types of anti-friction bearings may also be used
to support the piston such as those whose operation 1s based
on the principle of magnetic levitation or levitation by
forced fluad.

In some applications 1t may be advantageous to generate
the liquid spray which maintains the air or gas in the
compression chamber at near 1sothermal conditions during
compression, outside the compression chamber. The spray
or mist may be generated 1n a separate external vessel
containing air or other gas. The liquid spray or mist may then
be drawn 1nto the compression chamber with the air or other
gas prior to compression.

FIG. 7 shows a linear vertical gas compressor, similar to
that shown 1n FIG. 5, but incorporating a separate vessel
external of the compression chamber 1n which a mist for
cooling the gas during compression 1s generated and mixed
with atmospheric air before being admitted mto the com-
pression chamber. Referring to FIG. 7, the compressor
comprises an upper chamber 9 vertically disposed above a
lower chamber 11 and having a solid piston 12 which 1s 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 1nlet port 29 controlled by a valve 33 to allow the
liquid spray to be drawn into the chamber along with the
additional relatively low pressure gas. Gas inlet port 29 1s
connected to a separate vessel 535 1n which the mist is
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ogenerated. A gas 1nlet port 57 1s provided to allow gas to be
drawn 1nto the mist generator 535.

Liquid separated from the cool compressed gas leaving,
the compression chamber 1s re-circulated by a pump 43 via
a cooler 45 and returned to the mist generator §5. The liquid
spray or mist may be generated within the mist generator 55
using any conventional means, for example by forcing the
liquid through one or more spray nozzles. During downward
movement of the piston 12, gas inlet valve 33 opens and gas
1s drawn 1nto the mist generator 55 through gas inlet port 57
and sweeps the fine liquid droplets mto the compression
chamber through gas inlet port 29. Because the liquid spray
1s 1ntroduced 1nto the compression chamber when the pres-
sure therein 1s relatively low and because die spray 1is
admitted prior to rather than during compression, the work
of pumping the liquid 1s reduced and a better distribution of
droplets 1n the gas 1nside the compression chamber should
be achieved. By forming a spray external of the compression
chamber, 1t 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 1nject them into
the 1sothermal compressor, 1t may also be desirable to assist
the gas flow 1nto the mist generator with low pressure fans.
The mist generator may also incorporate a mechanical
device such as a rotating disc or rotating blades to break up
the droplets 1nto a fine mist.

Apart from the manner in which the liquid spray and
atmospheric air are introduced into the compression
chamber, the gas compressor shown 1n FIG. 7 operates 1n a
exactly the same way as that described above with reference

to FIG. S.

Liquid-Driven Compressor
Liquid Piston Version

The embodiments of the compressors described above are
all driven by hot compressed gas. An alternative method of
driving the compression 1s to use a head of liquid. The
kinetic energy storage means may conveniently be provided
by a massive piston, whether solid, liquid or both, arranged
to transfer the energy of the liquid into compression energy
of the gas. An embodiment of a liquid piston 1sothermal
compressor which operates in this way 1s shown in FIG. 8.

Referring to FIG. 8, the 1sothermal 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 1n horizontal
sections 105 and 107 of pipes 102 and 103 to control the
flow of liquid from the accumulator 127. Outlet ports 133
and 135 are formed 1n the horizontal sections 105 and 107
between the main flow valves 129 and 131 and the vertical
sections 113 and 115 of the pipes 102 and 103. Drain valves
137 and 139 are disposed in outlet ports 133 and 135 to
control the flow of liquid draining from the pipes 102 and
103. A main pump 141 1s connected between 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, liquid sprays are provided for each chamber
117 and 119 for cooling the compressed gas. Each chamber
117 and 119 1s provided with a gas outlet port 147 and 149
cach having a valve 151 and 153 to allow cold compressed
ogas to be drawn from each chamber 117 and 119. Each
chamber has a gas inlet port 155 and 157 to admit gas from
an appropriate source mnto each chamber.
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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 1s controlled by the
main flow valves 129 and 131 situated 1n pipes 102 and 103.
When a main flow valve 1s opened a surge of liquid flows
through that valve and drives the liquid piston into the
chamber and compresses the gas. At the same time, the spray
assoclated with that chamber 1s activated to cool the gas
during compression The compressed gas outlet valve opens
when the pressure in the chamber reaches a predetermined
value.

When the liquid piston reaches the top of its travel, the
main tlow valve closes and the drain valve opens. At the
same time the gas outlet valve doses and the gas inlet valve
opens allowing low pressure gas to take the place of the
draining liquid. The draining liquid 1s re-circulated back to
the accumulator by the main pump 141.

Preferably, the timing of operation of the liquid pistons
109 and 111 1n each pipe 1s such that liquid 1s being returned
to the accumulator from one pipe while liquid 1s flowing out
of the accumulator 1nto the other pipe. In a two pipe system,
therefore, the liquid piston cycle 1 each pipe should be 1n
antiphase. In general, the gas above the liquid level i1s
compressed when the inflow exceeds the outtlow and
expands when the reverse i1s true. The aim 1s to minimise
variations 1n the head and flow delivered by the pump 141,
so that 1t can operate close to its best-efficiency point all the
fime. Preferably the volume of gas expands and contracts
adiabatically. The accumulator 1s insulated to minimise heat
losses when the accumulator gas 1s compressed. The accu-
mulated gas 1s not connected to the gas being compressed
and indeed there 1s no need for the composition of the two
gases to be the same. Advantageously, the flow rate of liquid
out of the accumulator 1s limited by the inertia of liquid
piston which prevents too great a variation 1n the pressure of
the gas 1 the accumulator.

The main flow valves 129 and 131 initiate the movement
of the liquid piston. These control valves open when the
liquid has been pumped out of the compression chamber.
They shut when the liquid piston has reached 1ts maximum
pomt of travel in the compression chamber. The main
control valves are a critical item of the liquid driven 1so-
thermal compressor. The pipe diameter may be quite large
and yet 1t 1s 1mportant 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 1s that
the valves must offer a minimal flow resistance when open.
A mitigating feature 1s that the valves only open or close
when the liquid flow 1s reversing in direction and 1s momen-
tarily at zero 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 liquid piston reaches the maximum extent of 1ts travel
and to close when the compression chamber 1s drained. This
means that the valves operate 180° out of 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
accumulator vessel and the sprays to supply liquid for the
sprays. Preferably, coolers 163 and 165 are connected
between the spray pumps 159 and 161 and the sprays to cool
the liquid. The spray pumps may be of the positive-
displacement type to ensure a constant flow while the
pressure 1n the compression chamber 1s changing.

10

15

20

25

30

35

40

45

50

55

60

65

30

The main differences between the gas driven and hiquid
driven 1sothermal compressors thus far described are as
follows. Although both types of compressor are based on the
same physical principles, 1.e., using a massive liquid and/or
solid piston to perform i1sothermal compression, the main
power 1s provided by different means. Comparing the liquid
piston compressors, the gas-driven system does not have
large valves immersed 1n the liquid in the main pipe-line.
The frictional dissipation of the liquid piston is therefore
minimised 1n the gas driven system. The embodiment of the
gas-driven liquid piston compressor shown 1n FIG. 1 com-
presses two volumes of gas 1n each cycle of the liquid piston
as compared with one volume of gas per cycle i1n the hiquid
driven compressor. The liquid-driven compressor normally
requires a large pump as the main source of power while the
gas-driven compressor requires a conventional gas
compressor, such as that which might normally be attached
to a gas turbine.

Although with reference to FIGS. 1, 2 and 8 the arms of
the pipe forming the liquid piston are substantially vertical,
and the pipe has been described as having a near horizontal
mid-section, so that the pipe 1s 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 1s shared between several tubes, as shown 1n
FIG. 8 although this may apply equally to the gas-driven
compressors shown 1in FIGS. 1 and 2. The pipe may have
any cross sectional geometry, and i1n particular may be
circular, oval, elliptical, triangular, square, rectangular,
hexagonal, polygonal or wrregular. The pipe may be of
constant cross-section along its length or the cross-section
may vary (e.g. both in area and/or geometry). Thus, the
cross-sectional area of the compression chamber(s) may be
larger or smaller than that part of the conduit 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 meters 1n length and the diameter can
be between 0.2 and 10 meters. However, these dimension,
are 1ndicative 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 1t
may be laid 1n a trench or simply supported from the ground.
However 1t 1s 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 1sothermal compressor having
two pipes and two liquid pistons, 1t could be made to operate
with one or more than two pipes and liquid pistons. If a
single pipe was used, the main pump would only need to
operate for half the duration of a complete cycle of the liquid
piston. This situation would be well served by a reciprocat-
ing pump comprising a mechanical piston which operated 1n
phase with the liquid piston. Furthermore, the need for a
drain valve 1n the outlet formed 1n 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 means to drive
the liquid piston. The solid piston would preferably oscillate
back and forth in the horizontal section of the main pipe and
there may be liquid pistons on either side of the solid piston.

Although, with reference to the liquid piston compressors,
the liquid spray may be continuously re-circulated by draw-
ing i1t from the large pipe and circulating 1t through an
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external cooler before 1t 1s 1njected mto the gas as 1n the
embodiments shown 1n FIGS. 1, 2 and 8, the liquid spray
could be drawn from a large supply or reservoir. In this case,
the liquid would be simultaneously drained from the large
pipe to keep the mventory approximately constant.

The heat transferred between the spray and the gas may
involve some evaporation of the vapour or it may not. This
largely depends on the 1nitial temperature of the droplets in
the spray, the amount of heat absorbed by the droplets, and
the time over which gas 1s being compressed.

Gas Turbine Plant With Combustion Chamber and
Isothermal Compressor

The main applications of the 1sothermal gas compressor
are expected to be 1n the area of electricity generation. For
example, the compressor might be used 1n association with
a gas turbine. With reference to FIG. 9, a gas turbine plant,
ogenerally shown at 200 comprises a gas turbine 201, an
1sothermal compressor 203, a heat exchanger 205 to pre-heat
the cold compressed gas using the hot low pressure gas
leaving the gas turbine 201, and a main heater 207 to
ogenerate hot high pressure gas from the pre-heated com-
pressed gas to drive the gas turbine 201. The gas turbine 201
1s arranged to drive art 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 1s combustion gas.

If the 1sothermal compressor comprises a gas compressor
in accordance with the present invention, 1t will generally be
driven by the gas turbine. For example, in the gas-driven
compressor, the hot compressed gas may be provided by a
conventional compressor. As described above, this type of
1sothermal compressor produces a larger mass of cold com-
pressed gas than a conventional compressor for a given
energy 1nput. However in the liquid-driven isothermal
compressor, the same mass of gas will be produced as 1n a
conventional compressor but 1t will require less energy.
Theretfore, either less power from the gas turbine will be
consumed 1n driving the compressor, or the energy to drive
the 1sothermal compressor will be the same as for a con-
ventional compressor except that a greater mass of gas will
be produced for use 1 driving the gas turbine.

Because the exhaust heat from the gas turbine 1s used to
pre-heat the 1nlet gas which will usually be air, there will be
no need for a heat recovery steam generator and associated
stcam turbine which 1s required 1n the combined-cycle gas
turbine and steam plant. Because a steam plant 1s not
required, the constraints on a gas turbine plant imposed by
the steam plant are removed. Therefore, the exhaust tem-
perature 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 (1.e. gas turbine re-heat). Furthermore, a proportion of
the cool compressed gas from the 1sothermal 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.

In a case where die cold compressed gas 1s air and the hot
high pressure gas 1s the gaseous product of combustion,
there will generally be more heat available 1n the combus-
tion gas than 1s needed to pre-heat the cold compressed air
(by virtue of the differences in the heat capacity of the two
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gas streams). This excess heat may be used for another
purpose such as to heat an additional flow of cold com-
pressed 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 much smaller than the main compo-
nents of the system, since the flow through this part of the
circuit would only be a fraction of the main flow.
Alternatively, the additional heat from the combustion gas
may be used to provide process heat, space beating or heat
for some other external purpose. FIG. 10 shows a block
diagram of a gas turbine plant 300 which implements the
first of these alternatives.

Gas Turbine Plant and Auxiliary Air Turbines

A gas turbine plant 300 comprises a gas turbine 301 which
drives a first generator 309, an 1sothermal 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 1s fed 1nto 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 1s fed to the mput of a first air
turbine 313 which drives a second generator 315. The
cxhaust air from air turbine 313 1s passed through an
air-to-air heat exchanger 317 to pre-heat a portion of cold
compressed air from the 1sothermal, compressor to drive a
second air turbine 319. In this embodiment of a gas turbine
plant, the 1sothermal compressor 1s a gas driven compressor
which 1s driven by a rotary compressor 311, driven by the
gas turbine 301.

Air Turbine Plant and Isothermal Compressor

Instead of the main heater 307 comprising a combustion
chamber, it may comprise an external source of heat, which
could be a coal or o1l fired furnace, heat produced from a
chemical or industrial process, a nuclear reactor or a solar
furnace. FIG. 11 shows a block diagram of a gas turbine
plant comprising an air turbine 401 and 1n which the main
heater 407 1s a coal-fired furnace. The arrangement 1s stmilar
to that shown 1n FIG. 9 except that the cold compressed air
from the 1sothermal compressor 1s pre-heated by exhaust air
from the air turbine and the pre-heated air from the heat
exchanger 1s heated by the main heater 407 and then
expanded 1n the air turbine. This arrangement would be used
in cases where 1t 1s undesirable for the combustion products
from a combustion chamber to pass through the turbine. A
very similar circuit would be used for heat sources (i.e.
industrial, chemical, solar, nuclear, geothermal) where there
are no combustion products. The essential difference would
be that the coal fired furnace would be replaced by another
kind of heat exchanger.

As for the gas turbine plant shown in FIG. 9, the exter-
nally heated cycle may incorporate re-heating stages during
the expansion of the air 1n the turbine. A feature of any open
or closed externally heated cycle, which does not have
combustion products as the working fluid, 1s that the thermal
capacity of the exhaust gas from the turbine 1s essentially the
same as that of the inlet gas. Thus, there 1s 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.

FIG. 12 shows another embodiment of a gas turbine plant
oenerally indicated at 450, which includes both a gas turbine
451 driving a first generator 453 and an air turbine 435
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driving a second generator 457. Heat 1n the exhaust gas from
the gas turbine 451 1s recovered by heating a supply of cold
compressed air which 1s then expanded through an air
turbine 455. Because an air turbine 1s used at the final low
temperature stage of the power generating cycle, the cycle 1s
referred to as an air bottoming cycle.

Gas Turbine Plant With Air Bottoming Cycle

Referring to FIG. 12, hot compressed air from a first
rotary compressor 4359 1s fed to a combustion chamber 461
for combustion with fuel. The combustion gas 1s then fed to
the mput of the gas turbine 451 which drives the first
ogenerator 453. Hot compressed air from the second conven-
tional rotary compressor 463 1s fed to an 1sothermal com-
pressor 465 which may be a gas driven compressor of the
kind described above and shown 1n any one of FIGS. 1to 7.
Cold compressed air from the 1sothermal compressor 4635 1s
directed to a heat exchanger 467 1n which the compressed air
1s heated with hot exhaust gas from the gas turbine 451. The
hot compressed air from the heat exchanger 467 1s fed to the

input of the air turbine 455 which drives the second gen-
crator 457.

Although the air bottoming cycle with 1sothermal com-
pressor may not be as efficient as the cycle illustrated in
FIGS. 9 and 10, a significant advantage of this cycle 1s that
the gas turbine used in the cycle could be one of those
currently implemented 1n existing gas turbine plants.
Theretfore, this embodiment avoids the expense of new gas

turbine development while also avoiding the capital costs of
the steam plant used 1n a CCGT.

Energy Storage and Recovery Method

The 1sothermal compressor may be used for the storage of
energy 1n 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 1s dissipated as heat and
cannot be recovered. If the air 1s compressed 1sothermally,
less energy 1s consumed 1n the process of compression and
a greater fraction of the original energy can be recovered.
The cold compressed air could be stored 1n a suitable large
cavity which can tolerate the 1mposed pressure without
undue leakage. For example, a disused mine or oil well
might be used for this purpose. An exhausted off-shore o1l
well would have the advantage that the sea would provide a
natural external pressurisation which would mhibit leakage.

In general, to run the isothermal compressor as an 1so-
thermal expander, cool compressed gas from the storage
vessel 1s introduced into the compression chamber and
allowed to expand, driving the piston out of the chamber. As
the gas expands, liquid 1s 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 1nto kinetic energy which 1s available to either a
second piston to compress a body of gas mm 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 1ts temperature 1s raised to
the operating temperature of a turbine, e.g. about 300° C. for
an air turbine.

FIG. 13 shows an energy storage scheme 1n more detail in
which the stored energy is recovered by running an isother-
mal compressor 1n reverse as an 1sothermal expander. Refer-
ring to FIG. 13a, the energy storage plant comprises an
1sothermal compressor 501, similar to that shown in FIG. §
driven by a rotary compressor 503 which 1s itself driven by
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a motor 5035. The compressor comprises an upper chamber
509 disposed vertically above a lower chamber 511, and a
solid piston which 1s 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 compres-
sion chamber 509. The upper chamber 509 has a hot
compressed, air 1nlet 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 1s 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 1s provided to allow compressed gas to be
drawn from the chamber. The compressed gas outlet port
513 1s connected via a moisture separator to a large cavity,
for example a disused mine, for the storage of cool com-
pressed air. The upper chamber 509 has a liquid spray
injection port 537 through which liquid 1s sprayed into the
chamber from an injection pump 543. Liquid 1s supplied to
the spray injection pump from a suitable source, for example
a reservolr, river, lake or storage tank 544 and 1s subse-
quently returned from the moisture separator to a water
storage tank or reservoir 544. Spray liquid expelled from the
compression chamber after compression will generally be at
a temperature above ambient temperature, and the heat 1n the
liqguid may be stored for subsequent use during energy
recovery. In this case it 1s preferable to thermally 1nsulate the
water storage tank to prevent heat leakage from the stored
water to the surroundings.

FIG. 13b shows one possible scheme for recovering the
energy from the stored compressed air, and includes an
1sothermal expander generally indicated at 501.

The 1sothermal, expander 501 comprises an upper cham-
ber 509 disposed vertically above a lower chamber 511 and
a solid piston 512 free to oscillate vertically into and out of
cach chamber. The upper chamber has a cool compressed
cas 1nlet port 521 situated at the top of the chamber,
controlled by a valve 525 and which 1s connected to the
compressed gas storage vessel 548. The upper chamber also
has a liquid spray injection port 537 connected to a water
storage tank 544 via a liquid spray injection pump 543. A gas
outlet port 513 controlled by a valve 517 1s formed 1n the
wall of the upper chamber some distance from the top and
which 1s connected to a moisture separator 547.

The lower chamber 511 has a gas inlet port 518 controlled
by a valve 519 to allow air to be drawn 1nto the chamber, and
a compressed gas outlet port 527 controlled by a valve 529
which 1s connected to the input of an air turbine 531. The gas
inlet and outlet ports 517 and 527 are situated 1n the chamber
walls some distance above the base of the lower chamber.
The air turbine 531 1s arranged to drive a generator 533.

A typical operating cycle of the energy recovery plant
shown 1n FIG. 13b 1s as follows, beginning with the piston
512 at 1ts maximum elevation 1n 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 509 through the
oas 1nlet 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 1n
the form of a spray. The liquid spray transfers heat to the
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compressed air as 1t expands to prevent the air cooling so
that expansion may be approximately 1sothermal.

As the piston moves 1mnto the lower chamber, the air 1n the
lower chamber 1s 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 cham-
ber and 1s expanded 1n the air turbine 531. As the piston 512
passes the gas inlet and outlet ports 518, 527 the residual air
trapped 1n the chamber below the gas inlet and outlet ports
1s compressed adiabatically and serves as a temporary store
for the remaining energy of the piston to return the piston to
the top of its stroke 1n the upper chamber.

The piston momentarily comes to rest above the base of
the lower chamber and 1s then driven upwards as the trapped
hot compressed air expands. As the piston reverses direction,
the gas outlet valve 517 1n the upper chamber opens and the
expanded air together with the spray liquid 1s expelled from
the chamber through the moisture separator 547. The spray
liquid 1s separated from the air and returned to the water
storage tank 544 and the air from the moisture separator 1s
expelled 1nto the atmosphere. As the piston travels upwards
past the air inlet port 518 1n the lower chamber, the air inlet
valve 519 opens and a fresh charge of air 1s drawn mto the
chamber for compression during the next cycle. The upward
motion of the piston 1s stopped by the residual pocket of air
trapped 1n the upper chamber when the piston passes the gas
outlet port 513. Finally, the piston reaches the top of its
stroke 1n the upper chamber to complete the cycle.

Although FIGS. 134 and b each show a single water
storage vessel, the optimum storage method would be to
have one or more msulated storage tanks which contained
cold water that had been through the 1sothermal, expander
and one or more insulated storage tanks for warm water
which had been through the 1sothermal compressor. In the
next storage and recovery cycle, the cold water would be
used for 1sothermal compression and the warm water would
be used for 1sothermal expansion.

The energy storage and recovery scheme 1illustrated in
FIGS. 134 and 135 and described above does not require any
fuel or external source of heat during the energy recovery
process. The 1sothermal compressor and the i1sothermal
expander may be one and the same unit modified as neces-
sary according to its function (either as a compressor or an
expander), or two separate units may be implemented, one
specifically for compressing gas 1sothermally 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) 1t would be possible to return more electrical energy
than was originally stored.

An alternative approach to energy storage 1s to employ a
cycle similar to those previously described and 1llustrated 1n
FIGS. 9 to 11, but with the facility to store the cold
compressed air. When the demand for power 1s low, the
excess power 1s used to pressurise the cavity. When demand
1s high, cool air 1s drawn from the cavity and maximum
power 1s delivered to the consumer.

One possible energy storage recovery scheme imple-
mented with the 1sothermal compressor and gas turbine plant
described above 1n relation to FIG. 9, 1s shown 1n FIG. 14.
The components of the gas turbine plant shown 1n FIG. 14
are exactly the same as those 1n FIG. 9 and like components
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are designated by like numerals. Two alternative energy
storage schemes are shown in FIG. 14, one involving the
storage of thermal energy as 1ce and the other involving the
storage of energy in the form of cold compressed air, as
described above. In the latter scheme, the output of the
1sothermal compressor 1s connected to a large cavity 1n
which compressed air can be stored. At times of low power
demand, more 1sothermal air 1s produced than 1s needed to
drive the gas turbine plant, and this air 1s stored. At times of
high power demand, the amount of 1sothermal air produced
by the plant 1s reduced and the air 1s taken from the storage
cavity. The attraction of an 1sothermal compressor energy
storage system relative to conventional compressed air stor-
age systems, 1s that as the air 1s compressed at the same
temperature as 1t 1s stored, energy 1s not consumed 1in

producing excess heat which would otherwise be wasted.

The second energy storage scheme shown m FIG. 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 1sothermal compressor 203 for
use 1n the spray during compression. The 1ce/water thermal
storage system 1s an attractive option when there 1s a large
difference between day time and night time temperatures.
Typically at night, when the ambient temperature 1s low, but
power demand 1s also low, the plant may be run at full
capacity, with the excess power being used to drive the
refrigeration system 213 to freeze water and store it as ice.
The external spray water cooling system 217 would be fully
utilised during this time. During the day when the power
demand 1s high, the spray water cooling system 217 would
be replaced or supplemented by cooling provided by the
melting ice.

There are various industrial processes which 1nvolve the
large scale compression of gases, including air. Examples
for these are refrigeration and liquefaction. This 1s often
used as a method of separating and purifying gases. The
compression process 1s energy intensive. The isothermal
compressor reduces the power consumption and could be
used for refrigerating and/or liquefying a wide variety of
gaSES.

THERMALLY POWERED GAS COMPRESSORS

Combustion-Driven Compressor

FIG. 15 shows an embodiment of a thermally powered gas
compressor 1mplemented as a component 1n a power gen-
erating plant. Referring to FIG. 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 1sothermal
compressor 701 1s very similar to the 1sothermal compressor
described above with reference to FIG. 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,
cach compartment being cylindrically symmetric. The diam-
cter of the upper compartment 726 1s less than that of the
lower compartment and the compartments are substantially
coaxially aligned. A combustion chamber 730 1s formed 1n
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 1s connected to the
compressed gas outlet port of the gas driven 1sothermal
compressor 701 via a gas-to-air heat exchanger 770, which
preheats the cool compressed gas or air from the 1sothermal
compressor 701 with exhaust gas from the combustion

chamber 726.
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The combustion compressor 703 further comprises an
adiabatic compression chamber 732 formed 1n the upper part
of the lower compartment 728, the compression chamber
732 having a gas 1nlet 1nlet port 746 controlled via valve 748
and a compressed gas outlet port 750 controlled by a valve
752 and which 1s connected to an air turbine 776 which
drives a generator 782. An adiabatic compression/expansion
or bounce chamber 734 1s 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 1s 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 secaled
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 1s formed around the combustion
chamber walls and also over the head of the combustion
chamber 1n 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 1sothermal compressor 701 provides the cooling
fluid and 1s directed to the cooling jacket 758 after moisture
has been removed from the compressed gas by the moisture
separator 749. The cooling jacket 758 has an exit port 764
which 1s connected to the supply line connecting the com-
pressed gas outlet port 750 1n the adiabatic compression
chamber 732 to the air turbine 776. Thus, the cool com-
pressed gas directed to the cooling jacket recovers heat from
the combustion chamber walls, and this energy 1s usefully
converted imto mechanical power by expanding the hot
compressed gas leaving the cooling jacket 1n the air turbine

776.

The 1sothermal gas compressor 701 1s driven by part of
the hot compressed gas produced by the combustion com-
pressor 703 1n the adiabatic compression chamber 732. The
function of the gas compressor 701 i1s 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 than
1s required to drive it. Cool compressed air from the 1so-
thermal compressor 701 1s heated and used to drive the
combustion compressor 703. The function of the combus-
tion compressor 703 1s to produce large quantities of hot
compressed air which may subsequently be used to drive a
turbine for the purpose of generating electricity. As men-
tioned above, part of the hot compressed air produced by the
combustion compressor 1s used to drive the i1sothermal
compressor 701.

The cold compressed air outlet 713 of the isothermal
compressor 701 1s connected to the hot compressed air 1nlet
port 736 of the combustion compressor 703 via the moisture
separator 749 and a gas-to-air heat exchanger 770. The
exhaust gas outlet port 740 of the combustion compressor 1s
connected to the gas-to-air heat exchanger 770 so that heat
from the hot exhaust gas leaving the combustion chamber 1s
transterred to the cool compressed air from the 1sothermal
compressor 701. The hot compressed air outlet port 750 of
the combustion compressor 1s connected to the hot com-
pressed air mlet port 721 of the 1sothermal compressor 701.

Atypical operating cycle of the compressor shown 1n FIG.
15 will now be described starting at the point in time when
the piston 712 1s at the top of its stroke 1n the 1sothermal
compression chamber 709 of the isothermal compressor
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701. All the gas inlet and outlet valves 1n the 1sothermal
compression chamber are closed.

As the piston 712 momentarily comes to rest, the hot
compressed gas inlet valve 725 opens to admit hot com-
pressed air from the combustion compressor 703 into the
chamber 709 via the hot 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 predeter-
mined 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 i the
chamber 709 falls to some predetermined value, the gas inlet
valve 733 opens and additional relatively low pressure air
(i.e. atmospheric) is drawn into the chamber 709 on contin-
ued movement of the piston 712 out of the chamber 709. At
this stage, the piston 712 continues 1ts downward motion by
virtue of 1ts large inertia.

As the piston moves downward, 1t compresses the gas in
the adiabatic bounce chamber 711 below, this compression
being performed adiabatically. Eventually all the kinetic
energy of the piston is transformed into energy of the gas in
the bounce chamber 711 and the piston 712 momentarily
comes to rest. At this point gas inlet valve 733 1n the
1sothermal compression chamber closes.

The piston then reverses direction as the gas 1n the bounce
chamber 711 begins to expand, driving the piston upwards.
The piston 712 1s driven back into the isothermal compres-
sion chamber, compressing the air contained therein, which
comprises a mass of cool expanded air previously intro-
duced through port 721 from the combustion compressor
703 and an additional mass of relatively low pressure air
mtroduced through port 729. The initial compression 1is
adiabatic, but when the air reaches the temperature of the
available spray liquid, the liquid i1s imjected into the com-
pression chamber 709 through the spray injection port 737.
The diameter of the droplets forming the liquid spray is
typically about 0.4 mm which gives a large heat transfer arca
so that the temperature of the air 1s maintained below about

40° C. Without the spray, the temperature would reach over
300° C.

When the air pressure 1n the compression chamber 709
reaches the required value, the compressed gas outlet valve
717 opens and cool compressed air together with the spray
liquid 1s drawn from the chamber through the gas outlet port
713. The mixture of cool compressed air and spray liquid 1s
passed to the moisture separator 749 where the spray liquid
1s separated and returned via the return line 753 to the
cooling system 745 in which 1t 1s cooled before being
re-used 1n the spray.

Before the piston 712 reaches the top of its stroke, the
compressed gas outlet valve 717 may close and the remain-
ing kinetic energy of the piston may be partially absorbed by
compressing the residual gas at the top of the chamber 709.
As the piston 712 momentarily comes to rest in the chamber
709, the hot compressed gas inlet valve 725 opens and a
fresh charge of hot compressed air from the combustion
compressor 703 1s admitted into the chamber 709 through
the hot compressed gas inlet port 721. The piston 1s then
driven downward by the expanding compressed air and the
cycle 1s repeated.

The cool compressed gas from the compression chamber
709 of the 1sothermal compressor 701, having passed
through the moisture separator 749 1s then passed to the
gas-to-air heat exchanger 770 1n which 1t 1s heated by heat
from the exhaust gases from the combustion compressor,
from a temperature of, for example, about 40° C. to about
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850° C. or more. This temperature is determined by the
materials limitations on the heat exchanger 770 and the
pipework from the heat exchanger to the combustion com-
PIessor.

Turning now to the combustion compressor 703, when the
piston 759 momentarily comes to rest at the top of 1ts stroke
in the combustion chamber 730, the hot compressed gas mlet
valve 738 opens and a predetermined mass of preheated air
from the heat exchanger 770 1s introduced 1nto the chamber
730 through the hot compressed gas inlet port 736. The air
inlet valve 738 then closes and a predetermined mass of fuel

1s 1njected mto the chamber 730 through the fuel 1njection
port 744. The fuel 1gnites and combustion takes place,
driving the piston 759 downward and out of the combustion
chamber 730 thereby imparting kinetic energy to the piston.
The fuel 1s added 1 such a way that the gas pressure remains
approximately constant during the fuel injection. When the
required amount of fuel has been injected, fuel 1njection
stops and the combustion gases expand approximately adia-
batically from about 20 or 30 bars down to near atmospheric
pressure.

During the constant pressure combustion phase, cool
compressed air 1s injected 1nto the cooling jacket 758 around
the combustion chamber 730 to cool the combustion cham-
ber walls.

As the piston 759 moves downward from its highest
position, atmospheric air 1s drawn 1nto the adiabatic com-
pression 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
ogas. Alter the compressed gas inlet valve 738 has closed and
the fuel 1mnjection mnto the combustion chamber has stopped,
the combustion gases expand adiabatically and continue to
impart Kinetic energy to the piston 712. This energy 1is
absorbed by the gas 1n the adiabatic bounce chamber 734
and eventually the piston comes momentarily to rest, at
which point the gas inlet valve 748 in the adiabatic com-
pression chamber 732 closes. The gas 1 the adiabatic
bounce chamber 734 then begins to expand adiabatically
driving the piston upward into both the adiabatic compres-
sion chamber 732 and the combustion chamber 730. As the
piston moves 1mto the combustion chamber 730, the hot
combustion gases are expelled from the combustion cham-
ber through the exhaust gas outlet port 740. As the piston
moves upwards mto the compression chamber 732, 1t com-
presses the air previously drawn 1nto 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, €.g. the operat-
ing air inlet pressure of the air turbine, which may be
between 20 and 30 bars, the hot compressed gas outlet valve
752 opens and the hot compressed gas leaves the compres-
sion chamber 732 via the gas outlet port 750. The piston 759
continues to the top of 1ts stroke, whereupon the hot com-
pressed gas outlet valve 752 closes.

Most of the hot compressed air 1s used to drive the main
air turbine 776, but part of the compressed air 1s used to
drive the 1sothermal compressor 701.

Because there 1s more heat available 1n the exhaust gases
from the combustion compressor 703 than 1s required to heat
the 1sothermally compressed air necessary to drive the
combustion compressor, the surplus heat 1s used to heat
additional air from the 1sothermal compressor and this
preheated compressed air, having a temperature of about
850° C. or more i1s passed directly to the air turbine 776 in
which it 1s expanded to produce additional power.

10

15

20

25

30

35

40

45

50

55

60

65

40

To maximise energy recovery from the hot exhaust gases,
the thermally powered compressor should be designed so
that the temperature and pressure of the compressed air
leaving the gas-to-air heat exchanger 770 matches or nearly
matches the temperature and pressure of the compressed air
from the adiabatic compression chamber 732. This 1s pos-
sible by designing the compressor with a high compression
ratio (for example between 25 and 40). The optimum
compression ratio 1s determined by the ratio of the absolute
combustion temperature to the absolute temperature of the
exhaust gases as they leave the combustion chamber. In this
case 1t 1s convenient to extract all the excess heat 1n a single
expansion by simply adding the surplus air from the gas-
to-air heat exchanger to the inflow of the air turbine. By
recovering the excess heat 1n this way, advantageously the
need for a separate small air turbine and associated generator
1s avoided and this will reduce the capital cost of the plant.
The heat in the exhaust gas which 1s not required to pre-heat
the cool compressed gas required for combustion, will
usually be a small fraction (of the order of 12%) of the total
available heat in the exhaust gas. However, 1in order to
maximise the efficiency of the power plant 1t 1s important to
recover all the surplus heat from any particular process. It
will be appreciated that surplus exhaust heat from the
combustion chamber can be recovered 1n a variety of ways,
and that the appropriate method will be dependent on the
design parameters (such as the gas compression ratio, the air
inlet temperature to the combustion chamber and the tem-
perature of combustion) of the particular compressor. For
example, 1n some applications 1t may be appropriate to
incorporate more than one auxiliary air or gas turbine and
assoclated heat exchangers and power generators.

To start the compressor 700 from rest, requires external
means to provide the 1nmitial energy to start the pistons
moving, this may be done by providing a relatively small
axial compressor to produce hot compressed air to start the
1sothermal compressor. Once the 1sothermal compressor 1s
producing cool compressed air, this may be used to start the
combustion compressor.

Although the operation of the 1sothermal compressor is
dependent on the combustion compressor and vice versa, the
relative phase between the operating cycle of the 1sothermal
compressor and that of the combustion compressor 1is
entirely arbitrary. Also, the operating frequency of the
1sothermal compressor can be different from that of the
combustion compressor. In general, there will be a finite
time 1nterval between the output of cool compressed air
from the 1sothermal compressor and the imjection of pre-
heated compressed air into the combustion compressor.
Likewise, there will be a finite time interval between the
output of hot compressed air from the combustion compres-
sor and the 1njection of hot compressed air into the 1sother-
mal compressor. Thus, the system will have a finite time
constant which can be varied depending on the characteris-
tics of the components, for example, the length of pipework
used for the passage of compressed gas between the com-
pressors. The construction of the isothermal compressor
may be changed to any of those described above 1n relation

to FIGS. 1 to 4 or 6 or with modifications apparent to those
skilled 1n the art.

Furthermore, the combustion compressor may also have a
construction similar to that of any of the 1sothermal com-
pressors described herein and with modifications apparent to
those skilled 1n the art. For example, the combustion com-
pressor may comprise a composite solid/liquid piston
arranged 1n a U-shaped conduit, similar to that described
above 1n relation to FIG. 2, and the operation of the
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combustion compressor may be symmetric, so that 1s pro-
duces hot compressed air twice per cycle.

COMBUSTION-DRIVEN COMPRESSOR

Solid Piston - Asymmetric

In another embodiment of the thermally powered
compressor, both the adiabatic and 1sothermal 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 i1gnited producing high temperature com-
bustion gas to 1impart 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 much higher
temperature than the gas from a rotary compressor, much
orcater energy will be 1imparted to the piston, provided the
gas 15 allowed to expand fully, enabling a greater quantity of
gas to be compressed 1n the compression chamber. The air
or other oxidant used for the combustion of fuel may 1tselt
be compressed 1in a part of the compression chamber. The
air/oxidant may be cooled during compression using a liquid
spray, 1n order to minimise the work of compression.
Advantageously, a heat exchanger can be arranged to pre-
heat at least part of the cool compressed gas with hot exhaust
gas from the combustion changer, and part of this preheated
gas can be admitted to the combustion chamber for com-
bustion with a suitable fuel.

Part of the gas in the compression chamber may be
compressed adiabatically and fed directly to drive a gas
turbine. The compressed gas may, for example, be air to
drive an air tube, which operates at a relatively low tem-
perature and whose exhaust gas 1s very close to the ambient
temperature of the atmosphere. Thus, the combination of a
gas compressor driven by combustion gas at extremely high
temperatures enabling the thermal energy to be converted
into the compression energy of a large volume of com-
pressed air, and an air turbine driven by the compressed air
which rejects heat at relatively low temperatures, can be
regarded as a heat engine whose operation approaches that
of the 1deal Carnot cycle which has an efficiency 1 given by

n=1_t1/t2:

where t, 1s the temperature at which heat 1s rejected and t,
1s the temperature at which heat 1s 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 1s arranged to oscillate
vertically up and down between adjacent upper compression
chambers and a lower combustion chamber 1s shown 1n FIG.
16 as a component 1n an electricity generating plant.

Referring to FIG. 16, the thermally powered compressor,
generally indicated at 500, comprises an 1sothermal com-
pression chamber 503 and an adjacent adiabatic compres-
sion chamber 5035 both arranged above a combustion cham-
ber 507. The compression chambers 503, 505 are separated
by a vertical baftle 509 which extends downward from the
tap of each chamber. A piston 511 comprising a solid
material has a slot 5§10 formed therein which extends from
the top 512 of the piston 511 downwards to accommodate
the vertical batfle 509 so that the piston 1s free to move up
and down, into and out of the isothermal and adiabatic
compression chambers 503, 505.
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The combustion chamber 507 has a hot compressed air
inlet port 513 controlled by a hot compressed air inlet valve
515 for the 1njection of hot compressed air into the chamber,
a fuel 1imjection port 517 and a exhaust gas outlet port 519
controlled by an exhaust gas outlet valve 521 to allow hot
cxhaust gases to be expelled from the chamber 507. The
combustion chamber 1s surrounded by a cooling jacket 522
through which cooling air may be circulated to cool the
combustion chamber walls 525. Each of the isothermal and
adiabatic compression chambers 503, 505 has an air inlet
port 527, 529 controlled by a valve 531, 533 to allow air to
be drawn 1nto each chamber, and a compressed air outlet
port 535, 537 controlled by a compressed air outlet valve
539, 541 to allow compressed air to be drawn from each
chamber. The 1sothermal compression chamber 503 also has
a liquid spray 1njection port 543 for the injection of a cool
liquid spray. The spray 1s injected by means of a pump 545
which draws spray liquid from a cooling system 547.

The compressed air outlet port 5335 of the 1sothermal
compression chamber 503 i1s connected to a moisture sepa-
rator 549 1n which spray liquid, entrained 1n the compressed
air, 1s separated. The compressed air outlet port 537 of the
adiabatic compression chamber 503 1s connected to the 1input
of a main air turbine 551 which, together with a second air
turbine 553, drives an electricity generator 5585.

Cool compressed air from the moisture separator 519 1s
directed three ways. Part of the air 1s passed to the gas-to-air
heat exchanger 557 1n which 1t 1s heated with heat from the
exhaust gases from the combustion chamber 507. Part of the
cool compressed air from the moisture separator 549 is
passed to the cooling jacket 523 of the combustion chamber
507 to effect cooling of the combustion chamber walls 525.
Another part of the cool compressed air from the moisture
separator 1s passed to an air-to-air heat exchanger 3559 in
which 1t 1s pre-heated with exhaust air from the second air
turbine 553 to be passed to the mnput of the main air turbine
551 along with the main flow of hot compressed air from the
adiabatic compression chamber 5035.

A typical operating cycle of the compressor 500 will now
be described beginning with the piston 511 momentarily at
rest just above the base 508 of the combustion chamber 507
and supported by a pocket of compressed air 1n the com-
bustion chamber. Each of the adiabatic and isothermal
compression chambers 503, 505 contain air drawn 1n
through their respective gas inlet ports 529, 527 during the
previous part of the cycle, and their respective gas inlet
valves 533, 535 and gas outlet valves 539, 541 are now
closed.

After the piston comes to rest in the combustion chamber
507, the piston may reverse its motion as the trapped air
begins to expand adiabatically. Simultaneously, the hot
compressed gas 1nlet valve 515 opens and a charge of hot
compressed air 1s introduced 1nto the chamber through the
compressed gas inlet port 513. Fuel i1s 1njected into the
chamber through fuel injection port 517 mixes with the hot
inlet air and 1gnites producing combustion gas at tempera-
tures in excess of 2000° C. The combustion gas then
expands at constant pressure, driving the piston upward and
out of the combustion chamber.

If the fuel 1s natural gas this will 1gnite spontaneously 1f
the air temperature is above about 550° C. External ignition
will be needed 1f the air 1s heated to a lower temperature, for
example 1n start up. Some fuels may require ignition on
every cycle even when the air temperature 1s very high. The
rate of fuel 1injection 1s controlled so that the pressure in the
combustion chamber 507 remains approximately constant.
The advantage of this 1s that the peak pressures achieved in
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the vessel are quite moderate. This avoids the need for very
thick pressure vessel walls and limaits the noise and vibration
during operation. The penalty 1s a small reduction in effi-
ClENcy.

The pressure 1in the combustion chamber remains approxi-
mately constant during the combustion stage. At the same
time, the piston 511 starts to compress the air contained 1n
the 1sothermal and adiabatic compression chambers 503,
505. During compression of the air in the isothermal com-
pression chamber, a liquid spray 1s 1njected into the chamber
to cool the gas and to absorb the heat of compression.
Injection of the liquid spray into the chamber may com-
mence when the temperature of the air 1n 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 com-
pressed air inlet valve 515 in the combustion chamber 1s
closed and the fuel 1njection stopped. This may be when
predetermined amount of fuel has been 1njected. 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 1ts motion to the
top of 1ts stroke 1n each of the compression chambers 503,
505.

When the pressure of the compressed air 1n the adiabatic
compression chamber 505 reaches the required value, the
compressed gas outlet valve 541 opens and hot compressed
cgas flows out of the chamber through the compressed gas
outlet port 537. The hot compressed gas 1s then directed to
the 1mput of the main air turbine 551 1n which it expands,
producing mechanical power to drive the generator 555.
Preferably the inlet temperature of the main air turbine and
the outlet temperature of adiabatically compressed air from
the compressor are matched. The temperature of exhaust air
from the main air turbine 1s 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 1s drawn out of the chamber through the
compressed gas outlet port 535 and passes 1nto the moisture
separator 549, in which the spray liquid 1s separated from the
compressed air. The spray liquid from the moisture separator
1s then circulated through the cooling system 547 before
being re-used in the spray.

Part of the cool compressed air 1s passed from the
moisture separator 549 to the gas-to-air heat exchanger 557
in which it 1s pre-heated with heat from the exhaust gases
expelled from the combustion chamber during a previous
part of the cycle. Some of the pre-heated compressed air
leaving the gas-to-air heat exchanger 557 1s directed to the
combustion chamber 507 and some 1s directed to the 1nput
of the second air turbine 553 1in which 1s expands producing
mechanical power to drive the generator 555.

Some of the cool compressed air from the moisture
separator 549 1s passed through the air-to-air heat exchanger
559 1n which 1t 1s heated with exhaust air from the second
air turbine 553 and then this pre-heated compressed air 1s
directed to the main air turbine 551 to supplement the main
flow of hot compressed air from the adiabatic compression
chamber 505.

Cool compressed air from the moisture separator 549 is
also directed to the cooling jacket 523 surrounding the
combustion chamber to cool the combustion chamber walls.
Some of this cooling air may also be used to cool the piston
head 514 1n the combustion chamber. This may be achieved
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by forming a plurality of holes 1n the combustion chamber
walls through which air can flow from the cooling jacket
523. Holes or slots are formed in the sides of the piston
which correspond 1n position to the holes 1n the chamber
walls. The 1nside of the piston 1s designed to allow air to
flow from the slots or holes to the piston head to effect
cooling thereof. Alternatively, passages may be formed in
the piston which allow a direct, but restricted flow of air
from one or both of the compression chambers to the piston
head 514.

The cooling air eventually passes from the cooling jacket
523 1into the combustion chamber through holes in the
combustion chamber walls. The air also circulates through
air passages formed 1n the base 508 of the combustion
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 combustion chamber but is
added to the air flowing to the main air turbine. This allows
a more efficient recovery of the heat given to the cooling air.

When the piston 511 has reached the top of its stroke, the
compressed gas outlet valve 539, 541 1n each of the com-
pression chambers 503, 505 closes, so that some of the
compressed air remains 1n each chamber. The piston 511
reverses direction under the influence of gravity and by
virtue of the expansion of the trapped compressed air and
begins to move out of the compression chambers and mto
the combustion chamber 507. When the pressure in the
compression chambers reaches the pressure of the inlet air,
the respective gas inlet valves 527, 533 open and air 1s drawn
into the chambers through a respective gas inlet port 5385,
537.

When the pressure of the combustion gases in the com-
bustion chamber reaches a value sufficient to push the gases
through the gas-to-air heat exchanger 557 and eventually out
into the atmosphere, the exhaust valve 521 opens, and the
exhaust gases are expelled from the combustion chamber
through the exhaust gas outlet port §19. Low pressure
cooling air may be circulated around the combustion cham-
ber 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 out 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 of the combustion
chamber 508 and before all the cooling air 1s 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 511 to rest just above the base of the combustion
chamber. The timing of the closure of the exhaust valve 521,
1s such that the pressure in the combustion chamber at the
point of piston reversal 1s approximately equal to the pres-
surc of the hot compressed air delivered by the heat
exchanger at the start of the combustion stage.

As the piston comes to rest in the combustion chamber,
the gas 1nlet valves 527, 529 1n the compression chambers
503, 505 close. The hot compressed gas inlet valve 515 1n
the combustion chamber opens and a predetermined amount
of hot compressed air from the gas-to-air heat exchanger 557
1s mtroduced into the combustion chamber. Fuel 1s ijected
into the chamber through the fuel injection port 517, the fuel
ignites and the resulting combustion of the fuel/hot com-
pressed air mixture drives the piston 511 upward, to start the
next cycle.

With reference to FIG. 16, the additional air turbine 553
and the air-to-air heat exchanger 559 are provided to maxi-
mise the recovery of heat from the hot gases leaving the
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combustion chamber 507. In general, there 1s more heat 1n
the exhaust gases than i1s needed to heat the imcoming
compressed combustion air. The excess heat 1s used to heat
more compressed air which 1s diverted to the second smaller
air turbine 553, which operates at a higher inlet temperature
than the main air turbine 551. The outlet air from the second
air turbine 553 1s still hot enough for additional heat recov-
ery. This heat 1s transferred 1n a small heat exchanger 559 to
a separate stream of cool compressed air. The system can be
designed 1n such a way that the resulting hot compressed air

1s at a suitable temperature and pressure for the expansion in
the main air turbine, in which case this flow can be added to

the main flow of adiabatically compressed air.

Arange of moisture separator designs are available, most
of which have been used for many years in the power
generation mdustries and elsewhere. Common examples are
cyclone separators, axial swirl vane separators and corru-
cated plate separators. However, whichever separator is
used, 1t 1s i1mportant that the pressure loss due to the
separator 1s minimised, since this will affect the efficiency of
the compressor.

The heat exchangers are a critical component of the
system because of the high temperatures of the exhaust
cgases. Indeed the exhaust temperature will be one of the
critical parameters which determines the design as the whole
system. There will be a pressure difference of at least 10 bars
across the walls of the heat exchanger. This implies that a
rotary regenerative heat exchanger would not 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 consequence of the
volumetric capacity mvolved. Therefore, the best choice 1s
probably a counter-current recuperative heat exchanger. To
keep the costs to a minimum, 1t 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 exchanger
surfaces will be needed. This would probably be done when
the system 1s off load, but an on load cleaning system might
be considered.

With reference to FIG. 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 pro-
duction of exhaust and compressed gas does not happen
simultaneously but i1s separated by a time interval equal to
half the period of one complete cycle of the liquid piston.

Furthermore, the thermally powered compressor shown in
FIG. 16 whose power 1s extracted by compressing adiabati-
cally 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 con-
tinuous tlow of compressed air. This mismatch between the
timing of the air flows 1n the different parts of the system can
be overcome by the use of accumulator vessels (not shown)
which store the air temporarily. However, 1n large installa-
tions the need for accumulator vessels can be avoided by
providing several compressor units (perhaps about 8 or 12 of
them) manifolded together in a convenient way. A similar
manifolding option would exist 1n relation to the gas-to-air
heat exchanger, though 1n this case 1t may be advantageous
to have a smaller group of compressors (perhaps 4) linked to
one of the main gas to air heat exchangers.

The use of manifolding as an alternative to accumulator
vessels 1mplies the need for controlled phasing of the
compressor units. This can be achieved by a microprocessor
control of the air and combustion gas valves.
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The embodiment of the thermally powered compressor
shown 1n FIG. 16 has a combustion chamber on one side of
the piston and both adiabatic and 1sothermal compression
chambers on the other side of the piston. Combustion and
subsequent expansion of the combustion gases impart
kinetic energy to the piston which then moves into the
compression chambers to compress the gas contained
therein. After the gas has been compressed and drawn from
cach of the compression chambers, the piston reverses
direction and moves back 1into the combustion chamber. The
return motion of the piston 1s driven by gravity and the
expansion of any compressed gas remaining in the com-
pression chambers. The forward and return strokes of the
piston are driven by different mechanisms and gas 1s com-
pressed on movement of the piston in one direction only.
This embodiment 1s therefore an asymmetric device.

It 1s 1mportant that the downward return stroke of the
piston occurs at a reasonable speed and this 1s achieved by
arranging for the entire mass of the piston to travel in the
direction of the restoring force applied by gravity over the
entire pertod of the return stroke. Thus, the maximum
restoring force due to gravity 1s applied to the piston during
the return motion, which implies a maximum downward
acceleration of about 1 g. The downward acceleration may
be 1ncreased further by expanding residual air or other gas
in at least one of the adiabatic and 1sothermal compression
chambers.

An 1mportant feature of the thermally powered compres-
sor 1S that the piston has enough mass to temporarily store
combustion 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 more compact assembly.
Furthermore, the friction due to the piston will be generally
less 1f a solid piston rather than a liquid piston with one or
more bends, 1s used. Therefore, the acceleration of the piston
by the combustion process may be greater for a solid piston
than for a liquid piston, although the acceleration is ulti-
mately limited by the rate of heat transfer between the
droplets 1n the liquid spray and the gas in the 1sothermal
compression chamber.

It 1s expected that the dew point of the exhaust gas will be
reached at the cold end of the gas-to-air heat exchanger
leading to condensation in either the heat exchanger 1tself 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 turbines. A power generating plant
may 1nclude a number of compressors all arranged to drive
a single pair of air turbines. The compressors 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 operation of each
individual compressor. For example, due to the finite time
constant 1n the system, cool compressed air produced 1n one
compressor may be used to drive the combustion process 1n
another compressor. Cooling air for cooling the combustion
chamber walls during the exhaust stroke 1n one compressor
may be supplied from the 1sothermal compression chamber
of another compressor. Also, arranging the compressors to
operate out of phase may assist in reducing vibration pro-
duced by acceleration and deceleration of the massive solid
pistons.

In another embodiment of the thermally powered com-
pressor having a single solid piston, the adiabatic and
isothermal compression chambers may be separated 1n a
direction parallel to the motion of the solid piston rather than
transverse to 1ts motion, as shown in FIG. 16. An embodi-
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ment which 1ncorporates this feature 1s shown 1n FIG. 17 as
a component 1n a power generating plant.

Referring to FIG. 17, the thermally powered compressor
generally indicated at 600 comprises essentially two com-
partments disposed vertically one above the other. A com-
bustion chamber 603 1s formed in the upper part of the upper
compartment 601 and an adiabatic compression chamber
605 1s formed 1n the lower part of the upper compartment
601. An 1sothermal compression chamber 609 i1s formed 1n
the upper part of the lower compartment 607, and an
adiabatic compression/expansion chamber 613 1s formed 1n
the lower part of the lower compartment 607.

The combustion chamber 603 has a hot compressed air
inlet port 623 controlled by a valve 625 to admait hot
compressed air 1nto the chamber, a fuel 1njection port 627 for
the 1njection 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 chamber 603. The
compressed air inlet port 623 and the exhaust/gas outlet port
are connected to the same side of a gas-to-air heat exchanger
670.

The adiabatic compression chamber 605 and the i1sother-
mal compression chamber 609 cach have an air inlet port
633, 635, controlled by a valve 637, 639 to allow air to be
drawn into each chamber 605, 609, and a compressed air
outlet port 641, 643, controlled by a valve 645, 647 to allow
compressed air to be drawn from each chamber.

The 1sothermal compression chamber 609 also has a
number of liquid spray 1njection ports 648 for the 1njection
of a liquid spray into the chamber. The spray nozzles are
preferably arranged 1n such a way as to provide a uniform
spray throughout the annular volume. The compressed air
outlet port 643 1n the 1sothermal compression chamber 609
1s connected to a moisture separator 680 which separates
spray liquid entrained in the compressed air. The moisture
separator 680 1s connected to the spray injection port 648 via
a cooling system 682 and a spray injection pump 650. The
cooling system 682 cools the spray liquid from the moisture
separator before the liquid 1s re-used 1n the spray. The pump
650 eifects continuous circulation of liquid from the mois-
ture separator 680 to the 1sothermal compression chamber. A
header tank 684 containing reserve spray liquid is provided
to replace any liquid which 1s lost from the circuit.

The compressed air outlet port 641 1n the adiabatic
compression chamber 605 1s connected to the iput of a
main air turbine 672, which drives a generator 674. Hot
compressed air from the compressor 1s expanded in the
turbine 672 to provide mechanical power to generate elec-
tricity. Part of the cool compressed air from the moisture
separator 1s directed to a gas-to-air heat exchanger 670 1n
which 1t 1s preheated with heat from exhaust gases from the
combustion chamber. Some of the preheated air 1s then
directed to the combustion chamber 603 for use 1n combus-
tion.

However, there will usually be more heat available 1n the
exhaust gases than 1s necessary to preheat the cool com-
pressed air required for combustion. To recover this excess
heat, the compressor 1s designed to produce a greater quan-
fity of compressed air than 1s actually required to drive the
combustion. A proportion of this surplus compressed air 1s
passed through the gas-to-air heat exchanger 670 to absorb
the excess heat 1n the exhaust gases, and 1s then directed to
a second air turbine 676 1n which it 1s expanded to produce
useiul mechanical power.

The temperature of the exhaust air from the second air
turbine 676 1s significantly higher than the ambient tem-
perature of the atmosphere, and heat 1n the exhaust air may
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be recovered by transferring the heat to a proportion of cool
compressed air leaving the moisture separator 680, 1n an
air-to-air heat exchanger 678. The pre-heated compressed air
1s then directed to the main air turbine 672 1n which 1t 1s
expanded along with the hot compressed air from the
adiabatic compression chamber 603.

The adiabatic/compression chamber 613 contains a mass
of gas e.g. air which, during operation of the compressor, 1s
alternately compressed and expanded. The gas 1s effective as
a spring whose purpose 1s to convert kinetic energy of the
piston 1n one direction 1nto kinetic energy of the piston in the
opposite direction. The gas provides the means by which the
piston 1s returned to the top of its stroke to complete the
operating cycle of the compressor. Thus, this chamber does
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 comprising a solid material has upper,
middle and lower parts and 1s free to oscillate linearly and
vertically. The upper part 617 of the piston 6135 1s sized to the
diameter of the upper compartment 601 and is free to move
up and down between the vertical extremities of the com-
partment mto and out of both the combustion and adiabatic
compression chambers 603, 605. The lower part 619 of the
piston 6135 1s sized to the diameter of the lower compartment
607 and 1s free to move up and down between the vertical
extremities of the compartment, 1nto and out of both the
1sothermal 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 com-
prises a shaft having a diameter less than that of the upper
and lower compartments. The shaft passes through an aper-
ture 623 formed 1n the partition 611 separating the upper and
lower compartments. A sliding seal 612 1s provided 1n the
aperture 611 which seals to the shaft to prevent air passing,
through the aperture 611 between the adiabatic compression
chamber 6035 and the 1sothermal compression chamber 609.
The sliding seal 612 1s designed to enable the shaft to slide
freely 1n either direction through the aperture 611. Seals 614,
616 arc provided between the piston and the walls of the
chambers to prevent gas leaking from one chamber to
another.

In this embodiment, when the upper part 617 of the piston
615 1s at 1ts highest level in the combustion chamber, the free
volume inside the adiabatic compression chamber 605 and
the adiabatic compression/expansion chamber 613 1s at a
maximum, while the free annular volume 1n the 1sothermal
compression chamber 609 1s at a minimum. Conversely,
when the upper part 617 of the piston 615 1s at 1ts lowest
level, the free volume 1n both the combustion and 1sothermal
compression chambers 603 and 609 1s at a maximum and the
free volume 1n both the adiabatic compression chamber 605
and the adiabatic compression/expansion chamber 613 1s at
a minimum. Thus, 1n this embodiment the combustion
process directly drives the adiabatic compression process,
the induction of air into the 1sothermal compression chamber
and adiabatic compression of the gas 1n the adiabatic
compression/expansion chamber. The adiabatic expansion
of gas 1n the adiabatic compression/expansion chamber 613
drives the 1sothermal compression process, the induction of
air 1nto the adiabatic compression chamber 605 and the
expulsion of exhaust gas from the compression chamber
603.

A typical operating cycle of the compressor 600 shown 1n
FIG. 17 proceeds as follows, beginning with the piston 615
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at 1ts maximum elevation 1n the combustion chamber 603
and about to reverse direction. At this point the gas outlet
valves 645, 647 1n each of the compression chambers 605,
609 are closed. The adiabatic compression chamber 605
contains air drawn 1n through the gas inlet port 633 during
the previous part of the cycle, and the gas inlet valve 637 1s
now closed. The lower part 619 of the piston 615 1s at its
uppermost level 1 the i1sothermal compression chamber
609, so that the free volume 1n the compression chamber 1s
at a minimum, and the gas inlet valve 639 1s open, to allow
air to be drawn 1nto the chamber during the downward stroke
of the piston. The lower part 619 of the piston 615 1is
withdrawn from the adiabatic compression/expansion cham-
ber 613 so that the free volume therein 1s fully extended.

As the piston 615 momentarily comes to rest in the
combustion chamber 603 and reverses direction, the hot
compressed gas 1nlet valve 625 opens and a predetermined
amount of hot compressed air 1s introduced into the com-
bustion chamber. Fuel 1s injected into the combustion cham-
ber through the fuel injection port 627, and 1gnites 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
therem. At the same time, the lower part 619 of the piston
615 moves out of the 1sothermal compression chamber 609
and mto the adiabatic compression/expansion chamber 613.
As the piston moves downward, air 1s drawn into the
expanding volume 1n the 1sothermal compression chamber.
609 through the gas inlet port 635. At the same time the
lower part of the piston compresses the gas contained 1n the
adiabatic compression/expansion chamber 613.

When the piston 615 reaches a certain level, the fuel
injection 1s stopped. The combustion gases confinue to
expand adiabatically until the piston 615 reaches the bottom
of 1ts 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 com-
pressed gas outlet port 641 and 1s passed to the input of the
main air tube 672. The hot compressed air 1s expanded 1n the
turbine, producing mechanical power to drive the generator
674.

On continued downward movement, the piston 615 is
oradually 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 ol 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 direction, the
compressed gas outlet valve 645 1n the adiabatic compres-
sion chamber 6035 closes and the gas inlet valve 637 opens,
to allow air to be drawn 1nto the chamber during the upward
movement of the piston 615. At the same time the gas inlet
valve 639 1n the i1sothermal compression chamber 609
closes.

The hot compressed gas 1n the adiabatic compression/
expansion chamber 613 begins to expand adiabatically,
driving the piston 615 upward, the lower part being driven
out of the chamber 613 and into the 1sothermal compression
chamber 609. As the piston starts to compress the air in the
1sothermal compression chamber 609, liquid 1s sprayed into
the chamber 609 through the spray injection port 648 to cool
the air, so that the compression process may be approxi-
mately 1sothermal. At the same time, the upper part 617 of
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the piston 6135 begins to move out of the adiabatic compres-
sion chamber 605 and into the combustion chamber 603.
Consequently, air 1s drawn into the adiabatic compression
chamber through the gas imlet port 633. When the pressure
of the combustion gases reaches a value suflicient 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 1n the 1sothermal compression
chamber 609 reaches the desired value, the compressed gas
outlet valve 647 opens and cool compressed air 1s drawn out
of the 1sothermal compression chamber 609 together with
the spray liquid. The cool compressed air and spray liquid
are then passed to the moisture separator 680 in which the
liquid 1s separated from the compressed air. The separated
liquid 1s then passed to the cooling system 682 which cools
the liquid before 1t 1s re-used in the spray.

Part of the cool compressed air from the moisture sepa-
rator 1s passed through the gas-to-air heat exchanger 670, in
which 1t 1s pre-heated with heat from the exhaust gases
leaving the combustion chamber 603. Some of the pre-
heated compressed air 1s directed to the combustion chamber
603 for use 1n the next cycle and some 1s passed to the 1nput
of the second air turbine 676 which drives the generator 674.
Part of the cool compressed air leaving the moisture sepa-
rator 680 1s passed through an air-to-air heat exchanger 678
in which 1t 1s pre-heated with hot exhaust air leaving the
second air turbine 676. The preheated compressed air from
the air-to-air heat exchanger 678 1s then passed to the main
air turbine 672 1n which 1t 1s 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 1n the combustion chamber 603, the gas
inlet valve 637 1n the adiabatic compression chamber 6035,
the compressed gas outlet valve 647 in the 1sothermal
compression chamber 609 are all closed and the gas inlet
valve 639 1n the 1sothermal compression chamber 609 1s
opened. The hot compressed gas inlet valve 625 1n 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 1s injected into
the combustion chamber through the fuel 1njection port 627
which 1gnites 1n the hot compressed gas. The resulting
combustion drives the piston downward and the cycle is
repeated.

By 1ncorporating an adiabatic compression/expansion
chamber to retard and reverse the motion of the solid piston
at the bottom of 1ts stroke, the need for more complex
methods which involve the movement of gas to and from a
chamber and which require valves to open and close with
very precise timing are avoided.

As with any of the previously described embodiments 1n
which cooling of the chambers walls 1s desirable, a cooling
jacket may be arranged around the walls of the combustion
chamber 1n the embodiment shown in FIG. 17, through
which cooling fluid can circulate to absorb the heat from the
chamber walls. The cooling fluid may comprise a proportion
of cool compressed gas produced in the i1sothermal com-
pression chamber. The combustion chamber walls may have
a plurality of apertures formed therein to allow the com-
pressed air (or other gas) to eventually pass into the com-
bustion chamber, and expand with the combustion gases.
However, even after the cooling fluid has absorbed heat from
the combustion chamber walls, 1t will still be relatively cool
compared to the temperature of the combustion gases. Thus,
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the 1ntroduction of relatively cool gas mnto the combustion
chambers may cause a loss 1n the efficiency of the system
(for example due to a relatively large change in entropy).
Thus, a transpiration cooling method 1s not necessarily the
most efficient method of recovering heat from the combus-
fion chamber walls.

Alternatively, cooling fluid may be circulated around the
combustion chamber walls to absorb heat, and may then be
passed to another part of the system 1n which the absorbed
heat may be released in a part of the cycle whose tempera-
ture more closely matches that of the heated cooling fluid.
For example, if the cooling fluid 1s 1sothermally compressed,
air from the 1sothermal compression chamber, part of the
compressed air may be caused to circulate around the
combustion chamber walls and the heated compressed air
may then be directed to an air turbine whose inlet tempera-
ture 1s matched to the temperature of the heated compressed
air.

An embodiment incorporating this method of recovering
heat lost to the combustion chamber walls, 1s shown 1n FIG.
18. The embodiment shown in FIG. 18 1s similar 1n many
respects to that shown in FIG. 17 and like features are
designated by like numerals. Referring to FIG. 18, the upper
compartment 601 1s surrounded by a cooling jacket 620 to
effect cooling of the walls of the combustion chamber 603
and possibly the adiabatic compression chamber 605. The
moisture separator 680 1s connected to the cool side of the
gas-to-air heat exchanger 670 via a main cool compressed
gas supply line 618. A cooling fluid supply line 622 connects
the cooling jacket 620 to the main supply line 618. The
connection of the cooling fluid supply line 622 to the cooling
jacket 1s made near the lower end of the upper compartment
601 where the temperature of the combustion chamber walls
1s relatively cool. The cooling jacket 620 extends to the top
of the combustion chamber and 1s arranged so that cooling
air can flow around the top of the combustion chamber 1n
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 in the adiabatic
compression chamber 605 1s connected to the input of the air
turbine 672 via a gas supply line 626. The cooling fluid
outlet port 1n the cooling jacket 620 1s connected to the gas
supply line 626 via a supply line 624. The cooling fluid exit
port from the cooling jacket 1s situated at the top of the
combustion chamber 603 where the temperature 1s highest.
This positioning of the cooling fluid exit port ensures that the
compressed air leaving the cooling jacket has absorbed
suflicient heat so that the temperature of the compressed air
matches that of the hot compressed air leaving the adiabatic
compression chamber 6035.

The embodiment shown 1 FIG. 18 1s 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 1 FIG. 17. In the embodi-
ment shown 1n FIG. 18, cool compressed gas used to recover
excess heat from the exhaust gas in the gas-to-air heat
exchanger 670 1s passed directly to the input of the air
turbine 672 via gas supply line 628. This aspect of the
embodiment shown 1n FIG. 18 has already been described in
relation to the embodiment shown 1n FIGS. 15.

In operation, cool compressed gas from the isothermal
compression chamber 609 passes through the moisture sepa-
rator 680, the main proportion of the compressed gas then
being directed to the gas-to-air heat exchanger 670. The cool
compressed gas 1s pre-heated in the heat exchanger 670, and
part of the pre-heated compressed gas which 1s required for
combustion 1s directed to the combustion chamber 603. That
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part of the pre-heated compressed gas which 1s used to
recover excess heat from the exhaust gas 1s passed directly
to the air turbine 672, in which 1t 1s expanded along with the
adiabatically compressed gas from the adiabatic compres-
sion chamber 605.

Part of the cool compressed gas from the moisture sepa-
rator 1s passed to the cooling jacket 620 to effect cooling of
the combustion chamber walls. The compressed gas circu-
lates through the cooling jacket, gaining heat from the
combustion chamber walls, and eventually leaves via the
cooling fluid exit port and joins the main flow of adiabati-
cally 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 1nto the supply line 626 carrying the main flow of
adiabatically compressed gas.

An embodiment of a symmetric thermally powered com-
pressor 1ncorporating vertically separated chambers 1s
shown 1n FIG. 19, in conjunction with electricity generating
plant arranged 1n a similar way to that described above 1n
relation to FIGS. 16 and 17. Referring to FIG. 19, the
compressor, generally indicated at 900, comprises a
U-shaped conduit 901 partially filled with liquid forming a
liquid piston 903. The arms 905 and 907 of the conduit 901
are linear and extend vertically upwards. A compartment
908, 910 1s formed adjacent to the 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 1s formed 1 each arm 905, 907 below each upper
compartment 908, 910. The lower compartments each serve
as an 1sothermal compression chamber 917, 919. The adia-
batic compression chamber 1n each arm 1s arranged between
the combustion and i1sothermal compression chambers in
order to reduce, as far as possible, the thermal gradient down
the length of the arm and therefore to minimise the thermal
conductance from the combustion chamber to the 1sothermal
compression chamber.

A solid piston 921, 923 having a higher density than the
liquid piston 903 i1s disposed 1n each arm 905, 907 of the
conduit 901 and comprises essentially three parts: upper,
middle and lower. The lower part of each piston 921, 923 is
s1zed to the diameter of the arm 9085, 907 of the conduit 901,
1s supported from below by the liquid piston 903 and 1s free
to move up and down, mto and out of the 1sothermal
compression chamber 917, 919. Scals 984 are provided
adjacent the lower edge of the pistons to prevent liquid
leaking between the piston and the chamber walls. The
upper part 929, 931 of the solid piston 921 and 923 1s 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, 910. The upper
and lower parts of the solid piston 921, 923 are connected
together and spaced apart vertically by a middle part 930,
932 1 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 upper to the lower compartment
through an apperture 933, 935 formed 1n the partition 937,
939 which separates the upper and lower compartments. A
sliding seal 941, 943 1s provided between the aperture 933,
935 and the shaft to prevent gas leaking between the
1sothermal and adiabatic compression chambers.

When each of the solid pistons 1s at its lowest level 1n a
respective arm of the conduit, the free volume inside both
the combustion and i1sothermal compression chambers is
fully extended and at a maximum. Simultancously, the free
volume inside the adiabatic compression chamber 1s at a




US RE37,603 E

53

minimum, the upper part of the piston being at the lower
limit of its travel in the upper compartment. Conversely,
when each of the solid pistons 1s at 1ts highest level, the free
volume inside the combustion and isothermal compression
chambers 1s at a minimum, whereas the free volume inside
the adiabatic compression chamber 1s 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
oas 1nlet port 945, 947 controlled by a valve 949, 951 for the

introduction of pre-heated compressed air or other oxidising
oas 1nto the chamber; a fuel mjection port 953, 955 for the

injection of fuel into the chamber, and an exhaust gas outlet
port 957, 959 controlled by a valve 961, 963 for the

expulsion of hot exhaust gases from the combustion cham-
ber. 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 1sothermal compression chamber 917, 919 includes a
cgas 1nlet 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 1sothermally compressed gas to be drawn from the
compression chamber. Each 1sothermal compression cham-
ber also 1includes a number of spray injection ports 918, 920,
922, 924 arranged to provide a uniform spray of hiquid
throughout the annular volume of each chamber during
COmpression.

In the operating cycle of the compressor shown 1in FIG. 19
the combustion process 1n one arm of the conduit drives
simultaneously the adiabatic compression process in the
same arm, and the 1sothermal compression process in the
other arm.

A typical operating cycle of the thermally powered com-
pressor shown 1 FIG. 19 proceeds as follows beginning,
with the piston 923 at the top of its stroke 1n 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 from the
previous combustion and both the hot compressed gas inlet
valve 949 and exhaust gas outlet valve 961 are closed. The
1sothermal compression chamber 917 contains air previ-
ously drawn 1 through the gas inlet port 981 during the
previous part of the cycle, and the gas inlet and outlet valves
985, 993 are closed. The adiabatic compression chamber
915 1 the other arm 907 of the conduit 901 also contains air
previously mtroduced through the gas inlet port 967 and the
gas 1nlet and outlet valves 987, 995 are closed.

As the solid piston 923 momentarily comes to rest at the
top of its stroke and reverses direction, the hot compressed
gas mnlet valve 951 opens and a predetermined amount of hot
compressed gas from the gas-to-air heat exchanger 970 1s
introduced into the combustion chamber 911. Fuel 1is
injected through the fuel 1njection port 955 into the com-
bustion chamber 911. The fuel 1ignites, resulting 1n combus-
fion of the fuel-air mixture which drives the piston 923
downwards and out of both the combustion chamber 911 and
the 1sothermal compression chamber 919. Initially, fuel
continues to be admitted 1into the combustion chamber, so
that the combustion occurs at approximately constant pres-
sure. The compressed gas outlet valve 995 1n the 1sothermal
compression chamber 919 1s closed and the gas 1nlet valve
987 1s open, to allow air to be drawn 1nto the compression
chamber 919 as the piston moves out of the chamber.

As the upper part 931 of the piston 923 moves downward
out of the combustion chamber 911, it moves into the
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adiabatic compression chamber 915 and compresses the air
previously introduced 1nto the chamber during the last part
of the cycle.

Downward movement of the solid piston 923 1s accom-
panied by upward movement 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 1n the adiabatic compression chamber 913 1s closed and
the gas 1nlet valve 969 1s open allowing air to be drawn 1nto
the chamber. Both the gas inlet and outlet valves 1n the
1sothermal compression chamber 917 are closed and the
lower part 925 of the piston 921 begins to compress the air
contamned 1n the 1sothermal compression chamber. During
compression, a cool liquid spray 1s 1njected 1nto the 1sother-
mal compression chamber through the spray injection ports
918, 924, to cool the air so that the compression may be
approximately i1sothermal. The exhaust valve 961 in the
combustion chamber 909 opens when the pressure 1s sufli-
cient to drive the combustion gases out of the combustion
chamber, through the gas-to-air heat exchanger 970 and
eventually out mnto the atmosphere.

At some point during the downward travel of the solid
piston 923, the fuel injection 1s stopped. The piston 923
continues to be driven downward to the bottom of its stroke
by the adiabatic expansion of the combustion gases.

When the air pressure 1n the i1sothermal compression
chamber 917 reaches the desired value, the compressed gas
outlet valve 993 opens and compressed air along with the
spray liquid 1s drawn out of the chamber through the
compressed gas outlet port 989. The mixture of compressed
cgas and spray liquid passes through the moisture separator
972 1n which the spray liquid 1s separated. The spray liquid
1s then returned to the cooling system 974, where 1t 1s cooled
before bemng re-used 1 the liquid spray. Part of the cool
compressed air 1s passed from the moisture separator to the
ogas-to-air heat exchanger 970 1n which 1t i1s pre-heated by
heat from the hot exhaust gases from the combustion pro-
cess. Part of the pre-heated compressed air is then passed
from the gas-to-air heat exchanger 970 for use 1in
combustion, and another part 1s passed to the input of a small
air turbine 978.

When the air pressure 1n the adiabatic compression cham-
ber 915 reaches the required value, the compressed gas
outlet valve 979 opens and hot compressed air flows out of
the chamber through the compressed gas outlet port 975 and
1s passed to the main air turbine 976 1in which it expands,
producing mechanical power to drive the generator 980.
Heat from the exhaust gas of the second air turbine 978 is
recovered by transferring this heat to part of the cool
compressed air from the moisture separator 972 in the
air-to-air heat exchanger 982. The hot compressed air leav-
ing the air-to-air heat exchanger is then passed to the main
air turbine 976 1in which 1t 1s expanded along with the main
flow of adiabatically compressed air. When the solid piston
923 reaches the bottom of 1ts stroke and piston 921 reaches
the top of its stroke, the exhaust gas outlet valve 961 1n the
combustion chamber 909, the gas inlet valve 969 1n the
adiabatic compression chamber 913, and the compressed gas
outlet valve 993 in the compression chamber 917, the
compressed gas outlet valve 979 1n the adiabatic compres-
sion chamber 915 and the gas inlet valve 987 in the
isothermal compression chamber 919, all close. The hot
compressed gas inlet valve 949 1n the combustion chamber
909 then opens and then closes shortly after admitting a
charge of hot compressed gas into the chamber. Fuel is
injected i1nto the combustion chamber through the fuel
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injection port 953. The fuel 1gnites and the resulting com-
bustion of the pre-heated compressed air and fuel mixture
drives the piston 921 downward, out of both the combustion
chamber 909 and out of the 1sothermal compression cham-
ber 917, commencing the return stroke of the piston and the
second half of the operating cycle.

Because the embodiment of the compressor shown in
FIG. 19 1s a symmetric device, the second half of the cycle
1s similar to the first, with compression of air in adiabatic and
1sothermal compression chambers 913 and 919, induction of
air 1n adiabatic and 1sothermal compression chambers 915
and 917 and expulsion of combustion gases from combus-
tion chamber 911. These processes are all driven by com-
bustion 1n combustion chamber 909. By having the various
combustion and compression chambers separated vertically,
the construction of the compressor 1s 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 i1s to contain
liquid and to convert downward motion of one part of the
piston 1nto 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 1n the
same horizontal plane, with the solid piston oscillating
between them. The compression chambers may be similarly
arranged.

In any embodiment of the gas compressor which has a
solid piston, there 1s the possibility that the piston may over
run and cause a damaging impact at the end of the chamber.
Sensors and control mechanisms which operate valves to
inject gas into the chamber can be provided to prevent this
occurrence. In addition, 1t may be desirable to construct the
solid piston 1n such a way as to mitigate the effect of such
an 1mpact. For example, the end or head of the piston may
be designed to be collapsible, so that the energy of impact 1s
absorbed. This may be achieved by forming the end of the
piston as a crumple zone. Alternatively the end of the piston
may be designed to telescope inwards on impact. The
collapsible end portion should be as light as possible so that
the kinetic energy of this part of the piston 1s minimised.

In all the embodiments shown 1n FIGS. 15 to 19, heat 1s
supplied to the thermally powered compressor by internal
combustion of fuel. However other heat sources such as
nuclear, solar, chemical and industrial process heat can also
be used and embodiments using alternative sources of heat
are described in detail below. To distinguish compressors
using 1nternal and external heat sources, they shall be
referred to as internal combustion and externally heated
compressors respectively. FIGS. 15 to 19 1llustrate embodi-
ments of the internal combustion compressor together with
the components of a circuit suitable for the generation of
clectrical power, including at least one air turbine. Such
systems will be referred to as I[CCAT (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, 1t 1s 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 com-
bustors as 1n some modern power plant or to have chain-
orate combustors as was done 1n the past. For some fuels 1t
will be necessary to provide means to remove particulates
and sulphur dioxide from the exhaust gases and from the
compressor 1tself. For most fuels, measures to control the
emission of nitrogen oxides will be needed, either by control
of the combustion process or by treatment of the exhaust

oas.
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The exhaust gas from the combustion chamber will gen-
erally contain a quantity of water vapour. Water vapour will

be produced m 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
example natural gas or methane (CH,) will produce more
water vapour than coal.

METHOD OF WATER RECOVERY FROM
EXHAUST GAS

The recovery of water from the combustion gases may be
important for various reasons. Conservation of water, par-
ticularly 1f the water has been demineralised, 1s one 1mpor-
tant reason. Also, the presence of water vapour could cause
an unsightly plume above the chimney from which the
exhaust gas 1s finally emitted. If water could be removed
from the combustion gases prior to their release into the
atmosphere no plume would form above the chimney. Con-
densation of water vapour 1s an effective method of remov-
ing some undesirable pollutants from the exhaust gas, and
this method might be used on its own or as a supplement to
other methods of control. Depending on the type of fuel,
these pollutants may include sulphur oxides, nitrogen
oxides, ammonia, mercury and other heavy metals and
particulates. If the water vapour 1s 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 1n the solution of the pollutant 1nto the water phase.
For example, the capture of sulphur oxides can be achieved
by the addition of limestone or some other alkali, as 1s done
in conventional flue gas de-sulphurisation systems. Other
additives may be used to facilitate the capture of other
pollutants.

Some pollutants, such as ammonia, are very soluble 1n
water and no additive 1s necessarily required to achieve
cfficient capture. Ammonia may be injected into the heat
exchanger, 1n the combustion chamber or 1nto the connect-
ing pipe work 1n order to reduce the nitrogen oxides which
are formed at high temperatures. Depending on the condi-
fions and the amount of ammonia injected, there may be
circumstances when the combustion gases have excess
ammonia and 1t will be desirable to remove this before the
gases are released to the atmosphere. Condensation 1s also
an elffective method of removing particulates including ash
particles from the exhaust gas. For fuels with a significant
ash content, such as coal, conventional electrostatic precipi-
tation may be used in addition to condensation.

An apparatus for condensing water vapour from the
exhaust gas 1s shown schematically in FIG. 20. The appa-
ratus shown may be directly added to the cool exhaust gas
outlet side of the high temperature gas-to-air heat exchanger
shown 1n any one of FIGS. 15 to 19. However the apparatus
may be implemented 1n other systems where 1t 1s desirable
to recover water from exhaust or other gas.

Referring to FIG. 20, a low temperature gas-to-gas heat
exchanger 656 1s connected to the exhaust gas outlet side of
the high temperature gas-to-air heat exchanger 649 which
serves to heat 1sothermally compressed air with the exhaust
cgas from the combustion chamber of the compressor. A
cooler 638 1s 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 688 and returns to the low
temperature side of the gas-to-gas heat exchanger 656. A fan
660 1s arranged to force air through the cooler for cooling the
exhaust gas. The fan could be situated either upstream or
downstream of the cooler.
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For the purposes of illustrating the operation of the water
recovery apparatus, various temperatures will be assumed at
different points 1n the apparatus, although 1n practice these
temperatures may well be different. Exhaust gas from the
combustion chamber passes through the high temperature
gas-to-air heat exchanger 649 1n which 1t 1s cooled to about
60° C. by the 1sothermally compressed air from the isother-
mal compression chamber which has a temperature of about
40° C. The exhaust gas from the gas-to-air heat exchanger
649 passes through the low temperature gas-to-gas heat
exchanger 656 in which it is cooled further, to about 35° C.,
by cool exhaust gas returned from the cooler 658. The
exhaust gas 1s then directed to the cooler where 1t 1s cooled
to a temperature of about 25° C. 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 1s removed before the
exhaust gas 1s passed to the cooler 658 and water condensed
as a result of further cooling 1n the cooler 638 1s removed
after this stage and before the exhaust gas is returned to the
cgas-to-gas heat exchanger 656. The cooled exhaust gas is
returned to the gas-to-gas heat exchanger 656 so that some
of the removed heat 1s restored. The dry exhaust gas whose
temperature is raised to about 50° C. in the gas-to-gas heat
exchanger 656 1s then expelled 1nto the atmosphere. Reheat-
ing the exhaust gas avoids the formation of the unsightly
vapour plume above the chimney and also increases the
buoyancy of the exhaust gas to aid 1n its dispersal in the
atmosphere.

Although the cooler 638 shown m FIG. 20 uses air to cool
the 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 combustion fuel 1s natural
gas, the recovery of water can be achieved at relatively high
temperatures because the flue gases produced by combustion
have a dew point of about 60° C.

INTERNAL COMBUSTION COMPRESSORS

The ICCAT system has a number of advantages over the
combined cycle gas-turbine system (CCGT) and conven-
tional coal and oil-burning steam plant. The ICCAT does not
have a gas turbine driven by hot combustion gases from a
separate combustion chamber. In a CCGT the maximum
temperature 1s limited by the maximum temperature that the
gas turbine blades can withstand, which is about 1300° C.
Because heat 1n the combustion gas 1n the ICCAT system 1s
directly transferred to the kinetic energy of the piston (or
some other means to store kinetic energy coupled to the
piston), the maximum temperature limit is very much
oreater and should be 1n excess of 2000° C.

The exhaust gas from the gas turbine 1n a CCGT 1s 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 pro-
vides hot compressed inlet air at a temperature of about 350°
C. This temperature 1s achieved as a result of heat transterred
to the compressed air during the adiabatic compression
process. The heat transferred to the inlet gas 1s provided by
mechanical energy of a rotary compressor. However, 1n the
[CCAT system the inlet air is at a temperature of about 800°
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C. and 1s not heated by mechanical energy but by the heat 1n
the exhaust gas from the compressor. Thus, in the CCGT the
temperature 1s raised by 350° C. to 1200° C. whereas in the
ICCAT system the temperature is raised from 800° C. to
2000° C. Therefore, in the ICCAT system the average
temperature at which heat 1s added to the system 1s much
higher than 1t 1s in the CCGT system. This 1s very beneficial
from the point of view of the Carnot efficiency defined
previously. Furthermore, because the inlet air 1s compressed
1sothermally, much less energy i1s required to compress a

ogrven mass of gas than 1s required by the rotary compressor
in the CCGT.

Most of the compressed air used to drive the thermally
powered compressor 1n the ICCAT system 1s consumed 1n
the combustion process, whereas in the CCGT large
amounts of compressed air are required for 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
lower exhaust temperatures of the air and combustion gases
in the ICCAT system, implying less wasted heat and higher
cficiency. Furthermore, in the ICCAT system power 1is
extracted using an air turbine which operates at a compara-
tively low temperature and whose outlet temperature 1s close
to ambient. Because the air turbine operates at a compara-
fively low temperature, cooling should not be needed and
materials problems should not arise.

The ICCAT system also has advantages over the power
generation plant shown 1n FIG. 9 because higher tempera-
tures 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 1deally the only part of the
cycle 1n which a significant amount of heat 1s rejected 1is
during 1sothermal compression. In addition to the cooling
strategy outlined above, any form of cooling can 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, a river or lake.

EXTERNALLY HEATED COMPRESSOR AND
AIR TURBINE

Alternative sources of heat may be used to drive the
thermally powered compressor other than heat from a com-
bustion process. In this case the heat source would generally
be external to the thermally powered compressor. Systems in
which such a thermally powered compressor 1s effective as
a component 1n a power generating plant driving an air
turbine, shall be referred to as EHCAT(Externally Heated
Compressor and Air Turbine). As mentioned above, the heat
may be provided by a chemical or industrial process, by
solar energy or by nuclear heat. An external heat exchanger
may also be preferred for combustion of certain fuels, which
might not be easily gasified or burnt 1nside the compressor
itself. Examples could be the imcineration of waste and
possibly biomass and coal.

FIG. 21 shows diagrammatically one embodiment of the
externally heated compressor operative 1n an EHCAT sys-
tem. The compressor 701 comprises an 1sothermal compres-
sion chamber producing cool compressed gas, and an adia-
batic compression chamber producing hot compressed gas.
In this respect the compressor may be similar to the internal
combustion compressor shown 1n any one of FIGS. 15t0 19.
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However, 1n the externally heated compressor the combus-
fion chamber of the imternal combustion compressor 1is
replaced by an expansion chamber into which very hot
compressed gas 1s 1njected without fuel. The very hot
compressed gas expands and cools without combustion,
imparting kinetic energy to the piston or other kinetic energy
storage means. Hot exhaust gas 1s expelled from the expan-
sion chamber and 1s fed to a gas-to-gas heat exchanger 703
to preheat the cool compressed gas drawn from the 1sother-
mal compression chamber. This preheated gas 1s fed to a
process heat exchanger 705 1n which the gas 1s heated to its
final temperature with heat generated by some thermal
process. The very hot compressed gas from the process heat
exchanger 705 1s fed into the expansion chamber of the
externally heated compressor to drive the piston. In this
embodiment, power 1s extracted from the externally heated
compressor by compressing a quantity of gas adiabatically
and expanding this gas through a gas turbine 707 to drive an
clectricity generator 709.

If the heat to drive the thermally powered compressor 1s
provided via an external heat exchanger, 1t 1s possible to
arrange the working gas to circulate 1n a closed cycle. The
advantages of a closed-cycle system are that the pressure of
the working gas can be increased 1n order to achieve a higher
output for given plant size, and that a gas other than air can
be selected to 1improve heat transfer.

A closed-cycle system 1s also shown in FIG. 21 with the
necessary modifications from the open cycle system being
indicated by the dotted lines.

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

The thermal capacity of the exhaust gas from the exter-
nally heated compressor 701 is the same as the 1nlet gas from
the 1sothermal compression chamber. Thus there 1s no sur-
plus heat 1in 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 1n the EHCAT system, as shown in FIG. 21.
However, the external process heat may be available over a
considerable temperature range and under these
circumstances, two or more gas turbines might be used. For
example, 1f the external heat exchanger 1s a furnace burning
a fuel, then depending on the exhaust gas temperature, there
could be surplus heat. FIG. 22 shows one embodiment of an
externally heated compressor implemented in an EHCAT
system 1n which surplus heat of the exhaust gas from an
externally fired furnace 1s converted to useful power.

The power generating plant shown 1n FIG. 22 comprises
a furnace 805 which serves as the main heater to heat the
compressed air for driving the externally heated compressor
801. A fan 811 supplies air to the furnace 805 via a main
ogas-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 1includes a second air turbine 815 driving a second
generator 817 and a second gas-to-air heat exchanger 819.
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Part of the 1sothermally compressed air from the externally
heated compressor 1s fed to the second gas-to-air heat
exchanger 819 which 1s arranged to preheat this air with part
of the exhaust gas from the furnace 805. The preheated
compressed air 1s then fed as inlet air to the second air
turbine 815 for generating additional power. The operating
temperature of the second air turbine 815 1s 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 1s
provided to recover this heat by way of preheating a further
part of the 1sothermally compressed air from the externally
heated compressor 801 which 1s then added to the flow of
adiabatically compressed air to drive the main air turbine
807. Depending on the composition of the exhaust gas from
the furnace, means to clean the exhaust gas 823 may be
added before the exhaust gas 1s released 1nto the atmosphere.

A second air turbine may also be used when the source of
external heat 1s not combustion of a fuel, but 1s an industrial
process, a waste heat stream or some other heat source. The
particular arrangement would depend on the heat source and
how 1t 1s matched to the externally heated compressor
circuit.

EXTERNALLY HEATED HOT LIQUID
INJECTION COMPRESSOR

FIG. 23 shows an embodiment of the externally heated
compressor 1n which heat 1s transferred to liquid rather than
oas 1n the external heat exchanger. The thermally powered
compressor indicated at 900 has many similarities to the
combustion compressor described above with reference to
FIG. 17 and like numerals incremented by 300 refer to like
parts. Therefore, the description of those components
including the solid piston, the adiabatic and 1sothermal
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 FIG. 23. The
main differences between the internal combustion compres-
sor and the externally heated compressor concern the func-
tion of the upper chamber and the way 1n which heat is
transterred 1nto the upper chamber, and these will now be

described.

The upper chamber 903 of the externally heated compres-
sor 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
cas 1nlet port 929 1s connected to the compressed gas outlet
port 943 1n the 1sothermal compression chamber 909 via a
moisture separator 980 and a gas-to-gas heat exchanger 970.
The exhaust gas outlet port 923 1s connected to the gas-to-
oas heat exchanger 970 via a second moisture separator 982.
The liquid spray injection port situated at the top of the
expansion chamber 903 1s connected to the spray liquid
output of the moisture separator 983 via a process heat
exchanger 985 and a second liquid spray injection pump

986.

The manner in which the compressor 1s driven will now
be described beginning with the piston 915 at the top of its
stroke 1n the expansion chamber 903. As the piston comes to
rest at 1ts point of maximum elevation, the gas inlet valve
931 opens and preheated compressed gas 1s 1introduced 1nto
the expansion chamber 903 through the gas inlet port 929.
At the same time, hot liquid from the process heat exchanger
984 15 injected 1nto the expansion chamber 903 by the spray
injection pump 986. The preheated compressed gas 1s heated
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further by the liquid spray and expands driving the liquid
piston downwards. Heat 1s transferred from the mjected
droplets to the gas as the gas continues to expand 1n order
that the gas temperature 1s maintained throughout the expan-
S10N Process.

As the piston reaches the bottom of its stroke in the
expansion chamber 903 and reverses direction, the exhaust
gas outlet valve 925 opens and the low pressure exhaust gas
together with the spray liquid 1s expelled from the expansion
chamber through the exhaust gas outlet port 923 and flows
through the moisture separator 983 1n which the spray liquid
1s removed. The low pressure exhaust gas then flows through
the gas-to-gas heat exchanger 970 1n which compressed gas
from the 1sothermal compression chamber 909 1s preheated
before being introduced into the expansion chamber 903.
The spray liquid separated 1n the moisture separator 983 is
returned to the process heat exchanger 985 1n which 1t 1s
re-heated before being re-used 1n the spray.

In an open-cycle system, 1n which air 1s the gas, exhaust
air leaving the heat exchanger 970 1s expelled to the atmo-
sphere. In a closed-cycle system, the gas leaving the heat
exchanger 970 1s directed to the i1sothermal compression
chamber 909 for compression. In this way the gas may be
continuously recycled 1n a closed circuit. Furthermore, 1in an
open-cycle system exhaust air from the turbine 972 1is
expelled, but 1n a closed-cycle system the gas 1s directed
back to the adiabatic compression chamber 9035. In the latter
case the gas used to drive the turbine 972 1s also continu-
ously recycled. Thus, the externally heated compressor may
either operate 1n an open-cycle or a closed-cycle as indicated
by the dotted lines. In FIG. 23 1t 1s 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 1t 1s possible to have different gases in
these two circuits and indeed one circuit can be open-cycle
while the other 1s closed-cycle.

The use of injected liquid as ,the medium of heat transfer
1s advantageous 1n that the external heat exchanger 970 can
be more compact and more efficient. Another advantage of
using liquid 1s that the heat can continue to be supplied to the
injected gas throughout the expansion, which improves the
thermodynamic efficiency. The use of liquid as the heat
transfer medium limaits the maximum temperature of the heat
source to that which can be accommodated by a suitable
liquid. Preferably, the liquid to be used will have acceptable
physical and conical properties, will be non toxic, enviro-
mentally acceptable and relatively inexpensive.

An externally heated compressor with hot liquid 1njection
may be suitable for power generation with low temperature
heat sources such as solar energy, geothermal energy or low
temperature waste heat.

In a closed cycle operation case, 1t may be necessary to
provide some additional cooling to the gas after 1t leaves the
turbine 1n order to maintain a stable temperature.

Advantageously, the thermally powered compressor can
operate using a wide range of different fuels including
natural gas, light and heavy oils, orimulsion, coal, biomass
or domestic waste. Various schemes for using combustible
fuels will now be described.

Natural gas and light oils are 1n a suitable form for direct
injection and firing 1nside the heated combustion chamber.
Alternatively, these fuels may be burnt inside a combustion
chamber external of but attached to the heated chamber.
Conveniently, the fuel may ignite spontaneously depending
on the temperature of the inlet air and/or pressure in the
chamber; as for example happens in diesel engines. The
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combustion products contain essentially no particulates and
very little sulphur dioxide, although a certain amount of
nitrous oxides (NOX) will be present. The emission of NOX
can be limited by either catalytic or non-catalytic reduction
with ammonia. There are a number of schemes for burning
heavy oils, orimulsion or coal.

With reference to the ICCAT system, heavy oils and
orimulsion could be atomised into fine droplets by heating,
then injected into the expansion chamber at the required
intervals, and burned by internal combustion. The droplets
may 1gnite 1n 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 1nitiate the combustion process.
Coal may also be injected into the combustion chamber 1n
the form of fine dust (pulverised fuel) which is transported
to the expansion chamber along a pipe 1n a flow of air or
another suitable transporting medium. It 1s 1mportant to
ensure that there 1s no risk of premature explosion of the coal
dust 1n the transporting 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 1n a suitable gasifica-
tion plant. Liquid fuel 1.e. orimulsion or heavy o1l 1s simpler
to handle 1n a gasification process than coal, since there 1s 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
expansion chamber of the compressor under the control of
high temperature valves.

With reference to the EHCAT system, orimulsion, heavy
o1l or coal could be burnt in a main heater to heat the
working fluid for the thermally powered compressor. The
main heater may include an unpressurised furnace arranged
to burn the fuel 1in 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, 1s passed. The preheated compressed
air 1s heated by heat from the furnace, and then 1njected as
very hot compressed air into the expansion chamber to drive
the piston.

If the fuel undergoes some form of gasification, then
preferably the sulphur would be removed prior to the
combustion stage. Removal of sulphur after gasification but
before combustion 1s advantageous because the gas volumes
are very much less. Also, the sulphur 1s likely to be extracted
in 1ts elemental form rather than as gypsum. This means that
the mass of product material 1s also very much less. On the
other hand, if the fuel 1s not gasified, then exhaust gas from
the combustion process should undergo desulphurisation
before being admitted to the atmosphere.

Where possible, direct combustion of fuel in the combus-
tion chamber of the thermally powered compressor would
oenerally be preferred over the use of an external furnace
whether or not the fuel 1s gasified. The combustion gas
produced by gasified fuel 1s generally cleaner than from
direct combustion of a solid or heavy 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 1f
prepared 1n a suitable form. Although generally 1t 1s not
practical to chop domestic waste or most forms of biomass
into particles of sub-millimeter sizes, as 1s done 1n the case
of pulverised coal, biomass could be burned in a suitably



US RE37,603 E

63

designed internal combustion system 1f 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 1n a
fixed bed or possibly 1n 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
gasification could be transferred by a heat exchanger to
1sothermally compressed air and then expanded to increase
the power output of the system. The gas would be combusted
in an [CCAT system similar to that used for natural gas.

THERMALLY POWERED GAS COMPRESSOR
WITH GASIFICATION

As mentioned above, gasified fuels such as coal, heavy
o1ls, orimulsion or biomass for use 1n a combustion com-
pressor may be an attractive option. FIG. 24 shows the
application of one embodiment of the iternal combustion
compressor and air turbine to an mtegrated gasification and
power cycle. Referring to FIG. 24, the thermally powered
compressor together with spray liquid recovery and cooling
system has previously been described with reference to
FIGS. 17 and IS and comprises a massive vertically recip-
rocating solid piston. Like components are designated by
like numerals.

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 pro-
duces both pressurized nitrogen and pressurized oxygen.
The air separation unit 652 1s arranged to supply pressurized
oxygen to a gasifier 654 1n which the oxygen 1s 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 1s connected below the gasifier 654
to collect slag produced by the gasification process. A
cooling jacket 655 1s 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 process to be recovered. In this
embodiment, pressurized nitrogen produced 1n the air sepa-
ration unit 652 serves as the cooling fluid and the nitrogen
output from the air separation unit 652 1s connected to a
lower part of the cooling jacket 655. A hot compressed
nitrogen exit port 1s provided near the top of the gasifier
cooling jacket and 1s connected directly to the mnput of the
air turbine 672. Thus, heat from the gasifier 1s recovered 1n
a form 1n which 1t can be conveniently converted 1nto usetul
POWET.

The raw fuel gas output of the gasifier 654 1s connected
to a gas-to-air heat exchanger 656 1n which the raw gases are
cooled by a further supply of pressurized nitrogen from the
air separation unit 652. The hot compressed nitrogen leaving
the gas-to-air heat exchanger 656 1s directed to the air
turbine 672 1n which 1t 1s expanded to produce useful
mechanical power. The raw gas output of the gas to air heat
exchanger 656 1s connected to an ash cyclone 658 1n which
the raw gases are treated to remove any ash. Treated gas
from the ash cyclone 658 1s then directed to a sulphur
removal unit 662 via a raw-gas-to-clean-gas heat exchanger
660 1n which the raw gas 1s cooled prior to its introduction
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 1s then directed
to the combustion chamber of the combustion compressor
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600 via the fuel mjection port 627 for combustion in the
combustion chamber 603. Part of the i1sothermally com-
pressed air produced 1n the combustion compressor may be
used to supplement the pressurized nitrogen for recovering
heat from the gasification process, if necessary.

This gasification scheme 1s expected to deliver signifi-
cantly higher efficiences than current designs as a result of
the following factors. Because the pressurized air required
for the air separation unit, for combustion and for cooling is

compressed 1sothermally, less compression work 1s required.
The heat of gasification 1s recovered 1s such a way that 1t 1s
used at a higher temperature than 1s usually possible in
current designs for integrated gasification power plants.
Furthermore, the use of the gasified fuel mn 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 1mplemented without air separation, by using isother-
mally compressed air in the gasification process and for the
removal of heat 1n the heat exchanger 656 downstream of the
casifier 654. However, the conversion of fuel to fuel gas 1s
less effective 1f air 1s used, and 1t would be essential to
preheat the 1sothermally compressed air prior to its intro-
duction into the gasifier.

The main advantage of using oxygen 1n the gasification
cycle 1s that a higher temperature of gasification makes 1t
possible to achieve a more complete conversion of the
carbon 1n the fuel to carbon monoxide. The higher tempera-
tures of gasification may also permit a more efficient con-
version of heat to mechanical and electrical energy through
the heat recovery process from the gasifier to the air turbine.
In another embodiment i1t may be advantageous to use
oxygen 1n the combustion process rather than air. This would
limit the amount of NOX formation to that which 1s caused
by the nitrogen 1n the fuel. For combustion products of coal
burnt 1n air, the dew point for condensation of water 1s about
38° C. which provides very little possibility of condensing
this water and recovering any of the latent heat. In the case
of coal burnt in oxygen, the dew point 1s about 67° C. and
there 1s an opportunity to use the latent heat to preheat some
of the compressed nitrogen from the air separation unit, for
example, 1n the air turbine. Furthermore, for the case of coal
burnt 1n oxygen, with contaminants such as sulphur removed
and the water condensed, the combustion products consist
almost entirely of carbon dioxide. If it 1s considered neces-
sary to recover the carbon dioxide for enviromental reasons,
then the gas 1s 1n a suitable form.

Gasification of fuel may also be implemented in the
1sothermal compressor and gas turbine cycle. FIG. 25 shows
an embodiment of a gas driven 1sothermal compressor 1n an
integrated gasification and power plant. The particular
embodiment of the 1sothermal compressor has been previ-
ously described with reference to FIG. 5§ and like numerals
incremented by 800 refer to like parts. In particular, the
1sothermal compressor comprises an upper chamber 809
disposed vertically above a lower chamber 811 and a mas-
sive solid piston which 1s free to oscillate vertically into and
out of each chamber. The upper chamber has a hot com-
pressed air inlet port 821 controlled by a valve 825; a
compressed air outlet port 813 controlled by a valve 817,
and a spray 1njection port 837. The lower chamber contains
a scaled volume of gas which provides the means for
converting the kinetic energy of the piston 1n the downward
direction to kinetic energy in the upwward direction. The
water recovery and cooling system 1s 1dentical to that
described above in relation to FIG. 5 and comprises a
moisture separator 847 connected to the compressed gas
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outlet port a cooler 845 connected to the moisture separator
via a return line 853 and an mnjection pump 834 connected
between the cooler 845 and the spray injection port 837. The
compressed gas inlet port 821 1n the 1sothermal compression
chamber 809 1s connected to the output of a rotary com-
pressor 861 which supplies hot compressed air to drive the
1sothermal compressor 801.

Cool compressed air produced 1n the 1sothermal compres-
sor 15 drawn from the compressed air outlet port 813 via the
moisture separator 847 and 1s directed essentially three
ways. Part of the cool compressed air 1s used for gasification
and 1s 1mtially directed to an air separation unit 869 1n which
the compressed air 1s separated 1nto pressurized nitrogen and
oxygen. Part of the cool compressed air 1s directed to a
combustion chamber 857 1n which 1t 1s burnt to provide hot
high pressure gas to drive a gas turbine 859. The gas turbine
1s arranged to drive a main generator 863. Before being
mtroduced into the combustion chamber 857, the cool
compressed air from the 1sothermal compressor 1s preheated
In a gas-to-air heater 855 with exhaust gas from the gas
turbine.

Generally, there will be more heat available 1n the exhaust
gas from the gas turbine than 1s required to preheat the cool
compressed air for combustion 1n the combustion chamber
857. Therefore, a further part of the cool compressed air
from the 1sothermal compressor 1s preheated in the gas-to-air
heater 855 to recover this excess heat, and this preheated
compressed air 1s directed to an air turbine 865 1n which 1t
1s expanded to drive a second generator 867.

The gasification plant 1s similar to that described above in
relation to the embodiment shown 1n FIG. 24 and comprises
an air separation unit 869 connected to the output of the
moisture separator 847. Pressurized oxygen produced 1 the
alr separation unit 869 1s directed to a gasifier 871 in which
pulverised coal or other fuel 1s gasified. A vessel 873 1s
connected below the gasifier to collect slag from the gasifi-
cation process. Both the gasifier 871 and the slag collection
vessel 873 are surrounded by a cooling jacket 872. The
cgasifier has a gasified fuel outlet port which i1s connected to
a gas-to-air heat exchanger 875. Pressurized nitrogen from
the air separation unit 869 1s directed to both the cooling
jacket surrounding the gasifier 873 for cooling the walls of
the gasifier and recovering excess heat, and 1s also passed
through the gas-to-air heat exchanger 875 to cool the raw
fuel gas from the gasifier. Heat compressed nitrogen from
both the cooling jacket and the heat exchanger are directed
to the input of the air turbine 865 in which 1t 1s expanded
along with hot compressed air from the gas-to-air heater
855. The cool raw gas outlet side of the gas-to-air heat
exchanger 875 1s 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 sul-
phur removal unit 881. Raw gas from the gas-to-air heat
exchanger 875 1s passed to the ash cyclone 877 to remove
any ash from the raw gases. The fuel gas 1s then passed to
the sulphur removal unit 881 via the raw-gas-to-clean-gas
heat exchanger 879 1n which the fuel gas 1s cooled by clean
fuel gas having the sulphur removal unit. This clean fuel gas
after passing through the raw-gas-to-clean-gas heat
exchanger 879 1s fed directly to the combustion chamber
857 1 which 1t 1s combusted with preheated compressed air
from the gas-to-air heat exchanger 8535.

The ISOGT mtegrated gasification cycle may be preferred
to the ICCAT integrated gasification cycle 1f the costs are
lower. The air turbine 8635 and 1ts associated generator 867
implemented in the ISOGT gasification cycle will produce a
large fraction of the total power, since the heat of gasifica-
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tion 1s recovered 1n the air turbine. As with the ICCAT
integrated gasification cycle, the air separation unit may also
be omitted 1n the ISOGT integrated gasification cycle.

METHOD OF ENERGY STORAGE AND
RECOVERY USING THERMALLY POWERED
COMPRESSOR

As described above 1n connection with the gas driven and
liquid driven 1sothermal compressors, it may also be advan-
tageous to mclude provision for energy storage in the power
ogenerating plant incorporating a thermally driven compres-
sor. During periods of low demand for power, a large
fraction of the isothermally compressed gas (which may or
may not be air) could be stored in a large cavity such as a
disused mine or oil well. When the power demand 1s high,
cool compressed gas 1s then released from the cavity to
supplement that produced by the compressor. An alternative
method of energy storage 1s to refrigerate and freeze water
during periods when the external power demand 1s low and
then to use this store of “cold” to increase the power output
when demand 1s high.

FIG. 26 shows one embodiment of a combined power
cgeneration and energy storage plant which includes the
facility to store energy either 1n the form of compressed gas
or 1n the form of 1ce. In this embodiment, the compressed
cgas 1s air and the compressor 1s an internal combustion
COMPressor.

The combustion compressor 750 produces cool com-
pressed air, at least some of which 1s fed to a gas-to-air heat
exchanger 751 1n which 1t 1s preheated with hot exhaust gas
from the compressor before being injected 1nto the combus-
tion chamber. Power 1s extracted from the compressor by
compressing atmospheric air adiabatically and expanding
the compressed air through an air turbine 753 which drives
the power generator 755. The combustion compressor 750
includes means to control the relative proportions of gas
which are compressed adiabatically and 1sothermally. If the
combustion compressor has the form described above with
reference to FIGS. 17 or 18, the amount of air compressed
adiabatically can be controlled simply by adjusting the
timing of the adiabatic air outlet valve. If this 1s closed early,
then less air goes to the air turbine and a greater fraction of
the available energy can be used for 1sothermal compression.
To 1ncrease the air flow to the air turbine the reverse
adjustment to the adiabatic outlet valve can be made. To
maintain the same piston stroke, it will be necessary to
reduce the mass of gas 1n the bounce chamber, and this may
be achieved relatively easily, for example by including a
valve 1n the bounce chamber controlled to release or admit
gas from or into the chamber.

During periods of low demand, a larger proportion of
1sothermally compressed air 1s produced than is needed to
drive the combustion compressor, and the excess cold com-
pressed air 1s directed to a large cavity 757 in which 1t 1s
stored. Then, during periods of high demand, most of the
power available 1n the combustion compressor 750 1s used
to compress air adiabatically for driving the air turbine 753.
The 1sothermally compressed air required for combustion 1s
provided by both the combustion compressor and the large
cavity 757.

The power generating and energy storage plant also
includes an ice/water storage tank 761 and a refrigeration
system 763 which cools or freezes the stored water. As
described above, heat transferred to spray liquid during
1sothermal compression 1s normally extracted from the com-
pressor by a cooling system 739. In periods of low demand,
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the refrigeration system 763 cools the water 1n the thermal
storage tank 761 preferably to temperatures below the
freezing point of water so that ice 1s formed. When the
power demand 1s high, the refrigeration system may be
turned off to maximise the net power output and the cooling
of the liquid spray 1s provided partly by the external cooling
system 759 and partly by melting the stored ice. Maximum
demand would normally be during the day and 1f the ambient
temperatures are high the ice could be melted to provide cool
water for 1sothermal compression. The external plant cool-
ing 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. An attraction of this
system 1s that the ice store can be built up at night when the
power demand 1s low and the ambient temperature 1s also
low 1n this case the compressor may be run at full capacity,
the excess power being used to freeze water to produce 1ice.
This gives a dual advantage, since not only 1s energy stored
for release at a time of maximum demand but also the
overall thermal efficiency of the system 1s improved by the
reduction 1n the temperature of the cold spray at the time of
maximum demand.

The dotted lines 1n FIG. 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 1ce-water storage method are independent of each
other. The plant may incorporate either storage system or

both.

Features which have been described 1n relation to specific
embodiments may be included in other embodiments.
Furthermore, the principles of the various operating cycles
including the various methods of driving the gas compressor
which have been described in relation to specific embodi-
ments may be applied to other embodiments. Modifications
to the embodiments described and to their operating cycles
will be apparent to those skilled in the art.

I claim:

1. A gas compressor comprising:

a compression chamber to contain gas to be compressed;

a {irst piston to compress the gas by movement of the first
piston 1nto said compression chamber;

a sprayer to form a spray of liquid 1n said compression
chamber to cool the gas during compression;

a first valve to allow compressed gas to be drawn from
said compression chamber;

an expansion chamber;
a second piston arranged to drive said first piston;

a feeder to feed compressed gas from said compression
chamber to said expansion chamber;

a second valve to allow expanded gas to be drawn from
said expansion chamber;

a heat exchanger arranged to pre-heat the compressed gas
from said compression chamber with expanded gas

from said expansion chamber;

a heater to add heat to the pre-heated compressed gas from
said heat exchanger for expansion in said expansion
chamber;

a turbine; and
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a feeder to feed pre-heated compressed gas from said heat
exchanger directly to said turbine for expansion
therein.

2. A gas compressor as claimed in claim 1, wherein said
first and second pistons are coupled together to form a
unitary body.

3. A gas compressor as claimed 1n claim 1, wherein said
heater comprises means to provide a combustible fuel in said
expansion chamber for mixing with the pre-heated com-
pressed gas, whereby combustion and expansion thereof
drives said second piston.

4. A gas compressor as claimed 1n claim 1, wherein said
heater comprises means to form a spray of hot non-volatile
liquid droplets to heat the gas by conduction of heat from
said droplets to said gas.

5. A gas compressor as claimed 1n claim 1, whereimn said
heater comprises means to admit a gas producing medium
into said expansion chamber for gasification by reaction of
said medium with the pre-heated compressed gas.

6. A gas compressor as claimed in claim 1, wherein said
heater comprises an external heat exchanger arranged to heat
the pre-heated compressed gas from said heat exchanger
with heat from an external process and means to feed the hot
compressed gas from said external heat exchanger to said
expansion chamber.

7. An apparatus for recovering heat from a heat source, the
apparatus comprising:

an 1sothermal gas compressor for producing cold com-
pressed gas;

a sprayver to form a spray of liquid in a compression
chamber of said isothermal gas compressor to cool the
gas during compression;

a separator to separate the liquid from the compressed
gas;
a heat exchanger arranged to heat said cold compressed

gas from which the liquid has been separated by the
separator with heat from said heat source;

a turbine; and

means for feeding heated compressed gas from said heat
exchanger directly to said turbine for expansion
therein.
8. A method of recovering heat from a heat source, the
method comprising|;]:

compressing gas 1sothermally to produce cold com-
pressed gas;

spraying liguid into the compression chamber to cool the
gas during compression;

feeding the cold compressed gas and liquid fto a separator
fo remove the liquid from the compressed gas;

feeding the cold compressed gas from which the liquid has
been separated by the separator 1o a heat exchanger;

absorbing, 1n the heat exchanger, heat from said heat
source 1nto said cold compressed gas;

feeding the heated compressed gas directly into a turbine;
and

expanding the heated compressed gas 1n the turbine.
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