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(37) ABSTRACT

A heat engine system for producing work by expanding a
working fluid comprising first and second components, the
system comprising, an apparatus for combining the second
component of the working fluid as a liquid with the first
component, the first component being a gas throughout the
system, a compressor for compressing the first component, a
pump for compressing at least most of the second component,
a heater for heating the first and second components, an
expander for expanding the first and second components to
produce the work, and a recuperator for transferring at least
some of the energy of the working fluid from the outlet of the
expander, to the working fluid from the outlet of the appara-
tus, wherein a substantial portion of the energy transferred in
the recuperator 1s at least a portion of the latent heat of the

second component from the outlet of the expander.
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HEAT ENGINE SYSTEM

FIELD OF THE INVENTION

[0001] Thepresentinventionrelates to a heat engine system
and to a method for producing work.

BACKGROUND OF THE INVENTION

[0002] A heat engine 1s a system arranged to convert ther-
mal energy to mechanical work. The heat engine does this by
transierring energy from a high temperature heat source (1 5)
to a low temperature heat sink (T, ). The efliciency of any heat
engine 1s understood to be determined by, amongst other
factors, the difference in temperature between the heat source
and the heat sink. The elliciency of various heat engines
currently 1n use range from 3% to about 60%. Most automo-
tive engines have an efficiency of approximately 25% and
supercritical coal-fired power stations have an efficiency of
approximately 35-41%.

[0003] Because the efficiency of any heat engine 1s under-
stood to be dependent on the temperature gradient between
the heat source and heat sink, many attempts have been made
to 1ncrease heat engine efliciencies by increasing this tem-
perature gradient. It 1s generally understood that in order to
increase the temperature gradient 1n a heat engine, then the
temperature of the heat source has to be raised, because the
temperature of the heat sink 1s limited by the atmospheric
temperature of the Earth.

[0004] Theoretically, the most ellicient heat engine 1is
defined by the Carnot cycle and comprises a boiler, a turbine,
a condenser and a pump. Under the Carnot cycle, the working
fluid undergoes reversible 1sothermal heating from the high
temperature reservolr 1n the boiler, reversible adiabatic
expansion of the working fluid with a reduction in tempera-
ture from the high temperature (1,) to the low temperature
(T, ), reversible 1sothermal cooling of the working fluid to the
low temperature reservolr in the condenser, and reversible
adiabatic compression of the working fluid with an increase 1n
temperature from T, to T, 1n the pump. The thermal effi-
ciency (N,-) ol a heat engine operating according to the
Carnot cycle 1s defined by the equation:

N 1-17/ T

[0005] In practice, however, it 1s not possible to operate a
heat engine according to the 1deal Carnot cycle because none
of the process steps are truly “reversible”. A reversible pro-
cess 15 an 1deal process that once having taken place can be
reversed and 1n doing so leave no change in either the system
or its surroundings. A number of factors are responsible for
the processes 1n the Carnot cycle being irreversible, including,
friction losses 1n the system.

[0006] An alternative, but not as efficient, cycle for operat-
ing a heat engine 1s the Rankine cycle. The 1deal Rankine
cycle mvolves reversible adiabatic compression from a low
pressure to a high pressure by the pump, constant pressure
(1sobaric) heat transier from the high temperature heat source
in the boiler, reversible adiabatic expansion from the high
pressure to the low pressure in the turbine, and a constant
pressure (1sobaric) transier of heat from the working fluid to
the low temperature heat sink 1n the condenser.

[0007] The Rankine cycle differs from the Carnot cycle
primarily 1n that complete condensation of the working fluid
from a vapour to a liquid in the condenser occurs in the
Rankine cycle. The reason for doing this 1s that whilst 1t
reduces the efficiency of the heat engine, in practice, 1t 1s

[,
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difficult for a pump to handle a mixture of liquid and vapour
as 1s the case 1n the Carnot cycle. A further difference 1s that
if the working fluid 1s heated to a superheated vapour 1n the
boiler, 1n the Carnot cycle all the heat transier 1s at a constant
temperature and hence during this process the pressure must
be reduced. This means that the heat must be transterred to the
vapour as 1t undergoes an expansion process (which 1s difi-
cult to carry out 1n practice), as opposed to the Rankine cycle
in which the vapour 1s superheated at a constant pressure. The
1sobaric heat transier process in the Rankine cycle 1s easier to
achieve 1n practice than the 1sothermal process 1n the Carnot
cycle.

[0008] Most common power generation plants, including
coal fired power generation plants operate according to the
Rankine cycle. In practice, however, heat engines operating
according to the Rankine cycle have a lesser elficiency than
the maximum theoretical efliciency (1e. the efficiency of the
ideal Rankine cycle) for similar reasons to those outlined for
the Carnot cycle above.

[0009] Another cycle 1s the Brayton cycle. The Brayton
cycle operates similarly to the Rankine cycle except that the
working fluid exists only 1n the gaseous phase throughout the
cycle (1e. the Brayton cycle does not involve condensing and
boiling of the working fluid). In a closed Brayton cycle, the
system mnvolves 1sentropic compression, followed by 1sobaric
heating, before isentropic expansion of the working fluid
occurs to produce work, followed by 1sobaric cooling of the
working fluid. Gas turbines generally operate according to an
open Brayton cycle, in which a combustible fuel 1s added to
the working fluid after the compressor, whereupon combus-
tion of the fuel raises the temperature of the working tluid
prior to it being expanded in the turbine to produce work. The
exhaust from the turbine containing working fluid mixed with
products of the combustion of the fuel 1s sent to waste and not
returned to the inlet of the compressor.

[0010] Vanations on the Rankine cycle, in order to increase
the etficiency of the heat engine, have been considered. Two
such variations include the Rankine cycle with reheat and the
regenerative Rankine cycle. In the Rankine cycle with reheat,
the heat engine comprises two turbines 1n series. Working
fluid as a vapour from the boiler at high pressure enters the
first turbine where it 1s expanded to a lower pressure. The
reduced pressure vapour exiting the first turbine re-enters the
boiler where 1t 1s reheated before passing through the second
turbine which operates at lower pressures. One advantage of
this system 1s that reheating of the working fluid between the
turbines prevents the working fluid from condensing from a
vapour to a liquid during expansion in the turbines which
could result 1n significant damage to the turbine.

[0011] Theregenerative Rankine cycle involves preheating
of the working fluid prior to 1ts entry to the boiler by splitting
a small portion of steam from an intermediary stage in the
turbine and mixing 1t with the liguid working fluid after 1t has
been cooled 1n the condenser 1n a “feed water heater” which
1s located at an intermediary pumping stage prior to the inlet
of the working fluid to the boiler.

[0012] Many other attempts have been made to increase the
elliciency of real heat engines, such as the combined Brayton-
Rankine cycle or COGAS cycle, which imnvolves using the hot
exhaust gas from a gas combustion heat engine operating
according to the Brayton cycle as the heat source for the boiler
of a second heat engine operating according to the Rankine
cycle.
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[0013] However, the efficiencies of all real heat engines
remain sigmificantly limited, and improvements which

increase the etliciency of power and refrigeration production
are still sought.

SUMMARY OF THE INVENTION

[0014] According to a first aspect of the present invention,
there 1s provided a heat engine system for producing work by
expanding a working fluid comprising first and second com-
ponents, the system comprising, an apparatus for combining,
the second component of the working fluid as a liquid with the
first component, the first component being a gas throughout
the system, a compressor for compressing the first compo-
nent, a pump for compressing at least most of the second
component, a heater for heating the first and second compo-
nents, an expander for expanding the first and second com-
ponents to produce the work, and a recuperator for transier-
ring at least some of the energy of the working fluid from the
outlet of the expander, to the working fluid from the outlet of
the apparatus, wherein a substantial portion of the energy
transierred in the recuperator 1s at least a portion of the latent
heat of the second component from the outlet of the expander.
[0015] In an embodiment, the apparatus comprises an
injector.
[0016]
atomiser.
[0017] In an embodiment, the apparatus 1s arranged to
spray the liquid second component into a space having the
first component therein.

[0018] In another embodiment, the apparatus 1s a diffuser.
[0019] In an embodiment, the apparatus 1s arranged to dii-
fuse the first component into the liquid second component.
[0020] In an embodiment, the apparatus comprises mul-
tiple 1njectors, atomisers or diffusers.

[0021] Inan embodiment, the apparatus 1s located between
the compressor and the recuperator, to enable the liquid sec-
ond component to be combined with the gaseous first com-
ponent after 1t has been compressed.

[0022] Preferably, there 1s also some sensible heat trans-
ferred 1n the recuperator.

[0023] Preferably, a substantial portion of the latent heat of
the second component 1s transierred 1n the recuperator.
[0024] In an embodiment, the recuperator converts at least
some of second component from the outlet of the apparatus
from liquid to gas.

[0025] In an embodiment, the recuperator converts at least
some of the second component from the outlet of the
expander from gas to liquid.

[0026] In an embodiment, the recuperator 1s generally 1n
the form of a shell and tube heat exchanger.

[0027] In an embodiment, the recuperator 1s generally 1n
the form of a falling film condensor.

[0028] In an embodiment, the recuperator 1s arranged to
provide separation of a liquid fraction of the working fluid
from a gaseous fraction upon cooling of the working fluid
from the outlet of the expander.

[0029] Inanembodiment, the recuperator comprises a boil-
ing side and a condensing side.

[0030] In an embodiment, working fluid from the outlet of
the apparatus enters the boiling side of the recuperator where
the second component of the working tluid substantially boils
as 1t receives energy from the working fluid on the condensing
side.

In another embodiment, the apparatus comprises an
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[0031] In an embodiment, working fluid from the outlet of
the expander enters the condensing side of the recuperator
where the second component of the working tluid substan-
tially condenses as 1t loses energy to the working fluid on the
boiling side.

[0032] In an embodiment, the condensing side of the recu-
perator comprises a liquid separator basin that collects the
liquid second component for recycling 1n the system.

[0033] In an embodiment, the boiling side of the recupera-
tor 1s the tubes of a shell and tube heat exchanger, and the
condensing side 1s the shell of a shell and tube heat exchanger.
[0034] In an embodiment, the system comprises multiple
recuperators connected 1n parallel and/or series.

[0035] In an embodiment, the pressure at the inlet to the
expander 1s the pressure to which the first component 1s
compressed in the compressor, less any losses 1n the system
therebetween. Compression of the first component of the
working fluid also increases its temperature.

[0036] In an embodiment, the compressor compresses a
small portion of the second component as a gas 1n addition to
the first component.

[0037] In an embodiment, the compressor 1s any suitable
compressor such as an axial, centrifugal, reciprocating or
scroll compressor for example.

[0038] In an embodiment, the system comprises multiple
compressors connected in parallel and/or series.

[0039] In an embodiment, the system also comprises at
least one cooler for cooling the first and/or second compo-
nents prior to combining them 1n the apparatus.

[0040] In an embodiment, at least one of the coolers com-
prises an inter-cooler 1n the compressor to provide inter-stage
cooling of the first compressor.

[0041] In an embodiment, at least one of the coolers com-
prises a post compressor cooler for cooling the first compo-
nent after 1t has been compressed.

[0042] In another embodiment, at least one of the coolers
comprises a pre-compressor cooler for cooling the first com-
ponent prior to 1t being compressed 1n the compressor.

[0043] In an embodiment, the at least one cooler has a
cooling source.
[0044] In an embodiment, the cooling source 1s cooling

water, ambient air or any suitable refrigeration system to
which heat may be rejected.

[0045] In an embodiment, the heat rejected to the at least
one cooler may be used as a heat source for any other suitable
process such as heating hot water, creating low pressure
steam, desalination, as the heat input to a heat pump vapour
compression system or as the heat input for any low tempera-
ture power generation or refrigeration cycle.

[0046] Inanembodiment, the at least one cooler comprises
a liquid cooler for cooling the liquid second component.
[0047] In another embodiment, the liquid second compo-
nent when combined with the first component by the appara-
tus 1s at ambient temperature.

[0048] In these embodiments, the second component when
combined with the first component cools the first component.
[0049] Preferably, the at least one cooler acts to ensure that
the temperature of the first component entering the apparatus
1s less than a temperature which would cause vaporisation of
the second component upon 1ts combination with the first
component by the apparatus.

[0050] In an embodiment, the pump compresses at least
most of the second liquid component to a pressure above the
ambient pressure.
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[0051] In an embodiment, the pump compresses at least
most of the liquid second component to at or about the pres-
sure to which the compressor compresses the first component.
[0052] In an embodiment, the system comprises multiple
pumps connected 1n parallel and/or series.

[0053] In an embodiment, the working fluid 1s a gas-liquid
mixture after the second component (liquid) has been com-
bined with the first component (gas) by the apparatus.
[0054] Inanembodiment, the expander comprises any suit-
able unit for producing mechanical work by the expansion of
a working tluid.

[0055] Inan embodiment, the expander may be a turbine, a
positive displacement rotary expander, a scroll expander a
linear expander or a reciprocating engine for example.
[0056] The expander may also comprise multiple turbines,
rotary expanders, linear expanders or reciprocating engines,
connected 1n either parallel or series, with or without inter-
stage reheat.

[0057] Theexpander may or may not be directly coupled to
the compressor to the drive the compressor.

[0058] In an embodiment, the expander 1s in the form of a
turbine.
[0059] In an embodiment, the turbine has variable pitch
blades.
[0060] Itisnoted thatthe system may comprise any number

of multiple expanders and/or compressors arranged 1n paral-
lel or series.

[0061] The heater provides a heat input to the working fluid
from any suitable heat source.

[0062] Inanembodiment, the heater heats the working fluid
to a super-critical gas.

[0063] In an embodiment, the heat source for the heater
may be steam or any other heated medium generated by
nuclear power, coal or another combustible fuel, hot exhaust
gasses from a gas turbine, waste heat from any other process,
direct heating from a furnace, electrical, solar thermal, stored
heat or a thermal energy cell(s) for example.

[0064] Inanembodiment, the heat engine system also com-
prises a condenser for cooling the working fluid after 1t exits
the recuperator.

[0065] In an embodiment, the condenser 1s arranged to
substantially condense the second component of the working
fluad to a liquad.

[0066] The condensermay beinthe form ofa shell and tube
heat exchanger, a radiator, a finned cooling coil with cooling
fluid 1n serpentine coils, located 1nside a plenum with con-
densate recovery or any other suitable condenser.

[0067] In an embodiment, one side of the condenser
receives the working fluid exiting the condensing side of the
recuperator.

[0068] In an embodiment, cooling tluid flows through the
other side of the condenser for cooling the working fluid to
condense most of the second component of the working fluid
to liquad.

[0069] The cooling fluud may be air, refrigerant of any
composition or water or brine at or below ambient conditions.
[0070] Inanembodiment, the heat removed from the work-
ing fluid by the condenser may be used as the heat input to any
other suitable system, such as an external heat engine, a heat
pump, a refrigeration cycle, desalination or for process heat-
ing of water for example.

[0071] In an embodiment, the condenser 1s a separator for
separating the second component, as 1t condenses from the
first component.
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[0072] In an embodiment, the separated second compo-
nent, 1s recycled to the apparatus.

[0073] In this embodiment, the remaining working fluid
which comprises the first component and any of the second
component remaining as a gas, flows to the ilet to the com-
Pressor.

[0074] In an embodiment, the system comprises multiple
condensers connected 1n parallel and/or series.

[0075] Inanembodiment,the system also comprises aload,
connected to the expander for converting the work produced
by the expander to mechanical or electrical power.

[0076] In an embodiment, the system 1s a closed system
having substantially no mass inputs or outputs during opera-
tion of the system, other than replacement of incidental
losses.

[0077] In an embodiment, the system comprises a top-up
feed of the working fluid for replacing any incidental losses.
Incidental losses may result from leaks, maintenance, or
high-pressure or high-temperature releases for example.

[0078] Inan embodiment, the system comprises an energy
transier controller for controlling the energy transier in the
recuperator during operation of the system.

[0079] In an embodiment, the energy transier controller
controls the energy transier in the recuperator by changing the
conditions at the 1nlet of the expander and subsequently the
expansion done 1n the expander and hence the conditions at
the outlet of the expander.

[0080] In an embodiment, the energy transier controller
controls the energy transier in the recuperator by changing the
amount of the liquid second component combined with the
first component 1n the apparatus.

[0081] In an embodiment, the system comprises a mass
flow controller for controlling the mass tlow rate of the second
component relative to the mass tflow rate of the first compo-
nent.

[0082] In an embodiment, the mass flow controller com-
prises a variable speed control on the pump.

[0083] In an embodiment, the mass flow controller com-
prises a pump diverter, arranged to divert tlow of the second
component from the outlet of the pump to the inlet of the
pump.

[0084] In an embodiment, the mass flow controller com-
prises variable inlet guide vanes in the compressor.

[0085] In an embodiment, the mass flow controller com-
prises a variable speed control on the compressor.

[0086] In an embodiment, the mass flow controller com-
prises a compressor diverter, arranged to divert flow of the
first component from the outlet of the compressor to the inlet
of the compressor.

[0087] In an embodiment, the mass flow controller com-
prises appropriate valving on the apparatus.

[0088] In an embodiment, the system comprises an energy
storage unit upstream of the compressor for storing com-
pressed working fluid (largely the first component with any
gaseous second component), for use 1 particular during start-
up for example.

[0089] Inanother embodiment, start-up may be effected by
supplying power to the compressor, pump and expander

shatts.

[0090] Inan embodiment, the first and second components
of the working fluid are substances which are substantially
inert with respect to each other.
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[0091] Inan embodiment, the first and second components
will not react with one another, nor substantially dissolve in
one another, nor substantially dissociate at high temperatures.
[0092] In an embodiment, the second component 1s a sub-
stance which has a high volumetric expansion ratio from
liquad to gas.

[0093] In an embodiment, the first component 1s a sub-
stance which 1s highly compressible as a gas.

[0094] Inanembodiment, the first component may be nitro-
gen, argon, helium, hydrogen or methane for example.
[0095] In an embodiment, the second component may be
water, propane, butane, ethanol or carbon dioxide ifor
example.

[0096] A preferred working fluid 1s nitrogen as the first
component and water as the second component.

[0097] In an embodiment, the working fluid may comprise
more components than the first and second components.
These additional components will generally each follow the
tlow path of either the first component (as a gas) or the second
component (as a liquid and a gas) 1n the system.

[0098] In an embodiment, the heater 1s a heat exchanger.
[0099] In an embodiment, the heater 1s a regenerative
heater.

[0100] In an embodiment, the regenerative heater com-

prises at least one volume of matenal arranged to be heated to
at or above the melting temperature of the matenal, the heater
also comprising passages through the at least one volume of
material for the tlow therethrough of the working flud.
[0101] In an embodiment, the regenerative heater com-
prises at least two volumes of material, preferably three. The
heater may comprise more than three volumes of matenial.
[0102] In an embodiment, when the regenerative heater
comprises at least two volumes of material, the passages are
arranged for the working tluid to flow through the volumes of
material 1n series.

[0103] In other embodiments, however, the passages may
be arranged for the working fluid to flow through the volumes
of material 1n parallel.

[0104] In an embodiment, the volume(s) of material 1s
heated using a heating fluid flowing through spaces through
the volume(s) of material.

[0105] The heating fluid may be steam or any other heated
medium generated by nuclear power, coal or other combus-
tible tuel or hot exhaust gases from a gas turbine for example.
[0106] In an embodiment, the passages through which the
working fluid flow are separate from the spaces through
which the heating fluid flow.

[0107] In other embodiments, the volume(s) of material
may be heated using any other suitable means, such as waste
heat from another process, direct heating from a furnace,
clectrical or solar thermal heat.

[0108] In an embodiment, when the regenerative heater
comprises at least two volumes of material, the materials 1n
the volumes are different. The different materials preferably
have different melting temperatures.

[0109] In one embodiment, the materials are of progres-
stvely decreasing melting temperatures from the first volume
to the last volume, the passages being arranged for the tlow of
the working fluid through the last volume first and the first
volume last.

[0110] Inanembodiment, working fluid tflows counter-cur-
rently to the heating flmid. Thus, the spaces are arranged for
the flow of the heating fluid through the first volume first and
the last volume last.
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[0111] In an embodiment, at least one of the volumes of
material contains a mixture of two or more different materi-
als.

[0112] In an embodiment, one of the materials 1n the mix-
ture of materials of the or each volume 1s for improving the
heat transter of the or each volume of material. Such a mate-
rial may be graphite.

[0113] In an embodiment, one of the materials 1n the mix-
ture of materials of the or each volume 1s for affecting the
melting temperature of the or each volume of material.
[0114] In one such embodiment, alumiium 1s mixed with
silicon to reduce the melting temperature of the volume of
material.

[0115] In an embodiment, when the regenerative heater
comprises at least two volumes of material, the maternial 1n the
volumes are each mixtures of the same materials but at dif-
ferent ratios.

[0116] The different ratios preferably have different melt-
ing temperatures.

[0117] The matenals 1n the volumes may be referred to as
“phase change materials” or “PCMs”. Any suitable phase
change materials may be employed.

[0118] Inan embodiment of the invention, when the regen-
erative heater comprises three volumes of material the first
volume contains silicon, which has a melting temperature of
about 1410° C., the second volume contains lithium fluoride,
which has a melting temperature of about 870° C. and the
third volume contains magnesium oxide or calcite, which
have a melting temperature of about 560° C.

[0119] In an embodiment, the volume(s) of material 1s held
in a container(s) which is able to withstand the temperatures
of the molten material(s) held therein.

[0120] Inan embodiment, the container(s) 1s manufactured
from a ceramic, preferably silicon carbide.

[0121] Inanembodiment, the regenerative heater also com-
prises a number of valves on the mlets and outlets to the heater
which can be used to control the tlow rate of the working tluid
and the heating fluid through the heater to maintain the tem-
perature of the material(s) 1n the volume(s) so as to keep them
in a molten phase and to control the temperature of the work-
ing fluid as it leaves the heater.

[0122] In an embodiment, the system comprises multiple
regenerative heaters. In one such embodiment, the system
comprises three regenerative heaters, whereby while one
heater 1s 1n operation a second 1s on stand-by and the other 1s
shut-down for maintenance.

[0123] According to a second aspect of the present imnven-
tion, there 1s provided a method for producing work, the
method comprising the steps of:

[0124] compressing a first component of a working tluid 1n
a compressor, the first component being a gas at all times
during the method;

[0125] compressing at least most of a second component of
the working tluid as a liquid 1n a pump;

[0126] combining the second component as a liquid with
the first component 1n an apparatus;

[0127] heating the combined first and second components
in a heater;
[0128] expanding the heated first and second components

to produce the work 1n an expander; and

[0129] transierring in a recuperator at least some of the
energy of the working fluid after 1t has been expanded to the
working fluid prior to 1t being heated in the heater, wherein a
substantial portion of the energy transierred 1s at least a por-
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tion of the latent heat of the second component after the
working fluid has been expanded in the expander.

[0130] Inanembodiment, the step of combining the second
component with the first component comprises spraying the
liquid second component 1nto a space having the first com-
ponent therein.

[0131] In another embodiment, the step of combining the
second component with the first component comprises dif-
fusing the first component into the liquid second component.
[0132] Inan embodiment, the step of combining the second
component with the first component occurs after the steps of
compressing the first component and compressing at least
most of the second compound.

[0133] Preferably, some of the energy transierred in the
recuperator 1s sensible heat.

[0134] In an embodiment, the step of transierring at least
some of the energy 1n the recuperator converts at least some of
the second component from liquid to gas prior to 1t being
heated 1n the heater.

[0135] In an embodiment, the step of transierring at least
some of the energy in the recuperator converts at least some of
the second component from gas to liquid after 1t has been
expanded in the expander.

[0136] In an embodiment, the method also comprises the
step of separating a liquid fraction of the working fluid from
a gaseous fraction after the working fluid has been expanded.
[0137] In an embodiment, the step of separating occurs at
least partially 1n the recuperator.

[0138] Preferably, the method 1s a closed cycle method also
comprising the step of repeating the steps of the method after
at least some of the working fluid’s energy has been trans-
terred 1n the recuperator to the working tluid which 1s yet to be
heated 1n the heater.

[0139] In an embodiment, the method also comprises the
step of returning the first component to the compressor.
[0140] In an embodiment, the method also comprises the
step of returning at least most of the second component to the
pump.

[0141] In an embodiment, the step of compressing the first
component occurs 1n at least two stages.

[0142] Inanother embodiment, the step of compressing the
first component occurs 1n only one stage.

[0143] In an embodiment, the method also comprises the
step of cooling the first and/or second components prior to the
step of combining them.

[0144] In an embodiment, the cooling step comprises cool-
ing the first component between at least two of the stages of
the compressor using an intercooler.

[0145] In an embodiment, the cooling step comprises cool-
ing the first component after the step of compressing the first
component, preferably before the step of combiming with the
second component.

[0146] In an embodiment, the cooling step comprises cool-
ing the first component prior to the step of compressing the
first component.

[0147] In an embodiment, the cooling step comprises cool-
ing the second component prior to combining the second
component with the first component.

[0148] In an embodiment, the liquid second component
when combined with the first component 1n the apparatus 1s at
ambient temperature.

[0149] In an embodiment, the step of compressing at least
most of the second component compresses at least most of the
second component to a pressure above the ambient pressure.
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[0150] In an embodiment, the step of compressing at least
most of the second component compresses most of the second
component to at or about the pressure to which the first
component 1s compressed in the compressor.

[0151] Inanembodiment, the method comprises the step of
maintaining the temperature of the first component prior to
the step of combining with the second component to a tem-
perature which 1s less than one which would cause vaporisa-
tion of the second component during the combining step.

[0152] In an embodiment, the step of separating the liquid
fraction from the gaseous fraction of the working fluid com-
prises separating at least most of the second component as a
liquid from the first component as a gas.

[0153] Typically, the step of separating does not completely
separate all of the second component from the first compo-
nent. Some of the second component remains as a gas mixed
with the first component.

[0154] In an embodiment, the step of separating occurs at
least in part 1n the recuperator.

[0155] In an embodiment, the step of separating the first
component from the second component occurs at least in part
in a condenser, and preferably after at least some of the energy
of the working fluid has been transferred in the recuperator to
the working tluid which 1s yet to be heated 1n the heater.

[0156] In an embodiment, the step of separating the first
component from the second component comprises cooling
the working fluid to condense at least most of the second
component.

[0157] In an embodiment, the method also comprises the
step of controlling the energy transferred 1n the recuperator.

[0158] Inanembodiment, the step of controlling the energy
transierred in the recuperator comprises changing the condi-
tions ol the working fluid prior to expanding 1t i the
expander.

[0159] Inanembodiment, the step of controlling the energy
transierred in the recuperator comprises changing the amount
of the second component which 1s combined with the first
component 1n the apparatus.

[0160] In an embodiment, the method also comprises the
step of controlling the mass flow rate of the second compo-
nent relative to the mass tlow rate of the first component.

[0161] In an embodiment, the step of heating comprises
transierring heat from a high temperature source to the work-
ing fluid 1n the heater, such as for example by using a heating
medium 1n a heat exchanger.

[0162] In an embodiment, the step of heating comprises
flowing the combined first and second components through at
least one volume of material which 1s heated to at or above the
melting temperature of the material.

[0163] In an embodiment, the step of heating comprises
flowing the combined first and second components through at
least two volumes of matenal, preferably three.

[0164] In an embodiment, the step of heating also com-
prises heating the at least one volume of material using a
heating tluid.

[0165] In an embodiment, heating the at least one volume
of material comprises flowing the heating fluid through
spaces through the volume(s) of material.

[0166] In an embodiment, the step of heating comprises
flowing the heating tluid through the at least one volume of
material 1n a counter current direction to the flow of the
combined first and second components.
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[0167] In an embodiment, the step of heating comprises
heating the working fluid to a super-critical gas.

BRIEF DESCRIPTION OF THE DRAWINGS

[0168] Embodiments of the present invention will now be
described, by way of example only, with reference to the
accompanying drawings, 1n which:

[0169] FIG. 1 1s a schematic view of a heat engine system
according to embodiments of the present invention;

[0170] FIG. 2 1s a schematic view of the heat engine regen-
erative heater for heating the working fluid of the heat engine
system according to an embodiment of the present invention;
and

[0171] FIG. 3 1s a schematic view of a HYSYS® model of
a system heat engine according to an embodiment of the
present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

[0172] Referring firstly to FIG. 1, a heat engine system 10
according to embodiments of the present invention 1s shown.
The heat engine system 10 produces work by expanding a
working fluid. The working fluid comprises first and second
components, the first component being a gas throughout the
system 10. The system 10 comprises an apparatus 11 for
combining the second component of the working fluid as a
liquid with the first component. The apparatus 11 may com-
prise an injector or atomiser arranged to spray the liquid
second component as a mist into a space of sufficient volume
having the first component therein. The apparatus 11 may
alternatively comprise a diffuser, which 1s arranged to diffuse
the first component into the liquid second component.
[0173] The system 10 also comprises a compressor 12 for
compressing the first component of the working fluid, a pump
19 for compressing at least most of the second component, a
heater 13 for heating the first and second components and an
expander 14 for expanding the first and second components to
produce the work. The apparatus 11 1s located after the com-
pressor 12 and the pump 19, to enable the liquid second
component to be combined with the gaseous first component
alter they have been compressed.

[0174] The system 10 also comprises a recuperator 15 for
transferring some of the energy of the working fluid from the
outlet of the expander 14, to the working fluid from the outlet
of the apparatus 11. A substantial portion of the energy trans-
terred 1n the recuperator 13 1s at least some of the latent heat
of the second component of the working fluid (1e. the energy
associated with the phase change of a material such as
between liqud and gaseous states). There 1s typically also
some sensible heat of the working fluid transferred in the
recuperator 15. In the recuperator 15 at least some of second
component from the outlet of the apparatus 11, which 1is
liquid, 1s converted to gas and at least some of the second
component from the outlet of the expander 14, which 1s gas,
1s converted to liquad.

[0175] The change of phase for the second component of
the working fluid produces a large expansmn in the volume of
the working tluid, thus substantially increasing the volumet-
ric flow through and hence the work produced by the
expander 14 compared to a gas turbine 1n a conventional
Brayton cycle for the same mass flow rate. Furthermore, the
recycling of energy, particularly the latent heat, in the recu-
perator 15, reduces the load on the heater 13 and hence the
energy mput to the system 10. These factors enable the system
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10 to operate with greater comparative power, improved efli-
ciency and less net energy consumption to produce the same
work (in the expander 14) as for an equivalently sized con-
ventional system.

[0176] Thecompressor12hasinterstaged cooling provided
by an intercooler 18. The primary purpose of this 1s to ensure
that the temperature of the first component entering the appa-
ratus 11, 1s less than a temperature which would cause vapori-
sation ol the second component upon 1ts combination with the
first component 1n the apparatus 11. This enables the recu-
perator 15 to provide elfficient transier of the substantial por-
tion of the latent heat of the second component of the working
fluid as described above. Ensuring that the temperature of the
first component exiting the compressor 12 1s at this tempera-
ture may alternatively (or in combination with the intercooler
18) be provided by post compression cooling of the first
component, pre-compression cooling of the first component
or by pre-cooling the second component prior to it being
combined with the first component in the apparatus 11 as

outlined in FIG. 1.

[0177] Theintercooler 18 has a cooling source (as do any of
the other coolers described above) for cooling the first com-
ponent between stages of the compressor 12. The cooling
source may be cooling water, ambient air or any suitable
refrigeration system to which heat from the first component
may be rejected. It 1s noted that the heat rejected from the
compressor 12 by cooling of the first component (either using
the mtercooler 18, or by pre or post compression cooling)
may be used as a heat input to any other suitable process such
as for heating hot water, creating low pressure steam, desali-
nation, as the heat input to a heat pump vapour compression
system or for any low temperature power generation or refrig-
eration cycle.

[0178] The compressor 12 1s any suitable compressor such
as an axial, centrifugal, reciprocating or scroll compressor for
example.

[0179] The expander 14 comprises any suitable unit for
producing mechanical work by the expansion of a working
fluid. The expander 14 may or may not be directly coupled to
the compressor 12. The expander 14 may be a turbine, a
positive displacement rotary expander, a linear expander, a
scroll expander or a reciprocating engine for example. The
expander 14 may also comprises multiple turbines, rotary
expanders, linear expanders or reciprocating engines, con-
nected 1n either parallel or series, with or without inter-stage
reheat. In the embodiment ol FIG. 1, the expander 14 1s 1n the
form of a turbine which may or may not have variable pitch
blades. In this embodiment, all the working fluid at the outlet
of the expander 14 1s 1n the gas phase. Of course, it 1s to be
understood that the system 10 may comprise any number of
multiple expanders and/or compressors arranged 1n parallel
Or 11 Series.

[0180] The heater 13 provides a heat input to the working
fluid from any suitable heat source, which heats the working
fluid to a super-critical gas (ensuring that all of the second
component 1s vaporised). The heat source for the heater 13
may be steam or any other heated medium generated by
nuclear power, coal or another combustible fuel, hot exhaust
gasses from a gas turbine, waste heat from any other process,
direct heating from a furnace, solar thermal, electrical, stored
heat or a thermal energy cell(s) for example. One suitable
heater 13 which provides a heat input from stored heat source
1s shown 1in FIG. 2, and will be described in more detail further
on 1n the specification.
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[0181] The heat engine system 10 also comprises a con-
denser 16 for cooling the working fluid after it exits the
expander 14 (and also the recuperator 15) to substantially
condense the second component of the working fluid to a
liquid. This enables the majority of the second component to
be readily separated from the first component (which 1s a gas)
prior to the first component (and any residual gaseous second
component) being compressed 1n the compressor 12. The
separated second component 1s recycled to the pump 19.
[0182] The system 10 also comprises a load 17, connected
to the expander 14 for converting the work produced by the
expander 14 to mechanical or electrical power.

[0183] The system 10 1s a closed system, with theoretically
no mass nputs or outputs during operation of the system 10,
other than replacement of incidental losses. However, a top-
up of either of the components of the working fluud may need
to be provided due to some 1ncidental losses such as those
resulting from leaks, maintenance, or high-pressure or high-
temperature releases for example.

[0184] A general description of the operation of the system
10 will now be provided:

[0185] The gaseous first component of the working fluid
enters the compressor 12 through inlet 20, where 1t 1s com-
pressed. Compression of the first component of the working
fluid tends to increase 1ts temperature, however, the interstage
cooler 18 ensures that this rise 1s not significant enough to
cause the temperature of the first component to be above a
temperature at which combination with the second compo-
nent would cause vaporisation of the second component.

[0186] The first component flows from the outlet 21 of the
compressor 12 to the apparatus 11, where the liquid second
component 1s combined with the first component through
second component 1nlet 22 having been compressed 1n the
pump 19. The liguid second component may be at ambient
temperature (or lower) and may cool the working fluid. The
liquid second component 1s compressed 1n the pump 19 to a
pressure greater than ambient, and preferably to at or about
the pressure of the first component at the outlet of the com-
pressor 12, prior to being combined with the first component.
Because there are gas and liquid components of the working
fluid compressed separately in the compressor 12 and pump
19 respectively, the compressor 12 can be smaller than a
compressor which 1s compressing an equivalent mass tlow-
rate of working tluid which 1s all gas. This 1s advantageous to
the system because compressing a gas requires much more
work than compressing (in a pump) an equivalent mass flow-
rate of liquid. Therefore, the overall efficiency of the system
(s) 1s improved by this arrangement of the pump 19 and the
compressor 12. The working fluid as a gas-vapour mixture
exits the apparatus 11 through outlet 23.

[0187] Therecuperator 15 is generally in the form of a shell
and tube heat exchanger, preferably a falling film condenser
and comprises a boiling side 24 (shell) and a condensing side
235 (tubes). Working fluid from the outlet 23 of the apparatus
11 enters the boiling side 24 of the recuperator 15 where the
second component of the working fluid substantially boils as

it recerves energy from the working tluid on the condensing
side 25.

[0188] The working fluid exiting the boiling side 24 of the
recuperator tlows to the inlet 26 of the heater 13, where 1t 1s
heated. From the heater 13, the working fluid flows to the inlet
277 of the expander 14. The working fluid 1s expanded 1n the
expander 14 to produce the work. The working fluid at the
outlet 28 of the expander 14 1s consequently lower in pressure
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and temperature. In the embodiment shown 1 FIG. 1, the
conditions of the working fluid at the outlet 28 ol the expander
14 are such that both the first and second components are a
gas. The working fluid from the outlet 28 of the expander 14
1s recerved by the condensing side 235 of the recuperator 15
where the second component of the working fluid substan-
tially condenses as 1t loses energy to the working fluid on the
boiling side 24.

[0189] The recuperator 15 1s also arranged to act as a sepa-
rator on the condensing side to provide a separation of a liquid
fraction of the working fluid (the second component) from a
gaseous fraction (primarily the first component).

[0190] The gaseous fraction of the working fluid exiting the
condensing side 25 of the recuperator 15 enters one side of the
condenser 16. The condenser 16 may be a shell and tube heat
exchanger but alternatively may be a radiator, a finned cool-
ing coil with cooling fluid 1n serpentine coils, located inside a
plenum with condensate recovery or any other suitable con-
denser. Cooling fluid 29 (possibly air, water or refrigerant of
any composition at or below ambient conditions) flows
through the other side of the condenser 16, cooling the work-
ing tluid so that most of the (remaining) second component of
the working fluid 1s condensed into a liquid. The liquid second
component 1s separated from the first component in the con-
denser 16, which 1s thus acting as a separator. The separated
second component 30, 1s recycled to the pump 19. The
remaining working fluid which comprises the first component
and any of the second component remaining as a gas tlows to
the mnlet 20 to the compressor 12.

[0191] The liquid fraction of the working fluid exiting the
condensing side 25 of the recuperator 15 may bypass the
condenser 16 and tlow to the pump 19 as shown in FIG. 1.
However, 1n an alternative arrangement, the liquid fraction of
the working fluid exiting the condensing side 23 of the recu-
perator 15 may also be sent to the condenser 16. The pump 19
pumps the liquid second component from the condenser 16
and the recuperator 15 back to the apparatus 11. Notably,
during operation of the system 10, the energy transier in the
recuperator 15 1s controlled to maintain the optimum system
eificiency using an energy transfer controller. This 1s com-
pared to conventional heat engines 1n which 1t 1s the condi-
tions across the expander 14 that are controlled. Temperature
and pressure sensors at the inlets and outlets of both the
condensing and boiling sides 24, 25 of the recuperator 15
monitor the conditions across the recuperator 15. The energy
transier in the recuperator 15 1s subsequently controlled by
changing the conditions at the inlet of the expander and sub-
sequently the expansion done 1n the expander 14 and hence
the conditions at the outlet 28 of the expander 14. The con-
ditions at the inlet of the expander may be changed by, for
example, changing the amount of compression carried out 1n
the compressor 12 and/or pump 19 as well as changing the
amount of heat transfer to the working fluid in the heater 13.
The energy transfer controller may also control the energy
transierred 1n the recuperator 15 by changing the amount of
the liquid second component combined with the first compo-
nent in the apparatus 11.

[0192] The system 10 may also comprise a mass flow con-
troller for controlling the mass flowrate of the second com-
ponent relative to the mass tlowrate of the first component. IT
the mass tlow rate of the second component relative to the first
component becomes too high, then the second component
may not completely evaporate which could cause problems,
particularly i the expander 14 11 1t 1s 1n the form of a turbine.
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The mass flow controller may comprise variable speed con-
trollers on the compressor 12 and pump 19, respectively. For
the compressor 12, alternatively, the mass tlow controller
may comprise variable inlet guide vanes. The mass tlow con-
troller may 1n addition to or alternatively comprise diverters
on the compressor 12 and/or the pump 19 which divert flow
from the outlet of the compressor and/or pump to their respec-
tive 1nlets. The mass tlow controller may also comprise
appropriate valving on the apparatus 11.

[0193] The system may also comprise an energy storage
unit located upstream from the compressor 12 for storing
compressed working fluid from the compressor. The energy
storage unit may be used 1n particular during start-up of the
system 10, during which the expander 14 1s gradually
increased from zero to full capacity. Rather than wasting the
energy of the compressed working fluid from the compressor
during this time, by bypassing the expander 14, some of the
working fluid 1s diverted to the energy storage unit. The
working fluid held in the energy storage unit can be reintro-
duced to the system cycle once the expander 14 has reached
tull capacity. Alternatively, the system 10 may be started up

by supplying power to the compressor, pump and expander
shafts.

[0194] These system controllers provide the system 10 with
a high degree of operational flexibility, thus enabling the
system 10 (in particular the expander 14) to closely follow the
load 17 should 1t vary. For example, the mass flow controller

enables the pump 19 and the compressor 12 to each be turned
down to 30-50% of their full load.

[0195] The first and second components of the working
fluid should be substances which are substantially inert with
respect to each other, both chemically and physically, 1e. they
will not react with one another nor substantially dissolve in
one another nor substantially dissociate at high temperatures.
It 1s also desirable 1 the second component 1s a substance
which has a high volumetric expansion ratio from liquid to
gas. Further, 1t 1s also desirable if the first component 1s a
substance which 1s highly compressible as a gas. The first
component may be nitrogen, argon, helium, hydrogen or
methane for example. The second component may be water,
propane, butane, ethanol or carbon dioxide for example. A
preferred working fluid 1s nitrogen as the first component and
water as the second component. It 1s noted that the working,
fluid may comprise more components than the first and sec-
ond components, 1e. different substances. However, these
additional components will each generally follow the flow
path of either the first component (as a gas) or the second
component (as a liquid and a gas) i the system 10 as
described above.

[0196] Referringnow to FI1G. 2, the heater 13 1s shown in an
embodiment, as a regenerative heater. It 1s noted that in other
embodiments, the heater 13 may be a heat exchanger or
another type of suitable heater. The heater 13 of FIG. 2 com-
prises first, second and third volumes 40, 41, and 42 respec-
tively, of matenial. It 1s readily understood that the heater 13
may comprise less or more volumes of material to that shown
in FIG. 2. The volumes 40, 41, 42 are arranged to be heated to
at or above the melting temperature of the material. The
heater 13 also comprises passages through the volumes 40,
41, 42 of matenial for the flow therethrough of the working
fluad. The working tluid, 1s thus heated by the volumes 40, 41,
42 of material. In the embodiment shown 1n FIG. 2, the
passages are arranged for the working fluid to flow through
the volumes 40, 41, 42 of material in series. However, in other
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embodiments the passages may be arranged for the working
fluid to flow through the volumes 40, 41, 42 of material 1n
parallel.

[0197] In the embodiment shown 1n FIG. 2 the volumes of
material 40, 41, 42 are heated using a heating tluid tlowing
through spaces through the volumes of material 40, 41, 42.
The heating fluid may be steam or any other heated medium
generated by nuclear power, coal or other combustible fuel or
hot exhaust gasses from a gas turbine. The volumes 40, 41, 42
ol material may be heated using any other suitable means,
such as waste heat from another process, direct heating from
a furnace, electrical or solar thermal heat. The passages
through which the working fluid flow are separate from the
spaces through which the heating fluid flow. This enables
continuous operation of the heater 13 as well as preventing
any mixing of the two fluids, which avoids problems such as
contamination, particularly dust contamination, oxygenation
and carbonation of the working fluid.

[0198] The materials 1 the volumes 40, 41, 42 may be

different and 1 one embodiment are of progressively
decreasing melting temperatures from the first volume 40 to
the third volume 42. The materials used may be referred to as
“phase change materials” or “PCMs”. Any suitable phase
change materials may be employed. In an embodiment of the
imnvention, however, the first volume 40 contains silicon,
which has a melting temperature of about 1410° C., the sec-
ond volume 41 contains lithium fluoride, which has a melting
temperature of about 870° C. and the third volume 42 con-
tains magnesium oxide or calcite, which have a melting tem-
perature of about 560° C. The volumes of material 40, 41, 42
are all held in containers, which are of a material which 1s able
to withstand the temperatures of the molten maternals held
theremn. A particularly suitable material 1n this regard 1s a
ceramic material, preferably silicon carbide.

[0199] Inanother arrangement, the volumes of material 40,
41, 42 may contain a mixture of two or more different mate-
rials. In one form, each volume of material 40, 41, 42 com-
prises the mixture of the same materials but at different ratios.
The different ratios preferably have different melting tem-
peratures, thus providing the graduated heating of the work-
ing fluid flowing through the volumes of material 40, 41, 42.
In this respect, at least one of the materials 1 the mixture of
materials of each volume 1s for affecting the melting tempera-
ture of the volumes of matenial. For example, aluminium may
be mixed with silicon to reduce the melting temperature of the
silicon. Alternatively, or in addition to this, one of the mate-
rials in the mixture of materials may be for improving the heat
transfer of the volume of material. Such a material for
example 1s graphite, which may be added to salts for example
such as lithium fluoride, magnesium oxide, calcite or sodium
chloride to improve the heat transter of these materials. This,
advantageously, enables the volumes of matenial 40, 41, 42 to
reach their melting temperatures more rapidly as well as
improving the heat transter from the volumes of material 40,
41, 42 to the working fluid. This 1n turn enables faster start-up
and shut down of the system 10.

[0200] The working fluid flows counter-currently to the
heating fluid, entering the heater 13 through the inlet 26 to be
heated firstly by the lowest temperature volume of material, in
this case the third volume 42, and finally by the highest
temperature volume of material, 1n this case the first volume
40 belore exiting to the inlet 27 of the expander 14. The
heating fluid heats the volumes 40, 41, 42 1n reverse order,
that 1s, 1t enters the heater 13 through inlet 43 to heat the first
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volume 40, which 1s required to be at the highest temperature,
first and heats the third volume 42 last.

[0201] In another embodiment, the material 1n each or two
of the volumes 40, 41, 42 1s the same. In this embodiment, the
volumes may not be as readily heated to at or above the
melting temperature of the material using the heating fluid in
series because as the heating fluid tlows through the heater 13,
it loses energy and heat as 1t flows through the volumes 40, 41,
42. Thus, the volumes 40, 41, 42 1n this embodiment may
need to be heated 1n parallel or alternatively by a different
source of heat.

[0202] The heater 13 also comprises a number of valves 45
on the inlets and outlets to the heater 13 which can be used to
control the flow rate of the working fluid and the heating fluid
through the heater 13 to maintain the temperature of the phase
change materials 1n the volumes 40, 41, 42 so as to keep them
in a molten phase and to control the temperature of the work-
ing fluid as 1t leaves the heater.

A
(Nitrogen)

Temperature 35.00
(°C.)
Pressure 100.0
(kPa)
Total Mass 1.000
Flow (kg/s)
Total Volume
Flow (m?/h)

Vapour Fraction

Mass Fraction
(HO)

[0203]
with respect to its temperature at the outlet of the heater 13 (ie.

the inlet 27 to the expander 14). The temperature of the
working fluid required at the inlet 27 of the expander 1s much

The flowrate of the working fluid 1s also controlled

less than the melting temperature of silicon (and hence the

temperature of the first volume 40). If the working fluid at the
inlet 27 of the expander was at this temperature (approxi-

mately 1410° C.) then this could cause damage to the

expander 14. Because of this large temperature difference, the

heater 13 advantageously enables quick start-up of the heat
engine system 10.

[0204] The expander inlet temperatures can be varied and
controlled by a modulating bypass control valve that diverts
flow around the regenerative heater 13. This will allow the
precise setting of expander inlet temperatures with variable
output. This level of temperature control cannot be achieved
with conventional gas turbines that rely on internal combus-
tion. Also, when this control 1s used with the other control
clements as described previously, good efficiency 1s attained
when the system 1s turned down.

EXAM.

°LE

[0205] A model of a heat engine system according to

embodiments of the present invention was constructed 1n
HYSYS®. FIG. 3 provides a schematic view of the model.
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The model was prepared on the basis of an approximately 1:1
mass tlow ratio of nitrogen as the first component and water as
the second component. Other parameters assumed for the
model include:

[0206] an ambient temperature of 35° C. (for Queen-
sland ambient temperature conditions)

[0207] compression ratio for the compressor of 6.2:1
[0208] Compressor elficiency of 85%

[0209] Expander efliciency of 85%

[0210] Pressure drops of 5 kPa for the apparatus, 30 kPa

for the boiling side of the recuperator, 20 kPa for the
heater, 300 Pa for the condensing side of the recuperator.

[0211] Exat temperature for the recuperator condensing,
side of 60° C.

[0212] Table 1 below sets out the conditions at points A-I1n
the system as indicated on FIG. 3.

TABLE 1
B
(Water) C D F F G H I
35.00 273.5 45.91 617.6 1100 742.9  60.00 35.00
620.0 620.0 620.0 590.0  570.0 103.0  100.00 100.0

0.9256 1.000 1.926 1.926

3.332 963.3 540.5
0.3979 0.4910
0.5005

[0213] The model system was calculated to produce a net

shaft power output of 0.9736 MW at 58.95% efficiency.

[0214] In the claims which follow and in the preceding
description of the invention, except where the context
requires otherwise due to express language or necessary
implication, the word “comprise” or variations such as “com-
prises” or “‘comprising”’ 1s used 1n an 1clusive sense, 1e. to
specily the presence of the stated features but not to preclude
the presence or addition of further features 1n various embodi-
ments of the invention.

1. A heat engine system for producing work by expanding
a working fluid comprising first and second components, the
system comprising, an apparatus for combining the second
component of the working fluid as a liquid with the first
component, the first component being a gas throughout the
system, a compressor for compressing the first component, a
pump for compressing at least most of the second component,
a heater for heating the first and second components, an
expander for expanding the first and second components to
produce the work, and a recuperator for transferring at least
some of the energy of the working fluid from the outlet of the
expander, to the working fluid from the outlet of the appara-
tus, wherein a substantial portion of the energy transferred in
the recuperator 1s at least a portion of the latent heat of the
second component from the outlet of the expander.

2. A heat engine system as claimed 1n claim 1, wherein the
apparatus 1s arranged to spray the liquid second component
into a space having the first component therein.
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3. A heat engine system as claimed 1n claim 1, wherein the
apparatus 1s arranged to difluse the first component into the
liguid second component.

4. A heat engine system as claimed in any one of the
preceding claims, wherein the recuperator 1s in the form of a
shell and tube heat exchanger.

5. A heat engine system as claimed in any one of the
preceding claims, wherein the recuperator 1s in the form of a
falling film condenser.

6. A heat engine system as claimed in any one of the
preceding claims, wherein the recuperator 1s arranged to pro-
vide separation of a liquid fraction of the working fluid from
a gaseous fraction upon cooling of the working fluid from the
outlet of the expander.

7. A heat engine system as claimed in any one of the
preceding claims, wherein the system also comprises at least
one cooler for cooling the first and/or second components
prior to combining them in the apparatus.

8. A heat engine system as claimed 1n claim 7, wherein at
least one of the cooler comprises an intercooler in the com-
pressor to provide interstage cooling of the first component.

9. A heat engine system as claimed 1n e1ther one of claim 7
or claim 8, wherein the or at least one of at least one cooler
comprises a post compressor cooler for cooling the first com-
ponent after 1t has been compressed.

10. A heat engine system as claimed 1n any one of claims 7
to 9, wherein the or at least one of at least one cooler com-
prises a pre-compressor cooler for cooling the first compo-
nent prior to being compressed in the compressor.

11. A heat engine system as claimed 1n any one of claims 7
to 10, wherein the or at least one of at least one cooler
comprises a liquid cooler for cooling the liquid second com-
ponent.

12. A heat engine system as claimed 1n any one of the
preceding claims, wherein the pump compresses at least most
of the liquid second component to a pressure above the ambi-
ent pressure.

13. A heat engine system as claimed 1n any one of the
preceding claims, wherein the pump compresses the liquid
second component to at or about the pressure to which the
compressor compresses the first component.

14. A heat engine system as claimed 1n any one of the
preceding claims, wherein the system also comprises a con-
denser for cooling the working fluid from the expander after
it exits the recuperator.

15. A heat engine system as claimed 1n claim 14, wherein
the condenser 1s arranged to substantially condense the sec-
ond component of the working fluid from the expander to a
liquad.

16. A heat engine system as claimed 1n either one of claim
14 or claim 15, wherein the condenser 1s a separator for
separating the second component as 1t condenses from the
first component.

17. A heat engine system as claimed in any one of the
preceding claims, wherein the system 1s a closed system
having substantially no mass inputs or outputs during opera-
tion of the system, other than replacement of incidental
losses.

18. A heat engine system as claimed in any one of the
preceding claims, the system also comprising an energy
transier controller for controlling the energy transier in the
recuperator during operation of the system.

19. A heat engine system as claimed in any one of the
preceding claims, wherein the system also comprises a mass
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flow controller for controlling the mass flow rate of the second
component relative to the mass flow rate of the first compo-
nent.

20. A heat engine system as claimed 1n any one of the
preceding claims, wherein the first and second components of
the working fluid are substances which are substantially inert
with respect to each other.

21. A heat engine system as claimed 1n any one of the
preceding claims, wherein the second component 1s a sub-
stance which has a high volumetric expansion ratio from
liquid to gas.

22. A heat engine system as claimed 1n any one of the
preceding claims, wherein the first component 1s a substance
which 1s highly compressible as a gas.

23. A heat engine system as claimed i1n any one of the
preceding claims, wherein the first component 1s nitrogen and
the second component 1s water.

24. A heat engine system as claimed 1n any one of the
preceding claims, wherein the heater comprises at least one
volume of material arranged to be heated to at or above the
melting temperature of the matenial, the heater also compris-
ing passages through the at least one volume of maternal for
the flow therethrough of the working tluid.

25. A heat engine system as claimed 1n claim 24, wherein
the at least one volume of material 1s heated using a heating
fluid flowing through space through the at least one volume of
material.

26. A heat engine system as claimed in either one of claim
24 or 25, wherein the heater comprises at least two volumes of
material, the maternials i the volumes being different and
having different melting temperatures.

277. A heat engine system as claimed 1n claim 26, wherein
the materials are of progressively decreasing melting tem-
peratures from the first volume to the last volume, the pas-
sages being arranged for the flow of the working fluid through
the last volume first and the first volume last.

28. A heat engine system as claimed 1n claim 25, wherein
the working fluid 1s arranged to flow through the at least one
volume of material countercurrently to the flow of the heating
flud.

29. A heat engine system as claimed 1n any one of claims 24
to 28, wherein at least one of the volumes of material contains
a mixture of two or more different materials.

30. A heat engine system as claimed 1n claim 29, wherein
one of the materials 1n the mixture of materials of the or each
volume 1s for improving the heat transfer of the or each
volume of material.

31. A heat engine system as claimed 1n either one of claim
29 or 30, wherein one of the materials 1n the mixture of
materials of the or each volume 1s for effecting the melting
temperature of the or each volume of material.

32. A method for producing work, the method comprising
the steps of:

compressing a first component of a working fluid 1n a

compressor, the first component being a gas at all times
during the method;

at least most of compressing a second component of the

working fluid as a liquid 1n a pump;

combining the second component as a liquid with the first

component 1n an apparatus;

heating the combined first and second components 1n a

heater;

expanding the heated first and second components to pro-

duce the work 1n an expander; and
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transferring in a recuperator at least some of the energy of
the working fluid after 1t has been expanded to the work-
ing fluid prior to it being heated 1n the heater, wherein a
substantial portion of the energy transierred 1s at least a
portion of the latent heat of the second component after
the working fluid has been expanded 1n the expander.
33. A method as claimed 1n claim 32, wherein the step of
transierring at least some of the energy 1n the recuperator
converts at least some of the second component from liquid to
gas prior to it being heated 1n the heater.
34. A method as claimed 1n either one of claim 32 or 33,
wherein the step of transierring at least some of the energy in

the recuperator converts at least some of the second compo-
nent from gas to liquid after 1t has been expanded in the
expander.

35. A method as claimed 1n any one of claims 32 to 34,
wherein the method 1s a closed cycle method also comprising,
the step of repeating the steps of the method performed on the
working fluid after at least some of its energy has been trans-
terred 1n the recuperator to the working tluid which 1s yet to be
heated 1n the heater.

36. A method as claimed 1n any one of claims 32 to 35, the
method also comprising the step of returning the first com-
ponent to the compressor.

37. A method as claimed 1n any one of claims 32 to 36 the
method also comprising the step of returning at least most of
the second component to the pump.

38. A method as claimed 1n any one of claims 32 to 37, the
method also comprising the step of cooling the first and/or
second components prior to the step of combining them.

39. A method as claimed 1n claim 38, wherein the cooling
step comprises cooling the first component between at least
two stages of the compressor using an intercooler.

40. A method as claimed 1n either one of claim 38 or 39,
wherein the cooling step comprises cooling the first compo-
nent after the step of compressing the first component.

41. A method as claimed 1n any one of claims 38 to 40,
wherein the cooling step comprises cooling the first compo-
nent prior to the step of compressing the first component.

42. A method as claimed 1n any one of claims 38 to 41,
wherein the cooling step comprises cooling the second com-
ponent prior to combining the second component with the

first component.

43. A method as claimed 1n any one of claims 32 to 42,
wherein the method comprises the step of maintaiming the
temperature of the first component, prior to the step of com-
bining 1t with the second component, to a temperature which
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1s less than one which would cause vaporisation of the second
component during the combining step.

44. A method as claimed 1n any one of claims 32 to 43,
wherein the method also comprises a step of separating a
liquid fraction of the working fluid from a gaseous fraction
alter the working fluid has been expanded.

45. A method as claimed in claim 44, wherein the step of
separating occurs at least partially 1n the recuperator.

46. A method as claimed 1n either one of claim 44 or 45,
wherein the step of separating comprises separating at least
most of the second component as a liquid from the first
component as a gas.

4'7. A method as claimed in claim 46, wherein the step of
separating the first component from the second component
comprises cooling the working fluid to condense most of the
second component.

48. A method as claimed 1n any one of claims 32 to 47,
wherein the method also comprises the step of controlling the
energy transferred in the recuperator.

49. A method as claimed in claim 48, wherein the step of
controlling the energy transiferred in the recuperator com-
prises changing the conditions of the working tluid prior to
expanding it in the expander.

50. A method as claimed 1n either one of claim 48 or 49,
wherein the step of controlling the energy transierred in the
recuperator comprises changing the amount of the second
component which 1s combined with the first component in the
apparatus.

51. A method as claimed 1n any one of claims 32 to 50,
wherein the method also comprises the step of controlling the
mass tlow rate of the second component relative to the mass
flow rate of the first component.

52. A method as claimed in any one of claims 32 to 31,
wherein the step of heating comprises tlowing the combined
first and second components through at least one volume of
material which 1s heated to at or above the melting tempera-
ture of the maternal.

53. A method as claimed in claim 352, wherein the step of
heating also comprises heating the at least one volume of
material using a heating tfluid.

54. A method as claimed 1n claim 53, wherein the step of
heating comprises tlowing the heating fluid through the at
least one volume material 1n a counter current direction to the
flow of the combined first and second components.

55. A method as claimed in any one of claims 32 to 54,
wherein the step of heating comprises heating the working
fluid to a super-critical gas.
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