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(57) ABSTRACT

A power generating system is described which operates at
high pressure and utilizes a working fluid consisting of a
mixture of compressed non-flammable air components, fuel
combustion products and steam. The working fluid exiting the
power generating system is substantially free of NOx and CO.
Working fluid is provided at constant pressure and tempera-
ture. Combustion air is supplied by one or more stages of
compression. Fuel is injected at pressure as needed. At least
about 40% of the oxygen in the compressed air is consumed
when the fuel is burned. Inert liquid is injected at high pres-
sure to produce working an inert mass of high specific heat
diluent vapor for use for internal cooling of the combustion
chamber.

The use of non-flammable liquid injection inhibits the forma-
tion of pollutants, increases the efficiency and available
horsepower from the system, and reduces specific fuel con-
sumption. Control systems allow the independent control of
the quantity, temperature and pressure of the air, fuel and
non-flammable liquid introduced in the combustion chamber
allowing control of the maximum temperature and average
temperature within the combustion temperature as well as the
temperature of the exhaust from the combustion chamber.
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HIGH EFFICIENCY LOW POLLUTION
HYBRID BRAYTON CYCLE COMBUSTOR

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

This application is a continuation-in-part of U.S. applica-
tion Ser. No. 08/232,047 filed Apr. 26, 1994 now U.S. Pat. No.
5,743,080 which is the U.S. National Stage of PCT/US93/
10280 filed Oct. 27, 1993 and a continuation-in-patent of Ser.
No. 07/967,289, U.S. Pat. No. 5,617,719 filed Oct. 27, 1992
all of which are incorporated by reference.

FIELD OF THE INVENTION

The present invention is directed to a vapor-air steam
engine which operates at high pressure and utilizes a working
fluid consisting of a mixture of fuel combustion products and
steam with a minimal amount of excess compressed air. The
invention is further directed to processes for producing elec-
trical energy, usable shaft horsepower and/or large quantities
of steam in a fuel burning system at high efficiency and low
specific fuel consumption, while generating insignificant
amounts of environmental pollutants (NO,, CO, particulates,
unburned fuel). The invention is still further directed to the
production of potable water while generating electrical power
without polluting the environment or significantly reducing
the efficiency or increasing the fuel consumption.

BACKGROUND OF THE INVENTION

Internal combustion engines are generally classified as
either constant volume or constant pressure. Otto cycle
engines operate by exploding volatile fuel in a constant vol-
ume of compressed air while diesel cycle engines burn fuel in
a modified cycle, the burning being approximately character-
ized as constant pressure.

External combustion engines are exemplified by steam
engines, steam turbines and gas turbines. It is well known to
supply a gas turbine with a gaseous working fluid generated
by combusting a fuel with compressed air and to operate
various motor devices from energy stored in this high pres-
sure gaseous stream. In these devices, temperature control is
usually the result of feeding large quantities of excess com-
pressed air.

It is also known to burn fuel in a chamber and exhaust the
combustion products into a working cylinder or chamber,
sometimes with the injection of small quantities of water or
steam. These may also be classified as external combustion
engines.

Some other devices have been proposed in which combus-
tion chambers are cooled by addition of water or steam pro-
vided either internally or externally. Still another form of
apparatus has been proposed for operation on fuel injected
into a combustion cylinder as the temperature falls, having
means to terminate fuel injection when the pressure reaches a
desired value.

Each of these prior engines has encountered difficulties
which limit their general adoption as a power source for the
operation of prime movers. Among these difficulties have
been the inability of such an engine to meet sudden demand
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and/or to maintain a constant working temperature or pres-
sure as may be required for efficient operation of such an
engine.

Furthermore, control of such engines has been inefficient,
and the ability of the gas generator to maintain itself in
standby condition has been wholly inadequate. In all practical
applied engine configurations the requirement for cooling the
confining walls of the work cylinders has resulted in loss of
efficiency and a number of other disadvantages previously
inherent in internal combustion engines.

The present invention overcomes the limitations of the
prior art described above. First, the requirement of large
amounts of excess compressed air or external liquid cooling is
eliminated by injecting water directly into the combustion
chamber to control the temperature of the resulting working
fluid. When water is injected it is converted instantaneously
into steam in the combustion chamber, and it becomes a
component of the working fluid itself, thus increasing the
mass and volume of the working fluid without mechanical
compression.

In the present invention, independent control of the a)
combustion flame temperature b) combustion chamber tem-
perature profile by liquid water injection and c) fuel to air
ratio allows the physical properties of the working fluid to be
optimized for high efficiency operation. Reducing or elimi-
nating excess air, thus limiting the availability of excess oxy-
gen, and controlling the flame temperature and combustor
temperature profile also prevents the formation of NO,, and
favors the complete conversion of burning fuel to CO,, mini-
mizing CO production.

The present invention also utilizes high pressure ratios as a
way of increasing efficiency and horsepower while simulta-
neously lowering specific fuel consumption (“SFC”). When
water is injected and converted into steam in the combustion
chamber of the present invention, it acquires the pressure of
the combustion chamber. It should be noted that the pressure
of'the combustion chamber is acquired by the steam irrespec-
tive of the pressure ratio ofthe engine. Thus, a higher pressure
ratio can be obtained in the engine without expending addi-
tional work for performing compression for new steam or
water injection. Because of the injection of massive amounts
of'water in the present invention, there is no need to compress
more air than needed for combustion, this excess air typically
used in prior art systems for cooling. The elimination of this
requirement results in an enormous energy savings to the
system and a significant increase, without additional con-
sumption of fuel, in the available shaft horsepower without
increasing turbine speed.

Water injection, as taught in the present invention, provides
several advantages over the prior art. First, a minimal amount
of additional work is required to pressurize water above the
combustion chamber pressure. In steam injection system sig-
nificant work must be expended to raise the steam to a pres-
sure above that of the combustion chamber. Likewise, excess
air requires additional work be expended to raise the feed air
to higher pressures to produce additional working fluid mass.
Furthermore, when water is injected and converted to steam
in the present invention, it acquires the pressure of the com-
bustion chamber without additional work. This steam also has
constant entropy and enthalpy.

In the present invention excess (waste) heat from combus-
tion is used to convert injected water to steam, thus increasing
the working fluid pressure and mass of the working fluid
without mechanical compression of excess air. In contrast, in
a typical Brayton Cycle Turbine, 66%-75% of the mechani-
cally compressed air is used to dilute the products of com-
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bustion in order to reduce the temperature of the working fluid
to the desired Turbine Inlet Temperature (“T1T”).

The steam generated by vaporization of the injected water
can at least double the mass of the combustion generated
working fluid and increase the net horsepower by 15% or
more. Therefore, the water can be seen to serve as a fuel in this
new thermodynamic system because it supplies pressure,
mass, and energy to the system, resulting in an increased
efficiency of the present system.

The cycle of the present invention may be open or closed
with respect to water. That means that the air and water may
be exhausted (open) or recovered and recycled (closed).
Desalination or water purification can be a byproduct of elec-
tric power generation from a stationary installation or water
borne ships, where the cycle is open as to air but closed as to
the desalinated water recovery. Marine power plants, indus-
trial applications, drinking water and irrigation water clean up
and recovery systems are also viable applications.

The present cycle can also be employed in the closed cycle
phase in mobile environments, e.g. autos, trucks, buses, rail
locomotives, marine craft, commuter aircraft, general avia-
tion and the like.

SUMMARY OF THE INVENTION

One of the objectives of this invention is to provide a new,
thermodynamic power cycle, which can operate in an open or
closed mode, that compresses a stoichiometric amount of air
and combusts fuel with the air so as to provide efficient, clean,
pollution free power.

It is also an object of this invention to completely control
the temperature of combustion within a combustor through
the employment of the latent heat of vaporization of water
without the necessity to mechanically compress excess (dilu-
tion) air for cooling.

A further object of this invention is to reduce the air com-
pressor load in relation to a power turbine used in the engine
so that a smaller compressor can be used and slow idling and
faster acceleration can be achieved.

A further object of this invention is to separately control the
turbine inlet temperature (TIT) on demand.

Another object of this invention is to vary the composition
and temperature of the working fluid on demand.

It is also an object of this invention to provide sufficient
dwell time of the reactants in the combustion chamber to
permit stoichiometric combustion, chemical bonding, and
time for complete reaction and quenching, resulting in chemi-
cal equilibrium.

It is also an object of this invention to combust and cool the
products of combustion in a manner which will prevent the
formation of smog causing components such as NO,,
unburned fuel, CO, particulates, CO, dissociation products,
etc.

It is also an object of this invention to provide a combustion
system with 100% conversion of one pound of chemical
energy to one pound of thermal energy.

It is also an object of this invention to operate the entire
power system as cool as possible and still operate with good
thermal efficiency.

It is also an object of this invention to provide a condensing
process in order to cool, condense, separate, and reclaim the
steam as condensed, potable water.

It is also an object of this invention to provide an electric
power generating system which uses nonpotable water as its
coolant and produces potable water as a byproduct of the
electric power generation.
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It is also an object of this invention to provide a new cycle
which alternatively provides a modified Brayton cycle during
one mode of engine operation, a vapor air steam cycle during
a second mode of engine operation and a combined cycle
during a third mode.

It is also an object of this invention to provide a combustor
for use with any turbine power generating system such that
the power system produces electrical energy at a greater effi-
ciency and reduced specific fuel consumption when com-
pared with currently available systems using currently avail-
able combustors.

It is also an objective of this invention to provide a com-
bustor which can be retrofit into current hydrocarbon fuel
burning systems replacing currently used combustors and
eliminating the need for pollution abatement equipment
(catalytic converts, reburns, scrubbing systems) while
increasing operating efficiency and decreasing pollution in
exhaust streams.

It is also an object of the invention to provide a turbine
power generation system which provides significantly
increased usable shaft power (net usable power) when com-
pared with a Brayton cycle system burning an equivalent
amount of fuel.

It is also an object of this invention to provide a power
generating system which produces electrical energy at an
overall efficiency significantly greater than 40%.

Itis also an objective to provide a power generating system
which burns hydrocarbon fuels in a more efficient manner to
produce less green house gases (CO,).

It is also an objective to efficiently provide large quantities
of steam at any temperature and pressure desired.

In accordance with one exemplary embodiment of the
present invention, referred to as the VAST cycle, an internal
combustion engine is described. This engine includes a com-
pressor configured for compressing ambient air into com-
pressed air having a pressure greater than or equal to six
atmospheres, and having an elevated temperature. A combus-
tion chamber connected to the compressor is configured for
staged delivery of compressed air from the compressor to the
combustion chamber. Separate fuel and liquid injection con-
trols are used for injecting fuel and liquid water respectively
into the combustion chamber as needed and where needed.
The amount of compressed air, fuel and water injected the
pressure of the compressed air, fuel and water injected, the
temperature of the compressed air and fuel injected, and the
temperature of the injected water and the point of injection
into the combustor are each independently controlled. As a
result, the average combustion temperature and the fuel to air
ratio (F/A) can also be independently controlled. The injected
fuel and a controlled portion of the compressed air are com-
busted, and the heat generated transforms the injected water
into a vapor. When the injected water is transformed into a
vapor the latent heat of vaporization of the water reduces the
temperature of the combustion gases exiting the combustor.
An amount of water significantly greater than the weight of
the combusted fuel is used. However, the mass of air feed to
the system is significantly reduced. As a result, the mass flow
of combustion generated working fluid may be varied from
50% to greater than 200% of mass flows in current systems
using the same amount of fuel under most operating condi-
tions.

A working fluid consisting of a mixture of a small amount
of the unburnable 79% non-oxygen components of the com-
pressed air, fuel combustion products and water vapor is thus
generated in the combustion chamber during combustion at a
predetermined combustion temperature and combustor tem-
perature profile. Substantially all of the temperature control is
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provided by the latent heat of vaporization of the water. Any
excess is provided only to assure complete combustion and is
not provided for cooling purposes. This working fluid can
then be supplied to one or more work engines for performing
useful work. Alternatively, the working fluid, which is high
temperature, high pressure steam can be used directly, such as
injection in oil wells to increase flow, as a heat source for
distillation towers or other equipment which utilize steam for
operation.

In more specific embodiments of the present invention, an
ignition sparker is used to start the engine. The engine may
also be operated either open or closed cycle; in the latter case,
a portion of the working fluid exhaust may be recuperated.
The flame temperature and combustion chamber temperature
profile are monitored using temperature detectors and ther-
mostats located throughout the combustor.

Further, a computerized feedback control system may be
used to monitor the gaseous components of the exhaust
stream and operating conditions and feed rates can be auto-
matically adjusted to minimize NO_and CO in the exhaust.

When the present invention is used, the combustion tem-
perature is reduced by the combustion control means so that
stoichiometric combustion and chemical reaction equilib-
rium are achieved in the working fluid. All chemical energy in
the injected fuel is converted during combustion into thermal
energy and the vaporization of water into steam creates
cyclonic turbulence that assists molecular mixing of the fuel
and air such that more complete combustion is effectuated.
The injected water absorbs all the excess heat energy, reduc-
ing the temperature of the working fluid to the maximum
desired operating temperature of the work engine. When the
injected water is transformed into steam, it assumes the pres-
sure of the combustion chamber, without additional work for
compression and without additional entropy or enthalpy. The
careful control of combustion temperature prevents the for-
mations of gases and compounds that cause or contribute to
the formation of atmospheric smog and, by virtue of the
increased operating efficiency, reduces the amount of green
house gases generated per usable energy produced.

In another embodiment of the present invention, electric
power is generated using nonpotable water as its coolant,
potable water being produced as a byproduct of the power or
steam generation.

In a third embodiment of the present invention (a new
cycle) the engine can operate in three different modes. When
the engine is operated in excess of a first predetermined rpm
(i.e. at a high RPM), water injection and the amount of com-
pressed air combusted is kept constant as engine rpm
increases. At an interim RPM, i.e. between a first (high) and
second (low) predetermined rpm, the water to fuel ratio is
increased as the amount of excess air is decreased. When the
engine is operated at various speeds below a second prede-
termined rpm (i.e. a low RPM), the ratio of injected water to
fuel is held constant and the amount of compressed air com-
busted is held constant, excess air being substantially elimi-
nated.

The use of this new cycle results in increased horsepower at
alower rpm, slow idle, fast acceleration and combustion of up
to 95% of the compressed air at low rpm.

A more complete understanding of the invention and fur-
ther objects and advantages thereof will become apparent
from a consideration of the accompanying drawings and the
following detailed description. The scope of the present
invention is set forth with particularity in the appended
claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of a vapor-air steam turbine
engine in accordance with a present invention;
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FIG. 2 is a schematic diagram of a preferred combustor;

FIG. 3 is a cross-sectional view along line 3-3 of FIG. 2.

FIG. 4 is a block diagram of a vapor-air steam turbine
engine that includes means for recovering potable water in
accordance with the present invention;

FIG. 5 is a schematic drawing of one embodiment of the
vapor-air steam turbine engine shown by a block diagram in
FIG. 4.

FIG. 6 is a schematic drawing of a second embodiment of
a vapor-air steam turbine engine with potable water recovery
capabilities incorporating features of the invention.

FIG. 7 is a graph showing the effect of pressure ratio on
thermal efficiency for the vapor-air steam turbine engine of
FIG. 1.

FIG. 8 is a graph showing the effect of pressure ratio on
specific fuel consumption for the vapor-air steam turbine
engine of FIG. 1.

FIG. 9 is a graph showing the effect of pressure ratio on
turbine power for the vapor-air steam turbine engine of FI1G.
1.

FIG. 10 is a graph showing the effect of pressure ratio on
net power for the vapor-air steam turbine engine of FIG. 1.

DETAILED DESCRIPTION OF THE INVENTION

A. Basic Configuration Of The Present System

Referring now to FIG. 1, there is shown schematically a gas
turbine engine embodying the teachings of the present inven-
tion. Ambient air 5 is compressed by compressor to a desired
pressure resulting in compressed air 11. In a preferred
embodiment, compressor 10 is a typical well-known two or
three stage compressor, and the ambient air is compressed to
a pressure greater than about four (4) atmospheres, and pref-
erably 10 to 30 atmospheres. The temperature of the com-
pressed air depends on the compression ratio. Al a compres-
sion ratio of 30:1 the compressed air temperature is
approximately 1424° R (964° F.).

The flow of the compressed air 11 is controlled by an air
flow controller 27 to a combustor 25. Combustors are well-
known in the art. However, in the present invention, the com-
pressed air 11 is supplied in a staged, circumferential manner
by air flow control 27 to the combustor 200 shown in FIG. 2
and more fully described below. The staged feed of the air
allows controlling and limiting of combustion temperature
(flame temperatures) throughout the combustion chamber 25.
The normally high peak temperatures are reduced while still
generating the same total energy output from the combustion.

Fuel 31 is injected under pressure by fuel injection control
30. Fuel injection control is also well-known to skilled arti-
sans. The fuel injection control 30 used in the present inven-
tion can consist of a series of conventional single or multiple
fuel feed nozzles. A pressurized fuel supply (not shown) is
used to supply fuel, which can be any conventional hydrocar-
bon fuel, such as diesel fuel #2, heating oil, preferably sulfur
free, well head oil, propane, natural gas, gasoline and alcohols
such as ethanol. Ethanol may be preferable in some applica-
tions because it includes or can be mixed with at least some
water which may be used for cooling combustion products,
thus reducing the requirement for injected water. Also ethanol
water mixtures have amuch lower freezing point thus increas-
ing the ability to use the engine in climates which have tem-
peratures below 32° F.

Water 41 is injected under pressure and at a preset but
adjustable rate by a pump controlled by water injection con-
trol 40 and may be atomized through one or more nozzles,
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into the feed air stream, downstream of combustion into com-
bustion chamber 25 or into the flame if desired as explained
further below.

The temperature within combustor 25 is controlled by
combustion controller 100 operating in conjunction with
other elements of the present invention detailed above. Com-
bustion controller 100 may be a conventionally programmed
microprocessor with supporting digital logic, a microcom-
puter or any other well-known device for monitoring and
effectuating control in response to feedback signals from
monitors located in the combustion chamber 25, the exhaust
stream 51 (expanded working fluid 21) or associated with the
other components of the present system.

For example, pressure within combustor 25 can be main-
tained by air compressor 10 in response to variations in
engine rpm. Temperature detectors and thermostats 260 (only
one is shown for clarity) within combustor 25 provide tem-
perature information to combustion control 100 which then
directs water injection control 40 to inject more or less liquid
water as needed. Similarly, working fluid mass is controlled
by combustion control 100 by varying the mixture of fuel,
water and air combusted in combustor 25.

There are certain well-known practical limitations which
regulate the acceptable maximum combustion temperature.
Foremost among these considerations is the maximum tur-
bine inlet temperature (TIT) which can be accommodated by
any system. To effectuate the desired maximum TIT, water
injection control 40 injects water as needed to the working
fluid 21 to keep the combustion temperature within accept-
able limits. The injected water absorbs a substantial amount
of'the combustion flame heat through the latent heat of evapo-
ration of such water as it is converted to steam at the pressure
of combustor 25.

For ignition of the fuel injected into combustor 25, a pres-
sure ratio of greater than 12:1 is needed to effectuate self-
compression ignition. However, a standard ignition sparker
262 can be used with lower pressure ratios.

As mentioned above, combustion controller 100 indepen-
dently controls the amount of combusted compressed air
from air flow control 27, fuel injection control 30, and water
injection control 40 so as to combust the injected fuel and
substantially all of the oxygen in the compressed air. At least
95% of oxygen in the compressed air is combusted. If less
than 100% of the O, is combusted then sufficient O, is avail-
able to complete stoichiometric bonding and for acceleration.
When 100% ofthe air is consumed in the combustion process,
forming CO,, no oxygenis available to form NO, . The heat of
combustion also transforms the injected water into steam,
thus resulting in a working fluid 21 consisting of a mixture of
compressed, non-combustible components of air, fuel com-
bustion products and steam being generated in the combus-
tion chamber. Pressure ratios from about 4:1 to about 100:1
may be supplied by compressor 10. TIT temperatures may
vary from 750° F. to 2300° F. with the higher limit being
dictated by material considerations. However, a higher TIT
can be provided if the turbine is fabricated from materials,
such as ceramics or other refractory materials, which can
resist higher temperatures.

A work engine 50, typically a turbine, is coupled to and
receives the working fluid 21 from combustion chamber 25
for performing useful work (such as by rotating a shaft 54 for
example) which, in turn, drives a load such as a generator 56,
which produces electric energy 58, or the air compressor 10.
While the present invention discusses the use of a turbine as a
work engine, skilled artisans will appreciate that reciprocat-
ing, Wankel, cam or other type of work engines may be driven
by the working fluid created by the present invention.
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Because of pressure differences between the combustor 25
interior and the turbine exhaust, the working fluid expands as
it passes by work engine 50. The expanded working fluid 51
is exhausted by exhaust control 60 at varying pressure, gen-
erally from 0.1 atmospheres to about 1 atm. depending on
whether a closed cycle with vacuum pump or open cycle is
used. However, higher exhaust pressures are possible.
Exhaust control 60 may also include a heat exchanger 63
and/or condenser 62 for condensing the steam 61 from the
expanded working fluid 51 as well as a recompressor 64 for
exhausting the expanded working fluid 51. The steam con-
densed in condenser 62 exits as potable water 65.

FIG. 2 shows a schematic diagram of a preferred combus-
tor 200, which incorporates features of the invention, having
an inlet end 198 and an exhaust end 196. In the embodiment
shown the combustor comprises three concentric stainless
steel tubes 202, 206, 210 and inlets for air, water and fuel. The
inner tube 202 is the longest of the tubes, the middle tube 206
is the shortest tube and the outer tube 210 is of an intermediate
length. The inner or central tube 202, in a particular embodi-
ment, has an inner diameter of 5 inches and a wall thickness
ofabout 14". There is approximately a one inch air flow space
between each of the inner tube 202, the middle tube 206 and
the outer tube 210 (the inner air flow space 204 and the outer
air flow space 208, respectively). The inlet end of the middle
tube 206 and the outer tube 210 each have a hemispheric head
224, 226 connected to the circumference of each respectively
to form a closed space 228, 230 contiguous with the space
between the tubes 204, 208, creating a flow path, as described
below, from the exterior of the combustor 200, through the
space between the outer tube 210 and middle tube 206 (the
outer air flows space 208) and then between the middle tube
206 and the inner tube 202 (the inner air flow space 204) and
through burner 214.

Covering the inlet end or head 212 of the inner tube 202, as
shown in FIG. 3, is an air feed plate 232 to which are attached
nested tubes which comprise the burner 214. Burner 214 is
formed by three concentric tubes with the inner fire tube 216
being 2 inches in diameter, the central fire tube 218 being
about 3 inches in diameter and the outer fire tube 220 being
about 4 inches in diameter. The fire tubes 216, 218, 220 are
progressively longer in length so that a straight line connect-
ing the internal ends thereof form a flame containment cone
222 with an angle of the cone 222 being from about 50 to 90
degrees.

The inlet end of the central fire tube 216 extends into the air
feed chamber 228 formed between the hemispheric head 224
on the middle tube 206 and the inlet end of the central tube
202. As shown in FIG. 3, a second air feed plate 236 with
holes 234 therein covers the inlet end of the inner fire tube
216. In addition, holes 234 are distributed around and through
the periphery of the outer surface of the inner fire tube 216
where it extends into the air feed chamber 228. Centrally
located and passing through the hemispheric heads 224, 226
and the second air feed plate 236 is a fuel injection nozzle 218
positioned to deliver fuel from the exterior of the combustor
200 into the inlet end of other inner fire tube 216 where the
fuel is mixed with the air passing into the inner fire tube 216.

Air for combustion is fed at the desired pressure through
one or more air inlets 240 in the outer hemispheric head 226.
The air then flows along the outer air flow sp