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PRIOR ART

(57) Abstract: A system for the gradual oxidation of fuel is disclosed. The system includes an oxidizer that has a reaction chamber
with an inlet and an outlet. The reaction chamber is configured to receive a fluid comprising an oxidizable fuel through the inlet. The
oxidizer is configured to maintain a flameless oxidation process. The system also includes a heating chamber with an inlet and an
outlet. The inlet of the heating chamber is in fluid communication with the outlet of the reaction chamber. The heating chamber is
configured to receive the fluid from the reaction chamber and selectably heat the fluid.
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MULTI-COMBUSTOR TURBINE

BACKGROUND

Field

[0001] The present disclosure generally relates to systems and methods of operating a gas

turbine and, particularly, operating a gas turbine from a low-energy content fuel.
Description of the Related Art

[0002] In a conventional gas turbine system, a high-energy-content fuel, for example
propane, is combusted as it is injected into pressurized air, thereby heating and increasing the
thermal energy of the gas. The energy is then extracted from the heated gas with a turbine
which converts thermal energy into kinetic energy. The kinetic energy may be used to drive
another device, for example an electric power generator. The combustion process is often
initiated by an ignition source, for example a spark plug. Due to the high energy content of

the fuel, the combustion is very rapid and nearly instantaneous.

SUMMARY

[0003] One of the drawbacks of existing gas turbine systems is that they require a high-
energy-content fuel, such as propane (Cs;Hg) that can sustain a continuous flame. It is
desirable for a gas turbine to operate off of low-energy-content fuel, such as the methane
(CH,) that evolves from some landfills, with an exhaust that minimizes undesirable
components such as carbon monoxide (CO) and various nitrogen oxides. NOx is a generic
term for the mono-nitrogen oxides NO and NO, (nitric oxide and nitrogen dioxide). To
accomplish this operation, the gas reaches a temperature that is high enough to convert all
volatile organic compounds (VOCs) in the incoming fuel/air mixture to carbon dioxide (CO,)
and water (H,O) and eliminate CO, while keeping the maximum gas temperature below the

temperatures at which NOx will form.

[0004] The disclosed turbine system uses a gradual oxidizer (also referred to herein as an
oxidizer, a gradual oxidation chamber, an oxidation reaction chamber) in place of a

combustion chamber to generate the heat that drives the process. The oxidizer can contain
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material, such as a ceramic, that is structured to be porous to a gas flow and retains its

structure at temperatures above 1200 degrees Fahrenheit (F).

[0005] In some embodiments, the gradual oxidizer has a very large thermal inertia and is
brought up to the operating temperature of 1000-1200 °F before the gradual oxidation process
will occur. Therefore, the turbine system can be started under an alternate energy source, and
when the oxidizer has been correctly heated, the system can transition from an operation
using the alternate energy source to an operation using the gradual oxidation process. In
certain embodiments, a combustor is used to start the turbine. Some embodiments provide
that heat from the turbine exhaust warms incoming gas through a heat exchanger, but it may
not be sufficient to warm the oxidizer to a temperature that will support a gradual oxidation
process. In certain embodiments, a warmer is used to heat incoming air at an inlet of the
oxidizer in order to raise the temperature of the oxidation chamber to a desired operational

temperature range.

[0006] In certain embodiments a system for gradually oxidizing fuel is disclosed. The
system comprises an oxidizer having a reaction chamber with an inlet and an outlet. The
reaction chamber is configured to receive a gas comprising an oxidizable fuel through the
inlet. The oxidizer is configured to maintain a flameless oxidation process. The system also
comprises a first heating chamber with an inlet and an outlet. The inlet is in fluid
communication with the outlet of the reaction chamber. The first heating chamber is

configured to receive the gas from the reaction chamber and selectably heat the gas.

[0007] In some embodiments, the system further includes a turbine having an inlet and an
outlet, the inlet of the turbine coupled to the outlet of the first heating chamber, the turbine
configured to receive the gas from the first heating chamber. The system can further include,
in certain embodiments, a compressor coupled to the inlet of the reaction chamber and further
coupled to the turbine, the compressor configured to be driven by the turbine to compress the

gas prior to the gas being received by the reaction chamber.

[0008] In some embodiments, the system includes a second heating chamber coupled
between the compressor and the inlet of the reaction chamber, the second heating chamber
being configured to receive the compressed gas from the compressor and to selectably heat

the gas prior to the gas being received by the reaction chamber. Some embodiments provide

S
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that the system further includes a heat exchanger comprising a first portion coupled between
the compressor and the second heating chamber such that the gas from the compressor passes
through the second portion before it is received by the second heating chamber and a second
portion coupled to the outlet of the turbine such that the gas from the turbine passes through
the second portion, the heat exchanger configured to thermally couple the gas in the second

portion to the gas in the first portion.

[0009] In some embodiments, the oxidizer includes a porous media disposed within the
reaction chamber. The oxidizer can further include, in certain embodiments, at least one
anchor heater that is at least partially disposed within the reaction chamber. Certain

embodiments provide that the oxidizer does not comprise a catalyst for the oxidation process.

[0010] The oxidizer preferably is further configured to maintain the oxidation process when
the fuel content of the gas is below a level that will sustain a continuous flame. In some
embodiments, the oxidizer is further configured to maintain the oxidation process when the
gas comprises less than 5% oxidizable fuel. In some embodiments, the oxidizer is further

configured to maintain the oxidation process when the oxidizable fuel is methane.

[0011] In certain embodiments, the first heating chamber includes a burner configured to
receive and ignite a combustible fuel-air mixture. Some embodiments provide that the
second heating chamber comprises a burner configured to selectably accept and ignite a
combustible fuel-air mixture. In some embodiments, the system further includes a power
generator coupled to the turbine, the power generator configured to be driven by the turbine.
Some embodiments provide that the gas comprises at least one volatile organic compound

(VOC); and the oxidizer achieves at least partial oxidation of the VOC.

[0012] In certain embodiments, a gradual oxidation system is disclosed. The system
comprises a compressor configured to receive and compress a gas comprising a fuel-air
mixture. The system also comprises a warmer coupled to the compressor. The warmer is
configured to receive the gas from the compressor and to selectably heat the gas. The system
also comprises a reaction chamber coupled to the warmer. The reaction chamber is
configured to receive the gas from the warmer and maintain a flameless oxidation process of
the fuel-air mixture without a catalyst. The system also comprises a heater coupled to the

reaction chamber. The heater is configured to receive the gas from the reaction chamber and

“3-
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selectably heat the gas. The system also comprises a turbine coupled to the heater and further
coupled to the compressor. The turbine is configured to receive the gas from the heater and

expand the gas to drive the compressor.

[0013] In some embodiments, the system includes a controller coupled to the warmer and the
heater, the controller configured to control the heating of the gas in the warmer and in the
heater. In some embodiments, the controller is coupled to a first sensor that measures a first
temperature of the gas at the outlet of the reaction chamber, the controller further configured

to cause the warmer to heat the gas until the first temperature reaches a first setpoint.

[0014] Some embodiments provide that the controller is coupled to a second sensor that
measures a second temperature of the gas at the inlet of the turbine, the controller is further
configured to cause an adjustment in the fuel provided to the oxidizer until the second
temperature reaches a second setpoint. In some embodiments, the system further includes a
power generator coupled to the turbine and the controller, wherein the turbine is further
configured to drive the power generator and the controller is further configured to control the

power generator to maintain the turbine speed within a range.

[0015] In certain embodiments, a method of gradual oxidation is disclosed. The method
includes the steps of compressing a gas comprising a mixture of air and an oxidizable fuel,
heating the compressed gas to a first temperature that exceeds an auto-ignition temperature of
the fuel, and maintaining the gas above the first temperature for at least a first period of time
sufficient to accomplish at least a desired degree of oxidation of the fuel, thereby forming an
oxidized gas, e.g., a gas comprising the products of oxidation of at least a portion of the

oxidizable fuel in the original gas/air mixture.

[0016] In some methods, the step of compressing the gas is accomplished using a
compressor; and the method further comprises the steps of (i) expanding the oxidized gas
using a turbine; and (ii) driving the compressor with the turbine. Some methods further
include the step of heating the oxidized gas to at least a second temperature. In some
methods, the step of heating the compressed gas comprises passing the compressed gas
through a first portion of a heat exchanger and the oxidized gas through a second portion of

the heat exchanger such that heat is transferred from the oxidized gas to the compressed gas.
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[0017] In some methods, the step of heating the compressed gas comprises passing the
compressed gas through a warmer configured to heat the compressed gas. Some methods
provide that the step of maintaining the gas above the first temperature comprises

maintaining the gas below a third temperature.

[0018] The details of one or more embodiments of these concepts are set forth in the
accompanying drawings and the description below. Other features, objects, and advantages

of these concepts will be apparent from the description and drawings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] The accompanying drawings, which are included to provide further understanding and
are incorporated in and constitute a part of this specification, illustrate disclosed
embodiments and together with the description serve to explain the principles of the disclosed

embodiments.
[0020] FIG. 1 is a schematic diagram of an example existing gas turbine system.

[0021] FIG. 2 is a schematic of a multi-combustor turbine system according to certain aspects

of this disclosure.

[0022] FIG. 3 is a schematic of a fuel supply system according to certain aspects of this

disclosure.

[0023] FIG. 4A is a schematic of a start-up system according to certain aspects of this

disclosure.

[0024] FIG. 4B is a schematic of another embodiment of a start-up system according to

certain aspects of this disclosure.

[0025] FIG. 5 is a cross-section of an exemplary oxidizer according to certain aspects of this

disclosure.

[0026] FIG. 6 is cross-section of an exemplary combustor according to certain aspects of this

disclosure.
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[0027] FIG. 7A is a perspective view of an exemplary burner according to certain aspects of

this disclosure.

[0028] FIG. 7B is a front view of the burner of FIG. 7A according to certain aspects of this

disclosure.

[0029] FIG. 7C is a cross-section of the burner of FIG. 7A according to certain aspects of this

disclosure.

[0030] FIG. 8 is a perspective view of an anchor heater according to certain aspects of this

disclosure.

[0031] FIG. 9 is a perspective view of an exemplary porous element according to certain

aspects of this disclosure.

[0032] FIG. 10 is a flowchart of an exemplary start-up process according to certain aspects of

this disclosure.

[0033] FIG. 11 is a simplified schematic of the multi-combustor turbine system of, for

example, FIG. 2 according to certain aspects of this disclosure.

[0034] FIG. 12 is a control diagram of the control loop for the temperature of the gas at the

oxidizer outlet according to certain aspects of this disclosure.

[0035] FIG. 13 is a control diagram of the control loop for the speed of the generator, turbine,

and compressor according to certain aspects of this disclosure.

[0036] FIG. 14 is an exemplary schematic of a power generation system according to certain

aspects of this disclosure.

[0037] FIG. 15 depicts a more detailed description of the control process of FIG. 10 with

respect to, for example, the system of FIG. 14 according to certain aspects of this disclosure.

[0038] FIG. 16 depicts an exemplary turbine speed control loop adapted for the process of,

for example, FIG. 15 according to certain aspects of this disclosure.
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[0039] FIG. 17 depicts an exemplary power output control loop adapted for the process of,

for example, FIG. 15 according to certain aspects of this disclosure.

[0040] FIG. 18 is an exemplary schematic of a power generation system according to certain

aspects of this disclosure.

[0041] FIG. 19 depicts a more detailed description of the control process of FIG. 10 with

respect to, for example, the system of FIG. 18 according to certain aspects of this disclosure.

[0042] FIG. 20 depicts an exemplary speed and temperature control loop adapted for the

process of, for example, FIG. 19 according to certain aspects of this disclosure.

[0043] FIG. 21 is a plot of experimental data illustrating an exemplary start-up process of a

multi-combustor turbine system according to certain aspects of this disclosure.

DETAILED DESCRIPTION

[0044] The following description discloses embodiments of a system for oxidation of a fluid
that comprises an oxidizable fuel. In certain embodiments, the system includes a turbine
combustor that can be used to start up the system and a warmer combustor that can be used to
warm up an oxidizer, or oxidation chamber, to a temperature at or near the auto-ignition
temperature of the fuel in the fluid. The system is particularly adapted for utilization of a
fluid with a low energy content, such as a methane content below 5%, in a sustainable
gradual oxidation process to drive a turbine that further drives a power generator as well as
driving a compressor in the system. In certain embodiments, the system also reduces
undesirable components, such as CO and NOy, in the exhaust that is vented to the

atmosphere.

[0045] In the following detailed description, numerous specific details are set forth to provide
an understanding of the present disclosure. It will be apparent, however, to one ordinarily
skilled in the art that embodiments of the present disclosure may be practiced without some
of the specific details. In other instances, well-known structures and techniques have not

been shown in detail so as not to obscure the disclosure.
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[0046] The method and system disclosed herein are presented in terms of a turbine system
that drives a power generator using a methane-containing gas as a fuel gas and a
commercially pure gas, such as methane or propane, as an auxiliary gas. Nothing in this
disclosure should be interpreted, unless specifically stated as such, to limit the application of
any method or system disclosed herein to a particular fuel gas or auxiliary gas or a turbine
system of this particular configuration. Other configurations of turbine-compressor systems
are known to those of skill in the art and the application of the components and principles

disclosed herein to other systems will be apparent.

[0047] FIG. 1 is a schematic diagram of an example gas turbine system 10. In this system,
air at state 1, discussed in greater detail below, is drawn into compressor 14 through the inlet
line 12. The compressor 14 raises the pressure and temperature of the air to state 2 in line 16.
As the gas leaving the turbine 22 is hotter than the gas leaving the compressor 14, it is
possible to heat up the air before it enters the combustion chamber 18 using a heat exchanger
30. This results in lower fuel consumption in the combustion chamber 18 to produce the
same temperature of the gas at the turbine inlet line 20 and makes the system 10 more

efficient.

[0048] The compressed air flows through the incoming side 32 of the heat exchanger 30
which raises the temperature of the gas to state 3 in line 36. The compressed air enters the
combustion chamber 18 where a high-energy content fuel 40, such as propane or natural gas,
is injected and ignited within the combustion chamber 18, thereby raising the gas temperature

to state 4 coming out of the combustion chamber 18 in line 20.

[0049] The hot compressed gas enters the turbine 22 which converts a portion of the energy
in the gas into rotational kinetic energy in the turbine. In the embodiment of FIG. 1, this
rotational kinetic energy is used to turn a generator 24 that generated electric power and the

compressor 14 that are mounted on a common shaft 26 with the turbine 22.

[0050] The gas exits the turbine at a pressure and temperature of state 5 and flows through
line 28 to the outgoing side 34 of the heat exchanger 30. In the heat exchanger 30, heat from
the relatively hot exhaust gas is transferred to the relatively cold inlet air, as previously
mentioned. The cooled exhaust gas exits the heat exchanger at state 6 through line 38 and is

vented to the atmosphere.
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[0051] The compression of the air from state 1 to state 2 in the compressor can be
considered, in an idealized model, as an isentropic compression requiring power input. The
changes from state 2 to 3 and from state 3 to 4 are constant-pressure increases in temperature
that require heat input provided through the heat exchanger 30 and combustor 18,
respectively. The expansion of the gas from state 4 to 5 in the turbine is an isentropic
expansion that produces a power output. Cooling of the exhaust gas from state Sto 6 is a
constant pressure process with heat removal in the heat exchanger 30, which is accomplished
by transferring heat from the hot exhaust gas in outgoing side 34 of the heat exchanger 30 to

the relatively cold inlet gas in the incoming side 32.

[0052] FIG. 2 is a schematic of a multi-combustor turbine system 50 according to certain
aspects of this disclosure. In this embodiment, an oxidizer 60 replaces the combustion
chamber 18 of FIG. 1 to generate the heat that drives the process. A combustor 64 is located
between the oxidizer 60 and the turbine 66 to provide a secondary method of heating the gas
before the gas enters the turbine 66. In certain embodiments, this combustor 64 is used to

heat the gas during start-up of the turbine system 50.

[0053] In certain embodiments, it is desirable to heat the gas entering the oxidizer 60 during
start-up so as to facilitate raising the temperature of the oxidizer 60 to an operational
temperature. In the embodiments of FIG. 2, this can be accomplished by the warmer
combustor 62 located between the compressor 14 and oxidizer 60. In certain embodiments,
this is accomplished by an electric heater (not shown), and in certain embodiments, a gas-
operated heater or combustor can facilitate raising the temperature of the gas that is
introduced into the oxidizer 60. In the embodiments of FIG. 2, a heat exchanger 30 is used to
heat the gas coming out of compressor 14 before the gas enters the warmer combustor 62 or

the oxidizer 60.

[0054] In turbine system 50, air is drawn into compressor 14 through line 12 with the
addition that a fuel gas 52 is added to the incoming air through line 56 and valve 54. The
fuel-air mixture is carried through line 58 into the compressor 14. In certain embodiments,
this fuel gas 52 is a low-energy-content methane-containing gas that is delivered from an
external source such as a landfill. The composition of this fuel gas 52 is highly dependent

upon the specific site and source.
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[0055] As a first example of a low-energy-content fuel, gas emanating from a landfill
contains only 2 percent methane. In another example application, the fuel gas contains
approximately 50% methane and 45% CO,, with the balance of the gas comprising organic
compounds and hydrogen sulfide. In certain embodiments, the fuel gas 52 is blended with air
to produce a fuel-air mixture having a methane concentration within a target range for the
turbine system 50. In certain embodiments, the fuel gas 52 is fed undiluted into compressor

14. The compressor 14 compresses this fuel-air mixture to state 2 in line 16.

[0056] The fuel gas 52 may include a single type of fuel and/or multiple different types of
fuel, one or all of which may be oxidized in the oxidizer. The fuel gas 52 may include
hydrocarbon fuel and/or other types of fuel. The fuel gas 52 may be weak fuel. Weak fuels
may include low BTU gases (i.e., low energy per unit mass) and/or fuels having low calorific
value. Weak fuels may include gases containing fuels below a concentration that can sustain
an open flame and/or other combustion reaction. For example, fuel may be mixed with air

with the resultant fuel concentration below a lower explosive limit (LEL) for the fuel.

[0057] In some instances, introducing such a weak fuel to a spark or flame, even in the
presence of air, may snuff out the spark or flame without oxidizing the fuel in the mixture.
However, when the weak fuel is raised to a temperature above its auto-ignition temperature,
the fuel can oxidize in the presence of air without introduction of a spark or flame. A specific
example of weak fuels include gas that is mostly carbon dioxide or nitrogen, containing small
quantities of methane, ethane, carbon monoxide, and other types of fuel. Such gas is often
emitted from so-called unproductive natural gas wells. The fuel gas 52 may include fuels
other than, or in addition to, weak fuels. For example, in some implementations, the fuel gas
52 may include propane, butane, kerosene, gasoline, and/or other types of fuels in addition to,

or instead of, weak fuels. In some cases, the fuel gas 52 may be hydrogen fuel.

[0058] The fuel gas 52 may include gas emanated from a landfill, which may contain only a
small percentage of methane fuel (e.g., about 3—5 percent or less). A gas having such a low
concentration of methane may be below a lower explosive limit. The lower explosive limit
(LEL) of a fuel may refer to the lowest concentration of the fuel in air capable of producing a
flash of fire in presence of an ignition source. Concentrations lower than the LEL are
typically too weak for combustion. Different types of fuel have different LEL values,

typically in the range of approximately about 1 percent to about 5 percent by volume,

- 10 -
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although some fuels have an LEL outside of this approximate range. Some particular
examples of LEL values are (approximately, on a volumetric basis) 3 percent for ethane, 4

percent for hydrogen, 5 percent for methane, and 2 percent for propane.

[0059] Fuel in the fuel gas 52 can be a natural (e.g., non-anthropological) fuel source or a
human-made (e.g., anthropological) fuel source. For example, the fuel gas 52 may include
methane from cattle belches, a swampland, a rice farm, and/or methane produced by
fermentation or other biological or chemical processing of organic matter. Other example fuel
sources can include manure, municipal waste, wetlands, gas seeping from leaks in the system
or other systems, and drilling and recovery operations. In some implementations, the fuel gas
52 includes fuel mixed with water. One or more supplemental fuels may also be utilized by
the oxidizer. For example, gas fuels can be provided to the system, and liquid fuels can also

be provided to the system.

[0060] In some embodiments, combustion gases can be added to the system to adjust
performance or operation of the system. For example, in embodiments where a low fuel
content mixture does not contain enough fuel for self-sustainable destruction, or in which the
oxidation process is incapable of being maintained based on fuel content in the fuel gas 52
alone, combustion gases can be added with air prior to or after the compressor to provide
sufficient fuel for the self-sustaining oxidation process. Combustion gases that can be added
include, for example without limitation, hydrogen, methane, ethane, ethylene, natural gas,
propane, propylene, propadiene, n-butane, iso-butane, butylene-1, butadiene, iso-pentane, n-

pentane, acetylene, hexane, and carbon monoxide.

[0061] The amount of combustion gases added can be adjusted based on the amount of fuel
detected in the fuel gas 52. If there is an undesirable concentration of fuel in the fuel gas 52,
the amount of combustion gases added can be increased or decreased in response. In some
embodiments, the amount of combustion gases added is based on the amount of fuel content
in the fuel gas 52 received by a fuel gas source. In some embodiments, the amount of
combustion gases added prior to introducing the fuel gas 52 to the system is based on a
temperature of the oxidizer. In some embodiments, the amount of combustion gases added is
based on a combination of the amount of fuel content in the fuel gas 52 and a desired change

in the temperature or the rate of change of temperature within the oxidizer 60.

-11 -
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[0062] With reference to FIG. 2, the fuel-air mixture passes through the incoming side 32 of
the heat exchanger 30 and raises the temperature of the fuel-air mixture to state 3 in line 78.
In the embodiment of FIG. 2, the fuel-air mixture then enters the warmer combustor 62 where
an auxiliary fuel 54, for example propane, can be added to heat the fuel-air mixture. The
combustion in or from the warmer combustor 62 thereby further raises the temperature of the

gas to state 7 in line 68.

[0063] The gas then enters the oxidizer 60, where the fuel undergoes a gradual oxidation
process. The fuel may transfer a portion of its thermal energy into the structure of the
oxidizer 60, thereby raising the temperature of the oxidizer 60. Optionally, additional
auxiliary fuel 54 is injected into the gas and ignited in the turbine combustor 64, further
raising the temperature of the gas leaving the turbine combustor 64 in line 72 to state 4 that is
sufficient to run the turbine 66. Turbine 66 can be similar to the turbine 22 of FIG. 1 but, in
certain embodiments, can be configured to work with a different pressure and temperature of
gas. Turbine 66 extracts kinetic energy from the heated gas and drives the compressor 14

and, in certain embodiments, the generator 24 and exhausts the gas at state 5 in line 74.

[0064] In steady-state operation, the warmer combustor 62 and turbine combustor 64 are
turned down or off, such that little or no auxiliary fuel 54 is being injected into the gas within
these combustors. The compressed fuel-air mixture coming out of the compressor 14 is
heated in the heat exchanger 30 to a temperature that is below the oxidation temperature of
the fuel in the gas. In this operational mode, state 7 of the gas is substantially the same as
state 3. After the gas enters the oxidizer 60, the gas is heated by contact with the structure of
the oxidizer 60 or by the temperature of heated gas within the oxidizer 60 to a temperature
sufficient to cause gradual oxidation of the fuel and organic compounds in the gas, thereby
generating heat. This process maintains the temperature of the oxidizer 60 while also raising
the temperature of the gas leaving the oxidizer at state 8§ to a temperature sufficient to operate

the turbine 66.

[0065] Start-up of the turbine system 50 using one or both of the warmer combustor 62 and
the turbine combustor 64 may include additional equipment described in FIGS. 3 and 4. The

start-up process is discussed in greater detail with respect to FIG. 10.

-12 -
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[0066] The composition of the gas that is passing through the various elements of system 50
varies along the flow path. For example, the fuel gas 52 may include entrained liquid that
adheres to surfaces of system elements and is thereby removed from the fluid. As a second
example, an auxiliary fuel 54 with or without additional air may be injected into the fluid
flow before or at the warmer combustor 62 or the turbine combustor 64. This auxiliary fuel
can be ignited, thereby adding combustion products and other fluids to the fluid flowing
through the system. The term “fluid” is used herein to refer to the mixture of gases, liquids,
fuels, and other materials that are flowing through the system 50 regardless of the

composition of the mixture.

[0067] The composition of the gas entering the oxidizer 60 depends heavily on the source of
the fuel gas 52. For a facility such as a landfill, methane-containing gas is generated within
the landfill. This gas can be captured using a system of vent tubes placed in the landfill. The
gas emanating from the landfill will contain a variable amount of methane as well as
numerous other VOCs as well as entrained liquid and particles. The amount of fuel gas 52
injected into the air line 12 at the inlet of the compressor 14 depends on the methane content
of the fuel gas, with the intent of achieving a consistent methane content of the gas that enters
the compressor 14. In certain embodiments, the gas (e.g., methane) content is desired to be
less than about 5% of the total volume of gas. In certain embodiments, the gas (e.g.,

methane) content is desired to be less than about 2% of the total volume of gas.

[0068] One of the benefits of the turbine system 50 is that the gas that is vented to the
atmosphere from line 76 contains a very low amount of undesirable gases such as methane,
CO, and NOx. For a facility such as a landfill, the methane-containing gas emanating from
the landfill is considered a pollutant. In certain embodiments, the turbine system 50 uses the
methane-containing gas emanating from the landfill as fuel-gas 52 and converts nearly all of
the methane and other VOCs to CO, and H,O. In certain embodiments, the system 50 can
reduce formation of NOy by maintaining a maximum temperature of the fluid below 1300 °C.
Thus, the turbine system 50 cleans up a potential source of pollution compared to direct
venting of the methane-containing gas emanating from the landfill or use of a flare facility
that burns the methane-containing gas at combustion temperatures that may exceed 1300 °C

and thereby allow the formation of CO and NOx.
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[0069] FIG. 3 is a schematic of a gas supply system 80 according to some embodiments of
this disclosure. A fuel gas, such as a methane-containing gas emanating from a landfill, is
received through line 86. In certain embodiments, this gas is at a pressure above ambient
atmospheric pressure. In certain embodiments, this gas is at atmospheric pressure. In certain
embodiments, this gas is being actively collected and is at a pressure below ambient. The

incoming gas may have liquid entrained in the gas as it enters the line 86.

[0070] The gas may pass through a vapor-liquid separator that is often called a “knockout
drum.” Within knockout drum 82, the entrained liquid tends to separate and fall to the
bottom of the knockout drum 82, from which the liquid is at least periodically drained off,
while the gas having a reduced amount of entrained liquid passes out at the top of the
knockout drum 82. Devices of this type are known to those of ordinary skill in the art. The
gas from the knock drum 82 enters the inlet of blower 84, which pressurizes the gas to
slightly above atmospheric pressure, such as 1.1 pounds per square inch above ambient, i.e.
gauge pressure (psig), in outlet line 88. Line 88 of Fig. 3 is equivalent to line 56 of FIG. 2,
wherein the pressurized gas is mixed with ambient air at the inlet of the compressor 14. In
certain embodiments, the pressurized gas provided by the gas supply system 80 is of
sufficient quantity and contains sufficient oxygen to supply the compressor 14 without

requiring additional ambient air.

[0071] FIG. 4A is a schematic of a start-up system 90A according to certain aspects of this
disclosure. The start-up system 90A comprises a supply of an auxiliary fuel 54, with
reference to FIG. 2. In the embodiment of FIG. 4, this auxiliary fuel supply 54 comprises at
least one compressed-gas cylinder 94 of a high-energy fuel such as propane or methane. In
the embodiment of FIG. 4A, the fuel from cylinders 94 is fed through a pressure regulator 96
into line 98 which conveys the pressurized gas to one or both of the turbine combustor 64 and
the warmer combustor 62. The use of this system 90A is discussed in greater detail with

respect to FIG. 10.

[0072] FIG. 4B is a schematic of another embodiment of a start-up system 90B according to
certain aspects of this disclosure. In this embodiment, the fuel gas that is received through
line 86 of FIG. 3 contains sufficient combustible undiluted fuel gas to sustain combustion.
This fuel gas is compressed in the start-up compressor 92 to a pressure that is above the

pressure of the gas in lines 78 and 70 of FIG. 2, thereby allowing the gas to be injected into at
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least one of the warmer combustor 62 and the turbine combustor 64. The pressurized gas is
provided on line 98. In certain embodiments, the start-up system 90B includes an
accumulator (not shown) attached to line 86. In certain embodiments, the start-up system
90B includes a reservoir (not shown) attached to line 98. In certain embodiments, the start-
up system 90B includes a recirculation line (not shown) that allows the start-up compressor

92 to run while not delivering gas through line 98.

[0073] FIG. 5 is a schematic cross-section of an exemplary oxidizer 60 according to certain
aspects of this disclosure. The oxidizer 60 includes a pressure vessel 122 having a reaction
chamber 120. Gas is received through inlet 130 and, in this embodiment, flows through the
distribution tower 132 and then through the plurality of side tubes 134 and into the reaction
chamber 120. In this embodiment, the side tubes are perforated (not visible in FIG. 5) such
that the gas exits the side tubes 134 at a plurality of points along the side tubes 134. In
certain embodiments, the side tubes are omitted and the gas exits directly from the tower 132
through perforations (not shown). In certain embodiments, the gas is dispersed within the
oxidizer through a perforated container (not shown) located at the end of tower 132. In
certain embodiments, the interior cavity is at least partially filled with a porous media, such
as the ceramic “dog bones” shown in FIG. 9. The gas that exists the side tubes 134 flows

through the reaction chamber 120 and out through the outlet 140.

[0074] The oxidizer 60 gradually oxidizes fuel by heating the fuel-air mixture received at
inlet 130 to or above the fuel's auto-ignition temperature to initiate a spontaneous oxidation
reaction. The temperature of the reaction chamber 120, and any media contained in the
reaction chamber 120, is maintained within a temperature range selected to maintain gradual
oxidation. The fuel concentration and flow rate may be additionally or alternatively

controlled to maintain gradual oxidation.

[0075] By gradually oxidizing fuel, the oxidizer 60 can enable enhanced control over the fuel
oxidation process, thereby accomplishing complete or substantially complete oxidation of the
fuel constituents and thus reducing the emission of un-oxidized fuels into the environment.
The gradual oxidation process may also reduce thermally generated environmental pollutants
(e.g. NOy) and reduce or eliminate the need for expensive catalyst materials. In certain
embodiments, the formation of NOy can be reduced by maintaining the maximum

temperature of all points along the flow path below a temperature such as 1300 °Celsius (C).
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In certain embodiments, the oxidizer 60 may reduce or eliminate the formation of
contaminants (e.g. silica) that can form during the combustion of certain fuel gases and are
harmful to gas turbine system components. In certain embodiments, the oxidizer 60 may also

trap the contaminants (e.g. silica) and prevent the contaminants from reaching the turbine 66.

[0076] The volume and shape of the reaction chamber 120 can be designed to provide a low
flow rate through the reaction chamber 120, allowing sufficient time for the fuel oxidation
reactions to be completed. As an example, if the reaction chamber 120 is designed such that
the average flow rate is less than ten feet per second and the length of the chamber is ten feet,

then the average residence time of the gas in the chamber can be at least one second.

[0077] The volume and shape of the reaction chamber 120, and the configuration of the
overall system, can be designed to provide a controlled flow and flow rate through the
chamber, allowing sufficient residence time for complete fuel oxidation. The flow path can
be sufficiently long that a flow rate of the air and fuel mixture along the flow path, averaged
over the length of the flow path, allows the fuel to oxidize to completion. As an example, the
average residence time of the gas in the chamber can be equal to or greater than one second in
some cases. The average residence time of the gas in the chamber can be less than one

second in some cases.

[0078] In some embodiments, the residence time of the gas in the chamber can range from
about 0.1 second to about 10 seconds. In some embodiments, the residence time of the gas in
the chamber can range from about 0.5 second to about 5 seconds. In some embodiments, the
residence time of the gas in the chamber can range from about 0.5 second to about 2 seconds.
In some embodiments, the residence time of the gas in the chamber can range from about 0.5
second to about 1 second. In some embodiments, the residence time of the gas in the
chamber can range from about 1 second to about 2 seconds. In some embodiments, the
residence time of the gas in the chamber can be less than about 0.1 second or more than about
10 seconds. The rate of oxidation of the mixture is a function of the constituents of the fuel,
fuel concentration, oxygen concentration, pressure, temperature and other factors. Thus, the

rate of oxidation can be adjusted by adjusting these parameters accordingly.

[0079] The thermal mass of the material within the reaction chamber 120 may help stabilize

temperatures for gradual oxidation of the fuel. In certain embodiments (e.g. when there is an
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oversupply of fuel in the reaction chamber 120), the thermal mass within the reaction
chamber 120 may act as a dampener, absorbing some heat and protecting the turbine from
excessively hot gas leaving the oxidizer 60. In other cases (e.g. when there is a low supply of
fuel in the reaction chamber 120), the thermal mass within the reaction chamber 120 may
provide a temporary source of energy, helping to sustain oxidation of the fuel. In certain
embodiments, the oxidizer 60 includes a flame arrestor (not shown) near the inlet 130 that is
configured to suppress transfer of heat energy out of the reaction chamber 120, thereby

confining the oxidation reaction to the reaction chamber 120.

[0080] The reaction chamber 120 may also be adapted to promote mixing of the fuel-air
mixture as it flows through the reaction chamber 120. For example, the reaction chamber 120
may include flow diverters to control a residence time (e.g. an amount of time a given volume
of the fuel-air mixture traverses the flow path through the reaction chamber 120) and/or to
help maintain the temperature in certain regions within the reaction chamber 120 at or near a
specified temperature, e.g. the auto-ignition temperature of the fuel. As another example, the
reaction chamber 120 may include internal heat transfer zones, where a hotter section of the

flow path imparts heat to a cooler section of the flow path within the reaction chamber 120.

[0081] In certain embodiments, one or more heat sources are disposed within the reaction
chamber 120 to achieve the appropriate temperature distribution within the reaction
chamber 120. In certain embodiments, these heat sources are anchor heaters 124 shown in

FIG. 5 and discussed in greater detail in FIG. 8.

[0082] FIG. 6 is a cross-section of an exemplary combustor 63 according to certain aspects of
this disclosure. In this embodiment, the combustor 63 includes a housing 152 having a
combustion chamber 150 through which gas flows from the inlet 154 to the outlet 156 as
indicated by the arrow. In this embodiment, a burner 100 is located at an upstream end of the
combustion chamber 150. The burner is discussed in greater detail with respect to FIGS. 7A-
7C. In certain embodiments, the combustor 63 comprises an electric heater (not shown). In
certain embodiments, the combustor 63 comprises an external burner (not shown) that heats
the air flowing through the combustion chamber 150 without using the gas within the

combustion chamber 150 as part of the combustion process of the external burner.
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[0083] FIG. 7A is a perspective view of an exemplary burner 100 according to certain
aspects of this disclosure. In this embodiment, the burner 100 is circular. A gas comprising a
flammable fuel is fed into the distribution channel 102 and dispersed through a plurality of
orifices 108 into a combustion channel 106 that surrounds the fluid channel 110. When
installed in a combustor 63 as illustrated in FIG. 6, the fluid passing from the inlet 154
through the combustion chamber 150 to the outlet 156 passes at least partially through the
fluid channel 110 while the combustion reaction is taking place in the surrounding
combustion channel 106. Combustion products from the combustion reaction are carried

away by the fluid flowing through the combustor 63.

[0084] In certain embodiments, the gas fed into the distribution channel 102 comprises
oxygen to at least partially support the combustion reaction. In certain embodiments, the gas
fed into the distribution channel comprises sufficient oxygen to fully support the combustion
reaction, such that the fuel-air mixture of the fluid coming in through the inlet 154 is
appropriate for the oxidation process that takes place in the oxidizer 60 regardless of whether

the burner 100 is operating.

[0085] FIG. 7B is a front view of the burner 100 of FIG. 7A according to certain aspects of
this disclosure. The fluid channel 110 has a clear diameter 112 and the combustion channel
106 is formed from shaped elements 104A and 104B such that the gas orifices 108 are

positioned, in this embodiment, at a radial midpoint in the combustion channel 106.

[0086] FIG. 7C is a cross-section of the burner 100 of FIG. 7A according to certain aspects of
this disclosure. The cross-section is taken along dashed line C-C in FIG. 7B and is shown
without the background to enhance clarity. The distribution channel 102 has a nominal
diameter 114. The profiles of shaped elements 104A and 104B can be seen in the view of
FIG. 7C.

[0087] FIG. 8 is a perspective view of an anchor heater 124 according to certain aspects of
this disclosure. The base 160, in this embodiment, penetrates the pressure vessel 122 such
that the heating elements 162 are located within the reaction chamber 120. In certain
embodiments, the heating elements 162 have active portions 166 that generate heat and

inactive portions 164 that are conductive but do not generate a significant amount of heat.
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[0088] FIG. 9 is a perspective view of an exemplary porous element 170 according to certain
aspects of this disclosure. The element comprises a shaped structure 172 having, in this
embodiment, two holes 174A and 174B. The shaped structure 172 comprises a refractory
material. In certain embodiments, the heat-resistant material is a ceramic. In certain
embodiments, a plurality of porous elements 170 are disposed in the reaction chamber 120 of
the oxidizer 60. In certain embodiments, the porous elements 170 are piled randomly within
the reaction chamber 120 such that at least one tortuous flow path exists from the inlet 130 to
the outlet 140 through the plurality of porous elements 170. In certain embodiments, the
porous elements have other shapes. In certain embodiments, the reaction chamber 120

contains a structured ceramic packing (not shown).

[0089] FIG. 10 is a flowchart of an exemplary start-up process 200 according to certain
aspects of this disclosure. The process shown in FIG. 10 is related to the system 50 of FIG.
2. The starting configuration of this process is that the linked turbine 22, compressor 14, and
generator 24 are stopped, the fuels 52 and 54 are not being supplied, and the elements of
system 50 are at ambient temperature, sometimes referred to as “cold.” In order to simplify
the description herein it will be recognized that the turbine 22, compressor 14, and generator
24 are fixedly attached to a common shaft 26, and it will be understood that a reference to a
speed of any one of the turbine 22, compressor 14, or generator 24 implies that the other

elements are rotating at the same speed.

[0090] In step 205, the turbine 22 is started and brought up to a first speed S1 using an
auxiliary drive. In certain embodiments, the generator 24 can be driven as a motor, powered
from an external power source, and act as the auxiliary drive. In certain embodiments, a
separate motor (not shown in FIG. 2) is provided to start up the turbine. In certain
embodiments, this separate motor is an electric motor. In certain embodiments, this separate
motor is a gasoline or diesel engine. For example, speed S1 may be 16,000 revolutions per

minute (RPM).

[0091] In step 210, the turbine 22 is held at speed S1 for an amount of time P1 while air is
drawn in through line 12 into compressor 14 without the addition of fuel gas 52 or auxiliary
gas 54. Compressor 14 compresses the air and pushed the compressed air through the system
50 to the turbine 22 so as to purge the system. In certain embodiments, the turbine 22 may be

held at a speed different from S1 or allowed to vary over the time P1. In certain
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embodiments, the speed of the turbine 22 is allowed to drop to a lower speed (not shown in

FIG. 10) such as, for example, 10,000 RPM after time P1 has elapsed.

[0092] Auxiliary fuel 54 is supplied to turbine combustor 64, and the turbine combustor 64 is
ignited in step 215. In certain embodiments, auxiliary fuel 54 is a commercially available
fuel gas, such as propane, provided by a start-up system 90A as shown in FIG. 4A. In certain
embodiments, auxiliary fuel gas 54 is provided by a start-up system 90B such as shown in
FIG. 4B, wherein the fuel gas 52 is compressed by compressor 92. Once the turbine
combustor 64 is lit, the auxiliary drive is shut off in step 220 and the turbine 22 is driven by
the hot, compressed gas provided by the turbine combustor 64. The turbine 22 is brought up
to a speed S2 using the turbine combustor 64. For example, speed S2 may be 52,000 RPM.
During this time, the amount of fuel provided by start-up systems 90A or 90B may be
controlled by a first controller (not shown in FIG. 2) that senses the speed of the turbine 22

and the temperature of the gas at the inlet of the turbine 22.

[0093] When the turbine 22 reaches speed S2 in step 225, the power generator 24 is
activated. The generation of electric power by the power generator 24 places a load on the
turbine 22. In certain embodiments, a second controller (not shown in FIG. 2) senses the
speed of the turbine 22 and controls the amount of power being generated by the power
generator 24, thereby varying the load on the turbine 22. While the first controller is
maintaining the temperature of the gas at the inlet of the turbine 22 at a setpoint S1, the

second controller maintains the speed of the turbine 22 at speed S2 by varying the load.

[0094] Maintaining the turbine 22 at a constant speed S2 stabilizes the flow rate of fluid
through the system 50. In the embodiments of system 50 shown in FIG. 2, the hot, expanded
exhaust gas from turbine 22 is directed through the “hot” portion 34 of heat exchanger 30 as
the cooler gas leaving the compressor 14 is directed through the “cold” portion 32 of the heat
exchanger 30. The heat exchanger 30 is configured to thermally couple the gas within the hot
portion 34 to the gas within the cold portion 32. Heat will therefore be transferred from the
hot gas leaving the turbine 22 to the cooler gas leaving the compressor 14. The warmed gas
leaving the cold portion 32 of the heat exchanger 30 will heat the oxidizer 60. In certain
embodiments, however, this heat is not sufficient to bring the temperature of the oxidizer 60
up to the auto-ignition temperature of the fuel gas 52. Additional heat can be added to the

oxidizer 60 to raise its temperature to the auto-ignition temperature of fuel gas 52.
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[0095] In step 230, auxiliary gas 54 is provided to the warmer combustor 62 and the warmer
combustor 62 ignited. In certain embodiments, additional air is injected with the auxiliary
fuel 54 to at least partially support the combustion of the auxiliary fuel 54. Combustion of
the auxiliary fuel 54 creates heat within the warmer combustor 62 that further heats the
compressed gas that passed through the heat exchanger 30. In certain embodiments, the
amount of fuel provided to the warmer combustor 62 may be controlled by a third controller
(not shown in FIG. 2) that senses the temperature of the gas at the outlet of the oxidizer 60.
The heat provided by the warmer combustor 62 will increase the temperature of the oxidizer
60 until it reaches a temperature setpoint T2 that is above the auto-ignition temperature of the
fuel gas 52. For example, temperature T2 may be 700 °C. The temperature of the gas leaving
the oxidizer 60 will reflect the temperature of the oxidizer 60, as no fuel gas 52 is being

provided yet and therefore there is no gradual oxidation process taking place in the oxidizer

60.

[0096] When the temperature of the gas at the outlet 140 of the oxidizer 60 reaches
temperature T2 in step 235, valve 54 is opened and fuel gas 52 is provided at the inlet of
compressor 14. The fuel gas 52 will oxidize in oxidizer 60 thereby raising the temperature of
the oxidizer 60 and the temperature of the gas at the outlet 140. The third controller
continues to regulate the warmer combustor 62 with a new setpoint of gas temperature T1 at
the outlet of the oxidizer 60. For example, T1 may be about 700 °C. In certain embodiments,
T1 may be about 900 °C. In some embodiments, T1 may range from about 700 °C to about
900 °C. In certain embodiments, T1 may be less than about 700 °C or greater than about 900
°C.

[0097] In step 240, when the temperature of the gas at outlet 140 reaches temperature T1, i.e.,
is sufficient to drive turbine 22 without additional heat being provided by turbine combustor
64, the turbine combustor 64 can be gradually or immediately shut off. When the third
controller has reduced the operation of warmer combustor 62 to a determined level,
indicating that sufficient heat is being generated by the oxidation process in oxidizer 60 to
maintain the gas temperature at the outlet 140 at temperature T1, the warmer combustor 62 is

gradually or immediately shut off.

[0098] Step 245 is the steady-state operation of the system 50. The third controller now

regulates the amount of fuel gas 52 provided to the inlet of compressor 14 so as to maintain
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temperature of the gas at the outlet of the oxidizer 60, and therefore the temperature of the
gas at the inlet of turbine 22, at temperature T1. The thermal mass of the oxidizer 60, in
certain embodiments, is sufficient to make the system 50 very slow to respond to a change in
the rate of delivery of fuel gas 52 at the inlet to the compressor 14. In certain embodiments,
the second controller maintains the speed of the turbine 22 at speed S2 in steady-state
operation by varying amount of power being generated by the power generator 24 as

previously discussed.

[0099] While the discussion of speed and temperature controllers herein is presented in terms
of a single-value setpoint, it will be apparent to those of skill in the art that the setpoint may
be a range of values associated with the setpoint. For example, maintaining the speed of
turbine 22 at setpoint S2 should be interpreted to include maintaining the speed of turbine 22
within a range between S2-low and S2-high. Similarly, reaching a temperature setpoint T1
should be interpreted to include the temperature teaching a lower limit T1-low of a range T1-
low to T1-high, and maintaining the temperature at setpoint T1 should be interpreted to

include maintaining the temperature between the upper and lower limits T1-low and T1-high.

[0100] In some embodiments, the system 50 is configured to reduce or eliminate formation of
nitrogen oxides by maintaining a maximum temperature within the reaction chamber 120 that
is below a threshold temperature of considerable formation of nitrogen oxides. For example,
in some embodiments, the maximum temperature within the reaction chamber 120 is below
about 2300 °F. In some embodiments, the maximum temperature within the reaction
chamber 120 may range from about 1900 °F to about 2300 °F. In some embodiments, the
maximum temperature within the reaction chamber 120 may range from about 2100 °F to
about 2300 °F. In some embodiments, the maximum temperature within the reaction
chamber 120 may range from about 2200 °F to about 2300 °F. In some embodiments, the
maximum temperature within the reaction chamber 120 can be greater than about 2300 °F or

less than about 1900 °F.

[0101] FIG. 11 is a simplified schematic of the multi-combustor turbine system of FIG. 2
according to certain aspects of this disclosure. This schematic depicts the elements that
implement the control loops of FIGS. 12 and 13 and is provided as a reference for those
figures. The schematic of FIG. 11 additionally shows power output 180 from power

generator 24.
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[0102] FIG. 12 is a control diagram of the control loop 300 for the temperature of the gas at
the oxidizer outlet 140 according to certain aspects of this disclosure. The gas temperature
183 is measured at the outlet 140 of the oxidizer 60 and converted to a feedback signal 183A
that is combined with a temperature setpoint signal 182 at junction 196. The resulting error
signal 183B is fed into controller 190, which controls the fuel valve 54. The controller 190
adjusts the fuel valve 54 in response to the error signal 183B to change the fuel flow 56 into
the inlet of compressor 14 and then into the oxidizer 60. The change in fuel flow 56 will
change the amount of heat generated in oxidizer 60, thereby changing the gas temperature
183. As the oxidizer 60 may have a large thermal mass, this control loop 300 may have a
very large time constant, resulting in a very slow response of the gas temperature 183 to

changes in the error signal 183B.

[0103] FIG. 13 is a control diagram of the control loop 350 for the speed of the generator 24,
turbine 22, and compressor 14 according to certain aspects of this disclosure. The turbine
speed 186 is measured and converted to a feedback signal 186A that is combined with a
speed setpoint signal 184 at junction 198. The resulting error signal 186B is fed into
controller 192, which controls the power converter 194 (not shown separately) that is a part
of the power generator 24. The power converter controls the amount of power being
generated by the rotating elements (not shown separately) of the power generator 24 and
therefore controls the load 185 on the turbine 22 that is driving the rotating elements. As the
load 185 changes, and while the temperature of the gas at the inlet of the turbine 22 remains
constant, the speed of the turbine 22 will change. Control system 350 has a small time
constant, relative to the control loop 300, and so the turbine speed 186 can changed much

faster than the gas temperature 183.

[0104] Control loops 300 and 350 may be operated simultaneously as their control
bandwidths are separated. Control loop 300 can be considered the outer control loop, making
very slow changes to the fuel flow 56 to control the gas temperature 183, while control loop
350 can be considered the inner control loop making relatively fast changes to the load 185 to
control the turbine speed. Due to the slow response of control loop 300, the gas temperature
183 will vary over long periods of time while the fast, inner control loop 350 maintains the
turbine speed 186 constant as the varying gas temperature 183 appears to be constant relative

to the speed of response of control loop 350.
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[0105] FIG. 14 is an exemplary schematic of a power generation system 400 according to
certain aspects of this disclosure. The system 400 includes a turbine system 410, a load
module 420, and a power distribution module 430. The turbine system 410 includes, in some
embodiments, a wound rotor synchronous generator (WRSG) 412 that provides three-phase
power at 480 volts of alternating current (VAC) at 60 Hz, a common configuration of
commercial power grids. The WRSG 412 provides the three-phase power on line 419A,
shown in FIG. 14 as a single line although three-phase power is transferred on at least three
lines, to a power relay 413 capable of switching the entire current capacity of the system, for
example 600 A. The function of power relay 413 is discussed in greater detail with respect to
FIG. 15. Line 419A also is connected to a circuit breaker 414B that feeds the same three-
phase power over line 419B to the load module 420. When power relay 413 is closed, as
shown in FIG. 14, the three-phase power is provided to circuit breakers 414A and 414C.
Circuit breaker 414A is, in this embodiment, rated to the same capacity as the power relay
413, for example 600 A, and then through output line 419C to the power distribution panel
430. Circuit breaker 414C is rated to a lower value, for example 50 A, and feeds power to an
auxiliary load panel 416 to drive local loads 418 within the system. In certain embodiments,

the auxiliary load panel 416 provides single phase 120 VAC power to the local loads 418.

[0106] The load module 420 includes one or more sets of relays 422 and loads 424. In
certain embodiments, the loads 424 are resistive elements. The multiple loads 424 can be
selectively connected to the output of the WRSG 412 to provide braking or to serve as a
dummy load during start-up of the system 400 prior to closure of power relay 413. In certain
embodiments, the total load of the load module 320, when all loads 424 are connected, is

165 kW. In certain embodiments, the rating of circuit breaker 414B is set to be below the
peak current that can be handled by the total load, for example 225 A for a 165 kW load
module 420, wherein (225A)(480Vrms)(1.4) = 152 kW.

[0107] The power distribution panel 430 is a standard commercial system wherein the
three-phase power coming in on line 419C is connected to a distribution bus 432. The
distribution bus 432 is also connected, in this embodiment, to other power sources generating
three-phase 480VAC 60Hz power. One or more load circuits 435 are connected through
circuit breakers 434 to the distribution bus 432 and tap off power to feed to customer loads

436. In certain embodiments, one or more of lines 435 carry three-phase power. In certain
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embodiments, one or more of lines 435 carry single-phase power. In certain embodiments,
the power distribution panel 430 is provided by a customer who is purchasing the power

being provided over line 419C.

[0108] The stator winding (not visible) of the WRSG 412 is coupled directly to the
distribution bus 432 and hence the rotational speed of the WRSG 412 is fixed by the
frequency of the distribution bus 432. The rotor winding (not visible) of the WRSG 412 is
excited with direct current, for example from the auxiliary load panel 416, using slip rings
and brushes (not visible) or with a brushless exciter with a rotating rectifier (not visible). The
speed of the WRSG 412 is determined by the frequency of the rotating field created by the
rotor and by the number of pole pairs of the rotor. For the example system of FIG. 14, the
WRSG 412 includes a 4-pole rotor and generates power at 60 Hz, and therefore operates at
3600 RPM. In certain embodiments disclosed herein, the WRSG 412 replaces the

generator 24 of FIG. 2 and is driven by the turbine 66. The power output of the WRSG 412
is determined by the torque input from the turbine 66, as the output voltage and frequency are
fixed. In certain embodiments, a gearbox (not shown) is provided between the turbine 22 and
WRSG 412 as the turbine 22 preferentially operates at a much higher speed, for example
52,000 RPM, compared to the speed of the WRSG 412, for example 3600 RPM.

[0109] FIG. 15 depicts a more detailed description of the control process 200 of FIG. 10 with
respect to the system 400 of FIG. 14 according to certain aspects of this disclosure. In
particular, the step 225 of process 200 is expanded with respect to how this step is
accomplished with a system 400 comprising a WRSG 412. The process 200 follows the steps
205-220 as shown in FIG. 10, then transitions to step 452 of FIG. 15 wherein the turbine
speed is initially maintained using a fuel control feedback loop such as shown in FIG. 16. In
step 454, one or more loads 424 are connected to the output of WRSG 412 by closing the
respective relays 452 of load module 410 thereby stabilizing the speed of the WRSG 412.
The amount of load provided by the load module 410 is a function of the oxidizer 60
temperature, wherein very little load may be required when the oxidizer 60 is cold while a
large load may be required when the oxidizer 60 is hot. In certain embodiments,
approximately 40 kW of load is added. In step 456, the speed of the WRSG 412 is then
varied about the nominal operating speed, for example the 3600 RPM disclosed above, while

the phase alignment between the three-phase output of the WRSG 412 and the existing three-
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phase voltage on distribution bus 432 is monitored. When synchronization of the output of
the WRSG 412 and the existing voltage on distribution bus 432 is detected, relay 413 is
closed in step 458 thereby connecting the output of the WRSG 412 to the distribution bus
432. As the speed is now controlled by the line frequency on the distribution bus 432, the
process moves to step 460 and controls the power output using a fuel control feedback loop
such as shown in FIG. 17. The process then proceeds as shown in FIG. 10 starting at step
230.

[0110] FIG. 16 depicts an exemplary turbine speed control loop 500 adapted for the process
of FIG. 15 according to certain aspects of this disclosure. This control loop is operational
during steps 452-456 of the process of FIG. 15. The speed 186 of the WRSG 412 is sensed
and fed back as a signal 186A to a summing junction 198 where the feedback signal 186A is
combined with a speed setpoint signal 184, producing a speed error signal 186B. A
controller 510 accepts the error signal 186B and provides a control signal to a fuel controller
520 that adjusts the flow of fuel 525 to the turbine 22 that drives the WRSG 412. With the
fixed load of the load module 420, the speed of the WRSG 412 will vary in response to

variations in the fuel flow 525.

[0111] FIG. 17 depicts an exemplary power output control loop 550 adapted for the process
of FIG. 15 according to certain aspects of this disclosure. This control loop is operational
during step 460 of the process of FIG. 15. The output power 552 from the WRSG 412 is
sensed and fed back as signal 556A to a summing junction 1558 where the feedback signal
556A is combined with a speed setpoint signal 554, producing a speed error signal 556B. A
controller 560 accepts the error signal 556B and provides a control signal to the fuel
controller 520 that adjusts the flow of fuel 525 to the turbine 22 that drives the WRSG 412.
As the speed of the WRSG 412 is fixed in relation to the frequency and phase of the voltage
on distribution bus 432, the power output of the WRSG 412 will vary in response to
variations in the fuel flow 525 while the speed of the WRSG 412 remains essentially

constant.

[0112] FIG. 18 is an exemplary schematic of a power generation system 600 according to
certain aspects of this disclosure. The system 600 includes a turbine system 610 and can
include the power distribution module 430 from FIG. 14. The turbine system 610 includes, in

this embodiment, a permanent magnet generator (PMG) 612 that provides three-phase power
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at a relatively high voltage, for example 600-800 VAC, at a relatively high frequency, for
example 2000-2400 Hz. In the embodiment of FIG. 18, the PMG provides an output of

600 VAC at 2 kHz. The power output 614 of the PMG 612 is coupled to a power converter
616 that converts the output power 614 to, in this example, three-phase 4§0VAC 60 Hz
power on line 622. In certain embodiments, the power converter 616 provides power at other
frequencies and voltages. In certain embodiments, the power converter 616 provides single-
phase and/or two-phase power. The turbine system 610 also includes, in this embodiment, a

circuit breaker 620 on the output of power converter 616.

[0113] In certain embodiments, the PMG 612 is coupled directly to the turbine 22 (not shown
in FIG. 18), eliminating the need for a gearbox. The rotor (not visible) of the PMG 612
includes a number of permanent magnets arranged in a multi-pole configuration to provide
the rotating magnetic field when the rotor is rotated by the turbine 22. The stator winding
(not visible) of PMG 612 are connected to the power inverter 626. In certain embodiments,
the power converter 616 can accept a variable input voltage and frequency and provide the
desired voltage and frequency on line 622. This allows the turbine 22, and therefore the

PMG 612, to operate over a range of speed while still delivering power on line 622.

[0114] FIG. 19 depicts a more detailed description of the control process 200 of FIG. 10 with
respect to the system 600 of FIG. 18 according to certain aspects of this disclosure. In
particular, the step 225 of process 200 is expanded with respect to how this step is
accomplished with a system 600 comprising a PMG 612 and power converter 616. The
process 200 follows the steps 205-220 as shown in FIG. 10, then transitions to step 652 of
FIG. 19 wherein the turbine speed is initially maintained using a fuel control feedback loop
such as shown in FIG. 16. In step 654, a starting load is provided by the power converter 616
thereby stabilizing the speed of the PMG 612. In certain embodiments, approximately 10 kW
of load is added. In step 656, the speed of the PMG 612 is controlled by varying the load
provided by the power converter 616. The process moves to step 658 which controls both the
amount of output power on line 622 and the speed of the PMG 612 by simultaneously
varying the fuel flow and load provided by the power converter 616 using a two-input, two-
output control feedback system 700 such as shown in FIG. 20. The process then proceeds as

shown in FIG. 10 starting at step 230.
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[0115] FIG. 20 depicts an exemplary speed and temperature control loop 700 adapted for the
process of FIG. 19 according to certain aspects of this disclosure. This control loop is
partially operational during step 656 of the process of FIG. 19 and fully operational during
step 658. In step 656, the speed 722 of the PMG 612 is sensed and fed back as a signal 556A
to a summing junction 558 where the feedback signal 556A is combined with a speed
setpoint signal 554, producing a speed error signal 556B. A controller 710 accepts error
signal 556B and provides a control signal 730 to the power converter 616 to vary the load
provided by the power converter 616. The controller 710 also provides a temperature
setpoint signal 724 that, in certain embodiments, is held constant during step 656. In certain
embodiments, the gas temperature 721 at the inlet of the turbine is fed back as signal 726A to
a summing junction 728 where it is combined with the temperature setpoint signal 724 to
generate a temperature error signal 726B that is fed to the temperature controller 560. In
certain embodiments, the controller 710 provides a control signal 735 to the fuel controller
520 that overrides the feedback error signal 726B and directly control the fuel flow 525 while
executing step 656. In certain embodiments, the temperature controller 520 operates during
step 656 to adjust the fuel flow 525 so as to maintain the gas temperature 721 at the setpoint
724. In certain embodiments, the controller 710 executes a pure integral control function to
generate control signal 735 so as to bring the PMG speed 722 to the speed setpoint 724 while

also achieving the starting load set in step 654.

[0116] In step 658, the controller 710 receives feedback signal S56A from the PMG speed
722, and adjusts both the temperature setpoint signal 724 and the load control signal 730 to
the power converter 616. In certain embodiments, a control algorithm within controller 710
that provides the load control signal 730 is faster than the control algorithm that provides the
temperature setpoint signal 724, such that the speed control provided by changes in the power
converter 616 has a higher bandwidth than the speed control provided by changes in the fuel
flow 525. In certain embodiments, the controller 710 continues to provide the load control
signal 730 as the process 200 continues to step 245 and the flow of the fuel gas 52 of FIG. 2
is varied by the temperature controller 520 to maintain the turbine speed at S2 and the outlet
temperature at T1. In certain embodiments, the functions of controller 710 and temperature
controller 520 are accomplished by a single controller (not shown) that receives both the
feedback signals 726A and 556A and controls the fuel flow 525 directly as well as providing
the load control signal 730.
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[0117] FIG. 21 is a plot 800 of data illustrating an exemplary start-up process of a multi-
combustor turbine system 50 according to certain aspects of this disclosure. The plot
presents the values over time of the commanded flow rate 8§10 of fuel gas 52, with reference
to the system of FIG. 2, and the power generation 820 as well as the operating variables of
warmer 62 inlet temperature (WIT) 830, warmer 62 outlet/oxidizer 60 inlet temperature
(GIT) 840, oxidizer 60 exit/combustor 64 inlet temperature 850, combustor 64 outlet/turbine

66 inlet temperature 860, and turbine 66 outlet temperature 870.

[0118] The start-up process starts with the multi-combustor system 50 of FIG. 2 being
completely off and at ambient temperature. These results will be described with reference to
the system of FIG. 2 and the process flow 200 of FIG. 10. The plot 800 starts at Time = 0
(Time() when the turbine combustor 64 is fired up to run on auxiliary fuel 54 in step 215.
The flow 810 of the fuel gas 50 is zero and power generation 820 is zero. The temperatures
830, 840, 850, 860, and 870 of the various components rise to steady levels and power
generation 820 begins at a first power level, for example at 50 kW. In certain embodiments,

this is a load from the load module 420 of FIG. 14.

[0119] At Time;, the warmer combustor 62 initially is operated using auxiliary fuel 54 as
disclosed in step 230. The temperatures 830, 840, 860, and 870 of the various components
again rise to higher steady levels and power generation 820 rises to a second power level, for
example 270 kW. The temperature 850 of the oxidizer 60 outlet does not reach a steady

state.

[0120] At Time,, the flow 810 of fuel gas 50 of FIG. 2 is started as disclosed in step 235.
The temperature 850 of the oxidizer 60 outlet continues to rise, inflecting upwards from its
previous trajectory upon the initiation of the fuel gas flow 810. The power output 820

remains relatively constant as do the temperatures 830, 840, 860, and 870.

[0121] At Times, the temperature 850 of the oxidizer 60 outlet is nearing its target
temperature and the auxiliary fuel 54 is turned off to the turbine combustor 64 as stated in
step 240. As this directly affects the temperature of the gas reaching the turbine 22, the
temperatures 860 and 870 of the gas at the turbine inlet and outlet, respectively, and the
power output 820 dip suddenly as the turbine combustor 64 goes out. The temperature 840 at
the oxidizer 60 inlet starts to drop while the fuel flow 810 rises slowly. The temperature 850
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of the oxidizer 60 outlet continues to rise despite the drop in temperature 840, reflecting the

large thermal mass and long time constant inherent in the design of oxidizer 60.

[0122] At Timey, still part of step 240, the flow of auxiliary fuel 54 is cut off to the warmer
62 and the system 50 begins operation solely on fuel gas 50. The flow 810 of the fuel gas 50
continues to rise as the control loop acts to bring the temperature 850 of the oxidizer outlet to
a target temperature, such as 1850 °F in the example of FIG. 21. The power output 820 also
returns to its previous level as the temperature 860 of the turbine 22 inlet rises again. The
temperature 840 of the oxidizer 60 inlet drops again, reflecting the loss of heat from the
warmer 62. As the heat is now being provided in the oxidizer 60, the temperature 850 of the
oxidizer 60 outlet remains at the target temperature despite the drop of over 300 °F in the
temperature 840 of the oxidizer 60 inlet. This mode of operation is an example steady-state
operating condition of the multi-combustor turbine system 50 disclosed herein. In certain
embodiments that include a WRSG 412 of FIG. 14, this steady-state operation is maintained
by the control loop of FIG. 17. In certain embodiments that include a PMG 612 of FIG. 18,
this steady-state operation is maintained by the control loop of FIG. 20.

[0123] The concepts disclosed herein provide a system and method of gradually oxidizing at
least a portion of a fluid that includes an oxidizable fuel. This system uses a turbine to drive
a compressor that compresses the fluid that comprises the fuel that is then heated in an
oxidizer wherein the heated compressed fluid is then used to drive the turbine. In certain
embodiments, this system also includes a power generator. The system is adapted to provide
a self-sustaining oxidation process within an oxidizer having an incoming fluid flow that
comprises a fuel content of less than about 5% fuel (e.g. methane) that will not support a
stable combustion flame. The disclosed systems include one or both of a turbine combustor
and a warmer combustor used during the start-up process to bring the oxidizer up to the self-
ignition temperature of the fuel. Once the oxidizer reaches a temperature that is at or near the
self-ignition temperature of the fuel, one or both of the turbine combustor and the warmer
combustor may be shut off. The system regulates the amount of fuel introduced into the fluid
flow so as to control the temperature of the gas exiting the oxidizer and the load placed on the

turbine by a power generator so as to control the turbine speed.

[0124] The previous description is provided to enable a person of ordinary skill in the art to

practice the various aspects described herein. While the foregoing has described what are
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considered to be the best mode and/or other examples, it is understood that various
modifications to these aspects will be readily apparent to those skilled in the art, and the
generic principles defined herein may be applied to other aspects. Thus, the claims are not
intended to be limited to the aspects shown herein, but is to be accorded the full scope
consistent with the language claims, wherein reference to an element in the singular is not
intended to mean “one and only one” unless specifically so stated, but rather “one or more.”
Unless specifically stated otherwise, the terms "a set" and “some” refer to one or more.
Headings and subheadings, if any, are used for convenience only and do not limit the

disclosure.

[0125] It is understood that the specific order or hierarchy of steps in the processes disclosed
is an illustration of exemplary approaches. Based upon design preferences, it is understood

that the specific order or hierarchy of steps in the processes may be rearranged. Some of the
steps may be performed simultaneously. The accompanying method claims present elements
of the various steps in a sample order, and are not meant to be limited to the specific order or

hierarchy presented.

[0126] Terms such as “top,” “bottom,” “front,” “rear” and the like as used in this disclosure
should be understood as referring to an arbitrary frame of reference, rather than to the
ordinary gravitational frame of reference. Thus, a top surface, a bottom surface, a front
surface, and a rear surface may extend upwardly, downwardly, diagonally, or horizontally in

a gravitational frame of reference.

[0127] A phrase such as an “aspect” does not imply that such aspect is essential to the subject
technology or that such aspect applies to all configurations of the subject technology. A
disclosure relating to an aspect may apply to all configurations, or one or more
configurations. A phrase such as an aspect may refer to one or more aspects and vice versa.
A phrase such as an “embodiment” does not imply that such embodiment is essential to the
subject technology or that such embodiment applies to all configurations of the subject
technology. A disclosure relating to an embodiment may apply to all embodiments, or one or
more embodiments. A phrase such an embodiment may refer to one or more embodiments

and vice versa.
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[0128] The word “exemplary” is used herein to mean “serving as an example or illustration.”
Any aspect or design described herein as “exemplary” is not necessarily to be construed as

preferred or advantageous over other aspects or designs.

[0129] All structural and functional equivalents to the elements of the various aspects
described throughout this disclosure that are known or later come to be known to those of
ordinary skill in the art are expressly incorporated herein by reference and are intended to be
encompassed by the claims. Moreover, nothing disclosed herein is intended to be dedicated
to the public regardless of whether such disclosure is explicitly recited in the claims. No
claim element is to be construed under the provisions of 35 U.S.C. §112, sixth paragraph,
unless the element is expressly recited using the phrase “means for” or, in the case of a
method claim, the element is recited using the phrase “step for.” Furthermore, to the extent
that the term “include,” “have,” or the like is used in the description or the claims, such term
is intended to be inclusive in a manner similar to the term “comprise” as “comprise” is

interpreted when employed as a transitional word in a claim.
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CLAIMS

What is claimed is:

1. A system for gradually oxidizing fuel, comprising:
an oxidizer having a reaction chamber with an inlet and an outlet, the reaction
chamber configured to receive a gas comprising an oxidizable fuel through the inlet,
the oxidizer configured to maintain a flameless oxidation process; and
a first heating chamber with an inlet and an outlet, the inlet in fluid
communication with the outlet of the reaction chamber, the first heating chamber

configured to receive the gas from the reaction chamber and to heat the gas.

2. The system of Claim 1, further comprising a turbine having an inlet and an outlet, the
inlet of the turbine coupled to the outlet of the first heating chamber and configured to receive

the gas from the first heating chamber.

3. The system of Claim 2, further comprising a compressor coupled to the inlet of the
reaction chamber, the compressor configured to be driven by the turbine to compress the gas

prior to the gas being received by the reaction chamber.

4. The system of Claim 3, further comprising a second heating chamber coupled
between the compressor and the inlet of the reaction chamber, the second heating chamber
being configured to receive the compressed gas from the compressor and to heat the gas prior

to the gas being received by the reaction chamber.

5. The system of Claim 4, further comprising a heat exchanger having a first portion
coupled between the compressor and the second heating chamber such that the gas from the
compressor passes through the first portion before it is received by the second heating
chamber and a second portion coupled to the outlet of the turbine such that the gas from the
turbine passes through the second portion, the heat exchanger configured to thermally couple

the gas in the second portion to the gas in the first portion.

6. The system of Claim 1, wherein the oxidizer further comprises a porous media

disposed within the reaction chamber.

-33.



7.

WO 2013/066433 PCT/US2012/046115

The system of Claim 1, wherein the oxidizer further comprises at least one anchor

heater that is at least partially disposed within the reaction chamber.

8.

The system of Claim 1, wherein the oxidizer does not comprise a catalyst for the

oxidation process.

9.

The system of Claim 1, wherein the oxidizer is further configured to maintain the

oxidation process when the fuel content of the gas is below a level that will sustain a

continuous flame.

10.

The system of Claim 9, wherein the oxidizer is further configured to maintain the

oxidation process when the gas comprises less than 5% oxidizable fuel.

11.

The system of Claim 10, wherein the oxidizer is further configured to maintain the

oxidation process when the oxidizable fuel is methane.

12.

The system of Claim 1, wherein the first heating chamber comprises a burner

configured to ignite a combustible fuel-air mixture.

13.

The system of Claim 4, wherein the second heating chamber comprises a burner

configured to ignite a combustible fuel-air mixture.

14.

The system of Claim 1, further comprising a power generator coupled to the turbine,

the power generator configured to be driven by the turbine.

15.

16.

The system of Claim 1, wherein:
the gas comprises at least one volatile organic compound (VOC); and

the oxidizer achieves at least partial oxidation of the VOC.

A gradual oxidation system comprising:

a compressor configured to receive and compress a gas comprising a fuel-air
mixture;

a warmer coupled to the compressor, the warmer configured to receive the gas
from the compressor and to heat the gas;

a reaction chamber coupled to the warmer, the reaction chamber configured to
receive the gas from the warmer and maintain a flameless oxidation process of the

fuel-air mixture without a catalyst;
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a heater coupled to the reaction chamber, the heater configured to receive the
gas from the reaction chamber and heat the gas; and

a turbine coupled to the heater and the compressor, the turbine being
configured to receive the gas from the heater and expand the gas, thereby driving the

compressor.

17. The system of Claim 16, further comprising a controller coupled to the warmer and
the heater, the controller configured to control the heating of the gas in the warmer and in the

heater.

18. The system of Claim 17, wherein the controller is coupled to a first sensor that
measures a first temperature of the gas at the outlet of the reaction chamber, the controller
further configured to direct the warmer to heat the gas until the first temperature reaches a

first setpoint.

19. The system of Claim 17, wherein the controller is coupled to a second sensor that
measures a second temperature of the gas at the inlet of the turbine, the controller further
configured to direct the heater to heat the gas until the second temperature reaches a second

setpoint.

20. The system of Claim 17, further comprising a power generator coupled to the turbine
and the controller, wherein the turbine is configured to drive the power generator and the
controller is configured to control the power generator to maintain the turbine speed within a

determined range.

21. A method for gradual oxidation in a gas turbine, the method comprising:
compressing fluid, comprising a mixture of air and fuel, with a compressor;
gradually oxidizing the fluid with a gradual oxidation chamber that receives

the fluid via an inlet, the gradually oxidizing comprises a flameless oxidation process
of the fluid within the chamber;
expanding fluid from the gradual oxidation chamber with a turbine; and
heating the fluid from the gradual oxidation chamber to a determined
temperature with a heater prior to expanding the fluid with the turbine, the heater
being positioned in fluid communication between the gradual oxidation chamber and

the turbine.
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22. The method of Claim 21, further comprising heating the fluid with a warmer, the
warmer positioned in fluid communication between the compressor and the gradual oxidation
chamber, the warmer receiving compressed fluid from the compressor and heating the fluid

prior to introducing the fluid into the gradual oxidation chamber.

23. The method of Claim 21, further comprising reducing or ceasing introduction of heat
by at least one of the warmer and heater after it is determined that a stable operating

condition has been reached.

24. The method of Claim 23, wherein the stable operating condition is determined to be

reached based on a flameless combustor outlet temperature.

25. The method of Claim 23, wherein the stable operating condition is determined to be

reached based on a turbine inlet temperature.

26. The method of Claim 23, wherein the stable operating condition is determined to be
reached based on a duration of time during which the system operates within a predetermined

operation level.

27. The method of Claim 21, further comprising reducing or ceasing introduction of heat
by the warmer and heater after it is determined that a stable operating condition has been

reached.

28. The method of Claim 21, wherein gradual oxidation of the fluid within the chamber is

achieved without a catalyst.
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