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COMBUSTOR SYSTEMS AND METHODS FOR USING SAME
CROSS REFERENCE TO RELATED APPLICATION
[0001] This application claims the benefit of U.S. Provisional Patent Application having serial no.
61/184,584, filed on June 5, 2009, which is incorporated by reference herein.
FIELD

[6002} Embodiments of the present disclosure generally relate to systems and methods for
combusting a fuel. More particularly, embodiments of the disclosure relate to systems and methods

for an oxy-fuel type combustion reaction.
BACKGROUND

[0003] This section is intended to introduce various aspects of the art, which may be associated
with exemplary embodiments of the presently disclosed inventions. This discussion is believed to
assist in providing a framework to facilitate a better understanding of particular aspects of the
presently disclosed inventions. Accordingly, it should be understood that this section should be

tead in this light, and not necessarily as admissions of prior art.

[0004] Some approaches to lower carbon dioxide (CO;) emissions inclode fuel de-
carbonization or post-combustion capture. These solutions, however, are expensive and reduce
power generation efficiency, resulting in reduced power production, increased fuel demand, and
increased cost of electricity to meet domestic power demand. Another approach is an oxy-fuel gas
turbine in a combined cycle. However, there are no commercially available gas turbines that can

operate in such a cycle.

0005} The oxy-fuel concept is based on the combustion of hydrocarbons with pure oxygen
(O2) to produce carbon dioxide and water (H20). Such a combustion process, however, produces
extremely high temperatures that reduce combustor life and generate soot and other unwanted

combustion products. Hence, a cooling gas of some kind is desirable.

{0006} Various cycles have been proposed and studied that use carbon dioxide or steam as a
mass flow gas through the turbine instead of air. Some basic laboratory experiments have been
undertaken to better understand the physics of the combustion process in these oxy-fuel
arrangements., While some experimental progress has been made in steam-based oxy-fuel
arrangements, the design and implementation of an oxy-fuel gas turbine with a carbon dioxide
working fluid for commercial applications has not been achieved. The design of a combustor for a

carbon dioxide type gas turbine has never progressed beyond lab-scale experiments.

16007} Challenges related to the design and implementation of carbon dioxide and oxygen

mixing and combustion in a practical gas turbine combustor have not previously been addressed.
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Unlike steam, carbon dioxide has an inhibiting effect on the combustion process, which requires a
unique design to handle the lower flame speeds resulting from the inhibiting effect. Carbon dioxide
also radiates more energy than nitrogen or steam, which leads to the potential for preheating the
reactants via radiative heat transter. There is also an additional degree of freedom in an oxy-fuel
combustor since the oxygen-lo-fucl ratio can be controlled independently from the flame

temperature, which is primarily dependent on the oxygen-to-carbon dioxide ratio.

[0008] Because of the additional degree of freedom in oxy-fuel combustion systems, the flow
rate of oxygen can be controlled independently from the inert diluent (steam or carbon dioxide).
This is not the case in a typical air gas turbine where there is a fixed ratio of approximately 3,76
inert nitrogen molecules for each oxygen molecule in the oxidizer stream. Another challenge of the
oxy-fuel combustor is that oxygen is a precious commodity and must be obtained from any number
of expensive, cnergy intensive processes, such as an air scparation process, a spceial membrane
separator, or some other process such as electrolysis of water. Typical air gas turbines have an air
flow path that is designed to split the air stream such that a portion is used for the combustion
reaction and a second portion is used for cooling of the combustion products and the combustion

liner. This results in an exhaust stream that contains more than 10% oxygen.

[0009] Commonly assigned PCT Patent Publication No. W02010/044958, which is
incorporated herein by reference in its entirety for all purposes, discloses methods and systems for
controlling the products of combustion using a system of {low controllers and sensors to maintain
stoichiometric combustion. However, that disclosure does not provide details of the configurations

in the combustor.,

[0010} There is a need, therefore, for improved systems and methods for obtaining substantially

stoichiometric combustion in an oxv-fuel type combustion reaction.
SUMMARY

{0011} Svstems and methods for an oxy-fuel type combustion reaction are provided. In at least
one specific embodiment, the combustor system can include a combustor having a (irst end, a
second end, an outer shell, an inner shell, and an annular volume formed between the outer shell
and the inner shell extending from the first end to the second end; a carbon dioxide inlet configured
to introduce carbon dioxide to the combustor; an oxygen inlet configured to introduce oxygen to the
combustor; a first mixing zone configured fo mix a first portion of any carbon dioxide introduced
through the carbon dioxide inlet with at least a portion of any oxygen introduced through the
oxygen inlet to produce a first mixture comprising oxygen and carbon dioxide; a fuel inlet

configured {o introduce a fuel to the combustor; a second mixing zone configured to mix the first
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mixture and the fuel to produce a second mixtore comprising oxygen, carbon dioxide, and fuel; and
a combustion zone configured to combust the second mixture to produce a combustion product. A
second portion of any carbon dioxide introduced through the carbon dioxide inlet can flow through
one or more apertures disposed through the inner shell and mix with and cool the combustion

product.

{6012} In at least one other specific embodiment, the combustor system can include a
combustor having a first end, a second end, an outer shell, an inner shell, a combustion burner
comprising a burner face, and a combustion zone; a carbon dioxide inlet, an oxygen inlet, and a fuel
inlet; and a mixing zone configured to mix a first portion of any carbon dioxide introduced through
the carbon dioxide inlet and at least a portion of any oxygen introduced through the oxygen inlet to
produce a first mixture comprising oxygen and carbon dioxide. The first mixture can include a
spatially varied ratio of oxygen-to-carbon dioxide across the burner face configured to generate a

hot zone in a combustion zone to increase flame stability in the combustion zone.

[0013] In at least one specific embodiment, the method for combusting a fuel in a combustion
system can include mixing oxygen and carbon dioxide in a first mixing zone of a combustor lo
produce a first mixture. The first mixture and a fuel can be mixed in a second mixing zone of the
combustor to produce a second mixture. At least a portion of the fuel in the second mixture can be

combusted to produce a combustion product.

[0014] In at least one other specific embodiment the method for combusting a fuel in a
combustion system can include varying a spatial ratio of oxygen-to-carbon dioxide across a burner

face of a combustor to increase flame stability in the combustor.

BRIEF DESCRIPTION OF THE DRAWINGS

(0015} The foregoing and other advantages of the present invention may become apparent upon
reviewing the following detailed description and drawings of non-limiting examples of

embodiments in which:

[0616] FIG. 1 depicts a graphical depiction showing an operational space for an equivalence

ratio (¢) versus a flame temperature.

[0017) FIG. 2 depicts graphical depiction showing experimental flame blow off conditions for
the combustion of methane {CH,) in carbon dioxide/oxygen (CO4/0;), the combustion of methane
in nitrogen/oxygen (NofO;), and a baseline system for the combustion of methane in air at an

equivalence ratio (¢) of .
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[0618) FIGs. 3A-3F depict schematics of illustrative combustion systems, according to one or

more embodiments described.

[6019) FIGs. 4A-4C depict three illustrative combustors that can be used in combination with
the systems depicted in FIGs. 3A-31%, according to one or more embodiments described.
10020] FIGs. SA and 5B depict illustrative combustor configurations of the combustors

depicted in FIGs. 4A-4C, according to one or more embodiments described.

[0021] FIGs. 6A and 6B depict illustrative alternative embodiments of the combustors depicted

in FiGs. 4A-4C, according to one or more embodiments described.

[0022] FIGs. 7A-7D depict additional alternative embodiments of the combustors depicted in

FIGs. 4A-4C, according to onc or more embodiments described.

[0023] FIGs. SA-8B depict an illustrative tube-bundle type combustor conligured to utilize one or
more of the clements of the combustors depicted in FIGs. 4A-4C, according to one or more

embodiments described.

[0024] FIG. 9 depicts an illustrative trapped vortex type combustor configured to utilize one or
more of the clements of the combustors depicted in F'1Gs. 4A-4C, according to one or more

embodiments described.

[0025] FIGs. 10A and 10B depict illustrative flow charts of methods for operating one or more

of the combustors depicted in FIGs. 4A-9, according to one or more embodiments described.
DETAILED DESCRIPTION

[0026} In the following detailed description section, some specific embodiments of the present
invention are described in connection with preferred, alternative, and exemplary embodiments.
However, to the extent that the following description is specific to a particular embodiment or a
particular use of the present invention, this is intended to be for illustrative purposes only and
simply provides a description of the particular embodiments. Accordingly, the invention is not
limited to the particular embodiments described below, but rather, it includes all alternatives,

modifications, and cquivalents falling within the true spirit and scope of the appended claims.

DEFINITIONS
[0027) Various termis as used herein are defined below, To the exient a term used in a claim is

not defined below, it should be given the broadest definition persons in the pertinent art have given

that term as retlected in at Jeast one printed publication or issued patent.
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[0028] As used herein, the "a" or "an" entity refers to one or more of that entity. As such, the
terms "a" (or "an"), "one or more", and “at least one” can be used interchangeably herein unless a

limit is specifically stated.

[0029) As used herein, the term "burner” refers to a piece of hardware that is comprised of at

least a flame holding device and a fuel injector.

[0030] As used herein, the term "combustion zone" refers to the volume or spatial region where
a flame is located and a majority, i.e. greater than 50%, of the heat release from combustion takes
place. The upstream portion of the combustion zone, where the unburned reactants enter the flame,
can and ofien does overlap with a mixing zone where the combustion fuel and oxygen can be

mixed.

(0031} As used herein, the term "combustor” refers to the portion of a combustor system
including the burner, combustion zone, an outer shell, an inner shell or "combustion linet,” mixing
zone(s), and rclated equipment and is typically shown with an open end. As such, the combustor
can be combined with a fransition piece and other features when integrated into a system, for

example, a gas turbine system.

[0032) As used herein, the terms "inner shell” and "combustion liner" arc used interchangeably
and refer to a cylinder (typically having a circular cross-sectional shape and typically made of
metal, but not nceessarily) that forms an annulus with an outer shell of the combustor and separaies
bulk carbon divxide tlow from the mixing and combustion zones. The combustion liner can have
one or more holes disposed therethrough where carbon dioxide can flow from the annulus into the

combustion zone to remove heat from the liner surface and cool the combustion product.

{0033} As used herein, the terms "secondary inner shell” and "secondary combustion liner" are
used interchangeably and refer to a cylinder (typically having a circular cross-sectional shape and
typically made of metal, but not necessarily) that is disposed between an outer shell of the
combustor and an inner shell of the combustor for a portion of a length of the combustor. For
example, the secondary inner shell can be disposed between the outer shell and the inner shell and
can extend from a location intermediate a first and second end of the combustor toward the second
end of the combustor. The secondary inner shell can be conmected to and/or about the inner shell at
the location intermediate the first and second end of the combustor.

1ot

10034} As used herein, the terms "comprising,” "comprises,” and "comprisc”" are open- ended
transition terms used to fransition from a subject recited before the term to onc or elements recited
after the term, where the element or clements listed after the transition term are not necessarily the

only efements that make up ihe subject.
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[0035) As used herein, the terms “"containing,” "contains,”" and "contain” have the same open-

o

cnded meaning as "comprising," "comprises,” and “comprise.” As used herein, the terms "having,"
"has," and "have" have the same open-ended meaning as "comprising,” “comprises,” and
"comprise." As used herein, the terms "including,” "includes,” and "include” have the same open-

"o

cnded meaning as "comprising,” "comprises,” and "comprise.”

[0036] As used herein, the term "mixing zone" refers to a volume or spatial region of a
combustor where at least two scparaie gaseous streams can be mixed. In particular, the mixing
zone can include an initial mixing of the at least two streams (e.g., where a second stream is
initially introduced into a first stream) and any extended volume where the two streams continue to
mix together. Often an increased mixing distance can result in more complete mixing of the first
and second streams. In particufar disclosed embodiments, there can be a "first mixing zone"
including a spatial region where oxvgen is mixed with carbon dioxide to produce an oxygen/carbon
dioxide mixture sometimes referred to as an "oxygenation stream” or a "synair stream.” There can
also be a "second mixing zone," which refers to another spatial region where the oxygen/carbon
dioxide mixture begins mixing with a combustion fuel stream located between a combustion fuel
injector and a flame. In some cases for combustor arrangements having a first and second mixing

zone, the first mixing zone will terminate at or in the second mixing zone.

(0037} As used herein, the term "mixing device" refers to hardware placed in a flow path of a
gascous stream having two unigque components to facilitate the mixing of the components of the
gascous stream by generating a turbulent wake or recirculation zone in the gaseous strcam. Some
examples of mixing devices can include, but are not limited to, bluff bodies, mesh wires, wedges,

or any combination thercof.

(0038} As used herein, the term "equivalence ratio,” refers 1o a ratio of oxygen to fuel divided

by a stoichiometric ratio of oxygen to fuel in a gaseous stream including both oxygen and fuel,

{0039 As used herein, the term "flame stability,” refers to a flame in a combustion zone having
a margin between a stable operating point and an operating point at which the flame is
extinguished. In one cxample, enhancing flame stability can include any means for increasing this
margin. Some exemplary means of accomplishing enhanced flame stability can include, but arc not
limited to, increasing the (lame temperature, decreasing the gas velocity upstream of the flame, or
both.

[0040] As used herein, the term "anchor flame,"” refers to a pre-mixed or non pre-mixed (e.g.,
diffusion) flame in a combustion zone that can be utilized for the purpose of enhancing the flame

stability. In some operating scenarios, the anchor flame can have a rich equivalence ratio (e.g., a
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range of from about 2 to about 3). The anchor flame can have a similar effect in an oxygenation
(synair) breathing combustor 1o a ditfusion pilot flame in a lean pre-mixed combustor in an air-

breathing gas turbine,

(0041} As used herein, the term “natural gas” refers to a multi-component gas obtained from a
crude oil well {associated gas) or from a subterranean gas-bearing formation (non-associated gas).
The composition and pressure of natural gas can vary significantly, A typical natural gas sircam
contains methane (CHy) as a major component, 7.e. greater than 50 mol% of the natural gas stream
is methane. The natural gas stream can also contain ethanc (CoHg), higher molecular weight
hydrocarbons (e.g., Cs-Cyo hydrocarbons), one or more acid gases {(e.g., hydrogen sulfide), or any
combination thereof. The nataral gas can also contain minor amounts of contaminants such as

water, nitrogen, iron sulfide, wax, crude oil, or any combination thercof.

[0042] As used herein, the term "natural gas feed stream” refers to a stream of natural gas after

it has undergone at least some pretreatment, as described elsewhere in the disclosure.

[0043) As used herein, the term "stoichiometric combustion" refers to a combustion reaction
having a volume of reactants comprising a fucl and an oxidizer and a volume of products formed by
combusting the reactants where the entire volume of the reactants is used to form the products. Tn
the base oxy-fuel case, a stoichiometric reaction (e.g., combustion) in which methane is the only
source of fuel has the following balance: 20, + CHy = 2H.0 + CO». As used herein, the term
"substantially stoichiometric combustion” refers to a combustion reaction having a molar ratio of
combustion fuel to oxygen ranging from about 0.9:1 to about 1.1:1, or more preferably from about
0.95:1 to about 1.05:1.

[0044] As used herein, the term "stream” refers to a volume of fluids, although use of the term
stream typically mcans a moving volume of fluids (e.g., having a velocity or mass flow rate). The
term "stream,” however, does not require a velocity, mass flow rate, or a particular type of conduit

for enclosing the stream.

DETAILED DESCRIPTION

[0045] Combustion processes and combustor systems designed for oxy-fuel combustion are
provided. The oxy-fuel combustion can occur in a gas turbing with a working fluid comprised
primarily of carbon dioxide. In one or more embodiments, one or more problems associated with
high temperature oxy-fuel combustion can be at least partially comrected. [or example, the
development of Polycyelic Aromatic Hydrocarbons (PAH's), which Icad to soof production and/or
the production of problematic combustion products such as carbon monoxide (CO) can be at least

partially reduced. One cmbodiment of the combustion system can include a combustor having a
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first mixing zone for at least partially mixing, contacting, or otherwise combining oxygen and
carbon dioxide to form an "oxygenation" or "synair" siream, a second zone for at least partially
mixing, contacting, or otherwise combining the oxygenation stream and a combustion fuel stream
to form a combustion stream. The combustion strearn can be at least partially burned or combusted
in a combustion zone to produce a combustion products stream. The second mixing zone can at

least partialty overlap with the combustion zone and/or the first mixing zone.

{0046} The combustor can be used in a gas turbine having an inlet compressor for compressing,
for example a carbon dioxide stream and an cxpander for generating power. The gas turbine can be
an integratcd turbine operating on a single shaft, a multiple-shaft turbine, or a non-integrated
turbine with an external burner, and can use an independent compressor and a hot gas expander of a
power turbine, depending on the temperatures, volumes, and other variables of the particular

system. In alternative embodiments, the combustor can be a stand-alone unit such as a furnace.

[0047] In one or more cmbodiments, the combustion system can be fed or supplied with a
carbon dioxide stream and an oxygen supply stream, which have becn at least partially mixed or
otherwise combined to produce an oxygenation or synair stream comprising oxygen and carbon
dioxide in the combustor. The combustion system can further include a combustion fuel stream
and 4 combustion zone, where the combustion zone can be configurcd to at least partially mix,
contact, or otherwise combine and at least partially combust the combustion fuel strcam and the
oxygenation stream in a substantially stoichiometric combustion reaction to produce a combustion
product stream substantially comprising water (stcam) and carbon dioxide. In one or more
embodiments, a high pressurc combustion (e.g., greater than about 10 atmospheres) process can be
used. The temperature of the combustion products stream can be controlled by adjusting the
amount of carbon dioxide mixed with the oxygen when forming the oxygenation stream. As such,
in some embodiments, the system can include a temperature sensor for measuring the temperature
of the combustion products stream. The amount of carbon dioxide mixed with oxygen to produce
the uxygenation stream can be increased to decrease the temperature of the combustion products
stream. Similarly, the amount of carbon dioxide mixed with oxygen to produce the oxygenation

streamn can be decreased to increase the temperature of the combustion products stream.

[0048) High flame temperatures can be advantageous in that high flame temperatures can
improve flame stability. High flame temperatures, however, can alsoc be problematic for the
malerials used to fabricate the combustion liner and the turbine inlet nozzle, Therefore, the
combustion products stream can be cooled by carbon dioxide prior to entering the turbine inlet
nozzle. High flame temperatures can also cause dissociation of the desired combustion products

such as carbon dioxide and can resull in a higher percentage of contaminants, such as carbon
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monoxide, in the products. FIG. 1 depicts a graphical depiction showing an operational space for
an cquivalence ratio (¢) versus a flame temperature. FIG. 1 illustrates one challenge of a carbon
dioxide/oxy-fuel combustion process where there is a very small operational space that produces
the desired flame stability and composition of the combustion products. If the flame temperature is
too low, the flamc blows out and power generation is stopped. Higher flame temperaturcs,
however, can also lead to increased concentrations of carbon monoxide and/or oxygen in the
combustion products strcam. If these compositions are too high an additional reaction, possibly
involving a catalyst, can be used to alter or otherwise modify the composition of the combustion
products stream. An additional challenge of oxy-fuel combustion with a carbon dioxide working
fhiid or diluent is that the flames arc less stable than flames in air at similar conditions. Carbon
dioxide has both thermal effects and reaction-inhibiting (kinetic) effects on the chemistry in a flame

produced by combusting a hydrocarbon{s) in contrast to nitrogen, which only has a thermal effect.

[0049] FIG. 2 depicts a graphical depiction showing experimental flame blow off conditions for
the combustion of methane {CHs) in carbon dioxide/oxygen (CO,/03), the combustion of methane
in nitrogen/oxygen (No/O,), and a baseline system for the combustion of methane in air at an
equivalence ratio () of 1. The combustion conditions are atmospheric pressure and a temperature
of 260°C (500°F). Flame temperature is shown on the abscissa, gas velocity is shown on the
ordinate, and the data points indicate the point where the margin to blow off is zero and the flame
extinguishes. The line denotes where a methane/air flame blows off and the diamonds denote the
blow off of a methane flame in a mixture of carbon dioxide and oxygen. The oxy-fuel {lame
consistently blows off 300°C higher than the air flame for the same gas velocity. In certain
embodiments of the disclosed combustion systems, gas mixtures can be gencrated that allow for
adequate flame stability and limit the concentration of unwanted contaminants in the combustion

products.

{0050] Another feature of combustion using carbon dioxide as a working fluid or diluent is that
carbon dioxide is a slrong absorber/emitter of infrared radiation. A combustor having first and
second mixing zones in a line of sight with the combustion zone can benefit from the fact that the
reactants can be preheated as a result of the infrarcd radiation from the flame. This has a more

measurable impact than in combustors where air is uscd as the oxidizer.

[0051] Another aspect of the combustion system Is that the oxygen strcam can be less
expensive to obtain at high pressures due to its lower molecular weight and the potential for
pumping it as a liquid. As a result, combustor systems and methods utilizing an oxygen stream can
be designed to minimize the pressure drop of the carbon dioxide at the sacrifice of the oxygen

stream pressurc drop. For example, relatively high-pressure jets of oxygen can be used to provide
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swirl to the carbon dioxide strcam in order to reduce the pressure drop that would be present if the
carbon dioxide stream was swirled using a hardware swirler with a plurality of vanes. In another
example, a gas ejector can be used to mix the oxygen and carbon dioxide streams to produce the
oxygenation or synair stream upstrcam of the flame. The high pressure oxygen stream can be used
as the motive gas in a typical ¢jector where the motive gas is accelerated through an orifice to
create a high velocity stream with a low static pressure. The static pressure of the accelerated
oxygen is lower than the pressure of the carbon dioxide stream connected to the suction side of the
gjector. This pressure diffcrential can drive the carbon dioxide stream into the oxygen stream to
produce the oxygenation or synair stream. It can also provide a relatively simple way for mixing
only a portion of the carbon dioxide stream (orifice sized accordingly) with the oxygen stream.
One benefit of an cjector can be that the ejector can transfer the pressure loss due to mixing from

the carbon dioxide stream to the oxygen stream where excess pressure can be available.

10052] In one or more embodiments, carbon dioxide and oxygen can be mixed to produce the
oxygenation or synair strcam within the combustor. The amount of carbon dioxide mixed with
oxygen can provide a way to control the temperatore of the products of combustion. The amount of
carbon dioxide mixed with oxygen can also affect the flame stability margin and the composition or
makeup of the combustion products. The combustor can house or include a combustion liner. The
combustion liner can contain the combustion zone and serves to direct the primary flow of carbon
dioxide from a compressor to the first end of the combustor. The combustion liner design can
include quench ports to provide additional carbon dioxide to a burnout zone within the combustor
to control a turbine inlet temperature and/or prevent the high temperature of combustion from

impinging directly on the combustion liner.

[0053) In onc or morc embodiments, the combustor system can include a control system that
measures the amount of hydrocarbons infroduced to the combustor. The control system can
calculate, determine, or otherwise estimate and control, alter, or otherwisc adjust the amount of
oxygen introduced to the combustor to provide a desired ratio of oxygen to hydrocarbons or
combustion fuel. The control system can also use feedback from instrumentation configured to
monitor or analyze the combustion products and can update the oxygen supply stream flow
controller 1o ensure the desired combustion is achieved and/or to ensure the correct amount of
oxygen is introduced to the oxygenation stream. An optional post combustion step, which can
include a catalyst, can be used depending on the hydrocarbon mixture that is introduced to the
combustor. This post combustion step can reduce the concentration of contaminants, e.g., oxygen
and/or carbon monoxide, in the combustion products to the levels required to avoid serious

corrosion problems in enhanced oil recovery (EOR) facilities, for example.
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{0054} In one or more embodiments, the composition of the reactants can be varied, especially
the oxygen-to-carbon dioxide ratio across a burner face of the combustor. For cxample, a synair
mixing device that restricts, impcdes, or otherwise reduces the flow of carbon dioxide into the first
mixing zone can create or produce a variation in the oxygen-to-carbon dioxide ratio across the
combustor cross section. In another cxample, the oxygen strcam can be split or divided into at least
two streams, at least one of which can be used to increase the oxygen concentration in part of the

combustor to create a hotter flame locally. A hotter flame temperature can improve flame stability.

[0055] In one or more embodiments, an oxy-fuel/co-generation type of combustion system,
such as the ultra-low emission power generation systems and processes discussed and described in
U.S. Provisional Patent Application No.: 61/072,292 can be used. Injecting the oxygen and fuel
directly into the carbon dioxide stream inside the combustor can reduce the risks and limitations
associated with combustion of the fuel with pure oxygen. The combustion system can also reduce
system complexity as compared to a combustion system that mixes the oxygen and carbon dioxide
outside of the combustor and reduces the amount of oxygen that would be wasted if the oxygen and

carbon dioxide mixture was generated from the fulf carbon dioxide stream.

[0056] Referring now to the figurcs, FIGs. 3A-3F depict schematics of illustrative combustion
systems 106, 140, 150, 160, 170, and 189, respectively, according to one or more embodiments. In
particular, FIG. 3A depicts a schematic of an illustrative combustion system 100 that can include
one or more combustors (e.g., a "combustor can') 110, expanders 111, and sensors (two are shown
114, 126). The combustion system 100 can also include a carbon dioxide (CO») stream via line 102
that can be split or divided into at least a {irst portion via linc 102a and a second portion via line
102b and an oxygen supply stream via line 104 that can be combined with the first portion 102a of
the carbon dioxide stream to produce an oxygen/carbon dioxide mixture or "oxygenation strcam” or
"synair stream" via line 106. The combustion system 108 can also include a combustion fucl
stream via line 108, The combustion fuel stream in line 108 can include methane (CHi) or a
mixture of methane, one or more Ca-Cpg hydrocarbons, hydrogen (Ha), inert gasses such as

nitrogen, carbon dioxide, and/or argon, or any combination thereof.

[0057] The oxygen supply stream in line 104 can have an oxygen concentration ranging from a
low of about 90 mol%, about 93 mol%, about 95 mol%, about 97 mol%, about 98 mol%, about 99
mol%, about 99.5 mol%, or about 99.9 mol %. The oxygen supply stream in line 104 can include
one or more additional components such as nitrogen, argon, helium, or combinations thereof. In at
least one specific embodiment, the oxygen supply strecam in line 184 can include from about 90
mol% to about 99 mol% oxygen and from about 1 mol% to about 10 mol% argon. The carbon

dioxide stream in line 102 can have a carbon dioxide concentration ranging from a low of about 70

-11-



(9]

10

15

20

25

30

WO 2010/141777 PCT/US2010/037325

mol%, about 80 mol%, about 90 mol%, about 95 mol%, about 97 mol%, about 99 mol%, about
99.5 mol%, or about 99.9 mol %. In another example, the carbon dioxide stream in line 102 can
have a carbon dioxide concentration ranging from a low of about 70 mol%, about 80 mol%, about
90 mol%, about 95 mol%, about 97 mol%, about 99 mol%, about 99.5 mol%, or about 99.9 mol %
on a dry basis. The carbon dioxide stream in line 102 can include one or more additional
components such as nitrogen, argon, helium, water (liquid andfor gas), hydrocarbons, carbon
monoxide, or combinations thereof. In at least one specific embodiment, the carbon dioxide stream
in line 102 can have a carbon dioxide concentration ranging from about 85 mol% to about 95
mol%, from about 0.5 mol% to about 5 mol% hydrocarbons, from about 0.5 mol% to about 5 mol%
carbon monoxide, from about 0.5 mol% to about 10 mol% water (liquid and/or gas), or any

combination thereof,

[0058] The combustor 110 can be configured to receive at least a portion of the oxygenation
stream via line 106 and at least a portion of the combustion fuel stream via line 108. The
oxygenation stream via line 106 and the combustion fuel stream via line 108 can be mixed,
combined, or otherwise contacted with one another within the combustor 118 to produce a reactant
mixture or combustion stream. The reactant mixture can be at least partially combusted within the
combustor 11¢ to produce a combustion products stream via line 112. At least a portion of the
combustion products siream via line 112 can be infroduced to the expander 111 to ﬁroduce an
expanded combustion products stream via line 113. The expander 111 can be operatively
connected to or otherwise in communication with a load controller 111*. The expanded combustion
products stream in fine 113 can be split to form a first combustion products stream via line 127 and
a second combustion products stream via line 128. The first combustion products stream via line
127 can provide at least a portion of the carbon dioxide stream in line 102. The second combustion
products stream via line 128 can be used in an enhanced oil recovery (EOR) process or operation,

sequestration, vented to the atmosphere, or any other purpose.

{0059] The first sensor ("temperature sensor") 114 can determine, detect, or otherwise estimate
a temperature of the combustion products stream in line 112 and/or the expanded combustion
products stream in line 113. The second sensor ("oxygen analyzer") 126 can determine, detect, or
otherwise estimate a concentration of oxygen in the combustion products stream in line 112 and/or
the expanded combustion products stream in line 113, The oxygen analyzer 126 can also be
configured to determine, detect, or otherwise estimate a conceniration of other components in the
expanded combustion products stream in line 113. Additional or other components that can be
detected via the oxygen analyzer 126 can include, but are not limited to, carbon monoxide, nitrogen

oxides, combustion fuel, or any combination thereof. Temperature data from the temperature
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sensor 114 can be used to control the flow rate of the carbon dioxide stream 102, the oxygen stream
104, and/or the combustion fuel stream 108, which can regulate the temperature of the combustion
products stream 112 and/or the composition of the combustion products stream 112. Oxyvgen data
from the oxygen analyzer 126 can be used to control the flow rate of the oxygen supply stream via
line 104, the carbon dioxide stream via line 182, and/or the combustion fuel stream via line 108

until a substantially stoichiometric combustion is achieved.

10060} Still referring to FIG. 3A, the system 100 can also include a central controller 115. The
central controller 115 can be operatively connected to or otherwise in communication with, e.g., a
wireless link, a first flow controller 116a, a second flow controller 118, a third {low controtler 120,
and/or a fourth flow controller 116b. The first flow controller 116a can control or otherwise
regulate an amount of the first portion of the carbon dioxide stream in line 102a. The second flow
controller 118 can control or otherwise regulate an amount of the oxygen supply stream in line 104.
The third flow controller 120 can control or otherwise regulate an amount of the combustion fuel
stream in line 108. The fourth flow controller 116b can control or otherwise regulate an amount of

the second portion of the carbon dioxide stream in line 102b.

16061) The central controller 115 can also be connected {o or otherwise in communication with
the temperature sensor 114 and/or the oxygen sensor 126 to determine or otherwise estimate the
temperature of the combustion products stream in line 113 and/or an amount of oxygen in the
expanded combustion products stream in line 113. The determined or estimated temperature and/or
oxygen conceniration of the expanded combustion products steam in line 113 can be used, at least
inn part, to control, regulate, or otherwise adjust the flow rate of the oxygen supply stream in line
104, the flow rate of the first portion of the carbon dioxide stream in line 102a, the flow rate of the
combustion fuel stream in l[inc 108, and/or the flow rate of the second portion of the carbon dioxide
stream in line 102b. For example, the central controller 115 can control the tlow rate of the
combustion fuel stream in line 108 and/or the oxygen supply stream in line 104 to maintain a

desired molar ratio therebetween as load conditions in the combustion system 100 change.

|0062) The carbon dioxide stream in linc 102 can be provided from any convenient source. For
example, at least a portion of the carbon dioxide stream in line 102 can be derived from diverting or
splifting at least a portion of the expanded combustion products stream 113 via stream 127. In
another example, the combustion system 100 can be located ncar another source of carbon dioxide,
such as an external pipeline network, a high carbon dioxide gas well, a gas treatment plant, or the
like. In one or more embodiments, the combustion products via line 127 can be at least partially
treated. Tor example, the combustion products in line 127 can be at least partially treated in a

filtering system, e.g., a membrane, mole sieve, absorption, adsorption, or other system, which can
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at Jeast partially remove potentially dangerous or undesirable components, such as un-reacted
oxvgen, carbon monoxide, andfor hydrocarbons. In particular, if the oxygen analyzer 126
determines or estimates that the combustion products stream 112 and/or the expanded combustion
products stream 113 has an undesirably high level of oxygen, then using the combustion products
stream in line 112 and/or 113 as a working fluid or diluent can be avoided. In other words, should
the oxygen analyzer 126 detect an undesirable amount of oxygen or other contaminant in the
combustion products steam in line 112 and/or 113, the stream in line 102 can be acquired from

anather source.

[0063) Simitarly, high levels of hydrocarbons (7.e. combustion fuel) could also be unacceptable,
depending on the combustor 110 and could need to be at least partially removed and/or scparated
before use as a diluent stream in 102b. In one or more embodiments, it can be preferred and
intended that the combustion products via line 112 be produced from a substantially stoichiometric
combustion. As such, the combustion products via linc 112 should have less than about 3.0 volume
percent (vol%) oxygen, or less than about 1.0 vol% oxygen, or less than about 0.1 vol% oxygen, or
even less than about 0.001 vol% oxygen and less than about 3.0 vol% hydrocarbons, or less than
about 1.0 vol% hydrocarbons, or less than about 0.1 vol% hydrocarbons, or even less than about
0.001 vol% hydrocarbons.

10064} The second combustion products stream via line 128 can be used for sales, used in
another process requiring carbon dioxide, and/or compressed and injected into a terrcstrial reservoir
for cnhanced oil recovery (EOR), sequestration, or another purpose. Similar to the first combustion
products stream in line 127, the second combustion prodacts stream in line 128 may need to
undergo some conditioning or treatment before use to remove potential contaminanis or reactants
such as nitrogen oxides (NOx), oxygen, carbon monoxide, and/or the like. Again, it can be
preferred that the oxygen supply stream in line 104 include substantially no nitrogen, and that the
combustion products stream in line 112 be produced via a substantially stoichiometric combustion,
As such, the second combustion products stream in line 128 can have less than about 3.0 vol%
oxygen, or less than about 1.0 vol% oxygen, or less than about 0.1 vol% oxygen, or even less than
about 0.001 vol% oxygen and less than about 3.0 vol% NOx, or less than about 1.0 vol% NOx, or

less than about 0.1 vol% NOx, or even less than about 0.001 vol% NOx.

[0065] The oxygen supply stream via linc 104 can be provided by an air separation unit (ASU)

or other process or system providing high purity oxygen. The separated nitrogen can be used in
another related process, such as in a nitrogen injection well as discussed and described in U.S.
Provisional Patent Application No.: 61/072,292. In one or more embodiments, the oxygen supply

strcam in fine 104 can include from about 90 vol% to about 99.9 vol% oxygen. In another
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example, the oxygen supply stream in line 104 can inchude form about 90 vol% to about 99.9 vol%
oxygen with at least a portion of the balance including argon, nitrogen, carbon dioxide, or any
combination thereof. In another example, the oxygen supply stream in linc 104 can include from
about 95 vol% to about 96 vol% oxygen with about 4 vol% to about 5 vol% argon and less than

ahout 0.2 vol% carbon dioxide.

[0066) The central controller 115 can be or include any type of control system contigured to
receive data inputs, such as flow rates and compositions, and send signals to control flow rates via,
for example, valves, pumps, compressors, and/or any other device that can be used to control or
otherwise adjust a flow rate. In one embodiment, the central controller 115 can include a
programmable computer having user input devices such as a kevboard and/or mouse, output
devices such as a monitor and/or speakers, and can operate using active memory (RAM), and be
operably connected to hard disk drives, optical drives, network drives, and databases via a LAN,

WAN, Wi-Fi, or other external network.

[0067] Any one or more of the flow controllers 116a, 116b, 118, and 120 can include
programmable automated controllers configured to receive and process signals from the central
controller 115. Any one or more of the flow controllers 116a, 116b, 118, and 120 can be operably
connected to or otherwise in communication with one or more flow valves or vanes, veuts, or other
means of increasing and/or decreasing the flow rate of a substantially gaseous stream.
Additionally, in at least one embodiment, any one or more of the flow controllers 116a, 116b, 118,
and 120 can be operably connected fo or otherwise in communication with one or more flow and/or
composition sensors, which may provide additional data input, such as fo verify changes in the flow
rates of the respective streams controlled via the flow controllers 116a, 116b, 118, and/or 120. In
order to maintain flame stability and effective control, it can be beneficial to utilize & high speed

coniroller for any or all of the controllers 116a, 116b, 118, and 120.

[0068] Although flow controller 116b can be an active sensor as discussed and described
above, the flow rate of the second portion of the carbon dioxide stream (e.g., diluent stream) via
line 102b can be primarily passively controlled in one exemplary embodiment. Ior example, the
combustor 110 can include a combustion liner having one or more quench ports (e.g., dilution
holes) with a particular pattern and hole sizes configured to provide dilution and control
temperatures within the combustor 110. Hence, the flow rate of the carbon dioxide or diluent
stream via line 102b can be primarily dependent upon the hardware design of the quench ports in
the combustor 110. Additionally, the flow controller 116b can be useful for shutting off the flow of
the second portion of the carbon dioxide stream in line 102b in case of shut down, contamination of

the stream 102b, or some other reason. The central controller 115 can be configured to include at
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least one safety interlock and/or shuidown logic and/or an alarm if the system 100 gets out of

control to protect the downstream machinery.

[0069] The temperature sensor 114 can be or include a single sensor or can additionally include
a backup sensor for redundancy or can include an array of sensors in and around the combustion
products stream in line 112 and/or the expanded combustion products stream in line 113. Any iype
of appropriate temperature sensor can be used, although the temperature sensor chosen should have
a high resistance to heat and be able to cffectively operate at temperatures at or above about
1,093°C (2,000°T), above about 1,205°C (2,200°F), or even at or above about 1,900°C (3,450°F).
In one example, the temperature sensor(s) 114 can send data directly to the flow controllers 116a,
116b, 118, and/or 120, or can send duta to the central controller 115, which can then control the
response of the flow controllers 116a, 116b, 118, and/or 120. In another example, the temperature
sensor(s) 114 can send data dircetly to the combustion fuel stream flow controller 120.
Additionally and/or alternatively, the temperature sensor(s) 114 can take data from inside the
combustor 110 near the exhaust or downstrecam of the combustor 110 after exiting, at multiple
locations along the combustion products stream 112, or some combination thereof. The
temperature should be limited to within certain operating parameters, which will depend highly on
the equipraent in use, the type of combustion fuel stream and other input streams available, the

potential uses for the combustion products stream in line 112, and other factors.

{0070] Generally, the temperature should be below about 1,925°C (3,500°F) to avoid NOx
production and because most commercial combustors 110 cannot operate above such temperatures,
but this limitation can be set higher if the material of the combustor 110 can operate at higher
temperatures and there is no nitrogen in the system 100. The temperature is preferably less than
about 1,370°C (2,500°F) at the inlet of the expander 111. Such high temperatures can also
contribute to the formation of undesirable Polycyelic Aromatic [lydrocarbons (PAF's), which can
lead to soot production. However, the temperature must be sufficiently high to avoid flame burnout
and sufficiently high to effectively combust substantially all of the oxygen (O,) and hydrocarbons
(e.z., stoichiometric combustion temperature) to produce & combustion products stream 112
requiring only limited conditioning before use in enhanced oil recovery (EOR) or as a diluent in the
combustion systemt 100. For many cases, the preferred temperature can be from at least about
815°C (1,500°F) to about 1,370°C (2,500°F) or from at least about 870°C (1,600°F) to about
1,040°C (1,900°F).

[0071] The oxygen analyzer 126 can be or include a single scnsor or can additionally include a
backup sensor for redundancy, or an array of sensors at multiple locations within the combustion

products streamn in line 112 and/or the expanded combustion products stream in line 133, For
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example, a plurality of lambda and/or wideband zirconia oxygen sensors can be used to provide
feedback to one of the central controller 115 and/or the oxygen supply stream flow controiler 118.
If the lambda sensor is used, the central controller 115 can be configured to dither the ratio of the
fuel in the combustion fuel stream 108 to the oxygen in the oxygen supply stream 104 as the
oxygen content of the combustion products stream 112 varies from a stoichiometric coefficient
(equivalence ratio (¢)) to below 1.0 and/or above 1.0. The dithering process can be similar to those
used in the automotive industry for internal combustion engines. [n any case, the oxygen content of
the combustion products stream in line 112 is preferably low, from less than about 3.0 vol% to less
than about 1.0 vol% to less than about 0.1 vol% to less than about 0.001 vol%. If the amount of
oxygen is too high, then the flow rate of the oxygen supply strcam via line 104 can be reduced
and/ar the flow rate of the combustion fuel via line 108 can be increased. Reducing the flow rate of
the oxygen supply stream via line 104 can lower the flame temperature, as discussed above,

requiring an adjustment of the flow rate of the combustion fuel stream via line 108.

[0072) FIG. 3B depicts a schematic of an illustrative combustion system 140, which is similar
to the combustion system 100 as shown in FI1G. 3A, but further includes optional features
configured to further treat or condition the combustion products stream in line 112 and/or the
expanded combustion products stream in line 113. As such, the combustion system 140 shown in
FIG. 3B may be best understood with reference to FIG. 3A. The combustion system 140 includes
the [catures disclosed with respect to the combustion system 100 shown in FIG. 3A, and further
includes a post-combustion catalysis apparatus 146. The post-combustion catalysis apparatus 146
can be configured to rcduce the oxygen and/or carbon monoxide content in the combustion
products stream in line 112, the expanded combustion products streami in line 113, the first
combustion products siream in line 127, and/or the second combustion products stream in linc 128.
An at least partially treated or purified combustion product strcam via line 148 can be recovered
from the catalysis apparatus 146. The combustion system 140 can also include a combustion fuel
bypass stream via linc 142 that can include a flow controller 144 for controlling a flow rate of the
combustion fuel bypass stream 142. ‘The oxygen analyzer 126 can be operatively connected to the
flow controller 144 directly or indirectly via the central controller 115. Additional flow controllers
and oxygen analyzers (not shown) can be used in certain specific embodiments where the
combustion fuel bypass siream 142 is split and/or the second combustion products stream via line

128 is looped, as discussed and described in more detail below.

[0073] The catalysis apparatus 146 can be a single device or a plurality of devices in parallel,
series, or a combination of paraliel and series. Preferably the catalysis apparatus 146 can be a small

device requiring only a small amount of power to operate. In particular, the catalysis apparatus 146
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can include a carbon monoxide reduction catalyst and/or an oxygen reduction catalyst that is
normally used in a Heat Recovery Steam Generator (HRSG) to meet emissions requirements. Such
a system is generally not designed to remove large amounts of oxygen, but if significant amounts of
oxygen remain in the combustion products streams 112, 113, 127, and/or 128, the stream(s) 112,
113, 127, 128 can be recycled through the catalysis apparatus 146 more than once before further
processing or use, e.g., compression and injection for enhanced oil recovery (EOR). As such, in
some embodiments, another oxygen analyzer (not shown) can be included and used to measure or
otherwise estimate an oxygen concentration in the at least partially treated or purified combustion
products stream in line 148 to ensure that the concentration of oxygen is sufficiently low (e.g., less
than about 0.5 vol% oxygen or less than about 0.1 vol%) to avoid corrosion of the compression and
injection equipment and avoid souring the reservoir by injecting oxygen that can react with the

hydrocarbons remaining in the reservoir.

[0074] The combustion fuel bypass stream (e.g., second portion of the combustion fuel stream)
via line 142 can be mixed, contacted, or otherwise combined with the expanded combustion
products stream in line 113 downstream from where the first combustion products stream via line
127 is divided from the expanded combustion products stream 113. The combustion fuel bypass
stream via line 142 can be introduced to the second combustion products steam in line 128
upstream from the catalysis apparatus 146 so that the additional hydrocarbons can be used in the
catalysis apparatus 146 to improve oxygen removal efficiency. In one or more embodiments, the
combustion fuel bypass stream 142 can be split and introduced to the second combustion products
stream in line 128 before the catalysis apparatus 146 and to the at least partially treated or purified
combustion products stream in line 148. In the embodiment where the at least partially treated or
purified combustion products stream via line 148 is looped back to the catalysis apparatus 146, it
can be beneficial to introduce a portion of the combustion fuel bypass siream 142 into the at least
partially treated or purified combustion products stream in line 148 before looping it back to the
catalysis apparatus 146. Beneficially, the combustion fuel bypass stream 142 can be configured to
reduce the volume percent of oxygen in the at least partially treated or purified combustion
products stream in line 148 before compression and injection into an EOR process to substantially
avoid corrosion of injection and compression equipment and souring the hydrocarbons remaining in

the injection reservoir.

{6075} FIG. 3C depicts a schematic of an illustrative combustion system 150 that may or may
not include the features discussed and described above with reference to FIG. 3B. As such, FIG.
3C can be best understood with reference to FIGs. 3A and 3B. The combustion: system 150 can

include 2 hydrocarbon analyzer 152 configured to measure, determine, detect, or otherwise estimate
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an amount of hydrocarbons in the combustion products siream in line 112 and/or the expanded
combustion products stream in line 113, a first fuel gas stream via line 108a controlled by a flow
controller 154, and a second fuel gas strcam via line 108b controlied by a flow confroller 156. In
one or more embodiments, the first fucl gas stream in line 108a can be of higher quality than the
second fuel gas stream in line 108b. As such, the first fuel gas stream in line 108a can be referred
to as the "high quality fuel gas stream” and the second fuel gas stream in line 108b can be referred
to as the "low heating value fuel gas stream.” The high quality fucl gas stream via line 1084, the
fow heating value fuel gas stream via line 108b, or a combination thereof can be introduced to the
combustor 110 via line 108. Flow controller 156 can be directly connected to the hydrocarbon
analyzer 152 and/or can be connected via central controller 115. The flow confrollers 154, 156, and
optionally 120, can be operatively connected to a summation controller 158, which can be

connected to the ceniral controller 115 directly or via oxygen supply stream controller 118.

[0076] The high quality fuel gas sfrcam in line 108a can substantially include methane (e.g.,
about 99 vol%) and alternatively can be or include a “spiking” fuel gas such as hydrogen, higher
hydrocarbons (e.g., Cz and Cy+) or any combination thereof. The composition of the high quality
fuel gas stream in linc 1082 can vary depending on the nceds of the combustion system 150 and/or
on the availability of various fuel types, but preferably will not include significant quantitics of
inert gases (e.g., nitrogen, carbon dioxide, cte.) or acid gases (e.g., sulfur dioxide, hydrogen sulfide,
etc.). The high quality fucl gas stream via line 108a can be provided from any reasonable source,
but is preferably available {rom a nearby gas production field rather than imported from a
significant distance. Specitically, if the high quality fuel gas stream in line 108a is hydrogen, it
may be provided from an auto-thermal reforming (ATR) process performed on a gas production

stream from a nearby gas production field (not shown).

[0077] The low heating value fucl gas stream in line 108b can include less than about 80 vol%
methane, less than about 60 vol% methane, less than about 40 vol% methane, or even less than
about 20 vol% methane. Thc low heating value stream in linc 108b can also include small amounts
of heavier hydrocarbons such as cthane, propane, and/or butane, for example. In most cases, the
majority of the remainder of the low heating value fuel gas stream 108b can be inert gases such as
carbon dioxide, but in some cases, there will be small amounts of nitrogen, hydrogen sulfide,
helium, argon, and/or other gases, Preferably. all non-hydrocarbons and all inert gases other than
carbon dioxide can be separaled out of the low heating valuc fuel gas stream in line 108b prior to

mixing and combustion.

[0078] In at least onc cmbodiment, the flow and composition of the two hydrocarbon-

containing streams 108a and 108b can be used to calculate the oxygen requirement to operate the
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combustor 110 and provide the set point for the oxygen supply stream flow controller 118. The
calcnlation can provide the amount of oxygen needed for a stoichiometric combustion in the
combustor 110. The flows and compositions of the streams can change over time, depending on
the source of the streams 108a and 108b. For example, ihe low heating value fuel gas strcam 108b
could originate from an EOR well having a high methane content in early production (¢.g., above
about 80 vol%). In such a casc, there may be little or no flow through the high quality fuel gas
stream via line 108a. However, when breakthrough occurs, the flow from the low healing value
fuel gas stream via line 108b could include a very low methane concentration (e.g., less than about
26y vol%). In that case, the flow from the high quality fuel gas stream via line 108a can be

increased to add hydrocarbons to the combustion fuel stream in line 168.

[0079) FIG, 3D depicts a schematic of another illustrative combustion system 169, according to
one or more embodiments. The combustion system 160 may or may not inéiude the features
discussed and described above with reference to FIGs. 3B and 3C. As such, FIG. 3D can be best
understood with reference to FIGs. 3A-3C. The combustion system 166 can further include a
make-up carbon dioxide stream via line 108c. A flow controller 162 can be operatively attached to
or otherwise in communication therewith the make-up carbon dioxide stream in line 108c. The
make-up carbon dioxide sireain via line 108¢ can be combined with streams 108a and/or 108b to
provide a combustion fuel gas stream via line 108 having a substantially constant composition
during opcration of the combustion sysiem 160. The approach can be similar to the combustion
system 150, but the physical characteristics of the combustor 110 could be designed specifically for
the composition of the combustion fuel gas stream in linc 108 and still burn fuels that have variable
composition 108b. The make-up carbon dioxide strcam via line 108c can be split from the

combustion products stream in line 112 or originate from another source.

[0084] FIG. 3E depicts a schematic of yet another illustrative combustion system 170,
according to one or more embodiments. The combustion system 170 may or may not include the
features discussed and described above with reference to FlGs. 3B-31). As such, FIG. 3E can be
best understood with reference to FIGs. 3A-3D. The combustion system 170 can include a
combustion fuel stream via line 108 that substantially includes hydrocarbons and carbon dioxide
and having an initial fuel-to-carbon dioxide ratio; an oxygenation stream via line 106 comprising
substantially oxygen and carbon dioxide, where the combustion fuel stream via linc 108 and the
oxygenation stream via line 186 are combined to form a combustor inlet stream via line 172 having
a combined fuel-to-oxygen ratio configured to meet an optimal equivalence ratio (¢) and a
combined initial carbon dioxide-to-fuel ratio configured to provide an optimal combustion

temperature; a diluent stream comprising substantially carbon dioxide 102b; and a combustor 110
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configured to at least partially combust the combustor inlet stream 172 to produce a hot products
stream via line 174 that substantially contains water and carbon dioxide, where the hot products
stream via line 174 can be mixed with the diluent stream 102b to form a combustion products

stream 112 having a temperature and a final carbon dioxide-to-fuel ratio.

[0081] In one or more embodiments, the hydrocarbons in the combustion fiiel stream 108 can
include methane and the fuel-to-oxygen ratio can range from about 0.9:1 mol fuel to mol oxygen to
about 1.1:1 mol fuel to mol oxygen or from about 0.95:1 mol fuel to mol oxygen to about 1.05:1
mol fuel to mol oxygen. In another embodiment, the hydrocarbons in the combustion fuel stream
in line 108 can include methane and a carbon dioxide-to-fuel ratio of from about 20:1 mol carbon
dioxide to mol fuel to about 25:1 mol carbon dioxide to mol fuel or from about 23:1 mol carbon

dioxide to mol fuel to about 24:1 mol carbon dioxide to mol fuel.

[0082] In at least one specific embodiment, the combustion system 170 can further include a
high quality fuel gas stream via line 108a, a low heating value fuel gas stream via line 108b, and 2
make-up carbon dioxide stream via line 108¢ configured to combine with the high quality fuel gas
stream in line 108a and the low heating value fuel gas stream in line 108b to form the combustion
fuel stream via line 108 and maintain a constant initial fuel-to-carbon dioxide ratio of the
combustion fuel stream in line 108. Additional embodiments can include an oxygen supply stream
via line 104 and a carbon dioxide mixing stream via line 102a with a flow and a composition
configured to combine with the oxygen supply stream in line 104 to form the oxygenation stream

via line 106,

[0083] In yet another embodiment, the combustion system 170 can include at least one
temperature sensor 114 configured to measure the temperature of the expanded combustion
products stream in line 113 (and optionally the combustion products stream in line 112). The
temperature of the expanded combustion products stream in line 113 can be used to calculate the
flow rate of at least one of the carbon dioxide mixing stream via line 162a, the make-up carbon
dioxide stream via line 108¢, and the diluent stream via line 102b, to regulate the temperature of
combustion. The combustion system 170 can also include at least one oxygen analyzer 126
configured to measure the amount of oxygen in the combustion products stream in line 112 and/or
the expanded combustion products stream in line 113. The amount of oxygen in the combustion
products stream in line 108 can be used to optimize the flow rate of the oxygen supply streamn via
line 104 to achieve substantially stoichiometric combustion. The system 170 can further include at
least one hydrocarbon analyzer 152 configured to measure the amount of hydrocarbons in the
composition of the combustion products stream in line 112 and/or the expanded combustion

products stream in line 113. The amount of hydrocarbons in the composition of the combustion
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products stream in line 112 ;md/or the expanded combustion products stream in line 113 can be
nsed to optimize the flow rate of the oxygen supply stream in line 104 1o achieve substantiaily
stoichiometric combustion. The combustion system 170 can also include an expander 111 having a
load and a load controller 111" configured to measure the load. The load controller 111" can be
used to maintain the combined fuel-to-oxygen ratio as the load changes.

{0084} FIG. 3F depicts a schematic of still another illustrative combustion system 180,
according to one or more embodiments. The combustion system 180 may or may not include the
featores discnssed and described above with reference to FIGs. 3A-3E. As such, FIG. 3F can be
best understood with reference to FIGs. 3A-3E. The combustion system 180 is shown without
sensors and controllers for improved clarity, but it should be understood that the combustion
system 180 can include sensors and controllers as shown in FIGs, 3A-3E. The combustion system
180 can iﬁclude a carbon dioxide stream via line 102 that can be introduced to a compressor 109 to
produce a compressed carbon dioxide stream via line 103. The compressed carbon dioxide stream
via line 103 can be introduced to the combustor 116. The oxygen supply stream via line 104 and
the combustion fue] stream via line 108, which may be a combination of streams, as discussed and

. described above with reference to F1Gs. 3C-3E, can also be introduced to the combustor 110,

[0085]  FIGs. 4A-4C depict three illustrative combustor systems 200, 220, 240, respecively,
that can be used in combination with the systems depicted in FIGs. 3A-3F, according to one or
more embodiments. Any one or more of the combustor systems 209, 220, 240 can be uvsed in
combination witk the combustion systems 100, 140, 150, 160, 170, and 180 discussed and
described above with reference to FIGs, 3A-3R. As such, FIGs. 4A-4C can be best understood with

reference to FIGs. 3A-3F.

(0086) The combustor system 200 can have a first end 2014, a second end 281b, an outer shell
202, a combustor liner 203, an annular volume 204 disposed between the outer shell 202 and the
combustor liner 203, a first mixing zone 206, a second mixing zone 208, a combustion zone 210, a
burnout zone 212, and a plurality of openings 213 disposed through the combustion Yiner 203. The
combustor system 200 can also include a sensor 216 configured to monitor and measure or
otherwise estimate pressare oscillations within the combustor 110. The combustor system 200 can
be configured to receive the carbon dioxide stream via line 102, which may be split within the
combustor 110. For example, a first portion of the carbon dioxide stream in ﬁne 102 (depicted as
dotted line 1022) can be mixed, contacted, or otherwise combined with the oxygen supply stream
introduced via line 104 to form an oxygenation stream in the first mixing zone 206, A second
portion of the carbon dioxide stream in line 102 {depicted as dotted line 102b} can be used as a
cooling stream 214. The carbon dioxide used as the cooling stream 214 can flow through the
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openings 213 disposed through the combustion liner 203 and into the burnout zone 212. The
combustion fuel stream via line 108 can also be introduced to the combustor 110 and mixed with
the oxygenation stream in the second mixing zone 208 to form a mixed combustion stream that can
be at least partially combusted in the combustion zone 210 ¢o form the combustion products stream
112, In at least one embodiment, the combustion system 200 can fnrlher.inclu&e a hot flame zonc

211

{0087} FIG. 4B depicts an illustrative combustor system 220 having an exemplary carbon
dioxide profile 222 and oxygen profile 224 over a cross-section of the combustion zone 210 that
would produce = relatively hotter flame zone in the center, i.e. the hot flame zone 211. FIG. 4B is
representative of a case where a higher flow rate of oxygen 224 is injected near the center of the

second mixing zone 208 versus an ovter perimeter of the second mixing zone 208 while the carbon

-dioxide flow rate 222 is constant over the cross section of the second mixing zone 208, The

opposite is true in FIG, 4C, which depicts a combustor system 240 having an oxygen flow rate 242
that is constant over the cross section of the second mixing zone 208 and a carbon dioxide flow rate
244 that is reduced toward the center of the second mixing zone 208 versus an outer perimeter of
the second mixing zone 208. Note that in both cases the total molar ratio of oxygen-to-carbon
dioxide introduced to the combustion zone 210 can be the same. The oxygen-to-carbon dioxide

molar ratio can range from about 0.2:1 to about 0.5:1.

[0088] Referring again to FIG. 4, the hot flame zone 211 can be configured to increase flame |
stability within the combustion zone 210. This approach can allow the amount of fuel via line 108
to be varied across the fac;e of an individual nozzle while maintaining a globat stoichiometry within
the combustion zone 210 near an equivalence ratio (¢) of about 1, for example from about 0.95 to
about 1.03. Such an arrangement allows localized variation of a) the stoichiomelry or b) the carbon
dioxide-to-oxygen ratio that balances thé dual requirements of flame stability and combustion liner
material limitations. For example, in combustor designs or configurations that include muiﬁple
nozzles per combustor system 200, the hot flame zone 211 can be used to vary the local
stoichiometry across the face of each nozzle independently or across the face of the entire second
mixing zone 208. Note, that although the hot flame zone 211 is shown approximately in the center
of the combustion zone 210, it is contemplated that the hot flame zone 211 can be off-center acd
that there can be more than one hot flame zone 211.

{0089  In one or more embodimeﬁts, the combustor system 200 can be configured to include a
stable hot flame zone 211 with tich mixtures of the combustion fuel strcam 108 with an

oxygenation stream (or synair stream) or the combustion fuel stream 108 and the exygen supply -
stream 104. The hot flame zone 211 could provide 2 hot core flame that can assist in overall flame
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stability. The combustion products and unbumed fuel from the hot flame 2one 211 could be more
completely oxidized further downstream in the combnstor 110 where excess oxygen or synair could
be present, The global stoichiometry of the combustor 110 can be maintained near an equivalence

ratio (@) of about 1, for example from about 8.95 to about 1.05.

0090  In one or more embadiments, the combustor system 200 can include multiple second
mixing zones 208, combustion zones 210, and/or fusl/oxygen injectors, any one or more of which
can be capable of independent modulation. The arrangement could be in seres or parallel and
could allow for global flame stability to be maintained by modulating one or more of the second
mixing zones 208 independendy of the others. Tumdown could also be obtained by shutting off
one or more of the second mixing zones 208 while maintaining a stable flame in the combustor

system 209,

{0091} In still other embodiments, the combustor system 200 can have a geometry designed to-
take advantage of the higher emissivity and absorption characteristics of carbon dioxide. The
geometry can incorporate a long optical path length between the incoming reactants (oxygen supply.
stream 104 snd combustion fue] stream 108) and the flame (in the combustion zone 210)
downstream. The high temperatures from the flame could radiantly heat the reactants to preheat
them. In addition to or in the alternative, the nozzle or combustor wall can be made of a material
that radiates at a wavelength that is preferentially absorbed by carbon dioxide. This.configuration
would transfer heat from the material to the carbon dioxide and raise the temperatuce of the carbon
dioxide stream introduced via line 102, which could improve the efficiency of the combustion
rezction. In still another optional variation, a flame holder constructed of & material that
preferentially absorbs at wavelengths emitted Ly carbon dioxide can be included. This could cause

the material to heat up and preheat the reactants throngh convection,

10092} Another bepeficial outcome of the cornbustor system 200 can include the use of a
carbon dioxide/oxygen (synair or oxygenation streamn) versus natural air, which aids in the
combustor design due fo the higher density of synair versus natural air. The molecaler weight of
carbon dioxide is greater than nitrogen which results in an iucrease in density and leads to a lower
velocity for the same mass flow rate. The reduced velocities at the bumer face (for a bumer with
the same power density) aids in flame stabilization. This advantage helps offsct the reduced flame
speeds of flames in & carbon dioxide/oxygen (synair or oxygenation stream). The disclosed designs
can also aid in overall flame stability by preheating the reactants and/or aid in cooling the
combustor by efficiently transferring heat to the gas streams.

{0093} In still another embodiment, the combustor system 200 can include one or more gas
injection devices that can receive 2 gas via line 215. The gas in line 215 can be introduced through
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the gas injection device to the bot flame zone 211. The gas can include, but is not limited to,
oxygen, carbon diuxide, combustion fuel, or any combinetion thereof, Introducing the gas in line
215 to the hot flame zone can provide an anchor flame upstream of the combustion zone configured

to increase flame stability in the combusticn zose 214.

{00943 FIGs, 5A and SB depict illustrative combustor configurations 300, 320, respectively, of
the combustors depicted in FIGs. 4A-4C, according to ope or more embodiments. As such, FIGs.
SA and 5B can be best understood with reference to FIGs. 4A-4C. The combustor configuration
300 includes a first oxygen supply stream via live 104a introduced inta the annular volume 204 via
injectors 302. The oxygen supply stream introduced via line 104a can mixed in zone 206 with the
carbon dicxide 102, combustion fuel introduced via line 108, and a second oxygen supply strcam
introduced via line 184b.

{00355 1o one or more embodiments, a mixing device 304 can be disposed within the first
mixi;zg zone 206. The mixing device 304 can be a swirler, mixing vanes, wire mesh, or some other
device configured to mix gaseous streams. The injectors 302 cun be 2 plurality of injector holes
located on a wall of the combustor 110 or on a ring disposed within the annular volume 204 to
create a number of highly turbulent jets of oxygen. A ring configuration can be or include a
segmented ring or a continuous ring. Further, the ring can have a circolar, wedge type, or other
bluff body cross-sectional shape. Smaller jets generally can lead to better mixing over a shorter
length. It can be desirable to have nearly complete mixing by the time the sypair (carbon
dioxide/oxygen mixmure} reaches the point of fuel injection at the second mixing zone 208 to

promote complete combustion and a stoichiometric reaction,

(009  The second mixing zorie 208 can be where the combustion fuel stream 108 is
introduced. A second mixing device 308 can be disposed within the second mixing zone 208. The
second mixing device 308 can be a swirler, mixing vanes, wire mesh, or some other device
configured to create a low velocity region for flame holding. The combustion fuel stream 108 can
be injected into the swirling flow and a flame can be held or maintained in the combustion zoae
210. The fuel injector shown in the combustor arrangement 300 is a simplified schematic and
could include a plurality of holes or injectof Openings. The cooling stream 214 cap include carbon
dioxide introduced via line 102 to the annular region 204. The combustion products stream 112 can
be introduced to the expander 111 (see, e.g., FIG. 3A).

07 FIG. 5B depicts an illustrative alternative combustor configuration 320 that can include
a secondary inner shell or secondary combustion liner 324, The secondary inner shell 324 can be
disposed about the combustion liner 203 from & location intermediate the first end 201a and the

_second end 201b and can extend toward the second end 2081b. In at least onc example, the
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secondary inner shell 324 can extend from the location intermediate the first end 201a and the
second end 201b to the second end 201b. The combustor arrangement 320 can also include one or
more mixers 322 disposed within the annular volume 204. The mixers 322 can be located closer to
the second end 201b of the combustor arrangement 320 than in the combustor configuration 300. It
should be noted that the oxygen supply stream via line 104 cannot enter the dilution stream 214, as
it would react with the combustion products within the burnout zone 212. Hence, the secondary
liner 324 beneficially permits a longer mixing zone 206 and avoids introducing oxygen into the

dilution or cooling stream 214,

[0098] In another embodiment, the oxygen supply stream in linc 104 can be introduced at two
locations 104a and 104b. Introducing the oxygen supply strcam via lines 104a and 104b can
permit a spatial variation of the oxygen-to-carbon dioxide ralio in the oxygenation stream to

provide a hot flame zone 211 in the combustion zone 210,

[0099) FIGs. 6A and 0B depict illustrative alternative embodiments of the combustors depicted
in FIGs. 4A-4C, according to one or more embodiments. As such, FIGs. 6A and 6B can be best
understood with reference to FlGs. 4A-4C. The combustor system 400 can include the first mixing
zone 206 near the first end 201a of the combustor 408. The first mixing zone 206 can be
configured to provide a flow rate of the carbon dioxide stream via linc 102, the oxygen supply
stream via line 104, and the combustion fuel stream via line 108 from the first end 201a towards the
second end 201b of the combustor 400. One or more mixers (two arc shown, 402a and 402b) can
be disposed within the first mixing zone 206. The mixers 402a and 402b can have the same or
similar geometry, or alternatively the mixer 402b can have a ditferent geometry from the mixer
4022 to change the ratio of oxygen-to-carbon dioxide across the face of the second mixing zone
208.

{B0100} More particularly, as shown there arc two stages of mixing: the tirst mixing zone or first
stage 206 for mixing oxygen and carbon dioxide to make synthetic air (an oxygenation stream) and
the second mixing zonc or second stage 208 for mixing the combusiion fuel stream 108 with the
synthetic air to produce the combustion stream. The oxygen supply stream via line 104 cém be
injected into the carbon dioxide stream 102 and the mixing can be facilitated using swirler vanes,
bluff body injectors, or wire mesh, for example, to generate turbufence. The mixing between
oxygen and carbon dioxide takes place in the first mixing zone 206 and the length of the first
mixing zovne 206 can be sized to complete this mixing. The combustion fuel stream via line 108
can be injected through a fuel injector, which is shown as a single tube 605, which will feed a series
of injector holes at the tip of the tube 605. Combustion lakes place in the combustion zone 210 and

the walls can be cooled via carbon dioxide introduced via line 102.
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[00101) In one or more embodiments, the combustor system 400 can vary the pressure drop
across the area of the mixers 402a and/or 402b so that the mixture in the middle of the first mixing
zone 206 has a higher oxygen/carbon dioxide ratio than the outer portion of the mixing zone. This
can produce a hotter flame temperature near the center of the combustion zone 21¢ and cooler
temperatures near the walls of the combustor 400. This is suggested by the highet mesh density on
the synair mixet/swirler 402b which inhibits the flow of carbon dioxide versus oxygen into that

TEZION.

001021  FIG. 6B depicts another embodiment where multiple nozzles 108a-¢ and 104a-c are
used in a single combustor 420. This allows for individual nozzles to be turned on or off as the
load in the combustor 420 varies. It also allows for each nozzle to have different swirlers 422a-
422¢ in the first mixing zones 206a-206¢ so that the oxygen/carbon dioxide ratio can be higher near

the middle of the combustor 211 to improve flame stability and lower near the walls 210a-210b.

[00103] FIGs. 7A-7D depict additional alternative embodiments of the combustors depicted in
FIGs. 4A-4C, according to one or more embodiments. As such, FIGs. 7A-7D can be best
understood with reference to FIGs. 4A-4C. FIG. 7A depicts an illustrative combustor 500 that
includes a split of the carbon dioxide stream 102, where a first portion 102b is routed along the
walls of the combustor 500 for cooling while a second portion 102a is routed through an annulus
around a central lance or "swirl inducer" 502. The central lance 502 has side injectors for oxygen
504. The oxygen can be intfroduced tangentially into the substantially axially flowing carbon
dioxide stream 102a. This arrangement can enhance the mixing between the oxygen and carbon
dioxide and produce a swirling synair stream. Multiple oxygen injection locations can be included
to allow for an independent modulation of both the oxygen mass flow rate and swirl of the synair
stream. The swirl inducer 502 can also act as a bluff body in a swirling co-flow and provides
reduced velocities in its wake. These zones of reduced velocities aid in flame stability. The
combustion fuel via line 108 can be introduced in an annulus around the inner carbon dioxide
stream via injector 506, where an end of the fuel injector 506 is flush with the end of the swirl

inducer 302.

[00104]  An exemplary modification of this arrangement can be as depicted in combustor 510,
shown in FIG. 7B. A fuel annulus 512 can extend downstream past the end of the swirl inducer
502 in the combustor 510. The combustor 510 can provide increased residence times for the carbon
dioxide and oxygen streams to mix. This configuration can also be modified to introduce the fuel
radially inward rather than axially downstream. This beneficially keeps the flame contained near
the center and in the wake of the swirl inducer 502. This can also prevent the outer most annulus of

carbon dioxide 102b from quenching the flame or transporting unburnt fuel. In the configurations
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for the combustors 500 and 510, the outer most annulus of carbon dioxide 102b can prevent the
flames from impinging on the walls of the combustors 500, 510 thereby preventing damage to the

combustor 308, 510 walls.

[00105] Beneficially, the use of the swirl inducer 502 can reduce the pressure drop of the
combustor typically associated with swirl vanes. Also, a clear optical path is provided between the
flame and the incoming carbon dioxide 102a stream that allows for the higher absorption of the
carbon dioxide to be harnessed. Therefore, the incoming synair stream could be preheated to a
higher temperature than in a standard combustor utilizing air. It should be noted, however, that the
swirl inducer arrangement of combustor 500 is configured to include substantially all of the oxygen
supply stream 104 in the first mixing zone 206 and may not be readily able to vary the spatial ratio

of oxygen-to-carbon dioxide within the combustion zone 210.

{00106} FIGs. 7C and 7D depict side and top views, respectively, of another illustrative swirl
inducer 530. In one or more embodiments; the swirl inducer 530 can have a configuration where
the carbon dioxide stream 102a is injected tangentially into the oxygen stream 104 to produce a
swirling first mixture 522 (oxygenation or synair stream} that includes oxygen and carbon dioxide.
The angles of injection (o) and (B) can be varied to balance the characteristics of the aerodynamic
blockage with the mixing length. The angle of injection (¢) can range from a low of about 1°,
about 5°, about 10°, about 20°, or about 30° to a high of about 50°, about 60°, about 70°, about 80°,
or about 90° with respect to a longitudinal central axis disposed through the swirl inducer 530, The
angle of injection (B) can range from a low of about 1°, about 5°, about 10°, about 20°, or about 30°
to a high of about 50°, about 60°, about 70°, about 80°, or about 90° with respect to a longitudinal
central axis disposed through the swirl inducer 530. In one or more embodiments, the introduction
of the oxygen stream 104 and the carbon dioxide siream 102a to the swirl inducer 530 could be
reversed. In other words, the oxygen stream 104 could be injected tangentially into the carbon

dioxide stream 102a to create the swirling first mixture 522 (oxygenation or synair streamy),

{00107} FIGs. 8A and 8B depict an illustrative tube-bundle type combustor 600 configured to
utilize some elements of the combustors depicted in FIGs. 4A-4C, according to one or more
embodiments. As such, FIGs. 8A and 8B may be best undersiood with reference to FIGs. 4A-4C.
One particular design configuration of this combustor 600 is the bumer assembly 6062. The
combustion burner 602 can include a central bumer body 603 that includes a plurality of tubes 604,
606 in a bundled arrangement disposed within the central burner body 603. The plurality of
bundled tubes can be in an array of alternating combustion fuel injector tubes 604 and oxygen
injector tubes 606. FIG. 8B depicts a cross-sectional view of the burner assembly 602 showing one

configuration of the plurality of tubes 604, 606 in a bundled arrangement. One or more openings
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608 can be disposed through a side of the central bumer body 603 that allows for some carbon
dioxide from the carbon dioxide stream 102a to enter the combustion bumer 602. The carbon
dioxide can flow between and around the bundled combustion fuel and oxygen injector tubes 604
and 606, respectively, and exit the combustion burner 602 exially, The size of the burner assembly
602 along with the numbor, size, and arangement of the fuel and oxygen injector mbes 604, 606,

respectively, can be varied depending on the specific requirements of the combustor 609.

(00208)  The close proximity of the injector rubes 604, 686, with respect to one another, can
provide for efficient mixing between the combustion fuel introduced via line 108 and the oxygen
introduced via line 104. The close proximity of the injector tubes 604, 606, with respect to one
another, can also provide a reliable and predictabie variation of the mixture fraction across the face
of the combustion burner 602. The combustor 600 can be designed to allow for the combustion
fuel 108 and oxygen 104 flow rates through the injector tubes 604, 608, respectively, to be
modulated independently. Independent modulation of the combustion fuel 108 and the oxygen 104

can provide g high degree of contrel oves the mixtare fraction across the face of the combustion
burner 602.

{00109  The bundling of the combustion fuel and oxygen injector tbes 604, 606, respectively,
can also improve combustion of the combustion fuel 108 and oxygen 104 introduced into the
combustor 600. The bundling of the combustion fuel and oxygen injector tubes 604, 606,
respectively, can also reduce a loss of the combustion fuel 108 and oxygen 104 to the co-flowing
carbon dioxide stream 102a. The carbon dioxide 102a flowing between the injector tubes 604, 606
can act as § diluent or cooling stream, help manage temperature requirements, and/or the flow of
the carbon dioxide 102a could be designed to create a hot pilot zone in the middic of the bundle.
Similar to cooling holes in cpmbustor liners 203 (discussed and described above), the side openings
608 on the side of the combustion burner 602 can be changed in size to adjust the flow rate of

carbon dioxide through the combustion bumer 602.

{o110]  FIG. 9 depicts an illustrative trapped vortex type combustor 700 configured to utilize
ane or more of the elements of the combustor systems 200, 220, 240 depicted in FIGs: 4A-4C,
respectively, according to one or more embodiments, As such, FIG., 9 can be best understood with
reference to FIGs. 4A-<4C, The combustor 700 can include one or more cavities (two are shown
702, 704) disposed within the combustion liner 203. The cavities 702, 704 can extend into the
amnulus 204 disposed between the combustion liner 203 and the outer shell 202 of the combustor
T00.

0011}  The carbon dioxide stream via line 102 can be ronted along the walls of the combustor
700 and directed into the first mixing zone 206. Openings or holes 213 can be sized for the
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combustar 700 and can allow for a portion of the carbon dioxide stream 102 to enter the combustor
dt;wnsueam of the combustion zone 219 indicated via lines 214 and dilute the combustion products
within the burnout zone 212 and cool the combustion liner 203, The carbon dioxide that does not
enter the openings or holes 213 can flow through the anaulus 204 and along the back of the cavity
or cavities 702, 704 thereby cooling them. Although not shown, the backside of the cavity or
cavities 702, 704 can also include cooling fins or other modifications that can increase the surface
area thereof for more efficient cooling of the cavities 702, 704 if required for a specific combustor.
This design serves the dual role of not only reducing the temperature of the wall of the cavities 702
and 704, but can also preheat the carbon dioxide stream 102,

(001121 The oxygen's;upply stream 1(4a can be injected into the carbon dioxide stream 102
within the combustion liner 203 upstream of the cavities 702 and 704, The oxygen supply stream
fMa can mix with the carbon dioxide stream 102 in the ﬁmt mixing zone 206 to form the
oxygenation or synair stream. Note that FIG. 9 depicts a series of two cavities 702 and 704 for
illustration purposes only. The combustor 700 can include a single cavity, two cavities 702, 704, or
three or more cavities without departing from the scope of the disclosure. Bach cavity 702 and 704
can include one or more injection locations for either the combustion fuel stream 108, a secondary
oxygen supply stream 104b, or a mixture of the combustion fuel stream and the secondary oxygen
supply stream. The injection locations can also be varied in the cavity to match the requirements of
the combustor 700, In this configuration, each cavity operates independently and the flow rates of
the combustion fuel supply stream 108 and secondary oxygen supply stream 104b can b.c
modulated independently in each cavity 702 and 704. This allows for a much wider operating
envelope. The flames exist stably either in the cavity 762, 704 or just at the entrance of the cavity
702, 704 aided by the reduced velocities and recirculation zone(s) in the cavity 70?, 704, The
trapped vortex combustor 700 can also include a long optical path length 905 to allow efficient
preheating of the carbon dioxide stream 102 and therefore the sypair stream. An advantage of the
trapped vortex combustor 700 over traditional gas turbine combustors is the greatly rcduced
pressure drop. There ate minimal blockages to the carbon dioxide stream 102 which results in a

reduced loss in carbon dioxide pressure.

[00113)  FIGs. 10A and 10B depict illustrative flow charts of methods for operating one or more
of the combustors depicted in FIGs. 4A-9', according to one or rore embodiments. As such, FIGs. -
10A. and 10B can be best understood with reference to FIGs. 4A-9. The method 800 can include
mixing 804 an oxygen supply stream and at least a portion of 4 carbon dioxide siream in a first
mixing zone to form a frst mixture comprising oxygen and carbon dioxide, i.e., an "oxygenation

strearn” or "synair stream.” The method 800 can also include mixing 806 the first mixture and a
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combustion fucl strcam in a second mixing zone to form a mixed combustion stream. The mixed
combustion siream can be at least partially combusted 808 to form a combustion products stream.
As depicted in FIG. 10B, thc method 820 can inclade varying 824 a spatial ratio of oxygen-to-

carbon dioxide across a burner face of a combustor 1o increase flame stability in the combustor.

(00114} Referring again to FIGs. ¢A-4C, the bumout zone 212 of the combustor 110 can include
at least one of a passive dilution zone 218 having a series of holes disposed through the combustion
liner 263 configured to cool and quench the combustion lincr 203 of the combustor 110; an active
dilution zone (not shown) having at least one quench port configured to actively deliver at leasi a
portion of the second portion of the carbon dioxide stream 102b to the combustor 110 to mix with
the combustion products stream 112; a series of staged quench ports {(not shown) to actively control
a temperature paltern through the burnout zone 212; and any combination thercof. In one or more
embodiments, the burnout zone 212 can also include a sensor 218, such as a pressure transducer, to
monitor, measure and/or estimate pressure oscillations within the combustor 110, which can be a
sign of flame blowout. An oxygen analyzer (not shown) can also be included in the combustor 110

to provide another input to the oxygen feedback loop.

[00115] In terms of heating value, the oxygenation stream 106 can have no heating value, the
combustion fucl stream 108 can havc a relatively high value (e.g., from at about 500 British thermal

units per standard cubic foot (BTU/scl) to about 950 BTU/scf).

j00116)  During operation, the combustion zone 210 can produce temperatures of [rom about
1,500°C to about 2,200°C. With the addition of the carbon dioxide stream: 102b, the combustion
products stream 112 is expected to range from about [,000°C up to about 1,400°C as the
combustion products stream enters the burnout zonc 212. Additional quench gas 102b can be
introduced via the outer wall of the burnout zone 212 generating a sort of "gas cavelope” to keep
the wall of the combustor 110 cooler than the hot flame zone 211. In one exemplary embodiment,
the cooling stream 102b can be stripped of hydrocarbons to minimize soot formation, if necessary.
In another excmplary embodiment, the combustion takes place at higher than atmospheric pressure,

such as above about 10 atmospheres.
EXAMPLES

(00117} Some excmplary gas stream compositions are provided in the tables below as examples
of gas streams at different stages of production in a single gas production ficld, or different gas
production fields. Table 1 provides specific stream compositions and flow rates for a production

well at or near the beginning of production,

| _ Table 1: Start-up ]

1.




Stream | Sfream | Stream | Stream | Stream
Component 104 108b 108a 102a 112
0O, 0559% 0 0 0 0.44%
CO; 0 0 0 76.23% | 61.83%
CHy 0 0 100% 0 0.00%
- COo 0 0 0 0 0.85%
- oH_ 0 0 0 0 | 012%
H; 0 0 0 0 0.09%
H,0 0 0 0 16.99% | 30.42%
Ar 426% 0 0 6.78% | 6.34%
Misc . 015%. 0 0 0 1 %
Total 100.00% { 0.00% | 100.00% | 100.00% | 100.09%
Pressure
(psig) 300 300 300 300 250
Temp (°F) 755 500 60 ! 540 1701.7
LB Mboles 13474.1 0 6464,1 143860 | 163798
Flow
(Ib/hr) 436010 0 103425 | 6282874 * 6822309
(oo118;  Table 2 provides specific stream compositions and flow rates for a production well atter
CO; breaktlirough.
Table 2: Post Breakthrough
| Stream | Stream ' Stream !Stream Stream
Component 104 108D 108a ;| 102a 112
0, 95.59% 0 0 0 0.01%
CO, 0 88.16% 0 0 64.15%
CH, 0 5.21% 100% | 0 0.00% |
C; 0 2.76% 0 0 0.00%
Cs 0 1.25% 0 0 0.00%
CO 0 0% 0 () 0.03% |
OH 0 0% 0 0 0.00%
H, 0 0% 0 0 0.24%
. H,O 0 0% 0 0 31.02%
N, 0 1% 0 0 ! 0.84%
Ar 4.26% | 0 0 0 | 0.40%
Misc_ 0.15% | 1.77% | 0 0 | 330%
Total 100.00% | 100.00% | 100.00% | 0.00% | 100.00%
Pressure
(psig) 300 300 300 300 250
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Temp (°F) i 755 500 160 540 | 1701.7
LB Moles 134741 | 136740 | 171.8 0 150386
Flow (Ib/hr) 412653 | 5639146 | 2748 0 | 6054547

[00119) Embodiments of the present invention further relate to any one or more of the following

paragraphs:

[060126] 1. A combustor system, comprising: a combustor having a first end, a second end, an
outer shell, an inner shell, and an annular volume formed between the outer shell and the inner shell
extending from the first end to the second end; a carbon dioxide inlet contigured to introduce
carbon dioxide to the combustor; an oxygen inlet configured to introduce oxygen to the combustor;
a first mixing zone configured to mix a [irst portion of any carbon dioxide introduced through the
carbon dioxide inlet with at least a portion of any oxygen introduced through the oxygen inlet to
produce a first mixture comprising oxygen and carbon dioxide; a fuel inlet configured to introduce
a fuel to the combustor; a second mixing zone configured to mix the first mixture and the fuel to
produce a second mixiure comprising oxygen, carbon dioxide, and fuel; and a combustion zone
configured to combust the second mixture to produce a combustion prodvet, wherein a second
portion of any carbon dioxide imtroduced through the carbon dioxide inlet flows through one or

more apertures disposed through the inncr shell and mixes with and cools the combustion product.

[00121) 2. The system according to paragraph 1, wherein the first portion of any carbon dioxide
introduced through the carbon dioxide inlet flows through the annular volume of the combustor
toward the first end of the combustor from the second end of the combustor, wherein the oxygen
inlet is positioned in the annular volume at a distance from the first end of the combustor
configured to promote mixing of the first portion of any carbon dioxide infroduced through the
carbon dioxide inlet and the oxygen introduced through the oxygen inlet, and wherein the fuel is

introduced into the first end of the combustor.

[00122] 3. The system according to paragraph 2, wherein the oxygen inlet comprises a plurality
of injector holes dispesed through at least one of a wall of the combustor and a ring in the annular

volume.

[00123) 4. The system according lo paragraph 2, further comprising a secondary inner shell
configured to prevent introduction of the oxygen introduced through the oxygen inlet through the
inner shell, wherein the first mixing zone is positioned at a distance from the first end of the
combustor and configured to promote mixing of the oxygen introduced through the oxygen inlet

and the first portion of any carbon dioxide introduced through the carbon dioxide inlet.
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[00124] 5. The system according to paragraph 1, wherein the oxygen inlet is positioned at the
first end of the combustor, wherein the fuel is introduced into the first end of the combusto, and
wherein a tlow of the first mixture is from the first end of the combustor to the second end of the

combustor.

(00125] 6. ‘The system according to paragraph 5, further comprising a plurality of burners
configured to perform a function selected from the group consisting of: introduce at least a portion
of the oxygen introduced through the oxygen inlet to the second mixing zone, introduce the fuel to
the second mixing zone, introduce at least a portion of the oxygen introduced through the oxygen

inlet to the first mixing zone, and any combination thereof.

[00126] 7. The system according to paragraph 6, wherein any one or a portion of the plurality of
burners is configured to be turned off to control a load of the combustor and generate a different

oxygen-to-carbon dioxide ratio in each bumer.

00127} 8. The system according to any one of paragraphs 2, 4, and 6, wherein the first mixture
comprises a spatially varied ratio of oxygen-to-carbon dioxide configured to generaie a hot zone in

a portion of the combustion zone to increase flame stability therein.

[06128] 9. The system according to paragraph 8, further comprising at least one sccondary

oxygen inlet configured to spatially vary the ratio of oxygen-to-carbon dioxide in the {irst mixture.

[60129] 10. The svstem according to paragraph 8, further comprising a variable geometry
mixing device positioned in the first mixing zone configured to spatially vary the ratio of oxygen-

to-carbon dioxids in the first mixture.

[00130] 11. The system according to any one of paragraphs 2, 4, and 6, further comprising a gas
inlet configured to provide an anchor flame upstream of the combustion zone to increase flame

stability in the combustion zone.

[00131) 12. The system according to any one of paragraphs 2, 4, and 6, further comprising: a
mixing device positioned in the first mixing zone configured to enhance the mixing of the first
mixture; and a second mixing device positioned in the sccond mixing zone configured to create a

low velocity region to increase flame stability in the combustion zone.

{00132} 13. The system according to paragraph 1, wherein the first mixing zone comprises a

swirl inducer configured to introduce the oxygen inio the carbon dioxide at an angle tangential to a
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flow path of the {irst portion of any carbon dioxide introduced through the carbon dioxide inlet to

generate a swirling first mixture.

[00133] 14, The system according to paragraph 1, further comprising: at least one cavity
positioned in the second mixing zone configured to deliver at least a portion of the [uel to the
combustion zone to produce a low-velocity region to enhance flame stability in the combustion
zone, whercin the first portion of any carbon dioxide introduced through the carbon dioxide inlet
flows through the annular volume of the combustor toward the first end of the combustor from the
second end of the combustor to cool a wall of the at least one cavity, and wherein the first mixing

zone 1s located near the {irst end of the combustor.

[06134] 15. The system according to paragraph 14, further comprising at least one secondary
oxygen inlet in the at Icast one cavity to form a hot flame zonc to increase flame stability in the

combustion zone.

[00135] 16. The system according to paragraph 9 or |1, further comprising a controller to
actively contro! the spatial variation of the oxygen concentration by controlling the ratio of oxygen
flow through two or more of the oxygen inlet, the at least one secondary oxygen inlet, and the gas

inlet.

[00136] 17. A combustion burner system, comprising: a combustor having a first end, a second
end, an outer shell, an inncr shell, a combustion burner comprising a burner face, and a combustion
zone; a carbon dioxide inlel, an oxygen inlet, and a fuel inlet; and a mixing zone configured to mix
a first portion of any carbon dioxide introduced through the carbon dioxide inlet and at least a
portion of any oxygen introduced through the oxygen inlet to produce a first mixture comprising
oxygen and carbon dioxide, wherein the first mixture comprises a spatially varied ratic of oxygen-
to-carbon dioxide across the burner face configured to generate a hot zone in a combustion zone to

increase flame stability in the combustion zone.

[00137] 18. The system according to paragraph 17, wherein the hot zone is located substantially

in the center of the combustion zone.

[00138) 19. The system according to paragraph 18, further comprising at least one secondary

oxygen inlet configured to spatially vary the ratio of oxygen-to-carbon dioxide in the first mixture,

[00139] 20. The system according to paragraph 19, further comprising a coniroller to actively
contro! the spatial variation of the oxygen-to-carbon dioxide ratio by controlling the ratio of oxygen

flow through the oxygen inlet and the at least one secondary oxygen inlet.
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{00140}  21. The system according to paragraph 18, further comprising a variable geometry
mixing device in the first mixing zone configured to spatially vary the ratio of oxygen-to-carbon

dioxide.

100141} 22, The system according to paragraph 20, further comprising: an annular
volume formed between the outer shell and the inner shell extending {rom the first end to the
sccond end, wherein the first portion of any carbon dioxide introduced through the carbon dioxide
inlet is configured to flow through the annular volume toward the first end of the combustor from
the second end of the combustor, wherein the oxygen inlet is configured to deliver the oxygen
introduced through the oxygen inlet io the first portion of any carbon dioxide introduced through
the carbon dioxide inlet to produce the {irst mixture, and wherein the oxygen inlet is positioned in
the annular volume at a distance from the first end of the combustor, wherein the distance is

configured to promote mixing of the first mixture.

[00142] 23. The system according to paragraph 22, wherein the oxygen inlet comprises a
plurality of injector holes disposed through at least onc of a wall of the combustor and a ring in the

annular volume.

{00143}  24. The system according to paragraph 23, further comprising a secondary inner shell
configured to prevent introduction of the oxygen through the inner shell, wherein the oxygen inlet
is positioned at a distance from the first end of the combustlor and contigured to promote mixing of

the first mixture.

[06144] 25. The system according fo any one of paragraphs 20 and 21, wherein the oxygen inlet
and the fuel inlet are positioned at the first end of the combustor and a flow of the first mixture is

from the first end of the combustor to the second end of the combustor.

{00145] 26. The system according to paragraph 17, wherein the combustion burner further
comprises: a central burner body having a plurality of tubes in a bundled arrangement disposed
therein, wherein a first portion of the plurality of tubes are configured to carty the fuel and a second
portion of the plurality tubes are configured to carry the oxygen; an opening disposed through at
least a portion of a side of the central burner body configured to permit the passage of the first
portion of any carbon dioxide info a volume disposed between the plurality of tubes; and a
controller configured to modulate at least a flow rate of the oxygen across the second portion of the
tubes configured to carry the oxygen to spatially vary the ratio of oxygen-to-carbon dioxide across

the burner face.
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[00146] 27, The system according to any one of paragraphs 17, 22, 25, and 26, further
comprising a gas injection device configured to provide an anchor flame upstream of the
combustion zone, the anchor flame being adapted to increase flame stability in the combustion

zone.

001477  28. A method for combusting a fuel in a combustion system, comprising: mixing
oxygen and carbon dioxide in a first mixing zone of a combustor to produce a first mixture; mixing
the first mixture and a fuel in a second mixing zone of the combustor to produce a second mixture;
and combusting at least a portion of the fuel in the second mixture to produce a combustion

product.

00148)  29. The method of paragraph 28, further comprising applying the method of claim 28 to

the combustor system of any one of claims 2, 4, 6, 13, and 14.

[00149] 30. A method for combusting a fuel in a combustion system, comprising: varying a
spatial ratio of oxygen-to-carbon dioxide across a bumer face of a combustor to increase flame

stability in the combustor.

[00150] 31. The method according to paragraph 30, further comprising applying the method of

claim 30 to the combustor systems of any one of claims 17, 22, 25, and 26.

[00151] While the present invention may be susceptible to various modifications and alternative
forms, the exemplary embodiments discussed above have been shown only by way of example.
However, it should again be understood that the invention is not intended to be limited to the
particular embodiments disclosed herein. Indeed, the present invention includes all alternatives,

modifications, and equivalents falling within the true spirit and scope of the appended claims.
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Claims
What is claimed is:
1 A combustor system, comprising:

a combustor having a first end, a second end, an outer shell, an inner shell, and an annular
volume formed between the outer shefl and the inner shell extending from the first end to the
second end;

a carbon dioxide inlet configured to introduce carbon dioxide to the combustor;

an oxygen inlet configured to introduce oxygen to the combustor;

) a first mixing zone disposed in the combustor and configured to mix a first portion of any
carbon dioxide introduced through the carbon dioxide inlet with at least a portion of any oxygen
introduced through the oxygen inlet to produce a first mixture within the first mixing zone
comprising oxygen and carbon dioxide; '

a fuel inlet configured to introduce a fuel to the combustor;

a second mixing zone disposed in the combustor and configured to mix the first mixture
and the fuel to produce a second mixture within the second mixing zone comprising oxygen,
carbon dioxide, and fuel; and

4 combustion zone cdnﬁgurcd to combust the second mixture to produvceAa combustion
product, wherein a second portion of any carbon dioxide introduced thmugﬂ the carbon dioxide
inlet flows through one or more apertures disposed through the inner shell and mixes with and

cools the combustion product,

2. The system of claim I, wherein;

the first portion of any carbon dioxide introduced through the carbon dioxide inlet flows
through the annular volume of the combustor ‘toward the first end of the combustor from the
seéond end of the combustor; R

wherein the oxygen inlet is positioned in the annular volume at & distancé from the first
end of the combustor configured to promote mixing of the first portion of any carbon dioxide
introduced through the carbon dioxide inlet and the oxygen introduced through the oxygen inlet;
ond S

wherein the fuel is introduced into the first end of the combustor.

3. The system, of claim 2, wherein the oxygen inlet coraprises & plurality of injector holes
disposed through at least one of 2 wall of the combustor and a ring in the annular volume.
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4. The system of claim 2, further comprising a secondary inner shell configured to prevent
introduction of the oxygen introduced through the oxygen inlet through the inner shell, wherein
the first mixing zone is positioned at a distance from the first end of the combustor and
configured to promote mixing of the oxygen introduced through the oxygen inlet and the first
portion of any carbon dioxide introduced through the carbor dioxide inlet. )

5. The system of claim 1, wherein:
the oxygen inlet is positioned at the first end of the combustor;
the fuel is introduced into the first end of the combustor; and
a flow of the first mixture is from the first end of the combustor to the second end of the

combustor,

6. The system of claim 5, further comprising a plurality of bumers configured to perform a
function selected from the group consisting of: introduce at least a portion of the oxygen
introduced through the oxygen inlet to the sccond mixing zone, introduce the fuel to the second
mixing zone, introduce at least a portion of the oxygen introduced through the oxygen inlet to the

first mixing zone, and any corabination thercof,

7 The system of claim 6, wherein any onc or a portion of the plurality of bumers is
configured to be turned off to centrol a load of the combustor and generate.a diffexrent oxygen-to-

carbon dioxide ratio in each burner.

8. The system of any one of claims 2, 4, and 6, wherein the first mixture coxﬁpriscs a
spatially varied ratio of oxygen-to-carbon dioxide configured to generate a hot zone in a portion

of the combustion zone to increase flame stability therein.

9. The system of claim 8, further comprising at least one secondary oxygen inlet configured
to spatially vary the ratio of oxygen-to-carbon dioxide in the first mixtore.

10.  The system of claim 8, further comprising a variable peometry mixing device positioned

in the first mixing zone configured to spatially vary the ratio of oxygen-to-carbon dioxide in the
first mixture,
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1. The system of any one of claims 2, 4, and 6, further comprising a gas inlet configured to
provide an anchor flame upstream of the combustion zone to increase flame stability in the

combustion zone.

12.  The system of any one of claims 2, 4, and 6, further comprising:

u mixing device positioned in the first mixing zone configured to enhance the mixing of
the first mixture; and

a second mixing device positioned in the second mixing zone configured to create 8 low

velocity region to increase flame stability in the combustion zone.

13.  The system of claim 1, wherein the first mixing zone comprises‘ a swirl inducer
configured to introduce the oxygen into the carbon dioxide at an angle tangential to a flow path
of the first portion of any carbon dioxide introduced through the carbon dioxide inlet to generate

4 swirling first mixture,

14.  The system of claim 1, farther comprising:

at Jeast one cavity positioned in the second mixing zone configured to deliver at least a
portion of the fuel to the combustion zone to produce a low-velotity region to enhance flame
stability in the combustion zone, wherein the first portion of any carbon dioxide introduced
through the carbon dioxide inlet flows through the annular volume of the combustor towsard the
first end of the combustor from the second end of the combustor to cool a wall of the at least one
cavity, and wherein the first mixing zone is located near the first end of the combustor.

15. ° The system of claim 14, further comprising at least one secondary oxygen inlet in the at

least one cavity to form a hot flame zone to increase flame stability in the combustion zone.

16.  The system of claim 9, further comprising & controller to actively control the spatial
variation of the oxygen concentration by controlling"the ratio of oxygen flow through two or
more of the oxygen inlet, the at least coe sccondary oxygen inlet, and the gas inlet,

17. A combustion burner system, comprising:
a combustor having a first end, a second end, an outer shell, an inner shell, 4 combustion

bumer comprising a bumer féce. and a combustion zone;
a carbon dioxide inlet, an oxygen inlet, and a fuel inlet; and
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a mixing zone disposed within the combustor and configured to mix a first portion of any
carbon dioxide introduced through the carbon dioxide inlet and at least a portion of any oxygen
introduced througlr the oxygen inlet to produce a first mixture within the mixing zone comprising
oxygen and carbon dioxide, wherein the first mixture comprises a spatially varied ratio of .
oxygen-to-carbon dioxide across the bumer face configured to generate & hot zone in a

combustion zone to increase flame stability in the combustion zone. |

18. The system of claim 17, further comprising at least one secondary oxyges inlet
configured to spaual]y vary the ratio of oxygen-to-carbon dioxide in the first mixture.

19 * The system of claim 18, further compnsmg a coutroller to actively control the spatial
vedation of the oxygen-to-carbon dioxide ratio by conttol]mg the ratio of oxygen flow through

the oxygen inlet and the at least one secondary oxygen 'inlet.

20.  The system of claim 17, further comprising 2 variable geometry mixing device in the first

mixing zone configured to spatially vary the ratio of oxygen-to-carbon dioxide.

21.  The system of claim 19, further comprising:

an anoular volume formed between the outer shell and the inner shell extending from the
first end to the second end, wherein the first portion of any carbon dioxide introduced through the
carbon dioxide inlet is configured to flow through the annular volume toward the first end of the
combustor from the second end of the combustor, wherein' the oxygen inlet is configured to
deliver the oxygen introduced through the oxygen inlet to-the first portion of any carbon dioxide
introdoced through the carbon dioxide inlet to produce the first mixtuse, and wherein the oxygen
inlet is positioned in the annular volume at a distance from the first end of the combustor,

wherein the distance is configured to promote mixing of the first mizture.

22.  The sysiem of claim 21, wherein the oxygen inlet comprises a plurality of injector holes
disposed through at least one of a wall of the combustor and a ring in the annular volume,

23.  The system of claim 22, further comprising a secondary inner shell configured to prevent
introduction of the oxygen through the inner shell, wherein the oxygen inlet is positioned at a
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distance from the first end of the combustor und configured to prﬁmote mixing of the first

mixtuse.

24.  The system of any one of claims 19 and 20, wherejn the oxygen inlet and the fue} inlet arc
positioned at the first end of the combustor and a flow of the first mixture is from the first end of

the combustor to the second end of the combustor,

25,  The system of claim 17, wherein the combustion burner further comprises:

e a central burner body having a plurality of tubes in a bupdled arrangement disposed
therein, wherein a first portion of the plurality of tubes are configured to carry the fitel and 2
second portion of the plurality tbes are configured to carry the oxygen;

an opening disposed throngh at least a portion of a side of the central burner body
configured to permit the passage of the first portion of any carbon dioxide into a volume disposed

between the plurality of tubes; and
# controller configured to modulate at least 2 flow rate of the oxygen across the second

portion of the tubes configured to carry the bxygen to spatially vary the ratio of oxygen-to-cerbon

dioxide across the burner face.

26.  The system of any one of claims 17, 21, and 25, further comprising a gas injection device
configured to provide an enchor flame upstream of the combustion zone, the anchor flame being
adapted to increase flame stability in the combustion zone,

27. A method for combusting a fuel in a combustion system, comprising:
mixiné oxygen and carbon dioxide in a first mixing zone disposed within a combustor to
produce a first mixture;
" mixing the first mixture and a fuel in a second mixing zone disposed Within the

combustor to produce a second mixture; and
combosting at least a portion of the fuel in the second mixture to produce 2 combustion

product.

28.  Themethod of claim 27, applied to the combustor system of any one of claims 2, 4, 6, 13,

and 14,

29. ' A method for combusting a foel in a combustion system, comprising:
introducing oxygen and carbon dioxide to a bumner face of a combustor; and
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varying a spatial ratio of the oxygen to the carbon dioxide scross the bumer face to

increase flame stability in the combustor.

30.  The method of claim 29, applied to the combustor systems of any one of claims 17, 21,
S and 25. '




