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ABSTRACT

A system and method for operating a combustion system comprising a fuel nozzle
defining at least one main fuel circuit and at least one pilot fuel circuit is generally provided.
The method includes determining an overall flow of fuel, the overall flow of fuel defining
a sum total fuel through the main fuel circuit and the pilot fuel circuit; determining a
plurality of ranges of ratios of main fuel flow through the main fuel circuit versus pilot fuel
flow through the pilot circuit from the overall flow of fuel, wherein each range of ratios is
based on a combustion criterion different from one another; determining a resultant range
of ratios of main fuel flow versus pilot fuel flow based on a hierarchy of combustion
criteria, wherein the hierarchy of combustion criteria provides a priority ranking of the
combustion criterion; and flowing the overall flow of fuel to the main fuel circuit and the
pilot fuel circuit based on the resultant range of ratios of main fuel flow versus pilot fuel

flow.
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METHOD OF OPERATING A COMBUSTION SYSTEM WITH MAIN AND PILOT
FUEL CIRCUITS

FIELD

[0001] The present subject matter relates generally to gas turbine engine combustor
assemblies. More particularly, the present subject matter relates to a method of operating
a combustion system with main and pilot fuel circuits relative to a plurality of desired

operating parameters.
BACKGROUND

[0002] Aircraft gas turbine engines include a combustor in which fuel is burned to input
heat to the engine cycle. Typical combustors incorporate one or more fuel injectors whose
function is to introduce liquid fuel into an air flow stream so that it can atomize and burn.
Staged combustors have been developed to operate with low pollution, high efficiency, low
cost, high engine output, and good engine operability. In a staged combustor, the fuel
nozzles of the combustor are operable to selectively inject fuel through two or more discrete
stages, each stage being defined by individual fuel flowpaths within the fuel nozzle. For
example, the fuel nozzle may include a pilot stage that operates continuously, and a main
stage that operates only at higher engine power levels. An example of such a fuel nozzle
is a twin annular premixed swirler (TAPS) fuel nozzle, which requires two injection/mixing

stages within the injector for low emissions.

[0003] Known systems and methods of control of a combustion system include
controlling a pilot to main fuel split with one or more fixed pilot/main splits versus cycle
parameter schedules. For example, the cycle parameter may define one or more engine
conditions at the combustion system, including a combustion inlet temperature, a
combustion inlet pressure, a main fuel pressure or flow, and a pilot fuel pressure or flow.
However, such known schedules are generally inadequate for determining low power
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operation and emissions control, mid- and high-power operation and emissions control,
combustion stability, flameout/lean blowout protection, and fuel burn/fuel efficiency. As
such, there is a need for a method of operating a combustion system which controls the

main and pilot fuel circuits that provides for the aforementioned inadequacies.
BRIEF DESCRIPTION

[0004] Aspects and advantages of the invention will be set forth in part in the following
description, or may be obvious from the description, or may be learned through practice of

the invention.

[0005] A method for operating a combustion system comprising a fuel nozzle defining
at least one main fuel circuit and at least one pilot fuel circuit is generally provided. The
method includes determining an overall flow of fuel, the overall flow of fuel defining a
sum total fuel through the main fuel circuit and the pilot fuel circuit; determining a plurality
of ranges of ratios of main fuel flow through the main fuel circuit versus pilot fuel flow
through the pilot circuit from the overall flow of fuel, wherein each range of ratios is based
on a combustion criterion different from one another; determining a resultant range of
ratios of main fuel flow versus pilot fuel flow based on a hierarchy of combustion criteria,
wherein the hierarchy of combustion criteria provides a priority ranking of the combustion
criterion; and flowing the overall flow of fuel to the main fuel circuit and the pilot fuel

circuit based on the resultant range of ratios of main fuel flow versus pilot fuel flow.

[0006] In various embodiments, the method further includes determining a ratio of
main fuel flow versus pilot fuel flow within the resultant range of ratios, wherein the ratio
of main fuel flow versus pilot fuel flow is based on an engine operating condition. In one
embodiment, determining the ratio of main fuel flow versus pilot fuel flow based on the
engine operating condition is further based on whether the engine operating condition is a

steady state operating condition or a transient operating condition.
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[0007] In another embodiment, determining the ratio of main fuel flow versus pilot fuel
flow further includes determining a first ratio of main fuel flow versus pilot fuel flow based
on a steady state engine operating condition; and determining a second ratio of main fuel

flow versus pilot fuel flow based on a transient engine operating condition.

[0008] In one embodiment, the method further includes determining a plurality of
ranges of pilot fuel flow to the pilot fuel circuit. Each range of pilot fuel flow defines a
plurality of minimum fuel flow values and a plurality of maximum fuel flow values to the

pilot fuel circuit. Each range of fuel flow is based on a combustion criterion.

[0009] In various embodiments, the combustion criterion includes two or more of an
emissions limit, a lean blow out limit, a rich blow out limit, a combustion stability limit, a

desired combustion efficiency, and a fuel pressure range.

[0010] In still various embodiments, the method further includes determining a
minimum main fuel flow relative to a compressor exit pressure (P3) at which a main fuel
flow is provided through the main fuel circuit. In one embodiment, determining the
minimum P3 at which the main fuel flow is provided through the main fuel circuit is based

on a maximum purge fluid pressure through the main fuel circuit.

[0011] In another embodiment, the method further includes determining a minimum
difference from compressor exit pressure (P3) and a main fuel pressure (Pfm) through the

main fuel circuit based at least on compressor exit temperature (T3) and P3.

[0012] In one embodiment, determining a plurality of ranges of ratios of main fuel flow
versus pilot fuel flow further includes determining a first range of ratios of main fuel flow
versus pilot fuel flow based on a durability parameter of one or more of a combustor liner,

a dome assembly, a fuel nozzle, or a turbine nozzle.

[0013] In another embodiment, determining a plurality of ranges of ratios of main fuel

flow versus pilot fuel flow further includes determining a second range of ratios of main
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fuel flow versus pilot fuel flow based on a minimum valve pressure to flow fuel through

all fuel nozzles.

[0014] In still another embodiment, determining a plurality of ranges of ratios of main
fuel flow versus pilot fuel flow further includes determining a third range of ratios of main

fuel flow versus pilot fuel flow based on a combustion acoustic parameter.

[0015] In still yet another embodiment, determining a plurality of ranges of ratios of
main fuel flow versus pilot fuel flow further includes determining a fourth range of ratios
of main fuel flow versus pilot fuel flow based on at least compressor exit pressure (P3),

compressor exit temperature (T3), and combustion fuel-air ratio (FAR4).

[0016] In one embodiment, the method further includes adjusting the flow of fuel to
the main fuel circuit and the pilot fuel circuit based on a change in engine operating

conditions.

[0017] Another aspect of the present disclosure is directed to a gas turbine engine
including a combustion system comprising a fuel controller and a fuel nozzle. The fuel
nozzle defines a main fuel circuit and pilot fuel circuit. The fuel controller comprises one
or more processors and one or more memory devices. The one or more memory devices
stores instructions that when executed by the one or more processors cause the one or more
processors to perform operations. The operations include determining, via the fuel
controller, a plurality of ranges of ratios of main fuel flow through the main fuel circuit
versus pilot fuel flow through the pilot circuit from the overall flow of fuel, wherein each
range of ratios is based on a combustion criterion different from one another; determining,
via the fuel controller, a resultant range of ratios of main fuel flow versus pilot fuel flow
based on a hierarchy of combustion criteria, wherein the hierarchy of combustion criteria
provides a priority ranking of the combustion criterion; and flowing, through the fuel
nozzle, the overall flow of fuel to the main fuel circuit and the pilot fuel circuit based on

the resultant range of ratios of main fuel flow versus pilot fuel flow. The operations may
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further include determining and executing one or more steps of various embodiments of

the method generally provided herein.

[0018] These and other features, aspects and advantages of the present invention will
become better understood with reference to the following description and appended claims.
The accompanying drawings, which are incorporated in and constitute a part of this
specification, illustrate embodiments of the invention and, together with the description,

serve to explain the principles of the invention.
BRIEF DESCRIPTION OF THE DRAWINGS

[0019] A full and enabling disclosure of the present invention, including the best mode
thereof, directed to one of ordinary skill in the art, is set forth in the specification, which

makes reference to the appended figures, in which:

[0020] FIG. 1 provides a schematic cross-section view of an exemplary gas turbine

engine according to various embodiments of the present subject matter.

[0021] FIG. 2 provides a schematic cross-section view of a combustor system of the
gas turbine engine of FIG. 1, according to an exemplary embodiment of the present subject

matter.

[0022] FIG. 3 provides a schematic cross-section view of a fuel nozzle assembly of the
combustor system of FIG. 2, according to an exemplary embodiment of the present subject

matter.

[0023] FIGS. 4, 5, and 6 provide enlarged views of segments of the fuel nozzle
assembly illustrated in FIG, 3.

[0024] FIGS. 7A and 7B provide a flowchart outlining exemplary steps of a method of
operating a combustion system with main and pilot fuel circuits relative to a plurality of

desired operating parameters.
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[0025] Repeat use of reference characters in the present specification and drawings is

intended to represent the same or analogous features or elements of the present invention.
DETAILED DESCRIPTION

[0026] Reference now will be made in detail to embodiments of the invention, one or
more examples of which are illustrated in the drawings. Each example is provided by way
of explanation of the invention, not limitation of the invention. In fact, it will be apparent
to those skilled in the art that various modifications and variations can be made in the
present invention without departing from the scope of the invention. For instance, features
illustrated or described as part of one embodiment can be used with another embodiment
to yield a still further embodiment. Thus, it is intended that the present invention covers
such modifications and variations as come within the scope of the appended claims and

their equivalents.

[0027] As used herein, the terms “first”, “second”, and “third”, etc., may be used
interchangeably to distinguish one component from another and are not intended to signify
location, importance, or ordinal sequence of the individual components. Similarly, the
terms “primary”, “secondary”, and “tertiary”, etc., may be used interchangeably to
distinguish one component from another and are not intended to signify location,

importance, or ordinal sequence.

[0028] The terms “upstream” and “downstream” refer to the relative direction with
respect to fluid flow in a fluid pathway. For example, “upstream” refers to the direction
from which the fluid flows, and “downstream” refers to the direction to which the fluid

flows.

[0029] Embodiments of methods of operating a combustion system including a main
fuel circuit and a pilot fuel circuit are generally provided. The methods described herein
may determine a fuel pressure/flow to the main fuel circuit and the pilot fuel circuit of a

combustion system that provides low power operation and emissions control, mid- and
6
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high-power operation and emissions control, combustion stability, flameout/lean blow out
protection, fuel burn/fuel efficiency, mitigation of undesired low, mid, and high power
combustion dynamics/acoustics, combustor assembly and nozzle damage, and fuel nozzle

coking.

[0030] Referring now to the drawings, wherein identical numerals indicate the same
elements throughout the figures, FIG. 1 is a schematic cross-sectional view of a gas turbine
engine in accordance with an exemplary embodiment of the present disclosure. More
particularly, for the embodiment of FIG. 1, the gas turbine engine is a high-bypass turbofan
jet engine 10, referred to herein as “turbofan engine 10.” As shown in FIG. 1, the turbofan
engine 10 defines an axial direction A (extending parallel to a longitudinal centerline 12
provided for reference) and a radial direction R. In general, the turbofan 10 includes a fan

section 14 and a core turbine engine 16 disposed downstream from the fan section 14.

[0031] The exemplary core turbine engine 16 depicted generally includes a
substantially tubular outer casing 18 that defines an annular inlet 20. The outer casing 18
encases, in serial flow relationship, a compressor section including a booster or low
pressure (LP) compressor 22 and a high pressure (HP) compressor 24; a combustion section
26; a turbine section including a high pressure (HP) turbine 28 and a low pressure (LP)
turbine 30; and a jet exhaust nozzle section 32. A high pressure (HP) shaft or spool 34
drivingly connects the HP turbine 28 to the HP compressor 24. A low pressure (LP) shaft
or spool 36 drivingly connects the LP turbine 30 to the LP compressor 22. In other
embodiments of turbofan engine 10, additional spools may be provided such that engine

10 may be described as a multi-spool engine.

[0032] For the depicted embodiment, fan section 14 includes a fan 38 having a plurality
of fan blades 40 coupled to a disk 42 in a spaced apart manner. As depicted, fan blades 40
extend outward from disk 42 generally along the radial direction R. The fan blades 40 and

disk 42 are together rotatable about the longitudinal axis 12 by LP shaft 36. In some
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embodiments, a power gear box having a plurality of gears may be included for stepping

down the rotational speed of the LP shaft 36 to a more efficient rotational fan speed.

[0033] Referring still to the exemplary embodiment of FIG. 1, disk 42 is covered by
rotatable front nacelle 48 aerodynamically contoured to promote an airflow through the
plurality of fan blades 40. Additionally, the exemplary fan section 14 includes an annular
fan casing or outer nacelle 50 that circumferentially surrounds the fan 38 and/or at least a
portion of the core turbine engine 16. It should be appreciated that nacelle 50 may be
configured to be supported relative to the core turbine engine 16 by a plurality of
circumferentially-spaced outlet guide vanes 52. Moreover, a downstream section 54 of the
nacelle 50 may extend over an outer portion of the core turbine engine 16 so as to define a

bypass airflow passage 56 therebetween.

[0034] During operation of the turbofan engine 10, a volume of air 58 enters turbofan
10 through an associated inlet 60 of the nacelle 50 and/or fan section 14. As the volume of
air 58 passes across fan blades 40, a first portion of the air 58 as indicated by arrows 62 is
directed or routed into the bypass airflow passage 56 and a second portion of the air 58 as
indicated by arrows 64 is directed or routed into the LP compressor 22. The ratio between
the first portion of air 62 and the second portion of air 64 is commonly known as a bypass
ratio. The pressure of the second portion of air 64 is then increased as it is routed through
the high pressure (HP) compressor 24 and into the combustion section 26, where it is mixed

with fuel and burned to provide combustion gases 66.

[0035] The combustion gases 66 are routed through the HP turbine 28 where a portion
of thermal and/or kinetic energy from the combustion gases 66 is extracted via sequential
stages of HP turbine stator vanes 68 that are coupled to the outer casing 18 and HP turbine
rotor blades 70 that are coupled to the HP shaft or spool 34, thus causing the HP shaft or
spool 34 to rotate, thereby supporting operation of the HP compressor 24. The combustion
gases 06 are then routed through the LP turbine 30 where a second portion of thermal and
kinetic energy is extracted from the combustion gases 66 via sequential stages of LP turbine

8
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stator vanes 72 that are coupled to the outer casing 18 and LP turbine rotor blades 74 that
are coupled to the LP shaft or spool 36, thus causing the LP shaft or spool 36 to rotate,

thereby supporting operation of the LP compressor 22 and/or rotation of the fan 38.

[0036] The combustion gases 66 are subsequently routed through the jet exhaust nozzle
section 32 of the core turbine engine 16 to provide propulsive thrust. Simultaneously, the
pressure of the first portion of air 62 is substantially increased as the first portion of air 62
is routed through the bypass airflow passage 56 before it is exhausted from a fan nozzle
exhaust section 76 of the turbofan 10, also providing propulsive thrust. The HP turbine 28,
the LP turbine 30, and the jet exhaust nozzle section 32 at least partially define a hot gas

path 78 for routing the combustion gases 66 through the core turbine engine 16.

[0037] It will be appreciated that, although described with respect to turbofan 10
having core turbine engine 16, the present subject matter may be applicable to other types
of turbomachinery. For example, the present subject matter may be suitable for use with
or in turboprops, turboshafts, turbojets, industrial and marine gas turbine engines, and/or

auxiliary power units.

[0038] FIG. 2 provides a schematic cross-sectional view of a combustor system 100,
e.g., for use in the gas turbine engine of FIG. 1, according to an exemplary embodiment of
the present subject matter. As shown in FIG. 2, the combustor system 100 comprises a
combustor 101 having a forward end 101a and an aft end 101b. The combustor 101 further
includes an annular inner liner 102 and an annular outer liner 104. The inner liner 102
extends generally along the axial direction A between an upstream end 106 and a
downstream end 108. Similarly, the outer liner 104 extends generally along the axial

direction A between an upstream end 110 and a downstream end 112.

[0039] A combustor dome 114 extends generally along the radial direction R between
the upstream end 106 of the inner liner 102 and the upstream end 110 of the outer liner

104. As shown in FIG. 2, the inner liner 102, the outer liner 104, and the combustor dome

9
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114 define a combustion chamber 116 therebetween. In some embodiments, the combustor
dome 114 is integral with the inner liner 102, i.e., the inner liner 102 and the combustor
dome 114 are integrally formed as a single piece structure, but in other embodiments, the
combustor dome 114 is integral with the outer liner 104, i.e., the outer liner 104 and the
combustor dome 114 are integrally formed as a single piece structure. In still other
embodiments, the combustor dome 114 is formed separately from the inner liner 102 and
the outer liner 104, or in yet other embodiments, the combustor dome 114 is integral with
both the inner and outer liners 102, 104, e.g., at least a first portion of the combustor dome
114 may be integral with the inner liner 102 and at least a second portion of the combustor
dome 114 may be integral with the outer liner 104. The combustor dome 114 may be
formed from any suitable material, e.g., a CMC material or a metallic material, such as a

metal or metal alloy.

[0040] Further, the combustor system 100 includes a fuel nozzle assembly 117 having
a fuel nozzle 118 defining a fuel nozzle outlet 120 at an outlet end 119 of the fuel nozzle
118. A main mixer 190 extends about the fuel nozzle outlet 120 as described in greater
detail below. The fuel nozzle 118 is disposed through the combustor dome 114 such that
the fuel nozzle outlet 120 is disposed at or adjacent the forward end 101a of the combustor
101 to direct a fuel-air mixture into the combustion chamber 116. More particularly, the
exemplary fuel nozzle 118 is of a type configured to inject liquid hydrocarbon fuel into an
airflow stream of the combustor system 100. The fuel nozzle 118 is of a “staged” type,
meaning it is operable to sclectively inject fuel through two or more discrete stages, each

stage being defined by individual fuel flowpaths within the fuel nozzle 118.

[0041] The fuel flowrate may be variable within each of the stages. In the exemplary
embodiment depicted in FIG. 2, the fuel nozzle 118 is connected to a fuel system 122 that
is operable to supply a flow of liquid fuel at varying flowrates according to operational
need. The fuel system 122 supplies fuel to a pilot control valve 124 that is coupled to a

pilot fuel conduit 126, which in turn supplies fuel to a pilot supply line 127. In various
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embodiments, such as shown in regard to FIGS. 3-6, the pilot supply line 127 further
subdivides into a primary pilot supply line 128 and a secondary pilot supply line 130 (FIG.
3) within the fuel nozzle 118. In still other embodiments, the pilot supply line 127 further
subdivides into a tertiary or more pilot supply line. The fuel system 122 also supplies fuel
to a main valve 132 that is coupled to a main fuel conduit 134, which in turn supplies a
main fuel circuit 136 (FIG. 3) of the fuel nozzle 118. In various embodiments, the main
fuel circuit 136 may further subdivide into two or more main fuel circuit lines egressing

fuel into the combustion chamber 116.

[0042] Referring now to FIG. 3, a cross-section view is provided of a portion of the
fuel nozzle assembly 117. Additionally, FIGS. 4, 5, and 6 provide enlarged views of
segments of the portion of fuel nozzle assembly 117 illustrated in FIG. 3. For purposes of
description, reference will be made to a centerline axis CL of the fuel nozzle assembly 117.
In some embodiments, the centerline axis CL is generally parallel to the axial centerline 12
of the engine 10, but in other embodiments, the centerline axis CL may be at an angle
relative to the engine axial centerline 12. The components of the illustrated fuel nozzle
assembly 117 are disposed extending parallel to and surrounding the centerline axis CL,
generally as a series of concentric rings. For instance, a pilot fuel injector 138 is disposed
at or near the outlet 120 of the fuel nozzle 118 and is aligned with the centerline axis CL.
As shown most clearly in FIG. 4, the pilot fuel injector 138 includes a generally annular
inner wall 140 that defines a primary fuel orifice 142 and a generally annular outer wall
144 that defines a secondary fuel orifice 146. The primary pilot supply line 128 supplies
fuel to the fuel nozzle 118 through the primary fuel orifice 142, and the secondary pilot
supply line 130 supplies fuel to the fuel nozzle 118 through the secondary fuel orifice 146.

[0043] As shown in FIGS. 3 and 4, the inner wall 140 is disposed radially inward with
respect to the outer wall 144 such that the outer wall 144 generally surrounds the inner wall
140 and the secondary fuel orifice 146 surrounds the primary fuel orifice 142. Further, in

the depicted embodiment, the primary fuel orifice 142 generally is radially aligned with the
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secondary fuel orifice 146. That is, the primary and secondary fuel orifices 142, 146 are

disposed generally at the same axial location within the fuel nozzle 118.

[0044] An annular pilot splitter 148 circumferentially surrounds the pilot fuel injector
138. The pilot splitter 148 includes an upstream portion 150 and a downstream portion
152. The upstream portion 150 generally is cylindrical in shape, while the downstream
portion 152 generally is conical in shape. The downstream portion 152 generally is
converging with respect to the centerline axis CL, having a wider first section 152a that
gradually diminishes to a narrower second section 152b, where the second section 152b is
downstream with respect to the first section 152a. A plurality of apertures 154 are defined
in the second section 152b, e.g., the plurality of splitter apertures 154 may be defined along
the circumference of the second section 152b and generally may be evenly spaced apart
from one another. The splitter apertures 154 permit a flow of air therethrough, e.g., to
enhance cooling of the pilot splitter 148 and thereby improve the splitter’s durability. The

flow of air is described in greater detail below.

[0045] An annular outer boundary wall 156 circumferentially surrounds the pilot
splitter 148 and defines the outer boundary of a pilot portion P of the fuel nozzle 118. The
outer boundary wall 156 includes a generally cylindrical first portion 156a, a converging
second portion 156b, and a diverging third portion 156¢, such that a throat 158 is defined
between the second and third portions 156b, 156¢. As shown in FIG. 3, the first, second,
and third portions 156a, 156b, 156¢ are axially arranged in flow order, i.e., the first portion
156a is upstream of the second portion 156b, which is upstream of the third portion 156c¢.
Further, the converging second portion 156b of the outer boundary wall 156 generally
follows or is parallel to the converging downstream portion 152 of the pilot splitter 148.
As such, a downstream end 160 of the pilot splitter 148 is disposed generally within the
throat 158 defined by the converging and diverging portions 156b, 156¢ of the outer
boundary wall 156.

12
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[0046] As illustrated in FIGS. 3 and 4, an inner air circuit 162 is defined between the
pilot fuel injector 138 and the pilot splitter 148, and an outer air circuit 164 is defined
between the pilot splitter 148 and the outer boundary wall 156. A circumferential array of
inner swirl vanes 166 radially extends from the pilot fuel injector 138 to the upstream
portion 150 of the pilot splitter 148. Similarly, a circumferential array of outer swirl vanes
168 radially extends from the upstream portion 150 of the pilot splitter 148 to the first
portion 156a of the outer boundary wall 156. The inner swirl vanes 166 are shaped and
oriented to induce a swirl into air flow passing through the inner air circuit 162, and the
outer swirl vanes 168 are shaped and oriented to induce a swirl into air flow passing through

the outer air circuit 164.

[0047] Upstream of the inner and outer air circuits 162, 164, the fuel nozzle 118 defines
a pilot air inlet 170 that permits an ingress of air into the pilot portion P. The air flows into
a pilot airflow passage 172, which is split into the inner air circuit 162 and the outer air
circuit 164 by the pilot splitter 148. At the downstream end 160 of the pilot splitter 148,
the inner and outer air circuits 162, 164 merge back into the single pilot airflow passage
172, which extends through the remainder of the pilot portion P of the fuel nozzle 118. As
shown in FIG. 3, the third portion 156c of the outer boundary wall 156 defines the outer
boundary of the airflow passage 172 through the downstream end of the pilot portion P.
The inner air circuit 162 and outer air circuit 164, including inner and outer swirl vanes
166, 168, and the third portion 156¢ of the outer boundary wall 156 form a pilot swirler
171. The pilot swirler 171 directs and controls the fluid flow, including the flow of air and
the mixture of air and fuel, through the pilot portion P of the fuel nozzle 118. More
particularly, the air swirls through the inner and outer swirl vanes 166, 168 and then
expands as it is mixed with fuel in the generally conically shaped downstream portion of

the pilot swirler 171 defined by the outer boundary wall third portion 156c.

[0048] Further, the fuel nozzle 118 circumferentially surrounds the pilot portion P. In

particular, an outer wall 121 of the fuel nozzle 118 defines the fuel nozzle outlet 120 and
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extends axially to a radially outermost end 178 of the heat shield 176. As illustrated in
FIG. 3, the outer wall 121 is radially spaced apart from the outer boundary wall 156.
Additionally, the outer wall 121 defines an opening 123 that permits a flow of air into the
space between the outer wall 121 and the outer boundary wall 156. The flow of air may
provide cooling to the fuel nozzle outlet end 119 and the fuel nozzle components in the

vicinity of the outlet end 119.

[0049] The pilot fuel injector 138 defines a relatively small, stable pilot flame or burn
zone. The pilot burn zone is centrally located within the annular combustor flow field in a
radial sense. Fuel is supplied to the pilot fuel injector 138 via the primary and secondary
pilot supply lines 128, 130. Air is supplied through the pilot airflow passage 172. The
pilot airflow passage 172 provides a relatively high airflow; stated differently, the portion
of the total combustor airflow directed through the pilot airflow passage 172 is relatively

high, particularly compared to known TAPS combustor designs.

[0050] Continuing with FIG. 3, an annular main portion M extends circumferentially
about the annular pilot portion P of the fuel nozzle 118. The main portion M includes a
main fuel injector 180, which is supplied with fuel through a main fuel circuit 136. The
main fuel circuit 136 is coupled to and supplied with fuel by the main fuel conduit 134. As
illustrated in FIGS. 3, 5, and 6, the main fuel injector 180 includes a plurality of injection
ports 184. Although generally depicted as angled downstream with respect to the centerline
axis CL of the fuel nozzle assembly 117, in various embodiments the plurality of injection
ports 184 may be disposed substantially straight or perpendicular relative to the centerline
axis CL of the fuel nozzle assembly 117. That is, each injection port 184 has an inlet end
186 and an outlet end 188, and the outlet end 188 is oriented downstream with respect to
the inlet end 186 and at an angle with respect to the centerline axis CL. The inlet end 186
permits an ingress of fuel from the main fuel circuit 136 into the injection port 184, and the

outlet end 188 permits an egress of fuel from the injection port 184. As such, the angled
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injection ports 184 permit the egress of fuel from the main fuel circuit 136 toward the center

of the combustion chamber 116 as described in greater detail below.

[0051] The fuel nozzle assembly 117 further includes an annular main mixer or swirler
190 that circumferentially surrounds the fuel nozzle 118 adjacent the main fuel injector
180. The main mixer 190 defines a plurality of inlet apertures 192 about its circumference
to permit airflow into the main mixer 190. As shown in FIGS. 3, 5 and 6, the main mixer
inlet apertures 192 are defined at a forward or upstream end 194 of the main mixer 190. In
some embodiments, the main mixer 190 and its inlet apertures 192 may be shaped and/or
oriented to induce a swirl into air flow passing through the main mixer 190. Downstream
or aft of the apertures 192, the main mixer 190 includes an annular main mixer wall 196
that extends to an aft or downstream end 198 of the main mixer 190 and that is radially
spaced apart from the outer wall 121 of the fuel nozzle 118. A main airflow passage 200
is defined between the main mixer wall 196 and the fuel nozzle outer wall 121. Further,
the main mixer wall 196 defines a main mixer outlet 202 at the downstream end 198. As
such, air flows into the main mixer 190 through the inlet apertures 192, continues through
the main airflow passage 200, and exits the main mixer 190 through the main mixer outlet
202. The main mixer 190 provides a relatively low airflow; stated differently, the portion
of the total combustor airflow directed through the main mixer 190 is relatively low,
particularly compared to known TAPS combustor designs. The airflow to and through the

main portion M is described in greater detail below.

[0052] As also illustrated in FIGS. 3, 5, and 6, the fuel nozzle outer wall 121 defines
an aperture 204 therein that is aligned with the injection port 184. It will be appreciated
that the outer wall 121 defines a plurality of apertures 204 that are each aligned with one
of the injection ports 184. As previously stated, the injection ports 184 may be angled
downstream with respect to the centerline axis CL of the fuel nozzle 118, or
straight/perpendicular relative to the centerline axis CL, or combinations thereof. The outer

wall apertures 204 similarly are defined at an angle with respect to the centerline axis CL;
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the angle of the apertures 204 may be substantially the same as the angle of the injection
ports 184 as shown in the exemplary embodiment of FIGS. 3, 5, and 6. Moreover, the outer
wall apertures 204 are defined downstream of the inlet apertures 192, such that the fuel is
injected within the main airflow passage 200 defined between the main mixer wall 196 and
the fuel nozzle outer wall 121. Accordingly, the fuel mixes in the main airflow passage
200 with the airflow introduced into the main mixer 190 through the main mixer apertures
192, and the fuel-air mixture continues to flow downstream and exits the main mixer 190
into the combustion chamber 116 through the main mixer outlet 202. As previously
described, the angled injection ports 184 and outlet wall apertures 204 help direct the fuel
toward the middle of the combustor 101, such that the fuel within the combustor is more
concentrated toward a center of the combustor. As such, the angled fuel injection may help
control the profile and/or pattern factor of the combustor 101, as well as allow a higher
power operation of the engine and increase the durability of the inner and outer liners 102,
104 and other combustor hardware by directing the fuel and combustion gases away from

the combustor hardware.

[0053]  As previously described, the inner liner 102 and outer liner 104 may be formed
from a ceramic matrix composite (CMC) material, which is a non-metallic material having
high temperature capability. In some embodiments, the combustor dome 114 also may be
formed from a CMC material. More particularly, the combustor dome 114 may be
integrally formed with the inner liner 102 and/or outer liner 104 from a CMC material,
such that the combustor dome 114 and the inner liner 102 and/or outer liner 104 are a single
piece. In other embodiments, the combustor dome 114 may be formed separately from the
inner and outer liners, either as a separate CMC component or from another suitable
material, such as a metal or metal alloy. Still further, one or more components or portions
of the combustion system 100, such as, but not limited to, the liners 102, 104, the combustor
dome 114, and the fuel nozzle assembly 117, may be formed of a CMC material or one or

more metals or metal alloys. The metals or metal alloys include one or more appropriate

16

CA 3018110 2018-09-20



319546-3

for gas turbine engine combustion systems, including, but not limited to, nickel, titanium,

iron or steel, or alloys of each, or combinations thereof.

[0054] Referring now to FIGS. 7A and 7B, an exemplary flowchart of a method of
operating a combustion system comprising a fuel controller and a fuel nozzle defining a
main fuel circuit and pilot fuel circuit is generally provided (hereinafter, “method 1000”).
The combustion system, the fuel controller, and the fuel nozzle may be configured
substantially similarly as shown and described in regard to FIGS. 1-6. For example, the
method 100 may be implemented with the fuel system 122 and the combustor system 100
including the fuel nozzle assembly 117 and fuel nozzle 118 as shown and described in
regard to FIGS. 1-6. The fuel system 122 and the fuel nozzle assembly 117 together may
define the main fuel circuit as the main fuel conduit 134 and the main fuel circuit 136, in
which the main fuel circuit 136 egresses fuel to the combustion chamber 116 such as shown
in FIG. 2. The fuel system 122 and the fuel nozzle assembly 117 together may further
define the pilot fuel circuit as the pilot fuel conduit 126 and a pilot supply line 127 through
the fuel nozzle assembly 117 egressing to the combustion chamber 116, such as shown in
FIG. 2. In various embodiments, the fuel system 122 and the fuel nozzle assembly 117
together may further define the pilot fuel circuit as the pilot fuel conduit 126, the primary
pilot supply line 128, and the secondary pilot supply line 130, in which each of the supply
lines 128, 130 egress fuel to the combustion chamber 116 through their respective fuel

orifices 142, 146, such as shown and described in regard to FIGS. 1-6.

[0055] However, it should be appreciated that the method 1000 may generally be
implemented with a fuel system and fuel nozzle assembly together defining one or more
main fuel circuits (e.g., a primary, a secondary, a tertiary, etc.) configured to provide a first
supply of fuel and one or more pilot fuel circuits (e.g., a primary, a secondary, a tertiary,
etc.) configured to provide a second supply of fuel. As such, various embodiments of the
method 1000 may be implemented with a fuel system and a fuel nozzle not limited to the

embodiments shown and described in regard to FIGS. 1-6. Furthermore, the embodiments
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of the fuel system and fuel nozzle shown and described in regard to FIGS. 1-6 may be
provided for illustrative purposes of generally describing embodiments of the method 1000,
without necessarily being limited by the embodiments shown and described in regard to

FIGS. 1-6.

[0056] The embodiments of the method 1000 described herein may control a fuel split
between the pilot fuel circuit generally configured for startup/ignition and low power
operation versus the main fuel circuit generally configured for mid- and high-power
operation, the control generally providing improved emissions, combustion stability, fuel
burn, and flameout/lean blowout protection. Still further, the embodiments of the method
1000 generally determine and provide a fuel split that satisfies a plurality of desired outputs,
including desired fuel burn, emissions, combustion stability, flameout protection, coking

protection, and combustor assembly durability.

[0057] The method 1000 includes at 1010 determining an overall flow of fuel to the
combustor assembly (e.g., combustor assembly 100). The overall flow of fuel defines a
sum total fuel through a main fuel circuit and a pilot fuel circuit. As previously described
herein, the main fuel circuit, the pilot fuel circuit, or both, may include one or more lines,
conduits, passages, etc. providing proportional or independent flow rates or pressures of
fuel to the combustion chamber (e.g., combustion chamber 116). Determining the overall
flow of fuel to the combustor assembly may further include determining an overall fuel-air
ratio at the combustion chamber. In various embodiments, determining the overall flow of
fuel is based on a desired fan or low spool speed (e.g., N1 or Nfan) or a desired engine

pressure ratio.

[0058] The method 1000 further includes at 1020 determining a plurality of ranges of
ratios of main fuel flow through the main fuel circuit versus pilot fuel flow through the
pilot circuit from the overall flow of fuel. Each range of ratios is based on a combustion

criterion different from one another.
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[0059] In various embodiments, the combustion criterion includes two or more of an
emissions limit, a lean blow out limit, a rich blow out limit, a fuel coking limit, a
combustion stability limit, a desired combustion efficiency, a fuel pressure range, and a
durability parameter. In various embodiments, the desired combustion efficiency may
include a minimum allowed or desired combustion efficiency relative to an engine
operating condition. The emissions limit may include, but is not limited to, one or more
criterion based on a limit of one or more oxides of nitrogen (NOx), a smoke number (SN),
an unburned hydrocarbons limits (UHC), or a carbon monoxide limit (CO). In various
embodiments, the emissions limit may further include a carbon dioxide limit (CO2). In
still various embodiments, the emissions limit may further include one or more emissions
criterion controlled or regulated by one or more regulatory authorities, national or
transnational conventions, or agreements (e.g., Convention on International Civil Aviation,
Federal Aviation Authority, European Aviation Safety Agency, etc.). However, it should
be appreciated that although the emissions limit may include one or more additional‘
criterion that may be identified by one or more regulatory authorities, the quantity or
magnitude of the emissions limit is not limited to those included or recited by one or more

regulatory authorities.

[0060] In one embodiment, the method 1000 further includes at 1021 determining a
first range of ratios of main fuel flow versus pilot fuel flow based on a durability parameter.
In various embodiments, the durability parameter is based on one or more of a combustor
liner, a dome assembly, a fuel nozzle, or a turbine nozzle. In various embodiments, the
durability parameter is one or more of a surface temperature, an internal temperature, a
difference in temperature between a hot side and a cold side, and a desired required life
(e.g., period over which the combustor assembly, or portions thereof, is able to operate at
one or more operating conditions). The hot side generally refers to a portion adjacent to
the combustion chamber 116 or proximate thereto in contrast to an opposite portion, face,

or side of the part, component, or assembly as the cold side.
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[0061] In another embodiment, the method 1000 further includes at 1022 determining
a second range of ratios of main fuel flow versus pilot fuel flow based on a minimum valve
pressure to flow fuel through all fuel nozzles. For example, determining the second range
of ratios may be based on a minimum valve opening pressure at generally all engine
operating conditions such as to mitigate closure of individual fuel circuits (e.g., each main
fuel conduit 134, main fuel circuit 136, pilot fuel conduit 126, pilot supply line 127, primary
pilot supply line 128, secondary pilot supply line 130, etc. of each fuel nozzle assembly
117 of the combustor assembly 100) and permit flow of fuel to the combustion chamber
116. As another example, each main fuel circuit, pilot fuel circuit, or both, may define a
minimum flow rate over delta pressure from the circuit to the combustion chamber. As
such, determining a second range of ratios may further include determining a minimum

fuel flow through each main fuel circuit and each pilot fuel circuit.

[0062] In still anotﬁer embodiment, the method 1000 further includes at 1023
determining a third range of ratios of main fuel flow versus pilot fuel flow based on a
combustion acoustic parameter. In one embodiment, the method 1000 at 1023 may further
include determining a maximum ratio of main fuel flow to pilot fuel flow to mitigate
audible acoustics or growl (e.g., undesired tones or acoustics perceptible to the human ear).
In various embodiments, growl may be defined at approximately 400 Hz or less. In various
embodiments, mitigating audible acoustics may further mitigate structural degradation of
parts or components of the combustor assembly and fuel system (e.g., the combustor
assembly 100, the fuel system 122) such as by mitigating vibrations or pressure oscillations
that may induce fatigue at one or more components or portions of the combustor assembly,
the fuel system, or both. In various embodiments, determining the third range of ratios of
main fuel flow versus pilot fuel flow may be based more specifically on a combustion

acoustic parameter at a low power operating condition.

[0063] In various embodiments of the engine further including a sensor detecting,

monitoring, or measuring instantaneous combustion pressure P4 at the combustion
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chamber, determining the maximum ratio of main fuel flow through the main fuel circuit
versus the pilot fuel flow through the pilot fuel circuit is further based on fluctuating
pressure, P4°. In other embodiments, the method at 1023 is further based on a chart, table,
curve, or transfer function defining P4 or P4°. In still various embodiments, P4 defines
high frequency combustion dynamics. For example, determining the maximum ratio of
main fuel flow to pilot fuel flow is further based on a desired P4 or P4" limit. Determining
the maximum ratio of main fuel flow versus pilot fuel flow to the combustion chamber
mitigates combustion instability, such as resulting in pressure oscillations, acoustics, and

vibrations.

[0064] In still another embodiment, determining a maximum ratio of main fuel flow
versus pilot fuel includes determining a fixed flow rate of fuel through the pilot fuel circuit.
For example, in one embodiment, determining the maximum ratio of main fuel to pilot fuel

includes a pilot fuel flow rate generally suitable across all engine operating conditions.

[0065]  In another embodiment, the method 1000 may further include at 1024
determining a fourth range of ratios of main fuel flow versus pilot fuel flow based on at
least a compressor exit pressure (P3), a compressor exit temperature (T3), and a
combustion fuel-air ratio (FAR4). In other embodiments, the method 1020 is based on one
or more of a high rotor rotational speed N2, a compressor inlet temperature T2, and an
overall rate of flow of fuel to the main and pilot fuel circuits (Wf). In still another
embodiment, the method at 1020 is based on one or more parameters determining a

combustion state.

[0066]  In still another embodiment, the method 1000 may further include at 1025
determining a fifth range of ratios of main fuel versus pilot fuel based on the fuel pressure
range of the combustion criteria. The fuel pressure range may indicate a minimum and
maximum allowable fuel pressure based on one or more supply pumps, valves, metering
or restrictor openings, or further based one or more cross sectional areas, volumes, or other
flow rate or pressure capabilities of the fuel system. In one embodiment, the determining
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the fifth range of ratios of main fuel versus pilot fuel at 1025 is based on a minimum main
fuel flow provided through the main fuel circuit. In various embodiments, determining the
minimum main fuel flow provided through the main fuel circuit defines a threshold main
fuel pressure below which fuel is prevented from flowing through the main fuel circuit. In
various embodiments, determining the minimum main fuel flow further includes defining
a minimum air pressure to purge the main fuel circuit when one or more main fuel circuits
is not providing fuel to the combustion chamber 116. For example, in one embodiment at
1025, determining the minimum main fuel flow provided through the main fuel circuit is
based on a maximum purge fluid pressure (e.g., air, inert gas) through the main fuel circuit.
Defining the minimum air pressure to purge the main fuel circuit may define coking
prevention at the main fuel circuit, such as at one or more of the main fuel conduit 134 and
the main fuel circuit 136 of each fuel nozzle assembly 117._In still various embodiments,
determining a fifth range of ratios is further based on determining a minimum main fuel
flow relative to a compressor exit pressure (P3) at which a main fuel flow is provided

through the main fuel circuit.

[0067] The method 1000 may further include at 1026 determining a sixth range of
ratios of main fuel versus pilot fuel flow based on determining a minimum difference from
P3 and a main fuel pressure (Pfm) through the main fuel circuit based at least on P3. In
various embodiments, determining the minimum difference from P3 and Pfm through the
main fuel circuit is determined at one or more of the main fuel conduit 134 of the fuel
system 122 and the main fuel circuit 136 of the fuel nozzle assembly 117. In one
embodiment, determining the minimum difference from P3 and Pfm is more specifically
determined at the main fuel conduit 134 coupled to each main fuel circuit 136 of each fuel
nozzle assembly 117. Determining the minimum difference between P3 and Pfm may
ensure sufficiently high pressure differential between each fuel nozzle assembly 117 to
mitigate pressure or flow fluctuations between each main fuel circuit 136 of each fuel

nozzle assembly 117.
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[0068] It should be appreciated that although the method 1000 includes determining a
plurality of ranges of ratios of main fuel flow versus pilot fuel flow through the fuel system
and combustor assembly for combustion, each range or ratios generally defines distinct
ranges of values not exclusive of one another. For example, two or more of the ranges of
ratios may be substantially similar although determined based on different criteria. As
another example, two or more of the ranges of ratios may be at least partially exclusive
such that each range of ratios is at least partially non-overlapping. As yet another example,
two or more of the ranges or ratios may be mutually exclusive such that each range of ratios

is entirely non-overlapping.

[0069] The method 1000 further includes at 1030 determining a resultant range of
ratios of main fuel flow versus pilot fuel flow based on a hierarchy of combustion criteria.
The hierarchy of combustion criteria provides a priority ranking of the combustion
criterion. For example, the method 1000 at 1030 may include defining a priority or ranking
for each of combustion criterion. The method at 1030 may further include defining a
priority ranking for each range of ratios corresponding to each combustion criterion. If
each range of ratios of the plurality of ranges of ratios determined at 1020 is at least partially
overlapping, the resultant range of ratios may define the overlapping range of ratios of main
fuel flow versus pilot fuel flow. Otherwise, the hierarchy of combustion criteria is applied
to determine whether one range of ratios is utilized rather than another range of ratios.
Stated alternatively, the hierarchy of combustion criteria is applied to determine which of
the determined ranges of ratios at step 1020 may be obviated when determining the

resultant range of ratios at 1030.

[0070] As such, the range of ratios corresponding to the higher priority combustion
criterion will be utilized rather than one or more ranges of ratios of lesser ranking that are
non-overlapping with the higher priority combustion criterion. Stated alternatively, the
ranges of ratios corresponding to lesser priority combustion criterion that are mutually

exclusive from the range of ratios corresponding to the higher priority combustion criterion
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will be obviated when determining the resultant range of ratios. As such, the method 1000
further includes at 1040 flowing the overall flow of fuel to the main fuel circuit and the
pilot fuel circuit based on the resultant range of ratios of main fuel flow versus pilot fuel

flow.

[0071] In various embodiments, determining the hierarchy of combustion criteria may
be based at least on, but not limited to, a type of propulsion system or apparatus (e.g.,
marine or industrial gas turbine, subsonic propulsion, supersonic propulsion, rotary or fixed
wing apparatus, etc.), engine operating condition (e.g., thrust or load output level, part-load
or full-load condition, steady state or transient, etc.), an environmental condition (e.g.,
altitude, air temperature, pressure, humidity, air speed, etc.), or rates of changes thereof, or
combinations thereof. As such, the priority ranking of combustion criterion may vary

based at least on one or more of the aforementioned factors, or combinations thereof.

[0072] At 1050, the method 1000 may further include determining a ratio of main fuel
flow versus pilot fuel flow within the resultant range of ratios. The ratio of main fuel flow
versus pilot fuel flow is based on an engine operating condition. In various embodiments,
determining the ratio of main fuel flow versus the pilot fuel flow within the resultant range
of ratios is further based on whether the engine operating condition is a steady state
operating condition or a transient operating condition. For example, determining the
resultant ratio of main fuel flow versus pilot fuel flow may be based on one or more of
compressor exit temperature (T3), compressor inlet temperature (T2), high rotor rotational
speed (e.g., N2 or Nhigh), or one or more control signals indicating a steady state or
transient engine operation. In still various embodiments, determining the ratio of main fuel

flow versus the pilot fuel flow is based on at least on combustion efficiency, emissions, or
both.

[0073] In various embodiments, the engine operating condition may include, but not
limited to, steady state conditions generally defining ignition, ground idle, takeoff, climb,
cruise, flight idle, and approach, or transient conditions generally therebetween. Startup,
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ignition, ground idle, flight idle, and approach may generally define low power conditions.
Takeoff, climb, and cruise may generally define mid- and high-power conditions. It should
be appreciated that the engine operating conditions may be defined in other contexts, such
as those for marine and industrial gas turbine engines, and may define low, mid, and high
power conditions generally corresponding to the aforementioned conditions. Still further,
one or more steady state conditions may be defined between one or more of the

aforementioned conditions.

[0074] In various embodiments, the method 1000 may include at 1060 determining a
plurality of ranges of pilot fuel flow to the pilot fuel circuit. Each range of pilot fuel flow
may define a plurality of minimum fuel flow values and a plurality of maximum fuel flow

values to the pilot fuel circuit. Each range of fuel flow is based on a combustion criterion.

[0075] Still further, in various embodiments, the method 1000 at 1020 may include
determining one or more of the ranges of ratios of main fuel flow versus pilot fuel flow
based on one or more of engine inlet temperature (T1), low/intermediate compressor inlet
temperature (T2), high compressor inlet temperature (T25), P3, T3, fuel flow rate, air flow
rate at the combustor (Wa36), main fuel/air equivalence ratio, pilot fuel/air equivalence
ratio, FAR4, P4, combustion exit temperature (T41), turbine exit temperature, exhaust gas
temperature, low or fan rotor speed (e.g., N1, Nfan, or Nlow), high rotor speed (e.g., N2 or
Nhigh), one or more bleed air flow rates at the combustion section, and one or more
pressure or flow limits, ratios, or ranges described herein. It should be appreciated that T3
and P3 refer generally to the temperature and pressure of air, respectively, exiting the
compressor section (e.g., exiting the HP compressor 24 into the combustion section 26).
The FAR4 refers generally to an overall fuel-air ratio at the combustion chamber (e.g.,
combustion chamber 116). For example, FAR4 may refer to the total flow of fuel at the
main fuel circuit and the pilot fuel circuit over the total flow of air at the combustion

chamber.
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[0076] In one embodiment, the method 1000 at 1020 may include determining a
minimum and a maximum flow of fuel to the pilot fuel circuit. The minimum and
maximum flow of fuel to the pilot fuel circuit may define a range of pilot fuel-air ratios.
For example, determining the minimum and maximum flow of fuel to the pilot fuel circuit
includes determining the minimum and maximum flow of fuel through the pilot fuel
conduit 126 and the pilot supply line 127. As another example, determining the minimum
and maximum flow of fuel to the pilot fuel circuit includes determining the minimum and
maximum flow of fuel through the pilot fuel conduit 126 before the pilot fuel is then split
into two or more pilot supply lines (e.g., the primary pilot supply line 128 and the secondary

pilot supply line 130 generally shown in FIGS. 1-6).

[0077] In other embodiments, determining the minimum and maximum flow of fuel to
the pilot fuel circuit may include determining the overall sum maximum flow of fuel
through a plurality of pilot fuel circuits, such as a plurality of pilot fuel conduits each
coupled independently to a plurality of pilot supply lines. For example, each pilot fuel
conduit may be independently coupled to a primary pilot supply line 128 and a secondary

pilot supply line 130.

[0078] Another embodiment of the method 1000 at 1020 may include determining
range of ratios based on a minimum overall pilot fuel flow rate (Wfp) based on T3.
Determining the minimum overall Wfp may generally determine the minimum allowable
flow rate of fuel through the pilot fuel circuit, such as through one or more of the pilot fuel
conduit 126, the pilot supply line 127, or each supply line therefrom (e.g., the primary pilot
supply line 128, and the secondary pilot supply line 130) of each fuel nozzle assembly 117.
Determining the minimum overall Wfp may protect against fuel coking (i.e., carbon deposit
formation) within the pilot fuel circuit. For example, a pilot fuel flow rate Wfp below the

determined minimum may result in fuel coking within the pilot fuel circuit.

[0079]  In yet another embodiment, the method 1000 may further include at 1020
determining a range of ratios based on a lean blow out limit. For example, determining the
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minimum ratio of main fuel flow versus pilot fuel flow may ensure the combustor assembly
remains lit (i.e., combustion of fuel and air is occurring) at all engine operating conditions.
In various embodiments, the lean blow out limit is based on one or more of aP3, T3, and
FAR4. In one embodiment, the lean blow out limit is based on one or more of a reference
table, chart, or curve including at least a minimum overall pilot fuel flow versus P3, a T3,

and FAR4.

[0080] Although FIGS. 7A and 7B depict steps performed in a particular order for
purposes of illustration and discussion, those of ordinary skill in the art, using the
disclosures provided herein, will understand that the various steps of any of the methods
disclosed herein can be modified, adapted, expanded, rearranged and/or omitted in various

ways without deviating from the scope of the present disclosure.

[0081] The combustion system in which the steps and various embodiments of the
method 1000 are performed may define approximately 5% to approximately 30% of an
overall amount of fuel (Wf) to the pilot fuel circuit of the combustion system and
approximately 95% to approximately 70% of the overall amount of fuel Wf to the main
fuel circuit. Accordingly, in one embodiment of the combustion system and method 1000
defining a primary pilot fuel supply line and a secondary pilot fuel supply line, a portion of
approximately 5% to approximately 30% of the overall amount of fuel Wf is subdivided
between the primary pilot fuel supply line and the secondary pilot fuel supply line. Still
further, the combustion system and method 1000 may include a tertiary or more pilot fuel

supply line, of which the portion of pilot fuel is further subdivided.

[0082] In still another embodiment, the combustion system in which the steps and
various embodiments of the method 1000 are performed may define a total airflow into the
combustor system (Wa36). In various embodiments, approximately 30% to approximately
70% of Wa36 flows across the main fuel injector 180 to mix with fuel from the main fuel
flow for combustion. In one embodiment, the combustion system 100 and the method 1000
define a lean burn combustion system. In another embodiment, the combustion system 100
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and the method 1000 define a rich burn combustion system. It should be appreciated that
in various embodiments of the combustion system 100 and methods 1000 of operation, a
portion of the total flow of air to the combustion chamber may be siphoned or bled off for
engine cooling, or directed within the combustion system 100 to provide quenching or
cooling of the combustion products produced therein. As such, one or more flow decimals
or fractions may be applied to one or more of the aforementioned steps or embodiments of
the method 1000 that may be applied against the total flow of air at the combustion

chamber.

[0083] It should further be appreciated that the embodiments of the method 1000 may
be controlled or executed by a system including one or more processors and one or more
memory devices. The one or more memory devices can store instructions that when
executed by the one or more processors cause the one or more processors to perform
operations. The instructions or operations generally include one or more of the steps of
method 1000, and embodiments thereof, described herein. The instructions may be
executed in logically and/or virtually separate threads on the processor(s). The memory
device(s) may further store data that may be accessed by the processor(s), including, but
not limited to, engine inlet temperature (T1), low/intermediate compressor inlet
temperature (T2), high compressor inlet temperature (T25), P3, T3, fuel flow rate, air flow
rate at the combustor (Wa36), main fuel/air equivalence ratio, pilot fuel/air equivalence
ratio, FAR4, P4, combustion exit temperature (T41), turbine exit temperature, exhaust gas
temperature, low or fan rotor speed (e.g., N1, Nfan, or Nlow), high rotor speed (e.g., N2 or
Nhigh), one or more bleed air flow rates at the combustion section, and one or more

pressure or flow limits, ratios, or ranges described herein.

[0084] Still further, it should be appreciated that one or more parameters discussed in
regard to the method 1000 or the system for executing the method 1000 may include
measurement, calculation, extrapolation, interpolation, etc. of the parameters. For

example, one or more of the parameters (e.g., P1, T1, P2, T2, P25, T25, P3, T3, Wa3,
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Wa36, Wi, FAR4, T4, T41, T45, EGT, N1, N2, main fuel/air equivalence ratio, pilot
fuel/air equivalence ratio, etc.) may be calculated from at least one or more of another of
the parameters to yield an approximation or actual value of the one or more parameters.
Furthermore, one or more parameters described herein may include corrected values based
on one or more other parameters (e.g., N1 or N2 mechanical speed versus a corrected N1

or N2 based on a flowpath temperature, e.g., T1, T2, T25, etc.).

[0085] The system may further include a network interface used to communicate, send,
transmit, receive, or process one or more signals to the engine 10, including the compressor
section, the fuel system 122, the combustor assembly 100, and the fuel nozzle assembly
117, to direct or adjust a flow of fuel and air to the combustion section 26. The network
interface may include one or more of a transmitter, receiver, port, controller, antenna, or
other suitable communications components or apparatuses. In various embodiments, the
system may define, but is not limited to, an electronic engine controller (EEC), an analog
controller, or a full authority digital engine controller (FADEC), or a subsystem thereof,

such as a fuel controller.

[0086] While there have been described herein what are considered to be preferred
and exemplary embodiments of the present invention, other modifications of these
embodiments falling within the scope of the invention described herein shall be apparent

to those skilled in the art.
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WHAT IS CLAIMED IS:

1. A method of operating a combustion system comprising a fuel nozzle
defining at least one main fuel circuit and at least one pilot fuel circuit, the method
comprising:

determining an overall flow of fuel, the overall flow of fuel defining a sum total
fuel through the main fuel circuit and the pilot fuel circuit;

determining a plurality of ranges of ratios of main fuel flow through the main
fuel circuit versus pilot fuel flow through the pilot circuit from the overall flow of fuel,
wherein each range of ratios is based on a combustion criterion different from one another;

determining a resultant range of ratios of main fuel flow versus pilot fuel flow
based on a hierarchy of combustion criteria, wherein the hierarchy of combustion criteria
provides a priority ranking of the combustion criterion; and

flowing the overall flow of fuel to the main fuel circuit and the pilot fuel circuit

based on the resultant range of ratios of main fuel flow versus pilot fuel flow.

2. The method of claim 1, further comprising:
determining a ratio of main fuel flow versus pilot fuel flow within the resultant
range of ratios, wherein the ratio of main fuel flow versus pilot fuel flow is based on an

engine operating condition.

3. The method of claim 2, wherein determining the ratio of main fuel flow
versus pilot fuel flow based on the engine operating condition is further based on whether
the engine operating condition is a steady state operating condition or a transient operating

condition.

4. The method of claim 2, wherein determining the ratio of main fuel flow
versus pilot fuel flow further includes:
determining a first ratio of main fuel flow versus pilot fuel flow based on a steady

state engine operating condition; and

30

CA 3018110 2018-09-20



319546-3

determining a second ratio of main fuel flow versus pilot fuel flow based on a

transient engine operating condition.

5. The method of claim 1, further comprising:

determining a plurality of ranges of pilot fuel flow to the pilot fuel circuit,
wherein each range of pilot fuel flow defines a plurality of minimum fuel flow values and
a plurality of maximum fuel flow values to the pilot fuel circuit, wherein each range of fuel

flow is based on a combustion criterion.

6. The method of claim 1, wherein the combustion criterion includes two or
more of an emissions limit, a lean blow out limit, a rich blow out limit, a combustion

stability limit, a desired combustion efficiency, and a fuel pressure range.

7. The method of claim 1, further comprising:
determining a minimum main fuel flow relative to a compressor exit pressure

(P3) at which a main fuel flow is provided through the main fuel circuit.

8. The method of claim 7, wherein determining the minimum P3 at which
the main fuel flow is provided through the main fuel circuit is based on a maximum purge

fluid pressure through the main fuel circuit.

9. The method of claim 1, further comprising:
determining a minimum difference from compressor exit pressure (P3) and a
main fuel pressure (Pfm) through the main fuel circuit based at least on compressor exit

temperature (T3) and P3.

10.  The method of claim 1, wherein determining a plurality of ranges of
ratios of main fuel flow versus pilot fuel flow further comprises:

determining a first range of ratios of main fuel flow versus pilot fuel flow based
on a durability parameter of one or more of a combustor liner, a dome assembly, a fuel

nozzle, or a turbine nozzle.
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11.  The method of claim 1, wherein determining a plurality of ranges of
ratios of main fuel flow versus pilot fuel flow further comprising:
determining a second range of ratios of main fuel flow versus pilot fuel flow

based on a minimum valve pressure to flow fuel through all fuel nozzles.

12.  The method of claim 1, wherein determining a plurality of ranges of
ratios of main fuel flow versus pilot fuel flow further comprising:
determining a third range of ratios of main fuel flow versus pilot fuel flow based

on a combustion acoustic parameter.

13. The method of claim 1, wherein determining a plurality of ranges of
ratios of main fuel flow versus pilot fuel flow further comprising:

determining a fourth range of ratios of main fuel flow versus pilot fuel flow
based on at least compressor exit pressure (P3), compressor exit temperature (T3), and

combustion fuel-air ratio (FAR4).

14.  The method of claim 1, further comprising:
adjusting the flow of fuel to the main fuel circuit and the pilot fuel circuit based

on a change in engine operating conditions.

15. A gas turbine engine comprising a combustion system, the combustion
system comprising a fuel controller and a fuel nozzle defining a main fuel circuit and pilot
fuel circuit, the fuel controller comprising one or more processors and one or more memory
devices, the one or more memory devices storing instructions that when executed by the
one or more processors cause the one or more processors to perform operations, the
operations comprising:

determining, via the fuel controller, an overall flow of fuel, the overall flow of
fuel defining a sum total fuel through the main fuel circuit and the pilot fuel circuit;

determining, via the fuel controller, a plurality of ranges of ratios of main fuel

flow through the main fuel circuit versus pilot fuel flow through the pilot circuit from the
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overall flow of fuel, wherein each range of ratios is based on a combustion criterion
different from one another;

determining, via the fuel controller, a resultant range of ratios of main fuel flow
versus pilot fuel flow based on a hierarchy of combustion criteria, wherein the hierarchy of
combustion criteria provides a priority ranking of the combustion criterion; and

flowing, through the fuel nozzle, the overall flow of fuel to the main fuel circuit
and the pilot fuel circuit based on the resultant range of ratios of main fuel flow versus pilot

fuel flow.

16.  The gas turbine engine of claim 15, the operations further comprising:
determining, via the fuel controller, a ratio of main fuel flow versus pilot fuel
flow within the resultant range of ratios, wherein the ratio of main fuel flow versus pilot

fuel flow is based on an engine operating condition.

17.  The gas turbine engine of claim 15, wherein the operations determining
the ratio of main fuel flow versus pilot fuel flow further comprises:

determining, via the fuel controller, a first ratio of main fuel flow versus pilot
fuel flow based on a steady state engine operating condition; and

determining, via the fuel controller, a second ratio of main fuel flow versus pilot

fuel flow based on a transient engine operating condition.

18.  The gas turbine engine of claim 15, the operations further comprising:

determining, via the fuel controller, a plurality of ranges of pilot fuel flow to the
pilot fuel circuit, wherein each range of pilot fuel flow defines a plurality of minimum fuel
flow values and a plurality of maximum fuel flow values to the pilot fuel circuit, wherein

each range of fuel flow is based on a combustion criterion.
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19.  The gas turbine engine of claim 15, the operations further comprising:
determining, via the fuel controller, a minimum main fuel flow relative to a
compressor exit pressure (P3) at which a main fuel flow is provided through the main fuel

circuit.

20.  The gas turbine engine of claim 15, the operations further comprising:
determining, via the fuel controller, a minimum difference from compressor exit
pressure (P3) and a main fuel pressure (Pfm) through the main fuel circuit based at least on

compressor exit temperature (T3) and P3.
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