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Description

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application is a continuation-in-part of U.S.
Patent Application Serial No. 12/115,579 filed May 6,
2008. This application is also a continuation-in-part of
U.S. Patent Application Serial No. 12/562,398 filed Sep-
tember 18, 2009. Each of the two above-referenced ap-
plications is incorporated by reference herein in its en-
tirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0002] The present invention relates to injectors and
atomizers, and more particularly to staged pilot fuel in-
jectors for gas turbine engines.

2. Description of Related Art

[0003] A variety of devices and methods are known in
the art for injecting fuel into gas turbine engines. Of such
devices, many are directed to injecting fuel into combus-
tors of gas turbine engines while reducing undesirable
emissions. With the increased regulation of emissions
from gas turbine engines have come a number of con-
cepts for reducing pollutant emissions while improving
the efficiency and operability of the engines.

[0004] Modern gas turbine engine designs include pro-
viding high temperature combustion temperatures for
thermal efficiency throughout arange of engine operating
conditions. High temperature combustion minimizes
emissions of some undesired gaseous combustion prod-
ucts, such as carbon monoxide (CO) and unburned hy-
drocarbons (UHC), and particulates, among other things.
However, high temperature combustion also tends to in-
crease the production of nitrogen oxides (NOy). Thus
measures must be taken to provide thermally efficient
operation within a temperature range that minimizes
NOy, CO, and UHC.

[0005] One method often used to reduce unwanted
emissions is staged fuel injection, wherein the combus-
tion process is divided into two (or more) zones or stages,
which are generally separated from each other by a phys-
ical distance, but still allowed some measure of interac-
tion. Each stage is designed to provide a certain range
of operability, while maintaining control over the levels
of pollutant formation. For low power operation, only the
pilot stage is active. For higher power conditions, both
the pilot and the main stages may be active. In this way,
proper fuel-to-air ratios can be controlled for efficient
combustion, reduced emissions, and good stability. The
staging can be accomplished by axial or radial separa-
tion. Staged fuel injectors for gas turbine engines are well
known in the art.

[0006] It is difficult to provide thermally efficient, low
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emissions operation over the widening range of condi-
tions in gas turbine engine designs. Additionally, during
low power operating conditions, conventional staged fuel
injectors only have fuel flowing through one of the staged
fuel circuits. Measures must be taken to control temper-
atures in the stagnant fuel circuit to prevent coking within
the injector. In the past, attempts were made to extend
injector life by passively insulating, actively cooling, or
otherwise protecting the fuel circuitry of fuel injectors from
carbon formation during low power engine operation.
[0007] Along with staged combustion, pollutant emis-
sions can be reduced by providing a more thoroughly
mixed fuel-air mixture prior to combustion wherein the
fuel-to-air ratio is below the stoichiometric level so that
the combustion occurs at lean conditions. Lean burning
results in lower flame temperatures than would occur with
stoichiometric burning. Since the production of NOy is a
strong function of temperature, a reduced flame temper-
ature results in lower levels of NOy. The technology of
directly injecting liquid fuel into the combustion chamber
and enabling rapid mixing with air at lean fuel-to-air ratios
is called lean direct injection (LDI).

[0008] U.S. Patent No. 6,389,815 to Hura et al. de-
scribes a lean direct injection system, which utilizes ra-
dially-staged combustion within a single injector. The pi-
lot fuel delivery is of the "swirl-cup" type shown in U.S.
Patent No. 3,899,884 to Ekstedt, wherein a pressure swirl
atomizer sprays liquid fuel onto a filming surface where
the liquid film is stripped off into droplets by the action of
compressor discharge air. The main fuel delivery system
utilizes a series of discrete atomizers that spray radially
outward into a swirling cross-flow of air. The main fuel
delivery is staged radially outboard of the pilot, and op-
erates in the fuel-lean mode. Separation of the pilot com-
bustion zone from the main combustion zone is achieved
by radial separation as well as an air jet located radially
between the two combustion zones.

[0009] U.S.PatentNo. 6,272,840 to Crocker et al. dis-
closes a lean direct injection system, which also utilizes
radially-staged combustion within a single injector. The
pilot fuel delivery is of either a simplex air-blast type, or
aprefilming air-blast type, and the main fuel delivery sys-
tem is of a prefilming air-blast type. The radial staging of
the pilot and main combustion zones is achieved by en-
suring that the pilot combustion zone remains on-axis
with no central recirculation zone.

[0010] U.K. Patent Application No. GB 2 451 517 to
Shui-Chi et al. describes a pilot circuit divided into a pri-
mary and secondary fuel split. The primary circuit in-
cludes a pressure atomizer (simplex) on the centerline
that is used for low power operation. The secondary pilot
circuit is radially outboard of the primary circuit and is in
the form of circumferentially spaced ports aimed towards
the centerline. These circumferentially spaced ports are
prone to external and internal carbon concerns.

[0011] Pure airblast nozzles are in wide use among
engine manufacturers, particularly in aircraft engines.
Pure airblast nozzles create favorable air/fuel mixtures
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and have spray characteristics that produce combustion
qualities desirable for low emissions and high engine ef-
ficiencies. A typical pure airblast injector has one fuel
circuit. Fuel can be directed from an injector inlet fitting
to a fuel swirler through a fuel tube. At the fuel swirler,
the fuel can be splitinto a multitude of discrete paths, all
of which discharge into the combustor. These discrete
paths are all fluidly connected and are thus all part of a
single fuel circuit.

[0012] One example of a pure airblast fuel injector is
described in U.S. Patent No. 6,622,488 to Mansour, et
al., which shows a fuel injector having a pure airblast
nozzle connected to a housing stem. The fuel nozzle in-
cludes a fuel swirler that has a plenum for receiving fuel
from a conduit in the housing stem. A plurality of fuel
passages conduct fuel from the plenum to discharge or-
ifices. The downstream ends of the passages are angled
so as to impart swirl on fuel exiting therethrough. A pre-
filmer surrounds the fuel swirler. Fuel exiting the swirler
is directed inwardly by the prefilmer. Aninner air passage
extends through the center of the fuel swirler and an outer
air passage is defined outboard of the prefilmer. The inner
and outer air passages include air swirlers for imparting
swirl to compressor discharge air flowing therethrough.
As fuel exits the swirler/prefilmer, it is sheared between
the swirling air flows issuing from the inner and outer air
passages to atomize the fuel for combustion.

[0013] While pure airblast nozzles can provide for
clean fuel combustion when the engine compressor is
spooled up, difficulties can arise during engine startup.
Pure airblast nozzles depend on fast moving air to break
up the slower moving fuel spray into fine droplets. As
described above, the airblast typically comes from com-
pressor discharge air routed through the nozzle. Howev-
er, during engine startup the compressor is not fully
spooled up and thus the air pressures provided to the
nozzle during engine startup are not always high enough
to provide the necessary atomizing air blast. Therefore,
the amount of fuel atomized can be insufficient to initiate
or sustain ignition. Thus it can be quite difficult to start
an engine using only traditional pure air blast nozzles.
[0014] Another problem during startup for traditional
airblast nozzles is that when the startup air pressure is
too low to fully atomize the fuel flowing from the nozzle,
significant amounts of fuel can issue from the nozzle with-
out being atomized. Liquid fuel drooling from the nozzle
constitutes waste of fuel and can cause poor emissions
as well as complications that can arise from fuel pooling
in undesirable locations of the engine. Pooled fuel can
ignite explosively and emit a plume of white smoke out
of the exhaust.

[0015] Some solutions to these problems have been
suggested, such as including auxiliary start nozzles, for
example liquid-pressure atomizing nozzles, dedicated
for use during start up. It is also known to use hybrid
nozzles, which include air blast fuel nozzles for full power
operation in addition to liquid-pressure atomizing nozzles
for use during startup. Piloted airblast nozzles are some-
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times used to achieve the needed starting characteristics
while trying to match pure airblast nozzle performance.
However, piloted airblast nozzles tend to lack the supe-
rior thermal management inherent in pure airblast noz-
zZles. Piloted airblast nozzles also fail to achieve identical
spray characteristics with pure airblast nozzles because
the pressure atomizing circuit mixes with the airblast
spray.

[0016] Other solutions include adding auxiliary air
pumps or compressors to generate atomizing air blasts
through pure airblast nozzles during engine start up.
However, while these solutions can be used to facilitate
engine start up, they can also add significantly to the cost
and weight of the engine.

[0017] Such conventional methods and systems have
generally been considered satisfactory for their intended
purpose. However, there is stillaneedin the art for staged
pilot injectors that allow for improved staging pressure
ratios for lean direct injection. There also remains a need
in the art for improved airblast injectors with improved
fuel distribution atlow power levels, such as forimproved
startup. The present invention provides a solution for
these problems.

SUMMARY OF THE INVENTION

[0018] The subject invention is directed to a new and
useful fuel injector for a gas turbine engine. The injector
includes a main nozzle body defining a central axis and
having a main fuel circuit. A pilot nozzle body is mounted
inboard of the main nozzle body. The pilot nozzle body
includes a pilot air circuit on the central axis with fuel
circuitry radially outboard of the pilot air circuit for deliv-
ering fuel to a fuel outlet in a downstream portion of the
pilot nozzle body. The fuel circuitry includes a primary
pilot fuel circuit configured and adapted to deliver fuel to
the fuel outlet and a secondary pilot fuel circuit configured
and adapted to deliver fuel to the same fuel outlet.
[0019] In certain embodiments, the primary pilot fuel
circuit includes a plurality of first fuel passages and the
secondary pilot fuel circuit includes a plurality of second
fuelpassages. Thefirstand second fuel passages extend
from an upstream portion of the pilot nozzle body to the
fuel outlet thereof. The first and second fuel passages
can feed into a common prefilming chamber defined in
the downstream portion of the pilot nozzle body upstream
of the fuel outlet. The first and second fuel passages can
be in fluid communication with the prefiiming chamber
by way of a plurality of metering slots.

[0020] The number and/or configuration of metering
slots of the first fuel passages can be different from the
number and/or configuration of metering slots of the sec-
ond fuel passages. For example, each of the first fuel
passages can be in fluid communication with the prefilm-
ing chamber through one metering slot, and each of the
second fuel passages is in fluid communication with the
prefilming chamber through two metering slots. Each me-
tering slot of the first fuel passages can, for example, be
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angled at a first angle with respect to a central axis of the
nozzle body for imparting swirl onto fuel flowing there-
through, and each metering slot of the second fuel pas-
sages can be angled at a second angle with respect to
a central axis that is different from the first angle. It is
also contemplated that each metering slot of the first fuel
passages can have a first flow area, and each metering
slot of the second fuel passages can have a second flow
area that is different from the first flow area. In another
example, each metering slot of the first fuel passages
can have a first depth relative to the central axis, and
each metering slot of the second fuel passages can have
a second depth relative to the central axis that is different
from the first depth.

[0021] The pilot nozzle body can include a fuel swirler
outboard of the pilot air circuit and a prefilmer mounted
outboard of the fuel swirler. The first and second fuel
passages can be defined in an outboard surface of the
fuel swirler. Each of the first fuel passages can include
afirst fuel inlet in fluid communication with a first opening
through the prefilmer. Each of the first fuel passages can
include a metering slot in fluid communication with the
fuel outlet of the pilot nozzle body. Each of the second
fuel passages can extend between the outlet of the pilot
nozzle body and a common fuel inlet in fluid communi-
cation with a second opening through the prefilmer. One
of the second fuel passages can extend between each
circumferentially adjacent pair of first fuel passages. The
primary pilot fuel circuit can be configured and adapted
to have a lower flow number than the secondary pilot fuel
circuit. It is also contemplated that at least one of the
main fuel circuit and pilot fuel circuits can include a di-
verging prefilming air-blast atomizer.

[0022] The invention also provides a fuel injector for a
gas turbine engine for fuel patternation control by varying
relative flow in the first and second fuel circuits. The in-
jector includes a nozzle body having an air circuit on the
central axis with fuel circuitry radially outboard of the air
circuitfor delivering fuel to a prefilming chamber outboard
of the air circuit. The fuel circuitry includes a first fuel
circuit configured and adapted to deliver a fuel flow into
the prefilming chamber with a first set of flow character-
istics, and a second fuel circuit configured and adapted
to deliver a fuel flow into the prefilming chamber with a
second set of flow characteristics that is different from
the first set of flow characteristics for fuel patternation
control by varying relative flow in the first and second fuel
circuits.

[0023] The invention also provides a fuel injector with
main, primary pilot, and secondary pilot fuel circuits. The
injector includes a main nozzle body defining a central
axis and having a main fuel circuit. A pilot nozzle body
is mounted inboard of the main nozzle body. The pilot
nozzle body includes a pilot air circuit on the central axis
with fuel circuitry, including the primary and secondary
pilot fuel circuits, radially outboard of the pilot air circuit
as described above.

[0024] These and other features of the systems and
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methods of the subject invention will become more read-
ily apparent to those skilled in the art from the following
detailed description of the preferred embodiments taken
in conjunction with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] So that those skilled in the art to which the sub-
ject invention appertains will readily understand how to
make and use the devices and methods of the subject
invention without undue experimentation, preferred em-
bodiments thereof will be described in detail herein below
with reference to certain figures, wherein:

Fig. 1 is a perspective view of an exemplary embod-
iment of an injector constructed in accordance with
the present invention, showing portions of the hous-
ing and combustor of a gas turbine engine with the
injector in place;

Fig. 2 is a cross-sectional side elevation view of a
portion of the injector of Fig. 1, showing portions of
the main, primary pilot, and secondary pilot fuel cir-
cuits;

Fig. 3 is a cross-sectional side elevation view of a
portion of the injector of Fig. 1, showing the radial
condauits for the primary and secondary pilot fuel cir-
cuits lined up with the respective fuel circuit portions
in the pilot prefilmer and pilot fuel swirler;

Fig. 4 is a perspective view of the fuel swirler of Fig.
3, showing the portions of the primary and secondary
pilot fuel circuits defined therein;

Fig. 5 is a partially cut away perspective view of the
pilot prefiliner and fuel swirler of Fig. 3, showing the
alignment of the fuel circuitry defined in the prefilmer
with that of the fuel swirler;

Fig. 6 is an exploded perspective view of the pilot
prefilmer and fuel swirler of Fig. 5, schematically
showing the fluid communication between fuel cir-
cuitry defined in the prefilmer and that of the fuel
swirler;

Fig. 7 is aschematicflattened view of the fuel circuitry
of the pilot fuel swirler of Fig. 4, showing the align-
ment of the swirl slots;

Fig. 8 is a schematic plan view of a portion of the
pilot fuel swirler of Fig. 7, showing the parallel swirl
slots of the primary and secondary pilot fuel circuits;
and

Fig. 9is a schematic plan view of a portion of another
exemplary embodiment of a fuel swirler, showing the
swirl slot for the primary pilot fuel circuit at a different
angle from the swirl slots of the secondary pilot fuel
circuit.

DETAILED DESCRIPTION OF THE PREFERRED EM-
BODIMENTS

[0026] Reference will now be made to the drawings
wherein like reference numerals identify similar structural
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features or aspects of the subjectinvention. For purposes
of explanation and illustration, and not limitation, a partial
view of an exemplary embodiment of an injector con-
structed in accordance with the invention is shown in Fig.
1andis designated generally by reference character 100.
Other embodiments of injectors in accordance with the
invention, or aspects thereof, are provided in Figs. 2-9,
as will be described. The systems of the invention can
be used toimprove staging pressure ratios for lean direct
injection, and to enhance fuel distribution at low power
levels for improved startup.

[0027] U.S. Patent Application Publication No.
2006/0248898, which is incorporated herein by reference
in its entirety, describes lean direct injection atomizers
for gas turbine engines. The present invention pertains
to fuel injectors that deliver a fuel/air mixture into the com-
bustion chamber of a gas turbine engine. In particular,
the invention pertains to fuel injectors for staged, lean
direct injection (LDI) combustion systems, wherein
around 50% to 80% of the combustion air enters the com-
bustion chamber through the fuel injector, for example.
Such a system is designed to reduce pollutant emissions,
particularly nitrogen oxides (NOy), carbon monoxide
(CO), and unburned hydrocarbons (UHC).

[0028] There s a strong desire to operate in a pilot only
mode for a substantial portion of the operating thrust,
such as up to 50%-70% power or more. However, due
to the desire to have good atomization for the entire range
of operation which generates a high turndown ratio, the
size of the pilot metering capacity is dictated by exterior
constraints such as pump capability, manifold pressure
limits and cooling requirements. The preset invention al-
lows for staging of the pilot zone into subcomponents in
order to increase the operating thrust in pilot only modes
without exceeding desirable pressure limits. The pilot is
separated into primary and secondary pilot fuel circuits,
and these can take various forms as described below.
[0029] As shown in Fig. 1, a fuel injector 100 for a gas
turbine engine is shown mounted in a combustor 10,
which is shown partially cut away. Fuel injector 100 in-
cludes an elongated feed arm 102 having an inlet portion
104 for receiving fuel at one end, and a nozzle body 106
depending from the opposite end of feed arm 102 for
issuing atomized fuel into the combustion chamber of a
gas turbine engine. A mounting flange 108 is provided
proximate to inlet portion 104 for securing fuel injector
100 to the casing of a gas turbine engine. Fuel feed arm
102 includes fuel conduits to convey fuel from main fuel
circuit 112, primary pilot fuel circuit 116, and secondary
pilot fuel circuit 118 for atomization and combustion, as
indicated in Fig. 2. As shown in Fig. 1, inlet portion 104
ofinjector 100 includes three fuel inlets 103, one for each
of the three fuel circuits just mentioned. Fuel external to
the injector is supplied to the three fuel circuits via the
three respective inlets of inlet portion 104, from which it
is conducted through conduits in feed arm 102, and is
issued out of nozzle body 106 into combustor 10.
[0030] Referring now to Fig. 2, nozzle body 106 defines
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a central axis 110 and includes a main fuel circuit 112.
An air circuit 114 is formed within nozzle body 106 in-
board of main fuel circuit 112. As shown in the enlarged
view of the pilot section in Fig. 3, nozzle body 106 also
includes portions of primary pilot fuel circuit 116 and a
secondary pilot fuel circuit 118 inboard of air circuit 114
and outboard of primary inner pilot air circuit 170, as will
be described in greater detail below.

[0031] With continued reference to Fig. 2, the compo-
nents of nozzle body 106 defining the above-mentioned
air and fuel circuits therein will be described starting from
the outer components and generally working inward to-
ward axis 110. The radially outer portion of nozzle body
106 includes an outer air cap 120 and an outer air swirler
122 inboard of outer air cap 120. An outer air circuit 124,
is defined between air cap 120 and outer air swirler 122,
which includes swirl vanes for issuing swirled air out-
board of a fuel spray issued from main fuel circuit 112.
A main prefilmer 126 is inboard of and generally concen-
tric with air cap 120 and outer air swirler 122. A main fuel
swirler 128 is provided inboard of main prefilmer 126.
Main fuel swirler 128 and main prefilmer 126 define a
portion of main fuel circuit 112 therebetween. Main fuel
swirler 128 and prefilmer 126 define a generally annular
prefilming atomizer that is concentric with central axis
110, and is a diverging prefilming air-blast atomizer.
[0032] A heat shield 130 is disposed inboard of fuel
swirler 128 to help thermally isolate fuel within main fuel
circuit 112 and thereby reduce or eliminate coking there-
in. Main air swirler 132 is provided inboard of heat shield
130 and fuel swirler 128. Main air swirler 132 includes
turning vanes similar to those of outer air swirler 122 for
issuing a swirling flow of air inboard of fuel sprayed from
the prefilming chamber of main fuel circuit 112. The
downstream portion of main air swirler 132 is conical and
diverges with respect to axis 110 to direct air flowing
through main air circuit 114 in a diverging direction toward
fuel issuing from main fuel circuit 112.

[0033] An intermediate air swirler 134 is provided ra-
dially inward from main air swirler 132, with an interme-
diate air circuit 136, shown in Fig. 2, defined therebe-
tween. Intermediate air circuit 136 provides a film of cool-
ing air along the downstream diverging inner surface of
main air swirler 132 to shield the surface from thermal
damage and distress. Intermediate air swirler 134 and
the diverging portion of air swirler 132 are optional. Those
skilled in the art will readily appreciate that in appropriate
applications, main air circuit 114 can be straight instead
of diverging, for example.

[0034] Aninward portion of intermediate air swirler 134
includes an outer pilot air swirler 138 with turning vanes
in pilot air circuit 140. Inboard of outer pilot air swirler 138
is pilot nozzle body, namely pilot atomizer 142. The down-
stream portion of intermediate air swirler 134 converges
toward axis 110 to direct air from pilot air circuit 140 in-
ward toward fuel issuing from pilot atomizer 142 through
primary and/or secondary pilot fuel circuits 115 and 118.
[0035] With reference now to Fig. 3, pilot atomizer 142
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serves as a prefilming injector nozzle for pilot fuel circuits
116 and 118. Pilot atomizer includes prefilmer 144 in-
board of outer pilot air swirler 138. Pilot fuel swirler 146
is mounted inboard of prefilmer 144 and fuel circuitry for
pilot fuel circuits 116 and 118 is formed in channels in a
cylindrical region between prefilmer 144 and swirler 146.
Fuel in the respective fuel circuits passes from feed arm
102 to pilot atomizer 142 through nozzle body member
107.

[0036] As shown in Figs. 2 and 3, pilot atomizer 142
includes inner pilot air circuit 170 defined by an inner heat
shield 172 inboard of swirler 146 aligned with axis 110.
An inner air swirler 174 is provided within inner pilot air
circuit170. Inner air swirler 174 is configured and adapted
to impart swirl on a flow of air therethrough in a second
swirl direction.

[0037] Referring now to Fig. 4, swirler 146 provides
passages for two separate fuel circuits, namely primary
and secondary pilot fuel circuits 116 and 118. The first
fuel circuit, namely primary pilot fuel circuit 116, includes
a plurality of first fuel passages 148 defined on the outer
diametrical surface of fuel swirler 146. In Fig. 4, only one
fuel passage 148 is visible, but see Fig. 7 described be-
low. The second fuel circuit, namely secondary pilot fuel
circuit 118, includes a plurality of second fuel passages
150 defined on the radially outward surface of fuel swirler
146. Each of the first fuel passages 148 includes a sep-
arate first fuel inlet 152 and is in fluid communication with
outlet 154 of swirler 146. Each of the second fuel pas-
sages 150 extends between outlet 154 and a common
fuel inlet 156. While fuel passages 148 and 150 have
their respective longitudinal axes aligned parallel with ax-
is 110 of nozzle body 106, those skilled in the art will
readily appreciate that they can be angled around axis
110 without departing from the scope of the invention.
Angled fuel passages could provide enhanced fuel swirl,
for example.

[0038] One of the second fuel passages 150 extends
between each circumferentially adjacent pair of first fuel
passages 148 making a circumferential pattern in which
every other passage is a first passage 148 and every
other passage is a second passage 150. However, this
configuration is optional and those skilled in the art will
readily appreciate that any circumferential ordering of the
fuel passages around swirler 146 can be used without
departing from the spirit and scope of the invention.
[0039] Referring now to Fig. 5, fuel swirler 146is shown
mounted within prefilmer 144, with prefilmer 144 shown
partially cut-away. Prefilmer 144 includes a set of first
openings 158 therethrough for supplying fuel from pri-
mary pilot fuel circuit 116 of feed arm 102 into fuel pas-
sages 148 of pilot atomizer 142. Each of the first openings
158 corresponds to a single first inlet 152 of one of the
first fuel passages 148. Openings 158 are in fluid com-
munication with a common channel 160 in the outboard
surface of swirler 146. A second opening 162 is defined
through the wall of prefiimer 144 to allow fuel to enter
common inlet 156 to feed the second fuel passages 150.
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Fig. 3 shows how fuel in the respective fuel circuits 116
and 118 in nozzle body member 107 can feed into chan-
nel 160 and second opening 162, respectively. Fig. 6
shows schematically how fuel from channel 160 fees
through first openings 158 into inlets 152, and how fuel
from second opening 162 feeds into common inlet 156.
[0040] While the fuel passages of the first and second
fuel circuits 116 and 118 are shown as being defined on
the outer diametrical surface of fuel swirler 146, the fuel
passages could also be defined at least in part on the
radially inner surface of prefilmer 144, or any other suit-
able configuration so as to be between swirler 146 and
prefilmer 144.

[0041] Prefilmer 144 includes a converging exit portion
that formes a swirl chamber 166 and a prefilming exit
chamber 164, identified in Fig. 3, with the outlet 154 of
swirler 146. Both fuel circuits are connected to supply
fuel into common swirl chamber 166 and prefilming
chamber 164. Swirling fuel exiting pilot atomizer 142 is
directed radially inward as it passes through prefilming
chamber 164. Those skilled in the art will appreciate that
while prefilmer 144 converges toward the fuel exit, any
other suitable nozzle exit configuration can be used with-
out departing from the spirit and scope of the invention.
[0042] With reference again to Fig. 4, each of the first
and second fuel passages 148/150 is in fluid communi-
cation with fuel outlet 154 of pilot atomizer 142 through
one or more metering slots 168. Metering slots 168 are
arranged circumferentially around fuel swirler 146. Each
metering slot 168 is configured and adapted to impart
swirl to a stream of fuel flowing therethrough in a swirl
direction by being angled with respect to central axis A.
Each metering slot 168 can be angled on the same angle,
for example 45°, with respect to central axis 110. While
all of the metering slots 168 are depicted as having the
same swirl angel with respect to axis A, itis also possible
for some of the slots 168 to have a different angle than
others of the slots 168, as described in further detail be-
low.

[0043] Referring now to Fig. 7, first and second fuel
passages 148 and 150 of pilot atomizer 142 are shown
schematically, as though flattened out from their cylindri-
cal form. As indicated in Fig. 7, there are three first fuel
passages 148 and three second fuel passages 150.
Those skilled in the art will readily appreciate that any
suitable numbers of first and second fuel passages can
be used without departing from the spirit and scope of
the invention.

[0044] The primary pilot fuel circuit 116 can be config-
ured and adapted to have a lower flow number than the
secondary pilot fuel circuit 118. Slots 168 are shown hav-
ing identical configurations for both first passages 148
and second passages 150, however it is also possible
for slots 168 of first passages 148 to have characteristics
different from slots 168 of second passages 150, or for
slots 168 to have different characteristics from one an-
other within a single fuel circuit. The number, size, angle,
depth, flow number, and spacing of slots 168 for first pas-
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sages 148 can be tailored to meet starting requirements
for a given engine design through engine test stand tests
or other suitable methods. As shown in Fig. 7, each of
the first fuel passages 148 is in fluid communication with
the prefilming chamber through one metering slot 168,
and each of the second fuel passages is in fluid commu-
nication with the prefilming chamber through two meter-
ing slots 168 via a respective circumferential channel
segment 176. This gives secondary pilot fuel circuit 118
a higher flow number than primary pilot fuel circuit 116.
[0045] Referring now to Figs. 8-9, other circuit to circuit
variations in metering slot characteristics are described.
In Fig. 8, three metering slots 168 are shown, one for first
fuel passage 148 and two for second fuel passage 150.
Than angle o between the longitudinal axis of each me-
tering slot 168 and the longitudinal axis its respective fuel
passage 148 and 150 is the same for all the metering
slots 168. However, as shown in the exemplary fuel swirl-
er embodiment of Fig. 9, it is also possible for metering
slots 268 of first fuel passages 248 to be angled at an
angle B that is different from the angle o of metering slots
268 of the second fuel passages 250. Other exemplary
ways to vary the metering slot characteristics from one
fuel circuit to another is for each metering slot of the first
fuel passages to have a first flow area, where each me-
tering slot of the second fuel passages has a second flow
area that is different from the first flow area. This can be
done, for example, by having the metering slots of the
two circuits be formed at two different respective channel
depths and/or widths relative to the central axis of the
swirler.

[0046] Having two circuits where the metering slot
characteristics vary can provide flow patternation control
over fuel spray from pilot atomizer 142. The spray pattern
can be controlled by varying the relative flow in the first
and second fuel circuits 116 and 118. For example, while
it may be desirable to operate injector 100 at lean fuel to
air ratios over most of the power range, it may be helpful
for ignition if pilot fuel circuit 116 has a locally rich flow
pattern at low power levels. If the angle of metering slots
168 in primary pilot fuel circuit 116 is relatively straight,
the fuel spray will be streaky, with local rich concentra-
tions of fuel. At higher power levels, this streakiness in
the spray pattern can be diminished and eliminated as
the fuel flow increases, especially when secondary pilot
fuel circuit 118 issues fuel through its metering slots
which have a relatively high slot angle. The fuel from
these two circuits mixes in spin chamber 166, negating
the streaking tendency of metering slots 168 of primary
pilot fuel circuit 116. Similar control can be achieved var-
ying slot sizes as described above.

[0047] In short, by biasing a portion of the metering
slots that are fueled separately from the remainder of the
metering slots, rich streaks can be created which en-
hance combustion stability. At higher flow rates, where
emissions and component stresses are important, a
more uniform fuel spray can be presented by higher pow-
er swirl slots that are fueled separately from the low power
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slots, which can remain flowing or can be shut down at
higher power levels. This configuration can be applied in
place of any traditional single circuit airblast injector, or
to any injector that utilizes a prefilmer for one of the de-
livery means.

[0048] Metering slots 168 can advantageously be di-
mensioned to perform fuel pressure atomization on fuel
flowing therethrough. This is advantageous during en-
gine start up when air pressures are insufficient to fully
atomize fuel from the first fuel circuit. If metering slots
168 in pilot fuel circuit 116 are configured for fuel pressure
atomization, the atomizing pressure should be low
enough, e.g. around 20-30 psi which can vary from ap-
plication to application, to allow for a simple check valve
to properly operate to regulate initial flow. If the pressure
required for pressure atomization is too high for proper
functioning of a suitable check valve, the start circuit need
not employ pressure atomization, but can rather be con-
figured to minimize flow area enough to provide fast mov-
ing fuel that tends to atomize rather than drooling from
pilot atomizer 142. Those skilled in the art will readily
appreciate that slots 168 can be, but are not required to
be, configured for use in pressure atomization with out
departing from the spirit and scope of the invention.
[0049] Having main, primary pilot, and secondary pilot
fuel circuits 112, 116, and 118 allows the primary pilot
fuel flow to be broken down into a relatively small flow
number, aiding in ignition, weak stability and low power
emission. It also allows the secondary pilot fuel flow to
have a comparatively large flow number allowing for high-
er power operation while not causing requirements for
severely high fuel delivery pressures. This provides for
operation of a gas turbine engine up to 50%-70% or great-
er throttle level without activating main fuel circuit 112,
while allowing for lower fuel delivery pressure require-
ments compared to conventional pilot stages operating
at similar levels. Staging can be accomplished with check
valves and/or individual manifolding for each circuit. The
two-circuit atomizer configuration can also be applied to
the main atomizer to split the main fuel circuit, which
would also lower the requirements of fuel delivery pres-
sure.

[0050] Breaking the pilot into multiple circuits also al-
lows for rumble mitigation, turn-down ratio, and uniformity
solution. Rumble mitigation is possible through varying
the fuel splits between the two pilot circuits, or by varying
the ratio of pilot to main fuel flow splits. The two circuit
pilot allows for maintaining relatively high manifold supply
pressures, limiting the variability circumferentially due to
head effect and manufacturing variability. Ratios be-
tween two different modes of metering swirl slots can
also act to provide rumble mitigation by presenting inco-
herent fuel distributions.

[0051] Thermal management of the three fuel circuits
ininjectors 100, 200 can be accomplished by cooling with
fuel flowing through at least the primary pilot fuel circuit
during low power engine operation to cool the other two
fuel circuits when they are inactive. In general, in the feed
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arm 102 the primary pilot fuel circuit 116 should be out-
board of the other two fuel circuits 112 and 118 and can
be kept in close proximity with the other two fuel circuits
112 and 118 within the nozzle body 106, respectively.
Such thermal management techniques are disclosed in
commonly assigned U.S. Patent No. 7,506,510, which is
incorporated by reference herein in its entirety. The or-
dering of the fuel circuits described herein is exemplary
and those skilled in the art will readily appreciate that the
fuel circuits can be reordered as appropriate for specific
applications without departing from the spirit and scope
ofthe invention. Injector 100 also has superior properties,
including the advantages of airblast atomization in both
of the pilot fuel circuits 116 and 118.

[0052] The devices and methods described above pro-
vide the advantages of traditional pure airblast injector
air/fuel mixtures and spray characteristics while reducing
or eliminating complications of engine start up caused
by traditional pure airblast injectors including fuel drool-
ing, incomplete atomization, fuel pooling, and other re-
lated problems. Moreover, those skilled in the art will
readily appreciate that the nozzles and injectors of the
present invention can be configured to have the same
external dimensions and configurations as existing pure
airblast fuel injectors and nozzles. This allows for injec-
tors and nozzles of the present invention to be inter-
changeable with existing pure airblast injectors and noz-
zles without the need for significant modifications to ex-
isting combustors or other engine components. While it
is possible to use the injectors and nozzles of the present
invention in place of and in much the same manner as
traditional single stage injectors and nozzles, those
skilled in the art will readily appreciate the improved func-
tionality provided by multiple stages.

[0053] The methods and systems of the presentinven-
tion, as described above and shown in the drawings, pro-
vide for air blast fuel injectors with superior properties
including improved atomization and spray patternation
at low flow rates, such as during engine start up. This
improved atomization leads to improved emissions and
operability. Moreover, the injectors and nozzles de-
scribed herein provide forimproved light-around and pat-
tern factor without costly upgrades to nozzles, fuel cir-
cuits, or fuel controls of existing or newly manufactured
engines. The fuel injectors described above also have
superior staged operation, with a pilot only mode extend-
ing over a substantial portion of the operating power
range. This is accomplished while having lower require-
ments of fuel delivery pressure and reducing the chance
of carbon formation due to thermal breakdown of fuel.
[0054] While the apparatus and methods of the subject
invention have been shown and described with reference
to preferred embodiments, those skilled in the art will
readily appreciate that changes and/or modifications
may be made thereto without departing from the spirit
and scope of the subject invention.
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Claims

1.

A fuel injector for a gas turbine engine comprising:

a main nozzle body defining a central axis and
having a main fuel circuit; and

a pilot nozzle body mounted inboard of the main
nozzle body, the pilot nozzle body including a
pilot air circuit on the central axis with fuel cir-
cuitry radially outboard of the pilot air circuit for
delivering fuel to a fuel outlet in a downstream
portion of the pilot nozzle body, the fuel circuitry
including a primary pilot fuel circuit configured
and adapted to deliver fuel to the fuel outlet and
a secondary pilot fuel circuit configured and
adapted to deliver fuel to the same fuel outlet.

A fuel injector as recited in claim 1, wherein the pri-
mary pilot fuel circuit includes a plurality of first fuel
passages, and wherein the secondary pilot fuel cir-
cuit includes a plurality of second fuel passages,
wherein the first and second fuel passages extend
from an upstream portion of the pilot nozzle body to
the fuel outlet thereof.

A fuel injector as recited in claim 2, wherein the first
and second fuel passages feed into a common pre-
filming chamber defined in the downstream portion
of the pilot nozzle body upstream of the fuel outlet.

A fuel injector as recited in claim 2, wherein the pilot
nozzle body includes a fuel swirler outboard of the
pilot air circuit and a prefilmer mounted outboard of
the fuel swirler, wherein the first and second fuel pas-
sages are defined in an outboard surface of the fuel
swirler, and wherein each of the first fuel passages
includes a first fuel inlet in fluid communication with
a first opening through the prefilmer, and wherein
each of the first fuel passages includes a metering
slot in fluid communication with the fuel outlet of the
pilot nozzle body.

A fuel injector as recited in claim 2, wherein the pilot
nozzle body includes a fuel swirler outboard of the
pilot air circuit and a prefilmer mounted outboard of
the fuel swirler, wherein the first and second fuel pas-
sages are defined in an outboard surface of the fuel
swirler, wherein each of the second fuel passages
extends between the outlet of the pilot nozzle body
and a common fuel inlet in fluid communication with
a second opening through the prefilmer, and
optionally:-

one of the second fuel passages extends be-
tween each circumferentially adjacent pair of

first fuel passages.

A fuel injector as recited in claim 1, wherein at least
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one of a) and b):-

a) the primary pilot fuel circuit is configured and
adapted to have a lower flow number than the
secondary pilot fuel circuit;

b) at least one of the main fuel circuit and pilot
fuel circuits includes a diverging prefilming air-
blast atomizer.

7. Afuel injector for a gas turbine engine comprising:

anozzle body including an air circuit on the cen-
tral axis with fuel circuitry radially outboard of
the air circuit for delivering fuel to a prefilming
chamber outboard of the air circuit, the fuel cir-
cuitry including:

a first fuel circuit configured and adapted to
deliver a fuel flow into the prefilming cham-
ber with a first set of flow characteristics,
and

a second fuel circuit configured and adapt-
ed to deliver a fuel flow into the prefilming
chamber with a second set of flow charac-
teristics that is different from the first set of
flow characteristics for fuel patternation
control by varying relative flow in the first
and second fuel circuits.

A fuel injector as recited in claim 7, wherein the first
fuel circuit of the nozzle body includes a plurality of
first fuel passages, and wherein the second fuel cir-
cuit of the nozzle body includes a plurality of second
fuel passages, wherein the first and second fuel pas-
sages extend from an upstream portion of the nozzle
body to the prefilming chamber thereof, wherein the
first and second fuel passages are in fluid commu-
nication with the prefilming chamber by way of a plu-
rality of metering slots, and wherein the number of
metering slots of the first fuel passages is different
from the number of metering slots of the second fuel
passages, wherein

optionally:-

each of the first fuel passages is in fluid commu-
nication with the prefilming chamber through
one metering slot, and wherein each of the sec-
ond fuel passagesis in fluid communication with
the prefilming chamber through two metering
slots.

A fuel injector as recited in claim 7, wherein the first
fuel circuit of the nozzle body includes a plurality of
first fuel passages, and wherein the second fuel cir-
cuit of the nozzle body includes a plurality of second
fuel passages, wherein the first and second fuel pas-
sages extend from an upstream portion of the nozzle
body to the prefilming chamber thereof, wherein the
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12.

first and second fuel passages are in fluid commu-
nication with the prefilming chamber by way of a plu-
rality of metering slots, wherein each metering slot
of the first fuel passages is angled at a first angle
with respect to a central axis of the nozzle body for
imparting swirl onto fuel flowing therethrough,
wherein each metering slot of the second fuel pas-
sages is angled at a second angle with respect to a
central axis that is different from the first angle.

A fuel injector as recited in claim 7, wherein the first
fuel circuit of the nozzle body includes a plurality of
first fuel passages, and wherein the second fuel cir-
cuit of the nozzle body includes a plurality of second
fuel passages, wherein the first and second fuel pas-
sages extend from an upstream portion of the nozzle
body to the prefilming chamber thereof, wherein the
first and second fuel passages are in fluid commu-
nication with the prefilming chamber by way of a plu-
rality of metering slots, wherein each metering slot
ofthe firstfuel passages has afirstflow area, wherein
each metering slot of the second fuel passages has
a second flow area that is different from the first flow
area, wherein

optionally:-

each metering slot of the first fuel passages has
a first depth relative to the central axis, and
wherein each metering slot of the second fuel
passages has a second depth relative to the
central axis that is different from the first depth.

A fuel injector for a gas turbine engine comprising:

a main nozzle body defining a central axis and
having a main fuel circuit; and

a pilot nozzle body mounted inboard of the main
nozzle body, the pilot nozzle body including a
pilot air circuit on the central axis with fuel cir-
cuitry radially outboard of the pilot air circuit for
delivering fuel to a prefilming chamber outboard
of the pilot air circuit, the fuel circuitry including
a primary pilot fuel circuit configured and adapt-
ed to deliver a fuel flow into the prefilming cham-
ber with a first set of flow characteristics, and
a secondary pilot fuel circuit configured and
adapted to deliver a fuel flow into the prefilming
chamber with a second set of flow characteris-
tics that is different from the first set of flow char-
acteristics for fuel patternation control by varying
relative flow in the primary and secondary pilot
fuel circuits.

A fuel injector as recited in claim 11, wherein at least
one of a) and b):-

a) the primary pilot fuel circuitincludes a plurality
of first fuel passages, and wherein the second-
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ary pilot fuel circuitincludes a plurality of second
fuel passages, wherein the first and second fuel
passages extend from an upstream portion of
the pilot nozzle body to the prefilming chamber
thereof;

b) the primary pilot fuel circuit is configured and
adapted to have a lower flow number than the
secondary pilot fuel circuit.

A fuel injector as recited in claim 11, wherein the
primary pilot fuel circuit includes a plurality of first
fuel passages, and wherein the secondary pilot fuel
circuit includes a plurality of second fuel passages,
wherein the first and second fuel passages extend
from an upstream portion of the pilot nozzle body to
the prefilming chamber thereof, wherein the first and
second fuel passages are in fluid communication
with the prefilming chamber by way of a plurality of
metering slots, and wherein the number of metering
slots of the first fuel passages is different from the
number of metering slots of the second fuel passag-
es.

A fuel injector as recited in claim 11, wherein the
primary pilot fuel circuit includes a plurality of first
fuel passages, and wherein the secondary pilot fuel
circuit includes a plurality of second fuel passages,
wherein the first and second fuel passages extend
from an upstream portion of the pilot nozzle body to
the prefilming chamber thereof, wherein the first and
second fuel passages are in fluid communication
with the prefilming chamber by way of a plurality of
metering slots, wherein each metering slot of the first
fuel passages is angled at a first angle with respect
to a central axis of the pilot nozzle body, wherein
each metering slot of the second fuel passages is
angled at a second angle with respect to a central
axis that is different from the first angle.

A fuel injector as recited in claim 11, wherein the
primary pilot fuel circuit includes a plurality of first
fuel passages, and wherein the secondary pilot fuel
circuit includes a plurality of second fuel passages,
wherein the first and second fuel passages extend
from an upstream portion of the pilot nozzle body to
the prefilming chamber thereof, wherein the first and
second fuel passages are in fluid communication
with the prefilming chamber by way of a plurality of
metering slots, wherein each metering slot of the first
fuel passages has afirst flow area, and wherein each
metering slot of the second fuel passages has a sec-
ond flow area that is different from the first flow area.
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