TURBINE ENGINE CLEANING SYSTEMS AND METHODS

FIELD OF THE INVENTION
[0001] The present subject matter relates generally tortarengines, and more

particularly, to cleaning systems and methods fgasturbine engine.

BACKGROUND OF THE INVENTION
[0002]  Aircraft engines used to propel aircraft throughaie routes often
experience significant fouling due to heavy envinemtal particulate matter intake
during flight, idling, taxiing, take-off, and lanatj. Environmental fouling degrades
performance in turbine components of such airaadines. For example, one known
mechanism for fouling is the increased roughnegarbine components caused by
mineral dust ingestion. Specifically, this increasoughness can result from the
formation of micropits caused by particle impaSubsequently, mineral dust
particles accumulate in these pits and block cggbassages by forming layers of
fouling material therein. High temperatures orfazes in downstream stages of the
turbine result in thermal alteration and solid-staineral reactions of the
accumulated mineral dust particles, which formsalaia, magnesia, alumina, silica
(CMAS) based reaction product. Once reaction petedibave formed and cooled,
they may become very difficult to remove. Even enal dust particles or CMAS
precursors that do not form a CMAS reaction proaoay still travel through
relatively low-temperature portions of the engifdese dust particles may
subsequently cause substantial damage through@b@soxidation.
[0003] Typical methods for cleaning an engine requirechitsy existing systems
to the engine only after a flight has concludedclBsystems may require complete or
partial disassembly of the engine. Often, allane of the engine must be removed
from the wing or aircraft structure to which itmeunted. Significant time and
energy may be required to adequately clean intgordions of the engine, especially
if CMAS accumulation or buildup has occurred. Alatthough CMAS buildup
becomes harder to remove once it has cooled, tieeemay be disassembled until
significant cooling has occurred. The cumbersontetame-consuming nature of
these methods may cause cleaning to take placargahnittently. Even when they



do occur, the cumbersome and time-consuming nafusgical methods may reduce
the time available to perform other post-flight mteanance operations. Moreover,
they may be completely unable to address minestl tthat accumulates outside of a
combustible gas flow path of the engine.

[0004]  Accordingly, further improvements to cleaning meth@and systems are
desired. Methods and systems that provide cleaniag engine while mounted to an
aircraft structure such as a wing would be useliéthods and systems that provide
cleaning to an engine during flight or immediati#dgreafter would also be useful.

BRIEF DESCRIPTION OF THE INVENTION
[0005] Aspects and advantages of the invention will béaéh in part in the
following description, or may be obvious from thesdription, or may be learned
through practice of the invention.
[0006] In accordance with one exemplary embodiment optiesent disclosure, a
method for cleaning an installed gas turbine enthaéincludes an engine core,
wherein the engine core defines a primary gas gadhncludes at least one airfoll
extending into the primary gas path. The methog melude initiating a cleaning
program and directing a cleaning fluid toward thgiee core in response to the
initiation of the cleaning program. The method rayher include initiating delivery
of the cleaning fluid as a non-vaporized liquidhwitthe primary gas path to the
engine core.
[0007] In accordance with another exemplary embodimeth@present
disclosure, a gas turbine engine is provided. gdseturbine engine may define a
central axis, a radial direction, and a primary gaih extending along the central
axis. The gas turbine engine may include an engjiaé extending along the central
axis, a compressor, a combustion section, a turainen-atomizing fluid nozzle, and
a controller. The compressor may be attachedaemigine shaft and include a
plurality of airfoils extending along the radiatetion into the primary gas path. The
combustion section may be positioned downstreatheo€Eompressor to receive a
compressed air flow therefrom. The turbine maynoeinted on the engine shaft
downstream of the combustion section to providetational force to the compressor.
The non-atomizing fluid nozzle may be directed ithte primary gas path to



selectively spraying a non-vaporized cleaning fhaidhe primary gas path. The
controller may be in operable communication with tton-atomizing fluid nozzle.

The controller may also be configured to initiateleaning program within the gas
turbine engine, direct the cleaning fluid to thevadomizing nozzle in response to the
initiation of the cleaning program, and initiatdidery of the cleaning fluid as a non-
vaporized liquid within the primary gas path tdestst one airfoil.

[0008] These and other features, aspects and advantatiesmesent invention
will become better understood with reference toftilewing description and
appended claims. The accompanying drawings, wdniehncorporated in and
constitute a part of this specification, illustrammbodiments of the invention and,

together with the description, serve to explaingheciples of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
[0009] A full and enabling disclosure of the present ii@n including the best
mode thereof, directed to one of ordinary skilthe art, is set forth in the
specification, which makes reference to the appefideres, in which:
[0010] FIG. 1 provides a cross-sectional schematic vieanoéxemplary gas
turbine engine in accordance with one or more enmbexiks of the present disclosure;
[0011] FIG. 2 provides a cross-sectional schematic vieanoéxemplary gas
turbine engine, including a compressor sectiocitordance with one or more
embodiments of the present disclosure;
[0012] FIG. 3 provides a magnified cross-sectional viewhefexemplary gas
turbine engine of FIG. 2;
[0013] FIG. 4 provides a schematic plan view of an exemyptieaning system in
accordance with one or more embodiments of theeptatisclosure;
[0014] FIG. 5 provides a schematic plan view of anothengxary cleaning
system in accordance with one or more embodimdriteeqresent disclosure;
[0015] FIG. 6 provides a schematic diagram of an exemflayt schedule in
accordance with one or more embodiments of theeptatisclosure; and
[0016] FIG. 7 provides a flow chart illustrating a methafctleaning a turbine
engine in accordance with one or more embodimdritseeqoresent disclosure.



[0017] Repeat use of reference characters in the pregedifisation and
drawings is intended to represent the same or goatofeatures or elements of the

present invention.

DETAILED DESCRIPTION OF THE INVENTION
[0018] Reference now will be made in detail to embodimeftse invention,
one or more examples of which are illustrated endhawings. Each example is
provided by way of explanation of the inventiont himitation of the invention. In
fact, it will be apparent to those skilled in thetaat various modifications and
variations can be made in the present inventiohawuit departing from the scope or
spirit of the invention. For instance, featurdssirated or described as part of one
embodiment can be used with another embodimenetd § still further
embodiment. Thus, it is intended that the presemntion covers such modifications
and variations as come within the scope of the raghge claims and their equivalents.
[0019] As used herein, the terms “first,” “second,” anklifd” may be used
interchangeably to distinguish one component frowtlzer and are not intended to
signify location or importance of the individualmponents.
[0020] The terms “upstream” and “downstream” refer torlative direction
with respect to fluid flow in a fluid pathway. Fekample, “upstream” refers to the
direction from which the fluid flows, and “downsam” refers to the direction to
which the fluid flows.
[0021] The present disclosure provides a system and méthateaning a gas
turbine engine while the engine is in-flight or etivise mounted to an aircratft (i.e.,
on wing). Generally, a cleaning fluid is provideda gas flow path of the engine
before one or more foreign materials can accumuwlate turbine component within
the gas turbine engine.
[0022] Exemplary turbine components include, but are inaitéd to, shrouds,
blades, rotors, nozzles, or vanes. Moreover, tingponents may be fabricated from a
metallic material. As used herein, the term “netaimay refer to a single metal or a
metal alloy. Exemplary metallic materials inclubat are not limited to, nickel,
titanium, aluminum, vanadium, chromium, iron, capahd alloys thereof.

Alternatively, turbine components may be fabricdtedh a non-metallic material,



including but not limited to ceramic matrix compgesi (CMCs), polymer matrix
composites (PMCs) as well as other non-metallicenedt.

[0023] Referring now to the drawings, FIG. 1 is a schecatdss-sectional view
of an exemplary high-bypass turbofan type enginbet@in referred to as “turbofan
10” as may incorporate various embodiments of teegnt disclosure. Although the
engine is shown as a turbofan, it is anticipated the present disclosure can be
equally applicable to other turbine-powered engisash as an open rotor engine, a
turboshaft engine, a turbojet engine, a gearedfarbengine, a turboprop engine, or
other suitable engine configurations.

[0024]  As shown in FIG. 1, the turbofan 10 has a longitatior axial centerline
axis 12 that extends therethrough for referencpgses. In general, the turbofan 10
may include a gas turbine or core turbine engindi¢dosed downstream from a fan
section 16. The core turbine engine 14 may gelyaerallude a substantially tubular
outer casing 18 that defines an annular inlet P@e outer casing 18 encases, in serial
flow relationship, a compressor section having aster or low pressure (LP)
compressor 22, a high pressure (HP) compress@ @dmbustion section or chamber
26, a turbine section including a high pressure)(tdBbine 28, a low pressure (LP)
turbine 30, and a jet exhaust nozzle section 32.

[0025] A high pressure (HP) shaft or spool 34 drivinglyeects the HP turbine
28 to the HP compressor 24. A low pressure (LBRjtsir spool 36 drivingly

connects the LP turbine 30 to the LP compressor2i LP spool 36 may also be
connected to a fan spool or shaft 38 of the fatimed6. For the exemplary
embodiments depicted, the LP spool 36 is connatitedtly to the fan spool 38 such
as in a direct-drive configuration. In alternato@nfigurations, however, the LP
spool 36 may be connected to the fan spool 38 s@ead reduction device 37 such as
a reduction gear gearbox in an indirect-drive @rgd-drive configuration. Such
speed reduction devices may be included betweesutgble shafts / spools within
engine 10 as desired or required.

[0026] As shown in FIG. 1, the fan section 16 includesuagtity of fan blades 44
that are coupled to and that extend radially outiyarom the fan spool 38. An
annular fan casing or nacelle 50 circumferentiallyrounds the fan section 16 and/or
at least a portion of the core turbine engine 4ring operation of the turbofan



engine 10, a volume of air 58 enters the turbofathtough an associated inlet 60 of
the nacelle 50 and/or fan section 16. As the velofmair 58 passes across the fan
blades 44, a first portion of the air, as indicabgdarrows 62, is directed or routed
into the bypass airflow passage 56 and a secoribpaf the air, as indicated by
arrow 64, is directed or routed to a primary gab 6&. Specifically, the second
portion of air 64 is directed into the LP compres&®. The pressure of the second
portion of air 64 is then increased as it is routedugh the HP compressor 24 and
into the combustion section 26, where it is mixethviuel and burned to provide
combustion gases 66 to drive the turbines 28 and 30

[0027] The combustion gases 66 are subsequently routedgihthe jet exhaust
nozzle section 32 of the core turbine engine I&¢eide propulsive thrust.
Simultaneously, the pressure of the first portibain62 is substantially increased as
the first portion of air 62 is routed through thgohss airflow passage 56 before it is
exhausted from a fan nozzle exhaust section 7Beofurbofan 10, also providing
propulsive thrust. The HP turbine 28, the LP tueb80, and the jet exhaust nozzle
section 32 at least partially define a primary gash 65 for routing the combustion
gases 66 through the core turbine engine 16. @peration of the engine 10 during
certain conditions, one or more foreign materialg.( CMAS based reaction products
or precursors thereto) may accumulate at variougpwithin the core turbine engine
14.

[0028]  Turning to FIG. 2, one or more portion of the canbine engine 14
contains all or some of the cleaning system 68uding a non-atomizing nozzle 76
for delivering a cleaning fluid 70. In turn, a pon of the primary gas path 65 may
be configured to receive the cleaning fluid 70re8ervoir 78 may be attached to the
outer casing 18 and enclosed therein to storeaat &portion of the cleaning fluid 70.
During cleaning operations, the cleaning fluid 7&@rbe supplied from the reservoir
78 by a pump 80 to facilitate removal and/or reauncof damaging foreign materials
(e.g., a CMAS based reaction products or precutbergto).

[0029] In some embodiments, the cleaning fluid 70 willimle a primary liquid
72. For instance, the primary liquid 72 may ineymbtatable water, demineralized
water, distilled water, deionized water, other sesrof water on board aircraft, and/or
liquid detergent for dissolving CMAS reaction prathj or precursors thereto. Before



use, all or some of the primary liquid 72 may hwet within the reservoir 78. In
additional or alternative embodiments, a secondggnt 74 may be included within
the cleaning fluid 70. For instance, a suitabledgent (e.g., granulated,
concentrated, foam, or gel detergent) may be peavak a secondary agent 74 and
mixed with a portion of the primary liquid 72 beéodelivery of the cleaning fluid 70.
Optionally, the secondary agent 74 may be direotiuded within the primary liquid
72, or selectively supplied thereto, as will beadd®ed below. Additionally, the
cleaning fluid 70 may be stored in a discrete doeteor a separate portion of the
reservoir 78. In some such embodiments, the maxtfithe secondary agent 74 and
primary liquid 72 may only occur directly beforeatter a portion of the primary
liquid 72 is introduced into the primary gas path 6

[0030] As referenced above, the cleaning system 68 mapihiggured to include
one or more non-atomizing nozzles 76 in fluid comioation with a portion of the
core engine 14 (e.g., the compressor section diRrmmpressor 22 or the HP
compressor 24). During cleaning operations, aniewhe engine remains mounted
to an aircraft wing (not pictured), a portion oétbleaning fluid 70 may be delivered
or injected into the primary gas path 65 and/omudeminlet 20. In some
embodiments, the injection occurs at the compressciton and upstream of the
combustion section 26 and turbine(s) 28, 30 (s€e E). In specific embodiments,
the cleaning fluid 70 is injected as a non-vapafikzguid to strike one or more airfoil
82 of the compressor section (e.g., at the LP cesgar 22 or HP compressor 24).
Although the cleaning fluid 70 may eventually vapemwithin the engine 10, the
cleaning fluid 70 will generally remain in liquidrdm until after the cleaning fluid 70
strikes the airfoil 82. As described herein, thitod 82 may be embodied by a vane,
nozzle, or rotor blade extending in the radial clign R in the LP compressor 22 or
HP compressor 24.

[0031] In the exemplary embodiments of FIGS. 2 and 3ntheatomizing nozzle
76 is positioned in the compressor section at aipation of the LP compressor 22.
Specifically, the non-atomizing nozzle 76 is pasigd at an aft airfoil 82 on a
stationary engine segment 84, the aft airfoil 8adpembodied by a stator vane. As
shown, the non-atomizing nozzle 76 extends thr@ugddially inward portion 86 of
the stationary engine segment 84 into the primasygath 65. A fluid conduit 90 or



pipe extends from the reservoir 78 through therozdsing 18 and a non-rotational
floor of the compressor section. In the illustdaéenbodiment, the fluid conduit 90
joins in fluid communication with a manifold 94 fieed cleaning fluid 70 to the non-
atomizing nozzle 76. During cleaning operatioesedive injections of the liquefied
cleaning fluid 70 are delivered to the primary gath 65. The delivered cleaning
fluid 70 is configured to remain in liquid form astrikes an airfoil 82 of the HP
compressor 24. Additional or alternative embodite@nay include one or more non-
atomizing nozzle 76 positioned in the compressotice forward of the LP
compressor 22 (e.g., at the annular inlet 20)sulch embodiments, during cleaning
operations injections of the liquefied cleaningdld0 are delivered to the primary
gas path 65 and remain in liquid form as it strigesairfoil of the LP compressor 22.
[0032] As shown, the exemplary embodiment of FIGS. 2 apth8ide a non-
atomizing nozzle 76 attached to an inward porti6roBthe stationary engine segment
84 and directed toward the HP compressor 24. Hewether suitable
configurations may be provided. For instance, taoltkl or alternative embodiments
may include a non-atomizing nozzle 76 extendinghfeoradially outward portion 88
of the outer casing 18. In further embodimentsi-atbmizing nozzles 76 may be
provided at both of the radially inward portion &&d radially outward portion 88. In
such embodiments, the nozzles 76 at the radialid portion 86 may be
circumferentially aligned or staggered from thezieg 76 at the radially outward
portion 88.

[0033] Asi illustrated in FIGS. 4 and 5, some embodimehth@cleaning system
68 include a plurality of non-atomizing nozzlesp&sitioned at discrete points along
the circumferential direction C. A tubular mand®4 is optionally provided to
selectively or uniformly supply cleaning fluid 7@ the non-atomizing nozzles 76. In
the illustrated embodiments, the manifold 94 exsendhe circumferential direction
C about some or all of the central axis 12. Moegpgach non-atomizing nozzle 76
extends radially (i.e., along the radial direct®nfrom the manifold 94. For
example, the non-atomizing nozzles 76 of FIG. £edtradially outward from the
manifold 94 to spray in that same direction. Tha-atomizing nozzles 76 of FIG. 5

extend radially inward from the manifold 94 to gpnathat same direction.



[0034]  Although the manifolds 94 and non-atomizing nozzleéof FIGS. 4 and 5
are shown as separate embodiments, it is underttabdptional embodiments may
include both manifolds 94 and non-atomizing nozZigsas described above. Certain
embodiments will include at least two manifoldse®l two sets of non-atomizing
nozzles 76, wherein one set of non-atomizing n@zzéeextends radially inward from
one manifold 94 and the second set of non-atomizorzles 76 extends radially
outward from another manifold 94.

[0035] As shown in FIGS. 4 and 5, the pump 80 of some einbents is
configured in selective fluid communication withetreservoir 78 and non-atomizing
nozzle 76. In the illustrated embodiments of FI@&nd 5, one or more valves 96
may be provided to regulate the rate of fluid fidwough the fluid conduit 90. For
instance, the valve 96 of some embodiments is dapdleffectively shutting off the
flow of cleaning fluid 70 through the fluid cond@® based on, e.g., a need for such
cleaning fluid 70 at the non-atomizing nozzle Tptionally, a secondary conduit 92
may be attached to one valve 96 for selectivelpahicing the secondary agent 74
into the primary liquid 72. In some such emboditsethe valve 96 is configured as a
standard three-way valve 96 providing a fixed rafisecondary agent 74 to primary
liquid 72. In alternative embodiments, the valgei®configured as a variable
throughput three-way valve 96 providing a seletyivdangeable ratio of secondary
agent 74 to primary liquid 72. The variable thropgt three-way valve 96 may be
configured to output anywhere from zero percent)(@@ne hundred percent (100%)
of the cleaning fluid 70 as the primary liquid 712. turn, one hundred percent (100%)
to zero percent (0%) of the cleaning fluid 70 magnprise the secondary agent 74.
[0036] In some embodiments, one or more of the pump 80e\86, or non-
atomizing nozzle 76 are operably connected witbrdaroller 100, e.g., through a
wired or wireless communications network. Duringeration of the cleaning system
68, the flow of cleaning fluid 70 through the fludnduit 90 and/or pump operation
(e.g., activation of the pump 80, pump speed, armimp flow pressure), may be
controlled by the controller 100, as will be deked below.

[0037]  Generally, the controller 100 may include a disembcessor and

memory unit (not pictured). Optionally, the coti#o 100 may include a full

authority digital engine control (FADEC), or anotlsaiitable engine control unit.



The processor may include a digital signal proaei38P), an application specific
integrated circuit (ASIC), a field programmableeayatray (FPGA) or other
programmable logic device, discrete gate or trémslegic, discrete hardware
components, or any combination thereof designedoamgirammed to perform or
cause the performance of the functions describegirheThe processor may also
include a microprocessor, or a combination of tieeeanentioned devices (e.g., a
combination of a DSP and a microprocessor, a pturafl microprocessors, one or
more microprocessors in conjunction with a DSP coreny other such
configuration). Moreover, one or more sensors fictured) may be operably
connected to the processor to provide an inpuiasigom one or more portion of an
engine.

[0038]  Additionally, the memory device(s) may generallyngrise memory
element(s) including, but not limited to, computeadable medium (e.g., random
access memory (RAM)), computer readable non-velatiédium (e.g., a flash
memory, EEPROM, NVRAM or FRAM), a compact disc-ready memory (CD-
ROM), a magneto-optical disk (MOD), a digital veigadisc (DVD), and/or other
suitable memory elements. The memory can stooernrdtion accessible by
processor(s), including instructions that can becaied by processor(s). For
example, the instructions can be software or ahgfsastructions that when
executed by the processor(s), cause the procesgoperform operations. For
certain embodiments, the instructions include ansoe package configured to
operate the system 68 to, e.g., execute the exeynpkthod (200) described below
with reference to FIG. 7.

[0039] Returning to FIGS. 2 and 3, in some embodimenésgtmtroller 100 is
configured to initiate a cleaning program or cyckar example, the cleaning program
may be initiated in response to a manual user iopatpredetermined automated
condition. A manual user input may include enggg@ruser interface, e.g., flipping a
switch or depressing a button within the cockpdt (pictured), that is dedicated to
initiating a cleaning program. A predeterminedoaugited condition may be provided
based on programmed determinations that conditiatheén the core turbine engine
14 have caused, or are likely to cause, accumulédionation of a foreign material.
Each cleaning program may require injection ofdleaning fluid 70 into the primary
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gas path 65. In response to initiation or deteatinam of a cleaning program, the
controller 100 may thus direct cleaning fluid 7Ghe non-atomizing nozzle 76 and
initiate delivery or injection therefrom. The dalry/injection may be ameliorative or
preventive in nature. For instance, the cleanlnig f70 directed from the non-
atomizing nozzles 76 may substantially break-ugeorove an accumulation of
foreign material from the primary gas path 65. #ddally or alternatively, the
cleaning fluid 70 may capture particulate withie #imgine. Captured particulate may
flow with the cleaning fluid 70 to the combustiacton 26 (see FIG. 1) and out of
the core engine 14, thus preventing foreign mdtefiam accumulating (e.g.,
forming as CMAS based reaction products) withinghenary gas path 65.

[0040] Accordingly, the initiation of a cleaning programay include receiving a
pre-buildup abatement signal. The signal may bgiged to the controller 100 by a
user-engaged interface (not pictured) or sensdrgictured). In one embodiment, a
particulate sensor may be provided on or withinghgine or providing a particulate
detection signal to the controller 100. Once nesgtiby the controller 100, the
particulate detection signal may be used to detenfian unsuitable level of
particulate (e.g., mineral dust) is present inainbient environment. A cleaning
program may be initiated based, at least in partyleether the unsuitable level of
particulate is detected. Determination of a cerlavel of particulate may, thus, cause
direction and delivery of the cleaning fluid 70 kit the primary gas path 65.

[0041] In certain embodiments, direction and deliveryhaf tleaning fluid 70

may be linked to temperature within the engine,, éegnperature within the turbine(s)
28, 30 (see FIG. 1). Optionally, one or more terapge sensors (not pictured) may
be positioned in or adjacent to the turbine(s)e T@mperature sensors may be
operably connected to the controller 100 for suimgiya detected temperature or
temperature difference between multiple turbinkgemperature limit (e.g., absolute
temperature value of a single turbine or a tempegalifference value) may be
indicative that foreign materials (e.g., CMAS basealction products or precursors
thereto) are likely to accumulate. Thus, the @itin of a cleaning program in some
such embodiments may include determining that dgteemined temperature limit
has been exceeded within the turbine(s). Advaoizglg, the delivery of the cleaning
fluid 70 at elevated temperatures may break upraatated foreign materials within
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the primary gas path 65 before they have fully ed@nd set. Moreover, the delivery
may cool the turbine(s) such that further foreigatenials are unable to accumulate or
form.

[0042]  Although initiation of a cleaning program may ocduring flight or
combustion within the core turbine engine 14, amieg program may additionally or
alternatively occur immediately after combustiobstantially reduces or ceases, such
as when the engine enters an idle mood (e.qg., glteixiing or after the aircraft

lands). Similarly, direction and delivery of thie@ning fluid 70 may occur during
combustion or soon thereafter. In some embodimémgnitiation of a cleaning
program may include determination that combusti@ghiwthe core turbine engine
14, e.qg., the combustion section 26 (see FIG.d9 raduced or ceased. This
determination may include detecting a rapid tempeeachange or communication
with another portion of the engine 10. After temgyg or extended combustion, the
controller 100 may, thus, determine combustiondeased or substantially reduced,
direct cleaning fluid 70 to the non-atomizing n@zZb, and initiate delivery
therefrom. Cleaning soon after an engine shutdawwhile the engine 10 is idling,

it may removal of CMAS and other foreign materiatsn internal engine
components while portions of the engine 10 remain Mdvantageously, such
cleaning operations may effectively remove foreuggterials (e.g., CMAS based
reaction products or precursors thereto) beforg éine able to cool and/or harden.
[0043] Asiillustrated in FIG. 6, some embodiments of thetmller may be
configured with a predetermined flight scheduleenérally, the flight schedule
includes multiple flight stages S1 through S8 tnaghkaircraft or engine operation.

For instance, the flight schedule may include onmore of a takeoff stage (S1),
ascent stage (S2, S3), cruising stage (S4, S¥edestage (S6, S7), and landing
stage (S8). In certain embodiments, one or motkeo$tages S1 through S8 may
correspond to anticipated or programmed cleaningrams, e.g., flight through a
region known to have high amounts of mineral dastiges. The controller 100 (see
FIG. 2) may be configured to establish when varittight stages have been reached
to initiate a cleaning program. In an exemplanpediment, a cleaning program is
initiated, at least in part, by establishing thatacent stage S3 has been reached. In
additional or alternative exemplary embodimentsdeaning program is initiated, at

12



least in part, by establishing that a descent siagleas been reached. In further
additional or alternative exemplary embodimentsdeaning program is determined,
at least in part, by establishing that a cruisiagie S4 requiring relatively little
engine thrust has been reached. In yet furthdtiaddl or alternative exemplary
embodiments, a cleaning program may be initiatezt ah aircraft has landed and
enters an idle mood (e.g., while it is taxiinghe destination gate). For example, the
engine 10 may enter an idle mood at the completi@alanding stage S8. As
discussed above, cleaning during an idle moodx@ntamay advantageously remove
foreign materials while internal engine temperau(snd thus temperatures of foreign
materials) are still relatively hot. Moreover, angter reserves that remain on board
can be utilized by the cleaning program since tatewsupply will be replenished
when the aircraft reaches the gate. Thus, thaereiieer a schedule impact nor a
weight impact when using any available water resethat remain for cleaning
during following a flight.

[0044]  Optionally, one or more of the stages S1 througim&$ be established
according to location data. In some such embodisp@me or more geo-location
modules (not pictured), e.g., altimeter or GlobagiBoning Satellite unit, may be
provided to supply a location signal. The conaoll00 (see FIG. 2) may receive the
location signal and process that signal as locataia. Specific location data may, in
turn, establish that various flight stages havenbeached. For instance, location data
of a predetermined altitude, change in altitudeGBIS coordinate may be used to
establish a specific flight stage. In responsiiab specific flight stage may a
cleaning program to be initiated by the controlléo (see FIG. 2).

[0045]  Turning to FIG. 2, again, the controller 100 maycbafigured to initiate
multiple sequential or simultaneous cleaning prograAs a result, multiple portions
of cleaning fluid 70 may be directed to the nonaaitong nozzle 76. Similarly,
multiple corresponding deliveries of cleaning fldid may be initiated. If the
cleaning fluid 70 includes a primary liquid 72,afiting the cleaning fluid 70 may
require motivating the primary liquid 72 from theservoir 78 through a fluid conduit
90 via, e.g., a pump 80. Each direction of clegfimid 70 and initiation of delivery
by the controller 100 may be substantially identaradifferent according to the
cleaning program. For instance, directing fluide@sponse to one cleaning program
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may include only supplying a primary liquid 72, wehdirecting fluid in response to
another cleaning program may include introducisglact amount of secondary agent
74 into the primary liquid 72.

[0046] In an exemplary embodiment, a first cleaning progisdetermined at an
ascent stage S3 (see FIG. 6). In response tcetkengination, a portion of the
primary liquid 72 is directed to the non-atomizimggzle 76 and delivered therefrom.
Subsequently, reduced combustion, e.g., ceasedustimib or an idle mode, within
the core turbine engine 14 is established. Uptabkshing that reduced combustion,
the initiation of a new cleaning program may bggered. Optionally, in response to
the initiation of a new cleaning program, anothentipn of the primary liquid 72 is
mixed with a secondary agent 74 and directed tméimeatomizing nozzle 76 as a
cleaning fluid 70. The cleaning fluid 70 mixtueethen delivered to the primary gas
path 65, as described above.

[0047]  Although cleaning fluid 70 is configured to remgwu&ivent the
accumulation of foreign materials, it is possiltiattdelivery of cleaning fluid 70 may
also influence power generation through the coraite engine 10. If left
unregulated, the influence may affect the engiti@sst output. For instance,
delivery of the cleaning fluid 70 may increase ¢tbhenpression of air flowing through
the core turbine engine 14, reducing power requergsiof the compressor(s) 22, 24
and allowing for more thrust to be generated atunane(s) 28, 30 (see FIG. 1). In
optional embodiments, the controller 100 may bdigared to account for such
conditions and influences. Accordingly, the col&rn100 of some embodiments is
configured to tune thrust output in response tovdef of the cleaning fluid 70. In
one exemplary embodiment, the controller 100 opaigtmaintains a predetermined
thrust level for the entire engine 10. If lowemmo is required at the compressor(s)
22, 24, power output by the turbine(s) 28, 30 @& 1) may be proportionally
reduced as the cleaning fluid is delivered to themary gas path 65. As a result,
predetermined level may be substantially the saotle lrefore and after delivery of
the cleaning fluid 70. The total thrust generdigdhe engine 10 may, thus, be
unchanged and consistent during delivery of thargteg fluid 70. The impact that
the presence of water in the gas path 65 might bawke thrust may result in lower
operating temperatures of the turbine(s) and/orpressor(s) 22, 24. This may result
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in decreasing temperatures through the internapgs65 below the threshold at
which accumulation of foreign materials (e.g., fatran of CMAS) is likely to occur,
further mitigating the buildup of foreign materiaisd CMAS in the engine core 14.
[0048]  Turning now to FIG. 7, a flow diagram is providefdao example method
(200) according to an example embodiment of theguredisclosure. Generally, the
method (200) provides for on-wing cleaning of a gabine engine that includes a
compressor and an airfoil, as described above. nfétbod (200) can be performed,
for instance, by the controller 100. FIG. 7 depi&tieps performed in a particular
order for purpose of illustration and discussidiose of ordinary skill in the art,
using the disclosures provided herein, will underdtthat the steps of any of the
methods disclosed herein can be modified, adapad;anged, omitted, or expanded
in various ways without deviating from the scopeh& present disclosure.

[0049] At (210), the method (200) includes initiating aaring program. A
cleaning program may be caused by activation ofaual user interface or an
automated condition indicative of potential or attaccumulation of foreign
materials (e.g., CMAS based reaction products ecysors thereto). In some
embodiments, (210) includes receiving a pre-buildibgtement signal. In other
embodiments, (210) includes receiving a particulietiection signal from one or more
sensors attached to the engine. In further embaaisn (210) includes determining a
temperature limit has been exceeded. In stilherembodiments, (210) buildup
event includes determining reduced or ceased camhusithin the gas turbine
engine.

[0050] Multiple discrete flight stages may be providegas of a predetermined
flight schedule, as described above. In some sadbodiments, the method (200)
provides for executing the flight schedule such {ga0) includes establishing at least
one of the predetermined stages has been reaCtnally, establishing that a
flight stage has been reached may include recewailogation signal, e.g., from one
or more geo-location module.

[0051] At (220), the method (200) includes direct a clagrfluid toward an
engine core (e.g., the compressor of a gas tudsigae). The cleaning fluid may
include a primary liquid and a secondary agentdessribed above. If a reservoir is
provided for storing a portion of the primary liqu(220) may include motivating the
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primary liquid from the reservoir. Optionally, @Rincludes selectively introducing
the secondary agent into the primary liquid. Thepry liquid and secondary agent
may, thus, provide a cleaning fluid mixture to tmn-atomizing nozzle.

[0052] At (230), the method (200) includes initiating aeliy of the cleaning fluid
as a non-vaporized liquid to a primary gas patthefengine core (e.g., to an airfoil
therein). The delivered cleaning fluid may remageumulated foreign materials or
prevent the formation of foreign materials, as dbsd above. In certain
embodiments, delivery of the cleaning fluid mayueshce combustion within the
engine. The method (200) may account for suclhiénites by tuning engine output.
The tuning may include, for instance, maintainingeagine thrust at a predetermined
level during delivery of the cleaning fluid. Inhatr words, the predetermined level
being maintained is substantially equal beforeditlesery of the cleaning fluid as it is
after the delivery of the cleaning fluid.

[0053]  This written description uses examples to disctbednvention, including
the best mode, and also to enable any persondkilléhe art to practice the
invention, including making and using any devicesystems and performing any
incorporated methods. The patentable scope ahtteation is defined by the claims,
and may include other examples that occur to tekslked in the art. Such other
examples are intended to be within the scope ofldims if they include structural
elements that do not differ from the literal langeaf the claims, or if they include
equivalent structural elements with insubstantifiécences from the literal languages

of the claims.
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WHAT IS CLAIMED IS:

1. A method for cleaning of an installed gas turbine engine comprising an engine
core and defining a primary gas path, the engine core including at least one airfoil
extending into the primary gas path, the method comprising:

initiating a cleaning program, wherein initiating the cleaning program
comprises;

executing a flight schedule having a plurality of predetermined flight stages,
wherein the plurality of predetermined flight stages comprises a cruising stage and a
descent stage; and

establishing that the installed gas turbine engine is in one of the cruising stage
or the descent stage;

directing a cleaning fluid toward the engine core in response to the initiation
of the cleaning program; and

initiating delivery of the cleaning fluid through a non-atomizing nozzle as a
non-vaporized liquid within the primary gas path to the engine core.

2. The method of claim 1, wherein initiating the cleaning program includes

receiving a pre-buildup abatement signal.

3. The method of claim 1, wherein initiating the cleaning program includes

receiving a particulate detection signal.

4. The method of claim 1, wherein initiating the cleaning program includes

determining a temperature limit has been exceeded.

5. The method of claim 1, wherein the cleaning fluid includes a primary liquid,
wherein the gas turbine engine encloses a reservoir configured to store the primary
liquid, and wherein directing the cleaning fluid includes motivating the primary liquid

from the reservoir.
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6. The method of claim 5, wherein directing the cleaning fluid includes

selectively introducing a secondary agent into the primary liquid.

7. The method of claim 1, wherein initiating the cleaning program includes

determining reduced combustion within the gas turbine engine.

8. A method for cleaning of an installed gas turbine engine comprising an engine
core and defining a primary gas path, the engine core including at least one airfoil
extending into the primary gas path, the method comprising:

initiating a cleaning program;

directing a cleaning fluid toward the engine core in response to the initiation
of the cleaning program;

initiating delivery of the cleaning fluid through a non-atomizing nozzle as a
non-vaporized liquid within the primary gas path to the engine core; and

tuning engine output, including maintaining an engine thrust at a
predetermined level during delivery of the cleaning fluid to the gas turbine engine in-
flight.

9. A method for cleaning of a gas turbine engine installed on an aircraft, the gas
turbine engine comprising an engine core and defining a primary gas path, the engine
core including at least one airfoil extending into the primary gas path, the method
comprising:

executing a flight schedule having a plurality of predetermined flight stages,
wherein the plurality of predetermined flight stages comprises a takeoff stage, and
ascent stage, a cruising stage, a descent stage, and a landing stage;

establishing that the landing stage has been completed,

taxiing the aircraft with the gas turbine engine operating in an idle mode;

initiating a cleaning program;

directing a cleaning fluid toward the engine core in response to the initiation

of the cleaning program; and

18



initiating delivery of the cleaning fluid through a non-atomizing nozzle as a
non-vaporized liquid within the primary gas path to the engine core while the aircraft

IS taxiing.

10. The method of claim 9, wherein the cleaning fluid is carried on board the

aircraft.

11. The method of claim 9, wherein the cleaning fluid comprises a water on board
the aircraft, the method further comprising:

taxiing the aircraft to a destination gate;

establishing a reduced combustion state within the gas turbine engine by
ceasing combustion; and

replenishing the water on board the aircraft.
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