SYSTEM AND METHOD FOR CLEANING A GAS TURBINE ENGINRAND
RELATED WASH STAND

FIELD OF THE INVENTION
[0001] The present subject matter relates generally tdughsie engines and,
more particularly, to a system and method for dlgga gas turbine engine and a

related wash stand to be used when cleaning thieeeng

BACKGROUND OF THE INVENTION
[0002] A gas turbine engine typically includes a turbomiaety core having a
high pressure compressor, combustor, and highymessrbine in serial flow
relationship. The core is operable in a known neamm generate a primary gas flow.
The high pressure compressor includes annularsa(fegws”) of stationary vanes
that direct air entering the engine into downstregtating blades of the compressor.
Collectively one row of compressor vanes and omeabcompressor blades make up
a “stage” of the compressor. Similarly, the higagsure turbine includes annular
rows of stationary nozzle vanes that direct theg&sxiting the combustor into
downstream, rotating blades of the turbine. Callety one row of nozzle vanes and
one row of turbine blades make up a “stage” ofttlbine. Typically, both the
compressor and turbine include a plurality of seeoe stages.
[0003]  With operation of a gas turbine engine, dust, dednid other materials can
build-up onto the internal components of the engiver time, which can result in a
reduction in the operating efficiency of such comgats. For example, dust layers
and other materials often become baked onto tifalaiof the high pressure
compressor. To remove such material depositsecucdteaning methods utilize a
single guided hose to inject water into the comgmeslet. Unfortunately, such
conventional cleaning methods often provide insidhit cleansing of the compressor
airfoils, particularly the airfoils located withthe aft stages of the compressor.
[0004]  Accordingly, an improved system and method for raile@ the interior of a

gas turbine engine would be welcomed within théanetogy.



BRIEF DESCRIPTION OF THE INVENTION
[0005] Aspects and advantages of the invention will bda#t in part in the
following description, or may be obvious from thesdription, or may be learned
through practice of the invention.
[0006] In one aspect, the present subject matter is @ildct a system for
cleaning a gas turbine engine, wherein the gaseigngine includes a plurality of
fan blades and a fan casing surrounding the fasheblaThe system may generally
include a wash stand having a base frame and alipjusf fluid injection nozzles
configured to be supported by the base frame velét the gas turbine engine. The
nozzles may be configured to inject a cleaningifthirough an inlet of the fan casing
as the fan blades are being rotated in a rotatdinattion such that the cleaning fluid
is directed past the rotating fan blades and irtorapressor inlet of the gas turbine
engine. Additionally, each nozzle may be orierdaed positive tangential angle
defined relative to the rotational direction of fhlarality of fan blades. The system
may also include a fluid source in flow communicativith the wash stand for
supplying the cleaning fluid to the plurality ofiitl injection nozzles.
[0007] In another aspect, the present subject matterastéd to a method for
cleaning a gas turbine engine, wherein the gaseigngine includes a plurality of
fan blades and a fan casing surrounding the fasheblaThe method may generally
include positioning a wash stand relative to the tgabine engine. The wash stand
may include a plurality of fluid injection nozzlesnfigured to be vertically supported
at a location adjacent to the gas turbine engirtee method may also include
operating the gas turbine engine such that théltes are rotated in a rotational
direction about a centerline of the gas turbinaremgnd injecting a cleaning fluid
from the nozzles through an inlet of the fan casiaghe fan blades are being rotated
such that the cleaning fluid is directed past titating fan blades and into a
compressor inlet of the gas turbine engine. Adddlly, each nozzle may be oriented
at a positive tangential angle defined relativehwsrotational direction of the plurality
of fan blades.
[0008] These and other features, aspects and advantatfespesent invention
will be better understood with reference to théokelng description and appended
claims. The accompanying drawings, which are ipeated in and constitute a part



of this specification, illustrate embodiments af thvention and, together with the

description, serve to explain the principles ofitihesntion.

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 illustrates a cross-sectional view of ondediment of a gas
turbine engine that may be utilized within an aftm accordance with aspects of the
present subject matter;
[0011] FIG. 2 illustrates a simplified view of one emboeim of a system for
cleaning a gas turbine engine in accordance wikas of the present subject matter,
particularly illustrating the system including askestand fluidly coupled to a fluid
source for supplying a cleaning fluid to a plusabf fluid injection nozzles of the
wash stand;
[0012] FIG. 3 illustrates a cross-sectional side viewatipns of the gas turbine
engine shown in FIG. 1 and the wash stand shov#iGn 2, particularly illustrating
the wash stand positioned adjacent to the axialydrd end of the gas turbine engine
to allow cleaning fluid to be expelled from the mles and into the interior of the
engine;
[0013] FIG. 4 illustrates a simplified, radial view of azzle of the disclosed
wash stand and a plurality of fan blades of thetgdsne engine, particularly
illustrating the differing tangential orientatioobthe nozzle and the fan blades
relative to the engine centerline; and
[0014] FIG. 5illustrates a flow diagram of one embodimeaind method for

cleaning a gas turbine engine in accordance wikas of the present subject matter.

DETAILED DESCRIPTION OF THE INVENTION
[0015] Reference now will be made in detail to embodimeiftse invention,
one or more examples of which are illustrated endhrawings. 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 presemintion covers such modifications
and variations as come within the scope of the raghge claims and their equivalents.
[0016] In general, the present subject matter is diretdedsystem and method
for cleaning a gas turbine engine designed fowigen an aircraft. In several
embodiments, the disclosed system may include & stasnd having a plurality of
fluid injection nozzles configured to inject a higblume of cleaning fluid through
the engine fan and into the booster compress@ubsequent delivery to the high
pressure compressor of the gas turbine enginecifigadly, the wash stand may be
initially positioned adjacent to the front or fomglzend of the engine, such as by
rolling or moving the wash stand to the locatiorhaf aircraft or by moving the
aircraft to the location of the wash stand. Thiteeawith the engine running, a
significant volume of cleaning fluid (e.g., wateramy other water-based liquid) may
be injected through the fan in a manner that allthvescleaning fluid to be directed
into the compressor inlet. The high-volume flowct#faning fluid may then be
directed through the booster compressor and/dnitifepressure compressor as the
engine is being operated to allow the cleaninglftoiclean the various internal
components disposed along the engine’s working flow path.

[0017] In several embodiments, the orientation of theoteinozzles of the wash
stand relative to the gas turbine engine may lextal so as to allow the cleaning
fluid to be injected past the engine’s rotating lidades and into the compressor inlet.
Specifically, as will be described below, the nezzinay be angled relative to the
engine centerline such that the cleaning fluidkjgedled from the nozzles along a
flow path that extends radially inwardly from thezale outlets. In addition, the
nozzles may have a circumferential or tangenti@noation relative to the engine
centerline such that each nozzle is configuredpekfluid at a positive tangential
angle (as defined based on the rotational direaifdhe fan blades). As such, as the
fan blades rotate with operation of the gas turleingine, the cleaning fluid expelled
from the nozzles may be directed along a posiamgéntial trajectory that allows the
cleaning fluid to flow between the rotating fand#a and into the compressor inlet.



[0018] It should be appreciated that the disclosed sysiahrelated method may
provide numerous advantages for cleaning the otefia gas turbine engine. For
example, given the ability to provide a high-volurteegeted flow of cleaning fluid
into the engine core, a greater cleansing effegtlegprovided for the interior
components of the gas turbine engine, such adrfiedsaof the high pressure
compressor. In addition, given that the cleanipgration is performed while the
engine is running, the cleaning fluid directed itite compressor inlet will be heated
and pressurized, thereby increasing the likelinbad any material build-up on the
interior components of the gas turbine (particyléne aft airfoils of the high pressure
compressor) is removed and washed out of the system

[0019] Referring now to the drawings, FIG. 1 illustratesross-sectional view of
one embodiment of a gas turbine engine 10 thatlmaytilized within an aircraft in
accordance with aspects of the present subjecemaiith the engine 10 being shown
having a longitudinal or axial centerline axis X2emding therethrough for reference
purposes. In general, the engine 10 may includ@egas turbine engine (indicated
generally by reference character 14) and a fanoset6 positioned upstream thereof.
The core engine 14 may generally include a subathntubular outer casing 18 that
defines an annular compressor inlet 20. In additibe outer casing 18 may further
enclose and support a booster compressor 22 fragasing the pressure of the air that
enters the core engine 14 via the compressor20l¢b a first pressure level. A high
pressure, multi-stage, axial-flow compressor 24 thay receive the pressurized air
from the booster compressor 22 and further incré@seressure of such air. The
pressurized air exiting the high-pressure comprez$anay then flow to a combustor
26 within which fuel is injected into the flow ofgssurized air, with the resulting
mixture being combusted within the combustor 26e Tigh energy combustion
products are directed from the combustor 26 albedgbt gas path of the engine 10 to
a first (high pressure) turbine && driving the high pressure compressoniza

first (high pressure) drive shaft 30 and then seeond (low pressure) turbine 82
driving the booster compressor &2d fan section 1@a a second (low pressure)
drive shaft 34hat is generally coaxial with first drive shaft. #{ter driving each of
turbines 2&nd 32, the combustion products may be expelled tr@ core engine

14via an exhaust nozzle 36 to provide propulsivehjeist.



[0020]  Additionally, as shown in FIG. 1, the fan sectidhdf the engine 10 may
generally include a rotatable, axial-flow fan rotmsembly 3&hat is configured to be
surrounded by an annular fan casing 40. It shbaldppreciated by those of ordinary
skill in the art that the fan casing 40 may be mpiied to be supported relative to the
core engine 18y a plurality of substantially radially-extendingrcumferentially-
spaced outlet guide vanes 42. As such, the fangd® may enclose the fan rotor
assembly 3&nd its corresponding fan rotor blades 44. Moreawelownstream
section 46f the fan casing 40 may extend over an outer @ouf the core engine 14
so as to define a secondary, or by-pass, airflavdei 48 that provides additional
propulsive jet thrust.

[0021] It should be appreciated that, in several embodis¢ime second (low
pressure) drive shaft 34 may be directly coupletthéofan rotor assembly 38 to
provide a direct-drive configuration. Alternatiyethe second drive shaft 34 may be
coupled to the fan rotor assembly 38 via a spegdcten device 37 (e.g., a reduction
gear or gearbox) to provide an indirect-drive carge drive configuration. Such a
speed reduction device(s) may also be provideddmstvany other suitable shafts
and/or spools within the engine 10 as desiredquired.

[0022] During operation of the engine 10, it should berapiated that an initial

air flow (indicated by arrow 50) may enter the er@gi O through an associated inlet
52 of the fan casing 40. The air flow 50 thEsses through the fan bladesaédl

splits into a first compressed air flow (indicatgdarrow 54) that moves through
conduit 48and a second compressed air flow (indicated bya8®) which enters the
booster compressor 22 via the compressor inleTR@ .pressure of the second
compressed air flow 56 then increased and enters the high pressureressgy 24
(as indicated by arrow 58). After mixing with fusatd being combusted within the
combustor 26, the combustion productse& the combustor 2énd flow through the
first turbine 28. Thereafter, the combustion prad@® flow through the second
turbine 32and exit the exhaust nozzle ®6provide thrust for the engine 10.

[0023] Referring now to FIGS. 2-4, one embodiment of desys100 for cleaning
a gas turbine engine 10 is illustrated in accordamith aspects of the present subject
matter. Specifically, FIG. 2 illustrates a simjgd view of a wash stand 102 and
various other components of the disclosed systedn FIG. 3 illustrates a side, cross-



sectional view of portions of the gas turbine eedi® shown in FIG. 1 and the wash
stand 102 shown in FIG. 2, particularly illustratithe wash stand 102 positioned
adjacent to the front or forward end of the gabihe engine 10 to allow a cleaning
fluid to be injected therein. Additionally, FIG.ikustrates a simplified, radial view

of a nozzle 110 of the disclosed system 100 asagedl plurality of the fan blades 44
of the gas turbine engine 10, particularly illustrg the differing tangential
orientations of the fan blades 44 and the nozzlerglative to the engine centerline
12.

[0024]  As particularly shown in FIG. 2, the system 100 rmeyyude a wash stand
102 configured to be in fluidly coupled to a fligdrface 104 (e.g., via a suitable hose
or fluid conduit 106). In general, the wash staf@ may include a base frame 108
and a plurality of fluid injection nozzles 110 sopjed by the base frame 108. The
base frame 108 may be formed from a plurality nfctiral members 112, 114
configured to vertically support the nozzles 1llatree to the ground 116. For
example, as shown in FIG. 2, the base frame 108intéyde one or more frame
members 112 configured to be coupled to the no4Zl8ge.g., via a nozzle manifold
118) and one or more stand members 114 supportdtearound 116, with the stand
member(s) 114 being configured to be coupled tdrdrae member(s) 112 so as to
maintain the base frame 108 vertically uprighttreéato the ground 116. In the
illustrated embodiment, the stand members 114laers as being positioned directly
onto the ground 116. However, in other embodimentdurality of casters or wheels
may be positioned between the stand members 11thargtound 116 to allow the
wash stand 102 to be rolled across the ground 116.

[0025] It should be appreciated that the specific configon of the base frame
108 may be selected such that a vertical heighto1#0e wash stand 102 corresponds
to a suitable height for aligning the nozzles ldlative to the gas turbine engine 10.
For instance, as shown in FIG. 3, the dimensiomdigaration of the structural
member(s) 112, 114 of the base frame 108 may letsel such that the base frame
108 is configured to support the nozzles 110 ardoal location relative to the
ground 116 that allows the nozzles 110 to be mowtl adjacent to the inlet 52 of the
fan casing 40 when the base frame 108 is placadeoground 108 proximal to the
front or forward end of the engine 10. In thisaml it should also be appreciated that



the dimensions/configuration of the structural menid) 12, 114 may be adjustable,
as desired or as necessary, to accommodate engiaésd at differing vertical
heights relative to the ground 116. For instaasandicated by arrow 122 in FIG. 2,
a length of one or more of the frame member(s)rhag be varied (e.g., using a
telescoping configuration) to allow the verticaldig 120 of the wash stand 102 to be
adjusted.

[0026] In several embodiments, the fluid injection nozAl&6 may be coupled to
the base frame 108 so as to form an annular afnagzzles for injecting a cleaning
fluid through the inlet 52 of the fan casing 44 ami the interior of the gas turbine
engine 10. In such embodiments, the wash stananby2be configured to be
positioned relative to the gas turbine engine Ifhgbat that a centerline 124 (FIG. 3)
of the annular array of nozzles 110 is generalgnad with the centerline 12 of the
engine 10. As such, each nozzle 110 may gendralpositioned at the same radial
location relative to the engine centerline 12.

[0027] As shown in FIG. 2, in one embodiment, each notz@may be coupled
to the base frame 108 via a ring-shaped nozzlefoldriil8, with the various nozzles
110 being spaced apart circumferentially from ometlaer around the manifold 118.
In such an embodiment, each nozzle 110 may begedun flow communication
with a fluid flow path defined within the interiof the manifold 118 such that all of
the nozzles 110 are supplied with cleaning flual aicommon fluid line. For
example, as shown in FIG. 2, a fluid conduit 106/ in@ provided between the fluid
source 104 and the manifold 118. As such, cleafhing) supplied from the fluid
source 105 may be directed through the fluid cantidé and into the manifold 118
for subsequent delivery to each of the nozzles 110.

[0028] It should be appreciated that, in one embodiméetptanifold 118 may be
configured to be separately coupled to the basedrh08, such as by welding the
manifold 118 to one or more of the frame membe&drlby coupling the manifold
118 to the base frame 108 via suitable mecharasé¢hers. Alternatively, the
manifold 118 may be formed integrally with or otlvese form part of the base frame
108.

[0029] It should also be appreciated that the fluid sod@& may generally
correspond to any suitable fluid source capabkupplying a cleaning fluid to the



wash stand 102. In several embodiments, the floidce 104 may be configured to
pressurize the cleaning fluid for subsequent dglite the nozzles 110. For instance,
as shown in FIG. 2, the fluid source 104 may c@uoes to a mobile cleaning unit
that includes a pump 126 configured to receiversteafluid from a tank or reservoir
128 located within the unit (or from a source exétito the cleaning unit) and
pressurize the fluid to a suitable fluid pressuspecifically, in one embodiment, the
cleaning fluid may be supplied to the nozzles 1t1® aressure ranging from about 60
pounds per square inch (psi) to about 900 psi, aadhom about 100 psi to about 700
psi or from about 200 psi to about 400 psi anda@thgr suitable subranges
therebetween. As will be described below, sucid fluessure may be varied, as
necessary or desired, to ensure that the clealiingeixpelled from the nozzles 110 is
directed past the fan blades 44 and into the cossprenlet 20. Moreover, the fluid
pressure, in combination with the number and aifize of the nozzles 110, may
determine the amount of cleaning fluid injecteditite engine 10. In general, it may
be desirable to maximize the flow amount withowucing any operability issues,
such as flameout or stall, for embodiments in whighengine is running during
performance of the cleaning operation.

[0030] Additionally, it should be appreciated that theadlmg fluid used within

the system 100 may generally correspond to angldeifluid. For instance, the
cleaning fluid may correspond to a liquid, gas andhy combination thereof (e.qg.,
foam). In a particular embodiment, the cleanimgdfimay correspond to water (e.qg.,
distilled water) or any other water-based liquidy(ea solution/mixture containing
water and a cleaning agent or any other suitaliléiae).

[0031] Referring particularly to FIGS. 3 and 4, in sevanabodiments, the fluid
injection nozzles 110 may be configured to be daeémelative to the centerline 12 of
the engine 10 such that the cleaning fluid expdlieoch each nozzle 110 is directed
through the fan casing 40 and into the compresger 20. For example, each nozzle
110 may be oriented radially inwardly relative he £ngine centerline 12 such that
the cleaning fluid expelled from the nozzles 11@irsctly along a flow path
(indicated by arrows 130 in FIG. 3) having a rdglialward component.

Specifically, as shown in FIG. 3, each nozzle 1HY mextend both axially aft and
radially inwardly at a radial angle 132 definedatile to the engine centerline 12. In



such an embodiment, the radial angle 132 of eazhl@d 10 may be selected based
on the relative radial locations of the nozzles aa@ the compressor inlet 120 to
provide the desired flow path 130 for directing gheaning fluid through the fan
casing 40 and into the compressor inlet 20.

[0032] It should be appreciated that, in several embodis)éine radial

orientation of the nozzles 110 may be adjustabctmmmodate differing engine
configurations. For example, for an engine haarggmaller or larger fan rotor radius,
the radial angle 132 of each nozzle 110 may bestatjuo account for the difference
in the relative radial location between the noz4l&8 and the compressor inlet 20 for
the smaller/larger engine. Such adjustabilityhaf tadial orientation of the nozzles
110 may be achieved using any suitable means amdfthrodology. For instance, in
one embodiment, the nozzles 110 may be movablyledup the manifold 118 (e.g.,
via a pivotal or hinged coupling) to allow the ariation of each nozzle 110 relative
to the manifold 118 be adjusted. Alternativelyg ttozzles 110 may be removably
coupled to the manifold 118. In such instance,whazzles 110 having a differing
radial orientation are desired to be installedrenwash stand "01, the existing
nozzles 110 may be removed and replaced with n®441@ having the desired radial
orientation.

[0033]  Additionally, as shown in FIG. 4, the nozzles 118ymbe oriented
circumferentially or tangentially relative to thegine centerline 12 to allow the
cleaning fluid to be injected past the fan bladésAd into the compressor inlet 20 as
the fan blades 44 are being rotated during operatidghe engine 10. Specifically, in
several embodiments, each nozzle 110 may be coatigo expel cleaning fluid at a
tangential angle 134 that is oriented in the ogpadirection as the corresponding
pre-defined stagger angle 136 of the fan blades~bt.example, as shown in FIG. 4,
each nozzle 110 may be oriented at a positive tarag@angle 134 relative to the
engine centerline 12 whereas each fan blade 44defaye a stagger angle 136
relative to the engine centerline 12 correspontting negative tangential angle. As
used herein, the terms “positive tangential angled “negative tangential angle” are
used to differentiate tangential angles definedtnet to the rotational direction of the
fan blades 44 (indicated by the arrows 138 in HG.For example, as shown in FIG.
4, the tangential angle 134 of the nozzle 110 imdd as positive since the tangential
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component of the angle 134 (indicated by arrow 1gl@)rected in the same direction
as the rotational direction 138 of the fan bladés W contrast, the stagger angle 136
of each fan blade 44 is defined as a negative tdiz@ngle since the tangential
component of the angle 136 (indicated by arrows isldlirected in the opposite
direction of the rotational direction 138 of the falades 44.

[0034] It should be appreciated that the stagger angleg@Bérally corresponds
to the angle defined between a reference line dkigrparallel to the engine
centerline 12 and a straight line connecting theileg and trailing edges of the fan
blade 44. For example, as shown in FIG. 4, eaclblade 44 may include a pressure
side 144 and a suction side 146 extending betwéeading edge 148 and a trailing
edge 150. As shown in the illustrated embodimietJeading edge 148 of each fan
blade 44 “leads” or is ahead of the trailing edf6 i the rotational direction 138 of
the fan blades 44, thereby defining the negatiaggsr angle 136.

[0035] It should be appreciated that the stagger angleol 8¢ fan blades 44

may generally vary as each fan blade 44 extendalisadutwardly towards the fan
casing 40. However, in a particular embodimerd,stagger angle 136 of each fan
blade 44 at the radial location at which the clegriiuid is being injected past the fan
blades 44 (e.g., radial locations 152 shown in B)Gnay generally range from less
than zero degrees to about -60 degrees, suchrasafsout -10 degrees to about -50
degrees or from about -20 degrees to about -4Gde@nd any other subranges
therebetween.

[0036]  Additionally, it should be appreciated that thegamtial angle 134
associated with each nozzle 110 as well as thesyre®sf the cleaning fluid supplied
to the nozzles 110 may generally be selected $o @ssure that the cleaning fluid is
expelled from the nozzles 110 at a suitable fl@bbwity and tangential orientation for
allowing all or a significant portion of the flutd be directed between the rotating fan
blades 44 and into the compressor inlet 20. krdgard, the tangential angle 134
and fluid pressure required to achieve such atresay vary depending on the engine
configuration, namely the stagger angle 134 offéineblades 44 and the fan rotor
radius, as well as the rotor speed at which théofades 44 are being rotated during
the performance of the cleaning operation. Thusgewveral embodiments, the
tangential orientation of the nozzles 110 and/ergtessure of the cleaning fluid
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supplied to the nozzles 110 may be adjusted toigeedre desired flow
characteristics for the cleaning fluid being exgelfrom the nozzles 110. For
instance, in one embodiment, the tangential oriemtaf the nozzles 110 may be
fixed relative to the manifold 118. In such an edliment, the pressure of the fluid
supplied to the nozzles 110 may be adjusted, asssary, such that the fluid velocity
of the cleaning fluid expelled from the nozzles 14 8ufficient to allow the cleaning
fluid to be injected past the rotating fan bladésaad into the compressor inlet 20.
Alternatively, the tangential orientation of thezates 110 may be adjustable relative
to the manifold 118, such as by providing a pivotahinged connection between the
nozzles 110 and the manifold 118. In such instaifeetangential orientation of the
nozzles 110 may be adjusted, either alone or inbawation with corresponding
pressure adjustments, to ensure that the cleahiitg$ directed between the fan
blades 44 and into the compressor inlet 20.

[0037] As indicated above, the tangential angle definethbynozzles 110 may
need to be varied as a function of numerous turparameters, including the rotor
speed of the engine 10 during the performanceetlkaning operation. However, in
general, the tangential angle 134 defined by eazlala 110 may vary from greater
than zero degrees to about 60 degrees when theecisgdperating at a minimum
rotor speed or higher (e.g., a rotor speed equgidater than a rotor speed associated
with a dry motoring speed, an idle speed and/artab throttle speed for the
associated engine 10), such as a tangential asgggng from about 10 degrees to
about 50 degrees or from about 20 degrees to d@@odegrees and/or any other
subranges therebetween.

[0038]  Additionally, it should be appreciated that, in @&l embodiments, the
tangential orientation and/or radial orientatiortted nozzles 110 may be adjusted as a
function of the rotor speed at which the engineiising during performance of the
cleaning operation. For instance, the nozzlesmay be configured to be set at a
predetermined tangential angle 134 and/or a pradated radial angle 132 based on
the rotor speed at which the engine is being opdraBuch an adjustment to the
orientation of the nozzles 110 may be made indeg@naf or in combination to any
angular adjustments due to the engine radial dtoe.example, in one embodiment,

the nozzles 110 may be configured to be set at@epermined tangential angle 134
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and/or a predetermined radial angle 132 basedocomaination of the rotor speed
and the fan radius.

[0039] Referring now to FIG. 5, a flow diagram of one emlibeent of a method
200 for cleaning a gas turbine engine is illusttateaccordance with aspects of the
present subject matter. In general, the methodadlD@e discussed herein with
reference to the gas turbine engine 10 describedeawith reference to FIG. 1 and
the system 100 described above with reference@$F2-4. However, it should be
appreciated by those of ordinary skill in the h#ttthe disclosed method 200 may
generally be implemented with gas turbine engirasry any other suitable engine
configuration and/or with systems having any othétable system configuration. In
addition, although FIG. 5 depicts steps perfornmed particular order for purposes of
illustration and discussion, the methods discussedin are not limited to any
particular order or arrangement. One skilled madht, using the disclosures provided
herein, will appreciate that various steps of tlethuds disclosed herein can be
omitted, rearranged, combined, and/or adaptedriougaways without deviating

from the scope of the present disclosure.

[0040] As shown in FIG. 5, at (202), the method 200 majuitke positioning a
wash stand having a plurality of fluid injectionzates relative to the gas turbine
engine. For example, the disclosed wash standriE2be positioned adjacent to the
front or forward end of the gas turbine engine d€¢hsthat the nozzles 110 are
configured to inject cleaning fluid through the feasing 40 of the engine 10. As
described above with reference to FIG. 3, in onbaiment, the wash stand 102
may be positioned relative to the gas turbine emndih such that the centerline 124 of
the annular array of nozzles 110 is generally aégwith the engine centerline 12. It
should be appreciated that the wash stand 102 map4ditioned relative to the engine
10 by moving the wash stand 102 relative to therengjO or by moving the engine
10 relative to the wash stand 102.

[0041]  Additionally, as (204), the method 200 may inclagerating the gas
turbine engine such that a plurality of fan bladethe engine are rotated in a
rotational direction about the engine centerliBgecifically, as indicated above, the
engine 10 may be running during the performandéeftlisclosed cleaning
methodology, which may allow the cleaning fluid eled from the nozzles 110 to be
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both heated and pressurized as the fluid is didettteugh the engine core 14. In
several embodiments, the gas turbine engine 10bmaperated at an operational
speed at or above a minimum threshold speed fogrigae 10. For instance, the
minimum threshold speed may correspond to a rgeed that is equal to or greater
than a rotor speed associated with a dry motogpegd, an idle speed and/or a partial
throttle speed for the associated engine 10.

[0042] Referring still to FIG. 5, at (206), the methd@D2may include supplying

a cleaning fluid from a fluid source to the nozakshe wash stand. Specifically, as
indicated above, the wash stand 102 may be fla@dbpled to a suitable fluid source
104 (e.g., a mobile cleaning unit). As such, diegufiluid may be directed from the
fluid source 104 to the wash stand 102 (e.g., \®aitable fluid conduit 106).
Additionally, as described above with referenc€i@S. 2 and 3, the various nozzles
110 may, in one embodiment, be fluidly coupled tmamon nozzle manifold 118.

In such an embodiment, the cleaning fluid suppifech the fluid source 104 may be
directed into the manifold 118 for subsequent @ginto the nozzles 110.

[0043] Moreover, at (208), the method 200 may includectmjg the cleaning

fluid from the nozzles through a fan casing of ¢éingine as the fan blades are being
rotated such that the cleaning fluid is directest plae fan blades and into a
compressor inlet of the engine. Specifically,raticated above, the radial and/or
tangential orientation of the nozzles relative 1d €he engine centerline 12 may be
selected such that the cleaning fluid expelled ftbennozzles 110 is directed between
the rotating fan blades 44 and into the compreiséeir 20. For instance, as described
above with reference to FIG. 4, the nozzles 110 beagriented at a positive
tangential angle 134 relative to the engine caned?2 (as opposed to the negative
tangential or stagger angle 136 of the fan bladg¢$alensure that the cleaning fluid is
directed at a suitable trajectory to allow thedlto be injected unabated through the
fan blades 44.

[0044]  This written description uses examples to disctbeanvention, including
the best mode, and also to enable any persondskillidhe art to practice the
invention, including making and using any devicesystems and performing any
incorporated methods. The patentable scope aohtteation is defined by the claims,
and may include other examples that occur to te&sled in the art. Such other
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examples are intended to be within the scope ofldiens if they include structural
elements that do not differ from the literal langeaf the claims, or if they include
equivalent structural elements with insubstantifiéécences from the literal languages
of the claims.
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WHAT IS CLAIMED IS:

1. A system for cleaning a gas turbine engine, thetgdséne engine
including a plurality of fan blades and a fan cgssarrounding the plurality of fan
blades, the system comprising:

a wash stand, the wash stand comprising a base fratha plurality of fluid
injection nozzles configured to be supported bytthge frame relative to the gas
turbine engine, the plurality of fluid injection zedes configured to inject a cleaning
fluid through an inlet of the fan casing as therality of fan blades are being rotated
in a rotational direction such that the cleaningdlis directed past the plurality of
rotating fan blades and into a compressor inléhefgas turbine engine; and

a fluid source in flow communication with the wagthnd for supplying the
cleaning fluid to the plurality of fluid injectionozzles,

wherein each fluid injection nozzle is orientedatositive tangential angle
defined relative to the rotational direction of hlarality of fan blades.

2. The system of claim 1, wherein each of the pluralftfan blades
includes a leading edge and a trailing edge andekef stagger angle between the
leading and trailing edges, the stagger angle spomding to a negative tangential
angle defined relative to the rotational directadrthe plurality of fan blades.

3. The system of claim 2, wherein the negative tangkamngle ranges
from less than zero degrees to -60 degrees aia lachtion at which the cleaning
fluid is directed past the plurality of rotatinghfalades.

4, The system of claim 1, wherein the positive tanigéangle ranges
from greater than zero degrees to 60 degrees.

5. The system of claim 1, wherein each fluid injectrazzle is oriented
radially inwardly relative to a centerline of thasgturbine.

6. The system of claim 1, wherein the cleaning flsidupplied to the
plurality of fluid injection nozzles at a pressuamging from 60 psi to 900 psi.

7. The system of claim 1, wherein at least one ohgeatial orientation
or a radial orientation of each of the pluralityfloiid injection nozzles is adjustable
relative to the base frame.

8. The system of claim 7, wherein the at least ornta@tangential
orientation or the radial orientation of each a gurality of fluid injection nozzles is
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configured to be adjusted based on a rotor speetiiah the gas turbine engine is
turning while the cleaning fluid is being injectdatough the inlet of the fan casing.

9. The system of claim 1, wherein the plurality ofidlunjection nozzles
are coupled to the base frame so as to form anansuay of nozzles.

10.  The system of claim 9, wherein the plurality ofidlunjection nozzles
are coupled to the base frame via a ring-shapedeaozanifold.

11. The system of claim 1, wherein the plurality ofidlunjection nozzles
are configured to inject the cleaning fluid througk inlet of the fan casing as the gas
turbine engine is being operated at a rotor spleattis equal to or greater than a rotor
speed associated with at least one of a dry magi@peed, an idle speed or a partial
throttle speed for the gas turbine engine.

12. A method for cleaning a gas turbine engine, thetgdmne engine
including a plurality of fan blades and a fan cgssarrounding the plurality of fan
blades, the method comprising:

positioning a wash stand relative to the gas terleimgine, the wash stand
including a plurality of fluid injection nozzles obgured to be vertically supported at
a location adjacent to the gas turbine engine;

operating the gas turbine engine such that thalyiof fan blades are
rotated in a rotational direction about a centertfithe gas turbine engine; and

injecting a cleaning fluid from the plurality olufld injection nozzles through
an inlet of the fan casing as the plurality of lAades are being rotated such that the
cleaning fluid is directed past the plurality ofating fan blades and into a
compressor inlet of the gas turbine engine,

wherein each fluid injection nozzle is orientedatositive tangential angle
defined relative to the rotational direction of hlarality of fan blades.

13. The method of claim 12, wherein each of the pltyalf fan blades
includes a leading edge and a trailing edge andekef stagger angle between the
leading and trailing edges, the stagger angle spomding to a negative tangential
angle defined relative to the rotational directadrthe plurality of fan blades.

14.  The method of claim 13, wherein the negative tatigkangle ranges
from less than zero degrees to -60 degrees aia lachtion at which the cleaning
fluid is directed past the plurality of rotatinghfalades.

17



15. The method of claim 12, wherein the positive tanigéangle ranges
from greater than zero degrees to 60 degrees.

16. The method of claim 12, wherein each fluid injestrmzzle is oriented
radially inwardly relative to the centerline of thas turbine engine.

17.  The method of claim 12, further comprising suppdythe cleaning
fluid to the plurality of fluid injection nozzle dm a fluid source, wherein the cleaning
fluid is supplied to the plurality of fluid injecth nozzles at a pressure ranging from
60 psi to 900 psi.

18. The method of claim 12, wherein at least one @ingéntial
orientation or a radial orientation of each of iherality of fluid injection nozzles is
adjustable relative to the centerline of the gasine engine.

19.  The method of claim 12, wherein the wash standh@usrincludes a
base frame, the plurality of fluid injection nozzleeing coupled to the base frame so
as to form an annular array of nozzles, whereiitijpogng the wash stand relative to
the gas turbine engine comprises positioning thehveand relative to the gas turbine
engine such that a centerline of the annular asfayzzles is aligned with the
centerline of the gas turbine engine.

20. The method of claim 12, wherein operating the gdsithe engine
comprises operating the gas turbine engine atoa speed that is equal to or greater
than a rotor speed associated with at least oaedof motoring speed, an idle speed

or a partial throttle speed for the gas turbineiresng
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