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(57) ABSTRACT

A method for cleaning components of a gas turbine engine
is presented. The method includes introducing a working
fluid into a gas flow path or a cooling circuit defined by the
one or more components of the gas turbine engine such that
the working fluid impinges upon a surface of the one or more
components of the gas turbine engine, wherein the working
fluid includes a plurality of detergent droplets entrained in a
flow of steam. A system for cleaning components of a gas
turbine engine are also presented.
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METHODS AND SYSTEM FOR CLEANING
GAS TURBINE ENGINE

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 15/443,048 filed Feb. 27, 2017, which
is hereby incorporated herein by reference in its entirety.

BACKGROUND

[0002] Embodiments of the disclosure generally relate to
methods and system for cleaning components of gas turbine
engines. More particularly, embodiments of the disclosure
relate to methods and system for cleaning components of gas
turbine engines using a mixture of steam and atomized
detergent.

[0003] Turbines, such as gas turbine engines, may typi-
cally intake foreign material (e.g., particulate matter) during
operation that may affect the performance of the engines.
Non-limiting examples of the foreign material include dust
(including mineral dust), sand, dirt, fly ash, volcanic ash, and
runway debris.

[0004] For hot turbine engine components, foreign mate-
rial compositions of particular concern are those containing
oxides of calcium, magnesium, aluminum, silicon, and mix-
tures thereof. These oxides combine to form contaminant
compositions comprising mixed calcium-magnesium-alumi-
num-silicon-oxide systems (Ca—Mg—Al—SiO), hereafter
referred to as “CMAS.” At the high turbine operating
temperatures, these environmental contaminants can adhere
to the heated component surface, and thus cause damage to
the structural integrity of the components that may result in
premature component failure. Premature component failure
can lead to unscheduled maintenance as well as parts
replacement resulting in reduced performance, and
increased operating and servicing costs.

[0005] Further, gas turbine engines, typically include
internal cooling circuits that are designed to cool one or
more components during use. Ingestion and subsequent
deposition of the foreign material in these internal cooling
circuits may result in partial or complete blockage of the
cooling circuits, thereby reducing the cooling efficiency of
the circuits. In addition to blocking or clogging the cooling
circuits, the foreign material may also become deposited on
the internal surfaces of cooled components and create an
insulating layer, thereby reducing the cooling efficiency and
resulting in operating temperature increase and reduction of
the component’s life.

[0006] However, most of these turbine engine components
are typically either not cleaned or cleaned through methods
that are expensive, time consuming, labor intensive, or
ineffective. For example, typical methods of cleaning the
engine components include water wash, dry ice treatment, or
acid wash. Water wash and dry ice treatment are not very
effective in cleaning CMAS-based secondary reaction prod-
ucts. Acid wash treatments are generally only applied fol-
lowing engine disassembly in a service repair shop envi-
ronment, as these acid solutions are not compatible with the
full suite of materials that comprise the assembled engine.
Therefore, if using conventional cleaning methods, the tur-
bine engines may need to be removed from service (e.g.,
detached from the aircraft, power plant or other machine that
the engine powers or is otherwise used with) and substan-
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tially dismantled to provide direct access to the components
for cleaning. This significantly reduces time-on-wing and
impacts the operating and maintenance costs.

[0007] Therefore, there is a need for methods and systems
of cleaning turbine engine components without substantially
dismantling the engine, and without interfering with the
structural and metallurgical integrity of other components of
the engine.

BRIEF DESCRIPTION

[0008] Inone aspect, the disclosure relates to a method for
cleaning one or more components of a gas turbine engine.
The method includes introducing a working fluid into a gas
flow path or a cooling circuit defined by the one or more
components of the gas turbine engine such that the working
fluid impinges upon a surface of the one or more compo-
nents of the gas turbine engine, wherein the working fluid
includes a plurality of detergent droplets entrained in a flow
of steam.

[0009] Inanother aspect, the disclosure relates to a method
for in-situ cleaning of a cooling circuit defined by one or
more components of a gas turbine engine. The method
includes forming a working fluid including a plurality of
detergent droplets entrained in a flow of steam, wherein the
plurality of detergent droplets is characterized by a size
distribution that is effective to be substantially accommo-
dated in the cooling circuit. The method further includes
introducing the working fluid into the cooling circuit such
that the working fluid impinges upon a surface of the one or
more components of the gas turbine engine.

[0010] In yet another aspect, the disclosure relates to a
system for cleaning one or more components of a gas turbine
engine. The system includes a fluid mixing unit configured
to form a working fluid including a plurality of detergent
droplets entrained in a flow of steam. The system further
includes a fluid delivery mechanism fluidly coupled with the
fluid mixing unit, and configured to introduce the working
fluid into a gas flow path or a cooling circuit defined by the
one or more components of the gas engine such that the
working fluid impinges upon a surface of the one or more
components of the gas turbine engine.

[0011] These and other features, embodiments, and advan-
tages of the present disclosure may be understood more
readily by reference to the following detailed description.

DRAWINGS

[0012] These and other features, aspects, and advantages
of the present disclosure will become better understood
when the following detailed description is read with refer-
ence to the accompanying drawings, wherein:

[0013] FIG. 1 is a cross-sectional view of a gas turbine
engine, in accordance with some embodiments of the dis-
closure;

[0014] FIG. 2 illustrates a system for forming a working
fluid, in accordance with some embodiments of the disclo-
sure;

[0015] FIG. 3 illustrates a system for forming a working
fluid, in accordance with some embodiments of the disclo-
sure;

[0016] FIG. 4 illustrates a system for forming a working
fluid, in accordance with some embodiments of the disclo-
sure;



US 2022/0056812 Al

[0017] FIG. 5 illustrates a method for cleaning a turbine
engine, in accordance with some embodiments of the dis-
closure;

[0018] FIG. 6 illustrates a method for cleaning a turbine
engine, in accordance with some embodiments of the dis-
closure;

[0019] FIG. 7 is an optical image of a section of a
combustor liner showing deposition of certain foulants in
three areas marked area 1, area 2, and area 3.

[0020] FIG. 8 Top row (A), (B) and (C) are optical images,
and bottom row (D), (E) and (F) are X-ray fluorescence
(XRF) scans showing calcium distribution maps, and dem-
onstrating the effects of the cleaning methods described
herein on area 1 of the combustor liner section shown in
FIG. 7.

[0021] FIG.9 Top row (A), (B) and (C) are optical images,
and bottom row (D), (E) and (F) are X-ray fluorescence
(XRF) scans showing calcium distribution maps, and dem-
onstrating the effects of the cleaning methods described
herein on area 2 of the combustor liner section shown in
FIG. 7.

[0022] FIG. 10 Top row (A), (B) and (C) are optical
images, and bottom row (D), (E) and (F) are X-ray fluores-
cence (XRF) scans showing sulfur distribution maps, and
demonstrating the effects of the cleaning methods described
herein on area 1 of the combustor liner section shown in
FIG. 7.

[0023] FIG. 11 Top row (A), (B) and (C) are optical
images, and bottom row (D), (E) and (F) are X-ray fluores-
cence (XRF) scans showing sulfur distribution maps, and
demonstrating the effects of the cleaning methods described
herein on area 2 of the combustor liner section shown in
FIG. 7.

DETAILED DESCRIPTION

[0024] In the following specification and the claims,
which follow, reference will be made to a number of terms,
which shall be defined to have the following meanings. The
singular forms “a”, “an” and “the” include plural referents
unless the context clearly dictates otherwise. As used herein,
the term “or” is not meant to be exclusive and refers to at
least one of the referenced components being present and
includes instances in which a combination of the referenced
components may be present, unless the context clearly
dictates otherwise.

[0025] Approximating language, as used herein through-
out the specification and claims, may be applied to modify
any quantitative representation that could permissibly vary
without resulting in a change in the basic function to which
it is related. Accordingly, a value modified by a term or
terms, such as “about”, and “substantially” is not to be
limited to the precise value specified. In some instances, the
approximating language may correspond to the precision of
an instrument for measuring the value. Similarly, “free” may
be used in combination with a term, and may include an
insubstantial number, or trace amounts, while still being
considered free of the modified term. Here and throughout
the specification and claims, range limitations may be com-
bined and/or interchanged, such ranges are identified and
include all the sub-ranges contained therein unless context
or language indicates otherwise.

[0026] Embodiments of the present disclosure relate to
methods and systems of cleaning one or more components
of a gas turbine engine. In some embodiments, a method of
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cleaning includes introducing a working fluid into a gas flow
path or a cooling circuit defined by the one or more
components of the gas turbine engine such that the working
fluid impinges upon a surface of the one or more compo-
nents of the gas turbine engine, wherein the working fluid
includes a plurality of detergent droplets entrained in a flow
of steam.

[0027] A gas turbine engine refers to any turbine engine in
which the turbine is driven by the combustion products of air
and fuel. In some embodiments, the gas turbine engine may
be an aircraft engine. Alternatively, the gas turbine engine
may be any other type of engine used in industrial applica-
tions. Non -limiting examples of such gas turbine engines
include a land-based gas turbine engine employed in a
power plant, a gas turbine engine used in a marine vessel, or
a gas turbine engine used in an oil rig. The terms “gas
turbine engine” and “turbine engine” are used herein inter-
changeably.

[0028] FIG. 1 is a schematic view of a representative gas
turbine engine 10 in accordance with some embodiments of
the disclosure. The gas turbine includes a fan assembly 12
and a core engine 13 including a high-pressure compressor
14, a combustor 16, a high-pressure turbine (HPT) 18, and
a low-pressure turbine (LPT) 20. Fan assembly 12 includes
an array of fan blades 24 that extend radially outward from
a rotor disk 26. Engine 10 has an intake side 28 and an
exhaust side 30. Fan assembly 12 and LPT 20 are coupled
by a low-speed rotor shaft 31, and compressor 14 and HPT
18 are coupled by a high-speed rotor shaft 32.

[0029] Generally, in operation, air flows axially through
fan assembly 12, in a direction that is substantially parallel
to a centerline 34 that extends through engine 10, and
compressed air is supplied to high pressure compressor 14.
The highly compressed air is delivered to combustor 16.
Combustion gas flow (not shown) from combustor 16 drives
turbines 18 and 20. HPT 18 drives compressor 14 by way of
shaft 32 and LPT 20 drives fan assembly 12 by way of shaft
31.

[0030] As noted earlier, the method and systems disclosed
herein provide for cleaning of a foreign material deposited
on one or more components of the turbine engine. The
foreign material may be any material, such as particulate
material, that is built up, introduced, or produced on or in
one or more components of the turbine engine during
operation of the turbine engine. In some embodiments, the
foreign material may be any material that is deposited and/or
produced on components of the turbine engine after initial
manufacture of the turbine that decreases the efficiency of
the turbine or otherwise interferes with or degrades one or
more function or component of the turbine.

[0031] Non-limiting examples of the foreign material
include dust (including mineral dust), sand, dirt, fly ash,
volcanic ash, runway debris, or any other material or pol-
lutant that is ingested or otherwise introduced into the
engine and deposited or adhered onto one or more compo-
nents. The foreign material that is cleaned using the methods
and systems described herein may also include one or more
of the aforementioned materials that have reacted or been
otherwise altered by the heat, pressure, etc. within the
engine. In some embodiments, the foreign material is a
combination of soluble and insoluble dust species that have
been ingested by a turbine engine and deposited (e.g., built
up over time) on one or more components.
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[0032] In some embodiments, the methods and systems
disclosed herein provide for cleaning of CMAS-based reac-
tion products. The term “CMAS” as used herein refers to a
contaminant composition including calcium, magnesium,
aluminum and silicon, resulting from the ingestion of sili-
ceous minerals (e.g., dust, sand, volcanic ash, fly ash,
cement, runway dirt, and the like) in gas turbine engines.
The compositional characteristics of the CMAS-based reac-
tion product may depend, in part, on one or more of the
source of the environmental contaminants, the reaction
temperature, location of the foreign material within sections
of the turbine engine, or the operational environment of the
turbine engine.

[0033] Non-limiting examples of turbine engine compo-
nents that may be cleaned by the methods and systems
disclosed herein include, but are not limited to, shrouds,
buckets, blades, nozzles, vanes, combustor liners, seal com-
ponents, and rotors.

[0034] As mentioned previously, to effect cleaning of the
components, a working fluid is introduced into a gas flow
path or a cooling circuit defined by the one or more
components of the gas turbine engine such that the working
fluid impinges upon a surface of the one or more compo-
nents of the gas turbine engine. In some embodiments, the
working fluid is introduced into at least one gas flow path in
the gas turbine engine. In some embodiments, the working
fluid is introduced into at least one cooling circuit in the gas
turbine engine. In some embodiments, the working fluid is
introduced into at least one gas flow path and at least one
cooling circuit in the gas turbine engine.

[0035] The term “gas flow path” as used herein refers to
one or more of a compressor flow path, a hot gas path in the
combustor section, a hot gas path in the turbine section of the
engine (HPT or LPT), or a secondary cooling flow path e.g.,
flow path between the casing and the combustor liner. The
compressor flow path and the hot gas path (in the combustor
section or the turbine section) may also be referred to as the
core flow path. Therefore, in some embodiments, the work-
ing fluid may be introduced into one or more of the com-
pressor flow path, the hot gas path in the combustor section,
the hot gas path in the turbine section of the engine (HPT or
LPT), or the secondary cooling flow path between the casing
and the combustor liner, to effect cleaning of the turbine
engine components defining these flow paths.

[0036] Cleaning by introducing the working fluid into the
compressor flow path or the secondary cooling flow path
may also be referred to as cleaning of the cold sections of the
turbine engine. Similarly, cleaning by introducing the work-
ing fluid into the hot gas path in the combustor section or a
hot gas path in the turbine section of the engine (HPT or
LPT) may also be referred to as cleaning of the hot sections
of the turbine engine. As will be appreciated by one of
ordinary skill in the art, by introducing the working fluid into
the appropriate gas flow path, cleaning of the turbine engine
component that has been fouled may be effected. For
example, to clean the compressor blades, the working fluid
may be introduced into the compressor flow path. Similarly,
to clean the turbine (LPT or HPT) blades, the working fluid
may be introduced into the hot gas path in the turbine
section.

[0037] The term “cooling circuit” as used herein refers to
internal passages, film holes, or bores in the turbine engine
components that are designed and configured to cool these
components during use. The cooling circuits may be con-
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figured to cool the turbine engine components by convection
cooling, by impingement cooling, by film cooling, or com-
binations thereof. In certain embodiments, the methods and
systems described herein are suitable for cleaning of internal
passages of a turbine blade.

[0038] The term “working fluid” as used herein refers to a
mixture of steam and detergent, which is capable of selec-
tively dissolving one or more constituents of the foreign
material. As mentioned previously, the foreign material may
include one or more of CMAS-based reaction products,
interstitial cement, or mineral dust accumulated on the
turbine components. In some embodiments, the working
fluid is capable of selectively dissolving one or more of
oxide-based, chloride-based, sulfate-based, and carbon-
based constituents of the foreign material.

[0039] More specifically, the working fluid includes a
detergent that is capable of selectively dissolving the con-
stituents of the foreign material. As used herein, the term
“selectively dissolve” refers to an ability of the detergent to
be reactive with certain predetermined materials, and to be
substantially unreactive with materials other than the pre-
determined materials. Specifically, the term “selectively
dissolve” as used herein refers to a detergent that reacts with
foreign matter accumulated on underlying turbine compo-
nents to facilitate removal of the foreign material, but that is
substantially unreactive with the material used to form the
underlying turbine components to limit damage to them
during removal of the foreign matter (i.e., during a cleaning
operation).

[0040] A suitable detergent for the methods and systems
described herein may include any detergent that conforms
with Aerospace Material Specification (AMS) 1551a. In
some embodiments, the detergent is formed by diluting a
commercially available reagent composition to a desired
strength prior to use as a working fluid. The dilution factor
for the reagent composition in the detergent may be based on
Federal Aviation Administration (FAA) guidelines. The FAA
regulations provide acceptable eclemental thresholds for
compositions introduced into a turbine engine. In some
embodiments, the reagent composition is diluted by a factor
of up to about 75 to form the detergent.

[0041] The reagent composition used to form the detergent
may include a mixture of water, an acid and water-based
cleaning reagent, a surfactant, and an amine, for example, an
alkanol amine. It is believed, without being bound by any
particular theory, that the acid component of the detergent is
a primary driver that facilitates selective dissolution of the
oxide-based, chloride-based, sulfate-based, and carbon-
based constituents of the foreign material. Representative
acid components include, but are not limited to, citric acid,
glycolic acid, poly acrylic acid, and combinations thereof. In
certain embodiments, a reagent composition suitable for the
methods and systems described herein is disclosed in co-
pending U.S. patent application publication 2016/0024438,
which disclosure is incorporated herein by reference.
[0042] Insome embodiments, the detergent may include a
mixture of water, an acid and water-based cleaning reagent,
an organic surfactant, and a corrosion inhibitor. The deter-
gent is designed to selectively dissolve sulfate, chloride and
carbonate based species of foreign matter on turbine com-
ponents while being substantially unreactive with the mate-
rial forming the turbine components. In some embodiments,
the detergent may further optionally include a pH buffer. In
certain embodiments, a reagent suitable for the methods and
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systems described herein is disclosed in co-pending U.S.
patent application publication 2016/0024438, which disclo-
sure is incorporated herein by reference.

[0043] In certain embodiments, a suitable reagent compo-
sition includes water within a range between about 50
percent and about 70 percent by volume of the reagent
composition, glycolic acid within a range between about 5
percent and about 15 percent by volume of the reagent
composition, citric acid within a range between about 5
percent and about 15 percent by volume of the reagent
composition, triethanol amine within a range between about
1 percent and about 5 percent by volume of the reagent
composition, alcohol alkoxylate within a range between
about 1 percent and about 5 percent by volume of the reagent
composition, and isopropylamine sulfonate within a range
between about 1 percent and about 10 percent by volume of
the reagent composition. In some embodiments, the deter-
gent is formed by diluting the reagent composition with
water by a factor of up to about 75. The dilution is the
effected such that a sulfur concentration is maintained below
a permissible limit. In some such embodiments, the deter-
gent may further include a pH buffer (for example, imida-
zole) and a corrosion inhibitor (for example, sodium lau-
riminodipropionate).

[0044] The detergent may be further characterized by it’s
pH. In some embodiments, the detergent has a pH in a range
from about 2.5 to about 10. In some embodiments, the
detergent has a pH in a range from about 2.5 to about 7. In
some embodiments, the detergent has a pH in a range from
about 5 to about 7. In some embodiments, the detergent has
a pH of about 5.5.

[0045] As used herein, the term “steam” refers to wet
steam or dry steam. That is, the steam may be as a two-phase
mixture of water vapor and entrained droplets of water
condensed from the water vapor, or, alternately the steam
may be composed of water vapor alone. Thus, the working
fluid includes a mixture of a detergent and steam where the
steam is vapor or, alternatively, the steam is a combination
of vapor and liquid. In some embodiments, steam may be
superheated and pressurized prior to mixing with the atom-
ized detergent. In some embodiments, steam may be char-
acterized by temperature and water content such that after
transferring heat to the detergent, it does not have a high-
water droplet content and the detergent concentration is not
substantially altered. In some embodiments, steam may be
superheated to a temperature in a range up to 250° C.
[0046] In some embodiments, the method further includes
atomizing the detergent in an atomizing nozzle and forming
the working fluid. In some embodiments, the method further
includes forming the working fluid by contacting the steam
with the detergent. In certain embodiments, the detergent is
atomized in an atomizing nozzle and the working fluid is
formed by atomizing the detergent using steam in the
atomizing nozzle. In some other embodiments, the working
fluid is formed by mixing the atomized detergent with steam
after the atomizing step.

[0047] Referring now to FIGS. 3 and 5, a system 100 and
a method 1000 for cleaning a gas turbine engine in accor-
dance with one embodiment is illustrated. As shown in
FIGS. 3 and 5, in some embodiments, at step 1001, the
detergent 101 is introduced into an atomizing nozzle 250
along with steam 102. The detergent is atomized in the
atomizing nozzle 250, at step 1002. At step 1003, a working
fluid 103 is formed that includes a plurality of detergent
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droplets 104 (also referred to as atomized detergent 104)
entrained in a flow of steam 102. As mentioned previously,
in some such embodiments, the detergent 101 may be
atomized using steam 102 in the atomizing nozzle 250 to
form the working fluid 103. In the embodiments illustrated
in FIG. 3, the detergent and steam are introduced through
separate inlets of the atomizing nozzle 250. However,
embodiments wherein the steam and detergent are pre-
mixed and then introduced into atomizing nozzle via the
same inlet are also within the scope of the present disclosure.
The working fluid is 103 is further discharged into a fluid
delivery mechanism 300, at step 1004. As noted previously,
the method further includes, at step 1005, introducing the
working fluid 103 into the gas flow path or the cooling
circuit of the turbine engine by any suitable delivery mecha-
nism 300.

[0048] Referring now to FIGS. 4 and 6, a system 100 and
a method 2000 for cleaning a gas turbine engine in accor-
dance with another embodiment is illustrated. As shown in
FIGS. 4 and 6, in some embodiments, the detergent 101 is
first introduced into an atomizing nozzle at step 2001. At
step 2002, the detergent is atomized in the atomizing nozzle
250 to form an atomized detergent 104. The method 2000
further includes discharging the atomized detergent 104 into
a flow of steam 102, at step 2003. The atomized detergent
104 is mixed with steam 102 after the step of atomizing to
form the working fluid 103, at step 2004. In the embodiment
illustrated in FIGS. 4 and 6, the method 2000 may further
include introducing a suitable fluid (e.g., high pressure air)
105 into the atomizing nozzle 250 to form the atomized
detergent 104. The working fluid is 103 is further discharged
into a fluid delivery mechanism 300, at step 2005. As noted
previously, the method further includes, at step 2006, intro-
ducing the working fluid 103 into the gas flow path or the
cooling circuit of the turbine engine by any suitable delivery
mechanism 300.

[0049] The method further includes controlling a size
distribution of the plurality of detergent droplets in the
working fluid such that the size distribution is effective to be
substantially accommodated in the gas flow path or the
cooling circuit. The term “substantially accommodated” as
used herein means that the size distribution is controlled
such that the plurality of detergent droplets can enter and
follow the gas flow path or the cooling circuit, and impact
on surfaces that need to be cleaned. Inventors of the present
disclosure have recognized and determined that by control-
ling the size distribution of the plurality of detergent droplets
in the working fluid effective cleaning may be achieved.
[0050] The size distribution of the plurality of detergent
droplets is therefore carefully controlled depending on the
component that requires cleaning. For example, a size
distribution required for cleaning a gas flow path may be
different from that of the size distribution required for
cleaning a cooling circuit. Similarly, even for cleaning a
cooling circuit, for example, the size distribution may be
controlled depending on the location and size of the cooling
circuit.

[0051] In some embodiments, the method includes con-
trolling a size distribution of the detergent droplets such that
the detergent droplets may be substantially accommodated
in a gas flow path of the turbine engine. In some embodi-
ments, 50 percent of the plurality of detergent droplets is
characterized by a size smaller than 500 microns. In some
embodiments, 75 percent of the plurality of detergent drop-
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lets is characterized by a size smaller than 500 microns. In
some embodiments, 90 percent of the plurality of detergent
droplets is characterized by a size smaller than 500 microns.
In some embodiments, 50 percent of the plurality of deter-
gent droplets is characterized by a size smaller than 250
microns. In some embodiments, 75 percent of the plurality
of detergent droplets is characterized by a size smaller than
250 microns. In some embodiments, 90 percent of the
plurality of detergent droplets is characterized by a size
smaller than 250 microns.

[0052] In some embodiments, the method includes con-
trolling a size distribution of the detergent droplets such that
the detergent droplets may be substantially accommodated
in a cooling circuit of the turbine engine. In some embodi-
ments, 50 percent of the plurality of detergent droplets is
characterized by a size smaller than 100 microns. In some
embodiments, 75 percent of the plurality of detergent drop-
lets is characterized by a size smaller than 100 microns. In
some embodiments, 90 percent of the plurality of detergent
droplets is characterized by a size smaller than 100 microns.
[0053] Inventors of the present disclosure have recognized
and determined that the size distribution of the plurality of
detergent droplets is dependent at least in part on one or
more of a detergent flow rate, a steam pressure, or an
atomizing nozzle geometry. Therefore, methods and systems
as described herein include varying one or more of a
detergent flow rate, a steam pressure, or an atomizing nozzle
geometry to control the size distribution of the plurality of
detergent droplets.

[0054] In some embodiments, a method for in-situ clean-
ing of a cooling circuit defined by one or more components
of a gas turbine engine is also presented. The method
includes forming a working fluid that includes a plurality of
detergent droplets entrained in a flow of steam. The plurality
of detergent droplets is characterized by a size distribution
that is effective to be substantially accommodated in the
cooling circuit, as described herein previously. The method
further includes introducing the working fluid into the
cooling circuit such that the working fluid impinges upon a
surface of the one or more components of the gas turbine
engine.

[0055] Insome embodiments, the detergent may be further
heated before the atomizing step. In some embodiments, the
method includes heating the detergent before the step of
contacting with steam. In some such instances the detergent
may be heated using any suitable heating medium or mecha-
nism. In some embodiments, the method includes heating
the detergent by contacting the detergent with steam. In
some such instances, the steam also works as the heat source
to generate droplets in the temperature range where cleaning
effectiveness is maximized. Referring again to FIG. 3, for
example, the detergent 101 may be heated by contacting the
detergent with steam 102. In the embodiments illustrated in
FIG. 3, the detergent is heated by coaxially flowing the
detergent through two flows of steam 102. Other configu-
rations are also within the scope of the disclosure. Alterna-
tively, for embodiments depicted in FIG. 4, the detergent
may be heated using any other suitable medium or mecha-
nism. In the embodiments illustrated in FIG. 4, the detergent
may be heated before being introduced into the atomizing
nozzle, or, may be heated in the atomizing nozzle itself prior
to the atomizing step (e.g., using hot air).

[0056] In some embodiments, the method may include
controlling the total quality of the working fluid. The total
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quality of the working fluid is defined as the ratio of the mass
of the vapor content to the total mass of the working fluid.
The total quality is specified such that after mixing steam
and detergent, the detergent concentration is not substan-
tially altered. In some embodiments, the working fluid
quality may be in a range of 0.05 to 1.0.

[0057] In some embodiments, the quality of the working
fluid is controlled by heating the detergent to a temperature
in a range from about 40° C. to about 130° C. In some
embodiments, the detergent may be heated to a temperature
in a range from about 60° C. to about 100° C.

[0058] In some embodiments, the working fluid quality is
controlled by controlling the steam quality and temperature,
which may include dry, wet and superheated steam states. In
some embodiments, the steam quality before mixing with
the detergent is in the range of 0.2 to 1.0. In certain
embodiments, the superheated steam temperature may be in
a range from about 101° C. to about 250° C.

[0059] The cleaning methods and systems described
herein employ a combined thermal and rinsing effect of
steam along with the cleaning effect of detergent to effect
cleaning of the turbine engine components. Without being
bound by any theory, it is believed that by using a mixture
of steam and atomized detergent, the detergent amount
required to clean the components, the cycle time for clean-
ing, and the heating requirements for the detergent may
significantly reduce. Further, the methods and systems
described herein may provide for an enhanced coverage of
the turbine engine components with the detergent. This is in
contrast to conventional cleaning systems that use air atom-
ized detergents, or sequential application of steam and
detergent.

[0060] After the step of forming the working fluid, the
working fluid may be introduced into the gas flow path or the
cooling circuit through one or more access ports or apertures
in the turbine. Non-limiting examples of suitable access
ports or apertures include, borescope apertures, burner aper-
tures, pressure sensor ports, fuel nozzle apertures, or com-
binations thereof. In some embodiments, the working fluid
may be introduced into the gas flow path or the cooling
circuit without substantial disassembly of the turbine engine.
In certain embodiments, the working fluid is introduced into
the gas flow path or the cooling circuit through at least one
borescope inspection port of the gas turbine engine.

[0061] In some embodiments, the working fluid is intro-
duced into the turbine engine such that the working fluid
impinges on the surface of one or more components to be
cleaned. For example, as mentioned earlier, in some embodi-
ments the methods and systems described herein may be
used for cleaning compressor blades. In such instances, the
working fluid may be introduced into the compressor flow
path such that the working fluid impinges on a soiled surface
of the compressor blades. Similarly, in some embodiments,
the methods and systems described herein may be used for
cleaning a combustor liner. In such instances, the working
fluid may be introduced into the secondary cooling flow path
such that the working fluid impinges on a soiled surface of
the combustor liner. In some further embodiments, the
methods and systems described herein may be used for
cleaning internal cooling passages of a turbine blade. In such
instances, the working fluid may be introduced into the
internal cooling passages such that the working fluid
impinges on a soiled inner surface of the turbine blade.
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[0062] In some embodiments, the working fluid is intro-
duced at a flow rate in a range from about 10 standard cubic
feet per hour (SCFH) to about 2000 SCFH. In some embodi-
ments, the working fluid is introduced at a flow rate in a a
range from about 20 standard cubic feet per hour (SCFH) to
about 1000 SCFH.

[0063] In some embodiments, the gas turbine engine is a
fully assembled gas turbine engine, or a sub-assembly of a
gas turbine engine and the cleaning is effected without
disassembly of the engine. In some embodiments, the sub-
assembly of the turbine engine which is cleaned is the
compressor section/module or the combustion section/mod-
ule. In some embodiments, the sub-assembly of the turbine
engine which is cleaned is the booster assembly/module, the
high-pressure turbine assembly/module, or the low-pressure
turbine assembly/module.

[0064] In some embodiments, the methods and systems
described herein allow for in-situ cleaning of a gas turbine
engine. The term “in-situ” cleaning of a gas turbine engine
means that the gas turbine engine is a substantially
assembled state and not detached from the aircraft or is
installed in an industrial application (e.g., in a power plant,
a marine vessel, an oil rig, pump, and the like). In some
embodiments, the gas turbine engine is disposed on an
aircraft, and the cleaning is effected on wing. In some
embodiments, the gas turbine engine is installed in an
industrial application. Non-limiting examples of industrial
applications include power plants, marine vessels, oil rigs,
pumps, and the like.

[0065] A system for cleaning one or more components of
a gas turbine engine is also presented. A system 100 in
accordance with some embodiments of the disclosure is
illustrated in FIG. 2. As shown in FIG. 2, the system 100
includes a fluid mixing unit 200 configured to form a
working fluid 103 including a plurality of detergent droplets
104 entrained in a flow of steam 102. The fluid mixing unit
200 is configured to form the working fluid 103 by atom-
izing the detergent 101 and mixing the atomized detergent
with steam 102. The system 100 further includes a fluid
delivery mechanism 300 fluidly coupled with the fluid
mixing unit 200, and configured to introduce the working
fluid 103 into a gas flow path or a cooling circuit defined by
the one or more components of the gas engine (not shown in
FIG. 2), such that the working fluid impinges upon a surface
of the one or more components of the gas turbine engine.

[0066] The term “fluid mixing unit” as used herein refers
to a component or combination of components capable of
forming detergent droplets and mixing the atomized deter-
gent with steam. Therefore, the fluid mixing unit may
include one or more components capable of forming deter-
gent droplets. Non-limiting example of such a component
includes an atomizing nozzle. The fluid mixing unit may
further include one or more conduits for delivering one or
more of detergent, pressurized air, or steam into the atom-
izing nozzle, for example. The fluid mixing unit may further
include one or more conduits for discharging the atomized
detergent or the working fluid from the atomizing nozzle, for
example. In some embodiments, the fluid mixing unit may
further include suitable fluid control mechanisms such as
valves to control the flow into or out of the atomizing nozzle.

[0067] The term “fluid delivery mechanism” as used
herein refers to a unit capable of delivering the working fluid
from the fluid mixing unit to the gas flow path or the cooling
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circuit of the turbine engine. Non-limiting examples of
suitable fluid delivery mechanism include conduits, tube,
pipes, and the like.

[0068] In some embodiments, as illustrated in FIG. 3, the
fluid mixing unit 200 includes an atomizing nozzle 250
configured to (i) receive a detergent 101, (ii) receive steam
102, (i) form the working fluid 103 by atomizing the
detergent using steam, and (iv) discharge the working fluid
103 into the fluid delivery mechanism 300.

[0069] In some embodiments, as illustrated in FIG. 4, the
fluid mixing unit 200 includes an atomizing nozzle 250
configured to (i) receive a detergent 101, (ii) atomize the
detergent, and (iii) discharge the atomized detergent 104 into
a flow of steam 102 to form the working fluid 103. The
working fluid 103 as shown in FIG. 4 may be further
discharged into the fluid delivery mechanism 300. As noted
previously, the fluid delivery mechanism is fluidly coupled
with a gas flow path or a cooling circuit of a gas turbine
engine. In some embodiments, the gas flow path is a hot gas
path of the gas turbine engine and the fluid delivery mecha-
nism 300 is fluidly coupled with the hot gas path (not
shown). In some embodiments, the fluid delivery mecha-
nism 300 is fluidly coupled with the cooling circuit of the
gas turbine engine (not shown). As mentioned previously,
the fluid delivery mechanism 300 may be fluidly coupled
with the gas flow path or the cooling circuit via one or more
access ports or apertures in the turbine engine.

[0070] An exemplary technical effect of the methods and
systems, described herein, includes at least one of (a)
enabling in-situ cleaning of turbine engines; (b) selectively
dissolving foreign material having different elemental com-
positions from materials of general turbine engine construc-
tions; and (c) reducing downtime of the turbine engines
cleaned by the methods described herein. Further, advanta-
geously, in accordance with some embodiments of the
disclosure, the methods and systems described herein are
environmentally friendly and non-toxic, and can be
employed without the need for specialized ventilation or
ventilated spaces such as hoods, or, any expensive personal
protective equipment for technicians effecting the cleaning.

EXAMPLES

Example 1 Forming the Working Fluid including
Steam Atomized Detergent

[0071] A detergent composition as described in US patent
application publication 2016/0024438 (Reagent 6) was
heated to 92° C., and passed through Teflon-lined tubing at
a flow rate of 75 ml./minute using a peristaltic pump into an
atomizing nozzle that was simultaneously flowing 300° F.
(148.8° C.) steam at 4 SCFH (standard cubic feet hour) to
generate a mixture of steam and atomized detergent (work-
ing fluid).

Example 2 Cleaning a Fouled Turbine Engine
Component (Combustor Liner) with the Working
Fluid

[0072] The working fluid formed in Example 1 was con-
tacted with a fouled surface of a combustor liner as an
example of flow path cleaning. Referring to FIG. 7, an
optical image of a portion of a combustor liner from HPT 18
section of turbine engine 10 (shown in FIG. 1) shows fouling
in certain areas, marked as areas 1, 2 and 3 in FIG. 7. Area
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1 exhibited CMAS deposition as a white streaked, continu-
ous layer. Area 2 exhibited intermediate, discontinuous
layers of CMAS along with dust (sulfates and clay) fused on
the thermal barrier coating (TBC) surface. Area 3 exhibited
dark brown, dust fused on the thermal barrier TBC surface
with negligible CMAS formation. The combustor liner was
exposed to the working fluid for 15 minutes to 4 hours.
[0073] The cleaning effectiveness of the working fluid on
areas 1 and 2 was determined using x-ray fluorescence
(XRF) spectrometry. Referring to FIGS. 8 and 9, the XRF
scans show calcium distribution maps and demonstrate the
effects of the cleaning methods described herein on area 1
(FIG. 8) and area 2 (FIG. 9) of the fouled combustor liner
mentioned above. FIGS. 8 and 9, top row (A), (B) and (C)
are optical images, and bottom row (D), (E) and (F) are XRF
scans showing the calcium distribution. The effect of 15
minutes and 4 hours of cleaning using the working fluid
formed in Example 1 was shown. A darker image (i.e., low
signal) in the bottom row indicates effective cleaning (i.e.,
removal of calcium sulfate).

[0074] Referring to FIGS. 10 and 11, the XRF images
show sulfur distribution maps and demonstrate the effects of
the cleaning methods described herein on area 1 (FIG. 10)
and area 2 (FIG. 11) of the fouled combustor liner mentioned
above. FIGS. 10 and 11, top row (A), (B) and (C) are optical
images, and bottom row (D), (E) and (F) are XRF scans
showing the sulfur distribution. The effect of 15 minutes and
4 hours of cleaning using the working fluid formed in
Example 1 was shown. A darker image (i.e., low signal) in
the bottom row indicates effective cleaning (i.e., removal of
calcium sulfate).

Comparative Example 1: Cleaning a Fouled
Turbine Engine Component (Combustor Liner)
with only Steam

[0075] A fouled combustor liner (as described in Example
2) was contacted with steam for 15 hours to determine the
effective of cleaning with steam on its own. Cleaning
effectiveness was determined using electron probe micro-
analyzer (EMPA) and by determining the chemical compo-
sition (calcium, sulfur, magnesium and iron distribution) of
the area that was cleaned before and after contacting with
steam. As will be appreciated by one of ordinary skill in the
art, EMPA analysis proves full depth information for the
sample being analyzed while pXRF provides surface analy-
sis. EMPA analysis of the area that was cleaned showed that
the elements calcium, sulfur, magnesium and iron were
present in the sample before as well as after contacting the
sample with steam.

Comparative Example 2: Cleaning a Fouled
Turbine Engine Component (Combustor Liner)
with only Detergent

[0076] A fouled combustor liner (as described in Example
2) was contacted with a foamed detergent composition (as
described in US patent application publication 2016/
0024438) for 15 hours to determine the effective of cleaning
with detergent on its own. Cleaning effectiveness was deter-
mined using electron probe microanalyzer (EMPA) and by
determining the chemical composition (calcium, sulfur,
magnesium and iron distribution) of the area that was
cleaned before and after contacting with detergent. EMPA
analysis of the area that was cleaned showed that the
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elements calcium, sulfur, magnesium and iron were present
in the sample before as well as after contacting the sample
with the detergent

Example 3 Cleaning a Fouled Turbine Engine
Component (Combustor Liner) with a Mixture of
Steam and Atomized Detergent

[0077] A fouled combustor liner (as described in Example
2) was contacted with the working fluid of Example 1 for 15
hours to determine the effectiveness of cleaning with a
mixture of steam and atomized detergent (working fluid).
Cleaning effectiveness was determined using electron probe
microanalyzer (EMPA) and by determining the chemical
composition (calcium, sulfur, magnesium and iron distribu-
tion) of the area that was cleaned before and after contacting
with steam and atomized detergent. EMPA analysis of the
area that was cleaned showed that the elements calcium,
sulfur, magnesium and iron were present in the sample
before contacting the sample with the working fluid. In
contrast, the elemental concentration of these elements was
significantly reduced after contacting the sample with the
working fluid. A measurable decrease in the total thickness
of the CMAS layer was also observed, thereby demonstrat-
ing that a mixture of steam and atomized detergent provides
for effective cleaning of dust-related deposits.

Example 4 Cleaning a Fouled Turbine Engine
Component (HPT Stage 1 Blades) with the
Working Fluid

[0078] A detergent composition as described in US patent
application publication 2016/0024438 (Reagent 6) was
heated to 80° C., and passed through Teflon-lined tubing at
a flow rate of 100 mL/minute using a peristaltic pump into
an atomizing nozzle that was simultaneously flowing 300° F.
(148.8° C.) steam at 4 SCFH (standard cubic feet hour) to
generate a mixture of steam and atomized detergent (work-
ing fluid).

[0079] The working fluid was contacted with a fouled
surface of a HPT blade. This was replicated on three blades
from the same rotor, and the average airflow restoration was
measured on the dirty blades and the cleaned blades. The
average airflow restoration on the lead edge was 5% (clean
relative to the dirty flow check). This indicated that the
working fluid was effective in cleaning the turbine blades.
Examples 2-4 show that by using steam atomized detergent,
according to embodiments of the invention, the flow path
and the cooling circuits in a gas turbine engine can be
effectively cleaned.

[0080] The foregoing examples are merely illustrative,
serving to exemplify only some of the features of the
invention. The appended claims are intended to claim the
invention as broadly as it has been conceived and the
examples herein presented are illustrative of selected
embodiments from a manifold of all possible embodiments.
Accordingly, it is the Applicants’ intention that the appended
claims are not to be limited by the choice of examples
utilized to illustrate features of the present invention. As
used in the claims, the word “comprises” and its grammati-
cal variants logically also subtend and include phrases of
varying and differing extent such as for example, but not
limited thereto, “consisting essentially of” and “consisting
of” Where necessary, ranges have been supplied; those
ranges are inclusive of all sub-ranges there between. It is to
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be expected that variations in these ranges will suggest
themselves to a practitioner having ordinary skill in the art
and where not already dedicated to the public, those varia-
tions should where possible be construed to be covered by
the appended claims. It is also anticipated that advances in
science and technology will make equivalents and substitu-
tions possible that are not now contemplated by reason of the
imprecision of language and these variations should also be
construed where possible to be covered by the appended
claims.

1. A method for cleaning one or more components of a gas
turbine engine, comprising: introducing a working fluid into
a gas flow path or a cooling circuit defined by the one or
more components of the gas turbine engine such that the
working fluid impinges upon a surface of the one or more
components of the gas turbine engine, wherein the working
fluid comprises a plurality of detergent droplets entrained in
a flow of steam.

2. The method of claim 1, further comprising atomizing a
detergent in an atomizing nozzle and forming the working
fluid.

3. The method of claim 1, wherein forming the working
fluid comprises controlling a size distribution of the plurality
of detergent droplets in the working fluid such that the size
distribution is effective to be substantially accommodated in
the gas flow path or the cooling circuit.

4. The method of claim 3, wherein a 50 percent of the
plurality of detergent droplets is characterized by a size
smaller than 500 microns.

5. The method of claim 3, wherein a 50 percent of the
plurality of detergent droplets is characterized by a size
smaller than 100 microns.

6. The method of claim 3, comprising varying one or more
of a detergent flow rate, a steam pressure, and an atomizing
nozzle geometry to control the size distribution of the
plurality of detergent particles in the working fluid.

7. The method of claim 2, wherein the working fluid is
formed during the step of atomizing the detergent by using
steam.

8. The method of claim 2, wherein the working fluid is
formed by mixing the atomized detergent with steam after
the atomizing step.

9. The method of claim 2, further comprising heating the
detergent before the atomizing step by contacting the deter-
gent with steam.

10. The method of claim 1, wherein the detergent has a pH
in a range from about 2.5 to about 7.

11. The method of claim 1, wherein the gas flow path is
a hot gas path in the gas turbine engine.
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12. The method of claim 1, wherein the gas turbine engine
is disposed on an aircraft or installed in an industrial
application.

13. A method for in-situ cleaning of a cooling circuit
defined by one or more components of a gas turbine engine,
comprising:

forming a working fluid comprising a plurality of deter-
gent droplets entrained in a flow of steam, wherein the
plurality of detergent droplets is characterized by a size
distribution that is effective to be substantially accom-
modated in the cooling circuit; and

introducing the working fluid into the cooling circuit such
that the working fluid impinges upon a surface of the
one or more components of the gas turbine engine.

14. The method of claim 13, wherein a 50 percent of the
plurality of detergent droplets is characterized by a size
smaller than 100 microns

15. A system for cleaning one or more components of a
gas turbine engine, comprising:

a fluid mixing unit configured to form a working fluid

comprising a plurality of detergent droplets entrained in
a flow of steam,

a fluid delivery mechanism fluidly coupled with the fluid
mixing unit, and configured to introduce the working
fluid into a gas flow path or a cooling circuit defined by
the one or more components of the gas engine such that
the working fluid impinges upon a surface of the one or
more components of the gas turbine engine.

16. The system of claim 15, wherein the fluid mixing unit
comprises an atomizing nozzle configured to (i) receive a
detergent, (ii) receive steam, (iii) form the working fluid by
atomizing the detergent using steam, and (iv) discharge the
working fluid into the fluid delivery mechanism.

17. The system of claim 15, wherein the fluid mixing unit
comprises an atomizing nozzle configured to (i) receive a
detergent, (ii) atomize the detergent, and (iii) discharge the
atomized detergent into a flow of steam to form the working
fluid.

18. The system of claim 15, wherein the gas flow path is
a hot gas path of the gas turbine engine and the fluid delivery
mechanism is fluidly coupled with the hot gas path.

19. The system of claim 15, wherein the fluid delivery
mechanism is fluidly coupled with the cooling circuit of the
gas turbine engine.

20. The system of claim 15, wherein the gas turbine
engine is disposed on an aircraft or installed in an industrial
application



