SYSTEMS AND METHODS FOR RECONTOURING ENGINE COMPONES

FIELD
[0001] The present subject matter relates generally taitieg components of gas
turbine engines. More patrticularly, the subjectteraelates to systems and methods

for recontouring damaged components of gas turbnggnes.

BACKGROUND
[0002] Turbomachinery components of gas turbine enginesujected to
extreme conditions during operation. Thus, suchpmmnents deteriorate over time.
Due to the high value of certain turbomachinery ponents (e.g., compressor and
turbine blades), many times such damaged compoasntemoved from the engine
and repaired by a blade regeneration process.blBlde regeneration process
typically includes pre-treating the blade, depagitmaterial onto the blade (e.g., the
blade tip), recontouring the blade to desired spations, and subjecting the blade to
one or more post-treatment processes.
[0003] Recontouring turbomachinery components has coromgity been an
iterative and time consuming process. In a typieabntouring process, a component
is first inspected such that an operator can deteria machine offset, the component
is then machined using the manually-determined maabifset, and the process
iterates between inspection and machining untitttraponent is recontoured to
desired specifications. The recontouring procésmgine blades has conventionally
required manual intervention to determine the mazlbiffset due to the significant
part-to-part variation in the deterioration of tilades, the geometrical shape of the
blades, the wear on the machining tool used torteco the components (e.g., the
wear on a belt of a grinder), and the uncertairdfabe overall recontouring system.
Accordingly, attempts at automating the recontayiprocess have been unsuccessful.
[0004] Therefore, improved systems and methods for recoimig components of
gas turbine engines would be useful. More spetificsystems and methods for
automating the recontouring process for componaigsis turbine engines would be

beneficial.



BRIEF DESCRIPTION
[0005] Exemplary aspects of the present disclosure aeeténl to methods and
systems for recontouring components of gas turbnggnes. Aspects and advantages
of the invention will be set forth in part in tha@lbwing description, or may be
obvious from the description, or may be learnedugh practice of the invention.
[0006] One exemplary aspect of the present disclosurieastdd to a method for
recontouring a component defining one or more sesti The method includes
obtaining, by one or more computing devices, a datdhat includes one or more
subsets each including one or more parametersaitivicof a condition of one of the
sections of the component. The method furtheushes inputting, by the one or more
computing devices, the data set into a clusteradinme-learned models, each subset
being input into a respective machine-learned modae method also includes
determining, by the one or more computing deviagsachine offset for each section
of the component based at least in part on theoongore parameters indicative of the
condition of the section. In addition, the metlwcludes obtaining, by the one or
more computing devices, the machine offset for e&dtion of the component as
outputs of their respective machine-learned mod€he method also includes
adjusting, by the one or more computing devicesaterial removal tool path based
at least in part on the machine offsets. The neefadher includes machining the
component utilizing the material removal tool path.
[0007] Another exemplary aspect of the present disclosudeected to a method
for recontouring a component of a gas turbine e:ngsing a recontouring system, the
component defining a plurality of sections. Themod includes obtaining, by one or
more computing devices, a data set that incluggarality of subsets, each subset
includes one or more parameters indicative of alitimm of one of the sections of the
component and a condition of the recontouring syst&éhe method also includes
inputting, by the one or more computing devices,dhta set into a machine-learned
model that includes a plurality of neural networkach subset being input into a
respective neural network. The method furthenides determining, by the one or
more computing devices, a machine offset for eachian of the component based at
least in part on the one or more parameters indecaf the condition of the section
and the condition of the recontouring system. mMethod additionally includes



obtaining, by the one or more computing devices nilachine offset for each section
of the component as outputs of their respectivealeietworks. The method further
includes adjusting, by the one or more computingads, a material removal tool
path based at least in part on the machine offsets.

[0008] Another exemplary aspect of the present disclosudéected to a
recontouring system for recontouring a componeiat @és turbine engine, the
component defining a plurality of sections. Theorgouring system includes an
inspection device for scanning the sections ottiraponent. The recontouring
system also includes a material removal tool faroeing an amount of material from
the component. The recontouring system furthdudes one or more computing
devices communicatively coupled with the inspectiemice and the material removal
tool and configured to: obtain a data set thatides a plurality of subsets, each
subset includes one or more parameters indicatigecondition of one of the sections
of the component and a condition of the recontausiystem; input the data set into a
machine-learned model that includes a pluralitpedral networks, each subset being
input into a respective neural network; determimeaghine offset for each section of
the component based at least in part on the onmeocg parameters indicative of the
condition of the section and the condition of tteantouring system; obtain the
machine offset for each section of the componewugsuts of their respective neural
networks; and adjust a material removal tool patbeld at least in part on the machine
offsets.

[0009] These and other features, aspects and advantatfesmesent invention
will become better understood with reference toftilewing description and
appended claims. The accompanying drawings, wdriehncorporated in and
constitute a part of this specification, illustrammbodiments of the invention and,

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

BRIEF DESCRIPTION OF THE DRAWINGS
[0010] A full and enabling disclosure of the present irti@m 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:



[0011] FIG. 1 provides a cutaway perspective view of aengxary engine
according to an exemplary embodiment of the predisotosure;

[0012] FIG. 2 provides a flow chart of an exemplary blaeigeneration process
according to an exemplary embodiment of the predisotosure;

[0013] FIG. 3 provides an exemplary engine blade in a dgth@ondition
according to an exemplary embodiment of the predisotosure;

[0014] FIG. 4 provides the engine blade of FIG. 3 withdiaenaged portion
removed,;

[0015] FIG. 5 provides the engine blade of FIG. 3 havirljoak of material
deposited thereon;

[0016] FIG. 6 provides a schematic view of an exemplabptizc system
operatively configured to recontour engine compésmeancording to an exemplary
embodiment of the present disclosure;

[0017] FIG. 7 provides a flow diagram of an exemplary reoaring process
according to an exemplary embodiment of the predisotosure;

[0018] FIG. 8 provides a schematic representation of tiggne component of
FIG. 7 segmented into one or more sections acoptdian exemplary embodiment
of the present disclosure;

[0019] FIG. 9 provides a side, perspective view of an goam engine
component depicting an exemplary technique forrdeteng an angular deviation
parameter according to an exemplary embodimerteoptesent disclosure;

[0020] FIG. 10 provides a side, perspective view of amglary engine
component depicting an exemplary technique forrdeteng a step position
parameter according to an exemplary embodimernteoptesent disclosure;

[0021] FIG. 11 provides a side, perspective view of armglary engine
component depicting an exemplary technique forrdeteng a tool state parameter
according to an exemplary embodiment of the predisotosure;

[0022] FIG. 12 provides a side, perspective view of amglary engine
component depicting an exemplary technique forrdeteng a measured step
parameter according to an exemplary embodimerteoptesent disclosure;

[0023] FIG. 13 provides a flow diagram for determining @amenore machine

offsets according to an exemplary embodiment optlesent disclosure;



[0024] FIG. 14 provides a flow diagram for determiningpaltremoval path
according to an exemplary embodiment of the predisotosure;

[0025] FIG. 15 provides a flow diagram of an exemplaryhodtaccording to
exemplary embodiments of the present disclosurm; an

[0026] FIG. 16 provides a flow diagram of another exemptaethod according

to exemplary embodiments of the present disclosure.

DETAILED DESCRIPTION
[0027] Reference now will be made in detail to embodimeiithe present
disclosure, one or more example(s) of which austithted in the drawings. Each
example is provided by way of explanation of thesgnt disclosure, not limitation of
the present disclosure. In fact, it will be apparte those skilled in the art that
various modifications and variations can be madéénpresent disclosure without
departing from the scope or spirit of the preseésitidsure. For instance, features
illustrated or described as part of one embodimmantbe used with another
embodiment to yield a still further embodiment. ushit is intended that the present
disclosure covers such modifications and variatibias come within the scope of the
appended claims and their equivalents.
[0028] Exemplary aspects of the present disclosure aeetdn to methods and
systems for recontouring components of gas turbnggnes. More particularly,
exemplary aspects of the present disclosure agetdit to systems and methods that
include and/or leverage a cluster of machine-lehmedels, such as deep neural
networks, to determine machine offsets for paréicskections of a component. The
machine offsets can then be used to adjust a rabhtemoval tool path of a material
removal tool in real time. In this way, such coments can be recontoured to desired
specifications with high accuracy and without nésdime consuming, iterative
steps. Accordingly, the systems and methods optégent disclosure include
features that reduce the component regeneratida tigee and produce recontoured
components with high accuracy.
[0029] Further aspects and advantages of the presenttuimgdter will be
apparent to those of skill in the art. Exemplaspexts of the present disclosure will
be discussed in further detail with reference e®odhrawings. The detailed description



uses numerical and letter designations to refégdtures in the drawings. Like or
similar designations in the drawings and descnipliave been used to refer to like or
similar parts of the invention. As used hereir, t&rms “first”, “second”, and “third”
may be used interchangeably to distinguish one oot from another and are not
intended to signify location or importance of thdividual components. The terms
“upstream” and “downstream” refer to the relatilenf direction with respect to fluid
flow in a fluid pathway. For example, “upstreametfers to the flow direction from
which the fluid flows, and “downstream” refers teetflow direction to which the

fluid flows. “HP” denotes high pressure and “LR¥ribtes low pressure. Further, as
used herein, the terms “axial” or “axially” refer & dimension along a longitudinal
axis of an engine. The term “forward” used in cogtion with “axial” or “axially”
refers to a direction toward the engine inlet, gomponent being relatively closer to
the engine inlet as compared to another comporigm.term “rear” used in
conjunction with “axial” or “axially” refers to aidection toward the engine nozzle, or
a component being relatively closer to the engimezle as compared to another
component. The terms “radial” or “radially” refeer a dimension extending between
a center longitudinal axis (or centerline) of timgi@e and an outer engine
circumference. Radially inward is toward the ldandinal axis and radially outward
is away from the longitudinal axis. Moreover, teem “obtaining” means
affirmatively or passively gaining, attaining, aaing, collecting, or otherwise
receiving the noted object, information, signakstad transmission, etc.

[0030] Turning now to the drawings, FIG. 1 provides a watg perspective view
of an exemplary engine according to an exemplardyagliment of the present
disclosure. For this exemplary embodiment, thereng configured as a gas turbine
engine 100. More particularly, the gas turbineie@d 00 depicted in FIG. 1 is an
aeronautical, high-bypass turbofan jet engine dppeig configured to be mounted to
or integral with an aircraft. The gas turbine eregi00 defines an axial direction A
(extending parallel to or coaxial with a longitudircenterline 102 provided for
reference), a radial direction R, and a circumfga¢direction C extending about the
axial direction A. The gas turbine engine 100uxlels a fan section 104 and a core

turbine engine 106 disposed downstream of thedahas 104.



[0031] The exemplary core turbine engine 106 depictedides a substantially
tubular outer casing 108 that defines an annulat i10. The outer casing 108
encases, in serial flow relationship, a compressotion 112 including a booster or
LP compressor 114 and an HP compressor 116; a ctiobsection 118; a turbine
section 120 including an HP turbine 122 and a LBite 124; and a jet exhaust
nozzle section (not depicted). An HP shaft or $4@8 drivingly connects the HP
turbine 122 with the HP compressor 116. A LP sbafipool 130 drivingly connects
the LP turbine 124 with the LP compressor 114. ddmapressor section 112,
combustion section 118, turbine section 120, ahdxkaust nozzle section together
define a core air flowpath 132 through the corbite engine 106.

[0032] The fan section 104 includes a fan 134 having eapty of fan blades 136
coupled to a disk in a circumferentially spacedrapenner. As depicted, the fan
blades 136 extend outwardly from the disk genealiyng the radial direction R. The
fan blades 136 and the disk are together rotatdimet the longitudinal centerline
102 by the LP shaft 130.

[0033] Referring still to the exemplary embodiment of FIGthe disk is covered
by rotatable spinner 144 aerodynamically contotioggromote an airflow through
the plurality of fan blades 136. Additionally, teeemplary fan section 104 includes
an annular fan casing or outer nacelle 146 thaupiferentially surrounds the fan 134
and/or at least a portion of the core turbine emdid6. Moreover, the nacelle 146 is
supported relative to the core turbine engine 0@ plurality of circumferentially
spaced outlet guide vanes 148. Further, a dovamtsection 150 of the nacelle 146
extends over an outer portion of the core turbimgiree 106 so as to define a bypass
airflow passage 152 therebetween.

[0034] During operation of the gas turbine engine 1000lame of air 154 enters
the gas turbine engine 100 through an associakeidlis6 of the nacelle 146 and/or
fan section 104. As the volume of air 154 passessa the fan blades 136, a first
portion of the air as indicated by arrows 158 recltied or routed into the bypass
airflow passage 152 and a second portion of thasaindicated by arrow 160 is
directed or routed into the LP compressor 114 efddre turbine engine 106. The
pressure of the second portion of air 160 is tihereased as it passes across various
stages of LP compressor stator vanes 138 (not skatending annularly about the



longitudinal centerline 102) and LP compressor &ati0. The air 160 then flows
downstream to the HP compressor 116 where theb@irslprogressively compressed
further by various stages of HP compressor stanes 141 (not shown extending
annularly about the longitudinal centerline 1020 &P compressor blades 142.
Thereafter, the compressed air is routed to thebostion section 118.

[0035] The compressed second portion of air 160 dischdrgedthe compressor
section 112 mixes with fuel and is burned withia dombustion section 118 to
provide combustion gases 162. The combustion dd&2are routed from the
combustion section 118 along the hot gas paththrdugh the HP turbine 122 where
a portion of thermal and/or kinetic energy from tdoenbustion gases 162 is extracted
via sequential stages of HP turbine stator vandgniét shown extending annularly
about the longitudinal centerline 102) that arepted to the outer casing 108 and HP
turbine rotor blades 166 that are coupled to theshtdt or spool 128, thus causing
the HP shaft or spool 128 to rotate, thereby supmpoperation of the HP
compressor 116. The combustion gases 162 aredhesd through the LP turbine
124 where a second portion of thermal and kinetergy is extracted from the
combustion gases 162 via sequential stages of lbih&ustator vanes 168 (not shown
extending annularly about the longitudinal centerli02) that are coupled to the
outer casing 108 and LP turbine rotor blades 1@0dhe coupled to the LP shaft or
spool 130, thus causing the LP shaft or spool d30tate, thereby supporting
operation of the LP compressor 114 and/or rotaticthe fan 134.

[0036] The combustion gases 162 are subsequently routaigtin the jet exhaust
nozzle section of the core turbine engine 106 twigde propulsive thrust.
Simultaneously, the pressure of the first portibain158 is substantially increased as
the first portion of air 158 is routed through thgoass airflow passage 152 before it
is exhausted from a fan nozzle exhaust sectiorod ##& gas turbine engine 100, also
providing propulsive thrust. The HP turbine 12% tP turbine 124, and the jet
exhaust nozzle section at least partially defihetagas path 174 for routing the
combustion gases 162 through the core turbine erifi6.

[0037] During operation of the gas turbine engine 100iouarturbomachinery
components (e.g., compressor blades 140, 142neilddades 166, 170, compressor
stator vanes 138, 141, turbine stator vanes 1@l,f46 blades 136, etc.) are



subjected to extreme pressures and temperaturesngaleterioration of the
turbomachinery components over time. Moreovertingomachinery components
can further be degraded or worn by foreign objetird (FOD). For example, the fan
blades 136 are particularly vulnerable to FOD asféim 134 is positioned at the inlet
156 of the gas turbine engine 100. In some ins®rtamaged or deteriorated engine
blades are removed from the gas turbine engineah@@re subjected to a blade
regeneration process.

[0038] FIG. 2 provides a flow chart of an exemplary blaglgeneration process
180 according to an exemplary embodiment of thegiredisclosure. For this
exemplary embodiment, the blade regeneration psat®8 includes a pre-treatment
process 182, a material deposit process 184, ateaing process 186, and a post-
treatment process 188. More specifically, afteeagine blade is removed from an
engine for servicing, the blade undergoes one oermpre-treatment processes 182
that sufficiently prepare the engine blade forriegerial deposit process 184. For
example, the worn or deteriorated portion of thgies blade can be removed.
During the material deposit process 184, matesialadded, deposited, or otherwise
added to the existing blade. The excess materthkin removed by a material
removal tool during the recontouring process 18fhghat the engine blade is
reshaped to specification. Thereafter, the eniage undergoes one or more post-
treatment processes (e.g., one or more coatingsecapplied to the blade). The
present disclosure primarily concerns the recomigysrocess 186.

[0039] With reference to FIGS. 3 through 5, FIG. 3 departexemplary engine
component 190 in a damaged condition, and morépkatly, a damaged engine
blade 192. For instance, the damaged engine k@2lean be a compressor or
turbine blade. FIG. 4 provides the engine compbth8 of FIG. 3 with the damaged
portion removed. FIG. 5 provides the engine coneppd90 of FIG. 3 having a block
of material deposited thereon.

[0040] As shown in FIG. 3, the engine blade 192 has egpeed significant
deterioration, and more particularly, the engiredlbl 192 has experienced significant
abrasion or wear along a blade tip 194 of the enplade 192. Engine blades can

experience a wide variety of damage types or feduincluding microstructural



change, oxidation, cracks, abrasion, deformatind,entire breakages. Such
deterioration negatively affects engine performance

[0041] As shown in FIG. 4, during the pre-treatment preckE®? a deteriorated
portion 196 (FIG. 3) of the engine blade 192 isoeed. Thereafter, as shown in
FIG. 5, material is cladded or otherwise addedhéoeixisting engine blade 192.
During the material deposit process 184, in soneergary embodiments, the
deposited material 198 can be welded to the egigngine blade 192. For the
illustrated embodiment of FIG. 5, the depositedenal 198 is a cuboid-shaped
metallic material welded to the engine blade 19Be deposited material 198 can be
any suitable material, including but not limitedatmickel-based super alloy, ceramic
materials, ceramic matrix composite materials (CM€&. Once the deposited
material 198 has been welded to or otherwise atlwdte engine blade 192, the
engine blade 192 is recontoured in accordancedesired specifications.

[0042] FIG. 6 provides a schematic view of an exemplacpméouring system
200 operatively configured to recontour an engim@pgonent 190 according to an
exemplary embodiment of the present disclosurdhithexemplary embodiment, the
engine component 190 is a turbine blade of a gaseiengine, such as one of the
HP turbine blades 166 of the gas turbine engifel@Gf 1. As depicted in FIG. 6,
after the material deposit process 184, the ergpngoonent 190 having a block of
material deposited thereon proceeds to the recantpslystem 200 where the engine
component 190 undergoes the recontouring process Ader being recontoured, the
processed engine component 191 proceeds to thérpashent process 188 as shown
in FIG. 6. For this exemplary embodiment, the ndoaring system 200 includes an
inspection device 210, a display device 220, a natemoval tool 230, a robotic
manipulator 240, and a computing system 250. kalthe discussed in turn.

[0043] The inspection device 210 is operatively configuxaedcan an incoming
engine component 190 such that features or paresnatéhe component can be
resolved or extracted. For example, the inspectenice 210 can sense the current
condition of particular sections of the engine comgnt 190 (e.g., the amount of
deterioration of the component, the amount of ntdeposited thereon, etc.). More
particularly, the inspection device 210 can sehseangular deviation of the engine
component 190 with respect to a reference datumepthe positioning of the block
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of material deposited on the existing engine bladeyell as other parameters that
describe a current condition of the engine compbh®@ or a particular section of the
component. Moreover, the inspection device 2-dperatively configured to sense or
measure one or more parameters indication of thditon of the recontouring
system 200, such as e.g., how much the materialvaintool 230 is worn or the
overall uncertainties in the system.

[0044] The inspection device 210 can be any suitable devior instance, the
inspection device 210 can be a laser-based 2D @cabner. As another example,
the inspection device 210 can be an optical-tragBiD scanning device that may
capture the details, features, or parameters ahttmming engine component 190.
As another example, the inspection device 210 eam 2D laser-based lines scanner
configured to capture the profile parameters ohessrtion of the component. Other
suitable inspection devices are contemplated.ettam exemplary embodiments, the
inspection device 210 can pivot about the incongingine component 190 such that a
scan of the component can more easily be obtaiRedexample, inspection device
210 can be operatively connected with a robotic a@frnobotic manipulator 240 that

is movable through 6 degrees of freedom. In tlag,whe inspection device 210 can
capture the profile parameters of the componemt frarious angles and perspectives.
[0045] The display device 220 is operatively configuredlisplay information to

a user regarding the operation and status of genteuring system 200. The display
device 220 can include one or more user input @svier manipulating the
recontouring system 200. Such user input deviaasreclude one or more of a
variety of electrical, mechanical, or electro-methal input devices including rotary
dials, push buttons, touch pads, and touch scrdersome exemplary embodiments,
the display device 220 can include or represermreigl purpose /0 ("GPIO") device
or functional block. The display device 220 carahg suitable display device.

[0046] The material removal tool 230 is operatively coafef to remove a
portion of the deposited material 198 from the eagiomponent 190 such that the
engine component 190 can be shaped or recontoumgeetification. The material
removal tool 230 can be any suitable tool. Fortainse, for the illustrated
embodiment of FIG. 6, the material removal tool 38 belt grinder having an
abrasive belt 232 operatively configured to grindand a portion of the deposited
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material 198 from the engine component 190. Iroyleér exemplary embodiments,
the material removal tool 230 can be a grindingeljhen endmill, a polishing disc, a
cutter or cutting tool, or any other suitable abmsool. In yet other exemplary
embodiments, the material removal tool 230 can te®lcapable of removing
material from a workpiece without the tool physigalontacting the workpiece, such
as e.g., electrical discharge machining, electnoit& grinding, electrochemical
machining, etc. The material removal tool pathhef thaterial removal tool 230 can
be adjusted in accordance with one or more madaifisets as will be described in
greater detail herein.

[0047] The robotic manipulator 240 is operatively confegito hold the engine
components 190 and cycle them through the recaontpaystem 200. For example,
the robotic manipulator 240 can be a robotic armfigared to hold or rotate the
engine component 190 through six DOF. The robmanipulator 240 can cycle the
engine component 190 from the inspection devicet@1Be material removal tool
230. In some exemplary embodiments, the robotigipudator 240 can adjust the
orientation or position of the engine component d@fing machining such that the
material removal tool path can be adjusted witlamjisting the material removal tool
230.

[0048] As further shown in FIG. 6, the recontouring sys@0 further includes
computing system 250. Computing system 250 isatjpety configured to control
various aspects of the recontouring system 200 as®.g., the robotic manipulator
240, the inspection device 210, the display de2R@ the material removal tool 230,
including the abrasive belt 232. As shown by tash#d lines in FIG. 6, the
computing system 250, and more particularly thaadsvof the computing system
250, are communicatively coupled with the inspeattievice 210, the display device
220, the robotic manipulator 240, and the mateelioval tool 230. The devices of
the computing system 250 can be communicativelplealwith the various
components of the recontouring system 200 in artgtsde manner, such as e.g., by
one or more wired or wireless connections.

[0049] For this exemplary embodiment, the computing systéthof the
recontouring system 200 includes one or more coimgulevice(s) 251. The
computing device(s) 251 can include one or moregssor(s) 252 and one or more
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memory device(s) 253. The one or more processpb@)an include any suitable
processing device, such as a microprocessor, naotagtler, integrated circuit, logic
device, and/or other suitable processing devidee dhe or more memory device(s)
253 can include one or more computer-readable migatiading, but not limited to,
non-transitory computer-readable media, RAM, RO&rdhdrives, flash drives,
and/or other memory devices.

[0050] The one or more memory device(s) 253 can storenrdton accessible

by the one or more processor(s) 252, including agerpreadable instructions 254
that can be executed by the one or more proce(@&?s The instructions 254 can
be any set of instructions that when executed bytie or more processor(s) 252,
cause the one or more processor(s) 252 to perfparatons. In some embodiments,
the instructions 254 can be executed by the omecoe processor(s) 252 to cause the
one or more processor(s) 252 to perform operatgund) as any of the operations and
functions for which the computing device(s) 251 evafigured. The instructions 254
can be software written in any suitable programntémguage or can be implemented
in hardware. Additionally, and/or alternativellgetinstructions 254 can be executed
in logically and/or virtually separate threads sagessor(s) 252.

[0051] The memory device(s) 253 can further store datatl2&bcan be accessed
by the one or more processor(s) 252. For exartipajata 255 can include
parameters or features descriptive of the condiifaal of the incoming engine
components 190. For example, the parameters turésacan be descriptive of the
engine component’s condition with respect to defdram, the amount, position, and
orientation of the material added during the mateteposit process 184, but also to
other factors like thickness of the abrasive ba# @sed for grinding and sanding and
the amount of material that is removed from eagjirencomponent 190 during the
recontouring process 186, which is typically detieed in a post-inspection process.
[0052] The computing device(s) 251 can also include a comeation interface
256 used to communicate, for example, with theratbenponents of the recontouring
system 200 over other components over a netwohle cbmmunication interface 256
can include any suitable components for interfagity one or more network(s),
including for example, transmitters, receiverstgocontrollers, antennas, and/or

other suitable components. The network can beyp®/of communications network,

13



such as a local area network (e.g., intranet), &réa network (e.g., Internet), or
some combination thereof and can include any numbeired or wireless links. In
general, communication interface 256 can commuaicaér networks via any type of
wired and/or wireless connection, using a wideetgrof communication protocols
(e.g., TCP/IP, HTTP, SMTP, FTP), encodings or fderifa.g., HTML, XML), and/or
protection schemes (e.g., VPN, secure HTTP, SSL).

[0053] As further shown in FIG. 6, one or more computiegides 251 of the
computing system 250 can store or otherwise inctuor more machine-learned
models 260 or a cluster of machine-learned modeds.example, the models 260 can
be or can otherwise include various machine-leamedels such as neural networks
(e.g., deep neural networks) or other multi-lay@n-finear models. In some
exemplary embodiments, the machine-learned modetas be operatively
configured to output a machine offset that candetfor recontouring the engine
component 190.

[0054] In some various embodiments, the machine-learneteh#60 is a
machine or statistical learning model structuredrses of a linear discriminant
analysis model, a partial least squares discrintianalysis model, a support vector
machine model, a random tree model, a logisticaggion model, a naive Bayes
model, a K-nearest neighbor model, a quadratiaidiscant analysis model, an
anomaly detection model, a boosted and baggedidetise model, an artificial
neural network model, a C4.5 model, a k-means maodel combination of one or
more of the foregoing.

[0055] Referring still to FIG. 6, as shown, at least ohthe computing devices
251 of computing system 250 includes a model tre2b& that is operatively
configured to train one or more of the machinededrmodels 260 using various
training or learning techniques. For example, whbe machine learned-model 260
is a neural network, such training or learning tegbes can include, for example,
backwards propagation of errors. In some embodisn@erforming backwards
propagation of errors can include performing trueddackpropagation through time.
The model trainer 257 can perform any number oegaization techniques (e.qg.,
weight decays, dropouts, etc.) to improve the gdization capability of the models
260 being trained.
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[0056] The model trainer 257 can train one or more ofntloelels 260 based on a
set of training data 258. The training data 258ioalude, for example, parameters
or features indicative of a condition of a partaautngine component after being
removed from an engine and undergoing the mateejabsit process 184 as well as
information about the material removal tool (etlge belt thickness at the time of
material removal) and information about the recaritay system 200 overall. The
training data 258 can further include the machiifigets used to recontour the engine
component to desired specification. With knowruitsg(i.e., the condition of the
incoming engine component, the belt thickness,thadehavior of the recontouring
system 200) and corresponding outputs (the madifeet used to machine the
engine component to specifications), the model@d0be trained.

[0057] Once the model trainer 257 has been trained theelm@60 using the
training data 258, test or validation data 259 lwamised to test or validate the models
260. The test or validation data 259 can be madeywata indicative of parameters
or features descriptive of a condition of a patdacengine component after being
removed from an engine and undergoing the mateejabsit process 184 as well as
information about the material removal tool (etlge belt thickness at the time of
material removal) and information about the recaritay system 200 overall. The
validation data 259 includes new inputs and cowrdmg outputs that are used to
validate the models 260. Once the machine-leammzakls 260 are trained and
validated, the models 260 can be used to outpuhimaoffsets such that the material
removal tool path of the material removal tool 23@ be adjusted automatically. In
this way, the engine components 190 cycling thrahghrecontouring system 200
can be recontoured to specification.

[0058] FIG. 7 provides an exemplary recontouring proc@&&sdkccording to an
exemplary embodiment of the present disclosurene@dly, the exemplary
recontouring process 186 includes an inspectionga®270, a material removal
process 272, and a post-inspection process 274hdwsn in FIG. 7, various
parameters P are extracted or otherwise obtainedgdiine inspection process 270.
In particular, various parameters P descriptivindicative of a condition of one of
the sections of the engine component 190 are e&ttar otherwise obtained, and in

some embodiments, parameters indicative of a dondif the recontouring system
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200 are extracted or otherwise obtained, suchgasaecondition of the thickness of
the abrasive belt 232. After parameters P assatiaith each section of the engine
component 190 and parameters P associated wittotitbtion of the recontouring
system 200 are obtained, the parameters P areiimpw machined-learned model
260, such as e.g., a cluster of deep neural neswdrkparticular, the parameters P
associated with a particular section of the engoraponent 190 and the condition of
the recontouring system 200 are grouped as sulasgtgach subset is input into a
corresponding machine-learned model. As an outpe&ach of the machine-learned
models, a section machine offset is received cerotise obtained. Based at least in
part on the machine offsets, a material removdlgath is adjusted such that the
engine component 190 is recontoured in accordaitbedesired specifications. The
engine component 190 then undergoes the post-itgpgrocess 274 in which the
engine component 190 is checked for accuracy. dBBasehe accuracy of the
processed engine component 191, the current bet@avoondition of the
recontouring system 200 can be determined. Thermahtemoval tool path can be
adjusted for subsequent engine components cyaedgh the recontouring system
200 based at least in part on the behavior or tiondof the recontouring system 200.
[0059] As noted above, the parameters P obtained durangnfipection process
270 can be descriptive or indicative of a conditbdone of the sections of the engine
component 190. The engine component can be segdignd various sections. FIG.
8 provides the engine component 190 of FIG. 7 segedanto one or more sections
S For this exemplary embodiment, the engine corapbh90 is segmented into
eight (8) sections. In alternative exemplary enmimaahts, the engine component 190
can be segmented into any suitable number of segtsuch as e.g., ten (10) sections,
one hundred sections (100), or one thousand (1 g¥ijons. As will be explained
more fully below, by segmenting the engine compoid80 into section§, the part-
to-part variation in deterioration, the complexatythe blade geometry, the
uncertainty in the positioning, size, and oriemmatdf the deposited material 198, the
material removal tool thickness or wear, and theedainty of the recontouring
system can be broken down into a group of more geatae sub-problems. In this

way, the trained machine-learned models can outjoué accurate machine offsets
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that can be used to adjust the material removélp@ih of the material removal tool
240.

[0060] Returning to FIG. 7, each process of the exempkrgntouring process
186 will now be described in further detail. Agewabove, during the inspection
process 270, various parameters P are extractathenwise obtained. For instance,
the parameters P can be indicative of the engimgoaent’s condition with respect
to deformation, the amount, position, and orientabf the deposited material 198
added during the material deposit process 184 (B)JGAdditionally, other
parameters P indicative of the condition of theorgouring system 200 can be
received or otherwise obtained. For instanceptrameters P can include the
thickness of the abrasive belt 232 used for grig@ind sanding and the amount of
material that is actually removed from each engomponent 190 during the
recontouring process 186, which is typically detieed in the post-inspection process
274.

[0061] FIG. 9 provides a side, perspective view of engim@ponent 190
depicting an exemplary technique for determininguagular deviation parameter
according to an exemplary embodiment of the predisotosure. As noted above,
one exemplary parameter that can be obtained dtirengnspection process 270 is the
angular deviatiop of the engine component 190 with respect to aeaefee datum
plane DP. As shown in FIG. 9, the engine compof®8fatdefines a direction V, a
lateral direction L, and a transverse directionElch of the vertical direction V,
lateral direction L, and transverse direction T rargually perpendicular to one
another and form an orthogonal direction system.

[0062] For this embodiment, the angular deviat@represents the section bend
with respect to the reference datum plane DP ekigrid a plane along the vertical
and lateral directions V, L. More particularlyy fihis embodiment, the reference
datum plane DP extends in a plane extending alomgeértical and lateral directions
V, L coplanar with a plane extending where a legdidge 282 of an airfoil 280 of the
engine component 190 connects with a blade platk8#of the engine component
190. It will be appreciated that the referencaidaplane DP may be a plane
extending from other suitable locations along thedverse direction T.
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[0063] Each sectiors of the engine component 190 can be altered in many
different ways over its service life, which canajig affect the recontouring result.

In particular, the engine component 190 can berdedd or bent out of shape during
operation of the gas turbine engine. Thus, thelangleviationp is measured and
forwarded to the machine-learned model 260 as jautt jparameter. In this way, the
system can adapt or adjust the material removéajpiaith based at least in part on this
parameter.

[0064] FIG. 10 provides a side, perspective view of examypéngine component
190 depicting an exemplary technique for deterngjrarstep position parameter
according to an exemplary embodiment of the predisotosure. One exemplary
parameter that can be obtained during the inspeptiocess 270 is the step position
of the engine component 190. As shown in FIG fd0this embodiment, the step
positiond is measured as a distance between a top 286 dégasited material 198
to a bottom 288 of the deposited material 198 atbegvertical direction V. The step
positions (i.e., the vertical length of the deposited mail§¢may vary from section-
to-section and from part-to-part. These variatioas affect the recontouring result.
The step positiod of the deposited material 198 may vary from paspart and
section-to-section due to the impreciseness offthterial deposit process 184 (e.g., a
welding process). Thus, the step positaf the deposited material 198 is measured
and forwarded to the machine-learned model 26M aspait parameter. In this way,
the system can adapt or adjust the material rentoghpath based at least in part on
this parameter.

[0065] FIG. 11 provides a side, perspective view of examypéngine component
190 depicting an exemplary technique for deterngranool state parameter
according to an exemplary embodiment of the predisotosure. One exemplary
parameter that can be obtained during the inspeptiocess 270 is the tool state
parametep. The tool statg is a parameter indicative of a condition of theemal
removal tool 230. For instance, where the mdtegraoval tool 230 is abrasive belt
232, the condition of the material removal tool 223d be descriptive of a thickness
of the abrasive belt 232.

[0066] For this exemplary embodiment, to determine thégtadep, the material
removal tool 230 performs a blind pass on the d&mbsnaterial 198. Stated
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differently, the material removal tool 230 machities engine component 190 with a
degree of margin from the desired shape. The newppsed surface of the engine
component 190 can then be used as a referencetiEndning the characteristics or
behavior of the abrasive belt 232. Next, as shioviIG. 11, the tool state parameter
p is measured along the engine component 190 fdr 2ationS as a distance
between an edge 290 of the airfoil 280 of the emgmmponent 190 to an edge 292 of
the deposited material 198 along the transversetiton T. More particularly, for

this embodiment, the tool state parameter measured along the engine component
190 for each sectioBas a distance between an edge 290 of the aiB6il ®hich in
this embodiment is a trailing edge of the airf@D2to an edge 292 of the deposited
material 198, which in this embodiment is the ingjledge of the deposited material,
along the transverse direction T. Since this bpads is performed with constant
parameters, the resulting measurement varieswasctdn of the belt thickness. The
tool state parametermay vary from section-to-section and from parptot. These
variations can affect the recontouring result. §;ibe tool state parameters
measured during the inspection process 270 andafded to the machine-learned
model 260 as an input parameter. In this waysystem can adapt or adjust the
material removal tool path based at least in patthes parameter.

[0067] In alternative exemplary embodiments, the tooksparametep can be
determined by other suitable techniques. For mt&athe tool state paramepetan

be determined by one or more sensors of the regongpsystem 200. The one or
more sensors of the recontouring system 200 caumrac8D scans of the material
removal tool 230. For example, where the mateeialoval tool 230 is an abrasive
belt 232, the thickness of the belt can be scasoel that the thickness of the belt is
known. The 3D scans can then be sent to one c& nwnputing devices 251 of the
computing system 250 for processing. The parametecharacteristics of the
material removal tool 230 can be forwarded to tlaemme-learned model 260 such
that the system can account for the variation enntfaterial removal tool 230 over
time. As will be appreciated, continuing with #eample above, the abrasive belt
232 will have a particular thickness when machirarfgst component cycled through
the recontouring system 200 and will have a diffetbickness when machining the
one hundredth component cycled through the recoingpsystem 200. That is, the
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abrasive belt 232 will have a larger thickness wimachining the first component
than when machining the one hundredth componetiier@aterial removal tools,
such as e.g., a cutter, can also have tool weartiowe as well. The tool state
parametep takes the tool wear of the material removal t@&f) thto account such
that engine components can be more accurately teaoeal.

[0068] FIG. 12 provides a side, perspective view of preedsengine component
191 depicting an exemplary technique for deterngr@mmeasured step parameter
according to an exemplary embodiment of the predisotosure. One exemplary
parameter that can be obtained during the postatgm process 274 (i.e., after the
material removal process 272) is the measuredpstepnetet of the processed
engine component 191. The measured step parag@tevides information
regarding the condition of the recontouring sysgf8@. Stated differently, the
measured step parameteelates the incoming condition of the engine congo
190 (i.e., the angular deviatignand the step positiai) and the tool state with the
actual material removed during the material remgvatess 272. In this way, the
measured step parameteaccounts for uncertainties in the recontourindesys200
and can make adjustments to the material remowaptth for subsequent engine
components cycled through the recontouring systednt@ account for these
uncertainties.

[0069] As shown in FIG. 12, for this exemplary embodiméme, measured step
parametee is measured along the recontoured engine compd®édnfor each section
Sas a distance between an edge 295 of a non-regedgortion 294 of the
processed engine component 191 (i.e., the exipbinipn of the processed engine
component 191), to an edge 297 of the regeneratetiip 296 (i.e., the deposited
material 198 of the processed engine componentd®my the transverse direction
T. Notably, this measurement is taken during th&t4mspection process 274. As
shown in FIG. 7, this parameter P can be fed baickthe machine-learned model
260 such that subsequent engine components caoieeaccurately recontoured to
specification.

[0070] When continuity between the regenerated portiondtftbthe non-
regenerated portion 294 has been achieved (i‘Bush condition” has been
achieved), the system will recognize that the ni@tezmoval tool path was set or

20



adjusted accurately based on the machine offs&sndi@ed by the other parameters.
In instances where the measured stepsignificant, the system will make
adjustments accordingly. In this way, the meassted parameteracts as a “catch
all” the uncertainties of the recontouring systedd.2 The measured step parameter
drives down the error for subsequent engine comqusrif0 cycled through the
recontouring system 200.

[0071] Other exemplary parameters can be measured andrfied to the
machine-learned model as an input parameter irtiaddo the above named
parameters. For example, in some embodimentsexeraplary parameter that can
be measured is the twist angle or angle of twishefengine component. The twist
angle for engine or fan blades may be particulafulglue to their complex geometric
shapes. As another example, in some embodimergsxemplary parameter that
can be measured is the chord length of an engifendslade. As yet another
example, in some embodiments, one exemplary paeautiett can be obtained is the
serial or batch number of the engine componentsoliaining the serial or batch
number of the engine component, the material rehtovapath can ultimately be
adjusted in accordance with the notion that sinpkats manufactured within the
same batch or at the same manufacturing facilgynaore likely to have constructed
in a similar manner. Moreover, as yet another ggtapn some embodiments, other
exemplary parameters that can be obtained is #ge s which the engine blade was
positioned on the engine, the service life of thgiee blade (i.e., the number of hours
in operation), the service life of the engine bladee the last maintenance overall,
the length of the blade along the vertical dirattithe standard operating pressure
ratio of the engine from which the blade was rendpw¢her dimensions of the engine
component, the type of material of the blade, @ther exemplary parameters are
possible.

[0072] FIG. 13 provides a flow diagram for determining @amenore machine
offsets according to an exemplary embodiment optlesent disclosure. After the
various parameters P are measured or sensed doeimyspection process 270 (or
post-inspection process 274), one or more compua@vices 251 of the computing
system 250 receives, collects, or otherwise obtaidata set 300 made up of one or
more subsets 302. As shown in FIG. 13, each sefi&, . . .Sy of the engine
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component 190 has a corresponding subset 302s{ileset5;, subset,, . . . subset

S\) that includes parameters P that are indicativB®ftondition that sectiddof the
engine component 190 as well as parameters P thaica the condition of the
recontouring system 200 at the time of the mateeiaoval process 272.

[0073] For instance, for this embodiment, sulfSencludes as parameters the
angular deviatiop and the step positiahof the deposited material 198 that describe
or indicate the condition of secti& of the engine component 190. Moreover, subset
S includes the tool staeof the abrasive belt 232 and the measuredestiegt is
indicative of the uncertainty of the recontouritygtem 200. The measured stegan

be a parameter measured in the post-inspectiorgsd/4 of the previous processed
component, for example. Further, sulfSatan include other parameters P1, such as
e.g., twist angle, total blade length, batch numét. Likewise, for this

embodiment, subs& includes as parameters the angular deviagiand the step
positiond that are indicative of the condition of sectfgmof the engine component
190. Subses; also includes the tool stgteof the abrasive belt 232 and the measured
stepe. Additionally, subse$; can include other parameters P2. Each se&uafrthe
engine component 190 can have a correspondingtss@i&e For instance, secti&

has a corresponding sub&gt

[0074] The data set 300 is input into a machine-learnedan260, which for this
embodiment is a cluster of Deep Neural Networks \BN304. As shown in FIG.

13, each subset 302 is input into a correspondidy DFor instance, subsgt of

data set 300 is input in® DNN, subseg; is input intoS, DNN, and so on and so
forth for each sectioB of the engine component 190. For instance, assho FIG.

13, subse§y is input intoSy DNN. The machined-learned model 260 can include
any suitable number of DNNs 304 such that eached 882 of the data set 300 has a
corresponding DNN.

[0075] As further shown in FIG. 13, for this embodimeragle DNN contains an
input layer, hidden layers, and an output layene put layer 310 of each DNN can
include any suitable number of nodes or neurongatticular, depending on the
number of parameters of each subset 302, the iapeit 310 can contain a
corresponding number of neurons. For instanceneneon of the input layer 310

can be for the angular deviation parameteginother neuron of the input layer 310
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can be for the step position parameteanother neuron of the input layer 310 can be
for the tool state parametgranother neuron of the input layer 310 can béHer
measured step parameteand yet another neuron of the input layer 310k=afor
parameter P1 that can be indicative of a condiifoone of the sectiorS of the

engine component 190. For instance, the pararRdtean be the twist angle of the
engine component 190.

[0076] As the inputs are fed forward through their respedDNNSs, a set of first
weights W, each of which may be different for each synapbiecnection, are applied
to the input values. Then, each neuron of the fikden layer 312 adds the outputs
from its corresponding synapses between the irgyetr 1310 and the first hidden layer
312 and applies an activation function. Thereaftex values from the activation
function are fed forward to the second hidden |8 where a set of second weights
W,, each of which may be different for each synagtienection, is applied to the
outputs of the activation functions of the firstithen layer 312. Each neuron of the
second hidden layer 314 adds the outputs fronoitesponding synapses between
the first hidden layer 312 and the second hiddgerl814 and applies an activation
function. Thereafter, the values from the actvafiunction of the second hidden
layer 314 are fed forward to the output layer 31®me a set of third weights Vv

each of which may be different for each synapticnaetion, is applied to the outputs
of the activation functions of the second hidderete814. In alternative exemplary
embodiments, the values from the second hiddem B are forwarded to a further
hidden layer or layers before reaching the outpysd 316. Each DNN can include
any suitable number of hidden layers. The neufdheooutput layer 316 receives the
values from the synaptic connections and likewpgaias an activation function to
render an output of the network. In this examible,output of each DNN is a
machine offset for a particular sectiSof the engine component 190. As shown
particularly in FIG. 13, the output of ti8 DNN is a machine offse&;, the output of
theS, DNN is a machine offs&, and the output of th& DNN is a machine offset
SV

[0077] Notably, due to the architecture of the machineded model 260, which

in this embodiment is a cluster of DNNs 304 confeglfor parallel processing, the
subsets 302 can be processed concurrently sucthéhatachine offsets associated
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with each sectio® can be predicted in real-time to ultimately renaeioptimized
material removal tool path. The subsets can begssed on multiple computing
devices or GPUs or on a single processing uniefample. Stated differently, the
recontouring system 200 need not sequentially parfigperations using an iterative,
closed loop process between the material remowealess and the inspection process
to find the correct machine offset for each sec8orRather, for this exemplary
embodiment, the recontouring system 200 perforsiagle computational step to
obtain machine offsets for each sect®of the engine component 190. In this way,
the blade regeneration cycle time, and more paatigiihe cycle time of the
recontouring process 186, can be completed moicezitly.

[0078] FIG. 14 provides a flow diagram for determining atemial removal tool
path according to an exemplary embodiment of tiesgnmt disclosure. As shown, as
an output of each DNN 304 (FIG. 13), each secBoifithe engine component 190
has an associated machine offset. For instanc#ifoembodiment, sectidp of the
engine component 190 has an associated machire $ffsectionS; of the engine
component 190 has an associated machine &fsahd so on such that secti§n

has an associated machine offSget Each machine offset, for example, accounts for
the part-to-part and section-to-section variatibeach engine component 190, as
well as the uncertainty of the recontouring sysgffl. Based on the machine offsets
output from their respective DNNs 304, the mateeahoval tool path 320 can be
adjusted or set and the material removal tool Z3G.(6) can machine or recontour
the engine component 190 using the material remowahpath 320. In this way, the
engine component 190 can be recontoured in accoedaith specifications. The
result of the recontouring process 186 is processgthe component 191. By using
a cluster of deep neural networks 304 running nale, the machine offsets of each
sectionS can be predicted in real-time such that the maltezmoval tool path 320
can be adjusted to handle the part-to-part andosett-section variation of the
engine components 190 with accurate results. riaamce, in some exemplary
embodiments, accuracy up to 0.001 inches (0.03 cam)e achieved. Furthermore,
the automation of determining the machine offsetkices the blade regeneration

cycle time.
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[0079] FIG. 15 provides a flow diagram of an exemplaryhmodt(400) according

to exemplary embodiments of the present disclos8amme or all of the method (400)
can be implemented by the recontouring system 280ribed herein.

[0080] At (402), exemplary method (400) includes obtainimgione or more
computing devices, a data set comprised of oneooe subsets each comprised of
one or more parameters indicative of a conditioard of the sections of the
component. For instance, one of the computingodsv251 of computing system 250
can obtain data set 300. Data set 300 can indoder more subsets 302. In some
implementations, the data set 300 includes at teassubsets 302. Each subset 302
can include one or more parameters indicative @ttindition of a component, such
as engine component 190. In particular, exemgargmeters can include an angular
deviation parametey, a step position parameigra twist angle, a blade length, a
batch or serial number of the component, etc.

[0081] At (404), exemplary method (400) includes inputtibg the one or more
computing devices, the data set into a clusteradinme-learned models, each subset
being input into a respective machine-learned moBel example, in some
implementations, the cluster of machined-learnedeatsocan be a cluster of neural
networks. In some implementations, the clustena€hined-learned models can be a
cluster of deep neural networks. Each subset B@falata set 300 can be input into
a respective machine-learned model of the clusteroalels 304.

[0082] At (406), exemplary method (400) includes deternanby the one or

more computing devices, a machine offset for eachian of the component based at
least in part on the one or more parameters indeaf the condition of the section.
For instance, one or more of the computing dev2&dsof the computing system 250
can determine the machine offset for each secfidimeocomponent. As the
parameters of each subset 302 are processed byafgective models, the trained
models determine the machine offsets based omtogning parameter values.

[0083] At (408), exemplary method (400) includes obtainimgthe one or more
computing devices, the machine offset for eachi@ecf the component as outputs of
their respective machine-learned models. For el@mpe or more of the computing
devices 251 of the computing system 250 can olatamachine offset from each of
the machine-learned models of the cluster. Eaathme-learned model of the
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cluster of machine-learned models 304 is trainesltput a particular machine offset
based on the parameters obtained, as noted above.

[0084] At (410), exemplary method (400) includes adjustimgthe one or more
computing devices, a material removal tool patletas least in part on the machine
offsets. For instance, one or more of the comgudievices 251 of the computing
system 250 can process the obtained machine offadtsan determine an optimized
material removal tool path. In some implementatjdghe machine offsets can each
be output as values, and based on these valuasatieeial removal tool path can be
set or adjusted. In some implementations, the madaiffsets can each be output as
vectors, and based on these vectors, the matenmval tool path can be adjusted in
magnitude and direction. In some implementatitms outputs of the respective
models can be a combination of values and vectors.

[0085] At (412), exemplary method (400) includes machirtimgcomponent
utilizing the material removal tool path. For iaste, the material removal tool can
include abrasive belt. Abrasive belt, utilizing thet or adjusted material removal tool
path, can machine or recontour the engine componecordance with desired
specifications.

[0086] In some implementations, the component define$eaerece datum plane,
and wherein the one or more parameters indicafileeocondition of one of the one
or more sections of the component includes an angi@viation of the component
with respect to the reference datum plane.

[0087] In some implementations, the engine component eéefnvertical
direction. In such implementations, the method§4Qrther includes adding a
deposited material to the component prior to olngithe data set, and wherein the
deposited material extends along the vertical tmadetween a top and a bottom.
Moreover, in such implementations, the conditiothef component includes a step
position indicative of a distance between the tog thhe bottom of the deposited
material.

[0088] In some implementations, the recontouring systensésl to recontour the
component. In such implementations, each subsiiefuincludes one or more
parameters indicative of a condition of the recantgy system. In such
implementations, during determining, the machirfeatffor each section of the
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component is based at least in part on the oneocoe parameters indicative of the
condition of the recontouring system.

[0089] In yet some implementations, the recontouring systeludes a material
removal tool having an abrasive belt. In such enpntations, the condition of the
recontouring system includes a tool siatedicative of a condition of the material
removal tool 230.

[0090] In yet some implementations, the method (400) &rrthcludes adding a
deposited material to the component prior to olmagithe data set. The method also
includes machining the component utilizing the mateemoval tool path after
adjusting the material removal tool path base@adtlin part on the machine offsets,
and wherein after machining, the component defanegenerated portion and a non-
regenerated portion. Moreover, the method furitheudes performing a post-
inspection process on the component. In such im@tgations, the one or more
parameters indicative of the condition of the re¢oaring system includes a measured
stepe, wherein the measured ste[s measured along the component for each of the
sections of the component as a distance betweedgmof the non-regenerated
portion to an edge of the regenerated portion.

[0091] In yet some implementations, after inputting, thetimd (400) further
includes processing, by the one or more computawicds, each subset in its
respective machine-learned model in parallel.

[0092] FIG. 16 provides a flow diagram of another exempiaethod (500)
according to exemplary embodiments of the pressotasure. Some or all of the
method (500) can be implemented by the recontowwsystem 200 described herein.
[0093] At (502), exemplary method (500) includes obtainimgione or more
computing devices, a data set comprised of a iy subsets, each subset
comprised of one or more parameters indicative adralition of one of the sections
of the component and a condition of the recontausiystem. For instance, one of the
computing devices 251 of computing system 250 ¢daiio data set 300. Data set
300 can include any suitable number of subsets &a2h subset 302 can include one
or more parameters indicative of the conditionhaf tomponent, such as engine
component 190. In particular, exemplary parametansinclude an angular deviation
parametep, a step position parametgra twist angle, a blade length, a batch or serial
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number of the component, etc. In addition, exenygdarameters indicative of a
condition of the recontouring system can includea states indicative of a

condition of the material removal tool 230 and aswed step indicative of the
condition or uncertainty of the regeneration system

[0094] At (504), exemplary method (500) includes inputtibg the one or more
computing devices, the data set into a machinexebmodel comprised of a plurality
of neural networks, each subset being input im@spective neural network. For
instance, each subset 302 of the data set 300eceapbt into a respective DNN of the
machine-learned model. In some implementatioresndural networks are deep
neural networks that include at least two hiddeeis.

[0095] At (506), exemplary method (500) includes deterngnby the one or
more computing devices, a machine offset for eachian of the component based at
least in part on the one or more parameters indecaf the condition of the section
and the condition of the recontouring system. uchsimplementations, as the inputs
(i.e., parameters) are fed forward through thespeetive networks, the weights and
activation functions are applied to the value @f plarameters, as a result, a machine
offset is output from each of the neural networks.

[0096] At (508), exemplary method (500) includes obtainimgthe one or more
computing devices, the machine offset for each@eof the component as outputs of
their respective neural networks. For example,@maore of the computing devices
251 of the computing system 250 can obtain a maabifset from each of the neural
networks 304. Each neural network is trained tipoiua particular machine offset
based on the parameters obtained.

[0097] At (510), exemplary method (500) includes adjustimgthe one or more
computing devices, a material removal tool patletas least in part on the machine
offsets. For instance, one or more of the comgudievices 251 of the computing
system 250 can process the obtained machine offedtsan determine an optimized
material removal tool path. In some implementatjdhe machine offsets can each
be output as values, and based on these valuasatieeial removal tool path can be
set or adjusted. In some implementations, the madaiffsets can each be output as

vectors, and based on these vectors, the matenaval tool path can be adjusted in
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magnitude and direction. In some implementatitims putputs of the respective
models can be a combination of values and vectors.

[0098] In some implementations, the method (500) furtheludes machining the
component utilizing the material removal tool path.

[0099] In some implementations, the method (500) furtheludes adding a
deposited material to the component prior to olotgithe data set. Moreover, the
method further includes machining the componetitzintg the material removal tool
path after adjusting the material removal tool gedbed at least in part on the
machine offsets, and wherein after machining, traponent defines a regenerated
portion and a non-regenerated portion. In addjtibe method further includes
performing a post-inspection process on the compona such implementations, the
one or more parameters indicative of the conditibthhe recontouring system
includes a measured step, wherein the measuredsstegasured along the
component for each of the sections of the compoaatdistance between an edge of
the non-regenerated portion to an edge of the s¥géed portion.

[00100] In some implementations, during determining the mree offset for each
section of the component, the machine offsetsdohesection are determined in
parallel. Stated differently, the parameters ahesubset are processed in parallel by
their respective neural networks. In some implaia@ns, the neural networks are
deep neural networks. Moreover, in some implentems, the component is at least
one of an engine blade and a fan blade of theugbage engine.

[00101] In some implementations, the component defineseaaiece datum plane
and a vertical direction. In addition, the recamtng system includes a material
removal tool having an abrasive belt. In such enmntations, the method further
includes adding a deposited material to the compigogor to obtaining the data set.
In such implementations, the deposited materiadredd between top and bottom
along the vertical direction. The method alsoudels machining the component
utilizing the material removal tool path after agtjng the material removal tool path
based at least in part on the machine offsetsywduedein after machining, the
component defines a regenerated portion and aegenerated portion. The method
further includes performing a post-inspection pescen the component. In such
implementations, the one or more parameters indecaf the condition of one of the
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sections of the component include: an angular dewaf the component with
respect to the reference datum plane; and a s&pqgooindicative of a distance
between the top and the bottom of the depositeénmht Moreover, in such
implementations, the one or more parameters indecaf the condition of the
recontouring system include: a tool state indieat¥the condition of the material
removal tool (e.g., the amount of tool wear); andesmasured step measured along the
component for each of the sections of the compoagratdistance between an edge of
the non-regenerated portion to an edge of the s¥géed portion.

[00102] In yet further implementations, one of the paramseigdicative of the
condition of one of the sections of the componsrat iwist angle. In some
implementations, the component defines a verticatton. In such
implementations, one of the parameters indicathtbe condition of one of the
sections of the component is a length of the corapbalong the vertical direction.
[00103] Although the present disclosure describes the tecoing process in the
context of machining or recontouring an engine congmt or engine blade, it will be
appreciated that the teachings and inventive caaaigscribed herein can be applied
to any suitable component.

[00104] The technology discussed herein makes referenoenputing devices,
databases, software applications, and other compased systems, as well as
actions taken and information sent to and from systtems. One of ordinary skill in
the art will recognize that the inherent flexilyiliif computer-based systems allows
for a great variety of possible configurations, tamations, and divisions of tasks and
functionality between and among components. Fsiairce, computer-implemented
processes discussed herein can be implementedaisingle computing device or
multiple computing devices working in combinatioDatabases and applications can
be implemented on a single system or distributedsscmultiple systems.

Distributed components can operate sequentialiy parallel. Such configurations
can be implemented without deviating from the sooiple present disclosure.
[00105] This written description uses examples to disctbednvention, 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
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and may include other examples that occur to teksked in the art. Such other
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 language

of the claims.
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COMPONENT LIST

Reference Character Component
100 Gas turbine engine
102 Longitudinal centerline
104 Fan section
106 Core turbine engine
108 outer casing
110 annular inlet
112 Compressor section
114 LP compressor
116 HP compressor
118 Combustion section
120 Turbine section
122 HP turbine
124 LP turbine
126 jet exhaust section
128 HP shaft
130 LP shaft
132 Core air flowpath
134 Fan
136 Fan blades
138 Stator Vane (LPC)
140 Compressor Blade (LPC)
141 Stator Vane (HPC)
142 Compressor Blade (HPC)
144 Spinner
146 Fan Casing or Nacelle
148 Outlet Guide Vane
150 Downstream Section
152 Bypass Airflow Passage
154 Air

32




Reference Character Component
156 Inlet
158 First Portion of Air
160 Second Portion of Air
162 Combustion Gases
164 Stator Vane (HP)
166 Turbine Rotor Blade (HP)
168 Stator Vane (LP)
170 Turbine Rotor Blade (LP)
172 Fan Nozzle Exhaust Section
174 Hot Gas Path
180 Regeneration Process
182 Pre-treatment process
184 Material deposit process
186 Recontouring process
188 Post-treatment process
190 Engine component
191 Processed engine component
192 Engine blade
194 Blade tip
196 Deteriorated portion
198 Deposited material
200 Recontouring system
210 Inspection device
220 Display
230 Robotic manipulator
240 Material removal tool
242 Abrasive belt
250 Computing system
251 Computing device
252 processors
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Reference Character Component
253 Memory devices
254 Computer-readable instructions
255 data
256 Communication interface
257 Model trainer
258 Training data
259 Validation data
260 Machine-learned models

Neural networks

270 Inspection process
272 Material removal process
274 Post inspection process
280 Airfoll
282 Leading edge (airfoil)
284 Blade platform
286 Top
288 Bottom
290 Edge (airfoil)
292 Edge (deposited material)
294 Non-regenerated portion
295 Edge (non-regenerated portion)
296 Regenerated portion
297 Edge (regenerated portion)
300 Data set
302 Subset
304 DNN
310 Input layer
312 T' hidden layer
314 2% hidden layer
316 Output layer
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Reference Character Component
320 Material removal tool path
w1 1* weights
w2 2" weights
W3 3% weights
Machine offset
400 Method
500 Method
S Sections
[0) Angular deviation
) Step position
p Tool state
€ Measured step
DP Reference datum plane
A axial direction
R radial direction
C circumferential direction
\% Vertical direction
L Lateral direction
T Transverse direction
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WHAT IS CLAIMED IS:

1. A method for recontouring a component defining or more sections, the
method comprising:

obtaining, by one or more computing devices, a data@omprised of one or
more subsets each comprised of one or more paremedécative of a condition of
one of the sections of the component;

inputting, by the one or more computing devices,dhta set into a cluster of
machine-learned models, each subset being inpuainespective machine-learned
model,

determining, by the one or more computing deviaasachine offset for each
section of the component based at least in pattt@one or more parameters
indicative of the condition of the section;

obtaining, by the one or more computing devices ntlachine offset for each
section of the component as outputs of their rdsmemachine-learned models;

adjusting, by the one or more computing devicesaterial removal tool path
based at least in part on the machine offsets; and

machining the component utilizing the material realdool path.

2. The method of claim 1, wherein the componenihésfa reference datum
plane, and wherein the one or more parametersatidgcof the condition of one of
the one or more sections of the component incladeangular deviation of the

component with respect to the reference datum plane

3. The method of claim 1, wherein the engine comnepbdefines a vertical
direction, and wherein the method further comprises

adding a deposited material to the component poiobtaining the data set,
and wherein the deposited material extends alomgeltical direction between a top
and a bottom;

wherein the condition of the component includeteq position indicative of a

distance between the top and the bottom of theddgabmaterial.
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4, The method of claim 1, wherein a recontourirgfey is used to recontour the
component, and wherein each subset is further deetpbof one or more parameters
indicative of a condition of the recontouring systeand wherein during determining,
the machine offset for each section of the compbisdrased at least in part on the

one or more parameters indicative of the conditibthhe recontouring system.

5. The method of claim 4, wherein the recontousystem comprises a material
removal tool, and wherein the condition of the r@oaring system includes a tool

state indicative of a condition of the material ozl tool.

6. The method of claim 4, wherein the method furttmmprises:

adding a deposited material to the component poiobtaining the data set;

machining the component utilizing the material realdool path after
adjusting the material removal tool path base@adtlin part on the machine offsets,
and wherein after machining, the component defaneyenerated portion and a non-
regenerated portion; and

performing a post-inspection process on the compipne

wherein the one or more parameters indicative @tctindition of the
recontouring system includes a measured step, whits@ measured step is measured
along the component for each of the sections ottimeponent as a distance between

an edge of the non-regenerated portion to an eflpe oegenerated portion.

7. The method of claim 1, wherein after inputtitigge method further comprises:
processing, by the one or more computing devicas) subset in its

respective machine-learned model in parallel.

8. The method of claim 1, wherein the data set ¢@agp at least two subsets.
9. The method of claim 1, wherein the machine-ledrmodels are neural
networks.
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10. A method for recontouring a component of atgasine engine using a
recontouring system, the component defining a ptyraf sections, the method
comprising:

obtaining, by one or more computing devices, a dat@omprised of a
plurality of subsets, each subset comprised ofowmeore parameters indicative of a
condition of one of the sections of the componeak @ condition of the recontouring
system;

inputting, by the one or more computing devices,dhta set into a machine-
learned model comprised of a plurality of neuraivweks, each subset being input
into a respective neural network;

determining, by the one or more computing deviaasachine offset for each
section of the component based at least in pattt@one or more parameters
indicative of the condition of the section and tieadition of the recontouring system;

obtaining, by the one or more computing devices ntlachine offset for each
section of the component as outputs of their rdspmeneural networks; and

adjusting, by the one or more computing devicesaterial removal tool path

based at least in part on the machine offsets.

11. The method of claim 10, wherein the methochiercomprises:
machining the component utilizing the material realdool path.

12.  The method of claim 10, wherein the methochenrtomprises:

adding a deposited material to the component poiobtaining the data set;

machining the component utilizing the material realdool path after
adjusting the material removal tool path base@adtlin part on the machine offsets,
and wherein after machining, the component defeneyenerated portion and a non-
regenerated portion; and

performing a post-inspection process on the comppne

wherein the one or more parameters indicative @tctindition of the
recontouring system includes a measured step, whifi@measured step is measured
along the component for each of the sections ottimeponent as a distance between

an edge of the non-regenerated portion to an eflpe oegenerated portion.
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13.  The method of claim 10, wherein during determngnthe machine offsets for

each section are determined in parallel.

14.  The method of claim 10, wherein the neural nét& are deep neural

networks.

15. The method of claim 10, wherein the compongat ieast one of an engine

blade and a fan blade of the gas turbine engine.

16. The method of claim 10, wherein the componefinds a reference datum
plane and a vertical direction, and wherein theméauring system comprises a
material removal tool, and wherein the method ertomprises:
adding a deposited material to the component poiobtaining the data set,
and wherein the deposited material extends alomgeltical direction between a top
and a bottom;
machining the component utilizing the material realdool path after
adjusting the material removal tool path base@adtlin part on the machine offsets,
and wherein after machining, the component defaneyenerated portion and a non-
regenerated portion; and
performing a post-inspection process on the compipne
wherein the one or more parameters indicative @tctindition of one of the
sections of the component include:
an angular deviation of the component with respette reference
datum plane; and
a step position indicative of a distance betweertadlp and the bottom
of the deposited material.
wherein the one or more parameters indicative @tctindition of the
recontouring system include:

a tool state indicative of a condition of the matieremoval tool; and
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a measured step measured along the componentcfooéthe
sections of the component as a distance betweedgmof the non-

regenerated portion to an edge of the regenerateidmp.

17.  Arecontouring system for recontouring a congmrof a gas turbine engine,
the component defining a plurality of sections, tbeontouring system comprising:
an inspection device for scanning the sectione®tbmponent;
a material removal tool for removing an amount at@nial from the
component; and
one or more computing devices communicatively cediplith the inspection
device and the material removal tool and configuced
obtain a data set comprised of a plurality of stdyssach subset
comprised of one or more parameters indicative adralition of one of the
sections of the component and a condition of tbem®uring system;
input the data set into a machine-learned modelpcised of a
plurality of neural networks, each subset beingiinpto a respective neural
network;
determine a machine offset for each section ottmponent based at
least in part on the one or more parameters indeaf the condition of the
section and the condition of the recontouring syste
obtain the machine offset for each section of hramonent as outputs
of their respective neural networks; and
adjust a material removal tool path based at iegsart on the
machine offsets.

18.  The recontouring system of claim 17, whereia ohthe parameters indicative

of the condition of one of the sections of the comgmt is a twist angle.

19.  The recontouring system of claim 17, whereendbmponent defines a
vertical direction, and wherein one of the paramseit@dicative of the condition of
one of the sections of the component is a length@tomponent along the vertical

direction.
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20.  The recontouring system of claim 17, whereerttaterial removal tool
comprises an abrasive belt operatively configuogdrfachining the component, and
wherein one of the parameters indicative of thedd@n of one of the sections of the
component is a tool state indicative of a condittbthe material removal tool, and
wherein the condition of the material removal tisadlescriptive of a thickness of the

abrasive belt.
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