SYSTEM AND METHOD FOR AUTOMATED LASER ABLATION
FIELD

[0001] The present subject matter relates generally tonaatied laser
machining, and more particularly to systems anchogs for performing laser
ablation on a workpiece at a location with restiicaccess.

BACKGROUND

[0002] Generally, when a repair is required, it is desedb access the
internal components of a complex assembly withoiristalling and dismantling the
assembly. For example, the inspection of a gdsrterengine may uncover a first
engine component impinging a second engine componersuch a situation, it may
be desirable to remove a portion of the first eegiomponent to alleviate the
impingement. However, access to the location inssembled gas turbine engine
may be limited to a small orifice (e.g., havingiameter less than 22 mm). Due to
the relative inaccessibility of the repair locatisach repairs are typically affected by
removing the gas turbine engine from the aircraft disassembling the engine to
expose the component. The component may be repamddhe engine reassembled
and reinstalled, such that the engine may be uséukf.

[0003] In order to avoid the expensive and time-consurpiogess of engine
removal and disassembly, removing material fromcation with restricted access
may rely upon laser ablation. Current approacbesrploying a laser inside an
assembled gas turbine engine may be based on mguantixed-beam laser on a
borescope or other similar instrument. Howevecahse a fixed-beam laser produces
a stationary laser beam, this approach is not @pfion all laser ablation tasks in a
difficult to access location.

[0004] Other current approaches for performing laser mlrlahay employ
galvanometer (galvo) systems. A galvo system nealgdsed on moving-mirror
technology. In an exemplary galvo system, the roevenirrors are used to make
small adjustments in mirror angles and move thigostary laser beam in different

directions within a specific cutting or marking areWhile galvo systems may be



suitable for removing material from a componenloiwing disassembly, the physical
dimensions of the system preclude using a galviesysvithin a complex assembly.
[0005] Accordingly, a system and method for repairing mpgonent within a
complex assembly, without necessarily requiringss&mbly to access such

component, would be beneficial.

BRIEF DESCRIPTION

[0006] Aspects and advantages of the invention will bda¢h in part in the
following description, or may be obvious from thesdription, or may be learned
through practice of the invention.

[0007] In accordance with one embodiment of the presestiaiure, and end
effector for performing laser ablation is providedhe end effector may include an
effector housing having a body extending lengthveisveen a proximal end and a
distal end opposite thereof. The body may defmagerture, and the proximal end
may define a beam entry port to receive a lasembeto the effector housing. The
end effector may include a dynamic beam divertetaioed within the effector
housing downstream of the proximal end and a flere coupled to a focal
adjustment mechanism. The focal lens may be cwdavithin the effector housing
downstream of the dynamic beam diverter. The éfedter may also include a
mirror contained within the effector housing dowaatn of the focal lens. The beam
entry port, the dynamic beam diverter, the focatJeand the mirror may define a
beam path within the effector housing. The mimay be angled to direct the laser
beam from the focal lens through the aperture.

[0008] In accordance with another embodiment of the ptadisnlosure, a
repair system for performing laser ablation on akpiece is provided. The repair
system may include an automated machine havingtacbntroller and an end
effector. The repair system may include a lasstesy having a second controller
which may be operably coupled to the end effedtarl@eam entry port via a fiber-
optic cable. The repair system may also inclugeeasurized gas source coupled to
the end effector via a gas line and coupled tditeecontroller. The end effector

may include an effector housing having a body ektenlengthwise between a



proximal end and a distal end opposite thereofe Gédy may define the beam entry
port to receive a laser beam into the effector mgusThe end effector may include a
dynamic beam diverter contained within the effettousing downstream of the
proximal end. The end effector may also includecal lens coupled to a focal
adjustment mechanism and contained within the &ffdwusing downstream of the
dynamic beam diverter and a mirror contained withaeffector housing
downstream of the focal lens. The beam entry ploetdynamic beam diverter, the
focal lens, and the mirror may define a beam pathinvthe effector housing. The
mirror may be angled to direct the laser beam frleefocal lens through the aperture.
[0009] In accordance with another embodiment of the prteadisnlosure a
method for performing laser ablation on a workpiate location with restricted
access is provided. The method may include positgpan end effector at a working
distance from the workpiece. The end effector imagoupled to an automated
machine having a first controller and may includeséfector housing having a body
extending lengthwise between a proximal end andtaleend opposite thereof. The
body may define an aperture, and the proximal ead define a beam entry port.
The end effector may include a dynamic beam divexdatained within the effector
housing downstream of the proximal end and a flere coupled to a focal
adjustment mechanism contained within the effelstarsing downstream of the
dynamic beam diverter. The end effector may aistutde a mirror contained within
the effector housing downstream of the focal Iefise beam entry port, the dynamic
beam diverter, the focal lens, and the mirror mefyneé a beam path within the
effector housing. The method may include activatilaser system to transmit a
laser beam to the beam entry port of the end effeta a fiber-optic cable. The
method may also include diverting the laser beaimfan axial path by employing
the dynamic beam diverter, focusing the laser besanh directing the laser beam
through the aperture onto the workpiece with theani

[0010] These and other features, aspects and advantatiesmesent
invention will become better understood with refeeto the following description
and appended claims. The accompanying drawingshvetne incorporated 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

[0011] A full and enabling disclosure of the present irtieam including the
best mode thereof, directed to one of ordinary skihe art, is set forth in the
specification, which makes reference to the appefidgeres, in which:

[0012] FIG. 1 illustrates a schematic cross-sectional voan exemplary gas
turbine engine according to various embodimenth®fpresent subject matter;
[0013] FIG. 2 shows a schematic view of an exemplary syste performing
laser ablation on a workpiece at a location wistrieted access;

[0014] FIG. 3 shows a cross-section view of an exempladyedffector such
as for use in the exemplary system of FIG. 2;

[0015] FIG. 4 depicts a cross-section view of an exempbaigm such as for
use in the exemplary system of FIG. 2;

[0016] FIG. 5 depicts an exemplary controller such asif® in the
exemplary systems of FIG. 2; and

[0017] FIG. 6 provides a flow diagram for performing laaetation on a
workpiece at a location with restricted access.

[0018] Repeat use of reference characters in the preseaifisation and
drawings is intended to represent the same or goatofeatures or elements of the

present invention.

DETAILED DESCRIPTION

[0019] Reference now will be made in detail to embodimeithe invention,
one or more examples of which are illustrated endhrawings. Each example is
provided by way of explanation of the inventiont himitation of the invention. In
fact, it will be apparent to those skilled in thetaat various modifications and
variations can be made in the present inventiohawuit departing from the scope or
spirit of the invention. For instance, featurdssirated or described as part of one
embodiment can be used with another embodimenetd § still further

embodiment. Thus, it is intended that the presemntion covers such modifications

and variations as come within the scope of the raghge claims and their equivalents.



[0020] As used herein, the terms “first”, “second”, ankiiré” may be used
interchangeably to distinguish one component frowtlzer and are not intended to
signify location or importance of the individualmponents.

[0021] The terms “upstream” and “downstream” refer torlative direction
with respect to the passage of a laser beam. ¥aon@e, “upstream” refers to the
direction from which the beam emits, and “downstréeefers to the direction to
which the beam proceeds.

[0022] Systems and methods are generally provided foopaig laser
ablation on a workpiece at a location with restéticaccess. The location may, for
example, be the surface of an internal componeaha@ssembled gas turbine engine
which may be accessed through a relatively sma# boport (e.g., with a diameter
less than 22 mm). The systems and methods ofrésemt disclosure specifically
provide for a miniature laser end effector whichyrba inserted through a port or
bore in order to ablate the surface of an intecoatponent of a complex assembly.
In several embodiments of the present subject mdtie end effector is mounted on
an automated machine (e.g., a snake-arm robot¢@uled to a laser system. Once
activated, the laser system transmits a laser lieaagh a fiber-optic cable to the
end effector.

[0023] Upon entering the housing of the end effector ir@emplary repair
system, the laser beam may pass through a coltimbgns and then through a
dynamic beam diverter, which diverts the laser béam an axial path. In some
embodiments, the dynamic beam diverter is a ragjatiedge prism, also known as a
“wedge window.” Since the prism is rotating, theedtion of deviation is rotating.
This causes the laser beam to trace a correspoadingr circle, at a downstream
location. The diameter of the circle is determibgdhe degree of deviation of the
laser beam from the beam’s original axial path, taeddistance between the prism
and the downstream location of the focusing lerktha focal length of the focusing
lens.

[0024] After deviation from an axial path, the laser beaay proceed
downstream of the dynamic beam diverter and th@uigins. The laser beam may
pass through the lens and continue downstreamthetibeam encounters a mirror.

The mirror may direct the laser beam onto the wexdga As the laser beam ablates



the workpiece, a certain amount of debris may becairborne. Some embodiments
protect the mirror from this debris by includingamber of gas jet ports. The gas jet
ports use compressed gas to direct the debris frvaythe area being ablated. The
gas jet ports may also shield and provide coolntpé mirror.

[0025] Referring now to the drawings, FIG. 1 illustratesr@ss-sectional view
of one embodiment of a gas turbine engine 100rttet be utilized within an aircraft
in accordance with aspects of the present subjattemwith the engine 100 being
shown having a longitudinal or axial centerlinesaki2 extending therethrough for
reference purposes. The engine 100 will be distussdetail below. Although
shown as a turbofan jet engine, any suitable tudabrme can be utilized with the
systems described herein. For example, suitabdd®machines include, but are not
limited to, high-bypass turbofan engines, low-byptasbofan engines, turbojet
engines, turboprop engines, turboshaft enginegfancengines, and so forth.

[0026] FIG. 2 illustrates a schematic view of one embodinod a repair
system 200 for performing laser ablation on a wagp 202 at a location with
restricted access. The workpiece 202 may, in icegtabodiments, be a component
204 of a gas turbine engine 100 which is acces#ibbeigh an orifice (e.g., a bore or
a port) 164. In some embodiments, the orifice 1@4 have a diameter less than 22
mm. In the illustrated embodiment, the repair sys200 includes, an automated
machine 206 connected to a first controller 208e &utomated machine 206 has an
end effector 300 affixed to a movable component ZI8e moveable component 210
orients the end effector 300 into a selected posii ablate the workpiece 202.
[0027] As depicted in FIG. 2, the repair system 200 redles laser system
232 to enable ablation operations. The laser sy&&2 may generally include a laser
234 coupled to a power supply 236 and to a seconttaller 238. The laser 234
produces a laser beam (FIG. 3, 302), which mayireetdd by beam steering devices
240 through beam shaping optics 242 and into a-bpéc cable 244. The fiber-optic
cable 244 may transmit (or transport) the lasenbfsam the laser system 232 to the
end effector 300.

[0028] One ordinarily skilled in the art should apprecittat the laser 234
may be any type of laser capable of producing er lasam of sufficient power,
coherency, pulse width, pulse repetition time, awastelength to be compatible with



performing the desired machining operations uperstiiected workpiece. For
example, the laser 234 may be a solid state, 6Cliber laser having a and average
power of 10 Watts to 70 W (e.g., 20 W to 60 W).eTaser 234 may be a repetitively
pulsed laser with a pulse width of 75 ns to 17%eng., 100 ns to 150 ns). The laser
234 may have a peak power of 500 kW to 2 MW (8@0 kW to 1.2 MW), and a
wavelength of 300 nm to 11 um (e.g., 400 nm to 3.uktnshould be appreciated that
employing a laser 234 having insufficient powerputtmay have no effect on the
workpiece. At the same time, employing a laser &84 too high a power output
may result in an undesirable effect, such as ekeesplatter, which may quickly
contaminate the mirror 234, or damage the fibereagable 244.

[0029] The laser 234 may emit a laser beam or pulses gav{Baussian
profile distribution or spatial properties overrass section, which are converted or
reshaped to a laser beam or laser pulses havomlaat profile distribution or spatial
properties over a cross-section. In such a topiudile, the intensity of the beam is
relatively constant across the cross section, agatiameter of the laser beam, unlike
the intensity profile of the Gaussian beam. Acouly, the edges of the shaped
beam have approximately the same intensity asahiecof the beam, providing
reduced intensity drop off at the beam's edgethAse skilled in the art will
appreciate, the optical components used in the stem 232 are operably
compatible with the laser source so as to avoidadmmg those components during
operation. For example, the particular fiber-opable 244 and its particular
constituent materials may be selected based owdkielength of the laser 234 and at
certain wavelengths, transmission through the {fdprc cable 244 may become
impossible.

[0030] FIG. 3 illustrates a cross section view of an exianypend effector 300
for use with one embodiment of the repair systefh 28s depicted in FIG. 3, the end
effector 300 has an effector housing 304, whiclkuishes a body 306. The body 306
extends lengthwise between a proximal end 308 atstal end 310 opposite thereof.
The effector housing 304 may have a length L ofr@® to 75 mm (e.g., 55 mm to 65
mm) and a maximal width Mw of 10 mm to 21 mm (elg,mm to 20 mm). The
body 306 defines at least one aperture 312, andrthemal end 308 defines at least
one port 314, which may be a beam entry port 3Wéhough depicted in FIG. 3 as



having a substantially tubular shape, it shoul@ereciated that the body 306 may
be any suitable shape, such as rectangular, tralazpyramidal, spherical, or
conical.

[0031] The beam entry port 316 depicted in FIG. 3 maydgpled to the
fiber-optic cable 244 and oriented to receive st beam 302 into the effector
housing 304. A dynamic beam diverter 318 may learsel in the effector housing
downstream of the proximal end 308 and the beany pott 316. The dynamic
beam diverter 318 may cause the laser beam 30&2/atd from an axial path (FIG.
4, (A)). A focal lens 320 may be coupled to a fadjustment mechanism 322 and
contained within the effector housing 304 downstred the dynamic beam diverter
318. The focal lens 320 may establish a desirathbradius downstream, on the
surface of a mirror 324 contained within the eféedtousing 304. The mirror 324
may direct the laser beam 302 through the ape8i®eand onto the workpiece 202.
In an exemplary embodiment, the beam entry port 86dynamic beam diverter
318, the focal lens 320, and the mirror 324 defifeam path within the effector
housing 304. It should be appreciated that inmmhagliment wherein the laser beam
302 is diverging upon delivery to the effector hiagsa collimating lens may be
secured within the effector housing upstream offtical lens 320.

[0032] Still referring to FIG. 3 and referring to FIG. the dynamic beam
diverter 318 may be any laser optic that may beadynally manipulated to cause the
laser beam 302 to deviate from an axial path (Ar example, the dynamic beam
diverter 318 may be a lens, window, prism, or nijremd the dynamic beam diverter
318 may be oscillated, flexed, or rotated. Ingh@odiment depicted in FIG. 3, the
dynamic beam diverter 318 includes a prism 326 me&drotational bearing 328. The
prism 326 may be a wedge prism 348 with a 1° to(2@J., 3° to 19°) angle

between a prism upstream surface 350 and a prissnddeeam surface 352. (For
clarity, in FIG.4, the angle is depicted in reference to an imaginary line lparto

the prism downstream surface 352.) The wedge @B#83deflects a beam normal to
the prism's perpendicular surface through an angiéaation¢ ranging from 2° to
10° (e.g., 5° to 10°). It should be appreciateat thwedge prism may also be referred
to as a “wedge window.”

[0033] Referring still to the dynamic beam diverter 318otor 330 with a



plurality of vanes 332 may be coupled to the rotal bearing 328. When a portion
of compressed gas is directed across an outercsudd of the rotor 330, the vanes
332 convert the kinetic energy of the gas intotatronal moment. As a result, the
rotor 330 spins the rotational bearing 328. Fons@mbodiments, the rotor 330 may
spin the rotational bearing 328 at a rotationaksipaf 9,000 rotations per minute
(RPM) to 20,000 RPM (e.g., 9,500 RPM to 10,500 RPEBdme embodiments may
include a rotational speed sensor 362 operablyledup the dynamic beam diverter
318. The rotational speed sensor 362 may be aetiagensor, an optical sensor, a
pressure sensor, or an acoustic sensor. TheomgaBensor 362 may measure the
rotational speed of the dynamic beam diverter 3l@s information may be used by
the operator to adjust the rotational speed oflfmamic beam diverter 318 to an
optimal setting.

[0034] Because the laser beam 302 is diverted from am paih (A), the
rotation (R) causes the laser beam 302 to traceaat a downstream location. For
example, as depicted in FIG. 3, the laser bearm®)2be in a first orientation 302a
when the laser 232 is activated. As the prismi826tated by the rotor 330, the laser
beam 302 arcs through a second orientation 302lbacikdto the first orientation
302a. The laser beam 302 may continue tracingrihiée.g., traces a circle 354),
until either the laser beam 302 or the rotationhadéed. It should be appreciated that
while the first orientation 302a and the secondraation 302b are depicted, the laser
beam 302 may pass through an infinite number entakions as the laser beam 302
arcs through a circular trajectory.

[0035] In further embodiments of the repair system 208 |dser beam 302
may prescribe other, non-circular paths. The autht path profiles may be dictated
by the manipulation of the dynamic beam diverte8.3Eor example, in an
embodiment, the oscillation of the dynamic beaneder 318 may cause the laser
beam 302 to trace a linear path. In further emiedts, a second dynamic beam
diverter 346 may be included and counter-rotatadsing the laser beam 302 to
develop an epitrochoid. Additional displacemendioecting of the laser beam 302
may also be achieved in some embodiments by mowaliyling the mirror 324 to a
mirror actuator 342 to move the mirror 324 betwadinst position and at least a
second position.



[0036] As illustrated in FIG. 3, an exemplary embodimenie end effector
300 may include a plurality of gas jet ports 33Gtamed within the effector housing
304. The plurality of gas jet ports 336 may bepded to a gas line (FIG. 2, 248) and
aligned with the aperture 312 so as to enable gegj&s pass through or across the
aperture 312. At least one gas jet port of thegtily of gas jet ports 336 may shield
the mirror 324 from debris by directing a gas jetvieen the point of ablation 340 and
the surface of the mirror 324. Additionally, a getsmay be directed at the workpiece
202 to displace debris from the point of ablatid®.3In some embodiments, the
directing of the gas jet may be facilitated by maig coupling a gas jet port 336 to a
port actuator 338.

[0037] An additional embodiment in accordance with FIGna&y include a

first position sensor 358 operably coupled to tistatiend 310. A second position
sensor 360 may be operably coupled to the bodyhawe a field-of-view oriented in
the direction of the workpiece 202. The first piosi sensor 358 and the second
position sensor 360 may be used in the placemeheaénd effector in a proper
position relative to the workpiece 202. The fpesition sensor 358 and the second
position sensor 360 may be a camera with an illation source, an ultrasonic
sensor, or an optical sensor. In at least one dimtamt, the second position sensor
360 may be a binocular sensor, which may provideettaxis information regarding
the workpiece 202. It should be appreciated thabme embodiments, additional
position sensors may be added to the end effeb®t@provide additional location
information.

[0038] Still referring to FIG. 3, the end effector maylunbe a distance
measuring apparatus 344. The distance measurpagatps 344 may be any suitable
mechanical or electronic apparatus for determiaingprking distance Wd between
the end effector 300 and workpiece 202. For exangkuitable mechanical distance
measuring apparatus 344 may include a deployableaioe or other similar
protrusion (not shown). Exemplary embodimentdhefrepair system 200 employing
an electronic distance measuring apparatus 344imshyde an ultrasonic or optical
measuring device (not shown), such as an ultragmamsducer or optical sensor.
[0039] In the various embodiments, the effectiveness @htlachining
operations will depend on a plurality of variabl@hese variables may include the
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rotational speed of the dynamic beam diverter #i8position of the end effector
300, the working distance Wd, the settings of #set system 232, conditions of the
workpiece 202, and the positions of the various moments of the beam path. The
effectiveness of the machining operations may lerdened by analyzing an
emission plume from the point of ablation 340.ainexemplary embodiment, the
laser beam 302 may be on an IR scale during dglieethe workpiece 202. Once the
ablation is commenced, the work being completed beagletectable in the visible
spectrum. This light may be projected back throtighfiber-optic cable 244 and
detected by a camera (not shown) or a spectrabsémst shown). The intensity of
the portions of the reflected light may be analytedetermine the correct focus of
the laser beam 302 on the workpiece 202, and, thegffectiveness of the
machining operations.

[0040] Referring again to FIG. 2, in the embodiment shava,automated
machine 206 is a snake-arm robotic assembly. Xamplary snake-arm robotic
assembly depicted generally includes a base 2ddhatic arm 214, and the moveable
component 210. The base 212 generally includextuator pack 216 and the
controller 208. The controller 208 is operably gled to the actuator pack 216 for
controlling the operation of the automated mack2id@. Additionally, the controller
208 may be operably coupled to the moveable comp@i® and/or one or more
sensors (not shown) attached to or embedded irobwic arm 214 and/or moveable
component 210. Further, the robotic arm 214 exdegaherally between an arm root
end 218 and an arm distal end 220. As will beaxrpld in greater detail below, the
robotic arm 214 includes an attachment sectiona22He root end 218, with the
attachment section 224, for the embodiment depietiégiched to the actuator pack
216 of the base 212. Additionally, the robotic &4 includes the end effector 300
coupled to the moveable component 210 at a disthP20. It should be appreciated
that in some embodiments, the automated machinen2§f@e equipped with more
than one robotic arm 214 having an independeneéfedtor 300. In such an
exemplary embodiment, the addition multiple ene@firs 300 may operate in
tandem to accomplish the intended task.

[0041] Moreover, the robotic arm 214 of the exemplary engted machine
206 depicted is generally formed of a pluralityioks 226 and a plurality of joints
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228, with the plurality of links 226 sequentiallyanged and movably coupled to one
another with the plurality of joints 228. The gllity of links 226 are operable with
the actuator pack 216, such that one or more aggiat motors (not shown) of the
actuator pack 216 may control operation (such@ss#ion and/or orientation) of the
robotic arm 214. However, in other embodimenty, @her suitable configuration
may be provided for manipulating or otherwise coltitrg the plurality of links 226

of the robotic arm 214 of the exemplary automatedimme 206.

[0042] Further, as is depicted, the base 212 include®onere support
structures 230 operable with the end effector 3d@$ésisting the end effector 300 in
performing certain operations. For example, theamnmore support structures 230
may include a pressurized gas source for the dglvepressurized gas to the end
effector 300 via a gas line 248. Also, when the effiector 300 is equipped to
remove ablated material by suction, the one or reopport structures 230 may
include a suction apparatus operable coupled iissuline 246 to an intake 356
contained within the end effector 300.

[0043] In further embodiments, the automated machine 28 lme any other
suitable form of automated machine. For exampleautomated machine 206 may
be an articulated arm, a cartesian robot, a soéa@t,ra cylindrical robot, a polar
robot, or a delta robot.

[0044] Referring now to FIG. 6, a flow diagram of a mettu@d for
performing laser ablation on a workpiece at a liocedvith restricted access is
presented. The exemplary method 500 includes&tfsitioning an end effector a
working distance from the workpiece. The end d&ieof 502 may be coupled to an
automated machine. The automated machine mayehfat controller. The end
effector may include an effector housing with ayegtending lengthwise between a
proximal end and a distal end opposite thereofe Gddy defines an aperture, and the
proximal end defines a beam entry port. A dynapeiam diverter may be contained
within the effector housing downstream of the pnai end. The end effector may
also include a focal lens coupled to a focal adjestt mechanism contained within
the effector housing downstream of the dynamic bdarter. A mirror may be
contained within the effector housing downstreartheffocal lens. The beam entry

port, the dynamic beam diverter, the focal lensgl, #twe mirror may define a beam
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path within the effector housing. The exemplaryhod 500 includes at 504,
activating a laser system to transmit a laser bieatime beam entry port of the end
effector via a fiber-optic cable, and at 506, divey the laser beam from an axial path
by employing the dynamic beam diverter. The examyanethod 500 includes at
508, focusing the laser beam, and at 510 direthiadgaser beam through the aperture
312 onto the workpiece with the mirror.

[0045] Referring again to FIG. 1, in general, the engi@@ thay include a

core gas turbine engine (indicated generally bgrezfce character 114) and a fan
section 116 positioned upstream thereof. The engine 114 may generally include
a substantially tubular outer casing 118 that dsfian annular inlet 120. In addition,
the outer casing 118 may further enclose and stjppaooster compressor 122 for
increasing the pressure of the air that entersahe engine 114 to a first pressure
level. A high-pressure, multi-stage, axial-flonngaressor 124 may then receive the
pressurized air from the booster compressor 12Zwatiter increase the pressure of
such air. The pressurized air exiting the highspuee compressor 124 may then flow
to a combustor 126 within which fuel is injecteddjuel system 162 into the flow of
pressurized air, with the resulting mixture beioghdusted within the combustor 126.
The high energy combustion products are directaeh the combustor 126 along the
hot gas path of the engine 100 to a first (higlspuee, HP) turbine 128 for driving
the high-pressure compressor 124 via a first (lpiggssure, HP) drive shaft 130, and
then to a second (low-pressure, LP) turbine 132lfming the booster compressor
122 and fan section 116 via a second (low-pressfedrive shaft 134 that is
generally coaxial with first drive shaft 130. Aftérving each of turbines 128 and
132, the combustion products may be expelled fluercbre engine 114 via an
exhaust nozzle 136 to provide propulsive jet thrust

[0046] It should be appreciated that each turbine 128,mM&p generally
include one or more turbine stages, with each stagyeding a turbine nozzle and a
downstream turbine rotor. As will be describedolelthe turbine nozzle may
include a plurality of vanes disposed in an annateay about the centerline axis 112
of the engine 100 for turning or otherwise diregtihe flow of combustion products
through the turbine stage towards a correspondinglar array of rotor blades
forming part of the turbine rotor. As is generallyderstood, the rotor blades may be
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coupled to a rotor disk of the turbine rotor, whishin turn, rotationally coupled to
the turbine’s drive shaft (e.g., drive shaft 130.84).

[0047] Additionally, as shown in FIG. 1, the fan sectidr6Dof the engine 100
may generally include a rotatable, axial-flow fator 138 that configured to be
surrounded by an annular fan casing 140. In pdaiembodiments, the (LP) drive
shaft 134 may be connected directly to the fanrrd88 such as in a direct-drive
configuration. In alternative configurations, () drive shaft 134 may be
connected to the fan rotor 138 via a speed redudivice 137 such as a reduction
gear gearbox in an indirect-drive or geared-drimefiguration. Such speed reduction
devices may be included between any suitable shgftsols within engine 100 as
desired or required.

[0048] It should be appreciated by those of ordinary skithe art that the fan
casing 140 may be configured to be supported velati the core engine 114 by a
plurality of substantially radially-extending, ainmferentially-spaced outlet guide
vanes 142. As such, the fan casing 140 may enttesin rotor 138 band its
corresponding fan rotor blades 144. Moreover, argibigam section 146 of the fan
casing 140 may extend over an outer portion ottre engine 114 so as to define a
secondary, or by-pass, airflow conduit 148 that/jales additional propulsive jet
thrust.

[0049] During operation of the engine 100, it should berapiated that an
initial air flow (indicated by arrow 150) may entie engine 100 through an
associated inlet 152 of the fan casing 140. Th#air 150 then passes through the
fan blades 144 and splits into a first compresgeftioav (indicated by arrow 154) that
moves through conduit 148 and a second compressioha(indicated by arrow
156) which enters the booster compressor 122. Tésspre of the second
compressed air flow 156 is then increased and ®ttterhigh-pressure compressor
124 (as indicated by arrow 158). After mixing witlel and being combusted within
the combustor 126, the combustion products 160tlegicombustor 126 and flow
through the first turbine 128. Thereafter, the castion products 160 flow through
the second turbine 132 and exit the exhaust nd&8eo provide thrust for the engine
100.
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[0050] FIG. 5 provides a block diagram of an example campusystem 400
that is representative of an embodiment of cordrd@D8, 238 that may be used to
implement the methods and systems described haceording to exemplary
embodiments of the present subject matter. Thoghkribed below as a computing
system, it should be appreciated that in some emiards, the controller may be an
analog system or an electrical system that doesolide a computing device. As
shown, the computing system 400 may include omaare computing device(s) 402.
The one or more computing device(s) 402 may incluteor more processor(s) 404
and one or more memory device(s) 406. The oneooe processor(s) 404 may
include any suitable processing device, such agBprocessor, microcontroller,
integrated circuit, logic device, or other suitaptecessing device. The one or more
memory device(s) 406 may include one or more coarp@adable media, including,
but not limited to, non-transitory computer-readatledia, RAM, ROM, hard drives,
flash drives, or other memory devices.

[0051] The one or more memory device(s) 406 may storenmdition
accessible by the one or more processor(s) 40ddimg computer-readable
instructions 408 that may be executed by the omeare processor(s) 404. The
instructions 408 may be any set of instructions wWizen executed by the one or more
processor(s) 404, cause the one or more proces40¥ 4o perform operations. The
instructions 408 may be software written in anyale programming language or
may be implemented in hardware. In some embodsném instructions 408 may be
executed by the one or more processor(s) 404 twedéie one or more processor(s)
404 to perform the processes for performing lab&ti@n on a workpiece at a
location with restricted access, or for implemegtamy of the other processes
described herein.

[0052] The memory device(s) 404 may further store datatddOmay be
accessed by the processor(s) 404. For exampldathet10 may include end effector
location, working distance, rotation speed, or tdxteprogress as described herein.
The data 410 may include one or more table(s),tiom(s), algorithm(s), model(s),
equation(s), etc. according to example embodimeiitse present subject matter.
[0053] The one or more computing device(s) 402 may alslode a
communication interface 412 used to communicategxXxample, with the other
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components of system. The communication interfd@may include any suitable
components for interfacing with one or more netw®ykincluding for example,
transmitters, receivers, ports, controllers, arésnor other suitable components.
[0054] The technology discussed herein makes referencenputer-based
systems and actions taken by and information seamd from computer-based
systems. One of ordinary skill in the art will ogmize that the inherent flexibility of
computer-based systems allows for a great varigbpssible configurations,
combinations, and divisions of tasks and functidpaletween and among
components. For instance, processes discussed heag be implemented using a
single computing device or multiple computing degievorking in combination.
Databases, memory, instructions, and applicaticeg Ime implemented on a single
system or distributed across multiple systems.tribiged components may operate
sequentially or in parallel.

[0055] This written description uses examples to discthsenvention,
including the best mode, and also to enable ansopeskilled in the art to practice the
invention, including making and using any devicesystems and performing any
incorporated methods. The patentable scope ahtteamtion is defined by the claims,
and may include other examples that occur to tekslked in the art. Such other
examples are intended to be within the scope ofldims if they include structural
elements that do not differ from the literal langeaf the claims, or if they include
equivalent structural elements with insubstantifiécences from the literal languages

of the claims.
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WHAT ISCLAIMED IS:

1. An end effector (300) for performing laser ablation, the end effector (300)
comprising:

an effector housing (304) having a body (306) extending lengthwise between a proximal
end (308) and adistal end (310) opposite thereof, wherein the body (306) defines an aperture
(312), and wherein the proxima end (308) defines abeam entry port (316) to receive alaser
beam (302) into the effector housing (304);

adynamic beam diverter (318) contained within the effector housing (304) downstream
of the proximal end (308);

afoca lens (320) coupled to afocal adjustment mechanism (322) and contained within
the effector housing (304) downstream of the dynamic beam diverter (318); and

amirror (324) contained within the effector housing (304) downstream of the focal lens
(320) , wherein the beam entry port (316), the dynamic beam diverter, the focal lens (320) , and
the mirror (324) define a beam path within the effector housing (304), and wherein the mirror
(324) isangled to direct the laser beam (302) from the focal lens (320) through the aperture

(312).

2. The end effector (300) at in claim 1, wherein the dynamic beam diverter (318)
comprises:

aprism (326) held in arotationa bearing (328); and

arotor (330) coupled to the rotational bearing (328), wherein the rotor (330) includes a

pluraity of vanes (322).
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3. The end effector (300) at in claim 2, wherein the plurality of vanes (322) are
oriented to convert an energy from a portion of a pressurized gas into arotationa speed of 9,000

rotations per minute to 20,000 rotations per minute

4. The end effector (300) as in any preceding claim, further comprising:
aplurality of gasjet ports (336) contained within the effector housing (304), coupled to a
gasline (248), and aigned with the aperture (312), wherein at least one gas jet port of the

pluraity of gasjet ports (336) is oriented to shield the mirror (324) with agasjet.

5. Theend effector (300) asin claim 3, further comprising:
aport actuator (338) coupled to at least one gas jet port of the plurality of gasjet ports

(336), wherein the port actuator (338) directs the flow of the gasjet.

6. The end effector (300) as in any preceding claim, wherein:
the effector housing (304) has a maximal width (Mw) of 10 mm to 21 mm and alength

(L) of 25 mmto 75 mm.

7. The end effector (300) as in any preceding claim, wherein the mirror (324) is
movably coupled to the effector housing (304), and wherein the end effector (300) further
comprises amirror actuator (342) coupled to the mirror (324) to move the mirror (324) between

afirst position and at least a second position.

8. The end effector (300) as in any preceding claim, further comprising:
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adistance measuring apparatus (344) operable to determine a working distance (Wd)

between the effector housing (304) and aworkpiece (202).

9. A repair system (200) for performing laser ablation on aworkpiece (202), the
system (200) comprising:

an automated machine (206) having afirst controller (208) and an end effector (300) of
any preceding claim;

alaser system (232) having a second controller (238) and being operably coupled to the
end effector (300) at a beam entry port (316) viaa fiber-optic cable (244);

a pressurized gas source coupled to the end effector (300) viaa gas line (248) and

coupled to the first controller (208).

10.  Therepair system (200) asin clam 9, wherein the laser beam (302) has a peak

power range of 500 kW to 2 MW.

11.  Therepair system (200) asin any of claims 9 or 10, further comprising:
a suction apparatus coupled to the end effector (300) via a suction apparatus (246) and
coupled to the first controller (208); and

an intake (356) operably coupled to the aperture (312) and the suction apparatus (246).

12.  Therepair system (200) asin any of claims 9-11, wherein the end effector (300)

further comprises a distance measuring apparatus (344) coupled to the end effector (300) and
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orientated to determine a distance (Wd) between the effector housing (304) and the workpiece

(202).

13.  Therepair system (200) asin any of claims 9-12, wherein the end effector (300) is
afirst end effector (300), the system (200) further comprising a second end effector (300)

configured to operate in tandem with the first end effector (300).

14.  Therepair system (200) asin any of claims 9-13, wherein the workpiece (202) is
a component of a gas turbine engine (100) accessi ble through an orifice (164) having a diameter

of 11 mm to 22 mm.

15. A method (500) for performing laser ablation on a workpiece (202) at alocation
with restricted access, the method (500) comprising:
positioning an end effector (300) a working distance (Wd) from the workpiece (202), the
end effector (300) being coupled to an automated machine (206) having afirst controller (208),
the end effector (300) comprising:
an effector housing (304) having a body (306) extending lengthwise between a
proximal end (308) and a distal end (310) opposite thereof, wherein the body (306) defines an
aperture (312), wherein the proximal end (308) defines abeam entry port (316),
adynamic beam diverter (318) contained within the effector housing (304)
downstream of the proximal end (308),
afoca lens (320) coupled to afocal adjustment mechanism (322) contained

within the effector housing (304) downstream of the dynamic beam diverter, and
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amirror (324) contained within the effector housing (304) downstream of the

focal lens (320), wherein the beam entry port (316), the dynamic beam diverter, the focal lens
(320) , and the mirror (324) define a beam path within the effector housing (304);

activating alaser system (232) to transmit alaser beam (302) to the beam entry port (316)
of the end effector (300) viaa fiber-optic cable;

diverting the laser beam (302) from an axial path by employing the dynamic beam
diverter;

focusing the laser beam (302) on the mirror (324); and

directing the laser beam (302) through the aperture (312) onto the workpiece (202) with

the mirror (324).
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