SYSTEMS AND METHOD OF USING A TOOL ASSEMBLY

FIELD OF THE DISCLOSURE
[0001] The present subject matter relates generally tethed for inspecting

machinery such as a gas turbine engine.

BACKGROUND OF THE PRESENT DISCLOSURE
[0002] In a variety of industries, inspection tools arediso detect damaged or
deteriorated components. For example, in the awatidustry, certain gas turbine
engines include thousands of internal componemtfyding hundreds of compressor
and turbine blades, which need to be frequentlyanted to ensure they are in
working order and not damaged.

BRIEF DESCRIPTION OF THE DRAWINGS
[0001] A full and enabling disclosure of the present disare, including the best
mode thereof, directed to one of ordinary skilthe art, is set forth in the
specification, which makes reference to the appefigares, in which:
[0002] FIG. 1is a schematic representation of an exempjas turbine which
may be inspected according to embodiments of tesemt disclosure;
[0003] FIG. 2 is a partial, cross-sectional view of a hpghssure turbine within
the gas engine turbine;
[0004] FIG. 3 shows a cross-sectional illustration ofghhpressure compressor
with a plurality of compressor stages;
[0005] FIG. 4 is a perspective view of an inspection edembly within the gas
turbine engine;
[0006] FIG. 5is a cross-sectional view of the compreséaides and the tool
assembly in position for imaging the gas turbingies; and
[0007] FIG. 6 illustrates a flow diagram of one embodimeind method for
inspecting components of a machine in accordantteaspects of the present subject

matter.



DETAILED DESCRIPTION
[0008] Reference now will be made in detail to embodimeithe present
disclosure, one or more examples of which aretrttied in the drawings. Each
example is provided by way of explanation of thesgint disclosure, not limitation of
the disclosure. In fact, it will be apparent togh skilled in the art that various
modifications and variations can be made in thegmedisclosure without departing
from the scope or spirit of the disclosure. Fatamce, features illustrated or
described as part of one embodiment can be usadwither embodiment to yield a
still further embodiment. Thus, it is intended ttieg present disclosure covers such
modifications and variations as come within thepscof the appended claims and
their equivalents.
[0009] As used herein, the terms “first,” “second,” andifl” may be used
interchangeably to distinguish one component frowtlzer and are not intended to
signify location or importance of the individualmponents.
[0010] The terms “coupled,” “fixed,” “attached to,” andethike refer to both
direct coupling, fixing, or attaching, as well aslirect coupling, fixing, or attaching
through one or more intermediate components ouffest unless otherwise specified
herein.
[0011] The singular forms “a,” “an,” and “the” include pél referents unless the
context clearly dictates otherwise.
[0012] Approximating language, as used herein throughwuspecification and
claims, may be applied to modify any quantitatiepresentation that could
permissibly vary without resulting in a changehe basic function to which it is
related. Accordingly, a value modified by a terntemms, such as “about,” is not to
be limited to the precise value specified. In sanstances, the approximating
language may correspond to the precision of amumsnt for measuring the value.
For example, the approximating language may refbetng withina 1, 2, 4, 10, 15,
or 20 percent margin. These approximating margiag apply to a single value,
either or both endpoints defining numerical rang@sl/or the margin for ranges
between endpoints.
[0013]  Further, as used herein, the term “substantiallgly mefer to an amount
that is more than halfway, e.g., greater than 5§f#ater than 60%, greater than 70%,



greater than 75%, greater than 80%, greater th¥) §teater than 90%, greater than
95%, or greater than 99%.

[0014]  Additionally, the term “rotor blade,” without furén specificity, is a
reference to the rotating blades of either the aesgor or the turbine, which include
both compressor rotor blades and turbine rotordsda@he term “stator blade,”
without further specificity, is a reference to gtationary blades of either the
compressor or the turbine, which include both caagor stator blades and turbine
stator blades. The term “compressor blade,” witloriher specificity, is a reference
to both compressor rotor blades and compressar dit#des. Thus, without further
specificity, the term “blades” is inclusive to afpe of turbine engine blades,
including compressor rotor blades, compressor iskdénles, turbine rotor blades, and
turbine stator blades. Further, the descriptivetandalone term “blade surface” may
reference any type of turbine or compressor bladienaay include any or all portions
of the blade, including the suction side face, sues side face, blade tip, blade
shroud, platform, root, and shank.

[0015] Finally, given the configuration of compressor amdbine about a central
common axis, as well as the cylindrical configuwatcommon to many combustor
types, terms describing position relative to ars amay be used herein. In this regard,
it will be appreciated that the term “radial” re§¢o movement or position
perpendicular to an axis. Related to this, it maydxuired to describe relative
distance from the central axis. In this case, kaneple, if a first component resides
closer to the central axis than a second compottenfirst component will be
described as being either “radially inward” or “o@vd” of the second component. If,
on the other hand, the first component residesdurfrom the central axis than the
second component, the first component will be diesdrherein as being either
“radially outward” or “outboard” of the second coament. Additionally, as will be
appreciated, the term “axial” refers to movemenpasition parallel to an axis.
Finally, the term “circumferential” refers to movent or position around an axis. As
mentioned, while these terms may be applied irticgldo the common central axis
that extends through the compressor and turbinessof the engine, these terms

may also be used in relation to other componenssilbbrsystems of the engine.



[0016] During operation of a gas turbine engine, the tdaafeboth the
compressor and turbine are subject to damage freaniety of sources, including
creep from long-term exposure to heat, cracks tnedssfrom fatigue, and nicking in
the blade surface from foreign particles of dust atiher materials present in the air
flowing through the gas turbine engine. Such incid®f damage introduce
deformations in the surface of blades, concomyartliucing the overall efficiency
and increasing the fuel consumption needed fog#seturbine engine to operate at a
desired output. Moreover, damage to engine comgemeay result in increased
maintenance costs and decreased engine life.

[0017] To determine blade surface damage, the gas tuebigiee is occasionally
removed from operation, disassembled, and inspéctedsure that the blades are
properly functioning. A major component of thispestion typically includes a visual
inspection of the surfaces of each blade, lookargigns of damage, including
deformations, tears, rips, holes, cracks, and #mgralefects. The inspection may be
performed manually for each surface of each blediyducing a high amount of
error and variability in the process of maintainbigdes. Moreover, for

the inspection process to yield meaningful resalisenormous investment in both
time and labor resources is required. Further ulimple inspectors are being used to
inspect the engine, inspector-to-inspector vanmtitypically exist with respect to the
thoroughness and/or accuracy of the inspectiosoine cases, inspectors may use a
camera to perform these visual inspections. Acogitglj an improved method of
determining defects of a gas turbine engine woelevblcomed in the art.

[0018] In general, the present subject matter generdbiye®gto a system and
method for improved inspection of a gas turbineimagn particular, the present
disclosure relates to a tool assembly including@yba first camera; a second
camera; and a controller configured to receive aatative of one or more images
of a reference feature from the first camera, deitez data indicative of a first spatial
position of the first camera based at least in parthe received data indicative of the
one or more images of the reference feature, atetrdme data indicative of a second
spatial position of the second camera based ofirfiespatial position. The controller
may further be configured to receive data indi@b¥ one or more images of a target
feature using the second camera; determine daitzathe of one or more dimensions



of the target feature based at least in part omgbeived data indicative of the one or
more images of the target feature, receive dataatide of one or more images of a
reference feature from the first camera; deterrdata indicative of a first spatial
position of the first camera based at least in parthe received data indicative of the
one or more images of the reference feature; atetrdme data indicative of a second
spatial position of the second camera based ofirftespatial position, a known
spatial relationship between the first location #melsecond location, or both; and
generate a three-dimensional representation dhtiget feature. The three-
dimensional representation of the target featurg lbeaused to locate, inspect, and/or
measure defects within the gas turbine engine.

[0019] Referring now to the drawings, FIG. 1 illustratesr@ss-sectional view of
one embodiment of a gas turbine engine 10 thatlmaytilized within an aircraft in
accordance with aspects of the present subjecemaiith the gas turbine engine 10
being shown having a longitudinal or axial centexlaxis 12 extending therethrough
for reference purposes. In general, the gas tudaiggne 10 may include a core gas
turbine engine (indicated generally by referencaratter 14) and a fan section 16
positioned upstream thereof. The core engine 14geagrally include an outer
casing 18 that is substantially tubular and defareannular inlet 20. In addition, the
outer casing 18 may further enclose and suppoobatbr compressor 22 for
increasing the pressure of the air that entersahe engine 14 to a first pressure
level. A high pressure, multi-stage, axial-flow qaessor 24 may then receive the
pressurized air from the booster compressor 2Zwatttker increase the pressure of
such air. The pressurized air exiting the high-ues compressor 24 may then flow
to a combustor 26 within which fuel is injectedarnhe flow of pressurized air, with
the resulting mixture being combusted within thenbastor 26. The high energy
combustion products are directed from the combuwalong the hot gas path of the
gas turbine engine 10 to a first (high pressundjie 28 for driving the high pressure
compressor 24 via a first (high pressure) drivdtsd@® and then to a second (low
pressure) turbine 32 for driving the booster corepoe 22 and fan section 16 via a
second (low pressure) drive shaft 34 that is géliyeraaxial with first drive shaft 30.
After driving each of turbines 28 and 32, the costlmn products may be expelled
from the core engine 14 via an exhaust nozzle 38dwide propulsive jet thrust.



[0020] It should be appreciated that each compressor2&a include a

plurality of compressor stages, with each stagkidicg both an annular array of
stationary compressor vanes and an annular arnataifng compressor blades
positioned immediately downstream of the compresaoes. Similarly, each turbine
28, 32 may include a plurality of turbine stageghwach stage including both an
annular array of stationary nozzle vanes and anlanarray of rotating turbine
blades positioned immediately downstream of thezl@ozanes.

[0021]  Additionally, as shown in FIG. 1, the fan sectidhdf the gas turbine
engine 10 may generally include a rotatable, aka-fan rotor assembly 38 that is
configured to be surrounded by an annular fan ga#in It should be appreciated by
those of ordinary skill in the art that the fanings40 may be configured to be
supported relative to the core engine 14 by a ptyraf substantially radially-
extending, circumferentially-spaced outlet guidaas42. As such, the fan casing 40
may enclose the fan rotor assembly 38 and its sporeding fan rotor blades 44.
Moreover, a downstream section 46 of the fan caéthmay extend over an outer
portion of the core engine 14 so as to define arsdary, or by-pass, airflow conduit
48 that provides additional propulsive jet thrust.

[0022] It should be appreciated that, in several embodiséine second (low
pressure) drive shaft 34 may be directly coupletthéofan rotor assembly 38 to
provide a direct-drive configuration. Alternativethe second drive shaft 34 may be
coupled to the fan rotor assembly 38 via a spegalcten device 37 (e.g., a reduction
gear or gearbox) to provide an indirect-drive cargée drive configuration. Such a
speed reduction device(s) may also be provideddsstvany other suitable shafts
and/or spools within the gas turbine engine 10es&éld or required.

[0023] During operation of the gas turbine engine 10hdwd be appreciated that
an initial air flow (indicated by arrow 50) may enthe gas turbine engine 10 through
an associated inlet 52 of the fan casing 40. Th#éaav 50 then passes through the fan
rotor blades 44 and splits into a first compresseflow (indicated by arrow 54) that
moves through airflow conduit 48 and a second cesgad air flow (indicated by
arrow 56) which enters the booster compressor B&.pFessure of the second
compressed air flow 56 is then increased and etitersigh pressure compressor 24
(as indicated by arrow 58). After mixing with fuesdd being combusted within the



combustor 26, the combustion products 60 exit tmelaistor 26 and flow through the
first turbine 28. Thereafter, the combustion pradu® flow through the second
turbine 32 and exit the exhaust nozzle 36 to pmtidust for the gas turbine engine
10.

[0024] As indicated above, the gas turbine engine 10 risyiaclude a plurality

of access ports defined through its casings ariicores for providing access to the
interior of the core engine 14. For instance, aswhin FIG. 1, the gas turbine engine
10 may include a plurality of access ports 62 (d¢hhge of which are shown) defined
through the outer casing 18 for providing interaatess to one or both of the
compressors 22, 24. Similarly, as shown in thetithted embodiment, the gas turbine
engine 10 may include a plurality of access poftgéodly three of which are shown)
defined through the outer casing 18 for providiniginal access to one or both of the
turbines 28, 32. In several embodiments, the aquass 62, 64 may be spaced apart
axially along the core engine 14. For instance ctimapressor access ports 62 may be
spaced apart axially along each compressor 22)@4that at least one access port 62
is located at each compressor stage for providicgss to the compressor vanes and
blades located within such stage. Similarly, thrbite access ports 64 may be spaced
apart axially along each turbine 28, 32 such thégast one access port 64 is located
at each turbine stage for providing access to tizzle vanes and turbine blades
located within such stage.

[0025] It should be appreciated that, although the aqoeds 62, 64 are generally
described herein with reference to providing inéaccess to one or both of the
compressors 22, 24 and/or for providing internakas to one or both of the turbines
28, 32, the gas turbine engine 10 may include aqoeds providing access to any
suitable internal location of the gas turbine eedif, such as by including access
ports that provide access within the combustorBa any other suitable

component of the gas turbine engine 10. Furthermiespresent disclosure may be
used to inspect any component of the gas turbigaeriO.

[0026] It will be appreciated that the exemplary gas nelengine 10 depicted in
FIG. 1 and described above is provided by way aihgxe only. In other
embodiments, the gas turbine engine 10 may havethey suitable configuration,
such as a geared connection with the fan rotorelsldd; a variable pitch fan; any



suitable number of shafts/spools, compressorsirbmes; etc. Additionally, although
depicted as a ducted turbofan engine, in other dimients, the gas turbine engine 10
may be configured as an unducted turbofan engihebashaft engine, a turboprop
engine, a turbojet engine, etc.

[0027] Referring now to FIG. 2, a partial, cross-sectionaWw of the first (or high
pressure) turbine 28 described above with referem&¢G. 1 is illustrated in
accordance with embodiments of the present subjatier. As shown, the first
turbine 28 may include a first stage turbine noflend an annular array of rotating
turbine blades 68 (one of which is shown) locatethediately downstream of the
first stage turbine nozzle 66. The first stageingmozzle 66 may generally be
defined by an annular flow channel that includgduaality of radially-extending,
circularly-spaced nozzle vanes 70 (one of whicthiswn). The vanes 70 may be
supported between a number of arcuate outer béhdad arcuate inner bands 74.
Additionally, the circumferentially spaced turbindes 68 may generally be
configured to extend radially outwardly from a notlisk (not shown) that rotates
about the axial centerline axis 12 (FIG. 1) of ¢fas turbine engine 10. Moreover, a
turbine shroud 76 may be positioned immediatelpeaijt to the radially outer tips of
the turbine blades 68 so as to define the outéalridwpath boundary for the
combustion products 60 flowing through the tur8ealong the hot gas path of the
engine 10.

[0028] As indicated above, the turbine 28 may generaltjuishe any number of
turbine stages, with each stage including an anmutay of nozzle vanes and follow-
up turbine blades 68. For example, as shown in EJ@n annular array of nozzle
vanes 78 of a second stage of the turbine 28 mégchéed immediately downstream
of the turbine blades 68 of the first stage ofttireine 28.

[0029] Moreover, as shown in FIG. 2, a plurality of acgesdgs 64 may be
defined through the turbine casing and/or framéh) wach access port 64 being
configured to provide access to the interior ofttivbine 28 at a different axial
location. Specifically, as indicated above, theeasmorts 64 may, in several
embodiments, be spaced apart axially such that@awdss port 64 is aligned with or
otherwise provides interior access to a differéags of the turbine 28. For instance,
as shown in FIG. 2, a first access port 64A magdfeed through the turbine



casing/frame to provide access to the first stdgleoturbine 28 while a second
access port 64B may be defined through the turtaseng/frame to provide access to
the second stage of the turbine 28.

[0030] It should be appreciated that similar access @@rimay also be provided
for any other stages of the turbine 28 and/or fyrtarbine stages of the second (or
low pressure) turbine 32. It should also be apptedithat, in addition to the axially
spaced access ports 64 shown in FIG. 2, accessmait be provided at differing
circumferentially spaced locations. For instanngne embodiment, a plurality of
circumferentially spaced access ports may be détim®ugh the turbine
casing/frame at each turbine stage to provideionteaccess to the turbine 28 at
multiple circumferential locations around the tumdistage.

[0031] Referring now to FIG. 3, a partial, cross-sectionalv of the high

pressure compressor 24 described above with refeterFIG. 1 is illustrated in
accordance with embodiments of the present subjatier. As shown, the
compressor 24 may include a plurality of compressages, with each stage
including both an annular array of fixed compressores 80 (only one of which is
shown for each stage) and an annular array ofalsiatompressor blades 82 (only
one of which is shown for each stage). Each rofixefl compressor vanes 80 is
generally configured to direct air flowing throutfte compressor 24 to the row of
compressor blades 82 immediately downstream thereof

[0032] Moreover, as indicated above, the compressor 24intéyde a plurality

of access ports 62 defined through the compressang/frame, with each access port
62 being configured to provide access to the iotef the compressor 24 at a
different axial location. Specifically, in sevesmhbodiments, the access ports 62 may
be spaced apart axially such that each acces$pastaligned with or otherwise
provides interior access to a different stage efdabmpressor 24. For instance, as
shown in FIG. 3, first, second, third and fourtleess ports 62A, 62B, 62C, 62D are
illustrated that provide access to four successiages, respectively, of the
compressor 24.

[0033] It should be appreciated that similar access po#g also be provided for
any of the other stages of the compressor 24 afaf/any of the stages of the booster
compressor 22. It should also be appreciatedithatgdition to the axially spaced



access ports 62 shown in FIG. 3, access ports majsb provided at differing
circumferentially spaced locations. For instannegne embodiment, a plurality of
circumferentially spaced access ports may be détimeugh the compressor
casing/frame at each compressor stage to provideanaccess to the compressor 24
at multiple circumferential locations around thengwessor stage.

[0034] Referring now to FIG. 4, a perspective, schemaaw\of a tool assembly
100 is shown within a gas turbine engine 10 in edaace with an exemplary
embodiment of the present subject matter. In aegaibodiments, the gas turbine
engine 10 depicted schematically in FIG. 4 maydidigured in a similar manner as
the exemplary gas turbine engine 10 of FIG. 1.

[0035] In general, the tool assembly 100 includes a b&@®y a first camera 104
fixed to the body 102 at a first location And in a first spatial position, a second
camera 106 fixed to the body 102 at a second lmtafi and in a second spatial
position, and a controller 108 in operative commoation with the first camera 104
and the second camera 106. Additionally, in thevg{ary embodiment, the spatial
relationship between the first location &nd the second location. Ys known. The
body 102, in another exemplary embodiment, is eltedjand defines a local
longitudinal direction L, a latitudinal direction 4, and a transverse direction T. The
first location X is spaced from the second location&fong the longitudinal
direction Li. As will be explained more in depth below, thatsgd position of an
object may refer to both the relative position #melrelative orientation of the object.
For example, the first spatial position comprisdissa position X% and a first
orientation X of the first camera 104 relative to the body 184%] the second spatial
position comprises a second positionand a second orientatiorpy¥bf the second
camera 106 relative to the body 102. As used hetteénterm “orientation” refers to
the angular orientation of a camera’s field of viemfocal line in a three-dimensional
space.

[0036] Notably, for the embodiment depicted, the firseatation X defines an
angle with the second orientatior ¥ a plane defined by the longitudinal direction
Liand transverse direction T greater than 0, sugtesger than 10 degrees, such as
greater than 20 degrees, such as greater thangééede such as less than 360
degrees. More specifically, for the embodiment sawe angle defined between the
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first orientation > and the second orientation ¥h the plane defined by the
longitudinal direction Land transverse direction T is equal to about 90es=g Also,
for the embodiment shown, the first and seconchtatens X, Yo are each parallel
to the plane defined by the latitudinal directiorabd transverse direction T.
However, in one or more embodiments, one or bothefirst and second
orientations X%, Yo may instead define an angle greater than O wélpthne defined
by the latitudinal direction 1and transverse direction T. The exemplary tool
assembly 100 depicted further includes an attachmember 114 to attach the body
102 to another structure. In one embodiment, asshio FIGS. 4 and 5, the
attachment member 114 can be attached to a steuttérexternal to the tool
assembly 100, e.g., outside of the body of thetgdne engine 10. The attachment
member 114 may be attached to or part of a rolaotig a telescoping arm, a reel, a
cable, or any other structure 116 that may manetimeetool assembly 100 into a
desired position relative to the gas turbine engdibieAs used herein, the term
“structure 116” may refer to any of the above bisexamples.

[0037] In an exemplary embodiment, the body 102 is a tigidy to which the
first camera 104 and the second camera 106 ashattaln alternative embodiments,
the body 102 may be semi-rigid (e.g., semi-flexiliteallow for easier positioning.
For example, the body 102 may have one or moréssobr segments where the
body 102 is flexible, while the other sections egsents remain rigid. In certain
embodiments, the sections where the first cametaah@ the second camera 106 are
located, as well as the sections in between theemsnmay remain rigid. However, it
will be appreciated that each rigid section mayiveted or otherwise moved relative
to the adjacent section as long as the relativeipomg is known. In other
embodiments, the body 102 may include a hingedéwatoe locked into a particular
position. The first camera 104 may be on an oppasite of the locked hinge of the
body 102 from the second camera 106. Alternatively first location X and the
second location Ymay be on the same side of the hinge. As mentipr@dously,

the body 102 may be elongated and may further hayef the above described
properties.

[0038] In the exemplary embodiment, and as shown in F)@elfirst camera

104 is positioned in view of a reference featur®. Ihe reference feature 120 may be
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located on a first component 110 of the gas turbimgine 10. In the exemplary
embodiment, the second camera 106 is positionetwn of a target feature 125, with
the target feature 125 located on a second compdi@nAs used herein, the terms
“reference feature” and “target feature” may beduserefer to locations, portions, or
other identifiable regions on one or more compoxehthe gas turbine engine 10
between which the relative positioning and relativientation is known or may
otherwise be calculated or deduced. For exampbanfroller 108 knows the
dimensions of the reference feature 120, the cthatrb08 may be able to determine
the dimensions of the target feature 125 baseti@nknown spatial relationship. In
one specific non-limiting embodiment, the referefeaure 120 is a tip of a turbine
blade, and the target feature 125 is the tip arapressor blade. In another non-
limiting embodiment, the reference feature 120 ¢®m@pressor blade, and the target
feature 125 is a part of a stator vane. Additiondhe reference feature 120 may refer
to part of the turbine shroud 76, while the tafgature 125 is a part of a compressor
blade or stator vane. In other additional embodisehe reference feature 120
and/or the target feature 125 may refer to paanodirfoil or a guide vane.

[0039]  Further, it will be appreciated that the referefeaure 120 and the target
feature 125 may be located on any component ajdélsdurbine engine 10. The
component may be internal or external to the gdsrte engine 10. For example, the
body 102 may be partially inserted within the gabine engine 10 such that the
second camera 106 is in view of an internal compbwhile the first camera 104
remains external to the gas turbine engine 10 maneeiv of an external component.
Alternatively, the first camera 104 may be in viefaan internal component while the
second camera 106 is in view of an external comp@elditionally, according to
some embodiments, the target feature 125 may laéeldon a second component 112
of the gas turbine engine 10, as shown in FIG.l&rAatively, the reference feature
120 and the target feature 125 may be locatede®same component of the gas
turbine engine 10. For example, the reference fed0 and the target feature 125
may both be located on the first component 110 ay both be located on the second
component 112. It will be understood that suchuieaexamples are specific to a gas
turbine engine 10 and that in utilization in anotimspection scenario or example
alternative reference and target features wouldppdicable.
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[0040]  Still referring to FIG. 4, the first camera 104 ahd second camera 106
are shown fixed to the body 102 in the exemplarp@iiment, where the body 102 is
elongated. In another embodiment, the first carhi®daand the second camera 106
are embedded within the body 102. In other embodis¢he first camera 104 and/or
the second camera 106 are mounted on top of the 1@ In yet other
embodiments, the first camera 104 may be fixethedobdy 102 while the second
camera 106 is embedded within the body 102, orwecsa.

[0041] Furthermore, the location of the first camera 1€lative to the second
camera 106 (or rather, a difference between tkelécation X and the second
location Y_), along with the first spatial position of thesticamera 104 within the gas
turbine engine provides a reference to determiaeséitond spatial position of the
second camera 106 within the gas turbine engindd@entioned previously, the
spatial position of an object refers to both tHatree position and the relative
orientation of the object. For example, the figtnera 104 may have a first position
Xp and a first orientation Xwithin the gas turbine engine 10, collectivelys fhrst
spatial position. The first positionpXand a first orientation Xare relative to the
reference feature 120 that is within view of thretfcamera 104. Likewise, the second
camera 106 may have a second positieraiyd a second orientatiorp Yvithin the gas
turbine engine 10, collectively, the second spattaition. In the exemplary
embodiment, the second position &hd the second orientatior ére relative to the
target feature 125 that is within view of the setoamera 106. The first relative
position X>may refer to a distance between the first camedaabd the reference
feature 120 on the first component 110 and théralative orientation ¥ may refer

to, e.g., a vector from the reference feature b20¢ first camera 104. Similarly, the
second position ¥may refer to a distance between the second cat@érand the
target feature 125 on the second component 112hanskcond orientationofmay
refer to, e.g., a vector from the target featurg tt?2the second camera 106.

[0042] The distance between the first locationatd the second location Y
along the body 102 is known. Similarly, the relatpositions between the first spatial
position and the second spatial position are kn@pecifically, the second
orientation 6 relative to the first orientationgds known (e.g., about 90 degrees in
the embodiment shown), and the second positioreMtive to the first position is
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known. In the exemplary embodiment, the contrdl@8 will receive data indicative
of one or more images of a reference feature 12 the first camera 104 and
determine data indicative of the first spatial posi of the first camera 104 within the
gas turbine engine 10 based at least in part orett@ved data indicative of the one
or more images of the reference feature 120. Greedntroller 108 has determined
the first spatial position of the first camera Mithin the gas turbine engine 10, it can
then determine the second spatial position of élversd camera 106 within the gas
turbine engine 10 using the known relative locai¥n, Y. and the first and second
spatial positions of the first and second came@ds 106 (e.g., the known first and
second spatial positions of the first and secomadetas 104, 106 relative to the body
102).

[0043] Further, the controller 108 can be configured tenee data indicative of
one or more images of a target feature 125 usiegélcond camera 106 and to
determine data indicative of dimensions of thedafgature 125 based at least in part
on the received data indicative of the one or nmigges of the target feature 125.
The controller 108 may use the determined datzatidie of the dimensions of the
target feature 125 to generate a three-dimensrepatsentation of the target feature
125. This three-dimensional representation of éingett feature 125 may include
measurements relating to the depth, size, andéatitm of the target feature 125. In
the exemplary embodiment, the target feature 125disfect on a component, e.g., the
second component 112, and the three-dimensionadgeptation can be used to
inspect the defect and determine maintenance aretf@diation methods that are
needed, if any.

[0044] In other embodiments, the tool assembly 100 funth@udes additional
cameras, such as a third camera 107 fixed to tig b2 at a third location.Z

spaced from the first location.)and the second location Ywhere the distance
between Z, Y., and/or X is known. In such an embodiment, the third caméiaid
positioned in view of an auxiliary feature 127. Teiliary feature 127 may be
located on the same component as the referencedel0, the target feature 125, or
both. Alternatively, as shown in FIG. 4, the awaqi feature 127 may be located on a
third component 113 of the gas turbine engine a0ithdifferent from both the first
component 110 and the second component 112. Tittectlinera 107 has a third

14



spatial position, where the third spatial positi®@known relative to the first spatial
position, the second spatial position, or both. el camera 107 may have a third
position 2 and a third orientationgZ within the gas turbine engine 10, collectively,
the third spatial position. The third position @d a third orientationgZare relative

to the auxiliary feature 127 that is within viewtbe third camera 107. In
embodiments where the tool assembly 100 furthéudes additional cameras, the
controller 108 may be further configured to deterenihe third spatial position based
at least in part on the first spatial positiontod first camera 104 and/or the second
spatial position of the second camera 106, obtagnay more images of the auxiliary
feature 127 using the third camera 107, deriveasmaore dimensions of the
auxiliary feature 127, and generate a three-dinomasirepresentation of the auxiliary
feature 127 based at least in part on the detethdat indicative of the one or more
dimensions of the auxiliary feature 127.

[0045] The cameras can represent any suitable imagingelewluding any
optical sensor capable of capturing still or movimgges. Suitable types of cameras
may be a CMOS camera, a CCD camera, an analogital ¢giamera, a video camera
or any other type of device capable of capturingn@age. It is further contemplated
that a borescope camera or an endoscope camelba cailized. Further still, the
camera may be a monocular camera or a binoculagreant-or example, in some
embodiments, the first camera 104 and the secanéreal06 may record images at a
rate of at least about 2 frames-per-second (FPR&jrery have a resolution of greater
than 0.1 megapixels (MP), such as greater than 12M\#P, or 3 MP, and up to about
750 MP. The first camera 104 and the second cah@$anay each include a time
mechanism to enable the camera to record imagexdmpaily after a specified time
interval. Additionally, or alternatively, where ledr the first camera 104 or the second
camera 106 are positioned in view of blades, tbeassembly 100 may include a
trigger mechanism that is activated by rotatiothefblades. In some embodiments,
the first camera 104, the second camera 106, trrhay include a video recording
device, such that the first camera 104 is capdhileonrding video of the first
component 110 and/or the second camera 106 is leaplatecording video of the

second component 112.
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[0046]  Additionally, the first camera 104 and second cami€l6 may be
calibrated before images are taken. In particelibration of the first and second
cameras 104 and 106 may include estimating intriasd/or extrinsic parameters to
ensure accuracy. For example, the first and secameras 104 and 106 may be
calibrated to account for angular separation antdfoumferential distance between
pixels. Camera calibration may also account fos lgistortions and lens mounting
errors (e.g., after the first camera 104 and tersd camera 106 are fixed to the body
102). Further, calibrating the cameras may alsp hdasure dimensions or determine
the location of the camera within the gas turbingime 10. It will be appreciated that
the first and second cameras 104 and 106 may addilty or alternatively be
calibrated in any other way.

[0047] Further, in other embodiments, the first camera 1iglsecond camera
106, or both may include any other image sensingcds, such as infrared,
ultrasound, inductive, position encoder, and/oryeddairent sensing devices.
Specifically, in the illustrated embodiment, thesficamera 104 and the second
camera 106 may each include one or more sensors9®®A such as positioning
sensors. As used herein, the term “positioning@sisnay refer to any sensors that
are capable of providing feedback to the contrdllé8 to help position the body 102.
For example, the sensors 90A, 90B may be proxisgtysors, optical sensors, and/or
tactile sensors. Further, in the exemplary embodintbe one or more sensors 90A,
90B provides data to the controller 108. For exanible sensors may help position
the body 102 within the gas turbine engine 10.theoembodiments, the one or more
sensors 90A, 90B may locate entryways or passagéisd tool assembly 100.

[0048] In yet another embodiment, feedback from the onmaare sensors 90A
and 90B may be used to provide a dimensional dzitd pelating to the reference
feature, the target feature, or both. By way ofnegle, the one or more sensors 90A
and 90B may comprise Inertial Measurement Units1Js”). These IMUs may
further comprise accelerometers, gyroscopes, magreters, and/or any other tools
that are capable of obtaining the 3D position andf@ntation of an object. In this
particular embodiment, the sensors 90A and 90B pnayide a dimensional (e.qg.,
angular) data point for the images taken by eitheffirst camera 104, the second
camera 106, or both. For example, the dimensicstal point(s) for the images taken
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by the first camera 104 (as well as any calibratidormation for the first camera
104) may provide a scale for the reference fedt@fe Such a configuration may
more specifically provide for a scale of the refex@features 120 to be determined
independently of any prior data of the refereneguiee 120 (such as independently of
any CAD information or the like).

[0049] In other embodiments, the first camera 104, thers&écamera 106, a light
source, and a storage device may form an integesgeinbly. The light source may
be light emitting diodes (LEDSs), fluorescent lightecandescent lights, or any other
suitable light device, and may be oriented to illgie the compressor blades 82 or
any other region capable of image record by trst éind second cameras 104, 106.
Multiple color light sources may be used, suchlas,lgreen, red, white, or other
colors. The storage device may be a non-volatilmarg device (e.g., a flash
memory device) configured to provide a desiredagjercapacity. In one embodiment,
the storage device may provide at least 2 GB, 4638B, or 8 GB of memory, and
up to about 2TB of memory.

[0050] As noted, the exemplary controller 108 depicteBI@. 4 is configured to
receive the data sensed from the one or more 864, 90B and, e.g., may make
control decisions for the tool assembly 100 basethe received data. In one or more
exemplary embodiments, the controller 108 depictdelG. 4 may be a stand-alone
controller 108 for the tool assembly 100, or alatnrely, may be integrated into one
or more other controllers.

[0051] Referring particularly to the operation of the gotier 108, in at least
certain embodiments, the controller 108 can inclugke or more computing device(s)
130. The computing device(s) 130 can include armaare processor(s) 131 and one
or more memory device(s) 132. The one or moreqasar(s) 131 can include any
suitable processing device, such as a microprocasstrocontroller, integrated
circuit, logic device, and/or other suitable praieg device. The one or more
memory device(s) 132 can include one or more coengetidable media, including,
but not limited to, non-transitory computer-readatledia, RAM, ROM, hard drives,
flash drives, and/or other memory devices.

[0052] The one or more memory device(s) 132 can storenrdton accessible

by the one or more processor(s) 131, including agerpreadable instructions 133
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that can be executed by the one or more proce$(d@1s The computer-readable
instructions 133 can be any set of instructionswieen executed by the one or more
processor(s) 131, cause the one or more procers8d(so perform operations. In
some embodiments, the computer-readable instriecliB8 can be executed by the
one or more processor(s) 131 to cause the one i@ pnocessor(s) 131 to perform
operations, such as any of the operations andi@ngcfor which the controller 108
and/or the computing device(s) are configured oferations for operating a tool
assembly 100 (e.g., method 200), as describedhenad/or any other operations or
functions of the one or more computing device($). 1Bhe computer-readable
instructions 133 can be software written in anyahle programming language or can
be implemented in hardware. Additionally, and/eraatively, the computer-
readable instructions 133 can be executed in ldgiaad/or virtually separate threads
on processor(s) 131. The memory device(s) 13Zwémer store data 134 that can be
accessed by the processor(s) 131. For exampldathel 34 can include data
indicative of power flows, data indicative of engfraircraft operating conditions,
and/or any other data and/or information descrhein.

[0053] The computing device(s) 130 can also include a otmterface 135

used to communicate, for example, with the othemmanents of the tool assembly
100, the gas turbine engine 10 incorporating teekmbly 100, the aircraft
incorporating the gas turbine engine, etc. Fongda, in the embodiment depicted,
as noted above, the gas turbine engine 10 andibassembly 100 further includes
one or more sensors 90A, 90B for sensing dataaitigie of one or more parameters
of the gas turbine engine 10, the tool assembly @0Both. The controller 108 of the
tool assembly 100 is operably coupled to the onaare sensors 90A, 90B through,
e.g., the network interface 135, such that therotiat 108 may receive data
indicative of various operating parameters sengdtidoone or more sensors 90A,
90B during operation. Further, for the embodimémven in FIG. 4, the controller

108 is operably coupled to, e.g., the sensors 9@GAB on or adjacent to the first
camera 104 and the second camera 106, respeclivelych a manner, the controller
108 may be configured to position the body 10Z2sponse to, for example, the data

134 sensed by the one or more sensors 90A, 90Bh&r embodiments, the first

18



camera 104 and the second camera 106 may eacthlermhe or more sensors 90A,
90B as part of the first and second cameras 1@, 10

[0054] The network interface 135 can include any suitablaponents for
interfacing with one or more network(s), includifog example, transmitters,
receivers, ports, controllers, antennas, and/@rahitable components.

[0055]  The technology discussed herein makes referencenputer-based
systems and actions taken by and information seand 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 functidtypdletween and among
components. For instance, processes discussead barebe implemented using a
single computing device or multiple computing degievorking in combination.
Databases, memory, instructions, and applicatiansbe implemented on a single
system or distributed across multiple systems.tribiged components can operate
sequentially or in parallel.

[0056] Referring now to FIG. 5, a cross sectional viewhaf compressor blades
82 and the tool assembly 100 in position for imgghme gas turbine engine 10 as
described above with reference to FIGS. 1 throughilluistrated in accordance with
aspects of the present subject matter. In the ele@yn@mbodiment, the tool assembly
100, and, more specifically, the body 102 is irestthrough borescope holes or other
access ports 62, 64. The tool assembly 100 islilieriele to access the first and
second components 110, 112 of the gas turbine edd@iwithout substantially
disassembling the gas turbine engine 10.

[0057] In the exemplary embodiment, the first compone® islhe turbine
shroud 76, as shown in FIG. 5. As mentioned preshguhe first component 110 may
be internal or external to the gas turbine engheSimilarly, the second component
112 may be internal or external to the gas turkimgine 10.

[0058]  Additionally, as shown in FIG. 5, the position béttool assembly 100
allows the first camera 104 and the second can@ddlview the reference feature
120 and the target feature 125, respectively. Astimeed previously, the attachment
member 114 and structure 116 (shown schematicaliyG®. 5) are used to maneuver
the body 102 until it is in position within the gasbine engine 10. The body 102 is
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in position when each of the first camera 104 d&edsecond camera 106 have at least
the reference feature 120 and the target featser&8pectively, within its field of
view. In FIG. 5, the reference feature 120 is ledatn the first component 110, and
the target feature 125 is located on the secongoaent 112. The second component
112 is the component that is within the field céwiof the second camera 106 as
shown. As used herein, the term “field of view"ao€amera is defined as the
maximum area of a sample that a camera can imabes aypically dependent, at
least in part, on the focal length of the lenshef tamera. The field of view may also
be defined in any other manner as known to thosedhary skill in the art.

[0059] Now that the structure of the tool assembly 100d&es described, an
exemplary method 200 of using the tool assemblyvlill(lbe described. FIG. 6
illustrates a flow diagram of one embodiment ofetimd for inspecting components
of the gas turbine engine 10 described above wittrence to FIG. 1. In general, the
method 200 images, measures, and models the faegete 125.

[0060] As shown in FIG. 6, method 200 generally inclu@<10, positioning the
body 102 such that the first camera 104 is in vaéthe reference feature 120; at 220,
receiving data indicative of one or more imagethefreference feature 120 from the
first camera 104; at 230, determining a first sglgiosition of the first camera 104
based at least in part on the received data indecat the one or more images of the
reference feature 120; and, at 240, determinirgcarsd spatial position of the second
camera 106 based on the first spatial position.ithadlly, in other embodiments, the
method may further include receiving data indicai¥ one or more images of a
target feature 125 using the second camera 10&hdfarore, in the exemplary
embodiment, the controller 108 is also configuedénerate a three-dimensional
representation of the target feature 125 and/detore dimensions of the target
feature 125. Each of these blocks will be descritddw in more detail.

[0061] At 210, the body 102 is positioned such that the iamera 104 is in view
of a reference feature 120. In the exemplary embent, the body 102 is positioned
such that the first camera 104 is within view & teference feature 120 of the first
component 110 and such that the second camera 19&iew of the target feature
125 of the second component 112 of the gas tudngee 10. However, as
mentioned previously, the reference feature 120thadarget feature 125 may be
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located on the same component. Further, in one dimiemt, the reference feature
120 may refer to the entirety of the first compadnktD. In the exemplary
embodiment, the reference feature 120 refers tmgoessor blade. However, it will
be appreciated that the reference feature 120 afayto any other component of a
gas turbine engine 10. In an alternative embodinibatreference feature 120 is a
portion of the first component 110, such as a $jdeiature of the first component
110. For example, the reference feature 120 mapnhea tip of a compressor blade.
Positioning the body 102 may additionally includserting the body 102 into the gas
turbine engine 10. The body 102 may be insertemth gas turbine engine 10
through borescope holes or other access portsd6 Eusther, the attachment member
114 and structure 116 may help position the bodysl@&h that the first camera 104 is
within view of the reference feature 120 and sunett the second camera 106 is in
view of the target feature 125.

[0062] At 220, the controller 108 receives data indicab¥ene or more images

of the reference feature 120 from the first cani®4. In the exemplary embodiment,
the first camera 104 will take one or more imagethe reference feature 120 that is
within its field of view. The data indicative ofd@fone or more images can be saved in
the storage device temporarily, e.g., in RAM, ompanently, e.g., transferred to a
more permanent storage device.

[0063] In the exemplary embodiment, the information regeaydhe reference
feature 120 is already known. This information rbaythree-dimensional information
of the reference feature 120. As used herein dime tthree-dimensional

information” refers to size, location, and/or depttihe reference feature 120. In
particular, the location of the reference featu2@ nay refer to a spatial position
within a three-dimensional space, e.g., thieIL plane. The controller 108 may
obtain the information by estimating, determiningmeasuring actual measurements
of the reference feature 120 or in any other mativerwould reasonably be able to
obtain this information. In the exemplary emboditp@btaining the three-
dimensional information regarding the referencéuieal20 includes obtaining
information from a computer aided design (CAD) modiee CAD model may be
inputted by a user or gathered from a databaseCHi2 model may also be derived

through parallax using monocular cameras. In oeeip non-limiting embodiment,

21



the reference feature 120 may be located on teiecimponent 110, which may, for
example, be a rotor blade. In this case, the muaeber for the first component 110
(rotor blade, in this example) may provide suffitieaformation. Additionally, in this
embodiment, a user can then input the model numb@the controller 108 to search
a database of CAD models, blueprints, schematicany other type of reference
information that is capable of providing three-dima®nal information.

[0064] Furthermore, where the tool assembly 100 furthergrises one or more
sensors 90A and 90B, the three-dimensional infaonahay be obtained from the
one or more sensors 90A and 90B. In one parti@rdodiment, for example, the
one or more sensors 90A and 90B may further compiviéJs, as mentioned above.
The IMUs may provide this three-dimensional infotima to the controller 108.
[0065] At 230, the controller 108 determines the firsttgpaosition of the first
camera 104 based at least in part on the one & mages of the reference feature
120. The first spatial position may be derived gsan algorithm executed by the
controller 108 and can be stored in the storage omgnevice. The spatial position of
an object may be stored in coordinates form, inargorm, or in any other form that
may describe the object’s spatial position.

[0066] Inthe exemplary embodiment, the controller 108 kgl able to determine
the first spatial position of the first camera X6#ative to the reference feature 120
based at least in part on the images of the refertzature 120 and the known
information of the reference feature 120. For exiampy comparing the images of
the reference feature 120 taken using the firstecarhO4 with the known three-
dimensional information about the reference feali?@, the controller 108 will be
able to determine the first spatial position of it camera 104 relative to the
reference feature 120.

[0067] At 240, the controller 108 determines the secoradiaiposition of the
second camera 106. In the exemplary embodimentaieoller 108 executes an
algorithm to use the now known first spatial pasitof the first camera 104 to
calculate the second spatial position of the secamaera 106. As the relative spatial
position between the first camera 104 and the skcamera 106 along the body 102
is known, the controller 108 will be able to detarenthe second spatial position
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based on this known relative spatial position dredfirst spatial position determined
at 230.

[0068] Method 200 may further include obtaining one or enonages of the
target feature 125 using the second camera 108helaxemplary embodiment, the
target feature 125 is a feature on the second coemtd 12. The target feature 125
may be a defect or any particular part of the sd@mmponent 112. The one or more
images of the target feature 125 and/or the sespatial position of the second
camera 106 may be used to derive data indicatiemefor more dimensions of the
target feature 125. The dimensions of the targdtife 125 may be stored on the
storage memory device. Further, in the exemplaryaehiment, the received data
indicative of one or more dimensions of the tafgature 125 is used to create a
three-dimensional representation of the targetfeat25. In one embodiment, the
three-dimensional representation may be a poinidclé point cloud is set of data
points defined in a coordinate system and may dehkolor and depth data. In some
embodiments, the point cloud may be used to cee&aD model. The CAD model
may use any CAD software, and maygamerated from any of a large variety of well-
known computer aided design (CAD) software systsuth as AutoCAD®,
TurboCAD®, DesignCAD 3D Max, etc. In other emboditss the CAD model may
be a topographical model, a surface model, a vaineér model, a shell model, or any
other type of CAD model. It will be appreciatedtittize present disclosure includes
any other representation that may accurately pothratarget feature 125.

[0069]  Additionally, in some embodiments, each of thet ft@mera 104 and the
second camera 106 may obtain two or more setsaies) where each set of images
includes one or more images. The first set of irsagay be taken when the first
camera 104 and the second camera 106 are in pdsgion. The second set of
images may be taken when the first and second eamé? and 106 are at a second
position spaced apart from the first position lrraumferential distance, e.g., an
engine rotation angle. Specifically, if the rotemnoving, each set of images may be
taken synchronously (e.g., at or substantially adoilne same time) by the first and
second cameras 104 and 106. In this particular dmiamt, the circumferential
distance is calculated using at least one referratare 120 in the first and second
sets of images from the first camera 104. Altexsdyi, where the tool assembly 100
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also includes sensors 90A and 90B, and where tisose90A and 90B further
include IMUs, the circumferential distance may béamed from the IMUs. The first
and second sets of images taken by the second @did@may then be used to
determine the dimensions of the target featurelidd®d on the circumferential
distance.

[0070] It will also be appreciated that the tool assenill9 may be used in any
compatible machine across different industries. Gfrerdinary skill in the art will
recognize that the inherent flexibility of the t@dsembly 100 allows for inspection
and maintenance in different industrial machinegaof/ing sizes. For example, in
some embodiments, the tool assembly 100 may fumbckrde a third camera 107
fixed at a third location and at a third spatiaiion along the body 102, where the
third camera 107 is positioned in view of an aaxitifeature 127 and/or third
component 113. In these embodiments, the methodvitDlirther include the steps
of determining the third spatial position basetkast in part on the first spatial
position and/or the second spatial position; rangidata indicative one or more
images of the auxiliary feature 127 using the tlemchera 107, determining data
indicative of one or more dimensions of the auryiiieature 127, and generating a
three-dimensional representation of the auxili@atdire 127 based at least on the
determined data indicative of one or more dimersimfithe auxiliary feature 127. For
example, the tool assembly 100 may also include foxe, six, seven, or more
cameras operating in the same manner as desckitoedover, the additional cameras
may be operated simultaneously with the first cani®4 and the second camera 106
to allow for simultaneous imaging of multiple fes and/or components. These
embodiments would allow for greater efficiency autine inspection and
maintenance and may help identify and measure @afea multitude of internal
machines and components including, but not limitedhose of gas turbine engines.
[0071] For example, during operation of a machine, dantageoccur from
normal wear and tear, as well as other causes. iSaicients of damage may reduce
the overall efficiency and productivity of the mast Moreover, damage to machine
components may result in increased maintenance aostdecreased engine life.
Accordingly, maintenance of the machine typicadlguires an inspection of the
components. In many cases, these inspections maydoaited by a user-inspector
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and is both time and labor intensive. Moreovermpatsions may yield varying results,
depending on the user-inspector. The tool assefrflycould be used to perform
these inspections and to increase the efficienglhieinspections. Although the tool
assembly 100 is described herein with referenceachines and gas turbine engines
specifically, the tool assembly 100 is also appliedo other fields, e.g., the medical
field to inspect difficult to reach places and/oetstimate sizes of tumors and other
foreign objects within a human body.

[0072] Further aspects of the invention are provided lystibject matter of the
following clauses:

[0073] 1. Atool assembly comprising: a body; a first cearfexed to the body at
a first location; a second camera fixed to the baidy second location spaced from
the first location; and a controller in operativmranunication with the first camera
and the second camera, the controller being cordehto: receive data indicative of
one or more images of a reference feature fronfitstecamera; determine data
indicative of a first spatial position of the fitstmera based at least in part on the
received data indicative of the one or more imauje¢be reference feature; and
determine data indicative of a second spatial jposaf the second camera based on
the first spatial position, a known spatial relatbip between the first location and
the second location, or both.

[0074] 2. The tool assembly of any preceding clause, vih¢he first spatial
position comprises a first position and a firseatation of the first camera within the
gas turbine engine, and wherein the second syaisiion comprises a second
position and a second orientation of the seconcecamvithin the gas turbine engine.
[0075] 3. The tool assembly of any preceding clause, vihé¢he controller is
further configured to: receive data indicative akar more images of a target feature
using the second camera.

[0076] 4. The tool assembly of any preceding clause, vihéhe controller is
further configured to: determine data indicativeoné or more dimensions of the
target feature based at least in part on the rededata indicative of the one or more
images of the target feature.

[0077] 5. The tool assembly of claim any preceding claug®rein the controller

is further configured to: generate a three-dimamaicepresentation of the target
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feature using the determined data indicative ofoiie or more dimensions of the
target feature.

[0078] 6. The tool assembly of any preceding clause, vih¢he reference
feature is located on a first component, and whete target feature is located on a
second component.

[0079] 7. The tool assembly of any preceding clause, vihéne body is an
elongated body.

[0080] 8. The tool assembly of any preceding clause, vihe@ch of the first
camera and the second camera comprise one or emsers, wherein the one or
more sensors provide data to the controller.

[0081] 9. The tool assembly of any preceding clause,dbkassembly further
comprising: a third camera fixed to the body dtiedtlocation spaced from the first
location and the second location, wherein the tb@ohera is positioned in view of an
auxiliary feature.

[0082] 10. The tool assembly of any preceding clause, @hdhe controller is
further configured to: determine a third spatiagifion of the third camera based on
the first spatial position, the second spatial fp@sj or both; receive data indicative of
one or more images of the auxiliary feature fromttiird camera; determine data
indicative of dimensions of the auxiliary featui@sbd at least in part on the received
data indicative of one or more images of the aamylfeature; and generate a three-
dimensional representation of the auxiliary featumsed at least in part on the
determined data indicative of the dimensions ofaiweliary feature.

[0083] 11. A method for inspecting a gas turbine enginegua tool assembly,

the tool assembly comprising a body, a first canfigead to the body at a first
location, a second camera fixed to the body atargklocation spaced from the first
location, the method comprising: positioning thelypsuch that the first camera is in
view of a reference feature; receiving data inaveabf one or more images of the
reference feature from the first camera; deterngigiata indicative of a first spatial
position of the first camera based at least in parthe received data indicative of the
one or more images of the reference feature; atetrding data indicative of a

second spatial position of the second camera b@séae first spatial position.
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[0084] 12. The method of any preceding clause, the mdilmtider comprising:
receiving data indicative one or more images @irget feature using the second
camera.

[0085] 13. The method of any preceding clause, the mdiimtiaer comprising:
determining data indicative of one or more dimensiof the target feature.

[0086] 14. The method of any preceding clause, the mdilmtider comprising:
generating a three-dimensional representationeofaiget feature based at least in
part on the determined data indicative of the ammare dimensions of the target
feature.

[0087] 15. The method of any preceding clause, whereiermgding the three-
dimensional representation of the target featurthén comprises: generating a point
cloud.

[0088] 16. The method of any preceding clause, whereiitiposg the body
such that the first camera is in view of the refieeefeature comprises: inserting the
body into the gas turbine engine.

[0089] 17. The method of any preceding clause, whereimdfezence feature is
located on a first component, and wherein the tdegdure is located on a second
component.

[0090] 18. The method of any preceding clause, whereiffirtstespatial position
comprises a first position and a first orientatodrihe first camera within the gas
turbine engine, and wherein the second spatiatipnstomprises a second position
and a second orientation of the second cameranntiilei gas turbine engine.

[0091] 19. The method of any preceding clause, whereitableassembly further
comprises a third camera fixed to the body at @ tloication spaced from the first
location, the second location, or both, whereintttiel camera is positioned in view
of an auxiliary feature.

[0092] 20. The method of any preceding clause, whereimigdod further
comprises: determining a third spatial positiothaf third camera based at least in
part on the first spatial position or the seconatigp position; receiving data
indicative of one or more images of the auxiliaggtiire using the third camera;
determining data indicative of one or more dimensiof the auxiliary feature based
at least in part on the received data indicativera or more images of the auxiliary
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feature; and generating a three-dimensional reptasen of the auxiliary feature
based at least on the determined data indicatileeodbne or more dimensions of the
auxiliary feature.

[0093]  This written description uses examples to disctbeegoresent disclosure,
including the best mode, and also to enable argopeskilled in the art to practice the
disclosure, including making and using any devmesystems and performing any
incorporated methods. The patentable scope ofiitéodure is defined by the claims,
and may include other examples that occur to te&sled 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 insubstantiéiéécences from the literal languages

of the claims.
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WHAT IS CLAIMED IS:

1. A tool assembly comprising:
a body;
a first camera fixed to the body at a first locatio
a second camera fixed to the body at a seconddocgppaced from the first
location; and
a controller in operative communication with thestficamera and the second
camera, the controller being configured to:
receive data indicative of one or more images ref@rence feature
from the first camera;
determine data indicative of a first spatial pasitof the first camera
based at least in part on the received data indecaf the one or more images
of the reference feature; and
determine data indicative of a second spatial jposif the second
camera based on the first spatial position, a kngpatial relationship

between the first location and the second locatomoth.

2. The tool assembly of claim 1, wherein the firsttegdgosition comprises a
first position and a first orientation of the ficshmera within a gas turbine engine, and
wherein the second spatial position comprises argkposition and a second

orientation of the second camera within the gdsitierengine.

3. The tool assembly of claim 1, wherein the contraBdurther configured to:
receive data indicative of one or more imagestafget feature using the

second camera.

4. The tool assembly of claim 3, wherein the contraBdurther configured to:
determine data indicative of one or more dimensadrtke target feature
based at least in part on the received data indecaft the one or more images of the

target feature.
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5. The tool assembly of claim 4, wherein the contradurther configured to:
generate a three-dimensional representation dhtiget feature using the

determined data indicative of the one or more dsraers of the target feature.

6. The tool assembly of claim 3, wherein the referdieegure is located on a

first component, and wherein the target featutedated on a second component.

7. The tool assembly of claim 1, wherein the bodyn€kngated body.

8. The tool assembly of claim 1, wherein each of tret Eamera and the second
camera further comprise one or more sensors, whéreione or more sensors

provide data to the controller.

9. The tool assembly of claim 1, the tool assemblyhierr comprising:
a third camera fixed to the body at a third loaaspaced from the first
location and the second location, wherein the tb@ohera is positioned in view of an

auxiliary feature.

10.  The tool assembly of claim 9, wherein the contraBdurther configured to:

determine a third spatial position of the third eaanbased on the first spatial
position, the second spatial position, or both;

receive data indicative of one or more images efatxiliary feature from the
third camera;

determine data indicative of dimensions of the gy feature based at least
in part on the received data indicative of one orerimages of the auxiliary feature;
and

generate a three-dimensional representation cdukiiary feature based at
least in part on the determined data indicativehefdimensions of the auxiliary

feature.
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11. A method for inspecting using a tool assembly ttdot assembly comprising a
body, a first camera fixed to the body at a fiogttion, a second camera fixed to the
body at a second location spaced from the firsdtlon, the method comprising:

positioning the body such that the first cameria igew of a reference
feature;

receiving data indicative of one or more imagethefreference feature from
the first camera;

determining data indicative of a first spatial piosi of the first camera based
at least in part on the received data indicativehefone or more images of the
reference feature; and

determining data indicative of a second spatialtjprsof the second camera
based on the first spatial position and a knowntialp@lationship between the first

location and the second location.

12. The method of claim 11, the method further compgsi
receiving data indicative one or more images @lrgdt feature using the

second camera.

13. The method of claim 12, the method further compgsi
determining data indicative of one or more dimensiof the target feature.

14.  The method of claim 13, the method further compgsi
generating a three-dimensional representationeofatget feature based at
least in part on the determined data indicativéhefone or more dimensions of the

target feature.
15. The method of claim 14, wherein generating thegithenensional
representation of the target feature further cosasti

generating a point cloud.

16. The method of claim 12, wherein positioning the yosdch that the first

camera is in view of the reference feature comsrise
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inserting the body into a gas turbine engine hatlegeference feature.

17. The method of claim 16, wherein the reference feasilocated on a first

component, and wherein the target feature is ldoatea second component.

18. The method of claim 16, wherein the first spat@ifion comprises a first
position and a first orientation of the first camevithin the gas turbine engine, and
wherein the second spatial position comprises argeposition and a second

orientation of the second camera within the gasiterengine.

19. The method of claim 11, wherein the tool assembither comprises a third
camera fixed to the body at a third location spdoaah the first location, the second
location, or both, wherein the third camera is posed in view of an auxiliary

feature.

20.  The method of claim 19, wherein the method furttenprises:

determining a third spatial position of the thiahtera based at least in part on
the first spatial position or the second spatiaifpon;

receiving data indicative of one or more imagethefauxiliary feature using
the third camera;

determining data indicative of one or more dimensiof the auxiliary feature
based at least in part on the received data indecaf one or more images of the
auxiliary feature; and

generating a three-dimensional representationeétixiliary feature based at
least on the determined data indicative of theamaore dimensions of the auxiliary

feature.
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