SYSTEMS AND METHODS FOR AUTOVATED SENSI NG AND MACHI NI NG FOR REPAI RI NG

Al RFO LS OF BLADES Field of the Invention The present invention relates
generally to the field of airfoil repair. Mre particularly, the present

i nvention relates to systens and net hods for neasuring airfoil shape to be

repai red, conparing the neasured airfoil to a nomnal shape, and generating
a nuneri cAYSVE METHMRS FOG0 AUTAMATEDLSENSING w10 MASRINEIGr egi on
snoothly with its adjagent A DESEId RLi-QN the Related Art
Airfoils of gas turbi neﬁém@éhﬁ&?%@&@gﬁ le@ﬂ%@éﬁ to harsh operating
conditions, such as foreign object damage (FOD), high operating
tenperatures, vibrations and significant pressure fields, as part of
normal operating conditions of the engine. For netallic airfoils disposed
within anF@Hb‘Pﬂfg‘?Ift‘ﬁ’étl‘é‘ktrerre thermal cycling of normal engine operation
represents one of the nore deleterious conditions that anplifies the

al ready s I B ' ' '

Typi cal |y e R RS, I AR RS Brtol iR MaLe BPEARR, g
weaken t hthegireseni ingentivakElates tid systerssiaglepethbi efor meaheifecrifei sleapead bdamage

areas such _as cracks,. glé\% and d(?igre Sf ?ns. Alr]o' | s rru%t beé‘%eri odically
i nspect ed™PPEFai FRP eMePUHTG B! 19 HENTYR S9%Rfot 2Cp EFERINE &ddr essed
and repai figdef@Iyohirylled MNCHOLT Sith o BRYI R8EQARedaitEPaidP s¥oolBRAEd as a
result of the rapid propagation of existing damage. In addition, 1f not
proper |y Hepdifgeatisurfacesks and ot her structural weaknesses nmay | ead to other
engi ne conponent failure. It is known that turbine blades may devel op one
or nore cracks near the tip of a blade due to |ow cycle fatigue stresses

| npar t ed Desdripeiohbfithe Relfedlded ng the operation of the turbine. If a crack
extends beyond a critical dinension, the turbine blade nust be renoved
from servaggiRNeE &is tuftad EffndsNarereQllad P RS RYE RN h&dh ¥pEiARPicendigbhd)r e Of
the blade and turbine, It can be appreciated that a crack may be repaired
by renovi sishtaseforeign ebjegt damipge 63D}, igh eperrtingk tarapetanres.avibraioks aepai r

vol une, a&gmh%{{ ]:Inisgs{uien@ektlé? Gs %Eﬁ%lf n:(lirmal operating conditions of the engine. For

metallic airfoils disposed within an engine, the extreme thermal cycling of normal

engine operation represents one of the more deleterious conditions that amplifies the
already severe circumstances under which the airfoils must operate. Typically, these
operating conditions act over time to deteriorate and weaken the airfoils, making them
susceptible fo the formation of damage areas such as cracks, pits and depressions.
Airfoils must be periodically inspected, repaired and even replaced. If damage is not
properly addressed and repaired correctly, the airfoils may become irreparably
damaged as a result of the rapid propagation of existing damage. In addition, if not
properly repaired, cracks and other structural weaknesses may lead to other engine

component failure.

It is known that turbine blades may develop one or more cracks near the tip of a blade
due to low cycle fatigue stresses imparted on the blade tip during the operation of the
turbine. If a crack extends beyond a critical dimension, the turbine blade must be
removed from service and/or repaired in order to prevent catastrophic failure of the
blade and turbine. It can be appreciated that a crack may be repaired by removing the

material adjacent to the crack to form a crack repair volume, and then filling the crack
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repair volunme with weld netal. Welding allows the service life of the bl ade
to be extended, saving the tinme and costs associated with repl acing the
part. Various conventional nethods for repairing airfoils involve the use
of a coordinate neasurenent machine (CMM or a specialized | aser scanner

to nmeasure the blade. A CMMuses a nechanical probe that traverses a path
covering rapeirsiplyme evityf weldemetal. | ¥adding allows e servied lifCofithablaide éo pe

typically r wi.th algorithns that .recogpi ze part, features, such as
edges, er%n{%e?av% f aﬂgﬁi)ﬁﬁf'ssf)‘él %ﬁi“@ﬂ’sr.epbﬂ&&%ﬁep? ess, however, is
slow, interactive and operator intensive. Laser scanning is techni que used

to col | ecVasiahiacqmentichal k@hdds dos tophiting fAffoils Srvadlveeis Realf adddordihte The
data points correspond to coordi nate val ues over the surface of the

scanned aFepRfrenen raching(ENIM) pha spaciadized lager searner tansasuratheddede. skan
traver ses caeCabs ﬁgfegléﬁ&'i 8{&%@ 5H 296 Eesd ypiﬁ@ c?gir%llﬁ%isqr%g oftheSEliEt bl e

di stances along t poi nt values na aser scan generally
resul ts i o bdwmegparedr diNMdhmathiaeryeypicdllyswarks dvthoal gorithmd itlgit récogizé patrat .

Laser scapning is limted t he great. ni.t yde of dat h nmust be
processed ?"‘_%%ats?"% ag 5485 nhé‘ﬁ%ru?"}pﬁije‘i%gmﬁ‘?a; ﬂ@%a.tmﬁ\ﬁot“ﬁ éﬁ@é’? HeS¥s the
limted aBhkidey, i9510WARREMIBRAMIIPEINR IR ALi GO 4B R ahfin %C{é&ﬁﬁéugerlgéi%ccles

differentiate surface transition features, such as corners,
openi ngs tmeclisstidatartoings fism the sunfichof af dimensianal hgiclti f The dhtaypdints

correlating the an path of .the | aser head to.,a desired.tool path for a
numer i cal FYEREMt rof %gmfﬁc‘fal?ﬁﬁp%‘feﬁzﬁ? Sﬁa}cerfg@TersgPra{efioq{uﬁl& feelfFhe | aser
scan pat haeng thdg, y\and zaRks.C Ut labdtGetrivei®y o QaHIphth dved MDhithc®of bhe
article. These limtations become pronounced whéen | aser scanning is used

for capt upitisly. arbalgelaetabladigianess mlingxthe apthopoing velneg nay be taklen. Adaserrfoil of

bl ade i ' - f i I
reas ur emers BepEAl ke MY Bed Rl O o808 Rl pen [P didifzed B .
repair telhser goaminpielimited Wethel gpatdmbgnitripasst dalathgemustt beprocemelods are

not suitabl e, for an-nmachi ne nmeasurenenpt pecause. they. denmand,, additi onal
set - ups. %V’e&f’é@j é’éﬁ?ﬁﬁ‘ré‘l‘q’"%}é‘}lg‘éesed’g‘i‘%ggré?@r iothefipited; dpililyfdaseF uct ¢ he

bl ade geoﬁhrs)ﬁﬁﬁﬁferﬂ%mg@@feicﬁ izd DO R redHER sAFadPARRiAUEHARE Ssuch

Reconstructing the blade geonmefry using spline surfaces tends to create
mat hemat | eatorags; Yexdtes, ofeawe and bpiidacies. Séll anntheo thetor isltheadifficultztliner ror s
'n the fi Qc?&elﬁynréetlilie Cs%r!ul ga-.tﬁ%r%ttflé) llalsgrdhéauq)o a desired tool path for a numerically-
controlled (NC) machine tool. A correlation between the laser scan path and the NC

tool cutting path may result in gouging of the article. These limitations become
pronounced when laser scanning is used for capturing the geometry of complex parts

such as a blade. An airfoil of a blade is typically a compllex free-form shape and

requires many measurements to accurately define its shape.

In addition, while these repair techniques have been developed to repair damage,
these methods are not suitable for on-machine measurement because they demand
additional set-ups. They also require reverse engineering software to reconstruct the
blade geometry using mathematical models such as spline surfaces. Reconstructing
the blade geometry using spline surfaces tends to create mathematical artifacts, These
artifacts can introduce dimensional errors in the final numerically-controlled (NC)

tool path that is generated from the spline surfaces.



tool path that is generated fromthe spline surfaces. 2 It is costly to
repl ace used turbine blades with brand new bl ades, since these precision
parts are made of expensive, high-tenperature materials requiring
conplicated processing and machining operations. A |lower-cost alternative
Is to repair only the region of the blade that has worn out or been
damaged. [tiscestiyitereflarecusedrpabiae bledes with brangpwiw blgdasasingg theseqmecisior| oped t o

facilitate renewal of the engine conponent that . restores it .to

bhysi cal ETRITE Gedee L PFREV L Det aR ARG oAl ieuiore sbiabisaied o

i nt egr at e@&&@h@%@ﬂﬁctﬁﬁhg raiond. AATDWERASH BreBHvETRCM RBaiRbhfyOthk bl ades
that are weld-repaired. BRI EF SUMVARY OF THE | NVENTI ON The present

i nvent i onTgE@velidhe binds thathanwermetion Yeert damageds irip thprefors imperativapeatt o be
repaired, ' t.he . ' h n nerating a
b o5 PR AR ERSY AR LSRN DAL RS USRS

smoot hl 'y vdstdies ittts aashysiealndonditiochaesanblibigetsdbriginea i state. OWhiihare hlcadkal 4ray be
measured using a nechanjcal contact probe such as, a digital dial indicator
or a |inelregraled sustems and methods ithat cen measuse aad macking pirforhbladesoihat #8y be
mount ed ogvegj_fe Bpi4. er - controlled nulti-axis nachine that can nove in the
X, y and z directions as well as rotational degrees-of-freedomas needed
to scan the shape of the blade. The digital output probe may al so be

connect ed | may record the 3- dinensional

di fferencgiﬂﬁi:gw?iﬁﬁégq%ﬁmect to its nom nal shape. The

di ff er encqpe FR3sedt1BGer¥ion $26H s RRAR AN GhthGIOBF 3Bkt NCoRBE Bhdpetg t 00l
path. The systens and nethods of the present invention nake airfoil repair

si npl e andie Tepajtetly coipaingy thet wedsuzadeblgdo i tar yordingt shapeoand Theeratingeat ed

the nmchi RATEBGT S HETEL PEBF ol PR bRBAS e e o R BT EE Bh ade “and
the nonmi nak dljadrt su@ider Thandimeaduendfi tiaablady shefhet hrbhsudsé® wehRr di nat e
measuri ng machines (CMM) and | aser- scanni ng devices to reconstruct the

bl ade shapwchanical neoatast quoks mpel @ce digitalsdigl adicaiplar ea dingas tverirbled t ool
path for gaflediafdfintRdhe VYY) e THBMR 'tha) B MmB&led on a computer-

controlled multi-axis machine that can move in the x, y and z directions as well as

rotational degrees-of-freedom as needed to scan the shape of the blade. The digital
output probe may also be connected to the computer. The computer may record the 3-
dimensional differences of the part shape with respect to its nominal shape. The

differences may then be used to adaptively program the NC machining tool path.

The systems and methods of the present invention make airfoil repair simple and
highly adaptive to blade geometry distortion. The invented integrated measuring and
machine system uses a digital probe mounted on the machine tool to measure the
difference between the measured blade and the nominal blade, rather than
conventional systems that use coordinate measuring machines (CMM) and laser-
scanning devices to reconstruct the blade shape. The measured difference is used to

create a customized tool path for each blade that can deviate from its nominal.

In one embodiment, the present invention comprises a method for measuring and
machining a blade having a weld-repaired region. The method comprises measuring

the blade having the weld-repaired region with a displacement-sensing probe,
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I n one enbodi nent, the present invention conprises a nethod for neasuring
and nmachining a blade having a weld-repaired region. The nethod conpri ses
measuring the blade having the weld-repaired region with a

di spl acenent - sensi ng probe, 3 conparing the nmeasured bl ade to a nom na
shape of the bl ade, recording three- dinensional differences of the bl ade
havi ng t heomphmng &pame@@mdegﬁldﬁ toia homingpsbapet of thehbladenieperdingntipes- and

generati ng;, u hGal | y-contraoll tool,,path.to blend.the.. weld-repaired
Pegi on snOBBRY TR ERrorteC bt Hde dab PR b8 Vet Baged B BihRERR S ne
di spl aceny nsraiai Shiape! @RE gBiRtatiniCh Ulthedichllyreaitrotied ltaald@ath db folidemei al
transfornmer (LVDT), a digital dial indicator, a |aser distance sensor, and
a |aser e F?@’@l%d?eﬁwn%@@w&hﬁlﬁwﬁﬁﬁémrﬁmfﬁ@f@d on a conputer-controlled

mul ti-axis nmachine operable for noving in x, y and z directions with other

rotationaky, GSnldimd tfggggh%e@%gggﬂsg%ggﬁ)%@% cIRBER indlr VaigniR! ade

havi ng the wel d-repaire cenent-sensi ng probe readi ngs
may be reddifatedial ogetftrerer (L VD IPosdipitalntialdhdicates s lader diseanceopgsbemnd ant r ol | ed

multi-axis machine. .In a further enbodi nept, the present jnyention,
Conpr i ses BIOLTRRENASR STHSARRT gy I cmOWREh PRiaEP P KFAGAatralicH gty axis

vel d- r epainiReink @ge@ble BPROINBLHRR, §UB 7 BRE(iéhs Wit BIRE RITRUnab&istddGePr obe
operabl e for nmeasuring the dirnmensions of the blade, a conputer-controlled

mul ti-axi $repdayhian acedndr taticen fisy shapeiofighe hiaddinepingdbereveld-repeired megigr.obe i n

the x, y d.Z directions _as |1 as other rotati,qonal, degrees.of f.reedom

to scan tﬁgegﬁg SeIRFIG SRS RY 3’&’3’},% rﬁ?’@?ﬁf’lﬂ@f Q%F%qutegg?%efqﬁrdﬁﬁ}%ﬁtéonﬁ&f hol di ng
and posi t agdd dfghd einit@d@ntrallédmbldtisgiackiaepr i sing a plurality of cutting
tools, and a conputer in connection with and operable for controlling the

di spl acenent -sensing _probe, the mylti-axis machine, the adjustable
pl at f or m &ha fther embpdimsmiidhe Pt diventipm eomapiiss peystem foymepsringgadabl e f or

recogni zi %cﬂinﬂ‘;@’iaaﬁ)iaﬁg RsIvurlé"ﬁ yﬁ?—g%:ﬁﬁg%@%n. from %&r&?ﬁ{' @%@%pg and

creating a nunerically-contro custom ze or I'ning the
bl ade. | ndmpktehéntisandihge prabeboerabbnfor mbasuring tha dimensimk i frthe bigale] ses a

et hod for repairing, an airfoll, he method comprises proyiding the
sensing probe in the x, y and Z directions as well as other rotational degrees of
freedom to scan the shape of the blade, an adjustable platform operable for holding
and positioning the blade, a tool holder comprising a plurality of cutting tools, and a
computer in connection with and operable for controlling the displacement-sensing
probe, the multi-axis machine, the adjustable platform and the tool holder, wherein
the computer is further operable for recognizing a deviation of the blade geometry
from a nominal shape and creating a numerically-controlied tool path customized for

machining the blade.

In a still further embodiment, the present invention comprises a method for repairing
an airfoil. The method comprises providing the airfoil on a measurement and
machining system, creating a nominal numerically-controlled tool path based on a
nominal shape of the airfoil and the airfoils position on the measuring and machining
system, measuring the airfoil using a sensor, capturing differences in the airfoil shape

as compared to the nominal shape, creating a three-dimensional map by synchronizing



machi ni ng system creating a nom nal nunerically-controlled tool path based
on a nom nal shape of the airfoil and the airfoils position on the

measuri ng and machining system neasuring the airfoil using a sensor,
capturing differences in the airfoil shape as conpared to the nom nal
shape, creating a three-dinensional map by synchronizing 4 x, y and z

coor di nat sy amtiz ceadinays ahd pradinge fwenthesensondnédifymgg thedodlgath patdobased on

the three.di L onal an hi. ni e airfoil. In a still further
enbodi menth® tgﬁg%ﬂp 9{{;]&\%&99%3. ?’Uﬁ%ﬁ’gé’é} Ol system for neasuring and
machining an airfoil. The system conprises a conputer operable for data

acqui si ti fa sl AMHIREnBadimént B presdn€ thveAldn QRhptisee R 8YAdrh For measurmg
nunerically-controlled nachi ne,” a cutting tool hol der conprisin

pl ur al i t yaust machining; ap qaitfeil. akbe systamsporapese it compyien @pprablse for tEF

rventi ontu PToRbm Ry Pl daf Sart BEfekildh, BIRBRLSRN ot LS e

Fi gures, hiakldnel enantisg Hasie thleﬂ @mpeiing| Kepluﬂihm?rﬁl Buttifré QiabB, kntiSaa
cross-sectjonal illustrative view of an exenplary aircraft gas turbine
engi ne ha@isﬁlﬁc%{??nft@??%n&ﬂ’fﬁpeare repai red using the automated sensing and
machi ning techniques in accordance with an exenplary enbodi ment of the

present i preRt DHSCRIPTEONORTHE BRASVBRESti ve illustrative view of an
exenplary aircraft gas turbine engine fan blade in FIG 1 having an

airfoil iR I@_'fl&gegi g@g&ﬁs@clﬁ’b te'ﬁllﬁ)'alrﬁ é‘%% U%lﬁﬂ){nn%ﬂf nBlv bd F\%s%@ﬁe\ﬂfth

i nventi on; I's a perspe Ive | ive view of an aut onat ed
sensi ng aracﬁeramdl'tmithtg}?igym e ftheser Emrers; migre aglerhents Havedesn i givac tike dance
with an exe ry enmbodi nent of the present invention; and Figure 4 is a
f1 ow char FUPHY %st rating a process for nmeasuring and machi ning a wel d-

mvent on: BUETAIL ED DEaoa T Ol e R R TR Bk ARBE TG
enmbodi menenging hating pirfdlsrthati a0 gepaired using #e sutoosdal Sresisgrand machining
techniques in accordance with an exemplary embodiment of the present invention;
Figure 2 is a perspective illustrative view of an exemplary aircraft gas turbine engine
fan blade in FIG. 1 having an airfoil in accordance with an exemplary embodiment of
the present invention;
Figure 3 is a perspective illustrative view of an automated sensing and machining
system for repairing airfoil blades in accordance with an exemplary embodiment of
the present invention; and

Figure 4 is a flow chart illustrating a process for measuring and machining a weld-

repaired blade in accordance with an exemplary embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

As required, detailed embodiments of the present invention are disclosed herein,
however, it is to be understood that the disclosed embodiments are merely exemplary
of the invention that may be embodied in various and alternative forms. Specific
structural and functional details disclosed herein are not to be interpreted as limiting,
but merely as a basis for the claims as a representative basis for teaching one skilled

in the art to variously employ the present invention. The systems and methods
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however, it is to be understood that the disclosed enbodi nents are nerely
exenplary of the invention that may be enbodied in various and alternative
forms. Specific structural and functional details disclosed herein are not
to be interpreted as Iimting, but nmerely as a basis for the clains as a
representative basis for teaching one skilled in the art to variously

enpl oy t hdegsribsd belovnapplyi ton autthatesly sensimg  amid mashinogs & wesicingbaidobel ow

apply to t.omgt ed sensi ng and chining for repaifing. airfoil .. bl ades,
however , PRAB MoNesFe 1 pEteiRlealio ol o am apigriateds sasing ndmashiBiiEni ng
systens apghtdiRd fRAdBeth@ erring now to FIG 1, one exanple of an aircraft
turbofan gas turbine engine is illustrated. Wile this exenplary turbine

engine is_shown, it is to be understood that thewglrlesent i nvention applies
to the repsfarieg nawrtoHIG. 4} goe example G pncairosplt Burbetan cagitwibinegingineds 1, as
well as a r ?5%1% I rhine,:. | r. I tor
assenbl y, ﬂgﬁ%&'{aﬁpw%}t.h e{nﬁ%?r%rb% églgﬂrr%rlf '51238 ’éﬁis\e/‘tgr?legsﬁg&gnggft%ag bl ades
8. The gdsm pregehi Dheewtingi appliddio the eepairust rfeid bladks yssdéistedseich beupinan engi ne

centerline apd has, in serial flowrelationship, a fan section 12, a
hi gh- pr es&f Hlo: ruel ap anp other Ty AT FSBPF %gmcewt%?t?é Yadsrndretsur e
turbine 2Q.ang)a @Yi‘fl}?é’lf%?.s‘f“g@f:%%ﬁ@ﬂ@%o%?ﬂse-ng%%v&%@’éfd't@ﬂb €L BOKe 8,

hi gh- pressure t'arbine 20 an pressure t ine 22 are often referred to
as the "hges tugune enginoll isdrcengenaatialy. digpdsedyaAbqrt @s sugiee cattering Hafand 24
connects, ,in.drivi -relatiogfhip the.higg:gég sure turbine 20 .to the

hi gh- pr es 8P di ST JEPUARNIP, Aofan SeBHRTh F s OTERPISEHTE SHEPESSOE 18r Pvi ngl y

connects tO@AbhPYNRBEGRRUBSa hig\fﬁkﬁ@rezt_%rﬁiﬁe P01 8nd 2TovAprdsiR® tubBine BUElThES bur ned
in the conbustion section 1 produci ng a very hot gas flow 28 that is

directed cembugiiniserion; I§hhighasesgnes tarbing Handdowspressere wrtinmebazefiend 22,
respect I VElttred t BOVE! i@ BREIS: B biROR0! O 190 bS AL ForoP 353 99 | D Cua

the fan section assed aroun gh- pr ure ¢o 16 and

the "hot" certispm tiiviaggbladomhinshe tigti-pra3subavirbie D0 eNthealligh-padssw! i tter
32 between the fan sectjon 12 and the hi gh-pressure conpressor 16. Many
engi nes h&YABPTEssoF A %mgreémrﬁg%@wﬂ(%o@%@w & doBpraspee

| v PI eSSHfink Ok o $Hn ShrtioRH ARt 1 bR £iP theSEorfibibh SebidH 18T eSSUr e

conpr essor ades and vanes
producing a very hot gas flow 28 that is directed through the high-pressure and low

pressure turbines 20 and 22, respectively, to power the engine 10. A portion of the air
passing through the fan section 12 is bypassed around the high-pressure compressor
16 and the “hot” section through a bypass duct 30 having an entrance or splitter 32
between the fan section 12 and the high-pressure compressor 16. Many engines have
a low-pressure compressor (not shown) mounted on the low-pressure rotor shaft 26
between the splitter 32 and the high-pressure compressor 16. Blades and vanes
having airfoils are used in the fan, compressor, and turbine sections of the engine and

the present invention can potentially be applied to airfoils of all blades and vanes.

Referring now to FIG. 2, the fan blade 8 comprises an airfoil 34 extending radially
outward in a spanwise direction S from an airfoil base on a blade platform 36 to an
airfoil or blade tip 38. The fan blade 8 includes a root section 40 extending radially
inward from the platform 36 to a radially inward end 37 of the root section 40. At the

radially inward end 37 of the root section 40 is a blade root 42 that is connected to the



having airfoils are used in the fan, conpressor, and turbine sections of
the engine and the present invention can potentially be applied to
airfoils of all blades and vanes. Referring nowto FIG 2, the fan bl ade 8
conprises an airfoil 34 extending radially outward in a spanw se direction
S froman airfoil base on a blade platform36 to an airfoil or blade tip
38. The f phtiolad® @y abiddedbankad4.odhe soail 3 ed®ndxinetheichgrdvash dirdcgioni nwar d
fromthe platfor 6 to a_radially.inwargd. e 37.0 he root section 40. At
t he radiﬁﬁﬁ?c?ﬁ e eééaﬂéapﬁﬁmgﬁﬁgég%efgﬁﬁnﬁﬁf? a bl ade root 42 that
I's connected to the 6 platform 36 by a bl ade shank 44. The airfoil 34

- extends Ref: a5ah WWVFEE, Zli faf Gldders hhel waiilg adge sttt 1o @Rtcpls aldega
trailing edge 52 of the airfoil 34. Referring again to FIG 2, fan blade 8

has a tr athe tjlinggéeeset of By aireid 34 framdhe bledmplatfora 36rtaithe hlpdedipe3&2 of the

ey _ _ . L
dge sect ibn Az Rel s RoRpERT iab it BN Spot Bacle walll 4B ego
secti on esanivhasseRpiseKaicks ks, dgeasas iand e thdt @adyS otduatalongytheccur

along the _airfoil, 34. The picks, cracks, depressions, and tears my be
caused by anfgvle}‘bnﬂaeowék% cragknslgRIceseRs) and fegrs %@éf’%ﬁ“ﬁﬁd O st et

vi bration , heni §i el : L1 f.Ql ' ject to
a signifi ?g%?%j lﬁdglg?’emg'? ?@55% | e%ﬁlﬁﬂ%@e%’ g@ﬁatn}??’u%g S%‘%)f}%fe}% bgegﬁlg-?at ed by
the fan bffialfle. Sheciidivil A idsitjery tengigneficapeteasileosiresT fieldaduef toi denBBifugd  al so

subject tqQ vibrati d.crac rowt h from FCD gener.at ed, dur i ng, engi ne
oper at | on NPT PRI oAb BERr oS atomet HOBE N By
repairs apRod@fect %o AidratibROLAN cBfckt %l‘%wlﬂ'_l FElen tHOD QASratdr Bndg eBEinkeen
damaged, such as the blade tip 38, eadi ng edge , trailing edge 52, root

section 40peratien. Darmage to the airfoils occurs as tine goes on, leading to
period inspections. Inspections may reveal defects that I|ead to repair and

| . _ ; ' Corial i
Gopos ¢ ad s PN BF plotiges 3us UG RMBHLWRLARE repRir A m i Bk, | °
wel dnent  repiqar of kisd bladerdednihae dvdre-other bedradatbgede suds an il bidée hipsigeen

subjected tq. field service, the bl ade's geonetry can deviate significantly
fromits #&ﬁ%nﬁaﬂdggggp %ﬁlmgrﬁ@&s, 5% FeetNectiny 40, 5t gPamrersdhe BITERISAGEWSt he new

bl ades cago@inbgheaRn! ialing!th JEH84 inspections. Inspections may reveal defects that

lead to repair and replacement. Conventionally, to repair a worn blade, a new

material is deposited and fused to the blade by methods such as welding, then, the
weldment is precision machined to the final shape. As a blade has been subjected to
field service, the blade’s geometry can deviate significantly from its nominal shape.
Thus, the NC part program used to produce the new blades cannot be applied, it must
be customized based on the actual shape of each individual blade. This allows the
service life of the blade or vane to be extended, saving time and costs associated with

replacement.

The blade 8 represents a turbine blade manufactured or repaired in accordance with
the present invention. A plate may be welded to the surface of the blade 8 in order to
cover a damaged portion. The material of the plate may be chosen to facilitate the
welding of the plate to the surface of the blade 8. Typically, the weld material and

plate are selected to be the same material as that of the blade 8. Cracks may be



be custom zed based on the actual shape of each individual blade. This
allows the service life of the blade or vane to be extended, saving tine
and costs associated with replacenent. The bl ade 8 represents a turbine

bl ade manufactured or repaired in accordance with the present invention. A
plate may be welded to the surface of the blade 8 in order to cover a
damaged pdenaited. byrHdlingaeetagk repair elyshetvdthray wold. c H¥eldingt mafyainichideat e t he

wel di ng of . t t he ,surface of the blade 8. Typically, the weld
mat eri al é’ﬂ%‘%ﬁﬁéﬁﬁéﬁ%ﬁ%efs ?Eig]&]ﬁed to be the sane material as that of the

bl ade 8. Cracks may be 7 repaired by filling a crack repair volune with a

wel d. Vel Refigringynoiwned FlE. 3canchahatinalevadf thas8mabBindi Measufihak rahdg now to
FIG 3, a schematic view of the_on-pmachi ne measurenment and rmachi ning
syst em f o35 yvstsm for bladeepaiy ekba prosautanvensieniis illusirated r Tbedystame syst em

conpri ses D R 0 . i Skt .

uer § cal (T PRSACE ST EAy Ned Py a0 CONHRRRE fornd B SRS LifiEnBig

equi pped wontiolkdidE]) thal pidr gerehtioansh NCona¢Hine é2reqiipseingiting tpsldioddes6. | n
one enbodinpent, the displacenent- sensing probe 66 nmay be pounted on the

t ool hol dgg’e%'z‘fi a[ﬁﬂﬁ?ﬁpﬁggmspﬁepmg%,%%i gg‘r ghg gmbo lﬁé"n%:cf_gP ‘ﬂgﬁl}l@é’tﬂ%% may be
a separ at gerdiHol pRibet b6 rﬁ%e%@uﬁt@@toﬁlﬂﬁgltocggll(géer%&m f)bgi@irc]lg%? h% 6@ during

t he subsequent” imachi ni ng ‘operation. The a , conpri
wel d- r epareritEusitidnoithe oot hpldar §4 miyxsbpesiepireteeahibar thecsameuorer thatalsor ol | ed

t at abl tf 7 ' .rot.ati Qnal degr ees:- of -freedo S eded to
Coan the LRI St dodl 8 Bt Ui P8R HERR g onefalfinor e bBeS ey be
mount ed - 0BomprisiogPiE eweldavpdirld! aitfolllpbitiodX B8, IAGRERBnIR onVai EdnpBY-TOVe in

the x, y, and z directions with rotational degrees-of-freedomas needed to
scan the S§paipdledirotatablyplatferm g0 Iyengiresptional degrpes-ofofreadam as needed to

di spl ace - ' : _con Q.. the computer 60. In
one errboglg ér;&élr;ttﬁ ?E}t&hggg%g}?@g 236 en -%@r%%?ﬁ%ﬁb%glglggg)goeogoér?pnrlal‘ys%smgunﬁg% R4ni cal
contact prabenpmteciconasolied mokbaxiv andchbilee7]ivHick endyi mbvd it QF fEeind & VDT) .
The LVDT  provides. accurate positjiqn jndication, The LVDT is_a |linear
di spl ac engﬁ?ct{opéﬂé@de@:tllonal de ees-of-g'eedom as needed to scan the shape of the blade

8. The digital output of the displacement-sensing probe 66 may also be connected to

the computer 60,

In one embodiment, the displacement-sensing probe 66 comprises a mechanical
contact probe such as a linear variable differential transformer (LVDT). The LVDT
provides accurate position indication. The LVDT is a linear displacement transducer
that works on a principle of mutual inductance producing an electrical signal that is
proportional to a separate moving core or armature. LVDT devices allow a very
flexible design and may be built with ranges as low as about 0.00002 mm to about
800 mm. A typical LVDT device consists of a hollow metallic cylinder in which a
core moves freely back and forth along the cylinder’s long axis. Differences in
surface height of the blade 8 move the core within the hollow cylinder. This motion

is then measured electronically.

The LVDT comprises a primary coil, two secondary coils and the separate moveable
core. When an AC excitation signal is applied to the primary coil of the LVDT,

voltages are induced in the two secondary coils. The moving magnetic core inside the



that works on a principle of nutual inductance producing an el ectrical
signal that is proportional to a separate noving core or armature. LVDT
devices allow a very flexible design and may be built with ranges as | ow
as about 0.00002 mmto about 800 nm A typical LVDT device consists of a
hollow netallic cylinder in which a core noves freely back and forth al ong
t he cyl i néell 'winfipggasatnbly piovides dhe asagnatic Sl path Indiingh ttheo fprindaey hdde 8

nove the ¢or it hi he hollow cylinder.. This notiogn .is then nmeasured

el ect roni g%ﬁoﬁ?/%fﬁggL egberﬁb’\‘q ‘é‘g 888 ?)rlgiq’?éjlpyo%'@iﬂoﬁar&%bthgéﬁ INFOLSi 1's and
the separ ateconByabicRies oppcingahe aill Posif¥E, drabhter) Thab@pud wolRRR 46d to the
primary coil of the LVDT, voltages are i nduced in the two secondary coils.
The novi n§9%hgAdtopeotisria palaity candh thegefersi thenpuigiingoltags derzenp. pThe nulds t he
magneti c ke ' (o] [ oils...Since the two
vol t ages E%’%ﬁ%‘f&g%b%é’m&g%ﬁhgﬁewﬁ%é@g Sﬁ%@%y rkgg?l%/tsh% %?@eggﬁﬂrgc? ed

seri es opfisplaogl ifrorh ke nubll geeRioh] @R, cRttremageiic ihitalaidt Podcuo! togES are
equal and, opposite in gol ity,agnd t herefore, the output voltage is zero.
The nul | BRAaRCE gAngptes A dii{gantial AL @utawhoioliags 2aspss thaspcpedrancoil tBat ifen t he
magnetic ' slkisplia ; : L .90 LeCtOuBgRet i c

I mbal anceﬁgiaglyrlg?pTﬁi S 1 |8E%a?%%?ghgg%wgugg@%b%?@%spﬁfﬁgﬁ?A@?out %ﬂt

vol t age awhes thetthegretic somds yoved fimnt thatnuilpositiona@a it gonpes dporcoh@aoawitho t he

di rection_and i e of. the displacenent. Thereforge, when the magnetic
core is nﬁe\gé%ls;&g'ﬁ‘? ﬁ’ﬁgeﬁulﬂf‘e ';5'55? i?ﬂlmﬁglﬁﬁ}‘%m‘{%f’@?’c@@whwﬁtthe r egi ons
of the bl ggle i$ mdéwea, ilReussQ0w’e HROMdLBed DOIt28 GANHAOpESHe! sect Ry doithi ch the

core is noved, increases while the induced voltage inh the opposite
secondar ydess¢dses.decr eases. The fundanental advantages of LVDT transducers
over other types of displacenent transducers are their high degree |ow

friction pfieni | j L) t high
termper at ur 06 fdafieREP vt Bl of ERIIT fhsdlbdte nfler GREY B0, BEaBbEment o
causes a framydocdrs ainaltheih dighe degre® Ubwufrictibai ihflnies resotution|rithedel abidity a6 e
electrical faul s_that nay%cagzgﬁgglabj C or erroneous indications.

Al t er nat i ORETHE @h BIg S PEBI S igbility, Iman LY®Ta agy gravamen; of the

i ndi cat or gork 2964des a proportional change in output. Failures are limited to rare electrical

faults that may cause erratic or erroneous indications.

Alternative mechanical contact sensors may include a digital dial indicator, laser
distance sensor, laser triangulation sensor (non-confact sensor) or other types of
displacement sensors. A digital dial indicator may be used to measure changes in
height on the surface of the blade 8. As with the LVDT, the digital dial indicator is
mounted on the computer-controlled multi-axis machine 72 to provide moveable
positions. In a typical digital dial indicator, changes in distance are recognized and
sent to the computer 60, which in turn translates deviations into a tool path. A digital
dial indicator suitable for use with the present invention should provide more than
enough travel for the overall movement to be measured, and should be sensitive
enough for its purpose. The digital dial indicator may also be used in adjusting the

placement of a blade 8 on the rotatable platform 70.

The probe 66 readings are recorded together with the positions of the axes of the

computer-controlled multi-axis machine 72. The positions of the motion axes may
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di stance sensor, laser triangulation sensor (non-contact sensor) or other
types of displacenent sensors. A digital dial indicator may be used to
measure changes in height on the surface of the blade 8. As with the LVDT,
the digital dial indicator is nounted on the conmputer-controlled
multi-axis machine 72 to provide noveable positions. In a typical digital
di al indi chasrbe rohd figes theraxds position r%lstense:tfdbcmnmdnmily ccmanﬂed motion

conput er n ansl at ati,ons |nto ath. A
digital Birolft ok Robiilhe cIBRE G ifectls Higth i s Speade et T Bitaisd s houl o
provi de nasta i§ s toRAPHEN tHe! dVRkioh OF thdBlady gé@héuwﬁmmoﬁiﬂalb&d%es ured,
and shoul d be sensitive enough for its Eurpose The digital dial indicator

may al so Bevigiieisithenagpd i dreaje apdlC E@p witomized foy marburdng thetblasler ot at abl e
pl atform 70. The probe 66 readings are recorded together with the positions

of the axgfe Qb hilineC W&%oﬁﬁ-@fléﬂdtft&@%&tferﬂf d[?}pﬁagﬂk: M Kéldin Epht%gl tion

pOSItIOﬂS O? the noti on “axes na e rea he axes

r egi st er sbhafle thenayuinehideai |c)lt‘cﬁ]®ﬂﬂfoﬁklh§Cboll’ﬂ;:fﬂSmg aQﬁetthmllshleforl adjtdisbly
controller al.l O\éﬁ ‘#egl reﬁt ly fromthe axes encod ff The acquired data
Ceblfl pqli

i s used t&"CHpE oG 3F PSTRTERIng fXOEE.o & oBg Wefll”:é]hﬁbltageﬁl% nal and
the devi aﬁugrudlﬁpédh&ﬁam%geﬂ an@;{c%aé@tr?cn Mﬁoﬁﬂ% Hﬁ% éﬁ% &@ﬂe S atform

machi ni ng the bl ade machi ne conp ter-contro rot at
70 oper abheasusemérd) de.nthetanes obtheddade Ry vertmlahd&thathmdmpldcameiﬁssmsmg

conprisin ani sm for .adi ust a curi.ng t de_ 8, .such as a
cl anpi ng gﬁc’%f’u éhbq”}g FEPBE ?hey H‘%E 1 &e Eﬁd @ o gligpative o an
upper sur ¢mbédifientsh theBiadef S)&rfﬂym ElBmPed & Eﬁfﬁ&sﬂﬁtﬁﬁf&ld’cﬁ/@ tB Fhe sUFRRS WFEMeNt,
i.e. the aX|s of the blade 8 i s vertical t he di spl acenent - sensi ng

probe 66 Beiiettaie plateraulhand dlspheergerrtfsamng)prquqéﬂm de pesitioninglandr nat i ve

enbodi nmen 0|t| r to the
surface o%“?l n%e B{aaggb%gm“?‘%(%% ysrﬁéle%§ (%ﬂ%tdg’ &bn\{gf(fﬁe 66.
For posi t ivithitigopsenationhufitiod mgaml’eméaﬂtaﬁtenﬁchlmgs&mwn securing neans may be
enpl oyed that do not interfere’ with t he operation of the neasurenent and

machi ni ng stem . Th ot at abl atfor may furt I ncl yude a rotary slide
assenbly,ngtf@ﬁ’rtqblngp é’é’%‘rﬂ F|19%[u & S RPRTYY, S ggfaraﬁi?él t Brbeagingy i ven

shaft, angssam@lfy, Vedriul As@éinbl‘ﬁ,sa drive motor, a driven shaft, and a drive pulley. As
stated above, the rotatable platform 70 provides rotational degrees-of-freedom as
needed to scan the shape of the blade 8. A used blade 8, which is geometrically
similar in shape to its nominal blade, should be positioned in approximately the same
location and orientation on the platform 70 as the nominal blade is assumed to be,
allowing a certain amount of positional deviation (about 0.25 inches (6 mm)). The
computer 60 is operable for recognizing both blade deformation and blade

misplacement.

In one embodiment, the numerically-controlled machine 62 is operable for machining,
grinding and shaping the blade 8. During blade 8 machining, tool wear may occur.
For example, a new cutting tool 68 selected at the beginning of the machining process
may, during the machining operation, undergo wear. The computer 60 may recognize
tool wear by noting a deviation of the actual machined part from the tool path stored
in the computer 60. From this information, the computer 60 may then calculate a new

tool path that corrects for tool wear.
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stated above, the rotatable platform 70 provi des rotational
degrees-of-freedomas needed to scan the shape of the blade 8. A used

bl ade 8, which is geonetrically simlar in shape to its nom nal bl ade,
shoul d be positioned in approximately the same |ocation and orientation on
the platform 70 as the nom nal blade is assuned to be, allowng a certain
anount of Redating spalto déGi 4tthe procadoes fod n2Ehininghe sve{dbrepairdd biabe 8 usimgput er 60

i s operabl ogni zi ng .bot h bl ade def ornpat i and bl | spl acenent .
In one em@eﬁ%ﬁeﬁ?ﬁ@% PO SYYERSME P W’Egﬁt’r‘?&’@ rﬁé“’%’é‘mﬁ‘f‘%w@aﬁhe f or
machi ni ng.is c@hied {BREk B basspé thet ieniRhIaghaps of B blage PBIcke 86) WBahiHRI Ng,

tool wear may occur. For exanple, a new cutting tool 68 selected at the

begi nni ng WMufasBiIrer:anHths Plgdgsmesition/origatationion € meaching!62niThg nopdnalt i on,

under go . 6 [ I r..By. notin

devi atg [ oﬁ@g#petlggﬁgg%agpk%&%n@g%ﬁ%%& %‘rr%g%ﬁ%t%zﬂ?a&ol\ﬁgga“{]ﬁ e &rtkﬁgf".%ﬁ t he
conput er 6ip).onfheblatlbtsbé Jl'&bﬂilfﬁfﬁfitTMUSG? brde mmFtéméRd fﬁﬁ)torﬁ?c)lalhbiﬁg f?‘%,ez 'réléat 2 at ]
new t ool th that corrects r tool wear. eferring nowto F : e
procedur eé}%a]g& ‘ﬁﬁ@!‘ﬂ%é) g %e%ﬁg’lﬁ‘dé’p%iwléﬁl 1 %?e@eslca&yﬁgm?%rﬁe 1'i5ré’é>§ml%rrenz gnd
machi ni n t r |t ) . reate
(B1 ock 597 bt SquRniR sARMed ok Xiimbrel P REE Roalion hS B, db e 12
manuf act umsachinndast e homiheb bielsi tsi asiuoed dot e, | dlowdng tah eerbdin rehinhef62. The

inal sh is al cr.eat Ne | ock 84) .that, |ater,
w1 " rove PPREOH ApBu. o PlpdhS HicksBo ) tdf BORIELNC PRCOUE BERAle (o
nount ed oﬂi@digplsdeﬂ{&inaalsﬁﬂg?ﬁrw@wmio&mséwarflﬁ&E}&a?g,d (ggent%ﬁﬁl %&ﬁqgcd%ﬂde 8,

which is geonetrically simlar toits nom na blade, shou be positioned
i n appr oxPhiheeblgde B ars perdectlydhe swune an thase iof theanomimab hladiethe vedor véllas t he

nom nal b ' d t.o b al.l ow. a_certain,amunt..of . posi,tional
devi ation.kég?‘ﬁ%ﬂ@cg%za%’ 4o %‘Hn%‘y’“‘?ﬁapﬁ% Fu ?VSBIIfgeé’t‘ﬂ%nﬁdf’rpnt of
t he di spl acanpstis sgricdliyghe cakevifbweRlepkirddladds8, blidh dvadtdns a§ weNtat i on and
| ocation _of the blade 8 are perfectly the sane as _those of the nom nal

bl ade, t htheRasdigns \ﬂf fhe coppytescantroflpdgayltizaxiomaching 7hareraaminst vgthwhe)  be

per f or med ' AR (ofo , as .l l.call tha: se with
e % oo SN B ol ). SRRAISRNS, 72 il e Wi
from the displacement-sensing probe 66, a 3-dimensional map is created for the
difference between the as-measured blade and the nominal shape (Block 90). Based
on the 3-dimensional map, the nominal tool path is then modified according to the
collected data by the computer 60 and sent back to the NC machine 62 to mill the

blade accordingly (Block 92).

One or more parameters of the blade 8 may be sensed while relative motion is caused
between the displacement-sensing probe 66 and the blade 8 by means of both the
platform 70 and the computer-controlled multi-axis machine 72. The displacement-
sensing probe 66 may be operated at a sensing rate that is independent of the speed of
relative motion between the platform 70 and the multi-axis machine 72. In one
operational mode, both the platform 70 and the multi-axis machine 72 may be used to
cause motion between the probe 66 and the blade 8 until the probe 66 is in a
predetermined position relative to a surface of the blade 8, such as the trailing edge.
Then, relative motion between the probe 66 and the blade 8 is caused so that the probe

66 in an initial direction to the surface of the blade 8 to scan the surface. In a contact
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the positions of the conmputer-controlled nulti-axis machine 72, are
captured with the conputer 60 (Block 88). By synchronizing the x, vy, z
coordi nates and the readings fromthe displacenent-sensing probe 66, a
3-dinmensional map is created for the difference between the as-neasured
bl ade and the nom nal shape (Block 90). Based on the 3-dinensional map,

t he nomi nalodeosichpast whinssembiong height fvarafions dsrwkence weldelgegionlzhd@nem-dat a by

t he conpute Q_and nt back t,he chi,ne 62 to m.l| e bl ade

accor di hoPdeaitalin ST RS of s ifusll AR PRIEEERRed Borfiomial BR s sensed
whi | e el aéser®lyRldtne tb $heCile®esl is Rk \WRe fhd B of tHRIrabEHE B inSRRfkN@itRr obe 66
and the bl ade 8 by neans of both the platform 70 and the

conput er - 8¥nturtice &f thaiblafe Sxiegionslerienmesspredrhin ainppicapiapemode.seighiafg pr obe

66 may be - ' |S: | ed of
ol at ) ve RPN BICh iPoRRE AL e bRLelink A BGRAGKG e dtadol s SRAT) ©)
one oper #at draprob®cip is hedt i dohcpivith ftiy sorfide aﬁmetllﬂede{jml E\heafﬁngumi%i neI 72h
may be used to cause i gn hetween the, prohe 66 and the ade 8 until the
pr obe 66 may; e %fogrﬁffg’éfgfﬁz‘?%%g%gﬁqaﬁﬁ"‘% g“-iamf%o%é“tﬁ’fe%ttﬁff’aé@faé’fe %he bl ade
8, such a o e vor! %lln'yrpe t obe 66
and the blglgfj@g%é ?’?dgglr}geang@e% ﬁ%—%i&'?hoé Ig!r)%. e éigEB idﬁ%gﬁgﬁ%}é\?lﬁg?&&?fr@%t ion to
t he surf abkdeB in ke chfiretycfoBmultide mgidnse surface. In a contact 11 node, such
as when sensing height variations between a wel ded region and an un- wel ded
region of . th urface of the.blade 8 the predetermned positj of the
comsor  albafiy eRPSeisat PEn i BrundSnbih nBieal spue ik S ke pr obe
66 is in peakmedd asithdalrdalis diseiriedGRagy ofttheblliadeings tHROIQMréibe rég@sured. In
a non-contact node, such as, when the blade 8 is being nmachined, the

pr edet er mifiedl biadsi has dipen fsubigeted dasimnldj ssrdess he biges hemptry e Agyiate not in
contact wiih:-4.h . . ogr ammed
for |loc a%fﬁglﬂégﬁhﬁgééﬁ?sﬁh°gﬁlg&g gg@u?@ﬁlgfﬂlfg le g@{m # @%c@ﬁor@;é!?é'eb%g d Bf‘he bl ade
8, such ashemchel slexghe 0€ gachrindioidupl gdea e dxdaplepdshy p pdirtios B8 badladt t he

blade 8 in.its entirety for nultiple regions. In a further enbodi ment of
the prescAts THYERE Foh o daeaatot fraforaagzngs ths é%lsewl&aéolgf FRIgPressar gg\df"sned. as
the al reagy gkl 18chapB ARG tRlexkBGoI1AL @ HSed ThAbledd T B Hni 8RR LRy €0i on.

Once a used blade 8 has been measured using the LVDT or other sensor 66, the x, y, z
coordinates translated into the numerically-controlled tool path and the blade 8
machined, the sensor 66 may be instructed by the computer 66 to take another reading
of the shape of the blade 8 for validation purposes. If deviations from the nominal
shape are still detected by the computer 60, the computer 60 may instruct the NC

machine 62 to repeat the measurement and machining process.

One advantage provided by the systems and methods of the present invention is the
- elimination of the need for using additional measuring equipment, such as coordinated
measurement machines and laser-scanners, thereby minimizing the costs of capital
equipment. Another advantage of the present invention is that off-line set-up time and
off-line measurement time are eliminated, thus reducing accumulated error due to
multiple set-ups, the overall cycle time and floor space. A further advantage is the
elimination of the need to reconstruct an airfoil surface from the measured data, which

tends to introduce surface artifacts due to underlying mathematical splines. A still
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As a bl ade has been subjected to field service, the bl ades geonetry may
deviate significantly fromits nom nal shape. Thus, the tool path nmay be
custom zed based on the actual shape of each individual blade. For
exanple, if the tip portion 38 of a blade 8 is m ssing due to damage, as
is sonetines the case with solid conpressor blades, the blade tip 38 shape
may be extfirghsoladvantagsds gt avhen ttansitidnesk totsapain simipsathe gystams apd n@tlelsa used
bl ade 8 hai,geen ngﬁsure .usiqgﬁ#ﬂe LVDT or_ other s&nso&@ﬁGf thebx, y, z
coor di nat 85 TF aNSPAY GVFHOT PREY Hurfe FPRAEET yA % SHPFOSES BTG 1Pt HORRd t he
bl ade 8 oRehhileRd. AREISAABE adentdBY ishiBat HrehidéCthe tnda ariOMBeHifing 66 10
t ake anot her reading of the shape of the blade 8 for validation purposes.
| f devi at mstkeds eensapplle 96 inspegtingng seillingshe entire sgefpeecareaiohy blade Scibaput er
60, the c t [ ] C ' r .

roasur omonl et e pRabiEberdidf R ueTAGRL for Mg BRESed POC e
and met hodsiafs dnt enyltipls evighberwendepsinrdgiodshe el i m nation of the need for
usi ng additional measuring equi prent, such as coordi nated measurenent
machi nes and | aser-scanpers, thereby m.njm zing the costs of capital

equi prrent?t RRRPREE el JheTs JRve eF%é%?)‘f‘Q‘“éie B 4Cf ﬁ@qeowtﬁstﬁ@ IF48teF fantli ne
set-up ti gRaad ofofhb-predf: MRRAAHSE RMmitedReflife Shil Thatd] Hisks Tagduci ng

it
accurmul ated error due to multiple set-ups, the overall @%g?e time and
fl oor spateethodsfeneparingdviiitdaies Althbegh the systeras ansimethodhef thepotsend

trugt i rfaqil f. f th dat a, whi t t

i r oduce AgPRathis Rers BeetBg it dgieits MR RA CMERAOR SO FRREES A sti |

12 f urt hethepsbfaBitRg &nibbdiidits \Whe Nexafnphs| ﬁlhpgfeéfoha SifHIRE fuSdoRS ankiftR Syst ems
e

and nethods = of the present invention provide a repairer an inproved nethod
for turbi AehiewsdpHannesuts. Adl sichiepuivalentranbesiments apderamnpleseare patbinide t he

cntire suPrhe R nEofin BRIHRN] ot G ARRTH G Aol INEHC BB R, "0 1

invention are well suited for handling |arge-area repair regions and
mul ti pl e neighboring repair regions. It is apparent that there have been
provi ded, in accordance with the systens and nethods of the present
invention, automated sensing and machi ning systens and nethods for
repairing airfoil blades. Although the systens and net hods of the present
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i nvention have been described wth reference to preferred enbodi nents and
exanpl es thereof, other enbodi nents and exanples may performsimlar
functions and/or achieve simlar results. Al such equival ent enbodi nents
and exanples are within the scope of the present invention and are
intended to be covered by the following clains. 13 CLAIMS: 1. A nethod for
measur i ng GdedMBichi ni ng a bl ade having a wel d-repaired region, the nethod
conpri sing: neasuring the blade having the weld-repaired region with a

di spl acenmgnt - sensj.n robe: .co L t he .neasured bl ade to nan nal
shape of rT?he b?éﬁ%{;hogggc)ror%qs%n% %?@Ig? | ﬁgibgﬁﬁd%ﬁ]aﬁllnﬁfae‘?'%ﬁg&m{f? THE™bI ade
havi ng t héhevabtlod emaptisilo: region with respect to the nom nal shape; and
generating a nunerically-controlled tool path to blend the weld-repaired
regi on snoot hl yeapuring ths bladebeving dhe meddrepaped Tegionayifiba displademeni-1,
wher ein tg&sﬁ{'gs&b?@errent-sensi ng probe is selected fromthe group

a Il

consi sting of. ‘near variable differential transformer (LVDT), a
digital dial i cdnpatythendasiged bllisteannenmahgnpe obthedlddeser triangul ation
sensor. 3. The nethod of claiml or .2, wherejn the displacenent-sensing
probe is mounf&d* ﬂg@%aﬂ%@@&hffgﬁpwécpfﬁ‘h‘? N""H%&?‘é‘nﬁﬁ?n?"ﬁ@'rﬁbaéﬁébl e for
MOVi NG 1 N refrion withRhpéetdh HRGIdnARA shhidafd Ner rotational degrees of freedom
as needed to scan tﬁe shape of the bl ade having the wel d-repaired region.
4. The net hod gknarhtaigma3numérarallyodireliddateniepdth stonbiend the obeldrrepadiedgs ar e
recorded toget her?}ﬁf’thﬂﬂ%‘zi g onﬁ o{. axes of the conmputer-controlled

nul ti - axi SCETHRERTHRY W HhAUHEHBEAG¥S- any one of the preceding clai ns,
wherein a nom nal tool path is created based on the nom nal shape of the

bl ade and the bl ades position on a nunerically-controlled machine. 6. The
met hod of 2¢l ai rhhs methed ef glaitdl, syhepeinfthendisplacemgnirsensinairzels isoekectsidade

from the group consisting of: a linear variable differential transformer (LVDT), a

digital dial indicator, a laser distance sensor, or a laser triangulation sensor.

3. The method of claim 1 or 2, wherein the displacement-sensing probe is
mounted on a computer-controlled multi-axis machine operable for moving in x, y
and z directions with other rotational degrees of freedom as needed to scan the shape

of the blade having the weld-repaired region.

4. The method of claim 3, wherein displacement-sensing probe readings are
recorded together with positions of axes of the computer-controlled multi-axis

machine.
5. The method of any one of the preceding claims, wherein a nominal tool path is
created based on the nominal shape of the blade and the blades position on a

numerically-controlled machine.

6. The method of claim 5, wherein the step of measuring recognizes both blade

deformation and blade misplacement on the numerically-controlled machine.
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deformati on and bl ade m spl acenment on the nunerically-controlled machine.
14 7. The nmethod of claim5 or 6, wherein blending the weld-repaired region
is performed using a cutting tool of the numerically-controlled machi ne.

8. A systemfor neasuring and machi ning a bl ade having a wel d-repaired
region, the system conprising: a displacenent-sensing probe operable for
measuri ng7t he dhaenghohof slaimh® opléadedierein ddending thecweldrrepdiced regloni isaxi s

machi ne oper.abl e for moving the..displacenment-sensing.probe in the x, y and
Z directi %ﬁrgg G%\AEHg %%u%b?%@?r?fotpﬁf’\’%Fﬁ?aﬁyif’é@?%@%ds@f‘g’f“%eedom to scan the
shape of the bl ade; an adjustable platform operable for hol ding and

positioning the blade, a tool holder conprising a plurality of cutting
tools; and- a cdnpisteat foraeegwingcaridgnachining abtrde paviaslaevdldirenaad regivn,ng t he
di spl acemgnt ; nsi g? obe, the multi-axis machine, the adjustable

pl at f or mrrg{nédgy?%%1 (f%o s (%‘der, wherein the conputer is further operable for

recogni zi ng a delispadeenbiensing grbbel epergisio et heasuriy fe dMbénsSipe and
creating %}Faumari cally-controlled tool path custom zed for nachining the
bl ade. 9. & system of claim8, wherein the displacenent-sensing probe is

sel ected fromyt jsting: qf: j:near i.a i ept.i al
t ransf or ner (LVD%%@Q%%P%@Z&F dljlng?l f|9‘E;11Sd| @g#fgﬁ@ gp lgéﬂgr qﬂfsﬁé’%&? s@%sor, or
a | aser t displgerhattisonsisg psabe. inltle xTlyearslys tdimeciddnscdsawell 8s @thed rotatienai n t he

plurality  of cutting tqols are ,operahl or blending the weld-repaired
egt on. 1 8erefbraretomiopoantys sheeof Teitkidie. 8 to 10, wher el n N
di spl acenment - s gA §il;justaPk PRAform petabESfoRhSdGAH P8stibAAS {Mesladd. T h pOSI ti ons
of axes of the corputer-controlled nulti-axis machine. 12. The system of
any one of cl apiecl@oldsr ¢ampriting @pluraitnofituiting toots; apht h is created based on
the nom nal - shagg:Qluct BF chldoMin'E PLAIRTPISIIA. B8 djfuceithpst 20! e

sensing probe, the multi-axis machine, the adjustable platform and the tool holder,

wherein the computer is further operable for recognizing a deviation of the blade

geometry from a nominal shape and creating a numerically-controlled tool path

customized for machining the blade.

9. The system of claim 8, wherein the displacement-sensing probe is selected
from the group consisting of: a linear variable differential transformer (LVDT), a

digital dial indicator, a laser distance sensor, or a laser triangulation sensor.

10. The system of claim 8 or 9, wherein the plurality of cutting tools are operable

for blending the weld-repaired region.

11. The system of any one of claims 8 to 10, wherein displacement-sensing probe
readings are recorded together with positions of axes of the computer-controlled

multi-axis machine.

12.  The system of any one of claims 8 to 11, wherein a nominal tool path is
created based on the nominal shape of the blade and the blades position on the

adjustable platform.
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15 13. The systemof any one of clainms 8 to 12, wherein the nom nal shape
conprises the shape provided by a manufacturer before the blade is put
into service. 14. The system of any one of clains 8 to 12, wherein the
nom nal shape conprises an already distorted shape of the blade minus the
wel d-repaired region. 15. A nethod for repairing an airfoil, conprising:
provi di ngl#he dhe system ofhany qrnamf@iaemﬁtto dAowhexeinithe nqnwlsﬂ@m cenpasesng a

i iorl il PRV RER P RO s e RAE B R 6 syetem

measuring the airfoil using a sensor; capturing differences in the airfoil
shape as conpared to the noninal shape creating a three-di nensional map
by synchr éfhi zi W@eﬁystwaﬁ@howmagégla \hergiadbe nepingl $epe ReMBRIES or ;

nodi fyi ng p; and nachlning
t he ai rfo#gﬁefw%&%&hg@%ggp 9@1%1?%11 @tﬁgh“gd;?eggffﬁd@ﬁgﬁanal shape
conprises the shape provi ded by a manufacturer before the airfoil is put
into serV| e %hg nmet hod of claim 15,  wherein the nom nal shape

conpri ses! g 0d fQiTepadRS N YHAPCHRPIHE ai rfoi | ninus a wel d-repair ed
region. 18. Th rRAC thelreil 8 Mirkds mgﬁt%alﬁe{beanag@@{erﬂs mounted on a
conput er- cont multi1-axi s mac |ne opera or nmoving in x, y and z
di rections wit breafifgea nomuménumnmalu&gm&eﬁecbfooi pabdosadam meewmed! sh:apscan t he

shape of t ai f.oi |, havi t he. wel |r.ed regiqn., 19. The net hod of
any one of’ é‘frﬁ‘ﬁp 'F ‘{é’%S\RﬂﬂP@i’ A H’gl(’ﬁ a‘?‘ﬁ’glggP%‘Bgéﬁst?ran t he group
consisting o anghgmjn@qm%ﬂsﬁﬁ@ar&nwobe a linear variable differenti al
transforner (LVDT), a digital dial i ndi cator, a |laser distance sensor, or a

| aser trianguFanting &saenpes inghemrfoitishaneas sompared 4 fhemomindl shapgt ms 15 t o
19, wherein t hgreggl?gs g Ehréega%erﬁg‘%nﬁrlgap by synchronizing x, y and z coordinates and

readings from the sensor;

modifying the tool path based on the three-dimensional map; and

machining the airfoil.

16.  The method of claim 15, wherein the nominal shape comprises the shape

provided by a manufacturer before the airfoil is put into service.

17.  The method of claim 15, wherein the nominal shape comprises an already

distorted shape of the airfoil minus a weld-repaired region.

18.  The method of claim 17, wherein the sensor is mounted on a computer-
controlled multi-axis machine operable for moving in x, y and z directions with other
rotational degrees of freedom as needed to scan the shape of the airfoil having the

weld-repaired region.

19.  The method of any one of claims 15 to 17, wherein the sensor is selected from
the group consisting of: a displacement-sensing probe, a linear variable differential
transformer (LVDT), a digital dial indicator, a laser distance semsor, or a laser

triangulation sensor.
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recorded together with positions of axes of the conputer-controlled
multi-axis mnmachine. 21. A systemfor neasuring and machining an airfoil,
conprising: a conputer operable for data acquisition and
nunerically-controll ed tool path generation; a numerically-controlled
machi ne; a cutting tool holder conprising a plurality of cutting tools; and
a di spl acenent -sensi ng probe. 22. The systemof claim2l, wherein the

di spl ace t-sensin obe is selected, . fr t he group consisting of. a
i mear vathabt ShemersRLRt s S G Srtgrarks € Tppered GiRgReAReai o R ai cat or
a | aser diebrIdg CtopBME wittPpoditibAS & Afek 250 WA cbRPuRL S RFolled 3mulil8xigy st em of

claim2l or 22, erein nunerically-controlled nachine is operable for
nmovi ng i nmachipe.and z directions with other rotational degrees of freedom
as needed to scan the shape of the airfoil. 24. The system of any one of

claims 21 to 23, wherein displacenent-sensing probe readings are recorded

together 2ith pagkfenofs nRhsidin@angdmdchinpiediien] doyprisgt rol | ed machi ne. 25.
The system of any one of clainms 21 to 24, wherein a nomnal tool path is
created based ®ROBPHEHPRAADIS Hardatypcquigtion pndbpymericallytrentpliqdsiorkpaBsi t i on
on the n §§£hﬁﬁlly-controlled machi ne. 26. The system of any one of clains
21 to 25, erelh the conputer is operable for recognizing both airfoil
def or mati on andnameficilly-congpllatmeehihe;on t he nunerically- controlled
machi ne. 17 ) .. ) )

a cutting tool holder comprising a plurality of cutting tools; and

a displacement-sensing probe.

22.  The system of claim 21, wherein the displacement-sensing probe is selected
from the group consisting of: a linear variable differential transformer (LVDT), a

digital dial indicator, a laser distance sensor, or a laser triangulation sensor.

23. The system of claim 21 or 22, wherein numerically-controlled machine is
operable for moving in x, y and z directions with other rotational degrees of freedom

as needed to scan the shape of the airfoil.

24.  The system of any one of claims 21 to 23, wherein displacement-sensing
probe readings are recorded together with positions of axes of the numerically-

controlled machine.

25.  The system of any one of claims 21 to 24, wherein a nominal tool path is
created based on a nominal shape of the airfoil and the airfoils position on the

numerically-controlled machine.
26.  The system of any one of claims 21 to 25, wherein the computer is operable

for recognizing both airfoil deformation and airfoil misplacement on the numerically-

controlled machine.
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