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 rel ates
generally to the field of airfoil repair. Mdxre particularly, the present

i nvention relates to systens and nethods for neasuring airfoil shape to be
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smoothly with its adj aPERRISRATRING ATRESA!Y OF BIA®Es t he Rel ated Art
Airfoils of gas turbine engines are regularly exposed to harsh operating

conditions, such as foreign object damage (FOD), high operating
tenperatures, vibrations and significant pressure fields, as part of

nor mal opeRf 4fBe GRAJLJH Ons of the engine. For nmetallic airfoils disposed
wi thin an engine, the extrene thermal cycling of nornmal engine operation

represents one of the nore deleterious conditions that anplifies the
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and r epaifferically-eentiofled (NE) &ial frath t btend Heekirepiiradapgivabinootdamaged as a
result ofythe g h&a&gopagation of existing danage. In addition, if not
properly repaired, cracks and other structural weaknesses nmay |ead to other

engi ne conponent failure. It is known that turbine blades may devel op one
or nore acks,ne%r the tip of a blade due to |ow cycle fatigue stresses
i npar t ed [EcERfOnNT heRelatsd it i ng t he operation of the turbine. If a crack
extends beyond a critical dinension, the turbine blade nust be renoved
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: such as foreign object damage (FOD), high operating temperatures, vibrations and

significant pressure fields, as part of normal 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 to 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. Tt 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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bl ade and turbine. It can be appreciated that a crack may be repaired by
renmoving the material adjacent to the crack to forma crack repair vol une,
and then filling the crack t repair volunme with weld netal. Welding allows
the service life of the blade to be extended, saving the tinme and costs

associ ated wi th.repl aci ng the pa Various conventional mnethods for
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bl ade. Ah2Ircamingfis dmleddwy the gipi omighifude obdithetiatl mest beprocbage and
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scan software algorithms to recognize or differentiate surface transition features, such

as corners, vertices, openings and boundaries. Still another factor is the difficulty in

correlating the scan path of the laser head to 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 complex 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.




In addition, while these repair techni ques have been devel oped to repair
damage, these nethods are not suitable for on-machi ne neasurenent because
t hey demand additional set-ups. They al so require reverse engineering
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resenbl i Re|dldepaiRidl 9i nal state. Wiat are needed are integrated systens and

net hods that can neasure and nmachine airfoil blades that are
wel d-repaired. BRI EF SUMVARY OF THE | NVENTI ON Herein discl osed are systens

and neth ' e to be repaired, conparing the
masuregggﬁ%gﬁwgmwmghggg{ﬁgﬁ@ generating a nunerically- controlled
(NC) tool path to blend a wel d-repaired region snmoothly with its adjacent
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contact probe such as a digital dial indicator or a |inear variable
di f f er erfIP2Raring fhe mnapyged bladgor) 2 mpmingd shage, g gsaemting teenunerically-
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probe such as a digital dial indicator or a linear variable differential transformer

(LVDT). The probe may be mounted 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.

According to a first aspect, there is provided a method for measuring and machining a
blade having a weld-repaired region, the weld-repaired region being selected from the

group consisting of a plate welded to a surface of the blade, a weld-filled crack repair




of the part shape with respect to its nom nal shape. The differences may
then be used to adaptively programthe NC machi ning tool path. The systens
and nmet hods of the present invention nmake airfoil repair sinple and highly
adaptive to blade geonetry distortion. The invented integrated neasuring
and machine systemuses a digital probe nounted on the machine tool to
neasur e t¥eEmeiiand eerabinationstthrreef, theanethedscoraptisig decasurihg hethnonibleale bl ade,
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t hr ee- di hiandingihe weldfepaizadoegionfisinp ¢heummizrically congrdlled taw lpdthr epai red  regi on
with respect to the nom nal shape; generating a nunerically-controlled tool
path using the three dinensional differences, the nunerically controlled
path being custom zed to blend the weld-repaired region snoothly with its
adj acent surfaces; and ii blending the wel d-repaired region using the
nunerically controlled tool path. 3a In one enbodi ment, the

di spl acenent -sensing probe may include a linear variable differential
transforner (LVDT), a digital dial indicator, a |aser distance sensor, and
a
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| aser triangulation sensor and nmay be nounted on a conputer-controlled
multi-axis mnachine operable for noving in x, y and z directions with other
rotational degrees of freedom as needed to scan the shape of the bl ade
having the wel d-repaired region. The displacenent-sensing probe readi ngs
may be recorded together with positions of axes of the conputer-controlled
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and posi txesmifitige doneputdracdetrbiied mglti-ddiemweife.r epai red regi on; a tool hol der
conprising a plurality of cutting tools; and a conputer in connection with

and operable,for controlling the displace t-sensin probe, the
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rotational degrees of freedom to scan the shape of the blade in the weld-repaired
region; an adjustable platform operable for holding and positioning the blade having
the weld-repaired region; 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 having the weld-repaired region, and wherein the computer is
programmed to locate the weld-repair region on the blade for measuring the weld-
repair region.
According to a third aspect, there is provided a method for repairing an airfoil having
a weld-repaired region, the weld-repaired region being selected from the group
consisting of a plate welded to a surface of the airfoil, a weld-filled crack repair
volume, and combinations thereof, comprising: 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 airfoil’s position on the
measuring and machining system; measuring the airfoil in the weld-repaired region

using a sensor to acquire a plurality of readings from the sensor corresponding to the
4




measur enent and machi ni ng system creating a nom nal nunerically-controlled
tool path based on a nom nal shape of the airfoil and the airfoil's
position on the measuring and nachining system neasuring the airfoil in
the weld-repaired region wusing a sensor to acquire a plurality of r eadi ngs
from t he xg8R5Pkp d EI,H:EEI_.
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custom zed NC tool path. 4a Accordkgg to a fourth aspect, there iIs prOV|ded

a syst errbkeaiim&é'a%wﬂdrr@pﬁmmm the pigfoilasire the eistorhized NG’ taolwsitlt- r epai r ed
region, the weld-repaired region being selected from the group consisting
of a plate welded to a surface of the airfoil, a weld-filled crack repair
vol une, and conbi nations thereof, conprising: a nunerically-controlled
machi ne; a di spl acenment - sensi ng probe nmounted on the nunerically-controlled
machi ne and operable for acquiring a plurality of displacenent-sensing
probe readings corresponding to the actual shape of the airfoil in the
wel d-repair region; a conputer operable for acquiring the

di spl acenent - sensi ng probe readings fromthe displacenent-sensing probe
and for generating a nunerically-controlled tool path for the
nunerical l y-control |l ed machi ne-using the di spl acenent-sensing probe

readi ngs, wherein the conputer is programmed to |ocate the weld-repair
region on the airfoil for nmeasuring the weld-repair region; and a cutting
tool holder mounted on the nunerically controlled nmachine and being

equi pped with a plurality of cutting tools, the cutting tools being
adapted to blend the weld-repair region on the airfoil. In another

enbodi ment, the present invention conprises a system for measuring and
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machining an airfoil. The system conprises a conputer operable for data
acquisition and nunerically-controlled tool path generation, a
nunerically-controll ed machine, a cutting tool holder conprising a
plurality of cutting tools, and a displacenent-sensing 5 probe. BRI EF
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the cutting tools being adapted to blend the weld-repair region on the airfoil.

In another embodiment, the present invention comprises a system for measuring and
machining an airfoil. The system comprises a computer operable for data acquisition
and numerically-controlled tool path generation, a numerically-controlled machine, a
cutting tool holder comprising a plurality of cutting tools, and a displacement-sensing

5 probe.

BRIEF DESCRIPTION OF THE DRAWINGS

A variety of specific embodiments of this invention will now be illustrated with
reference to the Figures. In these Figures, like elements have been given like

10 numerals.
Figure 1 is a cross-sectional illustrative view of an exemplary aircraft gas turbine

engine having airfoils that are repaired using the automated sensing and 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

15 fan blade in FIG. 1 having an airfoil in accordance with an exemplary embodiment of

the present invention;




in the art to variously enploy the present invention. The systens and

nmet hods 5a descri bed bel ow apply to automated sensing and machi ning for
repairing airfoil blades, however, in principle also apply to any
automat ed sensing and machining systens and nethods. Referring nowto FIG
1, one erafipd 8 iofa plispctitd aAfdstchtiVedGledNoO@S alitehlitddesealigl Hadi ackidihyst r at ed.
Wiile this exenplary turbine engine is shown, it is to be understood that
the preséyitem doleroppising Al bladesin spsordaped withfanagxemplary letnbddiment ©6ci at ed
with the i . G. 4, as well as any other fan, conpressor, turbine,

. t . . .
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fan vaneBighirahds b dlovblraeluStratiiigea pssst fof RhdagurapUidiemachinise a weld-
circunferenti di sposed abqut an engine centerline 11 an has, in
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a conbustion section 18, a high-pressure turbine 20 and a | ow pressure
turbine 22. The conbustion section 18, high-pressure turbine 20 and
| ow- pressure turbine 22 are often referred to as the "hot" portion of the
engi ne 1DETAIREBDBESERETHON QF JHERGYENTIONconnects, in
driving-relationship, the high-pressure turbine 20 to the hi gh-pressure
- conpr essds ré@uiredndetailbdwbodsante of ah® presbaf invadtiodr hrei digdlysedondteimt s t he
Iom#pres%ure turﬁige 2 toﬂ&ﬁg@fan,;&ction 1§, Fuel is burned in the
conbust | SHEEELT 5o 8““%‘?{88 ihet the digglgsed smbgdunantsoare saerely sxemplagy r ect ed
thigugh §thiehihOdinihahsUnhsy B8 EnltdWicdPCSHE Jhi rﬁﬂeﬁﬁﬁv@@orﬁﬁq Becitic
respectively, to power the engine 10. A portion of the air passing through
the fan staeturdrand Zunaiopglpdetalsdiistlasad detcireatei mph tpbe isepretaionpimimgr 16 and

t he "hot,” ,secti on through.a bypass duct 30 having .an entrance Qq plitter
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engi nes aN@art & VMU SEPUSTEhE BRREATSRY t'sﬂ.orhe%?a\%)saﬂ@ on the

| ow pressure rotor shgft 2 bgtween tkrlle1 splitfer 32 aﬁ%ﬁﬁﬂg hi gh- pressure

conpressor 16. Bl ades and vanes having airfoils are used in the fan,
conpressor, and turbine sections of the engine and

Sa




the present invention can potentially be applied to airfoils of all blades
and vanes. Referring nowto FIG 2, the fan blade 8 conprises an airfoil
34 extending radially outward in a spanwise direction S froman airfoil
base on a blade platform36 to an airfoil or blade tip 38. The fan bl ade 8
I ncl udes opt. section 40 extending radially inward fromthe platform 36
to a radi g?{c?g?%%&ﬁ’g Ry 3o @%to?’ﬁ@gr%ﬁmgeﬂdi Brachiping pfor (igpairipg el y i nwar d
end 37 of blaies, HeMev&est ARcAR AlSo AnblyaRe t i L. to the
6 platform 36 by a bl adg shgnk 44. p@ke a?ﬂg?%?Péétfhg%sé}ﬁ%gﬁ?n%%%%ﬁg%or dw se
di r ect i onSysk@smdanethedsadi ng edge 50 and a trailing edge 52 of the airfoil
34. Referring again to FIG 2, fan blade 8 has a trailing edge section that

extends a : khing edge 52 of the airfail. 34 framthe bl ade

pl atform%gf%%gl%@ﬁ ggg' P’i %HCB%{.amP?f%g}ta?ﬁrlcfaﬁgu% @ S%SC'E”FQIBHG EBEPFilSes a

predet er mllustthted. dWhilsuhis ck&aplathurbindich$ing i£4@on, £861d BOUSRSIHRPERES Ni cKs,
ressiaons and tears that nmay occur along the airfoil 34. The

cracks, d : ] ccu

ni cks, c r'gg RLeseRfdpyeadion garliesdp dhe weppis ofairfaikbledessssboinfed withithmenginect
damage (K i ' e vior at.i ons d.significant
pressure @Iél}ln.i ?Ié.%T Eele‘{i?%dfyg% &g%ni é&éﬁ{%g%og’t tupbine, i @%ﬁf@%‘? a'?ée]ﬁ%tﬂ e stress
field duessenblprndifpghidr. Therengmed@nenairies bin vahes 6 and Rinasiaded 8, oTiad i ng
during engine operaiiq .. The 'grfeqi 34 isS al so subject to_vibratjions and
crack gr cﬁ%f RIEPS $nEap) a ah e reé?f}ﬁil}ﬁ gisepygr Aboutgmeanginessntetiine bir ansent

i nvent i oma@,rmvéeﬁaﬁﬂgw%ra@iﬁn&ﬁya' | e adgioher 9%%@;&3%%@ c%gﬁeggtgelt Q any

region of the blade that has Worn-out or béen e bl ade
tip 38, coaRysting seedm B a highapicisuge tuibjee 30 and addwpestirenurbthe X% cTheDanage t o

JREE I e TIONER TN
FUsed Lo tho bl ade by mat Ronerg s 0oer R Rleslre Sl ey =1
preci si ofOREEH Hedrivingtslationsghin, the dyeh-prsswe itirhihe 2heo Heehighyivpwateed t 0
compressor 16, and a low-pressure rotor shaft 26 drivingly connects the low-pressure
turbine 22 to the fan section 12. Fuel is burned in the combustion section 18
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




field service, the blade's geonetry can deviate significantly fromits

nom nal shape. Thus, the NC part programused to produce the new bl ades
cannot be applied, it nmust be custonm zed based on the actual shape of each
i ndi vidual blade. This allows the service |life of the blade or vane to be

ext ended, I ng time d costs, assocjated with replacenent. The bl ade 8

repr esent BE?A%?)B iBYe? Bﬁgﬁéﬁﬂ%n%‘* aiﬁ% ﬁ\éﬁ’ﬂo}“ -?@Msw@dﬁfe ghordwisedhisedomi t h  t he

present | Biagkd @fadiigRhiad S0 BRYa REINE LR & Rt fsace of the blade 8 in
0

order to cover a darmaged portion. The materia the plate nay be chosen
to facilitate the welding of the plate to the surface of the bl ade 8.
Typi cal | yReferingwgain toabl&r.iZalfamblade 8lhat @ teailing edgecteetion thabexitints aouge

terial : t de.8 K be .7 i by filli
Crack §ephr teiite Gl S orE T sCERR oy Ty Mool o Bt BhdS and
| aser wel mhmgaﬂﬂ?gfs@geréeagomwynp@se%?red%terﬁ.i&ahﬁaﬁf dueh th@WhOfraililg e@f Machi ne
or

nmeasur enent .and nmachi ning system bl ade repair of the present” invention
is ill ust%ti%?mpﬁ@ag%tré%is, exsaks: | depesssiopGutshatsars hoahmay excc@Oalopetiabl e f or
dat a acquiisi i k@n . hcali Ly ntralled (NG) tool.path.generation, an
NC nachi ﬁ%ﬁ%ig 3g°quT?l gglcla W%tEt ﬂ&ah%ﬁé%ﬁSFOﬁ%’I grtear%iéa ya@r?ac ajsed lgypfoé%‘g’f‘rﬁﬁkegsensi ng
probe 66.damagen@Oinh ddghmeperating aetlpapluase Vitithtioe el Ngglifiehe Hbssimy be
nount ed ?itn he_t oal ﬂ | der 64. Dependi.ng on the configuration,_ t he tool

hol der 6 "ilréf&‘/ r %é‘r‘étséblﬁﬁitf’ ovienifieans denstle seessHiald dpe b congtifsgala cutting

tool 68 dufck el E 1O conpri sing
the weld-r epglg?dgg‘ﬁ %f??gﬁlqyggfrag ?g%mgﬂhgl S %gésnl%ﬁrlieoﬂjéeaﬂéﬁ' 2[' h%%?rﬁg(ﬁ{ 3e¢ =
cont r ol | édsor enbircalsb eviptativho and *@adkagiongh ridat FODapemteged etariaf -dngrdom as
needed tq sgan t he shape of the blade 8. The di spl acenent-sensi ng probe 66
may be mouRtedon  a conputer-controlled multi-axis machine 72, which may
nove in the x, y, and z directions with rotational degrees-of-freedom as

needed t O'hepedseittitvakion préVfiddsh@stingddfd methods whereby repairs are made to any
region of the blade that has worn-out or been damaged, such as the blade tip 38,
leading edge 50, trailing edge 52, root section 40, etc. Damage to the airfoils occurs
as time goes on, leading to period 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




8. The digital output of the displacenent-sensing probe 66 may al so be
connected to the conputer 60. In one enbodi nent, the displacenent-sensing
probe 66 conprises a nmechanical contact probe such as a |inear variable
differential transformer (LVDT). The LVDT provides accurate position

i ndi catio : VRE:.i s a | i.near .di spl acenent transducer that. works on a
princi pl ep%)ita Egn(ﬁtbhaﬁﬁllnﬁdﬁc?rg% &R0 d g ™i %I‘@%‘?ri g’é‘?ﬁ%‘ggﬁay ipglyde j 5
propor t i onadvehiioral seplasartvieldipy] Nng core or arnmature. LVDT devices allow a
very flexible design and may be built with ranges as | ow as about 0.00002

mmto abOP\tf 800 mm_A typical LVDI device consists of a hollow netallic
cyl i nder THWHIECROX toC%I,(g Hro sehematis| viewaefkthaneh-fechine aheasgrembet and i nder ' s

I ' ¥ ' Laht  of t bl.ad th
i LA e gL PAC ol a2 e SR PR Bl Rulirled oY Bvmem cal 1 .

The LVDT ewnpises esPGrbprednemypuiani 60 opsvabls € daiar seqaRitlon #dnidigicaBpar at e
excitation signal is applied to the prinmary coil

nmoveabl e _cC [fi: m an At‘g | )
of the LVISFrollgd 199" B8 ZeRefatieny an NG maching (easivinpad Withod tog] halder novi ng
magneti c &RraadiNgi dh&ht- | lNEl N e .bravipdes. t.he nmagnetic
flux pat h@?i.nki n S?ﬁg pr itr?g?ﬁﬂ%i?‘éweg@co%&?‘? %%lg(?ﬁélﬁe i F\l%:eealtsﬁl ce11’\17\‘3519"vol t ages
are of opisBYNE reRsl 46i mgy behenammtdndartiie aodll Boldar G4coMPeidif A iHRS

opposi ng .nul osi,tion, .or center. The output voltages are equal
and oppos(%oggéllg}gm%ldldé? i??@ hé’hcger GDPE s esererte B onithe sme gBe that Ao, The
nul | podioldson cofingRodVEY dufin@%h¢ SRLYucht ARLENANI S EREH 2R E piifieq the
magnetic core is displaced fromthe null position, an el ectromagretic
i nbal aric €OBWESRS . thehweld-reppizada nirboil goeticnt 84, as didsftenedtimla AGnputeput
vol t age RpheSRqt r ils that.is. [linear oportionpal to the
di rection an@ ga@%tfogﬁgmgﬁr%hﬁh??ﬁ 5%8%‘31‘?! .deﬁ'i‘?gsr'ﬁk‘é?‘g{‘mp\%é‘ﬁe‘gaéo nmagnet i c
core is soanetie Shapenof the bladel 8. PDIE diklicedtent-tenSRIBSob $PmEPBE Bolnitli bl T egi ons
of the blade 8, the induced, vol taglsel_ in the segg)r?i%ary cgfl , tovvarg which the

a computer-controlled multi-axis machine 72, which may move in the x, y, and z

directions with rotational degrees-of-freedom 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 LYDT 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
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core is noved, increases while the induced voltage in the opposite
secondary coil decreases. The fundanental advantages of LVDT transducers
over other types of displacenment transducers are their high degree |ow
friction infinite resolution, their ability to operate at high

caubes o b sAffing Mdmbie nBR W pisindl, R el e i Bty paife ©°'
el ect ri casecofidany tails hSihceree to@UBRaEES R bE oPpostit PRREIRH Thd g&bﬁ&%& ‘élﬂﬁs

Al ternative macharai cal contact sensors may include a digital dia

i ndi cat or &SRR fea e, pRROs g AR Hie nylbpasitian; b aenitrat Therougaii yoltages ere cont act
sensor) Oéqual BT obyRas ipf | Sgns A,di gital digl indicator
may be useqd_jto ng%%urelc g%aglgi%%cﬁ%%ﬁ’tﬁgnoq‘{ﬁ% Vs?&%%gez%?‘ t ’fﬂque 8. As
with the novitipn dffe IVDiTtislexuiéndly istibhiecatdorepbablemD WHeadh® hagh@ic core is

conputer-contrql l.ed | ti-axis.machine 72 to provi de noveable positions.
In a typi‘%gﬂac&ﬁghf)g'l qE‘? AU pesition. oan Jeptiageagnetic dmbalanese ospwsr eddihi zed and

sent 10 ih®aarPpratils dbichal AC bitighy LoRRS!RIES sleul Alhons L i t ool

path. A digital “dial indicator suit e pr egent N nventi on
shoul d prig\¢ride prapottianabte the diracffont arsvehgritide tof ehodieplatdmanny Aiverfort0 be

nmeasur ed, . be sensiti,v nou for its purpose. The digital dial

i ndi cat orw%lgﬁhiplggk %lec el ‘P%"e&&f%?i‘er@ﬂr RRSIUON aflk fRes 1§10 eonchdths on t he

rot at abl eegibmd s blAte JNthe Mauead $61idpRa thY SenBary SORT ARkl %ﬁé}hﬁ{e with the
|

positions of the axes of the_ conputer-controlled milti-axis machine 72.
The posi CPBNE BPVedn dngreases wvhilg dbe mrduced veltegeein the oppaesitd saonddrg calles

posi ti ond@&g{l ters of the nunerically-controlled notion controller if the
controller allows, or directly fromthe axes encoders. The acquired data
I's used to capture the deviation of the blade geonetry fromits nom nal and

the devilatifendanentdhedvarsads b6 LMFRL@n&T NS dv@pbﬂ@ﬁt)‘[@es? g8 HRFlad@fertOr
machi ni ng_t bl ade. .TP}S on- machi ne_conputer-controlled rotatable platform
70 oper agrlags 6515 1P cfh?ﬂj #lb degree low friction infinite resolution, their ability to

operate at high temperatures and their reliability. In an LVDT, any movement of the

core causes 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-contact 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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bl ade 8 may include a circular housing conprising a nmechanismfor

adj ustably securing the blade 8, such as a clanping fixture. In one
enbodi nent, the blade root 42 is clanped to an upper surface of the
platform70 in a vertical position for nmeasurenment, i.e. the axis of the

bl ade 8 isg.gvenrtical wth the displacenent-sensing probe 66 being
g]Iﬂ)l/"g Bege (Mmg‘h B}ea%gs SPSTHNR Iesters @_tﬂq: RuBetieally-pontelledmption ment s,

per pendi cul'ar to

the bl adecdhtroblyr bethe lcapPsitir ialloRSYorRRRC| Hdk %eaﬁ)éeg%n&ggfshgg’?eu%:@ﬁgd of the

rotatabl e platform 70 and displacenent-sensing probe I oni ng
and hol dfi#® i wedyp ggptus; thgrlevietionnf thechladageomesrysfrom itseoatimdl apddhé hat  do

not interfere. W p ti aof the nmeasurepent apd.machjning system
The rotat gﬁ%“’ﬁﬁ% 8&%1§dn{éyc(;%%? ?Iholg(t: tf’?ll(ﬂaﬁhﬁuséomﬁ? I%chlé‘éngég% fy, a
bearing assenbly, a drive assenbly, a drive notor, a driven shaft, and a

drive pul Teyon-Amchitieatoatbutdd@uirolldderot04ta ?Mtﬁnﬁ'?@t(fy}f&é’ﬂlg QoroPtih g 8Re
r ot ationalgﬁ(gee rees-of -freedom as  needed to scan the shape of the bl ade 8.
A used bl , Mk foplude 4 eberlen heusing comprisingra imechérigne foo adjustabbni nal

bl ade, s A | ' el he sa l.ocat.ion and

ori ent at imc%ﬁ%lglné)? ﬁgﬂ%%ea%’g g‘??na%g ngﬁé[%ﬁ%%}rﬁ' n%‘ﬂ &E?I %ﬁ%orﬁepgelﬁsg’ﬁh’é#gtr{?%e,

al | owi ng /¢ teelpmipad dooamuppdr ot iofrihe plerkirat Worin(am@uicap]pasgti&,ﬂld@éfs&es ( :3_
ade deformation

mn)). T conputer 60 i s opera for recognizing both b €
and bl adre]ﬁeaﬁw& b ditodie a8 ﬁéﬁ’ g_l?gs&i %%er_trPCffﬁ il theedisplasament-aensing | ed
nmachi ne Gobies 68PBEMB! BerbOidi® AN 18 tBY surfict NG Mk %ﬁ' &> %?p'lﬂga dEaRl.ade 8.
During bl ade 8 machi ni ng, t ool wear may occur. or ‘exanple, @ new cutting
tool 68 SElbedimantnithe hladpgnanbeglaatped e anp gositibn gelptivcsthe simce ¢furi ng t he
nmachi ni n .0 und 0 ar. The conputer 60 may recognj ze tool wear
by noti ngh‘gp" et\%]{) lgtﬂl'1 oy 9{) %Ed\é\fgstpﬁﬂf?mﬁ’éﬁﬁnﬁ‘é‘& pyabg 06 J‘yrﬂf tAQetionigE 98¢t h st or ed
in the caofirigethe Ghdefd] A kivvén deBiMgMEARMayt 5@6&@% bt §OndTi¥ et
cal cul ate Eew t ool tpat h that corrects for too ar. 10
the operation of the measurement and machining system.

The rotatable platform may further include a rotary slide assembly, a bearing

assembly, a drive assembly, a 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 operablé 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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Referring nowto FIG 4, the procedures for machining a wel d-repaired bl ade
8 using the neasurenent and nmachi ning systemare shown. Initially, a

nom nal NC tool path is created (Bl ock 82) based on the nom nal shape of
the bl ade (Block 80) fromthe nmanufacturer and the bl ades

posi tion/ . ' t NC machi ne 62. The nom nal ., shape is .al so used
to creat eggae?ﬁfﬁ{'?%évggor g&-(‘gﬁl&&mg urgspior machingme a yeldrrepaited blade $preBe tip on

the bl adetteanémusenpeai dreidnachiang spser hatdghobs, RIAIS D ASthRaPNE! BoPg i xture
on the NC machjne 62. The use% | ade 8, 0Whi ch i|Ms?’geom3t ??%Igltpgpé% lar to

its nom nil cregedfalock 831 based onptbe inomaned shipe efpthe dtadvadidok $0efremartke | ocat i on

and orien Molamale ' : t.he nom nal ade, .is_assuned to be,

al | owi ng gﬁ%ié@t al na%&rlglgrﬁmfgg b 8%%@???%@%“&@@5&%&&%%6% i nominah e pyed

by the noshapals 2D wsodlo @aith ah NG pﬂigtar@tBlobl@MﬁﬂhﬁQ'laﬁ&?Wﬂ[‘hfo%%lﬂ%;]ﬂ}gbepr obe 66
0 e bl ade

(Bl ock 86 orientation and | ocation of th 8 are

. 1 f. the, shape, i
perf ect | yt)llf ﬂ’éﬂ?aﬂédeafg%f’ﬁ?ﬂaéw@f The asedorlndais nistuated, onthe ckiswping fiviatd on r egi st er
no devi atihe@mNC apRehin® 0B gien) | . f d, wever .  if deviations do
occur, as is t g&l cal I’y ?%leemg%ggw\gmé th hg\%ecﬁag gée)(%% Flg%}h%lglblg%t%fs E%Waﬁ
devi at i ongadss shwild bapositidredpn approginsatell thd@ntOdpationlna Ofeh@libdn fid ti - axi s
machi ne 71% are c%ﬁéaured ith the conputer 60 (Block 88). By synchronizing

the x, v, aching, At P8 g! Plade, is asmsgsto peomlewiagdr sertaiseamenitseinsi ng

probe 66,poditdngl ERRAELENThe BRAe ist ' n the
as-rreasurped _blnade and thee nome r?afl&{slﬁlgggﬂ?%%g%ﬂgﬁlﬂég)%g%g%%t%hﬁgfe
3- di mensitBhdisplapgmentsensingnpnobe 66 (Bloch@6h Iftht BRapeqroriedtatich ariClocstiong t o t he

collecte t C ter 60 and, sent. pback to_ the NC machi ne 62 to
mill the%fgﬁéagleagggp%g 8?@%5’_ ‘?%F%‘E&_aég‘}‘_.’seéfég%ﬂiowwé bladeqthersepsorgvills he bl ade
0 e

di spl acenent - sensi ng Qrobe 66 and the bl ade 8 by neans o
pl at f or mPPBaftis thuCallyribe case- with tielsh-tepaired blndesdl isschndetiativns 32 wellhs

ks L I L R
the nul t computsr f@¢Blook 83%. Bynsyatigonizing the %, v, z coordinates and the readings
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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operational node, both the platform 70 and the nulti-axis machine 72 may be
used to cause notion between the probe 66 and the blade 8 until the probe
66 is in a predetermned position relative to a surface of the bl ade 8,

such as the trailing edge. Then, relative notion between the probe 66 and
the blade 8 is caused so that the probe 66 in an initial direction to the
surface ofnofiﬁ’es%ﬁzfaé’v Iy 08RG feight vatiations detwasn £ weldedheagionl andreden- such as

when sensiRmch e | &b .egi on..and un- wel ded
regi on of the st@%ggﬁ{gf t %@g%@?%ﬁ%&"%ﬂf gﬁglg%ﬁ%wggwgo@ﬁ?gﬁnsgﬁ t he
sensor  assemblyyrelabivatd the Haletdhis sbilatet e tip sihb pidbatestiBen tomagfwitihe probe
66 is in @ontma%% V\Hh téle surface of the hlade 8 region to be neasured. In
a non- cont'ScPIRBHE! he flpdes8 regipp o bRaneasursd. dnja nonsreniaciaeeden sich ene

pr edet er nivhesltheagdel P13 RinpgtHEHHRASHe | Ctined Rk Rulgs not in
contact with the surface gflhfche bfg{%eﬂrggéérkﬁgnegoé?%ﬁltog:b?ggé%@J]ﬁgu%}?ograrmed
for | ocatthathsmaobeetips isrmotdn eorftact withethefsutfatcceofethit bixkle 8. sThef @asepér 60 he bl ade

8, such i;on, qr praogranmed to. measure the surface of the

bl ade 8 ?I%a p é\/%%%?%}ﬁé’tgg f‘(?)r&pceﬁlﬂgﬁngli CHsULRE Asfeatpr of interashef aswaeR fbnt of
the presehe bladeed)sicinas & heldedtegioh, 8HaRe: Y, jhed as
t he al reg:ggq?gi_st_ortedasshape of %‘lhe bl ade,zglf]nﬁnﬁcbiH ?ﬁgsu\%epﬁ-srug%g?gggﬁépegi on.

As a bla IngESesmtisgip fos cpwldple segipns. d service, the bl ades geonetry nay
deviate significantly fromits nom nal shape. Thus, the tool path nay be

cust om zqg J085E £ each individual. bl.ade,  For

exanpl e, i 4 he&t‘%ﬁ%"gg’?“ﬁtggt%?r%%ﬁgﬁg’f"%&’e“ ’ qoglﬂ?lsgb?ﬂ?g(’f&b@a&%s Hifage, as

i s sonet ibessfintrbascthe elreddylisatdddhapapf ®e Stide Dhame she wélhteeﬁai@d@egoi'gﬂ 38 shape
may be e?lgr aﬁg%ﬁtﬁﬂ% gased on a blﬁ d of .the nom nal geonetry. nce a used
‘bl ade 8 h¥s? LGP eRblssied dor Held L sppyice rthe tiasdes cepmelry esay dpeiate, v, z
coor di nakR&ifidaae KBk Adhifalt URRLS G2l y- tool . path and the

bl ade 8 %g%hi nte]}?j, thle senls%lrShg%éqnay Sbgf’éitJr)-lésitp(réﬁ{}%l égt%@g{%ngﬁ%%ﬁ%sl? & 66 to

t ake anothferctyaaliipa @f casth individshidpedeof Farkaahplkdif 18 foporiah B8l a®ladeur poses.

I f deviati.ons. _f:romthe.nom nal. .
819 Qﬁlsélﬁg fhé po damage, as is sometimes the case with solid compressor blades,

the blade tip 38 shape may be extrapolated based on a blend of the nominal geometry.

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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shape are still detected by the conputer 60, the conputer 60 may instruct
the NC nachine 62 to repeat the neasurenent and machi ni ng process. One
advant age provided by the systens and net hods of the present invention is
the elimnation of the need for using additional neasuring equi pnent, such

as coordi I ines and | aser,-scanners, thereb inimzin
t he cost s@%‘?&gggﬁg@é Iigﬁ? E)’Vrlrlegﬁﬂ%n%\ﬁ%? P TSRRIE HORS e YRS AR g’éﬁ"t"g}; nvent i og

is that obf-the neeseat -inpedtioneprnitie af tepairBe MBARPIER Mhethb@BrRT Ryrifthd M nat ed,
t hus reduci ng ccunul gted error due to nultiple set-ups, the overall cycle
time and PYBOTGgace sl fnther pdvanderraisithafebecause ke mehsumngaanidanachininhe need

to reconsyfe i hE; : asured data i ends to

i ntroduce s&frb]?gl?e&% %l:fl?gt;[ngbg (ﬂjgg ?%é uhl(ri@éléﬁ% %ﬂﬁﬁ‘frﬁ%ﬁé’ﬁac%ﬂa\l@?fgg\é& A still
12 furt herepaidveathadyefitse plesint whention arsivéll aried foPhiRal Naghars repdie Syst ens
and net holdegionof (ﬁhe Frlese t. invention provide a repairer an inproved nethod
for turbi &3 3a] MElHRleeiehbozing repain fegions. advant age is that because t he
measuri ng and machining nmethods are capable of inspecting and mlling the

entire sulfineappatmathef tlardhadepén %}fi‘)@ideﬂ,e Bl MBIHBO uL thel g%teﬂ{segne(f“

invention are well suited for handling large-area repair Tegions and
mul ti pl e Wehghber ithey Presprti invensigno metomatedi senajpgaameininatiiiaingt Hetemsharde been

provi ded, i e he syste and . net hods of the present

Mvent | o BoRcReRRREE AiloiG. BeieR 5 Wele el Mithodnet feaeesrr

r epai r i ngneéntivnihbvdbateiRscrided ROMIBEHRe 3 ﬁk?é?&daéﬁ%dﬁﬁhaﬁgﬁnc%xag{b‘fesp{ esené
odirnent s an

i nvention, have been described with reference to preferred e
exanpl es DAYy aer enbrdiments sadnereplem thayx perfires simeilar pfanétims aidiorl ar

functi onSeRy : hevesskkl ar. results. LAl such equi val ent .enbodi ments
and ex an&cgg%aggﬂ\?f t{:eghfl'ﬂ‘r%llS t%lz Ewgce%lé’r agepy?lﬂgo%nggtéﬁ{l Fﬁ‘ﬂf&ﬂﬁ i "Hh&“ g;}%e
i nt ended stepend tixopesead itygntidreanidairé Hitdnded €d B Everedsy thé A1Ring claims.
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1. A nethod for neasuring and machi ning a bl ade having a wel d-repaired
region, the weld-repaired region being selected fromthe group consisting
of a plate welded to a surface of the blade, a weld-filled crack repair

vol une, and conbi nations thereof, the nmethod conprising: neasuring the

bl ade having the weld-repaired region with a displacenent-sensing probe to
acquire a plurality of data corresponding to the actual shape of the bl ade
having the wel d- repaired region; conparing the data to a nom nal shape of
the blade to determne a plurality of three- dinmensional differences of the
bl adeltB\ISng the wel d-repaired region with respect to the nominal shape;
generating a nunerically-controlled tool path using the three dinensional

di f feeren jcal : I t j i.zed to blend the
el o opa qaeiheq SraHEBIUR, s FBhinRl, £ BIRR R BRI ol ik g ¢ e
vel dveidfrpaired regien beina selaeted iiwmitnesgroemtongistiog of a plate detdadito patifacof The

et bi.f L 1) i .- SeNS| S sel.ected from
e e ke Mk B, SR REFRROSHDIN I RSl
(LVDT), dnefisgiingthedlade hanitigahe oreld-eepalred egici withnclispaeaent-sasitg prot@s er

[ ' .. . Th h f cl 2, [ he.
o o 3 Sl £ LB B i snarSuitifo i) St Br Pl ginece A - o
mac hepairedpegiohl e for noving in x, y and z directions with other rotational

degrees of freedom as needed to scan the shape of the blade having the

wel d- r ep&PRgaring gy dat tora mpimeingtestiapel o6 thacblailert@ detatmeinei anplutadityl af threonpr i se
di spi,AGR : I 1. ngs ich.are recorded together with
pOSiH'EI ong@% diz&%%b%%f?ﬁgggg%%ﬁ}ég%g o%‘%wﬁ?ﬂaéfad A Y ir§Speﬁ3?:hTeﬁé’m1§5.‘l The
nmet kisapepf cl aim 1, wherein a nominal nunerically-controlled tool path is
created based on the ngm nal shape of the blade and the bl ade's position
on a numSFREAIng,2 agmeristilyaepntyobleditod, path using the three dimensional differences,

the numerically controlled path being customized to blend the weld-repaired region smoothly
with its adjacent surfaces; and blending the weld-repaired region using the numerically

controlled tool path.

2. The method of claim 1, 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, and a laser triangulation sensor.

3. The method of claim 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 the data comprise displacement-sensing probe readings
which are recorded together with positions of axes of the computer-controlled multi-axis

machine.

5. The method of claim 1, wherein a nominal numerically-controlled tool path is created
- “based on the nominal shape of the blade and the blade’s position on a numerically-controlled

machine,
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14 6. The nmethod of claim 1, wherein the nmeasuring recognizes both bl ade
deformation and bl ade m splacenent on a nunerically-controlled machine. 7.
The nethod of claim1, wherein the blending of the weld-repaired region is
performed wusing a cutting tool of a nunerically-controlled nachine. 8. A
system for neasuring and machi ning a bl ade having a wel d-repaired region;
the wel d- repaired region being selected fromthe group consisting of a
plate welded to a surface of a blade, a weld-filled crack repair vol une,
and conbi nations thereof, the system conprising: a displacenent-sensing
probe operable for neasuring a plurality of dinmensions of the blade in the
vel . r eparfeeethBdiof Riaift €APRYLR rth& %éru?fn & dgﬂ b Jek 'b%%ﬂ aﬁ@@@oﬂﬁ zéq%bl e for
movi ng the di spl acenent -<Sensi ng fth rrectt ond%as wel
as dilédermisplagement ah admgreeleallptorftroéledlmmchmescan t he shape of the blade in
the wel d-repaired region; an adjustable pl at f orm operabl e for hol di ng and

posi4 i oni t | ade. havi t.h - repaire a tqol hol der
COfT'p’il Si ng%a &ﬁ (?3? ﬁi)’]g’f “@%f V\ﬁﬁ?ﬁlgg Og?ﬁf d]vE‘ ﬁgﬂf‘?‘grmg‘ﬁndﬁ)ﬁﬁ& % with
and uspgraadutitng ool mmm@ﬁohnﬁcbﬂﬁﬂ%mkﬁﬁl%ﬁent sensing probe, the

mul ti-axis machine, the adjustable platformand the tool holder, wherein

the conmputer is further operable for recogni zing a deviation of t he bl ade

eorget r i . r i,ng. a nunerically-controll t ool
Dot cust bt R A AR faBfhog BRI 0GR VTR SRR 3 i on.
and regaérediragivh detgnieldcasd frompihe greupreshsistink @Fal flatéReled do aeR@fate bEGI ON ON
therbgﬁ de fﬁd’iﬂg‘%i suring the weld-repair region. 9. The system of claim S8,

> A WE %‘%‘rfél’ﬂ“ §%1H§ien@1‘im0§6%n4t@n§ iegof.che ﬁYSéfml eomprigingup
t f | LVDT d' ital
SonsT St ABfccheh- P, AP RSB RPLRINIL L DAABLO TP oL

10. birde llsslsﬂm}d-oépaubérergu&,, wherein the plurali t y of cutting tools are
operabl e f %Irnpme?-contr(gled multi-axis machine operable for moving the displacement-sensing
probe in the x, y and z directions as well as other rotational degrees of freedom to scan the shape
of the blade in the weld-repaired region;
an adjustable platform operable for holding and positioning the blade having the weld-
repaired region;
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-controlled tool path customized for machining the blade having the weld-
repaired region, and wherein the computer is programmed to locate the weld-repair region on

~ the blade for measuring the weld-repair region.
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, and a laser triangulation sensor.

10. The system of claim 8 , wherein the plurality of cutting tools are operable for blending

the weld-repaired region.
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‘coormlovidedby a franufabererdbetite arEpMdeanguiBeepifg system and the readings from

the weld-repaired region. 15 11. The systemof claim8 , wherein a
plurality of displacenent-sensing probe readings are recorded together
with a plurality of positions of axes of the conputer-controlled
multi-axis machine. 12. The systemof claim8 , wherein a nom nal
nunerically-controlled tool path is created based on the nom nal shape of
the bl ade and the bl ade's position on the adjustable platform 13. The
system of claim@8, wherein the nom nal shape conprises the shape of the

bl ad provi ded by a manufacturer before the blade is put into service. 14.
The E&zst em of EIGPKIED HheleEn P + Hehereini »aluglibpef ciwpicement-sensing rproluy

di st i 1 - air reaion. 15 t hod
For anags meTelrl dagthel vl PERy pESo RS ST I Sohdiatare il oq
r egi wnlti-iyas mgclgré.ect ed from the group consisting of a plate welded to a
surface of the airfoil, a weld- filled crack repair volunme, and

conbi nations thereof, conprising: providing the airfoil on a neasurenent
and TERChi THgste® be Olair 502 hiina AGMAR ol CAYER ol bt dapla Path
based on a nom nal shape of the airfolil and the arrfoll s*position on the
meastasedhen Bigaomardhshipepf¢lyshladn andehe biaielg positombn flai ddjuseabldyslatiemd- r epai r ed
region using a sensor to acquire a plurality of readings fromthe sensor

' f the airfoil; . [
v o 0f nsersegh bERR SRR Hony™s Frbs Smbysiins shipecptns blade

the sensor; nodifying the nom nal nunerically controlled (NC) tool path
based on the three- dinensional map to generate a custom zed NC tool path;

ool pat ey S dd ERNeih 30 Rl ddBe Bk s o R PR B rpr 1 sc
t he ogﬂmdﬂawm@hQMWéldirbpaimdwgided by a manufacturer before the airfoil is
put into service.
15. A method for repairing an airfoil having a weld-repaired region, the weld-repaired region
being selected from the group consisting of a plate welded to a surface of the airfoil, a weld-
filled crack repair volume, and combinations thereof, comprising: |
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 airfoil’s position on the measuring and machining system;
measuring the airfoil in the weld-repaired region using a sensor to acquire a plurality of

readings from the sensor corresponding to the actual shape of the airfoil;

creating a three-dimensional map by synchronizing a plurality of x, y and z coordinates
for the measurement and machining system and the readings from the sensor;

modifying the nominal numerically controlled (NC) tool path based on the three-

dimensional map to generate a customized NC tool path; and

blending the weld-repair region on the airfoil using the customized NC tool path..

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

provided by a manufacturer before the airfoil is put into service,
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16 17. The nethod of claim 15, wherein the nom nal shape conprises an
already distorted shape of the airfoil mnus the weld-repaired region. 18.
The met hod of claim 17, wherein the sensor is nmounted on a
conputer-controlled nulti- axis machine operable for noving in x, y and z
directions wwth other rotational degrees of freedomas needed to scan the
shape of the airfoil having the weld-repaired region. 19. The nethod of

cl aim 18, mherein t he sensor readings are recorded together with a

plurality, 0 Siti of _ax Qf t he conputer-controlled nulti-axis

machi ne. H%ﬁlé)dn‘éf E%Hn o c‘,"f ﬁﬁﬂ!ﬁ sHaRth eorsprises ran; alregdy alistexted r om
t he ﬁﬁp@@f‘tﬁ@ﬁﬁfoﬂmﬁﬂsg{ewad_r a%l% @ggg gEnt - sensing probe, a |linear variable
differential transforner (LVDI), igital dial indicator, a |aser

di stance sensor, and a Iaser trlangulatlon sensor. 21. A systemfor

f havi d- d
e R AR MR Fofe RN
Wel deik tmacking WptRbk: A mbwhﬁg ah{ G} bhnd 2 (Yi?elcﬁoﬁé W1ﬁ%tﬁé@f}%ﬂtigﬁ9£§{ﬁr¥éy ye, and

conbj nations thereof, conprising:” a nunerically-contr

di spresdenssneedsddp ﬁ@ﬁfﬁh@ﬁiﬁpﬁﬁﬁﬂw@tf@hham ﬂlﬂrvmiﬂ-c;qjahyd oapidir ol | ed ITB.ChI ne
and operable for acquiring a plurality of displacenent-sensing probe
readi ngs corresponding to the actual shape of the airfoil in the

vel d9r epdlihe methboruf daino hRUVREreiDPBE aBhr freidiAgdste lebEtdéd Rogether with a
dlsplacF éﬁt sen5|:@ proqﬁ readi ngs from the ~displacenent-sensing probe
and PRYRIY S ppsifipRsOTAxes A P campyteEertrodled awnlt-esis machinef or t he

nunerical ly-control |l ed machine using the displacement-sensing probe

readi ngs, wherein the 17 conputer is programred to |ocate the weld-repair

r eglzﬁn o hetestbod 6Hilkint b3, wisaeinthegenbdre inetldeted GO the lpf@lipQidnsiteh & gut ti ng
der .mount ed th nunerlcall control |l ed machi ne and _ bel ng

t |
cquRECEERTRIANG b0 o uG VBEER chiteisaRy. aereat (W Thob distisé oy
adaphdiehtdQa MSMsﬂaﬂ@e B dreiRPaSer hHpRMhtion sensor.

21. A system for measuring and machining an airfoil having a weld-repaired region, the
weld-repaired region being selected from the group consisting of a plate welded to a surface of

the airfoil, a weld-filled crack repair volume, and combinations thereof, comprising:

a numerically-controlled machine;
a displacement-sensing probe mounted on the numerically-controlled machine and

operable for acquiring a plurality of displacement-sensing probe readings corresponding to the

actual shape of the airfoil int the weld-repair region;

a computer operable for acquiring the displacement-sensing probe readings from the
displacement-sensing probe and for generating a numerically-controlled tool path for the

- numerically-controlled machine using the displacement-sensing probe readings, wherein the

17




on the airfoil. 22. The systemof claim 21, wherein the _

di spl acement - sensing probe is selected fromthe group consisting of. a

| i near variable differential transformer (LVDT), a digital dial indicator,
a laser distance sensor, and a |laser triangulation sensor. 23. The system
of claim21, wherein the nunerically-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 systgmdof cl ai hm 21, .
wher ei n he dis Iacerren sensin robe readi ngs are_recorde t oget her w
a pl TFY WS BFOEE Lﬂcatﬁt wgldglﬁpalﬁéegﬁmh@m Aufol Egrneasiringithegkeiine. 25.
The By&t ARG, afd @l M 21 wherein a nom nal numerically-controlled tool path
i's creatggI based on a nomi nal shape of the airfoil and the airfoil's _
position on the nunerically-controlled nachine. 26. The systemof claim

21, V\,hereln C ter er,able for rec both airfoil
def or mat i on “’8%@@? mﬂ‘l‘@ﬁ‘f&% 0t u%@%‘%ﬂﬁ‘i F‘E‘g]l“P? a%ﬁ §iRgPAEBPStachi ne.
18 witha plurahty of cutting tools, the cutting tools being adapted to blend the weld-repair region

on the airfoil.

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, and a laser triangulation sensor.

23. The system of claim 21, wherein the 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 claim 21, wherein the displacement-sensing probe readings are recorded

together with a plurality of positions of axes of the numerically-controlled machine.
25. The system of claim 21, wherein a nominal numerically-controlled tool path is created
based on a nominal shape of the airfoil and the airfoil’s position on the numerically-controlled

machine.

26. The system of claim 21, wherein the computer is operable for recognizing both airfoil
deformation and airfoil misplacement on the numerically-controlled machine.
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