TI P FABRI CATI ON FOR ROTOR BLADE OR STATOR VANE Al RFO L BACKGROUND

[ 0001] This invention relates generally to turbomachinery, and
specifically to rotor blade and stator vane airfoils for the
conpressor and turbine sections of a gas turbine engine, or the fan
section of a turbofan engines. In particular, the invention concerns
airfoil tip fabrication and restoration, and manufacturing,
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engi ne  delivered in the form of rotational energy in the shaft, reactive thrust from the exhaust, or both.
[0004] Small-scale gas turbines generally utilize a one-spool design, with co-rotating
compressor and turbine sections. Larger-scale combustion turbines including aircraft engines
and industrial gas turbines (IGTs) are typically arranged into a number of coaxially nested
spools, which operate at different pressures and temperatures, and rotate at different speeds.
[0005] The individual compressor and turbine sections in each spool are subdivided into
a number of stages, which are formed of alternating rows of rotor blade and stator vane airfoils.
The airfoils are shaped to turn, accelerate and compress the working fluid flow, and to generate
lift for conversion to rotational energy in the turbine.
[0006] Aviation applications include turbojet, turbofan, turboprop and turboshaft engine
configurations. Turbojets are an older design, in which thrust is generated primarily from the
exhaust. Modemn fixed-wing aircraft typically utilize turbofan and turboprop engines, in which
the low pressure spool is coupled to a propulsion fan or propeller. Turboshaft engines are used
on rotary-wing aircraft, including helicopters.
[0007] Across these applications, gas turbine engine components are subject to

substantial operational wear and tear {from working fluid, and exposed to high levels of rotational



configurations. Turbojets are an ol der design, in which thrust is
generated primarily fromthe exhaust. Mddern fixed-wing aircraft
typically utilize turbofan and turboprop engines, in which the | ow
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BRIEF DESCRIPTION OF THE DRAWINGS
[0011] FIG. 1 is a perspective view of an airfoil, illustrating displacement and rotation of

the tip section.

[0012] FIG.2A is a schematic illustration of the tip section of the airfoil, showing the
displacement.

[0013] FIG.2B is a schematic illustration of the tip section of the airfoil, showing the
rotation.

[0014] FIG. 3 is a schematic illustration of a locator apparatus for repositioning the tip

section of the airfoil.



[0011]FIG 1 is a perspective view of an airfoil, illustrating

di spl acenent and rotation of the tip section. [0012]FIG2A is a
schematic illustration of the tip section of the airfoil, show ng the
di spl acenent. [0013]FIG 2B is a schematic illustration of the tip
section of the airfoil, showing the rotation. [0014]FIG 3 is a
schematic illustration of a Iocator apparatus for repositioning the
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structure |n the tip section.
[00 PG C1;S a perspective view of an airfoil with additional structure in the tip

section.

[0017] FIG. 5A is a cross-sectional view of an airfoil tip with a stepped cross section.
[0018] FIG. 5B is a cross-sectional view of an airfoil tip with an elliptic cross section.
[0019] FIG. 5C is a cross-sectional view of an airfoil tip with a flat cross section.

[0020] FIG. 5D is a cross-sectional view of an airfoil tip with a grooved cross section.
foo21] FIG. 6 is block diagram illustrating a machining method for fabricating a tip

profile on an airfoil.

DETAILED DESCRIPTION
[0022] FIG. 1 is a perspective view of airfoil 10. Airfoil 10 extends axially from leading
edge 12 to trailing edge 14. Leading and trailing edges 12 and 14 extend radially from root
section 16 to tip section 18, defining pressure surface 20 (front) and suction surface 22 (back)
therebetween. Tip section 18 of airfoil 10 is translated from an original or nominal tip position
TP (dashed line), to displaced tip position TP' (solid line).
[0023] Displacement of tip section 18 may occur due to engine running, for example as a
result of stress and strain during operation of airfoil 10 in a gas turbine engine or other
turbomachine. Displacement may also occur due to interaction with a foreign or domestic body,
or as a result of variations in the manufacturing process. Tip section 18 may also be displaced
during manufacturing to accommodate centrifugal effects, which tend to reposition the tip
section 18 with respect to root section 16 during engine running.
[0024] In the particular example of FIG. 1, airfoil 10 includes inner platform 24 coupled
to root section 16. Platform 24 includes attachment feature 26 for mounting airfoil 10 to a
turbine, compressor or fan rotor. In other examples, airfoil 10 includes both inner and outer
platforms or shroud structures, cooling holes 28, and additional internal and external features.
Airfoil 10 can also be mounted to a rotor disk or hub using attachment 26 without platform 24, or
directly attached to a rotating component to form an integral bladed rotor or blisk, for example
by friction welding,.
[0025] During turbine operations, airfoil 10 is subject to bending stresses and wear

effects due to abrasion, corrosion and impact. Tip section 18 of airfoil 10 is also subject to
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[0017]FIG 5A is a cross-sectional view of an airfoil tip with a
stepped cross section. [0018]FIG 5B is a cross-sectional view of an
airfoil tip with an elliptic cross section. [0019]FIG 5Cis a
cross-sectional view of an airfoil tip with a flat cross section.
[0020]FIG 5D is a cross-sectional view of an airfoil tip with a
grooved cross section. [0021]FIG 6 is block diagramillustrating a
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friction p\xlf\gclege! 83%escribed above. Regardless, tip displacement complicates both tip fabrication and tip

restoration, because actual tip position TP' is translated with respect to nominal tip position TP,
and actual coordinates (X', ¥', z') are rotated with respect to nominal coordinates (x, vy, z).

[0029] As a result, the original machining path defined in terms of original position TP
and root attachment 26 (or other machining datum adjacent root section 16) may be unsuitable
for fabricating tip section 18 in its actual (engine run or displaced) position TP'. Different
machining and tip restoration techniques are thus desired, in order to accurately fabricate the
nominal tip profile of airfoil 10 without respect to the displacement and rotation of tip section 18.
[0030] FIG. 2A is a schematic illustration of airfoil 10, showing the translation of tip
section 18 from nominal position TP (dashed lines) to actual TP' (solid lines). As shown in the
figure, nominal (e.g., pre-engine running) coordinate system (x, y, z) defines origin O for
nominal tip position TP, and actual (engine-run or otherwise displaced) coordinates (x', y', z")
define origin O' for engine-run tip position TP'. Displaced tip position TP' is shifted from
nominal position TP by displacement D, as defined between origins O and O".

[0031] When airfoil 10 is mounted in a turbomachine, the original z axis is defined in a

generally radial or spanwise direction, substantially perpendicular to turbine rotational axis (or



[ 0025] During turbine operations, airfoil 10 is subject to bending
stresses and wear effects due to abrasion, corrosion and inpact. Tip
section 18 of airfoil 10 is also subject to rotational contact with
t he adj acent casing, resulting in additional wear. As a result,

mai ntenance is required to restore tip section 18 to its nom nal
(original) height and cross-sectional profile. [0026]The tip profile
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original (nominal) origin O. Displacement D may also be expressed as a magnitude, where

D=A + Ay +A2% . [1]
[0035] In some applications, displacement D occurs substantially in the (x, y) or axial-
circumferential plane, with a relatively small component Az along the radial direction or z axis.
In these applications, displacement D may be approximated to first or second order by Az = 0.
Alternatively, the z displacement is more substantial, and the full form of Equation 1 is used.
[0036] FIG. 2B is a schematic illustration of airfoil 10, showing the rotation of displaced
tip section 18. Tip section 18 of airfoil 10 has engine-run position TP, as defined with respect to
displaced coordinate system (X', y', z'). As shown in FIG. 2B, origin O of nominal coordinate
system (X, v, z) has been translated to displaced origin O, in order to illustrate the relative

rotation of displaced coordinates axes (x, ¥, z').



section 18 from nom nal position TP (dashed lines) to actual TP
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translation of engine-run airfoil 10 w1th replacement tip {or other tip fabrication portion) 34.

Locator apparatus 30 includes locator blocks (or locators) 31 and 32, which are coupled to
reference section 36 of airfoil 10, adjacent tip section 18.

[0041] Atrfoil 10 is conditioned or reconditioned by grinding or machining tip section
18, for example to achieve a particular height or remove cracks and other wear features, then
attaching tip fabrication portion 34, for example in the form of a weldment. Locator blocks 31
and 32 re-locate tip section 18 from displaced position TP' to nominal position TP, allowing the
tip profile to be fabricated by machining tip fabrication portion 34 according to the original part
model, irrespective of displacement D and rotation angles ¢, G and y.

[0042] In particular, locator blocks 31 and 32 rotate and translate reference section 36 of
airfoil 10 to locate tip fabrication portion 34 in original {or nominal) tip position TP, with

coordinate axes aligned according to the nominal machining orientation of tip section 18. In this



circunferential plane, with a relatively small conmponent Az al ong the
radial direction or z axis. In these applications, displacenent D nmay
be approximated to first or second order by Az 0. Alternatively, the
z displacenent is nore substantial, and the full form of Equation 1
is used. [0036]FIG 2B is a schematic illustration of airfoil 10,
showi ng the rotation of displaced tip section 18. Tip section 18 of
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as measur ed .abou r adi al aX|s zZ! in,the ro aied X'

o 11 r SUCPHORAD S Ieat & i, Seiognmis OBt hBE gritang el gr Garing the

[ 0040] FI @Grandfdcturgpedtesgat i ¢ illustration of locator apparatus 30 for
rotation and trans ation of engine-run airfoil 10 with repl acenent

tip (or dPOA tip PaobpwatindAGpoyr tip Sbyication pesten 8t papipdasaiiheil 30 with at least
I ncl udes }J.06.af .40 g% (agr ﬁr? 8}(«%}1 éé&t 84fbn3% an%hﬁfﬁa%r%& @9911 £hdured
reference section of alr Ol 1 | acent tlp sectl on
[0041] Ai rffami frodt Gedt®nclinti ¢rigorvedn erigire©bnlbtateriedcksys Igandnifl regootion and rotate
machi ni ng L ie% sec% on
eference section 36 of airfoil 10 to provide tip fabrication portion 34 in nominal tip position TP,
with displaced coordinate axes (x', ¥', and z") of displaced tip section 18 oriented along nominal
machining axes (X, y, z), as defined before displacement, e.g., by engine running.
[0046] Thus, replacement tip (tip fabrication portion) 34 has the nominal machining
position and angular orientation as tip section 18, as defined before tip displacement, regardless
of any engine-run or other translation and rotation, and without respect to the relative location of

root section 16 and attachment 26. This allows machining path MP for machine tool 41 to be

defined with respect to new machining datum 37 on reference section 36 of airfoil 10,



18, for exanple to achieve a particular height or renove cracks and
ot her wear features, then attaching tip fabrication portion 34, for
exanple in the formof a weldnent. Locator blocks 31 and 32 re-locate
tip section 18 from di splaced position TP' to nom nal position TP,
allowing the tip profile to be fabncated by machining tip fabrication

portion 34 according to the original part nodel , in-espective of
di spl ace otatr an nd y 00 cul ar
oont or - BrperteSE I B 3ReARaE Bnf vot AP0 HERL AT SBTEIRY B et

airfoil 16cation bbeat &ctidipl § atalrangaﬁacﬁimrrg@efet@ae Bﬁdannn ohiag@dhédent 29.

nomi nal ) position TP, w th coordi nat xes aligned acc i ng
t he nom r{g'?f Thachi nNFY Bethinipg dagm 37 it 31?;? @Q&S.a&nacm Or h'n*f%fge eroitee point for

process, rﬁdcﬁmﬁ?géﬁétf?%%n't?p Ebabsloat ek Dierdiedh SRIEN mRHifng datum 37
nom nal origin rotated (or contra-rotated) by one or nore

rotati onaflan@m@b%reﬁerenearsdctgﬁn 34s adﬂm‘r fih exftiabdbe Szmlrharb’o theguysition of theeoriginal
coor o nal Gty lihSAREOHL RS sl APFLER L8 R0k B et B4 blecnt roor
pr oper posr orl én ricat e ’or ore

cont our masﬁdlﬁn t he ori gi nal part nDdeI as defrned bef ore engrne

runni ng, W fhout respect to _the dis | acenent, and rotatron of ac
(di spl acéﬁ@‘}fﬁ ip poéstﬁlerawnﬂﬁ 16 a‘hg‘ r}ézg%rr BYvE £efersnog falum 74 .squse@r plgser to
of the bladgiiNObakeripl ﬁran 1%& deabiicReds baliopor t@Rf3is, F\J/lﬁch ‘Jsué Spfed from
schematic illustration of machine aﬂﬁaratus 40, configured t

r

fabri cat enashiningspask MR byigrbstantially therfubiblede height B of imase.ofn errastether shartest
18 of air I 4

32 coupl St AR LASARDAANP e B Ss1 A LR B PBIETe Ao and
nmachi ne ttgﬂbail@']leisahaml’m mwagytpemeﬁtadfrhiazhtherght bbrttmmersaldy, new machining datum
[ 0044] Machi.ne to 41 incl yde r|n ot he i Ni.ng .ot
cutting e’ﬁr}e‘ﬁérﬁc g Erorle@%reétl?fhiﬁ ﬁr%‘ J@?C&rl?rogt gt Bygore ¢ %’E{g}“ Lot sgeht H,
or nmachi Ringaltyl Rork Wl s@f?’én'tyﬁ& eﬁ’Q{ Mg_)baeer%faiaaagelgmhl hing path IVP- I'n

this techni que, machi ni ng based on the original part node

of airfoilP04Bd, but This @@frﬁ%erifhe@b@dtp fabripatignr tehaiquins evlepae meckise path MP is
machi ni ”Qieﬂ@%&‘%h %gs ﬁ& 15 %fcﬁ t1 550 SR qp aﬁgchjﬁe"ﬁ{ E or Eﬂgﬂm{ Po%‘i sectlo 16, with
at t achnen or ‘ot Ining reference or d acent root
section lbe mhthising mdeﬂemm segarpatl WroMPthd&qm@hﬂleybpmatdﬁam bdlfof Mede height H,

osition o seqti t t ew . i ni datum 37 .and
P heent st Bl & osafhad bt H BERPH bet BiuflS MERCR, Ja e Sl siiGie, he
di spl acengifal fdsittdnbiapcdeb@ih 18is desptraraed fidi th8 GoRREl RACKIHRABI ﬂi &r example due
during the manufacturing grocess 0045] As shown in FIG tip

fabri cat i®RensiRg diwisting ebgiried d Oagifendyringpngine futng Qs pag ghihg aanufacturing
bl ade heuggkfﬁ as defined between root section 16 and original

origin 0,7 or as nmeasured fromroot section 16 to engine-run origin

0. LocalmﬂﬂhlocksV@mnandwR@ngapﬁshﬂimnbﬁndimmhatgmmebewenmeﬂmmngﬂmmn13?

36 of airfoil 10 oV i de fabri |on rti.on 34.in nonina p
ool ti on TpBeve o BhRiA die Bl il pRGY dna FRilip forRfh fiincided. Prnis
di spl acedillbivp tipEBbric@fon Bo@bh Sﬂtttﬁde a&@mem@xﬁacnalbd BREHioNi (hg 0BXes fai, mydel, in
z), as defined before displacenent i ne runni ng

[ 0046] Thuderrtapradentliet namigal Ep Pt %rircga%nd@ﬁﬂ ? of en¥% ﬁasplaaerﬁea% of petation of tip
nom nal r%&!}ﬂnﬁ'S%tfP&%eﬁiﬂﬂo@&@ct%ﬁgw&H19& Qél‘@ﬁén?%.as tip section 18,

as define ore ti I spl acenent regar |'ess of any engi ne-run or
ot her trdfA8%1dti on ernd me(dtcsltqfcfﬂiﬁ 4nchtvestshrotht adap@\rﬁantc}ﬂm'mg teehmeleat inwehich the

| ocati on of ,r oot tt achnment

bath b PR pE S euted Bt R oh SRANER R it PRep A ARG Hlaidh win

machi ni ngeshatium rddt RotidselGrenaadpeettiron okl Iapahioilkr, Qisting forms of adaptive
machining require highly accurate measurements, and the blade height creates a substantial lever

arm that amplifies any angular displacement between root section 16 and the machining path on



i ndependent of the tip displacenment and rotation, and independent of

the relative or absolute | ocation of root section 16 and any

machi ni ng reference or datum on attachnment 26. [0047] New nmachi ni ng
datum 37 is defined as an actual or virtual reference point for

machi ning path MP on tip fabrication portion 34, where the position

of machi ning datum 37 varies along reference section 36, adjacent tip
section 18.. Simlarly. the position, of the original.machining danm .
vari es ontaSrthif Seinn B AR b Rk e R ARG Ay BMming 1o
adj acent us®ahess esxisting tdchnidu204:81b8st showistednaifbll, Becalsevwdve requieWhat all six

reference datum 37 is substantially clos o machi.ning path MP than
root att & b gotafigat 8 : iﬁ“F‘Bﬁmlﬁa&“ Fg‘}”‘r Sﬁ%‘“&‘pﬁcg’daf‘fe&nlﬁ?gh Hegree of
machi ni ngcRRidy iVBrdlY toMRHiRthé a# b thellidsirbh adrdghihioldhincgr nmore.

In contrast, the shortest radial distance from machining path MP to
new dat utP®Zli s | edachinarepharetus g0 @resepmen dhephtlimpitationgl by yysingalorgtor blogks 31

than ten . cent- of hl i . . . .
mahi n ndaae o5 Pastk AERE ARl lop PAIE b I ndhinHINGRREL oMy, yith machine
dat um by toaird@ fohaningathe oridfindd nadBinhe pgttt toHabrioapd £adrhipalnroBletdagip section 18, as

seventy oy .eighty percen f.blade height H [0Q49] This contrasts
with ot h&FfRg xéﬁrnaea}??fiﬁh%?f@&%mg&welgflg%é’r Bt]’%ﬁgﬁi’ﬂ%ﬁ‘bﬁ&f-h%ﬁ&i‘lg apparatus 40
defined widohreli@eP@Ebrst Serdp A Tﬁ@ﬁ‘tﬁgé 8ad todRhALN 28 nRhHRGHERN tnd6al@fations, with

adj acent root section 16, with the machining reference separated from
t he machilefsngaghaning Biynerprde conidiechigk fallopirfoiladd Hep ghiventrlassuenst b pragessgd in

all of bl ' i . t
oL 0! s Sl S AR LG by BFOVB! B on
t he nom nid samectuiginalpapahédel,fwithoax segpidetodtie displabemeatit agd astatidnve sty segtion 18

of airfoil. 10, ejther duri engi ne running or as part of the
manuf act (AHGSRSF D048 SesiSid) Wher e machi ning path MP is defined with

respect tjgo3xgw MECIFGI NG JRhedh/vieR WRRRine afpARES 10 BRdatiREErg biM@storing a
nom nal machining path and actual tip |ocation coincide. This allows
tip fabrinegtpadsipgueiileon adod d0.pHugEEng aredthodyies masbigingzasiddiopnl sipeture on tip
ori gi nal LN -onear L Slentig 1 A I o
ndapenddarly B eho iR AT e el AR ol b BLESL SR qion 10
respect thy madinisetipifebrichGompdrticodd dAengamhecient p@b . MP,0431ddeHeighe tthoMachine

mmchi ni ng Bl FavRebanchr SFBeb AL a g hoALToNErte Grophafl Fbett ® new

di spl acerrithirad}d d6@ABT7 @R Wdrénce &P 36,0indgRhd&R Cifi 108 rdidtivedtisplacement and
adj acent root datum |n particular, existing forns of adaptive

machi ni ngoRBeOF & Hegkny | el rstsciniod9at &vaeR 40, enwith fespettdae drsigipr other
creates %M%@Q?ér&lce'a@‘é@ém ?Joﬁrhécﬁéﬁ 1@mpl i fies any angul ar

di spl acenent ween root section 16 and the machining path on
engi ne-r UA034]p sectlh de mdticuls caapplactiFe@l 5,matdhere, toolver dfmdaines seal feature 50

difficult _and.ti.ne. consum t 0o _use,these exj.stin echnj que on. bent .
or tvi st &8 W ptifsh HREH 88 ol RPle g Bhe ool Fo e Adut Raving o
r ot at i onakeppadiotionpupaiesfeRtsemih Abki@s rddRligeperdinetatdodertiy shrfatedas shown
degree of accuracy . in qgrder to. machine the tip profile to . the desired
accur acy 18 AdGt e AdlgEgtively, machine tool 41 defines a sharp or rounded elliptic tip section 52 on
tip fabrication portion 34, as shown in FIG. 5B, or flat tip section 53, as shown in Fig. 5C. In
other examples, machine tool 41 defines a grooved seal feature or other grooved tip feature 54 on
tip fabrication portion 34, as shown in FIG. 5D.
[0055] FIG. 6 is a block diagram illustrating machining method 60 for fabricating or
restoring the tip profile of an airfoil. Machining method 60 includes identifying and verifying

the tip position (step 62), forming a tip fabrication portion (step 64) on the airfoil, defining a



100521Machi ne apparatus 40 overcones these limtations by using

| ocator bl ocks 31 and 32 to position tip fabrication portion 34 in
the nom nal machining orientation, with machi ne tool 41 follow ng the
original machining path to fabricate a nom nal profile on tip section
18, as defined by the part nodel before engine running or other

di spl acenent. Machi ne apparatus 40 al so reduces errors, scrap and

wast age due, t o inaccurate .reasurepen a calculations, mith,less .
machi ot g PR B BUFERCISTT horr BF) E0aGH oL OE Sonuth fuecie e v
be processstdni(dles68)36 anbnalal ¥p poiticaskl ABAORIMhg thiSiongns upSirailt (add 30).

the sane machining path NIP, and based on the sane original part i
model , wilt®6ht reglr 8100 Niothods Wpa %%tar%\ﬁﬁn?‘f?g:]ﬁ BY¢© Pmﬁi(gte%e'@ iPEIRT o
18 Wi th FSSREEthel B TAPLaRRCHIAh 28a EHARAE! G o? WelddertCNEMRH#HBAMI B¥hods,
of machi ne apparatus 40 for fabricating or restoring a nomnal tip
profil e dorator blasks ark@oupled s theatiermyca sssivh odjadeant thedphieniiony(stepdidd.iinmader to
structure_Q LR..sec¢t.ion 18. .As. shown.in Fl.C: chi ne 0] . .
Fabr 1 cat setne s RbARn PssGF iy 4 WA piffon Fue TG It gechine e o
f abri cat ipegfilpoti iftrthed 4nah @3 gadditidtiah €eap at hipMatuses chh athe Heem@adhindd. onto the tip
Machine path MP is based op the original part nodel of airfoil 10,

and defi %‘?W%%‘bé&e’? 7@8 new machi ni ng datum 37 on reference

section _:fﬁbsqndepe@@ﬁﬂting)fhet QideShLARdr enhvaR | REeBN tipaRdidoat @k @0) Hcludes
tip section 18 with réspect to root section 16, or with respect to a
dat um or idaksrngrthetdisilangd rtief rastivseolza) aideiht for epample efteromei®. TUpEOS A [dyring
the parti r, e I ! [ t def |

feature SitbRenfiEeRinings o Gyt RREN S Restthe Byl B\ RERot o he
or anot hepmsedkip@bsition fregdnerng tharémigalaos bagpsljl tippocooi sulefided with respect to
cross-section 51 with rfadi al L% spaced | nner and outer %i p urfscgﬁ,

as shown % "RLCSeCHAL BeiPES ABRING YN pHeN ot JBY PAE Befifingden, W dgle was
or roundeghngkdchpid c tip section 52 on tip fabrication portion 34, as
shown in FIG 5B, or flat tip section 53, as shown in Fig. 5C In i
ot her exd®§fi8s, nadhe tie sedon lmomelﬁmn&gnan@@m@asa@éaromgdum@nmufacmmg,

ot her gr 14 f 4 i i catd rti , :
' F G SR PRt P ey Bl ofled MRl P IhaBRle 4ol B e M Mhbribed
met hod 6@bbwar. Ifalbr degadel afgipolosy; d&placemegnt oh eotbtiqn @rcedds laslesign dmigithd diade may
Machi ni ng net hod 60, i ncl ud identifying and verjifying t t] .
posi t 1 on S SUERER T Yo ARFAY S ey ot T TR BhibTenel of i dspeef t loss
the ai rf Glidplacei@bith SotRion e MHsHihag tikatrddPetbilcdet RHRIBRGRINTES e Dlade $pQRn be
66) adj acent the tip section, relocating the tip section (step 68) to

a nom nalreqongitigped erjfalyicated aceuiging dampefypg chodiofal tip profile (step
70). [00 sone eat. . - ol

() e 73R 20T FELARGS o SR HL BRE1 Sy SARUEI /B Mo, 1
r epl acenesntallen galerainhelsdmighn spaniheighd df & ifon alcheetfeds thel tpcatayror hdse dikgt may be

| ed t.o t f - di C the ti ; g
2ay, 1 SRt e oA of GO EL PO ol ane s SR istsapo ity
poSi ti oN LRREMO! @R igki-ealef MifoilR Gl IvAINEG oilpeesbdrinAt@bink QirfdiR Wikl $pagheights of

nmet hods, additional seal or tip features can also be nmachined onto i
the tip fBee ithamt 3 &y W@h?si 18nging ttnéf,anmljfpﬂs with span heights of a few feet or more, the tip

wear or loss limit may be larger, for example 0.200 inch (5.08 mm) or more. For rotations, a
substantially scale invariant fabrication, conditioning or reconditioning limit may be defined, for
example about one degree or less ( <1°), or about two degrees or less (< 2°).

[0060] Forming a tip fabrication portion or replacement tip (step 64) provides the tip
section of the airfoil at its nominal height, as defined by the part model. Typically, the airfoil tip

may be ground or machined (step 72) to remove cracks, pits, abrasions and other features, and

~10-



[ 0057] Verifying the engine-run or otherw se displaced tip position
(step 62) includes identifying the displaced tip position of an
airfoil, for exanple after engine running or during manufacturing,
and determ ning a displacenent and at | east one rotation angle with
respect to the nomnal tip position. In general, the nom nal (or
original) tip position is defined with respect to the root section,

bef ore engj nni.hg, on._t i del en.the. bl ade S

manut act arape (GRSt 56 elBeiedf RR:pmPR G bt Pkl BpEptE g grovne
or groundurtited Nng manuf acturing, and the airfoil tip is translated and

r ot at ed o airfoil | oadi nd ot her effects, as described above, .
If the dﬁé& of t&ar RS ﬁoa%gﬂa%aeﬁﬁgﬂw Bictal GYoskRigRes: tﬂe@@d@blaca&egip@ﬁwn Is
limt, thenbhRde Ry P8 wekhRRDesh exaﬁgletﬂaewémﬁgrar, thll B0 PBYoNBE (P BF the airfoil,
reconditioned or fabricated. If the degrees of tip |oss, displacenent

and r ot atdrdy ahe addisiye mpghing ipegaessees ﬁé‘fmaﬁwlyammal pomiirgatd etherstechniques
he bl ad ' it 0F ' .ed. i t :
the a earé {ls%ﬁ,gigp %%%%%%g@?@a%eomgﬁ 1Ees oﬁgra}nﬁf%l%%g?clﬁ}o rIJ.('iI '(;Qs%f Io%.utbgtal\lltéql >\;Vf:ar,

machi ni ng net ric on ‘an econdi troni ng
wi t h ai r fteblorsicte samredssdtehesldhactt or sip fhbiricatiad patioscabke baukddid srde tdprovide

span height of.a.few]j s, aof less, the tip wear or loss |limt may

be 0. OSOQ‘F‘?]?:‘EHO’(IW@?“M%G&P‘Je‘ggt; or 0.100 inch (2 54 mm or less, and

the tip doedd)acemeMefihingl 4 mABYnRE it (@6p 66N plofRE 256 GeRidnEObbSit for the
| R hts of hore

i ncludi ng conpressor and turbine airfoils with span hei ghts of nor

than a féwachipénerath.agrng wsd fia Aabaicpte oir restere the soraimalhei agisial profde tathe tip.

feet or p I fo i . I el f xanmpl e .
0200 1 nal Pt Erbes Brat ey g, v, RBhiR g (BLAcef L E LB R fent i
i nvar i antcldsabwi thatmamhjnic pdibt irathemthaorinr tae andi téction,nghichnist sepmytedefrom the
defined, for.exanple about .qne degree qr.less ( .1), or about two
degrees di® H’é%gltr’g%??y S“F’é@%@ﬂq&d}lﬁﬁﬂidﬁ%{ic&eﬁhf'abri cation portion or

repl acemgoge3yi p (Strap déflacl 6y s&hdidn ihRlddaikd 86 GWb_I)DfraﬁsTh%ioﬁlaha QbthtiH of the
its nom nal height, as defined by the part nodel. Typi (_:all)é/q,r the )
ai rfoil tagPihegyichingithsutiel fafiricaien paeign(ist Bp mpminal dipr periiian Erapkehining. Tip
pits, abras] : Fri i A .
bt cpar o o aer A REEAPRE Rl Wi Sneclihe MK REGTIETF Bhdike BhE LGl B ip
surface. sg@@8]lpFdre sinise glokitipn bif able socarsdetamhént iveihstbadvdeliveil dmes] of hiee new

tip fabrication rtion i.s generally. for .as a weldnment, for

exanpl e WCM %&%aw&e&fm 5851°8 Jc?“frﬁg%tqupseﬁfont he airfoil, or by

ot her addogd4ye nachhieappPrck seitantidlly esduads Mediining RABISC Bbca@NHi MPwA KL tip
ot her technjiques are used, for exanple to fabricate tip profiles on

conposi t @TRHIP Pt Estored dengse erigisplyseciningpativesdelinebebre gpgige running, based
SecEeo%, 8 ELAERRLS-CoohnghSRRSOLLON. 0050 T e Wt i i
respect to the root. Processing time and etror rates are also reduced, because the machining path
is the same for every airfoil in the class, independent of the different rotations and displacements
that occur, which must be individually accounted for in other techniques.
[0065] For more accurate positioning, locator blocks can be coupled (step 74) to the
reference section, adjacent the tip section. This locator block placement reduces errors in
positioning and orientation of the tip fabrication portion, for additional improvement in
machining performance.
[0066] The tip profile is fabricated or restored (step 70) by machining the tip along a

machining path defined with respect to the reference section, independent of the root section. In

particular, the machining path is defined by the original part model of the airfoil, as described

11—



[ 0062] Defining a machi ning datum (step 66) provides a | ocal reference
point for the machining path, which is used to fabricate or restore

the nomnal or original profile to the tip. Machining errors are

reduced by defining a new nachi ni ng datum adj acent the repl acenent

tip, close to the machining path, rather than in the root section,

whi ch is separated fromthe machi ning path by substantially the full
Elya?reaggiag €, 1r{d912%1%131-1|‘;y %pﬁeg:erélg?tfogﬁt'{a or: enr ee%}%?lﬁ aglfngs agcp tlonal tip or
fabri cat isedl fpatrdcs are mmclmtbﬂ oamﬂea}eplacqanmsipt(s@p mprfofra:caJmpm Mgy ofTthp features

rel ocation i hout reference to the actual (displaced or
engi ne- rL‘i]ﬁﬁcr‘SB‘g élgj#ngfm ‘é) ssg%ta[’?fﬁa or the relative position of the
root sectipgyyy but irfe iddfhigad &@Jﬂb@@@eﬁeaﬁ@%ﬂ@aﬁlb%zhe@merrﬁ%bmmg d%idé@ﬂ by
and reference section adjacent the tip section. [0 hi s approach

subst ant iredre yhapdlmeehimmioliraicagn eihidy ease beckinneg cp@rdmatee\hssedm the ot section
profile to,p Gdj b 950‘?‘321%111%1’% bl Gsef &Y ﬁﬁbn%ﬁﬁu@'tf}tﬂ}gﬁlgaﬁe n%%hﬂﬁig' t@&%lques

bef ore engi ne runn|ng, ased on the origrn
i ndependeaib apialyawyeﬁ thareagiatiran tiprsectivhalt iratatedf fo'i' learaple @i dt Ietastpo M1 br at least

respect to ero ces tine and e ror rates are als

r educed, efséy BHIE arfrerie @é@g)palt G SeRraUSh A o5 sk §uc$h Piaipps pp also
the cl assis mslqmm@aloanyﬁq&%tﬁhnfth@ﬁﬁeﬁlmhgft@}&ﬂa%s and di spl acenment s

t hat occur, which nust be individually accounted for in other

t echni quda068] 0065] Pete el e archinirectolssaice iofistiRguishet fowr thp hagey etion and
be coupl i Qnt71417)11t§ gcirt !bgd{t%kﬁlr e&‘rcx%co%%g ?rg R 368 N 3G Apghcauons, for
uce ni ng

section. ocator Enent errors ’in positi
and ori erekahplemheh&aMmg mldrainelfcﬁmeam wofikei iohess flain t&dd‘lilSl(OJ@éiO inch, or 0.254

i mpr ovenent |n ma 066] The L.

( abr { cat b eBE i B4° TuBaD 0Bb FRBY thll gV Bicdhact . hwever, can i
nachi ni ng)e&@f)hecﬂﬁfléﬂ”l@@ AMdihtip %&@gaceuoowhsrertﬁﬁrﬁw&l@dﬁﬁﬁg it6lBrance, or by more
i ndependent of the root section articular, the machining path i

defi ned Bhanttdcegpisgrashininmiotersnsecpr @famnkebﬁaup §of-L0 nghesi@sxdrmmd gr more, or up
above, qglg@gn&glgg{._ %ﬁlgym&eo di spl acenent or rotation. In sone
i ona

appl i cations tip or seal features are machined onto the

repl acerrE[ﬂQ69t]| p (s¥éple76his fiorengéxanidse bacry ddsciited fvatt uretserdesar | bedhplary

in FIGS. d SA- § %bovg. g .
embo iments, it will be undérstood by those skilled in the art that various changes may be made
and equivalents may be substituted for elements thereof without departing from the spirit and
scope of the invention. In addition, modifications may be made to adapt a particular situation or
material to the teachings of the invention, without departing from the essential scope thereof.
Therefore, the invention is not limited to the particular embodiments disclosed herein, but

includes all embodiments falling within the scope of the appended claims.
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[ 0067] The techni ques described here are applicable when the tip

section is displaced by nore than the nmachi ne tol erance, in which

case machi ni ng coordi nates based on the root section or an adjacent

root datum are not useful for restoring the tip profile. The

machi ni ng techni ques al so apply when the engine-run tip section is
rotated, for exanple by at least 0.10 or at least 0.20, or by half a
degree (05 r one degree (1) or nore, where such rotations can

al so displ'ace the tip section by nore than the nachining tol erance.

[ 0068] Not e that the machining tol erance is distinguished fromthe
angul ar rlot ati on aﬁdndhs¢b@npmﬁm$ Iinits for conditioning or

recondi ti oni ng the(? g{ pp i ons ﬁﬁ exanpl e, .the

machi ni ng t ol er anc BRI ?Iigff‘ep‘ilﬂflpl QSlingn w28 rfoihhavig Hitp séctipn aacha root
inch, or 0.254 mm), or ls&ﬁ&nttH@@nélhéLﬂJﬂﬁl%@oilﬁ)orQQ@qﬁg"Q RispREeflent 24d rmbtatmn
thhining met hod 60, however, can stil e applied when the airfoil

tip is displaced by mor®ithpgsneettip gn ﬁﬁ%ﬁ?h‘i‘ﬁi@osﬁt&ﬂei"éﬁ'@@ thg pripgipalir position is
than tw ce this machi ni I i nches
(2.54 ) or more. or uﬁ&%r%eﬁ 8‘(’3‘5’8‘@5’%‘& tb e(rgé?%%n%ﬁ%\for%n 18e Qi

[ 0069] While this |ﬁmBHMgmnmhasnbeepcmeb@mpb@dommfﬂwamkﬁ;ence to

exenpl ary enbodi ne a1t vm dersto those skilled in th
art that various CHS%E%E‘%W éjgﬂie\féi’%?ﬁ‘% enfHy Weerem the machining

substituted for el ement aammaggﬁted/\fr&mwrode@aﬁ&ﬂ ng fromthe spirit

and scope of the |nvent|on In addition, modifications may be made to
adapt a particul ar TepYiaig B 1%"1*'?‘“%@@@1’5911 todogaie theagelrcameat tp in fhe original tip
i nvention, w thout depa

Therefore, t he |nvent|oR6$@gh%¥@P% gaﬁsgﬁhebgggg?%ﬁ%ggﬁgﬁ%odinents

di scl osed herein, machinngl tbde@@bmemrtbndommmmc:hmmgi prath tai tebtore 4 tig profile on
scope of the appended clLains. CLAIMS 1. .A nmethod. conpri o

i dentifying an engi ne- rh’r? etnglﬁle%%fﬂﬁwﬁhwi]%rfln% g}apﬁ&quﬁgw rﬁiﬁpgedt‘i"ﬁh respect
section and a root sect idfhe niddBingipOdanen htfacdni FhePgsidctiOn aktbi¢iidEpandent of the
di spl acement and a rotatjon with respect to an original tip position,
wherein the original tipPpassnsngang ?tﬁé’iﬂi Hdbe e TadieRasitnog. pkindepspdent
section before engine rypmAgsindbfhthofskgphacement tip on the tip
section of the airfoil; defmng a machining datum adj acent the

repl acenent tip, mherein t he machining datumis spaced fromthe root
section; %ransl ati Age methodod slaimd, pherei foring theyepleemant tin gomprises forming a

repl ace%drﬁﬁﬂ onhd H§ SQCrthgltgl ?Asto&ré Bn 88&1!(151' l%nght 0? ﬂi%pa%%? g8 d%ﬁne% before engine

pOSItI on o e root ection
running,
3. The method of claim 2, further comprising grinding the tip section to remove

wear features prior to forming the weldment,

4. The method of claim 2, wherein restoring the tip section comprises machining the

weldment along the machining path to restore the tip profile at the original height of the airfoil.

5. The method of claim 4, further comprising machining a seal feature onto the

replacement tip.

6. The method of claim 4, further comprising machining the replacement tip to

produce an elliptic cross section.
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machi ning the replacenent tip along a machining path to restore a tip
profile on the engine-run airfoil, wherein the machining path is
defined with respect to the machi ning datum adj acent the tip section
and is independent of the displacenent and rotation of the engi ne-run
tip position, and independent of the position of the root section.

2. The nethod of claim1l1, wherein formng the replacenent tip

conpri ses, form ng %{l@%{l@{’f QuichNE &z@ei@ﬁ&%@ﬁ%&gé%@ ?éﬁlgcreg‘xegpltiﬁgr-estogf;-s the

original height of ol I, "as’defin engine runn

The net hedgokl op el withint & heschooagprolaamg, gid niemm thhelidplgesent distindeds at
renmove ar featHres rior to formng the weldnment. 4. The nethod of
clai m 2, [GASEPEsSDT BeFlYRiNG PR | p section conprises machining the

wel dnent al ong the machining path to restore the tip profile at the

ori gi nal ghei ght of Théiettotfoficlaim 7pwhdbi tHeiAckin@E t6lk@hts #.0.F1URENE@ 254 mm)
conprising, machining a seal feature onto the replacenent tip. 6. The

met hod ofT&S&i m 4, further conprising machining the repl acement tip
to produce an elliptic cross section. 7. The nethod of claim1,

wher ei n machi ni ng Thefgioh 3¢ SARNY, Whdeit 98 BERScehddBt 1964 195508102 5AdR (0.508 mm).
profile within a nmachining tol erance, and wherein the displacenent

di stance is at |east twce the_nachinLngltolerance. 8. The nethod(pf
claim7, Mherein tAbe mstheief plgine &) wheipin dhq retation is 4t feapt qug hek degrag (1°)-
|l ess. 9. The nethod of claim 7, wherein the displacenent is at |east

0.02 inchj(0.508 M) madifinind RSetiRE RRANCSirGH AbPihd a WBEE& PN bHE ol &tion the
is at least one half degree (0.5). 11. A nmachining nethod for "an
airfoil mesrhatcompriswe: section and a tip section, the nethod

compr 5115 9ot ) AURPLASRIRIM A SRE AP B A o
tip position is definednwwhinbl tipgpeion! héld theodonSif4dlt i Mpsition is defined with
respect to the root section;
forming a tip fabrication portion on the tip section, wherein the tip fabrication
portion provides a nominal height of the airfoil;
defining a reference datum on the airfoil adjacent the tip section, wherein the
reference datum is spaced from the root section by at least half the
nominal height of the airfoil;
translating and rotating the reference section to position the tip fabrication portion
at the nominal tip position, independently of a location of the root section;
and
machining the tip fabrication portion along a machining path to provide a nominal
tip profile, wherein the machining path is defined with respect to the
reference datum, and wherein the machining path is independent of the

displacement and rotation angle of the tip section, and independent of the

position of the root section.

12. The machining method of claim 11, further comprising grinding the tip section of

the airfoil prior to forming the tip fabrication portion on the tip section.
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formng atip fabrication portion on the tip section, wherein the tip
fabrication portion provides a nom nal height of the airfoil;

defining a reference datumon the airfoil adjacent the tip section,
wherein the reference datumis spaced fromthe root section by at

| east half the nom nal height of the airfoil; translating and

rotating the reference section to position the tip fabrication

portion the nom { P NOSLE] indenerdant | o {1.an

t he root qtg'ecti on; mell“ﬁglmr%%%n% %S&% gftcllagg flgbrl cagr icéﬁg{ﬁsdﬁ% %%%ﬂ%}n%n%gl;oow or
machi ni ngegd¢durt onforthviipef the aofvilnal tip profile, wherein the

machining path is defined with respect to the reference datum and

wher ei n t.he nachi ni ath.is inpdep ent .of .t he displ.acenent. and .
oratt on ngl e of " tHE T bt pieBREPENAR, Ao SR PSR PR Hibhiniotn gpintic
t he root cs®ektddional cdRtouThido ARGNtHeIagilet hod of claim 11, further
conprising grinding the tip section of the airfoil prior to formng

the tip fabricatiop, porti.on on the tip section, 3.. The machining . .
met hod ofiocl ai m 11 1B maflil}awg@aﬁ%% %fitﬁl?é)n%ﬁew ﬁﬁeﬂbthsgia?%%eﬂap? (e etion i

feature Qplegsttol® ihépoHfogtdg).ai rfoil. 14. The machini ng nethod of
claim 11, further conprising machining an elliptic cross-sectional
contour onto tip of the airfoil. 15. The machi ning nethod of claim

11, wherdn the di Ipf aeehpme mpvthedef dain I9ewhersin machiping bhadip fabripatipm peytion
(0-508 Mo iddl T MEnRRGLH G RBEDO halin ol Bb1BRkSs o MBS Bk, GG [

the ti pn}%%vrxlkgat? on 1por{yi%n provi des “The %omgl]na?ecfi p pr oﬁ'qiglﬁv%& {thl?% ném)'
machi ning tol erance of |ess than 001 inch (0.254 mm 17. A machine
appar at usl7conpri si Agmachineppaigivs chmpiisigg’a nomi nal hei ght defi ned

bet ween a root sect] Pari‘rf@{‘\ﬁ}lmafiﬁéiaonéﬁg%i @%&g{a{}ﬁ&i&eh%e%%tnﬁ QQ‘oaa%:/chg& And a tip

nom nal position definée respe e’ root section an
di spl aced position defi sedomithé tip es@iathavimgtdeormiasni praltiopaktihédwith respect to

sher el the i spl aced pgait o0 Lans! o0 DY 8L SLACE TRl o o

(o, fhe, o nel pos! Gyt ) gt Spiansspuabilabls b
displacement distance from the nominal position and rotated by a rotation
angle from the nominal position;

a tip welded onto the engine-run airfoil, wherein the tip provides the airfoil with a
nominal height;

a locator coupled to the airfoil adjacent the tip and spaced from the root section,
wherein the locator positions the tip at the nominal position, independent
of a location of the root section;

a machine tool for generating a nominal tip profile on the airfoil by machining the
tip along a machining path, wherein the machining path is defined with
respect to a machining datum on the reference section of the airfoil, such
that the machining path is independent of the displacement distance and
rotation angle, and the machining path is independent of the location of

the root section.

I8. The machine apparatus of claim 17, further comprising a seal feature on the

airfoil, wherein the machine tool forms the seal feature by machining the tip.
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a locator coupled to the airfoil adjacent the tip and spaced fromthe
root section, wherein the |ocator positions the tip at the nom nal
position, independent of a location of the root section; a machine
tool for generating a nomnal tip profile on the airfoil by machining
the tip along a machi ning path, wherein the machining path is defined
Wi th respect to a machining datumon the reference section of the
airfoil, ;guch that i Qi A 'qggp n t.he .

di spl acer%?eht di st agéé;%g%ﬁ?gﬂf?%%ﬁ@aﬂa& e}ian %qﬂg%n%%%lgﬁi%gp rﬁgleh“ iggnerated
i ndependerithiod matlening e@tianee afless tanr0dil isdoi26d mm) 8. The machi ne
apparatus of claim 17, further conprising a seal feature on the

irfoil, int hi toogl f | ..feat b hi ni
The i p, 2707 Tho helAraa® St oRBR 15 Sy et g est

tip prof itvReitise geetiag ®kricehi n a machining tol erance of |ess than
0.010 inch (0.254 nm 20. The machi ne apparatus of claim 19, wherein
the displ,acenent distance is at le .tw ce the chi ni ng tal erance.

21. The rfachi ne apﬁ? NG RPRafagy afsf@f,l e MEPHTIT HE ToEOR 4181 13 Agleastioge half

at | east gepee (s, degree (0.5).
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