; $UR' e3eNbGN@AACY" DF6GThbGs APPARATUS FOR FORM NG THE EDGE OF AN Al RFO L
Techni cal m lmﬂllwmmﬁ)nventl on relates to !'he machining of airfoils and
more 5 par“ I‘“ﬂ formng the contour of at |east a portion of Joh&03
| eadi ng edge Qe kd<ai | i ng edge of the airfoil. -1 J Ul 2003 Background

Axial flow rotary machines, such as gas turbine engines, have 10
pluralities of rotor blades and stator vanes di sposed in serial fashion

Wi thin the conpressi ApPPARNTUEFORFORMMNGETHE EDEEOFfAN BgREQLI ne.  The

bl ades and vanes direct the 1law of worKi ng nedr um gases through the
engi ne. As the gases are passed through the engine, energy is transferred
bet ween t he r ot Jechhiagldieldnd t he wor ki ng medi um gases. In 15 the

conpressi on section, ach r ot or alrf0|l es work on the
wor ki ng medi um gases 't ’d E%%é@’%k%g %SB? H@%f@q%%wearé]m?r e airfoil is
defined by agpl paaiculanyab teningine Gfdirdit basP® pedion P tie fehdingpanw se
axis. In the turbine section, the ai rf0| | receives work fromthe working

medi um gases as egae ofirailisgadge s hadial | n i ndustrial 20 turbines, the flow
i s discharged through a free turbine to develop rotational energy. In gas
turbi ne engines for aircraft, the flowis then discharged fromthe engine
to generate use&ﬂsgm_t The t ur bof an engl ne i s one type of gas turbine

engi ne used to power aJ raf T an havi ng
tan bl ades 25 desi gn W@g‘ﬂwﬁ?i gﬁﬁgggﬁﬂ%g‘?e@é@eﬁﬂg the jet
portion of ube whrtﬁesaaffdotaabm ameiditator mfeesi@mseﬂlnmgeﬁm@s‘rm{or

by- pass) dud. is critical for tire rmr &}1 ,eff encg _E_hthese

.engi nes to form“ﬂﬁr‘!mmm@%‘é?rﬂns?@@"lq tueing,sedtisRobtie en9itde MR adi ng edge
and' t he -1 biddds aHOAnés dirdtt h@%o@ﬁ&%&imﬁ%&brﬁ bakés thidligh thask is

conplicated in very large airfoils, such as e airfoil for a fan bl ade, by
the extent of ti¢egHIe: fAR thegases armpasseddhtpughiheengine.a0erey B a neter c:

nmore. In additig Elﬁ%tfﬂz{ ".Lba]r% t and an
edge which vari e'?.'l nt |ct¢r¥§éé E'S&a pr eégnderm nesﬂgrmunt oéné'NI ?’ts

spanw se | ed§th thmna;qssmmdlen desbrotoe tade has @n ddoibwhich dOBS 752 i ssued

to Lsistensnider Lch is @ ed t resent

| nvention Lei st é‘ﬁg‘ﬁl \Q;h B‘%é’”rﬁ'ﬁﬂ% qsdlg @V@%ﬁﬁ%@#gﬁg ﬁ;l%% I ni ng
S)éSt em b)é probi R thegirfoll id défﬁwefdd |bytﬁlplumn§of)atﬁ0¢se¢tmht dispeséd abeutgt hI of the
edge to determine its exact, di sion an ocatiq ei stensnj der al so
descri bes gener 30§ ﬁaawaeéf"érlgg"%%"? REFian lpatdell Eﬁq?ﬁ’ﬁ&“fﬂﬁ%?’

locations for thge é’élﬂaé%"@d%b@ﬁrébﬁ;#ﬂﬂ& o ind0strigpr Kk pi ece
under the di rectl on of he machi ne program which utilizes that data and
ot her preselBct darbings; thalowis disgharged &\ﬁ@!ﬂ"eﬁ frea yurbipeite dgvelsBl to fol | ow

the actual edge rBfatstﬁlé?iHr%y m%%@.ﬁéeﬁawf&%.mpmMemmal cont our

of the airfoil edge Is to Pertormt shapi ng as a separate operation after
the airfoil has mawgifrméimepagmemggner@temef@dhwst hat portions of the

Cratting edges do 20 MELCreGl GG YBEGTbAP BB brbe wBRT T T O
i ntermedi ate foysfveraidraft, The turbofan engine has a large fan having fan blades
25 designed to compress working medium gases entering the jet portion of
the engine and working medium gases entering the fan (or by-pass)
duct.
It is critical for the aerodynamic efficiency of these engines to
form within predetermined limits the contour of the leading edge and the
30
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in final form for a given engine even though each of the airfoils fails
within the predeterm ned acceptable linmts at these finally fornmed{ JulL 2003
surfaces. According a single machi ne tool having preprogranmed paraneters
based on these reference surfaces may or may not 25 generate a | eadi ng edge
whose final contour neets the stri ngen{2 requi renents for airfoil shape
along its length. This approach is particularly suited to nmaking holl ow
rotor bl ades, such as hollow fan bl ades. This approach partially forns the

airfoil in flat formand nmachi nes .t he. chordw se dipensions _of the airfoil
30 | eaving the Ieﬁﬂ?ﬂ%“gﬁﬁgf@ﬁ@’%"a?ﬁ]‘%&skéﬁwm?@ qv .gﬁfgev\?’ Son o~ 1
J U I. 2003 essengica ay/thaidbiPlol blfah BIaaé | Byahe Riiehier thb ERfdifich firaychor d

di rensi ons are machined the surface of the airfoil is machined in the edge

regi on adj acent texigneéfEdgenah of spretaceeraionda addigre tha 2Rl hes ame

surfaces) such as UG I %E I 8 um edge
5 which all ow han opéer‘gﬁr%é@ﬁg?domgtﬁg airr oisdﬂqg? ?)%fgééi tﬁsﬂ% engstg%.g' Pri or
to hand form rfy, &ipeeddtedninddamountalorgild spamwidedengthi n a nol d under an

el evat ed pressure and jenperature far hour 0L i.rfoil _about a
spanwi sel y ext endi ng a&f@%ﬁ@%ﬁ%ﬂ‘b?{mts%gnpﬁygﬁiéﬁﬁsg ised % ol d and
finally fornmed at) gR@inRRiderbEMAMSIEn I &55igHed 18 Btk dfigivbai tieprelbm 10 airfoil
is there ready for hand operations on the edge. The hand operations enpl oy

fifes and tenpl at vgatieesleisiensnidenteseibesausasyricalycoHliNgEHe t hat i s
required. Site gapges; ﬂ{i ;g c?b’”l‘f‘g f WEHO B H}@'\ﬁev\ork to
formthe final edge. RSt urﬁggg%xﬁqctpgdﬁﬁtgﬁﬁgﬁgr_e n?‘r?g?%\{arl ations
between the et@eslenbtinditheiadge ibdetaarinaiite exast idimensjon ard ingatiomper at or even

t hough the edge d i i Jps . : :
not wi t hst andi ng, gg?gﬁﬁ@?@%ﬁgﬁen&%ggﬁg'%ﬁg%ﬁg%ﬂgg%@ﬁg‘%"ﬁg{i on of
Appl i cants' assi gdisersions araligbdtions fadve fiog paodurp pad ataskiningithesdged f or

generating an airfogjl edge.which uld 20 decrease,the variabjljity of the
edge with respect *Mﬁ%“"ﬁ’f‘%ﬁéﬂ& o f‘f‘%'?ﬁ%éi“&ﬁ?% "?Wé'cépeed with
whi ch an edge may ytilifesitRatdila afy BTHRF preebldctbdgitin geighdstaitheastlo@n is in
part predicated on the reco?ni tion that a tool 25 having a shape of the
airfoil edge tay getingdepite oliowdhe artiakenas affe Bifde region of an airfoil

provi ded that wave-|ikgnyiet abdc88sh toshkPRgREfinaRBnRUR BT theaiiMél éageS 1 n the
airfoil are accommpdated. According to the present invention, a nmethod for

forming the cont ol togiertormthe shapingas 8 SBR2gte eparatian afiprdag airoil hasat i | i ng
edge of an 30 airfgj Fb%Bgﬁﬁ j i hogi { s aigopf the
edge adl acent - 1&%]% 4§¥ ?ﬁgggéwﬁéglgﬁgﬁy%ggiﬁ?a y ex?endi ng
reference surfacer@Meﬂiﬂeﬁnaimolhfaﬁ@\,%sbm| g edgeandg trapipp\rdags doforce to

the tool ) andahehbt NGadRdHs!dd oci R B0 Kirfsh fh Rerhdidi8 @bmisqad | ve L O

the edge in the spanw Se direction e positioning toot during travel
with respect to 5 infisaldpamMose biverengindiengn thougheach bhthecidoiliaie with t he

present invention, .one detailed.method | neludes rmEtl tch airfoil
section limted mW%?ﬂaWP %?d?tﬁ'@'f‘%‘i)?c%t%?er @E@%ﬁ@ﬁ?@ {irﬁ@% nce surface
agai nst a rest ori nurihoss; eAGkdingly| a1sihfle redudirdvioobieaviig preprayrammelda

restoring force acting circunferenti al I% 10 ab[%\ut the chordwi se direction
to avoi d gougi ng HFPPRER & ehTe{F8NCH FHTRARS TRV H B! i s moved and

posic tioned to2kor gahbaatel@3bidify 666 WhbseMrdN coeianbett @hd BEingeher ence
surf ace.

requirements for airfoil shape along its length.

This approach is particularly suited to making hollow rotor
blades, such as hollow fan biades. This approach partially forms the
airfoil in flat form and machines the chordwise dimensions of the airfoil

30 leaving the leading edge and trailing edge of the airfoil with an



I n accordance wi sh the present invention in another detailed nethod) the
step of permtting limted novenent of the tool with respect 15 to ts{l@ 0
ref erence surface includes permtting limted novenent against a ré r2i q:’g
force ailing in a direction substantially perpendicular to the reference
surface to accommopdate deviations in th'%ckness of the | eading edge. In
accordance with the present invention, the step of engaging 20 the
reference surfacg.,i n ing, t ur.fa (th two.rotatabte surfaces
attached to and %‘g%&é@ﬁ@ﬁ r}gfﬁ? h@eﬁ‘g%tm‘? ﬁh?(ﬁgd'%m@redi rection
and probing the madmne)) g% SUFdR0S 156 BIc UOHILNINBY i Plel ddd@ refin ot at abl e
surfaces on the reference surface. A prinmary feature of the present

invention is th fo the Bdlge &t arpspdeteningd aeglednaneceiithy sedaessel a path
of a cutting to %;'Bgé %lﬁéﬁrem'if:.ﬁiqg y Left t] Pgl |1o avi ng the
shape of the ed§gd31§?acen n e edge 10 o?ér)n§'thﬁe Segt)btes éo egéqug;e of the
airfoil. Stilsl asdchhaliow bamd openations eformitheehiyfoiraiongdtst leagtbutPrangp t ool with
respell to the edge whi.le lying a force to the cutting tool to renove
the necessary 33‘%58‘?’?'99'.‘%8%9{ h:?%?)”@"%ﬂ'dﬁp}ar?egﬁ‘éa%@i%‘aﬁra‘fm detailed

nmet hod, a feat uretowiited prasstiiedifll flofmpetRLidBr hbiarsite s Ehe il Alssig aby usi ng
two rolling surfaces to engage the reference surface during generation of

the contour of t3R@Miselyopendingaxis; iThe aieitindhen laced i dpecand Maldention is
permtting |im tGg fap tat%}h&lsﬂté? Ee?r,%le cbSsUr6 SRA % bé’mhlﬂﬁl HRber ence

surface to allow the tool to a variations and conpliantly engage
t he surface 1 t riteil isdlen repdyifor barideperationstan theddg®hai woul d result in

oresent 1 nventton': s APREARReAldhs dnnie WRE SR AAERRLSAMS HavEla | ne
enpl oyi ng ai rf oithe tHickriesy ahdaidé shaRoipasisasquitei Sitdgaritgese sbgbyar e

cl osely matched gand conformtp predeterm ned specification Still another
advant age i s the P E8GCRPEERHNING %?%PWW'%WPFE&‘QW’WQﬂﬁEM‘? our of the

edge using this sedledieds RIS Rihdr YaRHEHS HelaBiinYediaaGS aRfiigt i on. Still
anot her 15 advantage i s the consistency in dinmension of the |eading edge

and trail i nd9eddbatdefomead thesanappataigs svemthonshthe edgedaespertnd

operations al onw%rﬁaw,%; @ngth of the edge. Another advantage is the
reduced scrappage Ich results fromavoiding chatter marks and gouges in

R ckiags o L e ) e bl Ly e B e e due nl |ty and
cutting ability © .egﬁ}%owgﬁ%feéghnﬁ%qk%agﬁg?%gﬁa%%hhﬁégvge&p ?@arvvar dly
away from the cuirparajusdge methdd foe gpaelating ah lairfall edgetwihich efoutd avel of the
an appar at 023 oreRHTHE e e aRBElsT e 4os Wit et dg P oL AR ool hai ng
Formed vhi ch 15 i tached (o o brobi ng o onent Thar TS navabl o uith respect

tg a 30 reference surface on the airfoil to guide the tool. -1J Ul 2003
6 I n accordance S@rﬁt‘ﬂa%@!ﬁ@rﬂkg‘ad enbodi rent of the present invention, a
coupling assenbl’y 175 di Spos etween a force transmtting elenent to

transmt the force rdiif ingention isdmpert pradicatecibn therecbgnition thatstoot t i ng

o ossur ¢ wniTe tiayned Biodlbin@ il gt fe S B ReBRE B S conace
wi th the referensdgesegibact aduainfoibpionided ahatevayadikenariatibng indhé @dbewi t h t he
edge and accept Sa:u mutare\gariations in the airfoil are accommodated.

According to the present invention, a method for forming the
contour of at least a portion of a leading edge or a trailing edge of an

30 airfoil includes disposing a tool having the shape of the edge adjacent



circunferential novenment of the tool and coupling el enent about an axis
extending in the chordw se direction while applying a restoring 10 f@lrremjto
urge the tool back into the predeterm ned alignnent with the refer]er“
surface. In one detailed enbodinent, a resilient material is disposed

bet ween the probe assenbly and the tool, such that limted novenent is
permtted along a line substantially pe4i' pendi cul ar to the reference 15
surface with a restorative force being exerted on the probe el enent should
t he probe el ement nove in such a direction. fn accordance with one detailed
enbodi ment, the probe assenbly includes a pair of rolli el enents di sposed
on either side e edge, mxwamwwmmﬁe@m%ﬁ%ﬁeﬂ M ection of

travel of the !QfbilQoctud B6188, SpiyiphaTolckh yibliinahaireioithg ol 1 NG
novenent of the too th respect to the reference surface. A primry
feature of the mpazsiahby repeatadipmolvingdha tol refiptivertg thmedasyle théiat i s of shape

whi ch is substantially.the finished..sha . i e shape of

the edge in thewgﬂ'ﬁ(?%ﬁ&ﬂ%rﬁoﬂ'ﬁgmg%{?og E‘gmlégﬁg%ued? 8’1‘“’?‘? %efd;riral’l shed

edge. Anot hgg feetgppanwistipeitontingsseadel y to which the tool is attached. The

tool assenbly includes a probe assenbly having, in on ef ai ) ed enbodi nent,

a rolling el ement Mnmﬁiapp%wthm @@W@é’é@?ﬁﬂ%?’lf%ﬁ@%’“ﬁ#ﬁi rfoil.

Anot her feat ur ey, | i ifgh RloeMent s for
a@@@oﬁggﬂﬁ%g%&ﬁt RN RN ARSI mBVEmSERY df

applying a bias e probe el enent into engagenent with an
airfoil during with tespect 208 refergncesirfacryagringt i regtoring donce @CtiNG ¥h t he edge

of the airfoll gudya hoLsifaBlofonP) Al RoREEibh Rbuiehdrtiahpd amount of
circunferential “novenen prinary advant &ge of t present | nvention is
t he el i m nat® onabdutrtbs choridwisd dirdction td anmid gowgjng asd chattéranarks pe thédge regi on

of an airfoil. 5, Agother ., advanta [s the I [ i ich the
airfoil edge rear@ﬂ%&ﬁeb%ofx%w%%em?e%&yo I@éﬂr@ﬁﬂéﬁg S apgwt;f t he tool,
the fine repeat githeegpict o heqeiefattslyrfabe apparatus and the elimnation of

human error in hand form ng operatjons. Still anqther adyantage is the
vol unme of producti onM@Fe MW?PWPHBV?H‘WH'&P’@W%%{I#E and speed

at 10 whi ch t heneaigsy, 1R siap dr perRftingSinit@dandveflentappiahby with repsatchani cal |y
engages the reference surface and transmts through a nechanical |inkage

t
the positi ohSof 1o e refrsencg syrfacedprudestrermiiing Wniledmeverserkagdt A anal og
fashi on. The fo'i'@é!ﬁ’t’iﬁ?fro?&jom taﬁg@]‘ﬁélafcﬁ% EoutitadiBfly BepRRBiculaR el on wi 1 15

becone nore apparent | owi ng description and acconpanyi ng

drawi ngs. Bri ef ngfesancesuitace i acdommmrdale degdatiang in thickness of the 1eadid@it i on vi ew
of an airfoil inu4.Qternmediate form 20 during manufacturing operation of the
airfoil, the airfdrl having an unfinished | eadi ng edge, an unfini shed
trailing edge and a fredcrdarse with the pigsent iDventiong thgssiep et engagiNg vi ews of

ol SO T BTN, AL ol Beiles it b bl g ede and
in full and 25 darfeeseattadheddo and kispbsed fcse and)aft wéthe tool in the
spanwise direction and probing the reference surface continuously by
rolling the rotatable surfaces on the reference surface.
A primary feature of the present invention is the use of a
25 reference surface to directly control a path of a cutting tool. Another
feature is disposing a cutting tool having the shape of the edge adjacent
the edge to form the shape of the edge of the airfail. Still another
feature is repetitively moving the cutting tool with respect to the edge
while applying a force to the cutting tool to remove the necessary
30 material.



Fig. 2 is a perspective view showing an airfoil, an apparatus for
contouring the edge of the airfoil fixturing for holding the airf10‘“|L Zg@ring
contouring of the edge of the airfoil, and a robotics device for noving
tile apparatus. -1 J UL 2003 8 Fig. 2Ais a partial perspective view of
a portion of Fig. 2 shaving a fixturiqg device for holding the root for an
airfoil. Fig. 2Bis a side elevation vView of a portion of Fig. 2 showng a
enduring device for holding the tip of an airfoil. 5 Fig. 3 is an enlarged
view of a portion of the apparatus shown in Fig. Z showing in nore detail a

portion of the rObmlh%ﬁg%\"&cﬁ.ﬁ%ﬁ&%ilema&”a%Bro%%”n@&oﬁ%hi on and the

assenbl i es of the apparatu t aye noved 1 n reciprocating fashion by the
robotics arm Fpwbing the refesérde seifavaby aningitew rolling sprfacasda eogagde bl ade

contouring 10 agsenply sho in Fig. 1. FEiqg. I S Vi fr.am,bel ow of a
portion of the é@dg})eéé%‘%%cgmgﬁﬁnﬁaﬂp‘qﬁEﬁﬁ’.n?%"riogw%a@?“arged vi ew of
the tool assembpyges hSiandthE Batife BPHeNBvéritiohlis pbaiitingdintietect i on of travel
Tf 15 Fig. 7Ais a front view of one cool used to tons atggw% of the

contour of the mexemedt ddle togtwith respect totheiraterencd sirags € t he t ool
shown in Fig. 7 | S it 1 f&m? ' Mt 5288 thd aaddSgthdup form the
contour in ~0 t%gﬁe%j%%f?‘sv 0 I{Dﬁﬂéﬂ?’g}gﬁgpngﬂ@dge, Best Mode For Carrying
Qut The | nvent i caudimgvibiatione s thertoali thélowvbuld desull inchetterongks£5i on secti on
(not 25 shown of a gas {hérbi nﬁ engi ne, such as the fan section of the

engi ne. The ai rPSW&n% M sel y extending axis S_ A plurality of

airfoil sections areagrnEpaPstvapige dfitse présenBinaantionds theeargines i n the
chordwi se direction Cto define the surface, of t hi(g6 ai r_fol'gla. . The airfoil
shown is i n19nt effciacywbichyesiibntiemdhasmpiaving dfets Ryin@ledfing edge 12 and

an unfini shed t@%&g@ﬁgmﬁg%g@g%m%&e@@ew%@aﬁe@w b¥MoRR teli rection. I'n

the finished condition, the airfoil edges have a -1 JU 2003 9 const ant

shape in the di $radetarminay spacifiptiense Sblt anptheriadvanipgess thef@duged smal | gaps
between airfoil gGflght &AM Asqulred 18 RFMINE coffdfr Bt theQdge" RIS
method as compared to edges formed by hand operation. Still another
15 advantage is the consistency in dimension of the leading edge and
trailing edge as compared to-such edges which are formed by hand
operations along the entire length of the edge. Another advantage is
the reduced scrappage which results from avoiding chatter marks and
gouges in the leading edge by compliantly following variations in the
20 contour and thickness of the leading edge. Finally, an advantage Is the
durability and cutting ability of a tool formed with a surface which
diverges rearwardly away from the cutting edge with respect to the
direction of travel of the cutling edge.

25 Summary of Apparatus

According to the present invention, an apparatus for forming a
contour of a leading edge includes a tool having a shape which is
substantially the same as the shape of the edge to be formed which is
attached to a probing element that is movable with respect to a

30 referance surface on the airfoil to guide the tool.



1 band 1 c are used to provide a transition in the finished airfoil A
pressure surface 16 on one side of the airfoil and a suction 5 sur fatdU @03
on the other side extend to the edges 12) 14. "f The airfoil has a tip 20.
Fi ni shed surfaces are provided on the pressure surface (concave surface)
and at |l east a portion of the suction surface (convex surface of the
airfoil. The finished surface on the pressure surface includes a reference
surface Rs. The reference surface Rs is useful for ' 10 form ng the contour
on the | eadi ng edge, A second reference surface (also Rs} is useful for

form ng the contour of, fhe ”.a qggl A i is integral
with the airfoil for { nount | ng hefare k='@edrln ér%?og?%els under
oper ati ve condi t investion d edupling asten%ly i$dra;b¢adrtmmm 4 fece transraitﬂr@hrrent

and is integrally,fornmed with the ro ttachment. The false root is
engaged by a fix® W{g‘h b'\ r?ﬁ“‘(ﬁf@rfﬁmﬁﬁ%maﬁr‘?% g‘?’&?r ons to

support the root t:%sr‘nl?&zg%lbfﬂéhi rov a”?‘ %rcb a deviea! r of
i ndent ati ons 25a and 25b recel Vi g pins. ter conpletion of
t he necessar y5 nacherated wtehmfeathe@ourdm alemastoigestheof f t he

?In'[ Ia?lrrledl zza?eTpgr :%W @g'ygggﬁ %érﬁég@nsqug‘?ggnggrsuﬁ%&c%i’g @'8%{1. on as shown

by the dotted Ii megagd?nqn of e tod] With the(edyedant z[écsbtsvunaiedf oi |l sections |akes
along the lines 1A-1 iD-1 DIhat‘ e roken away to
Gl

B- d
show t he edge red¥ eierg 'F’%mf“tcgé%l opl gnd coynling & ' on. The 25
desired contour Qﬁas@m@:@am&mer@mmwhﬂesfsﬂ%gtMemngol id dark

| i ne. Eadi of the airfoil sections has a flare an which is the 8ngle
bet wer ~n t he @i nil¥GR e Kgedpe fed dackintate %d%!ﬁﬂmae‘f’ﬁmm"ﬁ@rq‘ﬁon 26 of

the suction surf ag@rekzedUuible convex side of the airfoil. This angle may
range within a tol erance band between, for exanple, 18 degrees - ~ ~U1.
20a3 to and 21 degreek\ ene dmﬂ?jiaembwn@nl@rrﬁﬁlbﬁmtmaienabﬁgtsmm in Figs.

1A, 1B and i 0 J- Fig. 2
is a per spectl ve VI ew o‘}%g\ %p%%sggﬁjﬁ'%u?é?o'c% Wm‘."’rPé’e{’he e eg}s 12, 14 of
the airfoil. The peppitedtalong = lind substantiafly perpeAdicaler tathle reier&roent er medi at e
formis also hovvn WIth.fCtUI’ s. 32 4 sYt chenl adi c

fashi on for |d.SH83$leAPr'PBH° aqu ! Lﬁ’ﬁeaﬁdr?aﬁg%%qbﬁgﬁ r}he edge of
the airfoil. The stlomelahepmb@felémemehowmtshmamm:aws i's shown by the
arrows T that show th fore Tf) nd aft ~Ta)reciprocating action of the
apparatus 10 during t @'%&‘?%&?i"’éﬁg M‘ﬁ @&e@gﬁﬁ 7 4. The
direction of tra\aelseﬂib SnauaesSé i bf Blling emhahtsfispoged BA erRérMis of di rection
S and is parall el ooé)ihe gnge of _the airfoil. The ag aratus provi des an
abradi ng or cut t ithgy ok fare and aff withresee< 4o Hisi ditpctien P E?V%%W&\} PAldacti on or
a_sandi ng aCQOOH,prékﬁ@Qa(iilé&riﬁReHE@uﬁ%P%oﬁt?olﬁrk? floDEmERVDf e ﬁﬁiﬂﬁﬁed as the
15 8pparatus 28 is n'w-~ed forwardly in the direction Tf. No cutting is

provi ded as the dﬁfﬁﬁ%iwerfgfmcﬁmﬁc@ he aft direction Ta. Wth repeated
cuts, the apparat~ no nql?sg/@ s the
cutting edge of the aé&ﬁ.’ sagrr%'\c/éeésfrbaé gfes(éﬂﬁﬁ ‘%ﬁﬁg?ﬁe rem)\g(ﬁna
mat eri al . The chaadgwitsat rslof dmpemhuar rsrsubhiaohallweeu’mcshed@hamesméow twardly
and the directio ar gt us i.ch i s subst ntr | I
parallel to the 2%%1’\7\# eaxn%e ??ﬁeo%qg% ?%?Er degiPPRIN R 3 a pl ane of
ref erence Rp2bor Mehﬁm‘d ofithe mgisties edgat Addther feature is a tool assembly to

which the tool is attached. The tool assembly includes a probe

assembly having, in one detailed embodiment, a rolling element which

adapts the tool assembly to engage an airfoil. Ancther feature is a

coupling assembly having rod and spring elements for applying a bias
30 force urging the probe element into engagement with an airfoil during



The apparatus 28 i s capable of being driven with reciprocating moti bdUi H03
the spartwi se direction by many devices. In the particular 25 enbodi nent
shown) an exenplary device is the robotic device 36) ASEA 90 nodel robot
with OPlI2 software, manufactured by ABB Robotics tnc., 2487 South

Conr ner~ce Drive, New Berlin, VWsconst 53151-2717. Any other suitable
device may be used and, in fact, providing there is a suitable guide and a
sui tabl e means for applying force through the 30 &pparatuS, tile d6vi 08
Coul d be reciprocated by hand. 1 J~~ ~bb~ n As shown in Fg. 2, the

| eadi ng edge 12 is positioned adjacent the apparatus 28 and the trailing

edge 14 is faci.n own. Tha fj xtures. 34 engble.the ajrfoil to be
rotg'.J ated 180 dedF‘%@gwgtgﬁit@?M&ﬁﬁ%?é‘?ipﬁ% aK%O' E‘ﬁ’&i‘a't he
trailing edge r@siphsg foppahRting BnideapehldfitcOhferertiadmotemteny edge. As

descri bed bel ow) a portion of "the apparatus may be rel easably adj usted such
that the apparatus éppingRry adwantage of heguresent innestieg isitbe efiminatioaiof i ng edge

and al l ows use t t 0, ] it he «cadi ng edge ar
the trailing edies ey TR AEETaGhtRy tornabife Roidlf sidnt RS ©5

t aken al ong & heArdihés advani2de Is'theAdosshtolaramnce Wwitlgwhigh the biefofl @dge r oot 24
attached to the airfoil, 10 ofi, the rotor,blade is tr d first pin 38
whi ch engages t'ﬁs'%wb“p?%"‘%m(ﬁbméggs&ﬂ‘&qﬁeé@%%ﬁﬁ’%%f‘ﬁh is
slideabl e to engpestablcutes@vidediby the appa@tudtdnd By Riminatienioe hema4

projecting fromthe baa‘g 46 _of the fixture brace the root attachnent 22 and
false 15 root 29Te(p BARGIPIFING PReraliqnse; SUllanethrt @dvatagR i thevelymep s a

vi ew taken al ong dB&uckil prd 2 i AP ahd ¥pedat34 for
engagi ng the ting 20 of‘b?ﬁg\lgﬁﬁﬁﬁﬁoﬁrtﬂem@ur?t?ﬁéﬁfs a plate 48

partial |y sifhpowbied theedgemaybe fereddusipma toakersrmiy mighy om t he base 4f of

the fixture 38 ﬁ@@(%“ El : ﬂé{,qjet' {ﬁc,g& upported

t hrough t he nmenber éé\}\\%iebﬁa oﬁé&te e aiér@gﬁgﬁgvgé%g% ated about tha axis
Am The fi xt ur emeshanical lickagethe ipositianpf the teblewitretespect to §¥oreféreote cl anp

agai nst the airfaqi liﬂ-\an%tgﬂ Qshérh“”b screws 56a, 56b having surfaces 58a,
58b that are rotatable abott e end of the thunb screw to engage the tip
of the airtoil. A briedotgongamtsher featuraso2befpnesant mveotiupilort t he edge
of the airfgil that is not bei machined.. Fig. 3.1s _an enlarged view of a
portion of fslhe é%%%?‘ﬂ%°%%ﬂ§3ﬁ"?-ﬁ‘%‘f3§9“§93%a“§“ﬁaﬁ‘gon of the robotic
devi ce 36 that aoecapahbiegapdangsus for contouring the edge in reciprocating
fashi on. The apparatus includes a base and arm assenbly 64, a coupling
assenbly fib, and a 30 foal assenbly G3. The base and arm assenbly incl udes
a base 72 -1 ghbsf fleh ¥Whhébrkwindkt ached to ttze robotic device. An arm
74 extends in the spanw se direction fromthe base and has a first end 76
and a second a!2d 7RFig- 11is a sidejelevalion vigw gt an ajrigyl 3p Htgrpediate forph o —ac ~ ha
hw-a ~f g rp Y“B@rmq Mehi¥acturing bPEraties On the2didoiNake aireli #ating%4nf OF engagi ng

t he coupling assembly. A 5 pneumatic cylinder 86 is attadved to the base

and a piston 88@@’@?@&%@6@?@%@%@%@@@“&}9%@%@&% i s spaced
fromthe end 92 of tgﬁag&quéffsﬂ&ng%l GRRVGrS gée;q‘ah@bm%n

t her ebet ween. The ch IS in ow conmuni cation with an el ectronic

regul ator 96 an@way ihshewsbherundnishedpirffalidezdingrdge and theewnftnishedashi on) to
provi de a gas, : Al i i yn the
Chanber . sat1 ot Lol BaZSutoe gl ol il B FARRL AR BLPRERI B0l |

regul at or a2® adaikenbd ehbreomad@ifiinBrieremireds [ nc.) 461 Boston Street, Suite
#B6, Topsfield, MA 0,;.98% who al so manuf gct.ures t.he, requl atgr, .Mode! Nunber
NI T202- 3028G. 15 The''Bofiffi 7 RESRESMRHISW SBOVIRG 0 °'58Pi5rp@f=‘_ ’%Pﬁf%’ assenbl y

102, a second plakteuass eridge i dhatieion fikeriph Prolding e Agomgsand! y 706. A
suitabl e torsional coupling assenbly is avallable from Lucas Aerospace,

Power Transmi ssFBAPUIRA cidbgefge &) Kigairfoik and 2 isbetiosdevies oesovipg 13503) Ft ex
Joi nt Appar at us y\bgelarhiigber 5a32-800. The di ameter of 20 the torsiona
coupling assenbly is about one (1 ) inch. The torsional coupling assenbly
has a first cylinder 108 and a second cylinder 192. The cylinders are

di sposed about an axis of rotation Ar. The first and second cylinders of
the coupling assenbly are interconnected by nechani cal neans (not shown) to
allow a limted amount of 25 circunferential noveneni between the cylinders
in response to a torsionat or rotational force exerted on coupling assenbly
by the toot assenbly. Other torsional coupling assenblies using

nor r mechani cal



means to generate a torsivnal force may be enployed. The axis of rotation

Ar of the torsional coupling assenbly 30 intersects the tool assenblyldtl 2003
predeterm ned | ocation. The -1 J Ul 2003 13 reapo~ocat3na notion of the
appar a~t ~us causes flue axis of rotation of the torsional coupling assenble
to define a reference plane Rt in the kimt beivveen h~~o dosely adjacent
positions as the apparatus is noved. In the limt) the novenent of the axis
of rotation Ar defines a reference plane Rt whicf~ S is subslarrtially
parallel to the spariwise direction of the airfoil and the reference plane
Rp. As will tae realized, small |ocal deviations a! the airfoil surfacs in

the edge being far meHigndA isapastialiperspegties viewiss arpsrtiancldiig: dehaningl but
substantially parall e ; £ e airfoil. 1 Q The
coupling asserrbl W%\é&%l@@ﬂﬁ&ﬁo@?&%ﬁ |cn is adapted to reteasably
engage the tool asseriy, wE§)a sitd elebaticii viph af @ pasiiendt| Fig. shoefing e coupl i ng
assenbly has a plate 716, The plate 116 is attached to the plate 8~ of the
base and arm asm mﬁ%h@éﬁﬁéﬁ ip REamaEPland arm assenbly. ~4 with the
fool assenbly 68. The %tan]‘%‘% e‘e@,so@je;ggg,go,l, BF&'hH Eax%t&é SkehwrOHi de rod

12 hi'r ul

118 and a second gUId e rod 4 IS di sposed between
the first and sd-bgrﬁislwdg in pxbee datbib agortite @‘dﬂerotmtxt:eddwsmm agveal |y

D anes Rp and RN IESRRRAI RENARAES 1 EANAeS SR SRrAY BUAIL o) acent

rod. Three 20 pahéedih rsa?ﬂgﬁﬁngmhmwyaaemmcbmhhe fl anges 726a, 128a,
and 132a extend fromthe first

pl ate tqQ engage the of the qui de rods
to support and posl t IFégh 4 e ﬁﬁ?ﬁ@"?%‘"e"fﬁg g’é’ 3 lpda Loptoli08 10- 0 has
a second pl ahe 'gdedbmbly SidwWiEREE 0l ate is attached to the first cylinder
' 108 of the torsional "25 coupling assemJly 1 D6 and extends parallel to
the first plate 116 &fgthis &Yi%frvm%&'eweée@mqqudhe lophassestind pl ate
assenbly has a fddsh ?:r% 4f bt~ocfcs 136a, |3Gb attached to the first
pl ace. A second pal ro | ocks 138a, 138b knot shown) is attached to the
first plate and spacdig.dhisrani ersarged vism afriee 1ol essasably sbewminddidsd Each of

the first pair %Fﬁg 4 14b whi ch adapts the block to
sl i deably engage’t’e}ghg%ﬁ‘f 885&%29%130%&@ fod 118 of the first plate
assenbly. THé& second FpaliA(sfaiubrmorﬁ@vbfwesipnithmdth&maam'pemw}ﬁent ed by the
hol e 146a in blo &{j_h M\’%a t the sscorx! pair of blocks to
slideably engage e secon - Afifth biodc 142 is disposed. m dway
bet ween the flanges ¥3ga, IBZbSSat nidecpyayetine whe¥ of ¥he ¥AP+d rod. The
fifth bl ock hassaochal enl#8gwhi7ah adapts the btock to engage the third rod
124. The bl odc has a pressure side 154 and a suction side 152. A pair of
springs 156 enci rcle ﬁlbeﬂtsrﬂfrmtmwﬂase@md lsqirised 1d fsin the icontodt Bposed

bet ween the SgYrE Si g'%i g‘f %iﬁ fr]&a{% bl ock and the adjacent flange 132b
and the 10 on B?'OH ‘8 St ween the suction side 152 of the
fifth block and the adj acent fIange 132a. The bl ock and rod engagenment with
the springs enable ] 2L 0J :iu8 assenblies io nove with
respect to each & F—a—d¥ ' Ao substantial ly perperxlicular
io the spanw se dlrectlon and t he reference pl anes, Rp 15 a?dth with a

restorative force beifig brEPWeEN piffol AR fephe sEEPLSSI
25 shown) of a gas turbine engine, such as the fan section of the engine.

The airfoil has a spanwisely extending axis S. A plurality of airfoil
seclions are disposed about the axis S and each extends in the
chordwise direction C to define the surface of the airfoil.
The airfoil shown is in intermediate form having an unfinished
30 leading edge 12 and an unfinished trailing edge 14 which extend in the
spanwise direction. In the finished condition, the airfoil edges have a



pl ates be noved relative to each other in a direction perpendicular to the
spanwi se direction. As will be realized, the first and second plate -{ jyi 2008
assenblies mght be reversed with the first plate assenbly 102 being
attached to the torsional coupling assenbly 106 and the second place 20
assenbly 104 being attad~ed to the basg and arm assenbly &l. Fig. 3 shows a
portion of the foal assenbly which is also illustrated in nore detail in
Figs. 4, 5 and 6. For exanple) Fig. 4 shows a side elevation view of the
toot assenbly; Fig. 5is a view frombelow of a portion of the tool

nbly, and F | th
ines 626 of Fi gongiant et b R4 oling PEoibBe bt B T 1o 2, 18EBE 21 629 LT oo
164) a probe assgibl gagdBotwaed aftfbiladias régiohs $iang 1b68nd Afoliiregions n Fig. 4,

the Tool base is releasabty attached to the place 114 of .the coupling
assenbly 66. Theth & 19aecUsasioproyide a ransien N Wedishede ™l th a hole -1

~UL 2003 ~5 tt~e cou tark unbol ted and
fumed 180 degrees to%%’%éc'g? E‘é@o%ﬁﬁsf‘?ﬁ% ﬁgﬁ& afﬂ?aBF%Egﬁnbase 152

i ncl udes a bSacIcehfaﬁSBtdlﬁﬂvelomGafstd&wxmdtotaepdgesmlof Theeaitfoibhakhase. The
bracket has a fla 182 .havj ng, a surface 5,984 exiendin arallel to tt~e
ref erence pl anes? %?ORﬁ%ﬁMﬁg@%?reﬂerdﬁ% %Pfetsﬁ“Eeng erence surface
Rs of !he ai rfoi&mﬁéhwsz%@é)aéﬂd/ 16430 @i dorRiio fﬂé%u&ﬂﬁi suRBEs Midrwek ncl udes

the tool I~q. ' tool is reloasably attached to tt~e tool base such as by

clanping with a W%h@l“&eﬁawl dhefnisherissriags op dif ISSAYEFUHPCR he bar 186

and bol t 188 in j5rg #}?.Tnoe HREfs! 9Pk réveehcdSufals Rshé Bssrupps| nadi on
with the tool balse Tﬁ t oo h?gﬁa tr(s)rtt srurface 192 and a rear surface

194) A suctil®n sfotmmggbe essntenden lhecwad"t\medm ohtsesend eaferenee swéadeear
surface. The too I &jlglél gs 5 and fi)

whi ch al so exten@&ﬁ% ?%ﬂhg%% sar gtgérgtgfo&té:?%e ear surface. The tool
has a a.rttlng face zﬂommamlmrgznem inbgaltwith {heegieil for icdsliogithet he sud, i on
side. A concave gurface. S osed bet tersects
the front surtac o:? L#) t%gdsg‘dﬁ@eﬁff‘?ra?\ig\ﬁg 41 égﬁ%ﬁ&oﬁg i ncl udes
t he probe assenbét)ecbsﬁtoﬁeGroBOatmoﬂbenasmnbhtpgrmlglfomm\amptrmtrecizos havi ng a
probe base a surface 214 ex di argllel. to the surtace
184 of the 3}’2 d\c’:%i "%’71? V.ol Foghis e@%ﬂ%‘f RY 8RR ‘Btfoéﬁ’riﬂg 168 is

di sposed in the gying mbehiking pagitioss foosuppdrtitoe ol e sitfbianThertdlss | al t hat
is avail abl e from Assocj at ed . Spr. Q, 8ristot 06011 and
is formed 25 of %ﬁ@@ﬁmwn&'@%%wag%éa@a?% P IReRDEIS ’?56‘%92-0500- 60A
The spri nngORStﬁﬁé pfiet c&%ﬁemglbmnéﬁeﬂ@hg@émﬁlhlgrodgmmnk?ﬁeﬂﬂaé n;gjl
constant of the sprjngs 156a, 15 The~prnbe incl> des~a first roller
assenbly 276 ando®! ?M‘Pﬁg}e%\@%’bnbl y 218 which, adapt the probe to
roll on thewessure%%ahg%géﬁzgdduhé ﬁaxﬁh@fe@?é 1416 e PRRIRLIANE
conditions. A first pair of - 0~~ 16 f] anges 222 extend fromthe

probe base and s’ﬁ’ﬁs‘t‘)&m‘i %erfpgbaiee%@m ‘éfﬂlna‘?"o’t’%sﬁq‘l'é’”raéf%\oé’ﬁc@ YPane direction

Rp, Rt and to thg.RRA .9 ¢§t1(99n§19fsl‘b(~3éfﬁbﬂ s@&%m&'tﬁ(&ﬁéﬁo?e spaced
chordwi sely ons fromt e other.' Each has a pi n (not shown) extending

between the fl angedingiléntA.ctBad BIG-16, engagesd Hial erebrokes@weyliPer assenbl y.
A second pair of e A s ax£, spaced
spanwi sely from ?M\»?{ll% &:[gearﬁ 'Pﬁgf g‘f tr?ggasngﬁnd& D%%W %ﬁ y Fﬁ?pendl cul ar
to the refe@cedsweﬂmetd?s chaacH drigesipanedesegins éx shaowm by the salid . The

fl anges are spac 11 or a re.the flanges_of e first pair of
flanges and si m&?ﬂ& ga%\?gl% ?ﬁ? @5%3‘398?18??18?'%&% aﬂ%'ﬁt‘hﬁ‘é‘ﬁ#‘ es (not
shown) which is aﬁ@@b@mée@z m@matsa&b Yol Ra8ae shiiscd RS bAY agBseedl portidie fir st
roller assenbly 216 has a pair of roller elenents which are ChOI’dYVI sely

adj acent as repré&ehthesustion pefacs) 1Iae‘?n BesrpKexsiderf the airfoil. This
may range within & tolerancs band between, for example, 18 degrees



The roller elements are spaced chordw sely from and spanw sely 15 famardty
of the front surface 192 of the tool and adapt probe assenbly |Q.Ygaa 3t he
reference surface Rs of the airfoil. The second roller assenbly 218 has a
pair of roller elenents 228a, 228b which are chordw sely spaced one from
the other and are spaced chordw sely freom and spanwi sely rearwardly of the
rear surface of the tool. The 20 second roller assenbly adapts the probe
assenbly 166 to engage the reference surface Rs of the airfoil at a

| ocation which is slightly rearward of the tool. The slight curvature of
the reference surface results in point-like contact between each roller

element and the gef gf gagéfg%w.saﬁa;@r5.%%&@&9%@%%@%@%“@ def ne a

pl ane-1i ke reference the orientation of the roller "assenbly and the
tool. Fig. 4 shownd i@ amdiwteesmid ip2d cewwss 86 shrendohist Ay assenbly and the

probe assenbly. For SHQ.V,VE ?‘JH"]" Zﬁfﬁp &mr}dﬁfef | anges
to the rod 118, 7 22%?[8895 Aveks an{j&t’] ~ Ird set o | anges
132a, 732b and té&dgdsia, d4rdd'\dﬁmfollo'lhbeppam«smowh imhidlic Arc@irfelhigages t he
springs. The axis,of ation Ar of the Ji UL 2003
17 extends t oumg‘{‘ Eﬁmfﬁ‘ é@ﬂ]ﬂéﬁ"é?i@r%‘? m%pm&ectl on of
the front s-~arfagchehlicThsHibr fortHoMingVHe pitiGieings aﬁeaa@ufgwmmawtrw

experience has shown that accEptabie results can be obtained by having the
axi s extend thro8dee ef heifedh of the tool rearwardly of this 5 location. As

noted earlier, the fr-ﬁ.cqjg dir &Ml of 33981H e éapgrg{ugg hokor HP MY A T OM t he

fl anges byapln ext endi ng through the itanges hown"in the Fig. 5 the
surface of the bthatkbowittse fonb §Thand aft (Ta)pesiprorating actiohof tha #ppaeatys t he

B uni ntal 180« AR et ity ol eduts RETS, hatyResd 86, O O g
has a hol ebzl?,;:l ggtmﬂd‘ n@mm?ﬁw?tﬁﬂ?IthﬁquFtd:emgSMQ ;Eorsl i deabl y
G taching the pr BRETRLEANS B0t &f PERFOL D S s HE SR B o enas

t hrough the hol eot euttihg ablicr)isdgh ad Asschiig adticte alkhgviageessotdie hol e thrc~h

the bracket 15 so that the probe base can c ress the bushjing slightly
further if necesS8MNg n@ﬁeﬁa?'mené%wlogﬁgﬂwme&%*wa?h?nom d the

probe base npye h?gar\atusezswm&m%exy mmead.ﬁuaeatnfom%aamba@tl ally

per pendi cul ar to reference surfaces shown in Fig. fi, the

direction of traPrVvidsd asbeapparatus s Ot%aﬁldréﬁé?”aﬁ VWitondi tions is
shown by the arrﬁ?@ aldd ang, %ap@ﬁra%me{evwd&mmﬁnmwes br acket

i nGudes a | ocati bol't 238 wh enabl es adj usting the position of the
bracket by | oosef ﬁ@l%tﬂ?@m@mnﬂndaﬁpﬁ&mfmym%dmardbﬁuﬂb tool is

exchanged for ang?ef] MLEP@E%E 1. ST 8%ish e@‘,o’iei%g@ fter the

bolts are reinst et 1s |ntegr e tool
base. Fig. 720i s moves dawnwaedly end treeditastipn Oﬂ‘ttevelmme mamgewnwb Bf the

Lol ot oL SUERARARNE N 1985 S GO LIS b Akl bradpht |
L ~~D~1is and a plane of reference Rp for the following description.
The apparatus 28 is capable of being driven with reciprocating
motion in the spanwisa direction by many devices. In the particular
25 embodiment shown, an exemplary device is the robotic daevice 36, ASEA
90 model robot with DPf2 software, manufactured by ABB Rabotics inc.,
2487 South Commerce Drive, New Berlin, Wisconsin 53151-2717. Any
other suitable davice may be used and, in fact, providing there is a
suitable guide and a suitable means for applying force through the
30 apparatus, the device could be reciprocated by hand.



i nward nost portion of the concave surface conforns to the fini Sh@ﬂa kzm
di rensi on edge of the leading edge 12 of the altfoil. In order to* M}
efficient use of the cool piece) four concave surfaces are cut ir~ic7 U
tool. Huweves, ~ msc~ri.a ve s;,xf~* is u~~ at 5 atinme to formthe
contour of the |eading edge of the ai ri il. Accordingly, the three other
concave surfaces are ignored with rega to the description of the tool.

Thus, the surface in which th ave surface ' . Leddpe fornming
operation is the cut t%ﬂ%@%%%@aépgﬁféaﬁ%ggsﬁég aén% Suction side
' 198 extend on g 108 28Tank it HAlikg'e8de 94 {tacingdownd Thedixturke t r out

surface to the ?%%:H?fgaﬁ ace8f84 The lgg(;rg/e surfagg di sposed,. b(;tvveen t he

sides has a pres32ir4 enabie thel airfoilt bavetated 80 degrees #bovihe XA endi ng
p~rtwardfy in diyerge i i %ngsdqrface
intersects the f %&%?&ééﬁe?ﬁ@”éﬁ%e@é%g@{%%%%% shown in Fig. 7B,
the sides di \@ar?meaéadiagfuge.dhy deewa:ledl uellmvb .raemmt om of thheapperalys &yl eI E shown
i n exaggerated fashion) for e of ,.abou : e Is
referred to as tH%’@G%WEWBQW“‘QLHWM@B@gSﬁé%%%u%?%g action of the
tool w th respecy kol REFPUISUSHing b@%@hﬁd gildwdiseoitha gamefapphestas r f oi |
rearwardly w thout bending. 20 Fig,

] ; i s an enlﬂrgeg vi ew of the concave
surface 204 of tfrsferming edheribe ipadingresiomartae Egip f the |eading edge 12
of the airfoil sectiopg S?RYQ’EVW%{E}‘Q““&%? ;Whm?mdk@ﬁ@m t he

airfoil inits fully thined condition and show ng the reference surfaces
Rs on the aitdoilines2A2e Ahstewniadsigfth iheytadsenpot Héattasheddpith®) oper ati on

whi ch fornmed 25 thg.e el r e i S angl g t he eve
pressure side suPFﬁ’é’e&%é %Gﬁ%d@ag%%\r}%?pggﬁiaoﬁne@@e% svﬁ?@g%e of the
airfoil as nmeasugOfireepivspeningeSa dndshsetond pin A2 whinhve slidéatde tnd t he

fini shed machi ne concave side (that (s, the reference s éce. ). During
the formation of P8R0 HRAGENd pin epening PRI lfsh%{ ?’908 ired

| eadi ng edge is HRmHe bisedaofivafing RigetHeabEsttachient 22 and AIs€003 19
ma~ir~ed referer~e surfaces Rs on the concave pressure side and the

machi ned sur flace rept Adrttashad & theafeibroaingd 10VEA¥HE-di ngl y, the tool artting
edge 206 (at the Interppopiioy ilw iEn SRAGING 1AL 2828 HFi 2 Hodingnt sorter s

of the tool) has an inrer portion ~The inner portion of 5 the tool edge
Confon¥ZS to the domibdure ¥4 fariengaging tedip 2@ atihagineil cThs fittye inpiHde 2| . The

m ddl e portion 2< | SialBhatl J LMeIges at an

angle Ft. The andgle a I'C edge diverges e eQual to or greater
jdle 36 difaily RhoSen) therBldkt Lebjor iBip@Rdlasliehrae

t han the noni nal Haskdsasitiee fxiglecitherowmdn Fidi@A. | laraddidivpethe prate igxanpl e)

shoul d the rapge and ac table flare | | j (e e range of

18 degrees t28218888?§%€&#w§' tﬁﬁéﬁ'eé"boﬁr%g%\rdﬁ%g @é&%ﬁ E{Prr{]@ %&%dfogé}%gti on of

the edge wi N |i e gbbut the adypam. ame fixfuré eprovided withclateging skeves 548, t he

nom nal tolerance 19.5 degrees) but pref, r,agly ggt a{) t he r?é%l %g

accept abl e fl ar e HRJcK FEmpAgainst heRjdeibup 20ia0d L ED SHEWS 57 of the

tool edge extendggy fack 684, 5B thaSk PhtalbNIEBS Ut iR BAE ofinddhempor ti on

and in a reverse curve toward and poss[bl_?/ tangent to the cutting face 202
to provide a vi decrayutchengsigetthe 8p pbtherrirfel. rA Sracekiyextends remiheni shed
condition. Thiss epaR Pt RN BehdRaiing) airfoil
that has a f gre ang%zégé%émﬁfeghggﬁg%g@ﬁ?'ﬁe t ol erang‘g rande wth.a first
cut that renoves only Fig.< isgintendargech vie®of af partioreo the apopeten?8 shewrur f ace
defining the fl arirex F?lgr.]%I 86n S pEJHi%nCo Er%e' rofotic device 36 that moves the apparatus

for contouring the edge in reciprocating fashion. The apparatus

includes a base and arm assembly 64, a coupling assembly 66, and a

30 tool assembly 68. The base and arm assembly includes a base 72



tool seats on the |leading edge. During the first cut on the |eadi ng eg@ﬁ of
an airfoil having a hare angle at the mninumangle in the tol erah N ge
(18 degrees), the cutting cool does not engage the nmaterial adjacent the
flare angle but will gradually engage that portion of the 25 | eadi ng edge
as material is renmoved during subsequeth passes. As nentioned earlier, the
nmet hod of forcing the internediate farmof the airfoil is particularly
useful during formation of a hollow airfoil 10 for a fan bl ade. The bl ade

pi eces are bonded  tqgether, in flat faqr The chor i_mensi are. machi ned
in tf7e blade. At (ﬁg's%ﬁ f%#ﬁ'ed?b@tfr%éwna‘gmﬁ'ﬁ‘?zg e%@ﬁ%ﬁn@ﬁ, t he | eadi ng
edge 12 and trai Ispagwikd@iretdomfromithe€ base and hbks b iti@Hd2G and 4 sedonar e

essentially square., The flé;\re angle F that it adjacent to the shape to be

|
formed on the | e el pRF MiatrRly sngress 1he haseint sRivaleR Bii&det er ni ned
amount vri thin t i @lcshawed regagfatelis fohEntaah 16 figmla sharngl # my be 1

t~ degrees with a foier~u~ ra--~u, egrees to 21 degrees. On the
trailing edgep trpeumalie culinglas 8fds atirched t@g@ﬂb@@ a0d aptanB&Bance range of
20 to 23 degrees. g pl.Hit”r‘),:fal-i Aol Rl B AV rjopd io form
t he ~nai contour déﬁbt%hgﬁpﬁ ol 1. Eg@%rgiérra:fﬁgﬁigtgéfs%ﬁ%s |ﬁ8¥nad(r’1’§ ot form ng
t ake pl ace at hi @2 ¢fahepnetmatiscydinded lsaving dschavibeh 4 digrebatwieke. dhefoil to

| arge compressive,10 | oads ,to achieve the final formof the ajrfqgil. This

i ntroduces wavi ne@?"}i’?’ﬁf@ﬂgﬂmm”'@‘dﬂ W ﬂ’éeﬁqgfﬁ\ﬁjr%%"%ﬁ%ﬁ n so that
in a side view theithpd sbaick oRBRTAM(Shdwn heschedAi¥ fadhidH) to pRAIdeOPgEs, Por ti ons

extendi ng between a reverse_ curve projection that sonmewhat resenbles a

gent | e undul 80 orP4sh asiake WRiRNdS af A caa-ADt BIRSSYRAN ftnehamPPrness i s
ntroduced 0 2 IGugiakydaDickBr the pABBRARIIALLY RREPERICGHIA 4@ ¢ he

suction side and pressuré sides o e alrtol’l and ex fromthe | eadi ng
edge to the referavsiablefromEMGPneumalicsrlont 461 Bastonh Stiest, HUP#BE, t he

airtoil has slig C\dm | a4l o, i i e r in the
| ateral directi onhf tﬁHI’ g@peci to E@Léﬁaﬁh\mﬂs@g%ﬁé regﬁl%a I@‘,%%he t hi ckness
of the squar ed- of RurABerddJ@0R2+80286. of the sections 1 a) 1 b, 1 c or 1 d may

vary in the lateral dikecti fromane,locatjon in the sectijon anot her .
Qari ng operat1l%f)n of th ea%’b@'}%q agseggﬂsf@%' Z‘f‘#ﬁsr?gh%%'aﬁeoﬁmb?yo}dfﬁe | eadi ng
edge 12, the appasaabnd plate bsvemisiyl 104 aad @asisidrzn cobsiing dsbembiyxtosr exl ai rf oi |
10. Irhe fixtures_en e thelfaIFﬁe r oot E~_and Ea? 20 ({f th?ﬁé? airfoil as
descri bed above t¥ %'?ﬂﬁ govRliRa Asee@pPly i AVlibie rom Luses AREOSRAGRr at us i s
| owered, the rol | Rower2ftans,AissicH, 24 Sanalrd Avedss 11D, gk 48¥6utidd dnengage the
concave pressure ﬁ#ﬁm%es of the airfoil causing the apparatus to nove
slightly in the ¢ ?é-’&f'}*éﬂ’PBW“éMW%‘M%%@W@-&H@W@%OEM
springs 156a)20156be tdrgionan Bgsé?ﬁﬁiﬂhé BHRATHBTH) WheROTRE 1drSioRSr M t
nova~nment of the tool assenbly 68 in the chordw se -1 JU 2003 21

erection. The cut$4RYng assemby hag adsgayiindrs 108andryseaye cylivdariig. t he t ool
and thus the appani tfindBes!dt8 disgidbd dnSa%h axldBr ARARAMIS TheiSnd N°
reference surface Rs ‘an the concave pressure side to exert a conpressive
force on the rol |@cend eyindsss phibye tconplingassenmplydare interdmnettedBydi sposed

bet ween the prob gﬁ&r@- ? bracket. 118 flf the tool base 162.
Thi s causes a pr grge &t Aﬁﬁ%&%&%ﬁﬁ%ﬂ@&%f‘@ﬁ?%@ ushi ng. The
robotic drividdg dercuorder@btizlansesndrit bemzaartas gglindidrd i r@Bpehsenoraeci procat i ng

fashi on al ong a predeterm ned | th of the airfoil 117 10 The length is
appropriate to th‘@'ﬁ‘?ﬂﬂ?%r&a*{?{ﬁ%}? SX418G YU ling ARy By IR0 on t he

suction surface l&ssemttyreoihenetirsigngid@epiag askbniied UBMR dontpediicAf the
pressure surface 16 adjacent the reference surface Rs as shown by the

t hi ckened |ine i nMe#es %"»_era}_g_altog_ioq%{%p? mGYtQ?anT‘Plé’Y%raded_ by the |eading
edge falls away from t1i Sad bf REhtRAPE of %V%%ﬂ\@gwmﬁaskw\&d' ng

be#w~eert the tool and the | eading edge is ai y thie rearvardly

di ver gent s| déhal intersacts thedaolassemblycarcpredetepmineddoctionoffhehe t ool . The
pneumati c cylinder 86 applies a scraping or fumng force to the tool

t hrough the piston arm 89, the devis joint 90 and the coupling 20 assenbly
t?6. No further adjustnent takes place between the plate



assenblies 102, 104 of the coupling in the chordw se directioﬁ'bﬂu¥@méon of
the siideabl e engagenent between the rods and bl ocks of the plate
assenblies. The tool is seated on the | eading edge and travels to and fro
tracking on the | eading edge. 25 The pneunatic cylinder 86 and piston 88
provides the shaping or cutting forcegnd) depending on the contour of the
curiing edge, material is renoved on the top or the sides of the |eading
edge 12. The conpressive force exerted by the bushing 168 urges the side of
the tool 164 i ntrcipestatiop matioh of the anperdtoncauses freeadot taivas &ha he force

exerted ~0 by the cylinder on the tpq! to_cause cuft.i of. .t he tion
surface. The  -tarsignghepu Bﬁ)?sﬂmé%ﬁﬁ{’e %fefer‘r%{‘t“éﬁli’"éﬁ%tr'%ﬂ%\lfgdt l?ets],“ ealzg‘é)ndent on

the lave) of foreswaafag&xtd&%mw@aﬁbwmﬁw&mi vl e lirflQee t he
eve

predet erm ned force I's reached for the thidcness of the material, the
t ool does not hameveménhathestixis of rotatieniA¢ ifelivrn airefereses PlaeetByhido cut

deeper info the materi.al_arxi 0S| : LR tool. As
the tool is veld sflﬁ‘g“?ﬁiéa@té%{?l%éPodﬁgégé%{wo'%?%ﬁ%%gg%?%ngggg%%er a
surface ghgt is fé[é]éﬁ@it dlfahe iﬂtphtmlt 'allb@][rdaﬁz?d, dhalplobé{l@jtayiaﬁbhsoﬂmut 0 I d a]E)p_e?r as
an up and down novepent faor e . tool. r e orien iqn o e_airfoi
shown in Fig. 2.°fRdsyiReaiatng edsn WQ&'"‘S‘%%&ETEG ﬁ*ﬁs@w bePdvi des a

constant force wWaifly pasmerodiiansigftally pafdlel @uhs Bsarinvenas df Ger ve of the

| eadi ng edge away fromthe toot with a constant ford provi ded by additional
air supplied thr@dgh the regulator 98 to the pneumatic cylinder. As the

toot rides t he cur bfion 1 Qcmp‘l t he
force to relr?wl?l n const%@h@éalr c&i ﬁgﬁ‘gég?gggﬁgf\%idfgﬁghnp%?ng tégﬂany
vi bration of t hetotredasabigengage thekeolFsaensbls$8t detlios platewesemnblyt he

chordw se directj | ong. th | Qi r rd surface of

t he | eadi ng edgeh&sl]'ﬁﬁggC?H@"Enagsﬁ%p&?a(&dﬂ%lﬁ{égﬁpgp% stgﬁ;q%w?ed novenment of
a tool wth respsitdched b e plefedBdenfdiee basd avkaragadsesbiyadoriststannedt f or ce t hat
is exerted by a pneumatic cylinde t, cts in the.chordw,se direction.
As the tool 164 %Seaﬁ“gﬁé%aasﬁﬁﬁllyﬁVgp“%ﬁzoqlgﬁﬁq%yggggﬂteﬂiﬁi has a curve
movi ng to amd fr platenagseeblyaineiiabs difirst glidenod tt @ ahd asbediid geite redl | er
assenbly 21 fi anpg.t Lrear, (se ol ler assemhly.218 are urged in the
di rection that tﬂ%'sgﬁ?'gﬁ%mfjé '%cﬁfgﬂd%éﬁwsﬂg%gﬂwgééﬁ%mce Rs whi ch
i's closely adjacgtitle redd. ithd guaide rgisasged sibstahtiaiytpetmandiuiards dmbl y
positions the cool so tha

at it is Vi n a lel_to the | eadi ng, edge by
causing a smal| PR 'fww®aﬁ%ﬁﬁ¥ {oté‘hﬁ ’gﬁmpgé‘leﬁ%f"gq]d! ng axis
Ar tlhat extendsI g{]r@g@hoftm@ﬁédyigwé@dl_ %@HWiisngﬁlﬁrédjabehOﬁ)d_ﬁweé or S|honal
coupling as .enables this 3o slight rotational novemant t at the
sane tine eﬁﬂjsgﬂm‘r é{%’??ﬁgastBP{?éeﬂtagbji"P‘? Nases 1282, 1?%8"‘?85 2t0 enable
the tool to trackxbheramithy frdt piid fo?@r%agé e WritiRe guigb ry@stoback |ateral ly
in the opposite direction. the spacing between the front roller 22fi and

the rear roll ersS4pRoriandrpstiondhe ovide rfdol is al ways correctly positioned

with respect to the i-Aanldsan8Pifle 3Sseiily 164 had a Secord RatkNis, Shdevays
curvature of the | eading edge% T?le busb’#l{ ng 1%8aprovi es a dafr]g?ng force io

danpen out any vbenoadiniae is adached dhthedustuaylinder 408 @f thettotsiondhe sl i ght
vari ations a i adl i ceinthis
di r edi on. Asaé%jhe%f’g;égg&nﬁ%'@%ahﬁﬁ&{%ﬁgg Pé%??’ﬁaﬁﬂ%’é‘é@fé Ffgofhace i1, Ry
10 encounter a rbmgl plateodsseindly teli Tie sxged platd asentthabashadirst peirebsed

thi ckness. The i pereased, 4LEkRESRAIRYRSH sl el HlecsRa BB blbcks
138a, 138b (hot shown) is attached to the first plate and spaced

spanwisely from the first pair of blocks, Each of the first pair of blocks

30 has a hole 144a, 144b which adapts the block to slidesbly engage the



direction away fromthe toiler assenblies 216, 2'18 which are riding on the
reference surface Rs. The novenent of the tool slightly conpresses) tiiel00}
bushi ng 16$. The bushing exerts a restoring force chat 15 is of a magnitude
tt~t doss not cause chatter or skipping of the toot on the surface and acts
as a danper to danpen out any vibratigps that may result fromthe change in
| eadi ng edge thickness. Thus, the bushing exerts a slight restoring force
on the tool that is in a direction that is substantially perpendicular to
the reference surface while permtting 20 limted novetnent in this
direction. Arigid connection between the tool and the probe assenbly woul d
not al | ow for thfirt fear18tdf b fifdt bBtCEReABIANMTha\BaHoRd Ipalralf hidRY Bas
unaccept abl e gougi ng of the | eading edge. The 100( is al so useful in

machi ni ng a | e2dsindardeies aneaprasedetby Nedale 1452 it blods1 382, ik ness,

| at eral curves, raw.sel.y: L ; r Q%an k: e that
gently and regul%%pgbﬁo%\é%ﬁmgpé'rghﬁé%@?& |e\é’5§ﬂ€g§ n g&%ﬁqﬁaﬁcase) t he
probe assenbly 186fipbkickilards disposaabmidwial tbetesseltb langes 11824,d3K ng edge as
bosi 11 on' 81 | gt | Getensgedhe erds pEhe BB e BE bas F el ence
surface Rs and F\Mﬁl@?a@ﬁﬁ?'ﬂm Mb%@&ér%b%e%%u‘g@ Rdi 12! ThasibQohad ® take into

account variations of the leading -1 J 003 24 edge froma straight
tine but w thoutPressurasiderits4 and asuivesidet S uh paingf eptinga 1¥bul d cause

chattering of th I : t 'ﬂg.ﬁ, t.‘% J: s‘Ft:iﬁl i edge are
formed with cons %r?%c%@gtoféodavgﬁsﬁ% |% |g§e|”§?d1§-$§é , L “ggg'g}rz%gent

const ant 5 cont opressuie @idecsfrie fiftl blogk bhd thk adjatant flange 182 sndithe spanwi se

extent that te en t.h tions., IThe i viges a snoot h
transition be m%%gpﬁghﬁﬁ%%%?éo%?ﬁeh ee%??%l”ﬁ%ﬁ&ﬁégg.z%mﬁ I's fashion, a
| eadi ng edge of blockaand tiel adjdsint NarygecKidan drHeoslodboarsd tdusengegeateet | s f or med
by madlining, elitinating nost, of th,e and | abqr require .t%lo formthe
edge region of t‘ﬁ’g]' rqu?rps_a SERNIET MifelipLen q?nﬁ(%aig%mﬁn R IR ery dose
tol erances nay beittkedsbettao ¢l o@g @52 Afredtied ahith & dubanrghtibBpul ts fromthe

shape of the fool and the repeatable nature of very fine cuts provi ded by
t he appar at us fo?ere?f?ﬁ'ﬁﬂ?ri ‘Hd’R? FRaNWse SRgeHAfRNd ”f'ﬁiréfeéﬂricﬁi %ﬂeeﬁsf%? he el enent

of humanf eerl iﬂgm@m%imemmmeqm}aﬁrwﬂéew?aaw 108 SpANGE sn;mw{éf thef
extent of the |eading edge region. is greatly increases i vol ume o
production for aP8Pd %%Yﬁ?rf@g%‘f’et‘? REY" ebEr B dicedling p&ﬁ‘b‘“tﬂﬂ'c"g?”f’ntensi ve
hand | abor and nhewrd@sise@%aidrpwwwwefamd,m fuldt ahE séesrpiaan cal |y
efficient. The resu

ti.ng operation of a gas_turbine engine is .,
aer odynani cal | y %??ﬁﬁﬁ'?ﬂ%%"wﬁtbﬁirgv‘if?%%%@l brst plgha 6?%‘?@'3")(:6% BRI Al t hough
this invention hatches o HRAMRIGHH cOasnGd388mBly1ber ARIRAE sebdnd Pratgdet ai | ed

enbodi nents thereof, it will be understood by those skilled in the art that
various charffes 55k 104 beingatiached tp g baedendiagm pesaralle 6 t hout

departing fromthe sm%%ijsm & poRBn Mﬁo%slgﬁjqua‘wgl%i on. For

exanpl e, a probe assenbly having spherica er ‘el enents or a probe
surface may be ubesirated iiraere detail IndFigyl4, Sdanidctl Feoiagplel fFigehshowsso -1 J

UL 2003 9J' ~ THE.: J\@i' - dar-formn r of at
| east a porti on%ﬁ%@e ge gfw}a%“e;wféc%giggg%wg égr?bﬁéwﬁa'vf%d%g%ggr nui sel y
ext endi ng axi s ampordioploltte tioblyasskembiy: Bad IF ig é&cikiaorisw df Seaselassaoly t he axi s
whi ch exten ~ardw sely . to.define,surfaces of the airfoil, the airfoil
having a | e%&fng‘ﬁgﬁbﬁ‘f’”ﬁ"?‘? 'éri‘?si%goégboe%paced chardwi sely fromthe |eading
edge, a pressure s-rmheaeoleassendiyss nciodes haodieadeng2edyscitie4t e hail i ng
edge which includes a reference surface 10 extendi ng\:'ssﬁanvx,i_sEl'gy,‘1 and a

suction surface RRPEATIEEPY 16 aEan elRglinhushior 168. own in
the tool base is releasably attached to the plate 114 of the coupling

assembly 66. The tool base has a pin 172 which cooperates with a hole



to the trailing edge which includes a reference surface which ex_tgggl\_s'lgg}
spanwi sely) the apparatus being adapted to be driven in the spanw Se
direction with recJprocating notion) which conprises: neans for
transmtting force to a cutting tool which urges the cutting tool in the
chordw se direction; a tool assenbly wych includes a tool having a surface
for renmoving material fromthe edge of the airfoil which has the shape of
the edge and which is adapted to position the tool on the airfoil as the

tool is noved with respect to the airfoil; and, a probe assenbly which
engages one of said reference surfaces on the airfoil and which is adapted
to apply a force {0 the tool assenbly; wherein_the position of the tool is

adj ust abl e with r SEERUPHPE eFRmMRY SHER &8 by Abek (176 Rnd pnpeldedhandumeda f or ce
e>certed by the preheeaseTh thd BSpRRBAUBLIG as claimed in daiml

t¥ca if
wherein the tool has a shapefvﬁ'ch IS sugstantl ally the sanme as the shape
of the edge to be for nEde fod baben 82 inciudes doickes 128 that lseaitatibed toea pr obe

assenbl y. -1 JUL 2003.2G 3. ,The rat us.as ai in Claim,l which
further includes ?@88&’.%?99%&&%% 3?’?866388333{?@&% vIGQ g fEripcs:
transmitting f&rcasarstehixgnsidrbkel a5 sRITbleyericeplandifpy Rt edRruBAMIaRg el y
into contact with th geference 5 surface and for transmtfing.force to the
t ool assenbly. 4. pﬁu@e F0ap APTaEENSE Stifars B of e @vdgikHngenRresralive t he coupl i ng

assenbly further ipgdiisies nmeans for permtting rotational novenent of the
coupling assenbly about an axis A which extends In the chordw se diredion,

in 10 response to a fofleelaotessesablpinciusss thmtooblpdt e taddis reledsably t he
reference surface gida %pngag j [ im~
wherein the tool has a CS%Q%’LS%??% an vﬁ?‘@f@?’?}”’%ﬁ%‘f’éﬂ%ﬁw’ot ation A
extends throud@® t hells@streprpspotedityrihd Bant8a drel ol B8aFogs. yines. The
apparatus as cl ai i 19 la: N rein the probe |y, LS i deabl y
attached to the toog PRSsenD Y é%%kb\?\ﬁ r'%clené?:’g 'PPi@%ﬁﬁﬁg?%P?ﬁ di sposed
bet ween t he probe et bEsblfiordsdrfsdeet Sowid asegbriiyce 731, 7A sldienafgetsdt us as
claimed in Caim Eﬂg ' assenbly is.slideaht ttached to the
tool assenbly andé)d ergélﬁh&a&’rgzrscﬂlg‘gﬁatoeﬁr% & rISLI"EEC&' 3@83%% aﬁ‘@t%@n t he
probe assenbly angrasierd sidé 188 $shdwnyin Ffs Bandlbewisipip alsatdxtends frohatheed i n
Claim4 whereip t ro ssenmbly is slideably attached to e too!
assembl y and ?A%erg?ﬂpsau'%@??%ﬁeeﬁﬁ?%ﬁealﬁﬁegoﬂ%‘?ﬁ@s r@e’%@é’?t he probe
assenbly and the extehdiagdetbben the.préddserasipasad Us astiGaisized A dorichal m 1
wherein the tool h‘(}? a diredion %8 o&ftravel, and erein the probe assenbly
i ncludes a pair of 79 Ty SHIMNSAE botweendaRsicst aat NRrsess e M he t ool
fore and aft w t hsoesmestta bettindnedgh pes:t i on of
The tool assembily also includes the probe assembly 166. The
20 probe assembly includes a probe 208 having a probe base 212 which
has a surface 214 extending parallel to the surface 184 of the bracket
178 leaving a gap G therebetween. The bushing 168 is disposed in the
gep. The bushing is formed to a polyurethane material that is available
from Associated Spring, P. 0. Box 120, Bristol, CT 06011 and is formed
25 of polyurethane material used for part number PO312-0500-60A. The
spring constant of the bushing is much greater than the spring constant
of the springs 156a, 156b.
The probe includes-a first roller assembly 216 and a second
roller assembly 218 which adapt the probe 1o roll on the pressure

30 surface 16 of the airfoil under operative conditions. A first pair of



-1 J UL 2003 27 travel of the toot) the rolling el enents adaptin&a@lﬂf
probe assenbly to engage the reference surface. 10. The apparathé

clainmed in CGaim3 wherein the toot ~~as a dire~ior-~ 5 of travel and
wherein the probe assenbly includes a pair of rolling el enents di sposed on
either side of the tool fore and aft \rq/ith respect to the direction of
travel of the cool) the rolling el ene Ps adapting the probe assenbly to
engage the reference surface. 10 11. The apparatus as clained in Caimé6

wher ei n the toolfldnges 220 iexedifmm b proby Basaad witsstaitizily perpendialanssenbl y
includes a pair of rolling e|lenmepts disposed on either side of the tool
fore and aft w t‘ﬁ%%@@!&&lq‘ﬁe&&ﬁ‘%ﬁpoét MH@@@PW#@W% t he
roiling el ement syaQqBf I 11 AdHyeBaPd SpRBUURRl FwibEly DNEFDh o th&! ERACE

surface. 15 12. The apparatus as clainmed in Caim4 wherein the tool has a

direction of trahasa giRdnahthown) sxieadipgdedvesrsdriflapgpnehishgotatally r of
tti | ts._dj ' ' ~ f d aft with
espect to 1R cueps BEhselichadesBB, % st v pePbiy B erent o

respect to the di ravel el enent s
adapti ng the pr ofepressstadihythedlange 294 ardspdvedrsphawiseiydram tiafirst pdis, The

apparatus as Qi in Caim?7 rein the tool has_a direction of travel
and wherein the %ﬁ@%?@&ﬁﬁwa%@l@ﬁ&e ' iﬁ'ﬁ%?efﬁéﬁ"f*'i‘?f‘g s di sposed
on either side ofndthe skﬁﬂhswi@cﬁéddrt?éaeu.w#ﬁ@némeérbsﬁecwe direction of

25 travel of the tool, the rolling.elenents adapting the probe assenbly to

engage the ref er EiRE@visalyragare tofianges of Himhicst BRI gkflancss 4pd similadyai m 3
uner ei n the RpUPhvat BRSERBIn] HEREA 1id ¥R T0EABR) OGS Bskjiedd | at or

movenent of the tool assenbly in 3~ a direction substantia
pec~pendi cuf ar t ¥ reiatably gpgogehedpiiesr@ssembly. -1 JU 2003 28 15. The

appar at us as dai red i (il id 2ARhAI21d Ral @ YAl i BRI hHichner

i ncludes neans for permtting |ateral” novenen assenpbly in a
di recti on subst aare chiorgwipely pejatect dsneptasented ypthenoilreletnentdi286. 5 1fi. The

apparatus as cl ai i i rein . C in SP@ further

i ncl udes neans flgggg)elfregne@t'@r{’g@ {f\t,%%g?d %‘\g/@%ésr??y%mtaﬁgas?’%o a§senbl y in a
di recti on subSt aforwarddlyofithe frentiswrfdcan 92 @f theetoepamdvadapt groter assambiyl 7. The
apparatus as clajnmed in,.Claim14 wherein t t 0gl.. has a diredion 10 of
travel and mhere%%@eﬁp%ﬁgecc@gﬁﬁﬂ'ﬁﬁ '?r%f’ﬂ%’@sa“go’bgﬂ?e WIW"%Q el enent s
di sposed on eit hassesitsly 208 hab @ palraf réiler @lenshta R84V 228bivetigteate t o t he
assenbl y to engaliPrEMehCREea che S He G rEe FRac R T as | ai med
in Caim15 wher gbm dritPsgaplisedpfeapwatdlyast thereplsutfasy 6f thetsbiWMT®eei n t he

probe assenbly i ndudes ﬁe‘pai r of roll I‘F‘g el enents di sposed on ejither side
of the tool £%reSerRpdipilenfssamplyadapts ths PreRe assesRly 4¢P i org28rdi®or t he

tool, the rollingfelepaBBLFadSIRELF e diff€l & DRRBSERARKYs SIprANIasatde
reference surface, 20 19. An ag?arat us for formng the contour of at |east

a portion of theStHgdoek T ioht eiryatutaef the Fafefanch swtace Bsufiaii sel y _
extendi ng axis a'aginﬂli@% M%%Wéer@éé&ﬂ'oheﬁﬁ@hbﬂ%%d%@%ﬁ??f&b0”t the axis
e efin the airfoll

whi ch extend chordw sely to e the surfaces o , the airfoil
havi ng a | eadi ng seders ana resull thegeosthge points define a plane-like reference for

25 the orientation of the roller assembly and the tool.

Fig. 4 shows in more detail portions of the coupling assembly and
the probe assembly. For example, Fig. 4 shows the relationship of the
flanges to the rod 118, 122 and to the blocks and of the third set of
flanges 132a, 132b and the third rod 124 to the center block which

30 engages the springs. The axis of rotation Ar of the coupling assembly



25 spaced chordwi sely fromthe | eadi ng edge, a pressure surface extending
fromthe |l eading edge to the trailing edge which includes a reference
surface extendi ng spanwi sely, and a suction surface extending from § HEL 2003

| eadi ng edge to the trailing edge which indudes a reference surface which
exterxfs spanw sely) the apparatus teeﬁpg adapted to be driven in the
spanwi se 30 direction with reciprocating notion, which conprises: ~ .1 a
~ 1003 29 a base and arm assenbly which includes a base which is adapted to
engage a piston and cylinder assenbly, the base having a pivot joint which
adapts the base to to rotatably en %gg an arm 5 an armhaving' a first end

whi ch rotatably engedgeds thieughnbe teal 164 eprsfarablyjtiviongh diedntersetion® B18d spaced
spanwi sety fromth rst.en LD e i i to engage a
coupl i ng assenbl y,E%?ﬁagﬂqggﬁyg?ﬂPﬁd@Lha%‘&%% %@%c udes a cylinder

having a chanber dégreRedes hassRown Mt abcdriallio resiagtcad teablainediby | ow
communi cation with a source of gas at a constant resls:ure, aJ)i ston

di sposed in the cyhavigethamrissxend thrawna ergicged heteorirarrisly A8 bounds
the chanber) the pio'&e&.hg.[vhaﬁdaeahm, Binht R 8s&eny & bbbl Ot at abl'y

engages the arm 15 a coupling assenbly.which inGudes>a first” plate
assenbl y whi ch hassuppaniesifroo thedlanges hy apin exdendiggitreughb he Bangssd gui de

rod, 2D and a third gui |§99‘ endi r i k anw se
direction and spaced spgﬁwi Sel i?ﬂg%ga%’o%%t%%a%f?gﬂd%%%ésv%%gs%ﬁ%g r of
flg)ng;aﬁ at heagh rgpl%m_h'ehbctlm euﬁmjfbéai:é ﬁmbeghrr]'ﬁd;dﬂsa?eb?ﬁlm beirué%asp%i at eg )
ro e third rod_bei ng di spos e n the fir . seco ui de. r ods
25.a second plate %&%Smﬁﬁeﬁuﬁmeﬂﬁg&ayg l[ﬂ% 'Eﬁmfi ﬁ'ﬂﬁhﬁrst
pair of bl ocksi@ndgatsanantHeaidp Of ThE @ekRing 28 ARilé 284 ekiBRdihgr st rod and
one pair at the second rod, each of the blocks being adapted to siidably 30

engage the associ ahetethawghyhichadantgthe Gushing tBIsderatinreshivess belb®3ed t o
| i dabl th ki pf1h { 5 03 30
slidably engage thgy @.&gu&eﬁ%s@%&hb@ ﬂe%&tgﬁﬁsanmwg Arod

di sposed spanwi sely en t irst and second rods pai r of
fl anges whi ch engakpsa 282 tathe dlangei 1 82intithe Qrathet 78 epteindy Browgtethegalang
di sposed about the

third pair of fl an'g[e’g% %g’ﬁ@ﬂghgﬂgtbﬁgﬁswg%%’%ék%%%&p%@%qg}é&%pq’?%g'%[%%tr Ejh(raod
and between thtb f i $q thablrecprobedasé ben cofiptdss tidbushimpelighty firttendfes such
that the springs exerl 2/ GokPbALEYS LONGfodl SRl Q2K Lol B brbbe 2
base move relative to the bracket in a direction substantially
perpendicular to the reference surfaces Rp, Rt.
As shown in Fig. 6, the direction of travel of the tool assembly
20  under operative conditions is shown by the arrows Tf and Tr. As shown
in Figs. 5§ and 6, the bracket includes a locating boit 238 which enables
adjusting the position of the bracket by loasening boits. Such an
adjustment may be made as one tool is exchanged for ancther to
contour a new section of the edge.
25  After the bolts are reinstalled, the bracket is integraily attached to the
tool base.
Fig. 7A is a front view of the tool. The front surface 192 of the
tool intersects the concave surface 204 (extending inwardly from the

cutting facae 202) at the cutting edge 206. The cutting edge at the



per pendi cular to the spanwi se direction; 10 a torsional coupling assﬁnﬁl%ms
attached to one of said plate assenblies which includes a first cyli d y
attached to the attached plate assenbly and a second cylinder disposed
about an axis which is substantially perpendicular to the plates of the

pl ate assenblies, the second cylinder ﬂfing I nterconnected with the first
cylinder and 15 adapted to engage a tool assenbly such that displacenent of

the cylinders in neegdnmestiportioniaitisd coradavé sudace sordorans tedhe Gnishede t he

torsional coupling assenbly to exert a restoratjve faorce on a tool
assembly, 20 a t oSiMERY W%‘?‘ﬁl‘?%ﬁ@?%oig‘ﬁta'%%{ge which is rel easably

attached 1o the Coupli Rods &iikite EiohLsdiof thedspics, tor eosesie L he t oot

the toot base having a bracket attached to a portion of the t he tool base
25 havi ng a fl angesuriacssarescLs inid Hectook tismeéveg, g eliceve safadrisdisas @i se

direction of travel,.and pargllel to ef -0f L, foi |
which is spaceé iﬁ%?qm%ﬁ%m%ﬂﬁ?jﬂ%%em%@ﬂ tA(é:?ﬁ’éﬁdr ference
surface from the ngé @iredothes eohcave sudfdces aredpnareadihadgam tohbe t oo! base
havi ng -1 JU 2003 31 a front surface, a rear, surface, a presspure side
extending fromt h@th%@itBh%@?MaC@dPﬁg@,a‘gg 08"2%"&?‘6%% de
extendi ng from t gt PidedidF it BrmiAg bRBrdliBANs fHéf LA fade 0PI TR face

.
ext endi ng between the pressure side and the suction side. a concave surface
di sposed between trfessiie sidertdi ang suctiom sise 98 axdens qrueither sigeefdh@ uct i on

si deval t_ext eng) ng, ke gliehd ndinBEYRRAL sl Bne holisuiiiodfbs, fhet O the

cutting face, the conCave surtace Intersecting the tront surface at a
cutting edge and dioncavp syfaceadispsdd petvden thd glelsdaisragprassurarside walt t i o~t, a
m ddl e portion,:angd.an puter. portion el nner rtion of 15 edge
confornming to a p%@e‘fr&fﬂﬁﬂgﬁé&éﬁ\gﬂlﬁ 2%‘&5?‘%3'?9@2‘8’3%8@ 'Pgmter%g&}tont our of
tt~fa fiNPi shﬁd Ieadhilémoﬁdm mbeximﬁﬁﬁhﬁeﬁﬂhbé@smfachemhﬁbMi ng at an
angl e iich is at | east greater than the a e ai_ whj t he, sugtion

si dewal | and the piEe6amt ‘&é‘%?%%d&%ﬂ@%ﬂ%ﬁ%r‘@%@

condi tion of ty&e aehfwdirtiydbwhitthe hrlRdfats anan ahgleENéhowH iPrex@bblateyd

extending in curvilinear fashion toward and tangent to the cutting face; a
probe assenbly V\hiféﬁh‘PﬁcfPOGéﬂmﬂs,qa&PHb@"Bﬁ%%ﬁi'@ﬁ"ﬁ@s‘%@UPﬂé@@ ext endi ng

parallel to the sPABWIRE rélidrahbleUhdPrombiéahe 3DMinG2cAbA B theQbiVaH ef er ence
respact to the edge of the alrfoil by passage of the airfoil rearwardly
without bending.
20 Fig. 8 is an enlarged view of the concave surface 204 of the tool
164 used to form the contour of the leading edge 12 of the airfoil section
shown in Fig. 1C. The phantom line shows the airfoil in its fully
machined condition and showing the reference surface Rs on the airfoil

surface which was unchanged by the contouring operation which formed
25 the edge. The flare angle F is the angle between the concave pressure
side surface 16 and the convex suction side surface 18 of the airfoil as
measured between the finished machine convex side and the finished
machine concave side (that is, the reference surface Rs).
During the formation of the contour of the leading edge 12, the
30 desired leading edge is formed at the leading edge between the



surface of the airfoil which is spaced in a direction substantilalily0l
perpendi cular to the refernce surface fromthe bracket surface of the tool
base; 30 a first pair of flanges extending fromthe probe base and
substantial ly perpendicular to the spanwi se direction of travel, 32 the
fl anges bei ng spaced chordw sely one fﬁpn1the ot her and having a pin

ext endi ng between the flanges which i s adapted to rotatably engage a roller
assenbly: a second pair of flanges spaced spanwi sefy fromthe first 5 pair
of flanges which extend fromthe probe base and subst$ntially perpendicul ar

to the spanw sadifRliotdPtnf surfR¥E Rs diPelcbARHRDreaiund sigbapgthe hor dwi sel y
one fromthe other and having a pin extending between the flanges which is

adapt ed to rothacdinegd ungesenahe eptvex istembide, Aserrdinglys S8 1Pell | er assenbly
whi ch rot at ablxnﬁgsggg i 8;555:p FhSt | ﬁ;f the frst
roller assenbly | gszaO% gili?'egfn rol (grr’gfa er%)ﬂ%‘fe |€&l‘g‘§{g‘§2ﬁ1ordw sely

adj acent and drant spdaaiofdive todii Fes! an ihnenpation 28nWhe fingr pottimactll y of t he
front surface pof the tool whic dapt, t he, prqbe assenpl 0 engage the 15
ref erence rf@ﬁé@qf’d??\m%°I‘Se§g§@&’6%&gﬁ?‘fs§93§?g@%?c§?e\/ﬁi% rot at abl y
engages the pidifel. THemidRNPPSHIBR R4S OF tHd B00&Se it PativelyBhatiapll er assenbly
having a pair c~f roller elenents which are chordw sely spaced one formthe

other and ar e YyeSeHaLHbEMAR E&1 JNe pogleM IhigehRiedes FiveloosdPaRrel y of the
front surface gdudi ffor@ehter &Bﬁfﬂﬁé’hbﬁlﬁal ?ﬂ&?ﬁ@%l?%%%ﬁﬁ@' y to

engage the reference surface of the airfoil; an elastic bushing trapped in

the gap G bet vedgest ther sxamplecshetiptherenga sed aneeptatie Bargaogiesdir f ace, the
bushi ng hayy n | OSi ' ' i reater than the gap
& and whi o hgi?a‘l;wﬁg"i"g’%e@{’éﬁgf ﬁ‘g"% 8?5???335%%?@%%%&?5 @512%5 bushi ng to
sl i deabl y r ecedivergantabiithe middidipagiannfdioe kdgawilldiesitvyypran ol t

ext endi ng throyg%&e ﬁud}gt%%p @%t%wq ,é‘t'é%cgg tged%z%%rb&the fl ange of
t he brackat of the o{) e y%1 e B I'ng af'tac '0 one of said

el ements and sprefwalily notatdhe minjmuneactdpable Gare angleldflangle-t8 33 perm t
limted novenept in direction s tanti al er pendi.cul ar. to the

ref erence surf B?ﬂ'%ﬁ%"@ﬁ?ﬁ'?né?{g Q?ﬂée ‘2’81%’%@@%“%’%%#'&8&& fl ange and
the probe tfsefashivanraigent teths ehitiéleporfior ied prpRFeadTRNNY towbrdaid t he
reference surface.and urge ttte tool to _adjust ,its directjon slightly, and
wherein the sl Pﬂﬁ‘@y%‘?@ﬁg‘éﬁm aéth‘agf?ﬁes?rc%n IPraxideAMide Wf@'ai'ﬁﬁpl i ng
assenbly per i fo idjairfdiineige in thd rfinisHeRrdontition. Thistdmablea®he Wkt exerting a

restorative force to keep the .tool  en ed with the airfojl.
o A | S, aoergade a:lpadiRg eAop ohan ATTOINRS hawe late SRGIR R Nish snd

AL A3. AnL. Af ulh theAérafth mrfelvith a first cut that removes only a slight amount
20 of material adjacent the surface defining the flare angle as the cutting
tool seats on the leading edge. During the first cut on the leading edge
of an airfoil having a flare angle at the minimum angle in the tolerance
range (18 degrees), the cutting tool does not engage the material
adjacent the flare angle but will gradually engage that portion of the
25 leading edge as material is removed during subsequent passes.
As mentioned earlier, the method of forming the intermediate
form of the airfoil is particularly useful during formation of a hollow airfoil
10 for a fan blade. The blade pieces are bonded together in flat form,
The chord dimensions are.machined in the blade. At the completion of
30 the machining operation, the leading edge 12 and trailing edge 14 of the



A A% AUY. AnF . Ay@. A@N9 . AfY . A, ,.>{Clefjxz "%
{qu gb] X] ca] ca] ca] ca] ca] caj ca] caj cRa] ca] ca] ca] ca] ca] ca] ca] ca] ca]"cb]”é\a]ﬂ@%] ca
] ca] ca] ca] c”a] ca] ca] ca] ca] c”a] ca] cRa!;
n, ] (psyU p7' OLzupkfa\ W ca] ca] ca] ca] ca] ca] ca] ca] ca
U] c”a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cab&aU] ca] ca] ca] ca] ca]ca] ca] ca]ca] ca] ca
'Lh~X h v

I\ " 0) QUEX&MBEA' Lindait o Whangr iﬂiﬁiéﬁ
ca] c(a] cal ca] ca] ca']mcaafcgéai ca&lc aﬁ:‘i‘zg]aca] cae]YJ(’:Aq}ca] cal cal ca] ;g]uwaa]cgglcgl ia]
| Q T/ $hdpedtoXePfonB 806 n§IEIge englehison
e A A i a1
al
| <Re<s<<~yt of cofi amb angiealaybe s sharbontaabibnisiobale dbcal cal cal ca) cal

| <?== 2?7?
Lol catcal gl gl CALCRT LSl 56 g, oo B 00000

GGCGHHHAI | dq%@af n"a%}gﬁ gherd=fe

ca] ca] ca] }c)é]sgé] caJca gﬁt}‘tﬁaﬁl}caﬁ% ca cg} gghgca? Iga#zé%gFW\LLLL} qa%’gﬁ]l?g'?'lr'crﬁ]uﬁ
UUUOVFWKg XZ[ K] pirfoil is twisted and hot formed io form the final contour of the airfoil.

\ | gb

| caJca 6a] & ] o( 1] ob B PEUFRaTE o By R TR ISTRI kS Blecg i Righe] oal cal cal ca

A\ <] ] b térnpa:am&)@hd il reloidel ahduie 3 ) {har ol Y] [fgeadarapresasive] ca] ca] ca

ke ki T S A AL i) oo <o)
ySyqz} xsni d_7] ] e atenkags irheaheaivisd andarhealtratlin al ¢iad oilvankcal cal cal cal ¢
a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca cal zzy{{|1|].}q} }’> PYAL5{} D{ | wr mhc”Y]
] ] ca] ca] ca] ca] c&)rici|appaprs'tatiaye ypoasiehl E‘f‘iﬁ?‘é‘ﬁ 8 Pgkelwedd) ca] caj ca)
ca

a1 cal cald cal cal %Q%G%M%ﬁﬁ“%@%ﬁ%ﬁ Eyﬁ”'ﬁ%‘%%%%b??a’f‘?‘;ﬁ‘é? ] oal ob]
cal! Wx/; or sine wave. [n addition, the same waviness is introduced in

>Mgg>H xsnngl. X Kipdaphanilplanlad)sabedd aﬁiaakﬁéksaioaaa,&@bml ca] ca] ca] cal

ca] ca] ca]ca]ca] ca cajca

a] ca] ca! QUE7TVES prodstirg sidas of\trik]didel] arsd exithdseffon temlbedingaddge]|tod)e a] ca] ca] ca]

ca] cal ca

/ 4} f J]RsP]rrgf1 Lg?]gca‘]?ﬁ‘i?ﬁ %%a?%ﬂ]ﬂegf %’3 quﬂeg?@?] t&?%ﬁ%l '}%sa]"gh] calca]ca] ¢
a] g:} g:} g;ﬂ;ﬂgﬁgﬁgﬁgﬁg] crg]%ca] ca@?:i cg] cal ¢ M@@rﬁgﬁeﬂmﬁﬁ%fa&a}c;
a

] ca] ca] ca] ca] cajrespact tadhespappteRaxisyfdnaily) fredh E!&‘]“l&ﬂ‘l'é]‘% '}‘ calcalcal ¢
a] ca] ca] ca] eg] ¢ alﬁaimse]mga@lm& faleah e 8t ¢ahidlver)l FAheadteadical cal AZMO?%

CLu=| wrmhc”Y] ] ] calca] ca] ca) calca]ca ‘caj ca] ca] ca ca] ca] ca] ca] ca] ca]ca]ca]ca

] ca] ca] ca] ca] ca]drarien temaapdagatiscndathessaction dRppothe qu gb] X]] ca] ca] ca] ca] ca
caU] ca] ca] ca] ca] ca Eﬁé] m%fl

I:a] (l:J]a] c!a] c!a' 7} ~V\1‘1/ n]EPu’wbR?xﬂ vql gﬁé cgat]a%:g]g]éa cajcal]ca ca] cg‘]a!:gﬂ:gﬂ:gﬂ:

a] ca] ca] ca] ca] ca]nmada]gcqummmammpm]uwwmm}@mmma \eqtba >{| K-, &m0

"B& Y 10%5& 00 &

91095 ()-! &510%15&! és) dei&‘bé@%ﬁ&vé lof(rﬁﬂ’y h&amﬁ& aarl’bil@ﬂ/@oiz)my ! Bs @¢ 10% 5

5& ()- ' 1096& ()- 'y$10%f&() z #1096&' () - ghi | YNC 0! 105
105 105, 7109%& (SPr@rtyigawvened, theooers 328 >{2%3%‘%&°¥ assg 2Sj xz

218 engage the concave pressure side 16 of the airfoil causing the

apparatus to move slightly in the chordwise direction C by compression

of one of the two springs 156a, 156b that enable the coupling assembly
30 66 to permit movement of the tool assembly 68 in the chordwise
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| T0% & % ) -t 10% U 1E ?gi?%#%@%g%ﬁ&:é"%é )’?” RYRFEETHIE %6@/&%
19$10%+& () - ' ! kalokiprdesive fotcelfiVthd rollers compressing the bushing 168 that is
S disposed between the probe assembly 166 and the bracket 178 of the
tool base 162. This causes a predetermined amount of compression of
the bushing.
Tha robotic driving device 36 causes the apparatus 28 to move in

reciprocating fashion along a predetermined length of the airfoil 10.

10  The length is appropriate to the tocl 164 that is selected to form the
contour on the suction surface 18 of the leading edge 12 and on a small
portion of the pressure surface 16 adjacent the reference surface Rs as
shown by the thickened line in the Figs. 1A-1D. Material that is abraded
by the leading edge falls away from the cutting edge. Movement without

15  binding between the tool and the leading edge is aided by the
rearwardly divergent sidewalls 242, 244 of the concave surface 204 of
the tool.

The pneumatic cylinder 86 applies a scraping or turning force to
the tool through the piston arm 89, the clevis joint 90 and the coupling

20 assembly 66. No further adjustment takes place between the plate
assemblies 102, 104 of the coupling in the chordwise direction by
reason of the slideable engagement between the rods and blocks of the
plate assemblies. The tool is seated on the leading edge and travels to
and fro tracking on the leading edge.

25 The pneumatic cylinder 86 and pision 88 provides the shaping or
cutting force and, depending on the contour of the cutling edge, material
is removed on the top or the sides of the leading edge 12. The
comprassive force exerted by the bushing 168 urges the side of the tool
164 into contact with the suction surface 18 to enable the force exerted

30 by the cylinder on the fool to cause cutting of the suction surface. The
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h& ()-!3 5  possibly cause chattering of the tool.
As the tool is moved in the cutting direction, the tool may
encounter a surface that is sinusoidal in the chordwise direction. This
would appear as an up and down movement for the tool for the
orientation of the airfoil shown in Fig. 2. The pneumatic cylinder 86 and
10  piston 88 provides a constant force which causes the tool to follow the
downward curve of the leading edge away from the tool with a constant
force provided by additional air supplied through the regulator 98 to the
preumatic cylinder. As the tool rides up the curve, air is removed from
the cylinder enabling the force to remain constant. The air cylinder
15 provides damping to any vibration of the tool that may take place as the
tool moves in the chordwise direction C along the sinuscidal upward
and downward surface of the leading edge. Thus, the pneumatic
Cylinder permits limited movement of a tool with respect to the reference
surface against a restoring force that is exerted by a pneumatic cylinder
20 that acts in the chordwise direction.
As the tool 164 moves along a portion of the leading edge that
has a curve moving to and fro in the lateral direction, the front (first)
roller assembly 216 and the rear (second) roller assembly 218 are
urged in the direction that the surface is curving by the reference
25 surface Rs which is closely adjacent to the leading edge. The front
roller assembly positions the 1ool so that it is moving parallel to the
leading edge by causing a small rotation of the tool about the
chordwisely extending axis Ar that extends through the torsional
coupling assembly 106, The torsional coupling assembly enables this

30 sli'ght rotational movement but at the same time exerts a restoring force
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4' 109 ()- 210%Rcyves baokdaténlly B theappasits diréctivd@he)spacing between the
L*10%: () - <Re<<<g5ncTiiior 2268 4k tHe 4P ANLE 536 is' 2 tld the tool is always
correctly positioned with respect to the leading vdge as tihe too! tracks
5 this sideways curvature of the leading edge. The bushing 168 provides
a damping force to dampen out any vibrations that might occur as a
result of the slight variations and abrupt variations in the surface that
may take place In this direction.
As the tool is moved along the leading edge 12, the tool 164 may
10 encounter a region of the leading edge surface that has increased
thickness. The increased thickness causes the tool to move in a
direction away from the roller assemblies 216, 218 which are riding on
the reference surface Rs. The movement of the tool slightly
compresses the bushing 168. The bushing exerts a restoring force that
15 is of a magnitude that does not cause chatter or skipping of the tool on
the surface and acts as a damper to dampen out any vibrations that may
resuit from the change in leading edge thickness. Thus, the bushing
exerts a slight restoring force on the ool that is in a direction that is
substantially perpendicular to the reference surface while permitting
20 limited movement in this direction. A rigid connection between the tool
and the probe assembly would not alfow for this variation in thickness
and would likely cause unacceptable gouging of the leading edge.
The ool is also useful in machining a leading edge that does not
have variations in thickness, lateral curves, or chordwisely extending
25  curves butl has a surface that gently and regularly follows a contour of
simple shape. In such a case, the probe assembly 168 positions the
tool with respect to the leading edge as the roller assembly follows the
curve, always positioning the tool from a position slightly ahead on the
referance surface. Thus, the reference surface Rs and probe assembly
30 alone act to orient the tool to take into account variations of the leading
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constant contours as shown in Figs. 1a-1d, the adjacent constant
5 contours are connected by blending by hand the small spanwise extent

that extends between the sections. The blending provides a smooth
transition between the sections of the airfoil surface. In this fashion, a
leading edge of an airfail that may extend for more than a meter is
formed by machining, eliminating most of the hand labor required to

10 form the edge region of the airfoil. Experimental work has shown that
the very close tolerances may be kept for the edges of the airfoil and
results from the shape of the tool and the repeatable nature of very fine
cuts provided by the apparatus for contouring the leading edge. This
eliminates the element of human error inherent in hand forming

15 operations over most of the extent of the leading edge region. This
greatly increases the volume of production for a given amount of time,
decreases the amount of intensive hand labor and provides edges for
the airfoil which are aerodynamically efficient. The resulting operation
of a gas turbine engine Is asrodynamically enhanced by this precisely

20 conformed contour.

Although this invention has been shown and described with
respect to the detailed embodiments thereof, it will be understood by
those skilled in the art that various changes in the form and detail
thereof may be made without departing from the spirit and scope of the

25 claimed invention. For example, a probe assembly having spherical
roller elements or a probe surface may be used in place of the |
cylindrical roller elements.
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surfaces of the airfoil, the airfoil having a leading edge, a trailing edge
spaced chordwisely from the leading edge, a pressure surface extending from
the leading edge to the trailing edge which includes a reference surface
10  extending spanwisely, and a suction surface extending from the leading edge
to the trailing edge which includes a reference surface which extends
spanwisely, the apparatus being adapted to be driven in the spanwise

direction with reciprocating motion, which comprises:

means for transmitting force to a cutting tool which urges the cutting

tool in the chordwise direction;

a tool assembly which includes a tool having a surface for removing
material from the edge of the airfoil which has the shape of the edge and
which is adapted to position the tool on the airfoil as the tool is moved with
respect to the airfoil; and,

a probe assembly which engages one of said reference surfaces on

the airfoil and which is adapted to apply a force to the tool assembly;

wherein the position of the tool is adjustable with respect to the

spanwise direction in response to a force exerted by the probe assembly.

2. The apparatus as claimed in Claim 1 wherein the tool has a shape which is
substantially the same as the shape of the edge to be formed and wherein the tool is

attached to the probe assembly.
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further includes means for permitting rotational movement of the coupling
assembly about an axis A which extends In the chordwise direction, in
10 response to a force exerted on the tool by the edge and by the reference

surface on the probe.

5. The apparatus as claimed in Claim 4 wherein the tool has a cutting
portion and wherein the axis of rotation A extends through the cutting portion
15 of the tool assembly.

6. The apparatus as claimed in Claim 1 wherein the probe assembly is
slideably attached to the tool assembly and wherein a resilient material is
disposed between the probs assembly and the tocl assembly.

20
7. The apparatus as claimed in Claim 3 wherein the probe assembly is
slideably attached to the tool assembly and wherein a resilient material is
disposed between the probe assembly and the tool assembly.

25 8. The apparatus as claimed in Claim 4 wherein the probe assembly is
slideably attached to the tool assembly and wherein a resilient material is
disposed between the probe assembly and the tool assembly.

9. The apparatus as claimed in Claim 1 wherein the tool has a direction
30 of travel and wherein the probe assembly includes a pair of rolling elements
disposed on either side of the tool fore and aft with respect to the direction of
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10. The apparatus as claimed in Ciaim 3 wierein the tool has a direction
5 of travel and wherein the probe assembly includes a pair of rolling elements
disposed on either side of the too! fore and aft with respect to the direction of
travel of the 1ool, the rolling elements adapting the probe assembly to engage

the reference surface.

10 11. The apparatus as claimed in Claim 6 wherein tha tool has a direction
of travel and wherein the probe assembly includes a pair of rolling elements
disposed on either side of the tool fore and aft with respect to the direction of
travel of the tool, the rolling elements adapting the probe assembly to engage
the refarence surface.

15
12. The apparatus as claimed in Claim 4 wherein the tool has a direction
of travel and wherein the probe assembly includes a pair of rolling elements
disposed on either side of the tool fore and aft with respect to the direction of
travel of the tool, the rotling elements adapting the probe assembly to engage

20 the reference surface.

13, The apparatus as claimed in Claim 7 wherein the tool has a direction

of travel and wherein the probe assembly includes a pair of rolling elements

disposed on either side of the tool fore and aft with respect to the direction of
25 travel of the tool, the rolling-elements adapting the probe assembly to engage

the reference surface.
14.  The apparatus as claimed in Claim 3 wherein the coupling assembly

further includes means for permitting lateral movement of the tool assembly in
30 adirection substantially perpendicular to the spanwise direction.
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15. The apparatus as claimed in Claim 4 wherein the coupling assembly
further includes means for permitting lateral movement of the tool assembly in

a direction substantially perpendicular to the spanwise direction.

5 16. The apparatus as claimed in Claim 5 wherein the coupling assembly
further includes means for permitting lateral movement of the tool assembly in
a direction substantially perpendicular to the spanwise direction.

17.  The apparatus as claimed in Claim 14 wherein the toal has a direction

10  of travel and wherein the probe assembly includes a pair of rolling elements
disposed on either side of the tool fore and aft with respect to the direction of
travel of the tool, the rolling elements adapting the probe assembly to engage
the reference surface.

15 18, The apparatus as claimed in Claim 15 wherein the tool has a direction
of travel and wherein the probe assembly includes a pair of rolling elements
disposed on either side of the tool fore and aft with respect to the direction of
travel of the tool, the rolling elements adapting the probe assembly to engage
the reference surface.

20
19.  An apparatus for forming the contour of at least a portion of the edge
of an airfoil, the airfoll having a spanwisely extending axis and a plurality of
airfoil sections disposed about the axis which extend chordwisely to define
the surfaces of the airfoil, the zirfoil having a leading edge, a trailing edge

25 spaced chordwisely from the leading edge, a pressure surface extending from
the leading edge to the trailing edge which includes a reference surface
extending spanwisely, and a suction surface extending from the leading edge
to the trailing edge which includes a reference surface which extends
spanwisely, the apparalus being adapted to be driven in the spanwise

30 direction with reciprocating motion, which comprises:
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a base and arm assembly which includes
a base which is adapted to engage a piston and cylinder
assembly, the base having a pivot joint which adapts the base to to
rotatably engage an arm,

5 an arm having a first end which rotatably engages the base at
the pivot joint and a second end spaced spanwisely from the first end
having a plate which is adapted to engage a coupling assembly,

a piston and cylinder assembly which includes
a cylinder having a chamber disposed therein which is
10 adapted to be in flow communication with a source of gas at a
constant pressure,

a piston disposed in the cylinder which slidably engages
the cylinder and bounds the chamber, the piston having a rod
which has a clevis that rotatably engages the arm;

15

a coupling assembly which includes

a first plate assembly which has
a first plate having a first gulde rod, second guide rod,
20 and a third guide rod each extending perpendicular to the
spanwise direction and spaced spanwisely one from the other,
and having a pair of flanges at each rod which are each
attached to the ends of an associated rod, the third rod being
disposed between the first and second gulde rods,
25
a second plate assembly which includes
a second plate having a first pair of blocks and a second
pair of blocks; one pair at the first rod and one pair at the
second rod, each of the blocks being adapted to slidably
30 engage the associated rod, and having a fifth block which is
adapted 1o slidably engage the third rod, the fifth block being
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a () 0 dolsp$63ed spg)\wisely between the first and second rods and the
pair of flanges which engage the third rod, and a pair of springs,
one spring disposed about the third red and between the fifth
block and one of the third pair of flanges, and the other spring

5 disposed about the third rod and between the fifth block and
other of the third pair of flanges such that the springs exert a
restorative force if the block is urged in a direction

perpendicular to the spanwise direction;

10 a torsional coupling assembly attached o one of said plate
\ assemblies which includes a first cylinder attached to the attached

plate assembly and a second cylinder disposed about an axis which is
substantially perpendicular to the plates of the plate assemblies, the
second cylinder being interconnected with the first cylinder and

18 adapted to engage a tool assembly such that displacement of the
cylinders in response to a torsionai force is adapted to cause the
torsional coupling assembly to exert a restorative force on a tool
assembly;

20 a tool assembly which includes
a tool base which is releasably attached to the coupling
assembly and which is adapted to engage the tool, the tool base
having
a bracket attached to a portion of the the tool base
25 having a flange having a surface extending parallel to the
spanwise direction of travel and parallel to the reference
surface of the airfoil which is spaced in a direction substantially
perpendicular to the reference surface from the reference
surface;

a tool attached 1o the too! base having
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a concave surface disposed between the sides having a

10 pressure sidewall and a suction sidewall extending outwardly in
divergent fashion about the axis Ar to the cutting face, the
concave surface intersecting the front surface at a cutting edge
and diverging rearwardly, the edge having an inner portion, a
middie portion,.and an outer portion, the i.nner portion of the

15 edge conforming to a predetermined contour that corresponds
to the contour of the finished leading edge, the middle portion of
the edge diverging at an angle which is at least greater than the
angle at which the suction sidewall and the pressure sidewall
diverge in the minimum tolerance condition of the airfoil at that

20 location, and the outer portion extending in curvilinear fashion
toward and tangent to the cutting face;

a probe assembly which includes

25 a probe base which has a surface extending parallei to
the spanwise direction of travel and parallel to the reference
surface of the airfoil which is spaced in a direction substantially
perpendicular to the refernce surface from the bracket surface
of the tool base;

30 a first pair of flanges extending from the probe base and
substantially perpendicular to the spanwise direction of travel,
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10% () - @O0%& ()-Y e"?bC a second pair of flanges spaced spanwisely from the first
) pair of flanges which extend from the probe base and

substantially perpendicular to the spanwise direction of travel,
the flanges being spaced chordwisely one from the other and
having a pin extending between tha flanges which is adapted to
rotatably engage a roller assembly,

10 a first roller assembly which rotatably engages the pin of
the first pair of flanges, the first roller assembly having a pair of
roller elements which are chordwisely adjacent and are spaced
chordwisely from and spanwisely forwardly of the front surface
of the tool which adapt the probe assembly to engage the

15 reference surface of the airfoil,

a second roller assembly which rotatably engages the
pin of the second pair of flanges, the first rofler assembly having
a pair of roller elements which are chordwisely spaced one form
the other and are spaced chordwisely from and spanwisely

20 forwardly of the front surface of the tool, the rollers adapling the
probe assembly to engage the reference surface of the airfoil;

an elastic bushing trapped in the gap G between the surface of
probe base and the bracket surface, the bushing having an uninstalled
25 thickness T which is greater than the gap G and which has a hole
extending therethrough which adapts the bushing to slideably recsive
a bolt extending through the bushing, and

a bolt extending through the bushing for attaching the probe
30 base to the flange of the bracket of the tool assembly, the bolt being
aftached to one of said elements and slideably engaging the other to
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surface and urge the tool to adjust its direction slightly, and

wherein the sliding engagement and torsional movement of the coupling
assembly permit adjustment in the orientation of the tool while exerting a
restorative force to keep the tool engaged with the airfoil.



