;e3e \@T P &00002'" METHOD FOR FORM NG THE E mlumm“ﬁFO L Techni cal
Field This invention relates to the machining o “ o d r

particularly to formng the contour of at |east a pQgidson of th eggﬁﬂ@nz
edge or trailing edge of the airfoil. Background Axial flow rotary

machi nes, such as gas turbine engines, have 10 pluralities of rotor blades
and stator vanes disposed in serial fadhi on mﬁﬂﬁmmmmmﬁmmmmwression section
and turbine section of the engine. The bl ades ect the flow of
wor ki ng medi um gal as through the engine. As the gasesewgw € passed through
the engine, energy is transferred between the rotor blades and the working
medi'um gases. In 15 the conpression section, each rotor blade has an

airfoil which does wo | ' C s the gases.
aLrfoll which does voyieiobFQRESRRINEFHEESRECOH ANORFEES [ he gase
di sposed about the spanwi se axis. In the turbine section, the airfoi

recei ves work fTadRrid®e BMgki ng nedi um gases as the gases are expanded. In
industrial 20 turbines, the flowis discharged through a free turbine to

devel op rotational eH¥Egyentiongaiates totheemaghiningof aiffolls @addnere the flow i s

engine 15 o (5ALCOrHda KB she cAERRE 8 ELiraBLH ot Sl esfedr ' °"

t urbof an engi needifsoptrbiihgdgerofithgidioif.an bl ades 25 designed to conpress

wor ki ng medi um gases entering the jet portion of the engi ne and working
medi um gases entering the fan (or by-pass) duct. It is critical for the

aerodynam c eff f these engines to formwi thin predetermned limts
t he cont our of Mng edge and the 30

Axial flow rotary machines, such as gas turbine engines, have

10  pluralities of rotor blades and stator vanes disposed in serial fashion
within the compression section and turbine section of the engine. The
blades and vanes direct the flow of working medium gaseas tnrough the
engine. As the gases are passed through the engine, energy is
transferred between the rotor blades and the working medium gases. In

15 the compression section, each rotor blade has an airfoil which does
work on the working medium gases to compress the gases. The surface
of the airfoil is defined by a plurality of airfoil sections disposed about
the spanwise axis. In the turbine section, the airfoil receives work from
the working medium gases as the gases are expanded. In industrial

20 turbines, the flow is discharged through a free turbine to develop
rotational energy. In gas turbine engines for aircraft, the flow is then
discharged from the engine to generate useful thrust.

The turbofan engine is one type of gas turbine engine used to
power aircraft. 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



2 trailing edge of the airfoil. This task is conplicated in very |arge

airfoils, such as the airfoil for a fan blade, by the extent of bggaﬁéétoLJ
whi ch nmay extend for a length of a neter or nore. In addition, t i & ofliZ
has an amount of predeterm ned tw st and an edge which varies in thickness
by 5 a predeterm ned anount along its anw se | ength. One approach is

described in U S. Patent 5,055,752 issued to Leistensnider et al. which is
assigned to the assignee of the present invention. Leistensnider describes
nunerically controlling the machi ning system by probing the surface of the

k pi I .the 10 | th qf th t t i i o di [
and 1 ocat on. HaHng BrERHE arel: JUE IS ol e e B T e e
i ndi cative of glichaitsthanarfeilfor ¥ biaas, bpthd 8steht BRiheRaiFel Whighmayachi ni ng
t he edge of the work piece under the direction of the machi ne program which

utilizes that exéend ford length oba mateect mergain additipgntheaaigol das@ibl e a 15
cutting tool to follgw the actual, edge pf the part. Anothey. rQach to
shapi ng t he fim?u@(ﬂ?t%ﬁae@fmﬂ%; %'gfg‘?ﬂqoa’éﬁggei@“?%vﬁ@??m{n'%sgﬁgm ng as
a separ at e 50pef giddafler®ingd afBrtisldrtd hs BpEnwiseligagh. been partially forned
such that portions of the sides of the airfoil have its final

configuration, but ®he appesiiciyisategeribed in eS| Patgnt§diss, th2 Beurdito .
oLt one 00 CSgiet PRl bl Ladlotsh o kB ARSI AbgbReRe 700 1

wi thin the pregdebsidh. NEEistGfspRicte’clib8s hnfrichihgesntromag e f or med

surfaces. Accordingly) a single machine tool having preprogramed
par anet er s basmdchiningheystemdiyeprabing ther surtase ofdthe ovorkpjesenalopg thenerate a

Lot S WG B s bofR Gl et %58 e BT Lo o
maki ng hol | ow ¢ : O"rﬁgf h&i ch
partially for n%&%%sﬁ!o%?gaﬁo ?%ggf”%% orér??m%gﬂggkl n sd?%ghglﬁgﬁgéwgge
dihmsnsi ?nsl of dinemnsiorfsoarhd B:(o‘.la:tieayifmgheﬁima:(pmﬂum?aladgnaehimrr:grthé Ieidlgghedgehof
the airfoil with an essentia uagre-J|i rofile. At the tj, t hat the
chord di mensi o .s"hﬁr"léor.i p'%%@ﬁ%’niﬁg,g}fwo&ﬂ?fﬂg%g’a@h"i%@?%r?mdﬂ“c s machi ned
in the edge re@ﬂili%%s%ﬂhﬁ&&%?aﬁ&oﬁh‘éfgﬁé&?e ﬁ%d?a?(@é’s%ﬁﬁ%\d‘%deﬁé}%% on one of

t he surfaces, such as suction sur oncave si de serves as a datum
edge whi chi&l | cutting holbldpdolidw times atiuat edge ohtheapartoi | al ong its | ength.

Prior to 5 hand formng, the flat, hollow.aiffqgil is placed.in a nold under
an el evat ed pressurénaﬂ'ﬁr@@%%\@rg‘wg H@J{‘%ﬁt‘:@"f%r&“ %@'@'WW? about a
anw sely ext i j : 3 idan : i : | d and
;‘5 !Ona\IN:; f)c/)r rr;dfggt6 IF&‘#&? ﬁ’e@eeﬁﬂé@é@deaé %Irg(aegi?ﬂg@r\bég{@?nggreg t??aél%ﬁ'ﬁ%gadlrff oil is

then ready forldashbeenpattiallyrfermead isheh ¢uateortiénsToktheaside® peiret aidod enpl oy
files and terrpLat eagauges havi ng the thickness and the shape that is

¥R ﬁnakéomﬁ@éﬂa%?ﬂ.t%ﬂﬁ%ﬁﬁﬁ#ﬂ%@ﬁ%ﬁﬁﬂﬁb&ilﬂm&?eﬁaﬁ%dﬂork to

required. Siteng

form the f3gal n6009aridif O¢‘+ gc@ﬁaff&%‘?&@?‘to éigf%gf/r‘n Hi€rtiedigte ¥RhisAahans

bet ween the edges of air are Torne sane operat'or even

t hough the edgin il Sommefor Bogibénepyinet eviirmiboagh eaich diehe birfedisefalls
not wi t hst andi ng, scientists and engi neers wor ki&g under the direction of

Appl i cants' asWitgincherriedetasminad aecaptaiedimitmatdheae dinaly farmeaset hod for

generating an gj i i d d i.ahi ]l f the edge
TR Fespact 't SlufpGRe, RGN % SRHICnHRanBa5H: fotind BredtBatarnbelly Li'th
which an edge pararhétet®baesd oRUNE®S Fefeferice\Ritfdces mdy 6r maygivti on is in part
predi cated on the recognition that a tool having a shape of the airfoil

edge may be5 usg@enerate adeadingedas whosrefingl ecanjeur mgetsntherstimngentr f oi |

provi ded t hat ve- || iatiQ i e.ege nd other variations in the
airfoil are acv%iHﬁ?&%%@a}g&\%@t&‘aﬁ?‘%&e[%%’%]%és ‘?q%gal nt invention, a nethod for
form ng the contour Tefs asprogdRtis parRRUIdrB s ifedtol RaKkihg hofewaofsr 2 trailing
edge of an airfoil includes disposing a'tool having The shape of the edge
adj acent blades, such as hollow fan blades. This approach partially forms the
airfail in flat form and machines the chordwise dimensions of the airfoil
30 leaving the leading edge and trailing edge of the airfoil with an

essentially square-like profile. At the time that the chord dimensions are



30 the edge, engaging a spanw sely extending reference surface on the
airfoil to position the tool) applying a force to the tool, and ©QefoviBg/ui’
4 material by repeatedly noving the tool relative to the edge in the

spanwi se direction while positioning the tool during travel with respect to
t he spanwi sely extending surface. In a%cordance with the present invention,
one detailed nethod 5 includes permtti’ng at each airfoil section limted
novenent of the tool with respect to the reference surface agai nst a
restoring force acting in the chordw se direction and a restoring force
act1ng cl r cunt RiRRINGY, e 800HEe biheARbHE AfacHIeRCnRE ddgeiuidh gougi ng and
chatter marks on the ai r?ml as the tool 1s noved and poSitidned to form

t he desired coatj@eeni® thietddgeeaipe ptedatemntieed engleeon onewfithe surfanesiccor dance
with the present inventj.on ia anot her det ai | eq% met hod, t & ste$ of
pernitting | i nPHEYARGHEHRR SUGRCE hd NESANCAYE RIGeIGIUEE 354 (LM 8FF ence
surface i ncl udghidtCadw hahl ddefbficiis [AYARTAG aRAS ABhgds/IBAL! |Midorter Ce
acting in a direction substantially perpendicular to the 15 reference
surface to Scchanddameindetheflatphsliow airfoikcispdacedin a hold eadengnedge. | n

accordance with the present invention, th tep of en ing the reference
surface i nc}MudégeV ar#&uménéﬁﬁm'aer@tm ﬁ’r?\%&? i %'ﬁﬁﬁgl%ﬂ?‘$ aPeut ¢ t ached
to and di spose I : :he el ' ' ¥ on and
brobi gt ot e BRANBANdBhtY alip® Thedro|s Meniflactffivh SEcohd Afdld

surfaces on thanddinallgiorned af anetheAefeviated prefssateiand ¢émpamatpree SEm
I nvention is the yse of a reference surface to directly control a path of a

cutting tool . ATRhistherieadyiordanderraHeN®OR 4R #AESt ool havi ng the shape
f th d dj f : h
of the edggga JacentTh%ﬁ?éeAgaﬁg&‘ﬁohg eng@[@}(m% m&étéﬁéuﬁ%ﬁ?\ﬁégt e

airfoil. Strll another elrs rep I'vely nmoving t tool with
respect to the tiesltrickiadsearapitieyshapeathb iscrequiretih Siteugduges areaksedby emove

t he necessary materi al . )
the person performing the hand work to form the final edge. As would
be expected, there are minor variations between the edges of airfoils
that are formed by the same operator even though the edge does meet
15  blueprint dimensions.

The above art notwithstanding, scientists and engineers working
under the direction of Applicants’ assignee have sought to develop an
apparatus and method for generating an airfoil edge which would
decrease the variability of the edge with respect to blueprint dimensions

20 while increasing the speed with which an edge may be formed.

Summary of Invention

This invention is in part predicated on the recognition that a tool

having a shape of the airfoil edge may be used to precisely form the
25 edge region of an airfoil provided that wave-like variations in the edge
and other variations 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
airfoil includes disposing a tool having the shape of the edge adjacent

30 the edge, engaging a spanwisely extending reference surface on the

airfoil to position the tool, applying a force to the tool, and removing



In one particular detailed nmethod, a feature of the nethod is 30 probing

the reference surface by using two rolling surfaces to engage the Edféﬁahceﬁ
surface during generation of the contour of the airfoil 5 edge. Stil

anot her feature of the invention is permtting |imted novenent of the tool
with respect to the reference surface to allow the tool to adjust for

vari ations and conpliantly engage the rface without causing vibrations in
the tool that would result in chatter marks or 5 gouges on the airfoil. A
principal advantage of the present invention is the engine eff|C|ency whi ch
resul ts from t Matenigliyyiepgaiadly maving e t9g! realiventy t@é@’sgea'ﬁd €railing edges

Sti 11 anot ner - SeRANeR GUECuBH fu Rt PG BLARS T3P ARG’ o

t he cont our of tﬁéﬂgp@dggewsemdmg%uﬁrabbod as conpared to edges fornmed by
hand operation. Still another advantage is the consi stencg@sn di nensi on of

t he | eadi ng edge anin eeegrdenge é@@éhaspféﬁﬁiafﬁ‘&i“lo@' sperdeta) are

formed by | 1 c{[’i%% %%[r}ig@ Oé%éc'ﬁealﬁel SES r lif tPF%eJéﬁer‘ﬁd&ﬁge ﬁ'ﬂﬂt her

advant age | _ scrappage mhlc rom-avoi drng chatter

mar ks and gougeﬁthlresﬁé@t tbQﬁé'réf@réﬁ’@ﬁsMa@@gémm rostéohg eavceactingiimt i ons in
the contour and thickness of the IeadinP e. Finally, an advantage is the
durability andthmclnmncvgnsmmrect;orban@ atresioringrineae agting ciremiesentiaii ch

di verges rearwa a f.rom t.he t

direction of t@ & ?/tr@fmq{q{gwﬁﬁ%'f%%batéeé]\'%gﬁ&ﬁﬁg'bﬁg@%J@%ihu%rﬂiggqul ng to
the present inyafiil Qé‘thea{boﬂb%b@éé%nfdcﬁosﬁtﬂfﬁ@d% forrh ohé auglr@a cnfogdi ng edge
i ncludes a tool having a shape which i's 25 substantially the sanme as the

shape of th@ eddin nespeet todhewefenenehsidaca.t ached to a pr ob| ng el ement that
is novable with resifect to, a refg}re‘gce surf.ace .on Ihe 9. gui de the

tool. In accordance "WeF ﬁ°’&?8°8&' Oorgﬁ%%tdpmorbpe %@H% i nventi on,

a coupling aSS@rﬁ@th'ﬂheCBtéBQﬁ9@rrﬁﬁﬁﬂ§%ntédfn%\ié?nér{t%ﬁﬁélddlﬂ@tkﬁ%s%b@ﬁent to
transmit the force required to remove material, the force transmtting

el ement provi dmn(cj'lmrefemcemurfamedecluueemngmlatlm@Umded mo@mmtr@gaeusta
constant pressur e the cou t s t he pr.obe ment into
contact with ¢ REstobRe et R A Aot Uit aetSe ienEr & Fihe tool
with the edqge @B@r@ﬁ@&@&ﬁaééf&é@é&rﬁﬂnbeﬂfg @é\ﬁé‘t‘idrﬁé merM:RHB@& oPfhel 18&d and

coupling el enent about an axlis extending in the chordw se directi V\:hl |l e
appl yi ng a restesigeng force to urge the tool back into the pr edet er m ned

al i gnnment V\Aththerefere sur a n_one detailed i ment, a
resilient material ilS3¢FS h’l&?@e‘?f%ﬁ@ ipventery dae g 3989t 0ol such

that 1imted nMepBtehds é@!‘f% %Hogg e%\gét@%gatﬂe' sriﬁfa%éllﬁnftﬁﬁ?b Pty able

perpendi cular to the reference su a restorative torce elng
exerted on the surfases attasked tsAnd|dispdsedforshana Bitrof tihe mn]en the such a

direction. ..n accor dance th one detail ed enbodi ne t robe assenbl
her atee 52a; SRBRWSH fireaian BRORISDING Ui GIe SBre i Rce coniebersiy &% ne toul

fore and aft wirhllingGREF6tatatle stfradks %ﬁtthe?efé?er‘iéeaé’@r’faég. the tool to
A primary feature of the present invention is the use of a
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
25 the edge to form the shape of the edge of the airfoil. 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
material.
In one particular detailed method, a feature of the method is
30 probing the reference surface by using two rolling surfaces to engage

the reference surface during generation of the contour of the airfoil



provide a planar-1like datumfor controlling novenent of the tool with .
respect to the reference surface. A prinmary feature of the preseﬁxﬁ FEB 7002
invention is a tool having an edge that is of shape which is substantially
the finished shape of the 20 | eading edge. The shape of the edge in the
inner portion conforns to the shape of the finished edge. Another feature
is a tool assenbly to which the tool i © attached. The tool assenbl y

i ncl udes a probe assenbly having, in one detailed enbodinment, a rolling

el ement whi ch adapts the tool assenbly to engage an airfoil. Another
feature is a 25eggé'.p'ﬁtiﬂ%r%%?éf‘r’?ﬁbéﬁré%‘lg'tﬁlag]r{vgﬂtié‘ﬂ?s @&rnhiﬂﬂw RitEgts for

appl ying a bias rce urging the probe elenent into engdgenent with an
airfoil during muvenntehgagoenithabspéet tbdioé refierdndehsurtalgetoad!lavhtheni r f oi |
and a torsional coupling for permtting a |ljmted anount of circﬁpferential

movement. A pri RO adiushiofg@rigtions angrcampiiantly eaigacsine surfaee ¥itehat i on
of 30 nost of t : j i | an

ai 1011 Anot her 4t anigaors T ERRCERERITIaRR AR R RS BE 2o
edge 7 regi ogongys be themirtsll. whi ch results fromthe shape of the tool,

the fine repeatable cuts provided b th% a§par at.us and ,thg el imnation of
human error in hand PoPiRGBRlARsMERtagmMal theirresent DY eRYOLISRREAGING s t he

vol une of productd Lehy.r i ni : : j and speed
at 5 which the %@ge&% @'g'hfr%;%gdﬁaé{tﬁg éﬁ Sg?lnaaés@é'rliﬁéwmi%%&ﬁngchani cally
engages the ref exdgasandurdiing edgéds whidrsaie dlosély mnatohed medroomforal td | nkage
the position of the tool] wth respect to the reference surface in anal og

fashi on. The forPEedeiBEMiaed spesificatiens.usdl aprtheiadyaptags isithe éaduead wi 11 10
i f oo e IvEREY o
Coore oS820l i Ay e S oSSR 1

drawi ngs. Brref cription o l'evation view

of an airfoil iméthbdazestnparetias wdhesdomegbyhantapenatiory Stikaadthen of the
airfoil, the airfoil having an unfinished | eadi g? edPe, .an unfini shed
trailing edge arfdvantageds thespnsisiegcyindimensian of Hieeading edes adfews of
airfoil section LOL S j £ £ Qi i hg edge
and the unfi ni sﬁ%@fﬁgﬁ‘?\gg%@ ea?gm ﬁggﬁégéﬁéf)}@h@d%ﬁéd{c&mﬁ?h Hﬁﬁ‘fm shed

contour in full opedattdhsiaiokgnies enties Rengee bf thiengides Aedtier advaftage i@ is a
perspective view showng an airfoil, an aﬁpar atus for contouring the edge
p

of the airfdbl g feR4GR SEAPRRORIMNCH FRSU /o8 AVRIdING halsRIBRkERIC! t ho
edge of the ai r il Je ARt RRY bage U5 HcHp LA TRKVARG VAR-ABREI RS

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

20 direction of travel of the cutting edge.

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
25 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
reference surface on the airfoil to guide the tool.
In accordance with one detailed embodiment of the present
invention, a coupling assembly is disposed between a force transmitting
30 element to transmit the force required to remove material, the force

transmitting element providing a constant force through a device



25 Fig. 2Ais a partial perspective view of a portion of Fig. 2 showing a
fixturing device for holding the root for an airfoil. Fig. 2B is ?Lsi;:clt_ed D
el evation view of a portion of Fig. 2 showing a fixturing device Tor -
holding the tip of an airfoil. Fig. 3 is an enlarged view of a portion of

t he apparatus shown in 30 Fig. 2 show gg in nore detail a portion of the
roboti cs device that noves 2 s in reciprocating fashion and the
assenblies of the apparatus that are noved in reciprocating fashion by the
robotics arm Fig. 4 is a side elevation view of a portion of the bl ade
contouring assenbly shown in Fig. 1. 5 Fig. 5is a view frombel ow of a
portion of the taperatessatrdangtari@ressurewhile the deiugling elemant wgeath@ed vi ew of

t he t ool nbl h in Fig. 4 ' in the f d di L ft I
T H o aa e BrepeAseBunk conelh¥h it B i RS T The 107
contour of {he | aigainef indide) wiR e GUgs aies Bbeua el ow t aken al ong

o
the Lines 7B-7B of Igi@g. . Fig. i's a front view of a second tool used to
f orm t he cont ourcitcumfeeentie mmvemebt of thentool aadiocoypling €lementmhaut bde For

g Ut oI AP e eRIoLR st e A5 5 A RGP o251 O
R o L Aoy S ki
reference surface.
In one detailed embodiment, a resilient material is disposed
between the probe assembly and the tool such that limited movement is
10 permitted along a line substantially perpendicular to the reference
surface with a restorative force being exerted on the probe element
should the probe element move in such a direction.
In accordance with one detailed embodiment, the probe
assembly includes a pair of rolling elements disposed on either side of
15 the tool fore and aft with respect to the direction of travel of the tool to
provide a planar-like datum for controlling movement of the tool with
respect to the reference surface.
A primary feature of the present invention is a tool having an
edge that is of shape which is substantially the finished shape of the
20 leading edge. The shape of the edge in the inner portion conforms to
the shape of the finished edge. Another 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. Another feature is a
25 coupling assembly having rod and spring elements for applying a bias
force urging the probe element into engagement with an airfoil during
initial engagement of the tool with the edge of the airfoil and a torsional
coupling for permitting a limited amount of circumferential movement.
A primary advantage of the present invention is the elimination of
30 most of the hand labor required to form the edge region of an airfoil.

Another advantage is the close tolerance with which the airfoil edge



chordw se direction Cto define the surface of the airfoil. The airfoi
shown is in internmediate form having an unfinished | eading edge ﬁpﬂaha lantld
unfinished trailing edge 14 which extend in the 25 spanwi se direction. In
the finished condition, the airfoil edges have a constant shape in the

di stinct regions of the airfoil 1 a, 1_b, 1 c and 1 d. Snall gaps between
airfoil edge regions 1 a and 1 b, and glrf0|l regions 1 b and 1 ¢ are used
to provide a transition in the finished airfoil A pressure surface 16 on
one side of the airfoil and a suction 30 surface 18 on the other side
extend to the edges 12, 14. The airfoil has a tip 20. Finished surfaces are
provi ded on the essure rface ... u. uu concave surface), and a east a
portion of the 5%@9?@?%9??%6@{3’9%@)@598? f@%ﬁ‘ q%‘”%?f%ﬁ ﬂ"GI'{:\@
finished surfacgesunthbR GUE prOViGed ?ftﬁé%pbﬁﬁétugéﬁd%é@hﬁfﬁél% SRR Rs.
The reference surface Rs 1s useful formng the contour on the |eading
edge. A second egbeirchend fonmingeperationso $td) ancsthaseﬂuantfage is thervelgmene

CPTT ot For' hourl Bt BloR Vi Pef 8 Ok PRI RR ot P SRkl "
condi tions. & fgiieh flﬂé’éd&é‘nia"y@é?&ﬁ*é@ﬁhélﬁgfahéorﬁﬁen%?%ﬂh&?m and is

integrally formed with the root attachnment. The false rfoot is engaged by a
fixture (shown medﬁayucally argagesithg reﬁea:emaa smaqmaadntnansnmts terguebra t he

root of the alrf0|l | se,root s,.a r tatjons 25a and
25b for receivi ff %”Sﬁﬂ%th%’?ﬁ' '°e %{q%%%r%ggcg%ggggg% e hi ni ng
operations, the ned off the airfoil. The | eading edge 12
and the traili ng%ésIQ%ﬂlélr? ﬁgﬁmernedl ate 15 farmof the airfoil are

squared off in cross Tecforegoing asidomhebﬁeathhmschittheqbrésmﬂsnveﬁt@a willA, 1 B, 1

Cand 1 D shgw airfoil sections taken al the lines. 1 A AL 1 B18B 1
C1C and g DP%O%W%?@F’B?@@% t%@gymp@mﬂ Wgandgions 1 a, 1 b,

1 cand 1 d of t ) The desired contour of each edge in
t hese regions |séﬁgﬁm\ﬂ?fngyg[§@ sof1'd 20 dark line. Each of the airfoil
sections has a flare angle F V\/mch is the angle between the finished
referenced surface Rs and a fi nlshed ortlon 26 of the suction surface 18

on the convex siiefdiesariptio Sangl e may range within a tol erance

band between, for exa &Bg ar
airfoil sections sho p‘&}q ||§]§s[g@(¥|§\?§[£ S%joaf%gpiﬁ@ﬁ Elwtghﬁ%gig%é HJto 23
degrees as Sﬁowdrmgﬁmgnufbcmnri‘g Cperation of tine airfoilc the eirfoilevavihg an appar at us
28 for contouring the edges 12, 14 of the airfoil. The apparatus is shown

n full. An ai rdifinished Regingsérige.an wnniPRedralingrRsie A AdpIseiPRh
fixtures 32, 34 Sho""rhheﬁcﬂﬁgﬁé CO?Jsaﬁe t%ﬂraw vJ%OAf%RQur%Q& dostr bdkkn' N Pl ace

during contouring of t 30 e ect1on of

travel of the appesytdishdw ttsélonnmbheum-f@ir leadingleddeand tiesvuhfinishede ( Tf)
and aft (Ta)reciprocating action of the apparatus during the cantouring

operation of theraiigeedge)witiybrokes linesean wnhéﬂe fipighed CP”F%JFSIGM! andially
parallel tojghe $RROMLSGHEE RFdHNNG i€ Pshdifed.

Fig. 2 is a perspective view showing an airfoil, an apparatus for

contouring the edge of the airfoil fixturing for holding the airfoil during
contouring of the edge of the airfoil, and a robotics device for moving
the apparatus.
25 Fig. 2A is a partial perspective view of a portion of Fig. 2 showing

a fixturing device for holding the root for an airfoil.

Fig. 2B is a side elevation view of a portion of Fig. 2 showing a
fixturing device for holding the tip of an airfoil.

Fig. 3 is an enlarged view of a portion of the apparatus shown in

30 Fig. 2 showing in more detail a portion of the robotics device that moves



5 parallel to the edge of the airfoil. The apparatus provi des an abradi ng
or cutting action, such as a scraping action, a shaving action d fa F§8n a5l
action, depending on the type of cutting device selected, as the apparatus
28 is noved forwardly in the direction Tf. No cutting is provided as the
apparatus is noved in the aft direction Ta. Wth 10 repeated cuts, the
apparatus noves downward in the chordwi se&irection C as the cutting edge
of the apparatus noves downwardly with the renoval of nmaterial. The

chordw se direction Cin which the tool noves downwardly and the direction
of travel of the apparatus which is substantially parallel to the spanw se

axis S provide ref L | ; t he
foll ow ng descri pt ﬂ%@ﬁﬁ@%ﬁ%ﬂﬁ%%@ﬁ%%ﬁ%ﬁ@ﬁ% gi tr[)eglé%&%ﬁ?sv@r%t \f/a\nPét h
reci procating noti moved it hecisrooatingdashioady the ropotiesiardevi ces. In the
particul ar enbodi nent shown, an exengl ary device is the &%g%‘g%dew ce 36,

ASEA 90 rodel robot wit R is asideflevatiqrmyigrRfa pediosno £ratouring. |
20 2487 South Co %‘F&)' Beplin, Wsconsin 53151-2717. Any ot her
sui tabl e devi ce m”??&%%nﬁfge anr*c\ilﬁwl:'ﬁ' ?act, providing there is a suitable
guide and a suigabl e ne&ig 5 isra qigw frombdlowasf & pordioghoftthe topissembly t he
device could be reciprocated by hand. As shown in Fig. 2, the | eadi ng edge
12 is positioned ag8hewen® 2% 4.he apparatus 28 and the trailing edge 14 is

facing down. The fixtur 4 WL f Qi r 0
degrees about the axis ﬁgﬁﬁ %i‘ ﬁﬁﬁ?gé&f’}ésaﬁeﬁheh@?l ﬁgerﬁglglﬁoﬁ%r?g\ gg' ﬁray be
rotated into the pasrdviin@ih #e forRattadidedtibredfteavelTfdescri bed bel ow, a
portion of the apparatus may be rel easably adjusted such that the apparatus

engages the reference 3FigufA ixe frrnt view ohene tegliuseg todgem apriipnafdneise of

t he sane appargtus for formng ej.ther the |eading edge or the trailing
edge. Fi g.ﬁ;A cgn l{f,'iOé\}\','\%Peatdﬁ@PFQ?ure 32 shown in Fig. 2 taken al ong

the lines 2A-2A. As sho ki .mae i s-sid’e%le\/aﬁoﬁ@te&etémalaﬂgggéww?sqs e

airfoil 10 of the rotor is trapped by a first pin whi ch engages

the first pin openifigg 25a and a second pin 42 which is slideable to 5
engage the second pin openi 25b.  Suppopt nenbers 44 proj.ecting fromthe
base 46 of the fixture %ﬁ%ﬁg%ﬁz%&ép“épfﬁéﬁﬁ%ﬂ teg) usgq tofpean “F%GP”‘?&" in
attached to the aigfoil~:aQai ig. 2B is a view taken along the
| i nes 2B-2B of Fi g.tﬁgkésg{g%ﬁr%%wg}é?xt reed§é4 for engaging the tip 20 of the
airfoil. The fd&ture includes a 10 plate 48 partially supported by the
rod-1i ke support 46 of the fixture 38 shown in
Fig. 2A. In additi 24 E B AIYINGAMNGANSINYOPUATHH t he nenber 52 whi ch
allows the airfoil to be rotated about the axis Am The fixture is provided
with clanmping sl eeves 54dg. $4bowsiarhaicicd® fogahercomphession section (met20 and

t hunb screws 56a, 56b 1!3 avin é.rfaces 58a, ,58b thfat ar?. r ot.at abl e, about

S
the end of the thu B 9PSIERIGE SN, SHcbras e 1o sstion o The 8pgings
extends fromt fi ; i & T {:Jﬁt ikess not
bei ng machi ned.ﬁgFi él’i'{egéil?fg‘ilg\na%‘éﬁ?g?g\g@@& g&agg&? %ﬁ?ﬁ?oﬁ pqolfrja%l e aap;gg'rl atus 28
shown in Fig. 2 andesatipns aredisposetaboubthe axige and e3thtdxéndwingset he
SEE St ol btes opAvA P e RONS TR SS32Lh BLES ARty 5. and
appar at us i ncl udes ; se y , an

t ool nmbly 68. Th - an : i 7 i i
Sttached to the robotic N siren M RipfAtelie T havitadn danighed | >

fromthe base and Headiagfedgw 12 add4n anfihished trailithgZedgen 44 WhicH bgtehdriathend
rotatably engages the base at a pivoted joint 82. The second end has a
plate 84 for ergagiRenwiee disapliomginthedinished sonditiarathecaidpiliedges naweia

attached to the ba i St e d ' ' he . pne ' { nder .
The piston i s space Eam Y RESIRInEsIShef [ERERr b APRIPRRIE B s
chanber 94 therebetSman gapgbedWeah s edge régibh® Wataia i) &&d bRfbiMegioran

el ectronic regulator 96 and with a source of air 98 gshown in schematic

fashi on) to provi delthagddc are useddadqirouisieaa trangitipotin the finished @ideihnt

D ston and regul ator ar & RIErSrpeuAte Rk Shn s bl e R 2ista SHRAGIEn
Street, Suite 386, sipfurie £8 dn thé ctH&Sside \ehtford toqhBRIUgesCIUMES THE airfoil has
regul at or, Moddel Number 5 NI T202- 302BG

a tip 20. Finished surfaces are provided on the pressure surface




The coupling assenbly 66 includes a first plate assenbly 102, a second

pl ate assenbly 104 and a torsional coupling assenbly 106. A suit ¢l Zul
torsional coupling assenbly is avail able from Lucas Aerospace, Power

Transm ssion, 211 Seward Avenue, P. O Box 457, Utica, NY 13503, Flex 10
Joi nt Apparatus Mddel Nunber 5032-600. The di anmeter of the torsional
coupling assenbly is about one ( 1) i Ach. The torsional coupling assenbly
has a first cylinder 108 and a second cylinder 112. 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
al l ow a 15 | i m(centaysmnuntace} aodat iedstadgpartian ofithve:awetiorbauniacen(conwexy| i nder s

in response to a torsigonal .qr. ratational, force exgrted on coupling assenbly
by the (ool asSORBHS) OAGITolL: Shaayeres ptas G bisfiasdlrd Sitteee

non- mechani cal in@aAss bPe@PEREREGrfacd RES ITHENeférahes stifuch Rembsergdor The
axis of rotation Ar of the torsional coupling assenbly intersects 20 the

tool assenbly dormingthe contaur vadhedeadingedgehd seconst wferancg swtacen of t he
apparatus causes, t axis pof .rotation . of the tarsional coupling assenbly to
define a rePer ﬁ@@%ﬁ)dﬁé‘sﬁfq ifor f%JHB"]q %etc%?%ﬁﬁﬁ?kﬁm%ggﬁ? adj acent _
posi tions as the apperdstisttabhmeRrod is IMebf2 witithe aifGFfAINGIRRINg Ble the axi s
of rotation Ar defines a reference plane™Rt which 1s substantially parallel
to the spanw sdarblatie inca rator diskiundeaiopemtiveasmhditions: ok faleaceol®dise Rp. As

e For oo selechiRub hEReh B e B el b A ol 11 e

subst anti al | t i ' [ Mh in Fi ~ ~~ ~J~
13 The coupl |yn(;1|§7l ‘;a?b}e’ghﬂt'yq.hrﬁgﬁ E%Q?Byff‘na@@pelﬂattﬁeatﬁ%r%%ﬁ%%n gé%pzl) ed to
CoUpl g Sasembly o bl e 316 The bl e L300 o a1 tached (o 6 plate
84 of the base rQﬁH'n&ﬁ'fﬂaeés%BﬁEI%/ 'QQ?WT%%’%%@E%%M%%@“QHS dPdssembl y
64 with 5 the t fd i first
gui \élme rod llg Jﬂﬁé’aﬂggggﬁd 5%?786&:1@8 défggs%?ﬁ?ﬁﬁgﬁu eéf?{cl) %,inﬂéi?%@gi !s:)?)sed

bet ween t he fi rrebt srdaskiceddfithedsrfoibhds. The gui de rods extend

substantially perpenﬂit&)ul ar to the spapw se directiagn S and accordingly to
the reference pl anes 'W@Ffjgﬁa@tﬁp’#w@ﬁéaw%@d% 1@956@ IRSERGA@® y 7 rom
t he adj ace r [ [ I r he fl anges
1264, 128aﬁt5an3%ir§}gt§§ Qf\ddr%reggrﬁheag%éfo?pgﬁ%ﬁa e&tf{%@ ﬁgr%\gﬁpﬁgh%nds of the

gui de rods to sdytteaf linesdFigssiAj ©B, 1 Qargi Dehvadsirfoil Bectatotakepl aldmg
assenbly 104 has a second plate 134. The second 15 plate is attached to the
n

| :
first cylinder Nedings tArdAs dBs1Bnte-1G@nd He-1as thatsrg brefernnawar i@ ends

paral l el to thegfd : eqfl The second
pl ate assenbly ﬁgdsv!; g{% ?é@% ?epélénrqs g% gp&iéﬁqggggf%%gbﬁ%ﬁ%’%ﬁgé oet he first
plate. A seconddgsited edntbliookeactB@dge irBBlesémegionbdsvwshown Btthadadid to t he
first plate and spaced spanwi sely fromthe first pair of bl ocks. Each of
the first @8 r dinep| ohthe airfaibsectionshas adigreangle Ravdyeisthe bl ock to

sl i deably engag i : i ] econd
pair of blocks %@@Q?}e&ﬁh?%ﬁ tlﬁ%ﬁ%‘ép‘gg%feeﬁééﬁ%%’nééﬁa%yﬁ%%@aﬁ%ﬁggbéggwﬁo | ock
138a, which adapg of fie SEstiondsurtice 18 oRtes kenvex Sidedtahe %irfi0aDisls iangle econd
rod 122. A fifth block 142 is disposed m dway between the flanges 132a,

132b that engag®ayHhangaudthii ateleramce handibetyeeniier exampiepbl 8slegress a hol e

oroseure si do 1809 255 EEn P ARE RSN dhkbRE sheilm MfSP R elR T ol
the third ragl wahd 108n@ Betweenl26 ko Deidegrebsad srewhen megM bhe pressure side
of the fifth block and the adjacent flange 132b and the second spring is

di sposed between t heFiguétip@peisgectispview oftan appamtus 28 forxgontauingthe and

enabl eb the 11 re0oaniPe Lt ARl 2eCarta s HHETR nitd, " Ao 0 %aach
other in a direphémiediBietormss alsessrivin fl fuy VAT RANFESCID, 234 §RoWR$h Spanwi se
direction and the reference pl anes

schematic fashion for holding the airfoil in place during contouring of the
30 edge of the airfoil.



5 and Rt, with a restorative force being exerted by the springs should the
pl ates be noved relative to each other in a direction perpendi cuI2r8 thEB h’%ﬂz
spanwi se direction. As will be realized, the first and second pl afe “
assenblies mght be reversed with the first plate assenbly 102 being
attached to the torsional coupling assenbly 106 and the second plate 10
assenbly 104 being attached to the basH¥ and arm assenbly 64. Fig. 3 shows a
portion of the tool assenmbly which is also illustrated in nore detail in
Figs. 4, 5 and 6. For exanple, Fig. 4 shows a side elevation view of the

tool assenbly; Fig. d Giretidrfd¥ tgéﬁngégbaéramrig;éﬂf% gitﬁé‘ﬁrrbwng

assenbly; and Fig. 6 1s a viewo t ool ‘asse en along the

lines 6-6 of Fithat show e farel(TH=rerdfit {THeecipdcating agtibnaf tHeappd@tys a t ool
164, a probe assenbly 166, and an el astic bushing | 68. _As shown in Fig. 4,
the tool base idring Basantouring aperation of thegaas d2114. dherdieectisnpfi ng

assenbly 66. T'lﬁxie?ﬁ* is é}éﬁ%ﬂ?@ﬁiﬂlééﬁﬁ?%@@@&Q:‘Frregiigrz S‘é‘%ﬁ&‘isa hol e 20

174 in the coupling asse ena ool 't anped to the

coupl i ng as$enparakieicb the eageafitiod tirfldlb Finel appacitiepravides am abcadifg degr ees
to face in the opposite direction. The tool base 162 incluydes a bracket 178
that is attachell GUting getien.ciichras & ECtaRINg BEUQN, ardRaving akUeN RES a f1 ange

182 having a s : ; i L &l ref es Rp,
Rt and subst antTAT00 SO PGy 89 iyl & cukthd BEGERSRIGRET S ARE |
under operati V%Mdidé%%mﬁb@dfﬂar@l?ﬁﬂm directdruTi sNolouittirapis 164. The
tool is releasably attached to the tool base such as by clanping with a bar

and a pair of 3Joroyisladas the apparatisnissaovad indberadt ditg@iomtr b¥Yith 188 in Fig.

5. The cl anped toal as.a_one-pie 0 ' i he t ool base.
The 15 tool ngageatﬁlg[ﬁt ﬁ?u??%@%ﬁgﬁﬁﬁgéﬁbg%a Eﬂ‘h\r@a%@réy%.e A suction
si de 196 extendgirédtm Che theduttirg'éd@e f fhe dgiarbRRImevEs aewnwahgly W@l al so
has a pressure side 198 (shown in Figs 5 and 6) which also extends fromthe

front surface tihetnesmavehef materiale Themehardwiserdiceddion® in whighabe teob 5

20415 di sposed BuERaelRRRdY RrEL 08 ARPIRIAE Bhut Al bRReRl e, o
cutting edge 208ybstastidiRoparaficesithy spahwideativdesrovitR ieRacadieribis 166.
The probe assenbly includes a probe 208 having a probe base 2112 which 10

has a surfade 2and explaneiohefpeance Rp ferdherfellewinpaaasciigtions the bracket 178

bushi ng 1s formed o1 B8 AePGLAtLE RS CaRRBE dibking bR IE Tecbretfiy T
Associ ated Spri Mioﬁiin%e gegn\F«%@,dn%rdﬁéthy,méH QB0itds andl iHeSphRichRy Of

pol yur et hane material use or part nunbér P0312-0500-60A. The 15 spring

constant of theetmboRiment shawr; langexemplant device isthepobetic denicedi, ASEAhe
ST nge, 1900 158 hodd FoBa N bR P b LS by RO BB g, 2
s 5575 SRS cocompie etd eang M e seRvn aeg! 20
other suitable device may be used and, in fact, providing there is a
suitable guide and a suitable means for applying force through the
apparatus, the device could be reciprocated by hand.
As shown in Fig. 2, the leading edge 12 is positioned adjacent
25 the apparatus 28 and the trailing edge 14 is facing down. The fixtures
32, 34 enable the airfoil to be rotated 180 degrees about the axis of the
fixture Af such that the trailing edge may be rotated into the position of
the leading edge. As described below, a portion of the apparatus may
be releasably adjusted such that the apparatus engages the reference
30 surface Rs for the trailing edge and allows use of the same apparatus

for forming either the leading edge or the trailing edge.



to the reference plane direction Rp, Rt and to the spanwi se direction S of
travel. The flanges are spaced chordw sely one fromthe other. E g EEE A2
pin (not shown) extending between the flanges which rotatably engg es at”
the first roller assenbly. A second pair of flanges, as 25 represented by
the flange 224 are spaced spanwi sely fromthe first pair of flanges and
substantially perpendicular to the refbrence surface Rs and the spanw se
direction of travel. The flanges are spaced chordw sely as are the flanges
of the first pair of flanges and simlarly have a pin extendi ng between the

flanges (not shown) mgi ZAid & vislaRE b Blui<32 @hawalhFignD edlker &ieng Ghé er

assenbl y. 16 The frrst roller assenbly 216 has a pair of roller elenments
whi ch are chor dines @Ar2adjAssmewndn Fig2fs dne Eals@yoati4 abachad 9 theent s 226.

The roller elenents,are,spaced, chordw sely fr nd anwisely forwardly of
the front surfa?d’go'iég ogilhé)ﬁélo_f Bfﬂdéea'ﬁdrafcﬁ’gﬁtbypgg]ﬁsg pé%?@ﬁ@?'flﬁﬁr%aggﬁgage t he
reference surfagg fiky M o?@ﬁin'y 258bhd alSecorRIGIAG2 Whichris 3fgeabibXo218 has a
pair of roller elenents 228a,” 228b which are chordw sely spaced one from

t he ot her afd angagedbedechodpin operingr2fib. abdppyramenskens 44eprojeatiigy of t he
rear surface of,_the tool. /[Th econd roll er. ass | y, ada th robe
hecendly 166 ¢ dramgas B3se 40 Rerallinttacs nd et AabpMeRb22 apifafen;
l'ocati on whi ch fogt Sk4i8aEh¥d 16 Hearbildgdihg hé®merthe slight curvature of

) ) it

t he reference sur%ace results in point-like contact between each roller
el enment and t he ref dfign2B is arviewdakan alangshetlines28-2Brafddg. Hshawingdef i ne a

I -lik f f h ientati f f.he roll nb) dth
Pool . 15 Fi g, ANSHONe: 3 iabensaoia et 20 ohinsaile ThsubRhi TEudlsi y and
th b | Wk el | '

F1anges to he Har 4185 F8 Wehorisity hensaithe stproh Maneery'sd Kim iy

flanges 132a, LI3He 48 df tHeefixtbre 88 ishdwhin Rig. 2AeIrcaddiionplhecidatehisch engages
the springs. The axis

[ f | i | d
through the t?oﬁupp@ﬁtedtéﬁwétﬁrﬁ&{eﬁn%%é@t@ﬁeﬁ%B@%Qﬁe%ﬁ%g% ﬁ%a?%ﬁ)ﬁ? )
192 ] 2 : I
surface 192 of 4G a0ledd AR, Hifs FALREKDBYLLACHIR b SRk e has

shown that acceptable results can be obtaine havi end
t hrough a port i 54b ehidhhelatnpodgainst therailfgil tp 20marsd tharet sorews~AS8a) @6ed

lier, the f ) | | Ly i bl 5 f h
Fanges by 13 pi IR0 SHEIRRES BRACAGH Malareramat RouiBhAnG &f AP 5, ¢ he
surface of the 4BaBloricbgR RSB AblaiBR Alhabe B9 dindLAGRECT  Lhe

probe and traps en the Two surtaces. ushing 168 has

an uni nstal | ed fixtuekivesspportthiecdédgdes obtheadirfoil thtns hbebgimg rtacHihedbushi ng has
a hole 234 extendi ng_30 therethrough which adapts _the bushing to slideably
receive a bolt 236 ekideRds ) eMarasshviewolRURPIRG.of the appataty$R3ishown

ext onds s hr ough g RarE'a BBRferrdiRteboc HeABE ke At oy S hBksBlug 1o
hol e throudl0 t hforleoatiteingthetdtife inreciprodingachioan TrEpsHStise bushi ng

slightly further if necessary under operative conditions. This will occur
shoul d t he prob@chkidessabass andaray aseembly Sdeaimonpliag asaembly 6&@anda

substantial ly pgr I t r.ef c urfac . shown in
Fig 6 the dirSe BRct K, nb BRshird £3) Sﬁ%’%@l'ﬁaﬂﬁgéﬁ%ﬁ?ive

condi tions is st@pigh iBatfaRRedts eNe rodotRbvide. AR aPMOMektenbds@sthd and 6, the
bracket includes a |locating bolt 238 which enables 10 adjusting the

position of thespanwirewditgglipodeemthrybase asd hegenfirshend 76 and a second
25 end 78. The first end rotatably engages the base at a pivoted joint 82.
The second end has a plate 84 for engaging the coupling assembly. A
pneumatic cylinder 86 is attached to the base and a piston 88 is
disposed in the pneumatic cylinder. The piston is spaced from the end
92 of the pneumatic cylinder leaving a chamber 94 therebetween. The
30 chamber is in flow communication with an electronic regulator 96 and
with a source of air 98 (shown in schematic fashion) to provide a gas,



adj ustrent may be nade as one tool is exchanged for another to contour a
new section of the edge. After the bolts are reinstalled, the bracZeq FEB 2002
integrally attached to the tool base. 15 Fig. 7Ais a front view o he
tool. The front surface 192 of the tool intersects the concave surface 204
(extending inwardly fromthe cutting face 202) at the cutting edge 206. The
cutting edge at the inward nost portion of the concave surface confornms to
the finished di nension edge of the |eadi n®2 edge 12 of the airfoil. 20 In
order to make efficient use of the too! piece, four concave surfaces are
cut into the tQQth adAVEYVISER iONY CABGAYSresl AfBeichamded at a tinme to form
the contour of the | eading edge of the airfoil. Accordingly, the three

ot her concave $atiffactesy devdcesgioothecbneutiatic eghnders pistonendesgulapriaon of t he
tool. Thus, the S,era e in which the ﬁonc ve_surface 25 bei n% used for the
forming oper at @¥filable fram SM Prgpmatics Ingo46 HrRestn elrsets euls #8%196 and
suction side 198,exbang 00 G Neho Sl tndlustdifeS ol RoIREE QG Er O ¢ he
front surface to e fear surrace . e concave Surftate |spose8 bet ween
t he sides has ajigresseeBGsi de wall 242 and a suction side wall 244

extendi ng outwardly in divergent 30 fashion about the axis Ar. The concave
surface intersects flfhe copphmng assembbiedGincludes edirst Mateadspmblpd 0248 sedoodn i n

Fig. 7B, the si di 8 dy t t . f t

angi o B shown PEEGHEa; chend diraanib silne ARy {06 oR RitBloqy coe. The
le i f : : | tti

Action of the Lasion QReURE SRR & BBy TP ARTRRRR. PRel ccage ot

the airfoil redrainiksion 2iltJeauird Bardud)®P. G-iBpx B7, tka, Y B398dFlexew of the
concave surface 204 of the tool 164 used to formthe contour of the |eading

edge 12 of 10 he Jaint Appprasusdyiodel Nuwher 3132r6Q). Thegliamgter gif e torionale shows

the airfoil in its.full hi (ti howj h f

sur face RS on U FstrBRG 2l 78 iR A8 rSieA e G bRt ur  ng

operation which ﬂx@{%ﬂﬁxd&h%@ﬂﬂﬁa sé@@ﬁdfckﬁﬁ&erqflg! ThE cyBnddiS af\@ikfosegt ween the
concave pressure side surface 16 and the convex sucfion side surface 18 of

the airfoil as abeassurads oftorsiom Ahellid firss hediseraoticpbndarsvtthesiodpliagd t he
fini shed machi ne cqncave, side (th is) .the reference surface Rs). 15
During the for Aaserahly are infrac Ptsaﬁwdpgqhaew@ e nebEown o aHeWdesi r ed

| eadi ng ed I Gk j ' reference
surfaces Rg§on§1{${gd%%@gtfg§%é§§e?%&%lg’%ﬂ%ﬁt ﬁ%%n%}éﬂﬁn%%sghﬁﬁ gce on the

convex sucti on r&jpdfise WeCOESb loy rotatiénd] $6Hce exértddiéh @@l@ﬂin@%séxﬁﬁlytﬁy&he
intersection of the concave surface with the 20 front surface of the tool)

has an inner pdéealiagsendg. Orher torsienal peunlingrasedmbligs usitg nadgeckaméalr ns t o
the contour of the finished | e of the. airfoil. The m ddl e portion

di d
248 of the t oo PETEE A PRI farce mas b FMRIoYk at an angle Ft. The

angle at which the eggexii yaoeednBYofliRe %H@halt&uﬁﬁngéﬁéﬁﬁ)‘iy MéaBedibe
nom nal tol erance angle between the flare 25 edges. For exanple, should the

range and aecephatvobadsembéy atregpredetkeimeined lecatioheTha ceciprangtingimofi8n dégr ees t o

21 degrees, the angle of divergence of the middle portion of the edge wll
lie at the uppdic aFRArans eauses kg A rotptign &b dhe toFsional cavplingassenblydCer ance
19. 5 degrees, [ | t LNl um.acc le flare .angl e of
angie 18 30 deqrials R AR Rith R BRCIR A age Rl -
curvilinear fasBigapgrardedts hévddnanthélGng, BRIMhbRIMEN Gf ke #i§ SV RitSforcUr Ve

toward and
Ar defines a reference plane Rt which is substantially parallel to the spanwise
25  direction of the airfoil and the reference plane Rp. As will be realized, small
local deviations of the airfoil surface in the edge being formed may cause the
plane to be not exactly parallel but substantially parallel to the spanwise axis

of the airfoil.



19 possibly tangent to the cutting face 202 to provide a w de nouth

relative to the airfoil edge in the unfinished condition. This engbgePrﬁheﬁ}
tool to engage a | eading edge of an airfoil that has a flare angl tFEHe-vie
hi gh end of the tolerance range with a first cut that renoves only a slight
anount 5 of material adjacent the surface defining the flare angle as the
cutting tool seats on the |eading edge. During the first cut on the | eading
edge of an airfoil having a flare angle atl3the m ninumangle in the

tol erance range (18 degrees), the cutting tool does not engage the materi al

adj acent the flare ang eouplihgWsdemtdy atbhaddsy fenRpade 1 1 hahi@Pistidepeatio t he 10
| eadi ng edge as material is renoved during subsequent passes. As nentioned

earlier, the moeleasabdy engageithetaohessembdy 68diThe &irstplate afsentbdy 402 pbite i s
particularly useful. during,.formatjon o hol | ow airfoil 10 for a fan

D nde. The. i acoUplint ey Btnit bt Fh Pleis Hheds ardihed tae p A4 or

di nensi ons are i | I hi ni ng
operation) the tﬁgggéér}gfaed ge S%mgh@g? ?tgﬁqnhg&et@gggf%h gt%)rtn %Séﬁ?lﬁv%ﬁ I \ggfrfe
essenti al | y ssquae eool Biseniblaes. dhglfestFplatabsenibl adhaediita firdt biide sb@PEgt o be

formed on the | eading edge (the flare angle) is machined to a predeterm ned
anount within tdd a wcendguiderahyel. Arthird@uidezardgd4 dsidisposeddeategnethadiystbe 18
degrees with a tagl erance..ran 18.20 deqgrees to 21. deqgrees... t he
trailing edge, ese??rbcf%mgﬁ&?(g' %%éc?%%ag&cgigu%tqrﬁla Y&’S%ﬂ&}?&l Mange of
20 to 23 degr eage sgdivis@fifr&dtiont P enPhdchRihglySo ki RESGEn@laNQIRS ShARE to form
the final contour of the airfoil. The operations of tw sting ‘and hot

form ng take plEmh ddithdiagls i epaoed spanvaselpifichm theraaljatenwdode T isedpaes oft he

airfoil to |arge conpressive 25 |oads to achieve the final formof the
airfoil. Thils ifanessasaepraeanteosthgitlanges k6 4282, andd 3pmextend &rom the se

di . . . . . | R liah
scal 1 oped por t i aePBistenerer e bt eiable 0P RERpo BOFIH the plad™
sonmewhat resengl,gs a gentle undul ati on or sine wave. In addition, the sane

wavi ness is introduced in a 30 direction that is substantially
perpendi cul ar to the suction side and pressure sides of the airfoil and

extends fromthe | eadi ng edge to the 0 reference surfa Rs. In a front
View of the i ol Tancdid Pt aseably | Ghhes raderl patsl U TREM oi ne
wave appearanc ‘ | : %pm; axis.
Finally, thlg tﬁ?l%:t{%ﬁ%aggaég? Bﬁ]glesfgjls};@g%@ gﬁdﬂegﬂ;{ggﬁﬁgfgﬁglé p@lﬁg agée%c I 2?61 a,
1 b) 1 c or 1 chndesktandsparatlel toethk drstrpidte 3 16iof € fi@Nplateoass@nBlyl WRatTign in
the section to another. During operation of the apparatus 28 for formng

the contour of Sehend plat asgerablychas 2 first prér efppaekst LaHaj 53 Ghoatkached fanthe fissisi ti on
above the fixtured airfoil 10. e, fixtur ngage the fal se root 24 and
(b 20 of the ot Seedng gbiof pkan ShE 1550 IR hE o BRRC e AP £

posi tion. As thQakGndRpaedispanWielyOSihqRe fif?Batr A bficks.2B8ch 62%e Hrst
roll er assenblies 216, 218 engage the concave pressure side 16 of the

ai rfoil cawdi nepftthecksppandolsl44m, hbdte whidhgidapts theblokk te blidaiidysengdige @at i on C
by conpression of ong, of e _two springs,156a) 156b that _enabl e the

coupl i ng assenbfl?rﬁt%g]t@ ?;Iég?rﬁf“mgﬁﬁﬁm%&- hsacgng paiz of incks bas sipilane
chordw se 15 di ' ' : es 1t ' e,
seating the toolfoqg%%q{taﬂrfgé}?ﬁ(gugg%g%% Egé%%l%ﬂ‘équz%d?vr%ag%%ag? nsgcg%gagenent
causes the ref essinefblecksitacHdEdbIPBnEdPe thONANE réd EBBUAEIF Block 0482%$rt a

conpressive force on the rollers conﬁressing t he bushing 168 that is
di sposed bet weedispased pridway heweaenithe tigegesddle,nd 2brithaslengagerdeshds hEthR0 t ool

base 162. Thi s gayse I term ne t ,of ¢ ression of the bushing.
Dase 102 S, B3R IR TR SRR AR R, OB B R s B

reci procating f@§Hirgf 184 0Mge %l&k%@%iﬁ@sﬂt"e@j(ﬁe‘efﬁ dhdd siidaenaidel B2 &gairThe
length is appropriate to the tool 164 that is selected to formthe 25
contour on the dofisprings 1 S&ieficimde 8 third rdbwithadie sgrieg 861 Beiapdisposed snal |

portion of the pressure surface 16 t%dj &cent the reference_surface Rs as
shown by the t EREFRRe AressuTesidnel the difth biaclk and thewdiaceay flangst1 325 agdr aded

by the |eading tﬁgggcofnﬁl Engg:@giﬁéés'%@bgg&eﬁl{hé E@&loﬁ%gcffe%%ﬁgggl@\é“ t hout

bi ndi ng between the tool a eadi ng edge 1's al rearwardly
di vergent sidewalls 242, 244 of the concave surface 204 of the tool.



21 The pneumatic cylinder 86 applies a scraping or turning force to the
tool through the piston arm89, the clevis joint 90 and the coupl b W,
assenbly 66. No further adjustnent takes place between the plate ésserﬁ)fles“
102, 104 of the coupling in the chordw se direction by 5 reason of the

sl i deabl 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 | eadi ng edge. The pneumatic cylinder 86 and pi ston 88 provides the
shaping or cutting force and, depending on the contour of the cutting edge,
material 10 is ridodvad the adfecthtdange 18D Thebkckfanthed kegabengnedge 12. The
conpr essi ve force erted bé ttg tfb-nihl %d168 urges the lde of the tool 164
into contact vvlt‘ﬁ WHOEP FRAATT 5 ESI PR SEC Als aSpRInY Eﬁs(f%“e%érted by the
cylinder on the wiRkespectaaeach okt in@d@éctﬂ‘oh&vkﬁbﬂ@ld fbstakfidlace. The amount of
material renoved is dependent on the | evel of force exerted 15 through the
pneumatic cyli nd&@er@%ﬁmttﬁéh?)?@é}@ﬂ@r‘?ﬁ%é‘an%@é@qegﬂﬁé‘llcei@alﬂeédﬁﬂhed for the
thi ckness of thean@i%ewlﬁlaregﬁafatm%rdé%ﬁq ria ¥ tHT§ Yrgés sﬂBuﬂ‘dq ge which
woul d cause the tool to cut deeper intot nate ial an pOSSIb y cause
chattering of tdatespbe mowsdtrhletwetﬂ each oltiwemaldnrecm@p@pcmmgﬂdrmectu on, the
tool may 20 enc t i,,da he ¢ W se
di rection. Thi sq%tsﬁ%“ﬁses&ef%%&g? d“bnsa\}f]pll g%%agg‘%ﬁt%bre@m# SefC(S’PQthlu ®tool for
the orientation as‘éemhleaesanrghobé redleessd with EiegﬁrsthlatEhﬁsqmﬂﬂyrmmbelmgyl i nder 86

and piston 88 prqvi nst a fo.ce the to to followthe
downward curve df agﬁ%dgmiogtgfa? éloeglgfé) %aTSreB’rCRIX ﬁ@é" %Yhe\/ﬁef?f"gpl@@nstant 25
force provided hysafslytioarwingattachedy ﬂh%aﬁehmha i3embBoed.ator 98 to the
pneumatic cylinder. the tool rides up curye, air is renoved fromthe

cyl i nder enabling the'8of 8ROWsa P@ﬁ’éﬁ“rf’fé%glo atsembhewaich ig glsender provi des
danping to any \ t t}a(?gee noves
in the chordw seﬁlglgt?éetg(ﬁhoﬁ&rcégﬁ%l}lgpﬁ ﬁghglsndl@)? J{%\l}\%‘? %4%&§Ommrd
surface of the |a%d¢ algvatiRreviewmighe tavd appemblyitlig. Tisld viderfrgmrbelavg of i mit ed
novenent of a tap r ainst a
restoring force at#%b?%@&%ssgﬁbygﬂég t6|61g8§’1 vlvr?géir?e t?ﬁfz’a{ﬁg@?@gi n the
chor dw se dilsecttaken alésg thedies &6 ibﬁngn-lves al ong a portion of the | eading
edge that has a curve,novi to.and, fro in the.lat | . di ion, the front
(first) 5 roller assgmelvog%éelghg' B’gﬁ (%@@85%}36231@8 Ie@s?enbl y 218 are
urg\e\ﬁ IR t he Fhr pobé @ssetnfba}t166]&nal#hfeil9&ﬁcIbﬁs}ﬁﬂg\m&gAE)Sh?%ﬁ mﬁg,elm?ence surl;rgf:e
Rs ich is clos acent to the e ront roller assenbly
positions the t F¥%‘§%?PFa’terltea$3§ Wcﬁﬁ‘? &’ﬁlpl?%? 111%‘)?%‘?%‘889&9 edge by
causing a smal | srs@érﬁm thett*ael &&elhaég?ﬁﬂﬁiﬂ%hﬂe% &BBEI@Y!SS\;%ItIYaﬁZSfeend' ng
axis Ar that extends Fﬁ the torsional coupling assenbly 10 The

torsi onal cdl@pl i ¢ laslbeﬁw ingragsanelely (whigh §ma%¢ﬁth¢m@ﬁ®bﬁﬁlamﬁ?¢éﬁent but at
the sane tine e t tool to
track the curve?ﬁétﬁ%@eg%é&?h%gur%ac C'Bg?t\*}lg/gagx "Eltb?lt er a‘? ;ptl%}ﬁ t he
opposi te direct il depneesspdadeny theopposite tirectid. f ront rol l er 226 and the
rear rollers 228 is ch that the.tqqol Ls r.r.ec S|t|oned with
respect to the |eadi ighe t&)atg%sg lt%ﬁénﬁ%?satl?r&ﬁl\é\@ﬁﬁ%g atds ﬁ%%%vg Rbrvature of
the | eadi ng edgeportibe obthettboldbate.8 The didctiershad adange 182 having 4 surfhlegpen out

any vibrations that m ght occyr, as a result of e slight vari |ons and
abrupt vari @i on®% KN P Eletotth%{efggn%g}apgggp rﬁ‘ta"é‘g Supstap ydi rection.

As the tool is rmigikliad eiedrefdiendeaaciabIRE A0 theladsfoll hAdéseratfiA May encounter
a region of the | eading edge surface that has increased thickness. The

i ncreased t hi ckr@®€itt§ses the tool to move in a direction away from the
roller assembl ies 216rneib| ubflblPintludediiton &2 fﬁeetof)ﬁs%%ea%yurface Rs.
The novenent of the tool % onpr esses t bushin e bushing
exerts a restorla’@cl‘l@dtfethﬁ bage sxfch@smagxhamnmewﬂaabm apair ohuse chatter
or skipping of t t adTpef. 1 0 danpen out
any vibrati 03;65 ttEdEi%S Qéjlleppé}eﬁt{agb?%é ngrelg%r%gﬁ%tetslﬁslp gl ng ieedge t hi ckness.
Thus, the bushi ndamped tool acts as a one-piece construction with the tool base. The

\



30 exerts a slight restoring force on the tool that is in a direction that

i s substantially perpendicular to the reference surface while per @ 6t bB 2002
23 limted novenent in this direction. A rigid connection between the tool
and the probe assenbly would not allow for this variation in thickness and
woul d |'i kely cause unaccept abl e gouglng of the | eading edge. The tool is

al so useful in nmachining a | eading eddé that does not 5 have variations in
t hi ckness) lateral curves, or chordw sely extending curves but has a
surface that gently and regularly follows a contour of sinple shape. In
such a case, the probe assenbly 166 positions the tool with respect to the
| eadi ng edge a r I t e, MRYRS i oni ng
the tool from go%lggﬁta?{géﬁfﬁﬁﬁ%%%? gé r%%??%@gﬁ%w?‘gf@r%ﬁce sﬁ??gc?g Thus,
the reference emefndserdﬁstmﬂopmmmtsahblrgaratmeacrhemocujralmmas lme tool to
take into account variations of the | eading gdge froma strai | i ne but

wi t hout vari at PERESUr®, sidei 196 shovey IndTigs } WRich/®]sP @X%J?Qmé'ﬂ? ering of
the tool. Aft f d th
15 constant. colfenh Ut REF 4G Ofnk Mol (RAF BAufERca 02 B TR0

contours ar$ cem@bmdﬂrﬁhélmeshyefmﬁiahbmasad:tiorsslalewmeom{amt t hat
ext ends between the sections. The bl endi ng provides a snooth transition
bet ween t he se&Hifase 204 is Fisposed betwaen f"?ﬁ:é‘deﬁ endrinterseatsite fropt | eadi ng

edge of an airf BHE ég%rré[@n ?55‘%190% nore than a neter is 20 fornmed by

machi ni ng, el i | ng and | abor required to formthe edge

region of the ai rfomhe tbsbassembly lsovpicludeasthe ippube bbsémblye18&:r Yhel ose
tol erances may be kept for the edges of the airfoil and results fromthe

shape of the tWb%ﬁQSQmE|Yr|@§l§§9§§I@Ohétzgsé‘%ﬁn@érﬁfob? pase 14 2wiehded by
the apparays 45 £LONAU S10 ol RAdLARCRARe SR XRali WiaLaR e

el ement of orm ng operations over nost of the

extent of the l1€@dea@ngdﬂgap&@W@ﬂebéthﬁeéngr‘ﬂaébmshm@r%swnsb@sed)imme of
production for a given amunt of time, decreases the anmount of intensive

hand | abor and Q@POVTQ%BU@HQ%S fasmedie apelyurathaps patenal that SAMRIAPEl | y
efficient. Thegos sgbagtegcpg{:ﬂﬁé @08&2 1§09§ﬁ foyr ey %%O??%H?}e s férr’gczd

aerodynam cal | y en ance crsely cont orméd “cont ot

Al t hough this Idﬁ\oerthrelnnahesnbteaal ekw\mrqmdt nerabef p@mmmo-eea.ecuhao t he
detai |l ed enbodi nents thereof, it will be understood bﬁ_’those skilled in the

art that vapi o@@rlaaaﬁwébant@fﬂmﬁebﬂmlmaﬁmw@tmﬁﬁtw@a@ e pRynGEoRgast wi t hout
departing from e of the 5 clainmed invention. For
exanple, a pr obiwﬁ%ggh@% ﬁég'l ﬁ%)cgpheri cal roller elenents or a probe
surface may be used The plodesneludebe firgt FoNeF keSémbR 2 18 afd @n&dtoRd

roller assembly 218 which adapt the probe to roll on the pressure

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

20 flanges 222 extend from the probe base and substantially perpendicular
to the reference plane direction Rp, Rt and to the spanwise direction S
of travel. The flanges are spaced chordwisely one from the other. Each
has a pin (not shown) extending between the flanges which rotatably
engages at the first roller assembly. A second pair of flanges, as

25 represented by the flange 224 are spaced spanwisely from the first pair
of flanges and substantially perpendicular to the reference surface Rs
and the spanwise direction of travel. The flanges are spaced
chordwisely as are the flanges of the first pair of flanges and similarly
have a pin extending between the flanges (not shown) which is adapted

30 to rotatably engage the roller assembly.



25 W Caim A nethod for formng the contour of at |east a portion of an

edge of an airfoil having a plurality of airfoil sections, whi chzc@rp:gg S88;
di sposing a tool having the shape of the edge adjacent the edge So that the
tool will engage the edge when reciprocated; 5 engaging the edge of the
airfoil with the edge on the tool to position the tool on the airfoil;
engagi ng a spanw sely extendi ng referelfte surface on the airfoil to further
position the tool at each airtoil section with respect to the airfoil
surface by permtting novenent of the tool at that airfoil 10 section with

he edge-of the airfoil: ' f . ,and,
emoving et eri al by Redsatidler sSrmupRENG oY s bt el et g ¥ile 1 ¢ he
spanwi se di reCtair@@thvl/i@eIE%djédém!a@gebi‘t%eht?éﬁ byltid Rillek leforpbni@t22sach airfoil

section with respect to the Spanw Sgele% extendi ng surface and 15 with
respect to the Thermoder elements are spa eh@r@w@a&qmanﬁépanmﬂly edge and

Che- Sontour of ATV OVHE B sEeta oA %, nol Zng AfRaTBLON asSimbfy,™ "
surfaces debi nqg ehyage Rhe'réferércetdurtddel RS of BRCAIHNS The SeiindropBer dwi sel y

wherein the step of positioning the tool includes pernmtting at each
airfoil secti orassemblye21diasreepair of rdler ipterments 248ah 228bpdchace t he

acting in the CRBFel watec ds ron BE SRR Sead A BlIH ks on (e
airfoil as the fgelandSspapieseIfPéamrirdly INRE résr 491486 GFRhERE6I Ethecont our

wWth respect to the reference surface.” 3. The nethod for formng the
contour of cl aisecendirelien assembly edpptsithedrpbe @ssembihtc® torngageitheespect to

the referenge surlace. LNELUORR QShLTAHHGI: ATocERER HER 1 LigHig fadRubdd™ t o
of the tool. The slight curvature of the reference surface resuits in
point-like contact between each roller element and the reference
surface as a result, the contact points define a plane-like reference for
the orientation of the rolier assembly and the tool.

15 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
engages the springs. The axis of rotation Ar of the coupling assembly

20 extends through the tool 164, preferably through the intersection of the
front surface 192 of the tool with the concave surface 204 but
experience has shown that acceptable results can be obtained by
having the axis extend through a portion of the tool rearwardly of this
location. As noted earlier, the front roller assembly is rotatably

25 supported from the flanges by a pin extending through the flanges.

As shown in the Fig. 5, the surface of the bracket is substantially
parallel to the surface of the probe and traps the bushing between the
two surfaces. The bushing 168 has an uninstalled thickness B which is
greater than the gap G. The bushing has a hole 234 extending

30 therethrough which adapts the bushing to slideably receive a bolt 236

extending through the bushing. The bolt 236 for attaching the probe



26 respect to the reference surface including permtting limted 5 novenent
of the tool circunferentially about a chordw se axis agai nst a rzsgoﬁgﬁg—ﬁuz
force acting in the circunferential direction. 4. The nethod for r gZ
the contour of claim2 wherein the step of positioning the tool wth
respect to the reference surface includes permtting at each airfoil
section linmted novenent of the tool wWith respect to the reference surface
including permitting limted 5 novenent of the tool circunferentislly about
a chordw se axis against a restoring force acting in the circunferenti al
direction. 5. The nmethod for formng the contour of claim3 wherein the

step of perm t basg 212ntbitre flapge M@ ofdthe tohackear al7 svéxténdsipecgh tiee hbie
ref erence surface incl udesa_;')_‘erm tting limted novenent against a restoring

force acting i i HePyEEng.of et slideably gngragretig Rale droalghithe brackater ence
1 Tacs” 51T 486e 40008 e BB ] Sk, 1 ST

of permtting ['rm venen o the reference

surface i ncl udercpssarytundes operativeccormittarant Thigavinsccar steaildthe grdbsy ce
acting in a_direction substantially perpendicular to the 5 reference
surface. 7.5Thdaseimee rlativaia bierbragketie adigectiom sibsdantiallyl of claim 2

Surrace wth ( REeRdPdRrldthe Rlele e FaEReS ¥R, King' o sposed Tore and af
of the tool in the gpasaveeifiFIgLe! tidracticn OF el @f thetdatiagsemesy sur f ace

continuously by rolling the rotatable surfaces on the reference surface.
27 8. The net hatndesppetativewsanditianscdssigwrody the airewsiTif and bl AssBoWNer ei n

W th tap 1ot at AP o BoE GRERRGMPLEER A BReHBERORRARMIRY dREE ' The
tool in thepospayisipgtheqdsitiih énteoratkelti Bydicbbeningfiienushiah ace
continuously by rolling the rotatable surfaces on the reference surface. 9.

The met hod for asiugt@ent mavbemeaggasenatraliis pxehangedfosianrtheitter ei n t he
fuo ot at an o SO AT RefEHiBa WAk cposed ore and aft of the tool in
the spanw se digfesitheboR8&ré reinakiRd, iHebraekel BNARGrANY at&cHed o theously by
rolling the rotatable surfaces on the reference surface.
tool base.
15 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 face 202) at the cutting edge 206. The cutting edge at the
inward most portion of the concave surface conforms to the finished
dimension edge of the leading edge 12 of the airfoil.
20 In order to make efficient use of the tool piece, four concave
surfaces are cut into the tool. However, one concave surface is used at
a time to form the contour of the leading edge of the airfoil. Accordingly,
the three other concave surfaces are ignored with regard to the
description of the tool. Thus, the surface in which the concave surface
25 being used for the forming operation is the cutting face 202. The
pressure side 196 and suction side 198 extend on either side of the
cutting face extend from the front surface to the rear surface 194. The
concave surface disposed between the sides has a pressure side wall
242 and a suction side wall 244 extending outwardly in divergent
30 fashion about the axis Ar. The concave surface intersects the front

surface at the cutting edge 206. As shown in Fig. 7B, the sides diverge



10. The method for contouring the edge of an airfoil of claim5 wherein the
step of engaging the reference surface includes engaging the surfacgeﬂgm't hw‘,_
two rotatable surfaces attached to and di sposed fore and aft of the t ool
the spanwi se direction and 5 probing the reference surface continuously by
rolling the rotatable surfaces on the reference surface. 11. The nethod for
contouring the edge of an airfoil of cl&i m6 the step of engaging the

ref erence surface includes engaging the surface with two rotatable surfaces
attached to and di sposed fore and aft of the tool in the spanw se direction
and probing the reference surface 5 continuously by rolling the rotatable
surfaces on t hmamém)emmuhé qoer sumaceTateamangleoE showhadn eixaggetated ont our

of claim1l wherein the step fDOSl tionin t ool |nchL#des the step of

permitting |i rﬁaﬁﬁtﬂ’”wfﬂfmpléfo %@Lttdb‘l’e ?ﬁ é@p@'&ﬁ'eﬂ%r gEedde @sence
f fing| wh

tsﬁtra g:gp of potsrll%t%ldcgn-&r%glg'gr%n&go%ﬁPncl %E&t ep o dgrsggé?ﬂg%t e eretn
reference surfmsgeui tothe guigebsf.the airfoil by passage of the airfoil rearwardly

. A3% AF?. A{, A% A Af AQW% Ay. A. AS. A{, . A Ay. Ayf 9. A9. A, e. A{f. Al U. AR A9{e. AA
2. A . A fR @@f‘j‘“tw t)ﬁ@dAOQ-A @6F=@C _ef hT~ytoj d_ZU] ca] ca] caU] c
]alcﬁg} gfoﬂa]C;]a]cga]alcCgﬁ@;@%‘g@@?&;‘bﬁ%@&%&%Bﬁéé&@éﬁﬁé&@bﬁ%?ﬂi&?o%l ca] ca ca
L1 wr mhc”Y] ca] ¢64iead ¢aforad trad wdtaar] otthedbadihgaldue] t2bf tecaifoillsealiora] ca] cal
ca] ca] ca] ca] ca] ca] ca] ca] C%-tl; %3 ralcal ! T #$&4&(( (1 -.00p0r011
2Wr 2223%3h333%29wWa 6B 35621 Wq@&]‘@&h@&’ﬁdﬁf@d]f@a]"b'&ﬂ tdlyca] ca] ca] caj c”

2} EZ] g /?L]C 2L]C gﬁ-@gﬁ@h&%&%@%ﬁ&%%@@@g&%@% §urfgee Rs gn the airfoil

; <MR<<(=| wrarhc8lirddes whichl was catkahgsd bplisatemtbashg ”o@]eﬁ@t]dm\]vnniwcfa}medi caJcalc
a] ca] ca] ca] ca] ca] cajcalc

a] c&a] ca] ca] cajfEagdgs. (£53$&AQMMMMMWﬂMWWPF§é§w | wr mhe”

2] cal cal ca] cr) SEUEECIE SRR BRI B CNE putpes 18,9107 AU 1% goghw

& pjjj k1l 111 vegdsured basERaInEinishd dvnzeBaihg] ddrﬁ@k%@d@éb@@&@ﬁmshed

a] ca] ca] ca] ca] ca] c&a] ca] ca] ca] cal ca] ca] ca] ca] cal ca ca] ca] ca] ca] ca] ca] ca] ca]

calcalU c a]c aMirkiie-congaye S 16, therrafpransecyy %} ca] ca] ca]ca] c

ol cal cal cal§™ %Lé%ﬂbé%ﬁf}‘f@?%%ﬁ%ﬁﬁﬁ% i%%@‘]‘% EEAL 11221 ca ca
W] ¢ a] ca] ca] cabsinéd ddatfih@§ edge is formed at the leading edge between the

a] ca] ca] ca] ca] ca] caV] ca] ca] ca] ca] ca] ca! G 6j b6( pdy: E} xsni d_Z] ] ca] ca] ca] ca] ca
] ca] ca] ca] ca] cajashjnad wigrence surfaces Rs on the concave pressure side and the

o) oo caleal ool saslaslonlenlonleaboabealantiabecesbantan) 8 86 7O

] ca] ca]ca] ca]c c@itﬁ@]@d@o 2(1)6@étctﬂ]aqae%@&@hcof%é%bﬁé\é\?@];@f@é@@lvﬂﬁ]tﬁéw':c E10%
h& ()- 10% h& %h& ()- |'SI0% ()- y10%hhé& %; 310% h&' () - =i K-!10%

h& ()-F L:20% ;f;rgn ;UII@% pkthe) tool)dwashan (nNnes portion 246. inner portion of
the tool edge conforms to the contour of the finished leading edge of the

airfoil. The middle portion 248 of the tool edge is relatively flat and
diverges at an angle Ft. The angle at which the edge diverges may be
equal to or greater than the nominal tolerance angle between the flare

25 edges. For example, should the range and acceptable flare angiles lie
in a tolerance range of 18 degrees to 21 degrees, the angle of
divergence of the middle portion of the edge will lie at the upper end of
the range (21 degrees) or at the nominal tolerance 19.5 degrees, but
preferably not at the minimum acceptable flare angle of angle 18

30 degrees. The outer portion 252 of the too! edge extends in curvilinear
fashion tangent to the middle portion and in a reverse curve toward and
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to the airfoil edge in the unfinished condition. This enables the tool to
engage a leading edge of an airfoil that has a flare angle at the high end
of the tolerance range with a first cut that removes only a slight amount
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
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
the machining operation, the leading edge 12 and trailing edge 14 of the
airfoil are essentially square. The flare angle F that it adjacent to the
shape to be formed on the leading edge (the flare angle) is machined to
a predetermined amount within the tolerance range. At the leading
edge, the angle may be 18 degrees with a tolerance range of 18
degrees to 21 degrees. On the trailing edge, the flare angle may be 20
degrees with a tolerance range of 20 to 23 degrees. Thereafter, the
airfoil is twisted and hot formed to form the final contour of the airfoil.

The operations of twisting and hot forming take place at high
temperatures and in molds which subject the airfoil to large compressive
loads to achieve the final form of the airfoil. This introduces waviness at
the airfoil edge in the chordwise direction so that in a side view the
airfoil appears to have very slight scalloped portions extending between
a reverse curve projection that somewhat resembles a gentle undulation
or sine wave. In addition, the same waviness is introduced in a
direction that is substantially perpendicular to the suction side and

pressure sides of the airfoil and extends from the leading edge to the
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10MLM. 10M._Meference surface Rs. In a front view of the airfoil, the airfoil has shght

undulations or a slight sine wave appearance in the lateral direction with
respect to the spanwise axis. Finally, the thickness of the squared-off
edge in one of the sections 1a, 1b, 1¢ or 1d may vary in the lateral

5 direction from one location in the section to another.

During operation of the apparatus 28 for forming the contour of
the leading edge 12, the apparatus is lowered into position above the
fixtured airfoil 10. The fixtures engage the false root 24 and tip 20 of the
airfoil as described above to firmly hold the airfoil in position. As the

10 apparatus is lowered, the rollers 226, 228 of the roller assemblies 216,
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
66 to permit movement of the tool assembly 68 in the chordwise

15 direction. The cutting tool 164 engages the leading edge, seating the
tool and thus the apparatus on the leading edge. The engagement
causes the reference surface Rs on the concave pressure side to exert
a compressive force on the rollers compressing the bushing 168 that is
disposed between the probe assembly 166 and the bracket 178 of the

20 tool base 162. This causes a predetermined amount of compression of
the bushing.

The robotic driving device 36 causes the apparatus 28 to move in
reciprocating fashion along a predetermined length of the airfoil 10.

The length is appropriate to the tool 164 that is selected to form the

25  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
binding between the tool and the leading edge is aided by the

30 rearwardly divergent sidewalls 242, 244 of the concave surface 204 of
the tool.
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the tool through the piston arm 89, the clevis joint 90 and the coupling
assembly 66. No further adjustment takes place between the plate
assemblies 102, 104 of the coupling in the chordwise direction by
5 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.
The pneumatic cylinder 86 and piston 88 provides the shaping or
cutting force and, depending on the contour of the cutting edge, material
10 is removed on the top or the sides of the leading edge 12. The
compressive 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
by the cylinder on the tool to cause cutting of the suction surface. The
amount of material removed is dependent on the level of force exerted
15 through the pneumatic cylinder. Once the predetermined force level is
reached for the thickness of the material, the tool does not have a level
of force which would cause the tool to cut deeper into the material and
possibly cause chattering of the tool.
As the tool is moved in the cutting direction, the tool may
20 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
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
25 force provided by additional air supplied through the regulator 98 to the
pneumatic cylinder. As the tool rides up the curve, air is removed from
the cylinder enabling the force to remain constant. The air cylinder
provides damping to any vibration of the tool that may take place as the
tool moves in the chordwise direction C along the sinusoidal upward
30 and downward surface of the leading edge. Thus, the pneumatic

cylinder permits limited movement of a tool with respect to the reference
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has a curve moving to and fro in the lateral direction, the front (first)

5 roller assembly 216 and the rear (second) roller assembly 218 are
urged in the direction that the surface is curving by the reference
surface Rs which is closely adjacent to the leading edge. The front
roller assembly positions the tool so that it is moving parallel to the
leading edge by causing a small rotation of the tool about the

10 chordwisely extending axis Ar that extends through the torsional
coupling assembly 106. The torsional coupling assembly enables this
slight rotational movement but at the same time exerts a restoring force
on the tool to enable the tool to track the curved surface as the surface
curves back laterally in the opposite direction. The spacing between the

16  front roller 226 and the rear rollers 228 is such that the tool is always
correctly positioned with respect to the leading edge as the tcol tracks
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

20 may take place in this direction.

As the tool is moved along the leading edge 12, the tool 164 may
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

25 the reference surface Rs. The movement of the tool slightly
compresses the bushing 168. The bushing exerts a restoring force that
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
result from the change in leading edge thickness. Thus, the bushing

30 exerts a slight restoring force on the tool that is in a direction that is

substantially perpendicular to the reference surface while permitting
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simple shape. In such a case, the probe assembly 166 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

10 reference surface. Thus, the reference surface Rs and probe assembly
alone act to orient the tool to take into account variations of the leading
edge from a straight line but without variations in thickness or curvature
that would cause chattering of the tool.

After the adjacent sections of the leading edge are formed with

16  constant contours as shown in Figs. 1a-1d, the adjacent constant
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 airfoil that may extend for more than a meter is

20 formed by machining, eliminating most of the hand labor required to
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

25 eliminates the element of human error inherent in hand forming
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

30 of a gas turbine engine is aerodynamically enhanced by this precisely
conformed contour.



10 10 710%&' ()-610%& ()-! 2t10%& ()- | 1GLO% ()-nno[ p$q:rrzX6j _@!'!t

109&' ()-'a 109 ()-!'1lY 10%m& ()-'a Y 109 ()-!NY CER 700
109&' ()-10%& ()-rdsstu#vOvPv}[<1@ 10n03g 10%0& ()-!~3g 10%& ()24B ' LuRe
10%& ()-!t+ 10%& ()- 10%r& ()-!~ 10%&' ()- PvQVRvSvWcwwxj H@ 10nD! a

10%& ()-109%3& ()-!109%00& ()- @O%& ()-% 10%=&' ()-4 10nD 10nmOxyHyzMeb{{"?HQ@
10n0Y" 10%G&' ()-!pY" 109%&' ()- 10938 ()24 k 109%& ()-) 1098 () -

1096&' () -{| | ~~~~~~ z| "P10&f 10%Z& ()- 10JJ 10JJ 10JJ'*@10%J& ()-!~*@

109 ()-*@10%=& () -! p*@ 109 () - ~~+@[ <"P10& !'10%Z& ()- z 10%Z& ()-'p z
10%& ()-!'f z 109%& ()-!X z 109 ()-, 10%& ()-=?z[ 9"P10! p3+ 109%& ()-"

109ZJ3& ()-!y"

109&' ()-TZ109%Z& () - ! KTZ109&' ()-!fTZ10%=& ()-rS40@0%& ()- @&10%& ()- 10}}
10}} 10}}!3g 10%}& ()-"!y3g 10%66& ()- 3+ 10%Z& ()-"ez[<rS40"10%& ()-|

10% & ()-& pl 10%: (Anrdugh tHi9Rivehtiéh haS Be&n(shoWrPhnd QMecHDedafiR} [ 9+4

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

5 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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engaging a spanwisely extending reference surface on the
airfoil to further position the tool at each airfoil section with respect to
the airfoil surface by permitting movement of the tool at that airfoil
10 section with respect to the edge of the airfoll;
applying a force to the tool; and,
removing material by repeatedly moving the tool relative to the
edge in the spanwise direction while positioning the tool during travel at
each airfoil section_with respect to the spanwisely extending surface and
15  with respect to the airfoil edge in response to engaging the airfoil edge
and engaging the reference surface on the airfoil.

2. The method for forming the contour of claim 1 wherein the
airfoil has a spanwise axis S and surfaces defined by a plurality of
airfoil sections extending chordwisely wherein the step of positioning
the tool includes permitting at each airfoil section limited movement of

S the tool with respect to the reference surface in the chordwise
direction against a restoring force acting in the chordwise direction to
avoid gouging and chatter marks on the airfoil as the tool is moved
and positioned to form the desired contour with respect to the
reference surface.

3. The method for forming the contour of claim 1 wherein the step
of positioning the tool with respect to the reference surface includes

permitting at each airfoil section limited movement of the too! with
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respect to the reference surface including permitting limited
5 movement of the toal circumferentially about a chordwise axis against
a restoring force acting in the circumferential direction.

4, The method for forming the contour of claim 2 wherein the step
of positioning the tool with respect to the reference surface includes
permitting at each airfoil section limited movement of the tool with
respect to the reference surface including permitting limited

5 movement of the tool circumferentially about a chordwise axis against
a restoring force acting in the circumferential direction.

5. The method for forming the contour of claim 3 wherein the step
of permitting limited movement of the tool with respect to the
reference surface includes permitting limited movement against a
restoring force acting in a direction substantially perpendicular to the

5 reference surface.

6. The method for forming the contour of claim 4 wherein the step

of permitting limited movement of the tool with respect to the

reference surface includes permitting limited movement against a

restoring force acting in a direction substantially perpendicular to the
5 reference surface.

7. The method for contouring the edge of an airfoil of claim 2
wherein the step of engaging the reference surface includes
engaging the surface with two rotatable surfaces attached to and
disposed fore and aft of the tool in the spanwise direction and

5 probing the reference surface continuously by rolling the rotatable
surfaces on the referance surface.
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engaging the surface with two rotatable surfaces attached to and
disposed fore and aft of the tool in the spanwise direction and
5 probing the reference surface continuously by rolling the rotatable
surfaces on the reference surface.
9. The method for contouring the edge of an airfoil of claim 4
wherein the step of engaging the reference surface includes
engaging the surfacs with two rotatable surfaces attached to and
disposed fore and aft of the tool in the spanwise direction and
5 probing the reference surface continuously by rolling the rotatable

surfaces on the reference surface.

10.  The method for contouring the edge of an airfoil of claim
wherein the step of engaging the reference surface includes
engaging the surface with two rotatable surfaces attached to and
disposed fore and aft of the tool in the spanwise direction and

S probing the reference surface continuously by rolling the rotatable
surfaces on the reference surface.

11.  The method for contouring the edge of an airfoil of claim 6 the
step of engaging the reference surface includes engaging the surface
with two rotatable surfaces attached to and disposed fore and aft of
the tool in the spanwise direction and probing the reference surface

5 continuousty by rolling the rotatable surfaces on the reference
surface.

12. The method for forming the contour of claim 1 wherein the step of
positioning the tool includes the step of permitting limited movement of
the tool with respect to the reference surface.
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positioning the tool includes the step of engaging the reference surface
with a probe.



