METHOD OF PRODUCI NG COOLI NG HOLES I N HI GHLYCONTOURED Al RFO LS BACKGROUND OF

THE INVENTION 5 This invention was nade with governnent support under

Contract No.: NO00014-02-C- 3003 awarded by the Departnent of the Navy. The

government therefore has certain rights in this invention. The present
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15  however, detrimentally affects the vanes and blades by causing component distortion
and even melting in extreme cases.

Internal cooling techniques have been developed to maintain the temperature
of the blades and vanes within design limits while operating at high temperatures.
The outer surface of engine components is typically cooled with high pressure

20  cooling air from the compressor section of the engine to provide film cooling. In
this method, a layer of cool air is flowed between the high temperature gases and the
external surfaces of the engine components. The layer of cooling air is formed by
passing the cooling air through a series of small holes in the component which are
formed in a predetermined pattern. The resulting film of air reduces component

25  surface temperature thereby deterring component distortion. Engine efficiency is
also increased because higher turbine inlet temperature ranges are possible.

Many processes exist to form cost effective, high quality cooling holes in gas
turbine engine components. One such process is electrical discharge machining
(EDM). EDM is a well-known process for producing holes or other openings in

30 metals in which current discharges are utilized to erode metal. For example, by
pulsing a direct current between a positively charged work piece (anode) and a

negatively charged electrode (cathode), a spark discharge is produced. The current



(EDM). EDMis a well-known process for producing holes or other openings in
30 netals in which current discharges are utilized to erode netal. For
exanple, by pulsing a direct current between a positively charged work
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15 Accordingly, it is desirable to provide an EDM electrode which can produce
high quality holes which can be applied to highly contoured airfoil sections of an

airfoil in an efficient and effective manner.

SUMMARY OF THE INVENTION
20 An EDM electrode according to the present invention includes a first
multitude of electrode teeth and a second multitude of electrode teeth which extend
from an electrode base. The multitudes of electrode teeth defined within a Y-plane
are of varying length. The second multitude of electrode teeth are curved relative
the first multiple of electrode teeth to generally follow a contour of a highly
25  contoured work piece, such as an airfoil section. The second multitude of electrode
teeth are also curved in the Z-plane relative the first multiple of electrode teeth to
further follow a contour of the highly contoured work piece (e.g., airfoil section).
An electrode holder base maintain the EDM electrode in alignment about the X and

Y planes while mainiting the curvature relative to the Z-plane.
30 The present invention therefore provides an EDM electrode which can
produce high quality holes which can be applied to highly contoured work pieces,

such as airfoil sections of an airfoil, in an efficient and effective manner.
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the first nmultiple of electrode teeth to generally follow a contour of a

hi ghly 25 contoured work piece, such as an airfoil section. The second

mul titude of electrode teeth are also curved in the Z-plane relative the
first nmultiple of electrode teeth to further follow a contour of the highly

contoured work piece (BRUEF DESCRIPTHONIOPTHE DRAWINGS ode hol der base
mai ntain the EDM el ectrode in alignnment about the X and Y planes while
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of the EDM el ec - al\o| i i I - 1Fl e 2Cis a
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2A; Fi tur e2BinFigursRle vi ew of the EDM el ectrode taken along Iine 2B-2B in

Fi gure 2A and unted in an el ectrode base; and 15 Figyre 4 is a perspective
general |y rear n&lgé‘\‘ﬁ g(f: 1%1?1%@% T ?aawl%w P?&CIE%I?‘BWC‘C%L{WH 3ong mf(g'l ect rode
pl unged i nbe iﬁ‘F[g.\u/%@ﬁX; contoured airfoil section. DETAILED DESCRI PTI ON OF THE
PREFERRED EMBODIVENT

Figure 3 is a side view of the EDM electrode taken along line 2B-2B in

Figure 2A and mounted in an electrode base; and
15 Figure 4 is a perspective generally rear view of an exemplary airfoil section

with the EDM electrode plunged into a highly contoured airfoil section.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

Figure 1 illustrates a general perspective view of an exemplary article,

20 namely a hollow turbine stator 20 (work piece) with diffusion holes 22 in airfoil
section 24. With the assistance of the present invention, the diffusion holes 22 can
reside in highly contoured regions of the airfoil section 24, such as a fillet adjacent a
stator inner section 26 and stator outer section 28. “Highly” contoured as utilized
herein is defined as those areas that typically bridge an airfoil surface with the

25  shroud or a curved section of the airfoil body. It should be understood that although
an airfoil surface is illustrated in the disclosed embodiment, any somewhat
contoured article in which EDM holes are desired will also benefit from the present
invention. Cooling air enters the internal cavity of the stator 20 typically through an
opening in the root as generally understood to those of ordinary skill in the art. The

30 internal surface of the stator 20 is cooled by convection while the outer surface is
cooled through film cooling from air exiting the diffusion holes 22. The ability to

form diffusion holes 22 in the highly contoured regions of airfoil sections 24 as a
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Figure 1 illustrates a general perspective view of an exenplary article, 20
nanmely a holl ow turbine stator 20 (work piece) with diffusion holes 22 in
airfoil section 24. Wth the assistance of the present invention, the

di ffusion holes 22 can reside in highly contoured regions of the airfoil

section 24,reUCHf @ prebért!iflerridnageseits ahe %h?{&l@rfilirrm&@bliﬁg%@)hi ®0tidfs and stator
outer section 28. "H ghly" contoured as utilized herein is defined as those
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wor kpi é0e graebsosed not be ddseribdd hestinat i ve enbodi nent is a stator, other work

pi eces, incl udi airfoil_ shaped omponents, w |l also benefit fromthe
present inventic :fergyg\)i%flgwe :%?‘I @E?ﬁ‘]ﬁ%ﬁ?&%i@n“ﬁcbﬂﬁﬁ&rﬁ“? H’uﬁ ué?@frpl ary
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el ectrical discharge machining ( diffusion holes. In as nmuch as it

is well kneweldctrotdbasgri6.t 'dhd owititudes afidldarodeteethd? e farmgasScamb’blike engi ne
Component s BB 0hu e SPEEHLE 5hH S:het B e DRLAERRaTEGE. o, ©°
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relatively inexpensive and receptive of operations such as stamping and coining into
a desired shape.
In one embodiment, the first multiple of electrode teeth 32 are preferably
located along a central portion of the EDM electrode 30 and are flanked on both
20  sides by the second multitude of electrode teeth 34. That is, the second multitude of
electrode teeth 34 are located on each side of the first multitude of electrode teeth 32
within an X-plane. It should be understood that other embodiments are possible.
The multitudes of electrode teeth 32, 34 are defined within a Y-plane and are
of varying length. The second multitude of electrode teeth 34 define a length within
25 the Y-plane relative to the first multiple of electrode teeth 32 to generally follow a
contour of the highly contoured airfoil section 24 (Figure 1). Variation within the
Y-plane is preferably accomplished by machining the curvature into the face of the
EDM electrode 30 though a milling operation. The perimeter of the electrode may
also be produced by a wire cutting or stamping operation to produce the exterior
30 shape. It should be understood that various curvatures and shapes will be usable

with the present invention to assure that the second multitude of electrode teeth 34

penetrate a desired depth into the airfoil to assure formation of the diffusion holes.

4-



an el ectrode base 36. The nultitudes of electrode teeth 32, 34 forma "conb"
like structure. The nultitude of electrode teeth 32, 34 may be manufactured
fromany 15 conductive nmaterial and are preferably manufactured from copper
since it is relatively inexpensive and receptive of operations such as

st anpi ng and coiThkNGrst theltinRledes iele@todaggh 3N add ethe neendEnlttideeof i 1 st
multiple of electrode teeth 32 are referabl% | ocated al ong a central
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produce the exterior 30 shape. 1t should be understood that various
cur vat U0 es aaodtoghapde highlly doetqumlbalffoﬂ wedtiont 2He(Figws dnt Thavisnthieosecomd assur e

that the sec nd .mu t|tu ect de t net.rate desjred depth
into the ai™? tﬂ)’iufief) el§§t§ e© ?tB ?H?B‘i%f‘? E}&E Wo{hgsfa #ﬁlfge first
mul titude @fcRbRsdet04R 3beeth 32 and the second mul titude of eI ectrode teeth

34 extend fromthe el ectrode base 36 which is preferably of a greater depth
t han t he el ect r Raértirgtd Fire 34 theRleuiroele 2i8)der Paset 40 sncludes dvmasppeBdases t hi cker

d d f t teeth, 32 The .el.ectrode b
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under stood that teeth of var i ous
mounting pins 42 maintain the EDM electrode 30 in alignment about the X and Y

planes axis while the relief grooves 39 facilitate creating curvature of the EDM
electrode 30 relative to the Z-plane (Figure 2C).

The EDM electrode 30 is loaded into the base of the electrode holder such

20 the EDM electrode is pressed into the shape of the electrode holder base 40. The
upper base portion 40a essentially flexes the EDM electrode 30 into the shape of the
electrode holder basse 40. Relief grooves 39 facilitates the flexing of the electrode
into the shape of the holder. The electrode is finally clamped such that it maintains
curvature. The upper base portion 40a and the lower base portion 40b are retained

25  together through fasteners and/or clamps.

Referring to Figure 4, the EDM electrode is advanced (illustrated
schematically) into the hollow turbine stator 20 adjacent a leading edge 20L in a
conventional manner. As the schematically second multitude of electrode teeth 34
are contoured to match the highly contoured airfoil section 24, the EDM electrode

30 30 is advanced in a conventional manner such that diffusion holes 22 are formed in
the highly contoured airfoil sections 24 (Figure 1). That is, the first multitude of

electrode teeth 32 form a generally linear group of diffusion holes 22 while the
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profiles (Figure 2B) will be usable with the present invention. The second
mul titude of electrode teeth 34 are also preferably curved in the Z-plane
relative the first multiple of electrode teeth 32 (Figure 2C) to further
follow 10 a contour of the highly contoured airfoil section 24 (Figure 1).
That is, tReconeanidtudel dfi dletddeftecth Satfopter peaplhof3dffaxbemdlaur2’ affsat Z- pl ane
defined by the first nultiple of electrode teeth 32. Referring to Figure 3,
the el ect r 698 Wsdffvsigppleles#? (Figyrgdeés an upper base portion 40a and a | ower
base portion 40h, I 1 L hGl i e of
mounti ng pins 42\1%5!]%1 pgﬁ%glgagas? e%&%%?nagggm\wg’pg%t%ﬁﬁ% %‘? @P%'I%é&ﬁgﬁnti ng
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second nmultitude of electrode teeth 34 forma group of diffusion holes 22
offset fromthe diffusion holes 22 (Figure 1). Although particular step
sequences are shown, described, and clainmed, it should be understood that
steps may be perforned in any order, separated or 5 conbined unless
otherw se indicated and will still EDAIMS fromthe present invention. The
foregoing description is exenplary rather than defined by the limtations

wi thin. Many nodifications and variations of the present invention are
possible in I|ight of the above teachings. The preferred enbodi nents of this
i nvention have bgfflecticdidfehgs thachiaMe o088 8oprifthgi nary skill in the art
woul d recogni ze that certain “nodifications would come within the scope of
this invention. ahelecgopde beseef ore, to be understood that within the scope of

t he appgnded clailts, the jnventjon. may b acticed otherwi se than as

specif i gal ly de?cf?r?tb@ﬂ{.g“ rOf g aPQ&?%ﬁorﬁ‘r@B#%‘f‘{eo% tﬁ%}_g "QI‘%\}? ﬁ’éte_ ‘ﬁ]gﬁﬂlﬂ be
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1. An electrical discharge machining el ectrode conprising: an el éctrode

base; 5 a fvamnaionmalative tedat ledst oreaflsaminfarsamekitededbiedth.i t ude of teeth which
extend from said el ectrode base, at | east one of said second nultitude of
teeth having a length variation relative to at |east one of said first

mul titude of teqt -ele%mcﬁhgisehﬁgé imaeRinifl Sedirddeeasrasifidiinndaied @Civhede as
recited in claimi1, wherein 10 said second rmultitude of teeth define a

curvat dPe sddaterond switifude of tteatly |defing @ecustaturecreldiive 3saidrfisstemplitudec af

di schar ge ! hining electrode as recited in claim1, wherein said second
mul titude Of teeth define a curvature in a Y-plane relative to said first

15 nul titude of teeth.
3. The electrical discharge machining electrode as recited in claim 1, wherein
said second multitude of teeth define a curvature in a Y-plane relative to said first

15  multitude of teeth.

4. The electrical discharge machining electrode as recited in claim 1, wherein
said first multitude of teeth are located within a Z-plane and said second multitude

of teeth extend out of said Z-plane.

20
5. The electrical discharge machining electrode as recited in claim 1, further
comprising a holder which receives said electrode base to maintain said first
multitude of teeth within a Z-plane and maintain said second multitude of teeth out
of said Z-plane.

25
6. The electrical discharge machining electrode as recited in claim 1, wherein
said base defines a multiple of mounting openings to retain said electrode within a
holder.

30



4. The electrical discharge machining electrode as recited in claim1,
wherein said first multitude of teeth are located within a Z-plane and said
second nmultitude of teeth extend out of said Z-plane. 20 5. The el ectrical
di scharge machining el ectrode as recited in claim11, further conprising a

hol der whi gh r eeeini@hod aif dfoenét holde inase aricleayith ad Bos@ufkdf bécsion Byl titude
of teeth within a Z-plane and nmaintain said second nultitude of teeth out
of said zZ- ﬁi%ﬁ@al Q‘BC}@rgeFHéCl’é‘IIIBEPPWEQFHEFW@é: machi ni ng el ectrode as

recited in claimy, ‘a‘f&gﬁ]ﬁ*g n gl Pocf%ax%ﬁh daeh!ré?eiﬁ?lgg{ﬁé'% Ref Qfd TOWRbAD

openi ngs to retalns ectroevmt Ina ho -7 . Arret{ﬁod of
f or m ng holnadtitude afiteath, thel second muhitodendfaeetk dasiag tailength yari gl anatelativalko

di scharge nmachi ni n rising the steps of: (1) formng an electrode with a
first Itls?lég glflg@gp f455a second multitude of teeth, the second
mul titude of te‘%ﬁ)h h@éfdaﬂﬁ%%é &@%@m\ﬂﬁftﬁ@éd)fggeth%hfafcérg%é ontéux%&'sé’cnfdnfSt

mul titude of teeth; cating the secon teeth adjacent the
cont oured sedtion; and (3) advancing the first nmultitude of teeth and the

second nul titud teeth i othe rtlcl suchtht a It| hol es
are fornmed int o%)ne RyHcne % gé‘?qﬂbﬁmdé © RSSO tﬁg&r@ ited in

claim 7, WaekelifoShk darﬁ&l@%u@ﬂ)thitué trﬂﬂfm&i@rmr hA€sS a%e*‘?omﬁheﬂ%t@fthe GiPhyy Ng the
second nultitude of teeth in a Y-plane rel ative the second

10  contoured section.

8. A method as recited in claim 7, wherein said step (1) further comprises the
step of:
curving the second multitude of teeth in a Y-plane relative the second

15  multitude of teeth.

9. A method as recited in claim 7, wherein said step (1) further comprises the
step of:
locating the second multitude of teeth on each side of the first multitude of
20  teeth.

10. A method as recited in claim 7, wherein said step (1) further comprises the
step of:
maintaining the first multitude of teeth within a Z-plane and maintaining the

25  second multitude of teeth out of said Z-plane.

11. The method as recited in claim 7, wherein said article is an airfoil.



15 multitude of teeth. 9. A nmethod as recited in claim7, wherein said step
(1) further conprises the step of: locating the second nmultitude of teeth
on each side of the first nmultitude of 20 teeth. 10. A nethod as recited in
claim7, wherein said step (1) further conprises the step of: maintaining
the first moltitadertiele hedabt wuhalm farrdeddbang aeétriv@l dfseharid Indchming5 second
mul titude of teeth out of said Z-plane. 11. The method as recited in claim
7, wher ei n (EBM) papgepncempsiSiag: airfoil. 12. An article at least partially

f or med by an el g6fLiedlodi scharge machining (EDM process, conprising: a
first section; a cont ouréd second sect i on; and 5 a plurality holes formed by
sai d EDM pr oces:acosmud:dpslemmllsettyomfandhol es residing in said first and second

sections; wherein said ral.ity of hole tend general | ar in a
directi gn and 2sBlivgpl %R@ifs. Forarl by Sy DB preessy saif pa l%éwgnlgoels%
direction \ff\ﬁ%}]?m Qld‘\g}s?ﬁnd &céﬁd giectlggscond section. 10 13. The article of

claim 12, erern sal article is an airfoil. 14. The article of claim 13,
wherein said ai mherdin isaidgpletahtyoof baesrextend gerienglyaparakiélrihc dlrmmdnaarpi atform
and sai d sec r?]d sectl(()ir}ls a.fillet between ld alrff0|l d15

pl at form said holes 1n said first section are offset along sa1 1rect10n rom sa les 1n sa1

second section.
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13. The article of claim 12, wherein said article is an airfoil.
14.  The article of claim 13, wherein said airfoil is a stator segment having an
airfoil and a platform, and said second section is a fillet between said airfoil and said
15 platform.





