DUPLEX ELECTRICAL DISCHARGE MACHINING BACKGROUND The
present invention relates generally to electrical discharge machining
(EDM), and, more specifically, to EDM drilling. Electrical discharge
machining is a process in which a cathodic electrode is positioned atop
an electrically conducting workpiece, and a liquid dielectric is channeled

therebetween. faqtipcal-¢yrFert passese VR G glesleg@nd

workpiece and locally erodes the workpiece for machining thereof. In a
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the opposite or top end of the electrode is held in a’conventional
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The narrow electrodes are consumed during machining, and are therefore initially
relatively long in length which typically ranges from about 12-16 inches (30-41 cm)} for
obtaining a useful life during drlling.

Furthermore, the electrodes are typically tubular for channeling the liquid dielectric
therethrough during operation.  Accordingly, the hollow, slender electrodes are
relatively flexible in bending along their longitudinal axes. Such flexibility is typically

not desirable since it adversely affects the accuracy and repeatability of EDM dnlling.

More specifically, the electrode tip must be accurately maintained at a small clearance
gap of about | mil (0.025 mm) with the workpiece to effect suitable electrical discharge

machining without experiencing an undesirable electrical short circuit therewith.

Accordingly, the electrode tip is typically mounted through a lower guide that accurately
maintains a side clearance around the electrode as it drills through the workpiece. And,

the opposite or top end of the electrode is held in a conventional electrode holder which



is effective for translating the electrode downwardly toward the workpiece
during operation, and for maintaining the small clearance gap vertically
therebetween. In this way, the lower tip guide and the upper electrode
holder accurately support both ends of the electrode for maintaining the

. desired gap both laterally around the electrode tigwavmd vertically between
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shortens its effective length and withdraws the electrode tip slightly away from the

workpiece, and affects EDM performance.

Although tubular electrodes are nevertheless efficient in forming cylindrical holes in
turbine components, improved turbine cooling can be obtained with more complex hole
configurations. For example, turbine nozzle vanes and rotor blades have thin walled

airfoils typically including a multitude of film cooling holes extending therethrough.

The airfoils have elaborate internal cooling circuits for cooling the inside thereof during
operation in the hot combustion flowpath, with the spent internal cooling air being
discharged through the film cooling holes to form thin layers of air on the external
surface of the airfoil for providing thermal insulation against the hot combustion gases,
Since the film cooling air is discharged under pressure, small jets of air are developed

and adversely affect the formation of a continuous external air film.



2 A significant improvement in film cooling design includes a diffusion hole

typically having a cylindrical inlet and a diverging outlet that diffuses the

jet of cooling air and correspondingly reduces the discharge velocity

thereof. Diffusion film cooling holes improve the performance of the

external thermally insulating air film. However, diffusion holes have
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multitude of film cooling holes having different orientations and different
d’cﬂﬁﬁ‘é’iﬁh‘”@@‘r‘?ﬁguraﬂons. Accordingly, it is desired to provide an improved
EDM apparatus and process for
The EDM comb electrodes may be economically manufactured in a stamping process,

but nevertheless the combs wear during operation and must be replaced in whole,
Furthermore, the comb requires parallel fingers which in turn requires identical

orientation of the resulting film cooling holes.

However, modem gas turbine engine design may include a multitude of film cooling
holes having different configurations around the external surface of the airfoils between
the leading and trailing edges thereof, and it may be desirable to vary the configuration
of the holes along both the radial or longitudinal span of the airfoils and axially along

the chords.

Conventional EDM electrodes and apparatus therefor lack the versatility to
economically drill or machine a multitude of film cooling holes having different

orientations and different diffusion configurations.

Accordingly, it is desired to provide an improved EDM apparatus and process for

drilling complex diffusion film cooling holes in workpieces such as turbine airfoils,

SUMMARY OF THE INVENTION



drilling complex diffusion film cooling holes in workpieces such as turbine
airfoils. SUMMARY OF THE INVENTION 3 One aspect of the present
invention provides an electrical discharge machine comprising: a first
electrode mounted in a first carriage for translation; a second electrode
mounted in a second carriage for translation, and being concentric with
said first electrode; a table mounted in a third carriage for positioning a
workpiece under multiple axes of movement relative to said electrodes at
compound angles of inclination; a power supply for. electrically powering
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first electrode; a power supply joined to said workpiece for electrically powering said
workpiece and electrodes; a dielectric supply joined to said first electrode for
channeling therethrough a liquid dielectric under pressure; and a controller joined to
said first and second carriages and configured for translating said first and second

electrodes into satd workpiece for electrical discharge drilling a duplex hole therein.
DRAWINGS

The invention, in accordance with preferred and exemplary embodiments, together with
further objects and advantages thereof, is more particularly described in the following

detailed description taken in conjunction with the accompanying drawings in which:

Figure 1 is a schematic view of the manufacture of an exemplary gas turbine engine

turbine nozzle having airfoils with a multitude of film cooling holes therein.

Figure 2 is an enlarged sectional view through a portion of one of the airfoils illustrated

in Figure 1 showing exemplary forms of film cooling holes drilled therein.
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turbine nozzle having airfoils with a multitude of film cooling holes therein.
Figure 2 is an enlarged sectional view through a portion of one of the

airfoils illustrated in Figure 1 showing exemplary forms of film cooling

holes drilled therein. 4 Figure 3 is a schematic view of an electrical
discharge machine having coaxial electrodes for drilling the duplex holes
illustrated in Figure 2. Figure 4 is a schematic view of the distal end
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initial cylindrical hole in the airfoil workpiece. Figure 5 is a schematic view
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outlet coaxially with the predrilled cylindrical inlet. Figure 6 is a schematic
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corresponding rows along the longitudinal or radial span of each airfoll,
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ustrated schematically in Figure 1 is an exemplary method of making a doublet

segment of annular gas turbine engine high pressure turbine nozzle 10. The nozzle
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thereof. Figure 2 illustrates exemplary configurations of some of these film
cooling holes 14 which may be straight cylindrical holes inclined through
the airfoil sidewalls at various inclination angles A both in the chord
direction and in the span direction. Some of the film cooling holes are
configured as diffusion holes having a cylindrical inlet 16 disposed on the
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film cooling holes are configured as diffusion holes having a cylindrical inlet 16
disposed on the inside of the vane, and a coaxial diverging, larger outlet 18 exposed on

the outside of the vane.

During operation in the gas turbine engine, pressurized cooling air 20 is suitably
channeled through internal cooling circuits within each vane 14 and discharged through
the various rows of film cooling holes 14 for providing a film cooling layer of air on the
external surfaces thereof for thermal protection from the hot combustion gases which

flow thereover during operation.

The diffusion film cooling holes illustrated in Figure 2 are typically straight with a
longitudinal or centerline axis inclined at the suitable inclination angle A relative to the
thin sidewall of the vane. The inclination angle A is typically about 15 degrees and may
have compound components both along the axial chord of the vane and the radial span

of the vane.

The inlet 16 is typically cylindrical with a constant circular flow area along its finite
length, which may be about half the wall thickness. The outlet 18 diverges in flow area
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readily manufactured using tubular EDM electrodes. However, the
diffusion film cooling holes 14 are substantially more complex and are
typically manufactured using EDM comb electrodes as described above
which maintain identicality between the holes formed by the comb, as

well as maintains the same angular orientation of the row of holes
frun s poatisngnigtn fhensbinbynicelherefortritebinath to dirstggaca mele or half
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diffusion holes 14 at various angles inclination A, and at different
digshargediordife simvibesthokesisblsdied sanasatina dhsetdmatically in
Figure 3 is an electrical discharge machine 22 specifically configured for
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different orientations from hole to hole as desired.

Hlustrated schematically in Figure 3 is an electrical discharge machine 22 specifically
configured for drilling the complex diffusion holes 14 illustrated in Figure 2 in the

initially solid wall workpiece vane 12 following casting thereof.

The machine 22 includes a basic frame 24 upon which all of its components may be
conveniently supported. For example, the frame 24 includes a table 26 suitably
configured for mounting a fixture 28 thereon, with the fixture being specifically
configured for rigidly mounting the intended workpiece 12, such as the exemplary

turbine nozzle vane.

The machine uniquely includes duplex electrodes 30,32 which are nested coaxially or
concentric with each other for electrical discharge machining of the corresponding
diffusion, or duplex, holes 14 illustrated in Figure 2. The first EDM electrode 30 is

hollow or tubular and mounted in a suitable first elevator carriage 34 that provides



common axial alignment thereof and precise positioning thereof relative to
the workpiece 12 fixedly mounted on the supporting table 26. The table
26 itself is suitably mounted in a third or table carriage 38 that preferably
includes multiple movement axes as desired to provide means for
translating or rotating, or both, the table to precisely position or
meaps Avtrertspibydesshsiniikpissecieztsndatyplatiesite dhnpepndifiveh Siona 4 and
taijiegtation in space relative to the duplex electrodes 30,32, which
themselves are preferably mounted for simple vertical translation only. In
this way, the electrodesﬁrréggl be positioned relative to the workpiece 12
t
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power supply 40 having electrical leads suitably joined to the workpiece

12 as ap anode.(+), the two electrodes 30,32 as catho -) to
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workpiece and the common longitudinal or centerline axis of the concentric electrodes

30,32,

The three carriages 34,36,38 may have any conventional configuration typically found in
commercially available EDM machines, which machines may be modified in
accordance with the teachings herein for providing the desired movements of the new

duplex electrodes relative to the mounted workpiece.

The EDM machine 22 also includes a suitable electrical DC power supply 40 having
electrical leads suitably joined to the workpiece 12 as an anode (+), and the two
electrodes 30,32 as cathodes (-) to provide means for electrically powering these

components for effecting EDM in accordance with conventional practice.

In this regard, the machine also includes a conventicnal dielectric supply 42 operatively

Jjoined through suitable conduits and pumps to at Ieast the first electrode 30 to provide



carriages 34,36,38 and configured in suitable software to have the
technical effect of translating the two electrodes 30,32 into the workpiece
12 in coordinated motion for EDM drilling the duplex hole therein at any
suitable compound angle A of inclination desired. The basic EDM process
itself is well known and conventional and provides electrical power
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electrical erosion of material from the workpiece, which in turn creates the
desired hole therein. A relatively small gap is maintained between the
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Substantial heat is generated during EDM drilling and is removed by the
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of inclination A relative thereto. The first electrode 30 illustrated in Figure
degiieds a conventional slender and tubular configuration commonly used
for drilling small cylindrical film cooling holes in turbine airfoils.
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Substantial heat is generated during EDM drilling and is removed by the continuous

flushing action of the dielectric liquid.

However, the EDM machine 22 illustrated schematically in Figure 3 is unique for its use
of not only a single electrode or comb electrode, but the duplex electrodes 30,32
mounted concentrically along a common centerline axis and axis of translation relative

to the workpiece 12, with the desired compound angle of inclination A relative thereto,

The first electrode 30 illustrated in Figure 3 has a conventional slender and tubular
configuration commonly used for drilling small cylindrical film cooling holes in turbine
airfoils. Correspondingly, the second electrode 32 is also tubular and concentrically
~ surrounds the first electrode. In this way, the first electrode is disposed and laterally
guided concentrically inside the second electrode 32 with a relatively small side

clearance therebetween.



EDM drilling a cylindrical hole corresponding with the desired cylindrical
inlet 16 illustrated in Figure 2. Correspondingly, the second electrode 32
as illustrated in Figure 5 is configured for EDM drilling a larger diverging
hole corresponding with the desired diverging outlet 18 illustrated in

Figure 2, with the resulting duplex hole 14 being coaxial due to the
Agshonal anbigwischntic instiingtoidhé bpiex Midetvo dden80ydRdmba first distal
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such as brass or copper. The second EDM electrode 32 may a
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copper-tungsten for its enhanced durability. The first electrode 30 is
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divegidistahandiS0inhiteaeand &IRCHOGE M ASHRNnB I Iex hole 14 being
axisymmetrical cone converging or sloping with an inclination half angle B

coptipbfisdatha sreHal andrgnigigresine dhibedenlen drasiefey Putlet 18
illustrated in Figure 2. As shown in Figure 5, the conical distal end 50
Thdefike abrerdd dimele baltnth taeplingndnotitieelcendel encbRrminaleisuch

in a small diameter internal hore through which the cylindrical first i
2 QAR BLE 8Bt ?fiﬁﬁ%@ﬁ%ﬁ%@%&ﬁﬁﬁ@& s a?etyzfifpﬁw&rag%ﬁwable
EDM ThstdriMubtog! bigss) 2illispiatast sepenatigabnifoligusehani@ydurability.
otherwise be conventional except for the introduction of the coaxial

ond electrode.32 and its ;iranslation carriage 36. In partic , first.
T B o i e P s el e
cogpand tharisgation BDiHe finsteandaseaetidaeldetigiedp@d regpectivatynding

thrglgghe &%‘é&%}}g} ?gngt%ns:[frag(l)gé Ea?eectcrzo g?&oanstgﬁug{rétgd in Figure 3.

The distal end 50 of the second electrode 32 may have any suitable configuration for
forming the complementary larger or diverging outlet 18 in the workpiece 12 illustrated
in Figures 2 and 5. For example, the distal end 50 of the second electrode may simply
be an axisymmetrical cone converging or sloping with an inclination half angle B
matching that of the diverging angle B for the desired diverging outlet 18 illustrated in
Figure 2. .'

As shown in Figure 5, the conical distal end 50 decreases in diameter along the aft end
of the electrode and terminates in a small diameter internal bore through which the
cylindrical first electrode 30 is translated for EDM drilling as illustrated in Figures 3 and
4.

The EDM machine 22 illustrated schematically in Figure 3 may otherwise be
conventional except for the introduction of the coaxial second electrode 32 and its

translation carriage 36. In particular, the first and second carriages 34,36 are preferably
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For example, the controller 46 may be configured in suitable software for
automatically and sequentially translating the first and second electrodes
30,32 into the common workpiece 12 to EDM machine or drill the desired
duplex holes 14 in corresponding stages or steps. The conventional EDM
machine having only a first cylindrical electrode 30 mounted therein is

cosfigutsy Kurifigepentimisepatintranrshitiomefithy thetaiimgemstelpstopde 30,32,
respuiitude oficonveniianel slindsical tmeeglingifieles in the exemplary

airfoil workpiece 12. The machine is suitably set up to accurately position
the workpiece 12 on the supporting table 26 relative to the first electrode

Fog sxaplsy fgieraiaH e dQums bretenbisuscd AL sHiiaPi rodtaFreftg ghigmatically

angpacgadaansuiaitinmesiienfand e deaiididleeindrivabholes ahtheommon
desired compound inclination ﬁ?&ﬂl\%ﬁp\ through the sidewall of the airfoil
iSe

L. By SRRt SR HBI A Maniezpaading

stageluglerdpe second electrode 32 and its movement carriage 36, the larger
outlet hole 18 illustrated in Figure 5 may be accurately machined

igQERll Y 8 ylndical et hole Lo conal aliment et
using I%e centerline axis (ﬂ‘ethe |r§t e?e%tro e 3%/&5 a gui e a]ﬁ) ere erence

thdinm. In thetgrsfersefiganebominefitvithes kated eahematiballyrifiikjgprese3sSof a

ontroller 46 is configured in suitable software to haye the tect%lnical. .
R S oo TSP oy s SR T R e RSP !
wodkipi¢he 1&/|itteieaddhiet holeithbltheteip thucsanitdngedten, iHeercakpiotiel 2son

also effective.for secondly translating the sec n? electrode 32 coaxiall
S Bt SRS e P etREE Ry R BB g aeturat
refempmoadiytail|ith eheaadial diviergingpetitied holarkln ositaripiegectRdly drill

for tlfi ?esirelic%u lex or diverging hole,14 ex en%i therethrough.
oy R s R g e o B kB Bl BRIl o the
airfribwiadpiecthe independent elevator carriages 34,36, the two electrodes

may be operated in any desired sequence for collectively forming the
Byd&%'é‘ie%i?lg'%{é‘ (t:)t e%olgépclz%%%éntionai EDM. machine 22 to include the second
electrode 32 and its movement carriage 36, the larger outlet hole 18 illustrated in Figure
5 may be accurately machined coaxially with the cylindrical inlet hole 16 in coaxial

alignment therewith using the centerline axis of the first electrode 30 as a guide and

reference line.

In the preferred embodiment illustrated schematicaily in Figures 3-5, the controller 46 is
configured in suitable software to have the technical effect of first translating the first
electrode 30 into the workpiece 12 to first drill the cylindrical inlet hole 16 therein. In
sequence then, the confroller is also effective for secondly translating the second
electrode 32 coaxially about the first electrode 30 into the predrilled cylindrical hole 16
to secondly drill the coaxial diverging outlet hole 18 in the workpiece 12 to form the
desired duplex or diverging hole 14 extending therethrough.

Since the two electrodes 30,32 illustrated in Figure 3 are mounted coaxially in the
independent elevator carriages 34,36, the two electrodes may be operated in any desired
sequence for collectively forming the desired hole in the workpiece.
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10 As shown in Figures 3 and 4, the second electrode 32 is elongate and
larger in diameter than the first electrode and includes a centerbore that

laterally supports a majority of the length of the first electrode suspended
below the first carriage 34. The second electrode 32 then functions as a

lateral guide to accurately support the sides of the long, slender first

Asetberrade Bowssthammst cherrsgend slecpdeste dstel e i flaseeli stafiamgter
thASHA AUy ddanhinadbe warkpigeador irstaying.he %%df&ﬁlof the

hole therein. Correspondingly, the second carriage 36 Is ogerate (o]

lengddinbtieifrsielrstpsisinsrpamded delny brefrrdgamaem fretbnseasEeitrode
321 ieRARHRA RS NEL IS AiSial eRA R0 ANd TG pSvKRie cRINNENHD 8iEStslender

electrode 30 is drilling the inlet 16. Upon completion of drilling the
firgty filsateds hdlexd dh dbish samagtoikple cparateh davsliryertiofuferst, djggal end 48

doﬁ%é?@?f @@aﬂr{)eﬁﬁeasgfettx%r\r?ﬁ@g@'fep%ﬁan&miﬁgetﬁl«;%ﬁmﬁ@a@qnﬂe therein.

electrodes 30,32 as illustrated in Figure 5. In the second sequence of
Comgnamiingin dhisseendctrstess B fs iansralsd damani@HBs b Hbyasidion the

sediRl GAERIR 34 19 preveRtEPMbiteractonReweetitadinial end 48 Aldme

the workpiece. In contrast, the second electrode 32 is translated
woukigRm TSR thedirs) elyamedsctoisdridbingdbe isBtdrill the diverging hole
18 coaxially with the predrilled cylindrical hole 16. Translation of the

Upsecentipdiast oftel 32y aletbaliligi @lesdiode J-ansiiaswaespiate 12 shown in

. alignment of the diverging hole 18 with the cylindrical hole 16 sharin

a
Figtnthothe ceptispiies a8 SRS GetifedecitabsostidiigRt dhenBistantth pecond
elettiative 10, theawvarkpiass. ilnadiamnate pMhodinsiisciiersecong lpeiodene

32 may be lowered first to drill its diverging hole 18, followed in turn b

firshlestRyleAthis Raniabet JudsePBBHICRO MBI SPRERS 16 B Praveisd™M

inteleaiRdas B S AIaY: Vel REss sipdlianeously together to form
" the duplex hole 14 in a common EDM drilling operation. Common to the

du l?x EDM drilling process is.the coaxial tragnslation fmen sted
In e o R ALOR8 i, ST SO A ARl e dggnd
cacgvelfantitithdendiedeindreleres o hlio ugiththieei prefidlecrdieidalrhole
16.a ?‘zm:/s aq}B%ng the second electrode 32 over the first electrode 30 ensures accurate
alignment of the diverging hole 18 with the cylindrical hole 16 sharing a common

centerline axis at the desired compound angle of inclination A relative to the workpiece.

In alternate embodiments, the second electrode 32 may be lowered first to drill its
diverging bole 18, followed in turn by lowering of the first electrode 30 to drill its
cylindrical hole 16. Or, the two electrodes 30,32 may even be lowered simultaneously

together to form the duplex hole 14 in a common EDM drilling operation.

Common to the duplex EDM drilling process is the coaxial translation of the nested
electrodes 30,32 into the common workpiece 12. The liquid dielectric 44 is
conveniently channeled under pressure through the inner electrode 30 in a conventional
manner to feed the working gap between both electrodes and the workpiece during
operation. In Figure 4, the dielectric 44 is discharged from the distal end 48 of the first

electrode 30 under substantial pressure and leaks past the external surface of the first
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manner to feed the working gap between both electrodes and the
workpiece during operation. In Figure 4, the dielectric 44 is discharged
from the distal end 48 of the first electrode 30 under substantial pressure
and leaks past the external surface of the first 11 electrode 30 in the
small clearance or gap maintained between the electrode and the

elegfinsierid@lindhe ronall klpereirsed. SFlgavdEned deiersaibesdestigp and the
cyHiREDAIGRN. theough disialand 48 of the elevated first electrode 30 to feed

the centerbore of the outer electrode 32, with the dielectric bemg
discharged throu%h the open bore in its conical distal end 50 un

In Siguanticshebsing 46 et ghnhusrdibersd dizfalsas é‘ﬁrfﬁ&é"'o‘?l?ﬁ gted first

el@feRdoleckedalia haishal deaanatragapdeaintaingdivgtii¢hetric being
workpiece during the EDM drilling process. In the preferred L}{j%bool ent

*ﬁﬂh@f@a@e@rﬂlﬁ?g opepbopith SRt I5tal e dmiuer st RS ure

to FRfedyaeh uck pdsmavpiechial the st GaHiagecid tsaHRRAR NG Batill clearance
proximal end of the long first electrode 30, The chuck is operatively joined

Ortﬁ?ﬂf@a’é’&?}ﬁﬂlé’ﬁ%@n‘ﬁ%ﬁﬁﬁ"e e e P M SRS PRO$HE: electrode 30

at a suitable rotary speed during drilling of the cylindrical portion of the
In duppestiratd ems&mi@niﬁgxmﬁ@m&ﬁmm;lﬂeefﬁmlmhﬁdem also includes a
convffntlonal for b thgsgig‘lbutln ear roun the C|rcu é ence of the
I's

m%ltlsta Eha o {ﬁgflrs ode urlnéodF an, As Wetrss dist? bu‘f’%ofﬁng the

prdsraaidbaﬁﬂ; gﬁﬁ&f&tﬁ@ dirsingl @nexhiidn. ABhtheHirst e&empmeievaﬂyl ljsined to the
cyli dr| Ies |n ence, it is cons in I |t dist.

Ot ﬁi rep ace MERT ST qrauwécfob%? r%:%ﬁsl e secon engc ro%bq‘éﬁomy

spmaydulumgﬂmladg obtheycoiodnted perth&l sécandusiakriage. 36 to spin the
second electrode 32 during EDM drilling of the diverging hole 18 if

Th??% ':Oéén PSR! f&‘%}la' gnd 2040 %f'glur%HRVen’t ?ﬁorngoﬁle&qgl%%tmg

rgo spinning for simi tar bene itSto spinning The first electro
w@@ ammaitlﬂtﬁecaddedercem ity bt @méqlf site fopimbiagddarduvare drilling, as

we’qge‘é"stfole gﬁ‘ééﬂsg RIS RIP e RQAmADE SR SR IR Pl %890 rode
drills cylindrical holes in sequence, it is consumed in length from its distal end until

replacement is required.

Correspondingly, the second electrode 32 may be similarly rotary mounted in the second
carriage 36 to spin the second electrode 32 during EDM drilling of the diverging hole 18
if desired. For the conical distal end 50 configuration, the second electrode may
undergo spinning for similar benefits to spinning the first electrode 30, but at the added

complexity of the requisite spinning hardware.

However, in the preferred embodiment illustrated in Figure 5, the second electrode 32 is
fixedly mounted to the second carriage 36 to prevent spinning of the second electrode 32

during the EDM drilling of the duplex hole.

A non-spinning second electrode 32 decreases the complexity of the EDM machine, and

may also offer advantages in precise positioning of the diverging hole 18 in the
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fixedly mounted to the second carriage 36 to prevent spinning of the
second electrode 32 during the EDM drilling of the duplex hole. A
non-spinning second electrode 32 decreases the complexity of the EDM
machine, and may also offer advantages in precise positioning of the
diverging hole 18 in the 12 workpiece, especially for different convergin
WIEIRHC BT SR dating oditiirenocsovsraing Lersref dhsctrding shs #sem’d?g&gdhe
se@hv@ethesyindrical first electrode 30 is conventional in configuration
and is consumed at its cutting distal end 48 during EDM drilling. However,

spinning , the first electyode 30 during EDM drilling maintains an accuyrate .
A B G e T VRS R Py ation
anélectagentdandsoedin dontrasd, 48eisaagreDNe diidide: 3Zidustirateghifning

Figure 3 has a specificall nfigured, converging distal end 50 of limite
g I eGSR H LIE ESRREHIA “BUFHEC B GRA frebe
cleatibdenailing atilbisle aitthe; Majphcylindritad disdt deciiodeed he

converging distal end 50 of the second electrode is preferably disposed at

In t&%@é%ﬁa{h%ns c§£ eﬁ%’éﬁ{)ncf%rk iﬁmﬁg{eér}% 1 l\{l\{‘gig gshgl gg%cfi .Qatffgncoraﬁ ired,
integrally joined to a larger ‘diameter supporting hub suitably mounte &
cothvergaupiidtdamid§e Ghlimiteddengthdrdliebtio dis@2oissionge dinidphididnlling,
bul RIS SIRNIRL TSk RIgekade ROTRUNEL SRACENGAY Bl Biectode, The
centerbore thereof and provi esarlglé)ang B&urate supporting guide for
cothvergpipainglfiest Sle oif deles8@rdd kg titsde rillipop foperatitispand aedteadngal end

lateral flexing. thereof. Figure 6 Jllustrates schematically a motorized
o A SR S BT NIRRT e
digzoetensupponingrbivig sabibl 2 61 0fitleel mabbivedod qenigdidally dressing the
converging distal end 50 of the second electrode 32 while still supported

Thié‘ Je askinsRrovnd e fifs lelechode. 3 Ohd hegdPAey neludas alGtled

aving a grinding cone therein matching the desired half angle B of the
coneqriricelisial theygegerbore thereof and provides a rigid and accurate supporting

guide for the spinning first electrode 30 during its drilling operation, and restrains lateral

flexing thereof.

Figure 6 illustrates schematically a motorized dressing wheel or grinder 54 which may
be conveniently mounted to the common supporting table 26 of the machine for
periodically dressing the converging distal end 50 of the second electrode 32 while still
supported in the machine around the first electrode 30. The grinder includes a wheel
having a grinding cone therein matching the desired half angle B of the second distal
end 50.

As the distal end 50 wears during the EDM drilling process, the motorized grinder 54
may be suitably translated periodically into position under the second electrode 32 and
operated to grind or dress the distal end 50 to return it to the desired converging

configuration thereof.

The grinder 54 is preferably motorized itself where the EDM machine is configured

without spinning capability for the second electrode 32. However, if the machine itself
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As the distal end 50 wears during the EDM drilling process, the motorized
grinder 54 may be suitably translated periodically into position under the
second electrode 32 and operated to grind or dress the distal end 50 to
return it to the desired converging configuration thereof. The grinder 54 is
preferably motorized itself where the EDM machine is configured without
hagpiprinig apwhilytfo fah alse sormh ¢ lebtrond 3 32H dwegandéthet mactimet be

. 3 e T for 1 22 the i
mdRHLed: tﬂfﬁ%%?)'lm’ﬂﬂig%pﬁ%@ﬁyco%ﬁc C%e%‘%ﬂgg %l%%‘irﬂge?exln zﬁ%g?r%l{&v fch the

54 need not motorized, but may In a fixed conical gr
seghudadistabeidsiGubictiathé fgabesrngistal end 50 is rotated for dressing. A

particular advantage of the duplex EDM machine 22 illustrated in Figure 3

A ipdhRudinle.atpn e mRNs afithervRIeiestiades B3 ar liesively FRMne

rill the complex duplex hole 14 with the cylindrical inlet 16 and diverging

duglietriengemmas ohtla iomlsiwdes AP 1 kelleribiind by &él the complex

duplépmaied Josanuentiaiyariiamuyliwdaotiduriay Rales inthe GAMMAA in
airfoil workpiece 12, with the duplex holes 14 being spaced laterally apart

FigHasna@ng iffehsnbasires Brynksiraifsnatedhio serrens Wy ripibgemgititude of

dublekiRiel ANl LlMaRlg e Ruliilde. abfilpr anlingonales hich By Heced
ormed in the exemplaf% airfoil workpiece 12, with man% of those holes

latgraldn ghdie wddievingshffgimitmates alinsHesieg t thanryiiseeds.
As indicated above, the typical manner of forming rows of diverging film

Figaelingdndlesilusesthaconienidens FRMeOmP nshviegeasarby formed in
requires identical angles of inclination in the row of diffusion holes drilled

SRR WORH 280 RSSO Wt BERY £2 st dtatFsnhienireds dHpiex
corfipetutenthpidupieg lioles M iffReptapgles of inclination A either in a

common row along the span of the airfoil, or in rows of the duplex holes

14 along,the chord of the airfoiI.ng varying inclipation of duplex holes.i
Asfndiclch skovs e Bnsl S p LB RISl e Bl SseBRg potes
us&Dileprocesstisnal EDM comb which necessarily requires identical angles of

inclination in the row of diffusion holes drilled therewith,

In contrast, the airfoil workpieces 12 illustrated in Figures 1 and 2 include the duplex
holes 14 at different angles of inclination A either in a common row along the span of
the airfoil, or in rows of the duplex holes 14 along the chord of the airfoil. This varying
inclination of duplex holes in a common workpiece is neither possible nor practical with

conventional EDM processes.

The duplex EDM machine disclosed above therefore provides enhanced flexibility in
drilling a large multitude of holes in turbine vane and blade components, for example,
for further improving the cooling effectiveness of those holes and the resulting

efficiency and life of the airfoil components.

The versatility of the EDM machine disclosed above may be further enhanced using
different forms of the duplex electrodes as practical. For example, instead of the
cylindrical second electrode 32 disclosed above, a rectangular second electrode 56 as

illustrated in part in Figure 7 may be used. The rectangular electrode 56 has a
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The duplex EDM machine disclosed above therefore provides enhanced
flexibility in drilling a large multitude of holes in turbine vane and blade
components, for example, for further improving the cooling effectiveness
of those holes and the resulting efficiency and life of the airfoil
components. The versatility of the EDM machine disclosed above may be

CORfEPRRBRE Zprtep sy RFfenidal idistad odRs gdprbcensEnengds is centerbore
thiipelicalch atexampiRnsieal Qi dhe s eylindsical 8eaoR) GISEIRIRIRZ end 58

disclosed above, a rectangular second electrode 56 as illustrated in part
ma iye e sHitp lsande af Tory petacig sperserediabs fhey Hrepmplementary

diRPHRERARING [EHIaNe WaRQ RV asRidAl Histal aRAyRWRGDIERDYSHAES 19 the
its centerbore through which the cylindrical first electrode 30 is mounted.
ﬁfﬁtﬁé‘v‘B‘Wgﬁﬁ@al distal end 58 may have any suitable angle of convergence

to correspondingly form the complementary diverging outlet hole in the
Therkpiege eoaxialy witbitheeilipdicapinietiarmesfis thenfy of lgaisageilm

30. The, prior art in turbine airfoil cooling is replete wijth various forms of
°°8li‘f’i’§sl’c5’r’16ﬁIPﬁh’EBO‘fRF@ﬂﬁEﬂBé%%}’cH%N&BBWJD vé[?}fiﬁ%%f&%.ﬁﬁh%lg
ilheonicdl autigtiele 21 Hlusteateddy SigyiemZantlplriaitelaiidalySiypignirical

configuration and is axisymmetrical with the cylindrical inlet hole 16.

Wlﬁd%%??ﬂ@aéé@@hﬁo@ &rode 56 may have a relatively complex

converging distal end 58 varying in design as desired for maximizing the
Hoiusipthpettorm aheereddde diffusion dilrdadalipghopdsused érptughiiseal end

airfoils. Alternatively, the second electrode may e have a simpler
58 CS AR ol R s SRSt AP L A o i R S Pl ance of the
diffysiodridal distatehol<tisddhetlirbinelentfiitie, except with a larger

diameter. The resulting cylindrical outlet hole, or counterbore, would form

iffuse t:shown). In further i I8 {gzodscagho
g A b I T i
another cylindrical distal end like the plain cylindrical distal end 48 of the first electrode,
except with a larger diameter. The resulting cylindrical outlet hole, or counterbore,

would form a dump diffuser (not shown).

In further embodiments, the first electrode 30 could have various complex

configurations, other than plain cylindrical.

The various forms of the second electrode share the common attribute of a centerbore
through which the first electrode 30 is mounted for relative translation with the second
electrode, and collectively the different first and second electrodes may be used for
efficiently drilling duplex holes in a workpiece having different geometry, while sharing

the common longitudinal or centerline axis therethrough.

The duplex EDM machine disclosed above may be conveniently modified from
conventionally available EDM machines with the simple introduction of the second
electrode 32 and its carriage 36, instead of typical electrode supporting guides which are
not configured for conducting EDM drilling. The machine may therefore be relatively
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The various forms of the second electrode share the common attribute of
a centerbore through which the first electrode 30 is mounted for relative
translation with the second electrode, and collectively the different first
and second electrodes may be used for efficiently drilling duplex holes in
a workpiece having different geometry, while sharing the common

simsgiaadihareracaiidhimawnbstindréasreerhl Tisedouplex EONMeRichehEeen the

mgjﬁggm%@éempgomyg@&m%@odiﬁed from conventionally
available EDM machines with the simple introduction of the second
electrode 32 and.its carriage 36, instead of tgpical electrode suppgrtin

) ) ng
Thguriag drstarand frrsteBhRpmedBriciaietng BN pially increases
thdRapng aniheraeforede relaliveicaddl shnpieRig May Beapsatitblgor suitable
numbper of degrees of freedom or movement between the mounted
YRGS AOHOEEPHiEthe coaxial electrodes. The more degrees of freedom or
movement desired in the machine typically increases the complexity and
Fuehstiitwree dikcThpind neadea dibdjlexithimay the puabticEId suithble digplesed
of workpieces. Furthermore, like typjcal madem EDM.machines, the .. ..
oGy IR rEHRE L a e S U o d g Wiy it tide
or mubiiedeoireatesiiva. Sifiglexvarlepiackavith dtidedianted mpgyatoion for drilling
th inthrvlentignl. Thelt\;tvo eltec odes are coord{ne}ted in 0 era jon &)r grri(liie)ng
efheugueﬁ(lexoh%ﬁeléer%fgﬁvéj t0'the CoMmMor Centenind axis of theeiectrode
mairdtiaingathnt abmirg:thepsandeangian pditateutighe wittndinatokpiwitt filvecach of the
ho es?Q(rHi% e for each of the holes drilled. While there have been described
erein What are considered to be preferred and exemplary embodiments

of the present invention, other modifications of the invention shall be
Whibpthent thatteo beeskitlestiipet ehmreinomhite arsachiridetedrain bangritfisred and
erefor es| 0 ecured.in the.app d.claims all : :
o R e RS e mventin
shalcbo agipayyntvih it dkdleddrt shisas doumeti bichaltiogs IRatentiof thés Uhdretbre,

des%}g&e% iksnet r:]sgcurvf:d in the appended claims all such modifications as fall within the

while
S

true spirit and scope of the invention.

Accordingly, what is desired to be secured by Letters Patent of the United States is the

invention as defined and differentiated in the following claims in which we claim:
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invention as defined and differentiated in the following claims in which we
claim: 16 WHAT IS CLAIMED IS: 1. An electrical discharge machine
comprising: a first electrode mounted in a first carriage for translation; a
second electrode mounted in a second carriage for translation, and being
concentric with said first electrode; a table mounted in a third carriage for

wPRsitie 'Eglﬂnggr@iece under multiple axes of movement relative to said
electrodes at compound angles of inclination; a power supply for
electrically powering said workpiece and electrodes; a dielectric supply

1. janeddeicaididistele ateptméaioshmiyngling therethrough a liquid dielectric
unde] HEFLLRLA0MB.A0NRICHIARadID Sl MRt second, and third
carriages, and configured for translating said first and second electrodes
into SaRfF kIS P9 AR Hiseheree drifripeeckuxianglabiu [erk being

cothvereit Withiseagininelaseafding to claim 1 wherein: said first electrode is

tubular,_and indrical distal end, said.second electrade is tubular,, .
o o S L e R DB e e
axes it avERR insitd e danasdrererrtde mprITs ioelsrabiasisalien:

secon@@iectsogsfdostispeibaing Saidicylingricaldisiat end autwasdly from

said |ar ista . 3..A machi ccording to claim 2 wherein: said first
~and i?:qc;gn‘%ﬁérr%g ed 1?51 %%]g(f’igsl?rn%d Tor icar‘mfjacép%gr\ede%rt ?Paar?s %‘?{ri] r? o saiueh 2
liagi¢ digRrsiscyitPeRiessties2tdspectively; and said third carriage is

configwedriaeinderendestitotationsbaaldwe e cariged)taadhereglred for
traég@ﬁ%‘%%%‘?ﬁi%?cﬂgIgeacg%g l%@tt% egei% ansaaal v%)r ';[Jrigggrfésr %%%Pr%%liecgs% rarge
drilling a coaxial duplex hole therein.

2. A machine according to claim 1 wherein:
said first electrode is tubular, and has a cylindrical distal end;
said second electrode is tubular, and has a larger distal end; and

said first electrode is disposed concentrically inside said second electrode, and is

longer than said second electrode for suspending said cylindrical distal end outwardly
from said larger distal end.

3. A machine according to claim 2 wherein:

said first and second carriages are configured for independent translation of said

first and second electrodes, respectively; and

said. third carriage is configured for independent rotation of said workpiece
mounted thereon.

4. A machine according to claim 3 wherein said controller is configured for sequentially
translating said first and second electrodes into said workpiece to drill said duplex hole in

corresponding stages.

5. A machine according to claim 4 further comprising a rotary chuck mounted on said
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translating said first and second electrodes into said workpiece to drill said
duplex hole in corresponding stages. 5. A machine according to claim 4
further comprising a rotary chuck mounted on said 17 first carriage for
supporting a proximal end of said first electrode, and joined to said
controller for spinning said first electrode during drilling of said duplex

- .hole. 6. A machine, according to claim 5 wherein said controlleris. .
f
o T B i et el . S kgt <o
coniipiiea’eyRAtEN Pkt rdastradel dugos suilinsaeislatid peid seeond

electrode into said cylindrical hole to drill a larger outlet in said workpiece.

. hine according to claim 6 wherein said second electrode has a

6. -

AR IR el M 10 GamEo e S S Qoliinfre!

trangiiiteosriddifpteifpindaritie seidsuferisueen docdiifiayevtiopiesidimis shending and
seceidipicheeROng elrcHosimdeing shdling ehraidisuRien-BRige ArifdNethedutet

in 59k \;ﬁ% said machine according to claim 7 comprising independently

lece. . . . h . .
translating said first and second electrodes coaxially into said workpiece

to drill said duplex hole therein. 10. A method of using said machine

7. rascardingde-ctaing fcomprisingichicstlsdranslating saisgfirst eigcireds datQistal

ends.aid workpiece to drill a cylindrical hole therein; and secondly translating
said second electrode into said cylindrical hole to drill a coaxial diverging
outlet in said workpiece. 11. An electrical discharge machine for drilling a

8. AW%Kﬁ?@@%&wmﬁtfkﬂ%laﬂﬁrlamﬁég@mmmQe(;%gﬁﬁb'?_lé@t%&?a‘?@fﬁﬁf?d@ mounted to
. Workplece: a tubular first electrode mounted In rst carrigge for . . ,
s e B R Rl e B R o o s

duplgxheistion, and being

8. A method of using said machine according to claim 7 comprising independently

translating said first and second electrodes coaxially into said workpiece to drill said
dupiex hole therein.

10. A method of using said machine according to claim 7 comprising:

firstly translating said first electrode into said workpiece to drill a cylindrical hole
therein; and

secondly translating said second electrode into said cylindrical hole to drill a

coaxial diverging outlet in said workpiece.

11. An electrical discharge machine for drilling a workpiece comprising:

a frame containing a table to support said workpiece;

a tubular first electrode mounted in a first carriage for translation;

a second electrode mounted in a second carriage for franslation, and being
concentric with said first electrode;

a power supply joined to said workpiece for electrically powering said workpiece
and electrodes; a dielectric supply joined to said first electrode for channeling

therethrough a liquid dielectric under pressure; and
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concentric with said first electrode; a power supply joined to said

workpiece for electrically powering said workpiece and electrodes; a

dielectric supply joined to said first electrode for channeling therethrough

a liquid dielectric under pressure; and 18 a controller joined to said first

and second carriages and configured for translating said first and second

electrodes into said workpiece for electrical discharge drilling a duplex

holeath(é?gﬁmfé. Jﬂ'?ﬁgclﬁ(ﬁga&%cﬁﬁinw SR 1 HREGER SUY SeRffyred for
trapbgtingoRaid fupliuied aacpsdidicitsrddedtiodenid disposes donelentricalljischarge

drilgjdedsaidsesendeigctrode. 13. A machine according to claim 12
wherein said first electrode has a cylindrical distal end, and said second

electrode has a larger distal end. 14. A machine according to claim 13
12wherathisaiacsecding elskiodd hdreioosrchbdisted @acras: is iadhinend said

firsheRsViciag @&@&&Wﬁk&é@i%%@é@%ﬁ@%f&ﬁae&wmidal

distal end. 16. A machine according to claim 13 wherein said first and
second carriages are configured for independent translation of said first
13 afdnsstbidasierttivdds, despdétivbiyrein Zaid Miatkinctadednding teliothinallGstal

endhereiigaid-ennteptiardgcnsyigwrifoisseargntially translating said first
and second electrodes into said workpiece to drill said duplex hole in

corresponding stages. 18. A machine according to claim 16 wherein said
14 chrimethingsaconfiugdd flaifirdd wheslatisgdattdndtabetivdebante saiital distal
entvorkpiece to drill a cylindrical hole therein, and secondly translating said
second electrode into said cylindrical hole to drill a larger outlet in said
workpiece. 19. A machine according to claim 13 further comprising a
15 rdianpehinekasrouding torckéit 1frstheaeiiageifossuppotingradproxinmalpgranidal
disefisig first electrode, and joined to said

16. A machine according to claim 13 wherein said first and second carriages are

configured for independent translation of said first and second electrodes, respectively.

17. A machine according to claim 16 wherein said controller is configured for
sequentially translating said first and second electrodes into said workpiece to drill said

duplex hole in corresponding stages.

18. A machine according to claim 16 wherein said controller is configured for first
translating said first electrode into said workpiece to drill a cylindrical hole therein, and

secondly translating said second electrode into said cylindrical hole to drill a larger outlet
in said workpiece.

19. A machine according to claim 13 further comprising a rotary chuck mounted on said
first carriage for supporting a proximal end of said first electrode, and joined to said

controller for spinning said first electrode during drilling of said duplex hole.

20. A machine according to claim 19 wherein said second electrode is elongate and

supports therein a majority of said first electrode below said chuck, with said distal end
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controller for spinning said first electrode during drilling of said duplex
hole. 20. A machine according to claim 19 wherein said second electrode
is elongate and supports therein a majority of said first electrode below
said chuck, with said distal end 19 of said first electrode being suspended
outwardly from said distal end of said second electrode. 21. A machine
according to claim 13 wherein said second electrode is fixedly mounted to
of G e SR ReE BBt LG b e SHE AR EEt e dbrgone
elecgififling of said duplex hole. 22. A machine according to claim 13 wherein
said second electrode is rotary mounted to said second carriage to spin
aid second electrode during drilling of said duplex hole. 23. A machine
21, R S O AN OH e R EA g S oY ted
to sgighieecand ivriiating eneieptetmpinement seeb Socpubitiening saiding drilling of
saidMop@iargrelative to said electrodes at compound angles of inclination
relative thereto. 24. A method of using said machine according to claim 13
comprising independently translating said first and second electrodes into
22. Adip ook piece dnd il Jaich ddplbrrapleattersion@bleAt o by singnted to
saidSRiEMPEAINEGRASQININGLIE SLAPAIACATMR SNt S emHRD iR b dransiatinge.
said first and second electrodes into said workpiece to drill said duplex
hole in corresponding stages. 26. A method of using said machine
23. Adverting towtalingl® cinpisihgthirstyripeissigtintptdaickfiisyelsgipodininiaid
tablSAMIVHHDIRE ufilaeylinddrakhaledh %f&ﬁibﬁ!?:?; SERPIK FERRSIZURGE to
r

. said second electrode, into said cylindrical hole to drill a coaxial diverging
Sa'do%ﬁcét{cfnes‘?’a% %Hm%ﬁ’é‘éea.W%%éﬁﬁ&?&%&%?&%?g%@&m 26 further
comprising: spinning said first electrode during said translation thereof to

24, GkriﬂyéﬁigocwﬁD&E’Hﬁl%ﬁi&!%é&ﬁr@%&&ifbﬁﬂ@%&a&%iﬁ’?%gorﬁl?ﬁ%d%&’éﬁment:y
s‘ald trans(ﬁtlon t greof to, drill said diverging outlet. o
transiating said first and second electrodes into said workpiece to drill said duplex hole

therein.

25. A method of using said machine according to claim 13 comprising sequentially
translating said first and second electrodes into said workpiece to drill said duplex hole in

corresponding stages.

26. A method of using said machine according to claim 13 comprising: firstly translating
said first electrode into said workpiece to drill a cylindrical hole therein; and secondly
translating said second electrode into said cylindrical hole to drill a coaxial diverging

outlet in said workpiece.

27. A method according to claim 26 further comprising: spinning said first electrode
during said translation thereof to drill said cylindrical hole; and not spinning said second

electrode during said translation thereof to drill said diverging outlet.

28. A method for electrical discharge machining a workpiece comprising:

coaxially translating nested and hollow first and second electrodes into said
workpiece;
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28. A method for electrical discharge machining a workpiece comprising:
coaxially translating nested and hollow first and second electrodes into
said workpiece; 20 channeling a liquid dielectric under pressure through
said electrodes to said workpiece; and electrically powering said
electrodes and workpiece for electrical discharge drilling a duplex hole

intocﬁwaaign\éﬁ #pdeﬁ:(ﬁj ggdlé @%j'ectr dge ngrgo ﬁlr%lum 2 dr tk(‘i%cfrodes {0, said

comprlsm'% ranslating said rst e inside Sar second SledrodSts
WORKRIEGR; 8P a hole inside said workpiece: and translating said second

electiedecalersaidditgt eledtraderiaifsrtban dillrrpiatgefdiolgcenaepiyissitiige
dn;%dalg[}b%p%@elméaégiww iece, 30. A method according to claim 29

wherein: said first electrode has a cylindrical distal end; said second
electrode has a converging distal end; and said first and second

29 efectrtictes e say entitdiyntzt sleted iimsaichyyarkpigaetosaldlhisgidiectrode
lnsﬂlé@%)é QQ&%AM@{%@%&?%'W ém? &ﬁipg R‘O%VSS%Q % %&r 3%@6’%‘ rgnénr&n?iatmg

according to claim 30 further comprising dressin Sald convergin

Sa’%ﬁ&%ﬁgaﬁlf%‘&%avéreﬁr%é@&ﬁ&ﬁgﬂ% tsﬁtgﬁlarfﬁ%’i él@f%rd'@ﬂlszmAmaﬁy with
saithietiio thale cordidgvaigiaioa 30 further comprising: spinning said first
electrode during said translation thereof to drill said cylindrical inlet; and
not spinning said second electrode during said translation thereof to drill

30- AR gRegEgde 98I ISisdsEe Made by the method of claim 32
comgiisiivgt & pltalityha saddidopdaxdwtesngpaced laterally apart, and

havi&gdcyé%ﬁcg H? 8&% %% kg%egﬁé% gi E?Epﬁz%( CI& t different angles of

inclination throug TRICAL
DI Séﬁ%ﬁ%@m%mmﬂ{@trodes are sequentially translated into said workpiece to

drill said duplex hole with a cylindrical inlet and a diverging outlet.

31. A method according to claim 30 further comprising dressing said converging distal
end of said second electrode supported on said first electrode.

32. A method according to claim 30 further comprising: spinning said first elecitrode
during said translation thereof to drill said cylindrical intet; and not spinning said second

electrode during said translation thereof to drill said diverging outlet.
33. A product made by the method of claim 32 comprising a plurality of said duplex holes

spaced laterally apart, and having cylindrical inlets and coaxial diverging outlets at
different angles of inclination through said workpiece.
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ABSTRACT An electrical discharge machine includes first and second
coaxial electrodes and corresponding carriages. A liquid dielectric is
channeled between the electrodes and a workpiece which are suitably
electrically powered for machining a duplex hole in the workpiece. Fig.3
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DUPLEX ELECTRICAL DISCHARGE MACHINING

ABSTRACT

An electrical discharge machine includes first and second coaxial electrodes and
corresponding carriages. A liquid diefectric is channeled between the electrodes and a

workpiece which are suitably electrically powered for machining a duplex hole in the
workpiece.

Fig.3
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