1 Septenber 2006 PROCESS OF REMOVI NG A COATI NG DEPCSI T FROM A THROUGH HOLE
I N A COVPONENT AND COVPONENT PROCESSED THEREBY (1) FI BELSepBnbas200MNVENTI ON
The present invention generally relates to coatings deposited on conponents
with through-holes that are desired to remain open after the coating
process. More particularly, this invention is directed to a nmethod for
renovi ng coating deposits from through-holes in a conponent surface
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Components located in certain sections of gas turbine engines, such as the turbine,
combustor and augmentor, are often thermally insuiated with a ceramic layer in order
to reduce their service temperatures, which allows the engine to operate more
efficiently at higher temperatures. These coatings, often referred to as thermal barrier
coatings (TBC), must have low thermal conductivity, strongly adhere to the article,
and remain adherent throughout many heating and cooling cycles. Coating systems
capable of satisfying these requirements typically include a metallic bond coat that
adheres the thermal-insulating ceramic layer to the component, forming what may be
termed a TBC system. Metal oxides, such as zirconia (ZrQ;) partially or fully
stabilized by yttria (Y,0;), magnesia (MgO) or other oxides, have been widely
employed as the material for the thermal-insulating ceramic layer. The ceramic layer

- 1s typically deposited by air plasma spraying (APS), low pressure plasma spraying
(LPPS), or a physical vapor deposition (PVD) technique, such as electron beam
physical vapor deposition (EBPVD). Bond coats are typically formed of an
oxidation-resistant diffusion coating such as a diffusion aluminide or platinum
aluminide, or an oxidation-resistant alloy such as MCrAlY (where M is iron, cobalt

and/or nickel).




- eee------ - ----- - --- 1 Septenber 2006 Whiile TBC systens provide
significant thermal protection to the underlying conpoh&sptersher2(0at e,

i nternal cooling of components such as conbustor |iners and turbine bl ades
(buckets) and nozzles (vanes) is often necessary, and rmay be enployed in
conbination with or in lieu of a TBC. Air-cool ed conponents of a gas
turbine engine typically require that the cooling air flow is discharged
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For components that do not require a TBC, cocling holes are typically formed by such
conventional drilling techniques as electrical-discharge machining (EDM) and laser
machining, or with complex advanced casting practices that yield castings with
dimensionally correct openings. Typical discharge coefficients for EDM and laser-
drilled cooling holes in air-cooled combustor liners are on the order of about 0.72 and
about 0.88, respectively, or less. EDM cannot be used to form cooling holes in a
component having a TBC since the ceramic is electrically nonconducting, and laser
machining is prone to spalling the brittle ceramic TBC by cracking the interface
between the component substrate and the ceramic. Accordingly, cooling holes are
often machined by EDM and laser drilling after deposition of the bond coat but prior
to application of the TBC. However, the presence of TBC deposits in the cooling
holes of an air-cooled component can detrimentaily affect the service life of the
- component as a result of the TBC altering the shape a.nd reducing the size of the
cooling hole openings. For TBC’s deposited by plasma spraying (APS and LPPS), a
significant amount of ceramic can be deposited in the cooling holes when depositing a

sufficiently thick TBC to thermally insulate such h_ot:._sectioﬁ components as
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conmponent as a result of the TBC altering the shape and reducing-the size
of the cooling hole openings. For TBC s deposited by pl Senemisp2806 ng ( APS
and LPPS), a significant anount of ceram c can be deposited in the cooling
hol es when depositing a sufficiently thick TBC to thermally insulate such
hot section conponents as 2 1 Septenber 2006 conbustor liners. The
obstruction of cooling holes with TBC not only occurs with new

manuf act ueedbustor-lmes! ebhecampantént of cdulingdota witle BT whtednly eberdiméthi ng a TBC
Dyring refurbishing, all of the

on a conponent returned fr the field I
exi sting B%‘?ﬁ8’”8%8‘9”&2171%r"f‘ﬁgfn‘laF%mPWP@abPW%ﬂWégd‘ﬁh%’&ﬁﬁb werTBGat and
TBC are d&i)ﬁ’%bﬁ‘lﬁﬁlenmehﬁned ¥6m' 188 ikid. tlﬁlﬁinrggr?%ﬂ)i nE,Cyg}e(ﬂr ] r}[}ﬁ?ﬁ)g ructed by

deposits of both the bond coat and TBC erials above, it can
be seen té¢mat anchhBEace ypically samdoveds andoieshborgl aat aid TBG akedeposicadp sithnt

protecte i s.compl i cated t regui rrement that the cool.ing

hol es redn%?%“g%ég%ﬁr" ?lé?% “%f%%e 8?%“&%3&8&5113?%[53 Ot}ég‘ﬁhop QeIAY o 1t
t he thi cKB€ssat@iald he TBC applied or, nore preferably, performa final
operation to renove ceramic fromthe cooling holes in order to reestablish
the desired size and shape of the openings. Various techniques have been

- proposed Hgm ths; abogg,rip §a be mepm ezt ananufeptirgygeandpeaferbishing, aHeirgepled- 158702
~di scl ose [ | i LESSUr es - f £ (about
490 bar) omPRLR Higectla O (LAB = buibiBheel R sE i hen® B E 6T

. conponentholesuematrh approprdatélly usized bodvshapetl. t Typicghsditoreoatioglibitl #eopeni ngs

and, in LI(c]jillo' ng s % ve?. eram c terjal that had bl ocked the cooling -
hol es as c#@%ﬁ?fﬁ%& IE?"I"PGP %@Hﬁmw gPhly: patran fipalerebor & MY mat er | al
~after theemamt o Hobsl qlr?%%fs%;i B 1o O AMHh HRCRBI US4 Sndliapd oe@g 0 UL S-

Patent No. 6,004,620 to Ce ceram c accunul ated Tnh a cooling
hol e i s oppuvgd Virdnusdedhmiques bpecben firopased fort this punposat eldpanesé farl- of t he

hol e. Ca ' .coNsi sid .essential of a Jiguid,, such as ter, at
very hi ghﬁpﬁgﬁ%ﬂfgéeﬁa#hi@@ﬁggs %&%apweﬁd%ﬁwﬁ@ﬂadﬁgﬁi HPIEFURET hol e on
the coat 600 kgf/Eat aboit ANIBARSL thdIE FAUEBALAA iR MO B0 bS5 hirSBhNES as a
mask to prevent the jet from eroding the coating.

component, such that the fluid flows out through the cooling hole openings and, in

doing so, removes ceramic material that had blocked the cooling holes as a result of

the component being coated with the ceramic material after the cooling hole was

formed. Another technique is disclosed in U.S. Patent No. 6,004,620 to Camm, in

which ceramic accumulated in a cooling hole is removed with a jet projected toward

the uncoated surface of the hole. Camm uses a jet consisting essential of a liquid,

such as water, at very high pressures. Camm teaches that the coating outside of the

hole on the coated surface is undamaged because the component itself serves as a

mask to prevent the jet from eroding the coating.

While it is known to modify a waterjet to contain an abrasive media (i.e., essentially
nonspherical particles with sharp comers and edges), practice has shown that the
erosion and abrasion caused by abrasive particles in a water jet at pressures adequate
to remove a ceramic deposit can severely damage the cooling hole and the
surrounding component surface. In addition, abrasive materials in an abrasive fluid

jet fracture to the point where the abrasive media cannot be reused or is difficult to




VWiile it is known to nodify a waterjet to contain an abrasive nedia (i.e.,
essentially nonspherical particles with sharp corners hBeptedpge@V06 practice
has shown that the erosion and abrasion caused by abrasive particles in a
water jet at pressures adequate to renove a ceram c deposit can severely
damage the cooling hole and the surrounding conponent surface. In
addition, abrasive materials in an abrasive fluid jet fracture to the
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the process. BRIEF SUVWMARY OF THE | NVENTI ON According to a first aspect of

the present invention, there is provided a process of renoving a deposit
from a tBREGHUNMNARYT OF TEHAPIMENTIONi ng a coating on a first surface
t hereof, the deposit being contiguous wth the coating and not fully
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I nvention, there is provided a process, of renoving deposits from cooling
hol es t hafacethe it contgining nen-ghrasiye paricylatimetis audi Reing emitted 58 %second
surface L= ' engl . .
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sur f ace tafoulgholecif paretidulae ehedepweretrion gredent 6 ée jet, mdieegbyarniolvel &ond coat
so that netallic and ceram c deposits are present_in the cqoling holes,
the depdbfderpt oPramaRlygby the pagtisulate, medimpropghied Qﬁdh%iﬁtéiﬁgéoff Brer
respectilycgﬁd/_, and not fully closing the cooling holes; renoving the
deposits by directing a jet at the cooling holes fromthe second surface

According to a second aspect of the present invention, there is provided a process of
removing deposits from cooling holes that intersect a first surface and an oppositely-
| disposed second surface of an air-cooled gas turbine engine component, the process
comprising the steps of: depositing a metallic bond coat on the first surface of the
component and depositing a ceramic layer on the bond coat so that metallic and
ceramic deposits are present in the cooling holes, the deposits being contiguous with
the bond coat and ceramic layer, respectively, and not fully closing the cooling holes;
removing the deposits by directing a jet at the cooling holes from the second surface
of the component, the jet being emitted from a nozzle at a pressure of less than 1100
bar and comprising a liquid containing about 10 to about 30 weight percent of a

spherical non-abrasive particulate media.

Herein disclosed is a process of removing deposits from a through-hole in a
component, an example being portions of a metallic and/or ceramic coating material
deposited on a surface of an air-cooled gas turbine engine component. The process
may be particularly effective in removing a TBC material deposited in a cooling -hole

of a component as a result of coating a surface of the component with the TBC

4




of the conmponent, the jet being emtted froma nozzle at a pressure of |ess
than 1100 bar and conprising a |iquid containing aboutl Sé¢pterabeaB60G 30

wei ght percent of a spherical non-abrasive particulate nmedia. Herein

di sclosed is a process of renoving deposits froma through-hole in a
conponent, an exanple being portions of a nmetallic and/or ceram c coating
material deposited on a surface of an air-cool ed gas turbine engine
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snoot hed, such that the discharge coefficient of the hole is increased. In
par't i cullgle if the particulate media were not present in the jet. As a result, removal of the

deposit is primarily by the particulate media propelled by the jet and not the jet itself.
A notable feature of one embodiment of the invention is the ability to produce a
component whose surfaces surrounding the hole and within the hole are deburred and
smoothed, such that the discharge coefficient of the hole is increased. In particular, '
the surface conditions of these surfaces may have the appearance of being impacted,

which visibly differs from surfaces produced by EDM and laser
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the surface conditions of these surfaces may have the appearance of being

i npacted, which visibly differs from surfaces producedl Byptbbdra2006| aser 4a
1 Septenber 2006 nachining. The surfaces of holes treated may al so differ
fromthat which exists when deposits are renoved with a water jet al one,
because water jets do not appreciably nodify the surface of the hole. The
surface condition and appearance of these surfaces nay aI so differ from
that which exists if deposit is renoved with a water cont ai ni ng an
abr asi vemaghiwngalhe S&Wfﬂé@ ¢ihiolesitieated gaaye plsp djiferdim thet wmchaeﬁeﬁw Houge the
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cool i ng durfaess gfithebsis and the sagomidieneanpadeht seefibadi ments of this invention
have been determ ned to exhibit higher discharge coefficients, evidenced

by hi gher effective areas as conpared to the physical cross- sectional area
of the holes. As a result, cooling holes processed in accordance with
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capability. GQher o by’ects and advantages ‘of this invention wll be better
appr eci ahwuighthobe withoutfdainagingrg reieoding edy dignifidaptt dnoount BRiraferBESCR PTI ON OF
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deposition.” Figure 2 représents a cross-sectional view of the cooling hole
fol | ow rple. eSrmmﬂmgiY whédnecodgqaosli to coolimg héles foywied iy aincbaled nompmmmbnce with
this invent re 3.r resents1thre coolin S%holes H{mch ver e
f or med btgy gassgrr mac mng, cooling holes processed m accordance W

embodiments of this invention have been determined to exhibit higher discharge
coefficients, evidenced by higher effective areas as compared to the physical cross-
sectional area of the holes. As a result, cooling holes processed in accordance with

embodiments of this invention are more efficient in terms of their cooling capability.

Other objects and advantages of this invention will be better appreciated from the

following detailed description,
BRIEF DESCRIPTION OF THE DRAWINGS

.Figure 1 represents a sectional view through a cooling hole of a combustor liner,
showing the deposition of a coating on a surface of the liner and a deposit within the

cooling hole as a result of the coating deposition.

Figure 2 represents a cross-sectional view of the cooling hole following removal of

the deposit from the cooling hole in accordance with this invention.

-Figure 3 represents three cooling holes, two of which were formed by EDM and laser
drilling and are depicted in the as-machined condition, the third being formed by laser
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drilling and are depicted in the-.as-machined condition, the third being
formed by laser 5 1 Septenber 2006 drilling and then 1 BemerebenZilfh a wat er
jet containing a non-abrasive media in accordance with this invention.
Figures 4, 5, 6 and 7 are scanned i mages show ng, respectively, the
appearance of laser-drilled through-holes in the as-machined condition,
after machining and grit blasting, after coating and then processing with
a jet contnlling mpdofilon weated witinch avateer jet awataining andobabrasive onedisiing With a
j et cont aj ni n-.abrasive nedia in accordance wth this invention.
Figure 8 é%gt[v@n%m‘gﬂé%hé%wgﬁmf%ges at different magnifications of
~cross-sections through a laser-drilled through-hole after processing with
a jet conFigiues dg 526numd-7 aker &ahival m%‘u\e‘@shdwiﬁg,%gﬁﬁea Wi Mhpbbirgncerpeent i on.
DETAI LED Sﬁql ON OF THE | NVENTI ON Figurés I and 5 represent -
cr oss- secS&atled thpughfhelss dn the @swnachipe soaditiont #ftar macttining ead seritwo

0pposi Ng Kk Coe 14 tﬁ'%darﬂi ' -gﬁgﬁ)le combustor, liner 1 f a gas
t ur bi ne engi_lng Tﬁe ?I er ?Bging@gg%h{gorneaj%lfco %qul?%ﬂ?lyﬁ?%%e?mg?ﬁ)er

cobal t - beseting anubtheh bayessinpowith agéthwhtahtiiogha hemabiasveE htdipinaictatigceoul d

f or eseeab] . @?S.used_ As known in the art, to mnimze the service

tenperatu BEEYPner 10, heat is transferred fromthe liner 10 by
forcing bleed air through the cooling hole 12 froma passage defined in

part by sy e 4o shibudd dhfas ot WSraf Sl larlBe bt aadabalsed o the

surface 14 of the liner 10 can be reduced mng the cooling hole 12 to
be di spd¥eughe laseraisilied thrayeb-hol aftraprovessing witte asjet feaniinldg afndnhe | i ner

10, so t ' iI.scharged fr. the cooling hole 12 flows over the surface
14 of theﬁfafﬁgﬁnef%lﬁ%gﬁqrg%%"ﬁ‘e%ﬁﬁ}‘ Ifor forming the hole 12 include -
"EDM or laser drilling, though it is foreseeable that the hole 12 could be
fornmed bPEIAILED DESCRERNIONS OFSTHBINVENTION abr asi ve water jet machining.

"As a result of the form ng operation, the hole cooling 12 is shown as
ect i on TG, biite? HERESTH ATSREFoHoin WPIES Mhimegb. 20cocline balol Lnghihol e 12 1 s
car ef ul | ¥ntersects two opposing surfaces 14 and 16 of an air-cooled combustor liner 10 of a

gas turbine engine. The liner 10 may be formed of an iron, nickel or cobali-base
superalloy, though other high temperature materials could foreseeably be used. As
known in the art, to minimize the service temperature of the liner 10, heat is
transferred from the liner 10 by forcing bleed air through the cooling hole 12 from a
passage defined in part by the surface 16. In addition, the amount of heat transferred
to the surface 14 of the liner 10 can be reduced by forming the cooling hole 12 to be
disposed at an acute angle 28 relative to the surface 14 of the liner 10, so that air
discharged from the cooling hole 12 flows over the surface 14 of the liner 12.
Suitable techniques for forming the hole 12 include EDM or laser drilling, though it is
foresecable that the hole 12 could be formed by such other methods as casting or
abrasive water jet machining. As a result of the forming operation, the hole cooling
12 is shown as having a linear axis 18 and a substantially uniform circular cross-
section. To promote heat transfer from the liner 10, the cooling hole 12 is carefully
configured to maximize its efficiency, quantified by its discharge coefficient which is
dependent on the geometry of the hole 12 aﬁd any surface irregularities within the
hole 12.




configured to maxim ze its efficiency, quantified by its discharge
coefficient which is dependent on the geonetry of the h&kmemBeraq66 any
surface irregularities within the hole 12. 6 1 Septenber 2006 The liner
10 is shown in Figure 1 as having a coating 20 deposited on the surface 14
of the liner 10. The coating 20 may be a netallic material, a ceramc
material, or both in the formof a TBC systemconprising a netallic bond
coat and Jh@énwﬁ%ISmen iPErgure Uba hiving aicbathiged (bdepdsicniadn hmtserfacel 18t i ncl ude

di ff nd/ Al'Y I whi | tabl e TBC
mat or il PEUSEPRORT AR 0Rling 7 may B ARl Aty ke et €000 | 2od
zi r coni a, irdthe Y5 ofhhm'tg&ygtbﬁlcwﬁh;ﬁlsi Ame%élﬁé)bl)ﬁgeéat%% éé}élﬁﬂcaTBGOU' d be

used, as well as zirconia stabilized ot her oxi des, such as magnesi a

(MO, cgwplaa(lm@ablec@ndapoem@zpabrmcslu@mdimssm@ammdemé/oc dCiAlY hol e 12
I s shown S e 1S wa sult of the
process b@%ﬁ?%ﬁh@%sawgggt% i Ar'iléta% '@2 “&"3%'53@ i'} é'cﬁcoq*—? Bffﬁh@ﬁ}i Sé@'&”é@é‘ﬁ s the
coati ng 29trs(yoeiasgbilized sircesiabyr YSZP&H&gﬁI%@Mm@%ﬂlgdﬁBﬂﬁ% difh yHrASME
spraying AP %%and | ow_pressure %basma sprayi na t hough ot her
depositio “&ff ixenigs 1112?@@9916901@1 €s, é@&tﬂsﬁ@ﬁ@@ﬂa B8O i ner
can be p ta ui t abl e
"~ spray _apgzdlrlill% Segﬁ)o%g?g(gegg}flglte%%ﬂﬁ ﬂ't glt; eg(?og n§pp(fqm? 5@%“@ 3 _
mat eri al hayinghe depasier22 ddheres tooitatvall . 24Fasgw teulk FhbwpreceiOBy |v&uélﬁtlﬁf a spray

head t hrou ch t.he coati terial is applied. The spray nozzle 26 is
“shown as 088{] P"?ﬁgg}é(lflﬁ gnﬁﬂq’égglréprgﬁﬁnltse‘ihﬁtcp@@l& 20 pp being depositgd & t he hol e

12, and GRRGH spPayinpe sitchdkiathi£#thd rzﬁ,'l é-lfboa Gnd l%gbfegglﬁg 1a§mae€(g§? ation

with the sBray angle 30 to preven t'he i ng BRETY I1ing the
hol e 12. (i B$)eft@ﬂgh@ﬂsqyrdaposawgl pro@essescgiid bt esed. hdn applyeﬂhy cda!:grgeﬁ(s relative

to the a S1 m ze t.he. size of th OSIt 22, e., the
~ anount 01)‘ﬂlcoa'*:tr aﬂ%? 8PFIQPHCC&$%§?IEV§8HW1F%MR% Q“szfgl =t“1‘|]él Anta bliz
0pposi t e shha§ appiratis R ael Adhbent the RedhBle ﬁf‘app‘hhﬁe B d A AR L thMindrS

preferabl)é sprayed onto the surface 14 of "the liner 10 at an angle of
i nci dencdlaprafgtedyt | east about forty-five degrees relative to the surface

14, because
Figure 1 shows a nozzle 26 of a spray head through which the coating material is

applied. The spray nozzle 26 is shown as being disposed at an angle 30 relative to the
axis 18 of the hole 12, and deposits the coating 20 to a thickness selected in
combination with the spray angle 30 to prevent the coating 20 from entirely filling the
hole 12. A preferred spray angle 30 is greater than ninety degrees relative to the axis
18 in order to minimize the size of the deposit 22, i.e., the amount of coating material
deposited on the wall 24 of the hole 12 opposite the spray nozzle 26. In addition, the
coating material is preferably sprayed onto the surface 14 of the liner 10 at an angle of
incidence 32 of at least about forty-five degrees relative to the surface 14, because
angles of incidence 32 less than about forty-five degrees tend to cause the coating 20-
to have unmelted areas, voids and lower tensile strength. In view of these
considerations, when depositing a coating 20 on a liner 10 with cooling holes 20
disposed at an angle 28 of about twenty degrees and .having diameters of about 0.020
to 0.030 inch (about 0.50 to about 0.75 mm), a suitable orientation for | the spray
nozzle 26 is an angle of incidence 32 of about forty-five degrees to the surface 14 of

the liner 10, and an angle 28 relative the axes 18 of the holes 12 of about 135 degrees.
7 .




~remtted f

angl es of incidence 32 | ess than about forty-five degrees tend to cause the
coati'ng 20 to have unnelted areas, voids and | ower tenkBtmesbere@géh. | n
view of these considerations, when depositing a coating 20 on a liner 10
with cooling holes 20 disposed at an angle 28 of about twenty degrees and
havi ng di aneters of about 0.020 to 0.030 inch (about 0.50 to about 0.75
nm, a suitable orientation for the spray nozzle 26 is an angle of

i nci dence T82ngire Himd atmédtallit yodtingde e Hoae 804tP20 oSt katelylol thethai: | | ner
axes 18 of the holes 12 of about 135

10, and Le 28 relative th :
degr 225. arllzf’a@géﬁﬁ%gf I%/}%tmg goéﬂé’iﬁféfaPh’a%bO&t R&PaIipehes dp abeH 9. g. . bond
coat) 20 gdRRss pBbuhLDt8lapott! @K dif MGk ref&z&l%?@o&trﬂhmgﬁ tgfabui'te coating

20 is preferably about 0.004 inches to abou about 0.10 to
about 0. 28.0a$jnchiabat Prldfte abdity). 20000m). WEiva cararhict@atiip(etg., DBOPS0 isnch

~ (about 0. 10 Q.20 . i i .g., TBC) 20 i
Goposi t caderprted MR fhicked® T b s 25 piaterabty pBew Al infiss sf 0603 1 nches
- to about 0.0203fkhies Ghgsut (Ao Bbfd? D.3(° nfhP Uhod: HRFMBly aﬂglge%at@fiﬁhabl y

about 0.010 inch (about 0.25 to ensure the coating oes not
entirely GPREI0I @M dp ensipe thegoaimg20 daes mpt ertizelybiodki thelhplorli dmeah t he hol e

.12 provid ' , vident fram Figure 1. |If the ljiner 10 is

new y manu %gtpl%“re ﬁg(?i&)%ﬁLogl Codfi g ;g Jrevi e%t"gﬂ}eﬁ%hﬁlgnas (‘?3@?@ t"?f@ deposi t
22 can. beFigesgdved by EDM or |aser drilling. However, if the coating 20 is a
TBC or the liner 10 has been returned fromthe field, the coating 20 is

renoved vidg{]ﬂa gﬁn abrasive jet 34 represented in Figure 2 as being

£ 815 B 4925 aewly mamiaciuiedand the eosting 20| iy aanqrt%hédponﬁi eeati e axis 18
.of the corbb el ' of e | S o ntion, a
non- abr asi be jet 34 %%mgﬁfi% g%%\%eﬁﬁilgé'p%ﬁgva’;ﬁ% S%Eftn%ejog}égl- i ng hole
wal |- 24 WBGouthedmentfh) has hcke rdtimned frb6, the fieldjeid coadng 20 istremoveabwithag 20, and

020 g L APAS L SL B 18, Lhe SLLLELey, e cooli o

eceuae pshogasns ampnpkasinaTEd agotus Sotg) S s 120l
because iaproferred agpect this invention, a non-abrasive jet 34 is able to remove the deposit
22 from the cooling hole wall 24 without damaging the liner 10, the wall 24, or the
coating 20, and in addition has the capability of promoting the efficiency of the
cooling hole 12. The jet 34 employed by the invention is termed non-abrasive
. because it contains a non-abrasive media in a carrier fluid. While various fluids could
be used, water is preferred as being environmentally safe and because it will not
chemically affect the coating material or the liner 10. A suitable process employs
water pressurized to as much as about 16,000 psi (about 1100 bar), preferably at least
6000 psi (about 400 bar) up to about 15,000 psi (about 1000 bar). The jet 34
preferably contains about 10 to about 30 weight percent of the non-abrasive media,
with a media content of about 20 weight percent providing excellent results. As a
non-abrasive media, particles entrained in the jet 34 lack the sharp corners and edges
found on abrasive materials, and instead preferably have a spherical shape, as in the
case of spherical glass beads of the type used for peening. An example of a suitable
non-abrasive media is beads formed of soda-lime glass or metal oxides and having a
- mesh (U.S. sieve) size of 325 to 170 (diameters of about 45 to about 90 micrometers)

- per Military Specification G-9954A Mil 13. Another suitable non-abrasive media is
_ g




chemically affect the coating material or the Iiner 10. A suitable process
enpl oys water pressurized to as nmuch as about 16, 000 pkSeptahbert200d00 bar),
preferably at | east 6000 psi (about 400 bar) up to about 15,000 psi (about
1000 bar). The jet 34 preferably contains about 10 to about 30 wei ght
percent of the non-abrasive nedia, wth a nedia content of about 20 wei ght
percent providing excellent results. As a non-abrasive nedia, particles
ent r ai nedb¢lieveddo jbet stiulessastielt Hots parepltyoimthessaairdraagdged pivtladien abrasive
mat eri al s; _and instead preferably have a spherical shape, ~as in the case

of spheri %%rlgergp?;{gglebséﬁasgeB‘Fra{lﬁéleF?Fﬁﬁatﬁsaeli’“feér‘nfi%f’eﬁ?rﬁ@?t inntheigbpyhileor a
i t abl | viged BelicfulivSn - ime gl tal
sui t abl e shgkr3RfHRS Vo gsrggi(e&ug_s beaded Qir}g@é{) ?&eﬁs‘;}géqggo@ | goaneh MEla

oxi des and having a nesh sieve) s Ianeters of
about 45 pearselimibbe affestivenessof the jperAedst tlamy 7Gpercerttiof shd mediG ®E54A M |

13. Anot | . i diais 81 Septenber 2006 believed t
oo st i S HPEERCHPR: T2 RERL TR e Yo R ahRRBEORe [ PR pos.

Lar ger paddniapeer sbrasion gEMecadling s Essitate a lower nedia content in the
jet, while smaller particle sizes generally necessitate a higher nedia

content, both of which appear to limt the effectiveness of the jet. At
| east abdf{Re/BOpess OEFRMQying ¢ithera aneiallia gy ceramicecopting 20, ahe Iinert14ieade 95

~ percent Fladel CofMadhAnlInE (o? @Qg\%f ﬁahflﬁ@l@%r&t&l@%%{a&dugg U 13RS O

abrasi on of the cooling process rremoving erther a
metal | i ¢ connestadatoi acsuiblei wajer2jet appeeathis, itivdrd tieanodsbragiv@fst B4ohraagh ur nt abl e

t sh d the turntabl tated as_the nozzle 36, conpected t
(ot_shovgl dAS00% LI APLE [ Laseq spulie hocl o, 28, compecter to 2
wi t ness hed Rt Bﬁﬁ%Pﬁgétg_aﬁﬁé @ﬁtrdiil%ggﬁihte'l'ﬁ[b & 10418 &8 g@%@ﬁgd@%ﬁiﬂ%‘ﬂ“ In

Figure 2, the je 4 is sprayed at the entrance ocat ed at
t he sur f d8eoppesitsf the Iseatingn2¢. Al Suitghbo standoff Hiztanca(tha dihce Seswéenaht e

st andof f _di t he di st an et . the zz] e 36 dt syrface 16
of ‘the 1 Rz 3By et 16 BE fhg 15her 1 ChiscabpunBEs 2andhs okl  Shough
greater and), ltRaphrgrebid Al 188 difahsORE EBlcBabldN Al RIRIE diitAlcRNGRSjet t he | et
34 preferably has a dianeter of about 0.050 to about 0.150 inch (about 1.3

Yy 4
to about 34Preferehyy. hasrl dipmeten ef ebeutiOd Rogbowd-t50 irchirldusrlabky gl | ed at
an angl| 63%211151{3.' U1K the coatings 20, which is preferably applied at an angle 32 relative
to the surface 14, the jet 34 is preferably aimed in a direction generally paraliel to the

axis 18 of each hole 12 in the liner 10 in order to facilitate removal of the deposit 22.
It has been found that the removal of the deposit 22 can be further facilitated by
depositing the coating 20 to a thickness that provides a witness hole whose diameter
is about 0.006 to about 0.010 inch (about 0.15 to about 0.25 mm). Because of the
preference to limit the amount of coating 20 deposited at any given time to ensure a
witness hole remains at the surface 14 of the liner 10, multiple deposition steps may
be performed to build up a coating 20 to have the desired thickness, with each
deposition step followed by removal of the accumulated deposit 22 using the non-

abrasive jet 34.

A non-abrasive water jet 34 as described above has been found to remove both metal
and ceramic deposits 22 in a cooling hole 12 without damaging the cooling hole wall
24 and without chipping the coating 20 surrdunding the hole 12, While not wishing
to be held to any particula_r theory, this aspect of the invention is believed to.be

9




to the surface 14, the jet 34 is preferably ainmed in a direction generally
parallel to the axis 18 of each hole 12 in the |iner 1DSé¢ptenobead@f0G o
facilitate renoval of the deposit 22. It has been found that the renoval
of the deposit 22 can be further facilitated by depositing the coating 20
to a thickness that provides a wi tness hol e whose dianeter is about 0.006
to about 0.010 inch (about 0.15 to about 0.25 mm). Because of the

pr ef er encattritmtdblaritd thdr@leprstun? Wing 0ahoved PEmAGRHOBY RRnmMngaslus@l ben tinme to
ensure a . wtness hole remains at the surface 14 of the liner 10, multiple
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j et 34 asemiployed bihl thisawentias chede dheyed ffom Henmozletds bt aptabureald ceram c
and i t hougulde gpitFieh b ket oo w N Nk ofdhe 01 50 il 6 ot
Dol e SoIBE RIS e BRe kBl A losch T ERRSE, Al o

_ .. renmoved prboHarduch posgsdresateubdlisyed fubedipbly abonph6,080 wkit taboltel KEr bark | es,

i nst ead qf .e4,0Si on_ G ed,.by a jet.o te t very hi ressures or
abr asi on SBRE Rl wdthled B nher e nefowisrebung e pBn FBES
- enpl oyed jeti 24 at irsssinly ftdbe0: 81000 st RndYddve kil PEEd andlirdbled
pressure that would be insufficient to effectively renove substantially -
al | of t Aemgeahis ek matoripl faom theowald @41af e hale 42 nad tHat ppriopafithe surfice medi a

wer e not {pr . ' 34. i i cat e ahove, .suc Lessur.es are
bel i eved IiB oﬁ.@g&h%ée{}oglta}g%iﬁl? In§6€}’§0€&|‘5silﬁf( g%ﬂ%mflg’d ﬁgﬂ“)“?g rﬁﬁgt]ezb? %/J,to and as
w1 be gressussefilesnthann6000 gk padferabBl DI00ORE (#duh JodBarp @R b @si ve | et

24 at pressures of gbout 16, 000 psi and above can result in the undesirable
r emovabl &to¥* PReddIof Bf intersipted as Halravebufrem qngecopling halz 2nte anetherpakti on of

t he surf ' ' I ' : Ther ef limting
the j ot Srund el RRELERR e 38 R IR AeherilF aBhleTaody )| L
(about 16000 laboyt 1200 lcegminutd)ewith et rat®dofrubedt 260 inbleesi pet efinutpt(atbuas2st travel s

from one 1%90[ ing hole. 12 t-q anot hler. A . .
_ cm/minute) producing excellent results. Although movement of the jet 34 relative to

- the liner 10 is preferably continuous, it is foreseeable that the jet 34 could be allowed

to dwell when aligned with each cooling hole 12,

In addition to removing the deposit 22 without damaging the wall 24 of the cooling
hole 12 or chipping the coating 20 surrounding the exit of the hole 12, the jet process
of this invention has been unexpectedly found to increase the discharge coefficient of
the cooling hole 12, as evidenced by an increase in the effective area of the cooling
hole 12 relative to the physical area of the hole 12, While not wishing to be held to
any particular theory, this beneficial effect appears to be attributable to the non-
abrasive media deburring and smoothing the surface 16 of the liner 10 immediately
surrounding the entrance to the hole 12, the wall 44 of the hole 12, and even the wall
of the coating 20 defined by removal of the deposit 22. This deburring and smoothing
action effects the surface condition and .appearance of these surfaces, which differ
from that produced when the hole 12 is first formed by EDM or laser machining, and
also differ from that which is produced if the deposit 22 had been removed with a.

i0




suitable traversal rate for the jet 34 is about 20 to about 480 i nches per
m nute (about 50 to about 1200 cmiminute), with a ratel 8¢ptethoar20060 i nches
per mnute (about 625 cnf mnute) producing excellent results. Although
novenent of the jet 34 relative to the liner 10 is preferably continuous,
it is foreseeable that the jet 34 could be allowed to dwell when aligned
with each cooling hole 12. In addition to renoving the deposit 22 w t hout
damagi ng wheeryalalon?brafitt the aststdnca of aabsite. Thischff@picads tdpeesemad iing 20

sur roundi g%%gg exit of the hole 12, the jet process of this invention has
been unexE |y found to increase the discharge coefficient of the
cooling hole 12, as evidenced by an increase in the effective area of the
cool i ng P@lgﬁ‘e 3 Zeprebeltd MRed Soliiig HBfRYSiaC Al a8 L tﬂrhﬁ%lbyeewéi? 42\4fid e not

wi shing to be held to any partrcular theory, this beneficial effect

appear s t eorpeongnt 49 harinph eeramic TRC 30 mn ittdowst swefane 82,and eb uppérrsgriaced

snoot hi ng e surfac of, £ he li 10 j nuedi at el surroundi t he
entrance ?%H}aﬁg %‘31_ %ﬁl-éé alnﬂgr%yvblcﬁiﬁ%pap THotRer 19?4 W&’ﬁ_c?ego ‘%%h%au of
the coatihgle 244 defrigiestntyd s KRYMAE Bebn tHHIAEBPSEDMZZnd TAY 8 AeRbmaing and
snmoot hing action effects the surface condition and appearance of these
sur faces, Sultaptially pertinuopy eiseularashape dhioughiowthigncxtort thedugh ithe jwalk #2st f or med

by EDM or Wl | o di ff f t Lch ] duced if
the depost? 55 AREMHES o8He £ ARCbldRle e e e SRR

al one -or ‘mbulhof the mensd afnes,afic. aTha hoRS46/ B. refiRbéhntadl 4sf 1RKBiaCich Jagepr esent ed
in Fi gur(ﬁ_gf’é\.%Fi gure 3 represents three cooling haoles 44, 46, 48 drill.ed

t hr ough t phargeseriged by the dimekaiiol 4be hals Hynsreasipa tireuatBeswlbAZi ts | over
surface SGmiRPd, afle wda}épf RAE 4453#%& 'ié%r-'fiﬁllé& $510ks HEE aagﬁicJééroﬂﬁt}]’m' ch the
machi ni ng operation was pertornmed. e ol'e 44 1's represented as having
been dri litreghlmyerfihte atrttie ascoatedaatfhde ¥ass @arcselt b thandsealtifing @ptiativous

i | h t h t it th t |l 42. Ho r, the
et r ance EABRdhahite HH3S seoriseurS Hao heled ool dicoess and Bsgireed Fibged) as a
resul t Ofwatt&?et}%ﬁﬁlﬁﬂﬁ% ﬁ%s BAKIS in ﬁ‘écﬁrd?-ﬂ?ﬁgﬁ%l tBisARvdnfioh CERERARE hak havi ng

been | aser- drilled, aracterized b i aneter of the hole 46

i ncreasi W@ lasr tha glameheonival Ishapg. as the laser-drilled hole 46, but its entrance at the

uncoated surface 54 is very regular and smooth in appearance as a result of the
waterjetting operation having removed burs and other surface features protruding into
the hole 48. EDM and laser-drilled cooling holes in the as-machined condition
depicted in Figure 3 have typical discharge coefficients of about 0.71 to about 0.73
and about 0.87 to about 0.89, respectively. In contrast, laser-drilled holes treated with
the non-abrasive waterjet process (as shown in Figure 3) exhibit significantly higher
discharge coefficients, on the order of about 0.91 to about 0.93, and potentially
higher. |

In an investigation leading to this invention, the relative aggressiveness of various jet
compositions was evaluated with a number of panels formed of the nickel-base

superalloy known as GTD-222, having a nominal composition, in weight percent, of

about 22.5 chromium, about 19.0 cobalt, about 2.3 titanium, about 1.2 aluminum
(about 3.5 titanium-+aluminum), about 2.0 tungsten, about 0.8 columbium, and about
1.0 tantalum, about 0.01 zirconium, about 0.01 boron, about 0.1 carbon, with the

balance being nickel and incidental impurities. The panels-had thicknesses of about
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Simlar to the EDMdrilled hole 44, the |laser-drilled hole 46 has a.-
circular but irregular entrance at the uncoated surfackSéperalgerdOpesul t of
the laser-drilling operation. Finally, the hole 48 is represented has
being drilled by laser and then treated with a waterjet containing glass
beads in accordance with this invention. As such, the hole 48 has the sane
coni cal shape as the laser-drilled hole 46, but its entrance at the

-uncoat ed G080 awh (Bkout 2 MEY) Yaridegiatadl wah @ SR RickNaPRR VI (RRLS @Ferdofr esul t of
the waterjetti nP operation _having renoved burs and ot her surface features
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nt
tantal um about 0.01 zirconium about 0.01 boron, about 0.1 carbon, with
the bal havisgwediggetar ekehoun AdSD ek about 1.3, tiftes eadthreaiment eychead

t hi cknes : u Sept enber.. 2006 . 0. 08Q i nc bout. 2 , and
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mul tiple passes of one of four waterjet treatnents at a standoff distance
of about UM .l‘gﬂil&]eﬁleé Shdage was mpgasungds j Table Jf sumsarizes sthe sletaifioay thiat er onl vy,
a secondmgﬁégﬁgﬁ_ cont ai ned about 20.75 wei ght percent of plastic beads
havi ng di aneters of about 45 to about 90 mcroneters, a third waterjet
cont ai ned about 20.75 wei ght percent of baking soda, while a fourth
wat er j et T&dHEAI ned about 20. 75 wei ght percent of gl ass

Cumulative Material Loss Measured After Each Cycle (mils) (um

Panel Media Cyclel Cycle2 Cycle3 Cycle4 Cycle5s

A None 4(100) 14(350) 17(430) 21(530) 23 (580)
B PlasticBeads  4(100) 10(250) 13(330) 14 (350) 16 (400)
C  BakingSoda  4(100)  7(180) 10(250) 13(330) 16(400)
D  GlassBeads  20(510) 21(530) 22(560) 22(560) 22(560)

The above results indicated that, at a relative low pressure (5000 psi), a waterjet
containing glass beads had an immediate effect as compared to a media-free waterjet
and waterjets containing plastic beads and baking soda. After a single cycle (three
passes), essentially the entire 20-mil thick TBC was removed by waterjetting with
glass beads, after which minimal wear of the underlying: substrate occurred. In

contrast, coating loss with the other three treatments gradually occurred over five
' 12




spherical beads having dianeters. of about 45 to about 90 m croneters. Each
of the waterjets was produced at a pressure of about 5DBéptpsbher C88out 345
bar) with a nozzle having a dianmeter of about 0.050 inch (about 1.3 nm.
After each treatment cycle, consisting of a set of three passes with the
waterjet at a traversal rate of about 250 inches/m nute (about 635

nmm m nute), erosion of the YSZ coatings and the underlying panel surface
was measuexsies (fiflser pasesnmdhis avettipaticmtsagdastet thh § lowpresticgatteet. TABLE |

Cumul at i terial Lo asured After_ Each cle (m] g .Panel Medi a
Cycl e 1 dicatipes’ ‘@&ﬁ%@%@‘g Fscapalls of guisk YAFCFQS’%% &%@ywic)@eé&?)ymgwmso) |
21(530) 2466800 olhcRlissiiiaBfads vilaihls AESMe. (330) 14(350) 16(400) ~ C
Baki ng Soda 4(100) 7(180) 10(250) 13 (3%0 16(400 D d ass Beads 20(510)

21(530) 22 (560) 22 (560) 22 (560) The above results indicated that, at a
rel ati ve Newblyy Bigsinyesticgiomoalps indicated thater jeg onsisting assentigyybfwstebéads had an
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“subst r at €°8HRg ralgy 1S | #hchersdt by compeesaivien siressess that tdevelop at e qontede

(] oo TontOafpoAtHIRbb RGP T O Blraldieqdifal RAWEME000 oY) o

(fifteen passes). This Inve I on sugge W- pressure waterj et
treatment with glass beads is capable of quickly remving a ceram c coating
wi t hout Ierodibaginyestigation,vthe egglassisginasy dihglassnisbadd sowmnd mehethl subssateat e.

Not ably, the.investigatjon also. i.ndicated that a jet consisting essentially
~ of water V(aS’rfu_rt ?lro?‘_f?é'?‘i?‘?d'q posts mraa tBhpg ﬁVePrﬁl’ﬁoH%fI?"é‘étﬂga\'}‘@niqﬁerFerrovi ng
cerani c defesid o ﬂmltiﬂ&p@sesggﬁ!drﬁ&jéi@}e@tlwﬁ ﬁéﬁ?fﬂférdmsﬁi c BIRSA&SAS are

enpl oyed, because ceramc within a~ cooling hole 1's afchored by conpressive
© st r esses Stapgefl désjanco mndstraviersak tae esl used in the first investigation. As with the

previous investigation, the waterjet contained about 20.75 weight percent of glass
spherical beads having diameters of about 45 to about 90 micrometers. In this
investigation, different panels were subjected to waterjets produced at different
pressures, from about 5000 psi (about 345 bar) to about 40,000 psi (about 2760 bar).
After each treatment cycle, consisting of a set of three passes with the waterjet,
erosion of the panel surface was measured. Table II summarizes the data from this

investigation.
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conponent cools fromthe high tenperatures required to deposit ceramic. In
anot.her investigation, the aggressiveness of gl ass beadbkS¢ppemipat 2800ret al
substrate was further evaluated. Panels simlar to those of the previous

i nvestigation were subjected to nmultiple passes of a waterjet treatnent
performed using the sanme nozzle, standoff distance and traversal rate as
used in the first investigation. As with the previous investigation, the
wat erj et i%&ﬁ‘gr@ed about 20.75 wei ght percent of glass spherical beads
havi ng di of about 45 to about 90 microneters. In this

i nvestigation, different panels were subjected to waterjets produced at
different prespuiage froomaheavé CoARM sk Mabaul AFEBERa ¢yd®o(migut 40, 000
psi (about 2760 bar). After each treatnment cycle, consisting of a set of
three passes with the waterjet ergsion of the panel surface was neasured.
Tabl e |1 Eaghar i(pdi(bane dat t hrde 2j nfeele Jat Laele 413 Crcleeht enber 2006
TABLE |1 Pressure Cunul ative Coati ng Loss Measured After Each Cycle (mls)
Panel (pSI )E(baS()O(Rg%)e 1 QICI 2 Cyche 3 Cygle 4 Cygle 5 Ep5000 (340) 0 O
000 F 10,000 (690) O 0 O G 12,000 (830) 0 0 0O O O H 14,000 (970) O
0000 E 16,000 (1100i 0 0 0.1 0.4 0.5 F 18,000 (1240) 0.1 0.3 0.6 0.9
0.9 G 20,000 (1®800(€901 0.3 006 0.9 ®.9 H 40,000 (®760) 302 7.4 10.9 13.5
15.1 Fromthese results, it was concluded that a waterjet containing glass
beads can use food@%m}grable bevel oé erosign at pr ssuresoof about 16, 000

(about 111 bar uld Irkely erode a retal substrate at pressures
above 16,000 (about 1110 bar) as the waterjet is traversed between cooling
hol es. Fur tther nbt,@00 (970} i pl e wat erj etd 0 0 0

E 16,000 (1100) 0 0 0.1 0.4 0.5

F 18,000 (1240) 0.1 0.3 0.6 0.9 0.9

G 20,000 (1380) 0.1 03 0.6 0.9 0.9

H 40,000 (2760) 3.2 7.4 10.9 13.5 15.1

From these results, it was concluded that a waterjet containing glass beads can cause a
measurable level of erosion at pressures of about 16,000 (about 1110- bar), and would
likely erode a metal substrate at pressures above 16,000 (about 1110 bar) as the
watetjet is traversed between cooling holes.  Furthermore, multiple waterjet
treatments with glass beads over the life of a component could possibly erode an
unacceptable amount of metal from a component surface between cooling holes.

~ Accordingly, pressure levels of up to about 14,000 psi (about 970 bar) are believed to

~ be particularly suitable, with a maximum pressure appearing to be not higher than
16,000 psi (about 1100 bar), such as up to about 15,000 psi (about 1000 bar).

In a third investigation, the aggressiveness of a non-abrasive waterjet toward a metal
~ substrate was again evaluated using a procedure in which the waterjet was laterally
incremented a distance of about 0.010 inch (ébout 0.25 mm) following each pass with

-the waterjet, for a total of fifteen passes, such that the waterjet overlapped the surface
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treatments with gl ass beads over the |life of a conponent could possibly
erode an unacceptabl e amount of netal from a conponentl Septémber 2666 ween
cooling holes. Accordingly, pressure levels of up to about 14,000 psi
(about 970 bar) are believed to be particularly suitable, with a maxi num
pressure appearing to be not higher than 16,000 psi (about 1100 bar), such
as up to about 15,000 psi (about 1000 bar). In a third investigation, the

aggr essi vearadimthe pré&@susacRS | FMelRdiftilafio 1HOVALEHR PiBishs inveldighiidise Was
agai n evaluated using a procedure in which the waterjet was laterally

i ncr ement Wereasubjestedn@ethete sebo (forty-foveopassrshtogadb of wakres tieaiments) inotheng” each

pass wit r kel , fi passes C t he

wat er j et h%b\?tgg ﬁ%%%%g {[ﬁ% “éaftjérﬂegéﬁgggﬁ%ltslwgreepf’ éeﬁgd 2’6'0%8 qalrlglgtag(ﬁlﬁf?‘%é?the

previ ous mryssuees, fPanabsutslioion §si (aboitvo9®ad)ito hb&it 05 BUO Psis(abcm«eem(i bal.i ons
were subjected to three sets (forty-five passes total) of waterjet

t r eat ment 51§ WateHgt treatgents of Aa inveshigation: weredrerforped wishithe P np&as:or ned on

t he panel i e Syl . - DS 00 bar)
to apout T ipafier Bt 155 4 o di i Llia b D Eonct PRI <€ 1 2
i nvest i gaisedm wer gepond ovadigationsh Ahéhesamepletamzdfghe trestaredts trodioataince,
traversal  rate and non-abrasive di nd.nmedi a concentratiqn as., used in
t he previtB%qunﬁeé’E{f?‘ﬁétW%@eaﬁ?mHﬁe "@&?Fpﬁgt is'b‘ﬁmaflzqshg‘et datz; fom dhiser osi on
of the panaligsidnf aces was neasured. Table Il summarizes the data from
this investigation. TABLE |1l Pressure Cunul ative Coating Loss Panel
(psi) baz mils ml 10,000 (700) O J 11,000 (760) 0.05(I) K 12,000 (830)
0.1(2) I TABLB® (900) 0.15(4) M 14,000 (970) 0.2(5) N 15,000 (1000) 0.3
(7) |

Pressure Cumulative Coating Loss
 Panel (psi) (bar) (mils) (um)

I 10,600 (700) 0

J 11,000 (760) 0.05 (1)

K 12,000 (830) 0.1(2)

L 13,000 (900) 0.154)

M 14,000 (970) 0.2(5)

N 15,000 (1000) 0.3 (7)

These results were seen as evidencing that, when treated with a waterjet containing a
non-abrasive media, a superalloy combustor liner equipped with cooling holes spaced
about 0.010 inch (250 pm) apart would sustain an acceptable amount of metal erosion
when treated at pressures of about 11,000 psi (about 760 bar) up to about 15,000 psi
{about 1000 bar), and erosion could be essentially avoided if pressures of about
10,000 psi (about 700 bar) or less were used. As such, pressures of up to about

10,000 psi (about 700 bar) might be preferred if the component was required to
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These results were seen as evidencing that, when treated with a waterjet
contai ning a non-abrasive nedia, a superalloy conbust or Séiteraber 2606 pped

wi th cooling holes spaced about 0.010 inch (250 m apart would sustain an
accept abl e anount of netal erosion when treated at pressures of about
11,000 psi (about 760 bar) up to about 15,000 psi (about 1000 bar), and
erosion could be essentially avoided if pressures of about 10,000 psi

(about 7091rbﬁléhuﬁferdtﬁ5t§ea‘ﬁﬁérﬁs uBRItwite, £ HERimBh % ?@éﬁ%?e PessR feeialaut
10, 000 psi (about 700 bar) m ght be preferred if the component was required

to 15 1 Supluledée beabsit 1§;£)|00|pee(ahmndﬂaenba1t)rfelacompnmnts@mmd\m $ervivg maxi mum

accept abl e ure,l ev concl u e about. 15,0 about 1000
bar) for g&ﬁgﬁg@ﬁ%bgegfrtg\é\%{l%tsslﬁs\/}s p1°§ lYitﬁ?tC@ﬁe ﬁ‘GFPoéng'fst‘? gﬁ%rﬁ’ents as
i's typi cafbwetdie itCRSBelived th@NRbEL efoslonN&dnS be rERNRY Wy eﬂnblol[yﬁlgbmkgh@ved t hat
metal erosion can be reduced by enpl oying higher traversal rates, i.e

hi gher t htigversab ra%50 i Hughon than dhg 258uinchepminutari(phaue)635e mMEVBYRES) n t hi s

i nvestiga vestigation, ninety-five through-holes were
| aser-dri ﬁ@gyl nlﬂé[glgﬁ%ﬁ%tg panels simlar to those of the previous

I nvestigations. The hol es had dianeters of about 0.015 to about 0.023 inch
(about. 0. I&&fomthlimwsu@atﬁ:& nimpty-favecthwapk-holeds endre thsat-drilénl iargéleofodiglitbout 20

degrees to the, rfac anel s, The di ame h..each ol e was
measur ed mn{:ﬁ ﬁretop'i gﬂl‘j’ ]Fﬁ%lﬂu% Hestigatipnsf ¢ Etlioi}‘éq?aéga”ﬁ? ertshcg hol es on
each. panealbo\&@@Oﬁﬂcﬁéﬂﬂu%@zs'%dhg(aWt%r38% a%oﬁ(@%ﬁ%ﬁ A RveR orddd@dif at20 i nches

of water (about 50 nbar). The panels were then coat ed by plasma spraying
WI t h an Moranghe oflabout Zibé@grmwrﬂ@p sufatd okthe pands. dbedianGtaigoigiceachabout

bout 0. 008 h  (about, 0.2 th th t hat
o onerhdRie BaSitengival Pt lee RS Bt ol podiaivt At el B8 Hglrsna w tness
- hol e r enadadlefanel Was HBEAhInEE uSIBP Hater 8t MpfeliRe HRFSEE aboed RPindRis@fen enoved

with a waterjet containing the sane non-abrasive nedia and nedia

‘concent r deba S8 gnbask dThepaneds m:r@\xhwamdvfespluagaa sprasingawith 99 MCtoE sane
oz, SAPEE eSLARE BB il TR ppEE RSV,
oper at i o{abaut O20ahy), Ra@itthd @esult that some of the bond coat material was deposited
within each hole, though a witness hole remained. The metallic deposits within these
holes were then removed with a waterjet containing the same non-abrasive media and
media concentration as used in the previous investigations, and with the same nozzle,
standoff distance and traversal rate. The waterjet was produced at a pressure of about
10,000 psi (about 700 bar). Following the waterjetting operation, a ceramic coating
of YSZ was deposited to a thickness of about 0.020 inch (about 0.50 mm) in two
separate deposition steps, each resulting in about 0.010 inch (about 0.25 mm) ceramic
being deposited, resulting in the holes being partially blocked but with witness holes
still present. After each deposition step, the diameters of the holes were rechecked
with gauge pins, the ceramic deposits were removed using a waterjet under the same
conditions used to remove the bond coat material from the holes, and the diameters of
the holes again re-gauged. Afier all stéps were completed, the panels were again
tested with a pressure drop of about 20 inches of water (about 50 mbar) to determine

. the total effective area of their holes.
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of YSZ was deposited to a thickness of about 0.020 inch (about 0.50 mMm) in
two ' separate deposition steps, each resulting in aboutl Sepentber 2606 (about
0.25 mm ceramc being deposited, resulting in the holes being partially
bl ocked but with witness holes still present. After each deposition step,
the dianeters of the holes were rechecked wth gauge pins, the ceramc
deposits were renoved using a waterjet under the sanme conditions used to
renove t hdabledd swananass ¢hd ddta follzntet kerihg lids inastigaioe. Tharetimnsindér t he

hol es agai.fp.re-gauged, ,After all. steps were |l eted, the | s were
again tesrnétéﬁv&g?w ek é%é%r ngéﬁt‘(‘fﬁaf) %Wﬂ(ﬁ&?ﬁ&@@%?%@r ?’f’gﬁbut 50
nbar) to gamedmitde aftbmatihite BE hBRE] VEheaiR? @lunkh @lith MeliRadind GHblSept ember
2006 Table IV _summarizes the data collected during this investigation. The
col utm uné@pge Diameters] tabulsigstbe diametsrs ¢fetvesf iaddes o eachrmanelmacesuned aviflor t he

entire pa (ald S )recpyh iately, after chining the holes. .The first
colum w gﬁlgtehgiq%eg%f)ﬁeg ("%rggéjégtﬁge( ‘B’a)arﬁ? e&%ﬂrj?tﬁ%loﬁe@%h dffeters of
t wo hol es apylicaiie of aie borite 8an. € Ghwvistddnd Gdodindl dviuled Gikr (1Ble) Gange af t er

("A") the waterjetting operation following application of the bond coats.

The seconH13RdeEhabylaithe diamaiers of thersgme hodesgwherpmaasuredywith gaugeInide t he

di aneters t gy | @5 i - DI NS _ "B") and
Catter (- AR ERIPAAR OV A O dhsIBHORID BEcliEh 8F g 7 ) Tt
- and seconfirst adksesond layersaficeramice sgspedtivels VFindlly)ald Mst dohend @gler €Bhalm under
"Final FLowcheck" is the effective area neasured for the entire. panel (all
hol es) fo IPWF?% if the ¢ifoetre qeee dpgasteed dor g‘%e"r”&‘t“? aﬁuegé@li BB OPVEIE ¢ he
second c Figal | : i 2 sl Initial
pond Coat ﬁonili.lgal itri 2R el 0 A O mic e " A
.~ Fl owcheckdeppsitedl in2 mils mls mls mls in2
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0 0.0265 4 17/17 11/15 11/11 0.0326 13/14 11/11 11/11 P 0.0447 4 19/19
13/19 12/13 0.0514 24/24 18/24 16/21 Q 0.0437 4 22/ 24 11¥¢pemtied 2006 0. 0472
22/ 22 15/22 14/19 R 0.0410 4 17/17 11/18 12/13 0.0426 21/21 13/21 12/18 S
0.0379 8 14/15 11/14 11/11 0.0396 14/15 11/15 11/11 T 0.0311 8 13/14 11/14
11/11 0.0334 13/15 11/15 11/14 U 0.0323 8 18/19 12/19 11/15 0.0355 12/13
11/13 11/11 Vv 0.0292 8 12/14 11/12 11/11 0.0307 13/13 11/13 11/11 18
------ - - TABLAIVSept enber 2006 From Table |V, it can be seen that the

di aneters of the holes as detected with the gauge pins generally decreased

W th each process step. This end s, the result of using.gauge pins to
check the diametj,?gla f the® gk%?; mEQEEJQQEEEH@Eﬂﬁﬁger strgﬁgﬂt t hr ough
the full widths of the panels as a result of coating buil dup. Nonethel ess,

the effective Flowwhagleas Thickhdis hol g/ had gotpial | g i Acr egs@iktlyk an aver age
of about 9.3 percent at the conpletion of the deposition and waterjetting
processes, eyidenci,ng that their discharge coefficients had glso increased

si gni fi cabnel (bddBd on t hémilbkschar ganildoef@ibs ent(mils) ng definded as t he

ratio of the effective area to the physical area of the hole). These

Lbras ve wator] erORSRt i T eant 1y LA ovettihe SaR0s CBoa e o at the
ent ran.CeS to
o 1314 111 1111
P 00447 4 1919 1319 1213 0.0514
2424 1824 16721
Q 00437 4 22024 1724 1621 0.0472
22 1522 1419
R 0.0410 4 17717 1118 1213 0.0426
2121 1321 12118
S 00379 8 1415 11714 11111 0.039%
1415 1115 1111
T 00311 8 1314 11/14 111 00334
1315 11715 1114
U 00323 8 1819 1219 115 00355
1213 113 111

v 0.0292 8 12/14 11712 - 11/11 0.0307.

13/13 /13 1111
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the holes and within the holes,, even though the hol es thensel ves were no

| onger wuniformy straight throughout their |engths. Tol Bepdmiztr 2006het her an
i ncrease in discharge coefficient could be achieved with the use of a

medi a-free waterjet, a fifth investigation was undertaken with el even
panels essentially identical to those of the fourth investigation. After

| aser drilling the through-holes, the total effective area of the holes on

each paneFronaJabletIdt i cadbelsesngthatvilicatiahéterd v e Sisles @drdepecet willptie 20
i nches of water (ab panel s were then cl eaned by a| r and

Th
wat er - assg%dm&rgetne@ﬁlﬁs‘?ef”ﬁ@se‘ﬁw égthHPcecS%?’&P ifis end, wag thegesufoft ne
hol
anne, anﬂm Eé%gf or§ ?h@?%ﬁ%mg&domé%oég dWﬁJCK%II%% b F Flﬁ: éﬁt he bond

manner descr I nvestigation, except t
coats wer ‘élro%éﬁb@ﬁxlle‘dldtbs ofhﬁhclplandsesa oésuhloﬁubatmgaﬁﬁldupc MNopethelags, thel5 nm) .

wth a medranrt 8% e pEmete i RS ek o arSitel o583 o abour

40, 000 ( tint 4iG8e EGmpRABH oPthe @ tlonl dhd vl dBed, BHBMR sits from
their hoiagas3 whi | e thglléel event heg%%eoln (Paner 31 \(/:vaset r eat eﬁﬁvq\nﬂflh a

waterjet @eirgisshage gpeffigientsolad als® nmoe@sqsismgmﬁbwty (@scdon Yheadisthargent ai ni ng

t he sane ntratio used |

preV| ous @%@?"?‘f‘gg gir?;ﬁﬁgél'ﬁse sang(‘)a g?ﬁ gﬁ ?r'eg\;%:t]léaﬁhy'sg: arﬁ%"t@'@d in the
previ ous hale)vei‘heb:ﬂaﬂesﬂmmﬂﬁx&tddsﬂﬁt hiar fiditivai ioeeﬁthﬁlaﬁhgll’lﬁpf)ﬂcltsdtlﬁt@d]ﬁe was
about 2.0.inches ( After all three deposition and waterjetting

t .
cycles mé}béasefﬁﬁfﬂt%ﬂﬁ‘éggd ﬂselfga?wéx ynprgesdcthe safacecenditigns o the eriramresdot he t ot al
ef fect i vqp@heRs Ahd Waglih d10 lhgi ’né%mb‘h%ﬁ@{ g{gﬁ Iegﬁﬁe%semg s Wl tlﬁné)e;fr this

i nvestigation are sumari ze m- un Initial
Fl O\A/checklnlfnenlbrrs&anghtﬂnto@betcﬂwwkngﬂﬁa rreasured i medi at el y af ter |aser
drilling the holes, and the colum under "Pre-Coat Flowcheck"” is the total

LT ect1 ety BRSRTRAGHECF, Bhb e Lo R i T O
U L e ahenaL et < SRR s S s gy ot
_ - essentially identical to those of the fourth investigation. After laser drilling the
through-holes, the total effective area of the holes on each panel was determined using
water at a pressure drop of about 20 inches of water (about 501 mbar). The panels
~ were then cleaned by air and water-assisted grit'blasting, tested for total effective area
of the holes, and coated with an MCrAlY bond coat and a YSZ TBC in the same
manner described for the fourth imr-est_igation, except that all of the bond coats were
deposited to thicknesses of about 0.006 inch (about 0.15 mm). After each coating
cycle, ten of the panels (Panels 300-309) were treated with a media-free waterjet at
pressures ranging from about 11,000 to about 40,000 (about 760 to about 2760 bar) in
~ an attempt to remove deposits from their holes, while the eleventh panel (Panel 316)
was treated with a waterjet at a pressure of about 10,000 psi (about 700 bar) and
containing the same non-abrasive media and media concentration as used in the
previous investigations. The same nozzle and traversal rate as used in the previous
investigations was used here, while the standoff distance was about 2.0 inches (about
5 mm). After all three deposition and waterjetting cycles were completed, the panels

were again tested to determine the total effective area of their holes.

19




20 1 Septenber 2006 TABLE V Initial Pre-Coat Waterjet Final Flowheck

FIl oncheck Pressure Flowcheck Change Panel in2 in2 si ihQef3Gibdéd 20864 0. 0387
11,000 0.0254 - 34 301 0.0349 0.0358 12,000 0.0224 - 37 302 0.0328 0.0357
13,000 0.0257 - 28 303 0.0372 0.0380 14,000 0.0294 - 23 304 0.0375 0.0404
15, 000 0.0310 - 23 305 0.0332 0.0340 20,000 0.0269 - 21 306 0.0309 0.0330
25,000 0.0278 - 16 307 0.0343 0.0352 30,000 0.0290 - 18 308 0.0339 0.0349
35,000 0. ASsuttshf i 0elliAdaPad stikfiardd 8PPl 03hbu. R coklin bhder0. 0301
10, 000 0.0325 +8 The above data show that the effective flow areas of the
hol es i n “hidiaZievchsdit] e&:tﬂcdtotaloeﬁfmwnoatreabn%mé imesligtely effert lapeg

only 10, OBk ARG B oy Sao e SR bR s I, Plfpp@etocd v

i nvesti gairéOmeNmbed 4TteR @Fi€ BIABRg ﬂibbhnél@eTh@&blhhﬁx Wider 1Hindl GliswdhecR1is1
Sept enber 2006 i nvestigation. In contrast, the nedia-free waterjets did

‘not i npr dhe tetgk eﬁﬁfft@/@t arge mgasured Tallomingelbefiina Wikl eing: ABFTEER: 0 dCi ci ent |

of the ord » r v BerfHhe CPP-PSI
(about 275813}3% JO ceor thlégsﬁgegﬂf"%wask%tgln ﬂg(gﬁ?wg%re%perred? ﬁllfree j et does
not appr e@oaﬁbmd fmﬁhl’fﬁotvbleecsurface at the entrance and within a cooling
hole, wth the result that cooling holes processed with a jet consisting

essentially of liquid are believed to have essentially the sane di scharge
coefficients as that of an EDM and
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laser-drilled hole. Notably, this investigation also appeared to confirm
the. conclusion fromthe first investigation that a jetl Sapteiber 2O
essentially of water (or another liquid) would be relatively ineffective
in renoving ceram c deposits within a cooling hole wunless very high
pressures are enployed. However, at such pressures the coating surrounding
the holes tended to chip, such that the exits to the holes were not snooth.
Figures 4, 5, 6 and 7 are scanned i nages of four panels in which

t hrough-holes were laser drilled at an angle of about twenty degrees to
the surfaces_of the panels. Figure 4 shows the appearance of a hole in the
as- machi nB8BEENGi tion, while Figure 5 shows the appearance of a hole after
air-water assisted grit blasting. Figure 6 shows Panel 309 fromthe fifth
i nvestigation above, which was processed with a nedia-free waterjet at a
pressure of 40,000 psi (about 2760 bar) after each bond coat and TBC
deposition cycle. Finally, Figure 7 shows Panel 316 of the fifth

i nvestigation, whitdl haBret@oidr goWatgedbcessiFimplwi t h t he non- abrasi ve
waterjet of this invention after each bond coat and TBC deposition cycle.

Each of Figures thr ou 7 Show ghree set,§ of WO | S, Wwth each set
~ being at a nagn?lﬁiwgg‘?c oﬁﬁ% Ch:?ﬁg %ﬁf&“%r 2‘%8&’?}163% inglﬂc% ed. The two
i mges of each set are designated as either "top" and "bottom" neaning
“that thepapHot ogr@ghs are ¢hHt he ugpdy |efthgn®) or | owes) righthand corners,

respectively, of the hole entrances (located on the uncoated surfaces of
I Fi gur recashéand ot her debris

the specipens in F res 6 d 7). 1l e 4,
fromthe er d?pbg ng d)p tion léxogavi Si bloeo2§ﬁong f edge defined by

the entrance of the hole in the as-machi ned condition. Al of the

speci mensg@gxhi bi § ggagsi M Ipgzggecastiogpg debriggohgmedi atghy after |aser
drilling. Figure 5 shows that air and water-assisted grit blasting at
pressures of about 60 to 80 psi (about 4 to about 5.5 bar) was able to
renove soff of t®832&castl. debdBd00put t 902522 1 SepBenber 2006
irregular surface of the hole is still evident. As seen from Figure 6, the

medi a-fr e%gowgt ?6'%)2{)2 tregf t perl%%ﬂfed on Olfgﬁgglm 309 _pyater pressure of

about 40, Si out 2 bar))’was success i n reopening the hole
after bond coat and TBC deposition,
304 0.0375 = 0.0404 15,000 10.0310 -23
305 0.0332 0.0340 20,000 0.0269 -21
306 1 0.0309 0.0330 25,000 6.0278 -16
307 0.0343 | 0.0352 30,000 0.0290 -18
308 0:0339 0.0349 35,000 0.0291 -17
_ 30§ 0.0326 0.0342 40,000 0.0299 -13
316 | N/A 0.0301 10,000 0.0325 +8

~ The above data show that the effective flow areas of the holes in the panel subjected
to the non-abrasive waterjet of this invention increased by about 8 percent, even
though the pressure used was only 10,000 psi (about 700 bar). Accordingly, this

result of the investigation was in agreement with the results of the fourth .
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t hough the TBC coating surrounding the exit of the hole was noticeably

chi pped. Debris fromthe bond coat can be clearly seenl Septantfer 2804 s of t he
hol e, evidencing that the waterjet treatment was ineffective in
reestablishing the original size of the hole. Furthernore, the appearance
of the surface surrounding and within the hole has not changed, indicating
that the waterjet did not alter the as-machined surface finish of the

hol e.  TheaReARa@sn alnl RREaRIHE tncliidfed NateHat aid r{btﬁﬂgfo%\tﬁetéf?&ti%%d t he
media-free waterjet treatnent did not increase t effective area (and,

t her ef or eand therefiire theadigehargeomkefliciénsnfahe ofiginldasenideidled holsnpred0ees and

i nstead the eff l.ve. are redyced .. fromthat of .t ori gi.nal

| aser - dr i ?_flg)dtoﬁ@r a8 @E?litg&%ﬁ b8‘§' %ﬁ (_)rﬂ}ng eﬁc‘@asocfmfolﬁ e‘ﬂ%ﬁtcfl 1@% g'reaebri s.
Finally, fet @otstol agpteclgnl§ @sodifyans b@sdct Gt Bkleffhndehall WillSn BeBolaly add,ve
waterjet treatnment of this invention has on the appearance and surface

texture oVWithde whult Hat coplingdielasaireesssedrwitiap gt congstingogsseniially af Hawide
- abr asj ' I | ' f t d t
O 3007 Ark BelBEE4 il UERATR] o imd ATOEeAbderf I B whf ATREISMARRT, Co8

and TBC sition cycles, r~ surfaces of the hole

. have: a shiasey-deifipé holen Mntaty tHizievesggdtida talsb hpp&ied ac@nfitmitisdcoatlutios hol e and

hol e entrance has been inprqved fromthat of the |aser-dril]ed, h% e. The,
* . appear anc{gom&e gﬂﬁblﬂ@?ﬁ%&%@bthahwqt FeRsfStige esgntialtyeaf watct (o8 apihes jayid)
char act erw&ha%e%laﬁuagqs ecmsri&fr&g&vqﬁ%eée&%yd H%o@ﬁ?@vi{lﬁ{@‘éﬁg% hélgpact
e y npacts t a

fracturing or otherw attened t he non- asi ve nedi a.
Ther ef or aildsm vagdhighgnedsoreis rgoe. @wipluyet.h dlovedvieg cdti sneh qresaures tier eméingg t he

~ discharge coefficjent) of a.coql.ing hole, the nop-.abrasive watefjet
- treat nentuHPUR ﬁl%ﬁ%emifﬁﬁ?n&ﬁdm Bﬂgg:/h et the €K tﬁﬁab@sﬁ afﬁ%?éwawaootb%ysi cally

alters the surface of a cooling hole as conpared to an identical cooling

.. hole traagags #4316 sdedicachinR iMAEQrdrabur JHAES iRRBHH Sirddohaldi@Gherts further

evident in Figure 8, which shows a |ongitudinal section of a _through-hole
pr ocessedasendiilied stdarmmgle0f abeuiiwentydegrdee ihtiesusthesarofithe panglsr &igure Roundi ng

coet 1 ci oriosp heRHRRBN Gl BT LG o acRiEee Bondifgh AR e Mol 95 1

-Sept enberthe §ffzarance of a hole after air-water assisted grit blasting. Figure 6 shows Panel
309 from the fifth investigation above, which was processed with a media-free
waterjet at a pressure of 40,000 psi (about 2760 bar) after each bond coat and TBC
deposition cycle. Finally, Figure 7 shows Panel 316 of the fifth investigation, which
had undergone processing with the non-abrasive waterjet of this invention after each
bond coat and TBC deposition cycle. Each of Figures 4 through 7 show three sets of
two images, with each set being at a magnification of 50x, 100x or 200x, as indicated.
The two images of each set are designated as either “top” and “bottom,” meaning that
the photographs are of the upper lefthand or lower righthand corners, respectively, of
the hole entrances (located on the uncoated surfaces of the specimens in Figures 6 and
7.

In Figure 4, recast and other debris from the laser drilling operation are visible along
the edge defined by the entrance of the hole in the as-machined condition. All of the
specimens exhibited similar recast and debris immediately afier laser drilling. Figure
5 shows that air and water-assisted grit blasting at pressures of about 60 to 80 psi

(about 4 to about 5.5 bar) was able to remove some of the recast and debris, but the

22




An observation made throughout the above investigations was that the
spherical particulate media did not fracture to any silgbépténabar200egr ee
during the waterjetting operations, evidencing that the treated hol es were
not subjected to abrasive particles to any significant degree. An

| mportant benefit of this observation is that, in contrast to abrasive
nmedia, the particulate nedia of this invention can be reused by recovering
t he |i qui drg¢andaremyfacesefptie dicleniy stileevipdemt.i Al setre fromdFigufer @ rthe heedla-fies d, and

then drying, t articul ate nmedi a hat it can | ajer. reused jn
bnot her ” wilsriel FrfiRGhBHioRbfL A Pades 3B ks e o nuihdiaol s Tiou!

wat erj et t DPED PAYICRESsUbELE T ROleoRMiTORIIT S84 bBXd ESHR and TWREd&Glosition,
particul ate nedia since the used nedia is substantially free of fractured

parti cl esthongh th,dB&t epating esweroveding the gxit iof thy bpleewasonotinsalds | ghipyied.

A N ey R = R R G e

i nvest i gatheomaterjéthtecatthdr® Glds (RS EvOin fecliRBLMM@PHE \Riginab ket joftheBsleeval uat ed
with a copgbustor liner having |aser-drilled cooling holes with dianeters

“of about BUEhemEE. fsoiRpeeranegesof; the suyfagsosirraqundige rapd avithin the. lde hay notrhe

i ner was.y ] LA ‘ )| : L Q- hi ckness of
about 0. JORERESRACURN (RFBRIALIA oL p Vol 6hihe OB L B B "o
steps by idS fThesehabservatidis ragteethitle kvedma of Tatho Wt thét d0eil nisdhmediachide 0. 50

mm) . Deposits from eac coating operation were renoved from.the cooling
 hol eswi t WYY %MP&MF e W pHect. aea g ine fEeﬂle%Fcll&‘%fss

spheri Ca'coléﬁﬁﬁ'éhtﬂad&‘ 6 el TR IFahS! @69,-%9%&%&1 2 efRRGW a9 WsCfangiger s The
wat erjet was produced at a pressure of about 10,000 psi (about 700 bar)

-wi th a nozotéhdtay itheprigingl daser-duillalf hadld asit résulisd theprhsepebofithe boadwodt.  Bef ore
deposi ti ng t.he TBC ("Pre-TBC') and after renoval of the TBC deposits with

t he fi nal &Eﬁerjetting step ("Post-W"), the liner was fixtured so that
five different sets of cooling holes could be individually eval uated for

ef f ecti veFisdlBa Figurel 7 RvRIsades ehaldiaftic effeck gl thd NRDABtasiiengsof ravdinesit (about
50 nbar). The, neasured effective areas are summarized in Table VI bel ow

) e,
- 24 1 Septofiyginveptien hapapthe sppearance and surface texture of one of the through-holes
in Panel 316. Not only did the non-abrasive waterjet successfully remove all debris

from the bond coat and TBC deposition cycles, the entrance and interior surfaces of
the hole have a shiny appearance, evidencing that the surface finish of the hole and
hole entrance has been improved from that of the laser-drilled hole. The appearance
of the entrance and interior surfaces of the hole is characteristic of surface
microfeatures having been removed by impact fracturing or otherwise flattened by
impacts with the non-abrasive media. Therefore, in addition to improving the
effective area (increasing the discharge coefficient) of a cooling hole, the non-
abrasive waterjet treatment of this invention visually alters the appearance and
- physically alters the surface of a cooling hole as compared to an identical cooling hole
treated with a media-free waterjet. This beneficial effect is further evident in Figure
- 8, which shows a longitudinal section of a through-hole processed in the identical
manner as the hole shown in Figure 7. Rounding of the hole entrance, which has the
‘effect of increasing the discharge coefficient of the hole, is evident in the 25x

~magnification image.
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Cooling Pre-TBC Post-W Change GCircuit in2 in2 (%9 1 1.9653 1.9917 + 1.34
2 2.0227 2.0921 + 3.43 3 1.7437 1.7771 + 1.92 4 1.31205¢pt3@8420@ 43 5
1.4694 1.5711 +6.92 Sum 8.5131 8.8280 + 3.70 The above results clearly

evi denced that a significant increase in the effective area, and therefore
t he di scharge coefficient, occurred as a result of waterjetting the liner
cooling holes with the non-abrasive particulate nedia of this invention. It

i s esti mAneebsetvation meaddi thuhvahget theedtoveiiendstipatione asasdtifat dim aphesicalr age of
)., .cortrespondi ng

about 0.88 (Pre- T t n.aver age of .ahqut 0O, 91 oSt - ,
o he 5 Batifilte aeid cleP B8 LB any e PG (B MaisRinG and &
percent i HEiRRHESevadbneiny Ahat tBE trehfdd WM -WRE B8t SbRiteddo WbkRivRParRiasi ve

waterjets in previous investigations, it is believed that di'scharge
coef fi ci etotagyisignehieaatdegsde. 0AQ impeman bewifislof this observation isnthetaini cmtrasthi | e t he

i ti ' ' 3 f . f d enbodi nent . it i
wppar ent CropssRETAeAE I LA MELRe B AR tat BR riRhEY FRPHegr o
exanpl e, thbdiquidh @eeay separhigs tHeypfidulad ntkd HoRethp eiquRt, ARd 1eh &9niged

articl esatgt her, than the conpustion liner discussed, and coating nmaterials
ot her ' t halfie PrIGiswlateduedia sothatip gambg leter reiped imangihen watesieting-cppraionvl j et of

this inv ' : | ' ' . imted

“only by ? Etgb?%‘ieﬂgg\ng rﬁgﬁ%‘gf‘ﬁ% %@fe I{Ogé 301}%%%@95%%%{1@1& 1%.dbl§' {6{#” ocess of

o e][rp_vi ng raus?:e:;fcthd: paﬂicd?teanﬁdiaghgb-ﬂ_mahfdgﬁecﬁa @mb@mﬁtiﬁllyh_ﬁwhﬁﬂﬁacn@dati ng og
a first surface thereaqf, the deppsit, being contiguous with the coating an

“not “ ful |R?ﬂ&??§sﬂfgﬁwgor€ﬁ?w&ﬁ-sl Bﬁt@}uailﬁéfegr%@égs%@bmw%whéh@?ep gf

di rect | NGofeld idldpeORR Rhull Beuse Shfbl b Gbi g Wi Bbfind hARMAISECONd

surface of the conponent opposite

. Following the above experimental investigations, the effectiveness of a non-abrasive
waterjet was evaluated with a combustor liner having laser-drilled cooling holes with
diameters of about 0.015 to about 0.023 inch (about 0.38 to about 0.58 mm). The
liner was processed by depositing an MCrAlY bond coat having a thickness of about
0.008 inch (about 0.2 mm), followed by a YSZ TBC deposited in two steps by APS to
have a final thickness of about 0.020 inch (about 0.50 mm). Deposits from each
coating operation were removed from the cooling holes with a waterjet containing
about 20.8 weight percent of glass spherical beads having diameters of about 45 to
about 90 micrometers. The waterjet was produced at a pressure of about 10,000 psi
(about 700 bar) with a nozzle having a diameter of about 0.050 inch (about 1.3 mm).
Before depositing the TBC (“Pre-TBC”) and after removal of the TBC deposits with
the final waterjetting step (“Post-WJI™), the liner was fixtured so that five different sets
of cooling holes could be individually evaluated for effective area at a pressure drop
of about twenty inches of water (about 50 mbar). The measured effective areas are

summarized in Table VI below.
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first surface, the jet containing non-abrasive particul ate nedia and bei ng
enmitted froma nozzle at a pressure insufficient to rehBepersbds208ntial |y

all of the deposit fromthe through-hole if the particul ate nmedia were not
- present in the jet, whereby renoval of the deposit is primarily by the
particul ate nedia propelled by the jet and not the liquid. 2. A process
according.to . claiml, wherein the coating is a ceramc |ayer on the first
surface oﬂygﬂéEEBnponent and the deposit is a portion of the ceram c |ayer
that extends into the through-hole fromthe first surface of the

conponent. 3. A pERCESS ¢ ng f’&’st-"‘v{/ im1l, \@%rgei n the conmponent is an

air-cooled conponent, and the throtugh-hole is 2ol i ng hol e that
intersects the first and second surfaces of the conponent. 4. A process

accordi ng to clGirauitl, wherdin)the pr@s3yure of thegjet is not higher than
1100 bar. 5. A process according to claim1l, wherein the pressure of the

jet is not higher than 1 ar. Q. process according to claiml1,
wherein the presiure of tﬁggfit isqa&?@at 400 t&al-égout 1000 bar. 7. A
process according to claim1l1, wherein at |east 70 percent of the particles
of the particul2te nedia2lpayer a splpgpical shape48. A process according to
claim7, wherein the particulate 26 ------- -- -- 1 Septenber 2006 nedia
is substantially_ free of particles that have fractured. 9. A process
according to clafm 1, whetdt¥ the pefficul ate mdefi?a i s gl ass beads. 10. A
process according to claim1l1, wherein particles of the particulate nedia

have dianeters 4n a ranggspfy abouf z4psto aboujr69£e mcronmeters. 11. A
process according to claim1, wherein %he particulate medi a constitutes
about 10 to about 30 weight percent of the jet. 12. A process according to
claim1, whereithe parti-¢efidate mkdihl constit+6£2 about

Sum 8.5131 8.8280 +3.70

The above results clearly evidenced that a significant increase in the effective area,
and therefore the discharge coefficient, occurred as a result of waterjetting the liner
cooling holes with the non-abrasive particulate media of this invention. I is
estimated that the discharge coefficient increased from an average of about 0.88 (Pre-
TBC) to an average of about 0.91 (Post-WJ), corresponding to the 3.7% increase in
effective area. In view of the 9.3 percent and 8 percent increases observed for
through-holes treated with non-abrasive waterjets in previous investigations, it is

believed that discharge coefficients in excess of 0.91 are possible with this invention.

While the invention has been described in terms of a preferred embodiment, it is
apparent that other forms could be adopted by one skilled in the art. For example, the
process of this invention could be performed on coated articles other than the
combustion liner discussed, and coating materials other than those described could be
removed with the non-abrasive jet of this invéntion. Therefore, the scope of the

invention is to be limited only by the following claims.
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20 wei ght percent of the jet. 13. A process according to claim1, wherein

the particulate media renoves the deposit fromthe thrbﬁ@ﬁeﬂﬂlﬂfé%@l marily

by inmpact fracturing the deposit and not by erosion or abrasion of the

deposit. 14. A process according to claim1, further conprising the step of

depositing the coating on the first surface and the deposit in the

t hrough-hol e by plasnma spraying in a direction toward the first surface

that is not parallel to the axis of the through-hole. 15. A process of

r enovi n&ld’ébg%'i ts fromcooling holes that intersect a first surface and an

opposi tel y-di sposed second surface of an air-cool ed gas turbine engine

conponent, t?\ YOG ot BUBg'aS%bgs& *ﬁ%n?%%%ug%-ho%erﬁﬂa%& efit ARLRS hi ¢ bond

coat on the PStTsurface o conponent a ep05|t| g a ceramc |ayer

on the boatthgonad fissd strfade thertal theadeposit being notigheps siiththa ceatingraaslert i n t he

cool i ng les,. th eposi s, being contiguous w,th the ondc

cer ani cflﬁgwlpsms ﬁﬁglsﬂlgléflﬂ)le e PTRERS FaFIBPSEIE LR B B%Mgn@thﬂaﬁg

- removi ngo gy ﬁ%&%ﬁ L%%r}ﬁﬁé KB @sacsﬁd %féc@%fmdmnmlcﬁ@om@mt he
second surfac e component, the jet being emtted froma nozzle at a

pr essur dirstfsuifass thel]&hconZa‘rinmgSep{abrdsme r2afsilatd t@diabend teing @vitted ifsinng a

liquid containi ng about 1 about 30 i ght t. of a her } cal
non- abr 45746 ahar eSS st 10 FEmOXS gF ﬁmﬁﬁg@gﬂ b Sl depsis o e
‘wher ei N Beot-Rile iOHE gm@ﬁiﬁ%eﬁm bR ﬁd@%s@& mfﬂﬁhl RE vierdyaemReaN6E s f ace

and |rrproves the surtace finish withinthe cooli'ng holes. 17. A process
accor di dgpasit is tpaimmrilp by Wepaticuleteengdie psepallcd by tthejef atd ot thebdognid 400 to

about 1000 bar 18. A process according to claiml15, vvherel n at |east 95
per cent ,of t articles of the particylate nedia a | ass havi ng a
oher1 ¢t shAnbeiy aSexiing o c L DGherrhE bR £ @ igtaPd R R P

parti cuk@iffceBthe chMmponkt had theddpbsit i £ poRfonlithe ebafid Rgbr tavetéddact ur ed.

20. A process according to claim 15, wherein particles of the particulate
medi a have the through-hole from the first surface of the component.

3. A process according to claim 1, wherein the component is an air-cooled
component, and the through-hole is a cooling hole that intersects the first and second

surfaces of the component.

4. A process according to claim 1, wherein the pressure of the jet is not higher than
1100 bar.

5. A process according to claim 1, wherein the pressure of the jet is not higher than
1000 bar.

6. A process according to claim 1, wherein the pressure of the jet is about 400 to
about 1000 bar.

7. A process according to claim 1, wherein at least 70 percent of the particles of the

particulate media have a spherical shape. |

8. A process according - to claim 7, wherein the ° particulate
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dianeters in a range of about 45 to about 90 micrometers. 21. A process
according to claim 15, wherein the particul ate medi a coh8trtenakes20ebout 20
wei ght percent of the jet. 22. A process according to claim15, wherein
removal of the deposits is primarily by the particulate media propelled by
the jet and not the liquid, and the particulate nedia renoves the deposits
fromthe cooli ng hol es primarily by inpact fracturi ng the deposit and not

by eros rasl n_ of si t process according to claiml15,
wher ei n“'{ea@‘%é‘% fangially: @%qoﬁ@r%‘gfﬁ)'g‘?ttl@de%? tRdasma spraying in a direction
toward the first surface that is not parallel to the axes of the cooling
hol es, gnd Whlhesss Qwoﬁﬁn@a)vaﬁa] fli ReLie s Riti @b inddiali® ﬁtags Bhayt 0.25

milineter are present within the cooling holes after the ceramic layer is
deposited. 24. A process according to claim 15, further conprising the step
recover ifg t Aepiopessiadeordipgde daim Temhsvein pattishes ofethe patticnlgta Medisheve cul at e

rredlafrom he. | i UId rtlculate nmedi a, and then reusing the
parti cufi %’(ﬁ'i%r ?fﬁ"g’ ﬁ %9@33?0“&@? E?)T%S@Ss according to claiml15,
wherein the conponent is a conbustor liner. 28 -- ------- -- --------

- 1 Sept embar prébédd acdRBieE 3 AmREMAHIE the SEiAdulNG xﬁERQSbﬂ'stﬂEREﬁ\/thut
THROUGH- HOLE ﬁ)N A COVPONENT AND COVPONENT PROCESSED THEREBY ABSTRACT A

pr ocess 1@to showbdP weichepmsent of thedst- f r om t hr ough- hol es (12) in a conmponent
(10), such as netallic bond coat and ceranmic naterials fromcooling holes

(12) 080 2 5o680Led B8 b WE NGt TRCREAGRSH, LonRiE AUhAT Y

effectlve i n" ROV 1 natefl epos cooling
conponem\w(eil@)paeeraolf&&qbﬁ of depositing a coating (20) of the TBC
material on a surface (14) of the corrponent (10), in which the deposit

22 d f h | hout . d h |
ot (18- 0r A RCTBaRiTEGD (BT SR, PEREHEROMANY PV 435 on i he
coated g ﬂi&sft%(tﬂé)chrgﬁgﬁ H&ecﬁﬂ%ﬂ@ﬁy it fACRIEREAhE MpdBRhid Bot Byt hat the

cool i ng
erosion or abrasion of the dep051t

14. A process according to claim 1, further comprising the step of depositing the
coating on the first surface and the deposit in the through-hole by plasma spraying in a

direction toward the first surface that is not parallel to the axis of the through-hole.

15. A process of removing deposits from cooling holes that intersect a first surface
and an oppositely-disposed second surface of an air-cooled gas turbine engine

component, the process comprising the steps of:

depositing a metallic bond coat on the first surface of the component and
depositing a ceramic layer on the bond coat so that metallic and ceramic deposits are
present in the cooling holes, the deposits being contignous with the bond coat and

ceramic layer, respectively, and not fully closing the cooling holes;

removing the deposits by directing a jet at the cooling holes from the second

surface of the component, the jet being emitted from a nozzle at a pressure of less than
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i ncluding the entrance to the hole (12) at a surface (16) of the conponent
(10) opposite the coated surface (14) and the coating {3ejtember280hdi ng t he
exit of the hole (12) at the coated surface (14), exhibits inproved
surface characteristics that increase the discharge coefficient of the
cooling hole (12), as evidenced by an increase in the effective area of
the cooling hole (12). Fig. 8 29

1100 bar and comprising a liquid containing about 10 to about 30 weight percent of a

spherical non-abrasive particulate media.

16. A process according to claim 15, wherein the jet rounds edges of the cooling

holes at the second surface and improves the surface finish within the cooling holes.

17. A process according to claim 15, wherein the pressure of the jet is about 400 to

about 1000 bar.

18. A process according to claim 15, wherein at least 95 percent of the particles of

the particulate media are glass beads having a spherical shape.

19. A process according to claim 15, wherein the particulate media is substantiafly

free of particles that have fractured.

20. A process according to claim 15, wherein particles of the particulate media have

diameters in a range of about 45 to about 90 micrometers.

21. A process according to claim 15, wherein the particulate media constitutes about-

20 weight percent of the jet,

22, A process according to claim 15, wherein removal of the deposits is primarily by
the particulate media propelled by the jet and not the liquid, and the particulate media
- removes the deposits from the cooling holes primarily by impact fracturing the deposit

and not by erosion or abrasion of the deposit.

23. A process according to claim 15, wherein the ceramic layer is deposited by
pIa'sma spraying in a direction toward the first surface that is not parallel to the axes of
the cooling holes, and witness holes having diameters of about 0.15 to about 0.25 .

millimeter are present within the cooling holes after the ceramic layer is deposited.

24. A process according to claim 15, further comprising the step recovering the liquid
after the removal step, separating the particulate media from the liquid, drying.the

particulate media, and then reusing the particulate media in the process.

. 25. A process according to claim 15, wherein the coinponent is a combustor liner.
28






