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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).
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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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to application of the TBC. However, the presence of TBC deposits-in the
cooling holes of an air-cool ed conponent can detri nenti$épreraper@606 t he
service life of the conponent as a result of the TBC altering the shape
and reducing the size of the cooling hole openings. For TBC s deposited by
pl asma spraying (APS and LPPS), a significant amount of ceram c can be
deposited in the cooling holes when depositing a sufficiently thick TBCto
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: 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 é 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




such as water, at very high pressures. Cammteaches that the coating
outside of the hole on the coated surface i s undanmaged! Beptemiss 200@
conponent itself serves as a nmask to prevent the jet fromeroding the
coating. Wiile it is known to nodify a waterjet to contain an abrasive
media (i.e., essentially nonspherical particles with sharp corners and
edges), practice has shown that the erosion and abrasi on caused by
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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
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conponent and depositing a ceram c |ayer on the bond coat so that netallic
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' hole 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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hole if the particulate nedia were not present in the jet. As a result,
renoval of the deposit is primarily by the particul at el Rgderabgr26p&! | ed by
the jet and not the jet itself. A notable feature of one enbodi ment of the
invention is the ability to produce a conponent whose surfaces surroundi ng
the hole and within the hole are deburred and snoothed, such that the

di scharge coefficient of the hole is increased. In particular, the surface
conditions of these surfaces may have the appearance of being inpacted,
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enmbodi ments of this invention are nore efficient in terns of their cooling
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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 thrée 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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Figure 1 represents a sectional view through a cooling hole of a conbustor
liner, showing the deposition of a coating on a surfackSefterber 200her 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 follow ng
renoval of the deposit fromthe cooling hole in accordance with this

i nvention. Figure 3 represents three cooling holes, two of which were
formed bydEHREsand Ihesetreatett iwith rag veatet Fet ecoctmiingg @d non-ablasivasmedia hinned

condi tion bei n for med by laser 5 1 Septenber 2006 drilling
and then ?Crcé%n%%ﬁﬁhl E*jet containing a non-abrasive nedia in

~accordance with this invention. Figures 4, 5 6 and 7 are scanned i mages
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t hr ough- hoJ e after ][,%rocessr ng with a jet containing a non- abrasive nedia
in accor Hi s i nvention. DETAI LED DESCRI PTI ON OF THE | NVENTI ON

Figures 1 and 2 represent cross-sectional views through a cooling hole 12

that i NEEEEC ShowdrapResind isHbase Rifded iy l&fuoﬁﬁt of! draEQRRA combust or
liner 10 of a gas turbine engine. The liner e forme an iron,
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nthe art, to mnimze the service
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t enper at urﬁ%@g@ﬁi Iﬁa éorrg%evﬂg’akﬁls@venpf’ﬁnsferred fromthe liner 10 by
“forcing bleed air through the cooling hole 12 froma passage defined in

part by THTALFDEDESCRIPTIONGH THRINVEDNEIONOUNt of heat transferred to the
"surface 14 of the liner 10 can be reduced by form ng the cooling hole 12 to

be Figures 1 and 2 represent cross-sectional views through a cooling hole 12 that
intersects. 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 arld any surface irregularities within the
hole 12.




di sposed at an acute angle 28 relative to the surface 14 of the liner 10,
so that air discharged fromthe cooling hole 12 fl ows bSeptemnber 2606 f ace 14
of the liner 12. Suitable techniques for formng the hole 12 i nclude EDM
or laser drilling, though it is foreseeable that the hole 12 could be
formed by such other nmethods as casting or abrasive water jet machi ning.
As a result of the formng operation, the hole cooling 12 is shown as
havi ng a MThedaer His shagn amBigares Ubs having alcbatingril(f deporicddr autha sudiceslsh-

section. T .0 e heat trapnsfer . fromthe liner 10, t.he coolin ole 12 is
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and any surface irr_egul arities within the hole 12. 6 1 Septenber 2006 The
liner 10 Partiswaihnsyitable bandecozt matenialsiingude difasionglidtintlepadior dCu Yt he

surface 1 [ 0,..c ting.20 may be a netallic terial, a
cgr am c mater &é%)%(gﬁ ’I glg[lﬁja Sugf {;,%ef#)@fﬁq%fﬁés ?ﬁé’%@/?i’lggﬁ%(g%{rlﬁzggaﬁ‘@&al
met al | i ¢ jnedd(yetpiatstabiliked zireosin] 6r THL), th&%htﬂi&blhiﬁr $tabil2Bd ifAoRgiacoat
materials in %qude di ffusi on al um ni de_and/ or MCr Al \; overl ay coati ngs,
“while a s‘Eﬂ“ll‘g wedEe Wbk asrzirgpnip stapilized Ry athsnexides, sychsasamignesiaMaDhh - yttria
ttria- b led s ' aLhAQu Zi i | i]ized with
" §/%/t ria (S:(%)azclq% (gﬂscgi(}{l (\(ggb%ﬂ%%%%l) ﬁ%@ﬁ 'agg%eag(:;(fqﬁl%e@bl%§bo¥hszl%’%gxélsdes, such
as nagnedhaxing\y Gposit 22| adharddCaQts wak rddaas( £eds)t oft the pasudbsaby SdidciBihe The

cooling hol g 1éoi S ﬁhown s . havi nrg@ra deposit 22 adhered to its wall 24 as
“a resul t CFRNEY Bap deRSTE( Figwe LitRresebnibe gatig 4R as heipssepesited bygure 1
r epr esentyiadntdss ' ' ' . ng. _such as
AP o ’%‘%%i A PrRRELS infYow BLASIE B hiome 1T o
ot her. de;ﬁbBPg] ugh othes slepositen progesses exlild be uagah| Fotapplycthatcoating?®), t he

sui taol o BEfpd RER e pBUEORElaf e ST Hrnal ipeble G b %0 SpURYE e
coating nRptglappra@s IdchRd laidjaeént tHtubfaBlO tPdply thEIcBMiR: rhaRAMS he A% 2! € 26 of

a spray %ailgr(}tatécfugh whi ch the coating material is

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 .




-t 0 about

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 th8emeabér?§000 to a
t hi ckness selected in conbination with the spray angle 30 to prevent the

coating 20 fromentirely filling the hole 12. A preferred spray angle 30
I's greater than ninety degrees relative to the axis 18 in order to
mnimze the size of the deposit 22, i.e., the anobunt of coating materi al

deposi t ed Torensure thah laim&dliotodting (Bel, ®odd comp0s db&s ndienshebloslomelhele26. | n
eri.al is preferably sprayed onto the surface 14

ddition, .the .coati _
gf It thleolni r\%»rt%idﬁlgﬁ‘t’é&g%g%t erayng 2D g padeigalysaboyt 0404 inghes tapbent GG y-fi ve
degrees rgcRéd HBoH00.1080 SBbHEE.85 :lnén%, t}ﬁ&%ﬂérgfe{fﬂ%‘}gl(z}o t%.Odffqg'ch?g%ﬁoélz less

t han about fo[t}(l-flve degrees ten 0 ca ating 2 ave
unnel t ed 808&gichyabaiy 0dfdo labowtr).20emmi)] &Visdr ecgarhic doativg Gvg. OTBEN2G &5

| i d ' . it . ' 0 | 10 with i
ol s 20- uegsaied, WG e vt 2 e el ebont DiBeteheido rbovng
- di anet er s0.000 ks (Bbdie @.0750t0aB3 0.51F bk phRdte HeRPaHIP oBbRUS.00 TREM . 2

suitable orientation for the spray nozzle 26 i's an angle of incidence 32
of about EBPYHLZS pan)de gnwesthe soating 2 ddeamot dntirely bladkahé holerl210n ezohd an

.angl e 28 ' f, the,holes 12 of about 135 deqreges. 7 1

Septenberéag%g%é\@ghgﬁé)gjﬁg%tﬁw%ahoﬁr%?%lﬁr?‘@aﬁsoﬁtvpﬁ&si g‘?%t 85 5% C 3‘?’) 20 does
not enti régyreldl ock the hole 12, the thickness of the coating 20 is
preferably about 0.004 inches to about 0.010 inches (about 0.10 to about

0.25 mm, re pref.erab about 0.004 inch to about 0.008 inch (about 0.10
15 By eyt iR meHave ag thegpatiee 0.1 ¥yl bosd oaiptei  ed,  he

.t hi cknesieBhsit MecAoRH 4 ' aho 08 4 t+3 :ahout
0.020 i nofpoH Ap okt O_ng’gg‘?g@%t%ig#glg&r#@? %P%V%f‘ g?ﬂé?g‘gﬁ‘ga 388°8" 010
i nch. (abldE oothe3inenj 0 has texs weterntdiroootat ifiell, BG: atisg DDis rembivedwith bl ock t he

W tness MOTEEREYe 5T o reoRaatR in gfiwens ‘oo bein, el o eonbel o
ronutoct o scms nged el e B oz MikowlgRsi 22
a preferred aspect 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




TBC or the liner 10 has been returned fromthe field, the coating 20 is
renmoved with a non-abrasive jet 34 represented in Fi gurBefderabert2806ig
emtted froma nozzle 36 approximately coaxially aligned with the axis 18
of the cooling hole 12. According to a preferred aspect this invention, a
non-abrasive jet 34 is able to renove the deposit 22 fromthe cooling hole
wall 24 wi thout damaging the liner 10, the wall 24, or the <coating 20, and
in additi belicved to the ﬁ%aplaim Isﬂeelyslm‘t perpailyl ingtHeh@nef fangé eﬂ'opar@cﬂe tsiwes. cool i ng

hol e 12. The the.invention i s ternmed non-abrasjve
because i ar@S%P?ﬂﬁ& "ﬁcﬁ?}{%ﬂﬁs@%ﬂ%a@apq“ﬁran% F?@?ntflinu JeWW k various
f1uids cohallerfartéhedioeyBiifallySnRietlifld §hidht: BR0CERYL 8 hich sal e and
because it will not chemcally affect the coating nateria e liner

10. A sui tshrtopindids sffectpyiensss of wl@uew Auriem alvauz 201 penoem:saf I’ﬁhﬂ:ﬂﬂed’lﬁ, aldout

up’ Co. aborp ot AR08 neof ko has & Fiherisl ShapERLavhbl bt ai e

about 10 damagbovhbraslones B todlaicdfd 12f the non-abrasive nmedia, wth a
medi a content of about 20 wei ght percent providing excellent results. As a

non-abra:ﬂq\éﬁ medi a, .particles entrained in the jet 34 lack the sharp
corners SIR9ESSs of Emayingeithsr agneialliprar eqrpmicoooatingl20, ike bagr Idreendeabl y have

.. - a spheri GiheeahgP e nSabil rr%ﬂt}? shﬁ@rﬁf Ah Elghﬁfﬂtgb% 9{%1 ap Efﬁ‘éjsné)%let%e type

used for "peening. An exanple a’suita non- a I S’ beads
f ormed ofconnetted tlomaSLgﬂablssmter FEhpparats, dﬁhv&ﬁ%d’lmﬁ-ﬂgaﬁve 3 thtdubh sSieve)

' f S t d t hout 45 t bout 90 t
v 1t ary Y60 bl gl S G ofibe et AP BERES ve' meci a
s 81 @@feﬁg@ﬁrspl%%)@at tﬁ@éﬂtﬁ'a‘ﬁ%@ of ﬁle%lesfﬂo@ét&fét il &ftact 18lor ally in

the sanme range of particle sizes. Larger ficle sizes generally
necessi t d0eoppositpbe CMgaZQ:om emtabﬂmsihmk)ff distanwm%e dissaeek [tetwgmrthe cl e si zes

sener ! YoBFS83hd Bt A SE oA PG00 085 8 Rt e B YFSRT ' oo o
and . nor enpy, eh®igd Proatd@tant @@&sér cﬁ@aﬁ&a@%@ Tor@gee'&m@ Ezﬁ%%@c I?ﬁ’s'iaxﬁé Rhéje: cal shape
to av0| d_undue damage or abrasion of the cooling hole )

34 preferably hasa diameter of about 0.050 to about 0.150 inch (about 1.3 to about

3.8 mm). Unlike 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
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In the process of renoving either a netallic or ceram c coating 20, the
liner 14 can be placed on a turntable (not shown) and t Bept¢mbbenf2668 e
rotated as the nozzle 36, connected to a suitable water jet apparatus,
delivers the non-abrasive jet 34 through the witness hole remaining after
deposition of the coating 20. As shown in Figure 2, the jet 34 is sprayed
at the entrance of the hole 12 | ocated at the surface 16 of the liner 10
opposi t e athrébutabid it ghe Qepddits B2 tirikge réﬁ@ﬂﬂofaﬁmﬁﬁil?taﬁciﬁcﬁﬁm@ eiusépmge bet ween
the nozzJe 36 and the surface 16 of the liner 10) is about 0.8 to 2 inches

(about 20MERECEOVIUNHC Padery Ansiradaelerrosipn cpussd &y adict ohvater avery bigkseeabl e.

At these gl.sifARC ] | .di ageter, o 0.050 to
about 0. 150 | nch&‘(s‘%llgg%ﬁn f%e?gb%'ag%afbﬂsggif% ﬁ%ﬁ.ﬁn%ﬁ% k‘lé@t 8h’c{(%1§ﬁ8 ﬁgg 20,

whi ch. i s gmebeedabith thipphveatoaicambeapgiyed Fdni Seatidzvr 36 ot 4 peessute fthste 14, t he
jet 34 is to the axis

referably.ained.in a direction generally paral] el
8 of - eachOHEE e Fechischufly Fompve sbaiaially ALefths gencsit Sedomieor | e
~deposi t. Zdoling holRA3 i thak Of e it can be
further facilfl$tgt ed lb%%%{géo{g%?i ng %E@ﬁc%cgﬁér%ﬁtfg t?%jk?gh%ii#g!s%@hat
.. provi des @o¥#.tsuek Préssires wieosdicdedteberup tosababoii,000 PSi6(aboutabldét bd).010 i nch

(about O. 0 about 0. 25.. A C e of . preference to limt the
anount 'ofI&@%Ealy 15i¢ afomgle eo@'%ﬂed?lﬁ @ﬁgefg‘?%tgf‘ﬁ?%%%ﬁ% ?é‘oﬁ‘aLW‘tVﬁess hol e
- remains gét Rheat Pressaes ofbboht 169001 merand Oabold!chh REQIHAPOR Lh@RiBBIEPS NMBY
be perfornmed to build up a coatl n%ﬁzo to have the desired thickness, with

each . dep@&@pyabimokmatsripldiors tkeiwall 24 efitheaholo 12 ahé that porionatfdbe sufosi t 22

usi ng thggnon- ' ' 34. nops abpasiyve water .jet .34.3s scri bed
above hagﬁbg%ﬁeg%ﬁé kﬁo@gﬁlgvgwb@flﬁ %t gfhefeafﬂ‘&’ \(l:gg’r ﬁ’fﬁ“‘l&n%élbeoé‘? t%‘% in a
cool i ng IpodssuréR ofieshthiah 16D00Psi) PréfoRLBOM, H0M0pI QAUNADH0 baF ofMéksWhi hout

chi pping.the cogti n% 20 surrounding the hole 12, While not wi shin to be
hel d to éﬁ%;l—” it P& AntewERed, as firavelssisemronsfeophieg halgel?: toornatherpel i eved to

be 9 | %ﬁlﬁé@@v‘ers%@&@e fo?ttﬁersfggg'%gsbéb%u{ 0 Ecpgnaqfﬁﬂfﬁ%h%si;}e??%iﬂgtgr(%‘(ed

primarily by fracturing cau I mpacts w I nst ead of
er osi.on - 68us abiowtyl 280 jcetmidute)atvith aatatevarabolai 200 inches per minute (about 625

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.
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pressures or abrasion caused by an abrasive-containing jet. As such, the
jet 34 enployed with this invention can be sprayed frohB¢fiembay280@ 36 at a
pressure that would be insufficient to effectively renove substantially
all of the deposit 22 fromthe cooling hole 12 if the particul ate nedia
were not present in the jet 34. As indicated above, such pressures are
believed to be up to about 16,000 psi (about 1100 bar). Notably, and as
will be dwnatnjaetbrerorfwith the assibeinae bf hie hvasive.p Ehiztdiffigeridads represaltedd ve j et
24 at pressures of about 16,000 psi and above can result in the undesirable
removabl e "Bt erial fromthe wall 24 of the hole 12 and that portion of
the surface 16 inmmediately surrounding the hole 12. Therefore, by limting
the jet 3fjduee 3RERISMHEHAS cdofifig HoltaM4166048 dPited tROEAEIRNN §5. 410D psi
(about 1000 bar) or less, the Jet 34 need not be intérrupted as it travels
from one ewnpinsgt 4dhavinga ceramivolBE S0 of itssloivenbirface f3\ead saluppatserfeer t he | et

34 is abo 20.10 ab 480 4 nches r mnpute (about 50 to a 1200

et m nuc e U isfe PETRCOR foBt RAGR; i Bbinirth s patiBieip o Ehe

cm m nut eholprPUUE irgste@pb 4 Raving Bekh Sdrilfidt Beuahmovanant Rbult hasjet 34
relative to the liner 10 is preferably continuous, it is foreseeable that

the j et 3stbsigniigdlypeontinugye girculy shape [thigghout| ity extentvibrdugbabe walbP2ng hol e
12. | L i ng..t ' i t ' Il 24 of
the cool s Howbill, &8 shGlRfihe rife AERTR Incobicli bl sa1BTRAL D 40 | OF D1

hol e 12, sehdt pPthepreseassof birs,tdid. s The MR 401 RpRshRfIusURRKResdeadhserS ound to
increasedgﬂf di scharge coefficient of the cooling hole 12, as evidenced by
an i ncr ed¥tledncharacterized by the digmetersyt theboleodst instpasipg through thewall 62 to t he

physi cal @pgar 96 hd _&i1ied- i44€ ot W S |.d .4

particular theory, ?ﬂ?@ %énef?aé?azi’ é??é%%%gggg‘gﬁﬁsﬂ’t%‘?é’ggét fl%%%l?g% e to the

non-- abr asegwanediaacelatthe nncvgted sorfscen®t 46 agesulnef duwriisesdrilling@petabienl i ner 10
hole 12, the wal] 44 of the

I medi at el. surrounding the entrance to t £
ol o 12, TiHEse T R NS rrPIesRot e Delae hBleacideter o e FERELUIBAY ¢ he
deposit 2faterJdiiconAaimg bi80baRd iﬂeeemw@wi&q sqan&lfrb Cls sIuPE BYhbRCE
condi ti on and appearance of these surtaces, I C I Tfer rom t hat
produced 48hkas theesats! eonical iskapki assthe flaserreldillog HeRMIGbut dseentrmachianiieg, and
80 A1 Tifloditd DB 53 SBry' gl B Snooth i Gppedtance as’a rosiit oF fie " emeved
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

11




10 1 Septenber 2006 water jet alone or with the assistance of an abrasive.
This difference is represented in Figure 3. Figure 3 rkpepesbard00hr ee
cooling holes 44, 46, 48 drilled through the wall 42 of a conponent 40
having a ceramic TBC 50 on its |ower surface 52, and an upper surface 54
that is free of TBC and from which the machi ni ng operati on was perforned.
The hole 44 is represented as having been drilled by EDM and as a result

has a subes@iichabbout QQﬂinl) NatUGoatdd With ar 205 B8 ck EBE@ 03 rond)Slapest dnt
t hrough the_ wal | _ 42. ver, the entrance to the hole 44 at the uncoated

surface Qﬁtfiar'*it@{:imeérﬂr(’?@g@éa@ deposited by AIPS. JFhet ¥ poatisghwereotubisgied, et c.

The hol db
the di amet arUSpleTReSR ST L8 oF Tubdlee FRRRSR! ¢ slibloft AREC R, °T5 (e
EDM- dri | 18l il @beit, 13tthm). as &irst difithd _ﬁiﬂs Ekﬁitzﬁn&ﬁwhﬁs oﬁlygarsedzdlﬂrwdilbkﬁet
irregular_entr urface 54 as a result of th

h d
| aser - dr i 9" %c?%%'r‘@tor}én‘gelgl%cﬁ%g%q%?‘)fs@ Iggtichspds hayinediamefersof sbavt %&9 bei ng
drilled %ohﬁ@@rmﬁﬁgnét&@nattﬁﬁ@tﬁﬁeﬁ&t @oﬁalﬁ%taﬁéﬁteé 9 %A@lﬂ aékgtﬂllt ats beads

in accordance with this invention. suc e sane
_coni cal dnaking @da,t\ht@ld afmfdmtekjedcdslﬁhlaemﬁbommo ’JiSt Weight panes aftglasse

tne. et SPIatAF Rt bavay Aiandlid abo @b, Burtaur &0 RifOBRer Lot SEBeT cat ur es.

prot r udi ReatérfEiOwad RSdRRM it é%resEQMcﬁ‘%@oﬁtaﬁ)%O pgf (abblﬂq}flg%ﬂ With E‘Ho%ﬁe' n the
as-machi ned, condition depicted in Figure 3 have typical® dischar

coef fi ci &AYiag & diametgr oDabout 0P581och (abouB1.3anuh).alidter e@clsﬁ‘eatmeab e 0. 89,

respecti o) | aser i hol e treat
| nonpabr aéé:&{l%sn [beffa éegtt 03?‘%6 2 85°% gntil hﬁﬁvalt‘?’i]eh Sﬂ },1\4 ?#?boé"t gﬁ?f i cantly
hi gher  dichedimigge c(alaﬁfu 63 £ thi/midite)) h%réﬁ(ﬁﬁrofoﬂleam cBatigst endbet 0. 93,

and potentlally hi gher, In an |nvest|gl;_at|on |l eading to this invention, the
rel ati ve%%yé%ip suEfagsy waaneagureflet Table dpemmenines the slagy Aomntlis with a
nunber of, gﬁ% spformed of the nickel-base superalloy known as GID 222,

al

havi ng a nom ‘conposi tion, in weight percent, of

TABLEI
Cumulative Material Loss Measured After Each Cycle (mils) (um)
Panel Media Cyclel Cycle2 Cycle3 Cycle4 Cycle5
A None 4 (100) 14(350) 17(430) 21(530) 23 (580)

B PlasicBeads  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




about 22.5 chrom um about 19.0 cobalt, about 2.3 titanium about 1.2

al umi num (about 3.5 titaniumtal uni nun), about 2.0 tungbkBeptgmixndl§s 0. 8

col umbi um and about 1.0 tantalum about 0.01 zirconium about 0.01 boron,
about 0.1 carbon, with the balance being nickel and incidental inpurities.
The panel s had thicknesses of about 11 1 Septenber 2006 0.080 inch (about
2 mm, and coated with a 20 ml-thick (about 0.50 mm | ayer of

yttri a- st eisildsi fiftten ipasses). a ThikSHivesimation tsagodsiecd ARR. a Thw-pYSZurcoatterigs wer e
subjected,__to nultiple passes of one of four waterjet freatnents at a

ot andof £ Bt Bla BERS SFegubind Qg b fempY g Corpmic Gogting i | et s

cont ai nederhﬂ@ﬁlgror@ﬂﬂeﬁwis@déﬁ@@ﬁ@th\@%@éﬂﬁﬁ% m%%?&?ds{}%. about 20. 75 wei ght

percent of plastic beads having dianéters of about 45 to about 90
mcrometers, a third waterjet contained about 20.75 wei ght percent of
baki ng sodjatablinfhecnyestigaitanalsmindicated thatra pet newsisting wsseptaliisolveiigh(orper cent

f gl i i ng .diameters. of .about 45 to.about. 90
i o oot oY URE ) WRERES: AR SATEE I teafiafl S ebBu R Ep 2abou
5000 psi doalingithoBAtnlesy yeiyd hih rébediek Qe RpIGRIA bElAsE L&A walhaity 0. 050

i nch (about ,1.30?1)_. After each treatnment cycle, consisting of a set of
“three paddelinghale tipeanghorsd; by - compsessivgy atresags thet edeyelopbauthe swated

i nches/ mdBH{p%nérlﬁtéQb!Ts_ Pgﬁ?thméﬂ@ﬁ gr)dmégsr#g%i)éea tﬁfdg%&ﬁ LRfgoatings and the

under | yi ng panel surface was neasure nmari zes the data from
this investigation. TABLE | Cunul ative Material Loss Measured After Each
Cycl e (mln 31}1031@ invegirgalionbilie ag@yesliendssQyfcglass2bedyc toavadd @ymétal subSyratke 5 A

None 4(1Q0). 44(350) .17(A3Q) 21(530) .23(580). .B Plastic Beads, 4(100) 10(250
' 13n(e33'§)) "15’?&(%5%?‘ i%?&'i?g%? @@%%ém 48 JHosg( ?@66}6 l?fe‘%%éé ?&‘thg@%}’n(l‘sef?é30) (259)
16(400) - shhjettas fo BeRGHEe FR6G1Da PR3 Deadont ?gtg%rg%g L{sglggide %4né A6e, The above

results indicated that, at a relative lowp psi), a waterjet
: - standoff distance and traversal rate as 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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cont.ai ning gl ass beads had an i medi ate effect as conpared to a nedi a-free
waterjet and waterjets containing plastic beads and bakSegensimt@00@After a
single cycle (three passes), essentially the entire 20-m | thick TBC was
removed by waterjetting with glass beads, after which mninml wear of the
underlying substrate occurred. In contrast, coating |loss with the other
three treatnents gradually occurred over five 12 1 Septenber 2006 cycles
(fifteen ?%ﬁiﬁﬁ%. This investigation suggested that a | ow pressure waterj et
t r eat ment | ass beads is capable of quickly renpbving a ceram c coating
Wi t hout eroding or otherw se damagi ng the underlying nmetal substrate.

Not abl y, the inpaséirgat i Oimalafife CostumatRg Mdagired AfRt E&HGYcHd (miigsyessenti al |y
of water (or another liquid) would be relatively ineffective in renoving
ceram c deposits within a cooling hole unless very high pressures are

enpl oyed, Pt audpsib@anhi ¢ wikwlnl a Cydali ndweln s | hokd8lesy conpr essi ve
stresses that develop as the coated conponent cools fromthe high
tenperaturgs re fﬁ$QOfo depospt ceraggic. Inganotherginvestigation, the
aggressi veness of glass beads toward a netal substrate was further

eval uated. Panels simlar to those of the previous investigation were

subj ected tho nmul®.090 €9%xsses of a watlerjet tileat mentOperforfred using the
sanme nozzle, standoff distance and traversal rate as used in the first

i nvesti gation. ' he prgvious {nvestigation, the watgrjet contained
about 20.7 meiQ%Q&sggg nt of gl ass %pheric I beadséhavingﬁdianeters of
about 45 to about 90 mcroneters. In this investigation, different panels
were subj ed ed 14H000(9F0) et s produced (at différent pressured, from about
5000 psi (about 345 bar) to about 40,000 psi (about 2760 bar). After each
t r eat ment cle iisting of a set of three passes with t wat erj et
erosi on of *the H%ﬁ@?aéab ace whs meadlired. TAdie 11 %%Lnariags the data
fromthis investigation. 13 1 Septenber 2006

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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TABLE Il Pressure Cunul ative Coating Loss Measured After Each Cycle (mls)
Panel (psi) (bar) Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycl el Sepfeb®a3200340) 0 O
000 F 10,000 (690) 0 0 OO0 G 12,000 (830) 0 OO OO H14,000 (970) O
0000 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 0.3 0.6 0.9 0.9 H 40,000 (2760) 3.2 7.4 10.9 13.5
15.1 Fromthese results, it was concluded that a waterjet containing glass
beads cangr&actbi the piBasUs Golee PR sififilaf tPfioS ofthe HrOASHY RS e@iigaghRut 16, 000
(about 1110 bar), and would Ilkelfy erode a netal substrate at pressures
above 16, Wers fublsstad to1theeensets (fasiytitie pasagsetofad) of svaterigl sreatmenteinnién cool i ng
holes. F I i | r S, W S over the
e of aotengRinte, TH: Mobicks SBEIES weld BRI Sulit def® 38 SHRRE3, Ot o
from a coppsnen] fremrabane OO0 we@beRIH0 ) hbsut 15A00 psidhlgit YOOPb/RSUr €

| evel s of__up to about 14, 0%0 psi (about 970 bar) are_ believed to, be

parti cul aFisywatsriebBratmenys of, this daxesthgationr wers negforpgsb with the same807de: hi gher
than 16, i 0 . _l#ﬁas . i..(about
1000 bar)s%{lar?ﬁzaltst&?%a%%%geag? ?tgga%llhonr?? eﬂgglg?delégfl@g%ggsas%cglg@aﬁféﬁ-agbr asi ve

~ wat erj et usedam theapraeibad investigatiorst eAtvde @galeticava] thatreaslmeatsngroaioprafcedure in
which the, waterjet was |aterall i ngcr ted a di stance of .about. 0.010
inch (abdllt Rpnsk SH#F‘CEFOWP%\MI%“%QChn%QE‘g% i PW““’PHE‘?S\AgFerdF@t ,ﬁ"’f’br‘f“é total of
fifteen gmggaﬁ@ych that the waterjet overlapped the surface 14 1

Sept enber 200 treated in the previous cycle. Panels simlar to those of
the previous investigations were subjected to three sets (forty-five
passes t FABAES waterjet treatnents in the

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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above manner. The waterjet treatnents were perforned on the panels at

di fferent  pressures, from about 10,000 psi (about 700 b8epteriterdBot 15, 000
psi (about 1000 bar). The waterjet treatnments of this investigation were
performed with the sanme nozzle, standoff distance, traversal rate and
non- abr asi ve nedi a and nedi a concentration as used in the previous

I nvestigations. At the conpletion of the treatnents, erosion of the panel

surfaces wagivERARAR trehfiRbifls.| DiheWREBS hAfRmiA Gcdptabid pretlutdledel was |
i nvestigation. TABLE Il Pressure Cunul ative Coating Loss Panel (psi) baz

mls ml e@cbgied (obopb@it 15,000 @ei(abaB N0 bas (b)) compar@nBGiesife30 pulivE( 2) L

resul'ts. whrEnl Ruber, OF JESRBTANS (ol Oifelly B8t i KOBP Mol o
cont ai ni NHoWevedO it RObElRvYE thRdindtal droSioRCE bOVreGRBIUSE efplolyh@r higher pped

w th cooling holes spaced about 0.010 inch (250 m) apart would sustain an
accept abl Baverglideteds 1epthighes, ben dhe Afleinchesdainage dabast SSumsymiuielhout

11, 000 pséﬁlﬁ?@h&@@n@{iéﬁtféﬂ.to about 15,000 psi (about 1000 bar), and

erosion co e esSentrafly avoided if pressures of about 10,000 psi
(about 700 bar) or less were used. As such, pressures of up to about
10, 000 psk { fonchtinvéSfgdiimn) nimeyhiivebroqaphheles etkré lasthdrilbalnip eadnef eiplst r equi r ed

L s b B R 2000 SLAY! NEgmUTEL U L SR AR QI 2, 3 oxi
bar) . or 4eiPeIENtSatiiRe 0I2Y ihd @EHEK 0 toBbbhif®.58 dufl}! HHE welt ofidrf 4TENL S, as
Is typically the case with conbustor |iners.
: an angle of about 20 degrees to the surface of the panels. The diameter through each
- hole was measured with gauge pins, and then the total effective arca of the holes on
- each panel was determined using water at a pressure drop of about 20 inches of water
(about 50 mbar). The panels were then coated by plasma spraying with an MCrAlY
bond coat having a thickness of about 0.006 inch (about 0.15 mm) or about 0.008 inch
(about 0.20 mm), with the result 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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However, it is believed that nmetal erosion can be reduced by enpl oyi ng

hi gher traversal rates, i.e., higher than the 250 i ncheS¢ptimher @0Q@bout 635
nm m nute) enployed in this investigation. In a fourth investigation,

ni nety-five through-holes were laser-drilled in each of eight panels
simlar to those of the previous investigations. The hol es had di aneters of
about 0.015 to about 0.023 inch (about 0.38 to about 0.58 nm, and were

ori ent ed dabledV smghaizst tlabdata calpcdd guseg this investigatioh.adbe oblutnamdanel s. The

di amet er thr. h, ., hol . d wit ins, hen. t h
Cotar of r el PaRBiity 1Pfe MREER Boatin 8T P T BB g wat o1
at a pressimedidfedp aftbr ARBMAingGhé MeRES e Rk Rolunbf At the GeldAg Y Holh e ganel S

were then coated by plasma spraying with an MXxrAl'Y bond coat™ having
t hi ckness Cepgabinmetersbulatasihg dismetersofitsvonimlesoen edvbyrane G8ued ovith (about

0. 20 nun) i.th. th Suld.nt «Rf the bond coat mat.eri was -
deposi tedga'%et E}ntr% g%f(r(:)ﬁe Ko$ e) aﬁ]&ugﬁa {t %Swgatﬁ%?tﬁng e‘??ﬁfahlg?j. ﬁlqlﬂg“%t allic
deposi ts wppilivhtion bl boial esatyeTBe shRNIrRiAOMEE WildidinPuNdt EFoR! Gﬁ@%ﬁ ai ni ng
t he same non-abrasive nedia and nedia concentration as used in the

previous Pipclesyiabuksiesthe shameters pf theesamgrholefowhenemeasyredivigh gaugeigihce and

traver sal L Esepd r @t . _ 0, 000
psi (aboul B Ba S EAE ¢ &) MR S R Rl R AP RpRteaBOR Y the'
- coating fifst Mg¥Zsenesd Bypssf cedmig respediivelyn digalbyf, tlblasttcolini?éhdenthinglabout
0.50 MM in t .Separat.e deposition steps, each resulting . ipn about 0.010
i nch (‘abotlpwﬁﬁ%g rh"r?hec Sfive areﬁé?‘??ﬁ“rﬁé&'gﬁ'{ee@m‘? 8§Qﬂ?t(?li1§°1%ﬂ ng%WH‘tﬂ es being
partial | ygbl e ot jit pe S i e f gagh
deposi ti otrlllgsft?gég, qrfdr%gtatcflii\f‘{gms é&i&oﬁéﬁfﬂg{eﬁoﬂéﬁ \l}\ﬁ/eér g%@?hﬁ%ﬁ%@ iﬁ%{ h gauge
~ pins, thedapesitadi c deposits were renpved using a waterjet under the same
conditions used to renove the bond coat naterial fromthe holes, and the
dianeters of the holes again re-gauged. After all steps were conpleted,
the panels were again tested with a pressure drop of about 20 inches of
wat er (about 50 nbar) to determne the total effective area of their
hol es. 16 1 Septenber 2006
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Tabl'e "1V summari zes the data collected during this investigation. The

col umm under "Initial Flowheck" is the effective aread Septaubreed00or the
entire panel (all holes) imediately after machining the holes. The first
colum with the heading "Hole Gauge Di aneters” tabul ates the di aneters of
two hol es on each panel neasured with gauge pins before ("B") and after
("A") the waterjetting operation following application of the bond coats.
The secon@ABAE ¥vhi rd col ums under "Hol e Gauge Dianeters" tabulate the

di aneters of the sanme hol es when neasured with gauge pins before ( B") and

after ("A") the jettin erati ol l owi ng applicatign of the first
and second Iayerﬁ%&f?f cera:[f}i 8d91%§ peeﬁﬂé@g—&—ﬂ&%&w = ~ the | d3alcol urm under
"Final Flowheck" is the effective area neasured for the entire panel (all

hol es) fol | ow nglovidheck | NahickAésST j et g NG operali on weaf or e, @kbbier the
second ceram c |layer was deposited. 17 1 Septenber 2006 TABLE IV Initial

‘Bond Coat_Hol e Gauge Dianmeters Final Flowheck Thickness B/ A B/ A B/ A
FI owcheckPashnel @H3 ni | s_6mile) ni | s_ilsy i nmibso. (mdls) 4 17/ 1N 1/ 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. pA37 4y, 4 17/ 24416/ 21 O 21 14/ 0.0410 4
17/ 17 11/18 12/ %8#%426 21/ 21 13/ 211?9%/ 18¥§/1§. 03 ilﬁg 14/ ?@3%/ 14 11/11

0.0396 14/15 11/15 11/11
: ' 13/14. 11/11 11/11

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

Vo 00292 8 1214 1112 111 00307

13/13 /13 1111
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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 V 0.0292 8 12/ 14 1USépiénlict 2006 0. 0307
13/13 11/13 11/11 18 ------ -- --- 1 Septenber 2006 From Table IV, it can
be seen that the dianeters of the holes as detected with the gauge pins
generally decreased with each process step. This trend was the result of
usi ng gauge pins to check the dianmeters of the holes, which were no | onger
strai ght Ftdm dablk Vhet éaﬂ be weadit that tife difiectp@nd] the dslad asaktdctedofiticdrt i ng

bui | dup. hbnetheless effectjve fIOM/areas of the holes had %ptually

i ncr eased®Hp eé’h“sagFé‘P%’&¥ regrgpity each pragese stepatThin Berd wps Bt t he
deposi { i 0pkian gy @ dHebl dRY BERERSo EY hHRY Cé(vﬁﬂhtx{?é% notifiglef slligghar ge

coefficients al so i ncreased S|gn| i cant sed on dISC ar ge
coeffici eth@o%élthfgﬁdlewdﬁwoﬁélemlanels at & cesolt of heatiyf mdlkdup.e Nonetheless, thee

physi cal t he e | t.s indigated that, addition to
elimnati %%QC?E%gS 1 &A% ﬂﬁﬁz‘?&?{’k %q,dagq%‘lpily\,@fr@?siegfb St 2L5T8eH ?ﬁl %’éfﬁ g; i mproved
the surf aggcsncthé b&ﬁﬁleﬁbn bhhe ABhSREEMd bhter] %éﬁo@%s@sﬂ @viéricitighndthe

hol es,, even though the hol es thensel ves were no 1onger unlforrﬂy st rai ght

t hr oughoutheir N&Chargé ﬁg@ﬁ@lentsohaék/@lsm incecagvesipaificantly (has@lae]e thendistiherghar ge

ff f f t,
Frreh | neRe il Sof BANEUEHAbR of M ertiffiCired af B Phoae BT b+ °
i dent i calhdle). t These efultshindicatdt thai, niviesiditpat iooéhmﬁtfahﬁg depssifs, €iel hdd-ng the

t hrough-hol es, the tgt al . effective area of the hol es on each panel was
“det er mi nérasEEMptenss had Sl@ﬁlf&aﬁaﬁhéggmpgeddh@glr&cea:@n@moa@aﬁ the PRIEINGSS 1Qat er

(about 5Qpérpale) -and hﬁgﬁ?r{ﬁé shole‘éel%\?einf Pgl'\?/ hRAAQs mﬁxﬁ%eﬁ]vegw‘ir%toel rg%?s' st ed

grit blasting, tested for total e area 0 coat ed
wi th an MBi{sdMylstaightihadughoat theiv®BagHBC i n t he sanme

To evaluate whether an increase in discharge coefficient could be achieved with the
use of a media-free waterjet, a fifth investigation was undertaken with eleven panels
essentially identical to those of the fourth investigation. After Iaser 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.
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manner described for the fourth investigation, except that all of the bond
coat-s were deposited to thicknesses of about 0.006 i nchSdpadyoher 20005 nm) .
After each coating cycle, ten of the panels (Panels 300-309) were treated
with a nedia-free wateijet at pressures ranging fromabout 11,000 to about
40, 000 (about 760 to about 2760 bar) in an attenpt to renove deposits from
their holes, while the el eventh panel (Panel 316) was treated with a

wat erj et Pl Rsdlis@FAHE ArveltigaRoire S0mARizB8 in TAROVIbeIRE PRI dol@hd und@nt ai ni ng
the same non-abrasive nmedia and nedia concentration as used in the

pr evi ous ‘lnitiek Flayethiedss is Thve tadalneffentive | arearmdeaswngd cimpegditely cafiy 1988d in the

previ ous ,investi,gations ,was,used her, i th t.a f i e was
about 2.dhpﬁgﬁg?l?g%bﬂWfﬂg(WWanﬂP@%r%3?¥Q?Lﬁggm§g%o§$ﬂ§3%wgﬁ§%§§%erjetting
-cycl es Waiéh mesmket Hebr otib Blab@ipeths paitéls.e TR ablamnasided Rigal dbévechieckitist he t ot al

effective area of their holes. 19 1 Septenber 2006, The results,ﬁg this
“i nvest i gdh¢ detaheHeetivenares zeaaswipd fallowing the| fing! waterigtona aperalier 1€ niti al

FI owcheckii, S, b . i r: -ed i ' t«@L. | aser

ari 111 ng ey Sulih B s S5 imeRif TP ARMCE ARG Rgidh il Bher BP0,
ef f ecti vaCoatil &l ‘“Reegufledcldcker grit blasting the panels. The col um under
"Final Flowcheck"™ is the total effective area neasured followi ng the fina
wat erjetting operation. The "Change" colum indicates the change in total
effective flow area between the "Pre- Coat" and "Final" flowhecks. 20 1
Sept enber 2006 TABLE V Initial Pre-Coat Waterjet Final Flowheck Fl owcheck
Pressure Fl owcheck Change Panel in2 in2 si in2 300 0.0354 0.0387 11, 000
0.0254 - 34 301 0.0349 0.0358 12,000 0.0224 - 37

20




28 303 0.0372 0.0380 14,000 0.0294 - 23

'302. 0. 0328 0. 0357 13,000 0.0257

304. 0. 0375 0.0404 15,000 0.0310 - 23 305 0.0332 0. 0340 Sptader 20@R69 - 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 0.0291 - 17 309 0.0326 0.0342 40,000 0.0299 - 13

316 NV 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 21 1

Sept enberT2BbE Vi nvestigation. In contrast, the nedia-free waterjets did
not inprove the effective area, and therefore the discharge coefficient,

of the original laser-drilled holes at pressures of up to 40,000 psi

(about 2760 bar). Accordingly, it was concluded that a nedia-free jet does
not appreciably nodify the surface at the entrance and within a cooling
hole, with the Hbetalt tPmtCatbol i Wiptdrjst es pFowbssed with a jet consisting
essentially of liquid are believed to have essentially the sane di scharge

coefficients aspthat of .an a | aser-dri |l ho tably, this
“investigation aﬁggcg‘?)c%eﬁ%‘@&l%%icgﬁefw t heﬂg‘gﬁ}éeﬁgsi onb(fmi‘1 omthe first
investigation that a jet consisting essentially of water (or another
“liquid) pael d bein’l ati veliyh)i nef f pdid ve i n _(@fipvi ng q@)ani ¢ deposits
within a cooling hole wunless very high pressures are enployed. However, at
such pressures t ati urro ing the | es tend to chip, such that
t he ‘exi ts%{b the&ﬁ%&gs mgf@g%ot sﬁgg)pﬁ Fi (‘9%; 4, 5,'38 and 7 are scanned
i mages of four panels in which through-holes were |aser drilled at an
angl e of gpout tpesdy degressy to yheopurfaceyreh the papels. Figure

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 10.0310 -23
305 0.0332 0.0340 20,000 0.0269 -21
306 - 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 16,000 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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4 shows the appearance of a hole in the as-nmachined condition, while Figure
5 shows the appearance of a hole after air-water assi sk3ebtember 260Gst i ng.
Figure 6 shows Panel 309 fromthe fifth investigation 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 investigation, which had undergone processing
with the BiRBh@S | rg bt St .00 + R et coat and
TBC depos?l?i on c@fgl ]\g.eco}ég%sﬁ’ %’?hfiggau%%s&%bl?ﬁrggfgg %Iﬁ{s)%og\%v thr%gu%g?gd’of t wo

i mages, witchthersive ¢het dibdiargy eefficiontgpfithe caginariassi-dsibied heloat pressRBEOx, as

I ndi cated.,. The .t i es @f .each ,set .ar esi gnat.e either "top" and
"bottom " OWatﬂiLWé}ﬁ@ ng?ag?‘ﬁeﬁgﬂg’?égfaﬁﬁ?@mﬁfyeloWaStg‘W 0183‘3@&‘&‘1 %W‘ﬁ%ﬁ “or | ower
ri ght handjet 86¢3@i08 appre&asig notifytthe Srfack REHBRhBaRRImARGASN blcodaleadblgn t he
uncoat ed surfaces of the specinens in Figures 6 and 7). In Fi lcjliure 4,

recast anditbtheieseethar soalingralaseprpesssad with b jétregneipingaessentially of bawibl e al ong
the edge getlnsddpyndvis elﬂ%iiriﬁ)g@% sfhe Pg&q?@e' c:eogk"ﬁ'%%%s? g aﬂ&caﬁ'ﬁtﬁgiaignd' tion.

Al'l of the  "specinens ex sim ca ris tmrediately after

. | aser _drilakdrigilledholer Notdblghisdnidifigatidh alse AgpsseéEro anfing tiedco@tiutiohl asting

at pressures of _about 60 .to 80 psi about 4 to about 5.5 bar able to
p é . p ( 1 )ﬁg\é}\%’; |

© renove sofemshe fispinvestigation hat #ish porsisting essentially ot watee(gr

A rregul ar f o0 L ey r ' e 6, the
nedi a-f re‘g&Hg/ab?gﬂag?d% ?g%%ﬁ% I%é%%‘lrl%gy%%ﬁggﬂ)&éﬁ %SVS&E}‘ wgtcg{rmfrg%lgur e of
~about 40,00d3s psiy highquessug Ghe learp)gycda Houoee safsukch ipresseep dini cgptinge hol e

~ after bond coat. apd,TBC.d sit.i.on, hough t he TBC coati ng, surrpundi ng the
exit of tYHEOWRS ﬁﬁéﬁ)ﬁaﬁ?@ggm ?}“E’tﬁuf)lbé'a'f ﬁl‘g@é‘ﬁsr'i%h? g%‘ﬁ? PR ’%6%0‘?}8at ca% be

clearly seen on the walls of the hole, evidencing that the waterjet

.. treat mentpiyass i,'s 16l Gt 7 %@ defnrdeAHhaR! drIBiM kR an QVHiH NRbughiofesafert he hol e.

Furthernore, the appearance of the surface surrounding and within the hole
has not leseanAdied atiandingle ofrapontiarentyrdegwas by fhetsurfacksrdithapangls. tHigure

03, T 0oL aRcl o B R R SEn RS Vil e S GR (1 (1

-~ the appearance of a hole after air-water assisted grit blasting. Figure 6 shows Pancl
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
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 of the hoV&<Hd: Freaypent

waterjet treatnent-did not increase the effective area (and, therefore, the
di scharge coefficients) of the holes in Panel 309, and Pepterabed 200k
effective area was reduced fromthat of the original |laser-drilled hole as
a result of the presence of the bond coat debris. Finally, Figure 7

evi dences the drastic effect that the non-abrasive waterjet treatnent of
this invention has on the appearance and surface texture of one of the

t hr ough- hatregsilari surfeemed thg bele iNctillonvidentli distdeen from: Bignmst, the i frest

ful || debris ,f bond coat. and TBC deposi t]j
cyo es. 1 netesiet PERlet erfOrREd i ppned dbh L¥mer BiessSis Ao LIy iy
appear ance76®birdhenss si@cdsirat int R6pdhitd Mesold MicthoRd céand BT adsbsitian) e

entrance has been iBérT}grov_ed fromthat of the laser-drilled hol'e. The,
appear ancthough thidB&neoating sumaunding dhe oxit ofrthabdels wis notisehldy echipped.

char act er s , 1 GI.O yres having begn.renmved I npact
fracturi ng%%‘!r&%?ﬂt%‘e‘%%s@cﬁﬁ%%g”ﬁe%ﬂ%@& Se?lh%ré R B%F p ﬁﬁ]f’ﬁlgi%hféw&%%?%%sﬁlh\% medi a.
Ther ef or ethei wategeti ttdatierlt Gvas TREfLNE il ReestaBliflgt ihe driahRd sizk RERARLIBY t he
di scharge_coefficient) of a cooling hole, the non- abrasive waterjet
“t r eat ment Ftharmpore, ftha apperignce plstha sisfacy swroynding and yathin thechalpdas polysi cal |y
alters thg, [eTeW g . | ' -ac00l i ng
ol ot r oarBid B feng Bl B N A PR B FR ek B P Rt P BRI R0 L Pher
evi dent i kwl&i Jhese olBervatinis lagedeomsh thel dungyint Table ¥ thatetivived tied madiakirezugh- hol e
processed in.the identj.cal ,manner as_the hole shown in Figure. 7. Rounding
dif{itoh inast M Pt are (apﬂc%%@rﬁgtfgr@%a%har ge
coeffici %Efﬂﬁeﬂtﬂ%ﬂ\ﬁé Siolels Sn Pah&IeT9, I AdtifGeabihe ﬁtef he@twRNredigge. 23 1
Sept enber 2006 n observati on made 't hroughout the above investigations was
that the fsphdhdtodithe griginal dascrmdilleveltile asla desutitof theqmtsenee obtharbpndicgati f i cant
degree du&eibng the waterjetting operations, evidencing that the treated
hol es wer® not subj ected to abrasive particles to any significant degree.
An inportant benefit of this observation is that, in contrast to abrasive

nedi a,.  t TEnglBy; Figkie AtetideRebs dhodrabiid effdod e thePibrCatiasi®: WatdEeCkréitmemcoveri ng

of this invention has on the appearance 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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the liquid (water), separating the particulate nmedia fromthe |iquid, and
then drying the particulate nmedia so that it can be | ak 8epterehes@d08 n

anot her waterjetting operation. It is believed the non-abrasive

wat erjetting process would not be conprom sed by the reuse of the
particul ate nedia since the used nedia is substantially free of fractured
particles, and therefore remains substantially free of undesirable

parti cl esAni ehseryhbep maglertheyughautdthedghese tinedstipationg wasuthat ¢hd sphegicaind
abradi ng of ..t he cool.i holg walls. Fall.gwi ng, the above experj nent al

i nvest i gabTB8HE R l%ggjeﬁ?ti ﬁﬁq'é@stoo?nyaﬁ%ﬁg%{’é rdégﬁe9@a“r’%§ttg? j“g’ferlﬁgglgeval uat ed
W th a coppuiglons, dvidcingakatife @58 teles W ncOQIbjdRd8! BrasiMeTartidlésa et er s
of about 0.015 to about 0.023 inch (about 0.38 to about 0.58 'mm. The

Li ner wastong signifeeanbdegtes odn imnertant bMB{n DY tinolseration frthatip contiasickness of
Steps by Aperple el piian imedif ot NS Risetnbe sorhERRERSTE 0. so
n) . . Depothe tligufd GmateReepara®at tHopRRQIAE nRdidVBHR the RMRD ahd ehent digingool | ng

holes with a waterjet contai hing about 20.8 weight percent of glass
spher i cal thpgargsulaisynedia on thabit 6am befatespesed ianocgher astaiicttog apemtionelier s. The

wat erj et ; : K I ' 0 bar)
W th b s U HE B BB vERGKIG D broPeS Yrud® nEhe Pbprend 68° PR,
- deposi t i rgusehd th8GarticEate-M&HH siren dhabisedrmediniy albsahtidlhefrdB6l flagodt s Wi th
the final waterjeiting ste "Post-W"), the liner was fixtured so that
five di ffPélF‘é‘it# S=€%C[§m pred Fﬁg’ﬁéuﬁﬁ“é@uﬁéiﬂed)f%d?%wiI@ﬁ%ﬁl?%rwgbéh%{at ed for-

ef f ecti veopfeRPariledBedth8SFHIE cAUsRRutt 086 fyafRt er (about
50 nbar). OThe rrea?sg(raed effectcfgt\{/e gr eggﬁg?gﬁdélg%m%idfggﬂgﬁoga e VI bel ow.
241 Septenber 2006 TABLE VI Cooling Pre-TBC Post-W Change GCircuit in2
in2 (% Fpllewiggshe sbo@iexperihestal irvestifis, Thed@kbtiver@ssi8f 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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"~ surface thereof,

3 1.7437 1.7771 + 1.92 4 1.3120 1.3964 +6.43 5 1.4694 1.5711.+6.92 Sum
8.5131 8.8280 + 3.70 The above results clearly evi denceblSetenbes 280qni f i cant
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 nedia of this invention. It is estimted that the
di scharge_coefficient increased froman average of about 0.88 (Pre- TBC) to
an averaggA@fLEaHBut 0.91 (Post-W), corresponding to the 3.7% i ncrease in
effective area. In view of the 9.3 percent and 8 percent increases observed

for through- he,ggmd r eat g6 wdd no (?S@_ fsive wq:té%ééets in previous
I't a

i nvesti gati ons, s belreved th I'scharge $icients in excess of
0.91 are possible with this invention. Wile the invention has been

described in teZimmitof a preidired enfiwdi nent, it(%) apparent that other
forms could be adopted by one skilled in the art. For exanple, the process

of this invention could b for coated artjcles other than the
conmbustion liner r11di scusse ',98§$1d cg‘zi?%ﬁg mat er i é'la’sﬁ‘{)t her than those
descri bed could be renoved with the non-abrasive jet of this invention.

Therefore, the sgope of ther27nvenbigoniis to bgg4grited only by the
followng clains. 25 1 Septenber 2006 CLAIMS: 1. A process of renoving a

deposit froma t?rough- hol e of a co?onent having a coating on a first
the depos?#3bei nglddhti guous Wil the coating and not

fully closing the through-hole, the process conprising the step of
directing a liqujd- contaj 8ing jet1abgd he throyghehole froma second
surface of the conponent opposite thée first surface, the jet containing
non- abr asi ve particul ate nmedia and being emtted froma nozzle at a
pressure insuffiZient to k4fdve subsfhhtial |y 46l920f the deposit fromthe
through-hole if the particulate nedia were not present in the jet, whereby

rermval of thegum 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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deposit is primarily by the particulate nmedia propelled by the jet and not
the liquid. 2. A process according to claim1, wherein kPertaakari2Ag0is a
ceram c layer on the first surface of the conponent and the deposit is a
portion of the ceramic |ayer that extends into the through-hole fromthe
first surface of the conponent. 3. A process according to claim1, wherein
t he conponent is an air-cooled conponent, and the through-hole is a
cooling hole that intersects the first and second surfaces of the
componefLAIMS:A process according to claim1, wherein the pressure of the
jet is not higher than 1100 bar. 5. A process according to claiml,
wher ei nqthe pr | o oarinSi i i gg;lqp . ; process
accordi r11'g to%cﬁlz)?ﬁsi?fq\%\ﬁg%lgna (Eei?lg&[t);ﬁgjrglsgrtgl%g?h Pﬁgr?featl IS d;%fétul{mﬁz%%at o]
about 1064tidgam a Tirst Aunfacedbersofateategosigbing comtignots withehe coathug dndastt 70

3" oy e SeBaht ot Bee Bt seeh B ol PRt "0
- -- 1 Seppag .T,r,%\}’eg%thermpd%huﬁnéﬁhﬁ% 2cbAl b¥ride@f tRf cddiiohbt! potikdthchave

fractured. 9 rocess according to claim1, whereinthe particulate nedia
i s gl asfirdsearfsce, e jet’containiag oacbostiegrialaé aiedialandbieargeémitiod fionches of

the particylate nmedia have. .diameters in a range .of .aboyt 4§ o _about 90
i cr omeP@FRS 2t ¢ PrRsSyF dputicient dp ey Ve SuRsiaR! -allg 2 fen %%'?’t- Eul ate
-medi a Capshi-Hi18 3 RO Bitticulhf rheiARRH not Pre¥ehdi thdRf, SRkt refdQal Githe 12. A

process according to claim1, wherein the particulate nmedi a constitutes
about  @6pawiti igiprineeily by thopartibeajeanedia Proplled by dlesjebaiorad ithedliquid.cl ai m 1,
wherein the particul ate nedia renoves the

O

2. A process according to claim 1, wherein the coating is a ceramic layer on the first
surface of the component and the deposit is a portion of the ceramic layer that extends

into 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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deposit fromthe through-hole primarily by inpact fracturing the deposit
and not by erosion or abrasion of the deposit. 14. A pk Bentemsbesdfef ding to
claim1l1, further conprising the step of depositing the coating on the
first surface and the deposit in the through-hole by plasm spraying in a
direction toward the first surface that is not parallel to the axis of the
t hrough-hole. 15. A process of renoving deposits from cooling holes that
intersect a first surface _and _an_oppositel y-di sposed second surface of an
air-cooF@de%§ﬂFEWB%H@%§ﬁﬁRﬁﬁdﬁ%m%ﬁﬁgﬁﬁ?dWﬁ@-process conprising the steps
of : depositing a netallic bond coat on the first surface of the conponent
and  deposi t iANgosks6 GicdHifg (P& PvlidiGn PRIVhrEQMte Rfedld 18 kl8¥bk ¢ and
ceram c deposits are present 1n the cooling holes, the deposits being

contiguous with the bond coat and ceramc |ayer, respectively, and not
fully cl®si né proecss aotdardiggtiolclsm T, evsyein gartickescdgbe pesichlatedinediethakg) a | et
at the ﬁdool i ng. hol es #Oa%m gﬂé& seco surfz%;F:IeS of the conmponent, the jet

bei ng e AMELHS ML Ree PR Oﬁ esUFEIEF ™ ess than 27 1 Sept enber 2006
1100 bar and conprising a liquid containing about 10 to about 30 wei ght
_percent 10f aA SPb&E ia6arding o AIMS], Wehedélh tthe preitlatertedia cdfstitiepilauess
according to claim15, wherein the jet rounds edges of the cooling holes
at the $@twrheutdf aicht paecnt@ptsvels t he surface finish within the cooling
hol es. 17. A process according to claim15, wherein the pressure of the jet
i s about, 400 4t / aJ: oy i ; j 5,

wher ei niza't I éa@to C%g%g%)rr %‘gg? © %1?251%%&%}5%1?&? %gﬁ‘g?ﬁ&%ﬂégdﬁgrg?l?%ﬁ gsﬁ%%di a are

gl ass bp@edeighapérogntaf detjeri cal shape. 19. A process according to claim 15,
wherein the particulate nedia is substantially free of particles that have

fractured. 20. A process, according to.claim15, wherein particles. of the
parti cuPh e hoBiosEHaE o R A I whicih g Bheistta megla gt heo
M Cr OMeh&dSit from the through-hole primarily by impact fracturing the deposit and not by

erosion or abrasion of the deposit.

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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21. A process according to claim 15, wherein the particul ate nedi a
constitutes about 20 weight percent of the jet. 22. A pBeenberd86®drdi ng to
claim15, wherein renoval of the deposits is primarily by the particulate
medi a propelled by the jet and not the liquid, and the particulate nedia
renoves the deposits fromthe cooling holes primarily by inpact fracturing
the deposit and not by erosion or abrasion of the deposit. 23. A process

accor di clajm 15, .wherein the .ceramic er. is._depasjted b | asma
or a1 ng 190 B it RsEmaning v oomeeipmeapogt o ebqul 20 PEEbTRE af Rer 1 o
t he axegppgﬁcaltﬁ}ﬁéééggg Hal1gs mead W tness hol es having dianmeters of about

0.15 to about O. inmeter are present within the cooling holes after

the ceramc layer is deposited. 24. A process according to claim 15,
further 16onpA prasgsst smsontieg to elbmelS, dierdie the jpyirqundsf edges phéher eondingl st ep,

e, SAseh B SRa i e et PR R oot PlubdBods " 1) Sctss

according to claim15, wherein the conponent is a conbustor liner. 28 --

------- 19: - + process according tolclP1 % Milekein GEpre e 65Me GEt iREEMI 496 t& COATI NG
DEPOSI T FROM A THROUGH HOLE | N A COVPONENT AND COVPONENT PROCESSED THEREBY
ABSTRACTb@tJPB@ B&s of renpving deposits (22) fromthrough-holes (12) in a
conmponent (10), such as netallic bond coat and ceramic materials from

cool 1 9 180! e, bibZlecl o] f I6AP1 SRR BLPs SBREACE FDRaRiRERRS | S

particularly effective 1 n¥enovin erial deposited in a cooling
hol e ( 1Ze mirticulate medizcare glaidheads havinges spHeriofl stieposi ting a coating (20) of
the TBC nmaterial on a surface (14) of the conponent (10), in which the

deposit (22) is renoved fromthe ol jng. hole (12) w thout damagi t he

cool i ng lghol) & ?rffyssoarccwﬁl@gr@él@ahﬁ?ﬂﬁh r%@)t%s sy H’ﬁglarfé s S%wﬁwﬂghm e

(12) Onﬁteg%fgélﬁle%gthaﬁﬁéxf@f{fc#l&) of the conponent (10). A preferred feature
ole (12),

is that the cooling

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.
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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 {2ejtemben2ddhdi 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

PROCESS OF REMOVING A COATING DEPOSIT FROM A THROUGH-HOLE

IN A COMPONENT AND COMPONENT PROCESSED THEREBY

ABSTRACT

A process of removing deposits (22) from through-holes (12) in a component (10),
- such as metallic bond coat and ceramic materials from cooling holes (12) in an air-
cooled gas turbine engine. The process is particularly effective in removing a TBC
material deposited in a cooling hole (12) of a component (10) as a result of depositing
a coating (20) of the TBC material on a surface (14) of the component (10), in which
the deposit (22) is removed from the cooling hole (12) without damaging the cooling
hole (12) or the TBC coating (20) surrounding the cooling hole (12) on the coated
surface (14) of the component (10). A preferred feature is that the cooling hole (12),
including the entrance to the hole (12) at a surface (16) of the component (10)
opposite the coated surface (14) and the coating (20) surrounding the exit of the hole
(12) at the coated surface (14), exhibits improved 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
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