M CROCI RCUI T COOLI NG FOR BLADES BACKGROUND OF THE I NVENTION (1) Field of
the I nvention [0001] The present invention relates to a plurality of

internal features to be incorporated into a cooling mcrocircuit in a
tur bi ne engi ne conponent. (2) Prior Art [0002] A wi de variety of cooling
circuits have been used to generate a flow of cooling fluid over surfaces
of turbine engine conponents. However, these cooling circuits have not been
effective. FIGS. 4 and 5 illustrate existing supercooling blade designs.
These designs have filmand internal cooling limtations. In general, these
limtations |ead to cracKIHRIGTREULTelICROLYBEYFEROBLARES i od of hot operating
time. Cracking occurs at the suction and pressure sides of the blade as
depicted in these figures. Current cooling circuit exit slot configurations
are al so prone to |imtati @CKERAUNDMOGOTEEAORVENDISONE designs, filmfrom
the slots_exits. norpal to the main hot gas path, and the slot exit areas is

consi der abl yFFelticRd e cgfefd@?® [0003] Thus, there is needed a nore
effectiveoeeli RecChiedbhe 1 RVWMYRRYN OFc 1lHE d NVENTION :09Q4] okniacephdance

with the present invention, there is provided a cooling mcrocircuit for
use in tieBraseenyp ke TorpareRtsd sock asceal bigenbtaeesrcwhi cin a

convect!¥§k¥iggoé§gfﬁgacg%ﬁgk%ﬂglth a high degree of convective efficiency

(heat pick- ;
(2) Prior Art
[0002] A wide variety of cooling circuits have been used to
generate a flow of cooling fluid over surfaces of turbine engine
components. However, these cooling circuits have not been
effective. FIGS. 4 and 5 illustrate existing supercooling blade
designs. These designs have film and internal cooling
limitations. In general, these limitations lead to cracking in a
relatively short period of hot operating time. Cracking occurs
at the suction and pressure sides of the blade as depicted in
these figures. Current cooling circuit exit slot configurations
are also prone to limitations on film coverage. In some designs,
film from the slots exits normal to the main hot gas path, and
the slot exit areas is considerably reduced by coat-down.

[0003] Thus, there is needed a more effective cooling circuit.

SUMMARY OF THE INVENTION
[0004] In accordance with the present invention, there is
provided a cooling microcircuit for use in turbine engine
components, such as turbine blades, which convectively cools the
blade with a high degree of convective efficiency (heat pick-
up) . '
[0005] In accordance with the present invention, there is
provided a cooling microcircuit for use in a turbine engine

component. The cooling microcircuit broadly comprises a channel
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up). [0005] In accordance with the present invention, there is provided a
coolisng mcrocircuit for use in. a turbine engine conponent. The cooling
mcrocircuit broadly conprises a channel 1 through which a cooling fluid
flows, at |east one exit hole for distributing cooling fluid over a surface
of the turbi ne engi ne conponent, and neans wthin the channel for
accelerating the flow of cooling fluid prior to the cooling fluid fl ow ng
through the at | east one exit hole. [0006] Further in accordance with the

present ithvedthoRhitRes ecobBifd ovihed @ dwdl,biare 1Bhadecher cuse hoLa 4y bi ne
engi ne. The turbine blade broadki conprises an airfoil portion forned by a
suction $il&éTHBPFiBAJCAC bt B sttel |Qﬁ?ﬁmﬂIsuﬁiﬁéeaoéoépﬁngurﬁié?o%??%ﬁﬁt

i ncor por atgdohBndl LRashe ORe ek fie %tah%n%ud%orw@kkeﬁgg £aﬁ gssure side
wal | . The cooling mcrocircuit conprises a channel rougﬁ ? a cooling

fluid fl ddop af Cbeésngoﬁbuedlprh®¢éxfdmamqmpdubgtfﬁgldoﬁﬂpwgn@ItMIwaEr a
surface %f thg ﬁurbknenglgde f means within the channel for accelerating
t he f|OMIOF coo fPOFdPriror°to the cooling fluid flow ng through the at
| east oneo@vist] fmilﬁ:he[rOG_Gﬂ]acGohelénd@t aits ohe twee$800 OGivaHtitonGOdhierg f or

bl ades of the present invention, as well as other objects and advant ages
attendanﬂstﬁéPéﬂéeda?et%é?l$%r?¥9@%1EQﬁaqﬁﬂI%&Man§u6€ﬂaﬁléﬂglﬂ%sc?¢%t|on and

the acconpaRyhBInLdRaW HESaMET Ebifh+ 14 T6f &i81681 portion formed by a
suction side wall and aipressure side wall, and a cocling
microcircuit incorporated in at least one of the suction side
wall and the pressure side wall. The cooling microcircuit
comprises a channel through which a cooling fluid flows, at
least one exit hole for distributing cooling fluid over a
surface of the turbine blade, and means within the channel for
accelerating the flow of cooling fluid prior to the cooling
fluid flowing through tﬁe at least one exit hole.

[0007] Other details of the microcircuit cooling for blades of
the present invention, as well as other objects and advantages
attendant thereto, are Set forth in the following detailed
description and the accompanying drawings wherein like reference

numerals depict like elements.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008] FIG. 1 illustratés an airfoil portion of a turbine engine
component having a cooling microcircuit;
[0009] FIG. 2 is a schematic representation of a set of internal
features to be incorporated into a cooling microcircuit;
[0010] FIG. 3 is a sectional view of the cooling microcircuit
taken along lines 3 - 3 in FIG. 2;
[0011] FIG. 4 is a photograph of an existing supercooling blade
design with poor film holes coverage on the airfoil suction

side; and



nuneral s depict |ike elenents. BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0008] FI G
1 illustrates an airfoil portion of a turbine engine conponent having a
cooling mcrocircuit; [0009] FIG 2 is a schematic representation of a set .
of internal features to be incorporated into a cooling mcrocircuit; [0010]
FIG 3 is a sectional view of the cooling mcrocircuit taken along lines 3
- 3in FIG 2; [0011] FIG 4 is a photograph of an existing supercooling

bl ade design with poor film holes coverage on the airfoil suction side;
and 2 [OQDRR2Fl GI&. i ixs phehogogphpal o@nagxést é high$ Wpasaaald NG Plbadeae
design with poor fjlmholes coverage on the airfoil pressure side and

| eadi ng éi&&é.gnDE?RhLEﬁ)of)EgbﬁP Fﬁ?%\fg 3° VAR PSREPERRED2ERBODE MRREE YT [ 0013]
Ref erringiewahe; 1theidgawiggs, FIG 1 illustrates an airfoil portion 10 of
a turbine engine conponent 12, such as a turbine blade. Because of advances-
inrefractory netal core technology, it is now possible to forma cooling

mcrocircuit 14 .i i i i-Qn i
m crocircuit 14DElgg%ﬂE)eﬂahggég%gfﬁ%%@n\e/%%tllr@gI)'J?E(F%%%#E?hgb%pgégggm&éﬁga hi gh
degr ee of[00a83VveRd farer iofd iniventoy thkeedtrapicgs upyIG Cohviectusteratfdd @nency is a

neasur e of, hea i ck-u t he c¢ool.ant. Convective effi.cienc can be
i ncreased 1 §ﬁ§£l8$ gés?gna @ETM%reé?gl?ﬁe§8mipﬁ8leﬂaeﬁ' fuck s 2

turbine blade. Because of advances in refractory metal core
technology, it is now pdssible to form a cooling microcircuit 14
in a wall 16 of the airfoil portion. The cooling microcircuit 14
may be used to convectively cool the blade with a high degree of
convective efficiency (heat pick-up). Convective efficiency is a
measure of heat pick-up by the coolant. Convective efficiency
can be increased by a range of design parameters. These include:
an increase in wet surface area, such as the perimeter of the
cross-sectional area with high aspect ratio, and/or the internal
heat transfer coefficient by means of internal features such as
pedestals of various shapes (circular, elliptical, diamond-
shaped, airfoil shaped, etc.).

[0014] One of the advantages associated with the use of
refractory metal core technology is that the refractory metal
core sheets may be forméd to conform to the airfoil profile.
This allows for forming the exit slots 18 for film cooling with
high film coverage. In this way, the cooling film blanket will
stay adjacent to the blade external wall providing a protective
film cooling blanket and thus avoiding film blow-out and
premature film decay.

[0015] Fig. 2 illustrates internal features which may be
incorporated into the cooling flow channel 11 of a cooling
microcircuit 14. These features have very important heat

transfer attributes. The cooling flow channel 11 may be supplied



an-i-ncrease in wet surface area, such as the perineter of the
cross-sectional area with high aspect ratio, and/or the internal heat
transfer coefficient by nmeans of internal features such as pedestals of
vari ous shapes (circular, elliptical, dianond- shaped, airfoil shaped,
etc.). [0014] One of the advantages associated with the use of refractory
netal core technology is that the refractory netal core sheets may be
formed to conformto the airfoil profile. This allows for formng the exit
slots 18 for filmcooling with high filmcoverage. In this way, the cooling
filmblamkéh ai Elowséfycad] aoentluid therblaage sextebhal swatte ptovt di ng a
protectiv% fh:n1coolingblanketjg d thuztaéoidgng film bl ow out and
premat ur 8PP Ge2atC [DDIBITFi PSS 1 ("9dt PPER ) internal features which may

be inconpougyedHatioticheatogkbhgrthown chianne) el i0fcAaaltiedy 1 nkbCEREi rcul t
14. These features have very inportant heat transfer attributes. The

cool i ng FPEewBHaRRErC21r Fayt bk suppluded a3 fdirek &°F| el brtesorl nEedtuned from |
any suitablkg §oULCEA{POLs & AP R 0512066 Lpkess. ( 0016]
The internal featu?%s m%icﬁg%ayﬁgﬁ incorgoﬁateggih?g %%e 9@%o§%§%ggali

m croci r @0i end422 nobvndee ad¢$ignedatndfaliignednab teatuiersa seghoms24 pair of

000 OIS PRIERL Bt 2ca M 2211 AEISSRAL 1 80,800, B B et oned and

through tchecageli Agr subsonic flow regimes with a Mach number less than
unity, a decrease in fléw area leads to an increase in flow
velocity. As the cooling flow velocity increases in region 24,
the heat transfer coefficient increases. As the flow accelerates
and attains a maximum velocity, it is desirable to maintain that
high velocity as long as possible. Therefore, the pedestals 20
and 22 are configured so as to form a region 26 for that effect.
Region 28 formed by the pedestals 20 and 22 are used to take
advantage of the pumping effects due to rotation of the turbine
engine component, such as a turbine blade.
[0017] After exiting the region 28, the cooling fluid flow
preferably encounters a second set of internal features, such as
a pair of shaped pedestals 30 and 32. As the flow exiting the
region 28 accelerates, it will impinge on the leading edge 34 of
each of the pedestals 30 and 32. The heat transfer coefficient
will increase as a function of the diameter of the leading edge
34. Small diameters will enhance the internal heat transfer
coefficient.
[0018] The pedestals 30‘and 32 are shaped and positioned to form
a convergent section 36 where the area change decreases. This
change forces the velocity to increase once again leading to
high heat transfer coefficients. The pedestals 30 and 32 are
shaped so as to provide a region 38 which is used to maintain
high velocity and to straighten the flow before exiting to the

next section in the cooling scheme.
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circuit. For subsonic flowreginmnes wwth a Mach nunber less than wunity, a
decrease in flow area leads to an increase in flow velocity. As the cooling
flow velocity increases in region 24, the heat transfer coefficient
increases. As the flow accelerates and attains a maxi numvelocity, it is
desirable to maintain that high velocity as |ong as possible. Therefore,
the pedestals 20 and 22 are configured so as to forma region 26 for that
effect. Region 28 formed by the pedestals 20 and 22 are used to take

advant age[@§19 NeTRUMBLBU 6§ f BLE Sociec i ot Alin0na9t kA8t HEPLR§emERg) NE
conmponent, such as a turbine blade. [0017] After exiting the région 28, the
cool i ng fVEFR #1R fqfedeatdiingdeAdsaRPal sTaa bekond Set2f It énsal32f eat ur es,
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region 28 accelerates, it wll Inpinge ont ng e ge each of

t he pedes@ar&oBD Eamt13321 IThe heat transfer coeffi ci ent wll increase as a
function a f the leading edge dlametersvm I
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change decreases. This _ change forces the velocity to increase once again
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and to straighten the flow before exiting next section in the

cool i ng seheheil portion 10.
[0021] As shown in FIG. 3, at the end of the features 20, 22,

30, and 32, the trailing edge has a form of a wedge with two top
and bottom angles within about 4 degrees from the axial
direction. As described, film cooling will be adjacent to the
surface of the turbine engine component 10 as it exits in region
42. This film cooling can be improved by introducing another
film row out of a cooling hole 44 placed in each of the features
20 and 22. Each cooling hole 44 may be supplied with a flow of
cooling fluid in any suitable manner such as from a blade inner
air plenum. This allows for film superposition and convection
cooling of the features 20 and 22 as each hole 44 may be
machined right through the feature and the airfoil wall. This 1is
particularly important for protecting the pressure side trailing
edge from large thermal loads occurring in rotating blades.
[0022] The internal features described hereinbefore can be
fabricated using a refractory metal core sheet which has been
laser cut to have holes in the shapes of the internal features.
[0023] While the present invention has been described in the
context of a single cooling microcircuit, it should be apparent
to those skilled in the art that each cooling microcircuit
formed in the walls of the airfoil portion 10 can utilize the

internal features described hereinbefore.



4 [0019] The cooling microcircuit 14 can have many arrangenents with the

af orenentioned internal features 20, 22, 30, and 32 being repeated in
sequence axially along the length of the airfoil portion 10. [0020] At the
end of the cooling mcrocircuit 14, a series of internal features 40,

usual |y teardrop shaped, can be placed to direct the cooling flowin such a
manner as to provide an inproved filmcooling blanket along the exterior
surface of the airfoil portion 10. [0021] As shown in FIG 3, at the end of-
the feat yoe2420whd2e tB6, paeded?, ihtient 1 @i |hag wdge dras rd tlear AMotha wedge
wth tw to and_bottom angles w thin about 4 degrees fromthe axi al

directi off°™ XHe%Er?b%%Eb¥q?rﬁ%ﬂﬂﬂd|%§%MCPPlBEgaH}gE%ﬁ%r?%l?Hﬁou%%ﬁ¥%ce of
the turbi;aeqengi Hen&PNPeReite Khfisid tedpohenkd.region 42, This filmcooling
can be inproved by introducing another filmrow out of a cooling hole 44

pl aced in each of the features 20 and 22. Each cooling hole 44 may be
supplied with a flow of cooling fluid in any suitable manner such as froma
bl ade inner air plenum This allows for film superposition and convection
cooling of the features 20 and 22 as each hole 44 may be machined right
through the feature and the airfoil wall. This is particularly inportant
for protecting the pressure side trailing edge fromlarge thermal |oads
occurring in rotating blades. [0022] The internal features described

her ei nbef ore can be :



fabricated using a refractory netal core sheet which has been laser cut to
have holes in the shapes of the internal features. [0023] Wile the present
i nventi on has been described in the context of a single cooling
mcrocircuit, it should be apparent to those skilled in the art that each
cooling mcrocircuit fornmed in the walls of the airfoil portion 10 can
utilize the internal features described hereinbefore. 5 [0024] Wile the
present invention has been described in the context of a turbine blade, the
cool i ng nfgLoCtd cuiATveEauld.be used in other turbine engine conponents. 6
VWHAT IS CLAIMED IS: 1. A cooling mcrocircuit for use in a turbine engine
conponent conprising: a channel through which a cooling fluid flows; at

| east one eXAtc$Eﬂfh (Hié¥5§(féﬁfﬂ g cggglpg ;Iy& annele?§?ﬁ%JQ&%fe of sald

t ur bi ne englne conpohent means within said C acce eraplng t he
flow of coopringirdduid prior to said cooling fluid flow ng through said at

| east one exit hole. 2. The cooling mcrocircuit of claim1, wherein said
accel erating nmeans conprises a first set of internal features positioned

within said changednand Saidhdh kstichel ebol hernahiq feadwses being shaped
and positioned relative to each other SO
at least one exit Hole for distributing cooling fluid over

a surface of said turbine engine component; and

means within said channel for accelerating the flow of
cooling fluid prior to said cooling fluid flowing through said

at least one exit hole.

2. The cooling microcircuit of claim 1, wherein said
accelerating means comprises a first set of internal features
positioned within said channel and said first set of internal
features being shaped and positioned relative to each other so

as to create a first flow acceleration zone.

3. The cooling microcircuit of claim 2, wherein said first flow
acceleration zone comprises a converging area created by said
first set of internal features and wherein said first set of
internal features create a region for maintaining cooling flow

velocity.

4. The cooling microcircuit of claim 3, wherein said first set
of internal features creates a region which takes advantage of
pumping effects created by rotation of said turbine engine

component.



as—to createa first flow acceleration zone. 3. The cooling mcrocircuit of
claim2, wherein said first flow acceleration zone conprises a converging
area'created by said first set of internal features and wherein said first
set of internal features create a region for maintaining cooling flow
velocity. 4. The cooling mcrocircuit of claim3, wherein said first set of
internal features creates a region which takes advantage of punping effects
created by rotation of said turbine engine conponent. 7 S. The cooling
mcrocircuit of claim4, wherein said first set of internal features

conpri se$-aTpai ool inogel egrreid duitterofalc Lafimatiur sBeréin Theid obl ¥y set

mcrocir eyl ol GLAI R 2 MheTEll, SAd Aggelerating feans conprises a second
set of internal features ~posi tonef near a‘trailing e%%e portion of the
first seffeaturenternal features:and wherein said second set of interna
features conprises a pair of internal features and each of said pair of

internal features having a | eading edge with a dianmeter which enhances an

i nternal gheahet kapsigy wo&fddoi@NMte of clRemCoQl WAErBigr9gigcuit of claimé,
wherein said second set of internal features are shaped and positioned so
as to cr@égfelaratony et SENLFPad acefndsarll Péadhhgrealeseasioings to

accelerab%s&@?oﬁégmﬁggrC90é£5¥hfﬂd“é&ge portion of the first set of

internal features and wherein said second set of internal
features comprises a pair of internal features and each of said
pair of internal features having a leading edge with a diameter

which enhances an internal heat transfer coefficient.

7. The cooling microcircuit of claim 6, wherein said second set
of internal features are shaped and positioned so as to create a
convergent section adjacent said leading edges so as to

accelerate the flow of cooling fluid.

8. The cooling microcircuit of claim 7, wherein said second set
of internal features are shaped and positioned so as to create a
zone adjacent said convergent section wherein velocity of the
cooling fluid is maintained and the flow of cooling fluid is

straightened.

9. The cooling microcircuit of claim 6, further comprising means
for straightening the fiow of cooling fluid before said cooling
fluid exits through said at least one exit hole; wherein said
straightening means comprises a plurality of teardrop shaped

internal features.

10. The cooling microcircuit of claim 2, further comprising an
additional row of film cooling holes for film superposition and

convection cooling of the first set of internal features.
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8. ‘The cooling mcrocircuit of claim?7, wherein said second set of internal
features are shaped and positioned so as to create a zone adjacent said
convergent section wherein velocity of the cooling fluid is maintained and
tthe flow of cooling fluid is straightened. 9. The cooling mcrocircuit of
claim®6, further conprising means for straightening the flow of cooling
fluid before said cooling fluid exits through said at | east one exit hole;
wherein said straightening neans conprises a plurality of teardrop shaped
internal features. 10. The cooling mcrocircuit of claim2, further
conprising an additional row of filmcooling holes for film superposition
and convection coo 188 of the first set of internal features. 8 11. The

cool i ng nitcr d&Fr €GP BFSFRF1BCUh et it add d 0 adlierréRaraiow of film
cool i ng @@d&&lbﬁaﬁoEgﬁdo?YfDPﬁeéoé@ﬁ%ﬁrH%ieé'Y%OEQQm%@CByORo§@ dmé@ﬂfﬁ@@'

features. 12. A turbine blade conprising: an airfoil poftion forned
sucti on dihdeughl raghdod spieésturersidefamiucesa cooling mcrocircuit
incorporated in at |east one of .the suction side wall and the pressure side
wal | ; said cooling mcrocircuit -conprising a channel through which a
cool i ng flui & fthewsneablbdastompei eixid: hole for distributing cooling fluid
over a surface of said turbine bl ade,

an airfoil portion formed by a suction side wall and a

pressure side wall;

a cooling microcircuit incorporated in at least one of the

suction side wall and the pressure side wall;

said cooling microcircuit comprising a channel through
which a cooling fluid flows, at least one exit hole for
distributing cooling fluid over a surface of said turbine blade,
and means within said channel for accelerating the flow of
cooling fluid prior to said cooling fluid flowing through said

at least one exit hole.

13. The turbine blade according to claim 12, wherein said
accelerating means comprises a first set of internal features
positioned within said channel and said first set of internal
features being shaped and positioned relative to each other so

as to create a first flow acceleration zone.

14. The turbine blade of claim 13, wherein said first flow
acceleration zone comprises a converging area created by said
first set of internal features and wherein said first set of
internal features create a region for maintaining cooling flow

velocity.



and neans within said channel for accelerating the flow of cool

ing fluid

prior-to said cooling fluid flowng through said at |east one exit hole.

13. The turbine blade according to claim12, wherein said accel

erating

means conprises a first set of internal features positioned within said
channel and said first set of internal features being shaped and positioned
relative to each other so as to create a first flow accel erati on zone. 14.
The turbine blade of claim 13, wherein said first flow acceleration zone

conpri ses18. COfY ef giithAnaady 3t @d by saj dunbiésh s£1dofiddt efdialosf eat ures
and wherein said first set of internal features create a region for

mai nt ai ni AGERERR T nEPFTHES vEISedESy 2 gegsonTHRI el bikes Mt FITIHh m 14,
uher ei n Sghily {h Sd¢ S&Lt Ofcr dJURT AR LeALULAS LT ER1ES 0 Sl Al g ch takes

advant age of  punping effects created by rotation

ne engi ne

conponent conpgondte. t ur bi ne bl ade: of claim 15, wherein said first set of
internal features conprises a pair of dog-legged internal features. 17. The
turbi ne blade of claim 13, wherein said accelerating neans conprises a
second setsof Thateirand edtade o Paediaimoned wheaeim $4ad | fngsedga parti on of

the first set of internal features and wherein said second set

of internal

f eat ur es internal features comprises a pair of dog-legged internal

features.

17. The turbine blade of claim 13, wherein said accelerating

means comprises a second set of internal features positioned

near a trailing edge portion of the first set of internal

features and wherein said second set of internal features

comprises a palr of internal features and each of said pair of

internal features having a leading edge with a diameter which

enhances an internal heat transfer coefficient.

18. The turbine blade of claim 17, wherein said second set of

internal features are shaped and positioned so as to create a

convergent section adjacent said leading edges so as to

accelerate the flow of cooling fluid and wherein said second set

of internal features are shaped and positioned so as to create a

zone adjacent said convergent section wherein velocity of the

cooling fluid is maintained and the flow of cooling fluid 1is

straightened.

19. The turbine blade of claim 17, further comprising means for

straightening the flow of cooling fluid before said cooling

fluid exits through said at least one exit hole.
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conprises a pair of internal features and each of said pair of interna
features having a | eading edge with a dianeter which enhances an internal
heat transfer coefficient. 18. The turbine blade of claim17, wherein said
second set of internal,6 features are shaped and positioned so as to create a
convergent section adjacent said | eading edges so as to accelerate the flow
of cooling fluid and wherein said second set of internal features are
shaped and positioned so as to create a zone adjacent said convergent
section wherehl velwchéYorddd her £iegld n®,f kukedeiis BBRLEAL 3t Pedyrpshihe flow of
cooling fluid is straightened. 19. The turbine blade of claim 17, further
conpri si A§2REafs™PEESe3t ¢ AP hREehithy athd errewosf skaBrAngnFeuRYl bef ore sai d
cooling fLyid.exits through said at |east one exit hole. 10 20. The turbine
bl ade of claim 19, wherein said straightening neans conprises a plurality
of teardrop shaped internal features. 21. The turbine blade of claim13,

further npr.i si n ddi ti onal row of, filmcooling holes for film
superpos%ﬁroﬁhgnggrﬁﬁ%gggf?%% %%d?%ﬁﬁlgﬁ’tﬁnglthcggPrﬁflP%t%?nal features.
22. The tadcBithenbl adeéwodf cf 8imn dol MhieheilrsS&od @ddint sapakpbonti®f drid m

cooling holes is formed by hol es machi ned t hrough each of said internal
f eat ur es Conyection cooling of the first set of ihternal features.

22. The turbine blade of claim 21, wherein said additional row

of film cooling holes is formed by holes machined through each

of said internal features.
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