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(57) Abstract: Airtoils for gas turbine engines are provided. In one embodiment, an airfoil formed from a ceramic matrix composite
material includes opposite pressure and suction sides extending radially along a span and defining an outer surface of the airfoil. The
airfoil also includes opposite leading and trailing edges extending radially along the span. The pressure and suction sides extend axial
I v between the leading and trailing edges. The leading edge defines a forward end of the airfoil, and the trailing edge detining an aft
end of the airfoil. Further, the airfoil includes a trailing edge portion defined adjacent the trailing edge at the aft end of the airfoil; a
plenum defined within the airfoil forward of the training edge portion; and a cooling passage defined within the trailing edge portion
proximate the suction side. Methods for forming airfoils for gas turbine engines also are provided.
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CERAMIC MATRIX COMPOSITE AIRFOIL COOLING

FIELD OF THE INVENTION

0001 The present subject matter relates generally to a gas tarbine engine, or more

g 5 g £
particularly to features for cooling internal components of gas turbine engines. Most
particularly, the present subjoct matter relates to trailing edge cooling for gas turbine engine

airfoils.
BACKGROUND OF THE INVENTION

[0602] A gas turbine enging generally includes a fan and a core arranged m flow
communication with one ancther. Additionally, the core of the gas turbine enging generally
includes, in serial flow order, a compressor section, a combustion section, a turbine section,
and an exhaust section. In operation, air is provided from the fan to an inlet of the
compressor section where one or more axial compressors progressively compress the air ontil
it reaches the combustion section. Fuel is mixed with the compressed air and burmned within
the combustion section to provide combustion gases. The combustion gases are routed from
the combustion section to the turbine section. The flow of combustion gases through the
turbing section drives the turbine section and is then routed through the exhaust section, ¢.g.,

to atmospherg.

3603} In general, turbine performance and efficiency may be improved by increased
combustion gas temperatures. However, increased combustion temperatures can negatively
mmpact the gas turbine engine components, for example, by increasing the likelihood of
material failures. Thus, while increased combustion temperatures can be beneficial to turbine
performance, some components of the gas turbine engine may require cogling features or
reduced exposure to the combustion gases to decrease the negative mmpacts of the increased

temperatures on the components.

[6604] Film cooling gas turbing engine components, ¢.g ., by directing a flow of cooler
fluid over the surtace of the component, can help reduce the negative impacts of clevated
combustion temperatures. For example, cooling apertures may be provided throughout a
component that allow a flow of cooling fluid from within the component to be directed over

the outer surface of the component. However, multiple rows of cooling holes often are
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required 1o achieve beneficial film cooling, and the multiple rows of cooling holes can be
detrimental to the component structure as well as engine performance. Also, typical drilling
processes for defining the cooling holes require increased component thicknesses to
accommodate tolerances 1n drill hole placement, thereby mcreasing the weight of and
material required to produce the component. Further, known cooling hole configurations

often have only a single sohation for metering the flow of cooling fluid.

[B005] Therefore, improved cooling features for gas turbine components that overcome
one or more disadvantages of existing cooling features would be desirable. In particular, an
airfoil for a gas turbine engine having trailing edge cooling features that minimize a thickness
of atrailing edge portion of the airfoil would be beneficial. Moreover, an atrfoil for a gas
turbing engine having tratling edge cooling features that reduce cooling flow would be
desirable. Further, an airfoil having trailing edge cooling features that minimize or reduce
manutacturing time and cost would be advantageous. Also, an airfoul having trailing edge
cooling features that provide bore cooling close to a suction side of the airfoil would be
beneficial. Additionally, a method for forming an airfoil for a gas turbine engine where the

airfoil has features for improved tratling edge cooling would be useful.
BRIEF BESCRIPTION OF THE INVENTION

[G006] Aspects and advantages of the invention will be set forth in part in the following
description, or may be obvious from the description, or may be leamed through practice of

the invention.

16067} In onc exemplary embodiment of the present disclosure, an airfoil for 2 gas
turbine engine is provided. The airfoil includes opposite pressure and suction sides extending
radially along a span; the pressure and suction sides define an outer surface of the airfoil.

The airfoil also includes opposite leading and trailing edges extending radially along the

span. The pressure and suction sides extend axially between the leading and tratling edges.
The leading edge defines a forward end of the airfoil, and the trailing edge defining an aft end
of the airfoil. Further, the airfod includes a trailing edge portion defined adjacent the trailing
cdge at the aft ond of the airfoil; a plenum defined within the airfoil forward of the tratling
cdge portion; and a cooling passage defined within the trailing edge portion for directing a

cooling fluid from the plemum to the outer surface of the airfoil. The cooling passage s

&2
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defined proxamate the suction side. The airfoil is formed from a ceramic matrix compostie
material.

[6608] In another exemplary embodiment of the present disclosure, an airfoil for a gas
turbing engine is provided. The airfoil includes opposite pressure and suction sides extending
radially along a span; the pressure and suction sides define an outer surface of the airfoil.

The airfoil also includes opposite leading and trailing edges extending radially along the
span. The pressure and suction sides extend axially between the leading and tratling edges.
The leading edge defines a forward end of the airfoil, and the trailing edge defining an aft end
of the airfoil. Moreover, the airfodl includes a trailing edge portion defined adjacent the
traiting edge at the aft end of the aurfoil. A plurality of ceramic matrix comapostte airfoll plies
define the pressure and suction sides of the airfoil, and a phurality of ceramic matrix
composite plenum plics defining a plenom forward of the trailing edge portion. Further, &
filler pack 1s positioned between the aurfoil plies and the plenum plies within the trailing odge
portion of the airfoil, and a cooling passage is defined within the filler pack for directing a
cooling fluid from the plenum to the outer surface of the airfoil. The cooling passage is

defined proximate the suction side.

EERY In a further exemplary embodiment of the present disclosure, a method for
forming an airfoil for a gas turbing engine 1s provided. The method includes laying up a
ceramic matrix composite material to form an atrfoil preform assembly. The aurfoil preform
assembly includes opposite pressure and suction sides extending radially along a span,
opposite leading and trailing edges extending radially along the span, and a plenum defined
within the airfoil preform assembly. The pressure and suction sides extend axially between
the leading and trailing edges. The method also includes processing the aurfoil preform
assembly to produce the airfoil, and a cooling passage is defined within the airfoil. The
cooling passage 1s defined from the plenum to the trailing edge of the airfoil and is defined

proximate the suction side of the airfoil.

3610} These and other features, aspects and advantages of the present invention will
become betier understood with reference to the following description and appended claims.
The accompanving drawings, which arc incorporated in and constitute a part of this
specification, illustrate embodiments of the invention and, together with the description, serve

to explain the principles of the mvention.
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BRIEF DESCRIPTION OF THE DRAWINGS

6611} A full and enabling disclosure of the present invention, inchuding the best mode
thercof, directed to one of ordinary skill in the art, is set forth in the specification, which

makes reference to the appended figures, m which:

03612} FIG. 1 provides a schematic cross-sectional view of an exemplary gas turbine

engine according to various embodiments of the present subject matter.

[0613] FIG. 2 provides a side perspective view of a turbine rotor blade according to an

exemplary embodiment of the present subject matter.

3014} FIG. 3 provides a perspective view of a turbine nozzle segment according to an

excmplary embodiment of the present subject matter.

6015} FIG. 4 provides a cross-section view of a portion of an airfoil of the turbine nozzle
segment, taken along the line 4-4 of FIG. 3, according to an exemplary embodiment of the

present subjoct matter,

3816} FIG. 5 provides a cross-section view of a portion of the airfoil of the turbine
nozzle segment, taken along the line 5-3 of FIG. 4, according to an exemplary embodiment

of the present subject matter.

[6617] FIG. 6 provides the cross-section view of the portion of the airfoil of the turbine
nozzle segment of FIG. 5 according o ancther exemplary embodiment of the present subject
matter.

3618} FIG. 7 provides the cross-section view of the portion of the airfoil of the turbing
nozzle segment of FIG. 3 according to ancther exemplary embodiment of the present subject
matter.

16619} FIG. 8 provides a chart iHustrating a method for forming an airfoil of a gas turbine
cngine according to an exemplary embodiment of the present subject matter.

13620} FIG. 9 provides a chart illustrating a portion of the method of FIG. 8 according 1o

an exemplary embodiment of the present subject matter.
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0621} FIG. 10 provides a cross-section view of an airtoil preform assembly according to

an exemplary embodiment of the present subject matter.
DETAILED DESCRIPTION OF THE INVENTION

16622} Reference will now be made in detail to present embodiments of the invention,
one or more examples of which are illustrated 1o the accompanying drawings. The detailed
description uses numerical and letter designations to refer to features in the drawings. Like or
similar designations in the drawings and description have been used to refer to like or similar
parts of the invention. As used herein, the terms “first.” “second,” and “third” may be used
interchangeably to distinguish one component from another and are not intended to signify
location or importance of the individual components. The terms “upstream”™ and
“downstream” refer to the relative direction with respect to fluid flow i a flud pathway. For
example, “upstream” refers to the direction from which the fluid flows and “downstream”

refers to the direction to which the fluid flows.

16023} Referring now to the drawings, wherein identical numerals indicate the same
clements throughout the figures, FIG. 1 is a schematic cross-sectional view of a gas turbine
engine m accordance with an exemplary embodiment of the present disclosure. More
particularly, for the embodiment of FIG. 1, the gas tubine engine is a gh-bypass turbofan
jet engine 10, referred to herein as “turbofan engine 107 As shown in FIG. 1, the turbofan
engine 10 defines an axaal direction A {extending parallel to a longitudinal centerline 12
provided for reference) and a radial direction R, In general, the furbofan 10 nchides a fan

section 14 and a core turbine engine 16 disposed dowanstream from the fan section 14,

16024} ¢ exemplary core turbine engine 16 depicted generally includes a substantially
tubular outer casing 18 that defines an annualar inlet 20, The outer casing 18 encases, i serial
flow relationship, a compressor section including a booster or low pressure {LP) compreossor
22 and a high pressure (HP) compressor 24; a combustion section 26, a turbine section
including a high pressure (HP) turbine 28 and a low pressure {LP) turbine 30; and a jet
exhaust nozzie section 32. A high pressure {HP) shaft or spool 34 drivingly connects the HP
turbine 28 to the HP compressor 24. A low pressure {LP) shatt or spool 36 drivingly

connects the LP turbine 30 to the LP compressor 22.

L
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[B025] For the depicted embodiment, fan section 14 mcludes a vanable pitch fan 38
having a plurality of fan blades 40 coupled to a disk 42 in a spaced apart manner. As
depicted, fan blades 40 extend outward from disk 42 generally along the radial direction R
Each fan blade 40 is rotatable relative to disk 42 about a piich axis P by virtue of the fan
blades 40 being operatively coupled to a suitable actuation member 44 configured to vary the
pitch of the fan blades 40. Fan blades 40, disk 42, and actuation member 44 are together
rotatable about the longitudinal axis 12 by LP shaft 36 across a power gear box 46. The
power gear box 46 mcludes a plurality of gears for siepping down the rotational speed of the

LP shaft 36 to a more efficient rotational fan speed.

6026} Referring still to the exemplary embodiment of FIG. |, disk 42 is covered by
rotatable front nacelle 48 acrodyvnamically contoured to promote an airflow through the
plurality of fan blades 40. Additionally, the exemplary fan section 14 includes an annular fan
casing ot outer nacelle 30 that circumfercuntially surrounds the fan 38 and/or at least a portion
ot the core turbine engine 16. It should be appreciated that nacelle 50 may be configured to
be supported relative to the core turbine enging 16 by a plurality of circumferentiallv-spaced
cutlet guide vanes 52. Moreover, a downstream section 54 of the nacelie 50 may extend over
an outer portion of the core turbine engine 16 so as to define a bypass airflow passage 36

therebetween.

6027} Dunng operation of the turbofan engine 10, a volume of air 38 enters turbofan 10
through an associated mnlet 60 of the nacelle 30 and/or fan section 14, As the volume of air
58 passes across fan blades 40, a first portion of the air 58 as indicated by arrows 62 is
directed or routed 10to the bypass airflow passage 56 and a second portion of the air 58 as
mdicated by arrows 64 is directed or routed 1nto the LP compressor 22. The ratio between
the first portion of air 62 and the second portion of air 64 is commonly known as a bypass
ratio. The pressure of the second portion of air 64 is then increased as it 1s routed through the
high pressure (HP) compressor 24 and into the combustion section 26, where 1t 18 mixed with
fuel and bumed to provide combustion gases 66.

16028} The combustion gases 66 are routed through the HP turbine 28 where a portion of
thermal and/or kinetic energy from the combustion gases 66 is extracted via sequential stages
of HP turbine stator vanes 68 that are coupled to the outer casing 18 and HP turbine rotor

blades 70 that are coupled to the HP shaft or spool 34, thus causing the HP shaft or spool 34

5
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to rotate, therebv supporting operation of the HP compressor 24, The combustion gases 66
are then routed through the LP turbine 30 where a second portion of thermal and kinetic
energy is extracted from the combustion gases 66 via sequential stages of LP turbine stator
vanes 72 that are coupled to the outer casing 18 and LP turbine rotor blades 74 that are
coupled to the LP shaft or spool 36, thus causing the LP shaft or spool 36 to rotate, thereby

supporting operation of the LP compressor 22 and/or rotation of the fan 38,

3629} The combustion gases 66 are subsequently routed through the jet exhaust nozzle
section 32 of the core turbine engime 16 to provide propulsive thrust. Simultancously, the
pressure of the first portion of air 62 is substantially increased ag the first portion of air 62 1s
routed through the byvpass airflow passage 56 before it is exhausted from a fan nozzle exhaust
section 76 of the turbofan 10, also providing propulsive thrast. The HP turbine 28, the LP
turbing 30, and the jet exhaust nozzle section 32 at least partially define a hot gas path 78 for

routing the combustion gases 66 through the core turbine engine 16.

16638} In some embodiments, components of turbofan engine 10, particularly
components within hot gas path 78, may comprise a ceramic matrix composite {CMC)
matenal, which is a non-metallic maternial baving bigh temperature capability. Exemplary
CMC matenials utilized for such components may include silicon carbide, silicon, silica, or
alumina matrix materials and combinations thereof. Ceramic fibers may be embedded within
the matrix, such as oxidation stable reinforcing fibers including monofilaments hike sapphire
and silicon carbide (¢.g., Textron’s 5C8-6), as well as rovings and vam including silicon
carbide (e.g., Nippon Carbon’s NICALON®, Ube Industries” TYRANNO®, and Dow
Corping’s SYLRAMIC®), alumina silicates {¢.g., Nextel’s 440 and 480}, and chopped
whiskers and fibers {¢.g., Nextel's 440 and SAFFIL®), and optionally ceramic particles (e.g.,
oxides of 51, Al, Zr, Y, and combinations thereof) and inorganic fillers (¢.g., pyrophvilite,
wollastonite, mica, tale, kyanite, and montmorillonite). As further examples, the CMC

materials may also include silicon carbide (81C) or carbon fiber cloth.

3631} CMC materials may be used for various components of the engine, for example,
airfoils i the turbine, compressor, and/or fan regions. The compressor and tarbine generally
include rows of airfoils that are stacked axially in stages. Each stage includes a row of
circumferentially spaced stator vanes and a rotor assembly that rotates about centerline 12 of

engine 10, Turbine nozzles, comprising stator vanes extending between inner and outer
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bandas, direct the hot combustion gas i a manner to maximize extraction at the adjacent
downstream turbine blades. In various embodiments of engine 10, the nozzles and/or turbine
blades, including their associated aicfoils, may be CMC components. Of course, other

components of turbine engine 10 also may be formed from CMC matenals.

16832} Referring now to FIG. 2, a side, perspective view of a turbine rotor blade 74, a
portion of a turbine rotor asscmbly, is provided according to an cxemplary embodiment of the
present subject matter. As previously described, LP turbine 30 includes sequential stages of
tarbing stator vanes 72 coupled to outer casing 18 and turbine rotor blades 74 coupled to shaft
or spoct 36, Each blade 74 includes an airfoil 80 having a concave pressure side 82 opposite
a convex suction side 84, Oppostic pressure and suction sides 82, 84 of cach airfoil 80
extend radially along a blade span § from a root 86 {0 a tip 87 and define an outer surface 85
of airfoil 80. As depicted. root 86 is the radially innermost portion of airfoil 80 and tip 87 is
the radially outermaost portion of aifoil 80. Moreover, as further shown in FIG. 2, pressure
and suction sides 82, 84 of airfoil 80 extend axially between a leading edge 88 and an
opposite trailing edge 90. Leading and trailing edges 88, 90 extend radially from root 86 to
tip 87. Further, leading edge 88 defines a forward end of airfoil 80 {labeled Fwd in the
Figures), and traihing cdge 90 detines an aft end of aurfoil 80 {labeled Aft in the Figures).
Moreover, airfoi] 80 defines a chord C extending axaally between opposite leading and
trailing edges R, 90. Morcover, airfoil 80 defines a width W between pressure side 82 and

suction side 84. The width W of airfoil 80 may vary along the span S.

13633} FEach blade 74 1s coupled to shaft or spool 36 via root 86, More particularly, root
%6 15 coupled 1o a turbine rotor disk (not shown), which m turn 1s coupled to shaft or spool 36
(F1G. 1). It will be readily understood that, as is depicted in FIG. 2 and is generally well-
known m the art, root 86 may define a projection 89 having a dovetail or other shape for
receipt i a complementarily shaped slot in the turbine rotor disk to couple blade 74 to the
disk. Of course, cach blade 74 may be coupled to the turbine rotor disk and/or shaft or spool
36 i other ways as well. In any event, blades 74 are coupled to the turbine rotor disks such
that a row of circumferentially adjacent blades 74 extends radially cutward from the
perimeter of cach disk, i.e., adjacent blades 74 within a blade row are spaced apart from one

another along a circumfercntial direction M and cach blade 74 extends from the disk along
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the radial direction R. As such, the furbine rotor disk and outer casing 18 form an inner end

wall and an outer end wall, respectively, of hot gas path 78 through the turbine assembly.

16034} Referring now to FIG. 3, a perspective view is provided of a turbine nozzle
segment. A turbine stator is formed by a plurality of turbine nozzle segments that are abutted
at circumferential ends to form a complete ring about centerline 12. Each nozzle segment
0ay comprise one or more vanes, such as vanes 68 of HP turbine 28 or vanes 72 of LP
turbme 30, that extend between an outer band and an nner band as previously described.
FIG. 3 depicts an exemplary turbine nozzle segment 67 of HP tarbine 28. Nozzle segment 67
includes outer band 67a and inner band 67b, between which extends stator vanes 68. Each
stator vane 68 includes an atrfoil 80, which has the same features as airfoil 80 described
above with respect to blade 74. For example, airfoil 80 of vane 68 has a pressure side 82
opposite a suction side 84, Opposite pressure and suction sides 82, 84 of each airfoil 80
extend radially along a span from a vane root at inner band 67b to a vane tip at outer band
67a. Moreover, pressure and suction sides 82, 84 of airfoil 80 extend axially between a
leading edge 88 and an opposite trailing edge 90. Aurfoil 80 further defines a chord
extending axially between opposite leading and trailing edges 88, 90, Moreover, airfoil 80
defines a width between pressure side 82 and suction side 84, which may vary along the span.

[6835] It will be appreciated that, although airfoil 80 of vane 68 may have the same
features as airfoil 80 of blade 74, airfoil 80 of vane 68 may have a different configuration
than airfoil 80 of blade 74. As an example, the span of airfoil 80 of vane 68 may be larger or
smaller than the span of airfoil 80 of blade 74. As another example, the width and/or chord
of airfoil 80 of vane 68 may differ from the width and/or chord of aurfoil 80 of blade 74.
Additionally or alternatively, airfoils 80 of LP stator vanes 72 and/or airfoils 80 of HP turbine
rotor blades 70 may differ in size, shape, and/or configuration from airfoils 80 of HP stator
vanes 6& and LP turbine rotor blades 74. However, it also should be understood that, while
airfoils 80 may differ in size, shape, and/or configuration, the subject matter described herein
mayv be apphied to any airfoil within engine 10, as well as other sustable components of
engine 10.

16036} FIG. 4 provides a cross-sectional view of a portion of airfoil 80 of stator vanc 68,
taken along the line 44 of FIG. 3. FIG. 5 provides a cross-sectional view of the portion of

airfoil 80, taken along the line 53 of FIG. 4. As illustrated, airfoil 80 1s a CMC component

O
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of engine 10. In the depicted embodiment, pressure and suction sides 82, 84 of airfoil 80 are
defined by a first plorality of plics 92. Airfoil 80 further comprises a second plurality of plics
96 defining a plenum 98 within airfoil 80. Plenum 98 receives a flow of cooling fhud F. e.g.,
a flow of pressurized air diverted from HP compressor 24, Further, it will be appreciated that
the first plurality of plics 92 also may be referred to as airfoil plies 92, and the second

plurality of plies 96 alsc may be referred to as plenum plies 96.

{6637} Contimung with FIG. 4, each of the plurality of airfoil plies 92 extends from
pressure side 82 to suction side 84 of airfoil 80. In the embodiment tllustrated in FIGS. 3 and
4, cach ply 92 wraps from pressure side 82 to suction side 84 around leading odge 88, or from
suction side 84 to pressure side 82 around icading cdge 88, and thereby define leading and
tratfing cdges 88, 90 of airfoil 80. Plenum plies 96 define plenum 98 between pressure and
suction sides 82, 84, i.¢., within airfoil 0. One or more filler packs 94 are positioned
between airfoil plics 92 and plenum plies 96 within a trailing edge portion 91 of aurfoil 80 as
shown in FIG. 4. Trailing edge portion 91 1s defined adjacent trailing edge 90 at the afi end
of airfpil 80; plenum 98 15 defined within atrfoil 80 forward of trailing edge portion 91, 1.e,
closer to the forward end of airfoil 80 than the aft end. It will be appreciated that filler pack
94 also may be positioned between aurfoll and plenum phies 92, 96 within other portions of
airfoil 80, or multiple filler packs 94 may be used as needed between phies 92, 96. In other

embodiments, filler pack or packs 94 may be omitted.

{3038} Preferably, airfoil and plenum plies 92, 96 contain contimuous CMC fibers along
their lengths. Continuous fiber CMC plies can help avoid relyving on the interlaminar
capability of the arfoil material to resist stresses on the airfoil. The continuous fibers may be
maintained, ¢.g., by wrapping cach airfoil ply 92 from one of pressure and suction sides 82,
84 1o the other of pressure and suction sides 82, 84 around one or both of leading and tratling
cdges 88, 90. Plenum plics 96 may be wrapped arcund a mandrel or other appropriate

support to help maimntain continuous fibers in plics 96 as airfoil 80 1s formed.

16639} It should be appreciated that, in general, filler packs 94 may be formed from any
suitable material and/or by using any suitable process. For example, in several embodiments,
cach filler pack 94 may be formed from a suttable fiber-remforced composite matenal, such
as a carbon or glass fiber-reinforced composite material. For mmstance, one or more fabric

plics may be wrapped in a suitable manner to form one or more filler packs 94 defining the

10
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desired shape of an interior of airfoil 80, such as by shaping suitable ply packs to form ecach
filler pack 94, In another embodiment, discontinuous materials, such as short or chopped
fibers, particulates, platelets, whiskers, ¢tc., may be dispersed throughout a suitable matrix

material and used to form cach filler pack 94.

10844] Additionally | it should be appreciated that, in several embodiments, each filler
pack 94 may correspond to a pre~fabricated component. In such embodiments, the filler
pack(s) may be installed within the mterior of airfoil 80 during or followmg manufacturing of
the nozzle segment 67 or rotor blade 74. Alternatively, each filler pack 94 may be assembled
or otherwise formed within airfoil 80. For mmstance, when filler pack 94 is formed from one
or more fabric plies, the plies may be laid up within airfoul 80 together with the plics being

used to create the arfoil structure.

6041} As shown in FIGS. 3 and 4, airfoil 80 defines cooling passages 100 within trailing
edge portion 91 for providing a flow of cooling flind at trasling edge 90 of airfoil 80, In the
depicted embodiments, cooling channels 100 are defined proxamate suction side 84 of arfoil
80 to cool suction side 84, Further, in the depicted embodiments, trailing edge portion 91 is

cssentially solid except for cooling passages 100 defined therein.

16042} More particularly, in the embodiment depicted in FIG. §, cooling passages 100
comprise crossover apertures 102, a first cavity 104, channels 106, a second cavity 108, and
ejection apertures 110, First cavity 104 1s a radially extending cavity defined n filler pack
84, Referring particularly to FIG. 4, first cavity 104 may be defined within filler pack 94 at a
generally location closer to suction side 84 than pressure side 82 of airfoil 80, Further, at
lcast one crossover aperture 102 is defined in plenum plies 96 such that crossover aperture
102 extends from plenum 98 to first cavity 104 and thereby facilitates a flow of cooling fluid
from plenum 98 to first cavity 104, 1.e., erossover aperture 102 fluidly conneets plenum 98
and first cavity 104, In some embodiments, first cavity 104 may not be defined immediately
adjacent plenum plies 96, and in such embodiments, crossover aperture 102 may extend
through plenum plies 96 and filler pack 104 to fluidly connect plemim 98 and first cavity 104.

Aarfoil 80 may include a plurality of crossover apertures 102, as shown in FIG. 5.

16043} Like first cavity 104, second cavity 108 1s a radially extending cavity defined in
filler pack 94, and second cavity 108 is defined aft of first cavity 104, Atleast one channel

106 is defined from first cavity 104 to second cavity 108 to facilitate the flow of cooling fluid
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from first cavity 104 to second cavity 108, 1.¢c., channel 106 extends axially between cavities
104, 108 such that the cavities fhadly connect the plurality of channels 106, Preferably, a
plurality of channels 106 are defined from first cavity 104 to second cavity 108, each channel
106 extending axially between the cavities. Further, as shown most clearly in FIG. 4,
channels 106 may be defined i filler pack 94 adjacent suction side 84 of airfoil 80 to provide
cooling to suction side 84. By providing suction side cocling using a flow of cooling fluid
through channels 106, film cooling on suction side 84 may be reduced or eliminated, which
may mmprove the performance of engine 10 by reducing an loss penalty that is incurred

through the ase of film cooling.

3644} Moreover, at least one ¢jection aperture 110 is defined in airfoil plies 92 such that
gjection aperturg 110 extends from outer surface 85 of airfoil 80 to second cavity 108 and
thereby facilitates a flow of cocling fluid from second cavity 108 to outer surface 85, ie.,
gjection aperture 110 fludly connects second cavity 108 and outer surface 83, In some
embodiments, second cavity 108 may not be defined immediately adjacent airfoil phes 92 as
shown in FIG. 4, and in such embodiments, ejection aperture 110 may extend through airfoil
plies and filler pack 104 to fluidly connect second cavity 108 and outer surface 85, Further,

atrfoil 80 may include a plurality of ¢jection apertures 110, as shown in FIG. 5.

6045} Accordingly, as ilfustrated in FIGS. 4 and 5, cooling passages 100, comprising
crossover apertures 102, first cavity 104, channels 106, second cavity 108, and ¢jection
apertures 110, are in fluid communication with plenum 98 to direct the flow of cooling fluid
from plenum 98 to outer surface 85 and particularly toward trailing edge 90 of airfoil 30, The
fluid flow F received within plenum 98 generally is cooler than the combustion gases flowing
against or over outer surface 85 of airfoil 80, Each cooling passage 100, extending from
plenum 98 to outer surface 85 via crossover apertures 102, first cavity 104, channels 106,
second cavity 108, and ejection apertures 118, forms a continuous pathway i fhad
compunication with plenum 98 to facilitate flowing cooling fluid ¥ from plenmin 9% to outer
surface 85, As such, the flow of cooing fluid F over outer surface 85 and trailing edge 90

may help reduce the temperatures to which outer surface 85 and tratling edge 90 are exposed.

3646} As illustrated in FIG. 3, a plurality of cooling passages 100 may be used
throughout the trailing edge portion 91 of airfoil 80. As discussed, first and second cavities

104, 108 may extend radially through filler pack 94, and a plurality of ejection apertures 110
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may be defined from outer surface 85, e.g., at or adjacent tratling edge 90, to second cavity
108; a plurality of channels 106 may be defined from first cavity 104 to sccond cavity 108;
and a plurality of crossover apertures 102 may be defined from plenum 98 to first cavity 104,
Thus, crossover apertures 102 provide a flow of cooling fluid from plenum 98 to first cavity
104, and the cooling thiud may then be ejected to ouvter surface 85 of airfoil 80 via channels
106, second cavity 108, and ejection apertures 110, An identical nuraber of crossover
apertures 102, channels 106, and cjection apertures 110 need not be provided, as shown in
FiG. 5. Rather, the number of crossover apertures 102 provided m airfoil 80 mav be tewer or

greater than the number of channels 106 and/or cjection apertarcs 110.

6647} FIG. 6 provides an altemative cmbodiment of the trailing edge portion 91 of
atrfoil 80 illustrated in FIG. 5. As shown in FIG. 6, rather than first and second cavities 104,
108 exiending radially through filler pack 94 and fluidly connecting a plurality of crossover
apertures 102, channels 106, and cjection apertures 110, a plurality of tirst chambers 117 and
a plurality of second chambers 114 may be provided such that crossover apertures 102,
channels 106, and gjection apertures 110 are not fhadly connected with one another within
filler pack 94. Instead. cach ejection aperture 110 is in fluid communication with a second
chamber 114, which in tum is in fhud communication with a channel 106, which is in fhud
comynunication with a first chamber 112, which is in thud communication with a crossover
aperture 102 o receive a flow F of cooling fhuid from plenum 98, That is, second chamber
114 1s defined within filler pack 94 aft of first chamber 112 defined within filler pack 94, and
the chambers are fluidly connected by channel 106. Together, each crossover aperture 102,
first chamber 112, channel 106, second chamber 114, and gjection aperture 110 defines a
cooling passage 100, Thus, m embodiments such as iHlustrated in FIG. 6, each cooling
passage 100 defined m arfoil 80 includes a crossover aperture 102, a first chamber 112, a
channel 106, a second chamber 114, and an cjection aperture 110, and aurfoil 80 comprises a

plurality of cooling passages 100,

30438} Crossover aperturcs 102, channels 106, and ejection apertures 110 may range
from about 10 to about 30 mils in diameter. For example, 1n one embodiment, each crossover
aperture 102 may be about 20 mils in diameter, each channel 106 may be about 10 mils in
diameter, and cach ejection aperture 110 may be about 15 mils in diameter. In other

embodiments, one crossover aperture 102 may have a different diameter than another
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crossover aperture 102, Alternatively or additionally, one channel 106 may have a different
diameter than another channel 106, and one ¢jection aperture 110 may have a different
diameter than ancther ¢jection aperture 110, Further, although generally described as being
substantially cylindncal in shape or generally circular in cross-sectional shape, crossover
apertures 102, channels 106, and ejection apertures 110, as well as cavities 104, 108 and
chambers 112, 114, may have any appropriate shape and/or cross-section. For example, as
shown in FIG. 4, first cavity 104 and second cavity 108 may have gencrally triangular cross-
sectional shapes. Described differently, first cavity 104 may have a cross-sectional shape that
1s gencrally tapered from plenam phics 96 to channel 106, and second cavity 108 may have a
cross-sectional shape that is generally tapered from airfoll plies 92 to channel 106
Moreover, the number of cach void, ¢.g., crossover aperture 102, channel 106, ¢jection
aperture 110, cavities 104, 108, and/or chambers 112, 114, may vary from one airfoil to
another. As an example, airfoil 30 of turbine blade 74 may have one mumber of channels
106, and the airfoil of a stator vane 68 may have a different number of chanunels 106, Inone
example embodiment, an engine 10 may comprise airfoils having channels 106, where
channels 106 of cach airfoil range m number from about 10 to 40 channels, generally with
larger airfoils {e.g , larger in the radial direction R, axial dirgction A, circumferential

direction M, or all three directions R, A, and M) having a greater number of channcls 106,

{60491 The shape, size, and number of each voud, e.g., cavities 104, 108 and/or chambers
112, 114, crossover aperture 102, channel 106, and cjection aperture 110, may be optimized
for each airfoil. As described above, the number of channels 106 may depend on the relative
size of the airfoil. Further, the size, shape, and/or number of voids 102, 104, 106, 108, 110,
112, 114 may depend on the desired cooling effects achieved by flowing cooling fluid from
plenum 98 through voids 102, 104, 106, 108, 110, 112, 114, For example, achieving high
velocity cooling fluid flow through channels 106 may mncrease the heat transfer coefficient
and thereby increase the rate of cooling provided by cooling passages 100, As a result,
having a larger mumber of holes or voids with smaller cross-sectional arcas may be beneficial.
However, too many voids within the airfoil can be detrimental to the strength of the matenal
forming the airfoil and having too many rows of cooling passages over airfoil 80 can inerease
cooling flow to an extent that negatively impacts the performance of engine 10. Therefore,
an optimal number, shape, and size of vouds 102, 104, 106, 108, 110, 112, 114 provides

beneficial cooling without overly weakening the airfoil matenal or negatively impacting
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engine performance, ¢.g., an optimal configuration of cooling passages 100 may decrease

specific fuel consumption.

6634} The size and/or shape of the voids forming cooling passages 100 may be defined
by various parameters of cach void. For example, as shown in FIGS, 3, 4, and 5, channel 106
has a length L1, which extends generally along the axial direction A. Also, crossover aperture
102 has a width W, First cavity 104 {(or first chamber 112 1n embodiments having first
chamber 112 rather than first cavity 104) has a width W1 adjacent crossover aperture 102, and
channel 106 has a width W In the depicted embodiment, width W1 tapers to channel width
W, 1.€., width Wen i smaller or less than width Wi, Further, second cavity 108 (or second
charaber 114 in embodiments having second chamber 114 rather than second cavity 108) has
a width W2 adjacent ejection aperture 110, which tapers to channel width Wen in the
embodiment of FIG. 4. Ejection aperture 110 has a width We adjacent second cavity 108 {or
sccond chamber 114) that is smaller than a width We: of gjection aperture 110 at outer surface
85, 1.¢., ¢jection aperture 110 may have a greater width at outer surface 85 that tapers to a
smaller width at or near cavity 108 or chamber 112, Moreover, it will be understood that,
although described as widths, the foregoing dimensions may be diameters in embodiments in

which the voids are rounded or generally circular in cross-sectional shape.

(6051} In addition, the size and/or shape of cavities 104, 108 and chambers 112, 114 may
be sclected to help in fabricating airfoi 80, More particularly, a larger cross-sectional arca of
first cavity 104 or first chamber 112 may help i forming crossover apertures 102 to thudly
connect plenum 98 and first cavity 104 or first chamber 112, For example, a first cavity 104
having a larger cross-sectional area oriented toward a location where crossover apertares 102
will be machined through plenum plies 96 (or plics 96 and filler pack 94) will provide a
larger target arca for machining apertures 102, As shown in FIG. 4 and as previously
described, first cavity 104 may have a generally triangular or tapered cross-sectional shape,
with a longer side oriented toward plenum 98, As such, crossover apertures 102 may be
formed from plenum 98 to first cavity 104 even if crossover apertures 102 are not formed at
the exact mtended location, 1.¢., crossover apertures 102 do not have to be held to as tight of a
tolerance if first cavity 104 provides a larger area in which crossover aperture 102 can join
first cavity 104, Likewise, in some embodiments, second cavity 108 may be formed, shaped,

and/or oriented to provide a sufficient target for forming ejection apertures 110 from outer
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surface 85 to second cavity 108, In still other embodiments, chambers 112, 114 may be
similarly formed, shaped, and/or orignted to provide a large target for forming crossover
apertures 102 to connect first chamber 112 and plenum 98 and for forming ejection apertures
110 1o provide a passage from second chamber 114 to outer surface 85 of airfoil 80, By
positioning, sizing, and shaping cavities 104, 108 and/or chambers 112, 114 as described, any
tolerances required for drilling, machining, or otherwise forming crossover apertures 102 and
cjection apertures 110 may be accommodated without increasing the thickness of trailing
edge portion 91, Accordingly, the weight of airfoil 80 and the material required to produce
atrfoil 80 do not have to be increased to accommodate tolerances n forming cooling passages
100 10 trailing edge portion 91 of airfoil 80, Moreover, optimal cooling passage size, shape,
and/or position may decrease a time required to manufacture airfoil 80, ¢.g., by reducing the
fime required to dnll, machme, or otherwise form crossover apertures 102 and ejection
apertures 110, Reducing the complexity and length of the manufacturing process also may

decrease manufacturing costs.

16652} Although cooling passages 100 may be particularly beneficial along or adjacent
trailing edge 90 of airfoil 80, cooling passages 100 may be suitable for any location on airfoil
%0 and, for example, may be defined over pressure and suction sides 82, 84 of airfoul 80.
Further, referring to FIG. 7, the portions of cooling passage 160 may be defined at various
locations throughowt airfoil 80. For example, as depicted in FIG. 7, crossover aperture 102
and first cavity 104 are defined closer to leading edge 88 of airfoil 80 than in the embodiment
depicted in FIG. 4. As such, for airfoils 80 having identical dimensions apart from cooling
passages 100, channel 106 of the embodiment shown in FIG. 7 has a length Lo that is greater
or longer than length L1 of channel 106 of the embodiment shown in FIG. 4. By vtilizing a
longer channel 106, cooling passages 100 of embodiments such as tlustrated in FIG. 7 may

provide cooling to a greater portion of suction side 84 of airfoi] §80.

[B053] Additionally or aliernativelv, ejection aperture 110 may be biased to onc or the
other of pressure side 82 and suction side 84 rather than being defined exactly at trailing edge
90. For example, as shown in FIG. 4, ejection aperture 110 exits af outer surface 85 on
pressuie side 82 of airfoul 80, L.e., ejection aperture 110 defines an outlet 116 at pressure side
82. In other crobodiments, ¢jection aperture 110 may be biased to oxit at outer surface 85 on

suction side 84 of airfoil 80, 1., ¢jection aperture 110 may define an outlet 116 at suction
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side 84. Morcover, for airfoils 80 comprising a plurality of cooling passages 100, outlets 116
may be defined at various axial locations along pressure side 82 or suction side 84, 1¢,
outlets 116 may not be radially aligned. As such, outlets 110 of cooling passages 100 may be
spaced apart generally along the axial direction A as well as the radial divection R, Further,
the use of moltiple cooling passages 100 at multiple locations of airfoil 80 may help enhance

the surface cocling provided by the cooling fluid fowing from ¢ach passage 100,

[B054] Various methods, technigues, and/or processes may be used to form crossover
apertures 102, first cavity 104, channels 106, second cavity 108, gjection apertures 110, and
first and second chambers 112, 114 in airfoil 0. For example, in some embodiments, the
portion of crossover aperture 102 defined through plenum plies 96 may be defined by cutting
cach individual plenum ply 96 before plenum plies 96 are laid up to form arrfoil 80.
Similarly, the portion of ¢jection aperture 110 defined through airfoil plies 92 may be defined
by cutting cach individual airfoil ply 92 before atrfoil plies 92 are laid up to form airfou 0.
In one embodiment, plies 92, 96 are cut using a precision Gerber cutier by Gerber
Technology of Tolland, Connecticut. In other embodiments, another type of cutter or other
means for defining cut-outs in plies 92, 96 may be used. As ancther example of forming
voids in airfou 80, crossover apertures 107 and gjection apertures 110 may be defined in
plenum plies 96 and airfoil plies 92, respectively (as well as in filler pack 94 in some

cmbodiments), using electrical discharge machining (EDM), i.c, EDM drilling.

[B055] In a further example, voids 102, 104, 106, 108, 110, 112, 114 may be formed
using one or more fugitive matenal inserts. That is, an insert made from a fugitive material
may be in a desired form {e.g., shape, size. tc.} to defing the corresponding void, e.g.,
crossover apertures 102, first cavity 104, chanunels 106, second cavity 108, cjection apertures
110, and/or chambers 112, 114, The fugitive material insert is positioned within the lay-up as
plenum plies 96, filler pack 94, and airfoil plies 92 are laid up to form airfoil 80, In some
embodiments, the msert may be formed of SiC fibers in a silica carbide matrix. The nsert
mayv be one of various forms, such as atape cast, a preformed silicon dioxade wibe, or a rapid
prototype polymer coating with boron mitride, and the msert may be formed m varicus
manners, €.g., spraved, scroen printed. or injection molded. For example, the fugitive
material insert may be a fugitive material particulate bound by polvmer in a flexible tape. It

may be desirable that the fugitive matenial insert be a low melting metal or alloy that may

17



WO 2018/017172 PCT/US2017/030006

melt during a bumout pyrolysis operation or melt infiltration of a CMC layup preform, o
thereby leave a void i the preform. In altermative embodiments, the fugitive material insert
may be formed of a high temperature material that will not melt duriog the burnout pyrolysis
operation. For example, such fugitive matenals mclude, but are not limited to, boron nitride
(BN}, silicon oxide, silicon oxide coated with boron nitride, rare carth elements, rare earth
clements coated with boron nitride, rare earth oxides, rare earth oxides coated with boron
nitride, rare carth silicate, rare carth silicate coated with boron nitride, clemental
molybdenum, elemental molvbdenum coated with boron nitride, molvbdenum silicides,
molvbdenum silicides coated with boron nitride, gallium oxide, gallium nitride, indium
oxide, indrom nitnide, tin oxide, tin nitride, indium tin oxide (IT0), alkaline carth silicates
where the alkaline earth 15 magnesium, calcium, strontium, barium, and combinations thereof,
alkaline earth alununates, diamond powder, diamond powder coated with boron nitride, or
boron nitride coated with carbon and mixtures and combinations thereof. AH of these high
temperature materials may be placed into the CMC during lavup as a flexible tape filled with
powders of the hugh temperature materals. Altemnately, all of these high temperature
materials may also be placed mto the CMC during lavup as a dense, flexible wire or an
inflexible rod or tube. Such high temperature materials, after the CMC component is melt
mfiltrated, may require a subsequent air heat treatment to oxidize the high temperature
material, a vacuum heat treatment, an inert gas heat {reatment, an acid treatment, a base
treatment, combinations thereof, or alternating combinations thereof, to remove the fugitive
material. Thus, the fugitive material may be removed by melting, dissolution, sublimation,

evaporation, or the like.

16056} Accordingly, various materials are suitable for use as the insert, such as materials
that exhibit non-wetting of the CMC preform, low or no reactivity with the constitucnts of the
CMC preform, and/or are completely fusible and drammable at a temperature of a thermal
treatment performed on the CMC preform. In one example embodiment, fugitive material
inserts for defining channels 106 are formed of fused silicon dioxide (5102} in a tubular
shape, 1.¢., as quartz tubes or rods. The tubes have, as a non-himiting example, an mner
diameter of 10 mils and an outer diameter of 30 mils. The tubes may be positioned in an
array within trailing edge portion 91 of a layup of plies 92, 96 and filler pack{(s) 94 for
forming airfoil 80, Following a melt infiltration process, the fused silicon dioxide 1s reduced

to 510, Such an nsert will not wet or react with the constituents of the preform.
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Additionally, the msert may melt and be allowed to dramn from the preform during bumout,

leaving the CMC preform with voids forming channels 106

16057} FIG. 8 provides a chart iHlustrating an exemplary method 800 for fabricating
airfoil 80, As represented at 802 m FIG. 8, plies 92, 96 and filler pack(s) 94 are laid vp in the
form of airfinl 80, e, laid up in a desired shape to produce an airfoil preform assembly. The
layup step or portion of the process thus may be referred to as the layup preforming step. The
layup preforming step may comprise lavering multiple plies or structures, such as plies pre-
impregnated (pre-preg) with matrix material, pre-preg tapes, or the like, to form a desired
shape of the resultant CMC component, ¢.g., airfoil 80. The layers are stacked to form a

lavup or preform, which is a precursor to the CMC component.

{0058] In some embodiments, multiple lavups or preforms may be laid up together to
form a preform assembly. More particularly, the lavup portion of method 800 depicted at
802 may include laving up roultiple preforms and/or plies n an airfoil preform assembly 80P,
Referring to FIG. 9, in an exemplary embodiment, the layup preforming step 802 may
include forming a plenum preform 96F and a filler pack preform 949, which are laid ap with
atrfoil plies 92 and a sccond filler pack portion 94b to produce airfoil preform assembly 80P
More specifically, as shown at 902 in FIG. 9, plenum plies Y6 are laid up, e g, morona
layup tool, mandrel, or mold, to define a plenum preform 96P, dlustrated in FIG. 10, As
shown in FIG. 10, plenum preform 96F gencrally defines the shape of plenum 98 of aurfoil
80. The plenum preform 96P may be compacted as illustrated at 904, and then processed in
an autoclave as shown at 906. The compaction may be performed at atmosphere, 1.¢., at
room temperature. The autoclave processing may be performed at reduced temperature
compared to a standard awtoclave cvcle such that plenum preform 96P retains some flexibility
and malleability after autoclaving. Such flexability and malleability may help i laving up
plenum preform 96P with other preforms and plies to produce preform assembly 80P, In
some embodiments, the compaction and/or autoclaving steps 904, 906 may be omitied, 1.¢.,
the compaction and autoclaving indicated at 904 and 906 are optional, such that defining the
plenum preform 96F comprises laying up plenum plies 96 without additional processing.
Further, m other embodiments, prior o, or as part of, laying up plenum plies 96 at 902,

plenum plics 96 may be cut to define at least a portion of crossover aperture(s) 102.
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3059} The layup preforming shown at 802 i FIG. 8 further may include forming a filler
pack preform 94P, as shown in FIG. 9. As indicated at 908, filler pack material 94 15 laid up,
¢.g.. in or on a layup teol, mandrel, or mold, to define the filler pack preform 94P. Next at
910, filler pack preform 94P is compacted, e.g., at atmosphere as described above with
respect to the plenum preform. Then, as shown at 912, the filler pack preform 94P s
processed in an autoclave, e.g., at a reduced temperature relative to a standard astoclave cycle
such that filler pack preform 94P retains some flexibility and malleability after autoclaving.
The flexibility and malleability may help in defining voids in the filler pack preform as
itlustrated at 914 in FIG. 9. More particularly, after autoclaving, filler pack preform 94P s in
a green state, and after autoclaving at a reduced temperature, the green state filler pack
preform 94F retains sore flexibility and malleability that can assist in further manipulation
of the preform. For example, the voids forming first cavity 104, channel(s) 106, and second
cavity 108 may be machined in the green state filler pack preform 94P; in other
embodiments, the voids forming first chamber(s) 112, channel{s) 106, and sccond chamber(s)
114 may be machined in the green state filler pack preform 94P. The malleability of green
state preform 94P may help in forming voids 104, 106, 108 or 112, 106, 114, In varicus
embodiments, the voids may be formed using onc or more of laser dnlling, EDM, cutting, or
other machining methods. In other embodiments, one or more of voids 104, 106, 108, or
voids 112, 106, 114, may be formed using fugitive material inserts and one or more of the

processes or steps previously described.

3060} Referring still to FIG. 9, as shown at 916, laying up the CMC material to produce
atrfoil preform assembly 80P also may include preparing airfoil plies 92 for laving up with
plenum preform 968 and filler pack preform 94P. In some embodiments, preparing the
atrfoil plies 92 may include cutting plics 92 to define at least a portion of gjection aperture(s)
110. In other embodiments, ejection aperture(s) 110 may be defined in the airfoil pretorm
assembly 80P after the vanous portions are laid up as shown at 802 i FIG. 8 or after
processing the airfoil preform assembly as further descnibed below, ¢.g., ¢jection apertures
110 may be machined after an environmental barrier coating 1s applied to airfoil 80, Tt will
be appreciated that, when laid up with filler pack preform 94P and plemum preform 96P,
airfoil plies 92 generally define the shape of pressure and suction sides 82, 84 of the resultant

atrfoil 80.
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6061} Further, as shown at 918 10 FIG. 9, laying up the CMC matenal to form airfoil
preform assembly 80P may mclade layving up one or more additional filler pack(s). For
example, referring to FIG. 10, a second filler pack portion 94b and additional filler pack
material 94 may be laid up with filler pack preform 94P and plenum preform 96P to further
defing vouds 104, 106, 108 (or voids 112, 106, 114 in embodiments utilizing first and second
chambers 112, 114 rather than first and second cavities 104, 108) within airfoil 80 and to fill
in any gaps between plenum preform 96F and airfoil plies 92. In particular embodiments,
second filler pack portion 94b may be configured to fully define the shape of voids 104, 106,
108 (or voids 112, 106, 114}, 1.¢ ., the voids may be partially defined by filler pack preform
94P and partially defined by second filler pack portion 94b. in some embodiments, second
filler pack portion 94b may be formed as a filler pack 94 or may be formed from a stack of
CMC tapes or the hike. As and if needed, additional filler pack(s} 94 may be positioned

between airfoil plies 92 and plenum preform 96P as shown in FIG. 16,

[B062] Accordmgly, at layup preformung step 802 of method 800, the plenum preform
S6P, filler pack preform 94P, airfoil plics 92, and additional filler pack portions 94, 94b may
be laid up together to form airfoul preform assembiy 80P. In some embodiments, the layap
preforming step 802 also may comprise positioning one or more fugitive material inseris
within the lavers to form one or more of voids 102, 104, 106, 108, 110, 112, 114 within

atrfoil &0 as described above.

3063} Next, airfoil preform assembly 80P 1s processed as shown at 804 1 FIG. 8. For
example, airfoil preform assembly BOP may be processed in an autoclave using a standard
autoclave process. As such, airfoil preform assembly 80P may be autoclaved at a higher
temperature than filler pack preform 94P and plenum preform 96P as described above. After
processing, if crossover aperture(s) 102 and ejection aperture(s) 110 are not formed by
cutouts i plenum plies 96 and airfoil phies 92, these apertures may be defined in the green
state airfoil preform assembly. For example, crossover aperture(s} 102 may be EDM drilled
from plenum 98 nto the airfoil preform assembly, ¢.g., through plenum preform Y6P and
filler pack preform 94P, to the extent crossover aperture(s) 102 extend through filler pack 94.
In varicus embodiments, the voids may be formed using one or more of laser drilling, EDM,
cutting, or other machining methods or using fugitive material inserts as previously

described.
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3064} Next, as shown at 806 in FIG. 8, the airfoil preform assembly may undergo a
burn-out cycle, 1.¢., a burn-out cycle may be performed. In an example bumn-out cycle, any
mandrel-forming materials, as well as certain fugitive materials or other meltable maternals
such as additional binders, are melted to remove such materials. Durning bum-out, the CMC
airfoil preform assembly may be positioned to allow the melied materials to run out of the

preform and thas remove the materials from the preform.

[3065] Then, as iHustrated at 808, the CMC airfoil preform assembly may be subjected to
one or more post-processing cveles for densification of the preform assembly. Densification
may be performed using anvy known densification technique including, but not hmited to,
Silcomp, melt mfiltration (MI), chemical vapor infiltration (CV1), polymer infiltration and
pyrolysis (PIPY, and oxide/oxide processes. Densification can be conducted in a vacuam
fumace having an established atmosphere at temperatures above 1200° C to allow silicon or

other materials to melt-infiltrate into the preform component.

3066} Additionally or alternatively, after burn-out and post-processing steps 806, 308,
airfoil 80 may be manipulated mechanically or chemically as shown at 810 in FIG. 3 to
remove any remaining fugitive matenal inserted into the preformed shape during layup
preforming step 802, In some cases, the heat treatment may be used to oxidize the insert to
an oxide that may be meklted or dissolved in an acid or base. In other embodiments, the msert
may be directly dissolved in acid or base, or otherwise chenucally dissolved. in further
embodiments, the msert may be sublimed or evaporated 1n a vacuum heat treatment. In still
other embodiments, the insert may be oxidized and subsequently subhimed or evaporated in a
vacuum heat treatment. Mechanical methods may be used to mechanically remove the insert,
and such mechanical methods may or may not be used with anv of the previously described

methods. Various chemical methods may be utilized as well.

[G67] After any remaining fugitive material is removed at step 810, airfoil 30 may be
finish machined as shown at 812, Finish machining may mclude clearng the formed
features, such as crossover apertures 102 and ¢jection apertures 110, with wire {0, ¢.g., ensure
proper flow through the voids. Subsequently, an environmental barnier coating (EBC) may
be applied to the airfoil 80, as shown at step 814, In embodiments where ¢jection apertures
110 are formed prior to coating airfoil 80, a stop-off comb may be mserted mto gjection

apertures 110 before the coating 13 applied to prevent the coating from blocking the cooling
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passages 100, In other embodiments, shown as step 816, ejection apertures 110 may be
formed after the coating is applied, ¢.g., by machining or another appropriate techmque or

Process.

[0068] Method 800 is provided by way of example only; it will be appreciated that some
steps or portions of method 800 may be performed in ancther order. Additionally, other
methods of fabricating or forming airfou 80 may be used as well. T particular, other
processing cyeles, e.g., utilizing other known methods or techmiques for compacting CMC
plies, may be used. Further, airfoil 80 may be post-processed using a melt mfiltration
process, a chemical vapor infiltration process, a matrix of pre~-ceramic polyvmer fired to obtain

a ceramic matrix, or any combinations of these or other known processes.

16869} This written description uses examples to disclose the invention, including the
best mode, and also to enable any person skilled 1n the art to practice the invention, including
making and using any devices or systems and performung any incorporated methods. The
patentable scope of the mvention is defined by the claims and may include other examples
that occur to those skilled in the art. Such other examples are intended to be within the scope
of the claims if they include structural clements that do not differ from the literal language of
the clamms or if they include equuvalent structural elements with msubstantial differences

from the literal language of the claims.
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WHAT IS CLAIMED IS
An airfoul for a gas turbine engine, the airfoil comprising:

3
opposite pressure and suction sides extending radially along a span, the pressure and
suction sides defining an outer surface of the airfoil;
opposite leading and trailing edges extending radially along the span, the pressure and
suction sides extending axially between the lesading and trailing edges, the leading edge
defining a forward end of the airfoil. the trailing edge defining an aft end of the airfoil;

a tratling edge portion defined adjacent the trailing edge at the aft end of the airfoil;

a plenum defined within the airtoil forward of the trailing edge portion; and
a cooling passage defined within the traitling edge portion for directing a cooling fluid

from the plenum to the outer surface of the airfoil, the cooling passage defingd proximate the

suction side,
wherein the airfoil is formed from a coramic matrix composite material.
The airfoil of claim 1, wherein the cooling passage comprises:

2.
a first cavity extending radially within the trailing edge portion;

a second cavity defined aft of the first cavity, the second cavity extending radially

within the tratling edge portion;
a crossover aperture defined from the plenum to the fust cavity;

a channel defined from the first cavity to the second cavity, the channel extending

axially between the first and sccond cavities; and
an gjection aperture defined from the outer surface of the airfoil to the second cavity

The airfoil of claim 1, wherein a plurality of channels are defined from the

3

.

first cavity to the second cavity.
The arrfoul of claim 3, wherein the first cavity and the second cavity fluidly

4.

connect the plurality of channels.
The airfoil of claim 1, wherein the cooling passage comprises:

W

a first chamber;
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asecond chamber defined aft of the first chamber;
a crossover aperture defined from the plenum to the first chamber;

a channel defined from the first chamber to the second chamber, the channel

extending axially between the first and second chambers;

an ejection aperture defined from the outer surface of the airfoil to the second
chamber.

6. The airfoil of claim 1, further comprising a plurality of airfoil plies, the airfoil
plics defining the pressure and suction sides of the airfoil, the airfoil plies comprising a
ceramic matrix compostie material.

7. The airfoil of claim 1, further comprising a plurality of plenum phies, the
plenum plics defining the plenum, the plenum plies comprising a ceramic matrix composite

material.

8. The airfoil of claim 1, further comprising a filler pack, the filler pack
positioned between the airfoil plies and the plenum plies in the trailing edge portion of the
airfoil, the filler pack comprising a ceramic matrix composite material,

9. An airfoil for a gas turbine engine, the airfoil comprising:

opposite pressure and suction sides extending radiallv along a span, the pressure and
suction sides defining an outer surface of the airfoil;

opposiie leading and trailing edges extending radially along the span, the pressure and
suction sides extending axially between the leading and trailing edges, the leading edge
defining a forward end of the airfoil, the trailing edge defining an aft end of the airfoil;

atratling edge portion defined adjacent the trailing edge at the aft end of the airfoil;

a plurality of ceramic matrix composite airfoil plies defining the pressure and saction
sides of the arfoil;

a plurality of ceramic matrix composite plenum phies defining a plemim forward of
the trailing edge portion;

a filler pack positioned between the airfoil plies and the plenum plies withim the

tratfing edge portion of the airfoil; and



WO 2018/017172 PCT/US2017/030006

a cooling passage defined within the filler pack for directing a cooling fluid from the
plenum to the outer surface of the airfoil, the cooling passage defined proximate the suction
side.

10, The airfoil of claim 9, wherein the cooling passage comprises:

a first cavity extending radially within the trailing edge portion;

a second cavity defined aft of the first cavity, the second cavity extending radially
within the tratling edge portion;

a crossover aperture defined from the plenum to the first cavity;

a channel! defined from the first cavity to the second cavity, the channel extending
axially between the first and second cavities;

an ejection aperture defined from the outer surface of the airfoil to the second cavity.

. The airfoil of claim 9, wherein a plurality of channels are defined from the
first cavity to the second cavity.

12. ¢ arrfoil of claim 11, wherein the first cavity and the second cavity fluidly
connect the plurality of channels.

3. The airfoil of claim 9, wherein the cooling passage comprises:

a first chamber;

asecond chamber defined aft of the first chamber;

a crossover aperture defined from the plenum to the first chamber;

a channel defined from the first chamber to the second chamber, the channel
extending axially between the first and second chambers;

an ejection aperture defined from the outer surface of the airfoil to the second
chamber.

14, 'The airfoul of claim 13, wherein the airfoil comprises a plurality of cooling

passages, each cooling passage comprising a first chamber, a second chamber, a crossover

aperture extending from the plenum to the first chamber, a channel extending from the first
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chamber to the second chamber, and an ejection aperture extending from the second chamber

to the outer surface of the airfoil.

15, A method for forming an airfoil for a gas turbine engine, the method

comprising:

laying up a coramic matrix composite material to form an aufoll preform assembly,

the airfoil preform assembly including
opposite pressure and suction sides extending radially along a span,

opposite leading and tratfing cdges extending radially along the span, the
pressure and suction sides extending axially between the leading and trailing edges,

and
a plenum defined within the airfoil preform assembly; and
processing the airfoil preform assembly to produce the airfoil,

wherein a cooling passage is defingd within the airfoll, the cocling passage defined
from the plenum to the trailing edge of the airfoil, the cooling passage defined proximate the

suction side of the airfoil.

16. The method of claim 15, wherein the cooling passage comprises:

a first cavity extending radially within the trailing edge portion;

a second cavity defined aft of the first cavity, the second cavity extending radially
within the trailing edge portion;

a crossover aperture defined from the plenum to the first cavity;

a channel defined from the first cavity to the second cavity, the channel extending
axially between the first and second cavities; and

an ejection aperture defined from the outer surface of the airfoil to the second cavity.

17.  'The method of claim 16, wherein a fugitive matenal insert is positioned within
the ceramic matrix composite material as the matenal 15 laid up to form the airfoul preform,
the tfugitive matenal msert configured to define the fivst cavity, the channel, and the second
cavity, and wherein defining the cooling passage comprises performing a burn-out cvele o

remove the fugitive material.
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18, The method of claim 16, wheren laving up the ceramuc matrix composite
material to form the awfoil preform assembly comprises laving up a plemum preform, laying

up a filler pack preform, and laving up airfoil plies.

19 The method of claim 18, wherem defining the cooling passage comprises
machining the first cavity, the channel, and the second cavity within the filler pack preform
before laying up the filler pack preform with the plenum preform and airfoil plies.

20, The method of claim 16, further comprising machining the giection aperture

after applying an environmental barrier coating to the airfoil.
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