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HYBRID TURBINE BLADE INCLUDING MULTIPLE INSERT SECTIONS

BACKGROUND

{0001] This disclosure relates generally to turbomachines, and more particularly to
both gas turbines and steam turbines, and the design of turbine blade composed of

inserts made from different materials.

[0002] Steam turbines include, but are not Hmited, to steam turbine power generation
equipment and shipboard steam turbine propulsion equipment. An exemplary steam
turbine typically contains a high-pressure turbine section, a low-pressure turbine
section, or a combination of both, which is rotated by the steam flow. Gas turbines
include, but are not lunited to, gas turbine power generation equipment and gas
turbine aircrafl engines. An exemplary gas turbine typically includes a core engine,
having a high pressure compressor to compress the air flow entering the core engine,
a combustor in which a mixture of fuel and the compressed air is burned to generate a
propulsive gas flow, and a high pressure turbine which is rotated by the propulsive
gas flow and which is connected by a larger diameter shaft to drive the high pressure
compressor. A typical front fan gas turbine aircraft engine adds a low pressure
turbine (located aft of the high pressure turbine) connected by a smaller diameter
coaxial shaft to drive the front fan (located forward of the high pressure compressor)
and to drive an optional low pressure compressor (Jocated between the front fan and
the high pressure compressor). The low-pressure compressor sometimes is called a

hooster compressor or simply a booster.

{0003] In the exemplary steam turbine, typically the high and low pressure turbine
sections have steam turbine blades each including an airfoil portion attached to a
shank portion. In the exemplary gas turbine, typically the fan and the high and low
pressure compressors and turbines have gas turbine blades each including an airfoil
portion attached to a shank portion. Rotor blades are gas or steam turbine blades

attached to a rotating gas or steamn turbine rotor discs, respectively. Stator vanes are
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gas turbine blades or steam turbine blades attached to a non-rotating gas or steam
turbine stator casings, respectively. Typically, there are alternating circumferential
rows of radially-outwardly extending rotor blades and radialiy-inwardly extending
stator vanes. When present in the gas turbine configuration, a first and/or last row of
stator vaﬁes {also called inlet and outlet guide vanes) may have their radially-inward
ends also attached to a non-rotating gas turbine stator casing. Counter rotating
“stator” vanes are also known in gas turbine designs. Conventional gas and steam
turbine blade designs typically have airfoil portions that are made entirely of metal,
such as titantum, or are made entirely of a composite. The all-metal blades, including
costly wide-chord hollow blades, are heavier in weight, resulting in lower fuel

performance and requiring sturdier blade attachments.

[0004] In a gas turbine aircraft application, the lighter all-composite blades, without a
metal leading edge, are more susceptible to damage from bird ingestion events.
Known hybrid blades include a composite blade whose leading edge is protected by
metal (with the rest of the blade covered by a non-metallic coating) for erosion and
bird impact reasons, The gas turbine fan blades typically are the largest {(and therefore
the heaviest) blades in a gas turbine aircraft engine and the front fan blades are the
first to be impacted by a bird strike. Composite blades have typically been used in
applications where weight is a major concern. However, the desire for reduced
collateral damage during blade loss events in addition to higher operating speeds has

created the desire to reduce the weight of these blades even further.

{00057 Prior attempts to overcome this problem have utilized composite sandwich
airfoil construction including an airfoil portion comprised of a single composite low
density insert core sandwiched between carbon/epoxy face sheets. While resulting in
a lightweight design, stress states resulting from these single lightweight insert
structures has shown to be problematic under bird strike conditions due to geometric
stress concentration and modulus mismatch. More particularly, use of a single insert

proved to produce inter-laminar stresses in excess of the composite material capability

[
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under siatic bird strike testing. Subsequent optimization of the single insert shape and

size suggested that a solution was unobtainable.

{0006} Accordingly, there is a need for an improved turbine blade specifically, what
is needed is a gas turbine blade, and especially a gas turbine fan blade, that is lighter
in weight than either traditional composite or hybrid blade and including reduced

geometric stress concentrations. What is also needed is a steam turbine blade that is

lighter than either traditional composite or hybnid blades.

BRIEF SUMMARY

{00071 These and other shortcomings of the prior art are addressed by the present

disclosure, which provides a hybrid turbine blade.

{0008} In accordance with an embodiment, provided is a hybrid turbine blade
including a shaok portion; and an airfoil portion including an outer composite
structure and having a recess formed therein, the airfoil portion comprising: at least
one composite section having a first density; at least two insert sections each having a
second mass density which is less than said first mass density, the at least two insert
sections disposed in aliernating stacked relationship with the at least one composite
section and defining an alternating stack of the at least one composite section and the
at least two insert sections, wherein the alternating stack of the at least one composite
section and the at least two insert sections is disposed in the recess and extending
chordwise, spanwise and through a substantial thickness of the airfoil portion, wherein
an outermost laver of the at least two insert sections is bonded to the outer composite
structure, and wherein 3aid outer compostie structure, said at least one composite

section and satd at least two insert sections together define an airfoil shape.

{00091 In accordance with another embodiment, provided is a hybrid turbine blade
including a shank portion; and an airfoil portion comprising a composite outer

strocture having a first mass density and a recess and at least one composite section
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having a first density, and at least two insert sections each having a second mass
density which is less than said first mass density, the at least two insert sections
disposed in alternating stacked relationship with the at least one composite section and
defining an alternating stack of the at least one composiie section and the at least two
insert seciions, wherein said alternating stack of the at least one composite section and
the at least two insert sections is disposed in said recess and extending chordwise,
spanwise and through a substantial thickness of the airfoil portion, wherein said
composite outer structure and said alternating stack of the at least one composite
section and the at least two insert sections together define an airfoil shape, wherein
said alternating stack of the at least one composite section and the at least two insert
sections has sufficient stiffhess and dimensional stability to maintain said airfoil shape
and has sufficient compliance and flexibility to conform to said recess, wherein said
compaosite outer stracture and said at least one composite section are comprised of a
plurality of composite material layers comprising fiber filaments embedded ina
matrix binder, and wherein said at least two insert sections are comprised of a material
selected from the group consisting of thermoplastic materials, thermoset materials,

metals, honeycomb ceramics, silicones and combinations thereof.

{00107 In accordance with yet another embodiment, provided is a method of
fabricating a hybrid turbine blade including laying up a plurality of composite material
layers to form a portion of a composite outer structure, said portion of said composite
outer structure comprising a recess; and disposing an alternating stack of at feast one
composite section and at least two insert sections in said recess, extending chordwise,

spanwise and through a substantial thickness of the hybrid turbine blade.
{00117 Other objects and advantages of the present disclosure will become apparent

upon reading the following detailed description and the appended claims with

reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE FIGURES
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[0012] The above and other features, aspects, and advantages of the present disclosure
will become better understood when the following detailed description is read with
reference to the accompanying drawings in which like characters represent like parts

throughout the drawings, wherein:

{00131 FIG. 1 is a schematic side-elevational view of a pressure side of a hybrid

turbine blade constructed according to an aspect of the present disclosure;

30147 FIG. 2 is schematic cross-sectional view of the airfoil portion of an

embodiment of the hybrid turbine blade of FIG. 1, taken along lines 2-2 of FIG. 1;

[0015] FIG. 3 illustrates a transverse shear stress analysis of the embodiment of FIG.
2 constructed in accordance with an aspect of the present disclosure wherein
optimization of the airfoil portion is achieved through the configuration of the insert

termination;

[5016] FIG. 4 is schematic cross-sectional view of the airfoil portion of another

embodiment of the hybrid turbine blade of FIG. 1, taken along lines 2-2 of FIG. 1;

{00171 FIG. 5 illustrates a transverse shear stress analysis of the embodiment of FIG.
4 constructed in accordance with an aspect of the present disclosure wherein
optimization of the airfoil portion is achieved through the configuration of the insert

termination;

[0018] FIG. 6 is schematic cross-sectional view of the airfoil portion of yet another

embodiment of the hybrid turbine blade of FIG. 1, taken along lines 2-2 of FIG. 1;

100197 FIG. 7 illustrates a transverse shear siress analysis of the embodiment of FIG.
& constructed in accordance with an aspect of the present disclosure wherein
optimization of the airfod portion is achieved through the configuration of the insert

termination;
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100207 FIG. 8 illustrates a transverse shear stress analysis of a hybrid turbine blade
constructed in accordance with an aspect of the present disclosure wherein

optimization of the airfoil portion ts achieved through the insert count; and

[0021] FIG. 9 illustrates a transverse shear stress analysis of another embodiment of a
hybrid turbine blade constructed in accordance with an aspect of the present disclosure

wherein optimization of the airfoil portion is achieved through the insert count.

DETAILED DESCRIPTION

[0022] The disclosure will be described for the purposes of illustration only in
connection with certain embodiments; however, if is to be understood that other
objects and advantages of the present disclosure will be made apparent by the
following description of the drawings according to the disclosure. While preferred
embediments are disclosed, they are not intended to be limiting. Rather, the general
principles set forth herein are considered to be merely illustrative of the scope of the
present disclosure and it is to be further understood that numerous changes may be

made without straying from the scope of the present disclosure.

100231 Referring now to FIG. 1, illustrated is a hybrid turbine blade 10, in accordance
with one embodiment of the present disclosure. The hybrid turbine blade 10 includes
a shank portion 12 and an airfoil portion 14 as depicted. The airfoil portion 14 has a
design operating temperature, a blade root 16 attached (o the shank portion 12, a blade
tip 18, a radial, or major, axis 20 extending outward toward the blade tip 18 and
inward toward the blade root 16 and a tangential, or minor, axis 22 extending from a
ieading edge 24 to a trailing edge 26. As used herein, “‘radial axis” 20 and “tangential
axis” 22 refer to reference axes and not a physical part of hybrid turbine blade 10. Ina
gas turbine application the design operating temperature is the maximum temperature
the airfoil portion 14 is expecied to experience during normal operation of the gas

turbine (not shown). An example of a typical gas turbine and a typical steam turbine

-6 -
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design operating temperature 1s, without limitation, between generally 18 degrees
Centigrade and generally several-hundred degrees Centigrade. Medium direction
arrows 28 in FIG. 1 generally indicate the medium direction. The medium typically
comprises air in a gas turbine application and typically comprises saturated steam or

superheated steam in a steam furbine application.

{0024] In a gas turbine application of the hybrid turbine blade 10, the shank portion
12 typically includes a dovetail 30, for attachment of the hybrid turbine blade 10 to a
rotor disc {(not shown}, and a blade platform 32, for helping to radially contain the air
flow. As previously indicated, the airfoil portion 14 defines the leading edge 24 and
the trailing edge 26, wherein the medium direction 28 is generally from the leading
edge 24 to the trailing edge 26, The airfoil portion 14 also has a pressure side 34 and
a suction side 36, where the distance from the leading edge 24 to the trailing edge 26
across the suction side 36 is typically longer than the distance from the leading edge
24 to the trailing edge 26 across the pressure side 34, In a gas turbine compressor
application the hybnd turbine blade 10 typically rotates in a direction such that the
pressure side 34 passes a reference point before the suction side 36 passes the same
reference point. In a steam turbine application the hybrid turbine blade 10 typically
rotates in a direction such that the suction side 36 passes a reference point before the

pressure side 34 passes the same reference point,

{0025] The airtoil portion 14 also includes an cuter composite structure 38 as depicted
in FIGs. 2, 4 and 6. As used herein, "composite structure” is defined as one or more
layers comprising a composite material. The term "composiie material” is defined to
be a material having any (inetal or non-metal} fiber filament embedded in any (metal
or non~metal) matrix binder. In one embodiment of the present disclosure, the outer
compostte structure 38 is a lay-up of discrete composite laminations. The composite
material is comprised of fiber filaments embedded in a matrix binder. Inan
exemplary embodiment, the composite material is comprised of graphite fiber
filaments embedded in an epoxy (i.e. epoxy resin} matrix binder. Other choices for

the fiber filaments in the composite matental include, but are not limited to, glass

-7
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fibers, aramid fibers, carbon fibers, and boron {ibers and combinations thereof. Cther
choices for the matrix resin include, but are not limited to, bismaleimide, polyimide,
polyetherimide, polyetheretherketone, polv{aryl sulfone), polyethersulfone and cyante
ester and combinations thereof. In one embodiment the matrix binder includes
toughening naateriais such as rubber particles. The outer composite structure 38 has a
first mass density and radially extends from generally the blade root 16 to generally
the blade tip 18. The first mass density of the outer composite structure 38 typically is
in a range from about 1.4 grams per cubic centimeter to about 2.0 grams per cubic

centirneter.

[0026] In an embodiment, the outer composite structure 38 extends spanwise along
the entire leading edge 24 and the entire trailing edge 26 between the blade platform
32 and the blade tip 18. The outer composite structure 38 extends chordwise between
the leading and trailing edges 24 and 26. In an exemplary construction, the outer
composite structure 38 has no surface through-holes and no recesses other than a
recess 40 formed therein. Recess 40 has disposed therein at least one composite
section 42 having a first density and at least two insert sections 44 having a second
mass density which is less than said first mass density. The at least at least two insert
sections 44 are disposed in alternating stacked relationship with the at least one
composite section 42 to form a stack 46 comprised of a laminated sandwich structure.
The stack 46 formed of the alternating at feast one composite section 42 and the at
least two insert sections 44 extends chordwise and through a substantial thickness of
the airfoil portion 14 from the pressure side 34 to the suction side 36, as illustrated in
FIGs. 2, 4, and 6. An outermost layer of each of the at least two insert sections 44
wherein is bonded to the outer composite structure 38. The outer composite structure
38, the at least one composite section 42 and the at least two insert sections 44
together define an airfoil shape wherein the at least one composite section 42 and the

at least two insert sections 44 are fully enclosed by the outer composite structure 38.

{00271 In an embodiment, the overall thickness of the hybrid turbine blade 10 is

predetermined (in general}, whereby some portion of a composite volume defining the

-8
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airfoil portion 14 is converted into the discrete insert sections, and more specifically,
the at least two insert sections 44, In an embodiment, the complete stack 46 is
comprised of the at least two insert sections 44 and the at least one composite section
42, wherein cach of the at least two insert sections 44 are of the same order of
magnitude in thickness as the at least one composite section 42. This is in conirast to
traditional sandwich composite structures typically consisting of one large insert
through the thickness of the airfoil portion.  In the illustrated embodiments, such as in
FIG. 3, each of the at least one composite sections 67-71 is comprised of a plurality of
plies and has substantially the same overall thickness as each of the at least two insert
sections 61-66. These insert and composite sections 42, 44 may in general be of any
thickness and are not to be confused with a single composite ply from which the
hybrid turbine blade 10 may be manufactured. In an alternate embodiment, the hybrid
turbine blade 10, and more particularly the at least one compostie section 42 is not
made from one or more ply compeosites (prepreg), but instead comprised of a dry fiber
preform and a resin that is injected utilizing a resin injection transfer technique. In
this instance, a thickness of each of the at least two insert sections 44 is on the order
of 10 to 100 fiber diameters. In an embodiment, a maximum thickness of each of the

at least two insert sections 44 is approximately 0.257.

{00281 In a gas turbine application, the stack 46, formed of the alternating at least one
composite section 42 and the at least two insert sections 44, is located in the hybrid
turbine blade 10 such that neither the bird strike resistance nor the frequency response
of the hybrid turbine blade 10 is sacrificed. The alternating at least one composite
section 42 and the at least two insert sections 44 are incorporated into the standard
lay-up and curing process of the hybrid turbine blade 10 and require no special tooling
apart from that reguired to fabricate, More particularly, in one embodiment, the at
least two insert sections 44 are wrapped in an epoxy film adhesive and placed into an
airfoil laminate structure during the ply layup, including the material forming at least
one composite section 42 and the outer composite structure 38, during the composite
tayup. The film adhesive and the composite laminate material are co-cured in a single

operation. It may be desired that the at least two insert sections 44 are conformable to

-9
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the airfoil shape prior to curing of the materials. Allernatively, the at least two insert
sections 44 may be pre-formed to the desired shape and placed into the composite

laminate material during cure,

[0029] In one embodiment of the present disclosure, at least two insert sections 44
have a second mass density that is lower than the first mass density of the outer
compostie structure 28 and the at least one composite section 42 . In one embodiment
of the present disclosure, the at least two insert sections 44 are comprised of an
elastomeric material, a foam, a rubber, or other composite material that is both lighter
and desirably more resilient than the surrounding composite material forming the at
least one composite section 42 and the outer composite structure 38. Inone
alternative embodiment, the at least two insert sections 44 are comprised of a base
thermoplastic elastomer and lightweight filler particles. The lightweight filler
particles are generally identically sized, wherein the lightweight filler particles
comprise a plurality of air~containing cavities. Each cavity in each lightweight filler
particle typically has a volume of about 107'® cubic-millimeters. As used herein, the
termn “lightweight” is defined to be material having a density in a typical range from
about 0.001 grams/cm’ to about 1.2 grams/cny’. In one embodiment of the present
disclosure, the lightweight filler particles are comprised of polymer particles, where
each polymer particle typically comprises the air containing cavity and each polymer
particle has a cellular structure {regardless of size, shape, uniformity, or content).
These lightweight filler particles are generally uniformly dispersed throughout the
base elastomer in the at least two insert sections 44. In one embodiment, the
iightweight elastomer material in at least two insert sections 44 is fabricated by
introducing lightweight filler particles into the base elastomer prior to curing. The
resulting density of the elastomer material in the at least two insert sections 44 is
jower than that of the fiber-reinforced outer composite structure 38 and at least one

composite section 42.

{0030] In an embeodiment of the present disclosure, the at least two insert sections 44

are placed into the composite laminate, comprised of the at least one compostte

-10-
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section 42 and the outer composite structure 3§, formed of unidirectional or woven
composite facesheets and interstitial sheets. Additional composite layers are disposed,
covering the at least two insert sections 44, to produce a completed version of the

outer composite structure 38,

[0031] In one embodiment of the present disclosure, the resulting second mass density
of the at least two insert sections 44 produced by the present disclosure is generally in
a typical range from about 8.01 grams per cubic centimeter to about 0.9 grams per
cubic centimeter. The second mass density of the at least two insert sections 44 is
lower than the first mass density of the outer composite structure 28 and the at least
one composite section 42. The at least two insert sections 44 further detine, in
commbination with the at least one composite section 42 the previously described stack
46 having a stack leading edge 48, a stack trailing edge 50, a stack blade tip edge 52
(FIG. 1}, and a stack blade root edge 54 (FIG. ).

{00321 The high elongation capability and low elastic modulus of the elastomer
material in the at least two insert sections 44 allows mechanical loads to be efficiently
transferred around the at least two insert sections 44 rather than through the at least
two insert sections 44. In one embodiment, the elastomer material in the at least two
msert sections 44 has an elongation capability of at least about 20% and has an elastic
modulus range from about 3500 kPa to about 350000 kPa. In an embodiment, the at
least two insert sections 44 have an elongation at break greater than 30%. The elastic
modulus and elongation capability of the insert section material is selected, such that
the insert section material has a low deformation during the processing of the at least
two insert sections 44, and more particolarly the ply up of the stack 46, and the
strength to withstand cracking during fabrication. In addition the insert section
material is selected, such that the insert section material is capable of withstanding
low cycle and high cycle fatigue. Low cycle fatigoe is typically represented by about
30,000 startup and shutdown cyceles, while the high cycle fatigue is typically
represented by greater than 1,000,000 rotational cycles.

~11 -
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[0033] In one embodiment of the present disclosure, the at least two insert sections 44
are formed such that they have sufficient stiffness and dimensional stability to
maintain the airfoil shape during fabrication of the outer composite structure 38 . In
one embodiment of the present disclosure, the at least two insert sections 44 are
formed so as to retain sufficient compliance and flexibility, so that the at least two
insert sections 44 conform o the recess 40 defined by the outer composite structure
38. The artisan chooses the nurnber of insert sections and termination of the ends

{described presently} of each of the at least two insert sections 44,

{0034] The at least two insert sections 44 are bonded (o the at least one composite
section 42 sandwiched therebetween and the outer compostie structure 38. Bonding to
the composiie structures 38 is accomplished by adhesion between the material of an
outermost insert section of the at least two insert sections 44 and the outer composite
siructure 38 material. Other exaroples of bonding include, without Hmitation,
autoclave cycle curing, adhesive bonding, and fusion bonding {adhesive film or paste).
In an embodiment, the outer compostte structure 38 has a first volume and in
combination, the at least two insert sections 44 and the at least one composite section
42 disposed therebetween have a second volume. In an embodiment, the second
volume is equal o at least generally tem { 72 ) percent of a first volume of the outer
compostte structure 38, The outer composite structure 38 and the stack 46, comprised
of the at least two insert sections 44 and the at least one composite section 42, {which
in one embodiment comprises four or more insert sections, as shown in FIGS. 2-7)

together typically define an airfoil shape.

[0035] Referring more specifically to FIGs, 2-7, as illustrated, the low density at least
two insert sections 44 are clustered about the mid-plane of the airfoil thickness where
the in-plane bending loads are lowest. At this location, the at least two insert sections
44 act to reduce the weight of the airfoil portion 14, thereby increasing efficiency
and/or performance capability of the system utilizing the blade 10. The composite
material serves to take substantially all of the structural loading and maintain the

overall shape of the airfoil portion 14 during operation.

12 -
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{0036] As previously indicated, the distribution, thickness and pattern in which the
ends of the at least two insert sections 44 and the at least one composite section 42
terminate, proximate the leading edge 24 and the trailing edge 26 of the airfoil portion
14, are design specific. More specifically, the termination may be tailored by the
designer to minimize siress concentration and maximize weight savings. Referring
more specifically to FIGs, 2-7, illustrated are optimization examples, wherein the
stack 46 comprised of the at least one composite section 42 and the at least two insert
éecii@ns 44 are designed having differing termination ends, according to embodiment
described herein. More specifically, illustrated in FIGs. 2 and 3 is a stack 60,
generally similar o stack 46 of FIG. 1, including the at least one composite section 42
and the af least two insert sections 44. In this particular embodiment, the stack 60 is
comprised of six insert sections 61-66, having disposed and sandwiched therebetween
five composite sections 67-71. As illustrated, the six insert sections 61-66 and the
five composite sections 67-71 terminate at the leading edge 24 and the trailing edge
26 at generally the same point. More particularly, the six insert sections 61-66 and the
five composite sections 67-71 extend chordwise an equal length “L” between the
leading edge 24 and the trailing edge 26. FIG. 3 illustrates a transverse shear stress
analysis of the embodiment of FIG. 2, wherein illustrated are regions of stress

concentration 72 under bending resulting from the six insert sections 61-66.

{00377 Referring now to FIGs. 4 and 5, illustrated is a stack 80, generally similar to
stack 46 of FIG. 1, including the at least one composite section 42 and the at least two
insert sections 44. In this particular embodiment, the stack 80 is comprised of six
insert sections 81-86, having disposed and sandwiched therebetween five composite
sections 87-91. As illustrated, the six insert sections §1-86 and the five composite
sections 87-91 terminate at the leading edge 24 and the trailing edge 26 at differing
points. More particularly, insert sections 83 and 84 extend a chordwise distance “L1”
between the leading edge 24 and the trailing edge 26. The insert sections 82 and 83
extend a chordwise distance “L.2” between leading edge 24 and the trailing edge 26

that is less than that of the insert sections 83 and 84. The insert sections 81 and &6
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extend a chordwise distance “L3” between leading edge 24 and the trailing edge 26
that is less than that of the insert sections &2 and 85. FIG. § illustrates a transverse
shear stress analysis of the embodiment of FIG. 4, having varving insert section
lengths. More particularly, FIG. 5§ illustrates a transverse shear stress analysis,
Wh&’i‘ﬁiﬁ illustrated are regions of stress conceniration 92 under bending resulting from
the six insert sections §1-86. Providing the six insert sections 81-86 that terminate at
different locations allows for reduction in shear stress depending on the loading

{bending loads).

[0038] Referring now to FIGs. 6 and 7, illustrated is a stack 100, generally similar to
stack 46 of FIG. 1, including the at least one composite section 42 and the at least two
insert sections 44. Similar to the embodiment described with regard to FIGs. 2-5, the
stack 100 is comprised of six insert sections 101~106, having disposed and
sandwiched therebetween five composite sections 107-111. As illustrated, the six
msert sections 101-106 and the five composite sections 107-111terminate at the
leading edge 24 and the trailing edge 26 at differing points. More particularly, insert
sections 101 and 106 extend a chordwise distance “L1” between the leading edge 24
and the trailing edge 26. The insert sections 102 and 105 extend a chordwise distance
“1.2” between leading edge 24 and the trailing edge 26 that is less than that of the
insert sections 101 and 106. The insert sections 103 and 104 extend a chordwise
distance “L3” between leading edge 24 and the trailing edge 26 that is less than that of
the insert sections 102 and 105, FIG. 7 illustrates a transverse shear stress analysis of
the embodiment of FIG. 6, having varying insert section lengths. More particularly,
FIG. 7 illustrates a transverse shear stress analysis, wherein illustrated are regions of
stress concentration 112 under bending resulting from the six insert sections 101-1086.
Providing the six insert sections 101-106 that terminate at different locations allows

for reduction in shear stress depending on the loading (bending loads).

(00397 As previously indicated, the thickness of the stack 46 {60, 80, 100} is
determined by the number of insert sections and composite sections, as well as the

thickness of each section, and is design specific. More specifically, the stack 46 (60,
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80, 100} may be tailored by the designer to minimize stress concentration and
maximize weight savings. Referring now to FIGs. § and 9, illustrated are
optimization examples, wherein the stack 46 of the at least one composite section 42
and the at least two the at least one composite section 42 are designed having differing
stack configurations, according to embodiments described herein. More specifically,
itlustrated in FIG. 8 is a stack 120, generally similar to stack 46 of FIG. 1, including
the at least one composite section 42 and the at least two insert sections 44, In this
particular embodiment, the stack 120 1s comprised of eleven insert sections 121-131,
having disposed and sandwiched therehetween ten composite sections 132-141. As
itlustrated, the eleven insert sections 121-131 and the ten composite sections 132-141
determine the overall thickness of the stack 120. FIG. & illustrates a transverse shear
stress analysis of an embodiment including the eleven insert sections 121-131, having
disposed and sandwiched therebetween ten composite sections 132-141, wherein the
number of discrete inserts has been increased through the thickness “T” of the airfoil
portion 14 at the expense of reduced individual insert thickness for the purpose of

stress reduction (load dependent).

[0040] Referring more specifically to FIG. 9, illustrated is a stack 150, generally
similar to stack 46 of FIG. 1, including the at least one composite section 42 and the at
least two insert sections 44. In this particular embodiment, the stack 150 is comprised
of five insert sections 151155, having disposed and sandwiched therchetween four
composite sections 156-159. As illustrated, the five insert sections 151-155 and the
four composite sections 156-159 determine the overall thickness of the stack 130,
FIG. 9 illustrates a transverse shear stress analysis of an embodiment including the
five insert sections 151155, having disposed and sandwiched therebetween the four
composite sections 156-159, wherein the number of discrete inserts has been reduced
through the thickness “T” of the airfoil portion 14 at the expense of increased
individual msert thickness for the purpose of stress reduction (load dependent). Inan
embodiment, the insert volume of the five insert sections 151-155 would be greater

than 5% or less than 50% of the total blade volume.
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(00417 In some embodiments of the present disclosure, the airfoil portion 14 of FIG. |
includes an erosion coating 160 as shown in FIGs. 2, 4 and 6. In one embodiment of
the present disclosure, the erosion coating 160 of FIG. 2 is disposed on at least a
portion of the pressure side 34 and the erosion coating 160 is disposed on at least a
portion of the suction side 36. In another embodiment of the present disclosure, the
erosion coating 160 of FIG. 4 is disposed on and bonded to at least a portion of the
pressure side 34 and the erosion coating 160 is disposed on and bonded to at least a
portion of the suction side 36. In one embodiment, polyurethane was selected as the
material for the erosion coating 160, as the polyurethane provides greater erosion

resistance than the outer composite structure 3&.

{0042} In another embodiment of the present disclosure, a protective leading edge
coating 162 s disposed on the leading edge 24, at least a portion of the pressure side
34, and at least a portion of the suction side 36. In an exemplary embodiment,
titanium was selected as a material for the protective leading edge coating 162, as
titaniurm provides greater erosion resistance than the outer composite structure 38,
When titanium is used as the protective leading edge coating 162, the titanium
provides a high strength to weight ratio. When utilizing litanium as the protective
leading edge coating 162, the titanium also provides increased ruggedness compared
to the outer composite structure 38 with respect to foreign object ingestion or bird
strike events that are likely to be experienced in aircraft engine fan blades. Example
configurations for the inclusion of the erosion coating, protective leading edge coating
162, protective trailing edge coating 164 and protective blade tip edge coating 166 on
the airfoil 14 are described in commonly assigned, U.S. Patent No. 6,607,358, § Finn
et al., “Multi-Component Hybrid Turbine Blade”, which is incorporated by reference

herein in its entirety.

[0043] Referring again to FIG. 1, the shank portion 12 is typically a composite shank
portion suitably bonded or otherwise affixed to the airfoil portion 14. However, a
metal shank portion (suitably bonded or otherwise affixed to the composite airfoil

portion) may be employed in particular blade designs. The dovetail 22 of the shank
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portion 12 can be partially composite (not shown) on the pressure (concave) side.
Alternatively, the dovetail 22 can have a metal wedge system (also not shown} to
positively capture adjoining the insert section and provide a metallic dovetail wear

surface,

[0044] In a gas turbine application of the present disclosure, the bird tmpact footprint
is primarily over the area of the pressure side 34 along the leading edge 24 of the
hybrid turbine blade 10. In one embodiment of the present disclosure, the affected
areas of the outer composite structure 38, the stack 46, comprised of the alternating at
least one composite section 42 and the at least two insert sections 44, and the
protective leading edge coating 132 provide buckling and fracture resistance. Inone
embodiment of the present disclosure, the reduced mass of the hybrid turbine blade
10, compared to a similarly configured non-hybrid turbine blade, has the general effect
of reducing the broken blade impact force on the containment structure and trailing

blades (not shown} for a given blade rotational speed.

{00457 In another gas turbine application of the present disclosure, the stack 46,
comprised of the alternating at least one composite section 42 and the at least two
insert sections 44, is mechanically or thermally removable from the outer composite
structure 38 at a temperature below the melting point of the composite material. This
allows the airfoil portion 14 to be easily repairable should it become damaged due to
bird strikes or foreign object impacts. I the airfoil portion is damaged in the outer
composite structure 38 and the damaged stack 46, comprised of the alternating at least
one composite section 42 and the at least two insert sections 44, would be thermally
removed, the outer composite structure 3§ repaired, and a new alternating at least one
composite section 42 and at least two insert sections 44 re-inserted. Since most of
such blade damage is to the lead row of hybrid turbine blades 10, typically the airfoil
portion 14 is an airfoil portion of a hybrid turbine blade 10 in a gas turbine aircrafl

engine {or gas turbine aircraft engine compressor if the gas turbine engine has no fan).
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[(3046] The at least two insert sections 44 function to facilitate lay-up and autoclave
curing or other manufacturing methods of the hybrid turbine blade 10. As previously
described, in one embodiment, the at least one composite section 42 is disposed
between at least two insert sections 44, to form the stack 46 comprised of a Jaminated
sandwich structure. The at least one composite section 42 provides additional
stability to the at least two insert sections 44 during fabrication. Forming the
taminated sandwich structure typically lowers the initiation of cracks within the at
least two insert sections 44 and allows more efficient load transfer around the recess
40 in the final application. In an embodiment, a layer of adhesive coats the at least
two insert sections 44. The layer of adhesive may also be used to improve the bond
between the outer composite structure 38 and the at least two insert sections 44 by
improving adhesion between the at least two insert sections 44 and the outer
composite structure 38. The hybrid turbine blade 10 in its fully assembled condition
has the stack 46 comprised of a laminated sandwich structure, and more particularly
the alternating at least one composite section 42 and the at least two insert sections 44
disposed in the recess 40 of the outer composite structure 38 | so that the surrounding
composite material layers in the outer composite structure 38 are capable of meeting
all mechanical requirements, whereby no load transfer needs to occur through the
insert section 38. When an elastomeric material is utilized to construct the at least
two insert sections 44, the high compliance and elongation capabilities of the
elastomer material allow the outer composite siracture 38 to deform with little
resistance from the at least two insert sections 44 even in a severe impact loading,

such as might occur when a gas turbine engine ingests a foreign object.

(00477 A typical method for making the hybrid trbine blade 10 of the disclosure
includes, but is not limited to, fabricating the outer composite siructure 38 and the
stack 46 comprised of a laminated sandwich structure separately or as one unit (co-
cured) using autoclave and compression mold techniques. In one fabrication method
of the present disclosure the stack 46 comprised of a laminated sandwich structure is
prefabricated. A plurality of composite material layers are laid up io generaie a

portion of the outer composite structure 38, where the portion of the outer composite
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structure 38 comprises the recess 40. The at least two insert sections 44 are disposed
in the recess 40 and additional composite material layers that comprised the at least
one composite section 42 are laid up, so that the additional composite material layers
that are disposed therebetween and cover the at least two insert sections 44 and the
final desired thickness of the outer composite structure 38 is reached and a completed
version of the outer composite structure 38 is produced. The completed version of the
outer composite structure 38 is then subjected to a process that consolidates and bonds
the composite materials together and the process also bonds the at least two insert
sections 44 to the adjacent composite materials that form the at least one composite
section 41 and the outer composite structure 38. The consolidation and bonding
process is typically performed by an autoclave technique, alternatively the
compression mold technique, and alternatively the resin mold technigue. The
autoclave technique, compression mold technigue, and resin mold technigue are only
provided as examples of the consolidation and bonding process and do not imply a

restriction to the present disclosure.

[(048] In one embodiment of the present disclosure, the stack 46, comprised of the
jaminated sandwich structure, is typically built up by manual or machine layering. As
previously mentioned, in the case of composite materials, fiber-filament modulus and
orientation would be chosen to maintain overall airfoil-portion stiffness to reduce
structural bending of the blade under centrifugal and aerodynamic load, as is within

the level of skill of the artisan.

[0049] The foregoing description of several embodiments of the present disclosure
has been presented for purposes of illustration.  Although the disclosure has been
described and llustrated in detail, it is to be clearly understood that the same is
intended by way of illustration and example only and is not to be taken by way of
limitation. Obviously many modifications and variaiions of the present disclosure are
possible in light of the above teaching. Accordingly, the spirit and scope of the

present disclosure are to be limited only by the terms of the appended claims.
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WHAT IS CLAIMED IS:

I. A hybrid turbine blade comprising:
a shank portion; and
an airfoil portion including an outer composiie structure and having a recess
formed therein, the airfoil portion comprising:

at least one composite section having a first density;

at least two insert sections each having a second mass density which is
less than said first mass density, the at least two insert sections disposed in
alternating stacked relationship with the at least one composite section and
defining an alternating stack of the at least one composite section and the at
least two insert sections,

wherein the alternating stack of the at least one composite section and
the at least two nsert sections 18 disposed in the recess and extending
chordwise, spanwise and through a substantial thickness of the airfoil portion,

wherein an outermost layer of the at least two insert sections is bonded
o the outer composite structure, and

wherein said outer composite structure, said at least one composite

section and said at least two insert sections together define an airfoil shape.

2. The hybrid turbine blade of claim 1, wherein said at least two insert
sections have sufficient stiffness and dimensional stability {o maintain said airfoil
shape, and wherein said at least two insert sections have sufficient compliance and

flexibility to conform to said recess.

3. The hybrid turbine blade of claim 1, wherein said at least one composite
section is comprised of a plurality of composite material layers comprising fiber

filaments embedded in a matrix binder,

4. The hybrid turbine blade of claim 3, wherein said at least one composite

section is comprised of graphite fibers embedded in an epoxy resin matrix binder.
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5. The hybrid turbine blade of claim 1 wherein:

said airfoil portion has a design operating temperature and further
comprises a blade root attached to said shaok portion, a blade tip, and a radial axis
extending outward toward said blade tip and inward toward said blade root, and
wherein said alternating stack of the at least one composite section and the at least

two insert sections substantially extends from said blade root to said blade tip.

&. The hybrid turbine blade of claim §, wherein said at least two insert

sections maintain dimensional stability at said design operating temperature.

7. The hybrid turbine blade of claim 1 further comprising an erosion
coating disposed on and bonded to at least a portion of a pressure side and at least a

portion of a suction side of said outer composite struciure,

8. The hybrid turbine blade of claim 1, wherein said first mass density has
a range from about 1.4 grams per cubic centimeter to about 2.0 grams per cubic

centimeter.

9. The hybrid turbine blade of claim 1, wherein said second mass density
has a range from about 0.01 grams per cubic centimeter to about 0.9 grams per cubic

centumeter,

10. The hybrid turbine blade of claim 1, wherein said composite outer
structure has a first volume and said alternating stack of the at least one composite
section and the at least two insert sections has a second volume, and wherein said
second volume has a value corresponding to at least about ten percent of said first

volume.
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11. The hybrid turbine blade of claim 1, wherein a thickness of the at least
one composite section 1s on an order of magnitude of a thickness of each of said at

feast two Inseri sections.

12. The hybrid turbine blade of claim 1, wherein an insert termination of each

the at least two insert sections is configured to provide airfoil portion optimization.

13. A hybrid turbine blade comprising:

a shank portion; and

an airfoil portion comprising a compostte outer siructure having a first mass
density and a recess and at least one composife section having a first density, and at
least two insert sections each having a second mass density which is less than said
first mass density, the at least two insert sections disposed in alternating stacked
relationship with the at least one composite section and defining an alternating stack
of the at least one composite section and the at least two insert sections,

wherein said alternating stack of the at least one composite section and the
at least two insert sections is disposed in said recess and extending chordwise,
spanwise and through a substantial thickness of the airfoil portion,

wherein said composite outer structure and said alternating stack of the at
least one composite section and the at least two insert sections together define an
airfoil shape, wherein said alternating stack of the at least one composite section and
the at least two insert sections has sufficient stiffness and dimensional stability to
matntain said airfoil shape and has sufficient compliance and flexibility to conform to
said recess,

wherein said composite outer structure and said at least one composite
section are comprised of a plurality of composite material layers comprising fiber
filaments embedded in a matrix binder, and

wherein said at least two insert sections are comprised of a material
selected from the group consisting of thermoplastic materials, thermoset materials,

metals, honeyeomb ceramics, silicones and combinations thereof.
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14. The hybrid turbine blade of claim 13, wherein said first mass density
has a range from about 1.4 grams per cubic centimeter to about 2.0 grams per cubic

centimeter.

5. The hybnid turbine blade of claim 13, wherein said second mass density
has a range from about (.01 grams per cubic centimeter to about 0.9 grams per cubic

centimeter.

16. A method of fabricating a hybnid turbine blade comprising:

laying up a plurality of composite material layers to form a portion of a
composite ouler structure, said portion of said composite outer structure comprising a
recess; and

disposing an alternating stack of at least one composite section and at least
two insert sections in said recess, extending chordwise, spanwise and through a

substantial thickness of the hybrid turbine blade.

17. The method of claim 16, further comprising:

laying up additional composite sections and additional insert sections so as
achieve a final desired thickness of the alternating stack of at least one composite
section and at least two insert sections; and

consolidating and bonding said completed version of said alternating stack
of at least one composite section and at least two insert sections and said composite

outer structure.

18. The method of claim 16, wherein said consolidating and bonding of
said completed version of said alternating stack of at least one composite section and
at least two insert sections and said composite outer structure comprises using at least
one of an autoclave technigue, a compression mold technigue, and a resin mold

technigue.



WO 2014/130292 PCT/US2014/015767

18. The method of claim 16, further comprising the step of pre-fabricating
said alternating stack of at least one composite section and at least two insert sections

prior to disposing said aliernating stack in said recess.

20. The method of claim 16, wherein said completed version of said
alternating stack of at least one composite section and at least two insert sections
meets all mechanical load carrying requirements of said hybrid turbine blade such that

no load transfer needs to occur through said at least two insert sections.
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