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COMPLIANT CANTILEVERED AIRFOIL

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] 'This application claims priority to United States Provisional Application
No. 61/692006, which was filed on 22 August 2012 and is incorporated herein by

reference.

BACKGROUND
[0002] This disclosure relates generally to airfoils and, more particularly, to

cantilevered airfoils.

[0003] Turbomachines, such as gas turbine engines, typically include a fan
section, a compression section, a combustion section, and a turbine section.
Turbomachines may employ a geared architecture connecting the portions of the

compression section to the fan section.

[0004] At least the compression section and the turbine section include arrays of
airfoils distributed annularly about an axis of the turbomachine. Tips of the airfoils
may seal and rub against associated seal lands during operation. The seal lands may
rotate relative to the tips of the airfoils in some examples, such as when the airfoils
are cantilevered airfoils (or stators). High rubbing loads between the seal lands and
the tips may cause damage. High rubbing loads between the seal lands and the tips

may produce significant thermal energy, which can cause excessive fatigue damage.

SUMMARY
[0005] A cantilevered airfoil according to an exemplary aspect of the present
disclosure includes, among other things, an airfoil having a body section and a tip, the
body section extending in a first direction that is angled relative to a radial direction,

the tip of the airfoil angled radially in a second direction relative to the body section.

[0006] In another non-limiting embodiment of the foregoing cantilevered airfoil,
the tip is configured to seal against a seal land that rotates relative to the airfoil in a

rotational direction.

[0007] In another non-limiting embodiment of any of the foregoing cantilevered

airfoils, the airfoil has a lean that is from -9 to +10 degrees.
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[0008] In another non-limiting embodiment of any of the foregoing cantilevered
airfoils, the first direction includes a circumferential component that is opposite the
rotational direction, and the second direction includes a circumferential component

that is the same as the rotational direction.

[0009] In another non-limiting embodiment of any of the foregoing cantilevered
airfoils, the body section is secured to a casing, and an angle between the first

direction and the casing is from 0 to 52 degrees.

[0010] In another non-limiting embodiment of any of the foregoing cantilevered
airfoils, the tip extends from the body section in a second direction, and an angle

between the second direction and a seal land is from 32 to 58 degrees.

[0011] In another non-limiting embodiment of any of the foregoing cantilevered
airfoils, the first direction extends through a centroid of a radially outermost section of
the airfoil, and the second direction extends through a centroid of a radially innermost

section of the airfoil.

[0012] In another non-limiting embodiment of any of the foregoing cantilevered

airfoils, the cantilevered airfoil has a tip dihedral angle.

[0013] In another non-limiting embodiment of any of the foregoing cantilevered

airfoils, the tip dihedral angle is from O to 45 degrees.

[0014] In another non-limiting embodiment of any of the foregoing cantilevered

airfoils, the tip is coated with an insulative coating, an abradable coating, or both.

[0015] A gas turbine engine according to another exemplary aspect of the present
disclosure includes, among other things, an array of cantilevered airfoils, each of the
cantilevered airfoils having a body section and a tip, the body sections extending in a
first direction that is angled relative to a radial direction, the tip of the airfoil angled
radially in a second direction relative to the body section, a seal land, wherein the

cantilevered airfoils are configured to rotate relative to the seal land.

[0016] In another non-limiting embodiment of the foregoing gas turbine engine, a
geared architecture rotatably couples a fan drive turbine and a fan to rotate the fan at a

different speed than the fan drive turbine.

[0017] In another non-limiting embodiment of any of the foregoing gas turbine

engines, the cantilevered airfoils each have a lean that is from -9 to +10 degrees.

-
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[0018] In another non-limiting embodiment of any of the foregoing gas turbine
engines, the first direction includes a circumferential component that is opposite the
rotational direction, and the second direction includes a circumferential component

that is the same as the rotational direction.

[0019] In another non-limiting embodiment of any of the foregoing gas turbine
engines, the first direction extends through a centroid of a radially outermost section
of the airfoil, and the second direction extends through a centroid of a radially

innermost section of the airfoil.

[0020] In another non-limiting embodiment of any of the foregoing gas turbine

engines, the cantilevered airfoil has a tip dihedral angle.

[0021] In another non-limiting embodiment of any of the foregoing gas turbine

engines, the tip is coated with an insulative coating, an abradable coating, or both.

[0022] A example method of tuning a cantilevered airfoil according to another
exemplary aspect of the present disclosure includes, among other things, providing a
cantilevered airfoil having a body section and a tip, the body sections extending in a
first direction that is angled relative to a radial direction, the tip of the airfoil angled

radially in a second direction relative to the body section.

[0023] In another non-limiting embodiment of the foregoing method, the method

includes rotating a seal land relative to the cantilevered airfoil.

[0024] In another non-limiting embodiment of the foregoing method, the first
direction includes a circumferential component that is opposite the rotational
direction, and the second direction includes a circumferential component that is the

same as the rotational direction.

[0025] Although the different examples have the specific components shown in
the illustrations, embodiments of this disclosure are not limited to those particular
combinations. It is possible to use some of the components or features from one of the
examples in combination with features or components from another one of the

examples.
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DESCRIPTION OF THE FIGURES
[0026] The various features and advantages of the disclosed examples will
become apparent to those skilled in the art from the detailed description. The figures

that accompany the detailed description can be briefly described as follows:
[0027] Figure 1 shows a schematic view of an example turbomachine.

[0028] Figure 2 shows a section view of a cantilevered airfoil and associated seal

land of the Figure 1 turbomachine.

[0029] Figure 3 shows a highly schematic view of a selected portion of an array of

cantilevered airfoils.
[0030] Figure 4 shows a close up view of a portion of Figure 3.
[0031] Figure 5 shows a section view at line 5-5 in Figure 4.
[0032] Figure 6 shows a section view at line 6-6 in Figure 4.
[0033] Figure 7 shows a partially schematic definition of an airfoil.
[0034] Figure 8 shows a partially schematic definition of an airfoil lean.
[0035] Figure 9 shows a partially schematic definition of an airfoil bow.

[0036] Figure 10 shows a partially schematic definition of an airfoil dihedral.

DETAILED DESCRIPTION

[0037] Figure 1 schematically illustrates an example gas turbine engine 20 that
includes a fan section 22, a compressor section 24, a combustor section 26, and a
turbine section 28. Alternative engines might include an augmenter section (not
shown) among other systems or features. The fan section 22 drives air along a bypass
flow path B while the compressor section 24 draws air in along a core flow path C
where air is compressed and communicated to a combustor section 26. In the
combustor section 26, air is mixed with fuel and ignited to generate a high pressure
exhaust gas stream that expands through the turbine section 28 where energy is

extracted and utilized to drive the fan section 22 and the compressor section 24.
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[0038] Although the disclosed non-limiting embodiment depicts a turbofan gas
turbine engine, it should be understood that the concepts described herein are not
limited to use with turbofans as the teachings may be applied to other types of turbine
engines; for example a turbine engine including a three-spool architecture in which
three spools concentrically rotate about a common axis and where a low spool enables
a low pressure turbine to drive a fan via a gearbox, an intermediate spool that enables
an intermediate pressure turbine to drive a first compressor of the compressor section,
and a high spool that enables a high pressure turbine to drive a high pressure

compressor of the compressor section.

[0039] 'The example engine 20 generally includes a low speed spool 30 and a high
speed spool 32 mounted for rotation about an engine central longitudinal axis A
relative to an engine static structure 36 via several bearing systems 38. It should be
understood that various bearing systems 38 at various locations may alternatively or

additionally be provided.

[0040] 'The low speed spool 30 generally includes an inner shaft 40 that connects
a fan 42 and a low pressure (or first) compressor section 44 to a low pressure (or first)
turbine section 46. The inner shaft 40 drives the fan 42 through a speed change
device, such as a geared architecture 48, to drive the fan 42 at a lower speed than the
low speed spool 30. The high speed spool 32 includes an outer shaft 50 that
interconnects a high pressure (or second) compressor section 52 and a high pressure
(or second) turbine section 54. The inner shaft 40 and the outer shaft 50 are concentric

and rotate via the bearing systems 38 about the engine central longitudinal axis A.

[0041] A combustor 56 is arranged between the high pressure compressor 52 and
the high pressure turbine 54. In one example, the high pressure turbine 54 includes at
least two stages to provide a double stage high pressure turbine 54. In another
example, the high pressure turbine 54 includes only a single stage. As used herein, a
“high pressure” compressor or turbine experiences a higher pressure than a

corresponding “low pressure” compressor or turbine.

[0042] 'The example low pressure turbine 46 has a pressure ratio that is greater
than about five (5). The pressure ratio of the example low pressure turbine 46 is
measured prior to an inlet of the low pressure turbine 46 as related to the pressure

measured at the outlet of the low pressure turbine 46 prior to an exhaust nozzle.
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[0043] A mid-turbine frame 58 of the engine static structure 36 is arranged
generally between the high pressure turbine 54 and the low pressure turbine 46. The
mid-turbine frame 58 further supports bearing systems 38 in the turbine section 28 as

well as setting airflow entering the low pressure turbine 46.

[0044] 'The core airflow C is compressed by the low pressure compressor 44 then
by the high pressure compressor 52 mixed with fuel and ignited in the combustor 56
to produce high speed exhaust gases that are then expanded through the high pressure
turbine 54 and low pressure turbine 46. The mid-turbine frame 58 includes vanes 60,
which are in the core airflow path and function as an inlet guide vane for the low
pressure turbine 46. Utilizing the vane 60 of the mid-turbine frame 58 as the inlet
guide vane for low pressure turbine 46 decreases the length of the low pressure
turbine 46 without increasing the axial length of the mid-turbine frame 58. Reducing
or eliminating the number of vanes in the low pressure turbine 46 shortens the axial
length of the turbine section 28. Thus, the compactness of the gas turbine engine 20 is

increased and a higher power density may be achieved.

[0045] 'The disclosed gas turbine engine 20 in one example is a high-bypass
geared aircraft engine. In a further example, the gas turbine engine 20 includes a
bypass ratio greater than about six (6), with an example embodiment being greater
than about ten (10). The example geared architecture 48 is an epicyclical gear train,
such as a planetary gear system, star gear system or other known gear system, with a

gear reduction ratio of greater than about 2.3.

[0046] In one disclosed embodiment, the gas turbine engine 20 includes a bypass
ratio greater than about ten (10:1) and the fan diameter is significantly larger than an
outer diameter of the low pressure compressor 44. It should be understood, however,
that the above parameters are only exemplary of one embodiment of a gas turbine
engine including a geared architecture and that the present disclosure is applicable to

other gas turbine engines.

[0047] A significant amount of thrust is provided by the bypass flow B due to the
high bypass ratio. The fan section 22 of the engine 20 is designed for a particular
flight condition -- typically cruise at about 0.8 Mach and about 35,000 feet. The flight
condition of 0.8 Mach and 35,000 ft., with the engine at its best fuel consumption -

also known as “bucket cruise Thrust Specific FFuel Consumption (“I'SFC’)” - is the
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industry standard parameter of pound-mass (Ilbm) of fuel per hour being burned

divided by pound-force (Ibf) of thrust the engine produces at that minimum point.

[0048] “Low fan pressure ratio” is the pressure ratio across the fan blade alone,
without a Fan Exit Guide Vane (“FEGV”) system. The low fan pressure ratio as
disclosed herein according to one non-limiting embodiment is less than about 1.50. In

another non-limiting embodiment the low fan pressure ratio is less than about 1.45.

[0049] “Low corrected fan tip speed” is the actual fan tip speed in ft/sec divided
by an industry standard temperature correction of [(Tram °R)/ (518.7°R)] 03 The
“Low corrected fan tip speed,” as disclosed herein according to one non-limiting

embodiment, is less than about 1150 ft/second.

[0050] 'The example gas turbine engine includes the fan 42 that comprises in one
non-limiting embodiment less than about twenty-six (26) fan blades. In another non-
limiting embodiment, the fan section 22 includes less than about twenty (20) fan
blades. Moreover, in one disclosed embodiment the low pressure turbine 46 includes
no more than about six (6) turbine rotors schematically indicated at 34. In another
non-limiting example embodiment the low pressure turbine 46 includes about three
(3) turbine rotors. A ratio between the number of fan blades and the number of low
pressure turbine rotors is between about 3.3 and about 8.6. The example low pressure
turbine 46 provides the driving power to rotate the fan section 22 and therefore the
relationship between the number of turbine rotors 34 in the low pressure turbine 46
and the number of blades in the fan section 22 disclose an example gas turbine engine

20 with increased power transfer efficiency.

[0051] Referring to Figures 2 to 6 with continuing reference to Figure 1, the
engine 20 includes a cantilevered airfoil 62. The cantilevered airfoil 62 is one of an
array of cantilevered airfoils 62 distributed annularly about the axis A. For clarity and

ease of reference, the Figures do not show the entire array.

[0052] 'The example cantilevered airfoil 62 is mounted to a relatively static casing
64 within the high-pressure compressor 52. The cantilevered airfoil 62 is in another
area of the engine 20 in other examples, such as the low pressure compressor 44, the

high pressure turbine 54, or the low pressure turbine 46
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[0053] The example cantilevered airfoil 62 is shown in connection with the
engine 20, which includes the geared architecture 48. In other examples, the

cantilevered airfoil 62 could be used in a direct drive engine.

[0054] The example cantilevered airfoil 62 is a stator that extends from the casing
64 across a core flowpath of the engine 20. The cantilevered airfoil 62 includes a body
section 66 and a tip 68. In some of the Figures, size, spacing, and positioning of the

tip 68 is exaggerated relative to the body section 66 for clarity and ease of reference.

[0055] A seal land 72 is mounted to a rotor portion of the high-pressure
compressor 52. During operation of the engine 20, the seal land 72 rotates relative to
the cantilevered airfoil 62. In this example, the seal land 72 rotates in a direction R

relative to the cantilevered airfoil 62.

[0056] The tip 68 of the cantilevered airfoil 62 seals (and can rub) against the seal
land 72 during operation. The seal land 72 can be coated with an insulating or
abrasive material. The coating material can be a smooth coating, an insulative coating,
and abrasive coating, a coating that is abradable relative to the tip 68, or some

combination of these. 10.

[0057] 'The tip 68 may be thinned relative to other portions of the cantilevered
airfoil 62. The tip 68 could be bare or coated with a coating, such as an abradable

coating.

[0058] The body section 66 of the cantilevered airfoil 62 extends initially from the
casing 64 in a first direction D4, which is angled relative to a radial direction Dg. The
direction D, thus has a circumferential component and is not exclusively radial
relative to the axis A. In this example, the direction D, has a circumferential
component that is opposite the direction of rotation R. That is, the direction Dy

extends circumferentially opposite the direction of rotation R.

[0059] As the cantilevered airfoil 62 initially extend from the casing 64 in a
direction that is angled relative to the radial direction D,, the cantilevered airfoils 62
are considered to “lean.” Lean can be positive or negative where positive lean of the
cantilevered airfoils 62 is in the direction against rotation of the seal land 72 and
negative lean of the cantilevered airfoils 62 is in the direction with rotation of the seal

land 72.
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[0060] Notably, prior art airfoils that are oriented and stacked along a radial line,
or leaned along their entire length positively against the rotation of the seal land 72,
will present as very stiff upon contact with the rotating seal land 72. Such cantilevered
airfoils will generate large rubbing forces and a pawl-type interaction causing chatter
and unstable rubbing conditions. The high rub loads generate high levels of thermal
energy at the rub interface and both can be damaging to the structural integrity of the
stator or seal land on the rotor. The high rub loads and high thermal energy loads can
be addressed by spacing the airfoil further from the seal land. However, this approach

may compromise stability and/or performance.

[0061] The example cantilevered airfoil 62 is designed to soften interaction with
the seal land 72 and to facilitate minimum contact forces between the tip 68 and the
seal land 72. The disclosed examples, utilize leaning, bowing, thickening, or some

combination of these to soften interaction between the tip 68 and the seal land 72.

[0062] In one example, the tip 68 of the cantilevered airfoil 62 extends in a
direction D, which has a circumferential component extending in the same direction
as the direction of rotation R. Angling the tip 68 in the direction Dy softens interaction
between the tip 68 and the seal land 72. Softening interaction between the tip 68 and
the seal land 72 reduces the radial spring rate of the tip 68 and inhibits pawling of the

cantilevered airfoil 62 into the seal land 72.

[0063] The example cantilevered airfoil 62 extends from the casing 64, and a
cross-sectional thickness of the cantilevered airfoil 62 gradually decreases moving
away from the casing 64. That is, the cross-sectional area of the cantilevered airfoil 62
closer to the casing 64 (Pligure 5) is greater than the cross-sectional area of the

cantilevered airfoil 62 further from the casing 64 (I'igure 6).

[0064] In other examples, the lateral thickness of the cantilevered airfoil 62 can be
reduced or increased in one or more of the radial sections. In this example, the
thickness at the tip 68 is reduced as much as structurally possible while providing a

relatively aerodynamic airfoil and relatively compliant tip 68.

[0065] Referring now to Figures 7-10 with continuing reference to Figures 2-6,
the example cantilevered airfoils 62 incorporate specific design features utilized to

improve interaction between the cantilevered airfoils 62 and the rotating seal land 72.
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[0066] In this example, lean is measured based on the offset angle v of a
reference line Ry from the radial direction Dg. The reference line Ry extends from the
centroid at the radially outermost section of the cantilevered airfoil 62 to the centroid
at the radially innermost section of the cantilevered airfoil 62. Generally, a centroid

Ca is the center of area of an airfoil section (I'igure 7) at a given radial position.

[0067] The body section 66 of the cantilevered airfoil 62 may have from -9 to +10
degrees of lean relative to the radial direction DR. In some more specific examples,

the lean is about 20 degrees.

[0068] In this example, the cantilevered airfoil 62 is considered to have a bow as
the body section 66 of the cantilevered airfoil 62 is directed first in the direction Dy

and then bowed back at the tip 68 in the direction Dr.

[0069] Referring to Figure 9, bow is defined along a reference line R¢, which
extends through the centroids of the radial sections of the cantilevered airfoil 62. The
reference line R is also referred to as a stacking line. Bow is measured with reference
to the sections of the casing 64 and the seal land 72 interfacing directly with the
cantilevered airfoil 62. The radially outermost section of the cantilevered airfoil 62
interfaces with the casing 64, and the radially innermost section of the cantilevered
airfoil 62 interfaces with the seal land 72. The angles Ogp and O help quantify the

amount of bow.

[0070] In some examples, the practical design ranges for 8op is up to about 45
degrees, and for By is up to about 45 degrees. In some more specific examples, 8op is

from O to 52 degrees and 8¢p is from 32 to 58 degrees.

[0071] Referring to Figure 10, a tip dihedral angle © is defined along a reference
line Ry at a leading edge 80 of the airfoil 62 and perpendicular to a chord line Cp,
which extends from the leading edge 80 to the trailing edge 82. The tip dihedral angle
@ between the cantilevered airfoil 62 and the tips 68 is less than or equal to 45
degrees. An example of the tip dihedral angle © may be found in United States Patent

No. 7726937, the entirety of which is incorporated herein by reference.

[0072] Features of the disclosed examples include a cantilevered airfoil having
features that soften interaction with a seal land and reduced thermal energy
generation. The cantilevered airfoils have stabilized and reduced rub interaction loads

relative to prior art designs duct to the anti-pawl (anti-chatter) nature of the disclosed
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examples. The incorporation of three-dimensional aerodynamic parameters, such as
aerodynamic lean, bow, tip dihedral, and thinning, facilitates the stabilization and load
reduction. Tuning to achieve desired performance is also possible by varying these
parameters. Thinning of the cantilevered airfoils, in particular, reduces stator spring

rate, interaction loads, heat generation, and material degradation of the rotor.

[0073] Although an example embodiment has been disclosed, a worker of
ordinary skill in this art would recognize that certain modifications would come
within the scope of this disclosure. For that reason, the following claims should be

studied to determine the scope and content of this disclosure.
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CLAIMS

1. A cantilevered airfoil, comprising:

an airfoil having a body section and a tip, the body section extending in a first
direction that is angled relative to a radial direction, the tip of the airfoil angled
radially in a second direction relative to the body section;
a centroid at the radially outermost section of the airfoil is circumferentially offset from a
centroid at the radially innermost section of the airfoil such that the airfoil has a lean relative
to the radial direction,
wherein the airfoil extends from a casing; and
wherein the cross-sectional thickness of the airfoil gradually decreases moving away

from the casing

2. The cantilevered airfoil of claim 1, wherein the tip is configured to seal against a

seal land that rotates relative to the airfoil in a rotational direction.

3. The cantilevered airfoil of claim 1, wherein the lean of the airfoil is from -9 to +10

degrees.

4. The cantilevered airfoil of claim 1, wherein the first direction includes a
circumferential component that is opposite a rotational direction which a seal land rotates
relative to the airfoil, and the second direction includes a circumferential component that is

the same as the rotational direction.

5. The cantilevered airfoil of claim 4, wherein the body section is secured to a casing,

and an angle between the first direction and the casing is from O to 52 degrees.

6. The cantilevered airfoil of claim 4, wherein the tip extends from the body section in
a second direction, and an angle between the second direction and - the seal land isfrom

32 to 58 degrees.

7. The cantilevered airfoil of claim 1, wherein the first direction extends through the
centroid of the radially outermost section of the airfoil, and the second direction extends

through the centroid of the radially innermost section of the airfoil.
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8. The cantilevered airfoil of claim 1, wherein the cantilevered airfoil has a tip

dihedral angle.

9. The cantilevered airfoil of claim 8, wherein the tip dihedral angle is from O to 45

degrees.

10. The cantilevered airfoil of claim 1, wherein the tip is coated with an insulative

coating, an abradable coating, or both.

11. A gas turbine engine, comprising:
an array of cantilevered airfoils, each of the cantilevered airfoils having a body
section and a tip, the body sections extending in a first direction that is angled relative
to a radial direction, the tip of the airfoil angled radially in a second direction relative
to the body section,
a seal land, wherein the cantilevered airfoils are configured to rotate relative to the
seal land;
a centroid at the radially outermost section of each of the cantilevered airfoil is circumferentially offset from a
centroid at the radially innermost section of each of the cantilevered airfoil such that each of the cantilevered airfoil
has alean relative to the radial direction,
wherein the airfoil extends from a casing; and
wherein the cross-sectional thickness of the airfoil gradually decreases moving away

from the casing.

12. The gas turbine engine of claim 11, further comprising a geared architecture rotatably coupling afan

drive turbine and a fan to rotate the fan at a different speed than the fan drive turbine.

13. The gas turbine engine of claim 11, wherein the lean isfrom -9 to +10 degrees.

14. The gas turbine engine of claim 11, wherein the first direction includes a circumferential
component that is opposite the rotational direction which the seal land rotates relative to the
airfoil, and the second direction includes a circumferential component that is the same as the

rotational direction.
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15. The gas turbine engine of claim 11, wherein the first direction extends through a
centroid of a radially outermost section of the airfoil, and the second direction extends

through a centroid of a radially innermost section of the airfoil.

16. The gas turbine engine of claim 11, wherein the cantilevered airfoil has a tip

dihedral angle.

17. The gas turbine engine of claim 11, wherein the tip is coated with an insulative

coating, an abradable coating, or both.

18. A method of tuning a cantilevered airfoil, comprising:
providing a cantilevered airfoil having a body section and a tip, the body
sections extending in a first direction that is angled relative to a radial direction, the
tip of the airfoil angled radially in a second direction relative to the body section;
a centroid at the radially outermost section of the airfoil is circumferentially offset from a
centroid at the radially innermost section of the airfoil such that the airfoil has a lean relative
to the radial direction,
wherein the airfoil extends from a casing; and
wherein the cross-sectional thickness of the airfoil gradually decreases moving away

from the casing.

19. The method of claim 18, including rotating a seal land relative to the cantilevered

airfoil.

20. The method of claim 19, wherein the first direction includes a circumferential
component that is opposite a rotational direction which the seal land rotates relative to the
airfoil, and the second direction includes a circumferential component that is the same as the

rotational direction.

-14 -



