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TURBINE AIRFOIL CURVED SQUEALER TIP WITH TIP SHELF

ABSTRACT OF THE DISCLOSURE

An airfoil (18) for a gas turbine engine includes a root (28), a tip (30), a leading edge
(24), a trailing edge (26), and opposed pressure (20) and suction sidewalls (22) extending
generally along a radial axis. The airfoil (18) includes a tip cap (32) extending between
the pressure (20) and suction (22) sidewalls; and spaced-apart suction-side (34) and
pressure-side tip (36) walls extending radially outward tfrom the tip cap (32) to define a
tip cavity (38) therebetween. The pressure-side tip wall (34) includes a continuously
concave curved arcuate portion (52), at least a section of which extends circumferentially
outward from a radial axis of the airfoil (18). At least a portion of the pressure-side tip
wall (34) is recessed from the pressure sidewall (20) to define an outwardly facing tip
shelf (56), such that the pressure-side tip wall (34) and the tip shelf (56) detine a trough
(58) therebetween.



CA 02558276 2006-08-31

187352 (13DV)

TURBINE AIRFOIL CURVED SQUEALER TIP WITH TIP SHELF

BACKGROUND OF THE INVENTION

This invention relates generally to gas turbine engine airfoils, and more particularly to

turbine airfoils having reduced tip leakage.

A gas turbine engine includes a compressor that provides pressurized air to a combustor
wherein the air is mixed with fuel and ignited for generating hot combustion gases. These
gases flow downstream to one or more turbines that extract energy theretrom to power
the compressor and provide useful work such as powering an aircraft in flight. In the
turbine, an array of airfoil-shaped turbine blades extend radially outwardly from a

supporting rotor disk.

The airfoils have opposed pressure and suction sides extending axially between
corresponding leading and trailing edges and radially between a root and a tip. The blade
tip is spaced closely to a surrounding turbine shroud. The gas pressure diffefence
between the pressure side tip and the suction side tip causes the gas to leak from the
pressure side tip through the tip clearance or gap with the shroud, and toward the suction
side tip. This tip leakage flow can not produce useful turbine work and will result in
performance loss. Thus, maximum efficiency of the engine 1s obtained by minimizing
the tip clearance. However, the degree to which the gap can be reduce 1s limited by the
need to allow for differential thermal and mechanical expansion and contraction between

the rotor blades and the turbine shroud to prevent undesirable tip rubs.

Accordingly, prior art turbine blade designs include various features to reduce leakage

and/or improve film cooling effectiveness, such as "tip shelves" and angled squealer tips.

Nevertheless, there remains a need for a turbine blade tip which reduces the overall tip

leakage flow and thereby increases the efficiency of the turbine.
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BRIEF SUMMARY OF THE INVENTION

The above-mentioned need is met by the present invention, which according to one aspect
provides an airfoil for a gas turbine engine including a root, a tip, a leading edge, a
trailing edge, and opposed pressure and suction sidewalls extending generally along a
radial axis. The airfoil includes a tip cap extending between the pressure and suction
sidewalls; and spaced-apart suction-side and pressure-side tip walls extending radially
outward from the tip cap to define a tip cavity therebetween. The pressure-side tip wall
includes a continuously concave curved arcuate portion, at least a section of which
extends circumferentially outward from a radial axis of the airfoil. At least a portion of
- the pressure-side tip wall 1s recessed from the pressure sidewall to define an outwardly
facing tip shelf, such that the pressure-side tip wall and the tip shelf define a trough
therebetween.

According to another aspect of the invention, a turbine blade for a gas turbine engine
includes a dovetail adapted to be received in a disk rotatable about a longitudinal axis;
a laterally-extending platform disposed radially outwardly from the dovetail; and an
airfoil including a root, a tip, a leading edge, a trailing edge, and opposed pressure and
suction sidewalls extending generally along a radial axis. The airfoil includes: a tip cap
extending between the pressure and suction sidewalls; and spaced-apart suction-side and
pressure-side tip walls extending radially outward from the tip cap to define a tip cavity
therebetween. The pressure-side tip wall includes a continuously concave curved arcuate
portion, at least a section of which extends circumferentially outward from a radial axis

of the blade. At least a portion of the pressure-side tip wall 1s recessed from the pressure
sidewall to define an outwardly facing tip shelf, such that the pressure-side tip wall and

the tip shelf define a trough therebetween.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention may be best understood by reference to the following description taken in

conjunction with the accompanying drawing figures in which:
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Figure 1 is a perspective view of an exemplary turbine blade constructed according to

the present invention;

Figure 2 is an enlarged view of a portion of the turbine blade of Figure 1;

Figure 3 is a cross-sectional view taken along lines 3-3 of Figure 2;

Figure 4 1s a cross-sectional view taken along lines 4-4 ot Figure 2;

Figure 5 is an another embodiment of the portion of turbine blade shown in Figure 2;

Figure 6 is a cross-sectional view of another embodiment of the portion of turbine

blade shown in Figure 3; and

Figure 7 is a cross-sectional view of another embodiment of the portion of turbine

blade shown in Figure 4.
DETAILED DESCRIPTION OF THE INVENTION

Referring to the drawings wherein identical reference numerals denote the same
elements throughout the various views, Figure 1 illustrates an exemplary turbine blade
10. The turbine blade 10 includes a conventional dovetail 12, which may have any
suitable form including tangs that engage complementary tangs of a dovetail slot in a
rotor disk (not shown) for radially retaining the blade 10 to a disk as it rotates during
operation. A blade shank 14 extends radially upwardly from the dovetaill 12 and
terminates in a platform 16 that projects laterally outwardly from and surrounds the
shank 14. A hollow airfoil 18 extends radially outwardly from the platform 16 and
into the hot gas stream. The airfoil 18 has a concave pressure sidewall 20 and a
convex suction sidewall 22 joined together at a leading edge 24 and at a trailing edge
26. The airfoil 18 extends from a root 28 to a tip 30, and may take any configuration
suitable for extracting energy from the hot gas stream and causing rotation of the rotor
disk. The blade 10 may be formed as a one-piece casting of a suitable superalloy, such
as a nickel-based superalloy, which has acceptable strength at the elevated
temperatures of operation in a gas turbine engine. At least a portion of the airfoil 18
is typically coated with a protective coating such as an environmentally resistant

coating, or a thermal barrier coating, or both.
23
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As shown more clearly in Figure 2, the airfoil 18 includes a cast-in tip cap 32, and a
so-called "squealer tip", which comprises spaced-apart pressure-side and suction-side
tip walls 34 and 36, respectively, extending upwards from the tip cap 32 and
surrounding the perimeter of the airfoil 18 to define an open tip cavity 38. The
squealer tip may be integrally cast as part of the airfoil 18 or it may be made
separately and attached thereto.

Referring to Figure 3, the pressure-side tip wall 34 has an inner surface 40 which
faces the tip cavity 38, an outer surface 42 which faces the primary gas flow, and a
radially-facing tip surface 44 extending between the inner and outer surfaces 40 and
42. The suction-side tip wall 36 also has an inner surface 46 which faces the tip
cavity, an outer surface 48 which faces the gas flow, and a radially-facing tip surface

50 extending between the inner and outer surfaces 46 and 48.

In at least a mid-chord region of the airfoil 18, labeled "B" in Figure 2, the pressure-
side tip wall 34 is recessed or offset from the pressure sidewall 20 to define a radially
outwardly facing tip shelf 56. In one embodiment, the tip shelf 56 extends
substantially the entire axial length of the airtoil from the leading edge to the trailing
edge as shown in Figure 5. Together, the pressure-side tip wall 34 and the tip shelf
define a trough 358. A plurality of first cooling holes 60 extend therethrough the tip
shelf 58. Each of the first cooling holes 60 has an inlet 62 disposed in flow
communication with an interior cavity 64 of the airfoil 18, which i1s connected to a
source of cooling air, and an outlet 66 disposed in flow communication with the

trough 58.

The offset of the pressure-side tip wall 34 may be gradually decreased or "blended
out" in forward and aft directions. The cross-sectional view shown in Figure 4 is
representative of both a leading edge region "A" disposed forward of the mid-chord
region B, and a trailing edge region "C" disposed aft of the mid-chord region B. The
tip shelf 56 is absent in each of these regions. A plurality ot second cooling holes 68

extend the pressure sidewall 20 and communicate with the interior cavity 64.

As shown in both Figures 3 and 4, the outer surface 42 of the pressure-side tip wall 34

extends away from the radial axis "R" of the airfoil 18 in a circumferential direction,
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and defines a continuously concave curved arcuate portion 52. A tip corner 54 is
defined at the junction of the arcuate portion 52 and the pressure-side tip surface 44.
The position of the tip corner 54 in a circumferential direction may be varied to suit a
particular application. In the illustrated example shown in Figure 3, it is located
outside of the plane of the pressure sidewall 34. In one embodiment the position of
the tip corner 54 does not extend past the outer surface of the pressure sidewall as
measured in a circumferential direction as shown in Figure 6. The arcuate portion 52
may extend the entire axial length of the airfoil 18, or it may be blended out so that
the pressure-side tip wall 34 assumes a conventional, parallel-sided shape at its

forward and aft ends, as shown in Figures 1 and 7.

In operation, the airfoil 18 extracts energy from a primary combustion gas flow to
cause a turbine rotor (not shown) to which it is mounted to rotate. It will also
experience a secondary, radially-outward flow along the pressure sidewall 20, as
shown by arrow "X" in Figures 3 and 4. Since the secondary flow has to make a turn
of more than 90 degrees at the tip corner 54, it will create a flow separation bubble on
the top of the tip surface 44 and effectively reduce the effective tip clearance between
the airfoil 18 and the shroud "S", lowering the tip leakage flow. This effect is similar
to prior art airfoils having inclined squealer tips. However, the curved wall approach
allows for an increase in the local radial pumping which will increase the size of the
atorementioned separation bubble as the flow turns the greater than 90 degree corner.
The arcuate portion 52 will guide the secondary flow further away from the radial
direction and require a sharper turning angle as compared to a straight-sided radial or

inclined squealer tip wall. Therefore, the reduction of leakage flow will be more

eftective.

Furthermore, the film shelf in the mid-chord region B will shield the film cooling
from mixing with the hot gas and achieve a better film effectiveness. More
specifically, the tip shelf 56 provides a discontinuity in the airfoil pressure sidewall 20
to cause combustion gases to separate from the surface thereof as they flow over the
pressure-side tip wall 34 which decreases the heat flux into the pressure-side tip wall
34. The tip shelf 56 also provides a region for cooling air discharging from the first

cooling holes 60 to accumulate to provide a film cooling blanket between combustion
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gases and the pressure-side tip wall 34 further protecting the pressure-side tip wall

from combustion gases and providing cooling thereof.

The foregoing has described an airfoil for a gas turbine engine having a curved
squealer tip with a tip shelf. While there have been described herein what are
constdered to be preferred and exemplary embodiments of the present invention, other

modifications of these embodiments falling within the scope of the invention

described herein shall be apparent to those skilled in the art.
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WHAT IS CLAIMED IS:

1. An airtfoil for a gas turbine engine including a root, a tip, a leading
edge, a trailing edge, and opposed pressure and suction sidewalls extending generally
along a radial axis, and comprising:

a tip cap extending between said pressure and suction sidewalls;

spaced-apart suction-side and pressure-side tip walls extending radially
outward from said tip cap to define a tip cavity therebetween;

wherein said pressure-side tip wall includes a continuously concave curved
arcuate portion, at least a section of which extends circumferentially outward from a
radial axis of said airfoil, and said pressure-side tip wall 1s recessed from said pressure
sidewall to define an outwardly facing tip shelf, such that said pressure-side tip wall

and said tip shelf define a trough therebetween.

2. The airfoil of claim 1 further including a plurality of cooling holes
extending through said tip shelf, each of said cooling holes having an inlet disposed in
flow communication with a source of cooling air and an outlet disposed in flow

communication with said trough.

3. The airfoil of claim 1 wherein said tip shelf extends for substantially

the entire axial length of said airfoil from said leading edge to said trailing edge.

4. The airfoil of claim 1 wherein said airfoil includes, in series, a
leading edge region, a mid-chord region, and a trailing edge region, and said tip shelf

1s substantially contained within said mid-chord region.

5. The airfoil of claim 4 wherein said arcuate portion extends for

substantially the entire axial length of said airfoil from said leading edge to said

trailing edge.

6. The airfoil of claim 4 wherein said arcuate portion extends for
substantially less than the entire length of said airfoil from said leading edge to said

trailing edge.

7. The airfoil of claim 1 wherein said pressure side tip wall includes

spaced-apart inner and outer surfaces joined by a radially-facing tip surface: and
-7
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a tip corner i1s defined at the junction of said outer surface and said tip

surface.

8. The atrtoil of claim 7 wherein said tip corner extends past an outer

surface of said pressure sidewall as measured in a circumferential direction.

9. The airfoil of claim 7 wherein said tip corner does not extend past

an outer surface of said pressure sidewall as measured in a circumferential direction.

10.  The airfoil of claim 1 further comprising a plurality of cooling holes
disposed in said pressure sidewall and adapted to receive cooling air from a source
and discharge it in a cooling film over said arcuate portion of said pressure side tip

wall.

1. A turbine blade for a gas turbine engine, comprising:
a dovetail adapted to be received in a disk rotatable about a longitudinal
axis:
a laterally-extending platform disposed radially outwardly from said
dovetail; and
an airfoil including a root, a tip, a leading edge, a trailing edge, and
opposed pressure and suction sidewalls extending generally along a radial axis, said
airtoil comprising:
a tip cap extending between said pressure and suction sidewalls:
spaced-apart suction-side and pressure-side tip walls extending
radially outward from said tip cap to define a tip cavity therebetween:
wherein said pressure-side tip wall includes a continuously concave
curved arcuate portion, at least a section of which extends circumferentially outward
from a radial axis of said blade, said pressure-side tip wall is recessed from said
pressure sidewall to define an outwardly facing tip shelf, such that said pressure-side

tip wall and said tip shelf define a trough therebetween.

12." The turbine blade of claim 11 further including a plurality of cooling

holes extending through said tip shelf, each of said cooling holes having an inlet



CA 02558276 2013-10-17

187352 (13DV)

disposed in flow communication with a source of cooling air and an outlet disposed in

flow communication with said trough.

13.  The turbine blade of claim 11 wherein said tip shelf extends for
substantially the entire axial length of said airfoil from said leading edge to said

tratling edge.

14.  The turbine blade of claim 11 wherein said airfoil includes, in series,
a leading edge region, a mid-chord region, and a trailing edge region, and said tip

shelt 1s substantially contained within said mid-chord region.

5. The turbine blade of claim 14 wherein said arcuate portion extends
for substantially the entire axial length of said airfoil from said leading edge to said

trailing edge.

16.  The turbine blade of claim 14 wherein said arcuate portion extends
for substantially less than the entire length of said airfoil from said leading edge to

said trailing edge.

17. The turbine blade of claim 11 wherein said pressure side tip wall
includes spaced-apart inner and outer surfaces joined by a radially-facing tip surface:
and

a tip corner is defined at the junction of said outer surface and said tip

surface.

18.  The turbine blade of claim 17 wherein said tip corner extends past

an outer surface of said pressure sidewall as measured in a circumferential direction.

9. The turbine blade of claim 17 wherein said tip corner does not
extend past an outer surface of said pressure sidewall as measured in a circumferential

direction.

20. The airfoil of claim 11 further comprising a plurality of cooling
holes disposed in said pressure sidewall and adapted to receive cooling air from a

source and discharge it in a cooling film over said arcuate portion of said pressure side

tip wall.
-9 .
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