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COMPRESSOR AIRFOIL WITH TIP DIHEDRAL

BACKGROUND OF THE INVENTION

[0001] This invention relates generally to jet propulsion engines, and more

specifically to compressor airfoils used therein.

[0002] In a gas turbine engine air 18 pressurized 1n a compressor and mixed
with fuel 1n a combustor for generating hot combustion gases. The combustion gases
are discharged through turbine stages which extract energy therefrom for powering
the compressor, and producing output power for use in driving a booster (low

pressure compressor) and a fan 1n an exemplary turbofan aircraft engine application.

[0003] A multistage axial compressor includes cooperating rows of stator
vanes and rotor blades which decrease in size to pressurize air in stages. The
compressor vanes and blades have corresponding airfoils which typically vary in
configuration as their size decreases from stage to stage for maximizing performance
of the compressor. Compressor performance includes, for example, efficiency of
compression, flow capability, and stall margin, which are all affected by the

configuration of the vanes and blades.

[0004] More specifically, the flow or pressure distribution of the air as 1t 1s
being compressed through the stator vanes and rotor blades 1s a complex three
dimensional flow field varying circumferentially around the compressor, radially
along the span of the vane and blade airfoils, and axially along the circumferentially

opposite pressure and suction sides of the airfoils.

[0005] The airto1l pressure side 1s a generally concave surface cooperating
with the opposite suction side, which 1s a generally convex surface, for efficiently
pressurizing the air as 1t flows between blades in the axial downstream direction
between the leading and trailing edges therecof. The pressure distribution of the air
undergoing compression varies from the radially inner root of the airfoil to the
radially outer tip of the airfoil which 1s spaced closely adjacent to a surrounding

compressor casing to provide a suitable radial gap or clearance therewaith.
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[0006] The airfoil, itself, may be supported from the compressor rotor in any
suitable manner such as being formed integrally therewith in a unitary blisk
configuration, or each rotor airfoil may have an integral platform and dovetail for
mounting the compressor blade 1 a corresponding dovetail slot formed in the

perimeter of the compressor rotor.

[0007] Axial and mixed flow compressor blades that are designed to
compress the air usually have a rotor or number of rotors that rotate inside a
stationary casing and act to raise the total pressure and temperature of the flow
passing through the machine. The compressor rotor blades carry a lift on the body of
the airfoil that manifests itself as a higher static pressure on the pressure surface of the
airfoil and a lower static pressure on the suction surface of the airfoil. Generally a
small gap exists between the tip of the compressor rotor and the radially adjacent
casing flowpath. The pressure difference between pressure side and suction side of the
airtoil drives flow through the tip gap of the compressor rotor. This tip flow can roll
up 1nto a vortex, which tends to collect on the pressure side surface of the
circumferentially adjacent blade, leading to high levels of loss and blockage in the
compressor tip region. As this blockage spreads across the compressor rotor tip, the
ability of the compressor to produce a pressure rise decreases, and may result 1n a stall

In SOme cases.

[0008] In the art, casing treatments, such as circumferential grooves have
sometimes been used to control or reduce the tip leakage and improve stall margin,
but with an associated efficiency penalty. While these methods serve to reduce tip
lcakage tlow levels, they do not control losses and blockage created by the remaining

tip flow.

[0009] Accordingly, 1t would be desirable to have a compressor rotor blade
having an airfoil with specific features that can reduce the propagation of the flow
blockage across the blade passage thereby facilitating improvement of the compressor

stall margin.
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BRIEF DESCRIPTION OF THE INVENTION

[0010] The above-mentioned need or needs may be met by exemplary
embodiments disclosed herein which provide an airfoil for a compressor, the airfoil
comprising a root, an airfoil tip, a leading edge, a trailing edge, airfoil pressure and
suction sides extending between the leading edge and the trailing edge. The airfoil has
an mner span region and an outer span region and the trailing edge has a dihedral
profile such that the trailing edge dihedral angle decreases in at least a portion of the
inner span region and the outer span region. In another embodiment of the present
invention, the trailing edge has a forward sweep 1n the outer span region. In another
embodiment of the present invention, the leading edge has a dihedral profile such that
the leading edge dihedral angle increases 1n a first inner span region and decreases 1n
a first outer span region. In another embodiment, the leading edge has a forward

sweep 1n the first outer span region.
BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The subject matter which 1s regarded as the invention 1s particularly
pointed out and distinctly claimed in the concluding part of the specification. The
invention, however, may be best understood by reference to the following description

taken 1n conjunction with the accompanying drawing figures in which:

[0012] FIG. 1 1s a partly sectional side view of a row of compressor rotor
blades 1n a multistage axial compressor constructed according to an aspect of the

present invention.

[0013] FIG. 2 1s an 1sometric view of an exemplary one of the compressor

rotor blades 1llustrated in Figure 1 1n 1solation.

[0014] FIG. 3 1s an 1sometric view of an exemplary compressor rotor blade
according to an aspect of the present invention, with a superimposed grid for

gecometric 1llustration purposes.
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[0015] FIG. 4 1s a graph plotting airfoil trailing edge dihedral angle in
degrees over the radial span of the airfoil of the blade illustrated 1n Figures 3 1n an

exemplary embodiment.

[0016] FIG. 5 1s a graph plotting airfoil leading edge dihedral angle in
degrees over the radial span of the airfoil of the blade illustrated in Figures 3 in an

exemplary embodiment.

[0017] FIG. 6 1s a graph plotting airfoil trailing edge sweep angle 1n degrees
over the radial span of the airfoil of the blade 1llustrated in Figures 3 in an exemplary

embodiment.

[0018] FIG. 7 1s a graph plotting airfoil leading edge sweep angle 1n degrees
over the radial span of the airfoil of the blade illustrated in Figures 3 1n an exemplary

embodiment.

[0019] FIG. 8 1s a schematic cross-sectional view of a multi-stage
compressor having a row of compressor rotor airfoils according an exemplary

embodiment of the present invention.
DETAILED DESCRIPTION OF THE INVENTION

[0020] Referring to the drawings wherein 1dentical reference numerals
denote the same elements throughout the various views, FIG. 1 18 a schematic cross-
sectional view of a portion a partly sectional side view of a row of compressor rotor
blades 1n a multistage axial compressor constructed according to an aspect of the
present invention. FIG. 8 1s a schematic cross-sectional view of a multi-stage
compressor 100 having a row of compressor rotor blades 104 having airfoils 10
according an exemplary embodiment of the present invention, as described herein

below.

[0021] Illustrated and shown 1n part in Figure 8 1s a row of compressor rotor
stages 102 comprising compressor blades 104 suitably mounted to a compressor rotor
106 of a multistage axial compressor 100 1n a gas turbine engine. The compressor

100 has several stages of stator vanes (shown as S1, S2, etc.) cooperating with

-
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corresponding compressor rotor blades (shown as R1, R2, etc.) which decrease 1n size
in the downstream (axial) direction as air 4 1s compressed during operation. The rotor
106 1s axisymmetrical around the axial centerline axis 101 of the engine and supports
a full row of the blades 104 within an annular outer casing 18. A small gap 19 exists
between the tip 12 of the compressor rotor blade 104 and the radially adjacent casing

18. The rotor 106 further comprises one of more disks 109 that support the blades.

[0022] Each compressor rotor blade 104 includes an airfoil 10 extending in
along a radial axis Z (the direction referred to herein as “span”, see FIG. 1) between
the perimeter of the rotor and the mner surface of the casing 18. The airfoil may be
integrally formed with the rotor 106 1n a blisk configuration (not shown), or may be
removably joimned thereto in a conventional manner, such as for example, using a
circumferential dovetail 9 shown 1 FIGS. 1, 2 and 8 or an axial dovetail 7 shown 1n
FIGS. 3 and 8. Other known dovetail forms, such as an axially angled dovetail (not
shown) configuration may alternatively be used to support the blade 104 1n a rotor.
Each blade 104 may include an integral platform 22 which defines the inner boundary
for the air being compressed. In the exemplary embodiments shown 1n FIGS. 1 and 2,
an 1ntegral dovetail 9 extends from the platform 22 1n a unitary configuration with the
blade 104 for being mounted 1n a complementary dovetail slot in the perimeter of the
rotor 106. In the exemplary embodiment 1llustrated in FIGS. 1 and 2, the dovetail 9 1s

a circumferential entry dovetail for suitably mounting in the perimeter of the rotor
106.

[0023] The compressor airfoil 10 1s illustrated 1n a preferred embodiment in
Figures 1 and 2 and includes circumferentially or laterally opposite pressure and
suction sides 5, 6. The airfoil pressure side 5 18 generally concave and precedes the
generally convex suction side 6 as the airfoil rotates 1n the circumferential direction,
represented by the Y axis (see FIG. 1), atop the rotor 106. The axial axis X 1s parallel
with the compressor centerline axis 101 and represents the generally downstream
direction of the air 4 as 1t undergoes compression through the multiple stages of the

compressor 100 (see FIG. 8).

[0024] The corresponding surfaces of the pressure and suction sides 5, 6 are

joined together at axially or chordally opposite leading and trailing edges 20, 30 and
_5_
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extend 1n the span direction (Z-axis in FIG. 1) from a radially inner root 11 at the
junction with the platform to a radially outer tip 12 that 1s located at a spanwise
distance from the root 11 as shown in FIG. 1. As shown 1n FIGS. 1 and 8, the airfoil
tip 12 1s disposed closely adjacent to the inner surface of the surrounding casing 18
and defines a radial clearance or gap 19 therebetween extending between the leading
and trailing edges 20, 30 of the airfoil 10. The generally concave configuration of the
airfoil pressure side 5, and the generally convex configuration of the airfoil suction
side 6 are defined for pressurizing the air 4 as 1t flows downstream between the

compressor rotor blades 104 1n each stage of the compressor 100.

[0025] In one aspect of the present invention, as described 1n detail below,
airfoil 10 has certain geometries having specific dihedral features for the leading and
trailing edges 20, 30 and the resulting geometries near the air foil tip 12 serve to pull
relatively weaker airtflow out of the airfoil tip region towards radially inwards near the
tip along the pressure side 5 surface of the airfoil 10. This weak flow then mixes with
the main body of airtlow 4, rather than building up in the airfoil tip region causing
inefficiencies and potential stall. In another aspect of the present invention, certain
specific sweep profiles are used for the leading and trailing edges 20, 30 1n
conjunction with specific dihedral features as described 1n detail below. The specific
features of the airfoil described herein thereby facilitate improvement in the stall

margin and extending the throttle range of the airfoil.

[0026] Some of the specific airfoil features as described in detail herein
below contribute to the advantages of the present invention. For example, a dihedral
profile at the leading edge 20 having a negative dihedral at tip 12 contributes to a
radially concave airfoil shape on the blade pressure side 5 surface near tip, which
produces a radial velocity component towards the engine centerline 101. This also
discourages centrifuging of flow towards the blade tip 12 on the blade pressure side 5
surface. Similarly, a negative dihedral at the trailing edge 30 near the tip region,
results 1n convection of weak flow out of the critical tip region. Further, a specific tip
dihedral gradient at the leading and trailing edges 20, 30, causing a high slope of this
gcometric parameter, results 1n a curled blade shape near the trailing edge (see FIG. 3

for example), delaying the propagation of weak flow across the rotor passage between

_6-
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circumferentially adjacent airfoils. Further, a forward sweep in the tip region, as
described herein, helps to reduce creation of undesirable tip vortex and reduces

accumulation of boundary layer flow 1n the tip region.

[0027] FIGS. 1-3 show an airfoil 10 for a compressor according to one
embodiment of the present invention. It has an airfoil root 11, an airfoil tip 12 located
at a spanwise distance from the airfoil root 11, a leading edge 20 extending from the
airfoil root 11 to the airfoil tip 12, a trailing edge 30 extending from the airfoil root 11
to the airfoil tip 12, airfoil pressure and suction sides 5, 6 extending between the
leading edge 20 and the trailing edge 30. As shown 1 FIG. 3, the airfoil 10 leading
cedge 20 has a first mner span region 13 (shown as “S1”°) between the airfoil root 11
and a first height location 41 on the leading edge and a first outer span region 14
(shown as “S2) between the first height location 41 and the airfoil tip 12. As
mentioned previously herein, the leading edge 20 has a specific dihedral profile such
that the leading edge dihedral angle increases, in a spanwise direction, 1n the first
inner span region 13 and decreases 1n the first outer span region, such as, for example,
shown 1mn FIG. 5. The terms “Dihedral” (or, alternatively, “dihedral angle” ) and
“sweep’” as used herein, are conventional terms used 1n the design of airfoils (see, for
example, Leroy H. Smith, JR. et. al, “Sweep and Dihedral Effects in Axial-Flow
Turbomachinery”, Transaction of the ASME, September, 1963). A dihedral angle, as
used herein, 1s shown as angle “B” in FIG. 2 for illustration purposes. The angle B,
although shown at the trailing edge tip of the airfoil 10 for illustration purposes, may
ex1st at other locations on the airfoil, such as for example shown 1in FIGS. 4 and 5 for

the leading edge 20 and trailing edge 30.

[0028] FIG. 5 shows an exemplary airfoil leading edge 20 dihedral profile
according to one embodiment of the present invention of an airfoil 10 shown 1n FIG.
3 for example. It should be noted that the leading edge dihedral angle at the airfoil tip
12 18 negative. In the context, a negative dihedral 1s one that would have a spanwise
concave shape for the pressure side 5 of the airfoil 10. A positive dihedral 1s one that
would have a convex shape for the pressure side 5 of the airfoil 10. In one exemplary
embodiment, the airfoil 10 has a leading edge dihedral angle profile (see FIG. 5) that

decreases at a substantially constant rate of change with respect to the span. In a

7.
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preferred exemplary embodiment, the first outer span region 14 extends from about
80% of the span to the airfoil tip 12. See FIG. 5. In another exemplary embodiment,
in addition to the unique dihedral profile shown 1n FIG. 3, the airfoil 10 leading edge
20 has a forward sweep angle 1n the first outer span region. This 1s shown 1n FIG. 7.
As used herein (see FIGS. 6 and 7) a forward sweep 1s denoted by a negative value
for the sweep angle and an aft (or rearward) sweep 1s denoted by a positive value for
the sweep angle. A sweep angle 1s shown as angle “C” m FIG. 1 for 1illustration
purposes only. A sweep angle C, although shown at the trailing edge tip of the airfoil
10 for 1illustration purposes, may exist at other locations on the airfoil, such as for
example shown 1n FIGS. 7 and 6 for the leading edge 20 and trailing edge 30.
Acrodynamic sweep 1S a conventional parameter represented by a local sweep angle
which 1s a function of the direction of the incoming air and the orientation of the
airfoil surface 1n both the axial, and circumferential or tangential directions. The
sweep angle 1s defined 1n detail in the U.S. Pat. No. 5,167,489, and 1s incorporated
herein by reference. In the sign convention used herein, the acrodynamic sweep angle
1s represented as a negative value (-) for forward sweep, and a positive value (+) for

aft sweep.

[0029] In another embodiment of the present invention, the airfoil 10 trailing
edge 30 has a unique dihedral angle profile, such as, for example, shown 1n FIG. 4. In
this embodiment, shown in FIG. 3, the airfoil 10 has a second inner span region 15
(shown as “S3”) between the airfoil root 11 and a second height location 42 on the
airfoil trailing edge 30 and a second outer span region 16 (shown as “S4””) between
the second height location 42 and the airfoil tip 12. In this embodiment, the trailing
edge 30 has a dihedral profile (see FIG. 4) such that the trailing edge dihedral angle
decreases, 1n a spanwise direction, 1n a portion of the second inner span region 15 and
decreases 1n the second outer span region 16. In one embodiment, the airfoil 10 has a
trailing edge 30 wherein the trailing edge dihedral angle at the airfoil tip 12 has a
negative value. This 1s shown 1n FIG. 2, 3 and 4. It may be noted 1n FIGS 2 and 3 that
due to the relatively large negative dihedral angle near the trailing edge tip region,
that region has a shape that curls significantly towards the pressure side 5 of the
airfoil. This directs some of the tip flow away from the tip towards a radially inner

direction. In some embodiments of the airfoil 10, the trailing edge 30 1n the entire

Q-
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second outer span region 16 may have trailing edge dihedral angles that are negative.
In some embodiments, the airfoil 10 trailing edge dihedral angle 1n the second outer
span region decreases at a substantially constant rate of change with respect to the
span. See for example, FIG. 4. In a preferred embodiment of the airfoil 10, the second

outer span region 16 extends from about 70% of the span to the airfo1l tip 12.

[0030] In other embodiments of the present invention, the airfoil 10 trailing
edge 30 may have a forward sweep 1n the second outer span region, such as, for
example, shown 1 FIG. 6. The forward sweep of the trailing edge 30 shown in FIG.
6, combined with the dihedral angle profile shown 1n FIG. 4 provides enhanced flow
characteristics at the tip and facilitates improved stall margin. In other embodiments
of the present invention, both the leading edge 20 and the trailing edge 30 may have
the dihedral characteristics described above (See FIGS. 4 and 5). Further, both the
lecading edge 20 and the trailing edge 30 may have the sweep characteristics, such as

shown 1 FIGS. 6 and 7.

[0031] In another aspect of the invention, FIG. 8 shows a compressor 100
for a gas turbine engine. The compressor 100 has a rotor stage 102 having rotor
blades 104 spaced circumferentially around a rotor hub 106 with a longitudinal
centerline axis 101. Each rotor blade has an airfoil 10, such as described previously
herein, wherein the trailing edge 30 has a dihedral profile such that the trailing edge
dihedral angle decreases 1n at least a portion of the second inner span region 15 and
the second outer span region 16. In a preferred embodiment, the trailing edge dihedral
angle at the airfoill tip 12 has a negative value. In another embodiment, the
compressor 100 has airfoils wherein the trailing edge 30 has a forward sweep 1n the
second outer span region. In another embodiment, the compressor 100 has airfoils that
further have a leading edge 20 having a dihedral profile such that the leading edge has
increasing dihedral angles 1n a first mner span region 13 of the leading edge and
decreasing dihedral angles 1n a first outer span region of the leading edge. In other
embodiments, the airfoil leading edge 20 has a forward sweep 1n the first outer span
region. FIG. 8 shows a compressor 100 having multiple stages of stators (S1, S2, etc.)

and multiple stages of rotors 106 (R1, R2, etc.). The compressor 100 may have rotors
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stages having blades 104 that may have one or more of the trailing edge and leading

edge dihedral and sweep features described previously herein.

[0032] Analyses using known methods, such as Viscous 3-D CFD analyses,
were used to compare airfoils with the aforementioned features of the embodiments of
the present invention to baseline airfoils that lacked those features. The analyses have
shown more than 5% improvement 1n throttle margin with no loss 1n design point
etficiency for embodiments of the present invention described herein. In conventional
compressors having conventional blades and airfoils, as the compressor 1s throttled
towards stall, blockage accumulates near the rotor tip on the pressure surface and
propagates tangentially across the rotor passage. As the entire passage width becomes
blocked, the capacity of a conventional compressor having conventional rotor
blade/airfoil to produce a pressure increase 1s reduced, and stall may result.
Comparison of rotor blades/airfoils run at similar conditions, with and without the
embodiments of present invention described previously herein, shows that the
aforementioned features of the present invention cause the region of blockage to be
drawn radially down the pressure surface of the blade. This increases airfoil tolerance
to throttling, increasing stall margin for the various embodiments of the present

invention described herein.

[0033] This written description uses examples to disclose the invention,
including the best mode, and also to enable any person skilled in the art to make and
use the invention. The patentable scope of the invention 1s defined by the claims, and
may include other examples that occur to those skilled in the art. Such other
examples are intended to be within the scope of the claims 1f they have structural
clements that do not differ from the literal language of the claims, or if they include
cequivalent structural elements with imnsubstantial differences from the literal languages

of the claims.

_10-



CA 02830258 2013-09-12
WO 2012/134833 PCT/US2012/029365

WHAT IS CLAIMED IS:

1. An airfo1l for a compressor comprising:

an airfoil root, an airfoil tip located at a spanwise distance from the airfoil
root, a leading edge extending from the airfoil root to the airfoil tip, a trailing edge
extending from the airfoil root to the airfoil tip, airfoil pressure and suction sides

extending between the leading edge and the trailing edge;

a first mnner span region (“S17°) between the airfoil root and a first height

location on the airfoil leading edge;

a first outer span region (“S2”) between the first height location and the airtfoil

tip; and

wherein the leading edge has a dihedral profile such that the leading edge
dihedral angle increases 1n the first inner span region and decreases 1n the first outer

Span region.

2. An airfoil according to claim 1 wherein the leading edge dihedral angle at the

airfoil tip 1s negative.

3. An airfoil according to claim 1 wherein the leading edge dihedral angle at 1n
the first outer span region decreases at a substantially constant rate of change with

respect to the span.

. An airfoi1l 10 according to claim 1 wherein the first outer span region extends

from about 80% of the span to the airfoil tip.

0. An airfoil 10 according to claim 1 wherein the leading edge has a forward

sweep 1n the first outer span region.
7. An airfoil 10 for a compressor comprising:

an airfoil root, an airfoil tip located at a spanwise distance from the airfoil

root, a leading edge extending from the airfoil root to the airfoil tip, a trailing edge

-11-
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extending from the airfoil root to the airfoil tip, airfoil pressure and suction sides

extending between the leading edge and the trailing edge;

a second mner span region (“S3”’) between the airfoil root and a second height

location on the airfoil trailing edge;

a second outer span region (““S4”’) between the second height location and the

airfoil tip; and

wherein the trailing edge has a dihedral profile such that the trailing edge
dihedral angle decreases in at least a portion of the second inner span region and the
second outer span region and wherein the trailing edge dihedral angle at the airfoil tip

has a negative value.

3. An airfoil according to claim 7 wherein the trailing edge dihedral angle at the

airfoil tip 1s less than -10 degrees.

9. An airfoil according to claim 7 wherein the trailing edge 1n the entire second

outer span region has trailing edge dihedral angles that are negative.

10.  An airfoil according to claim 7 wherein the trailing edge dihedral angle 1n the
second outer span region decreases at a substantially constant rate of change with

respect to the span.

11.  An awrfoil according to claim 7 wherein the second outer span region extends

from about 70% of the span to the airfoil tip.

12.  An airfo1l according to claim 7 wherein the trailing edge has a forward sweep

1n the second outer span region.

13.  An airfoil according to claim 7 further comprising a leading edge having a
dihedral profile such that the leading edge has increasing dihedral angles 1in a first
inner span region of the leading edge and decreasing dihedral angles 1n a first outer

span region of the leading edge.

14.  An airfoil according to claim 13 wherein the leading edge has a forward sweep

1n the first outer span region.
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15.  An airfoil according to claim 14 wherein the trailing edge has a forward sweep

1in the second outer span region.
16. A compressor for a gas turbine engine comprising:

a rotor stage having a plurality of rotor blades spaced circumiterentially around
a rotor hub with a longitudinal centerline axis, each rotor blade comprising an airfoil
having an airfoil root, an airfoil tip located at a spanwise distance from the airfoil
root, a leading edge extending from the airfoil root to the airfoil tip, a trailing edge
extending from the airfoil root to the airfoil tip, airfoil pressure and suction sides

extending between the leading edge and the trailing edge;

a first inner span region (“S17°) between the airfoil root and a first height
location on the airfoil leading edge and a first outer span region (“S2”°) between the

first height location and the airfoil tip;

a second 1nner span region (“S3”°) between the airfoil root and a second height
location on the airfoil trailing edge and a second outer span region (“S4°°) between the

second height location and the airtfoil tip; and

wherein the trailing edge has a dihedral profile such that the trailing edge
dihedral angle decreases 1n at least a portion of the second inner span region and the
second outer span region and wherein the trailing edge dihedral angle at the airfoil tip

has a negative value.

17. A compressor according to claim 16 wherein the trailing edge dihedral angle

at the airfoil tip 1s less than -10 degrees.

18. A compressor according to claim 16 wherein the trailing edge has a forward

sweep 1n the second outer span region.

19. A compressor according to claim 16 further comprising a leading edge having
a dihedral profile such that the leading edge has increasing dihedral angles 1n a first
inner span region of the leading edge and decreasing dihedral angles 1n a first outer

span region of the leading edge.
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20. A compressor according to claim 19 wherein the leading edge has a forward

sweep 1n the first outer span region.
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